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Abstract 

This document is the first volume of a three-volume report to provide generic and site-specific estimates of radiation 
dose for exposures to residual radioactive contamination after the decommissioning of facilities licensed by the U.S. 
Nuclear Regulatory Commission (NRC). This first volume provides the details of the generic scenario and pathway 
modeling analysis. The level of detail included in this volume serves as the basis for user-friendly computer software to 
be developed under strict quality-assurance procedures. This volume is intended to be used as a reference to Vol- 
ume 2, a full description of the computer software. Included in Volume 1 are descriptions of the scenarios, models, 
mathematical formulations, assumptions, and justifications of parameter selections. Volume 1 was produced after 
consideration of public comments received on the January 1990 review draft. The generic modeling addresses residual 
radioactive contamination inside buildings and in soils, For buildings, two scenarios are presented to relate volume 
and surface contamination levels to estimates of the annual total effective dose equivalent ('IEDE) or the l'EDE (as 
defined in 10 C m  20) received during a year of exposure with the conditions dehned in the scenarios. Because of 
concerns regarding potential ground-water contamination from residual radioactive contamination in soil, a generic 
water-use model was developed to permit evaluation of the annual TEDE for drinking water from wells. The generic 
water-use model was also used in the evaluation of multiple pathways associated with contaminated soil. The generic 
treatment of potentially complex ground-water systems used here provides a conservative analysis that may only indi- 
cate that additional site data and more sophisticated modeling are warranted. The scenarios, models, mathematical 
formulations, and selected parameter values in this volume are intended to serve as the technical basis for the NRCs 
derivation of screening values supporting its development of policy applied to residual radioactive contamination from 
decommissioning. 







Contents 

.............................................................. 4.2 Calculation of Annual TEDE 

5 Residential Scenario ........................................................................... 

5.1 Residential Scenario: Concepts and Assumptions ............................................ 

............................................... 5.1.1 Time Frame for the Residential Scenario 

......................................... 5.1.2 Exposure Pathways for the Residential Scenario 

5.2 Steps for Calculating Annual Dose from Agricultural Pathways ................................. 

5.3 Concentrations and 'Ransfer Factors for Resuspension and Root Uptake From Soil ............... 

........................................................... 5.3.1 Soil-Plant-Human Pathway 

......................................... 5.3.2 Animal Products Contaminated by Soil Sources 

........... 5.4 Concentrations and lhnsfer Factors for Irrigation Water as the Contaminating Medium 

.......................................... 5.4.1 Food Crops Contaminated by Irrigation Water 

...................................... 5.4.2 Animal Products Contaminated by Irrigation Water 

..................................................... 5.5 Calculation of Pathway 'Ransfer Factors 

.......................... 5.6 Calculation of mtal Dose From Pathways for the Residential Scenario 

............................................. 5.6.1 External Dose for the Residential Scenario 

........................................... 5.6.2 Inhalation Dose for the Residential Scenario 

............................................ 5.6.3 Ingestion Dose for the Residential Scenario 

.......................... 5.6.4 Irrigation and Drinking Water Dose for the Residential Scenario 

................................ 5.6.5 Aquatic Food Ingestion Dose for the Residential Scenario 

.......................................... 5.6.6 Water-Use Model for the Residential Scenario 

......................................................... 5.7 ?btal Dose for Residential Scenario 

.................................................................... 6 Selected Parameter Values 

................................................................... 6.1 Radioactive Decay Data 

..................................... 6.1.1 Conventions for Handling Radioactive Cham Decay 
................................................................... 6.1.2 Decay Chain Data 



Contents 

6.2 Dosimetry Database ...................................................................... 6.3 

6.2.1 Ekternal Dose Rate Conversion Factors ............................................... 6.3 
6.2.2 Inhalation and Ingestion Dose Conversion Factors ....................................... 6.6 
6.2.3 Dose and Dose Rate Factor Working Units ............................................. 6.7 
6.2.4 Dose Factors For Decay Chains ..................................................... 6.9 

6.3 Media-Specific Considerations for Exposure Scenarios ........................................ 6.10 

6.3.1 Air Concentrations for Inhalation ..................................................... 6.10 
6.3.2 Secondary Ingestion Rates ............................................................ 6.12 

6.4 Water-Use Model Data .................................................................... 6.16 
6.5 Agricultural Pathway Data ................................................................. 6.19 

6.5.1 Animal Feed Intake Rates ............................................................ 6.19 
6.5.2 Plant Soil Mass-Loading Factor ..................................................... 6.20 
6.5.3 Holdup Times ................................................................. 6.21 
6.5.4 Exposure PeriodfAnimal Feeding Times ................................................ 6.21 
6.5.5 Crop-Growing Periods ............................................................... 6.21 
6.5.6 Tkanslocation Fraction from Leaves to Edible Parts ...................................... 6.22 
6.5.7 Crop Yields ................................................................... 6.23 
6.5.8 Consumption and Intake Parameters for Humans ........................................ 6.24 
6.5.9 Agricultural Pathway Ransfer Rctors .................................................. 6.24 

6.6 Aquatic Food Pathway Data ................................................................ 6.28 
6.7 Summary of Parameters That May Vary and Default Value Assignments ......................... 6.31 

6.7.1 Parameters for the Building Renovation Scenario ....................................... 6.33 
6.7.2 Parameters for the Building Occupancy Scenario ........................................ 6.33 
6.7.3 Parameters for the Drinking Water Scenario ............................................ 6.34 
6.7.4 Parameters for the Residential Scenario ................................................ 6.36 

7 Discussion ................................................................................... 7.1 

7.1 Generic Modeling Approach ............................................................... 7.1 
7.2 Generic Scenarios ..................................................................... 7.2 
7.3 Applications ........................................................................... 7.3 

8 References .................................................................................... 8.1 

Appendix A: NRC Staff and Whnical Responses to Commen~ on NUREGfCR-5512 . 
Residual Radioactive Contamination from Decommissioning; Rchnical 
Basis for "Ranslating Contamination Levels to Annual Du~c. 
Draft Report for Comment . January 1990 ...................................................... A.1 

A.1 Policy Issues and Regulatory Perspective .................................................... A 2  
A2 Measurements and Survey Considerations ................................................... A.5 
A 3  llmual Errors and Editorial Improvements .................................................. A 8  

vii NUREGICR-5512 



Contents 

A 4  Xxhnical Considerations .................................................................. A 9  

A4.1 Radioactive Chain Decay Methods .................................................... A 9  
A4.2 External Dose Rate Calculations ...................................................... All 
k4.3 Water-Use Model and the Drinking Water Scenario ...................................... A13 " 

A4.4 Models ............................................................................. A16 
k4 .5  Data Selections ..................................................................... A19 
A.4.6 Other Pathways and Scenarios ........................................................ A 2 1  

............................................................. A4.7 Airborne Dust-Loadings A22  

....................................................................... A5 Model Verification A24  
............................................................................. A6 Other Issues A26 

.............................................................................. A 7  References A27  

Appendix B: Extended Nomenclature and Methodology .............................................. B.1 

B . 1 Radionuclide Decay Calculations .......................................................... B.l 

B.l.l General Decay Equations ............................................................ B.2 
B.1.2 Equations for Decay with Removal .................................................... B.5 
B.1.3 Decay Equation Units ............................................................... B.7 

B.2 Radioactive Decay Operators .............................................................. B.8 

B.2.1 Decay Operator with Removal &{) ................................................... B.8 
B.2.2 Decay Operator A{) ........................................................... B.10 

.................................................................. B.3 Time-Integral Operators B.21 

B.3.1 Time-Integral Operator with Removal. S. {) ............................................ B.21 
B.3.2 Time-Integral Operator. St)  ......................................................... B.21 

....................................................... B.4 Deposition. Accumulation Operators B.22 

B.4.1 Deposition. Accumulation with Removal Operator. R e 0  ................................ B.22 .. 
B.4.2 Deposition. Accumulation Operator. R O  ............................................. B.26 

B.5 Use of Deposition. Accumulation. and Time-Integral Quations ................................ B.26 

B.5.1 Deposition. Accumulation. and Time-Integral with Removal 
Operator G, {) ..................................................................... B.26 

B.5.2 Deposition. Accumulation. and Time-Integral with Removal 
Operator G, {) ............................................................... B.27 

B.6 Water-Use Model for the Drinking Water Scenario ........................................... B.27 

B.6.1 Demonstration of Equations for Drinking Water Water-Use Model ........................ B.27 
B.6.2 Solution to Water-Use Model for the Drinking Water Scenario ........................... B.41 

... 
NUREGICR-55 12 wti 



Contents 

............................................... B.7 Wter-Use Model for the Residential Scenario B.47 
.............................................................................. B.8 References B.50 

................................................ Appendix C: Carbon-14 Agricultural Pathway Model C.3 

.................................................... C.l Bansfer of Carbon-14 from Soil to Plants C.1 
................................................... C.2 Bansfer of Carbon-14 to Animal Products C . 1 

..................... C.3 Special Parameters for the Carbon-14 Model for Crops and Animal Products C.4 
............................................................................... C.4 References C.5 

................................................... Appendix D: ?f.itium Agricultural Pathway Model D.1 

................................... D . 1 Bansfer of 7li-itium from Soii to Plants and Animal Products D.1 
........................ D.2 Bansfer of Witium from Irrigation Water to Plants and Animal Products D.4 
....................... D.3 Special Parameters for the 'TZitium Model for Crops and Animal Products D.6 

.............................................................................. D.4 References D.7 

.................................................................. Appendix E: SupplementaI Data E.1 

.............................................................. E.l Contents and Units of Bbles E.1 
.............................................................................. E.2 References E.2 

............................................................................ Appendix F: Glossary F.1 



Figures 

............................................... 3.1 Potential activities within the building renovation 
............................................................... 3.2 Building renovation time frame 

........................................ 3.3 Potential activities within the building occupancy scenario 
................................................................. 3.4 Building occupancy time line 
................................................................. 4.1 Drinking water dose pathway 

........................................................ 4.2 Time frame for drinking water scenario 
...................................... 4.3 Ekample of time dependence of ground-water concentration 

.......................... 4.4 Conceptual representation of the drinking water scenario water-use model 
....................................... 4.5 Three-box water-use model for the drinking water scenario 

................................................ 5.1 Potential activities within the residential scenario 

....................................... 5.2 Relationship of soil contamination to agricultural pathways 

.................................... 5.3 Modeling details for the residential scenario exposure pathways 

................................. 5.4 Process for estimating annual E D E s  for the agricultural pathways 

..................................................... 5.5 PPTF analysis for decay chain radionuclides 

.................................................................... 5.6 Soil-plant-human pathway 

................. 5.7 Change in relative concentrations over time for soil and plant crops from root uptake 

.............................................................. 5.8 Soil-plant-animal-human pathway 

5.9 Change in relative concentrations over time for soil. stored feed. animal products. and human 
........................................................... foods from the root-uptake pathway 

5.10 Changes in relative concentrations over time for soil. fresh feed. animal products. and human 
........................................................... foods from the root uptake pathway 

5.1 1 Water-plant-human pathway and water-soil-plant-human pathway ................................. 

5.12 Changes in relative concentrations over time for irrigation water. plants. and human food from 
................................................ deposition of irrigation water onto plant surfaces 

5.13 Change in relative concentrations over time for irrigation water. soil. plants. and human foods 
from deposition of irrigation water on soil with subsequent root uptake ............................ 

5.14 Water-plant-animal-human pathway and water-soil-plant-animal-human pathway ................... 

5.15 Change in relative concentrations over time for irrigation water. forage. animal products. and human 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  foods from deposition of irrigation water on animal foragc 



Figures 

5.16 Change in relative concentrations over time for irrigation water. soil. forage. animal products. and 
human foods from deposition of irrigation water on soil with subsequent resuspension and root 

...................................................................... uptake to forage plants 5.39 

5.17 Change in relative amcentrations over time for irrigation water. stored feed. animal products. and 
.............................. human food from deposition of irrigation water on stored feed plants 5.42 

5.18 Change in relative concentrations over time for irrigation water. soil. stored feed. animal products. 
and human foods from deposition of irrigation water on soil with subsequent resuspension and root 

................................................................... uptake by stored feed crops 5.44 

..................................................... 5.19 Residential scenario external dose pathway 5.53 

.................................................. 5.20 Residential scenario inhalation dose pathways 5.55 

5.21 Residential scenario ingestion dose pathway for plants and animal products contaminated from soil ... 5.56 

................................................ 5.22 Residential scenario soil ingestion dose pathway 5.57 

........................ 5.23 Residential scenario ingestion dose from use of contaminated ground water 5.58 

5.24 Residential scenario ingestion dose from use of contaminated ground water to grow fish in a 
.......................................................................... surface-water pond 5-60 

............................... 5.25 Concept representations of the residential scenario water-use mode1 5.61 

......................................................... 5.26 Residential three-box water-use model 5.64 

.................................................................. 5.27 AnnuaI sequence of analyses 5.65 

6.1 Relative external dose rate for uniform and nonuniform source distributions on interior surfaces 
ofaroomasafunctionofroomvolume ........................................................ 6.4 

................... 6.2 Relative external dose rate as a function of soil source area and thickness for 6.6 

A1 Hypothetical flow diagram for release criteria ................................................... A3 

................................................. B.l Residential scenario three-box water-use model B.48 



2.1 Dosimetry parameters ....................................................................... 
2.2 Subscripted parameter summary .............................................................. 
2.3 Unsubscripted parameters ................................................................... 
2.4 Summary of operator notation equations ....................................................... 
2.5 Summary of water-use model operator notation equations ........................................ 
6.1 Unit conversion factors for external dose ....................................................... 
6.2 Unit conversion factors for inhalation dose factors .............................................. 
6.3 Unit conversion factors for ingestion dose factors ............................................... 
6.4 Reported resuspension information ........................................................... 
6.5 Referenced surface-contamination ingestion data ............................................... 
6.6 Referenced secondary soil ingestion rates ...................................................... 
6.7 Partition coefficients for the water-use model ................................................... 
6.8 Animal feed and water intake rates ............................................................ 
6.9 Summary of plant mass-loading data ........................................................... 
6.10 Summary of effective concentration ratio data ................................................... 
6.1 1 Holdup time for food consumption ............................................................ 
6.12 Minimum crop-growing periods ............................................................... 
6.13 Crop yields for animal products ............................................................... 
6.14 Crop yields for food crops .................................................................... 
6.15 Daily ingestion rates for foods ................................................................ 
6.16 Soil-to-plant concentration factors ............................................................ 
6.17 Dry- to wet-weight conversion factors .......................................................... 
6.18 Animal product transfer factors ............................................................... 
6.19 Fish bioaccumulation factors for the residential scenario ......................................... 
6.20 Building renovation scenario parameters that may vary and generic default values ................... 
6.21 Building occupancy scenario parameters that may vary and generic default values .................... 
6.22 Drinking water scenario parameters that may vary and generic default values ....................... 
6.23 Residential scenario parameters that may vary and generic default values ........................... 
6.24 model residential scenario parameters that may vary and generic default values .................. 
6.25 3~ model residential scenario parameters that may vary and generic default values .................. 
A. 1 List of public commenters .................................................................... 
B.1 System matrix generation table ................................................................ 
C.l Carbon model parameter values ............................................................... 
D.l 7fitium agricultural model parameter values .................................................... 
E.l Radioactive decay data and decay chain specifications ............................................ 
E.2 Internal committed effective dose equivalent and external effective dose equivalent factors ........... 
E.3 Ingestion organ dose equivalent factors for organ set 1 ........................................... 
E.4 Ingestion organ dose equivalent factors for organ set 2 ........................................... 
E.5 Ingestion organ dose equivalent factors for organ set 3 ........................................... 
E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors .................. 



Executive Summary 

The three volumes of this document describe a generic modeling analysis of the potential radiation doses resulting 
from unrestricted release of slightly radioactive material in buildings and soil following decommissioning of licensed 
facilities. This first volume contains detailed information on the generic scenario and modeling analysis as the basis 
for user-friendly computer software to be developed under strict quality-assurance procedures. This document is 
intended to be used as a reference to the user's manual for the software (Volume 2) and has been revised in light of the 
public comments received on the January 1990 draft. The information in this document is intended to serve as the 
technical basis for the U.S. Nuclear Regulatory Commission's (NRC's) derivation of screening values supporting its 
development of policy on residual radioactive contamination from decommissioning. A user's manual for the software 
version of the modeling analysis and a sensitivity analysis of parameter values used in the analysis will be documented 
and distributed as two additional volumes. 

The radiation exposure scenario analysis addresses the major exposure pathways of direct exposure to penetrating 
radiation, and inhalation and ingestion of radioactive materials. The modeling analysis is used to estimate the annual 
total effective dose equivalent (TEDE), or the TEDE (as defined in 10 CFR 20 156 l?R 23360-23474,19911) received 
during a year of scenario exposure, to an average individual in a population group exposed to residual radioactive 
material after decommissioning. The input parameters for each exposure pathway and scenario are selected in a 
prudently conservative (not worst-case) manner to estimate the likely radiation dose to an individual in a limited 
population group exposed to residual radioactive contamination. A prudently conservative generic approach is 
necessary so that it is more likely that the calculations will produce overestimates than underestimates of the potential 
dose an individual in the general public may receive. 

For unrestricted release of buildings, two independent scenarios are provided: building renovation for volume sources 
of residual radioactive contamination and building occupancy for surface sources of residual radioactive contamina- 
tion. In order to accommodate site-specific conditions, the computer software containing the modeling analysis will be 
designed to permit simple modifications of the scenario assumptions, including the exposure durations, intake rates, or 
concentrations in various pathway media. 

For unrestricted use of land, two scenarios are included that rely on a generic water-use model. The first scenario con- 
siders dnhking water from a well and accounts for the total radionuclide inventory at the site, in the soif, and in build- 
ing materials that potentially may be demolished and disposed of onsite as buried rubble. The drinking water scenario 
relates the annual l X D E  to the total inventory of residual radioactivity in soil. The second scenario considers residen- 
tial use of land, including use of ground water for drinking and irrigation of farm products. The residential scenario 
includes a combination of the following exposure pathways: inhalation, external exposure, drinking water ingestion, 
soil ingestion, and agricultural food product ingestion. 

Because of the generic treatment of potentially complex ground-water systems, the water-use modeling and parameter 
selection are intentionally conservative. This means that the estimated annual TEDE for the drinking water and resid- 
ential scenarios may only indicate when additional site data or more sophisticated modeling are warranted. Modifica- 
tions can be made to the scenarios for contaminated land to better account for site-specific soil contamination using 
the software developed for this effort. 

Finally, appendixes are provided to this report to summarize the general responses to comments received on the 
January 1990 (Kennedy and Peloquin 1990) draft version of this final report, and to support information and databases 
in the modeling anaiysis. 





Foreword 

by 
Nuclear ReguIatory Commission (NRC) Staff 

NRC licensees who need to decontaminate lands and structures to aquire unrestricted use of their property must have 
criteria to determine "how clean is clean enough" in the process of decommissioning. In making such an ascertain- 
ment, the NRC must first determine that public health, safety, and the environment are protected by ensuring that the 
total dose to an individual in the public from licensed operations is less than the public dose limit of 100 mrem/y. 
However, the NRC has set the goal for public doses attributable to residual contamination after d~xnmissioning at a 
fraction of the public dose limit. In practice, decommissioning costs (as measured in terms of the cost of returning the 
lands and structures to u~estricted use) are balanced against the benefits of averting adverse health effects (as 
measured by dose reduction resulting &om decontamination). The estimate of dose reduction is accomplished by first 
judging the potential future uses of the lands and structures as described by scenarios and then evaluating associated 
levels of radioactivity through modeling equations to arrive at a reasonable expectation of doses. The modeling and 
scenarios can become extremely complicated, depending on the level of detail required. Detailed modeling may often 
be beyond the technical and financial capabilities of a large number of licensees-especially for those licensees with 
limited scope and budgetary resources. 

The purpose of this three-volume report is to provide generic and site-specific dose conversion factors for residual 
radioactivity that may be applied to a screening analysis to determine whether more detailed cost-benefit analyses must 
be performed. Bxiefly, Volume 1 presents the scenarios, models, mathematical formulations, assumptions, justifica- 
tion of parameter choices, and responses to comments from the January 1990 draft report published for comment. 
Volume 2 of this report is a micro-computer-based program, complete with a user's manual, tables of the generic dose 
conversion factors, example calculations developed to facilitate analyses, and computer code listing. The NRC staff 
plans to have the computer software distributed by the Energy Science and Whnology Software Center, Oak Ridge 
National Laboratory, P.0. Box 1020, Oak Ridge, TN 37831-1020, telephone (615) 576-2606. Availability and instruc- 
tions for procurement of the computer software will be announced in the Federal Register. Volume 3 is composed of 
sensitivity analyses of parameters used in the modeling and a comparison with previously used guidance, e.g., 
Regulatory Guide 1.86 (NRC 1974). These volumes will be published sequentially as they are developed. 

All of over 22,000 NRC and NRC Agreement State licensees may use these dose conversion factors. In preparation 
for the development of release criteria to be used for decontamination of decommissioned lands and structures, the 
NRC has contracted the work in this report. This report will provide much of the technical basis for translating resi- 
dual radioactivity into annual dose--measured in total effective dose equivalent. 

The scenarios used are prudently conservative but not necessarily bounding or "worst case." Selection of a prudently 
conservative scenario requires a great deal of professional judgment and common sense. The intent is to account for 
the vast majority of potential uses of lands and structures and to overestimate the most probable annuai dose while dis- 
counting a small fraction of highly unlikely uses that would result in higher doses. For example, a small fraction of 
higher doses could be imagined because of aberrant behavior or unpredictable and highly unlikely circumstances. The 
alternative was to use scenarios that would yield an upper limit on doses (i.e., bounding or "worst case") and would 



unnecessam limit the usehlnas of the resulting release criteria without providing significantly increased benefits to 
the public health, the public safety, or the environment. Hence, the dose conversion factors in this report are judged to 
be higher than (i.e., overestimate) the most probable annual dose but may be lower than (i.e., underestimate) the 
bounding annual dose. 

There is flmiility in the application of the modeling contained in this report. For example, if increased accuracy or 
realism of the screening dose conversion factors are desired, then with adequate justification the generic (default) 
parameter values may be replaced with site-specific parameters, Within the modeling framework of this report, such a 
substitution of parameters would lead to site-specific derived dose conversion factors. The site-specific dose conver- 
sion factors may then replace the generic dose conversion factors in the screening analysis. 

Beyond the modeling and scope of this report, it is possible that a licensee may find it necessary to provide customized, 
site-specific modeling and optimization of radiation protection in accordance with the principles of maintaining expo- 
sures as low as reasonably achievable (-) for decommissioning or the termination of a license. In such cases, 
some to none of the modeling Eramework in this report may be applicable. The hierarchy of the approaches for estab- 
lishing dose conversion factors applied to residual radioactive contamination is illustrated in the following figure 
(page xvii). 

As mentioned above, a draft of this report was issued for comment in early 1990. The summary of comments received 
on that draft and the NRC staff responses and resolutions are presented in Appendix A of this final report. This 
report is one part of a larger program the NRC staff has underway to provide information and guidance for the imple- 
mentation of release criteria for the decommissioning of lands and structures. For example, NUREGJCR-5849, 
"Manual for Conducting Radiological Surveys in Support of License %nninationn (Berger 1!3!32), provides informa- 
tion on acceptable measurement and survey techniques and procedures. It is emphasized that the information in this 
report was developed for a screening application to the dmmmissioning of lands and structures and was not intended 
for other uses. 

The NRC staff anticipates the need may arise to revise this report from time to time. Accordingly, comments noting 
suggested changes within the intended scope of this report are welcome and should be submitted in writing to the NRC 
Project Manager. The NRC Project Manager for this report may be contacted at the following address: 

Dr. Robert A. Meck, Section Leader 
Environmental Policy Section, RPHEB 
Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
UFdshington, D.C. 20555 
(301) 492-7000 
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1 Introduction 

The U.S. Nuclear Regulatory Commission (NRC) currently regulates the release of slightly radioactive property for 
unrestricted use through existing staff criteria. These NRC staff criteria are in two forms: 1) acceptable volumetric 
concentrations of source material in soil, provided in pCVg first reported in the Federal R e e e r  in 1981 
(46 FR 52061-3,1981), and 2) acceptable levels of surface contamination, provided in units of dpm1100 cm2 for aver- 
age, maximum, and removable contamination conditions defined in Regulatory Guide 1.86 (NRC 1974). Both of these 
NRC staff criteria for release of slightly radioactive material have limitations. The criteria for volumetric concentra- 
tions in soil, for instance, are limited to the uranium and thorium chains of radionuclides and are applicable only to 
current contamination resulting from past operations. The NRC staff criteria governing surface contamination, 
although appropriate for all radionuclides, are often difficult to apply because of the wide variation in surface and 
volumetric contamination conditions and the varying mixture of radionuclides usually found in many licensed facilities. 
In addition, the values found in both sets of criteria are not consistent with the revised dosimetry system recommended 
by the International Commission on Radiological Protection (ICRP) in Publications 26 (1977), 30 (1979-1988), and 
48 (1986), and provided by the U.S. Environmental Protection Agency (EPA) in Federal Guidance Report No. 11 
(Eckerman, Wolbarst, and Richardson 1988). 

?b alleviate this situation, the NRC is developing a revised license termination policy to ensure an adequate and con- 
sistent level of protection for the public. As described in the Foreword, the revised policy will use models to form the 
basis for a screening analysis of the potential public doses from decommissioned lands and structures. 

As a contribution to the development of revised guidance by the NRC, staff at the Pacific Northwest Laboratory (PNL) 
began the development in 1987 of a radiation exposure scenarWpathway modeling analysis to translate residual radio- 
active contamination levels into potential radiation doses to the public. The use of computerized models to conduct 
public dose assessments is typically necessary because of an inability to directly determine doses from numerous poten- 
tial environmental pathways over long periods of time. The use of generic models and relatively simple data sets has 
become common for setting standards and regulations. For example, the NRC low-level radioactive waste regulations 
in 10 CFR 61 (1990) were developed with the use of generic models and data (Oztunali et al. 1981). 

Historically, environmental-transfer and pathway-assessment models have been developed to consider a variety of dif- 
ferent situations involving radioactive materials. Pathway-assessment models are commonly applied for radioactive 
waste management, accident assessment, and environmental impact statements. Example references involving various 
aspects of environmental radiological assessment include publications by Soldat and Harr (1971), the NRC (1977), the 
International Atomic Energy Agency (IAEA 1982), Till and Meyer (1983), Kennedy and Napier (1983), the National 
Council on Radiation Protection and Measurement (NCRP 1984), McKenzie et al. (1985), Kennedy et al. (1987), 
Strenge, Bander, and Soldat (1987), Napier et al. (1988), T L. Gilbert et al. (1989), and O'Neal and Lee (1990). This 
report is largely based on these and numerous other previous pathway-assessment and data-collection efforts. 

The development of models for screening to demonstrate compliance with environmental standards is the subject of 
Commentary No. 3 published by the National Council on Radiation Protection and Measurements (NCRP 1986). The 
NCRP presented three levels of screening for determining compliance with the regulations of the Clean Air Act, 
40 CFR 61, National Emission Standards for Hazardous Air Pollutants; Standards for Radionuclides (50 FR 5190, 
1985). In the NCRP approach, Level I applies the simplest models, including a high degree of conservatism with few 
parameter or data requirements. Levels I1 and I11 require additional site-specific data to reduce the modeling con- 
servatism. If the user of the NCRP method shows compliance using the Level I models and data, then no further cal- 
culations are necessary. If the Level I results exceed the standards, the model user must apply the Level I1 and I11 
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models until compliance is determined. If the efforts fail at all levels, the NCRP recommends the use of professional 
assistance in radiological assessment to determine how to proceed (NCRP 1986). 

This three-volume report provides information on the generic pathwaylscenario analysis model used to derive the 
potential annual total effective dose equivalent (TEDE), or the 'IEDE as defined in 10 CFR 20 (56 FR 23360-23474, 
1991) received during a year of scenario exposure, by an average individual in a given population group exposed to 
residual radioactive contamination. Volume 1 presents the detailed scenarios, models, mathematical formulations, 
assumptions, selected parameter values, and general responses to comments from the January 1990 comment draft. 
Volume 1 contains the level of detail needed to develop micrmmputer-based, user-friendly software under strict 
quality-assurance procedures and is intended to be used as a reference to Volume 2. Volume 2 describes the software, 
including a user's manual, tables of generic unit-concentration annual 'IXDB, example calculations developed to 
facilitate analyses, and the computer code listing. Volume 3 contains the results of a sensitivity analysis of parameter 
values used in the modeling and a comparison of the results with previously used guidance, e.g., Regulatory Guide 1.86 
(NRC 1974). Volumes 2 and 3 will be published sequentially. 

The methodology described in this report to calculate doses is consistent with the recommendations of the ICRP in 
Publication Nos. 26 (1977), 30 (1979-1988), and 48 (1986). The mathematical models described in this report are 
intended to be used for two levels of screening. The first level of screening relies on the use of default values for all 
parameter values and is intended to produce generic dose estimates that are unlikely to be exceeded at real sites. The 
degree of conservatism associated with the models and data is difficult to determine for a generic analysis. For the first 
level of screening, efforts have generally been made to select models that represent a variety of generic conditions and 
parameter values that lie within the distributions of reported or expected values (i.e., parameter values that are not at 
the extremes of the ranges). When this approach applies, the model and data selections are referred to as being 
"prudently conservative." The exceptions to this general approach are the model and data selections associated with 
the water-use model to account for potential ground-water contamination. For the water-use model, the model and 
parameter selections have been made in an intentionally conservative manner and are so noted in the text. For the 
first level of screening, portions of the modeling analysis are intentionally conservative. As a result, the annual TE?DES 
calculated using the default parameter values should provide an overestimate of the actual dose that individuals might 
receive. The second level of screening is accomplished using the computer sofrware described in Volume 2, with the 
input of site-specific data to reduce the conservatism of the result and produce a more realistic estimate of site-specific 
conditions. This approach should produce results that will serve as an adequate basis for the development of generic 
screening criteria and should aIso be useful in determining when more detailed site-specific assessments or modifica- 
tions to the generic scenarios are required. The models, pathways, scenarios, and parameters given here will be doc- 
umented as a computer program in the next volume in this series. The computer program will enable the users to 
make simple modifications to the analysis to better consider site-specific conditions. 

As with the NCRP screening models, the NRC will allow the application of a third level of screening to produce a 
more site-specific result. This third level would employ models and data that are carefully chosen to match the 
complex conditions at a specific site. Further discussion of this third level of screening is beyond the scope of this 
study, 

?b support the first two levels of this screening analysis, decisions have been made to define the scenarios, pathways, 
and default parameter values. Although these decisions are intended to focus the use of the models to address residual 
radioactive contamination in buildings and on land, they also Iimit the broader application of the models to more wm- 
plex situations. These complex situations include sites with buried sources (as would be found at waste disposal sites), 
sites with existing ground-water plumes, sites with complex ground-water systems, and sites with the potential for high 
concentrations of indoor radon. For these situations, a more comprehensive site-specific modeling analysis should be 
performed within the third level of screening. 
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Two scenarios for residual radioactive materials in buildings are needed to adequately describe the potential contami- 
nation mnditions found at actual facilities. These two scenarios account for 1) building renovation (subsurface or 
volume sources) and 2) normal building occupancy (surface contamination sources). EtStimates of the potential dose 
from a subsurface inventory in the building renovation scenario are important to acCQunt for residua! inventories of 
difficult-to-measure alpha-emitters or beta-emitters. The building occupancy scenario is intended to depict the sitw- 
tion where the residual inventory is present as a layer of surface contamination. 

W o  scenarios that rely on a generic water-use model are included for unrestricted w e  of land. The first scenario only 
considers drinking water from a ground-water source and accounts for the total radionuclide inventory at the site, in 
the soil, or in building materials that potentially may be demolished and disposed of onsite as buried rubble. The 
drinking water scenario is included to permit a comparison with the EPA drinking water standards. The drinking 
water scenario relates the annual TEDE in mrem per pQ (and pSv per Bq) of residual radioactive materials in soil. 
The second scenario considers residential use of land, including use of ground water for drinking and imgation of farm 
products. The residential scenario relates the annual TEDE in units of mrem per pCi/g (and pSv per Bqlg) of soil. 
Because of the generic treatment of potentially complex ground-water systems, the water-use modeling is intentionally 
conservative. This means that the annual TEDE for the drinking water and residential scenarios may only indicate 
when additional site data or more sophisticated modeling are warranted. Using the software developed for this effort, 
again, modifications can be made to the scenarios for contaminated land to better account for site-specific soil 
contamination. 

The purpose of this volume is to describe fully and document the scenarios, pathways, mathematical formulations, 
assumptions, and parameter values included in the generic analysis. Section 2 describes the basic methodology and 
nomenclature, including basic dosimetry definitions and listings of the notation used throughout the report. Section 3 
describes the building renovation and building occupancy scenarios with a description of the conceptual models, time 
frames, and exposure pathways included and excluded from the analysis. Section 4 describes the generic water-use 
model and its application to the drinking water scenario. Section 5 describes the residential scenario, with a detailed 
description of the numerous agricultural pathways included in the analysis. Section 6 describes the selected parameter 
values used as defaults in the scenario analysis, including the basic dosimetry, radioactive decay, ground-water, and 
agricultural pathway parameters and data. Section 7 briefly describes the application of the information in this volume 
as it relates to Volumes 2 and 3 in the series. Finally, a series of appendixes are provided that include a summary of the 
comments received on the January 1990 draft version of this final report, extended nomenclature and methodology, the 
special 14c and 3~ agricultural pathway models, and supplemental data. 





2 Methodology and Nomenclature 

This section contains information needed to understand the mathematical notation used in the building and soil scen- 
ario models. Definitions of dose and dose rate t e r n  are provided in Section 2.1. The standard mathematical and 
operator notations used throughout the report are provided in Section 2.2 Appendix B contains extended nomen- 
clature and methodology supporting this section, including the methods used for radioactive decay calculations. 

2.1 Dosimetry Ilefinitions 

Because the purpose of this report is to provide the mathematical models and formulations needed to estimate radia- 
tion doses from residual radioactive contamination, it is important to understand the dosimetry terminology used. In 
most cases, terminology consistent with 10 CFX 20 (56 F'R 23360-23474,1991) is used. Additional definitions are 
supplied in the Glossary. 

Dose or "radiation dose" - A generic term that means absorbed dose, dose equivalent, effective dose equivalent, commit- 
ted dose equivalent, committed effective dose equivalent, or total effective dose equivalent, as defined below. 

Absorbed dose - The energy imparted by ionizing radiation per unit mass of irradiated material. The units of absorbed 
dose are the rad and the gray (Gy). 

Dose equivalent (HT) - The product of the absorbed dose in tissue, quality factor, and all other necessary modifying 
factors at the location of interest. The units of dose equivalent are the rem and sievert (Sv). 

Efiective dose equivalent (HE) - The sum of the products of the dose equivalent to the organ or tissue (HT) and the 
weighting factors (wT) applicable to each of the body organs or tissues that are irradiated (HE = lCwTHT). 

Committed dose equivalent (HTS0) - The dose equivalent to organs or tissues of reference (T) that will be received from 
an intake of radioactive matedal by an individual during the 50-year period following intake. 

Committed effective dose equivalent (HEFsO) - The sum of the products of the weighting factors applicable to each of the 
body organs or  tissues that are irradiated (by internally deposited radionuclides) and the committed dose equivalent to 
these organs or  tissues (HE,50 = CwT HTSO). 

Total gective dose equivalent (TEL)E) - The sum of the deep dose equivalent (for external exposures) and the commit- 
ted effective dose equivalent (for internal exposures). 

Deep dose equivalent (Hd) - Applied to external whole-body exposure, Hd is the dose equivalent at a tissue depth of 
1 cm (1000 mg/cm2). (Note: for this generic application, the m D E  is calculated using the external effective dose 
equivalent, provided in dose conversion factors from EPA, as desmied in Section 6.) 

Annual total gective dose equivalent (annual TEDE) - The total effective dose equivalent (TE?DE) received during a 
year of scenario exposure. The duration of exposure for each pathway is determined by the scenario considered and 
need not be 8766 hhr, For example, an individual may reside or work at a contaminated site for only a fraction of the 
year. 
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In general, the results produced by the scenarios considered in this report are expressed as annual TEDB to denote 
that a year of scenario exposure has been considered. This notation is used to ensure the definition and use of consis- 
tent units for all of the scenario and pathway equations in this report. 

2.2 Symbol Nomenclature 

The mathematical models described in this report involve many equations with numerous parameters. Because of the 
complexity of the equations, a system of nomenclature has been developed to represent symbois used for the parame- 
ters. This system of nomenclature is summarized in this section for ease of reference to understand the mathematical 
formulations that follow. Parameters are defined again when they are first used within each section. The system of 
nomenclature includes a definition of units used to permit a full dimensional analysis. 

The parameter definitions are divided into three parts: dosimetric parameters (Bble 2.1), subscripted parameters 
(Bble 2.2), and parameters without subscripts (Bble 2.3). In general, terms beginning with "D" are dose or dose rate 
factors; "TEDE" are annual total effective dose equivalents; "AF" are ingestion-pathway committed effective dose equi- 
valent factors; "C" are concentrations (per unit mass, volume, or area), or total activity of a radionuclide, as approp- 
riate; and "A" are radioactive decay rate constants. General subscripts encountered include "i" or "j" for parent or 
decay-chain-member radionuclides; "s" for soil; "w" for water; and "v" for food crops (agricultural pathways). 

In addition to the parameters listed in the tables, a special notation is used for radioactive decay calculations. Decay 
operators are represented by A{), S {), R{}, and G (1, as defined in Appendix B: 

A{) = changes in parent and progeny activities or concentrations over time (i.e., radioactive decay and ingrowth) 

S O  = time integrals of activity or concentration 

R{} = accumulation of deposited activity over a time period 

G{) = deposition, accumulation, and time-integration of a constant deposition rate (used for deposition from 
irrigation water onto plants). 

The operations are performed on an initial array of chain member activities or concentrations for a specific time 
period. For example, the decay calculation is represented as follows: 

where A{) = the operation of decay calculation (in appropriate units) 

C ,  = the array of chain member activities or concentrations (in appropriate units) 

t, = time period over which the decay occurs (in time units). 
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W e  2.1 Dosimetry parameters 

Agricultural water-use dose factors 

AFdj Dose contribution from drinking water contaminated by radionuclide j, expressed as committed effec- 
tive dose equivalent per unit average concentration of radionuclide j in water (mrem per pC& for a 
year of residential scenario) 

AFfj Dose contribution from aquatic food products contaminated by radionuclide j in water, expressed as 
committed effective dose equivalent per unit average concentration of radionuclide j in water (mrem 
per pCin, for a year of residential scenario) 

AFsj 
Dose contribution from agricultural products contaminated by radionuclide j in soil, expressed as com- 
mitted effective dose equivalent per unit initial concentration of radionuclide j in soil at the start of a 
growing season (mrem per pCi/g for a year of residential scenario) 

NYi 
Dose contribution from agricultural products contaminated by imgation with ground water for radio- 
nuclide j, expressed as committed effective dose equivalent per unit average concentration of 
radionuclide j in water (mrem per pCiL for a year of residential scenario) 

Dose factors for building renovation scenario 

DEXB, Wema1 dose for parent radionuclide i for one renovation work period in 1 year (mrem) 

DGB, Committed effective dose equivalent from ingestion for parent radionuclide i for one renovation work 
period in 1 year (mrem) 

DHB, Committed effective dose equivalent from inhalation for parent radionuclide i for one renovation work 
period in 1 year (mrem) 

D E B  Annual total effective dose equivalent for parent radionuclide i (mrem for renovation work in a year, 
with an initial inventory in units of pCi/g) 

TEDEBisI Annual total effective dose equivalent for parent radionuclide i (pSv for renovation work in a year, with 
an initial inventory in units of Bqjg) 

EDEB,  Annual total effective dose equivalent for the mixture of radionuclides (mrem for renovation work in a 
year, with an initial inventory in units of pCi/g) 

Dose factors for building occupancy scenario 

DEXO, External dose for parent radionuclide i for 1 year of building occupancy (mrem) 

DGO, Committed effective dose equivalent from ingestion for parent radionuclide i for 1 year of building 
occupancy (mrem) 
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Dble 2.1 Dosimetry parameters (Continued) 

Symbol Definition 

DHO, Committed effective dose equivalent from inhalation for parent radionuclide i for 1 year of building 
occupanq (mrem) 

TEDEOi Annual total effective dose equivalent for parent radionuclide i (mrem for a year of building occupancy, 
with an initial inventory in units of dpm/100 cm2) 

TEDEO,, Annual total effective dose equivalent for parent radionuclide i (pSv for a year of building occupancy, 
with an initial inventory in units of Bq/100 cm2) 

TEDEO, Annual total effective dose equivalent for a mixture of radionuclides (mrem for a year of building occu- 
pancy, with an initial inventory in units of dpm/100 crn2) 

Dose factors for drinking water scenario (for year of highest TEDE) 

HOCDE, Highest annual organ committed dose equivalent for parent radionuclide i from ingestion of drinking 
water (mrem for a year of drinking water with an initial inventory in units of pCi) 

HOCDEis, Highest annual organ committed dose equivalent for parent radionuclide i from ingestion of drinking 
water (pSv for a year of drinking water with an initial inventory in units of Bq) 

HOCDE, Highest annual organ committed dose equivalent for a mixture of radionuclides m from ingestion of 
drinking water (mrem for a year of drinking water with an initial inventory in units of pCi) 

HOCDEmsI Highest annual organ committed dose equivalent for a mixture of radionuclides m from ingestion of 
drinking water (pSv for a year of drinking water with an initial inventory in units of Bq) 

TEDEDi Annual total effective dose equivalent for the drinking water scenario for parent radionuclide i (mrem 
for a year of drinking water, with an initiaf inventory in units of pCi) 

TEDEDisI Annual total effective dose equivalent for the drinking water scenario for parent radionuclide i ( pSv for 
a year of drinking water, with an initial inventory in units of Bq) 

* 

TEDED, Annual total effective dose equivalent for the drinking water scenario for a mixture of radionuclides m 
(mrem for a year of drinking water, with an initial inventory in units of pCi) 

Dose factors for residential scenario (for year of highest annual TEDE) 

DAR, Committed effective dose equivalent from ingestion of aquatic foods for parent radionuclide i (mrem 
for a year of residential scenario) 

DEXR, External dose for parent radionuclide i (mrem for a year of residential scenario) 

DGR, Committed effective dose equivalent from ingestion for intake of home-grown food and animal 
products for parent radionuclide i (mrem for a year of residential scenario) 
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TBble 2.1 Dosimetry parameters (Continued) 

SvmboI Definition 

DHR, Committed effective dose equivalent from inhalation of airborne soil and house dust for parent 
radionuclide i (mrem for a year of residential scenario) 

DSR, Committed effective dose equivalent from ingestion of soil for parent radionuclide i (mrem for a year of 
residential scenario) 

DWR, Committed effective dose equivalent from ingestion of drinking water and irrigated food for parent 
radionuclide i (mrem for a year of residential scenario) 

TEDERi Annual total effective dose equivalent for parent radionuclide i (mrem for a year of residential scenario, 
with an initial inventory in units of pCilg) 

TEDER,, Annual total effective dose equivalent for parent radionuclide i (pSv for a year of residential scenario, 
with an initial inventory in units of Bq/g) 

TEDER, Annual total effective dose equivalent for a mixture of radionuclides m (mrem for a year of residential 
scenario with an initial inventory in units of pCilg) 

General dose factors for description of impficit progeny handling 

DF, Internal or external factor for the parent radionuclide i as taken from the database (in appropriate units 
for the dose factor type) 

DFj Internal or external dose factor for the short-lived radionuclide j as taken from the database (in 
appropriate units for the dose factor type) 

DFCi Internal or external combined dose factor for the parent radionuclide i (in appropriate units for the 
dose factor type) 

Basic dose factors from database (after units conversion) 

DF'ERj External dose rate factor for radionuclide j from contamination uniformly distributed in the top 15 cm 
of residential soil or building material (mremlh per pCilg) 

DFES, External dose rate factor for radionuclide j from contamination uniformly distributed on surfaces 
(mremh per dpmt100 cm2) 

DFGj Committed effective dose equivalent from ingestion of radionuclide j (mrem per pCi ingested) 

DFHj Committed effective dose equivalent from inhalation for radionuclide j from contaminated air (mrem 
per pCi inhaled) 

DFOj, Committed dose equivalent to organ o from ingestion of radionuclide j (mrem per pCi ingested) 
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nble  2.2 Subscripted parameter summary 

Number of Order of 
Parameter subscripts subscripts Description 

3 Concentration of radionuclides for the current year per initial unit 
concentration of parent radionuclide i in soil 

1 s - soil (pcilg per pCi/g) 
w -water (pCi/L per pCiJg) 

2 t - current year 
3 i -parent 

j - chain member (1 for parent, > 1 for progeny) 

AF (see nb le  2.1) 

B 2 

Area of land contaminated in the drinking water scenario (m2) 

Activity of radionuclide j (pCi) 

Area of land contaminated in the residential scenario (m2) 

Concentration of radionuclide j present at the beginning of the current 
1-year exposure period, 1, per initial concentration of parent radionuclide i 
(pCiJg per pCi/g in soil) 

Concentration factor for uptake of a radionuclide from soil to edible parts 
of a plant (pCi/kg dry-weight plant per pCi/kg dry-weight soil) 

1 i - parent radionuclide 
j - chain member (1 for parent, > 1 for progeny) 

2 f - forage crop 
g - stored grain crop 
h - stored hay crop 
v -food crop 

Bioaccumulation factor for transfer of activity from water to edible parts a 

of fish (pCi/kg wet-weight fish per pCiL water) 
1 i - parent radionuclide 

j - chain member (1 for parent, > 1 for progeny) 
2 f - aquatic foods (fish) 
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mble 2.2 Subscripted pmuneter summary (Continued) 

Number of Order of 
Parameter subscrivts subscrivts Description 

Activity or concentration in a medium 
b - medium is building renovation material (pCi/g) 
k - medium is box k of water-use model 
o - medium is building surface material (dpm1100 em2) 
r - medium is residential soil (pCi/g) 
s - medium is soil (pCi,g) 
t - total activity in soil (pCi) 
w - medium is water (PC*) 
v - medium is vegetation (pCi/g dry-weight plant) 

1 - total activity in box 1 of water-use model (pCi) 
2 - total activity in box 2 of water-use model (pCi) 
3 - total activity in box 3 of water-use model (pCi) 

2 i - parent radionuclide 
j - chain member (1 for parent, > 1 for progeny) 
C - carbon-14 
H - tritium 

Activity or concentration factor for transfer from a contaminating medium 
(e.g., soil or water) to a receiving medium of consumption (e.g., soil, food, 
or water) 

1 Contaminating medium (units of denominator of C) 
s - medium is soil (pCi/g or total pCi for the drinking water scenario) 
r - root uptake from imgation to the soil path (PC%) 
w - medium is water (PC*) 

2 Recieving medium (units of numerator of C) 
a - animal product (pCi/kg wet weight) 
f - forage crop (pCi/kg wet weight) 
g - stored grain crop (pCi/kg wet weight) 
h - stored hay crop (pCilkg wet weight) 
s - soil (pCi/kg dry-weight soil) 
v - food crop (pCi/kg wet weight) 
w - drinking water (pCiL) 

3 i - parent radionuclide 
j - chain member (radionuclide, parent or progeny) 
C - carbon-14 
H -tritium 
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Table 2.2 Subscripted parameter summary (Continued) 

Number of Order of 
Parameter subscri~ts subscri~ts Description 

C 4 4 c - evaluated at time of general feed consumption by animals 
d - animal ingestion of dirt (soil) at time of forage consumption 
f - evaluated at point when animals begin consuming forage 
h - evaluated at point when harvesting of food begins 
p - evaluated at point when people start consuming the food 
s - evaluated at point when animals start consuming stored food 
t - evaluated for the year t, or at any time t 
w - evaluated over time of water consumption by animals 
y - evaluated for a 1-year time period 

Ratio of the I4C concentration in soil eaten by animal to the initial 
concentration of 14c in the soil, with units conversion from grams to 
kilograms (&'kg) 

Effective concentration ratio between soil and plant type v (pCi/g dry- 
weight plant per pCi/g dry-weight soil) 

Fraction of radionuclide p transitions that result in production of 
radionuclide j (dimensionless) 

‘6 1 Density of agricultural soil (g/cm3) 

DEXB, DEXO, DEXR (see Tmble 2.1) 

DF, DFC, DFER, DFES, DFEV, DFG, DFH (see Bble 2.1) 

DGB, DGO, DGR (see nb le  2.1) 

D m ,  DHO, DHR (see Itlble 21) 

DSR, DWR (see Tmble 2.1) 

F 2 lfansfer coefficient relating daily intake in animal feed or ingested soil to 
concentration in edible animal product 

1 a - food type (animal product) 
2 j - chain member (radionuclide, parent, or progeny) 
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'Bible 2.2 Subscribed parameter summary (Continued) 

Number of Order of 
Parameter subscrS~ts subscripts Desd~tion 

Fraction of water removed from Box 3 that is deposited on the surface 
layer by irrigation 

1 - surface-soil layer, box 1 
2 - unsaturated-soil layer, box 2 

Fraction, by weight, of carbon or hydrogen in a medium (dimensionless) 
1 C - carbon 

H - hydrogen 
2 a - medium is an animal product 

d - medium is soil (dirt) 
f - medium is fresh forage 
g - medium is stored grain 
h - medium is stored hay 
v - medium is food crop 

1 Assumed thickness of soil layers for water-use model(m) 
1 1 - surface-soil layer, box 1 

2 - unsaturated-soil layer, box 2 

Number of radionuclides in decay chain for parent radionuclide i 

Coefficient in chain decay equations (pCi*d) 
1 n - precursor chain members 

j - current chain member 
2 j - current chain member 

Partition coefficient for radionuclide i, defined by element and box (mL/g) 
1 Water-use model box 

1 - surface-soil, box 1 
2 - unsaturated layer, box 2 

2 Radionuclide index 
i - parent radionuclide 
j - chain member radionuclide (parent or progeny) 
Rate constant for movement of radionuclides between boxes of the water- 
use model (d") 

1 1 - transfer from box 1 
2 - transfer from box 2 

2 2 - transfer to box 2 
3 - transfer to box 3 

3 i - parent radionuclide 
j - chain member radionuclide (1 for parent or > 1 for progeny) 
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Table 2.2 Subscribed parameter summary (Continued) 

Number of Order of 
Parameter subscri~ts subscripts Desrrilttion 

ML 1 Plant soil mass-loading factor for transfer from soil to plants (pCi/kg dry- 
weight plant per pCi/kg dry-weight soil) 

1 f - forage crops 
g - stored grain crops 
h - stored hay crops 
v -food crops 

1 The porosity of the soil layers (dimensionless) 
1 1 - surface-soil layer, box 1 

2 - unsaturated-soil layer, box 2 

Number of short-lived progeny for which contributions are to be included 
with the parent radionuclide dose factors 

mtal number of food products considered in the diet 

Soil areal density 
1 s - areal soil density in agricultural areas (kg dry-weight soil/m2) 

d - floor dust-loading for residential scenario @/m2) 

Partial pathway transfer factors (PPTFs) providing activity time integral in 
a food type (pCi*y/unit receiving medium per unit initial activity in a 
contaminating medium) 

1 Receiving medium 
a - animal product type 
v - ~ O O ~ C X O P  type 

2 Contaminating medium 
s -soil 
w -water 

3 Parent radionuclide index 
i - parent radionuclide 
C - carbon-14 
H - tritium 

4 
'I 

Progeny radionuclide index 
j - chain member (1 for parent, > 1 for progeny) 
"blank" - 4th subscript not used for carbon-14 or tritium 

Pathway transfer factors (PFs) providing intake (pCi) by humans per unit 
initial concentration in a medium 

1 s - medium is soil 
w - medium is water 

2 i - parent radionuclide 
3 j - chain member (1 for parent, > 1 for progeny) 
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lsble 2.2 Subscripted parameter summary (Continued) 

Number of Order of 
Parameter subsdvts subscrivts M v t i o n  

Q 1 Consumption rate by animal 
1 d - animal ingestion of soil (dirt) (kg dry-weight soil per kg dry-weight 

forage) 
f - forage crop (kg wet-weight forageld) 
g - stored grain crop (kg wet-weight grainld) 
h - stored hay crop (kg wet-weight hayld) 
w - water (Lld) 
Amount of radionuclide present (units proportional to atoms) 
1 - medium is surface-soil @ox 1) 
2 - medium is unsaturated zone @ox 2) 
3 - medium is ground-water aquifer @ox 3) 
m - general medium 
1 - parent radionuclide 
2 - first progeny radionuclide (chain member 2) 
3 - second progeny radionuclide (chain member 3) 
i - parent radionuclide 
j - chain member (1 for parent, > 1 for progeny) 

Fraction of initial deposition retained on the plant from irrigation water 
f - forage crop 
g - stored grain crop 
h - stored hay crop 
v -food crop 

Deposition rate from irrigation water to a medium 
Deposition pathway 
w -water to plant surfaces or soil 
Medium receiving deposition 
f - forage crop type 
g - stored grain crop 
h - stored hay crop 
s -soil 
v -food crop 
Radionuclide index 
i - parent radionuclide 
j - chain member (1 for parent, > 1 for progeny) 
Period of deposition 
g - crop-growing period 
f - animal-foraging period 
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%able 2.2 Subscripted parameta summary (Continued) 

Number of Order of 
Parameter subscripts subscripts Description 

RF 1 Resuspension factor (m'l) 
1 o - building occupancy scenario 

r - indoor activity for residential scenario 

Rt 2 Retardation factor (dimensionless) 
1 1 - surface-soil layer, box 1 

2 - unsaturated-soil layer, @ox 2) 
2 j - current chain member 

Specific activity equivalence factors for carbon and tritium 
1 s - medium is soil 

T - normalized to total activity 
w - medium is water 

2 a - animal product 
v -crop 

3 C - carbon-14 
H - tritium 

Time period (d) 
1 b - time spent in building renovation work 

d - water intake period for drinking water scenario 
f - fish intake period for residential scenario 
g - time spent gardening for residential scenario 
i - time spent indoors for residential scenario 
o - time spent in building occupancy 
r - time of residential scenario 
x - time spent outdoors for residential scenario 
y - 1 year 
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Wble 2.2 Subscripted parameter summary (Continued) 

Number of Order of 
Parameter subscripts subscripts Description 

Time period (d) 
1 c - consumption period by humans 

f - feeding period for animals producing animal product a 
g - crop-growing period 
h - time between harvest and consumption by humans 
t - total elapsed time for a period 
w - consumption period for animals drinking contaminated water 

2 a - animal product 
b - building renovation scenario 
d - drinking water scenario 
f - forage crop 
g - gardening period (used only with first subscript t) 
g - stored grain crop (used only with first subscript g or f) 
h - stored hay crop 
o - building occupancy scenario 
r - residential scenario 
s - stored feed (hay or grain) 
v -food crop 

'Ranslocation factor of activity from plant surfaces to edible parts of the 
plant (dimensionless) 

1 f - forage crop 
g - stored grain crop 
h - stored hay crop 
v -food crop 

mDEB, E D E D ,  TEDEO, TEDER (see Bble 2.1) 

U 1 Ingestion rate of foods or water by humans 
1 a - animal product (kg&) 

f - aquatic food, fish (kg&) 
v - food mop (kg/y) 
w - drinking water (Lld) 

1 Volumetric breathing rate (m3/h) 
1 b - building renovation scenario 

g - residential scenario, gardening 
r - residential scenario, indoors 
o - building occupancy scenario 
s - standard rate used as the basis for the inhalation dose factors (DHF,) 
x - residential scenario, outdoors 
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able 2.2 Subscripted parameter summary (Continued) 

Parameter 

Vdd 

Number of Order of 
subscripts subscripts Description 

Volume of water used for domestic purposes during a year of drinking 
water scenario (L) 

Volume of water used for domestic purposes during a year of residential 
scenario (L) 

Volume of water infiltrating through contaminated area in a year for the 
drinking water scenario water-use model (L) 

Volume of water infiltrating through contaminated area in a year for the 
residential scenario water-use model (L) 

Volume of water used for irrigation during a year of residential scenario 
( 9  

Volume of water in the surface-water pond used in production of aquatic 
foods (L) 

?btal aquifer volume for the drinking water scenario (L) 

Ibtal aquifer volume for the residential scenario (L) 

removal rate constant for the water-use models (d"') 
d - drinking water scenario 
r - residential scenario 

Factor to convert plant concentrations from a dry-weight basis to a wet- 
weight basis (kg dry-weight plant per kg wet-weight plant) 
f - forage crop 
g - stored grain crop 
h - stored bay crop 
v -food crop 

Fraction of animal feed or water intake that is contaminated, defined for 
each animal type 
f - forage 
g - stored grain 
h -stored hay 
w -water 
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'IBble 2.2 Subscripted parameter summary (Continued) 

Number of Order of 
Parameter subsrri~ts subscripts Description 

Y 1 Yield of crop (kg wet weight per m2) 
1 f - forage crop 

g - stored grain crop 
h - stored hay crop 
v -food crop 
Volumetric water content for a soil layer (dimensionless) 
1 - surface-soil layer 
2 - unsaturated-soil layer 

Bulk density for a soil layer (g/mL) 
1 - surface-soil layer 
2 - unsaturated-soil layer 

Decay rate constant for transition of radionuclide n to radionuclide j (d") 

Rate constant (d") 
w - removal by weathering from plant surfaces 
e - effective (sum of removal and decay rate constants) 
r - radiological decay 
i - parent radionuclide 
j - chain member (1 for parent, > 1 for progeny) 
n - chain member 
"blankn - not dependent on radionuclide 
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mble 2.3 Unsubsdpted parameters 

Smbal 

A 

CDB 

CDG 

CDI 

CDO 

DIET 

DL 

F 

GB 

Definition 

Area of land under irrigated agricultural production (m2) 

Dust-loading for building renovation work (g/m3) 

Dust-loading for gardening activities (g/m3) 

Dust-loading for indoor exposure periods (g/m3) 

Dust-loading for outdoor exposure periods (g/m3) 

Fraction of annual diet derived from home-grown foods (dimensionless) 

Annual dose limit for evaluation of the potential for adverse impacts (mrem) 

Dilution flow in the ground-water aquifer (L) 

Effective transfer rate for ingestion of loose dust transferred from building surfaces to hands and mouth 
during building renovation work (gth) 

Effective transfer rate for ingestion of removable surface activity transferred from surfaces to hands and 
mouth during building occupancy (m2/h) 

Effective transfer rate for ingestion of soil and dust transferred to the mouth during the residential 
scenario (g/d) 

Absolute humidity ( ~ l m ~ )  

Index of parent radionuclide 

Index of current chain member position in decay chain 

Proportionality constant to convert from activity units to atom units, dependent on the activity units used, 
equal for all radionuclides (k = 1 when activity is given in Bq and li in inverse seconds) 

Infiltration rate (m/y) 

Annual average application rate of imgation water ( ~ / m ~ * d )  

Number of parent radionucIides in the mixture 

Btal  activity factor for irrigated land (pCi per pCi/g) 
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BbIe  2.3 Unsubscriptd parameters (Cotmtinued) 

Smhl Definition 

SFl Shielding factor by which external dose rate is reduced during periods of indoor residence (dimensionless) 

SF0 Optional shielding factor by which external dose rate is reduced during periods of outdoor residence 
(dimensionless) 

SH Moisture content of soil (Llkg) 

The units of the decay operator are the same as those of the initial activity or  concentration array. The asterisk sub- 
script represents possibilities defined for activities or concentrations (parameters C in Bble 2.2) and time (param- 
eter t in Bble  2.2). The time integral of activity or concentration, S O ,  must be evaluated in several of the models. 
The nomenclature of this operator is the same as that for the decay operator, A{): 

where S O  = the operation of time-integration calculation (in appropriate units) 

C, = the array of chain member activities (in appropriate units) 

t, = time period over which the integration is performed (in time units). 

Units of the resulting operation are the product of the activity or concentration units and the time units. For exantple, 
evaluation of a time integral of activity in pCi for a time period in days would provide results in units of pCied. 

The operator for evaluation of the concentration in a medium after accumulation of constantly depositing activity is 
represented as 

where R(} = the operation of the deposition, accumulation calculation (in appropriate unit?) 

R, = the array of chain member constant deposition rates (in appropriate units per unit time) 

t, = time period over which the deposition at a constant rate occurs (in time units). 

Units of the resulting operation are the same as the receiving medium units, which are the units of the deposition rate 
multiplied by time. For example, if the deposition rate is defined as pCi/d per kg of plant and time units are in days, 
then the resuIting units are pCi/kg of plant. Note that the time units for the deposition rate and the time parameter 
must be the same (or a time units conversion factor must be applied to the result). 

The deposition, accumulation, and time-integration operator is needed for processes involving deposition (via 
irrigation water) for the residential scenario. This operator is used to evaluate the activity or concentration in a 
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medium after deposition for a period of time. The deposition, accumulation, and time-integration operator is 
represented as: 

where GI) = the operation of the deposition, accumulation, and time-integration calculation (in appropriate units) 

R, = the array of chain members with constant deposition rates (in appropriate units per unit time) 

t. = the time period over which the deposition, accumulation, and time-integration calculation is per- 
formed (in time units). 

Units of the resulting operation are the product of the activity or concentration-per-time units and the square of the 
time units. For example, evaluation of a time integral of deposition rate in pCilday for a time period in days would 
provide results with units of pCi0d. Note that the resulting units are the same as those for the single time-integral of 
activity or concentration. The deposition, accumulation, and time-integration operator results may be divided by the 
integration time period to give an average concentration or activity over the period. 

A summary of the various uses of the decay and time-integral operators used in this report is given in Bble 2.4. The 
table provides references to specific equations in Appendix B and to the form of the exponential term in.the equations. 
l3ch application involves use of a summation equation that includes the product of coefficients multiplied by an 
exponential term as follows: 

J 
(Operator Value), = (Coefficient), (Exponential Term), (2-5) 

n = l  

Where the subscript, j, refers to a chain member and the subscript, n, refers to all precursor radionuclide positions in 
the decay chain. The form of the exponential term depends on the application (as indicated in Bble 2.4). 

Using the indicated equations, specific equations for the operators can be developed. Examples of generation of 
specific equations from the general equations are given in Appendix B. 

The drinking water scenario involves a special application of the decay and time-integral operators. This application - 
involves generation of a solution to the three-box water-use modeL Details of the water-use model applications are 
provided in Section 4 (drinking water scenario) and Section 5 (residential scenario). A summary of the operator nota- 
tion for the water-use model is given in Bble 2.5. The drinking water scenario application uses the basic equations 
including removal terms in Equations (B.15 to B.18). The residential scenario application is described in Section B.7. 
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mbie 2.4 Summary of operator notatioa equations 

Summation Coefficient 
Operator Equation Equations Exponential Term Calculation 

A{C*,t:) B.2 B.3-B.5 exP(-ai t*) Decay for a time period 

&{C*,t*} B.15 B.16-B.18 exp(-Aej t*) Decay with removal for a time period 

S{C*,t.) B.2 B.3-B.5 [l+xp(-Ai t*)]/li Time integral over a time period 

Se{C*,t*I B.15 B.16-B.18 [1-exp(-he, t*)]/l,  Time integral with removal over a time 
period 

R{R.,t,l B.2 B.3-B.5 [I-exp(-Aq t*)]/Ai Deposition and accumulation of a con- 
stant deposition rate over a time period 

Re{R*?t*) B.15 B.16-B. 18 [l-exp(-lej t*)f/Aej Deposition and accumulation of a con- 
stant deposition rate with removal over a 
time period 

G {R*,t.) B.2 B.3-B.5 (t-[I-eq(-Ai t.)]lh,)lAi Deposition, accumulation, and time- 
integration of a constant deposition rate 
over a time period 

Ge {R:,t*) B. 15 B.16-B.18 (t-[1-exp(-Aej t.)]/hej)/hej Deposition, accumulation, and time- 
integration of a constant deposition rate 
with removal over a time period 

As an example of the use of the decay operator, the concentration of radionuclide j in building materials after decay 
during the renovation work period, qb, is calculated from the initial concentration in building materials, Cbj, and is 
written 

The time integral of the concentration in building material of radionuclide j over this period is written 
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ab le  25 Summary ofwater-use model operator notation equations 

Summation Coefficient 
Operator Equation Equations Exponential Term Calculation 

Adk(C8,t8) B.15 B.16-B.18 exp(- Aej t,) Decay for a time period in drinking water scenario 
water-use model box k 

4k(c8, f  8 )  (see Section B.7) Decay with removal for a time period in residential 
scenario water-use model box k 

Sdk(C*,t*) B.15 B.16-B.18 [I-exp(-Aej t8)]/;tej Time integral over a time period in drinking water 
scenario water-use model box k 

S,{C*,td (see Section B.7) Time integral with removal over a time in residen- 
tial scenario water-use model box k 

Multiple applications of the decay or time-integral operations are represented as nested symbols. For example, the 
decay of radionuclide j concentration in soil, for a time ttb, followed by a time integration for a period $, is represented 
as follows: 

The decay operator notation can be expanded using equations given in Appendix B. The expansion will result in one 
equation for each chain member, giving the desired parameter value as indicated for the specific operator. For 
example, Equation (2.6) can be written for a two-membered decay chain as two equations, one for the parent and one 
for the first progeny. 

The explicit equations are as follows: 

for the parent, 

Cbl(ttb) = Cbl(0) 
- 4 l t t b  

and for the first progeny, 
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where Cbl(ttb) = concentration of parent radionuclide in building material evaluated at time $b (activity units) 

Cb2(ttb) = concentration of first progeny radionuclide in building material evaluated at time ttb (activity units) 

Gl(0) = initial concentration of parent radionuclide in building material (activity units) 

G2(0) = initial concentration of first progeny radionuclide in building material (activity units) 

krl = radioactive decay rate constant for the parent radionuclide (dm') 

A ,  = radioactive decay rate constant for the progeny radionuclide (d-') 

dI2 = the fraction of parent radionuclide transitions that result in production of progeny radionuclide 
(dimensionless) 

ttb = duration of the renovation period 

and other terms are as previously defined. 

The time-integral operator notation can also be expanded directly from Equations (2.9) and (2.10) by integrating the 
expressions over time between 0 and ttb. Noting that, for any radionuclide j, 

the results are as follows for the parent radionuclide: 

and for the first progeny, 





3 Scenario Descriptions for the Release of Buildings 

Currently, there are estimated to be over 22,000 NRC and NRC Agreement State lice- that will eventually apply 
for license termination. There is a significant diversity in the types of buildings and building materials to be released 
after decommissioning. E"or example, licensed facilities range from commercial nuclear power reactors to research 
laboratories at universities and industrial plants. Because licensed facilities are in commercial use, it is unlikely that 
continuous exposure (i-e., 24 h/d) could occur after license termination. Therefore, the conceptual basis of the generic 
scenarios identified for the release of buildings assumes continued commercial use of a building (not residential use). 
This assumption is considered to be prudently conservative, while continuous exposure would be the worst case. 

?triro exposure scenarios are defined for buildings: building renovation and normal building occupancy. The building 
renovation scenario, in Section 3.1, accounts for an average volume (subsurface) concentration of radionuclides in 
building walls, floors, and ceilings. The building occupancy scenario, in Section 3.2, accounts for radionuclides in a 
thin surface layer, with a small fraction being removable. Building renovation represents relatively short-term expo- 
sures to disturbed sources, while building occupancy represents long-term chronic exposure to low levels of loose con- 
tamination. This dual-scenario approach permits the calculation of generic annual TEDEs for volume and surface 
sources of residual radioactive materials. This approach should help develop screening levels for well-defined situa- 
tions, permit consideration of site-specific conditions using alternative parameter assignments, and assist in determin- 
ing when more detailed site-specific data, models, and assessments are required. Additional information regarding 
specific parameter values used for the analysis is provided in Section 6. 

3.1 Building Renovation Scenario 

At the time of license termination, it is likely that decontamination operations will have effectively eliminated (or sig- 
nificantly reduced) removable surface sources of residual radioactive contamination. It is also likely that, at some 
point, buildings will require renovation and, ultimately, they will be demolished. During renovation or demolition, 
surface and volume sources will be disturbed, creating loose contamination. This loose contamination can produce 
higher concentrations of radionuclides in the air or on surfaces than the levels in an undisturbed building. 

Renovation conditions serve as the prudently conservative basis for this scenario analysis. The differences between 
renovation and demolition are difficult to predict, but both can likely be represented by the same conceptual model. 
For some conditions, demolition may represent a worst-case situation; in others, renovation may be the worst case. 
For example, the exposure duration for demolition may exceed the duration of renovation. Whereas demolition may 
be rather remote, involving the use of heavy wrecking equipment, renovation may involve work indoors with direct 
contact with residual radioactive materials. 

The work activities associated with building renovation will likely be quite varied, ranging from heavy construction to 
light finish work. Figure 3.1 shows a variety of expected activities, including removal of a portion of a concrete struc- 
ture, creating loose surface contamination. Other renovation activities, such as carpentry, plumbing, or painting, will 
likely be less rigorous, but they are assumed to occur with an elevated amount of loose surface contamination. Fig- 
ure 3.1 illustrates the modeling basis for the renovation scenario pathways, which account for all four expected activi- 
ties. The following sections describe the scenario time frame, the potential exposure pathways (describing both those 
that are included and excluded from the analysis), and the mathematical formulations needed to describe the renova- 
tion scenario exposure pathways, 
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Figure 3.1 Potential activities within the building renovation scenario 

3.1.1 Time Frame for Building Renovation Scenario 

The time frame for exposure for the building renovation scenario is illustrated in Figure 3.2 Although building reno- 
vation may occur at any time after license termination, this study assumes that it occurs immediately after release of - 
the building, before additional radioactive decay takes place. The workers are assumed to be involved in only one reno- 
vation operation during the year. 

The top portion of Figure 3.2 shows an exact description of exposure to a decaying source during renovation. The dark 
lines indicate exposure for 8 hld, 5 dlwk over the total exposure period. The lower pan of Figure 3.2 shows the mathe- 
matical representation of the exact solution using the exposure duration and the mean activity level. The mean activity 
level is evaluated using the activity time-integral, S{) (discussed in Section 2), divided by the duration of the renova- 
tion. This formulation of mean activity level is used in each of the exposure pathway mathematical formulations. 
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8 hld of work 
/ 5 &week of work 

Decay 

Exact 
Activity Solution 

1 2 3 
Weeks 

Mathematical Representation 
(exposure duration) (average activity) 

Activity 

Figure 3.2 Building renovation time frame 

3.1.2 Exposure Pathways for Building Renovation Scenario 

As can be inferred from Figure 3.1, numerous potential exposure pathways can be identified during building renova- 
tion. Although the potential pathways may be quite numerous, some will produce greater radiation dose than others. 
The potential pathways are shown in the following list, with those selected for analysis shown in bold type. 

external exposure to penetrating radiation from volume sources 

* inhalation of airborne radioactive dust 

inadvertent ingestion of loose surface contamination 

external exposure from submersion in airborne radioactive dust 

internal contamination from puncture wounds during building renovations 
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dermal absorption of radionuclides 

inhalation of the indoor radon aerosol. 

The exposure pathways selected for analysis in the building renovation scenario include external exposure to penetra- 
ting radiation from volume sources, inhalation of airborne dust, and inadvertent ingestion of dust. The selection of 
these pathways, along with the selection of prudently conservative parameter values, provides a balanced analysis for 
each of the following: 

photon-emitters, through the external exposure pathway 

alpha-emitters, through the inhalation exposure pathway 

beta-emitters, through inadvertent ingestion of "loose" surface contamination. 

The four potential pathways identified above but not included in this analysis are external exposure during submersion 
in airborne radioactive dust, internal contamination from puncture wounds, dermal absorption, and inhalation of 
radon aerosol. Reasons for excluding these four pathways are provided below. 

Air submersion can be an important pathway to consider when evaluating the potential consequences of airborne 
plumes from accidents at nuclear facilities. However, numerous previous studies for decommissioning have concluded 
that external doses from air submersion are trivial compared with external doses from surface or volume sources 
(Schneider and Jenkins 1977; Smith, Konzek, and Kennedy 1978; Oak et al. 1980). Thus, air submersion doses are not 
included in the scenarios considered in this study. 

Similarly, internal exposures from puncture wounds or from dermal absorption may be important when evaluating 
sources of exposure to workers in licensed nuclear facilities. But most dose assessments using these pathways are 
retrospective (after-the-fact) and rely on bioassay results to help establish the magnitude of internal deposition that 
occurred for a specific situation. The frequency of occurrence of puncture wounds, although unpredictable, is assumed 
to be low considering the exposure pathways involved. Dermal abso tion may be important for only a few radio- =-! nuclides, most notably 3 ~ .  ?b help account for dermal absorption of H, the ICRP increased the inhalation dose fac- 
tors by 50%. The doses that could result from dermal absorption for other radionuclides are assumed to be low 
compared with inhalation and ingestion. Thus, internal doses from puncture wounds and dermal absorption are not 
included in this scenario. 

Under some conditions, inhalation of radon aerosol from the uranium decay chain can be a significant pathway. The 
concentration of indoor radon is a complex function of the quantity of uranium and decay chain members present, the 
building design, and the air exchange rate with outdoor air. In addition, indoor radon may be present from naturally 
occumng cancentrations of uranium decay chain members, not just residual radioactive contamination from licensed 
activities. Because of the site-specific nature of the indoor radon aerosol and because the EPA has developed separate 
regulations for indoor radon, no attempt is made to model exposure from the indoor radon aerosol for this study. 

A further justification for excluding these four pathways stems from the intent to produce a set of prudently conserva- 
tive (not worst-case) generic screening scenarios. Additional pathways can be included, as necessary, in site-specific 
AL,AEZA evaluations using site-specific data. 
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3.13 External Dose 

The external dose is evaluated for renovation work lasting for a specified exposure duration (tb) in the year, occurring 
over a specified renovation work period (ttb). The concepts involved in the external dose calculation for the building 
renovation scenario are described in the following word equation: 

p e r n a l  Dose] = m o s u r e  Duration for Renovation] 

x [Volume Source Dose Rate Factor] 

x [Average Concentration of Radionuclides 

in Building Material] 

The external dose calculation involves evaluation of the average concentration of radionuclides in building material 
over the period of exposure. The amount of a radionuclide present at any time is evaluated as the solution to the 
following differential equation (quantities expressed in atoms): 

where Cb, = concentration of radionuclide j present in building material at time t (pCi/g) 

Gn = concentration of precursor radionuclide n present in building material at time t (pCiIg) 

dnj = fraction of radionuclide n transitions that result in production of radionuclide j. 

A, = radioactive decay canstant for radionuclide j (d-I). 

The average concentration of a radionuclide in building material is evaluated as the time integral of the solution to 
Equation (3.2) as follows: 

where Cbj is the average concentration of radionuclide j in building material over the period of renovation work 
(pCi/g), and ttb is the duration of the renovation period (d). 

The mathematical formulation for calculating external dose for the building renovation scenario is given by the 
following equation: 
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where DEXB, = external dose from the specified renovation work duration for the decay chain with parent 
radionuclide i (mrem for renovation during 1 year) 

DFERl = external dose rate factor for exposure to a volume source of radionuclide j, compatible with the 
volume source intent of the building renovation scenario, as described in Section 6 (mremh per 
pCi/g) 

tb = exposure duration for renovation period (d) 

S{Cbj, t,,} = time-integral operator used to develop the average concentration of radionuclide j in building 
material over the renovation period (pCi*dlg for renovation during 1 year) 

Cbj = initial concentration of radionuclide j in building material (pCi/g) 

ttb = duration of the renovation period (d) 

Jl = number of radionuclides in the decay chain for parent radionuclide i 

24 = unit conversion factor (hld). 

The time integral of concentration in building material is evaluated for each chain member. For the parent 
radionuclide of a decay chain, the time integral is equivalent to the following expression: 

where Arl is the radioactive decay constant for the parent radionuclide (first chain member) (d-I), Cb,(0) is the initial 
concentration of parent radionuclide in building material (pCilg), and other terms are as previously defined. 

When the decay chain contains progeny radionuclides, the decay operator provides an array of results, one value for 
each chain member. The time-integral value for the parent radionuclide is given by Equation (3.5). The value for the 
first progeny is given by the following equation: 

where An is the radioactive decay constant for the first progeny radionuclide (second chain member), Cb2 is the value 
of Cbi for the second chain member, and other terms are as previously defined. See Section 2 and Appendix B for a 
discussion of the d a y  operator notation and example generation of equations corresponding to Equations (3.5) 
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and (3.6) for additional progeny. A detailed discussion of the selection of parameter values for calculating the external 
dose during building renovation is provided in Section 6. 

3.1.4 Inhalation Dose for Renovation 

The concepts involved in calculating the committed effective dose equivalent (CEDE) for inhalation for the building 
renovation scenario are described in the folfowing word equation: 

[CEDE for Inhalation] = [Exposure Duration for Renovation] 

x [Volumetric Breathing Rate] 

x [Airborne Dust - Loading Factor] 

x [Inhalation Dose Factor] 

x [Average Concentration of Radionuclides in BuildingMBterial] 

The mathematical formulation for calcuiating inhalation dose for the building renovation scenario is given by 

DHB, = 24 tb Vb CDB 2 DFHl S{%,. ttb)fttb 

where DHBi = CEDE for inhalation for parent radionuclide i for the specified renovation work period (mrem for 
renovation work in I year) 

CDB = dust-loading factor in air for renovation work (g,/m3) 

DFHj = inhalation CEDE factor for radionuclide j (mrem per pCi inhaled) 

V,, = volumetric breathing rate for building renovation work (m3/h) 

and other terms are as previously defined. A detailed discussion of the airborne dust model and parameter values 
selected for calculating the inhalation dose during building renovation is provided in Section 6. 

3.1.5 Ingestion Dose for Renovation 

The final pathway considered for the building renovation scenario is inadvertent ingestion of dust generated during 
renovation activities. The concepts involved in calculating the CEDE for the inadvertent ingestion are described in the 
following word equation: 
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[CEDE for Ingestion] = jExposure Duration for Renovation] 

x [Effective Transfer Rate for Ingestion] 

x [Ingestion Dose Factor] 

x [Average Concentration of Radionuclides in Loose Dust] 

The mathematical formulation for calculating ingestion dose for the building renovation scenario is given by 

where DGBi = ingestion CEDE for parent radionuclide i for renovation work (mrem for renovation work in 1 year) 

GB = effective transfer rate for ingestion of loose dust transferred from building surfaces, to hands, to 
mouth (gh of work) 

DFGj = ingestion CEDE factor for radionuclide j (mrem per pCi ingested) 

and other terms are as previously defined. A detailed discussion of the parameter values selected for calculating 
ingestion dose during building renovation is provided in Section 6. 

3.1.6 Annual TEDE for the Building Renovation Scenario 

The annual TEDE for the building renovation scenario is evaluated as the sum of the contributions from the three 
exposure pathways, as shown in the following word equation: 

[Annual TEDE for Renovation] = [ExternaI Dose] 

+ [CEDE for Inhalation] 

+ [CEDE for Ingestion] 

The mathematical formulation for calculating the annual TEDE for the building renovation scenario is 

TEDEBi = DEXB, + DHBi + DGB, (3.12) 

where TEDEBi is the TEDE for parent radionuclide i (in mrem for renovation work in 1 year) and other terms are as 
previously defined. 

When mixtures of radionuclides are considered, the total dose for the building renovation scenario is evaluated as the 
sum of the dose from each decay chain: 
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where TEDEB, is the TEDE for the mixture of radionuclides (in mrem for renovation work in 1 year), M is the 
number of parent radionuclides in the mixture, and other terms are as previously defined. 

When the initial concentration is expressed in Bq/g and the result is expressed in pSv, the evaluation is performed as 
above, except that the unit conversion factor is required, as follows: 

where TEDEBisr is the annual TEDE for parent radionuclide i (in pSv for renovation work in 1 year), and the constant 
270.3 is a unit conversion factor, relating pSv/Bq to mrem/pCi. 

3.2 Building Occupancy Scenario 

At many facilities, the residual radioactive inventory will be associated with surface sources. Because surface decon- 
tamination operations may not remove all of the surface sources, a scenario describing surface contamination must be 
considered. For this analysis, the building occupancy scenario accounts for potential exposure to both fixed and 
removable thin-layer or surface-contamination sources. This assumption is a conservative representation of residual 
radioactive contamination that will bound the dose rates from volume sources, when equal initial activities are 
assumed. That is, for an equal activity in surface and volume sources, the dose rate from surface sources will exceed 
the dose rate from volume sources because of self-shielding. A further discussion of the selection of external dose rate 
factors is provided in Section 6.2.1. This scenario is used to derive the surface contamination annual TEDE. 

The conceptual model used for the building occupancy scenario defined for this study is shown in Egure 3.3. Quite 
simply, an individual is assumed to occupy a commercial facility in a passive manner without deliberately disturbing 
surface sources of residual contamination. This means that the levels of "loose" contamination are likely to be substan- 
tially less than those encountered in the building renovation scenario. The following sections describe the scenario 
time frame, the potential exposure scenarios (those that are included and excluded from the analysis), and the mathe- 
matical formulations needed to describe the exposure pathways in the building occupancy scenario. 

3.2.1 Time Frame of Building Occupancy Scenario 

The building occupancy scenario involves chronic exposure to an individual for a full work year in a commercial facil- 
ity. The time frame for exposures is shown in Figure 3.4. Although occupancy of a building may occur at any time 
after Iicense termination, for this study occupancy is assumed to begin immediately after release of the building, before 
significant radioactive decay occurs. Except for exposure duration, Figures 3.2 and 3.4 are identical, showing both the 
exact and mathematical representation of exposure to a radioactive source. For building renovation, the exposure 
duration will likely be a fraction of a work year, and for building occupancy, it will likely be a full work year. As in the 
building renovation scenario, the average activity per unit area is evaluated using the time-integral operator, S O  (dis- 
cussed in Section 2 and Appcndix B), divided by the duration of the building occupancy period. 

3.2.2 Exposure Pathways 

As with the building renovation scenario, numerous potential exposure pathways can be identified during building 
occupancy. The potential pathways are shown in the following list, with those selected for analysis shown in bold type: 

external exposure to penetrating radiation from surface sources 
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Figure 3.3 Potential activities within the building occupancy scenario 

inhalation of resuspended surface contamination 

inadvertent ingestion of surface contamination 

external exposure during submersion in airborne radioactive dust 

internal contamination from puncture wounds inflicted by contaminated surfaces 

dermal absorption of radionuclides 

inhalation of indoor radon aerosol. 

The exposure pathways selected for analysis in the building occupancy scenario include external exposure to penetrat- 
ing radiation from surface sources, inhalation of resuspended surface contamination, and inadvertent ingestion of sur- 
face contarnination. The selection of these pathways, with prudently wnservative parameter values, provides a 
balanced analysis for 
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Figure 3.4 Building occupancy time line 
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photon-emitters, through the external exposure 

Activity 

alpha-emitters, through the inhalation exposure pathway 

+ 

beta-emitters, through the inadvertent ingestion pathway. 

The potential pathways identified above but not included in this analysis are external exposure during submersion in 
airborne radioactive dust, internal contamination from puncture wounds, dermal absorption, and inhalation of the 
indoor radon aerosol. The justification for eliminating these pathways is the same as provided in Section 3.1.2 for the 
building renovation scenario. In addition, airborne contamination levels for air submersion are likely to be quite low 
during occupancy compared with renovation, further reducing the potential importance of air submersion. Puncture 
wounds from contaminated surfaces are even less likely for building occupancy because there are no construction- 
related activities. As with the building renovation scenario, additional pathways can be included, as necessary, in site- 
specific ALARA evaluations using site-specific data. 
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3.23 External Dose for Building Occupancy 

The concepts involved in the external dose calculation for the building occupancy scenario are described in the 
following word equation: 

[External Dose] = m o s u r e  Duration for Occupancy] 

x [Surface Source Dose Rate Factor] (3.15) 

x [Average Surface Activity per Unit Area] 

The mathematical formulation for calculating external dose for the building occupancy scenario is given by 

where DEXOi = external dose for parent radionuclide i (mrem for 1 year of building occupancy) 

DFESj = external dose rate factor for radionuclide j, for exposure from contamination uniformly distributed 
on surfaces, compatible with the surface-source intent of the building occupancy scenario, as 
described in Section 6 (mremh per dpm/100 cm2) 

Coj = initial activity per unit area for radionuclide j on building surfaces (dpm/lOO cm2) 

S{CoJ, t,,} = time-integral operator used to develop the radionuclide j activity over the exposure period t,, 
(dpm*d/lOO an2) 

t,, = length of the occupancy period (d) 

to = time that exposure occurs during the 1-year building occupancy period (d) 

24 = unit conversion factor (h/d). 

The formulation is similar to the external dose formulation in Equation (3.4), with the exception that for the building 
occupancy scenario, surface sources instead of volume sources are considered. The time-integral of activity, S{Co,,$o), 
is evaluated for parent radionuclides, as discussed in Section 2 and Appendix B and illustrated in sample equations for 
parent and first progeny for the building renovation scenario (see Equations 13.51 and [3.6]). A detailed discussion of 
parameter values for calculating the external dose during building occupancy is provided in Section 6. 

3.2.4 Inhalation Dose for Building Occupancy 

Inhalation exposure is evaluated for residual material resuspended from building surfaces. The concepts involved in 
calculating the inhalation CEDE are described in the following word equation: 
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[CEDE for Inhalation] = -sure Duration for Occupancy] 

x [Resuspension Factor for Surface Contamination] 

x rJolumetric Breathing Rate] 

x [Inhalation Dose Factor] 

x [Average Surface Activity per Unit Area]. 

The mathematical formulation for calculating inhalation dose for the building occupancy scenario is given by 

where DHOi = CEDE for inhalation for parent radionuclide i (mrem for 1 year of building occupancy) 

RF, = resuspension factor for building occupancy (m") 

DFHj = inhalation CEDE factor for radionuclide j, as described in Section 6 (mrem per pCi inhaled) 

45.05 = unit conversion factor (p~ i /m2 per dpmj100 cm2) 

24 = unit conversion factor (hfd) 

Vo = volumetric breathing rate for building occupancy (m3/h)p12000 

and other terms are as previously defined. A detailed discussion of the resuspension model and the parameter values 
selected for calculating the inhalation dose during building occupancy is provided in Section 6. 

3.2.5 Ingestion Dose for Building Occupancy 

The concepts involved in calculating the CEDE for inadvertent ingestion are described in the following word equation: 

[CEDE for Ingestion] = [Exposure Duration for Occupancy] 

x [Effective Transfer Rate for Ingestion] 

x [Ingestion Dose Factor] 

x [Average Surface Activity per Unit Area]. 
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The mathematical formulation for calculating ingestion dose for the building occupancy scenario is given by 

where DGOi = CEDE for ingestion for parent radionuclide i (mrem for I year of building occupancy) 

GO = effective transfer rate for ingestion of removable surface contamination transferred from surfaces, 
to hands, then to mouth for the building occupancy scenario (m2/h) 

DFGj = ingestion CEDE for radionuclide j, as described in Section 6 (mrem per pCi ingested) 

45.05 = unit conversion factor (p~i /m2 per dpm/100 em2) 

24 = unit conversion factor (h/d) 

and other terms are as previously defined. 

A discussion of the parameter values selected for calculating ingestion dose during building occupancy is provided in 
Section 6. 

3.2.6 Annual TEDE for the Building Occupancy Scenario 

The annual TEDE for the building occupancy scenario is evaluated as the sum of the contributions from the three 
exposure pathways, as shown in the following word equation: 

[Annual TEDE for Occupancy] = [mema1 Dose] 

+ [CEDE for Inhalation] 

+ [CEDE for Ingestion]. 

The mathematical formulation for calculating the annual TEDE for the building occupancy scenario is 

TEDEO, = DEXO, + DHOi + DGO, (3.22) 

where TEDEO, is the annual TEDE for radionuclide i (in mrem for 1 year of building occupancy) and the other terms 
are as previously defined. 

When mixtures of radionuclides are considered, the annual TEDE for the building occupancy scenario is evaluated as 
the sum of the annual TEDE from each decay chain: 
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where TEDEO, is the annual E D E  for the mixture of radionuclides (in mrem for 1 year of building occupancy) and 
other terms are as previously defined. 

When initial activity per unit area is defined in units of Bq/100 cm2, the following equation is used to evaluate the 
annual TEDEO values in pSV: 

where TEDEOisI is the annual E D E  for the parent radionuclide i (in pSv for a year of building occupancy), and the 
constant 600 is a unit conversion factor (pSv/Bq per mremldpm). 





4 Drinking Water Scenario 

The drinking water scenario (presented schematically in Figure 4.1) models the dose to persons whose sole exposure is 
from drinking ground water that contains radionuclides leached from surface soil, as determined by a generic water-use 
model. This scenario is included to permit a comparison with the drinking water standards of the EPA. The individual 
exposed via drinking water is assumed to obtain all of his or her drinking water from the contaminated aquifer over a 
period of 1 year, with a constant ingestion rate. The concentration of radionuclides in the ground water is taken as an 
annual average value based on the total activity of a radionuclide, or mixture of radionuclides, that is in the ground 
water during the year of exposure. The time frame for the drinking water scenario is shown in Figure 4.2. The concen- 
tration of a radionuclide or mixture of radionuclides in ground water will conceptually be a function of the physical 
and chemical properties of the radionuclides, soil, and ground-water system. Figure 4.3 is a simple representation of 
how the concentration of two radionuclides (shown as "an and "b") in ground water may va~y with time. It is important, 
therefore, to account for time-dependent behavior in the generic water-use model. 

Figure 4.1 Drinking water dose pathway 
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Figure 4.2 l"le frame for drinking water scenario 
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Figure 4.3 Example of time dependence of ground-water concentration 

This section discusses the three-box water-use model used to estimate time-dependent ground-water concentrations 
and the methods used to calculate annual TEDE for the drinking water scenario. 

4.1 Water-Use Model 

This section describes the method used to evaluate the ground-water concentration as a function of time in order to 
determine the maximum dose (and year of maximum dose) for the drinking water scenario. The initial activity in sur- 
face soils or in buildings that may be left as buried rubble onsite is defined at the time the land is released for public 
use. 

4.1.1 Characteristics of Water-Use Model Suitable for Screening 

Residual radioactive contamination in soil has the potential to contaminate ground water in either the saturated or 
unsaturated zones. The primary mechanisms controlling potential ground-water contamination include infiltration 
and leaching, transport through the unsaturated zone, and transport through the saturated zone. Many additional 
characteristics of the site influence these mechanisms, including precipitation rates, the land's surface properties, soil 
properties, the chemical nature of the radioactive contamination, spatial distributions of the contamination, and 
advectionlretardation in the aquifer. More complete discussions of ground water can be found in Freeze and Cherry 
(l979), Isherwood (1981), and Wilson and Miller (1979). Previous efforts by the NRC have established a family of 
models that have fairly broad application to matters related to waste management. These models include those by 
Goode et al. (1986); Konikow and Bredehoeft (1978); 'Racy (1982); Godell, Key, and Whelan (1982); and Codell 
(1984). 

The wide variability of physical and chemical conditions that potentially influence ground water, and the dependence 
on many parameters that may have a coupled dependency, make it difficult to model ground-water systems. In 
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addition, a conceptual model of a ground-water system is only an approximation of reality and may not represent all of 
the behavior of that system. The cost of site characterization, model selection, and model validation may be prohibi- 
tive if a trivial source of contamination exists. Because of the system's potential variability, its modeling uncertainty, 
and the costs of collecting and modeling the data, generic modeling generally encourages the use of worst-case (overly 
conservative) predictions of the ground-water system's responses. The existence of site data may allow the use of more 
realistic and sophisticated models, but the data may be point values (in both location and time) and may still not 
appropriately represent the actual system being modeled. 

A middle ground between costly site-characterization and overly conservative generic modeling may be the use of sim- 
ple, generic screening models for estimating drinking water concentrations with the use of data and assumptions that 
should be readily available for any site. The purpose of the generic screening modeling conducted for this document is 
to derive concentration values in an aquifer from residual radioactive materials in soil in a conservative manner that 
will indicate when additional site-specific data or modeling sophistication are warranted. It is recognized that the 
results may be prohibitive for all but trivial cases. However, it is also recognized that the types of data and assumptions 
used in the generic screening approach should be easily obtained for any given site so that some site-specific 
modifications may be possible. 

The modeling approach developed for the onsite disposal of radioactive wastes (Goode et al. 1986) is potentially appli- 
cable to residual radioactive soil contamination. Goode et al. (1986) provide a discussion of a methodology for esti- 
mating the potential contamination of ground water by materials disposed in soils by licensees. Their methodology 
includes the formulation of a conceptuaI model, representation of the conceptual model mathematically, estimation of 
conservative parameters, and prediction of receptor concentrations. Conservative models, assumptions, and para- 
meter selections (i.e., those that are likely to overestimate the receptor concentration) are used for their methodology 
because of the need to ensure that underestimates of the potential consequences do not occur. When valid site data 
exist, they recommend that more realistic parameters and models should be used to refine the predictions. In an 
appendix, Goode et al. (1986) provide an overview of the types of mathematical models that should be considered 
when developing a detailed evaluation of potential waste disposal impacts on ground-water resources. 

4.1.2 Three-Box Water-Use Model 

For the soil scenarios, a conservative method of estimating the concentration of radionuclides in a ground-water aqui- 
fer is to use a simple leach-rate model accounting for total water use. Leach rates are dependent on the chemical prop- 
erties of the radionuclides and soil and the rate of local water movement. For this water-use model, it was assumed 
that radionuclides would be transferred to the ground water because of contact with infiltrating water (i.e., as a func- 
tion of the solubility of material in water with no retardation in soils). 1R, account for potential saturated and unsatur- 
ated conditions, a three-box compartmental model is used for this study to estimate the transfer of activity from the 
surface to the ground-water aquifer over time. 

A conceptual representation of the three-box water-use model for the drinking water scenario is shown in Figure 4.4. 
This figure shows the three boxes and indicates the flow of water through the system with infiltration being the driving 
force for transfer from the surface soil to the ground-water aquifer. The following assumptions are implied by the 
model: 

Initial radioactivity is contained within the top layer (box 1). 

The unsaturated-soil layer (box 2) and the aquifer (box 3) are initially free of contamination. 

The vertical saturated hydraulic conductivity is greater than the infiltration rate. 
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F i r e  4.4 Conceptual representation of the drinking water scenario water-use model 

There is no retardation in the aquifer. 

The activity in the aquifer is diluted by the volume of water in the aquifer. 

The volume of water in the aquifer volume is considered to be the greater of the following: 1) the volume of infil- 
trating water or 2) the volume of water used for domestic purposes. 

The infiltration volume is the product of the infiltration rate and the area of land contaminated. 

Water is removed from the aquifer at a constant rate during all years of interest in the analysis. 

The initial activity is assumed to be contained within the first soil layer as a reasonable approach for a generic water- 
use model. While some sites may exist that have contamination spread through a11 layers and even into the aquifer, 
these cases should be evaluated on a site-specific basis, rather than by using this generic model. 

The annual volume of water in the aquifer is defined as the greater of two volumes: 1) the volume of water pumped 
annually for domestic uses or 2) the volume of water infiltrating through the surface-soil layer during one year. This 
definition is used to avoid the unrealistic case that can result when the area of contaminated land is large. For cases 
involving large areas of contamination, the annual volume of infiltrating water can exceed the annual voiume of water 
required to meet domestic water demands. Without the above definition of aquifer water volume, the concentration in 
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the aquifer would unrealistically increase over the concentration in the unsaturated-soil layer because the volume of 
water delivering the contaminant to the aquifer (i.e., the volume of infiltrating water) would be greater than the vol- 
ume of the water in the aquifer. 

The assumption regarding the vertical saturated hydraulic conductivity means that the soil conditions will allow water 
to move vertically downward at least as fast as the infiltration rate (expressed as distance per year). 

Figure 4.5 represents the movement of material in the simple three-box leach model. Box 1 in the figure represents 
the initial inventory in a surface layer, with removal of material by either radioactive decay ( A  parameters) or leaching 
(L parameters) into box 2, an unsaturated zone. The initial quantity of material in box 1, Cli(0) is defined for each 
radionuclide of interest in total activity, pCi. The initial quantity of material in boxes 2, q O ) ,  and 3, C3,(0), are both 
zero. The material in box 2 is transferred to the aquifer @ox 3). The material in box 3 is removed by pumping to 
provide domestic water for an individual. The material in box 3 is used to determine the annual average concentration 
in the ground-water system. The ground-water concentration is evaluated for the year in which the dose via a scenario 
reaches a maximum, with consideration of the ingrowth of decay progeny. 

The human exposure pathway from the three-box water-use model for the drinking water scenario is illustrated in Fig- 
ure 4.1. Exposure via ingestion of drinking water originates directly from box 3 of the three-box water-use model (the 
ground-water aquifer). The concentration of radionuclides in the aquifer (box 3) is evaluated as the quotient of the 
activity in box 3 (the aquifer) and the annual volume of water in the aquifer. 

4.13 Equations for Radionuclide Bansfer in Soil Using the Water-Use Model 

Figure 4.5 includes a simple representation of a three-member radionuclide decay chain. In this representation, each 
radionuclide has its own radioactive decay constant and transfer rate constant between boxes. Evaluation of the year in 
which the maximum annual E D E  occurs requires that annual TEDEs be calculated over a number of years until all 
radionuclides have reached a maximum annual activity in the third box. The following discussion gives the mathe- 
matical description of the three-box water-use model for the drinking water scenario where no irrigation recycling 
occurs; the irrigation recycling is included in the water-use model for the residential scenario, as described in 
Section 5.6.6. 

The equations consider decay chain members produced in each of the boxes from precursor radionuclides. The 
amounts of each chain member (parameter C )  are represented as the total activity present. This representation is 
made for consistency with the operation of the chain decay equations described below and in Appendix B. The 
concepts involved in accounting for the quantity of radionuclide j in box 1 at time t are described in the word equation 
below: 

[Rate of Change of j in Box 1 at Time t f  = [Production of j from Decay of Precursor n at Time t] 

- [Removal of j from Box 1 by Decay at Time t] (4.1) 

- [Removal of j from Box 1 by Leaching at Time t]. 
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The basic differential equation for box 1 has the following form, accounting for original quantities and for radioactive 
decay (A terms), and the rate of leaching (L term): 

where qj = activity of radionuclide j in box 1 at time t (pCi) 

q, = activity of precursor radionuclide n in box 1 at time t (pCi) 

j = index of current chain member position in demy chain 

n = index of precursor chain members in decay chain (n < j) 

Llzj = rate constant for movement of radionuclide j from box 1 to box 2 (6') 

%j = fraction of radionuclide n transitions that result in production of radionuclide j (dimensionless) 

li = decay rate constant for decay of radionuclide j (d-I). 

For box 2, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word 
equation shown below: 

p a t e  of Change of j in Box 2 at Time t] = [Production of j from Decay of Precursor n at Time t] 

+ [Transfer of j by Leaching from Box 1 at Time tl 
(4.3) 

- [Removal of j from Box 2 by Decay at Time t] 

- [Removal of j from Box 2 by Leaching at Time t]. 

For box 2, the basic differential equation accounts for not only original quantities, radioactive decay, and leaching, but 
also for quantities entering from box 1: 

where qj = activity of radionuclide j in box 2 at time t ($3) 

C& = activity of precursor radionuclide n in box 2 at time t (pCi) 

bj = rate constant for movement of radionuclide j from box 2 to box 3 (d-') 

and other terms are as defined above. 

For box 3, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word 
equation shown below: 
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[Change in j in Box 3 at Time t] = [Production of j from Decay of Precursor n at Time t] 

+ pransfer of j by Leaching from Box 2 at Time t] 

- pemoval of j from Box 3 by Decay at Time t] 

- [Removal of j from Box 3 by Pumping at Time t]. 

The differential equation for box 3 is similar to box 2: 

where C3j = activity of radionuclide j in box 3 at time t ( p a )  

C3n = activity of precursor radionuclide n in box 3 at time t (pCi) 

wd = rate constant for pumping of water from the aquifer for the drinking water scenario (d") 

and other terms are as defined above. The summation term in each of the above equations is evaluated for only those 
terms for which a transition occurs. 

The rate constants for movement between compartments are evaluated as follows. The leach rate from the surface 
layer is 

where I = the inmtration rate (m/y) 

HI = the assumed thickness of the surface-soil layer containing the residual radioactive material (m) 

8, = volumetric water content of the surface-soil layer (dimensionless) 

Rtlj = retardation factor for movement of radionuclide j from the surface-soil layer to the unsaturated-soil 
layer (dimensionless) 

365.25 = unit conversion factor (do). (Note: a year is represented in this study as 365.25 d to include a . 
correction for leap year so that exact hand calculations may be performed.) 

The volumetric water content for the surface-soil layer can be expressed in terms of the total porosity and saturation 
ratio as follows: 



Drinking Water 

where nl is the total porosity of the surface-soil layer (dimensionless) and fl is the saturation ratio for the surface-soil 
layer (dimensionless). 

The retardation factor is calculated from the partition coefficient for the radionuclide in the surface-soil layer, the bulk 
density of the surface-soil layer, and the total porosity as follows: 

where Kdlj is the partition coefficient for radionuclide j in the surface-soil layer (mLlg) and p, is the bulk density of 
surface-sol1 layer (g/mL). Evaluation of the retardation factor is based on the total porosity, nl, rather than the 
volumetric water content, el, for conservatism because the total porosity, and thus all sorption sites, comes into play as 
the pulses of moisture move through the surface and the unsaturated layers. 

The leach rate from the second layer is defined as follows: 

where = volumetric water content of the unsaturated-soil layer (dimensionless) 

Rtzj = retardation factor for movement of radionuclide j from the unsaturated-soil layer to the aquifer 
(dimensionless) 

H2 = the assumed thickness of the second layer (m) 

and the other parameters are as previously defined. 

The volumetric water content for the unsaturated-soil layer can be expressed in terms of the total porosity and 
saturation ratio as follows: 

where n2 is the total porosity of the unsaturated-soil layer (dimensionless) and f2 is the saturation ratio for the 
unsaturated-soil layer (dimensionless). 

The retardation factor is calculated from the partition coefcicient for the radionuclide in the unsaturated-soil layer, the 
bulk density of the unsaturated-soil layer, and the volumetric water content, as follows: 
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where Kdzj is the partition coefficient for radionuclide j in the unsaturated-soil layer (rnL/g) and p2 is the bulk density 
of unsaturated-soil layer (g/mL). 

The annual average water concentration taken from the ground-water aquifer is evaluated assuming that all of the 
radionuclide activity that reaches the aquifer is diluted in the total volume of water in the aquifer. This calculation is 
represented by the time integral of activity in box 3 divided by the dilution volume and the time period. Fbr the first 
year after release of the site, the average water concentration of a radionuclide in a decay chain is given as foilows: 

where Get = average annual water concentration factor for radionuclide j for the year of exposure, t, per unit 
activity of parent radionuclide i in soil at time zero (pCi/L per pCi in soil) 

Sd3{Gj,$) = time-integral operator notation for the drinking water scenario used to develop the time integral of 
activity of radionuclide j in the aquifer (box 3) over a time period ty of 365.25 d per unit activity of 
parent radionuclide i in soil at time zero (pCi*d per pCi in soil) 

qj = array of activities of each radionuclide j in each box k at the start of the current year t per unit activity 
of parent radionuclide i in soil at time zero (pCi per pCi in soil) 

Cjj(t) = array of activities of each radionuclide j in the aquifer @ox 3) as a function of time over the period of 
integration (pCi per pCi in soil) 

k = index on boxes in the three-box water-use model 

2, = averaging time period over 1 year (d) 

VTd = total volume of water in the aquifer, constant during a 1-year period (L). 

The total water volume in the aquifer or dilution volume, VTd, is taken to be the greater of the volume pumped for 
domestic uses during a year or the annual volume of infiltrating water. The annual volume of infiltrating water is 
related to the infiltration rate and the contaminated area as follows: 

V,, = I Ad 1000.1 (4.14) 

where VId = annual infiltration volume through the contaminated area (L) 

4 = area of contaminated land defined for the drinking water scenario (m2) 

1000 = unit conversion factor ( ~ l r n ~ )  

1 = time period for infiltration @) 
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and other terms are as previously defined. The dilution volume (VTd) must be no less than the infiltration volume. 
Use of a smaller volume would represent concentration of radionuclides between the surface layer and the aquifer, 
which is unrealistic. 

The pumping rate constant, wd, is evaluated as a fractional removal rate with the total volume removed during a year 
being set to the volume of water pumped for domestic uses, Vdd (L). The pumping rate constant can be expressed as 
follows: 

Fractional Removal 
wd = [ 

Y ] [365.L d l  

where 365.25 is the units conversion factor (d/y). The fractional removal is the fraction of the total water volume, VTd, 
removed per year. The fractional removal can be expressed as follows: 

"dd Fractional Removal = - 
VTd 

where Vdd = volume of water used for domestic purposes during a year 0) and other terms are as previously defined. 
Note that when the total volume is equal to the pumping volume (i.e., the infiltration volume is less than the pumping 
volume), then the fractional removal is 1. 

The evaluation of average radionuclide concentration in gmund water for time periods beyond the first year is made by 
application of the decay equations as described in Appendix B. Eixplicit equations for the decay operator notation, 
Sd3(), are presented in Section B.6. 

4.2 Calculation of Annual m D E  

Calculation of the annual E D E  involves multipjying the ingestion rate by the ingestion dose rate factor, and then 
multiplying that product by the average concentqation of radionudides in ground water for 1 year: 

[TEDE for Drinking Water] = water  Ingestion Rate] 

x [Ingestion Period] 

x [Ingqstion Dose Factor] 

x [Average Qncentration of Radionuclides in Water for 1 Year]. 
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In mathematical notation, this equation is 

where TEDEDi = TEDE for radionuclide i for the drinking water scenario (mrem for a year of drinking water xe- 
nario with inventory in pCi in soil) 

C, = total activity of parent radionuclide i in soil at time zero @Ci) 

Cswjt = average annual water concentration factor for radionuclide j for the year of exposure, t, per unit 
activity of parent radionuclide i in soil at time zero (PC% per pCi in soil) 

DFG, = CEDE for ingestion of radionuclide j (mrem per pCi ingested) 

U, = amount of contaminated drinking water ingested during the drinking water exposure period (Lld) 

td = period over which drinking water is consumed (days for a year of drinking water scenario). 

The average concentration of a radionuclide in water for theyear of interest is represented in Equation (4.18) as the 
product of Cti and C . . The average annual water concentration factor (Cwt) is evaluated as described below in this 
section and in ~ ~ ~ e a L  B. 

For periods longer than 1 year, the annual average concentration of radionuclides in the ground water is evaluated 
using the three-box model for each year of the analysis until the maximum value of TEDEDi is found. For radio- 
nuclide decay chains, the analysis is continued until all members of the chain have reached a peak concentration and 
have begun to decrease. 

For mixtures of radionuclides, the annual TEDE is evaluated for the year in which the sum of doses from all 
radionuclides in the inventory is a maximum. This calculation is as follows: 

The year in which the maximum dose is obtained will vary by parent radionuclide. For a mixture of radionuclides, the 
year of the maximum dose may be different than the year of maximum dose for individual radionuclides. It is, there- 
fore, necessary to evaluate Equation (4.19) for the mixture for each year rather than simply using the 'IEDEDi values 
for the maximum years of individual decay chains. 

When the activity is in units of Bq, the following equation is used to evaluate the TEDED value in pSv: 

where TEDEDisl is the annual TEDE for radionuclide i @SV for a year of drinking water scenario with initial inven- 
tory in units of Bq in soil) and 270.3 is a unit conversion factor (to convert from mrem/pCi to pSv/Bq). 
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In addition to evaluation of the annual TEDE from drinking water, the highest committed dose equivalent to any 
organ is determined. The highest organ committed dose equivalent (HOCDE) is evaluated for the year in which the 
annual l E D E  is a maximum value. The calculation of the highest organ committed dose equivalent is performed by 
repeated application of the following equation for each organ (based on Equation E4.181) and selection of the highest 
value that results: 

where HOCDEi = highest organ committed dose equivalent for radionuclide i from ingestion of drinking water 
(mrem per year of drinking water scenario for inventory in pCi) 

DFOjo = committed dose equivalent to organ o from radionuclide j from ingestion (mrem per pCi 
ingested) 

and other terms are as previously defined. Equation (4.21) is evaluated for all organs (subscript o) and the highest 
value for HOCDEi represents the result of the analysis. 

The highest organ dose for a mixture is calculated by summing the contributions from all parent radionuciides and 
chain members contributing to each organ dose. The highest dose is not evaluated from the previously calculated 
HOCDEi values because each radionuclide will likely have a different organ associated with its highest organ com- 
mitted dose equivalent. It is necessary, therefore, to sum all dose contributions across radionuclides in the mixture 
before the organ receiving the highest dose can be determined. The highest effective organ dose for a mixture of radio- 
nuclides is evaluated by repeated application of the following equation and selection of the highest dose result: 

HOCDE, = U, td Cti C C CSwjt DFOjo 
i = l  j= l  

where HOCDE, is the highest organ committed dose equivalent for a mixture of radionuclides (mrem per year of 
drinking water scenario for inventory in pCi) and other terms are as previously defined. 

Conversion of HOCDE values to units of pSv& of drinking water scenario for initial activity in Bq in soil is performed 
using Equation (4.20) with HOCDE values in place of the corresponding m D E D  value. 

Criteria and algorithms for finding the year of maximum dose will be established during the software development and 
reported in Volume 2. 





5 Residential Scenario 

As with residual radioactive materials in buildings, contaminated soil from licensed operations can exist in a wide 
diversity of conditions. For example, radionuclides in soil can originate from intentional disposal, accidental spills, or 
long-term accumulation of material deposited from airborne releases during plant operation. The complexity of the 
environmental setting also influences the potential pathways and components that may need to be considered in 
modeling human exposures. Therefore, the conceptual model for residual soil contamination must be broad enough to 
account for many different, and potentially complex, pathways and conditions. Figure 5.1 shows a variety of potential 
exposure situations that can result from soil contamination. These potential situations range from simply inhaling air 
that contains resuspended contaminated soil to ingesting drinking water from a contaminated well or fish from con- 
taminated surface water, or a variety of plant and animal products that may be grown in the contaminated soil. For 
this generic screening analysis, the radiation doses resulting from contaminated soil are described by the residential 
scenario. The following sections introduce the concepts used in the residential scenario, the approach for evaluating 
doses from complex agricultural pathways, the mathematical formulations needed to model concentrations and radio- 
nuclide transfer in the agricultural pathways, and the calculation of the annuai TEDE for the residential scenario. 

Figure 5.1 Potential activities within the residential scenario 
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5.1 Residential Scenario: Concepts and Assumptions 

The residential scenario defines the potential pathways that can be used to estimate human radiation exposures result- 
ing from residual radioactive contamination in soil. For this scenario, the residual radioactive materials are assumed 
to be contained in a surface-soil layer on property that can be used for residential and light farming activities. The fol- 
lowing sections describe the scenario time frame, the potential exposure pathways (describing both those that are 
included and those excluded from the analysis), and the radionuclide inventory and transfer associated with agricul- 
tural pathways. 

5.1.1 Time h m e  for the Residential Scenario 

The time frame for the residential scenario must potentially account for continuous exposure to multiple exposure 
pathways during a year; however, the time frame for each pathway during the year can vary significantly. For example, 
ingestion of agricultural foods may be dependent on the growing season, and the duration of external and inhalation 
exposure may be limited to account for time spent away from home. Fbr the agricultural pathways, the time frame 
must account for the change in radionuclide concentrations in various media during holdup and consumption periods 
after harvest. More complete descriptions of the time frames for the agricultural pathway are given in Sections 5.3 and 
5.4. As with the scenarios for release of buildings, the time-dependent concentrations of residual radioactive contam- 
ination are evaluated using exposure durations and average concentrations, as appropriate for each pathway. Again, 
the average concentrations are described using the concentration time-integral operator, S O  or SrkO (as discussed in 
Section 2 and Appendix B), divided by the duration of the exposure period. A detailed discussion of the selection of 
parameter values for calculating dose from residual soil contamination is provided in Section 6. 

5.1.2 Exposure Pathways for the Residential Scenario 

As can be inferred from Figure 5.1, numerous potential exposure pathways can be identified for residual radioactive 
contamination in soil. The potential importance of these pathways depends on several factors, including the nature 
and distribution of the contamination (i.e., surface or subsurface sources), the radionuclides (i.e., their chemical and 
physical properties), and the environmental setting (i.e., a humid or arid, warm or cold climate). The potential path- 
ways for human exposure are shown in the following list, with those selected for analysis shown in bold type: 

external exposare to penetrating radiation from volume soil sources while outdoors 

external exposure to penetrating radiation from volume soil sources while indoors 

* external exposure to soil tracked indoors (surface source) 

external exposure to penetrating radiation from submersion in airborne radioactive soil 

external exposure from swimming and shoreline activities associated with a contaminated surface-water source 

inhalation exposure to resuspended soil while outdoors 

inhalation exposure to resuspended soil while indoors 

inhalation exposure to resuspended surface sources of soil tracked indoors 

inhalation of the radon aerosol while outdoors 
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inhalation of the radon aerosol while indoors 

direct ingestion of soil 

inadvertent ingestion of soil tracked indoors 

* ingestion of drinking water h m  a ground-water source 

ingestion of plant products grown in contaminated soil 

ingestion of plant products irrigated with contaminated ground water 

ingestion of animal products grown onsite (i.e., after the animals ingest contaminated drinking water, plant 
products, and soil) 

ingestion of drinking water from a contaminated surface-water source 

* ingestion of fish from a contaminated surface-water source 

internal contamination from puncture wounds 

dermal absorption of radionuclides. 

In addition, within these major pathways there may be several mechanisms for establishing a concentration of radio- 
nuclides in a specific medium. For example, food crops can be contaminated by direct root uptake from soil, depos- 
ition of resuspended soil on plant surfaces, deposition of radionuclides in irrigation water on plant surfaces, and "rain- 
splash" (deposition of soil on plant surfaces splashed from rainfall or irrigation). This screening analysis includes 
direct root uptake, deposition of resuspended radionuclides from soil, and deposition of radionuclides in irrigation 
water. Rainsplash is not included. The potential importance of rainsplash is related t o  the type of crop, soil prop- 
erties, and intensity of the rainfall (or irrigation) events. For some situations, the quantity of material on plant leaves 
from rainsplash may equal or exceed deposition by other mechanisms. Although rainsplash is not included in this 
analysis, it is compensated for by assuming that there is no removal of deposited material from plant surfaces during 
food preparation and through inclusion of a direct soil-ingestion pathway. These assumptions form the prudently con- 
servative basis for the agricultural pathways of the residential scenario. Figure 5.2 shows the relationship of soil con- 
tamination to plant and animal products in the agricultural pathways. Note that Figure 5.2 accounts for resuspension 
of soil contamination in the air and migration of radionuclides in soil to a ground-water source used for imgation of 
land and drinking by animals. 

The exposure pathways selected for analysis in the residential scenario (shown in bold type in the list above) include 
external exposure to volume soil sources (for exposures outdoors and indoors), inhalation of resuspended soil (for 
exposures outdoors and indoors), inhalation of resuspended surface sources of soil tracked indoors, inadvertent inges- 
tion of surface sources of soil (indoors and outdoors, based on the total quantity of soil ingested), ingestion of drinking 
water from a ground-water source, ingestion of plant products grown in contaminated soil (using irrigation water from 
the ground-water source), ingestion of animal products grown onsite (after the animals ingest contaminated drinking 
water, plant products, and soil), and ingestion of fish from a contaminated surface-water source. This set of pathways, 
along with the selection of prudently conservative parameter values, provides a balanced analysis for 

photon-emitters, through the external exposure pathway 
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Air 

Food Crops 

1 lL-&-<Z3 Products 

Fire 5.2 Relationship of soil contamination to agricultural pathways 

alpha-emitters, through the inhalation exposure pathway, and 

beta-emitters, through ingestion. 

As described in Section 4 and Appendix B, time-dependent concentrations of radionuclides in ground water from 
surface-soil sources are estimated using a generic three-box water-use model that accounts for leaching of 
radionuclides. 

It should be noted that there are numerous potential exposure pathways that are not included in this generic analysis, 
although they may be important under some circumstances. Air submersion, internal exposure from puncture wounds, 
dermal absorption, and inhalation of the radon aerosol are eliminated for the same reasons described in Sections 3.1.2 
and 3.2.2 for buildings. 

Although direct ingestion of soil is often considered by the EPA in generic situations (EPA 1989), it is an activity 
typically associated with children and constitutes a worst-case assessment. For purposes of this generic study, it is 
assumed that everyone inadvertently ingests some soil using assumptions about the total quantity of soil that may be 
ingested. Additionally, direct soil ingestion by animals is included in the pathway analysis. 

Several of the pathways associated with surface-water runoff (i.e., drinking by man and farm animals, irrigation, and 
external exposure from swimming or shoreline activities) are not included in this study. As with the ground-water 
pathway, migration of radionuclides from surface soil to surface water is dependent on many conditions that are 
difficult to capture in a generic model. These conditions include the climate (amount of rainfall), features of the 
surrounding terrain (distance to the affected surface water and land use), leachability (or solubility) of specific radio- 
nuclides, surface-soil erosion rates, and sediment formation. In arid parts of the country, rainfall may move large 
amounts of soil in a short amount of time (through flash floods). However, evaluation of flash flood events would 
likely provide a worst-case, not a prudently conservative, analysis. In general, increased dilution occurs with increased 
distance from an environmental source; therefore, exposures to materials at the contaminated site are likely to exceed 
those that result from radionuclide migration to the nearby vicinity. Furthermore, the water-use model used in this 
study does not account for removal of radionuclides through surface runoff and assumes limited dilution in an aquifer 
of limited size (as described in Section 6). Thus, the water-use model is considered to be a conservative and simple 
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model when compared with a real situation. Finally, because of the poor quality of most surface water in the United 
States, it is rarely used directly (without treatment) for drinking by humans. Treating drinking water lowers the 
concentrations of certain radionuclides. Thus, the potential doses resulting from dri&ing surface water are assumed 
to be generally bounded by the drinking water pathway and the water-use model included in this screening analysis. 

?b produce a more complete set of pathways for the first and second levels of screening, ingestion of fish raised in con- 
taminated water is included in the residential scenario. The concentrations of radionuclides in the fish are determined 
using a simple bioaccumulation factor and the timedependent concentration of radionuclides in the surface water. 
Rather than developing a special surface-water concentration model, the surface-water concentration is determined 
from the overall water-use model applied to the residential scenario, 

The modeling details for the residential scenario exposure pathways are shown in Figure 5.3. This figure serves as a 
master figure and shows each of the environmental media, exposure pathway models, unit dose factors, and pathway 
doses used to construct the annual TEDE for the residential scenaric. The major media are air (from resuspended 
soil), soil, and water. The water concentrations and soil concentrations for each year of the model analysis are deter- 
mined using the water-use model. Boxes are included in Figure 5.3 showing the exposure pathways with a reference to 
the sections of this report that contain descriptions of the model formulations. The exposure pathways shown in 
double boxes are described by additional figures that show the details of the pathway analysis and linkages to this 
master figure. Finally, specific equation numbers are shown in Figure 5.3 to help identify the mathematical 
formulations used at key points in the exposure pathway analysis. 

5.2 Steps for Calculating Annual Dose from Agricultural Pathways 

As discussed in the previous section, agricultural pathways for estimating doses from residual radioactive contamina- 
tion in surface soil are quite complex In addition to direct uptake by the roots of plants, radionuclides deposited from 
resuspended soil in air and those deposited in irrigation water can provide additional mechanisms for establishing 
radionuclide concentrations in plant and animal products. As Figure 5.4 shows, the process of estimating the annual 
TEDE for the agricultural pathways can be broken into seven steps. The first three steps are used to estimate radio- 
nuclide concentrations per unit concentration in soil (dry weight) or water, in plant or animal material, and in food 
products (using partial pathway transfer factors PPTFs]). The fourth step is used to estimate the intake of activity 
from all agricultural pathways as a function of unit concentration in soil (using pathway factors [PFs]). The !Bh step is 
used to account for the dose per unit concentration in soil for root uptake, resuspension or irrigation (using agri- 
cultural dose factors [AFs]). The sixth step is used to account for the radionuclide inventory and the CEDE for inges- 
tion of all agricultural foods, and the seventh step is used to account for the annual TEDE by summing over all 
exposure pathways considered in the residential scenario. 

The equations in the following sections describe calculation of the PPTFs for initial unit activity of a parent radio- 
nuclide in soil or water. For these calculations, all progeny radionuclides are assumed to have zero initial activity. 
This convention provides an estimate of PPTFs related to the initial activity of the parent (independent of any assump- 
tions about progeny activities) that can be used in conjunction with measured or estimated activities for a particular 
site. By calculating PP?I: values normalized to the activity present at the beginning of a year, the PPTF values can be 
applied to any year in the future by multiplying the PP'P values by the activities of the parent and progeny radio- 
nuclides present at the beginning of the future year. Contributions from progeny that may be present at the site 
initially and for each year in the calculation are evaluated using PPTFvalues for a series of decay chains, each starting 
with a progeny in the chain as the parent. This is shown by the double-lined boxes in Figure 5.5, which shows the cal- 
culations for a decay chain with four members. The example analysis shows a series of four decay chains, one for each 
chain member as the parent of a shorter chain. In each chain, the decay and progeny in-growth calculations for each 
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year of analysis result in an estimate of the activity of each chain member. Progeny in-growth is shown in Figure 5.5 by 
the single boxes. The total activity of each chain member at the end of a year is found by summing the activities of each 
chain member over each of the shorter chains. For example, the activity of radionuclide C present at the end of a year 
of analysis is the sum of the activity produced by decay of parent B in the decay chain with parents A and B, plus the 
activity of radionuclide C as a parent remaining after the year of radioactive decay. 

Special cases for selected radionuclides are also considered for evaluation of unit TEDE values when secular 
equilibrium is assumed to occur. The progeny activities for the secular equilibrium cases are determined from the 
decay chain branching data. 

The PPTF evaluations in the following sections relate initial activities in each medium (or average activity in ground 
water) to the human intake of radionuclides. These analyses are performed for a "current" 1-year period. The doses 
for future years are evaluated from these "current" year PPTF values, using estimates of initial activity in each medium 
for the future year. This process is discussed in Section 5.6.6. 

The following sections describe the comprehensive models and mathematical formulations used to calculate doses for 
the agricultural pathways associated with air deposition of resuspended soil, root uptake, and deposition in irrigation - 
water. The transfer of activity from soil to plants includes two pathways: deposition of resuspended particles onto 
plant surfaces and uptake of activity directly from soil via roots. Both of these transfer mechanisms are included in the 
models to estimate radionuclide concentrations in plants grown in contaminated soil. The uptake via roots is based on 
use of concentration ratios between plant and soil. A similar model is used for the resuspension pathway. A plant soil 
mass-loading parameter is defined that relates the transfer of activity deposited from resuspended soil onto the plant. 
This approach eliminates the need to define dose parameters based on unit activity in air, as was done in the January 
1990 issue of NUREG/CR-5512 (Kennedy and Peloquin 1990). The models used for this pathway are defined in 
Section 5.3. 
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5.3 Concentrations and Wansfer Factors for Resuspension and Root Uptake 
From Soil 

This section discusses evaluation of PPTFs for the following three pathways: the soil-plant-human pathway, the soil- 
stored feed-animal-human pathway, and the soil-forage feed-animal-human pathway. 

53.1 Soil-Plant-Human Pathway 

An overview of the modeling processes included in the soil-plant-human pathway is shown in Figure 5.6. The bold box 
in this figure relates to the double-lined box in master Figure 5.3, showing the overall modeling details for the residen- 
tial scenario. As shown in Figure 5.6, three significant processes are accounted for in this pathway: 1) calculation of 
the concentration of radionuclides in plants at the time of harvest (accounting for root uptake and deposition from 
resuspended soil), 2) calculation of the concentration at the start of the consumption period (accounting for radio- 
active decay during holdup), and 3) calculation of the time integral of activity in consumed food (calculation of the 
partial pathway transfer factor for the soil-plant-human pathway). Equation numbers are included in Figure 5.6 to 
help identify the specific mathematical formulations used in the models. Figure 5.6 also shows linkages to the other 
significant processes needed to estimate the annual TEDE for the residential scenario. The double-lined boxes in Fig- 
ure 5.6 show linkages to the other pathways considered in the residential scenario. 

The transfer of radionuclides from soil to plants is evaluated for an initial unit concentration of a parent radionuclide 
in the soil at the start of the growing period. The assumptions for the soil-to-food-crop pathway are as follows: 

Parent radionuclide concentration in soil is defined at the start of the crop-growing period. 

The plant concentration for each decay chain member radionuclide is in equilibrium with the soil concentration at 
all times. 

The concentration of radionuclides in edible parts of the plant at the end of the first growing period (i.e., first 
crop) is used as the harvest concentration. Multiple harvesting of plant crops is not addressed. 

The harvested crops are held for a short holdup time before being consumed by humans. The concentration at 
harvest is reduced by radioactive decay during the holdup time. 

The consumption period by an individual for plant food crops is taken to be 1 year. Radioactive decay during the 
consumption period is accounted for in the intake calculation. 

Figure 5.7 illustrates the change in relative concentration in soil and plants (v) as a function of time. The concentra- 
tions of parent radionuclides in soil and food decrease with time because of radioactive decay. The relative concentra- 
tions in Figure 5.7 have similar shapes because the plant concentration is assumed to be in constant equilibrium with 
the soil concentration. 
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Figure 5.6 Soil-plant-human pathway 
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Figure 5.7 Change in relative concentrations over time for soil and plant crops from root uptake 

The differential equation defining the change of radionuclide concentration in soil is represented as follows: 

where Csj = concentration of radionuclide j in soil during the growing period (pCiIg dry soil) 

Csn = concentration of radionuclide n in soil during the growing period (pCi/g dry soil) 

dnj = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless) 

I ,  = decay rate constant for radionuclide j (d"'). 

The solution to the above equation is evaluated using the decay equations described in Appendix B. The solution to 
Equation (5.1) can be written as follows: 

for the parent Cj = 1), 
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and for the first progeny (J=2), 

where Csl(0), Cs2(0), Csl(t), and Cs2(t) represent the initial concentration of a radionuclide in soil and the concentra- 
tion at time t, respectively. 

The solutions shown by EZquations (5.2) and (5.3) can be represented in decay operator notation as follows: 

where A{Csj,t) = decay operator notation for evaluation of chain member radionuclide concentrations in soil after 
decay for a time period t (pCi/g dry soil). 

This notation is used extensively in the following presentation of models for the agricultural pathways. Details of the 
decay operator equations are given in Appendix B with a sample application showing the generation of Equations (5.2) 
and (5.3) in Section B.2.2. 

The concentration factors for parent and progeny radionuclides in edible parts of the plant at the time of harvest are 
evaluated by the following equation: 

where Csqh = concentration factor for radionuclide j in plant v at harvest from an initial unit concentration of 
parent radionuclide i in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil) 

Bjv = concentration factor for uptake of radionuclide j from the soil in plant v (pCi/kg dry-weight plant per 
pCi/kg dry-weight soit) 

MI.+, = plant soil mass-loading factor for resuspension of soil to plant type v (pCi/kg dry-weight plant per 
pCi/kg dry-weight soil) 

Wv = dry-weight-to-wet-weight conversion factor for plant v (kg dry-weight plant per kg wet-weight plant) 

A(Csj,tp) = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the 
crop-growing period, tp (pCi/g dry weight soil) 

C,] = concentration of radionuclide j in soil during the growing period (pCilg dry-weight soil) 

Csi(0) = initial concentration of parent radionuclide i in soil (pCi/g dry-weight soil) 

tp, = growing period for food crop v (d) 

1000 = unit conversion factor (fig). 
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The plant soil mass-loading factor represents transfer of activity from soil to plants via resuspension and deposition. 
This approach has been suggested by Martin and Bloom (1980) and Pinder and McLeod (1989) for estimating radio- 
nuclide concentrations in plants for cases in which the root uptake pathway is not significant. Numerical values for the 
plant soil. mass-loading factor are discussed in Section 6. 

Equation (5.5) contains the ratio of two concentration parameters: Csj in the decay operator and CSi(O) in the denom- 
inator. This ratio represents normalization of plant concentration to unit initial concentration of parent radionuclide 
in soil. The concentration of decay-chain-member radionuclide j (CSJ is evaluated from the initial concentration of 
parent radionuclide i using decay equations given in Appendix B and represented in Equation (5.5) by the decay 
operator, A{). 

The radionuclide concentration in the plant undergoes radioactive decay during the holdup period following harvest 
according to the following equation: 

where Csyp = concentration factor for radionuclide j after decay during the holdup period (to the start of the con- 
sumption period) for plant v, for initial unit concentration of parent radionuclide i in soil (pCi/kg 
wet-weight plant per pCi/g dry-weight soil) 

A {Csjh,thv) = decay operator notation used to develop the concentration factor for radionuclide j after decay during 
the holdup period (to the start of the consumption period) for plant v, for initial unit concentration 
of parent radionuclide i in soil (pCi/kg wet-weight plant per pCilg dry-weight soil) 

thv = holdup time between harvest and human consumption of food crop v (d). 

quat ion (5.6) may be expressed for the parent radionuclide (j= 1) as follows: 

where Csvlp = concentration factor for the parent radionuclide (first member of the decay chain) after decay during 
the holdup period for plant v, for an initial unit concentration of parent radionuclide i in soil (pCi/kg 
wet-weight plant per pCi/g dry-weight soil) 

CsVlh = concentration factor for the parent (first member of the decay chain) in plant v at harvest for an ini- 
tial unit concentration of the parent radionuclide in soil (pCikg wet-weight plant per pCi/g dry- 
weight soil) 

and other terms are as previously defined. 

Consumption is assumed to occur over an extended time period, t, The time integral of concentration in the food 
crop, S{Csqp, t,), is evaluated between the start of consumption, defined by the growing period and minimum holdup 
time, and the end of consumption, as defined for each type of plant, The time integral of radionuclide concentration in 
a plant over the consumption period t, which is equivalent to the P P T ,  is evaluated as follows: 
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where P P T i j  = partial pathway transfer factor for plant v, for radionuclide j as a progeny of radionuclide i, for 
unit initial concentration of parent radionuclide i in soil (pCi-y/kg wet-weight plant per pCi/g 
dry-weight soil for a year of residential scenario) 

S{Csvjp,tW} = the-integral operator used to develop the concentration time-integral factor for radionuclide j 
over the consumption period of plant v for the soil pathway, for initial unit concentration of 
parent radionuclide i in soil (pCi*d/kg wet-weight plant per pCi/g dry-weight soil for a year of 
residential scenario) 

t, = consumption period of plant v by humans (d for a year of residential scenario) 

365.25 = unit conversion factor (d/y). 

The PP'TF expression in Wuation 5.8 can be expanded using expressions for the time-integral operator notation as 
follows: 

for the parent, 

and for the first progeny (j =2), 

where PPTF,,ll = PPTF value for the parent radionuclide, i=j=l (pCi- ylkg wet-weight plant per pCi/g dry- 
weight soil for a year of residential scenario) 

PPTF,,, = PPVvalue for the first progeny (j =2), for unit initial concentration of parent radionuclide, 
i= 1 (pci* ykg wet-weight plant per pCi/g dry-weight soil for a year of residential scenario) 

and other terms are as previously defined. The time-integral operator notation is defined in Section B.l.l and derived 
in Section B.3. 

53.2 Animal Products Contaminated by Soil Sources 

This section describes the calculation of the PPTF values for the soil-stored feed-animal-human pathway and the soil- 
forage feed-animal-human pathway. An overview of the modeling processes included in the soil-plant-animal-human 
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pathway is shown in Figure 5.8. The bold box in this figure relates to the double-lined box in master Figure 5.3, show- 
ing the overall modeling details for the residential scenario. As shown in Figure 5.8, three significant processes are 
accounted for in this pathway: 1) calculation of the concentration of radionuclides in plants used for animal forage, 
hay, or grain at the time of harvest (accounting for root uptake and deposition from resuspended soil), 2) calculation 
of the concentration in forage, stored hay, stored feed, and soil at the start of the animal feeding period (accounting for 
radioactive decay), and 3) calculation of the time integral of activity over all animal intake routes (calculation of the 
PPTF for the soil-plant-animal-human pathway). Equation numbers are included in Figure 5.8 to help identify the 
specific mathematical formulations used in the models. Figure 5.8 also shows linkages to the other signifimnt 
processes needed to estimate the annual TEDE for the residential scenario. The double-lined boxes in Figure 5.8 show 
linkages to the other pathways considered in the residential scenario. 

The assumptions for the pathways are as follows: 

Parent radionuclide concentration in soil is defined at the start of the crop growing period. 

Fresh forage crops are eaten by the animal continuously (starting at time zero) over the entire feeding period of 
the animal. 

Stored feed crops are eaten continuously during a feeding period offket by the stored feed crop's growing period 
(i.e., feeding begins at crop harvest). 

The harvested crops (fresh and stored) are immediately available for feeding to animals. (No holdup period is 
used.) 

A representative mix of fresh and stored feeds is assumed for each type of animal product, constant over the 
feeding period. These are described in Section 6. 

Stored feeds may consist of hay andlor grain. 

Instantaneous equilibrium occurs between the radionuclide concentration in the soil and the concentration in the 
plants (fresh forage and stored feed plants). 

Instantaneous equilibrium occurs between daily intake in the feed and radionuclide concentrations in the animal 
products. 

Animal products are harvested (e.g., milked, slaughtered, or eggs gathered) continuously over the feeding period 
and then distributed for human consumption. 

The human consumption period is equal in length to the feeding period for each animal product type, offset by the 
time behveen harvest and consumption. 

Decay during the holdup time between animal product harvest and consumption by humans is evaluated. 

5.3.2.1 Soil-Stored Hay-Animal-Human Pathway 

Figure 5.9 illustrates the variation of the relative parent radionuclide concentration in soil, stored hay plants, and ani- 
mals as a function of time. In this pathway, the stored hay plants are contaminated by resuspension and root uptake 
from soil. Radionuclide concentrations in stored hay plants from soil uptake are evaluated using Epuation (5.7). The 
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Figure 5.8 Soil-plant-animd-human pathway 
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appropriate stored hay crop parameters are used. The radionuclide concentration in stored hay from resuspension and 
root uptake from soil is evaluated as follows based on equilibrium with the concentration in soil: 

where Cshj, = concentration factor for radionuclide j in stored hay crop h at time of initial feeding to animals from 
an initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight plant per pCVg dry- 
weight soil) 

Bjh = concentration factor for uptake of radionuclide j from the soil in stored hay crop h (pCilkg dry-weight 
plant per pCi/kg dry-weight soil) 

MLh = plant soil mass-loading factor for resuspension of soil onto hay plant h (pCilkg dry-weight plant per 
pCirkg dry-weight soil) 

W, = dry-weight-to-wet-weight conversion factor for stored hay crop h (kg dry-weight hay per kg wet-weight 
hay) 

A{Csj,tgh) = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the 
hay-crop growing season, tgh (pCi/g dry-weight soil) 

Csj = concentration of radionuclide j in soil during the growing period (pCi/g dry-weight soil) 

Csi(0) = initial concentration of parent radionuclide i in soil at start of growing period (pCi/g dry-weight soil) 

tgh = growing period for stored hay crop h (d) 

1000 = unit conversion factor (gkg) 

and other terms are as previously defined. 

For stored hay, the concentration is defined at the time of crop harvest (see Equation [5.1 I]), which is also assumed to 
be the time at which feeding to animals begins (i.e., there is assumed to be no holdup between feed harvest and start of 
feeding). 

5.3.2.2 Soil-Stored Grain-Animal-Human Pathway 

The evaluations for radionuclide concentrations in stored grain are analogous to those for stored hay, as defined in the 
previous section. The equation for radionuclide concentration at the beginning of the feeding period is evaluated 
using Equation (5.11) with the subscript "h" (for hay) replaced by "g" (for grain). The resulting equation for radio- 
nuclide concentration in stored grain from resuspension and root uptake from soil is evaluated as folfows, based on 
equilibrium with the concentration in soil: 
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where Cs@, = concentration factor for radionuclide j in stored grain crop g at time of initial feeding to animals 
from an initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight plant per pCilg 
dry-weight soil) 

Bjg = concentration factor for uptake of radionuclide j from the soil into stored grain crop g (pCi/kg dry- 
weight plant per pCi/kg dry-weight soil) 

MLg = plant soil mass-loading factor for resuspension of soil onto grain plant g (pCi/kg dry-weight plant per 
pCi/kg dry-weight soil) 

Wg = dry-weight-to-wet-weight conversion factor for stored grain crop g (kg dry-weight grain per kg wet- 
weight grain) 

A{Csj,tgg) = decay operator notation used to develop the concentration of radionuclide j in soil at the end of the 
crop-growing season, tgg (pCi/g dry-weight soil) 

= growing period for stored grain crop g (d) 

1000 = unit conversion factor (gl'kg) 

and other terms are as previously defined. 

For stored grain, the concentration is defined at the time of crop harvest (see wuation [5.12]), which is also assumed 
to be the time at which feeding to animals begins (i.e., there is assumed to be no holdup between feed harvest and start 
of feeding). 

5.3.23 Soil-Forage Feed-Animal-Human Pathway 

Figure 5.10 illustrates the variation of the relative parent radionuclide concentration in soil, fresh forage plants, and 
animals as a function of time. In this pathway, fresh forage consumed by animals is contaminated by resuspension and 
root uptake from soil. The animal product activity from the forage crop pathway is proportional to the soil concentra- 
tion at all times during the feeding period. This is because of the assumptions of equilibrium between soil and forage 
plant and between forage plant intake and animal product. The animal is assumed to consume the fresh forage contin- 
uously over the grazing period with no delay time between harvest and feeding. 

The concentration in forage consumed by the animal (at any time) is evaluated as follows: 

where Csq, = concentration factor for radionuclide j in fresh forage crop fat  time t, from an initial unit concentra- 
tion of parent radionuclide i in soil (pCi/kg wet-weight plant per pCilg dry-weight soil) 

BJf = concentration factor for uptake of radionuclide j from the soil in fresh forage crop f (pCi/kg dry- 
weight plant per pCi/kg dry-weight soil) 

MLf = plant soil mass-loading factor for resuspension of soil onto forage plant f (pCi/kg dry-weight plant per 
p C i g  dry-weight soil) 
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W, = dry-weight-to-wet-weight conversion factor for fresh forage crop f (kg dry-weight forage per kg wet- 
weight forage) 

A{Csst) = decay operator notation used to develop the concentration of radionuclide j in soil at time t during the 
feeding period for fresh forage crop f (pCi/g dry-weight soil) 

t = any point in time during the fresh-forage feeding period (d) 

and other terms are as previously defined. Equation (5.13) provides the fresh forage concentration as a function of 
time during the fresh forage feeding period, tff. The integral of this equation divided by the feeding period provides the 
average plant concentration over the feeding period. The integral of the forage plant concentration over the feeding 
period can be expressed in operator notation as follows: 

where terms are as previously defined. Using this expression and dividing by the feeding period, tE, the average plant 
concentration is evaluated as follows: 

where Csqc = average concentration factor for radionuclide j in fresh forage crop f over the feeding period at time of 
animal consumption of forage from an initial unit concentration of parent radionuclide i in soil 
(pCi/kg wet-weight plant per pCi/g dry-weight soil) 

S{Csj, tfff = concentration time-integral factor for radionuclide j in soil over the feeding period, tE (pCi*d/g dry- 
weight soil) 

tf = feeding period for forage crop f (d) 

and other terms are as previously defined. 

5.3.2.4 Calculation of PPTFs for Animal Products Contaminated by Soil 

The animal product concentration factor is proportional to the plant concentration factor. The animal product con- 
centration factor for stored hay intake is 

For stored grain the animal concentration factor is 

and for fresh forage the average animal product concentration factor is 
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where CsajqhaY) I concentration factor for animal product a, at initial time of feeding of stored hay for radionuclide 
j for initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight hay [or p a &  
for milk] per pCi/g dry-weight soil) 

Csajs(grain) = concentration factor for animal product a, at initial time of feeding of stored grain for radio- 
nuclide j for initial unit concentration of parent radionuclide i in soil (pCillrg wet-weight grain 
[or pCiL for milk] per pC$g dry-weight soil) 

CMjf = average concentration factor for animal product a, over time period of feeding of fresh forage for 
radionucIide j for initial unit concentration of parent radionuclide i in soil (pCi/kg wet-weight 
animal product [or pCiL for milk] per pCi/g dry-weight soil) 

Faj = transfer coefficient that relates daily intake in animal feed and ingested soil to the concentration 
of radionuclide j in an animal product a (pCi/L per pCi/d for milk or  pCi/kg wet-weight animal 
product per pCild for other animal products) 

Qf = consumption rate of fresh forage by the animal (kg wet-weight plantld) 

Qg = consumption rate of stored grain by the animal (kg wet-weight planttd) 

Qh = consumption rate of stored hay by the animal (kg wet-weight plantld) 

xf = fraction of animal forage intake that is contaminated (dimensionless) 

xg = fraction of animal stored grain intake that is contaminated (dimensionless) 

xh = fraction of animal stored hay intake that is contaminated (dimensionless) 

and other terms are as previously defined. Note that the concentration factors for stored feeds are evaluated at the 
time of initial feeding to animals; for forage crops, the factor represents an average over the feeding (grazing) period. 
This difference is important to the evaluation of the PPTF contribution from each pathway (see Equation [5.20]). 

Animals on fresh forage may also take in soil while grazing. The amount of soil ingested is assumed to be a constant 
fraction of the fresh forage intake rate, Qk expressed per kg dry weight. The average concentration in animal products 
from intake during the feeding period is evaluated in the same way as the average feed intakes of Equations (5.15) and 
(5.18): 

where Csajd = average concentration factor for animal product a, over the fresh forage feeding period for soil inges- 
tion by animals for radionuclide j for initial unit concentration of parent radionuclide i in soil (pCi/kg 
wet-weight animal product per pCi/g dry-weight soil) 

Qd = soil intake as a fraction of forage intake for the animal (kg dry-weight soil per kg dry-weight forage) 
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and other terms are as previously defined. The ratio of S { )  to time represents the average concentration of soil-con- 
taminated crops for plant material taken in by the animal over the feeding or grazing period. 

?b evaluate the P P W  from animal products for the soil pathway, the animal product concentration at time of human 
consumption is estimated as the sum of contributions from the two feed types and soil. First, the decay between har- 
vest and consumption by humans is evaluated for the average animal product concentration for each feed type, and 
then the total intake by humans is evaluated. For the forage pathway and soil ingestion, the total intake is calculated 
as the product of average concentrations multiplied by the time period of intake (consumption period). For the stored 
feed pathways, the total intake is evaluated as a time integral using the time-integral operator: 

where PPThSil = partial pathway transfer factor for animal product a, for radionuclide j as a progeny of radio- 
nuclide i for an initial unit concentration of parent radionuclide i in soil (pCi*yL for milk and 
pCi*ylkg for other animal products per pCi/g dry-weight soil for a year of residential scenario) 

A{C,js(hay~ha) = decay operator notation used to develop the concentration factor for radionuciide j in animal 
product a, from stored-hay intake after decay during holdup (tha) for initial unit concentration of 
parent radionuclide i in soil (pCi/kg wet-weight animal product per pCi/g dry-weight soil) 

A{C,js(g,i,),t,} = decay operator notation used to develop the concentration factor for radionuclide j in animal 
product a, from stored grain intake after decay during holdup (tha) for initial unit concentration 
of parent radionuclide i in soil (pCi/kg wet-weight animal product per pCilkg dry-weight soil) 

A{CMjrtha) = decay operator notation used to develop the concentration factor for radionuclide j in animal 
product a, from fresh forage intake after decay during holdup (tha) for initial unit concentration 
of parent radionuclide i in soil (pCikg wet-weight animal product per pCi/g dry-weight soil) 

A{Csajd,tha) = decay operator notation used to develop the concentration factor for radionuclide j in animal 
product a, from soil ingestion while grazing, after decay during holdup (tha) for initial unit 
concentration of parent radionuciide i in soil (pCi/kg wet-weight animal product per pCilg dry- 
weight soil) 

S{A{}, t,} = time-integral operator notation used to develop the concentration time-integral factor for radio- 
nuclide j in animal product a, over the consumption period by humans for initial unit 
concentration of parent radionuclide i in soil (pCi*dlkg per pCilg dry-weight soil for a year of 
residential scenario) 

t, = consumption period for animal product a (d for a year of residential scenario) 

tha = holdup time for animal product a between harvest and consumption by humans (d) 

365.25 = unit conversion factor (dly). 
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A description of nested operator notation (e.g., S{A{))) is given in Section 22, and an example case is described in 
Section 5.4.1.3. 

5.4 Concentrations and Wansfer Factors for Irrigation Water as the 
Contaminating Medium 

Use of contaminated water in sprinkler-type irrigation systems results in deposition of radionuclides directly onto 
plant surfaces or to the soil with subsequent resuspension and plant uptake and transfer to edible parts of the plant. 
The contaminated plant can then be eaten by humans or animals, resulting in the same exposure pathways as defined 
above for air and soil. Material deposited on soil may also be ingested directly by animals while grazing. Using the 
average water concentrations provided by the water-use model, evaluations are made for each year that doses are to be 
evaluated. 

5.4.1 Food Crops Contamhated by Irrigation Water 

?ko pathways are used for estimating radionuclide transfer from irrigation water to food crops: deposition directly 
onto plant leaves (the irrigation water-plant-human pathway) and deposition onto soil with uptake via roots to food 
crops (the irrigation water-soil-plant-human pathway). An overview of the modeling processes included in the water- 
plant-human pathway and the water-soil-plant-human pathway is shown in Figure 5.11. The bold box in this figure 
relates to the double-lined box in master Figure 5.3, showing the overall modeling details for the residential scenario. 
As shown in Figure 5.11, three significant processes are accounted for in this pathway: 1) calculation of the deposition 
of radionuclides onto plants and soil with calculation of the concentration at the time of harvest, 2) calculation of the 
concentration in plants at the time of harvest (accounting for root uptake and for radioactive decay during holdup), 
and 3) calculation of the time integral of activity over all food consumption routes (calculation of the PPTF for these 
pathways). Quation numbers are included in Figure 5.11 to help identify the specific mathematical formulations used 
in the models. Figure 5.11 also shows linkages to the other significant processes needed to estimate the annual TEDE 
for the residential scenario. The double-lined boxes in Figure 5.1 1 show linkages to the other pathways considered in 
the residential scenario. 

The assumptions for evaluation of these pathways are as follows: 

The concentration of radionuclides in irrigation water is constant over theyear of irrigation (i.e., an average water 
concentration is used). 

Material deposited on plant surfaces is removed at a constant weathering half-time. 

Radionuclide concentrations in soil from deposition are immediately in equilibrium with radionuclide concentra- 
tions in edible portions of the plants grown in the soil. 

Harvested plants are held for a short period of time (holdup time) before being consumed by humans. 

5.4.1.1 Lm'gatian Water-Plant-Hman Pathway 

Figure 5.12 illustrates the variation over time of the relative parent radionuclide concentration in irrigation water, 
growing plants, and consumed plants for the water-plant-human pathway. The concentration in water is constant over 
the year of exposure. The concentration in plants increases as material is deposited onto plant surfaces and is incor- 
porated into edible parts of the plant.. After harvest of the food crop, the concentration decays during the holdup time 
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Figure 5.12 Changes in relative concentrations over time for irrigation water, plants, and human food from 
deposition of irrigation water onto plant surfaces 

before the crop is consumed. During the consumption period, t, the concentration continues to change. The PPTF 
for the year is evaluated as the time integral of the radionuclide concentrations in the food crop over the consumption 
period. 

The change in radionuclide concentration in plants from irrigation deposition is described by the following general dif- 
ferential equation for each chain member: 

where C&,, = concentration of radionuclide j in plant type v at time t during the growing period from application of 
irrigation water per unit average concentration of parent radionuclide i in water (pCi/kg wet-weight 
plant per pCi/L water) 

&, = concentration of radionuclide n in plant type v at time t during the growing period from application of 
irrigation water per unit average concentration of parent radionuclide i in water (pCilkg wet-weight 
plant per pC$L water) 
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RwvJg = average deposition rate of radionuclide j to edible parts of plant v from application of irrigation water 
per unit average concentration of parent radionuclide i in water (pCi/d*kg wet-weight plant per pCi/L 
water) 

dnj = decay branching fraction for transitions of radionuclide n to radionuclide j (dimensionless) 

li = decay rate constant for radionuclide j (d-') 

& = rate constant for loss of activity from plant surfaces due to weathering (d-'). 

The constant average rate of deposition of radionuclide j to plants is evaluated as follows: 

where RwvJg = average deposition rate of radionuclide j to edible parts of plant v from application of irrigation 
water per unit average concentration of parent radionuclide i in water (pCi/d*kg wet-weight plant 
per pCiL water) 

C, = average annual concentration of parent radionuclide i in irrigation water over the current annual 
period (pCi1L water) 

% = average annual concentration of radionuclide j in irrigation water over the current annual period 
(PC& water) 

IR = average annual application rate of irrigation water (~/m'*d) 

r, = fraction of initial deposition (in water) retained on the plant (pCi retained per pCi deposited) 

Tv = translocation factor for transfer of radionuclides from plant surfaces to edible parts of the plant (pCi 
in edible plant part per pCi retained) 

5 = yield of plant v (kg wet-weight plant/m2). 

The deposition rate to plants, 
g, "r is constant over the irrigation period because the concentration in water is con- 

stant (at the average value for % . The evaluation of agricultural pathways is performed for 1 year of irrigation prac- 
tice, normalized to initial unit concentration of the parent radionuclide in the irrigation water. All progeny are 
assumed to have zero concentration in water (i.e., = 0.0, j*i). The contributions from the progeny radionuclides 
are included in PPTF values calculated for each progeny as a parent of a decay chain. This convention is described in 
Section 5.2. With use of this convention, the PPTF values can be applied to any year of irrigation, as indicated in Sec- 
tions 5.5 and 5.6.4. The ratio of radionuclide concentrations in water is included to indicate the source of activity units 
(pCi) and to provide consistency with other equations for radionuclide transfer to plants (e.g., Equation [S.5]). 

The concentration factor for each radionuclide in edible parts of plants at the time of harvest is evaluated as the 
solution to Equation (5.21). The concentration factors can be written as follows using the deposition, accumulation 
with removal operator notation: 
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where %, = concentration factor for radionuclide j in plant v at harvest from deposition onto plant surfaces for 
an average unit concentration of parent radionuclide i in water (pCitkg wet-weight plant per pCi/L 
water) 

t, = growing period for plant v (d) 

R,{Gg,tp) = deposition, accumulation operator used to develop the concentration factor for radionuclide j in 
plant v at harvest from deposition onto plant surfaces for an average unit concentration of parent 
radionuclide i in water (pCi/kg wet-weight plant per pCfi water). 

Equation (5.23) applies to all members of the decay chain including the parent. 

The deposition, accumulation operator notation can be expanded using equations of Section B.l and B.4 to give the 
explicit equations for the parent and progeny radionuclide concentrations in the plant at harvest. The equations are as 
follows: 

for the parent, 

and for the first progeny (j =2), 

where Glh = concentration factor for parent radionuclide in plant v at harvest #om deposition onto plant surfaces 
for an average unit concentration of parent in water (i=j=l), (pCi~kg wet-weight plant per pCi/L 
water) 

kh = concentration factor for the Eirst progeny radionuclide Q=2) in plant vat harvest from deposition 
onto plant surfaces for an average unit concentration of parent in water, (pCi/kg wet-weight plant per 
pCfi water) 

Ael = effective weathering and decay constant for the parent radionuclide ('j=l) evaluated as the sum of the 
weathering rate constant, &, and the radioactive decay constant, Xr2 (d") 

Ae2 = effective weathering and decay constant for radionuclide 2 (second chain member) evaluated as the 
sum of the weathering rate constant, h, and the radioactive decay constant, Ar2 (d") 
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and other terms are as previously defined for parent radionuclide (subscript 1) and first progeny (subscript 2) 
radionuclide. 

5.4.12 Irrigation Water-Soil-Plant-Human Pathway 

Figure 5.13 illustrates the variation with time of the relative parent radionuclide concentration in irrigation water, 
growing plants, and consumed plants for the water-soil-plant-human pathway. For this pathway, the concentration in 
plants results from resuspension and root uptake of radionuclides in irrigation water applied to the soil. As before, the 
radionuclide concentration in water is constant over the year of exposure. Radionuclides that enter the soil via irriga- 
tion water accumulate with time and are assumed to be contained in the top 15-cm soil layer. This activity will 
wnsequently be available for root uptake. The radionuclide concentration in plants is assumed to be in constant 
equilibrium with the radionuclide concentration in soil, The radionuclide concentration in plants at harrest will 
change during the holdup period before the plant is consumed by humans. The total radionuclide intake during the 
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Figure 5.13 Change in relative concentrations over time for irrigation water, soil, plants, and human foods 
from deposition of irrigation water on soil with subsequent root uptake 
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consumption period is evaluated as the time integral of concentration in the plant over the consumption period, 
starting with the plant concentration at the beginning of the period (after decay during holdup). 

The transfer is modeled in a manner analogous to that for deposition directly onto plants, as described in 
Section 5.4.1.1. The concentration in soil at the end of the growing period is evaluated as the solution to the following 
differential equation for concentration of a radionuclide in soil. Because the concentration of radionuclides in plants 
is assumed to be continuously in equilibrium with the concentration in soil, the concentration in crops at the end of 
the growing season is proportional to the soil concentration at the end of the growing season. 

The change in radionuclide concentration in soil from irrigation deposition is described by the following general dif- 
ferential equation for each chain member: 

where Gj, = concentration of radionuclide j in soil at time t during the growing period for an average unit 
concentration of parent radionuclide i in water (pCUkg dry-weight soil per pCi/L water) 

Lnt = concentration of radionuclide n in soil at t h e  t during the growing period for an average unit 
concentration of parent radionuclide i in water (pCUkg dry-weight soil per pCi/L water) 

Qjg = average deposition rate of radionuclide j to soil from application of irrigation water onto soil during 
the growing period for an average unit concentration of parent radionuclide i in water (pCild-kg dry- 
weight soil per pCi/L water) 

and other terms are as previously defined. 

The average deposition rate of radionuclide j to soil is evaluated as follows: 

where hjg = average deposition rate of radionuclide j to soil from irrigation water application onto soil during the 
growing period for an average unit concentration of parent radionuclide i in water (pCi/d-kg dry- 
weight soil per pCi/L water) 

&, = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L 
water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(PC& water) 

IR = annual average application rate of irrigation water ( ~ / m ~ * d )  

P, = areal soil density (kg dry weight soillm2). 

The contribution from imgation to radionuclide concentration in soil at the time of harvest of plant v is evaluated as 
follows using the deposition, accumulation operator notation: 
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where C\lvvJh(soif) = concentration factor for radionuclide j in soil at harvest time for plant v for an average unit 
concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCW water) 

R{%jg,tF) = deposition, accumulation operator used to develop the concentration factor for radionuclide j in 
soil at the time of harvest of plant v for an ave,rage unit concentration of parent radionuclide i in 
water (pCi/kg dry-weight soil per pC& water) 

and other terms are as previously defined. 

Equation (5.28) can. be expanded using operator notation defined in Section B.l and B.4 to give an explicit equation 
for the parent and first progeny radionuclide concentration factors in soil at the end of the plant-growing season. The 
equations are as follows: 

for the parent, 

and for the progeny (j=2), 

where terms are as previously defined for parent radionuclide (subscript 1) and first progeny radionuclide 
(subscript 2). 

The concentration of radionuclides in edible portions of plants at the time of harvest is evaluated from the mncentra- 
lion of radionuclides in soil at the time of harvest. The evaluation is made using the soil-to-plant concentration factor 
as follows: 

where CTh = concentration factor for radionuclide j in plant v at time of hawest resulting from resuspension and 
root uptake for an average unit concentration of parent radionuclide i in water (pCi/kg wet-weight 
plant per pCi& water) 

Blv = concentration factor for uptake of radionuclide j from soil in plant v (pCilkg dry-weight plant per 
pCi/kg dry-weight soil) 
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hrf& = plant soil mass-loading factor for resuspension of soil to edible plant parts for plant v (pCi/kg dry- 
weight plant per pCi/kg dry-weight soil) 

Wv = factor for conversion of mass of plant v from a dry-weight to a wet-weight basis (kg dry-weight plant 
per kg wet-weight plant) 

and other terms are as previously defined. Equations (5.28) and (5.31) apply to all members of the decay chain 
including the parent. 

5.4.13 Calculation of PPTFs for Food Crops Contaminated by Irrigation Water 

The PPTFs for food crops are calculated starting with the radionuclide concentration in plants at harvest, as evaluated 
using Equations (5.23) and (5.31). The harvest concentration first undergoes decay for a holdup time before initial 
consumption by humans. The total intake by humans is then evaluated as the time integral of the radionuclide concen- 
tration in food crops during the consumption period, t, As a conservative assumption, removal of radionuclides by 
washing during food preparation is not considered. The contributions from each pathway (direct deposition of iniga- 
tion water onto plants and deposition onto soil with resuspension and root uptake) are summed to give a total PPTF: 

where PPTFwviJ = partial pathway transfer factor for the irrigation pathway for plant v, for radionuclide j as a 
progeny of radionuclide i for an average unit concentration of parent radionuclide i in water 
(pCi*y/kg wet-weight plant per pCin in water for a year of residential scenario) 

A { h h , t h v )  = decay operator notation used to develop the concentration factor for radionuclide j in plant v (as 
a result of deposition onto plants) at time of human consumption after holdup (thv) for an aver- 
age unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCiL 
water) 

A{CNJh,thv) = decay operator notation used to develop the concentration factor for radionuclide j in plant v (as 
a result of root uptake) at time of human consumption after holdup (thv) for an average unit con- 
centration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L water) 

S{A{),t,) = time-integral operator notation used to develop the concentration time-integral factor for radio- - 
nuclide j over the consumption period of plant v for the irrigation water pathway for an average 
unit concentration of parent radionuclide i in water (pCi*d/kg wet-weight plant per pCi/L water 
for a year of residential scenario) 

t, = consumption period of plant v by humans (d for 1 y of residential scenario) 

thv = holdup time between harvest and consumption of plant v (d) 

365.25 = unit conversion factor (d/y). 

The decay operator notation in Equation (5.32) can be expanded for specific radionuclides in the decay chain using the 
formulas of Appendix B for radioactive chain decay. As an illustration of this expansion for nested operators, consider 
the second term on the right side of Equation (5.32) for food crops contaminated by the root uptake and resuspension 
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pathways. The starting point in the evaluation is the activity of each chain member in the plant at the time of harvest, 
given by the parameter C*h of Equation (5.31). The concentration of the parent after decay during the holdup period 
can be expressed as follows: 

where CN1 (thv) is the concentration factor for the parent radionuclide in plant v at the start of the consumption 
period (p&/kg wet-weight plant per pCi/L water) and other t e r n  are as previously defined. The activity of the first 
progeny radionuclide (j=2) in the plant at the start of consumption is given by the following expression: 

where CNlh(tgv) and Cdh(tgv) represent the initial concentrations of the parent and first progeny radionuclide in 
plant v at the start of the decay period (holdup period), and Cdp(thv) represents the concentrations after decay for the 
holdup period. The integral evaluation, indicated by the time-integral operator S{}, is applied to the results of 
Equations (5.33) and (5.34). The expression can be written as follows for the parent radionuclide: 

where the result is the time integral of the concentration factor for parent radionuclide i in plant v over the consump- 
tion period (pCi*d/kg wet-weight plant per pCi/L, water) and other terms are as previously defined. The time integral 
for the first progeny radionuclide Cj=2) in the plant over the consumption period is given by the following expression: 

where the result represents the concentration time integral of the first progeny radionuclide in plant v over the 
consumption period and other terms are as previously defined with subscripts 1 and 2 for parent and first progeny, 
respectively. 

5.4.2 Animal Products Contaminated by Irrigation Water 

This section discusses seven pathways involving the consumption of animal products by humans, each beginning with 
irrigation water as the source of radionuclides; three involve irrigation water directly applied to animal feed (stored 
hay, stored grain, and fresh forage) and three involve irrigation water appiied to soil and thence to plants (evaluated 
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again for stored hay, stored grain, and fresh forage feed). The seventh pathway involves animals drinking the irrigation 
water. An overview of the modeling processes included in the water-plant-animal-human pathway and the water-soil- 
plant-animal-human pathway is shown in Figure 5.14. The bold box in this figure relates to the double-lined box in 
master Figure 5.3, showing the overall modeling details for the residential scenario. As shown in Figure 5.14, four 
significant processes, and numerous subprocesses, are accounted for in this pathway: 1) calculation of the deposition 
of radionuclides onto plants used to feed animals and soil with calculation of the concentration at the time of feeding 
or harvest, 2) calculation of the concentration in plants at the time of harvest, accounting for root uptake and for 
radioactive decay during holdup, 3) calculation of the concentration in animal products from animal ingestion of 
forage, stored hay, stored grain, and water, and 4) calculation of the time integral of activity for human ingestion of 
animal products over the consumption period (calculation of the PPTF for these pathways). Equation numbers are 
included in Figure 5.14 to help identify the specific mathematical formulations used in the models. Figure 5.14 also 
shows linkages to the other significant processes needed to estimate the annual TEDE for the residential scenario. 
The double-bed boxes in Figure 5.14 show linkages to the other pathways considered in the residential scenario. 

The assumptions for evaluation of these pathways are as follows: 

The concentration of radionuclides in irrigation water (and animal drinking water) is constant over the year of 
irrigation (i-e., an average water concentration is used). 

Material deposited onto plant surfaces is removed at a constant weathering half-time. 

Radionuclide concentrations in soils are continuously in equilibrium with radionuclide concentrations in edible 
portions of the plants grown in the soil. 

Animals take in soil while grazing. The intake amount is a constant fraction of the forage intake rate, Qf. 

Stored feeds are used for animal feed as soon as they are harvested. Feeding continues after harvest during the 
stored-feed feeding period. 

* The concentration in animal products is immediately in equilibrium with the concentration in intake (feed, water, 
and soil). 

Animal products are harvested (e.g., milked, slaughtered, or eggs gathered) continuously over the feeding period 
and then distributed for human consumption. 

The harvested animal products are held for a short time before being consumed by humans. 

Animal products may be contaminated when the animal eats crops (forage or stored feeds) produced using contam- 
inated irrigation water. Each of these crop types may be contaminated by direct deposition of water onto leaves, or 
from deposition onto soil with uptake via roots and resuspension. These routes of animal feed contamination are 
described below. 

5.4.2.1 Irrigation Water-Fomge-AnimaiI-Human Pathway 

Figure 5.15 illustrates the variation with time of the relative parent radionuclide concentration in irrigation water, 
forage plants, animal products, and consumed plants for the water-forage plant-animal-human pathway. As before, the 
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Figure 5.15 Change in relative concentrations over time for irrigation water, forage, animal products, and human 
foods from deposition of irrigation water on animal forage 

water concentration is constant over the year of exposure. The differential equation defining the radionuclide concen- 
tration in forage plants is the same as Equation (5.21) for food crops. The constant deposition rate of radionuclide j to 
forage plants is evaluated according to Equation (5.22) with parameters defined for the forage crop: 

where If = average deposition rate of parent radionuclide j to forage crop f from application of irrigation watex 
during the feeding period for an average unit concentration of parent radionuclide i in water 
(pCi/d*kg wet-weight plant per pCi/L water) 
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C, = average annual concentration of parent radionuclide i in irrigation water over the current annual per- 
iod (PC* water) 

= average annual concentration of radionuclide j in irrigation water over the current annual period 
(pCiL water) 

IR = annual average application rate of imgation water (L/m2*d) 

rf = fraction of initial deposition of radionuclides in water retained on the plant (pCi retained per pCi 
deposited) 

Tf = translocation factor for transfer of radionuclides from plant surfaces to edible parts of the plant (pCi 
in edible plant part per pCi retained) 

Yf = yield of forage crop f (kg wet-weight plant/m2). 

The concentration of radionuclides in forage feed is evaluated as an average over the consumption period because the 
animals are assumed to graze continuously over the consumption period. The evaluation of the average radionuclide 
concentration in forage involves integrating the concentration in the plants over the time period, and then dividing the 
result by the feeding period. This average value is then used to estimate the concentration of radionuclides in the ani- 
mal product. Evaluating the radionuclide concentration in plants involves the solution to Equation (5.21) for 
deposition, accumulation, and time integration of the resulting plant concentration, GI,. The general solution is 
indicated in operator notation as follows: 

where %, = average concentration factor for radionuclide j in forage crop fa t  time of animal consumption from 
direct deposition onto plant surfaces for an average unit concentration of parent radionuclide i in 
water (pCi/kg wet-weight plant per pCi/L water) 

tff = period of feeding of forage crop f (d) 

G,{\,f,tff} = operator notation used to develop the deposition, accumulation, and time integration of the 
concentration of radionuclide j in forage crop f over the animal forage consumption period for an 
average unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCiL 
water) 

and other terms are as previously defined. The operator G,{) represents the deposition, accumulation, and time 
integration of the concentration over the forage-feeding period with continuous deposition and weathering. 

For parent and first progeny radionuclides, the concentrations in forage plants from direct deposition onto plant 
surfaces are represented by the following two equations: 

for the parent radionuclide, 
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and for decay-chain-member radionuclides, noting that the average concentration and deposition rate for the progeny 
in irrigation water are zero, 

where the terms are as previously defined with subscripts 1 and 2 referring to the parent and first progeny in the decay 
chain, respectively. 

As described above and in Section B.5, the deposition, accumulation and time-integral operator, G, 0, involves two 
steps: solution of the differential equation for plant concentration, Equation (5.21), followed by a time integration 
over the period of interest. The solution to the differential equation is equivalent to the deposition-accumulation 
operator, Re{}, for accumulation with removal. The solution can be written for a parent radionuclide for any time t as 
follows: 

where kt = concentration factor for the parent radionuclide in forage crop fat any time t after beginning of 
irrigation deposition for an average unit concentration of parent radionuclide in water (pCi/kg wet- 
weight plant per pCik  water) 

and other terms are as previously defined. The average concentration factor is evaluated as the time integral of plant 
concentration divided by the forage-crop feeding period. This calculation can be represented in operator notation as 
follows: 

where terms are as previously defined. Evaluation of this equation for the parent and first progeny is shown above in 
muation (5.39) and (5.40). 

5.4.2.2 Irrigation Water-Soil-Forage-Animal-Human Pathway 

Figure 5.16 illustrates the time variation of the relative parent radionuclide concentration in water, soil, forage plants, 
animal products, and food eaten by humans for the water-soil-forage-animal-human pathway. Radionuclides that 
enter the soil via irrigation water are assumed to be contained in the top 15-cm soil layer (i.e., the top box of the three- 
box water-use model described in Section 5.6.6 and Appendix B). This activity will be available for immediate root 
uptake and resuspension to forage plants. The differential equation describing the change in radionuclide concentra- 
tion in soil from irrigation deposition is given by Equation (5.26). The average deposition rate to soil is evaluated as 
follows (as in Equation [5.27]): 
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Figure 5.16 Change in relative concentrations over time for irrigation water, soil, forage, animal products, and 
human foods from deposition of irrigation water on soil with subsequent resuspension and 
root uptake to forage plants 
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where Qjf = average deposition rate of radionuclide j to soil from irrigation water application onto the soil during 
the feeding period for an average unit concentration of parent radionuclide i in water (pCi/d*kg dry- 
weight soil per pCi/L water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(pCi/L water) 

C&, = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L 
water) 

IR = annual average application rate of irrigation water (L/m2*d) 

P, = areal soil density (kg dry-weight soil/m2). 

The radionuclide concentration in forage plants (averaged over the animal feeding period) from irrigation-water 
deposition and uptake from soil by forage plants is evaluated from the average soil concentration. The general 
equation using the deposition, accumulation, and time integration notation is 

where %qwit) = average concentration factor for radionuclide j in soil at time of animal consumption of forage 
crop f for an average unit concentration of parent radionuclide i in water (pCi/kg dry- weight soil 
per pCi/L water) 

G{Ljf, tf& = operator notation used to develop the deposition, accumulation, and time integration of the 
concentration of radionuclide j in soil over the animal consumption period of forage crop f for an 
average concentration of parent radionuclide i in water (pCi/kg dry-weight soil per pCi& water) 

and other terms are as previously defined. 

Explicit equations can be written for the parent radionuclide as follows: 

and for the first progeny radionuclides, 
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where terms are as previously defined, with subscripts 1 and 2 referring to the parent and first progeny in the decay 
chain, respectively. 

The average concentration of radionuclides in forage during the forage-feeding period is evaluated from the average 
concentration of radionuclides in soil over the feeding period. The evaluation is made using the forage plant concen- 
tration factor as follows: 

where Cqc = average concentration factor for radionuclide j in forage crop fa t  time of forage feeding, resulting 
from resuspension and root uptake from soil for an average unit concentration of parent 
radionuclide i in water (pCi/kg wet-weight forage per pCi/L water) 

Bji = concentration factor for uptake of radionuclide j from soil in forage crop f (pCi/kg dry-weight forage 
per pCi/kg dry-weight soil) 

MLi = plant soil mass-loading factor for resuspension of soil to forage plant f (pCi/kg dry-weight forage per 
pCi/kg dry soil) 

Wf = factor for conversion of mass of forage crop f from a dry-weight to a wet-weight basis (kg dry- weight 
forage per kg wet-weight forage) 

and Gc is as previously defined. Equation (5.47) applies to all members of the decay chain including the parent. 

5.4.2.3 Irrigation Water-Stored Hay-Animal-Human Pathway 

Figure 5.17 illustrates the time variation of relative parent radionuclide concentration in irrigation water, stored hay 
plants, animal products, and food eaten by humans for the water-stored hay-animal-human pathway. For this pathway, 
the radionuclide concentration in stored hay is derived from radionuclides in imgation water deposited on stored hay 
plant surfaces. The concentration at stored hay harvest is evaluated for a constant deposition rate of radionuclides 
from irrigation water onto the hay crop. Loss by weathering from plant surfaces is considered. The stored hay is fed to 
the animal over a feeding period that begins immediately after harvest and continues for the feeding period. The 
differential equation describing the change in radionuclide concentration in stored hay plants from irrigation 
deposition is analogous to Equation (5.21). The average deposition rate of radionuclide j to stored hay plants is 
evaluated as follows (per Equation [5.22]): 

where Khjg = average deposition rate of radionuclide j to stored hay crop h from imgation water application for an 
average unit concentration of parent radionuclide i in water (pCi/d*kg wet-weight plant per pCilL 
water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(PC* water) 

Cui = average concentration of radionuclide j in irrigation water over the current annual period (pCilL 
water) 
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Figure 5.17 Change in relative concentrations over time for irrigation water, stored feed, animal products, and 
human food from deposition of irrigation water on stored feed plants 

* 

IR = annual average application rate of irrigation water ( ~ / m ~ * d )  

r, = fiaction of initial deposition of radionuclides in water retained on plant h (pCi retained per pCi 
deposited) 

T, = translocation factor for transfer of radionuclides from plant surfaces to edible parts of the plant 
(pCi in edible plant parts per pCi retained) 

Yh = yield of stored hay crop h (kg wet-weight plant/m2). 
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The concentration of radionuclides in stored hay crops from deposition onto plant surfaces at the time of animal initial 
feeding is evaluated using Equation (5.23) with parameters defined for stored hay plants: 

where Ghjc = concentration factor for radionuclide j in stored hay crop h at initial time of consumption by animal, 
from deposition onto plant surfaces for an average unit concentration of parent radionuclide i in 
water (pCiflrg wet-weight plant per pCi/L water) 

tgh = growing period of stored hay type h (d) 

Re{%vhjgstgh) = deposition, accumulation operator notation used to develop the concentration factor for 
radionuclide j in stored hay crop h at the initial time of harvest, from irrigation water deposition 
onto plants for an average unit concentration of parent radionuclide i in water (pCi/kg wet-weight 
plant per pCi/L water) 

and other terms are as previously defined. Explicit equations for the parent and first progeny have the same form as 
the example equations shown in Section 5.4.1.1 (Equations [5.24] and [5.25]. A detailed description of the operator 
notation is given in Section 2 and Appendix B. 

5.4.2.4 Irrigation Water-Soil-Stored Hay-Animal-Human Pathway 

As with the water-soil-food crop-human pathway, the deposition from irrigation water is assumed to transfer to soil 
with subsequent uptake via resuspension and through roots to plants. Figure 5.18 illustrates the time variation of rela- 
tive parent radionuclide concentrations for this pathway. The differential equation describing the time rate of change 
of radionuclide concentrations in soil is given by Equation (5.26). The constant deposition rate for a radionuclide to 
soil is evaluated according to Equation (5.27) with parameters defined for stored hay plants. The deposition rate of 
radionuclides to soil is evaluated as follows: 

where hip = average deposition rate of radionuclide j to soil from irrigation water application onto the soil during 
the crop-growing period for stored hay for an average unit concentration of parent radionuclide i in 
water (pCi/d kg dry-weight soil per pCin water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(pCi/L water) 

C,,,, = average concentration of radionuclide j in irrigation water over the current annual period (pCi/L 
water) 

IR = annual average application rate of irrigation water (~/m'*d) 

P, = areal soil density (kg dry-weight soium2). 

The concentration of radionuciides in soii at the time of stored hay crop harvest (beginning of feed consumption by 
animals) is evaluated as the solution to Equation (5.26) with the deposition rate defined by Equation (5.50) as follows: 
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Figure 5.18 Change in relative concentrations over time for irrigation water, soil, stored feed, animal products, 
and human foods from deposition of irrigation water on soil with subsequent resuspension and 
root uptake by stored feed crops 
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where C&hjc(sod) = concentration factor for chain member j in soil at time of initial animal consumption of stored 
hay crop h, for an average concentration of parent radionuclide in water (pCi/kg dry-weight soil 
per pC& water) 

tgh = growing period of stored hay crop h (d) 

R(hjg,tgh} = deposition, accumulation operator used to develop the concentration factor for chain member j 
in soil at time of initial animal consumption of stored hay crop h, for an average concentration 
of parent radionuclide in water (pCi/kg dry-weight soil per pCi/L water) 

and other terms are as previously defined. Explicit equations for the parent and first progeny can be written in a 
similar manner as shown in the example equations of Section 5.4.1.2 (Equations [5.29] and [5.30]). 

The concentration of radionuclides in stored hay plants at the time of harvest (initial feeding to animals) is evaluated 
from the concentration of radionuclides in soil at the time of harvest. The evaluation is made using the stored hay 
crop concentration factor as follows: 

where Crhjc = concentration factor for radionuclide j in stored hay crop h at time of initial feeding to animals (har- 
vest), resulting from root uptake and resuspension for an average unit concentration of parent 
radionuclide i in water (pCi/kg wet-weight plant per pCilL water) 

Bjh = concentration factor for uptake of radionuclide j from soil in stored hay crop h (pCilkg dry-weight 
plant per pCi1kg dry-weight soil) 

MI_1, = plant soil mass-loading factor for resuspension of soil to stored hay plant h (pCi/kg dry-weight plant 
per pCi/kg dry-weight soil) 

Wh = factor for conversion of mass of stored hay crop h from a dry-weight to a wet-weight basis (kg dry- 
weight hay per kg wet-weight hay) 

and other terms are as previously defined. Equation (5.52) applies to all members of the decay chain for parent radio- 
nuclide i, including the parent. 

5.4.2.5 Irrigation Water-Stored Grain-Animal-EIman Pathway 

This exposure pathway is analogous to the pathway involving stored hay described in Section 5.4.2.3. The time 
variation of relative parent radionuclide concentration in irrigation water, stored grain plants, animal products, and 
food eaten by humans for this pathway is as shown in Figure 5.17. The concentration of radionuclides in stored grain 
plants at harvest is evaluated assuming a constant deposition rate of radionuclides from irrigation water onto the grain 
crop during the growing season. Loss of activity from plant surfaces by weathering is considered. The stored grain is 
fed to the animals over a feeding period that begins immediately after harvest and continues for the feeding period. 
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The time rate of change of radionuclide concentration in stored grain plants is as described by Equation (5.21) for 
deposition onto food crop plants. The average deposition rate of radionuclides from irrigation water to piants is 
described by Equation (5.48) with subscript "h" for hay replaced by subscript "g" for grain, as follows: 

where = average deposition rate of radionuclide j to stored grain crop g from irrigation water application for 
an average unit concentration of parent radionuclide i in water (pCi/d*kg wet-weight plant per pCiL 
water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(pCiL water) 

CWj = average concentration of radionuclide j in irrigation water over the current annual period (pCiL 
water) 

IR = annual average application rate of irrigation water ( ~ / m ~ * d )  

rg = fraction of initial deposition of radionuclides in water retained on grain plant g (pCi retained on 
plants per pCi deposited) 

Tg = translocation factor for transfer of radionuclides from plant surfaces to edible parts of grain plant g 
(pCi in edible plant parts per pCi retained on plant) 

Y g  = yield of stored grain crop g (kg wet-weight plant/m2 of land) 

The concentration of radionuclides in stored grain crops from deposition onto plant surfaces at the time of animal 
consumption is evaluated by using Equation (5.23) but with parameters defined for stored grain plants: 

where Ggi, = concentration factor for radionuclide j in stored grain crop g at initial time of animal consumption, 
from deposition onto grain plant surfaces for an average unit concentration of parent radionuclide i 
in water (pCi/kg wet-weight plant per pCiL water) 6 

tgg = growing period of stored grain type g (d) 

Re(Qg,tgg) = deposition, accumulation operator representing the concentration factor for radionuclide j in stored 
grain crop g at the initial time of harvest, from deposition of irrigation water onto plants for an 
average unit concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCiL 
water) 

and other terms are as previously defined. -licit equations for the parent and first progeny radionuclides can be 
written as shown in the example equations in Section 5.4.1.1 (Eiquations 15.243 and [5.25]). 
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5.4.2.6 Irrigation Water-Soil-Stored Grain-Animal-Human Pathway 

This exposure pathway is analogous to the pathway involving stored hay described in Section 5.4.2.4. The time 
variation of relative parent radionuclide concentration in irrigation water, soil, stored grain plants, animal products, 
and food eaten by humans for this pathway is as shown in Figure 5.18. The differential equation describing the time 
rate of change of radionuclide concentrations in soil is given by Equation (5.26). The constant deposition rate for a 
radionuclide to soil is evaluated according to Equation (5.27) with parameters defined for stored grain plants: 

where %jg = average deposition rate of radionuclide j to soil from irrigation water application for an average unit 
concentration of parent radionuclide i in water (pCi/d*kg dry-weight soil per pCi/L water) 

C, = average concentration of parent radionuclide i in irrigation water over the current annual period 
(pCiL water) 

C& = average concentration of radionuclide j in imgation water over the current annual period (pCiL 
water) 

fR = annual average application rate of irrigation water ( ~ l m ~ * d ) .  

The concentration of radionuclides in soil at the time of stored grain crop harvest is evaluated using Equation (5.51) 
with parameters defined for the stored grain feed type as follows: 

where CwdNSoil) = concentration factor for radionuclide j in soil at time of initial animal consumption of stored 
grain crop g, from irrigation water applied to soil for an average unit concentration of parent 
radionuclide i in water (pCi/kg dry-weight soil per pC& water) 

tpp = growing period of stored grain type g (d) 

R{RwsJg,tgg) = deposition, accumulation operator representing the concentration factor for radionuclide j in 
soil at time of initial animal consumption of stored grain crop g, from irrigation water applied to 
soil for an average unit concentration of parent radionuclide i in water (pCi/kg dry-weight soil 
per pCin water) 

and other terms are as previously defined. 

The concentration of radionuclides in stored grain plants from resuspension and root uptake at the time of harvest 
(initial feeding to animals) is evaluated from the concentration of radionuclides in soil at the time of harvest. The 
evaluation is made using Equation (5.52) with parameters defined for the stored grain crop as follows: 
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where Cra, = concentration factor for radionuclide j in stored grain crop g at time of initial feeding to animals 
(harvest), resulting from resuspension and root uptake for an average unit concentration of parent 
radionuclide i in water (pCikg wet-weight plant per pCi/L water) 

Bjg = concentration ratio for uptake of radionuclide j from soil in stored grain crop g (pCilkg dry-weight 
plant per pCi/kg dry-weight soil) 

MLg = plant soil mass-loading factor for resuspension of soil to stored grain plant g (pCi/kg dry-weight 
plant per pCi/kg dry-weight soil) 

Wg = factor for conversion of mass of stored grain crop g from a dry-weight to a wet-weight basis (kg dry- 
weight grain per kg wet-weight grain) 

and other terms are as previously defined. Equation (5.57) applies to ail members of the decay chain including the 
parent. 

5.4.2.7 Irrigation Water-Soil-Animal-Human Pathway 

This pathway results from animal ingestion of soil while grazing on fresh forage. The differential equation for the soil 
concentration given in Equation (5.26) applies to this pathway. Animal intake of soil while grazing is evaluated for a 
constant deposition rate to soil. The amount of soil ingestion by the animal is evaluated as a constant fraction of the 
animal intake of forage over the forage-feeding period. The deposition onto soil is evaluated as defined in Equa- 
tion (5.43) and is represented as follows: 

where %. is the average deposition rate of radionuclide j to soil from irrigation water applimtion onto soil during 
J f. forage-feedmg period for an average unit concentration of parent radionuclide i in water (pCild kg dry-weight soil per 

pCiL water) and other terms are as previously defined. 

The average concentration in soil eaten by animals over the forage period is evaluated as the time integral of the soil 
concentration over the forage-feeding period, divided by the feeding period. The average soil concentration is 
evaluated according to Epuation (5.44) using terms for ingestion of soil by animals: 

where Crfjd = average concentration factor for radionuclide j in soil eaten by animals during the forage period for 
crop f for an average unit concentration of parent radionuclide i in water (pCi/kg dry-weight soil per 
pCi/L water) 

G{R,,,Sj,tff) = operator notation used to develop the deposition, accumulation, and time integral of the transfer rate 
to soil for radionuclide j over the forage-feeding period for an average unit concentration of parent 
radionuclide i in water (pCi*d/kg dry-weight soil per pCiL water) 

and other terms are as previously defined. Explicit equations can be written for the parent and first progeny 
radionuclides as shown in Section 5.4.2.2 (Equations f5.451 and 15.451). 
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5.4.2.8 Calculation of PPWs for Animal Products Contaminated by Irrigation Water 

The P P F s  for animal products involve summation of contributions for animal intake of forage crops (including soil 
ingestion), stored feed crops, and water (feeding contaminated irrigation water directly to animals). The concentra- 
tion of radionuclides in forage crops (determined by Equations i5.381, [5.47], and [5.59]) are average concentrations 
over the feeding period. The radionuclide concentration in animal products is assumed to be in equilibrium with 
animal intake of these plant concentrations at all times during the feeding period. The concentration in animal 
products is, therefore, also constant (average) over the feeding period, evaluated as follows: 

where C&jh(forage) = average concentration at time of fresh forage intake by animal product a, for radionuclide j, for 
irrigation water pathway for an average unit concentration of parent radionuclide i in water 
(pCi/kg wet-weight animal product per pCiX, water) 

Faj = transfer factor that relates the concentration in an edible animal product a, to the daily intake 
in animal feed (stored, fresh forage, soil, or water) (pCi/L per pCild for milk, and pCi/kg wet- 
weight animal product per pCild for other animal products) 

Qd = fractional soil intake of fresh forage intake (kg dry-weight soil per kg dry-weight forage) 

Qf = consumption rate of fresh forage by the animal (kg wet-weight plantld) 

xf = fraction of forage intake that is contaminated 

and other terms are as previously defined. 

The concentration of radionuclides in stored feed crops (determined in Equations [5.49], 15.521, [5.54], and (5.571) rep- 
resents the concentration at the beginning of the animal feeding period. The concentration in animal product at the 
beginning of the feeding period (instantaneous equilibrium between feed and animal product) is evaluated as the sum 
of the contributions from the direct deposition to plants and the root-uptake pathways: 

where C,aJqs(,,o,) = concentration factor at beginning of stored feed intake by animal product a, for radionuclide j, 
for irrigation water pathway for an initial unit concentration of parent radionuclide i in water 
(pCi/kg wet-weight animal product per pCi/L water) 

Qh = consumption rate of stored hay by the animal (kg wet-weight plantld) 

Qg = consumption rate of stored grain by the animal (kg wet-weight plantld) 

xh = fraction of stored hay intake that is contaminated 

xg = fraction of stored grain intake that is contaminated 

and other terms are as previously defined. 
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The animal product concentration at the beginning of the feeding period (time of harvest) h equal to %j4s,0redf 

%aj h (stored) = %ajc (stored) (5.62) 

The radionuclide concentration at harvest in animal products will change during the holdup period between harvest 
and consumption by humans. The change is represented as follows for the forage pathway: 

'wajP (forifgel = ~{'wajh (forage)' ha) 

and for the stored-feed pathway, 

'wal p (stored) = ~ ( ~ w a j  h (stored) ' 'ha) 

where &jp(forage) = average concentration factor over the consumption period by humans of animal product a, for 
radionuclide j, for imgation water pathway via forage crops for an average unit concentration 
of parent radionuclide i in water (pCi/kg wet-weight animal product per pCiL water) 

C&ajp(stored) = concentration factor at initial time of consumption by humans of animal product a, for radio- 
nuclide j, for irrigation water pathway via stored feed crops for an average unit concentration 
of parent radionuclide i in water (pCi/kg wet-weight animal product per pCiL water) 

A{C&jh(forage),tha) = decay operator notation used to develop the average concentration factor over the consump- 
tion period by humans of animal product a, for radionuclide j, for irrigation water pathway via 
forage crops for an average unit concentration of parent radionuclide i in water (pCi/kg wet- 
weight animal product per pCiL water) 

A{Cwajh(stored),tha} = decay operator notation used to develop the concentration factor at initial time of consump- 
tion period by humans of animal crop a, for radionuclide j, for irrigation water pathway via 
stored feed crops for an average unit concentration of parent radionuclide i in water (pCilkg 
wet-weight animal product per pCiL water) 

and other terms are as previously defined. 

The contribution to animal product concentration from animal intake of irrigation water over the consumption period 
is evaluated as follows: 

where is the average concentration factor from animal ingestion of water at the time of harvest of animal 
product v lor animal ingestion of water for an average unit concentration of parent radionuclide i in water (pCi/kg wet- 
weight animal product per pCiL water), Q, is the eonsumption rate of water by the animal (Lld), and x+, is the fraction 
of water intake that is contaminated. 

The total PPTF for animal products is evaluated as follows: 
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where PPTFa~,  = partial pathway transfer factor for irrigation pathway for animal product a, for radionuclide j as a 
progeny of radionuclide i, for an average unit concentration of parent radionuclide i in water 
(pCi*y/kg wet-weight animal product per pC% water for a year of residential scenario) 

A{C;,jwth,) = decay operator notation used to develop the concentration factor for animal product a for an 
average unit concentration of parent radionuclide i in water from animal intake of water at the 
time of consumption by humans for an average unit concentration of parent radionuclide i in 
water (pCi/kg wet-weight animal product per pC% water) 

S{) = time-integral operator used to develop the concentration factor for radionuclide j concentration 
in animal product v over the consumption period by humans for an average unit concentration of 
parent radionuclide i in water (pCi-d/kg wet-weight animal product per pCiL water) 

t, = consumption period of animal product a by humans (d for a year of residential scenario) 

and other t e r n  are as previously defined. 

5.5 Calculation of Pathway Bansfer Factors 

The PFs include the daity consumption rate of specific foods in an individual's diet and the radionuclide concentration 
in those foods as determined by the PPTFs. The PFs are evaluated for unit concentration in soil at the beginning of 
the growing season and unit concentration in irrigation water averaged over the year of exposure. 

The PF for initial unit concentration of a parent radionuclide in soil is evaluated as follows: 

where PFSij = agricultural pathway transfer factor for radionuclide j as a progeny of radionuclide i per unit initial 
concentration of parent radionuclide i in soil (pCi ingested per pCi/g dry-weight soil for a year of 
residential scenario) 

PPTFwij = partial pathway transfer factor for food crop type v, radionuclide j as a progeny of radionuclide i, for 
unit average concentration of parent radionuclide i in soil (pCi*y/kg wet-weight food per pCi/g dry- 
weight soil for a year of residential scenario) 

P P X i j  = partial pathway transfer factor for animal product type a, radionuclide j as a progeny of radionculide i, 
for unit average concentration of parent radionuclide i in soil (pCi*y/kg wet-weight food per pCi1g 
dry-weight soil for a year of residential scenario) 

Na = number of animal products considered in the diet 

Nv = number of food crops considered in the diet 
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Ua = ingestion rate of animal product type a by an individual (kg wet-weight&) 

Uv = ingestion rate of food crop type v by an individual (kg wet-weight&). 

A similar expression is used to evaluate the PFs for unit average concentration of a parent radionuclide in irrigation 
water: 

where PF*j = agricultural pathway transfer factor for radionuclide j as a progeny of radionuclide i per unit average 
concentration of parent radionuclide i in water (pCi ingested per pCiL water for a year of residential 
scenario) 

PPTFMj = partial pathway transfer factor for food crop type v, radionuclide j as a progeny of radionuclide i, for 
unit average concentration of parent radionuclide i in water (pCi*y/kg wet-weight food per pCi/L 
water for a year of residential scenario) 

PPl"FaGj = partial pathway transfer factor for animal product type a, radionuclide j as a progeny of radionuclide i, 
for unit average concentration of parent radionuclide i in water (pCi*y/kg wet-weight food per pC& 
water for a year of residential scenario) 

and other terms are as previously defined. The food types and annual consumption rates are given in Section 6. 

5.6 Calculation of Total Dose From Pathways for the Residential Scenario 

Computing the dose for the agricultural pathways (ingestion) involves using the information provided by computation 
of the PPTFs and PFs. The TEDE for the residential scenario (designated as "TEDER") is obtained by adding the 
dose rates from the five primary pathways: external exposure, inhalation exposure, ingestion exposure without 
irrigation, ingestion exposure with contaminated irrigation water, and secondary soil ingestion. 

5.6.1 External Dose for the Residential Scenario 

For externai exposure, the residential exposure scenario invoives an individual who spends time at home--receiving 
exposure indoors, in leisure outdoors, and in gardening activities outdoors--and away from home, during which no 
exposure is received. The starting time for the scenario (when the unit concentration in soil is defined) is assumed to 
be at the start of the gardening season during the year of license termination. The external dose, designated "DEXR," 
involves the pathways to human exposure shown in Figure 5.19. 

The external dose contribution is calculated as the sum of exposure during indoor and outdoor activities (i.e., garden- 
ing exposure + indoor exposure + outdoor exposure): 
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Figure 5.19 Residential scenario external dose pathway 

Human 

where DEXRi = external dose from 1 year of residential scenario exposure to radionuclide i in soils (mrem for a 
year of residential scenario) 

Gardening. Indoor. 
Outdoor 

DFERj = external dose rate factor for radionuclide j for exposure to contamination uniformly distributed in 
the top 15 cm of residential soil (mremh per pCi/g) 

Exposure 

qy = concentration factor for radionuclide j in soil at the beginning of the current annual exposure per- 
iod per initial unit concentration of parent radionuclide i in soil at time of site release (pCilg per 
PO 

Csi = concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight soil) 

SF1 = shielding factor by which external dose rate is reduced during periods of indoor residence 
(dimensionless) 

SF0 = shielding factor by which external dose rate is reduced during periods of outdoor residence and 
gardening (dimensioniess) 
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Ji = number of explicit members of the decay chain for parent radionuclide i 

S{4tj,$,) = time-integral operator used to develop the concentration time integral of radionuclide j for 
exposure aver a 1-year period per unit initial concentration of parent radionuclide i in soil 
(pCi*d/g per pCi/g dry-weight soil) 

S{&y,$g) = timeintegral operator used to develop the concentration time integral of radionuclide j for 
exposure outdoors over one gardening season during 1-year period per unit initial concentration 
of parent radionuclide i in soil (pCi*d/g per pCi/g dry-weight soil) 

tg = time during the gardening period that the individual spends outdoors gardening (d for a year of 
residential scenario) 

ti = time in the 1-year exposure period that the individual spends indoors (d for a year of residential 
scenario) 

t, = time in the 1-year exposure period that the individual spends outdoors, other than gardening (d for 
a year of residential scenario) 

qg = total time in the gardening period (d) 

$, = total time in the residential exposure period (d) 

24 = unit conversion factor (Wd). 

The concentration time-integral factors, St), are evaluated for all radionuclides in a decay chain. The factors 
represent the time integral of concentration during the exposure period of interest. 

The concentration factor, qtj, defines the concentration of each radionuclide in soil in a decay chain at the beginning 
of the current year of the dose evaluation. The concentration includes material initially present in the soil, plus 
material that has migrated to ground water and been redeposited onto the farmland soil by irrigation with the contam- 
inated water during the previous year. Evaluation of the concentration factor is described in Section 5.6.6. 

5.6.2 Inhalation Dose for the Residential Scenario 

Inhalation of resuspended soil dust (designated "DHR") also involves the three periods of exposure used for the 
external dose pathway (above), i,e., gardening, outdoor activities, and indoor activities. The indoor component 
includes contributions from material blown into the house (mass-loading method) and soil tracked into the house and 
suspended (resuspension factor method), as indicated in Figure 5.20 and the following expression: 
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Human 
Resuspension Exposure 

F i  5.20 Residential scenario inhalation dose pathways 

3, 
24 Vg (tg/ttg) CDG Csi sib1. t t g ) D d  

j =1 

where DEERi = inhalation committed effective dose equivalent from 1 year of residential activity (mrem for a year 
of residential scenario) 

Vg = volumetric breathing rate for time spent gardening (m3/h) 

CDI = dust-loading for indoor exposure periods (glm3) 

V, = volumetric breathing rate for time spent indoos (m3/h) 

CDO = dust-loading for outdoor exposure periods @lm3) 

CDG = dust-loading for gardening activities (g/m3) 

V, = volumetric breathing rate for time spent outdoors (m3/h) 

D m j  = inhaiation committed effective dose equivalent factor for radionuclide j for exposure to contami- 
nated air (in units of mrem per pCi inhaled) 
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P, = indoor dust-loading on floors (g/m2) 

Wr = indoor resuspension factor (me') 

and other terms are as previously defined. A discussion of dust-loadings and resuspension is provided in Section 6. 
Evaluation of the concentration factor, is described in Section 5.6.6. 

5.63 Ingestion Dose for the Residential Scenario 

This section descri'bes the calculation of ingestion dose &om agricultural products grown in contaminated soil and 
from secondary ingestion of soil. The pathway that involves ingestion of crops and animal products from deposition of 
resuspended soils on plant surfaces and root uptake (designated "DGRw) is shown in Figure 5.21. The contribution to 
dose from this pathway is evaluated as follows: 

Ji 

DGRi = Csi DIET C qtj AFsj 
j=1 

where DGRi = ingestion committed effective dose equivalent from a ?-year intake of home-grown food and animal 
products (mrem for a year of residential scenario) 

DIET = fraction of annual diet derived from home-grown foods (dimensionless) 

AFsj = committed effective dose equivalent factor for ingestion of agricultural product per unit concentra- 
tion of radionuclide j in soil at the beginning of a growing season (mrem per pCi/g for a year of resi- 
dential scenario) 

Csi = initial concentration of parent radionuclide in soil at the time of release of the site, i.e., the start of 
growing season for the first year (pCi/g) 

and other terms are as previously defined. 

Soil 
Human 

Exposure 

* 
Air 

Figure 5.21 Residentiaj scenario ingestion dose pathway for plants and animal products contaminated from soil 
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The agricultural product ingestion factor for soil (AFsi) is calculated from pathway transfer factors as follows: 

where PFsij is the pathway transfer factor for agricultural products for soil for radionuclide j as a progeny of radio- 
nuclide i (pCi ingested per pCi& dry-weight soil for a year of residential scenario) and DFGj is the ingestion CEDE 
factor for radionuclide j (mrem per pCi ingested). Quation (5.72) is written to be applied to parent radionuclides 
(thus the subscript "in). For progeny radionuclides of Quation (5.71), the value is evaluated for progeny 
radionuclides as if for a parent of its own decay chain. 

The dose from secondary (inadvertent) ingestion of soil or house dust is included in the residential scenario analysis. 
This pathway is shown in Figure 5.22. The individual is assumed to ingest soil at a constant rate over the duration of 
the scenario, t,, The dose is evaluated as follows: 

DSR, = GR Csi C D F G j  S{qtj,$,} 
j =1 

where DSRi = committed effective dose equivalent for radionuclide i from ingestion of soil (mrem for 1 year of resi- 
dential scenario) 

GR = effective transfer rate for ingestion of soil and dust transferred to the mouth (g/d) 

S{btj, t,,) = time-integral operator used to develop the radionuclide j concentration in soil, over the residential 
exposure period for a unit initial concentration of parent radionuclide i in soil at the time of site 
release (pCi*d/g per pCiig for 1 year of residential scenario) 

and other terms are as previously defined. 

Figure 5.22 Residential scenario soil ingestion dose pathway 

Ingestion 
Human 

Exposure 
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5.6.4 Irrigation and Drinking Water Dose for the Residential Soenario 

The contriiution to the ingestion dose from the use of contaminated ground water (designated "DWR") is represented 
in Figure 5.23. It is evaluated for drinking water and ingestion of imgated foods, as follows: 

r 1 

where DWR, = committed effective dose equivalent for radionuclide i for ingestion of drinking water and irrigated 
food from a 1-year intake (mrem for 1 year of residential scenario) 

Csi = initial concentration of radionuclide i in soil at the time of site release (pCilg) 

AFdj = committed effective dose equivalent factor for ingestion of drinking water per unit average concen- 
tration of radionuciide j (as a parent radionuclide) in water (mrem per pC& for 1 year of residen- 
tial scenario) 

A .  = committed effective dose equivalent factor for radionuclide j per unit average concentration of 
radionuclide j (as a parent radionuclide) in ground water used for irrigation for the current 1-year 
period (mrem per pC& for 1 year of residential scenario) 

kj = average concentration factor for radionuclide j in water over the current 1-year exposure period per 
initial unit concentration of parent radionuclide i in soil at time of site release (PC& water per 
pCQg soil) 

and other terms are as previously defined. 

The average water concentration factor, %, is evaluated according to the water-use model described in Section 5.6.6. 
The water concentration is based on the initial radionuciide concentration in soil, C,,, as used in the inhalation and 
external dose equations. Therefore, the ingestion dose is on the same concentration basis as the other dose values. 

Human 
Exposure 

Animal 
IProduns k, 

Figure 5.23 Residential scenario ingestion dose from use of contaminated ground water 

NUREGICR-55 12 5.58 
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The drinking water ingestion factor is calculated as follows: 

where Uw = daily intake of drinking water (Lid) 

td = duration of water intake period (d for 1 year of residential scenario) 

and other terms are as previously defined. The concentration ratio, C&/CwJ (equal to I), indicates normalization to 
unit average concentration in water over the year of the residential scenario. The concentration is defined for radio- 
nuclide j as a parent radionuclide, consistent with the definition of AFd.. The duration of water intake defines the 
amount of the individual's intake that comes from the ground-water web. 

The agricultural product ingestion factor for irrigation of crops is calculated from pathway transfer factors as follows: 

where P F ~ .  is the pathway transfer factor for agricultural products for irrigation for radionuclide j as a progeny of 
radionuclide i (pCi ingested per pCiL for 1 y of residential scenario) and other terms are as previously defined. 

5.6.5 Aquatic Food Ingestion Dose for the Residential Scenario 

Ingestion of fish grown in contaminated surface waters is included as a potential exposure pathway for the residential 
scenario as shown in Figure 5.24. The following assumptions are made in evaluation of the dose from this pathway: 

The fish are grown in a surface-water pond of constant volume. 

The concentration of radionuclides in the surface water is equal to the concentration in the ground-water aquifer. 

The volume of the aquifer (for dilution of activity) includes the volume of the surface-water pond. 

The fish are harvested and eaten continually during the year. 

The radionuclide concentration in the fish is proportional to the radionuclide concentration in water, as deter- 
mined by the bioaccumulation factor. 

The dose from this pathway is based on the average annual water concentration as defined for the water-use model 
(see Section 5.6.6) and represented by the parameter C;y for radionuclide j. The annual dose from ingestion of aquatic 
foo&% is calculated as follows: 
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Figure 5.24 Residential scenario ingestion dose from use of contaminated ground water to gnnv fish in 
a surface-water pond 

where DARi = ingestion committed effective dose equivalent from a 1-year intake of aquatic foods (mrem for 1 
year of residential scenario) 

Csi = initial concentration of parent radionuclide in soil at the time of site release (pCi/g dry-weight soil) 

hj = average concentration factor for radionuclide j in water over the current 1-year exposure period per 
initial unit concentration of parent radionuclide i in soil at time of site release (pCilL per pCi/g dry- 
weight soil) 

AFfj = committed effective dose equivalent factor for ingestion of aquatic food., per unit average concen- 
tration of radionuclide j (as a parent radionuclide) in water (mrem per pCfi for 1 year of the resi- 
dential scenario) 

and other terms are as previously defined. 

The aquatic food ingestion factor for water (AFq) is calculated as follows: 

AFf, = U, 1, DFG, ~A,,(~,~i~,+,d/365.25 

where Uf = ingestion rate of aquatic foods produced in contaminated surface water (kgiy) 

B q f  = bioaccumulation factor for radionudide j in aquatic foods (pCi/kg wet-weight aquatic food per pCi/L 
water) 

C& = average annual concentration of radionuclide j (as a parent radionuclide) in water (pCiL) 

tf = duration of fish consumption period (d) 
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365.25 = units conversion factor (d&) 

and other terms are as previously defined. The ratio of concentrations of radionuclide j (as a parent radionuclide of its 
own chain) in water is included for consistency with representations given for other pathways, showing normalization 
of the concentration to the average concentration of the parent for a decay chain. 

5.6.6 Water-Use Model for the Residential Scenario 

This section describes the water-use model for the residential scenario and methods for evaluation of the concentra- 
tion factors for soil, btj, and water, hj. A conceptual representation of the water-use model for the residential 
scenario is shown in Figure 5.25. Residual radioactive contamination is assumed to be in a surface-soil layer (15- 
thick) above an unsaturated-soil layer (1-m thick), which is above a water table that feeds a surface-water pond. 
Activity in the surface-soil layer leaches through the unsaturated-soil layer to the aquifer. Wter in the aquifer is 
removed from a well for application to the surface-soil layer via irrigation and for domestic uses (i-e., drinking water). 
The irrigation water application represents a recycling pathway from the aquifer to the surface-soil layer. The 
concentration of radionuclides in the surface-water pond is assumed to be the same as the concentration in the aquifer 
at all times. The water-use model is a three-box model similar to the water-use model described for the drinking water 
scenario in Section 4. The primary differences between the two models are that the residential scenario model 
includes a surface-water pond and recycling of activity from the aquifer to the surface-soil layer. Figure 5.25 shows the 

Irrigation 
---) Domestic Use 

A Ground-Water Well 
Thickne: 

Figure 5.25 Concept representations of the residential scenario water-use model 
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three boxes and indicates the flow of water through the system with infiltration being the driving force for transfer 
from the surface soil to the ground-water aquifer. The model implies the following assumptions: 

Initial radioactivity is contained within the top layer @ox 1). 

* The unsaturated-soil layer @ox 2) and the aquifer (box 3) are initially free of contamination. 

The vertical saturated hydraulic conductivity is greater than the infiltration rate. 

The infiltration volume is the product of the infiltration rate and the area of land contaminated. 

There is no retardation in the aquifer. 

* The activity in the aquifer is diluted by the total volume of water in the aquifer. 

The radionuclide concentrations in all parts of the aquifer (including the surface-water pond) are the same: 
radionuclides entering box 3 are immediately uniformly mixed with the total volume of water in the aquifer. 

The total volume of water in the aquifer is constant at all times during the year. 

The volume of water in the aquifer is considered to be the greater of the following: 1) the volume of infiltration water 
or 2) the sum of the volume of water removed annually for domestic uses and irrigation, plus the volume of the 
surface-water pond. The volume of infiltrating water is considered to be the product of infiltration rate, area of land 
irrigated, and infiltration period. 

The entire contaminated area is assumed to be irrigated and under cultivation. 

Water is removed &om the aquifer at a constant rate during the year to meet the needs of irrigation and domestic 
water uses. The water removed is immediately replaced with uncontaminated water. 

Wter  is removed from the aquifer at a constant rate during all years of interest in the analysis. 

Radionuclides not removed during a year remain in the aquifer and contribute to the initial radionuclide 
concentration for the next annual period. 

Activity in the irrigation water is assumed to be deposited in the surface-soil layer (box 1). 

The water infiltration rate is a fraction of the total water application rate (i.e., the sum of the irrigation application 
rate and the annual precipitation rate). 

Evaporative losses remove only water from the system (i.e., surface soil and surface-water pond): radionuclides 
are not lost by evaporation. 

?b provide a realistic conceptual model, the volume of water in the aquifer is defined as the greater of two volumes: 
1) the volume of infiltration water or 2) the volume in the surface water pond, plus the volume pumped annually for 
domestic and irrigation uses. This definition avoids any unrealistic case in which the volume of infiltrating water 
exceeds the total volume of water in the pond plus the volume of water pumped. Not using such a definition would 
lead to an unrealistic increase of aquifer water concentration over the concentration of the water in the unsaturated- 
soil layer (the saurce of the radionuclides reaching the aquifer). 
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The assumption regarding the vertical saturated hydraulic conductivity means that the soil conditions will allow water 
to move vertically downward at least as fast as the infiltration rate (expressed as distance per year). 

Irrigation is assumed to occur continuously during a year, even during non-growing periods. This approach has been 
selected for simplicity for the screening model and may or may not provide conservative results, depending on the 
radionculides involved. 

The residential scenario water-use model can be described mathematically as a three-box model shown schematically 
in Figure 5.26. This figure is a diagram of the water-use model showing irrigation recycling and domestic use transfers 
from the ground-water aquifer. The figure also includes representation of a three-member decay chain. Equations for 
this water-use model are similar to the equations for the drinking water scenario, but are repeated here (with slight 
modification for recycling) for completeness. Recycling occurs as a result of water being removed from box 3 and used 
to irrigate surface soil (box I), such as in a garden, for food production. 

The water-use model is used in the residential scenario to determine the change in surface soil and aquifer concentra- 
tion with time, starting with the initial activity of each radionuclide in soil at the time of site release. The process of 
dose evaluation for food (farm products and fish) and water-ingestion pathways, as illustrated in Figure 5.27, is 
evaluated sequentially, year-by-year. 

The initial activity in the surface-soil layer is the starting parameter in the calculation. The dose from soil pathways is 
evaluated using unit dose factors for soil multiplied by the initial activity for the initial year. Unit dose factors for soil, 

are evaluated using Equation (5.72). The average water concentration is evaluated using the water-use model. 
The dose from water pathways (Equations j5.741 and i5.771) is evaluated using the average water concentration over 
the first year, multiplied by unit dose factors for water. The unit dose factors for water include the farm product dose 
factors (AF*, in Equation [5.76]), the drinking water unit dose factors (Ndj, in ]Equation [5.75]), and the aquatic food 
unit dose factors (AFfj,  in Equation [5.78]). 

The equations for the water-use model account for decay chain members produced in each of the boxes from precursor 
radionuclides and the transfer of each chain member between boxes and from box 3 for domestic use (drinking) and 
irrigation (recycling to surface soil of box 1). The amounts of each chain member are represented as the total activity 
present. The concepts involved in accounting for the quantity of radionuclide j in box 1 at time t are described in the 
word equation below: 

[Rate of Change of j in Box 1 at Time t] = peposition of j from Irrigation Water] 

+ [Production of j from Decay of Precursor n at Time t] 

- [Removal of j from Box 1 by Decay at Time t] 

- [Removal of j fiom Box 1 by Leaching at Time t] . 

The basic differential equation for box 1 has the following form, accounting for original quantities for irrigation 
deposition (w term), radioactive decay (A terms), and rate of leaching (L term): 
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Figure 5.26 Residential three-box water-use model 
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j = index of current chain-member position in decay chain 

n = index of precursor chain members in decay chain (n < j) 

C1, = total activity of precursor radionuclide n in box 1 at time t (pCi) 

4q = rate mnstant for movement of radionuclide j from box 1 to box 2 (d') 

dnj = fraction of transitions of radionuclide n that result in production of radionuclide j (dimensionless) 

Ad = decay rate constant for decay of radionuclide j (d-I). 

For box 2, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word 
equation shown below: 

p a t e  of Change of j in Box 2 at Time t] = [Production of j from Decay of 

Precursor n at Time t] 

+ wansfer of j by Leaching from Box 1 at Time t] 

- [Removal of j from Box 2 by Decay at Time t] 

- pemoval of j from Box 2 by Leaching at Time t]. 

The basic differential equation for box 2 can be written as foilows: 

where qj = activity of radionuclide j in box 2 at time t (pCi) 

Gn = activity of precursor radionuclide n in box 2 at time t (pCi) 

b = rate constant for movement of radionuclide j from box 2 to box 3 (d-') 

and other terms are as previously defined. 

For box 3, the concepts involved in accounting for the quantity of radionuclide j at time t are described in the word 
equation shown below: 
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p a t e  of Change of j in Box 3 at Time t] = [Production of j from Decay of 

Precursor n at Time t] 

+ [Transfer of j by Leaching from Box 2 at Time t] 

- [Removal of j from Box 3 by Decay at Time t] 

- [Removal of j from Box 3 by Pumping at Time t]. 

The basic differential equation for box 3 can be written as follows: 

where qj = activity of radionuclide j in box 3 at time t (pCi) 

C3n = activity of precursor radionuclide n in box 3 at time t (pCi) 

and other terms are as defined above. 

The summation term in each of the above equations is evaluated for only those terms for which a transition occurs 
(depending on the decay scheme for the decay chain). The rate constants for movement between compartments are 
evaluated using the same equations as defined for the drinking water scenario water-use model (see Equations [4.7] 
through [4.12]). 

The recycling of activity from the aquifer to the surface soil is defined by the first term on the right side of 
Equations (5.79) and (5.80). The pumping-rate constant, w, is evaluated for complete removal of the irrigation and 
domestic use water volume in a 1-year period. The rate constant is then the fractional removal of the total aquifer 
volume per year and is expressed as follows: 

wr = 
Fractional Removal 

Y (365%5 d )  

where 365.25 is the units conversion factor (dly). The fractional removal is the fraction of total aquifer volume that is 
removed during a year. The volume removed is that associated with irrigation water use plus domestic use; the water 
in the farm pond is not removed. The fractional removal is then evaluated as follows: 

Fractional Removal 5 
virr + Vdr 

V T ~  

where Vim = volume of water used for irrigation during a 1-year period (L) 

Vdr = volume of water used for domestic purposes during a 1-year period (L) 
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where VB = total volume of water in the aquifer for dilution of activity over a I-year period for the residential 
scenario (L). 

The total volume of water in the aquifer is used as the dilution volume in determining the annual average water 
concentration. The total water volume is taken as the greater of the infiltration water volume or the sum of the water 
volumes used for irrigation, domestic purposes, and the surface-water pond. The infiltration volume is evaluated as 
follows: 

where Vk = annual infiltration and irrigation volume through the cultivated farmland area (L) 

I = infiltration rate (m/y) 

A = area of land under cultivation (m2) 

1 0 0  = unit conversion factor ( ~ / m ~ )  

1 = time period for infiltration and irrigation (y). 

The total volume of water in the aquifer for the residential scenario is then evaluated as follows: 

VTr = greater oE VI, and Virr + Vdr + Vsw 

where V, = volume of water in surface-water pond used for growing fish during a 1-year period (L) 

and other terms are as previously defined. 

The fraction of removal water that is applied to the surface layer is evaluated from the water usage volumes for 
irrigation and domestic uses as follows: 

The soil concentration factor for radionuclide j at the beginning of the current 1-year exposure period is represented in 
terms of the residential scenario water-use model operator as follows: 

where btj = concentration factor for radionuclide j in soil at the beginning of the current 1-year exposure period 
per initial unit concentration of parent radionuclide i in soil at time of site release (pCi/g dry-weight 
soil per pCi/g dry-weight soil) 
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hl {) = residential scenario water-use model decay operator notation used to develop the concentration factor 
for radionuclide j in soil at the beginning of the current 1-year exposure period per initial unit 
concentration of parent radionuclide i in soil at time of site release (pCilg dry-weight soil per pCi/g 
dry-weight soil) 

qj = concentration array of radionuclides 0) in box k at the time of site release (pCi/g dry-weight soil) 

t = time between site release and the beginning of the current 1-year period (d). 

The normalization of the concentration factor results from setting the initial concentrations in surface soil to unit 
concentration (pCi/g of parent radionuclide). A detailed description of the water-use operator is given in Appendix B, 
Section B.7). 

'RI evaluate the water concentration factor, the total activity in the farmland soil must be determined. The initial 
inventory for the residential scenario is given per gram of soil @ox I), unlike the drinking water scenario, in which the 
initial inventory is defined as the total activity in soil. The water-use model equations involve activity independent of 
any normalization by mass. Therefore, the total activity present in the surface layer must be determined in order to 
evaluate the water concentration in the aquifer. For the &st level of screening, the total activity in the soil layer (per 
unit activity in soil, pCilg dry-weight soil) is calculated from the total mass of soil using the irrigated area, soil depth, 
and soil density as follows: 

where QT = total mass of soil in the irrigated surface-soil layer @ox 1) (g dry-weight soil) 

4 = area of land contaminated for the residential scenario (m2) 

H1 = thickness of surface-soil layer, i.e., plow depth (m) 

d, = average density of surface-soil layer (g dry-weight soi4cm3) 

lo6 = unit conversion factor (cm3/m3). 

The average water concentration factor, &., is evaluated from the time integral of radionuclide activity in the aquifer 
(box 3), S,{C&,t,J over the current year. d e  total activity in the aquifer is the product of the time integral and the 
total soil mass, QT, divided by the time period (1 year). This total activity is divided by the total water voIume to 
obtain the average water concentration during the current year. The calculation of the average water concentration 
factor is performed as follows: 

where hJ = average concentration factor for radionuclide j in ground water during a year t per initial unit wncen- 
tration of parent radionuclide i at time of site release (pCilL per pCilg dry-weight soil) 

Ckj = initial activity of chain member radionuclide j in water-use model box k per unit activity of parent 
radionuclide i at the beginning of the current year (pCi/g dry-weight soil per pCi/g dry-weight soil) 
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t,, = 1-year period of integration (d) 

S,{) = time-integral operator used to develop the residential scenario water-use model total aquifer activity 
for radionuclide j in ground water over a 1-year period per initial unit cuncentration of parent 
radionuclide i at time of site release (pCi*d/g dry-weight soil per pWg dry-weight soil) 

and other terms are as previously defined. A detailed description of the residential scenario water-use time-integral 
operator is given in Section B.7. 

5.7 Total Dose for Residential Scenario 

The annual TEDE (designated "TEDER") for the residential scenario is evaluated as the sum of the contributions 
from the six exposure pathways: 

where TEDER, is the annual TEDE for radionuclide i (mrem for a year of residential scenario) and other terms are as 
previously defined. TO obtain normalized annual TEDEs, the calculations are performed with a normalized source 
term (i.e., 1 Bq/g or 1 pCilg). The annual TEDE is evaluated for each year until a maximum is found. 

The evaluation of the annual TEDE for the residential scenario for mixtures involves calculation of the annual TEDE 
summed over all radionuclides in the inventory. The year of maximum dose is the year during which this summed dose 
is maximum. The annual TEDE for a mixture can be represented as the sum of annual TED& from individual 
radionuclides: 

TEDER, = I= TEDER, 
is1 

where TEDER, is the annual TEDE for the mixture of radionuclides, evaluated at the year in which the total is a 
maximum value (mrem for a year of residential scenario), and M is the number of radionuclides in the mixture. 

The corresponding annual TED& in units of @\I, when inventory is given in units of Bq/g, are evaluated as follows: 

TEDERis, = 270.3 TEDER, (5.95) 

where the constant 270.3 is a unit conversion factor (pSv/Bq per mremlpCi). 
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As described in the previous sections, the calculation of radiation doses for the generic screening scenarios and path- 
ways established for residual radioactive contamination in buildings and soil rely on numerous parameters and data 
values. These include radioactive decay data, basic dose conversion factors, media-specific concentration data, water- 
use model data, and data used to describe the agricultural pathways. This section explains the selection of data used in 
this study and justifies the selections made. 

6.1 Radioactive Decay Data 

Many of the models employed in the calculation of the annual lXDE require consideration of radioactive decay for 
radionuclide decay chains. The most notable decay chains include the multiple radionuclides in the neptunium, 
uranium, actinium, and thorium series. A method for handling chain decay in preparation of dose factors has been 
devised that is easy to implement in a computer program. This section describes the conventions developed for han- 
dling radioactive decay chains, the method for evaluation of decay with time, and the radioactive decay database. 

6.1.1 Conventions for Handling Radioactive Chain Decay 

The following basic conventions for handling radioactive chain progeny are defined for the calculation of annual 
TEDEs for residual radioactive materials: 

1. A single master set of radionuclides (shown in Appendix E, %ble E.l), with over 200 entries for single and multi- 
ple member decay chains, was selected by the authors for this screening model. This master set is intended to 
include the more significant radionuclides used by NRC licensees, including numerous short-lived radionuclides. 

2. All dose values generated by the scenario analysis will be normalized to unit activity of the parent radionuclide. 

3. The radiations included in the dose factor for a parent are those associated with decay of the parent, plus radia- 
tions from progeny that are always in secular equilibrium (constant ratio of activity as a function of time). For this 
study, radioactive decay chain members are assumed to be in secular equilibrium with parent radionuclides if they 
have half-lives 1) less than 9 hours and 2) less than one-tenth the listed parent half-life. Radiations from decay 
chain members that meet these criteria are included with the radiations from their parent radionuclides as implicit 
progeny in the dose factor listings. Several implicit progeny may be defined under one parent. Progeny that are 
not implicit are defined as explcit. 

The 9-hour half-life cutoff value was selected as a convenient break point. For the master listing of radionuclides 
considered in this study, there is a group of radionuclides (within decay chains) with half-lives just above 9 hours, 
but only a few with half-lives immediately below 9 hours. Use of other notation, such as the "+ I" or *+ D" found 
in the public comment draft version of this document (Kennedy and Peloquin 1990), is not necessary because the 
progeny contributions are always included (for external or intemal dose Edctors). Thus, it makes no practical sense 
to define factors without such progeny contributions. For inhaIation and ingestion dose factors, the entries 
include radiations from all radionuclides contributing to internal dose following intake of the parent (within the 
50-year dose commitment period). The inclusion of such contributions is justified by recommendations of the 
ICRP 26 (1977) and in EPA Federal Guidance Report No. 11 (Eckerman, Wolbarst, and Richardson 1988). These 
contributions are included in the inhalation and ingestion dose factors to be used for the calculations. 
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4. &r decay chains having two or more radionuclides of significant half-life that reach secular equilibrium (constant 
ratio of activity as a function of time), an entry is provided giving dose factors for the entire chain. Such decay 
chains have a long-lived parent with progeny of varying shorter half-lives. This representation is of particular 
value for radionuclides in the four actinide decay series (the neptunium, uranium, actinium, and thorium series). 
The radionuclide notation includes a "+C to indicate that all progeny in the chain are included in the dose fac- 
tors. Entries are included for a decay chain member with a "+Cw representation when all progeny of the chain 
have half-lives less than one-tenth the half-life of the listed member. 

These conventions are sufficient to define a useful and consistent method of handling radioactive decay chains for use 
in development of dose factors for both internal and external exposures. It should be noted, with respect to internal 
dose factors, that the users of the tabulated dose factors need only be concerned about the radionuclide inventory 
present at the time of site release; the contributions from progeny radionuclides after intake (inhalation or ingestion) 
are automatically included in the evaluation of the annual TEDE. 

6.1.2 Decay Chain Data 

The radioactive decay chain database contains decay data for the master list of radionuclides defined for this report. 
The decay chain representations in the database are taken from ICRP Publication 38 (ICRP 1983). The database eon- 
tains a data set for each radionuclide or chain, except natural thorium and natural uranium, for which dose factors are 
calculated from entries for the radionuclides in the decay chain. For single-member chains (i.e., no progeny), the data 
set contains the radionuclide name, decay half-life, and atomic number. Decay chains having progeny also contain list- 
ings for each chain member, including the radionuclide name, decay half-life (explicit members only), atomic number, 
and branching information. A complete tabulation of radioactive decay chain data contained in the database is pre- 
sented in Appendix E, Bble E.1. The tables in Appendix E were generated from computer-readable electronic files 
anticipating their direct use in the user-friendly software implementing the scenariolpathway analysis for residual 
radioactive contamination. 

The entries in the radioactive decay chain database in Bble E.l are organized by increasing atomic number and by 
decay chain. Within each decay chain, members follow according to their decay sequence. The treatment of progeny 
radionuclides as implicit or explicit is indicated in Bble E.l by the presence of a value for the radioactive half-life. 
Implicit radionuclides have no value for the radioactive half-life, while explicit radionuclides have the half-life listed. 
The table also includes a chain member position index, with the parent always having position 1. The position indices 
are used to indicate the decay sequence, which is necessary when branching occurs. Implicit radionuclides have no 
chain member position index because they are not included in the decay calculations performed by the decay processor. 

As an example of definition of implicit and explicit radionuclides, consider the entry for 232~. The % chain has 
three explicit progeny: 2%, ' % ~ a ,  and 212~b. The data set for 2 3 2 ~  contains data for all four radionuclides as 
e licit chain members. Another data set is included with 2% as the parent with two explicit pro eny, 2 2 4 ~ a  and 

2 5  "Pb. A third data set is included with 2 U ~ a  as the parent with one explicit progeny, '12pb. The Ra data set also 
has two implicit progeny, 2% and '16po. Note that no half-life values are given for the two implicit progeny. The 
212~b data set has three implicit progeny: 212~i, 212~o, and 208TI. Note that implicit progeny are listed only once in 
the database and are listed under the explicit radionuclide that is their immediate precursor. This method for 
definition of decay chain data involves some duplication of information but greatly simplifies input and usage of the 
decay data in the calculations performed. It permits direct consideration of a complete or partial decay chain. 

The branching informarion listed in Appendix E defines the sequence and fraction of parent decays that result in the 
production of each chain member. The branching fractions defined for each member indicate the source of production 
of the chain member. This convention is the opposite of the usual method of defining the fractions for the parent and 
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an indication of the radionuclides produced by the parent decay. A chain member may be produced by one or two pre- 
cursor chain members. The decay chain database in Appendix E contains the following information: 

index of the first precursor (if any) for the chain member 

fraction of first precursor decays that result in production of the chain member 

index of the second precursor (if any) for the chain member 

fraction of secand precursor decays that result in production of the chain member. 

The decay fractions for implicit progeny represent the total fraction of explicit precursor decays that result in produc- 
tion of the implicit progeny. The atomic number as provided in the radioactive decay database is used as a cross- 
reference index with other element-specific data. 

6.2 Dosimetry Database 

For purposes of the generic screening analysis for evaluating the annual TEDE for the building and soil scenarios, a 
standardized database of external dose rate conversion factors and internal CEDE factors is required. These conver- 
sion factors are obtained from existing Federal Guidance published by the EPA, implementing the recommendations 
of the ICRI? A complete listing of these factors is provided in Appendix E (Thble E.2). Ingestion organ dose equiva- 
lents, used to determine the organ with the highest dose in the drinking water scenario (as described in Section 4), are 
given in Bbles E.3 through ~.5.(') The following sections discuss the literature sources for the external dose rate 
conversion factors and the internal CEDE rate conversion factors, and additional details on their selection and use. 

6.2.1 External Dose Rate Conversion Factors 

The external dose rate conversions used in this study were obtained directly from the EPA Federal Guidance report 
No. 12 developed by Oak Ridge National Laboratory (ORNL) (Eckerman and Ryman 1992). These factors provide 
the external effective dose equivalent by summing the product of individual organ doses and organ weighting factors 
over the body organs. These factors are consistent with ICRP 26 (1977) guidance; however, they are inconsistent with 
the concept of deep dose equivalent, as defined by the NRC (see Appendix F, "Glossaryn). For purposes of this generic 
study, the EPA factors are judged to be an adequate representation of the external dose because skin is not considered 
as one of the organs. f i r  most radionuclides, the numerical difference between the effective dose equivalent evaluated 
withaut skin and the deep dose equivalent will be a few percent. If skin were included, the difference would likely be 
greater for radionuclides with low photon energies. The external dose rate conversion factors from the EPA are used 
to determine factors for the three source conditions used for this study: 1) infinite surface (thin-layer) contamination 
(for surface sources in the building occupancy scenario), 2) volume contamination in a 15-cm-thick slab source (for 
thin volume sources used in the building renovation scenario), and 3) volume contamination in a 15-an-thick slab 
source (for surface-soil sources used in the residential scenario). A iisting of the external dose conversion factors for 
exposure to surface and volume sources is provided in Bble E.2 for the radionuclides considered in this study. These 
factors are in units of 

Svld per ~ ~ / m ~  for external exposure to surface sources and 

(1) Please refer to the text of Appendix E for a description of the structure of these dose factor tables. 

6.3 NUREGICR-55 12 
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SvJd per I3q/m3 for external exposure to volume sources., 

As described in Sections 2 and 5, the dose rate conversion factors need to generically account for different conditions. 
For the building scenarios, a variety of contamination conditions could exist, including inhomogeneous distributions of 
residual radioactivity on building walls, ceilings, and floors, and surface or volume sources. As described in Appendix 
A of the 1990 revim draft of this document (Kennedy and Peloquin 1990), sensitivity studies were conducted to deter- 
mine the best geometries for use in a generic analysis. A sensitivity study was conducted with an arrangement of sur- 
face (disk) sources contaminated with ''Co and using the ISOSHLD computer program (Engel, Greenborg, and 
Hendrickson 1%) to model potential external doses in a room. The room was assumed to  have a fixed distance 3 m 
from ceiling to floor, with variable fioor and ceiling areas to represent different room volumes. The dose location was 
assumed to be the center of the room. Figure 6.1 illustrates the potential effect of uniform and nonuniform distribu- 
tions on the relative external dose rate within a room, as a function of room size (volume). For further comparison, 
the figure contains a line that represents the dose rate from an infinite flat plane source, The room surface results for 
a uniform distribution of surface contamination are based on the assumption that the same contamination level exists 
on all interior building surfaces (walls, floor, and ceiling). The nonuniform distribution results are intended to 
represent a perhaps more common situation, where the floors are more contaminated than the walls or ceiling. The 
nonuniform distribution results are based on walls and a ceiling that have contamination levels 50% and lo%, respec- 
tively, of the contamination level on the floor. The results show that the uniform distribution dose rates are about 
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Figure 6.1 Relative external dose rate for uniform and nonunifom source distributions on interior 
surfaces of a room as a function of room volume 
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twice the dose rates from the nonuniformly distributed sources. The reason is that the contribution from the ceiling 
has the effect of doubling the dose rate from the floor when contamination is uniformly distributed. The contributions 
from the walls are minimal for medium-to-large rooms. (They are farther away from the receptor than the floor or 
ceiling, and thus have little contribution to the total dose.) 

The results shown in Figure 6.1 indicate that external dose rate results for the infinite flat plane (with a uniform distri- 
bution of radioactive contamination) provide a good approximation of the external dose rate for rooms with non- 
uniform distributions of contamination levels. For reference, the two results are about equal for rooms with a volume 
of about 200 m3 (a floor area of 8 x 8 m with a ceiling height of 3 m). For smaller rooms, such as most offices, the infi- 
nite flat plane result provides a conservative estimate of the potential dose rates when nonuniform contamination con- 
ditions are present. Fbr this reason, extemal doses are estimated using an infinite plane source for the building occu- 
pancy scenario and an infinite slab source with a thickness of 15 cm for the building renovation scenario. These 
geometries are assumed to provide a prudently conservative basis for estimating external radiation doses inside con- 
taminated rooms. 

For the building renovation scenario, special consideration was given to the selection of a prudently conservative 
external exposure volume source configuration. With the exception of sources resulting from neutron activation, most 
volume activity in buildings will be limited to small areas (hot spots) or rather shallow sources (i.e., liquid spills 
absorbed into wall or  floor surfaces). For the case of neutron activation, volume sources could extend deep into the 
volume of a building structure; however, these volume sources will likely be identified and removed during decontam- 
ination. The construction of most building walls and floors will likely range from thicknesses of about 10 to 30 cm. 
The thickness of building structural materials will place a limit on the potential thickness for volume sources. As a 
prudently conservative assumption, building surfaces are assumed to be represented by slab sources, of infinite extent, 
with a thickness of 15 cm. For external exposure calculations, this thickness will approximate an infinite thickness for 
alpha-emitters, beta-emitters, and x-ray or low-energy photon-emitters. For high-energy photon-emitters, a source 
thickness of 15 cm represents 85% of the dose rate from an infinite source as described by the sensitivity analysis for 
soils that follows. For contaminated soil, a sensitivity study was conducted to determine the best source geometry for 
estimating radiation doses in the residential scenario. Appendix A of the January 1990 comment draft (Kennedy and 
Peloquin 1990) report shows the external dose rates as a function of various source geometries and source areas. 
Figure 6.2 in this report illustrates relative external dose rates for "CO for five source thicknesses: 1,15, and 50 cm 
and 1 and 2 meters for effective source areas between 10 and 10,000 m2. The units used in the sensitivity study have 
been normalized to a unit activity per unit mass, and the relative dose rates are shown, As can be expected, the relative 
external dose rate increases as a function of source area and thickness because of an increase of the total activity 
present. This increase occurs over a range until an approximation to an infinite source area and thickness is reached 
(at a surface area of about 1,000 m2 and a source thickness of about 0.5 m, as shown in Figure 6.2). It should be noted 
that the effect of increasing source thickness and area will also be a function of the photon ener associated with the 

GP' radionuclides in the residual contamination. However, it should also be noted that the use of Co in the sensitivity 
study, with two high-energy gammas, provides a prudently conservative basis for understanding the change in relative 
external dose rate as a function of source area and thickness. 

As shown in Figure 6.2, the difference in the estimated external dose rate for source thicknesses of 15 cm and 1 m is 
about 15% over all source areas. It should be noted that the 15-cm solution can be assumed to represent sources thin- 
ner than 15-m if part of the scenario considers plowing the land. Plowing is assumed to create a homogeneous 
volume source, 15-cm thick. 

For this generic analysis, external doses from contaminated soil are modeled with a single source representation: a 
slab source, 15-cm thick, and of infinite extent. As described by the EPA (Eckerman and Ryman 1992), the volume 
source geometry used to calcuiate the external dose rate conversion factors is a slab source of infinite extent (a distance 
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Figure 6.2 Relative external dose rate as a function of soil source area and thickness for @CO 

of four mean free paths for each photon energy group). This geometry represents a prudently conservative 
approximation and is consistent with the soil thickness assumed for the plow layer in the agricultural pathway analysis. 

The intent of th& study is to produce screening values that should adequately bound most situations. When more 
complex situations arise, such as the presence of inhomogeneous, buried sources in soil, site-specific modeling or the 
use of external exposure measurements may better describe the situation and should be used instead of the simple 
model representations provided here. 

6.2.2 Inhalation and Ingestion Dose Conversion Factors 

For inhalation and ingestion of radioactive materials, unit CEDE conversion factors are obtained from EPA Federal 
Guidance Report No. 11 (Eckeman, Wolbarst, and Richardson 1988). This Federal Guidance Report supersedes pre- 
vious Federal Radiation Council (FRC) guidance and, in addition to listing CEDE conversion factors per unit intake, 
it presents values for derived annual limits on intake (ALIs) and derived air concentrations (DACs). The unit CEDE 
conversion factors for inhalation and ingestion from the EPA references are included in Bble E.2 in Appendix E for 
the radionuclides considered in this study. These factors are in units of SvBq inhaled or ingested. Ingestion organ 
dose equivalents for the drinking water scenario are listed in Zibles E.3 through E.5. These internal dose conversion 
factors are based on the recommendations of the ICRP in Publication 30 (1979-1988). For plutonium and related ele- 
ments, the factors include the revised ICRP recommendations concerning metabolic data found in Publication 48 
(1986). The dose conversion factors in EPA Federal Guidance Report No. 11 are intended for general use in assessing 
average individual committed doses in any population that can be characterized by Reference Man, as described by the 
ICRP (1975). 



Parameter and Data Values 

6.23 Dose and Dose Rate Factor Working Units 

The dose and dose rate factors provided in the dosimetric files by the EPA are presented in units different from those 
needed for the scenario analyses. Conversion of the factors to the desired units, consistent with the units described in 
Sections 3,4, and 5, is performed using unit conversion factors presented in this section. 

Estimates of external doses from exposure to direct penetrating radiation require the use of dose rate conversion fac- 
tors that are given in units of mrem/h per pCi/g (and (iSv/h per Bqlg) for soil or volume contamination in a building, or 
mremlh per dpm/100 cm2 (and @v/h per Bq/100 cm2) for surface contamination in a building. %ble 6.1 lists the unit 
conversion factors used to convert the basic dose rate factors in the EPA data files p b l e  E.2) to the desired units for 
this study. 

Bble 6.1 Unit conversion factors for externai dose 

Units of EPA 
database parameter Multiply by To obtain value in units 

- 

Svld per ~ ~ l m ~  6.944E-t-03 mrem/h per dpm/100 cm2 

Sv/d per ~ ~ l r n ~  4.167E+06 pSv/h per Bq1100 cm2 

Sv/d per ~ q / m ~  2505E-t-08 mrem/h per pCilg 

Svld per ~ ~ / m ~  6.771E+ 10 (iSv/h per Bq/g 

The conversion factors of a b l e  6.1 are determined as follows: 

(100) 100 cm2 1 ~q 1 dps  16 mrem - 1  m2 ) d m )  [ Sv I(&) (6.1) 

["v 1; "'1 
[q2] 
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1.625E+6 g 0.037 Bq 16 mrern 
= [  m3 ](  p i  ) [  SV )(&I 

The inhalation CEDE conversion factors for exposure to contaminated air are provided in units of mrem per pCi 
inhaled (and pSv per Bq inhaled). 

Bble 6.2 lists unit conversion factors used to convert the basic dose rate factors in the EPA data file to the desired 
units for this study. 

lgble 6.2 Unit conversion factors for inhalation dose 
factors 

Units of EPA 
database To obtain 
parameter Multiply by value in units 

Sv per Bq 3.700E-l-03 mrem per pCi inhaled 

Sv per Bq 1.000E+06 pSv per Bq inhaled 

- 

The conversion factors of Bble 6.2 are determined as follows: 

16 mrem 0.037 ~q 

= [  s v  ][ p c i  1 

Ingestion of radionuclides can occur through several pathways, including ingestion of agricultural crops, ingestion of 
drinking water, and secondary ingestion of removable contamination in buildings. Secondary ingestion occurs when 
removable radioactive contamination found on facility surfaces is transferred from a surface to hands, foodstuffs, ciga- 
rettes, or other items that enter the mouth. Doses for ingestion pathways are estimated using ingestion CEDE conver- 
sion factors obtained from EPA Federal Guidance Report No. 11 (Eckerman, Wolbarst, and Richardson 1988), shown 
in %ble E.2. These dose conversion factors are converted to units of mrem per pCi and pSv per Bq ingested, using 
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unit conversion factors given in 'Itible 6.3. These unit conversion factors are used for the organ-specific dose factors 
(for the drinking water scenario), as well as for the CEDE factors. 

Bble 6.3 Unit conversion factors for ingestion dose 
factors 

Units of starting 
database To obtain 

parameter Multiply by value in units 

Sv per Bq 3.700E+03 mrem per pCi ingested 

Sv per Bq 1.000E+06 pSv per Bq ingested 

The conversion factors of Bble 6.3 are determined in the same manner as described above in Equations (6.5) and (6.6) 
for the conversion factors of Table 6.2. 

6.2.4 Dose Factors for Decay Chains 

The basic internal and external dose factors used to calculate the annual TEDEs are taken directly from the dose factor 
files provided by ORNL. However, special consideration has been given to radioactive decay chains having short-lived 
progeny following a parent, or for cases in which equilibrium of progeny is assumed, as described in Section 6.1.1. 

Radiations from short-lived progeny are assigned to the parent radionuclide immediately preceding the short-lived 
radionuclide. When short-lived progeny contributions are included, the dose factor for the parent is evaluated using 
the following expression: 

where DFC, = combined dose factor (internal or external) for the parent radionuclide i, in appropriate units for the 
dose factor type 

DF, = dose factor for the parent radionuclide as taken from the database, in appropriate units for the dose 
factor type 

Nd = number of short-lived progeny for which contributions are to be included with the parent 
radionudide dose factors, as defined by criteria of Section 6.1.1 

j = index of short-lived progeny to be included 

DFj = dose factor for the short-lived radionuclide j, as taken from the database, in appropriate units for the 
dose factor type 

Fj = the fraction of parent transitions that result in production of short-lived radionuclide j. 
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The progeny transition fractions, Fj, are provided in column 2 of Bbles E.2 through E.5. 

6.3 Media-Specific Considerations for Exposure Scenarios 

The annual TED& produced by the scenario analysis are based on the dose rate and CEDE conversion factors 
described in Section 6.1 and pathway-specific assumptions and parameters, including exposure durations, quantities 
inhaled or ingested, and media concentrations. Thjs section describes the media-specific considerations used to pro- 
duce concentrations and doses for inhalation, secondary ingestion, ingestion of agricultural foods, and ingestion or 
agricultural use of ground water. 

63.1 Air Concentrations for Inhalation 

Evaluation of CEDE for inhalation is performed using equations of the following general form: 

[CEDE for Inhalation] = [Exposure Duration for Scenario] 

x [Volumetric Breathing Rate] 

x [Airborne Dust -Loading] 

x [Inhalation Dose Factor] 

x [Mean Activity Level]. 

The concentration of respirable dust in the air will vary depending upon a variety of factors, including the physical con- 
dition (such as the particle size) of the material being handled, the quantity of the material present, and the building 
ventilation or wind conditions. For this study, concentrations of respirable dust in the air are estimated using mass- 
loading factors and resuspension factors. 

Perhaps the simplest method of estimating air concentrations is to use mass-loading factors. For this method, the 
average air concentration is defined in terms of @m3 of air. This concentration is converted to units of activity using 
the concentration of the source material. Although dust-loading in itself is not a topic that is widely studied or 
reported in the literature, topics related to dust-loading are reported, including concentrations of particles, aerosok, 
and total suspended particulates (TSP). The field of air pollution has the greatest amount of relevant literature, 
including representative entries in several leading reference books (MaGill, Holden, and Ackley 1956; Stem 1%; US. 
Department of Health, Education, and Welfare [HEW] 1969; Lillie 1970; and Hinton et al., 1986). In addition, health 
hazard evaluation reports listed in theEnersy Research Abstracfs sometimes contain data for indoor or outdoor con- 
centrations of particles for specific industrial settings. Additional information can be found in the Air Pollution 
ControI Association Joumf for specific situations. 

For indoor dust, 29 CF33 1910.1000 (1990) provides the regulatory limits authorired by the Occupational Safety and 
Health Administration (OSHA), Department of Labor. The 8-hour time-weighted-average ( W A )  value allowed for 
dust ranges from 5 to 15 mg/m3. The value for total dust is 15 mg/m3, but is reduced to 10 mg/m3 for certain com- 
pounds. The respirable fraction of dust is regulated at 5 mg/m3. Other dusts have specific concentration limits based 
on their harmful characteristics. Cadmium and crystalline quartz silica are the most restrictive, with limits of 0.02 and 
0.05 mg/m3. Other dusts have limits up to 5 mg/m3. The American Conference of Governmental Industrial Hygienists 
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(ACGIH 1987) recommends threshold limit values ('KVs) of 10 mg/m3 of total dust. This limit is for a "normal 
workday" and does not apply for short periods of exposure to high concentrations. 

For this analysis, the radioactive concentrations in indoor air for the building renovation and residential scenarios 
have been assumed to be lo4 and 5 x 10-~g/m~, respectively. This range is a fraction of the maximum total dust limits, 
representing longer-term average concentrations and accounting for airborne dust from nonradioactive sources. This 
range provides a prudently conservative estimate of actual radioactive dust-loadings in the workplace or household, 
and serves as an adequate basis for the first-level generic screening analysis. 

For outdoor air concentrations, a number of referen- provide information for a wide variety of situations. In Air Pol- 
lution, VuL I (Stern 1%8), measurements from the National Air Sampling Network for urban stations are summarized 
for the period 1957-1%3. Chemical analysis for suspended particles (soot and ash) of 14,494 urban and 3,114 non- 
urban samples in the United States yielded a geometric mean of 98 pghn3, with a maximum of 1706 pg/m3. Informa- 
tion in Air Quality C&& for Particulate Matter (HEW 1%9) indicated that 

... average suspended particle mass concentrations range from about 10 pg/m3 in remote nonurban areas to 
about 60 pg/m3 near urban locations. In urban areas, averages range from 60 pg/m3 to 220 pg/m3, depending 
on the size of the city and its industrial activity. 

The Air Pollution Handbook (MaGill, Holden, and Ackley 1956) reported that suspended particles in the atmosphere 
of a number of communities in the United States can range from 100 pg/m3 to 1000 or 2000 pg/m3. The London smog 
disaster of December 1952 had concentrations of soot and ash particles that were more than 4000 pg/m3 for 6 days with 
a reported 4000-fold increase over the normal death rate during that period. 

Measurements of suspended dust were made at the Bikini Atoll in an effort to determine potential inhalation expo- 
sures from plutonium-contaminated soil (Shinn, Homan, and Robinson 1989). Background dust concentrations of 
21 pg/m3 and sea spray concentrations of 34 pgim3 were measured. The highest suspended dust concentrations 
measured were for tilling a bare field and were 136 Irg/m3. 

Upper and lower limits of airborne-soil mass-loadings as a function of particle size were estimated for the Hanford Site 
near Richland, Wshington (Sehmel1975; 1977a; 1984). The volume distributions were for wind erosion, without 
mechanical disturbance, for a semi-arid climate. For particle sizes less than 10 pm, the upper limit for mass-loading 
was estimated to be about 700 pg/m3. For panicle diameters, larger than 10 pm, the upper limit for mass-loading was 
232,000 pg/m3. The effect of mechanical disturbances is to create somewhat higher localized air concentrations than 
for wind erosion alone. For comparison, relatively clean air has a dust-loading of about 20 pg/m3 (Sehmel1977b); a 
dust-loading of 110,000 pg/m3 is barely tolerable for breathing (Stewart 1%4); and the dust concentration measured in 
a dust devil (whirlwind) is approximately 5 g/m3 (Sinclair 1976). 

Previous efforts have been made to determine a long-term average dust-loading for purposes of radiation dose assess- 
ment. A 1973 study assessed the potential environmental impacts of the interim storage of commercial high-level 
wastes in a retrievable surface storage (Soldat et al. 1973). This high-level waste assessment used an average atmo- 
spheric dust-badin of 100 irglm3 as being a typical annual average dust-loading. In 1975, Anspaugh et al. suggested 5 the use of 100 pglm for predictive purposes. This value was partly based on measurements for 30 nonurban locations 
with arithmetic averages from 9 to 70 &m3 (Anspaugh et al. 1975). 

For the residential scenario, long-term average outdoor dust-loadings are assumed to be 1 x 10"' glm3 (100 pg/m3), 
consistent with the value selected by previous studies. Short-term gardening activities are likely to produce localized, 
elevated dust-loadings. ?h account for this possibility, the dust-loading for gardening is assumed to be 5 x 10"' g/m3 
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(500 pg/m3). These dust-loadings are within the ranges established from literature sources and should result in a 
prudently collsemtive first-level generic screening analysis. 

h r  the building occupancy scenario and indoor exposure to house dust in the residential scenario, the resuspension 
factor method is used. For this method, the average airborne concentration is a function of a resuspension factor and 
the surface contamination level, as foilows: 

where c = average airborne concentration (pci/m3 or 13q/m3) 

Sf = resuspension factor (m-l) 

S ,  = activity per unit area (pci/m2 or ~ ~ / m ~ ) .  

The typical ranges for reported resuspension factors, as shown in Bble 6.4 is from about 10-l1 to 10"' me'. 

iR, apply a resuspension factor analysis, there must be a reasonably uniform level of removable surface contamination, 
as would be found for soil contamination conditions. The IAEA suggested an indoor resuspension factor of 5 x lo-' 
m-' (IAEA 1970). This factor was intended to apply to operating nuclear facilities. Inside buildings after decontam- 
ination operations, it is unlikely that significant removable surface contamination would be present. This value is 
within the range of resuspension factors cited by Sehmel(1980) for activities conducted within rooms. For the build- 
ing occupancy scenario of this study, a lower value of lod is used because surfaces are assumed to be cleaned of easily 
removable contamination at the time of license termination. This value provides a prudently conservative basis for the 
generic analysis of the buildin occupancy scenario. For the residential scenario, the IAEA-suggested indoor resus- 9 -1 pension factor value of 5 x 10- m is used because the airborne material is largely soil tracked into the house. 

For this analysis, the inhalation CEDES are calculated using an assumed particle size distribution of 1-pm average 
median aerodynamic diameter (AMAD). A listing of the assumed inhalation classes that were selected to provide a 
prudently conservative estimate of the potential inhalation dose, as calculated using the ICRP lung model, is shown in 
%ble E.6 of Appendix E. In most cases, the inhalation class selection will maximize the potential inhalation dose. 
For plutonium, the inhalation class selection represents the most common chemical form that wil l  likely be 
encountered in environmental situations. 

Local annual averaged dust-loadings may be higher or lower than the values assumed in this study, depending on soil - 
and wind conditions. 

63.2 Secondary Ingestion Rates 

Ingestion of removable surface contamination inside buildings after transfer to hands, foods, or other items entering 
the mouth is referred to as secondary ingestion. This pathway can be of importance for beta-emitters and is included 
in the building renovation and building occupancy scenarios to provide a balanced set of pathwajs for evaluation. The 
ingestion CEDE conversion factors are used to evaluate secondary ingestion in the scenario analysis. The secondary 
ingestion doses for building renovation and building occupancy are described in Section 3. The equations for 
secondary ingestion are of the general form of Equation (6.10): 



Parameter and Data Values 

%ble 6.4 Reported resuspension information 

Condition, authar, and Resuspension factor range 
reference (m-l) Comments 

Wind Stress 

Stewart (1964) 

Stewart (1964) 

Stewart (1964) 

Anspaugh et at. (1974) 

Shim, Homan, and Hofmann 
(19%) 
Garland and Pattenden (1990) 

Garland and Pattenden (1990) 

Vegetation 

Healy and Fuquay (1959) 

Stewart (1964) 

Mechanical Disturbances 

Stewart (1964) 

Sehmel(1974) 

Sehmel(1977a) 

Sehmel(1980) 

Indoor Buildin~s 

=A (1970) 

Sehmel(1980) 

Bare soil, 9 1 ~  aqueous chloride. 

21% as oxide. 

u30,. 

Time-dependent model for 
plutonium in soil. 

Literature review. 

Nevada Es t  Site, plutonium aerosols. 

Nuclear weapon test debris: 
13 years after deposition 
22 years after deposition. 

Chernobyl 1 3 7 ~  deposition: initial 
factor, reduce by 0.23 to 0.64 within the 
first year. 

Fluorescent powder. 

u30,. 

Plutonium. 

ZnS, per disturbance. 

ZnS, per disturbance. 

Literature review. 

Surface contamination. 

Walking. 
Vigorous sweeping. 
Fan. 
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[CEDE for Ingestion] = lExposure Duration for Scenario] 

x [Effective Transfer Rate for Ingestion] 

x [Ingestion Dose Factor] 

x mean Volume Activity]. 

'Ib estimate the secondary ingestion effective transfer rate, a literature survey was conducted. Previous dose evalua- 
tions for ingestion of loose surface contamination have been directed toward chronic occupational exposure situations 
(Dunster 1%2; Gibson and Wrixon 1979; Healy 1971; Kennedy et al. 1981). Additional studies have been conducted 
in estimating the quantities of lead contamination that could be ingested by different age groups (Sayre et al. 1974; 
Lepow et al. 1975; Walter, Yankel, and Von Lindern 1980, Gallacher et al. 1984, LaGoy 1987). A summary of the ref- 
erenced surface contamination ingestion data is given in Bble 6.5. A review of previous work on secondary ingestion 
pathways indicates that no quantitative data for radioactive materials are available. Because of this lack of data, 
previous dose estimates for secondary ingestion have relied on assumed effective transfer rates. Quantitative data for 
ingestion of lead by children indicate that they may ingest 11 to 50 mg of lead from hand surfaces with a frequency of 
up to 10 times per day (Sayre et al. 1974; Lepow et al. 1975; Walter, Yankel, and Von Lindem 1980; Gallacher et al. 
19M, LaGoy 1987). The total quantity ingested per day by children may range upward from about 0.1 g. 

For our analysis, adult workers are assumed to ingest less removable contamination than children, and renovation 
workers are assumed to ingest at a higher rate than workers who have routine occupancy. Ib estimate the potential 
radiation doses resulting from secondary ingestion, adult renovation workers are assumed to ingest 10 mg of loose sur- 
face contamination per hour of exposure. Workers during routine building occupancy are assumed to ingest surface 
loose contamination at a lesser rate because of the general reduction of removable surface contamination in the build- 
ing. The assumed secondary ingestion effective transfer rate for building occupancy is the loose surface contamination 
associated with an area of lo4 m2 per hour of exposure. These assumed values are within the range of values reported 
in the literature for secondary ingestion. In general, the most soluble form of each element was assumed to maximize 
the calculated ingestion dose, as shown by the assumed fi values in Bble E.6 of Appendix E. These assumptions 
should form a conservative basis for the first-level generic screening analysis. 

Evaluation of the dose from ingestion of soil for the residential scenario requires an estimate of the average daily 
intake of soil by an individual. Considerable uncertainty (and variability) exists in estimating values for soil intake. 
Also, most experiments designed to estimate effective transfer rates for soil ingestion have been directed toward 
children. Early estimates of soil ingestion rates were based largely on observations of mouthing behavior and measure- 
ments of soil on hands (LaGoy 1987). Calabrese and Stanek (1991) have recently reviewed and reported on attempts * 

to estimate soil ingestion rates experimentally by measuring tracer metal concentrations in soil and feces. Bble 6.6 
lists effective transfer rates for soil ingestion reported in literature cited by CalAbrese and Stanek (1991), plus other 
studies as identified in the table. 

Calabrese and Stanek (1991) reviewed four major studies of soil ingestion rates (Binder, Sokal, and Maughan [1986], 
Calabrese et al. [lY89], Davis et al. [ l w ] ,  and Van Wijnen, Clausing, and Brunekreef [I-). They concluded, based 
on an evaluation of experimental design and statisticf related to tracer detection, that the quantitative results of the 
Binder and Van Wijnen studies were questionable. The other two studies were concluded to be of value and indicate 
that soil intake by children is generally less than 100 mgld (except for children who exhibit unusual soil ingestion 
habits). 
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Bble 65 Referenced surface-contamination ingestion data 

Reported 
ingestion rate 

Author and reference or other value Comments 

Dunster (1962) m2/d Chronic ingestion of MPC, values of 2 2 6 ~ a ,  m ~ r ,  and "%b to 
derive permissible levels of skin contamination. 

Gibson and Wrixon (1979) lo3 m2/d Chronic ingestion. No data available to improve Dunster's model 
(MPC, analysis). 

Healy (1971) m2/h Chronic ingestion during 8 h for workers, 24 h for members of the 
public. These are arbitrary assumptions in an effort to account for 
presumed higher intake by children--2.4 E-3 m2/d. 

Kennedy et al. (1981) lo4 m2/h Chronic ingestion of removable surface contamination on 
transportation containers. Dose estimates for both workers and 
members of the public (2000 Ny exposure). 

Sayre et al. (1974) 0.018 m2 of Dirt-hand-mouth ingestion route by children for intake of lead 
dust on hands dust. Measurement of the amount of lead dust on children's hands 
(children) compared with the level present on surfaces in a house. 

Lepow et al. (1975) 0.1 g/d "Hands-in-mouth" exposure route is the principal cause of excessive 
(children) lead ingestion. Mean measured weight on children's hands was 

11 mg. Assuming a mouthing frequency of 10 times/d for small 
children yields an estimate of 0.1 g of dirt ingestedld. 

Walter, Yankel, and Von Age-dependent Secondary risk factors for lead ingestion were found to be age- 
Lindern (1980) dependent. Household dustiness is a factor for ages 2 years and 

under; soil lead is a factor for ages 2 to 7 years. 

Gallacher et al. (1984) to 3 x 10" Data comparing environmental and hand contamination of lead on 
m2fh (children) children's hands was equivalent by 20 to 50 mg. This level was 

estimated to equal about 1 E-3 to 3 E-3 m2 at the level present in 
outdoor areas. 

The 1990 study by Calabrese et al. is the only reported study in which adult soil intake rates were measured (mean 
intake range was 5-77 mgld depending on the tracer used in the evaluation). Based largely on this study and the belief 
that the adult soil ingestion rate would be less than that for small children (the age examined by most other studies), a 
soil ingestion rate of 50 mg/d (0.05 gld) was selected as a reasonably conservative value for the residential scenario. 
This parameter selection should provide a prudently conservative basis for the first-Ievel generic screening analysis. 



Parameter and Data Values 

Bible 6.6 Referenced secondary soil ingestion rates 

Reported ingestion rate 
Author and reference (mad) Age Comments 

National Academy of Science (1980) day20 Adult Suggested value for adults (estimated). 

Lepow et al. (1975) Child Estimated from mouthing and measurements 
of soil on hands. 

66 Adult Estimated values. 
30- 160 Child Estimated values. 

Binder, Sokal, and Maughan (1986) 130 Child Arithmetic mean using tracers (A1 and Si). 

Calabrese et al. (1989) 

Davis et al. (1990) 

Child Median measured values using tracers (Al, Si, 
and Y) with food ingestion taken into 
account. 

39-82 Child Mean measured values using tracers (Al and 
Si). 

Calabrese et al. (1990) 5-77 Adult Mean measured values using tracers (Al, Si, 
Y, and Zr) with food ingestion taken into 
account. 

Van Wijnen, Clausing, and 0-90 Child Geometric mean values using tracers (Al, Ti, 
Brunekreef (1990) and acid-insoluble residue) for children in 

daycare centers. 

Van Wijnen, Clausing, and 30-200 Child Geometric mean values using tracers (Al, Ti, 
Brunekreef (1990) and acid-insoluble residue) for children in 

campgrounds. 

EPA (1991) 

EPA (1991) 

200 Child Values selected for use in exposure analyses 
100 Adult for individuals in an agricultural setting. 

Adult Value selected for use in exposure analyses for 
individuals in an industrial setting. 

6.4 Water-Use Model Data 

This section discusses the parameter values selected for implementation of the three-box water-use model for the 
drinking water and residential scenarios. 
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Selection of 0.18 rn/y as the infiltration rate determined for humid areas should provide a bounding assumption 
because many sites are located in areas of lower annual rainfall. This value was obtained from the waste management 
literature (Onunali et al. 1981), and the same value is used for both scenarios. The application of irrigation water is 
relevant to arid areas and is necessary to supplement a lack of precipitation. The total infiltration for such areas is 
therefore expected to be approximately the same as for humid areas that do not involve irrigation. Also, selection of 
0.3 as the porosi of the soil is intended to provide a baunding analysis. The irrigation rate is set to 76 cm/y (about 30 
in.&) or 2.08 U3.d.  This is a representative value sufficient to produce most crops. 

The partition coefficients are used to develop the leach-rate constants between the surface-soil layer, the unsaturated- 
soil layer, and the aquifer. Sheppard and Thibault (1990) have suggested values for solidiliquid partition coefficients 
for several elements and for four types of soil: sand, loam, clay, and organic. Sand soil was characterized as mineral 
soils with ~ 7 0 %  sand-sized particles. Clay soil was characterized as mineral soils with >35% clay-sized panicles. 
Loam soils had approximately even distributions of sand-, clay-, and silt-sized particles, or consisted of up to 80% silt- 
sized particles. Soils with ~ 3 0 %  organic matter were classified as organic soils and were either peat or muck soils, or 
the litter horizon of mineral soils. A set of partition coefficients was presented in Sheppard and Thibault (1990), based 
on either experimental values from the literature or derived from soil-to-plant concentration ratio data. For this study, 
experimental values are used, when available. The smallest partition coefficients (over all four types of soils) were 
selected, which represents the most mobile prediction. For the remainder of the elements, partition coefficients have 
been estimated from soil-to-plant concentration ratios as defined for leafy vegetables (essentially whole plant values), 
using the following correlation (Thibault, Sheppard, and Smith 1990) for sand soils: 

where Kdki = partition coefficient for radionuclide i in soil layer k (mLlg) 

Bi, = concentration ratio for vegetative parts of the plant v (dry-weight basis) for radionuclide i 

4 = factor for conversion of B* values from dry-weight to wet-weight basis. 

The value for k is either 1 (for the surface-soil layer) or 2 (for the unsaturated-soil layer). The Bi, values were taken 
from the transfer factor database described in Section 6.5. It should be noted that the coefficient to the concentration 
ratio logarithm term (-0.56) is taken from Thibault, Sheppard, and Smith (1990) and was incorrectly printed as -0.5 in 
Sheppard and Thibault (1990).(~) 

The partition coefficients (Kdki) resulting from the above selection methods are listed in Bble 6.7, which was pre- 
pared from computer-readable electronic files, anticipating their direct use in user-friendly software implementing the 
scenariolpathway analysis. It should also be noted that a single value for Kdki is defined for each element to be used 
for both soil layers for the first level of screening analysis. 

The use of the simple three-box water-use model with these conservative default parameter values provides a conserva- 
tive estimate of the potential concentrations that could be present in ground-water systems from residual radioactive 
contamination in soil. 'This approach is intentionally adopted to ensure that the first-level generic screening produces 
conservative results. 

(a) Confirmed by personal communication with Dr. Marsha Sheppard by D. L Strenge on May 19, 1992. 
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lbble 6.7 Partition coefficients @did) for the water-use model 

Fmtition Pattition 
Element CwBcient  asi is* Element CwBcient Basis* 

Values for partition M ~ c i e n t s  are based on: M - Assumed to be mobile; R - Calculated from 
concentration ratios using Equation (6.11); C - Expenmental data from Sheppard, Sheppard, and Amrm (1991); or E - 
F3qxrirnental data from Sheppard and mbault (1990). 
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6.5 Agricultural Pathway Data 

Specific values used for parameters in the agricultural product equations were taken from the literature, when possi- 
ble, or developed for the specific models of this study, when necessary. The parameter values used and their sources 
are described below. 

6.5.1 Animal Feed Intake Rates 

The intake rates are all expressed as kg wet weight of plant per day during a 1-year period. For grains, the intake is 
based on the weight of the grain. The intake rates are given in Tible 6.8. 

nble  6.8 Animal feed and water intake rates 

Intake rate (kg wet weieht/d)* 
Intake media Beef Poultry Milk Eggs 

Fresh forage 27 0.13 36 0.13 
Stored hay 14 29 
Stored grain 3 0.09 2 0.09 
Water 50 0.3 60 0.3 

'~eferences cited in text. 

The feed intake rates for beef are based on a total daily intake of 12 kg (dry weight) per day (IAEA 1982), with 25% of 
this being in the form of forage, 50% as stored hay, and 25% as stored grains. The stored hay intake is based on a fresh 
plant water content of 78%, and the stored grain intake is based on a water content of 9% at harvest (Till and Meyer 
1983). The milk cow intake rates are based on a total daily intake of 16 kg (dry weight) per day (IAEA 1982), with 
SO% of this being in the form of fresh forage, 40% as stored hay, and 10% as stored grain. Both forage and hay plants 
are assumed to have a water content of 78%. For poultry, the intakes are based on a total daily dry-weight intake of 
0.11 kg (Ng, Colsher, and Thompson 1982), with 25% of this being fresh forage and 75% being stored grains. The 
fresh forage component is included because the residential situation could involve poultry allowed to range free. 

Evaluation of the wet-weight intake rates is performed using the dry-weight intake rate, the percent intake by feed 
type, and the percent water content in the feed of interest for the animal type as follows: 

(Wet-Weight Intake Rate) = 
(Dry -Weight Intake Rate) (Percent Intake) 

(100-Percent Water Content) 

The water intake requirements by beef animals is set to 50 L/d and for milk cows to 60 L/d (NRC 1977, Napier et al. 
1988). Altman and Dittmer (1974) also report that cows drink approximately 60 Lid. The water intake rate for poultry 
is set to 0.3 L/d (Napier et al. 1988). 

All of the feed and water intake rates represent total intake by the animal. For cases in which uncontaminated feed is 
used to supplement the feed produced onsite, these values may be reduced to represent only the contaminated feed 
intake. This reduction is represented in the equations of Section 5 and Appendixes C and D by the contaminated feed 
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fraction parameters: xf (fresh forage), xh (stored hay), x (stored grain), and x, (water). The default values for these 
rl 

feed fractions are set to 1.0, representing total intake belng derived from contaminated sources. 

The intake rate of soil by animals during grazing is quite variable and depends on seasonal factors and the behavior of 
specific animals. For cattle, the intake rate can vary from 1% to 18% of the dry-matter intake (data summarized by 
Thorton and Abrahams 1983), based on studies of grazing animals in Britain and New Zealand. One study reported by 
Fries (1982 and 1987), indicated that cattle in areas where grazing can occur during the entire year ingest about 6% of 
dry-matter intake as soil. Simmons, Linsley, and Jones (1979) suggest that soil can contribute 4% of the dry matter 
consumed by cows. Free-range poultry are expected to take in even more soil because of their need to supply sand to 
their gizzards. Thome (1984) suggested a value of 10% of dry-matter intake be used for poultry, although no data are 
available to support that figure. Based on the above information and the suggestions of Thome (1984), the default soil 
intake for cattle @eef and milk cows) is set to 5% of dry-matter intake. For poultry (poultry and egg hens), the intake 
value is set to 10% of dry-matter intake. 

6.5.2 Plant Soil Mass-Loading Factor 

The transfer of activity from soil to plants is represented by two pathways: root uptake and resuspension to plant sur- 
faces. These pathways are included in equations of Section 5 through the concentration ratio, Biv, and plant soil mass- 
loading factor, ML, respectively. The plant soil mass-loading factor measures the amount of soil on plants. Evalua- 
tion of the plant soil mass-loading factor is based on data from the literature for systems in which transfer is expected 
to be dominated by the resuspension pathway. (Concentration ratio values are presented in Section 6.5.9.) Note that 
the plant soil mass-loading factor is not a function of radionuclide because the controlling mechanism is assumed to be 
transfer of soil. 

The dominant pathway depends mainly on the radionuclide and the ability of plants to take in the radionuclide via 
roots. For radionuclides that are easily taken in via roots, the root uptake pathway will dominate and the concentra- 
tion ratio vaIue will controf the transfer from soil to plant. For radionuclides that are not readily taken in by plant 
roots (e.g., radionuclides that are bound to the soil), the resuspension pathway will dominate and the plant soil mass- 
loading factor will control the transfer from soil to plant. 

Citing data from monitoring studies at the Nevada %t Site, Martin and Bloom (1980) suggest that 99% of the trans- 
fer of plutonium from soil to plants occurs via the resuspension route. Pinder et al. (1990) also found that plutonium 
resuspension was about an order of magnitude more important for transfer from soil to corn grains at the Savannah 
River Site. Estimation of plant concentrations for cases where resuspension dominates can be represented as follows: 

where C& = concentration of parent radionuclide i in food crop v in equilibrium with activity in soil (pCi/g dry 
plant) 

C,, = concentration of parent radionuclide i in soil (pCi/g dry soil) 

ML, = plant mass-loading factor for plant type v (g dry soiVg dry plant). 

The appropriate value for the plant soil mass-loading factor, as applied in Equation (6.13), includes consideration of 
translocation of activity in soil from plant surfaces to edible pans of the plant. 
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Martin and Bloom (1980) suggest that the estimation of activity on plants can be described by an effective concentra- 
tion ratio that includes both routes of transfer. This approach can also be represented by Equation (6.13) if the mass- 
loading factor is replaced by the effective concentration ratio, as follows: 

where CR, is the effective concentration ratio for transfer of material from soil to plants (pCi/g dry plant per pCiJg dry 
soil). 

The effective concentration ratio and the plant mass-loading factor are equivalent for systems in which resuspension 
dominates the transfer from soil to plants. %ble 6.9 provides a summary of reported values for the plant soil mass- 
loading factor, and Bble 6.10 summarizes data on effective concentration ratios. The values presented show a consid- 
erable variation, ranging between a low of 0.0011 and a high of 0.26. A default value for the plant soil mass-loading 
factor of 0.1 is selected. Even though this value is more than a factor of two less than the highest reported values, it is 
believed to represent a prudently conservative estimate of resuspension transfer from soil to edible parts of plants. 
The reported values of plant soil mass-loading represent soil adhered to plant surfaces, and do not necessarily include 
the translocation of activity to edible parts of plants. Therefore, selection of a default value less than the maximum 
values is appropriate. 

A review of concentration ratio values for elements of interest in the present study (Section 6.5.9) indicates that sev- 
eral radionuclides have reported values greater than the effective concentration ratios and plant mass-loading factors 
given in Bbles 6.9 and 6.10. This suggests that the effective concentration ratio method (using data cited in the two 
tables) should not be based solely on plant mass-loading factors. In keeping with the desire to provide a prudently 
conservative analysis, the radionuclide concentration in edible parts of plants is evaluated as the sum of contributions 
from root uptake and resuspension: the pathways are not lumped into one effective concentration ratio. The summa- 
tion over the two pathways is indicated in ]Equation (5.5) (and other equations of Section 5) as the sum of ML, and Bj, 

6.53 Holdup Times 

The time between harvest and consumption of each food product is based on values suggested by the NRC (1977) for a 
maximally exposed individual for food crops and beef. A nominal minimum time of 1 day is assigned to the other 
animal products, as indicated in a b l e  6.11. 

6.5.4 Exposure Period/Animal Feeding Times 

Because the animal products are assumed to be harvested continuously, the animal feeding is made to coincide (in 
length) with the human consumption period. Also, the residential scenario is to provide the dose for a l -year period. 
For these reasons, the animal feeding times and human consumption periods are set to 1 year (365.25 days) for all food 
products. 

6.5.5 Crop-Growing Periods 

The growing periods for food crops and animal-fed crops are based on suggestions by Soldat and Harr (1971), Kennedy 
et al. (1987), and Napier et al. (1988). The values used for the crop-growing periods are given in a b l e  6.12. These 
values represent the time to produce one crop and may not be the same as the growing season, during which multiple 
crops may be harvested. 
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Tsble 6.9 Summary of plant mass-loading data* 

Reported values 
Plant conditions (g soWg dry plant) References 

Bush beans 0.03 - 0.06 White, Hakonson, and Ahlquist (1981) 
Squash (<2 m above soil) 0.14 - 0.26 White, Hakonson, and Ahlquist (1981) 
Squash (>2 m above soil) 0.03 - 0.04 White, Hakonson, and Ahlquist (1981) 

Broccoli 
Cabbage 
Lettuce 
?-llrnips 
Sunflowers 
'Ibbacco 

0.01 McLeod, Pinder, and Watts (1984) 
0.001 1 McLeod, Pinder, and Watts (1984) 
0.26 McLeod, Pinder, and Watts (1984) 
0.032 M c b d ,  Pinder, and Watts (1984) 
0.0026 Pinder and McLeod (1988) 
0.0021 McLeod et al. (1984) 

'Ibmato plants 0.017 Dreicer et al. (1984) 

Meadow vegetation 0.018 (mean) Arthur and Alldredge (1982) 
0.25 (ma)  

English pastures 0.07 Green and Dodd (1988) 

English pastures 0.05 - 0.20 Sumerling. Dodd. and Green (198.4) 

*Data cited by Pinder and McLeod (1989) 

TBble 6.10 Summary of effective concentration ratio data 

Radionuclide Reported values Units References 

ZQIAm 0.23,O. 19 g soiUg plant Gilbert, Engel, and Anspaugh (1989) 

23s+P~+24!P~ 0.17,0.18 g soillg plant Gilbert, Engel, and Anspaugh (1989) 

137CS 0.15 g soil/g plant Gilbert, Engel, and Anspaugh (1989) 

Plutonium 0.1 g soiVg plant Martin and Bloom (1980) 

6.5.6 'Ikanslocation Fraction from Leaves to Edible Parts 

The translocation fraction is the fraction of activity deposited on plant surfaces that reaches the edible parts of the 
plant. The values used are those recommended by the NRC (1977) and Napier el al. (1988). A value of 1.0 is used for 
leafy vegetabIes, grasses, and hay, and a factor of 0.1 is used for other plant types. 
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lsble 6.11 Holdup time for food consumption* n b l e  6.12 Minimum crop-growing periods* 

Food p d u c t  Holdup time (d) 

Leafy vegetables 1 

Other vegetables 14 

Fruit 14 

Grains 14 

Beef 20 

Poultry 1 

Milk 1 

Leafy vegetables 
Other vegetables 
Fruit 
Grains 
Beef: forage 

stored hay 
stored grain 

Poultry: forage 
stored hay 
stored grain 

Milk cows: forage 
stored hay 
stored grain 

Eggs: forage 
stored hay 
stored grain 

* 
Based on information in Soldat and Ham (1971) 
and NRC (1977). 

* 
Based on information in Soldat and Harr (1971), 
Kennedy et al. (1987), and Napier et al. (1988). 

6.5.7 Crop Yields 

Values for crop yields are adapted from Shor, Baes, and Sharp (1982); Strenge, Bander, and Soldat (1987); and Napier 
et al. (1988). The animal feed crop yields are defined by standing biomass for estimation of interception fraction and 
for the plant concentration calculation. The recommended crop yield values for animal products are provided in 
nble  6.13, and crop yield values for food crops are given in %ble 6.14. 

a b l e  6.13 Crop yields for animal products (kg wet liable 6.14 Crop yields for food crops (kg wet 
weightJm2) * weightJm2) * 

C ~ P  type Beef Poultry Milk Eggs Food crop Yield 

Fresh forage 1.5 1 .0 1.5 1.0 Leafy vegetables 2.0 
Stored hay 1.0 1.0 1.0 1.0 Other vegetables 4.0 
Stored feed 1.0 1.0 1 .0 1.0 Fruit 2.0 

Grains 1 .O 

* 
Based on information in Shor, Baes, and Sharp (1982), Strenge, 
Bander, and Soldat (1987), and Napier et al. (1988). * 

Based on information in Shor, Baes, and Sharp (1982), Strenge, 
Bander, and Soldat (1987), and Napier et at. (1988). 
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6.5.8 Consumption and Intake Parameters for Humans 

The internal dose received by an individual for a particular pathway is directly pmportional to the amount of the con- 
tamhated medium taken in by the individual. Inhalation dose is dependent on the volumetric breathing rate, and 
ingestion dose is dependent on the rate of intake of food products and water. 

Ingestion of drinking water is evaluated for a daily intake rate of 2 Md, as suggested by the EPA (1989). This value 
represents the 90th percentile daily drinking water ingestion rate as tap water, including uses in cooking and for bever- 
ages prepared using tap water (coffee, tea, etc.). Use of this value provides a conservative basis for the first-level 
generic screening analysis. 

The intake rates for food products deiined for the agricultural pathways are based on data collected during the Nation- 
wide Food Consumption Survey (Pao et al. 1985; U.S. Department of Agriculture 1983). This study involved the col- 
lection of 3-day food intake data for about 36,000 individuals in the 48 contiguous states. The data were collected over 
a period of 1 year (April 1977 through March 1978) and are, therefore, representative of average intakes and include 
seasonal variations of intake for the food categories. The Nationwide Food Consumption Survey identified several 
hundred classes of food, selected to include the major types of food in the diet of the general population. Mgley and 
Strenge (1988) condensed the data to 18 food groups and reported mean and median intake values for each group. 
The present analysis used mean values from these 18 food groups, supplemented by data from Pao et al. (1985), to 
obtain the mean daily ingestion rates for the eight food groups used in this study. The eight food groups were selected 
to be representative of food products that would be produced on a farm for home consumption and, therefore, do not 
include foods such as fish, oils, and sugars. Higley and Strenge (1988) reported only one value for vegetables, rather 
than the desired breakdown by leafy and other vegetables. The Pao et al. (1985) data were reviewed to determine the 
leafy vegetable mean intake rate, which was then subtracted from the Higley and Strenge (1988) vegetable value to 
obtain the "other" vegetable intake rate. The daily ingestion rates for the eight food products are given in Bble 6.15. 

6.5.9 Agricultural Pathway 'Ik-ansfer Factors 

The transfer factor database contains several parameters defined for each element that are used in the agricultural 
pathway models, plus a partition coefficient that is used in the ground-water analysis. The transfer factors include the 

nble  6.15 Daily ingestion rates for foods 

Individual annual 
~ o o d  tnn: consumption rate Units 

Leafy vegetables 
Other vegetables 
Fruit 
Grain 
Beef 
Poult1y 
Milk 
EkS 
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soil-to-plant concentration factor for each food crop (leafy vegetables, other vegetables, fruit, and grain) and the 
animal product transfer factors (beef meat, poultry meat, cow milk, and chicken eggs). 

The selection of values for the soil-to-plant concentration factors was based on the following hierarchy. The primary 
reference was the compilation of the International Union of Radioecologists (IUR 1989). For parameter values not 
defined in that report, the compilation of Baes et al. (1984b) was used. Finally, for californium (not included in B a a  
et al. 1984b), the values were taken from Strenge, Bander, and Soldat (1987). n b l e  6.16 gives the values for 

Bible 6.16 Soil-to-plant concentration factors 

Eiementlatomic number 
Soil-to-plant concentration factors (pCi/kg dry weieht Der a C i i  soil) 

Leafy vegetables Root vegetables h i t  Grain 
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lsble 6.16 Soil-to-plant concentration factors (Continued) 

EfernentJatomic number 
Soil-to-plant concentration factors ( p C i i  dry weieht per Ci soil) 

Leafy vegetables Root vegetables h i t  Grain 
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Table 6.16 Soil-to-plant concentration factors (Continued) 

Soil-to-plant concentration factors ( p C i i  dry weieht per vCi/ke soil) 
Element/atomic number Leab vegetables Root vegetables h i t  Grain 

Concentration factors for 3~ are not needed because a special model is used to determine 3~ uptake in 

* plants. 
Noble gas radionuclides are not assumed to be taken up by plants. 

soil-to-plant concentration factors used in the present analysis. All soil-to-plant concentration factors are based on 
unit dry weight of plant. The IUR report (1989) provided values for several plant types. The values were combined by 
the food crop and animal feed crop types defined for the present study (Bble 6.12). The values were combined using a 
weighted geometric mean formula, with the weights being the number of 0bse~ati0n data values for each data value in 
the IUR report. The compilation by Baes et al. (1984a) provided soil-to-plant concentration factors for vegetative 
parts and for reproductive parts of the plant. The values for vegetative parts were used for leafy vegetables, forage, and 
hay, and the values for reproductive parts were used for other vegetables, fruit, grain, and stored animal feed (other 
than hay). 

The soil-to-plant concentration factors are defined in terms of dry weight of plants, but are converted to wet weight 
values for use in the agricultural models. The dry-to-wet-weight conversion factors given in %ble 6.17 are from Ti11 
and Meyer (1983). These values apply to the edible parts of plants and may differ from the whole-plant values used in 
the interception fraction calculation (Section 6.5.2). 

The primary source of animal product transfer factors was Napier et al. (1988). Additional values were found in Baes 
et at. (1984b) for beef and milk. Values for poultry and eggs were difficult to obtain and came primarily from Napier 
et al. (1988), who took them largely from Ng, Colsher, and Thompson (1982). However, there were several elements 
for which no information was available. For these elements, transfer factors for poultry and eggs were calculated from 
data for similar elements in the periodic chart. Values for transfer factors used for the present analysis are given in 
Dble 6.18. 

The deposition of contaminated irrigation water on plant surfaces may result in contamination of plants used for food 
and animal feed. The fraction of deposited activity that is retained on plant surfaces is given by the interception 
fraction. A value of 0.25 is used for all plant types as recommended by the NRC (1977). 
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a b l e  6.17 Dry-to-wet-weight conversion Cactors 

Plant type Conversion factor 

Leafy vegetables 
Other vegetables 
Fruit 
Grain 
Beef Forage 

Stored hay 
Stored grain 

Poultry Forage 
Stored hay 
Stored grain 

Milk Forage 
Stored hay 
Stored gain 

Egss Forage 
Stored hay 
Stored grain 

6.6 Aquatic Food Pathway Data 

Evaluation of dose from the aquatic food pathway requires definition of the consumption rate of aquatic foods, the 
volume of the surface-water pond, and the bioaccumulation factors for transfer of activity from water to edible parts of 
fish for elements of interest. 

The consumption rate of aquatic foods is expressed as the mass of fish consumed during 1 year of the residential 
scenario. The EPA (1989) has published a value of 2.37 kg/y (6.5 gld) for use in exposure assessments for the general 
population, with intake being from recreational and commercial harvests of marine and freshwater finfish and shell- 
fish. Rupp, Miller, and Baes (1980) summarized consumption rates of fish by region in the United States and also 
provided U.S. averages. They reported that over 85% of the population eat no freshwater fish. They further report - 
that the U.S. freshwater fish consumption rate is 1.87 kg/y at the 90th percentile; 8.39 at the 99th percentile; and 57.68 
as a maximum observed value. The highest 90th percentile value reported was 2.63 kg/y for the West South Central 
region (Arkansas, Louisiana, Oklahoma, and 'Exas), and the highest 99th percentile value was 10.03 for the East 
South Central region (Alabama, Kentucky, Mississippi, and %nnessee). These percentiles are based on the entire 
population, including those individuals who eat no fish. Because the current scenario involves a resident who is 
assumed to eat freshwater fish from an available supply, a pmdently conservative estimate of annual intake is selected 
as the 99th percentile value for the highest regional rate, which is 10 kg,$. This represents approximately the 93rd per- 
centile for those individuals who eat freshwater fish within the region. 

The volume of the surface-water pond is selected to represent the volume of water necessary to raise enough fish to 
provide the annual consumption for one individual. Water requirements for raising fish depend on the type of fish and 
the aquaculture practices used by the resident. For example, if the fish are left to eat natural foods in the pond, a large 
volume of water will be needed to sustain the food necessary for the fish throughout the entire food chain. On the 
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a b l e  6.18 Animal product transfer factors 

Element 
Animal ~roduct transfer factors, wet-weight basis 

Beef (dncg) Poultry (4%) Milk (a) Eggs (d/kg) 
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Bble 6.18 Animal product transfer factors (Continued) 

Element 
Animal ~roduct transfer factors, wet-weieht basis 

Beef (dncg) Poultry (dJkg) Eggs (dncg) 

8.0E-2 2.0~-l* 1.OE-3 8.0~-1' 
1.0E-3 6.OE-3 1.0E-4 7.OE-2 
1.5E-2 8.5E-2 2.OE-4 5.2E+O 
7.OE-3 1.8E-2 1.OE-2 2.8E+O 
(-lee* (-)*** (-)*** (-)*** 
2.OE-2 4.4E + 0 7.OE-3 4.9E-1 
1.5E-4 8.1E-4 3.5E-4 1.5E+O 
3.OE-4 1 .OE- 1 2.OE-5 9.OE-3 
7.5E-4 1.OE-2 2.0E-5 5.OE-3 
3.OE-4 3.OE-2 2.0E-5 5.OE-3 
3.OE-4 4.OE-3 2.0E-5 2.OE-4 
5.OE-3 2.OE-3 2.OE-5 2.OE-2 
5.OE-3 4.OE-3 2.0E-5 7.OE-3 
5.OE-3 4.OE-3 2.OE-5 7.OE-3 
3.5E-3 4.0~-3' 2.OE-5 7.0~-3' 
4.5E-3 4.OE-3 2.OE-5 7.OE-3 
5.5E-3 4.0~-3 * 2.0E-5 7.0~-3* 
4.5E-3 4.OE-3 2.06-5 7.OE-3 
4.OE-3 4.0~-3* 2.OE-5 7.0~-3* 
1.0E-3 6.0~-5* 5.OE-6 2.0~-4* 
6.OE-4 3.0~-4* 3.OE-6 1.0~-3* 
4.5E-2 2.0~-1* 3.OE-4 8.0~-l* 
8.OE-3 4.0~-2* 1.5E-3 4.0~-l* 
4.OE-1 1.0~- 1 * 5.OE-3 9.0~-2* 
1.5E-3 5.0~-l* 2.OE-6 1.0~-l* 
8.OE-3 5.0~-1' 5.5E-6 5.0~-1' 
2.5E-1 l.lE-2 4.5E-4 2.0~- 1 l 
4.OE-2 3.0~-1* 2.0E-3 8 .0~-  1 * 
3.0E-4 2.0~- 1 * 2.5E-4 8.0~- 1 * 
4.OE-4 1.0~-l* 5.0E-4 8.0~-1' 
3.OE-4 9.0~-l* 3.5E-4 ~.oE+o* 



Parameter and Data Values 

TBble 6.18 Animal product transfer factors (Continued) 

AnimaI vroduct transfer factors. wet-weieht basis 
Element Beef (d/kg) PouItrY (dlkg) Mi& (W) Q%s (-1 

** 'Ransfer factors derived from data for similar elements. 
'Ransfer factors for 3~ and I4C are not needed because special models for 

*** transfer in animals are used for these two radionuclides. 
Noble gases are assumed not to be transferred to animal products. 

other hand, if the resident feeds the fish supplemental food, the water volume requirement will be much less. Data 
provided by Bardach, Ryther, and McLarney (1972) indicate that the mean production rate of catfish for pond culture 
is about 2600 kg& per ha of pond area. This should be considered to be a maximum production rate involving a com- 
mercial operation using large ponds, with the production representing total fish weight. The area of pond needed to 
produce the annual ingestion amount of 10 kg/y (edible) can be estimated as follows: 

Pond Area = (10 kgly) I [(Oh edible fraction) (2600 kglylha)] = 0.0064 ha (6.15) 

or 64 m2, where the edible fraction of catfish is taken to be a nominal value of 0.6 (Bardach, Ryther, and McLarney 
1972). This area represents a very small pond in which the fish are provided their feeding requirements. No 
information is available on fish production rates in farm pond systems in which the fish are totalfy dependent on 
aquatic biota produced within the pond ecosystem. For the present analysis, the pond is taken to be 10 times the 
minimum pond size for cultured ponds, with a water depth assumed to be 2 m. This pond depth will provide 
protection for aquatic species from temperature extremes plus allow light penetration needed to support the 
ecosystem. With these assum tions, the volume of water needed for production of the annual fish consumption g amount is 1300 m3 or 1.3 x 10 L. 

The transfer of activity from water to edible parts of fish is based on bioaccumulation factors defined for each element 
of interest. The bioaccumulation factor is the ratio of radionuclide concentration in fish to the radionuclide concen- 
tration in water. Bble 6.19 lists the default values for bioaccumulation factors. The primary reference for these values 
is a compilation of rmmmended freshwater fsh bioaccumulation factors by Poston and Klopfer (1988), supplemented 
by data from Strenge, Peloquin, and Wehlan (1986). The latter reference contains bioaccumulation factors for 
freshwater fish as used in the NRC computer program LADTAP I1 in support of NRC Regulatory Guide 1.109 (NRC 
1977). 

6.7 Summary of Parameters That May Vary and Default Value Assignments 

The mathematical formulations contained in Sections 2 through 5 of this report contain numerous parameters that 
have been identified for each exposure scenario and pathway. Most of these parameters can have a significant range, 
and the selection of specific values is an important part of the generic evaluation of radiation doses from residual 
radioactive material. This section summarizes by scenario the model parameters that may vary and provides the 
assigned default values. The default values are used to generate the first-level screening unit concentration annual 
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Tgble 6.19 Fish bhcxumulation factors (B4d for the residential scenario 

Bimecumdation Bioacxumulation 
Efement Factor Basis* Element Factor -is* 

*Values for fish bioammulation factors are based on: A - Poston and Klopfer 
(1988), B - Strenge, Peloquin, and Whelan (1986). 
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TED& in Volume 2 of this report. The parameters are described using the consistent symbol nomenclature defined in 
Section 2.1. Users of the screening model software will substitute site-specific values for the default values identified 
in this section, when they can justify doing so. 

6.7.1 Pameters for the Building Renovation Scenario 

Bble 6.20 lists the parameters that may vary for the pathway analysis described in Section 3.1 for the building renova- 
tion scenario. Because this is a relatively simple scenario, only five parameters that may vary have been defined. The 
f k t  two parameters (tb and ttb) are the time parameters for the scenario used for all exposure pathways. The next two 
parameters (Vb and CDB) define the volumetric breathing rate and the average airborne dust-loading in air during 
renovation work (described in Section 6.3.1), respectively. The final parameter (GB) is the effective transfer rate for 
ingestion of loose dust, described in Section 6.3.2, in units of g/h. 

The time parameters, tb and ttb, are needed to define the extent of exposure during the renovation period. The expo- 
sure is evaluated using the time integral of activity over the renovation period to determine the mean activity level of 
each radionuclide or  decay chain. These parameters could vary from a very short time period to a full year, depending 
on the type of building encountered and the type of renovation activity considered. An attempt has been made to 
assign prudently conservative default values for these parameters. The actual time spent on the renovation job (tb) is 
assumed to be about 25% of a work year, 500 h or 20.83 d. The total duration of the renovation period (ttb) is also 
assumed to be about 25% of a calendar year, or 90 calendar days. The combination of these parameter values provides 
a prudently conservative basis for the first-level screening analysis. 

6.7.2 Parameters for the Building Occupancy Scenario 

Bble 6.21 lists the parameters that may vary for the pathway analysis described in Section 3.2 for the building occu- 
pancy scenario. Again, because this is a relatively simple scenario, only five parameters that may vary have been 

Table 6.20 Building renovation scenario parameters that may vary and generic default values 

Parameter smbol Default Units Descriptiodcomnents 

t b 20.83 d fY The time on the job (converted to effective 24-h days) during the 
renovation period is based on working 40-h weeks over a 90-d period. 

ttb 90. d The duration of the renovation period is set to 3 months during the 
year. 

vb 1.2 m3/h The volumetric breathing rate is set to the ICRP "light activityn value 
as an average for the 8-h renovation work day. 

CDB l.E-4 g/m3 The average dust-loading in air during renovation work activities, as 
described in Section 6.3.1. 

GB 1.E-2 @ The effective transfer rate for ingestion of loose dust during building 
renovation. as described in Section 6.3.2. 



Parameter and Data Values 

'IbbIe 6.21 Buil- occupancy scenario parameters that may vary and generic default values 

Parameter symbol Default Unfts Descriptionlcomments 

$0 83.33 db' The time in the building (converted to effective 24-h days) during the 
occupancy period is based on working 40-h weeks (or 2000 h) over the 
year. 

tto 365.25 d The duration of the occupancy period is set to 1 year, representing 
continuous use. 

1.2 m3/h The volumetric breathing rate is set to the ICRP "light activity" value 
as an average for the 8-h renovation work day. 

RFo l.E-6 m-' The resuspension factor during the occupancy period, as described in 
Section 6.3.1. 

GO 1.E-4 m2/h The secondary ingestion transfer rate of removable surface activity 
during building occupancy, as described in Section 6.3.2. 

defined. These parameters are parallel to the parameters identified for the building renovation scenario because simi- 
lar exposure pathways are used. The first two parameters (to and t,) are the time parameters for the scenario used for 
all exposure pathways. The next two parameters (V, and RF,) define the volumetric breathing rate and the resuspen- 
sion factor during the building occupancy scenario (described in Section 6.3.1), respectively. The final parameter 
(GO) is the secondary ingestion transfer rate of removable surface activity, described in Section 3.2.5, in units of m2/h. 

The time parameter t,, is needed to determine the time integral of activity over the building occupancy period. This 
time integral is used to determine the mean activity level of each radionuclide or decay chain. These parameters could 
vary from a very short time period to a full year, depending on how many hours per year an employee is assumed to 
spend in the office or room during the year. The actual time spent on the job (to) is assumed to be 100% of a work 
year, 2000 h or 83.33 d. This parameter selection is prudently conservative when compared with continuous exposure 
for a full year (8766 h). The total duration of the occupancy period (Go) is aiso assumed to be 100% of a calendar year, 
or 365.25 d, including a correction for leap year so that exact hand calculations may be performed using the equations 
contained in this report. 

6.73 Parameters for the Drinking Water Scenario 

Tmble 6.22 summarizes the parameters that may vary for the drinking water scenario. This table lists 10 different 
parameters, most of which are used in the water-use model described in Seclion 4.1. Again, an attempt has been made 
to select values that will result in a prudently conservative (not worst-case) analysis. Only two of the parameters shown 
in Tmble 6.22 are not related to the water-use model. These are the drinking water ingestion period, td (assumed to be 
a full year or 365.25 d), and the drinking water ingestion rate, U, (assumed to be 2.0 Lfd). 

Eight parameters in a b l e  6.22 that may vary are identified with the water-use modeI. The first two are used to define 
the thickness of the top two boxes in the model. These boxes represent the surface soil (HI) and the unsaturated zone 
(Hz). For this analysis, the top box is assumed to be 15-cm thick, or the same thickness assumed for the plow layer in 
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lable 6.22 Drinking water seenario parameters tbat may vary and generic default values 

Parameter symboi Default Units Descrtptionlcoments 
- - 

The drinking water ingestion period is based on continuous use. 

Drinking water ingestion rate. 

The thickness of surface-soil layer is set to equal the assumed plow 
layer. 

The thickness of unsaturated zone. 

The porosity of surface-soil associated with only partially compacted 
soils, as described in Oztunali el al. (1981). 

The porosity of unsaturated zone, assumed to equal the porosity of 
the surface-soil. 

Saturation ratio for the surface-soil layer. 

Saturation ratio for the unsaturated-soil layer. 

vdd 91250 L The annual dilution flow is set to the volume of water used by an indi- 
vidual for all domestic purposes during the year, as defined in Miller 
(1980). 

I 0.18 mfy Infiltration rate based on the high end of the range of infiltration rates 
determined for humid areas of the United States (Oztunali et al. 
1981). 

Ad 507 m2 Area of contaminated site. 

K d ~  i Bble 6.7 Surface soil partition coefficient, as described in Section 6.4. 

"2,  Bble 6.7 Subsurface soil partition coefficient, assumed to be the same as the 
surface soil partition coefficient, as described in Section 6.4. 

the agricultural pathway analysis and the same thickness for which external dose factors are defined for the residential 
scenario. The unsaturated zone is assumed to be 1-m thick. The next parameters represent the porosities of the top 
two boxes in the three-box water-use model (nl and nz). For this study, the porosity for the top two boxes is assigned a 
single value of 0.3. This value was selected from the low-level waste management literature as being representative of 
surface soil that is in a partially compacted condition, as described in Oztunali et a t  (1981). The annual dilution flow 
(Vdd) is set equal to the volume of water used by an individual for all purposes during the year, as defined by Miller 
(1980). This volume is taken to be 91,250 L, of which 2 L/d (or about 730 Lfy) is used for drinking. The infiltration 
rate (I) is based on the high end of the range of inatration rates determined for humid areas of the United States 
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(Oztunali et al. 1981). The default value for area of the contaminated site, 4, is calculated from the pumping volume 
and the infiltration rate, based on the relationship given by Equation (4.14). Finally, partition coefficients (Kdli and 
Kdzi) are derived using the methods described in Section 6.4. Although it may be likely that surface and subsurface- 
soils will be different, for the generic model analysis, a single set of partition coefficients has been identified for use in 
both soil layers. The use of the simple three-box water-use model with these conservative default parameter values 
provides a conservative estimate of the potential concentrations that could be present from residual radioactive con- 
tamination in soil. This conservative approach is intentionally adopted to ensure that the first-level screening 
produces conservative results. 

These assumed values allow a generic analysis without attempting to account for site-specific conditions. As noted 
earlier, it is intended that users of the software (produced and documented in Volume 2 of this report) substitute, 
whenever possible, site-specific values for default values identified for this scenario to better account for site-specific 
conditions. 

6.7.4 Parameters for the Residential Scenario 

The most complicated scenario included in this analysis is the residential scenario. This scenario accounts for future 
use of contaminated land and includes leaching of radionuclides through the soil into the ground water, with redeposi- 
tion on the land surface through irrigation. This scenario defines conditions for an individual who resides most of the 
year onsite and is involved in outdoor gardening activities. The time and pathway assumptions may not be representa- 
tive of other lifestyles, such as suburban living, where the individual may sperid less time outdoors and more time away 
from home. However, these assumptions are assumed to provide a conservative, complete pathway analysis. The sce- 
nario is described in a manner that permits enough pathway flexibility to accommodate modification into a suburban 
scenario by changing certain default parameters. Bble 6.23 lists the parameters that may vary for the residential 
scenario. Several of the parameters, and their default values, are discussed in other sections of this report. Only those 
parameters that are not discussed elsewhere are described in this section. 

The first four parameters define the times that the individual spends during the year involved in various activities 
around a house constructed on the land. They account for time spent indoors (ti), outdoors ($), gardening (tg), and 
the total time in the year (ttr). Again, the hours of exposure for each of the time categories have been converted to 
effective days for unit consistency. The default exposure times are 200 d for t,, 70.83 d for $,4.17 d for tg, and 365.25 d 
for t,, 

For the external exposure pathway, two shielding factors have been defined for indoor (SFI) and outdoor (SFO) expo- 
sures. These factors are assumed to provide a conection for shielding by either building materials or clean cover soil, 
when justified. Although these factors should be dependent on the photon energy, single factors across all photon -- 
energies are used in this study to match the generic nature of the other simplifying assumptions made in the external 
dose analysis. The shielding factor afforded by the house is dependent on the type of house construction and the 
nature of the contaminated soil (i.e., the source thickness, size, and depth of clean cover soil). Previous studies have 
considered shielding factors associated with the atmospheric deposition of radioactive material from passing plumes 
after accidental airborne releases (Aldrich, Ericson, and Johnson 1978; Kocher 1978; Jensen 1985). EStimated 
shielding factors from these studies range from about 0.02 to 0.7, with the majority of the values reported from 0.04 to 
about 0.4 (Aldrich, Ericson, and Johnson 1978). The situation being modeled in this study is a bit different than a 
nuclear accident analysis because the dose is from contaminated soil around the house without plume deposition on 
the roof of the house. For this reason, a shielding factor of 0.33 is used for SFI. Although the shielding factor for 
outdoor exposures may vary, for this study it is assumed to be 1.0, representing surface-soil contamination with no 
clean soil cover. 
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lsble 633 Residential scenario parameters that may vary and generic default values 

Parameter symbol Default Units Descriptiodwmmen~ 

ti 200 d& Tune in the 1-year exposure period that the individual spends indoors 
(effective days). 

% 70.83 d& Time in the 1-year exposure period that the individual spends 
outdoors (effective days). 

4.17 d& Time in the 1-year exposure period that the individual spends 
gardening (effective days). 

ltr 365.25 d mtal time in the 1-year exposure period. 

SF1 0.33 Indoor shielding factor. 

SF0 1.0 Outdoor shielding factor. 

Pd 4.E-1 g/m2 Floor dust-loading. 

RFr 5.E-5 m-I Resuspension factor for indoor dust, discussed in Section 6.3.1. 

CDI 5.E-5 g/m3 Air dust-loading indoors, discussed in Section 6.3.1. 

CDO l.E-4 g/m3 Air dust-loading outdoors, discussed in Section 6.3.1. 

CDG 5.E-4 g/m3 Air dust-loading gardening, discussed in Section 6.3.1. 

1.2 m3/h Volumetric breathing rate while indoors, based on the ICRP "light 
activity" value as an average for time spent indoors. 

v~ 1.2 m3/h Volumetric breathing rate while outdoors, based on the ICRP "light 
activity" value as an average for time spent outdoors. 

vs 1.2 m3/h Volumetric breathing rate while gardening, based on the ICRP "light 
activityn value as an average for time spent gardening. 

GR 5.E-2 g/d Soil ingestion transfer rate for the residential scenario, as discussed in 
Section 6.3.2. 

u~ 2 Lld Drinking water ingestion rate. 

H~ 0.15 m The thickness of surface-soil layer is set to equal the assumed plow 
layer. 

Hz 1.0 m The thickness of unsaturated zone. 
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mble 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default 

Bble 6.7 

Table 6.7 

DIET 0.25 

Units Descriptionlcomments 

The porosity of surface-soil associated with only partially compacted 
soils, described in Oztunali et al. (1981). 

The porosity of unsaturated zone, assumed to equal the porosity of 
the surface-soil. 

Saturation ratio for the surface-soil layer. 

Saturation ratio for the unsaturated-soil layer. 

L Volume of water removed from the ground-water aquifer per year for 
domestic uses. 

L Volume of water removed from the ground-water aquifer per year for 
irrigation use, based on the irrigation rate. 

L Volume of water in the surface-water pond used to grow fish for the 
aquatic food ingestion pathway. 

mfY Infiltration rate based on the high end of the range of infiltration rates 
for humid areas of the United States (Oztunali et al. 1981). 

Surface-soil partition coefficient, described in Section 6.4. 

Unsaturated-soil partition coefficient, assumed to be the same as the 
surface-soil partition coefficient, described in Section 6.4. 

m2 Area of land cultivated. 

~/m'-d Irrigation water application rate, corresponding to 76 cm&. 

kglm2 Soil areal density of surface plow layer. 

Fraction of diet from garden. 

kg/y Human diet of leafy vegetables, discussed in Section 6.5.8. 
kg/y Human diet of other vegetables, discussed in Section 6.5.8. 
kg/y Human diet of fruits, discussed in Section 6.5.8. 
kg@ Human diet of grains, discussed in Section 6.5.8. 

kg/y Human diet of beef, discussed in Section 6.5.8. 
k& Human diet of poultry, discussed in Section 6.5.8. 
Lh Human diet of milk, discussed in Section 6.5.8. 



Parameter and Data Values 

Table 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units 

Human diet of egg, discussed in Section 6.5.8. 

Human diet of fish, discussed in Section 6.6. 

Fbod consumption period for leafy vegetables, discussed in 
Section 6.5.4. 
Fbod consumption period for other vegetables, discussed in 
Section 6.5.4. 
Food consumption period for fruits, discussed in Section 6.5.4. 
Food consumption period for grains, discussed in Section 6.5.4. 

Food consumption period for beef, discussed in Section 6.5.4. 
Food consumption period for poultry, discussed in Section 6.5.4. 
Food consumption period for milk, discussed in Section 6.5.4. 
Food consumption period for eggs, discussed in Section 6.5.4. 

Holdup period for leafy vegetables, discussed in Section 6.5.3. 
Holdup period for other vegetables, discussed in Section 6.5.3. 
Holdup period for fruits, discussed in Section 6.5.3. 
Holdup period for grains, discussed in Section 6.5.3. 

Holdup period for beef, discussed in Section 6.5.3. 
Holdup period for poultry, discussed in Section 6.5.3. 
Holdup period for milk, discussed in Section 6.5.3. 
Holdup period for eggs, discussed in Section 6.5.3. 

Minimum growing period for leafy vegetables, discussed in 
Section 6.5.5. 
Minimum growing period for other vegetables, discussed in 
Section 6.5.5. 
Minimum growing period for fruits, discussed in Section 6.5.5. 
Minimum growing period for grains, discussed in Section 6.5.5. 

Minimum growing period for forage consumed by beef cattle, 
discussed in Section 6.5.5. 
Minimum growing period for forage consumed by poultry, discussed 
in Section 6.5.5. 
Minimum growing period for forage consumed by milk cows, 
discussed in Section 6.5.5. 
Minimum growing period for forage consumed by layer hens, 
discussed in Section 6.5.5. 
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TBble 633 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol DefauIt Uniis 

tgg 90 d 

90 d 

90 d 

90 d 

Minimum growing period for stored grain consumed by beef cattle, 
discussed in Section 6.5.5. 
Minimum growing period for stored grain consumed by poultry, 
discussed in Section 6.5.5. 
Minimum growing period for stored grain consumed by milk cows, 
discussed in Section 6.5.5. 
Minimum growing period for stored grain consumed by layer hens, 
discussed in Section 6.5.5. 

Minimum growing period for stored hay consumed by beef cattle, 
discused in Section 6.5.5. 
Minimum growing period for stored hay consumed by poultry, 
discussed in Section 6.5.5. 
Minimum growing period for stored hay consumed by milk cows, 
discussed in Section 6.5.5. 
Minimum growing period for stored hay consumed by layer hens, 
discussed in Section 6.5.5. 

Interception fraction for water deposition for leafy vegetables, 
discussed in Section 6.5.9. 
Interception fraction for water deposition for other vegetables, 
discussed in Section 6.5.9. 
Interception fraction for water deposition for fruits, discussed in 
Section 6.5.9. 
Interception fraction for water deposition for grains, discussed in 
Section 6.5.9. 

Interception fraction for water deposition for forage consumed by 
beef cattle, discussed in Section 6.5.9. 
Interception fraction for water deposition for forage consumed by 
poultry, discussed in Section 6.5.9. 
Interception fraction for water deposition for forage consumed by 
milk cows, discussed in Section 6.5.9. 
Interception fraction for water deposition for forage consumed by 
layer hens, discussed in Section 6.5.9. 

Interception fraction for water deposition for stored grain consumed 
by beef cattle, discussed in Seaion 6.5.9. 
Interception fraction for water deposition for stored grain consumed 
by poultry, discussed in Section 6.5.9. 
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Bble 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units Descriptionlcomments 

0.25 Interception fraction for water deposition for stored grain consumed 
by milk cows, discussed in Section 6.5.9. 

0.25 Interception fraction for water deposition for stored grain consumed 
by layer hens, discussed in Section 6.5.9. 

0.25 Interception fraction for water deposition for stored hay consumed by 
beef cattle, discussed in Section 6.5.9. 

0.25 Interception fraction for water deposition for stored hay consumed by 
poultry, discussed in Section 6.5.9. 

0.25 Interception fraction for water deposition for stored hay consumed by 
milk cows, discussed in Section 6.5.9. 

0.25 Interception fraction for water deposition for stored hay consumed by 
layer hens, discussed in Section 6.5.9. 

1.0 Banslocation factor for leafy vegetables, described in Section 6.5.6. 
0.1 Banslocation factor for other vegetables, described in Section 6.5.6. 
0.1 Thnslocation factor for fruits, described in Section 6.5.6. 
0.1 Banslocation factor for grains, described in Section 6.5.6. 

1 .0 Translocation factor for forage consumed by beef cattle, described in 
Section 6.5.6. 

1.0 Banslocation factor for forage consumed by poultry, described in 
Section 6.5.6. 

1 .O Translocation factor for forage consumed by milk cows, described in 
Section 6.5.6. 

1.0 Banslocation factor for forage consumed by layer hens, described in 
Section 6.5.6. 

0.1 Translocation factor for stored grain consumed by beef cattle, 
described in Section 6.5.6. 

0.1 Banslocation factor for stored grain consumed by poultry, described 
in Section 6.5.6. 

0.1 Banslocation factor for stored grain consumed by milk cows, 
described in Section 6.5.6. 

0.1 Banslocation factor for stored grain consumed by layer hens, 
described in Section 6.5.6. 

1.0 Banslocation factor for stored hay consumed by beef cattle, described 
in Section 6.5.6. 

1.0 Banslocation factor for stored hay consumed by poultry, described in 
Section 6.5.6. 
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units Description/comments 

1.0 - 'Ranslocation factor for stored hay consumed by milk cows, described 
in Section 6.5.6. 

1.0 - 'Ranslocation factor for stored hay consumed by layer hens, described 
in Section 6.5.6. 

1.0 Fraction of contaminated forage consumed by beef cattle, described in 
Section 6.5.1. 

1.0 Fraction of contaminated forage consumed by poultry, described in 
Section 6.5.1. 

1.0 Fraction of contaminated forage consumed by milk cows, described in 
Section 6.5.1. 

1.0 Fraction of contaminated forage consumed by layer hens, described in 
Section 6.5.1. 

1.0 Fraction of contaminated stored grain consumed by beef cattle, 
described in Section 6.5.1. 

1.0 Fraction of contaminated stored grain consumed by poultry, described 
in Section 6.5.1. 

1 .O Fraction of contaminated stored grain consumed by milk cows, 
described in Section 6.5.1. 

1.0 Fraction of contaminated stored grain consumed by layer hens, 
described in Section 6.5.1. 

1.0 Fraction of contaminated stored hay consumed by beef cattle, 
described in Section 6.5.1. 

1.0 Fraction of contaminated stored hay consumed by poultry, described 
in Section 6.5.1. 

1.0 Fraction of contaminated stored hay consumed by milk cows, 
described in Section 6.5.1. 

1.0 Fraction of contaminated stored hay consumed by layer hens, 
described in Section 6.5.1. 

1.0 Fraction of contaminated water consumed by beef cattle, described in 
Section 6.5.1. 

1.0 Fraction of contaminated water consumed by poultry, described in 
Section 6.5.1. 

1.0 Fraction of contaminated water consumed by milk cows, described in 
Section 6.5.1. 

1 .O Fraction of contaminated water consumed by layer hens, described in 
Section 6.5.1. 

2.0 kg/m: Crop yields for leafy vegetables, described in Section 6.5.7. 
4.0 kg/m Crop yields for other vegetables, described in Section 6.5.7. 
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TBble 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units Descriptionlwmments 

Crop yields for fruits, described in Section 6.5.7. 
Crop yields for grains, described in Section 6.5.7. 

Crop yields for forage consumed by beef cattle, described in 
Section 6.5.7. 
Crop yields for forage consumed by poultry, described in Section 6.5.7. 
Crop yields for forage consumed by milk cows, described in 
Section 6.5.7. 
Crop yields for forage consumed by layer hens, described in 
Section 6.5.7. 

Crop yields for stored grain consumed by beef cattle, described in 
Section 6.5.7. 
Crop yields for stored grain consumed by poultry, described in 
Section 6.5.7. 
Crop yields for stored grain consumed by milk cows, described in 
Section 6.5.7. 
Crop yields for stored grain consumed by layer hens, described in 
Section 6.5.7. 

Crop yields for stored hay consumed by beef cattle, described in 
Section 6.5.7. 
Crop yields for stored hay consumed by poultry, described in 
Section 6.5.7. 
Crop yields for stored hay consumed by milk cows, described in 
Section 6.5.7. 
Crop yields for stored hay consumed by layer hens, described in 
Section 6.5.7. 

Wet-to-dry-weight conversion factors for leafy vegetables, described in 
Section 6.5.9. 
Wet-to-dry-weight conversion factors for other vegetables, described 
in Section 6.5.9. 
Wet-to-dry-weight conversion factors for fruits, described in 
Section 6.5.9. 
Wet-to-dry-weight conversion factors for grains, described in 
Section 6.5.9. 
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TBble 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units 

Wet-to-dry-weight conversion factors for forage consumed by beef 
cattle, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for forage consumed by poultry, 
described in Section 6.5.9. 
Wet-to-dxy-weight conversion factors for forage consumed by milk 
cows, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for forage consumed by layer 
hens, described in Section 6.5.9. 

Wet-to-dry-weight conversion factors for stored grain consumed by 
beef cattle, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored grain consumed by 
poultry, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored grain consumed by 
milk cows, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored grain consumed by 
layer hens, described in Section 6.5.9. 

Wet-to-dry-weight conversion factors for stored hay consumed by beef 
cattle, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored hay consumed by 
poultry, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored hay consumed by milk 
cows, described in Section 6.5.9. 
Wet-to-dry-weight conversion factors for stored hay consumed by 
layer hens, described in Section 6.5.9. 

Animal feed intake rates for forage consumed by beef cattle, described 
in Section 6.5.1. 
Animal feed intake rates for forage consumed by poultry, described in 
Section 6.5.1. 
Animal feed intake rates for forage consumed by milk cows, described 
in Section 6.5.1. 
Animal feed intake rates for forage consumed by layer hem, described 
in Section 6.5.1. 

Animal feed intake rates for stored feed consumed by beef cattle, 
described in Section 6.5.1. 
Animal feed intake rates for stored feed consumed by poultry stored 
feed, described in Section 6.5.1. 
Animal feed intake rates for stored feed consumed by milk cows, 
described in Section 6.5.1. 
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Table 6.23 Residential scenario parameters that may vary and generic default values (Continued) 

Parameter symbol Default Units Descriptionlwmments 

0.09 kgld Animal feed intake rates for stored feed consumed by layer hens, 
described in Section 6.5.1. 

14 kg/d Animal feed intake rates for stored hay consumed by beef cattle, 
described in Section 6.5.1. 

0 kgld Animal feed intake rates for stored hay consumed by poultry, 
described in Section 6.5.1. 

29 kgld Animal feed intake rates for stored hay consumed by milk cows, 
described in Section 6.5.1. 

0 kg/d Animal feed intake rates for stored hay consumed by layer hens, 
described in Section 6.5.1. 

50 L/d WBter intake rates for beef cattle, described in Section 6.5.1. 
0.3 L/d Water intake rates for poultry, described in Section 6.5.1. 
60 L/d Water intake rates for milk cows, described in Section 6.5.1. 
0.3 Lld Water intake rates for layer hens, described in Section 6.5.1. 

0.02 Beef cattle soil-intake fractions (forage diet, dry-weight), described in 
Section 6.5.1. 

0.1 Poultry soil-intake fractions (forage diet, dry-weight), described in 
Section 6.5.1. 

0.02 Milk cow soil-intake fractions (forage diet, dry-weight), described in 
Section 6.5.1. 

0.1 Layer hen soil-intake fractions (forage diet, dry-weight), described in 
Section 6.5.1. 

B ~ f  nble  6.19 - Fish bioaccumulation factors, wet-weight basis, discussed in 
Section 6.6. 

B,v Bble 6.16 - Vegetation concentration factors, dry-weight basis, described in 
Section 6.5.9. 

'aj Xible 6.18 d/kg Animal product transfer factors, wet-weight basis, described in 
Section 6.5.9. 
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A potentially significant pathway of inhalation exposure is resuspension of contaminated soil tracked indoors. This 
pathway is dependent on the floor dust-loading (Pd) and the resuspension factor. Indoor dust-loadings may vary over a 
wide range and are dependent on a number of factors. A representative value from recent literature for indoor dust is 
0.4 g/m2 of floor surface.Ca) The resuspension factor used in this analysis for estimating indoor air concentrations is 
discussed in Section 6.3.1. 

The parameters used to determine the ground-water concentration using the three-box water-use model are generally 
the same as those described for the drinking water scenario. The significant exception is the method used for esti- 
mating the annual dilution flow (q within the aquifer (box 3). As shown in Bble 6.23, F is evaluated from the 
irrigation rate (IR), the area under irrigation (A), and assumed domestic use of land. The residential scenario is based 
on the assumption that 2500 m2 of land are under irrigation at an irrigation rate of 2.08 L,/m2*d, or 76 cm/y. This irri- 
gation rate is within a range of potential irrigation rates for various crops in the western United States. The Specific 
Information on the Rrrestrial Environmental ( S m )  database referenced by Baes et al. (1984b) shows the geographic 
distribution of estimated annual average irrigation rates across the country. While a large percentage of the United 
States is not irrigated at all, a prudently conservative exposure scenario will include irrigation. This is a significant 
pathway for contamination in ground water to reach food products and surface soil. Baes et al. (1984a) show a few 
very dry areas with irrigation rates in excess of 100 cm/y; however, this value would be overly conservative because it is 
the maximum listed. A large geographical percentage of the drier western states irrigates at a rate of 70-85 cm/y; the 
default value of 76 cm& selected for this study falls within this range. Although the default value is conservative when 
compared with the annual irrigation rates in the eastern United States, it is representative of the rates in the western 
United States. This default value is adopted to ensure that the irrigation pathway in the residential scenario produces 
conservative first-level generic screening results. The total volume of water needed for irrigation is about 1.9 x 10' L. 
The volume of water needed for domestic purposes is 91,250 L, and the volume of the surface-water pond is 
1.3 x lo6 L. The total aquifer size is the sum of these three water volumes, or 2.0 x lo7 L. 

Summaries of the default parameter values for the 14c and 3~ agricultural models are shown in Dbles 6.24 and 6.25, 
respectively. The 14c model and default parameter values are described in Appendix C, and the 3~ model and default 
parameter values are described in Appendix D. 

The pathway and default parameter selections for the residential scenario have been made to model typical conditions 
that could be encountered at most sites across the United States. They are selected to provide a conservative estimate 
of the potential radiation doses that could result from residual radioactive contamination in soil. This approach is 
adopted to ensure that the first-level generic screening produces conservative results. 

(a) Based on personal communication from Dr. D. W. Layton, Lawrence Livermore National Laboratory 
(November 27,1991), regarding his recent literature review of the amounts of dustfdin on the floors of homes. 
Dr. Layton stated that the 0.4 g dustfm2 represents a geometric mean of the values found in his literature review. 
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llable 6.24 14c model residential scenario parameters that may vary and generic default values* 

Parameter symbol Default Units Descniptlon/coments 

fa 0.24 Fraction of carbon in beef cattle. 
0.20 Fraction of carbon in poultry. 
0.07 Fraction of carbon in milk cows. 
0.15 Fraction of carbon in layer hens. 

0.09 Fraction of carbon in forage: beef cattle. 
0.09 Fraction of carbon in forage: poultry. 
0.09 Fraction of carbon in forage: milk cows. 
0.09 Fraction of carbon in forage: layer hens. 

0.4 Fraction of carbon in stored grain: beef cattle. 
0.4 ' Fraction of carbon in stored grain: poultry. 
0.4 Fraction of carbon in stored grain: milk cows. 
0.4 Fraction of carbon in stored grain: layer hens. 

0.09 Fraction of carbon in stored hay: beef cattle. 
0.09 Fraction of carbon in stored hay: poultry. 
0.09 Fraction of carbon in stored hay: miIk caws. 
0.09 Fraction of carbon in stored hay: layer hens. 

0.03 Fraction of soil that is carbon. 

1.0 Specific activity equivalence: beef cattle. 
1.0 Specific activity equivalence: poultry. 
1.0 Specific activity equivalence: milk cows. 
1.0 Specific activity equivalence: layer hens. 

- - -- - 

*~eta i l s  of the 14c model for the agricultural pathways are provided in Appendix C. 
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'Jhbie 6.25 3~ model residential scenario parameters that may vary and generic default values* 

Parameter symbol 

H ' 

SH 

Default 'Units 

Absolute humidity. 

Moisture content of soil. 

lfitium equivalence: plantfsoil. 

'kitium equivalence: plant/water. 

Tritium equivalence: animal productJintake. 

Fraction of hydrogen: lea$ vegetables. 
Fraction of hydrogen: other vegetables. 
Fraction of hydrogen: muit. 
Fraction of hydrogen: grains. 

Fraction of hydrogen in forage: beef cattle. 
Fraction of hydrogen in forage: poultry. 
Fraction of hydrogen in forage: milk cows. 
Fraction of hydrogen in forage: layer hens. 

Fraction of hydrogen in stored grain: beef cattle. 
Fraction of hydrogen in stored grain: poultry. 
Fraction of hydrogen in stored grain: milk cows. 
Fraction of hydrogen in stored grain: layer hens. 

Fraction of hydrogen in stored hay: beef cattle. 
Fraction of hydrogen in stored hay: poultry. 
Fraction of hydrogen in stored hay: milk cows. 
Fraction of hydrogen in stored hay: layer hens. 

Fraction of hydrogen in beef cattle. 
Fraction of hydrogen in poultry. 
Fraction of hydrogen in milk COWS. 

Fraction of hydrogen in layer hens. 

Fraction of soil that is hydrogen based on a soil moisture content 
(SH) of 0.1. 

*~e ta i l s  of the 3~ model for the agricultural pathways are provided in Appendix D. 



7 Discussion 

The models and equations presented in this volume provide a method for calculation of radiation doses from residual 
radioactive contamination in buildings and soil. Four scenarios are included. For buildings, the scenarios cover the 
building renovation and building occupancy conditions, as d e s c r i i  in Section 3. For soils, a generic water-use model, 
described in Sections 4 and 5, is used to provide time-dependent concentrations of radionuclides in water used for 
drinking and/or irrigation. The two scenarios for soils included are the drinking water scenario described in Section 4 
and the residential scenario, as d e s m i  in Section 5. The residential scenario is used to estimate doses from residual 
radioactivity in soil, including use of ground water for drinking, irrigation of farm products, and for obtaining fish from 
a surface pond. The selected parameter values and a summary of parameters that may vary are presented in Section 6. 
This section discusses the generic modeling approach, the generic scenarios and their limitations, and the potential 
applications of the models and methods. 

7.1 Generic Modeling Approach 

The generic modeling evaluation relies on a radiation exposure scenario analysis, including the major exposure path- 
ways of direct exposure to penetrating radiation, inhalation, and ingestion. The modeling analysis is used to derive the 
annual TEDE to an average individual in a population exposed to residual radioactive material after decommissioning. 
The input parameters for each exposure pathway and scenario are selected to provide a prudently conservative esti- 
mate of the potential annual radiation dose. The parameters generally do not represent average conditions for all indi- 
viduals exposed; however, they were not selected to perform a worst-case (overly conservative) analysis of the potential 
radiation dose to a maximally exposed individual. Rather, the parameters were chosen from documented sources and 
previous analyses on the basis of the professional judgment of the study contributors. Although the dose estimates 
produced may be overestimations in some cases, they are considered to be generally more realistic than the large over- 
estimations produced by analysis of bounding cases. It is possible that for a few situations, the parameters chosen 
could lead to an underestimate of the annual TEDE. 

The exception to this approach is the generic water-use analysis considered in this study. 331 estimate ground-water 
concentrations, a simple three-box, leach-rate model was developed using parameters and assumptions from literature 
sources. In this analysis, geometric mean partition coefficients (Kd's) data for the most mobile form of each element 
were obtained from literature sources, for those elements for which data existed. Where literature data were not avail- 
able, Kd's were estimated using soil-to-plant concentration ratios as defined for leafy vegetables using a conservative 
correiation for soils. In a similar manner, infiltration rate and porosity values were selected based on the high end of 
the range of infiltration rates and porosities determined for humid areas of the United States. The ground-water 
parameter values and concentration equations selected for this analysis provide a conservative analysis of potential 
ground-water concentrations. 

Generic screening modeling evaluations, similar to the one described in this document, have become a rather common 
approach to setting risk-based radiation protection standards. They are useful in evaluating a wide variety of 
conditions; however, they often have limitations that need to be recognized. Models are intended to be an approxi- 
mation of reality. Because of data limitations or lack of knowledge, generic modeling sometimes oversimplifies actual 
conditions and may not aceount for important physical or chemical processes. When this occurs, or when it is su- 
spected, attempts are made to use conservative assumptions and parameter selections to ensure that potential adverse 
consequences are overestimated. That is, where detailed knowledge is unavailable, an intentional error is introduced 
to provide a greater margin for safety. The results obtained by overestimating the adverse consequences may not be 
very useful because they may lead to prohibitive expenses for cleanup to meet regulatory requirements. However, for 
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simple cases where trivial contamination exists, compliance reached by generic screening modeling is beneficial 
because it eliminates unwarranted regulation and expense while not significantly affecting public health and safety. 

For more complex situations, where a wide variation of contamination levels, radionuclide mixtures, and physical/ 
chemical properties exist, generic models and data sets may not produce a very convincing assurance of compliance. 
When complex conditions occur, site-specific data should be used, if possible, and modifications to the generic 
approach should be made to account for the actual conditions. For example, direct measurements of radiation fields 
and their variation provide more meaningful information than generic attempts to model dose rates from contamina- 
tion levels (i.e., actual measurements may obviate the need to model). A dilemma occurs when the costs of character- 
izing a site escalate beyond the basic demolition and waste disposal costs. The tendency in this situation may be to 
cumply with a more restrictive generic limit than to attempt a full site characterization and compliance with a site- 
specific limit. However, a carefully conducted and documented optimLzation1ALARA evaluation may be used to help 
justify the adoption of site-specific derived levels, as described in the Foreword. 

7.2 Generic Scenarios 

R r  residual contamination in buildings, this document provides scenarios and mathematical formulations to derive 
annual TEDE factors that account for both potential building renovation (accounting for volume contamination 
sources) and routine building occupancy (accounting for surface contamination sources). These two scenarios were 
developed in an attempt to a w u n t  for questions about the relative importance of volume versus surface activity and 
fixed versus removable contamination. For many alpha- and beta-emitting radionuclides, direct survey measurements 
may only account for surface activity because of self-shielding. Surface measurement methods may not detect subsur- 
face sources, and significant inventories of radioactive material may be missed. Surface contamination that is fixed 
(i.e., not easily removed by smearing) at the time of release may become removable with time. Loose surface contami- 
nation may result in additional radiation exposure pathways and higher estimated radiation doses, as described by sce- 
narios and parameter values defined in this document. Because unrestricted release is considered, it cannot be 
assumed that subsurface sources or fixed contamination wil l  remain that way after l i m e  termination. The two sce- 
narios identified for buildings attempt to account for this potential situation. No attempt was made to model indoor 
radon concentrations that may result from residual 2 2 6 ~ a  in building. 

Residual radioactive soil contamination may be in a thin or thick soif layer, reside on the surface or be stabilized under 
a clean soil layer, cover a large or small area, and consist of many different radionuclides or mixtures of radionuclides. 
The scenarios and mathematical formulations contained in this volume relate to surface soils and are based on a sce- 
nario analysis that combines exposure pathways for inhalation, external exposure, ingestion of contaminated drinking 
water, and ingestion of soil and agricultural food products, including fish from a pond. The residential scenario was 
intentionally developed in a conservative manner to account for potential residential and light agricultural activities. 
It is recognized that, for sites located in industrial or urban areas, the potential for even light agricultural activities may 
be remote. Again, no attempt was made to model the indoor radon aerosol concentrations that could result from 
residual = ~ a  soil contamination. 

The wide variability of physical and chemical conditions that potentially influence ground water, and the dependence 
on many parameters that may have a coupled dependency, make it difficult to model ground-water systems. In addi- 
tion, a conceptual model of a ground-water system may not represent all the behavior of that system. Generic attempts 
at modeling ground-water systems generally encourage the use of overly conservative parameters, assumptions, and 
models. As a result, most generic modeling attempts have little meaning when compared with a real system. The exis- 
tence of site-specific data may encourage a site-specific modeling effort, but such data are relatively costly to obtain, 
may be point values (both in time and location), and may not appropriately represent the actual system being modeled. 
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The purpose of the generic modeling in this document is to derive an aquifer concentration from residual radioactive 
materials in soil (or in building materials that may ultimately be buried as rubble onsite) in a conservative manner to 
permit screening and to indicate when additional site data or modeling sophistication are warranted. This approach is 
not intended for broader applications such as application to buried sources, disposed wastes, or sites with a history of 
spills contaminating soil deeper than 15 an. Rather, it is intended to support the development of screening values, as 
described in the Foreword. 

7.3 Applications 

The annual doses estimated using these scenarios are to be used to provide an indication of the potential for license ter- 
mination of a site by comparison of the calculated doses to a dose limit (to be set by NRC policy). The comparison can 
be made in two ways: by simply using precalculated TEDE screening factors, defining the concentration of each radio- 
nuclide that equals the dose limit, or  through site-specific calculations relating measured residual concentrations to 
annual dose. The equations in this report are incorporated into a computer program that can perform both of these 
types of calculations. The program, to be documented in Volume 2, will also allow modifications to the scenario calcu- 
lations to be performed using site-specific parameters defined by a user, as described in Section 6. For both methods, 
the user must have an estimate of the radionuclide inventory present. 

Annual TEDE screening factors for the full set of radionuclides of interest will be calculated per unit activity of each 
parent radionuclide and provided in Volume 2 of this report. For sites that are well described by the set of default 
parameters identified in this volume, an indication of potential impacts can be made using these derived unit annual 
TEDE screening factors. For any scenario, the following evaluation can be made: 

M 
Dose Ratio = Cmi TEDEi/DL 

i=l 

where Dose Ratio = indicator of impact for the mixture of radionuclides at the site for a scenario of interest 
(dimensionless) 

Cmi = inventory of radionuclide i in the medium m upon which the scenario is based (pcilmedium) 

TEDEi = annual TEDE per unit activity of radionuclide i in the medium for the scenario of interest 
(=em per pCVmedium) for a year of scenario exposure 

DL = annual dose limit for evaluation of the potential for adverse impacts (mrem). 

When site-specific parameter values are available, the computer program will allow a second-level screening analysis 
to be made using these parameter values instead of the default values identified in Section 6. Under this mode of 
operation, the program will provide an estimate of the total dose from the user-defined mixture of radionuclides for 
each scenario of interest. The results from this analysis, in the form of annual TED&, are compared to the dose limit 
as follows: 



Dose Ratio = TEDE,/DL (7-2) 

where ?,ED% is the annual TEDE for the mixture of radionuclides in the medium for the scenario of interest (mrem) 
for a year of scenario exposure and DL is as previously defined. 
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NRC Staff and Technical Responses to Comments on NUREGICR-5512 - 
Residual Radioactive Contamination from Decommissioning: 

Technical Basis for Wnslating Contamination Levels 
to Annual Dose, 

Draft Report for Comment - January 1990 

During January 1990, the Office of Nuclear Regulatory Research of the U.S. Nuclear Regulatory Commission (NRC) 
issued for public comment a draft report prepared by the Pacific Northwest Laboratory ( P a )  entitled ResidualRadw- 
active Contamination From L)ecomrnisswning: Technical Bash for Banslating Contamination Levels to Annual Dose, 
NWGJCR-5512 (Kennedy and Peloquin 1990). This appendix contains a summary of the comments received during 
the public comment period, with a description of the responses provided and the modifications that were made to the 
final report. Comments included are those from the six public comment letters received as well as those from NRC 
staff. Public comment letters are available from the NRC Public Document Room, Wafhington, D.C. 20555, tele- 
phone number 301-634-3273, under reference citation 55 FR 6137, February 21,1990. Public cornenters are listed in 
Bble kl. The comments have been organized in six major areas: 1) Policy Issues and Regulatory Perspective, 
2) Measurements and Survey Considerations, 3) %xtual Errors and Editorial Improvements, 4) Tkhnical Considera- 
tions, 5) Model Verification, and 6) Other Issues. Of the 246 comments received, the majority (over 100 comments) 
came from the technical community regarding the pathway analysis, scenario descriptions, mathematical models, and 
dosimetric methods. 

Table A.1 List of public conunenters 

Docket no. Commenter 

1 h e 1  Cycle ficilities Forum 

2 Nuclear Management and Resources Council 
(NUMARC) 

3 Oak Ridge National Laboratory (ORNL) 

4 Argonne National Laboratory (ANL) 

5 Department of Energy (DOE) 

6 Los Alamos National Laboratory (LANL) 
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A further breakdown of the technical comments has been provided in speci!ic technical areas of concern. About 
25 comments were received that provided background or general information and by their informational nature 
required no response. The following sections describe the general types of comments received in each area and pro- 
vide specific summary questions and responses in the areas of greatest interest. In developing the summary questions, 
several related questions were often combined so that an overall response could be provided. The response under each 
comment indicates the nature of changes that were made in this final report as a result of the comment. 

Several of the comments appeared to misunderstand the intended purpose of the generic screening levels (expressed as 
radioactivity or concentration thereof) and the modeling framework in the draft report. As of August 1992, generic 
radiological criteria for decommissioning have not been established by the NRC However, for illustrative purposes 
one can hypothetically consider the case where such criteria could be related to annual dose. Then, under this hypo- 
thesis, application of generic screening levels can be illustrated with a flow diagram of a three-layered hierarchy for cri- 
teria that might be used for release after decontamination and decommissioning (Figure kl). Continuing with this 
hypothesis in a general sense, the shaded area of Figure kl, labeled "Generic Screening Levels," corresponds to the 
levels obtained by dividing an annual dose criterion in mrem TEDE/y by the appropriate dose conversion factors in the 
tables from Volume 2 of this report. This is the same hierarchy illustrated in the Foreword under "Hierarchy of 
Modeling Approaches." As also mentioned in the Foreword, the next stratum in the hierarchy applies the modeling 
framework contained in this final report to derive site-specific dose conversion factors--and, in turn, release levels. 
These site-specific derived levels are determined by inserting appropriately justified site-s@c parameter values into 
the modeling analysis using the user-friendly software documented in Volume 2 of this report. Finally, the last stratum 
of release criteria is derived from technically defensible site-specific models, which incorporate site-specific parameter 
values and data. This last stratum is not generically applicable and is beyond the scope of this report. It should be 
noted that with adequate justification it is possible to obtain unrestricted use (i.e., release) from any of the three 
modeling strata. 

A.1 Policy Issues and Regulatory Perspective 

About 30 comments were received concerning various aspects of the NRC policy on residual radioactivity. NUREG1 
CR-5512 is only a part of a general information base being developed for use by the NRC for consideration of regula- 
tory activities necessary to implement decommissioning of facilities, lands, and structures. Other studies are undemay 
or have been completed (e.g., NUREGJCR-5849, "Manual for Conducting Radiological Surveys in Support of License 
"krmination" p r g e r  19921). The results of these studies, in conjunction with the resolution of policy issues, will 
permit the development of appropriate regulations allowing the unrestricted use of, and termination of licenses for, 
decommissioned nuclear facilities. 

Responses to additional summary comments are included below: 

Comment 1: Collective dose needs to be discussed to assure that affected groups of individuals will not be subjected 
to unacceptably large doses. 

Response: For purposes of the draft report, there was no consideration of collective dose. This was because the 
intent of the report was focused on individual dose conversion factors and the technical development 
of models and methods for translating contamination levels to dose for radionuctides in buildings or 
land. 
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Comment 2: 

Response: 

Comment 3: 

Response: 

Comment 4: 

Response: 

Comment 5: 

Response: 

Comment 6: 

Response: 

Is there some average number for acceptable dose that one can assign in some plausible manner? 

The scope of this report is limited to providing the technical basis and calculational methods for deriv- 
ing dose conversion factors. Through an enhanced participatory rulemaking, the NRCwill determine 
radiological criteria for decommissioning appropriate to protect both the public health and safety and 
the environment. 

How do the recently modified risk conversion factors in the National Research Council's BIER V 
(1990) report affect the values shown in draft NUREG/CR-5512? 

There is no attempt to convert from dose to risk in the draft NUREGJCR-5512. No changes were 
made to the final report due to this comment. 

Dose values like 5 pR/h at 1 m are often quoted by NRC staff in relation to release criteria. In prac- 
tice, NRC inspectors typically will place the meter a lot closer (sometimes in contact) with items being 
surveyed. Is there a way to look at the relationship between a reading at one meter and a contact dose 
reading for these release criteria? 

The value of 5 pR/h at 1 m approximates 10 mremfy for the external exposure pathway, assuming a 
2000 h@ exposure period. However, direct measurement of the external exposure pathway does not 
account for the contributions to annual 'IEDE from the ingestion and inhalation pathways. The 
response to this comment is more appropriately a policy issue because the decision to allow direct 
measurements is not part of the technical basis found in NUREGICR-5512 and references to direct 
measurements have been removed from the final report. However, as previously stated in the Fore- 
word, a separate report (NUREG/CR-5849 p r g e r  19921) has been prepared to discuss survey meth- 
ods and alternatives. Based on that report and the rulemaking on radiological criteria for decommis- 
sioning, guidance regarding appropriate measurement methods will be included in the release criteria. 

Explain an apparent discrepancy with the 5 pR/h release criteria. A conversion of 5 p W ,  with con- 
tinuous exposure for 8760 hfy, gives a dose value of about 31 m e w ,  not 10 mremfy. 

As stated in the previous response, the value of 5 p W  at 1 m approximates 10 mrem/y for the external 
exposure pathway, assuming a 2000 hfy exposure period. Implementation of direct measurements of 
external pathway exposures is beyond the scope of this report. Guidance will be provided in a Regula- 
tory Guide. 

How were values for radium in lands and the indoor radon aerosol derived? 

Values for radium in lands were calculated on the technical basis described in the report. No modeling 
was conducted for the indoor radon aerosol--on the basis that geological and architectural variations 
are so great that generic modeling is not feasible and that direct measurement of the indoor radon 
aerosol is preferred. A footnote will be included in the appropriate tables in Volume 2 to remind the 
user that the indoor radon aerosol has not been modeled in the calculations. Comment number 8 in 
Section k4 .4  also addresses indoor radon. 
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Comment 7: If annual dose W t s  other than 10 mrem/y are adopted, will the estimated concentration criteria 
simply scale, or is the calculation more complicated? 

R e s ~  The values in Volume 2 of NUREG/CR-5512 will show the dose conversion factors resulting from a 
unit concentration of radioactivity for residual contamination in buildings or lands. The level of resid- 
ual radioactive contamination associated with any dose limit is a simple calculatio~ namely, divide the 
dose by the dose conversion factor to get the corresponding concentration or quantity of radioactivity. 
Thus, the dose conversion factors simply scale from one dose criterion to another. However, as of 
August 1992, radiological criteria for decommissioning have not been established, and they may or 
may not be expressed in terms of a dose criterion in the final f o m  

Comment 8: An explanation of why there are large differences in the derived contamination levels relating to 
10 m e w  needs to be developed to provide users an understanding of how a range of values by several 
orders of magnitude for different radionuclides could result. 

Response The range of levels is derived from the potential of each radionuclide to deliver dose through several 
pathways in the scenario analysis. This means that a combination of pathways is considered, not just 
external exposure, because the annual TEDE is used. The dose conversion factor values for inhalation 
or ingestion of alpha-emitters or betaemitters for some scenarios are more limiting (i-e., unit concen- 
trations result in similar doses). The relative radiotoxicity of a radionuclide is directly related to types 
and energies of their emissions as well as the dominant pathway of exposure. 

Comment 9: When Regulatory Guide 1.86 (NRC 1974) was developed, the NRC found that limits set on the basis 
of dose alone resulted in some very large allowable concentrations. At that time, it was decided to put 
a cap or limit on the numbers because decontamination to lower levels is easy to implement (i.e., you 
don't have to live with 100 million dpm of tritium-you would clean it up!). A cap should be placed on 
the screening levels to add credibility to the overall effort. 

Response: The technical basis document was developed in a consistent manner for all radionuclides. The deci- 
sion whether to cap higher values for tritium, or to group similar radionuclides, or even to consider 
other special factors would be a policy decision beyond the intent of the technical basis report. As 
indicated in Figure kl, as a matter of good practice the licensee should consider whether simple 
decontamination practices would be effective at levels below the release criteria, e.g., wiping a wall 
with a damp cloth. No changes were made to the final report due to this comment. 

A.2 Measurements and Survey Considerations 

About 12 detailed comments on draft NUREGJCR-5512 were submitted regarding various aspects of radiation detec- 
tion. While there was some overlap in the comments, the primary concern expressed was whether the residual radio- 
nuclide concentrations derived would be detectable using current field-survey methods. Other commenters wanted to 
know if the scenario-spedic dose conversion factors were to be applied as maximum or average values, how to esti- 
mate the radioactive decay period for compliance estimates, and whether building-surface contamination should be 
combined with soil contamination. The section contains a general summary of these comments with detailed 
responses and indicates changes made for the final document. 

Comment 1: For many mixtures of radionuclides, there will be difficulties in verifying compliance with a fraction of 
the public dose limit, l i e  10 mremly, when using field instrumentation. Potential problems were cited 
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Response: 

Comment 2: 

Response: 

Comment 3: 

Response: 

Comment 4: 

Response: 

Comment 5: 

for mixtures of uranium using information from the Formerly Utilized Site Remedial Action Project 
(FUSRAP) program. Additionally, it may be impractical to accurately measure an external exposure 
rate increment from soil of less than 2 pR/h when the range of natural background varies from about 5 
to 10 pWh. At other sites, variability in measurements may be as much (or more) than 10 mremly. 

Although radiation detection problems at low dose exposures are likely to be encountered, measures 
to ensure compliance are possible through the definition of adequate survey protocols. This may mean 
the use of laboratoty analyses to establish environmental levels if direct measurements in the field are 
not reliable. No change was made to the final document because of this comment. However, because 
this is an important concern, a separate document, NUREG/CR-5849 (Berger 1992), has been 
developed concerning the design of radiation survey methods for residual radioactive contamination. 

Calibration differences at low exposure rates may also make it difficult, at best, to draw intercompari- 
sons between data measured with different instruments. This may m a n  that exposure rate measure- 
ments are reliable only in demonstrating that no statistical excess exists. 

Again, the role of external exposure rate measurements within a survey may only be of a confirmatory 
nature. Further consideration of instrument selection and survey protocol design for residual radio- 
activity has been developed and documented separately in NWG/CR-5849 (Berger 1992). No 
change was made to the final document because of this comment. 

There is a need to resolve some confusion regarding characterization of the concentration of radio- 
active materials at a site and verification of modeling methods. 

Characterization of the concentration of radioactive materials at a site consists of technically sound 
sampling of lands and structures with the appropriate instrumentation with the aim of using the data 
to summarize the character of the site. This procedure is described in the companion document on 
surveys and instrumentation that is under development Model verification is a quality-assurance 
check that the modeling equations are applied and calculated accurately. The computer models and 
calculations in Volumes 2 and 3 of this document have been checked by hand calculations and compar- 
isons with other modeling approaches have been made under strict quality-assurance procedures. No 
changes were made to the final report because of this comment. 

For surface-contamination in buildings, the staff from Oak Ridge National Laboratory report a mini- 
mum alpha detection level of 3 cpm per 100 rm,. This level is sufficiently low so that detection of 
alpha surface contamination should pose no problem. 

Information on the proper choice of instrumentation and survey protocols is available (NUREGI 
CR-5849 perger 19921). Radiation surveys conducted within buildings are significantly different from 
environmental surveys. However, at low dose rates there rnay be problems that require the careful 
choice of instrumentation and design of survey protocols for proper characterization. No change was 
made to the final report bemuse of this comment. 

The scenarios and models used attempt to estimate doses in a realistic manner but include a high 
degree of conservatism when the uncertainties are large. In the case of the external dose, measure- 
ments are probably faster than modeling and may provide a better estimation of long-term hazard. 
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Response: Site-specific analyses may be required when the simple screening approach fails. External measure- 
ments, if done in an appropriate manner, may provide a more accurate estimate of the overall dose 
from the external exposure pathway. However, external measurements need to be included with 
modeled estimates of dose from inhalation and ingestion to calculate the annual W E .  The release 
criteria will address the potential role of external exposure measurements. 

Comment 6: Provide an expanded discussion of the intent of the final survey and what a licensee must do to con- 
vince the NRC that the contamination levels or dose limits are met. 

Response: A separate document, NUREGJCR-5849 (Berger 1992), has been developed to discuss potential 
survey methods and alternatives. The complexity of the procedures will depend on the nature of the 
source term and the characteristics of the site. For example, if a licensee dealing with sealed sources 
can verify that the integrity of the sources has not been breached, the verification of appropriate dis- 
posal of these sources may be sufficient to justify a simple survey. Other sites involving volume con- 
tamination in buildings or soils, with highly variable mixtures or intensities, may require sophisticated 
measurements and statistical analysis as part of the final survey. No major changes were made to this 
final report due to this comment. 

Comment 7: Before the analysis can be evaluated, a reviewer must clearly understand how the "technical basis" is to 
be used. For example, are the calculated values averages over some unit area or are they maximum 
concentrations? At what decay time should the calculations be performed? Are the doses from the 
indoor surface contamination pathway to be combined with the soil pathway? 

Response: Figure A1 illustrates the role of the levels with respect to the hierarchy of criteria for release. Further 
consideration of how the values will be applied and related to radiation surveys will be developed and 
documented separately. This documentation will include a discussion of averaging for purposes of 
compliance determination. Generally, the calculations should be performed at the decay time consid- 
ered for release of a site, unless additional ingrowth of radioactive decay progeny would increase the 
potential doses. Delayed entry of radionuclides into drinking water is also considered in the revised 
model. Finally, the only situation for which adding indoor surface contamination to outdoor soil con- 
tamination was considered was the drinking water scenario. For this scenario, an accounting of the 
total inventory should be made if the building could be demolished and rubble disposed of onsite (thus 
adding to the soil inventory). For more complicated situations, additional site-specific modeling may 
be warranted. 

Comment 8: What about the use of smear samples for measuring removable contamination? 

Response: Historically, a vital part of survey methods has been the use of smear samples to measure removable 
contamination. From a practical point of view, it makes sense to leave as little removable material on 
surfaces as possible; however, in a modeling analysis, future conditions regarding the removable fkac- 
tion are difficult to determine. Given oxidative and other destructive processes and enough time, all 
materials deteriorate and contamination could become removable. Therefore, all contamination is 
considered removable. 
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A.3 Textual Errors and Editorial Improvements 

More than 30 comments were submitted regarding various textual errors or  suggesting editorial improvements to the 
final report. There was a good deal of overlap in the comments received on textual errors and internal inconsistencies, 
while the editorial comments varied. These comments were considered in developing the final report, however, 
because of the other significant modifications that have been made, it is not appropriate to provide a detailed response 
to each comment here. Instead, this section contains a general summary of the more significant comments and 
responses and indicates the types of changes that were made for the final document. 

Comment 1: Several comments were received regarding units or unit conversions. Inconsistencies or errors in 
selected table headings, equations, or text were noted. For example, p. 2.45 was missing a unit for soil 
thickness (m); conversions in activity (pCi to Bq) or dose units (mrem to Sv) were questioned in a 
number of places; and the units used in some equations were in error. 

Response: In preparing the final report, careful attention has been paid to the use of units. In addition to looking 
for typographical errors, dimensional analyses and programming verification of the basic equations 
were used to identify inconsistencies. Careful use of notation and an explanation of the derivation of 
constants have been added to Volume 1. As a result, numerous changes were made to properly 
account for the units of all equations, calculations, and tables. 

Comment 2: Several comments were received regarding literature references. In some cases, additional references 
were suggested; in other cases, the use of references or the format of references was questioned. 

Response: In preparing the final report, the authors consulted additional references in several areas, including 
existing pathway analysis models, regulations developed by other Federal agencies, and basic research 
information in the open literature. Additional references and their contributions to the revised analy- 
sis have been added to the text in several places. 

Comment 3: Several comments regarding the format and content of the tables of E D E  conversion factors and sce- 
nario results were received. Some comments called for the use of expanded titles to eliminate the need 
for some of the footnotes, while other comments called for the creation of additional footnotes to bet- 
ter describe the calculations. 

Response: Each of the comments on the format and content of the tables was considered and consistent modifica- 
tions were made. Expanded titles and more complete footnotes have been developed to better com- 
municate both the calculational process and the final results found in the tables in Volume 2. 

Comment 4: One comment called for restructuring the document to include a separate section for each pathway. In 
this manner, additional details in the calculationai procedure could be presented. 

Response: The structure of the draft report was deveioped to provide a balance between the pathways and scenar- 
ios in the analysis. It is not only important to understand how the dose conversion factor is calculated 
for each pathway, but also to understand the relationship of each pathway to each scenario. Addi- 
tional graphics have been added to Volume 1 to better describe the conceptual models, time frames, 
and connections among the basic elements of the modeling analysis. For clarity, the final report has 
been expanded into three volumes with greatly elaborated detail, as described in the Introduction to 
Volume 1. 
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Comment 5: AU assumptions that go into analyses of various scenarios should be documented in a manner that will 
allow a licensee to ascertain if the generic treatment applies. This will also permit easy modifications 
when the generic treatment fails. 

Response: The final report has a greatly expanded section on the assumptions and details of the modeling. 

A.4 I'echnical Considerations 

About 100 comments were received dealing with the technical details contained in draft IWREGJCR-5512. These 
comments have been sorted into seven categories: 1) Radioactive Chain Decay Methods, 2) Ekternal Dose Rate Cal- 
culations, 3) Water-Use and the Drinking M t e r  Scenarios, 4) Models, 5) Data Selections, 6) Other Pathways and Sce- 
narios, and 7) Airborne Dust-Loadings. This section summarizes the significant comments and responses and indica- 
tes the types of changes that were made in the final report for each category of technical comment. 

A.4.1 Radioactive Chain Decay Methods 

About 25 comments were submitted concerning the radioactive chain decay methods in draft NUREGJCR-5512. 
Many of the comments focused on the notation used for expressing decay chains in equilibrium or the practice of nor- 
malizing the dose conversion factors to a unit activity of the parent plus progeny. As a result of the comments, several 
changes were made to the final report. Several commenters provided specific examples of how to better express the 
results. The following general comments and responses summarize the significant points of concern raised during the 
public review and the modifications that have been made to the final report. 

Comment 1: A number of commenters recommended against the approach used to provide unit dose conversion 
(and scenario) factors normalized to unit activity of parents plus progeny in equilibrium. The com- 
ments indicated that it would be confusing to users to include the activity of progeny with the parents 
and recommended providing all factors normalized to a unit of activity of parent only. 

Response: All of the dose conversion factor presentations and calculations have been revised to be normalized to 
a unit of activity of the parent only (without consideration of the activity of progeny). Separate listings 
will be provided for progeny so that users of the report may calculate doses for any parentlprogeny 
mixture not in secular equilibrium. 

Comment 2: A number of commenters addressed the +I notation found in the draft version of NUREGJCR-5512. 
Most indicated that, in any dose assessment, it was reasonable to assume that short-lived progeny are 
in equilibrium with the parent, if all dose conversion factors are normalized to a unit activity of the 
parent. 

Response: The notation for the entire report has been modified. For decay chains in secular equilibrium, the rad- 
iations included in the dose conversion Ehctor for a parent are those associated with decay of the 
parent plus radiations from progeny. For the final report, secular equilibrium is defined for progeny 
having half-lives of less than 9 hours and also having half-lives less than 10% of the half-life of the par- 
ent. The use of +I notation is no longer necessary because the contributions from the progeny are 
always included (for external or internal dose conversion factors). For inhalation and ingestion dose 
conversion factors, the entries include radiations from all radionuclides contributing to internal dose, 
including progeny ingrowth, following intake of the parent (within the 50-year dose commitment 
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period). The inclusion of such contriiutions is defined precisely by recommendations of the Interna- 
tional Commission on Radiological Protection (ICRP) in Publication 30 (1979-1988). 

Comment 3: In addition to the +I notation, several commenters addressed the +D notation found in draft 
NUEtEGlCR-5512. The problem arises when the half-life of the progeny, although shorter than the 
parent, is still quite long. In this case, it would be tempting to include the progeny with the parent (as 
the +D notation indicated), but it would also be wrong for the majority of cases. A good example is 
%+D, where the parent is very long-lived and the progeny (93m~b) has a half-life of 16 years. It is 
not likely that the progeny will reach full equilibrium with the parent by the time decisions are needed 
on release of a decommissioned site. Eliminating the use of the +D notation forces users who make 
dose assessments to make conscious decisions about the state of equilibrium in radioactive decay 
chains. 

Response: As with the +I notation, the notation for the entire report has been modified. The use of the +D 
notation is no longer needed because the radiations included in the dose conversion factor for a parent 
are those associated with decay of the parent plus radiations from progeny that are always in secular 
equilibrium. For all other cases, when the progeny are longer-lived than the parent or when the half- 
life of the progeny (although shorter than the parent) is still quite long, separate entries are provided 
for both the parent and the progeny. E;or the final report, secular equilibrium is assumed for progeny 
with half-lives that are both less than 9 hours and less than 10% of the half-life of the parent. For 
decay chains having two or more progeny radionuclides that reach secular equilibrium (constant ratio 
of activity as a function of time), a new +C (C for chain decay) entry is provided, giving dose conver- 
sion factors for the entire chain. These decay chains have a long-lived parent with progeny of varying 
shorter half-lives. This representation is of particular value for radionuclides in the four actinide 
decay series (neptunium, uranium, actinium, and thorium). The entry name in the table will include 
+C to indicate that all progeny in the chain are included in the dose conversion factors. An extended 
discussion has been provided in the finaI report summarizing the notation for entries in the h a 1  dose 
convenion factor tables. 

Comment 4: Several commenters cited examples in which the calculation of dose conversion factors involving 
arent rogeny relationships were in error in draft NUREG/CR-55 12. Examples included 9 3 ~ r ? 3 ~ b ,  A, and decay chains involving the U series. 

Response: As part of the revision to the final report, a carefully defined Software Requirements Specification was 
developed as part of the internal quality-assurance documentation for the design of the software used 
to generate the scenario analysis for residual radioactive contamination. One of the requirements 
specifies the details of the radioactive decay chain analysis. A second requirement specifies the data- 
base supporting the calculations. These requirements were identified to ensure that the software per- 
formed all calculations in accordance with the modified approach to chain decay. Additional quality- 
assurance testing was conducted as part of the software development, including cases that used the 
comments and examples of cases in which the previous calculations contained errors. 

Comment 5: Fuel cycle facilities downstream of a mine and mill process increasingly refined uranium (i.e., uranium 
separated from its progeny). Radioactive decay for the uranium chain would predict that a very small 
fraction of 2 2 6 ~ a  (the parent of =Rn) would be created relative to the parent uranium within 500 
years, bemuse of the long half-life of the uranium. Thus, residual contamination levels of refined 
uranium should not produce significant levels of m ~ a  in soils. This means that the use of dose con- 
version factors for the full chain is too conservative. 
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Response: The use of the entire uranium chain for specific situations involving refined uranium is not approp- 
riate. For this reason, separate listings of parents and progeny are provided in the final document so 
that an accounting can be made of the non-secular equilibrium conditions that may exist at the time of 
decommissioning. In addition, the drinking water and residential scenarios are now time-dependent so 
that the peak dose conversion factor value and year can be determined for chain decay situations. 

Comment 6: The draft version of NUREG/CR-5512 does not include l g g ~ u ,  although the use of this radionuclide is 
licensed by the NRC. 

Response: This radionuclide has been added to the master radionuclide listing. 

A.4.2 External Dose Rate Calculations 

There were about 30 comments received during the public comment period on the external exposure pathway of draft 
NUREGJCR-5512. The comments questioned specific aspects of the calculational method, various aspects of the 
sensitivity study (in Appendix A of the draft), the need to calculate a deep dose equivalent, and the comparisons with 
other external dose rate calculations found in the literature. The following general comments and responses summar- 
ize the significant issues raised during the public review, and the modifications that have been included in the final 
report. 

Comment 1: The external dose rate factors used in the draft report are provided for 1 cm in body tissue, referred to 
as the deep dose equivalent. A more appropriate method of calculation provides an organ-weighted 
effective dose equivalent, which can be directly added to the committed effective dose equivalent calcu- 
lated for internal exposures from inhalation and ingestion of radionuclides. 

Response: In this h a 1  report, a change has been made to use effeqive dose equivalent from external exposures, 
consistent with the method recommended by this commenter. The method for estimating external 
doses is discussed in Section 6. 

Comment 2: Several commenters stated that a different method of producing external dose rate estimates should be 
developed. The comenters indicated that: 1) the ISOSHLD code used for the draft was not docu- 
mented well enough (a complete listing of the data library should be included), 2) a better description 
of the annihilation radiation calculations was needed, 3) accounting for bremsstrahlung was not 
needed, especially if the neutron dose is ignored, and 4) errors in the use of discrete energy groups as 
found in ISOSHL,D can occur (especially for low-energy photons). 

Response: In response to these comments, the use of ISOSHLD has been replaced with the use of a database of 
external dose rate factors contained in a Federal Guidance Report developed by the U.S. Environmen- 
tal Protection Agency (Eckerman, Wolbarst, and Richardson 1988). Standardized source configura- 
tions from the M e r a l  Guidance report are used in the scenario analysis for both surface contamina- 
tion and contamination to an effective depth. The source geometries are either an infinite plane or an 
infinite slab. External doses were calculated for specific organs, taking into account the structure of 
the human body so that an effective dose equivalent is obtained. The effective dose equivalent (dose 
from external sources) can be added to the internal committed effective dose equivalent from ingestion 
andlor inhalation so that the E D E  is obtained. 
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Comment 3: There are many discrepancies between the external dose rate factors in the draft report and the factors 
found in DOEEH-070, External Dose Rate Conversion Factors for Calculation of Dose to the Public 
(DOE 1988). 

Response: These discrepancies should be minimized in the final report k u s e  both listings of external dose rate 
factors provide the effective dose equivalent and both were developed by staff at Oak Ridge National 
Laboratory. Additional comparisons with other modeling approaches were made, as discussed in 
Volumes 2 and 3. 

Comment 4: Several commenters discussed the potential role of backscatter in the external dose rate calculations. 
It was noted that the ISOSHL,D code does not include backscatter calculations, and thus produces ser- 
ious underestimation of the exposure. It was also noted that the source-receptor relationship for var- 
ious work situations may require backscatter if the individual is located near a wall in a room. 

Response: The generic nature of the calculations (i.e., one simple generic model used to estimate external doses 
for all scenarios) indicated that the method of calculation needed to be prudently conservative, with- 
out introducing additional modeling detail. Although backscatter may be important in some situa- 
tions, so may the size of the room, the distribution of contamination (on the floor, walls, and ceiling), 
and the type of building or building materials encountered. It was determined that the simple model 
could not account for all possible levels of site-specific detail. Consequently, backscattering was not 
considered in this revised document. 

Comment 5: Several commenters addressed the details found in Appendix A ("External Ekposure Modeling Sensiti- 
vity Studiesw) of the January 1990 draft (Kennedy and Peloquin 1990). There was concern about using 
a tissue-equivalent cylinder of 5-an radius to approximate whole body dose. The curves in Figure A1 
of the January 1990 draft were challenged as being incorrect (i-e., the energy-specific exposure rate 
curves should not be parallel for various source areas). One commenter indicated that omitting back- 
scatter in the sensitivity studies (and dose conversion factors) would underestimate the potential dose, 
while a second commenter indicated that the use of an infinite plane source to model a contaminated 
room would lead to an overestimation of the dose. It was also noted that, for a generic study, it was 
not appropriate to develop more detailed methods for analysis of contaminated rooms. 

Response: The original intent of Appendix Awas to provide a discussion of the selection of source geometry con- 
figurations used in the scenario analysis. The 5-an-radius sphere of tissue was a simple ISOSmD 
representation that would indicate the relationship between point sources and small-to-large-radius 
disk sources. As a result of these comments and the degree of confusion that Appendix A appears to 
have caused, and because the method of external dose rate calculations has been revised, most of the 
information in that Appendix no longer applies and has been eliminated from the final report. Sec- 
tion 6 of Volume 1 of the final report includes an expanded discussion of the use of Federal Guidance 
Report external dose conversion factors and a discussion of the use of infinite plane or slab sources for 
the standard geometries. 

Comment 6: One commenter indicated that the external dose conversion factors used in the draft report do not 
agree closely with those found in Regulatory Guide 1.109 (NRC 1977) and the database for 10 CFR 61 
(within factors of 2 to 3), while a second cornenter indicated that this range shows excellent agree- 
ment, given the different methods for estimating external exposure. A third commenter found the 
comparisons to be not particularly illuminating because similar methods have been used in all compi- 
lations developed in this country. 
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Response: It is recognized that different methods are used in the final report than in the draft; hence, such com- 
parisons may not be technically correct. However, there is still merit in providing comparisons with 
the other pathway analysis studies found in the literature because such comparisons are relative bench 
marks with which past evaluations may be re-examined. These comparisons will be revised and will be 
included in Volume 3. 

Comment 7: There needs to be an expanded discussion, with additional detail, describing how the external dose 
conversion factors were calculated. Specifically, a more detailed comparison with the methods of 
Regulatory Guide 1.109 (NRC 1977) needs to be provided in the comparison so that the reader may 
perform hand calculations to verify the table values. 

Response: A revised method of external dose rate estimates has been provided with an expanded discussion of 
how the Federal Guidance Report database (Eckeman and Ryman 1992) was applied in the final 
report. It is beyond the scope of this final report to fully describe the calculational approach used in 
Regulatory Guide 1.109 or any other literature source; however, a comparison of the final results is 
useful. 

A.43 Water-Use Model and the Drinking Water Scenario 

About 14 detailed comments were received concerning various aspects of the water-use model and the drinking water 
scenario found in the draft version of NUREG/CR-5512. The commenters questioned the need for the scenario, iden- 
tified an error in the mathematical representation, and questioned the completeness of the scenarios concerning other 
uses of surface or ground water. The following comments and responses summarize the significant points of concern 
raised during the public review and highlight the modifications that have been included in the final report. 

Comment 1: The authors have recognized the extremely uncertain nature of a generic analysis for the ground-water 
pathway; however, the generic analysis is so uncertain (when compared to any specific site) that it is 
meaningless for purposes of this report. Because of the uncertainty, this analysis and the drinking 
water scenario should be deleted from the report. 

Response: The water-use model and the drinking water scenario are needed for completeness in the considera- 
tion of exposures for years beyond the time of decommissioning. In several places in the draft text, the 
authors have clearly recognized the limitations of a generic analysis and the fact that simple models 
oversimplify the actual conditions encountered at a particular site. The model and parameter values in 
this report are useful in establishing generic screening values. As illustrated in Figure k l ,  the intent 
of the modeling exercise (as stated in Section 5.2 of the January 1990 draft NUREGICR-5512) was to 
derive an aquifer concentration from residual radioactive materials in a conservative manner that 
would indicate when additional site data or modeling sophistication were warranted. The approach is 
not intended for broader applications. The mode1 is constructed in a manner that will allow users to 
modify simple parameters (i.e., partition coefficients, infiltration rates, soil thickness, porosity, etc.) to 
better account for site-specific conditions. The option also exists within the NRC policy to use a much 
more sophisticated method for conducting a site-specific analysis, if needed. The final report contains 
an expanded discussion of the water-use model that clarifies the intent of the modeling analysis. 

Comment 2: It would seem that the NRC should demand that licensees provide enough site-specific information to 
allow site-specific determinations of the importance of the drinking water pathway instead of attempt- 
ing a generic anaIysis. 
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Response: The intent was to provide a consemative screening value that would eliminate the need for costly data 
collection and reporting when trivial conditions exist. Numerous licensees have sealed sources or 
short half-lived materiaIs for which simple sumey data (that are compared to generic inventory 
numbers) would be sufficient to prove that no problem exists. Also, see response to Comment 1 
above. No change was made to the final report because of this comment. 

Comment 3: The water-use model correctly uses the total inventory in the calculations; however, a clear purpose for 
the approach needs to be stated. The users need to be warned about the site-specific nature of poten- 
tial ground-water contamination problems and that the analysis is based on a unit of activity (1 pCi 
and 1 Bq). 

Response: An expanded discussion of the limitations of the water-use model has been provided to repeat the pur- 
pose of the approach and caution users about the uncertainties associated with the analysis. In 
Volume 2, the table of annual TEDE results has been modified to more clearly describe the units. 

Comment 4: The water-use model assumes that elements are leached as determined by the partition coefficient, 
with no retardation, under conditions of continuous saturation. These are unlikely assumptions that 
should be replaced with more realistic ones. 

Response: The water-use mode2 was modified by the addition of an unsaturated zone with a depth of 1 m, to add 
realism and flexibility. Nonetheless, it is difficult to define a robust generic water-use model that does 
not contain conservative or unlikely assumptions compared with any real site or data. Again, the 
intent of the modeling exercise was to derive an aquifer concentration from residual radioactive mate- 
rials in a conservative manner that would indicate when additional site data or modeling sophistication 
would be warranted. This approach is not intended for broader applications; however, it does permit 
the use of alternative parameters or models for conducting site-specific analyses. The NRC plans to 
continue to research ground-water modeling in an effort to provide alternatives to this approach. 

Comment 5: The simple modeling of the ground water for use as drinking water ignores potential use of water for 
imgation. The draft text states that this is done to avoid accounting for the inventory twice. If leach- 
ing of radionuclides is subtracted from the surface-soil concentration, a proper accounting of the 
inventory can be made. The residential scenario would also be more realistic if leaching is included in 
the modeling. 

Response: Based on this comment and the review of the draft report, the residential scenario has been revised to 
include the use of ground water for irrigation and drinking, and the use of surface water for raising 
fish, as described in Section 5. The time-dependent ground-water radionuclide concentration is calcu- 
lated using the three-box water-use model. This model includes simple leaching of radionuclides 
through soil and the unsaturated zone, with no retardation. The significant difference in the operation 
of the water-use model between the drinking water and residential scenarios is the annual flow 
assumed in the aquifer and surface pond @ox 3). For the drinking water scenario, the flow is assumed 
to be the quantity of water used during a year by an individual for all purposes, including drinking, as 
discussed in Section 6. For the residential scenario, the flow is determined by the volume of water 
used for irrigation, plus the volume in the surface pond, plus the volume used by an individual for all 
other purposes (the same volume as used in the drinking water scenario). These changes were made to 
add realism to the generic scenario and to provide a more complete consideration of the potential 
behavior of radionuclides in soil. 
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Comment 6: A dimensional analysis of the ground-water equations in Appendix B indicates an error in the defini- 
tion of XL. The correct equation should read: 

Response: The generic water-use model used in the January 1990 draft report was a draft screening model pro- 
vided by the National Council on Radiation Protection and Measurement (NCRP). It had been 
reviewed by the NCRP authors prior to publication of the January 1990 draft. A few weeks after publi- 
cation, the error in the definition of lL was discovered in both the NCRP draft and our January 1990 
draft. While the generic model has been replaced with the new three-box model, this formulation is 
still used, in a corrected form, for estimation of XL. Revised nomenclature has been used, as shown in 
Section 4. 

Comment 7: The time-dependence of the TEDE should be accounted for in the modeling, especially the water-use 
modeling. 

Response: For building scenarios, the annual TEDE is conservatively calculated on the basis of the exposure that 
occurs during the first year after license termination. For a screening analysis, this is an appropriate 
approximation because of the projected short life of a building compared to the time needed to reach 
equilibrium conditions for long-lived radionuclide chains. ?b account for the ingrowth of progeny 
from parent radionuclides in non-equilibrium chain decay, the user should perform a site-specific cal- 
culation based on the appropriate ratios of the radionuclides of interest. For residual radioactive con- 
tamination in soil, the revised water-use model has been calculated arbitrarily to determine a peak 
dose conversion factor up to 10,000 years. The credibility of model predictions for the distant future is 
quite low. The modeling assumptions concerning the physics and chemistry of the land, water, and 
carrier of the radionuclides, as well as assumptions of climatic stability, are associated with uncertain- 
ties that become greatly increased in the context of even a few hundred years. However, it should be 
recalled that only the long-lived radionuclides persist in these long time-frames, and that the levels of 
residual radioactive contamination of the long-lived radionuclides considered here are probably com- 
parable to natural background. 

Comment 8: At the bottom of page 2.34, there is a potentially misleading statement regarding the EPAs drinking 
water standards. The dose limit of 4 mrem for whole body or any organ in the interim drinking water 
standards applies only to man-made, betalgamma-emitting radionuclides. in particular, the present 
drinking water standard of 5 pCilL, for radium and 15 pCi/L for all alpha-emitters, exclusive of uran- 
ium and radon, do not correspond to annual doses of 4 mrem. Thus, it is potentially misleading to pre- 
sent similar results for alpha and beta/garnma-emitting radionuclides in 'Ittbles 2.4 and 3.4. This mis- 
take appears more explicitly on page 5.5. 

Response: The dose conversion factors in Sections 2 and 3 are needed independent of doing a comparison with 
the EPA drinking water standards. Clearly, this comment is correct and a modified discussion is 
needed. The text in Sections 4 and 7 has been appropriately modified. 

Comment 9: The 2-Lld drinking water consumption rate is too high. The EPA Office of Radiation Programs cur- 
rently is using a value of 1.4 Lld for the drinking water scenario. 
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Response: The 2-Ud dfiddng rate may be a high mlue for use in a site-specific analysis. However, the intent in 
this scenario is to conservatively model drinking water consumption and provide a generic evaluation 
that can be used to determine when a more site-specific analysis should be performed. While the gen- 
eral intent of the scenario analysis in the document is to provide a prudently conservative estimate of 
the potential radiation doses, the wide range of variables and parameters to model has compelled a 
relatively conservative approach for the drinking water scenario and the water-use modeling. An 
expanded discussion has been added to explain the rationale for this scenario. In addition, the 1.4-Lld 
value is for an average individual and may not provide a prudently conservative analysis. 

Comment 10: Paragraph 2 on page B.14 states that modified annual R D E  factors can be obtained by simply multi- 
plying the TEDE factor in n b l e  3.4 by the modified parametric value and then dividing by the 
previously assumed parameter value. This is incorrect because the E D E  factors do not have linear 
relationships with most of the parameters listed in &witions (B.9) and (B.lO). 

Response: The paragraph and concepts have been modified appropriately based on this comment. 

Comment 11: What assurance is there that the drinking water scenario is sufficiently conservative that it won't give a 
"false positiven (or low dose) reading? 

Response: The water-use model has been extensively reviewed by both PNL and NRC geohydrologists. After an 
extensive literature search, the authors selected a set of parameter vaiues for the calculations consis- 
tent with the prudently conservative approach. As mentioned above, the doses were calculated for an 
arbitrary period of up to 10,000 years. While it is possible that a scenario could be developed that 
would result in higher doses, it is assumed that the modeling and parameter selection are sufficiently 
conservative and will result in appropriate screening values for all but highly unlikely cases. In addi- 
tion, the scenario considered an individual who consumes 2 LJd of water from the ground-water 
source. Several commenters held that a more reasonable consumption rate would be about 1 to 
1.5 L/d. Based on this (and other) comments, the discussion of the water-use model and the drinking 
water scenario were expanded appropriately. 

A.4.4 Models 

About 20 comments were received on the details of the pathway analysis models used in the draft NUREGJCR-5512. 
The comments included concerns over the use of specific data or assumptions, details about the surface contamination 
conditions in the building occupancy scenario, accommodation of sources below the top 15 cm of soil, and the need for 
models describing other situations. The following comments and responses summarize the significant issues raised 
during the public review, and the modifications that have been made to the final report. 

Comment 1: In general, the screening approach is difficult to apply when the many site-specific variables are consi- 
dered. Screening levels, depending on the scenarios selected and parameters used, can be extremely 
conservative for many applications and radionuclides; but they can also result in underestimates of 
dose in selected mses. Site-specific modeling forces the users to consider the major parameters and 
allows flexibility of site-specific analysis that is easily verSed by the regulators. 

Response: The screening approach was selected because there are numerous lieensees that handle rather small 
quantities of materials and have relatively trivial problems. These sites may not have the resources to 
conduct site-specifxc analyses and should not be required to do so. Fbr more sites that do not meet the 
screening levels, site-specific applications derived within the modeling framework of this report may 
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Comment 2: 

Response: 

Comment 3: 

Response: 

Comment l: 

Response: 

Comment 5: 

Response: 

Comment 6: 

be used; or more detailed models and data can be applied. It is difficult to predict in advance whether 
a generic modeling analysis will produce a more or  less conservative result than a site-specific analysis. 
However, by using prudently conservative assumptions and data selections, it is unlikely that the doses 
for many sites will be underestimated. This approach has not been changed in the final report. 

The draft report claims that the purpose is to calculate the likely radiation doses to average individ- 
uals. This is a general philosophy of dose assessment that should be endorsed. lbo often decisions are 
made on the basis of worst-case estimates of dose, which have virtually no chance of being experienced 
by any individuals. 

The final report continues to be based on a prudently conservative analysis of the dose to average, not 
maximally, exposed individuals. No changes have been made to the text because of this comment. 

It is important to emphasize the objective of the modeling exercise. By selecting prudently conserva- 
tive modeling assumptions, instead of worst case, the doses may be underestimates for some situations. 

The section describing the intent of the modeling analysis was reviewed and expanded. For example, it 
is not reasonable to expect that all structures will become residences (e.g., reactor containment build- 
ings). However, many could continue with some kind of laboratory or industrial application (e.g., lab- 
oratory space at a university). Discussions of the study basis and the modeling approach were reviewed 
and expanded appropriately. 

It is difficult to interpret the methodology and data well enough to recreate the effective dose equiva- 
lent factors in the draft report using the GENII system. A clear explanation of how the calculations 
were performed is needed. 

For the final report, a careful analysis of the models, data, and calculational methods was performed 
and the use of the GENII software was discontinued. As a result, a software requirements specifica- 
tion was developed as part of the quality-assurance process of establishing a new computer code. This 
specification serves as the basis of a separate user-friendly computer program contained in Volume 2. 
This computer program can be used to recreate the scenarios and values found in this final document 
and produce dose conversion factor results for any mixture of radionuclides. The software also allows 
the user to make simple changes to the scenarios and data to better fit a simple site. Furthermore, all 
equations and parameter values necessary to hand-calculate annual TED& are provided in Volume 1 
of this report. 

The inhalation and secondary ingestion models used in the building occupancy (surface activity) sce- 
nario contain errors in converting from surface activity to mass activity. The models for these path- 
ways need to be corrected and revised calculations need to be performed. 

A careful dimensional analysis was conducted, and the errors were identified and corrected for the 
final report. Ln summary, to convert from surface activity to mass activity in air for the building occu- 
pancy scenario, a resuspension factor of lo6 m-I is used. R, convert from loose surface activity to 

4 2 mass activity for ingestion, an ingestion rate of 10 m /h is used. 

The residential surface-soil scenario is of limited use for sites with contamination or wastes buried 
deeper than 15 cm. Accommodation of sources of radioactivity deeper than 15 cm is needed in the 
models. 
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Response: 

Comment 'l: 

Response: 

Comment 8: 

Response: 

Comment 9: 

Response: 

Comment 10: 

The intent of the basic analysis is to provide generic screening levels and the modeling framework for 
deriving site-specific levels. These screening levels will aid the identification of cases where more 
detailed site-specific analyses are warranted. Clearly, for sites with subsurface sources, additional 
modehg detail may be needed to determine compliance. Also, the models are intended for simple 
surface-soil contamination cases and not onsite waste disposal or residual contamination within 1 m of 
the saturated zone, where other more appropriate performance assessment models and data sets are 
needed. 

Inhalation dose conversion factors should be supplied for each solubility class, and ingestion dose con- 
version factors should be supplied for each fi value provided by the ICRP. 

The base-line calculations in the final document are made using assumptions about the inhalation 
solubility and fi values that will produce limiting results because the intent is to provide a screening 
analysis. The initial user-friendly computer software package developed to support this document will 
be done in the same manner. Future enhancements to the software will consider expanding the flexi- 
bility of the code to allow users to modify the inhalation solubility and fi selections to match known 
conditions. 

One commenter indicated that the indoor radon aerosol should be considered for residual uranium 
and thorium in building materials because in many cases the radon will be the limiting pathway for 
uranium and thorium contamination. A second commenter stated that a generic model for the indoor 
radon aerosol would produce uncertain results because the design of a future building and its ventila- 
tion would be entirely conjectural. 

The NRC believes that it is more practical in terms of accuracy and economics to appropriately mea- 
sure the indoor radon aerosol than to model it. The broad range of geological and architectural envi- 
ronments would lead to generic indoor radon models that would be extremely conservative for a large 
fraction of cases. The NRC will include criteria for indoor radon for measurements in the interim cri- 
teria for unrestricted release. No changes were made to the modeling approach because of this 
comment. 

Equation (2.5) on page 243 of the draft presents a rather formidable-looking model for estimating the 
concentration of radionuclides in vegetation. In particular, the distinction of the last two terms seems 
unnecessary for a generic modeling exercise. 

This modeling approach for the residential scenario using this equation has been revised for the final 
report, eliminating the contribution from the last term (uptake from deep layers of soil). The revised 
approach accounts for uptake by roots from soil; deposition of resuspended soil on leaves; deposition 
and uptake of irrigation water by plants; uptake from plants, soil, and water by animals; and uptake of 
water, soil, plant crops, animal products, fish, soil, and air by man. A discussion of the modified 
approach for the residential scenario is found in Section 5. 

Lf the inhalation rate is included in the dose conversion factor listed in Bble 2.2, the11 the text must bc 
appropriately modified. 

Response: The inhalation rate is included as a separate parameter that may vary in the analysis for each scenario. 
The dose conversion factors are taken directly Erom Eckerman, Wolbarst, and Richardson (1988) in 
units of dose per unit intake. The text has been carefully reviewed and appropriately modified. 
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Comment 11: The value of zero for soil uptake for 3~ and 14c should be verified and the specific form of 3~ should 
be stated. 

Response: The models have been modified to include uptake of 3~ and 14c &om soil, as discussed in 
Appendices C and D. The 3~ is assumed to be HTO. 

A.4.5 Data Selections 

Seven comments on draft NUREGfCR-5512 were received dealing with the details of data or parameter selections 
supporting the modeling analysis. Some cornenters generally questioned the overly conservative nature of specific 
data or parameter selections, while others requested a more conservative approach in selected areas. The following 
general comments and responses summarize the significant issues raised during the public review, and the modifica- 
tions that have been made to the final report. 

Comment 1: Several commenten stated that parameters were selected to provide a reasonable (not worst-case) 
estimate of the radiation dose conversion factor to an average member of a population. However, 
many of the assumptions and data used are not reasonable and represent the worst case. For example, 
it is assumed that the entire inventory of radionuclides will go into drinking water; there is no retarda- 
tion in radionuclide transport in ground-water systems; and in some cases maximum individual con- 
sumption rates versus average consumption rates are used. These assumptions and data selections are 
extremely conservative and unreasonable. 

Response: As discussed in Section 6 of the final report, an attempt has been made to identify the potential range 
for all data or parameter values, and to select parameter values within (not at the extreme) of these 
ranges. The notable exception is the drinking water pathway, where a simple method of estimating the 
ground-water concentration (ignoring retardation), combined with 2-Lld consumption of drinking 
water, is used. The major difference for this pathway between the residential and drinking water sce- 
narios is the volume of water in the aquifer used to estimate the water concentration (i.e., because of 
irrigation and surface water, the residential scenario requires more water and thus provides more dilu- 
tion for the radionuclides). Because less dilution is used in the drinking water scenario, the results will 
be more conservative than the drinking water pathway in the residential scenario. The results of this 
scenario provide a basis for determining when additional site-specific details or modeling are needed. 
Volume 1 of the final report contains an expanded discussion of the water-use model and the intent of 
the drinking water scenario. Because the other assumptions and parameters are within their potential 
ranges defined by literature values (as discussed in Section 6), no other changes have been made to the 
final report. 

Comment 2: The choice of input parameters generally provides assurance that a conservative analysis has been con- 
ducted so that the dose limits are never exceeded. A sensitivity study needs to be conducted to assure 
that the estimates are conservative. 

Response: The basic premise of the entire modeling analysis is to perform a prudently conservative analysis, not a 
worst-case analysis. The reason for this approach is that the calculated dose conversion factors are 
expected to be reasonably bounding in the large majority of cases. The discussion of the study basis 
and the modeling approach were reviewed and expanded appropriately. 

Comment 3: The choice of shielding factors for the indoor residence part of the residential scenario, as discussed at 
the top of page 3.24 of the draft, is somewhat subjective. The most important variable is whether 
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shielding inside a single-family house is considered or whether the structure is more substantial (i.e., a 
school, factory, apartment, or office building). From the literature, a higher shielding factor of 0.7 
(instead of 0.33) would be reasonable for this analysis. 

Response: The choice of a shielding factor for the indoor-exposure conditions in the residential scenario is indeed 
somewhat subjective. As explained in the draft text, the range of potential shielding factors in the 
literature is from about 0.2 to 0.6, with the majority of data within a range of 0.02 to 0.4. The choice of 
a factor as high as 0.7 exceeds the range identified in the literature. For this reason, no change has 
been made to the residential-scenario indoor-shielding factor for the final report. 

Comment 4 The leach-rate factors from Oztunali et al. (1981) refer to low-level radioactive wastes and may not be 
applicable for other types of wastes, including contaminated soils. 

Response: Leach-rate factors and other information pertaining to the ground-water pathway can vary over a wide 
range, depending on site- and radionuclide-specific conditions. As discussed in Section 4, the purpose 
of the water-use model was to help determine which cases pose a trivial potential for ground-water 
contamination and which cases need to be further evaluated. The leach-rate values found in recent 
literature or derived using the soil-to-plant ratios (as discussed in Section 6) have been used instead of 
those found in OztunaIi et al. (1981). 

Comment 5: A better description of the solubility of radionuclides for the ingestion and inhalation pathways needs 
to be developed for the residential scenario. Was the most conservative solubility (i.e., the one leading 
to the largest radiation dose) used for each pathway for conservatism, even though it is chemically con- 
tradictory to model the same radionuclide as both soluble and insoluble simultaneously? 

Response: An expanded discussion of the inhalation solubility classes and the f, factors has been provided for the 
final text. In general, the worst-case solubility has been assumed for the inhalation and ingestion path- 
ways for the dose estimates using information found in EPA Federal Guidance Report No. 11 
(Eckerman, Wolbarst, and Richardson 1988), even though this may seem contradictory. The exception 
is for plutonium, where a solubility class and uptake fraction more representative of environmental 
plutonium is used. The objective of this report is to derive generic screening levels as opposed to 
providing a precise kinetic model. This prudently conservative approach is intended to compensate 
for large uncertainties in the knowledge of the long-term interactions between the environment and 
radionuclides--either alone or in a spectrum of chemical carriers. For sites where the detailed environ- 
mental chemistry of specific elements is well known, future enhancements to the user-friendly soft- 
ware, described in Volume 2, wifI allow the user to specify the inhalation class and f,. No change 
beyond a modified discussion has been made to the final document. 

Comment 6: The external dose rate conversion factors listed in 'Ctble 2.1 of the draft were converted from data in 
Bble D.4 using an apparent soil density of 2.42 g/cm3. This density is too high for soils. 

Response: In the January 1990 draft, the density of concrete was assumed to be 2.4 g/cm3. In the revised report, 
the soil density used in the calculations is 1.625 g/cm3 (using the number of significant figures provided 
in Eckennan, Wolbarst, and Richardson 1988). The soflware design requirements were written to 
include this value in the modified method of determining external radiation exposures, and the text has 
been revised. 
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A.4.6 Other Pathways and Scenarios 

There were 10 comments on draft NUREGtCR-5512 that involved other potential radiation exposure pathways or  sce- 
narios. The comments indicated that water pathways (including irrigation of agricultural land and ingestion of foods 
harvested from aquatic environments) should be includ&, the comments also encouraged inclusion of indoor radon 
exposure pathways in addition to a more detailed discussion of intruder events. The following comments and 
responses summarize the significant points raised during the public review and the modifications that have been made 
to the final report. 

Comment 1: Several commenters specifically addressed potential water pathways that were not considered in the 
draft report. These included irrigation of land using contaminated ground water and ingestion of 
aquatic foods from surface streams potentially contaminated by surface runoff. One commenter indi- 
cated that this omission would make the data in the tables of the report of limited use, while another 
indicated that omission of the water pathways was justified because these pathways are site-specific. 

Response: The pathways included in the generic analysis were those directly associated with exposure to contami- 
nated soil sites. As previously noted, the residential scenario was modified to include use of ground 
water for drinking and irrigation and ingestion of fish from a surface pond. Surface runoff was 
assumed to be a secondary pathway in a generic analysis because it relies too strongly on site-specific 
conditions and requires processes that result in additional dilution before exposure can occur at a dis- 
tance from the contaminated site. It is recognized that this pathway may be important for very large 
sites and for acute (flash flood) events at arid sites; however, a complete analysis would require a more 
detailed set of models, with the inclusion of additional data that may not be representative of a variety 
of generic situations. A revised description of the basis for the modeling has been included, but no 
other modifications have been made to the final report. 

Comment 2: A potential pathway of importance that was omitted is direct ingestion of contaminated soil. This can 
be an important pathway for exposures of children who are prone to eat a lot of dirt while playing out- 
doors; however, it is hard to include in an analysis of the potential dose to adults. There are radio- 
nuclides for which direct ingestion of soil may play a role. This is particularly the case for radio- 
nuclides for which the root uptake factor from soil to plants may be very low. This pathway should be 
included for adults only in conjunction with ingestion of foods contaminated via root uptake. 

Response: Children who eat contaminated soil do not constitute an appropriate critical population for the pur- 
poses of developing generic screening criteria. In recognition of the potential importance of this path- 
way, secondary ingestion of removable contamination was included in the building renovation and 
building occupancy scenarios, and soil deposition on plant surfaces after resuspension or irrigation was 
included in the residential scenario. 'Rie final report has been modified to include secondary ingestion 
of soil by an adult (using a lower ingestion) and by animals. The inclusion of soil ingestion is sup- 
ported by an expanded review of the literature. The scenario descriptions were modified to better 
explain the rationale, but no modifications were made to the scenario analysis. 

Comment 3: ?tvo commenters referred to contamination on food crops by mechanisms other than root uptake. 
The first indicated that lack of rain-drop splash may produce nonconservative answers for some ele- 
ments like cesium. A second commenter indicated removal of radionuclides on plant surfaces (depos- 
ited from radionuclides in soil resuspended in the air) should be included to reduce the doses from 
ingestion. 
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Response: For the food pathway within the residential scenario, the crops are assumed to be contaminated by 
both root uptake and deposition of radionuclides in irrigation water or  in soils that are resuspended, 
Wishing of produce to cause removal of some of the deposited material on the surface was not 
assumed. In this manner, the analysis was designed to compensate for the potential ingestion of mate- 
rial on plant surfam, without adding deposition or removal mechanisms. In addition, secondary 
ingestion of soil by adults has been added to compensate for not including raindrop splash. The 
scenario descriptions were modified to better explain the rationale, and the inclusion of the soil-inges- 
tion pathway was made to further bound the potential effect of raindrop splash. 

Comment 4: The report should provide more detailed discussion on how to account for intruder events in perform- 
ing dose assessments. 

Response: The concept of intruders applies to sites that are still under regulatory control. A classic example is 
for licensed low-level-waste disposal sites. Intruder analyses can occur either during or after a period 
of institutional control. For sites containing residual radioactivity, the concept of an intruder is diffi- 
cult to define since the release is intended for unrestricted use by any person, for all times. The discus- 
sion of scenario selection was expanded for the final draft, but no modifications were made to the sce- 
nario analysis specifically to address intruders. 

A.4.7 Airborne Dust-Loadings 

As a result of the public review of draft NUREGICR-5512,lO comments were received concerning the choice of air- 
borne dust-loadings in the scenario analysis. The comments included concerns about sources of data, the potential use 
of a respirable fraction to reduce the effective air concentrations, individual data selections for indoor and outdoor 
dust-loading, and the potential relationship between resuspended dust- and mass-loading models. The following com- 
ments and responses summarize both the significant issues raised during the public review and the modifications that 
have been made to the final report. 

Comment 1: One cornmenter generally questioned the determination of dust-loadings from the literature, request- 
ing an explanation of why different indoor dust-loadings were assumed for the building occupancy and 
residential scenarios. In some cases, the commenter noted, although the values seem reasonable when 
compared to the reference by Anspaugh et al. (1974), the supporting justification does not. 

Response: The discussion of dust-loadings found in Section 6 has been revised to consider additional literature 
sources. The conclusions of Anspaugh et al. (1974) were reviewed as part of this revised discussion. It 
was assumed that the building occupancy scenario would include both office buildings and buildings < 

used for light industrial activities; thus, a higher dust-loading than just for the residential scenario was 
used. The revised discussion in Section 6 provides an expanded rationale for the selection of dust- 
loadings; however, no other modifications were made to the report based on this comment. 

Comment 2: The amounts of suspended dust in air assumed in exposure scenarios are reasonably conservative; 
dust-loadings three times higher than those used would be unrealistically high. However, all dust- 
loadings use a respirable fraction of 1.0. Literature values report that only about 30% of the sus- 
pended dust would be in the respirable range below 10 pm. All inhaled dust concentrations should be 
reduced to about 0.3 of the values used to account for the respirable fraction. 

Response: The respirable fraction of airborne dust is highly variable (but seldom 1.0) and wili depend on many 
factors. The mass-loading approach for estimating airborne dust concentrations was selected because 
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of its ease of application and because it required fewer assumptions and modeling steps than other 
methods. Variability in the dust-loading is accounted for by assuming a single average mass-loading 
factor for the duration of similar activities during the scenario. Dust-loadings were assigned within the 
expected range of values and a respirable fraction of 1.0 was assumed to provide conservatism. A dis- 
cussion of the selection of mass-loading factors has been revised, however, no other change has been 
made to the final document because of this comment. 

Comment 3: The indoor dust-loading was assumed to be 10% of the average value outdoors. While the indoor level 
in an undisturbed house may be less because of the availability of surfaces onto which airborne dust 
may deposit, human activity in the house (e.g., vacuuming or sitting in padded chairs) may increase 
indoor dust-loadings. An increase by a factor of two to five in the airborne dust-loading would be 
appropriate. 

Response: The indoor dust-loading was assumed to be equal to the previously reported EPA value for indoor 
dust shown in their threshold limit values (TLVs). This value is within the range of values that appear 
in the literature shown in the discussion in Section 6. For the residential scenario, an additional 
source of indoor airborne dust has been added from resuspended soil tracked indoors. Because the 
intent of the analysis is to provide a prudently conservative (not worst-case) analysis of the potential 
dose, no changes to the assumed indoor dust-loading have been made for the final report. An 
expanded discussion of the selection of dust-loadings, including additional literature values, is included 
in Section 6. 

Comment 4: One commenter asked if it was reasonable that gardening will be five times as dusty as the ambient 
outdoor air, while a second commenter noted that higher dust concentrations while gardening seemed 
reasonable. A third commenter suggested that all dust values be rounded up to the nearest order of 
magnitude. 

Response: The expanded discussion of potential dust-loadings in Section 6 discusses the rationale for assuming 
an elevated dust-loading while gardening. Because the values selected are within the potential ranges 
for dust-loadings associated with the activities defined for the scenarios, no changes are made to the 
data selections. 

Comment 5: The consideration of only respirable dust for dosimetric purposes makes sense for determining lung 
dose. ?b best determine the effective dose equivalent, however, the non-respirable particle sizes 
should be considered because they will contribute to the overall effective dose. 

Response: The ICRP task group's lung model, used in the estimation of radiation doses from inhalation, does 
account for materials that are removed from the nose and shallow lung compartments and then trans- 
ferred to the stomach. In addition, all of the scenarios defined in the generic analysis account for 
ingestion dose, either through secondary ingestion or direct ingestion of food products, drinking water, 
or soil. Ingestion of large-particle (non-respirable) material in the air concentration, beyond the nor- 
mal operation of the ICRP lung model, was not included in the final report. However, it is believed 
that the assumption that the respirable fraction is 1.0 is sufficiently conservative to account for the 
dose attributable to ingested particles. 

Comment 6:, The conclusions of Anspaugh et al. (1974) are not used in Appendix B of the draft, even though a 
mass-loading model is used. The effort to fit the mass-loading model to the data on resuspension fac- 
tors seems rather weak, given the wide range of resuspension factors reported in the literature. 
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Perhaps it would make more sense to simply use mass-loading factors from the literature and elimi- 
nate the discussion of resuspension factors. 

Response: Part of the reason for including a discussion of resuspension models is to recognize that they may be 
used as an alternative to the methods used in this analysis. Based on an expanded literature survey of 
potential dust-loading information, an expanded discussion has been included in Section 6; however, 
no modikications have been made to the data selections or dose conversion factor analysis. 

Comment 7: For the building renovation scenario, an average atmospheric dust-loading of 10" g,/rn3 was assumed. 
According to the paper by Anspaugh et al. (1974), this dust-loading corresponds to the average back- 
ground value outdoors. Dust-loadings during building renovation could be considerably greater than 
the average dust-loading outdoors--this means that the potential doses for this scenario may be 
underestimated. 

Response: Although the short-term dust-loadings may be higher, the intent was to select an average value that 
would be appropriate for the entire 500 hours of building renovation. The indoor dust-loading would 
be controlled by a number of factors, including the type and effectiveness of the building ventilation 
system. For this reason, no changes have been made to the assumed dust-loading for the building 
renovation scenario for the final report. No changes were made to the final report based on this 
comment. 

Comment 8: Does the EPA have standards for residential surface soils indoors and air concentrations for leaf depo- 
sition as shown in %ble 3.5? 

Response: A careful review of Bble 3.5 of the draft showed two typographical errors involving dust-loadings. 
The first was the yardwork dust value shown for the residential scenario. The table shows an incorrect 
value of 1 x 10" @m3. The correct value is 1 x 10" g/m3. The second error was an air-concentrations 
value of 5 x 10" g/m3 from air-to-leaf disposition in the residential scenario (able  3.5). The correct 
value for this parameter is 1 x lo4 g/m3, the same value as used for yardwork dust. 

A.5 Model Verification 

A total of 16 comments were submitted regarding verification of the model analysis supporting draft NUREGl 
CR-5512. The commenters requested expanded documentation of computer model intercomparisons and provided 
feedback on the initial comparisons of model results that were based on the draft and made independently based on 
the draft. Most of the commenters either requested a model comparison study with the RESRAD computer code 
developed by the U.S. Department of Energy (DOE) or reported on initial comparison efforts using the RESRAD 
computer code. The following comments and responses summarize the significant issues raised during the public 
review, and the modifications that have been made to the final report. 

Comment 1: Provide a description of how the models were verified by comparisons with other computer codes and 
with experimental data correlating contamination levels with external dose. 

Response: Attempts to verify operation of the models with hand calculations and comparisons with other model- 
ing studies were made and documented in several places in the draft report. These included compar- 
isons of the basic pathway dose conversion factors and comparisons of the scenario results. For the 
final report, hand calculations have been repeated under strict quality-assurance procedures as 
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described in an internal software validation, verification, and testing plan. The quality-assurance pro- 
cedures included the development of a software-specifications manual that was carefully reviewed to 
match the mathematical formulations in Volume 1 of the final report. Furthermore, Volume 1 of the 
final report contains all the mathematical formulations necessary for the user to perform independent 
hand calculations. Upon completion of the user-ffiendly computer software supported by Volume 1, a 
modeling comparison will be conducted with relevant scenarios using other computerized software, 
including the REBRAD code developed for DOE and IMPACTS-BRC developed for NRC. 

Comment 2: A comment from DOE recommended a cooperative interagency research effort to support the criteria. 
The effort could be in the development and verification of the computer codes and their mathematical 
models. To verify the models, DOE recommends that several NRC staff select a scenario for soil-con- 
tamination criteria and attempt an analysis with both RESRAD and the NRC methods to determine 
which is more desirable. 

Response: There have been interagency discussions regarding potential joint research projects that could be con- 
ducted to evaluate the models and methods for translating residual contamination levels to annual 
dose. Staff from the NRC have agreed to participate in a joint project with DOE to collect experimen- 
tal data from a contaminated facility and to relate surface-contamination levels to external dose rates. 
These data should be useful in future model-verification studies. Additional model intercomparisons 
will be conducted to evaluate the operation of the models supporting this document. No changes were 
made to the final report because of this comment. 

Comment 3: One commenter found the comparisons with Regulatory Guides 1.109 and 1.86 (NRC 1977 and 1974) 
to be useful and commented that the "now versus then" agreement was very good. A second cornmen- 
ter indicated that there was no basis for these comparisons because Regulatory Guide 1.86 was based 
on measurement, not potential dose considerations; this commenter went on to suggest further com- 
parisons that might be more meaningful. 

Response: Although the existing Regulatory Guides and the methods used for this report have a different basis, a 
comparison is useful to help indicate the impact of the revisions. As stated in response to Comment 1 
above, PNL will conduct an extended modeling comparison with relevant scenarios using other meth- 
ods and include these comparisons in a separate volume supporting this document. 

Comment 4: One commenter reported initial results obtained using the RESRAD computer program. The com- 
menter indicated that the models and pathways of exposure generally compare with those considered 
by RESRAD, however, some differences do occur. The commenter indicated that RESRAD contains 
more conservatism and a different ground-warer model, but that ground water is so site-specific that 
both approaches should be used with caution. A second commenter indicated that the RESRAD code 
is more user-friendly than the methods contained in draft NUREGJCR-5512 

Response: As previously noted, an expanded modeling analysis is planned and formal documentation of the 
methods and models used to generate this report will be provided in Volume 3. Perhaps it is not sur- 
prising that the RI3RAD code produced initial results that are more conservative than the models 
used in this analysis because this analysis was intended to produce prudently conservative (not worst- 
case) results. However, a full comparison needs to be completed before any conclusions can be made. 
Finally, the computerized method and models used in the draft report were simply listed in an appen- 
dix; they were not made publicly available for testing during the review. Thus, complete comparisons 
using anything except hand calculations were not possible. Attempts will be made to ensure that the 
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final software is user-friendly and documented in an understandable manner; however, no changes 
were made to the tinal report because of this comment. 

Coinrnent 5: A set of five detailed comments was submitted concerning an initial comparison with RESRAD com- 
pleted by DOE. The first two comments outlined the comparison using 100 pCi/g of plutonium iso- 
topes. The results with zero decay were quite close; RESRAD produced 3.7 mrem/y versus 2.6 mrem/y 
using the results for this study. The commenters also discussed the problem of radioactive decay and 
the ingrowth of 241~m at different times. When an attempt was made to conduct a comparison with 
15 years of decay, one commenter noted, RESRAD continued to produce 3.7 m e w ,  while the results 
of this study, including daughter ingrowth, produced 54 mem/y. Another commenter indicated that 
there was some confusion about how to perform the calculations using the dose conversion factors in 
the draft report. This Gommenter also indicated that not including soil-removal mechanisms would 
lead to greatly different results. 

Response: Major revisions to the modeling approach have been made. Instead of listing the scenario dose con- 
version factors as the total activity of parent plus daughters, as was done in the draft, the final report 
lists the factors by activity of the parent alone. This change should clarify the factors and make them 

, simpler to use. Comparisons at different decay periods are possible by simply using the mixtures 
representing different equilibrium conditions present at different times. As previously stated, a sensi- 
tivity study and model comparison is documented in Volume 3 of this report. 

A.6 Other Issues 

The final category of comments included six comments that did not fit into the other categories. One commenter indi- 
cated that the document should include an analysis of contaminated piping or other equipment that may be left in 
place for reuse. A second commenter indicated that the analysis in the draft would be of little use because it did not 
include key radionuclides in the uranium and thorium decay chains (i.e., mn22Rn, 212/214~0, 214~b, 214~i,  and %). 
A set of comments questioned the scenario results and indicated that their application to the FUSRAP and the 
Uranium Mill 'hilings Remedial Action Project ( U W )  sites might be limited. The following general comments 
and responses summarize the significant issues raised and the modifications that have been made to the final report. 

Comment 1: Piping and other components are not considered in draft NUREGfCR-5512. If this document and the 
revised NRC policy are to replace Regulatory Guide 1.86 as a basis for determining criteria for unre- 
stricted release, piping and components should be included. It is not adequate to assume that all 
slightly contaminated components would be removed. E;or example, slightly contaminated systems 
might remain in the facility if it were converted into a fossil-fueled power plant. 

Response: Any unusual contamination left in place requires NRC approval. Such approval could be given to jus- 
tify a specific request after the NRC evaluates the pathway analysis submitted by the licensee. Recycle 
or reuse of contaminated equipment, including piping or other components that may be left in place, 
will be the subject of a separate, future NRC technical report. However, volume contamination was 
included in the building renovation scenario and an accounting of the total inventory left onsite was 
included in the water-use scenario. No changes were made to the final report because of this 
comment. 
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Comment 2: Many residual radioactivity sites contain materials contaminated with uranium, thorium, and radium. 
This document will have limited utility for these sites because essential radionuclides (such as 

21U214~0, 214~b, and %) are omitted. 

Response Wth the exception of radon gas, the radionuclides mentioned in the comment have very short half- 
lives (from a fraction of a second to about 30 minutes). They were all included as implicit daughters in 
equilibrium with longer-lived parents in the draft report, For the final report, the format of the infor- 
mation has been changed and the explanation of the role of decay progeny has been expanded to make 
the information more useful. The major exception is the omission of a special model for radon in 
buildings. This omission is justified, however, because of the potential complexity in modeling the 
indoor radon aerosol and the intent to produce generic models and scenarios. Indoor radon aerosol 
modeling would also be of limited usefulness when compliance with EPA standards can be made using 
measurements. No further changes were made to the final report because of this comment. 

Comment 3: W o  commenters requested a verification that the surface-contamination (building occupancy) sce- 
nario is more restrictive than the volume-contamination (building renovation) scenario, and requested 
a basis for the conclusion. 

Response: An expanded discussion of the two scenarios has been provided, however, the w o  scenarios consider 
different situations. It is not correct to assume that the surface scenario provides the more restrictive 
Limits (i.e., for beta and alpha sources, volume contamination may be more important than surface 
contamination). No further change was made to the final document because of this comment. 

Comment 4: The comparison-to-standards section should be expanded to include a comparison with the proposed 
EPA guidance on transuranic elements in soil. 

Response: A comparison with the proposed EPA guidance was intentionally omitted because the standards are 
not in final form. No change has been made to the final report because of this comment. 

Comment 5: The scenario analysis is limited to NRC-licensed facilities. With modifications, the information 
should be applicable to most types of facilities. For FUSRAP, UMTRAP, and DOE surplus facilities, 
measurements of the radiological conditions would be necessary to apply the methodology. 

Response: The generic analysis should permit consideration of any type of facility, as long as detailed information 
concerning the radionuclide inventory is developed. This information should be available from a 
detailed radiological survey conducted for a site prior to release. No change is made to the final docu- 
ment based on this comment. 
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Extended Nomenclature and Methodology 

"I%.& appendix is an extension to the nomenclature and methodology described in Section 2 of this report. The 
details presented in this appendix explain the nomenclature and methodology needed for a complete evaluation of 
the annual total effective dose equivalent (TEDE) from residual radioactive contamination. Section B.1 provides 
the basic radioactive decay equations for cases with and without removal by loss processes (e.g., weathering from 
plant surfaces). Section B.2 illustrates use of the decay equations (operators A{}, and 40) for evaluating the 
change in activity or concentration over a time period. Derivations of basic equations are shown for decay with 
removal. Equivalence between the decay operator notation and the original Bateman equations is demonstrated. 
The evaluation of time integrals (operators S{) and S,{)) is demonstrated in Section B.3 based on the basic form 
of equations for decay over a time period. Section B.4 presents a derivation of equations for deposition accumula- 
tion (operators R{} and Re{}) for evaluation of an activity or concentration at the end of the accumulation 
period. The deposition accumulation equations are extended to give the time integral of activity or concentration 
over a deposition period (operators G { )  and G,{)) in Section B.5. The solution to the water-use model for the 
drinking water scenario (operators Adk{) and Sdk{)) is demonstrated in Section B.6 based on the basic decay equa- 
tions given in Section B.l for decay with removal, and Section B.3 for the time integral of decay with removal. 
Finally, the solution to the water-use model for the residential scenario is described in Section B.7 (operators 
hki} and Srk{}). 

B.l Radionuclide Decay Calculations 

The mathematical description of radioactive decay processes was first described by Bateman (1910) in the form of 
equations giving the amount (in atoms) of each decay chain member present as a function of time. These equa- 
tions are defined for a chain of radionuclides without branching and with 100% transition from each chain member 
to the next chain member. The initial amount of chain member present at time zero is represented in the 
equations. 

Skrable et aL (1974) extended the Bateman equations to consider cases involving a constant independent rate of 
production of each chain member and removal mechanisms other than radioactive transitions. They also indicated 
how to use their equations to represent radioactive decay sequences involving branching. When branching occurs, 
the amount of each chain member present at a given time is evaluated as the sum of contributions from each 
branch of the decay sequence, a method suggested by Friedlander and Kennedy (1955). The equations as presented 
are similar to the original Bateman equations, with expansion of the exponential terms to include the independent 
rate of production of each chain member. The expansions represent the time integral of production at a constant 
rate. 

Scherpelz and Desrosiers (1980) have described a recurrence formula based on the work of Hamawi (1971) that 
can be used to evaluate radioactive chain decay. Their method provides the Bateman equations when expanded 
and condensed. They also indicate that the time integral of the amount of each chain member can be evaluated by 
replacing the exponential term by the integral form of the exponential term. The replacement is applied in the 
equations presented for radioactive decay calculations described in this report. 



The forms of radioactive decay equations described by Skrable et al. (1974) and Scherpelz and Desrosiers (1980) 
are defined for radioactive decay in sequences without branching. Branching can be accounted for by multiple 
applications of the equations and summing appropriately. Also, both equation sets can be used to account for loss 
or removal of each chain member by processes other than radioactive decay. 

An alternate form of the radioactive decay equations has been developed and implemented in computer programs 
at Pacific Northwest Laboratory (Strenge, Hendrickson, and Watson 1971; Strenge and Watson 1973; Strenge, 
Watson, and Houston 1975; Houston, Strenge, and Watson, 1976; Napier, Peloquin, and Strenge 1986, Napier 
et al. 1988, Strenge et al. 1990). The equations for this alternate form differ from those presented by the other 
authors discussed above in that the solution for radioactive decay chains with branching is included explicitly in the 
representations: no addition of contniutions from multiple applications for branches is necessary, This alternate 
form is used as the basis for radioactive decay calculations defined in this report, including evaluations for the 
three-box water-use model. 

B.l.l General Decay Equations 

The radioactive decay process occurs in a random manner that may be described mathematically. When a parent 
radionuclide i undergoes a transition to a progeny radionuclide (or stable isotope), the quantity of the parent 
remaining in a medium m after a time period t is written as: 

where Cmi(t) = the activity of a radionuclide i at time t in a medium m (pCi) 

Cmi(0) = the activity of a radionuclide at time zero in a medium m (pCi) 

Afi = radiological decay constant for radionuclide i (dm'). 

By defining the source of production (i.e., the parent radionuclides) for each chain member, the decay equations 
can be used to evaluate chains with multiple branching in a single pass through the system of equations. The gen- 
eral form of the decay equation for the jth member of a decay chain, using the notation defined for this study, is as 
follows: 

where Cmj(t) = quantity of chain member j at time t in medium m (pCi) 

Li = decay constant of radionuclide j (d-') 

A, = decay constant of radionuclide n (d-') 

Kjn = coefficient for term n for chain member j (pCi*d). 
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As Equation (B.2) indicates, the solution for the jth member is the sum of j t e r n ,  with an exponential component 
for each member of the decay chain. The coefficients (5,) are determined by the decay chain data (half-lives and 
branching fraction) and by the initial amount of the precursor radionuclides present at the start of the time period. 
The amount of each radionuclide is expressed in activity units (e.g., pCi). 

Evaluation of the coefficients is performed starting with the first member and proceeding sequentially through the 
chain. The number of coefficients needed for a given chain member is equal to the position of the member in the 
chain. For example, the third chain member requires three coefficients. The coefficient for the first chain member 
is equal to the activity present at the start of the decay period divided by the radionuclide decay rate constant: 

C m  1 (0) Kll = - 
41 

The coefficients for other chain members are evaluated using the following equations: 

and 

C m j  (0) j -1 
K. = - 

JJ  - C  Kjn (B.5) 4 n d  
where dpj is the fraction of radionuclide p transitions that result in production of radionuclide j (dimensionless) 
and other terms are as previously defined. This generic representation of the radioactive decay process allows 
transition and branching from any chain member to any member lower in the chain. In practice, it is only neces- 
sary to include terms in the equation for which the branching fractions (dpj) are non-zero. 

An alternate form of Equation (B.2), for the amount of each chain member present after a time period t, can be 
derived by combining Equations (B.2) through (B.5) and separating the term for the last chain member 0). The 
result is as follows: 

This form of the radioactive decay equation is similar to (but still different from) the representations used by 
Skrable et al. (1974) and Scherpelz and Desroisers (1980) in that the formulation involves the difference of expo- 
nentials. Either of the above representations can be evaluated for a radioactive decay chain that has no branching 
to obtain the original Batexnan (1910) equations. In so doing, all decay fractions (dpj) in which the indices differ 
by more than one (e.g., d13) are set to zero. For chain members beyond the first two, the evaluation involves some 
algebraic manipulations to collapse terms to the form in Bateman's representation. This process is demonstrated 
in Section B.2. 

The operator notation used to designate decay for a time period is as follows: 
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where A{) = the operation of decay of activity in a medium for a time period (units same as C ,  units) 

C, = the array of initial concentrations in a medium (activity or concentration units, e.g. pCi, pCilg, 
pciflrg) 

t, = time period for evaluation of concentration (d). 

The above equations define the method used to evaluate the amount of a chain member present after a specified 
time period, t. Another important calculation needed for the dose calculations of this report is the time integral 
over a specified time period. Inspection of Equations (B.2) through (B.5) reveals that the time parameter, t, 
appears only in the exponential tern of Equation (B.2). This allows the time integral to be evaluated as the inte- 
gral of the sum of exponential terms. By replacing each exponential expression in Equation (B.2) with the time 
integral of the exponential evaluated between time zero and time t, the time integral of activity of each chain mem- 
ber can be determined. Details of this procedure are given in Section B.3. This substitution is represented as 
follows: 

( - e-lrnt is replaced by I 

The substitution indicated by Equation B.8 allows evaluation of the time integral of the amount of a radionuclide 
present over a time period. The time units of the time integral correspond to those used for t. The units of t 
must also be the inverse of the units for It,. 

The operator notation used to designate the time integral for a time period is as folfows: 

where S{) = the operation of time integration of activity in a medium for a time period (units of C ,  multiplied by 
units of t*), and other terms are as previously defined. 

Another application of the decay equations is to evaluate the concentration in a medium after deposition and 
accumulation at a constant rate for a period of time. This application is needed in evaluation of the activity in soil 
from irrigation water deposition. The derivation of equations for deposition accumulation are presented in Sec- 
tion B.4. The resulting forms of the equations are very similar to Equations (B.2) through (B.4). The equations 
may be represented by replacing the initial radionuclide activities, C .(O), in Equations (B.2), (B.3), and (B.5) with 

rnj. the wnesponding constant deposition rates, hj. Also, the exponentla1 term is replaced as follows: 

- 
-Amt 1 e-*mt e is replaced by .A (B. 10) 

The derivation of equations for deposition at a constant rate is presented in Section B.4. The deposition, 
accumulation operator notation representing these calculations is as follows: 
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R{R*,t*} (B. 1 1) 

where RC) = the operation of deposition accumulation for deposition at a constant rate (units of R, multiplied 
by units of t,, e.g., pCi1g dry-weight soil) 

R, = the array of constant deposition rates for each chain member (units of activity per day per unit mass 
of receiving medium, e.g., pCi1d.g dry-weight soil) 

t, = time period for evaluation of concentration (d). 

The fourth application of the decay equations is for evaluation of a deposition, accumulation, and time integration 
of a constant input rate by irrigation. Equations for this application can be evaluated as the time integral of the 
for the deposition accumulation at a constant rate, with integration over the period from 0 to t. The integration 
step involves integration of the term on the right side of Equation (B.10), as described in Section B.5. The final 
form for Equation (B.2) is then written by replacing the exponential terms as follows: 

(B. 12) 

The deposition, accumulation, and time-integral evaluation also involves replacement of the initial radionuclide 
quantities, Cm,(0), with the constant deposition rates, Rnj, as demonstrated in Section B.4. 

The operator notation representing deposition, accumulation, and time integration is as follows: 

G(R*,t *} (B. 13) 

where G O  = the operation of deposition, accumulation, and time integration for a time period (units of R, times 
squared units of t,) 

R, = the array of constant deposition rates for each chain member (units of activity per day per unit mass 
of receiving medium, e.g., pCi1d.g dry-weight soil) 

t, = time period for evaluation (d). 

B.1.2 Equations for Decay with Removal 

In the soil scenarios, the agricultural pathway models require consideration of radioactive decay in a system where 
other removal mechanisms may also be occurring. For example, the activity on plant surfaces is subject to loss by 
weathering processes. To evaluate the activity in plants at the end of a growing season, this weathering loss must 
be considered when performing the decay calculations. 

The equations for decay with removal are similar to the equations for decay without removal, i-e., Equations (B.2), 
(B.3), (~ :4 ) ,  and (B.5). The difference is in use of an effective rate constant in place of the decay constant in spec- 
ific parts of the equations. The effective rate constant is the sum of the decay constant and the removal rate 
constant: 
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(B. 14) 

where AFj is the effective rate constant (d-I), and L, is the removal rate constant (d"), shown here as the 
weathering rate constant. 

The equations for decay and loss are given as follows, based on Equations (B.2), (B.3), (B.4), and (B.5): 

j-1 
d . A  K PJ rP Pn 

K,, (n=1 to j -1) = p=n 
kcj - 'en 

(B. 15) 

(B. 17) 

The derivation of these equations is demonstrated in Section B.2 for the first two decay chain members. 
Equations (B.15) through (B.18) can be combined to obtain an alternate expression comparable to Equation (B.6), 
as follows: 

(B. 19) 

Equations (B.14) through (B.18) also represent the evaluations for the deposition, accumulation operator and for 
the deposition, accumulation and time-integration operator, when appropriate substitution is made for the expo- 
nential t e r n .  The substitutions parallel those indicated by Equations (B.8), (B.10), and (B.12). 

For the time-integral equations (see Section B.3.1), the exponential term of Equation (B.15) is replaced with its 
integral form as follows: 

e-""' is replaced by [I - e-Aent]/ ken 

This substitution is also used for the deposition accumulation calculation with removal as described in Section 
B.4.1. For the deposition, accumulation and time-integration (see Section B.5.1), the exponential term of Equation 
(B.15) is replaced as follows: 
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emhat is replaced by [t - (1 - e-*ent)/ A e n ] / l e ,  

The decay with removal calculation is represented by the decay operator as follows: 

where &{) represents the operation of radioactive decay with removal using an effective removal rate constant, 
A,, and other terms are as previously defined. The time integral with removal is represented similarly: 

where S , { )  represents the operation of the time integration with removal using an effective removal rate constant. 
The deposition accumulation with removal calculation is indicated by the following operator notation: 

where Re{) represents the operation of deposition, accumulation, with removal and other terms are as previously 
defined. 

The time-integration with removal is represented as follows: 

where Ge{) represents the operation of deposition, accumulation, and time-integration with removal, using an 
effective removal rate constant. 

B.13 Decay Equation Units 

The equations provided in this section for evaluation of the amount of each chain member present after a time 
period have been defined for radionuclide amounts defined in units of activity (e.g., pCi) present at the start of the 
time period. However, in comparing equations in this report with those of the original Bateman (1910) publica- 
tion, a conversion between activity and atoms must be made. The basic relationship between the two units is as 
follows: 

Activity (transitionsltime) = Rate Constant (ljtime) x Atoms. (B.26) 

The conversion from activity units to units proportional to atoms is performed as the inverse of the above 
equation, as follows: 
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where Qmj(t) = atoms of radionuclide j present in medium m at the start of the period (atoms) 

Cmj(t) = activity of radionuclide j present in medium m at time t (activity units) 

k = constant of proponionality to relate activity units to atom units. 

The numerical value for k depends on the choice of activity and time units employed. For activity in Bq and time 
in seconds, the value for k is 1.0, because 1 Bq is defined as 1 transition per second. However, the value for k is 
irrelevant to implementation of the equations because k appears in each term of the equation being converted and 
can be cancelled. 

B.2 Radioactive Decay Operators 

'Ibis section demonstrates correctness and use of the decay equations for decay over a time period, with and 
without removal processes (operators A{} and 40). The derivation of the equations for decay with removal 
(Equations p.141 through p.181) are presented in Section B.2.1 as the solution of the basic differential equation 
for decay. In Section B.2.2 the basic equations for decay without removal are expanded to demonstrate their 
equivalence with the original Bateman (1910) equations. 

B.2.1 Decay Operator with Removal A,() 

The change in activity or concentration of a radionuclide in a medium with removal can be written as follows: 

where Cmj = concentration of radionuclide chain member j in medium m (pCi) 

Cmn = concentration of precursor radionuclide chain member n in medium m (pCi) 

li = radioactive decay rate constant for radionuclide j (d-') 

& = rate constant for loss of activity from a medium (d-') 

dnj = fraction of precursor radionuclide n transitions that result in production of radionuclide chain 
member j (dimensionIess). 

The solution to Equation (B.28) will be derived for the parent and first progeny radionuclides. Equation (B.28) 
can be written in terms of these chain members as follows, for the parent (j=l): 

and for the first progeny (j=2), 
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where Cml = concentration of parent radionuclide chain member u = l )  in medium m (pCi) 

Cm2 = concentration of first progeny radionuclide 0=2) in medium m (pCi) 

d12 = &action of precursor radionuclide 1 (parent) transitions that result in production of radionuclide 
chain member 2 (dimensionless) 

I,, = rate constant for removal and decay of radionuclide 1, evaluated as the sum of A,,, and Irl (d-I). 

Ie2 = raze constant for removal and decay of radionuclide 2, evaluated as the sum of )L, and In (d-l). 

The solution to Equation (B.29) is evaluated by first transferring terms containing the concentration of the parent 
radionuclide in the medium (Cml) to the left side of the equation, and then multiplying by the integration factor, 
,k,lt: 

The left side of the equation can be written as a differential and then integrated to give the following expression: 

Evaluation of the constant of integration is performed using the condition that at t = 0, Cml = CmI(0). The con- 
stant is given by: 

Constant = Cm (0) (B.33) 

and the h a 1  expression for the amount of parent radionuclide in a medium is given by: 

This expression can be seen to be equivalent to the decay operator notation for the change of activity over a time 
period, t, as given by Equations (B.15) and (B.16). 

The solution of Equation (B.30) for the first progeny radionuclide can be found by first moving terms containing 
the medium concentration parameter, Cm2, to the left side of the equation and multiplying by the integration fac- 
tor. The expression of Quation (B.34) is also substituted into Equation (B.30) for the parent concentration in the 
medium. The result of these actions is the following expression: 
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The left side of this equation can be written as a differential, and the whole equation can be integrated to give the 
following expression: 

Multiplying through by the inverse of the integrating factor gives the following expression: 

The constant can be evaluated from the condition that Cm2 = Cd(0) at t = 0. Substituting this condition into 
Equation (B.37) gives the following expression for the constant: 

constant = + Cm2(0) - d1242Cm1(0) 

(Ae2 - kel) 

Substituting this expression for the constant and combining terms results in the following expression for the 
amount of first progeny radionuclide in the medium as a function of time: 

This equation is equivalent to the equations generated using the formulas for the decay operator with removal 
(Equations [B.14] through [B.18]). This derivation demonstrates that the solution to the decay with removal case 
can be written using Equations (B.14) through (B.18). Examples of equation generation using decay operator 
equations are given in the next section. 

B.2.2 Decay Operator A() 

This section provides a demonstration that the basic decay equations (Equations p.21 through p.51) are 
equivalent to the original Bateman (1910) equations for a decay sequence that has no branching. 

Consider a four-member decay chain with initial activities (pCi) of the four members given by Cml(0), Cm2(0), 
Cm3(0), and Cm4(0). The equations for each chain member can be written by inspection from Equations (B.2), 
(B.3), (B.4), and (B.5). For the first chain member (j=l), the equation for the activity present as a function of 
time is 

cm1 ( t )  = A ~ ~ K ~ ~  e-'rlc 

or, 
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For the second chain member (j=2), tbe equation is 

d A K  Cm 2 (0) 
where KZl is l2 " l1 and KZ2 is --.- - Q1. The final expression for Cm (t) is: 

Ar2 - Arl 4 2  

For the third chain member (j==3), the equation is 

Cm3 (t) = 
e-"' ' + K3, e-&~t + e-'r3t 1 

The first coefficient, K.31, is evaluated using Equation (B.4) as follows: 

Using the previously defined expressions for Kll and Kzl results in the final expression for K3,: 

The second coefficient, K32, is also evaluated using Equation (B.4) as follows: 
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Using the previously defined expressions for K2, and Kz,, the final expression for K3, becomes 

The third coefficient for the third chain member, K33, is evaluated according to Equation (B.5) as follows: 

Substituting the expressions for K31 and K3, into this expression gives the following equation for coefficient K3+ 

An important algebraic manipulation will now be demonstrated to simplify the above equation for K33. Note that 
the numerators of the 3rd and 5th term on the right side of Equation (B.50) are the same: [dB A, dl, Cml(0)]. 
The following identity is applied to these two terms: 

with a#b, b+c, and a+c. Applying this reduction to the 3rd and 5th terms gives the following expression 
(numerators omitted for simplicity): 

The expression for coefficient K33 can now be written in the simpler form: 
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This type of reduction is necessary to show agreement with the Bateman form of the decay equations, as will be 
illustrated below. The equation for the third chain member can now be written as follows: 

For the fourth chain member (i=4), the equation is 

The first coefficient K4i is evaluated using Equation (B.4) as follows: 

Substituting the previous expressions for Kll, KZl, and K31 gives the following expression for K41: 

The s m n d  coefficient of Quation (B.55), K42, is evaluated using Equation (B.4) as follows: 
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'Using the previously defined expressions for Kz2 and K32 gives the following equation for coefficient K42: 

The third coefficient of Equation (B.55), K43, is evaluated using Equation (B.4) as follows: 

Using the expression for Ks3 given by quat ion (B.50) (the unsimplified form) gives the following expression for 
K43: 

The fourth coefficient of Equation (B.55), K44, is evaluated using Equation (B.5) as follows: 

Using the previous expressions for Kd1, K42, and K43 gives the following equation for K44 

This equation for K;Q4 contains 14 terms. Four pairs of these terns can be reduced using the identity of 
Equation (B.51). 
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The reductions are as follows: 

terms 3 and 7 become 

terms 4 and 11 become 

terms 8 and 13 become 

and terms 12 and 14 become 
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At this point another algebraic identity is used to further reduce the number of terms. The following can be 
shown (by algebraic manipulation) to be true: 

Applying this identity to terms 5 and 9 of Equation (B.63) and Equation (B.67) with a = Xrl, b = A0 c = in, and 
d = 1, gives the following expression for the three combined terms: 

Then, using the identity in Equation (B.51), two terms of Equation (B.61) for Kq3 can be combined. Terms 3 
and 5 of Equation (B.61) become 

The final equation for the fourth chain member can now be written using expressions for (Equation [B.57]), 
K42 (Equation p.59]), K43 (Equation [B.61]), and KM (Equation 1B.631) together with the term reductions 
(Equations IB.641 through p.67) and Equation (B.55) as follows: 
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The above equations for chain-member activity as a function of time include all possible branching routes in a 
chain. For most radionuclide decay chains, only a few branches exist with most sequences being "straight chains" 
without branching. The original Bateman (1910) equations were developed for the case of decay chains without 
branching. As a further exercise in use of the decay processor equations, the equivalence between the Bateman 
equations and the above equations for a four-membered chain will be demonstrated. Equations (B.41), (B.43), 
(B.54) and (B.71) will be modified to represent a decay chain that has no branching (for comparison with the 
Bateman equations). The elimination of branching is implemented through the definition of the branching frac- 
tions. All transitions from one chain member to the next chain member are described by a branching fraction 
equal to 1.0. Ail branching fractions for which the subscripts differ by more than 1 are zero. The branching frac- 
tions for the example four-membered chain have the following values: 
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dl, = d14 = d24 = 0.0 (B.73) 

With these definitions, the equations for the four-membered chain without branching can be written as follows: 



Appendix B 

The decay equations as originally published by Bateman (1910) in units of atoms are as follows: 

chain member 1, 

-A, t 
P = P o e  

chain member 2, 

chain member 3, 

chain member 4, 
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Equations (B.74) through (B.77) can be seen by inspection to be equivalent to Equations (B.78) through (B.81), 
respectively, using the following nomenclature identities: 

and 

Note that expressions (B.82) through (B.86) include conversion from activity units to atom units as defined by 
Equation (B.27) with the constant, k, eliminated for clarity. 
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B 3  Time-Integral Operators 

This section demonstrates the correctness of the time-integral operator notation, S,{} and S O .  The demonstra- 
tions involve integration of the results of the decay operators, 40 and A{), over a specific time period. 

B3.1 Time-Integral Operator with Removal, S,() 

The time-integral operator with removal provides a solution to the integration of an activity or concentration over 
a specific time period. The basic equation for the activity or concentration in a medium k a function of time is 
given by Equation B.15. Integration of this equation over a time period is the action represented by the time- 
integral operator. This integration can be expressed as follows: 

where G j ( t )  = concentration factor for chain member radionuclide j evaluated at time t for medium m involving 
decay and removal (appropriate activity units, e.g., pCi/g) 

$, = example time period of integration (d) 

and other terms are as previously defined. Using the expression of Equation B.15 the above equation can be inte- 
grated as follows: 

where terms are as previously defined. The last term on the right side of Equation (B.88) can be seen by inspec- 
tion to be equal to Equation B.15 with the substitution given by Ekpression (B.20). This demonstrates the correct- 
ness of the operator notation for s,{}. 

B3.2 Time-Integral Operator, S{) 

The correctness of the time-integral operator equations for the case without removal can be demonstrated in the 
same manner as shown above for the tirne-integral operator with removal. The starting activity or concentration is 
as provided by the decay operator without removal, A{), with integration over a specified time. This integration 
can be expressed as follows: 
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where Cmj(t) = concentration factor for chain member radionuclide j evaluated at time t for medium m involving 
decay without removal (appropriate activity units, e.g., pCi/g) 

ty = example time period of integration (d) 

and other terms are as previously defined. Using the expression of Equation B.2 the above equation can be inte- 
grated as follows: the steps are analogous to Equation (B.88) with the radiological decay rate constant, Xi, replac- 
ing the decay rate constant with removal, A,? as follows: 

The last term on the right side of Equation (B.90) can be seen by inspection to be equal to Equation B.2 with the 
substitution given by Expression (B.8). This demonstrates the correctness of the operator notation for SO. 

B.4 Deposition, Accumufation Operators 

This section demonstrates the correctness of the deposition accumulation operator notation, Re{) and Rf}. The 
demonstration involves derivation of the solution to deposition at a constant rate with removal for the operator 
R Correctness of the corresponding operator without removal is demonstrated by reduction of the equations 
for the case with removal. 

B.4.1 Deposition Aecamntation with Removal Operator, kt) 
The agricultural pathway model requires evaluation of activity following deposition at a constant rate from applica- ' 

tion of irrigation water to plants and to soil. The deposition rate is constant because the concentration in the 
water is assumed to be represented by an annual average vahe, as generated from the water-use model for the resi- 
dential scenario. The case of deposition to plant surfaces with removal by weathering is selected for illustration. 

The change in concentration of a radionuclide on plant surfaces from deposition at a constant rate with weathering 
removal can be written as follows: 
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where = concentration of radionuclide chain member j in plants per initial unit average concentration of 
parent radionucljde i in water (per C i i g  wet-weight plant per pC& water) 

C, = concentration of precursor radionuclide chain member n in plants per initial unit average 
concentration of parent radionuclide i in water (pCi/kg wet-weight plant per pCi/L water) 

% = constant deposition rate of radionuclide chain member j to plants from irrigation water application 
during the growing period for plant type v per initial unit average concentration of parent radio- 
nuclide i in water (pCi/d*kg wet-weight plant per pC& water) 

li = radioactive decay rate constant for radionuclide j (d-') 

& = rate constant for loss of material from plants (dm') 

dnj = fraction of precursor radionuclide n transitions that result in production of radionuclide chain 
member j (dimensionless). 

The normalization to initial average activity of the parent radionuclide is included for consistency with representa- 
tions given in Section 5. The solution to Equation (B.91) will be derived for the parent and first progeny radio- 
nuclides. Equation (B.91) can be written in terms of these chain members as follows, for the parent (j= 1): 

and for the first progeny (j=2), 

where GI = Concentration of parent radionuclide chain member (j=1) in plants per initial unit average 
concentration of parent radionuclide in water (pCikg wet-weight plant per pCin  water) 

q2 = concentration of first progeny radionuclide 0=2) in plants per initial unit average concentration of 
parent radionuclide in water (pCi/kg wet-weight plant per pC& water) 

d12 = fraction of precursor radionuclide 1 (parent) transitions that result in production of radionuclide 
chain member 2 (dimensionless) 

Ael = rate constant for removal and decay of radionuclide 1, evaluated as the sum of f ,  and Arl (d-'). 

ke2 = rate Constant for removal and decay of radionuclide 2, evaluated as the sum of f ,  and lr2 (d"). 

The solution to Equation (B.92) is evaluated by first transferring terms containing the concentration of the parent 
radionuclide in the plant (GI) to the left side of the equation, and then multiplying by the integration factor, 
elelt: 
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The left side of the equation can be written as a differential, and the whole equation can then be integrated to give 
the following expression: 

Evaluation of the constant of integration is performed using the condition that at t = 0, ql = 0 (no initial radio- 
nuclide in plant). m e  constant is given by 

%l Constant = - - 
It,l 

and the final expression for the amount of parent radionuclide in piants is given by 

The solution of Equation (B.93) for the first progeny radionuclide can be found by first moving terms containing 
the plant concentration parameter, to the left side of the equation and multiplying by the integration factor. 
The expression of Equation (B.97) is also substituted into Equation (B.93) for the parent concentration in the 
plant. The result of these actions is the following expression: 

The left side of this equation can be written as a differential, and the whole equation can be integrated to give the 
following expression: 

Multiplying through by the inverse of the integrating factor gives the following expression: 

Rv2 + dl241%1 dl2lTlRvl e- l . , l  + e-ae21 Cv2 = - - (B. 100) 
' e ~  ' 2  ' e l ( ' e ~ - ~ e ~ )  

The constant can be evaluated from the condition that & = 0 at t = 0. Substituting this condition into Equa- 
tion (B.100) gives the following expression for the constant: 
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%2 d l 2 4 2 l t l  + dl242%1 Constant = - - - 
'e2 'elXe2 hl('e2-'el) 

Substituting this expression for the constant and combining terms results in the following expression for the 
amount of first progeny radionuclide on the plant as a function of time after start of irrigation: 

Some algebraic manipulation is required to convert Equation (B.102) to the form indicated by EQuations (B.14) 
through (£3.18) and (B.20). First, the difference of exponentials in the last term of Equation (B.102) is expanded 
using the following identity: 

e-Ae" - e-Ae2f 1 - e-a2' 1 - ,-alt - - - 
hi 'e 1 'el 

Application of this identity results in the following expression for Equation (B.102): 

+ d12Xr241 1 - elAelt 

he2 - 'el [ 'el 1 -  
The second and last terms on the right side of this equation can be combined using the following algebraic 
identity: 

(B. 103) 

(B. 104) 

(B. 105) 

The final expression for the concentration of the first progeny on the plant as a function of time can now be 
written: 

(B. 106) 

The equivalence can now be observed between the deposition accumulation with removal operator equations 
Equations (B.14) through (B.18) and (B.20)] and Equation (B.93) for the parent and Equation (B.107) for the 
first progeny. Ekpansion of Equations (B.15) through (B.18) can be performed as demonstrated in Section B.2 for 
the first and second chain members. The equivalence can be seen by substitution of the constant deposition rates 

and FGt) for the initiaf activities (Cmland Cm2) in Equations (B.16) and (B.18), and by substitution of the 
exponential term of Equation (B.15) by the expression indicated in Equation (B.20). 



The explicit form of Equation (B.15) becomes 

(B. 107) 

The deposition, accumulation operator with removal, Re{), is represented by this equation with constants, K.,, 
defined by Equations (B.16), (B.17), and (B.18). 

B.4.2 Deposition, Acmmulation Operator, R{) 

The deposition, accumulation operator (without removal), RO, is represented by the general decay Equations 
(B.2) through (B.5) with the substitution indicated in Equation (B.10). The correctness of this representation can 
be shown by reduction of the equations for the corresponding case with removal, as shown to be correct in Section 
B.4.1. The reduction is performed by observing that the effective removal rate constant, A* is equal to the decay 
rate constant, Ai, when the removal rate constant, A, is zero (see Equation [B.14]). By inspection, Equation 
(B.107) can be seen to reduce to the following: 

(B. 108) 

Atso, substitution of the decay rate constant for the effective removal rate constant can be seen to transform 
Equation (B.17) to Equation (B.4). This demonstrates that the equations for decay without removal (Equations 
fS.21 through [B-51) with the substitution indicated in Equation (B.lO) provide the correct representation for the 
deposition, accumulation operator, R{). 

B.5 Use of Deposition, Accumulation, and Time-Integral Equations 

This section will show the correctness of the deposition, accumulation, and time-integration operators, Get) and 
GO. 

B.5.1 Deposition, Accumuhtion, and Time-Integral with Removal Operator G,{) 

The correctness of the deposition accumulation with removal operator equations has been demonstrated in 
Section B.4. This section wiLI demonstrate that time-integration of the deposition accumulation with removal 
operator, Re{), equations results in the defined equations for the deposition, accumulation, and time-integral with 
removal operator, G,{} . 
Integration of Equation (B.107) over time is equivalent to the calculations indicated by the deposition accumula- 
tion and time-integral operator with removal, Get). Equation (B.107) can be integrated over a specific time 
period by integrating each term in the summation and evaluating the resulting expression beeween time zero and 
the end of the period of interest. This integration is indicated below for application of irrigation water to plants 
over the animal feeding period, tff. Using the nomenclature of Equation (5.38), Equation (B.107) can be expressed 
as follows: 
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Ge{R"tjptn} 4, h 5 n y [ ~  - e-'at d t  
c = [ 

tff ] = - tffn=l 0 'en I 

- - - %j 6 5 Cf - (1 - e-""ff)] 
f f f  n=1 'en 'en 

where C$fj, = average concentration factor for radionuclide j in forage crop f, at time of consumption by animal, 
from direct deposition onto plant surfaces for an average unit concentration of parent radionuclide 
i in water (pCi/kg wet-weight plant per pCi/L water) 

t, = period of feeding of forage crop f (d) 

and other terms are as previously defined. Comparison of this expression with Equation (B.21) proves the validity 
of the substitution suggested in Quation (B.21). Note that in evaluation of the coefficients in Equation (B.109), 2 values for the deposition rate, +f, of Equation (5.38) are used in place of Cmj(0) in Equations (B.16) and 
( -18). 

B.5.2 Deposition, Accumulation, and Time-Integral with Removal Operator G,{) 

The deposition, accumulation, and time-integration operator without removal, GO, is evaluated in the same 
manner as indicated by Equation (B.109), except that the removal term (X,  in 1,) is set to zero, so that 
occurrences of I . are replaced by A .. Thus, the equations collapse to the general operator notation given by 
Equations (B.2) &rough (B5) with t?le substitution indicated by Equation (B.12). 

B.6 Water-Use Model for the Drinking Water Scenario 

This section illustrates use of the operator equations for decay with removal to evaluate radionuclide activities in 
the water-use model. The example involves a two-membered decay chain applied to the drinking water scenario 
model (Section Bdl) .  In this scenario, the water-use model has three compartments (as defined in Section 4.1), 
and no recycling of activity from the aquifer (box 3) to the surface (box 1) occurs. This section also shows the 
derivation of the equations for the parent activity in all three boxes, plus the equations for the activity of the first 
progeny in box 1 (Section B.6.2). 

B.6.1 Demonstration of Equations for Drinking Water Water-Use Model 

The primary purpose of this example is to show how the various parameters in the water-use model are applied in 
the operator setup. As indicated in Figure 4.3, each box of the water-use mode1 contains compartments for each 
member of the decay chain. The total number of these compartments that must be accounted for in the operator 
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application is the product of the number of chain members and the number of boxes. For the current example, 
this is 6 (2 chain members times 3 boxes). These compartments are referred to in the example as "expanded chain 
member positions." 

For each expanded chain member position, it is necessary to define all parameters required by the operator. These 
parameters include the radioactive decay constant, precursor indices, branching fractions, and removal rate con- 
stants. The water-use model involves transfer of activity from box 1 (surface soil) to box 2 (unsaturated-soil layer), 
and from box 2 to box 3 (aquifer). Removal from the aquifer is at a constant rate for all radionuclides, with total 
aquifer volume being removed in a 1-year period. 

The steps in setting up the parameters for the operator equations are described by the following procedure using 
the example case. Following this description, derivation of equations for the example case will be given. 

1. The expanded chain member positions are defined, and decay rate eonstants and radionuclide amounts are set 
for each expanded chain member position, as follows: 

Expanded Decay Rate Radionuclide Quivaient 
Chain Member Parameter Constant Amount Notation in 

Representation Position SvmboI (d-l) (atoms) Section 4.1.3 

Box 1, member 1 1 
Box 1, member 2 2 
Box 2, member 1 3 
Box 2, member 2 4 
Box 3, member 1 5 
Box 3, member 2 6 

Using the expanded chain member notation requires a slight modification to the definition of "precursor." Besides 
the standard usage to represent transition within a decay chain, there can now be transitions from one box to the 
next without radioactive decay. For example, radionuclide 1 in box 1 can be considered a precursor to radio- 
nuclide 1 in box 2 because leaching of radionuclide 1 from box 1 to box 2 will result in generation of radio- 
nuclide 1 in box 2, even though no radioactive decay has taken place. 

2 The branching fractions and precursor indices are set for radioactive decay as follows: 

Radioactive 
Parameter Transition Branching Fraction 

Svmbol - From - To Set to: - Comments 

dl, 1 2 dl, Chain member 1 to chain member 2 within box 1. 
2 3 0.0 No transitions from chain member 2 to chain member 1. 

d% 3 4 "12 Chain member 1 to chain member 2 within box 2. 
d4s 4 5 0.0 No transitions from chain member 2 to chain member 1. 
d56 5 6 4 2  Chain member 1 to chain member 2 within box 3. 

3. For transfer of radionuclides between boxes, rate constants and effective branching fractions must be defined. 
The rate constant is treated as the general removal rate constant, h, as defined in Equation (B.14). The defi- 
nitions of the removal rate constants are as follows: 
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Compartmental 
Parameter Transfer Loss Rate Constant 
A&!&?L - From - To Set to: Comments 

1 3 h 2 1  Leakage of chain member 1 from box 1 to box 2. 
2 4 h22 Leakage of chain member 2 from box 1 to box 2. 
3 5 L23~ Leakage of chain member 1 from box 2 to box 3. 
4 6 '7.32 Leakage of chain member 2 from box 2 to box 3. 
5 wd Removal of chain member 1 from the aquifer. 
6 - wd Removal of chain member 2 from the aquifer. 

The branching fractions associated with transfers between boxes are defined as follows: 

Compartmental 
Parameter Transfer Branching Fraction 

Svmbol - From - To Set to: Comments 

dl, 1 3 = l ~ l / ~ r 1  Chain member 1 leakage from box 1 to box 2. 
d% 2 4 L1224-2 Chain member 2 leakage from box 1 to box 2. 
d35 3 5 LL311Arl Chain member 1 leakage from box 2 to box 3. 
d46 4 6 h 2 / A r 2  Chain member 2 leakage from box 2 to box 3. 

Compartmental transfer branching fractions (as defined above) can be understood by inspection of the differential 
equations for the three-box water-use model of Section 4.1 and those for the decay processor of Section B.1.2. For 
example, consider transfer of chain member 2 from box 1 to box 2. This transfer is represented by the branching 
fraction symbol, d24. This transfer appears as the second term on the right side of Equation (4.11). The net trans- 
fer rate is times the quantity in box 1 (C12). This transfer is evaluated by the operator (for decay with 
removal, Section B.1.2) by the term within the summation of Equatian (B.17). The operator generates a term of 
the form da Xr2 times a quantity (represented by the coefficient I$,& For the implementation to give the correct 
solution to the differential equations, it is necessary that 

as defined in step number 3, above. 

AU other branching fractions are set to zero, as these (and the branching fradons identified in item 2 above) are 
the only transfers defined in the water-use model. Branching fractions are not needed for removal from the 
aquifer. 

The effective removal rate constant for each compartment is defined by Equation (B.14) as the sum of the removal 
rate constant and the radioactive decay rate constant as folIows: 
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Removal from 
Parameter Compartment 
sMnbol Number Set to: Comments 

h21 + 41 Chain member 1 in box 1. 
bz -I- 4-2 Chain member 2 in box 1. 
%I + &I Chain member 1 in box 2. 
b32 + &a Chain member 2 in box 2. 
Wd + A, Chain member 1 in box 3. 
wd + 1x2 Chain member 2 in box 3. 

The following discussion will illustrate how the above definitions are used in the genera1 decay equations with 
removal (Equations [B.14] tkough [B.18]) to evaluate results for the water-use model of the drinking water 
scenario. The equation derivations are first performed using the nomenclature of the general decay equations, and 
then the substitutions of parameters as described above are made to show the final form of the equations. All 
derivations are shown for evaluation of the amount of a radionuclide present as a function of time, representative 
of the processor notation %k{C*,tz}, where k represents the box of interest in the three-box water-use model. 

Radionuclide 1 in Box 1: Expanded Chain Member Position 1 

The activity of chain member 1 remaining in box 1 at time t is evaluated according to Equations (B.15) and (B.16) 
as follows: 

where terms follow the standard nomc:nclature and lei is as defined in item 3 above. 

Radionuclide 2 in Box 1: Expanded Chain Member Position 2 

The activity of chain member 2 remaining in box 1 at time t is evaluated according to Equation (B.15) as follows: 

Coefficient E(zl is evaluated using Equation (B.17) as follows: 

and 

NUREGICR-5512 
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(B. 116) 

Then, K2, is written as: 

dl2Cml(O) 
K21 = 

be2 - Ael 

where terms follow the standard nomenclature and be2 is as defined in item 3 above. 

Coefficient Kz2 is evaluated using Equation (B.18) as follows: 

and 

The activity of chain member 2 at time t can now be written as 

(B. 119) 

(B. 120) 

Radionuclide 1 in Box 2: Expanded Chain Member Position 3 

The activity of chain member 1 remaining in box 2 at time t is evaluated according to Equation (B.15) as follows: 

Coefficient K31 is evaluated using Quation (B.17) as follows: 

Substituting previous expressions for Kll and KZ1 into Equation (B.122) gives the following expression for coef- 
ficient 
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(B. 123) 

This expression can be further reduced by noting that the branching fraction dZ3 is zero, as indicated in item 2 
above. Equation (B.123) then reduces to the following: 

The second coefficient in Equation (B.121) is evaluated using Equation (B.17) as follows: 

(B. 124) 

However, as before, the branching fraction dZ3 is zero and K32 is also zero. The expression for KS3 is evaluated 
using Equation (B.18) as follows: 

Using the previous expression for K31, the following expression for K33 is obtained: 

The amount of radionuclide 1 in box 2 can now be written as follows: 

(B. 126) 

(B. 128) 

This expression can be rewritten by substituting the definition for parameter d13 from the table in item 3 above 
(d13 = L121/Arl and 1, = A,,,) to give the following equation: 

Ll~l'rnl(0) e - h t  i L121Cm1(0) e-"3' 
Crn3(t> = + Crn3(0) - 

'e3 - 'el 'e3 - 'el I (B. 129) 

Radionuclide 2 in Box 2: Expanded Chain Member Position 4 

The amount of chain member 2 remaining in box 2 at time t is evaluated according to Equation (B.15) as follows: 



Coefficient K41 is evaluated using Equation 02.17) as follows: 

and 

Appendix B 

(B.130) 

(B. 132) 

Using previous expressions for Kll, K21, and K31, and noting that d14 is zero, the following equation for Kql is 
obtained: 

Coefficient K42 is evaluated using Equation (B.17) as follows: 

Using previous expressions for KZ2 and noting that K32 is zero, the following equation for K42 is obtained: 

d24 '11x2 ('1 
'42 " 

d24h2d12Cm1 

"4-"2 ('e4 - ' e z ) ( ' e ~ - ' e ~ )  

Coefficient h3 is evaluated using Equation (B.17) as follows: 

(B. 133) 

(B. 134) 

(B. 136) 

Using previous expression for K33, the fallowing equation for Kd3 is obtained: 
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d34Crn3 (0) 
K43 = 

- %4 h~~l3~m.l (O) 

"4 - "3 ('e4 - 'e3) ('e3 - 'el) 

The final coefficient for radionuclide 2 in box 2 is evaluated using Equation 03.18): 

Using the previous expressions for K42, and K43, coefficient Kqq can be written as follows: 

c m 4  (0) K44 = - - d24h2d12Cml ('1 
". ('e4 - kel) (he2 - 'el) 

(B. 138) 

(B. 139) 

+ dL4)T2d12Cml (O) - $4 c m 3  (0) 

['e4 - 'e2) (422 - 'el) 'e4 - 'e3 

Four terms on the right side of Equation (B.139) can be combined using the algebraic identity of Equation (B.51): 
terms 2 and 5 become 

d24'r2dl~Cml(O) 

('ed - 'el) ('e4 - 'ez) 

terms 3 and 7 become 

(B. 140) 

d34 %3d13Cm1 ('1 (B.141) 
('e4 - 'el) (kc4 - 'e3) 

Substituting these expressions into Equation (B.139) and using expressions for K41, K42, K43, and Kqq in Equa- 
tion (B.130), the amount of radionuclide 2 in box 2 at time t can be written as follows: 
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(B. 142) 

+ d34 %3d13 h 4 C m l  ('1 - d34Ar4Cm3(0) e-ke4t 

('e4 - 'el) ('e4 - 'e3) 'e4 - 'e3 I 
Substitution of expressions for dB and d from item 3 above (dB = L122/Ar2 and d13 = hzl/!rl), d34 &om item 2 '3 above (d34 = d12), and An, and Ar4 from item 1 above, into Equation (B.142) gives the followng equation for the 
amount of radionuciide 2 in box 2 as a function of time: 

+ i 422Cm2(0) - L122dl2%2Cm1(0) e-ae2t 

'e4 - "2 ('e4 - 'e2) ('e2 - 'el ) I 
(B. 143) 



Radionuclide 1 in Box 3: Expanded Chain Member Position 5 

The activity of chain member 1 remaining in box 3 at time t is evaluated according to Equation (B.15) as follows: 

ems (t) = 
[Ksl e-'elt + ~5~ e -1.2' + q3 e-h3t + K54 e-1e4t + qS ,-'=st I (B.144) 

Coefficient q1 is evaluated using Equation (B.17) as follows: 

' dp5ArpKp1 - dl~%lK1l  d 2 ~ % ~ % 1  + d35h3%1 + d45%4K41 (B. 145) 
Kjl  = p-l  - + 

'e5 - 'el 'es -'el 'es -'el ' e ~  -'el 'e5 -'el 

The branching fractions d15 and dB are zero because there is no direct transfer from box 1 to box 3. Also, the 
branching fraction dqS is zero because there is no production of radionuclide 1 from radionuclide 2. With these 
simplifications, and use of the previous expression for K13, Equation (B.145) can be reduced to the following: 

d35%3%1 = d35 &3d13c~1(0) 
$1 = 

'es - 'el (he5 - 'el) ('e3 - 'el) 

The second coefficient of Equation (B.144), K,j2, is evaluated using Equation (B.17) as follows: 

Because K32, dz, and d45 are zero (as before), the expression reduces to zero: 

The third coefficient of Equation (B.144), K53, is evaluated using Equation (B.17) as follows: 

(B. 147) 

(B. 148) 

(B. 149) 

As before, d45 is zero and the expression reduces to the following: 
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The fourth coefficient of Equation (B.144), K54, is evaluated using Equation (B.17) as follows: 

As before, d45 is zero and Kj4 reduces to zero: 

The last coefficient of Equation (B.144), K55, is evaluated using Equation (B.18) as follows: 

(B. 153) 

Using the previous expressions for the first four coefficients of Equation (B.144) gives the following expression for 
Kss: 

Cm5 (0) - '35ir3dl3Cm1(0) + O  
%5 =- 

"5 (Ae5 - 'el) ('e.3 - ~ e l )  
(B. 154) 

Using the algebraic identity of Equation (B.51), the second and fourth terms for KS5 can be combined to give the 
following expression: 

The activity of radionuclide 1 in box 3 as a function of time can now be written from Equation (B.344) and the 
above expressions for the coefficients as foIlows: 
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d35%~cm3(o) - '35 h3d13k5Crn1 e-ie3t 

l e 5  - 'e3 (as - le3) ( ~ e 3  - 'el) 1 (B. 156) 

Using expressions for d13 and d, from item 3 above (dl3 = L121/krl and d3S = L231/Arl), and A5 = An = A,, the 
final expression for the amount of radionuclide 1 in box 3 can be expressed as follows: 

1231 '121 'ml(0) e-kelt 
Cms (1) = 

( ~ e 5  - 'el) (ae3 - 'el) 

(B. 157) 

Further modifications could be made to the above equation by substituting the following expressions for terms in 
the denominators of the coefficient terms: 

Making these substitutions in Equation (B.157) can be done, but will not result in a simpler expression. The 
important point to note from Equations (B.158) and (B.159) is that each term must be non-zero, implying that the 
leakage rate constants milst not be the same between any two boxes: 

L121 * b 3 1  and b 3 1  * wd (B. 160) 
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Radionuclide 2 in Box 3: Ekpanded Chain Member Position 6 

Details of the derivation of equations for this case are not presented. The derivations are performed in a manner 
similar to the previous cases. The final result of the derivation is given in the following equation for the amount 
of radionuclide 2 in box 3 as a function of time: 

C m ~ ( t )  = I b 3 2  '122 '1 2 4 2  Crnl(0) 

('e6 - 'el) ('e4 - 'el) ('e2 - 'el) 

+ b 3 2  d12 4 2  b 2 1  Crnl(o) + '12 4 2  b 3 1  '121 Crnl(0) e - ~ l t  

('e6 - 'e I) ('e4 - 'el ('e3 - 'e 1) ( ~ e 6  - 'e 1) ('e5 - 'el) ('e3 - 'el) 

* i b 3 2  h 2 2  'IEI~(O) - b 3 2  h 2 2  d12 4 2  Cml(o) I e-Ae2t 

6 - '2) 4 - 2 ('e6 - 'e2) ('e4 - 'e2) ('e2 - 'el) 

b 3 2  d12 4 2  'rn3(O) - '232 d12 4 2  L121 Crnl(o) 

('e6 - 'e3) ('e4 - 'e3) ('e6 - 'e3) ('e4 - 'e3) ('e3 - 'el) 

+ d l2  4-2 k 3 1  Crn3(*) - dl2  h2LL31 L121 Cnol(0) I & l e 3 t  

( 6  - 3 )  ( ' 5  - 3 ('e6 - 'e3) ('eS - 'e3) ('e3 - 'el) 

(B. 161) 

+ b 3 2  d12 4 2  L121 'rnl(O) - k 3 2  d12 4 2  'm3(O) e-1e4t 

('e6 - 'e4) ('e4 - 'el) ( ~ e 4  - 'e3) ('e6 - 'e4) ('e4 - 'e3) 1 
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- + d12&2?231%21Cml ('1 e-A=st 
- "5 ( 6  - '5) ('5 - 3 )  (he6 - ' e ~ )  ('e~ - 'el) ( ) r ~  - 'e3) 

- k ~ 3 2  d12 4 2  %21 'rnl(O) - d12 h2 '231 %21 'rnl(O) I e-Ae6t 

('e6 - 'el) ('e6 - 'e3) ('e6 - 'e4) ('e6 - 'el) ('e6 - h3) ('e6 - 'eS) 

As mentioned above, the operator equations have a limitation caused by the form of the denominator to Equation 
(B.17): Xej - Aen. Because the difference between the two rate constants appears in the denominator, the rate 
constants must be unequal. This condition is met for all radionuclide chains (unequal half-lives) and all transfers 
between boxes (unequal rate canstants for transfer out of boxes 1 and 2 for the drinking water scenario). 

The activity in each box after a time period for the water-use model of the drinking water scenario is represented 
as follows: 

(B. 162) 

where Adk{) represents the operator for the activity after a time period in the drinking water water-use model with 
results given for box k, C ,  is the array of initial activities or concentrations of all radionuclides in all boxes of the 
water-use model (in pciimedium), and t is a time period of interest. The units of Adk0 are the same as the units 
of C,. Note that the results of the operator are defined for one box at a time by subscript k (replaceable by 1,2, 
or 3). The particular radionuclide of interest is represented by the subscript given on the activity or concentration 
array, C,. For example, the results for radionuclide j in box 3 (aquifer) after a time S, are represented as 

(B. 163) 

Here, the input activity array includes activities of all radionuclides through radionuclide j of the d a y  chain in all 
boxes k of the water-use model. The time-integral operator for the drinking water water-use model is represented 
similarly: 

where Sdk0 represents the operation of time integration over a time period, t,, in the water-use model with results 
given for box k, and other t e r n  are as previously defined. The deposition, accumulation, and time-integration 
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operations, RC} and G { } ,  are not needed for the water-use model because none of the evaluations needed to 
implement the water-use model involves deposition. 

The operator notation can be related to the equations defined in this section for the activity of each radionuclide 
present in each box of the drinking water scenario water-use model. The sample case used to illustrate generation 
of the equations involved a two-membered decay chain. Therefore, each box of the water-use model will have two 
numerical values generated from application of the decay operator. For example, the notation for the first box 
given above, &l{Ckjt$)r represents two numerical values: one for the parent and one for the progeny radio- 
nuclide. There will also be a total of six numerical values associated with the total solution: two values for each 
of the three boxes. These are related to previous equations as follows: 

Chain Water-use Reference 
Member Model Box Ep-uation Expression 

B.6.2 Solution to Water-Use Model for the Drinking Water Scenario 

This section presents the derivation of the solution to the drinking water scenario water-use model differential 
equations. The solution is also compared to the decay operator equations (defined in Section B.1) as illustrated 
for a sample case in Section B.6.1. The differential equations for the water-use model are as follows (repeated 
from Section 4.1.3): 

for box 1 (surface-soil layer), 

for box 2 (unsaturated-soil layer), 

(B. 165) 

and for box 3 (aquifer), 
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where Clj = activity of radionuclide j in box 1 at time t (pCi) 

Gj = activity of radionuclide j in box 2 at time t (pCi) 

qj = activity of radionuclide j in box 3 at time t (pCi) 

Cqn = activity of radionuclide n as a precursor to radionuclide j in box 1 at time t (pCi) 

C& = activity of radionuclide n as a precursor to radionuclide j in box 2 a t  time t (pCi) 

C3n = activiry of radionuclide n as a precursor to radionuclide j in box 3 at time t (pCi) 

j = index of current chain member position in decay chain 

n = index of precursor chain members in decay chain (n< j) 

LIZ, = rate constant for movement of radionuclide j from box 1 to box 2 (d") 

hj = rate constant for movement of radionuclide j from box 2 to box 3 (d") 

wd = rate constant for pumping of water from the aquifer (d'l) 

dnj = fraction of radionuclide n transitions that result in production of radionuclide j 

Ai = decay rate constant for radioactive decay of radionuclide j (d-I). 

The solution to these differential equations will be demonstrated for the parent and first progeny radionuclides in 
box 1, and for the parent radionuclides in boxes 2 and 3. The differential equation for the parent radionuclide in 
box 1 can be written as foilows from Equation (B.165): 

Combining terms containing Cll, and multiplying by the integration factor e + L121)t, gives the following 
equation: 

This can be written as a differential as follows: 
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The integral form can be written as follows: 

and 

c,, = Constant e - (h1 + L I ) ~  
(B.172) 

Using the initial condition of Cll = q l ( 0 )  at t=O, the constant is evaluated as equal to ql(0). Then, the activity 
of parent radionuclide in box 1 as a function of time is expressed as follows: 

(Note: this equation is equivalent to Equation lB.113) with Arl + hzl = A,, and Cll = Cml.) 

The differential equation for the first progeny in box 1 is as follows: 

(B. 174) 

Arranging terms containing C12 on the left side of the uation substituting the expression for q1 from Equa- 
+ t122)t results in the following expression: tion (B.173), and multiplying by the integrating factor e 

The integral expression is as follows: 

Using the condition that Clz = C12(0) at t = 0, the constant is evaluated as follows: 

(B. 176) 
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Constant = C12(0) - dl 2 4 2  C%i(0) 

(Xr2 + $2) - ( ~ r 1  + ~ 1 2 1 )  

The final expression for the amount of the first progeny radionuclide in box 1 is then 

(Note: This expression is equivalent to Equation [B.120] with Ci2 = Cm2, and X, + b22 = Xe2.) 

The differential equation for the activity of parent radionuclide in box 2 is written as follows from 
Equation (B.166): 

(B. 177) 

(B. 178) 

Arranging tenns containing on the left side of the equation, substituting the expression for Cll &om Equa- 
tion (B.173), and multiplying by the integrating factor e( '1 ' LW1)t results in the following expression: 

The integral expression is as follows: 

c 0 e - ( ~ r ,  + LI21)t 
L121 ll( ) 

C21 = +  ons st ant e-('rl 
+ L,l)t 

('rl + ' ~ 1 )  - (Xrl + '121) 

Using the condition that = C21(0) at t=O, the constant is evaluated as follows: 

Constant = C+,(0) - L121 %do) 

(%I + '231) - (41 + ~ ~ 2 1 )  

(B. 180) 

(B. 182) 

The final expression for the amount of parent radionuclide in box 2 is then 
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(B. 183) 

(Note: This expression is equivalent to Equation p.1291 with = C& and + = Ae3 and previous 
substitutions as indicated for ESquations [B.173] and p.1781.) 

The differential equation for the amount of the parent radionuclide in box 3 is written as follows from 
Equation (B. 167): 

Arranging terms containing C31 on the left side of the equati n, substituting the expression for ql from 
Equation (B.183), and multiplying by the integration factor eFfl ' wd)t results in the following expression: 

(B. 185) 

As before, the integral of this expression can be written as follows: 
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(B. 186) 

The constant can be evaluated from the condition that C3i = C&(O) at a-0, as follows: 

Constant = C31(0) - '231 C2lfO) 

(kr 1 + wd) - (kr1 + '211) 

- &I L121 C ~ ~ ( o )  (B. 187) 

[(krl + L B ~  ) - (kr1 + ~ 1 2 1 ) ]  [(hrl + wd) - (krl + L ~ Z I ) ]  

+ LBI L121 C l  l(0) 

[(krl * ~ 3 1 )  - ( l r l  + '121)] [(krl + ~ d )  - ('rl + LDI)] 

This expression can be reduced using the algebraic identity defined in Equation (B.51) with a = krl + h21,  
b = A,, + bl, and c = Arl + wd. The expression for the constant becomes 

Constant = C31(0) - L231 C21(0) 

(kr1 + wd) - + 
(B. 188) 

Substituting this expression into Equation (B.186) results in the following equation for the amount of parent 
radionuclide in box 3 as a function of time: 
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(B. 189) 

(Note: This equation is equivalent to Equation p.1571 with C31 = CmS and + wd = and previous 
substitutions as indicated for muations p.1731, [B.178], and fB.1831.) 

B.7 Water-Use Model for the Residential Scenario 

The water-use model for the residential scenario, as described in Section 5.6.6, is very similar to the water-use 
model for the drinking water scenario, with one major exception. The residential scenario involves recycling of 
activity from the aquifer @ox 3) to the surface-soil layer (box 1). This recycling pathway causes a number of 
complications in the equations for calculating the activity in each box as a function of time. The decay operator 
equations can not be applied directly to solve the problem, as was possible for the simpler drinking water scenario 
water-use model. General methods for solving the recycling case have been published based on matrix algebra with 
the aid of computers in generating numerical solutions to specific cases. A method for solving the three-box 
water-use model with recycling is provided in the discussion that follows. 

The threebox ground-water model for a parent and a single radioactive progeny can be solved numerically using 
the method of Birchall and James (1989). To apply this method, consider the representation of the three-box 
model presented in Figure B.1. This figure illustrates the three-box model for the residential scenario with 
recycling from box 3 to box 1 for a two-membered decay chain. Application of the Birchall and James method 
requires defining the matrices to represent the system. Table B.l illustrates the methods for establishing the 
system matrix H. The [R] matrix is given by the portion of the table within the double lines. The column labeled 
"Out" contains additional removal rate terms that do not appear as input to any of the Qij compartments; these 
terms appear below as "further reductions" in the [A] matrix (Birchall and James 1989). Note that quantities are 
represented in units of atoms for this application. Conversion between atom units and activity units is performed 
on the result according to Equation (B.26). 
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Figure B.1 Residential scenario three-box water-use model 

Table B.l System matrix generation table 

To: 

matrix ['I Qll(t) Q2l(t> Q31(t) Q12(t) QZZ(t) Q32(t) Out 

From: Q d t )  Q11(0) Llzl 112 Arl(1412) 

Q21(t) Q21(0) kt31 A12 Arl(l412) 

Q31(t) frwr a31 f") h 2  'rl(l-dl$ + ~ r ( 1 - f ~ )  

Q12W Q12(0> L122 Ar2 

Q d t )  Q22(0) L, 1, 

Q32(t) Gwr A, + wr(l-fr) 

From the matrix [R] is formed the matrix [A] with reductions along the diagonal as shown above. Note that many 
of the terms along the diagonal simplify, since Arl = X12 + Xrl(l-d12) and w, = wA + wr(l-4). The first expres- 
sion is a result of the definition of the fractional decay rate constant, Al2, which is equal to the product of the 
branching fraction, d12, and the radioactive decay rate constant, Arl. 
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(B. 190) 

Multiplying each element in matrix [A] by the scalar t gives: 

Let (9 denote the eigenvalues of [AJt, [el, EZ, e3, e4, ES, E ~ ] .  Form a matrix [a] whose diagonal is the exponential 
of each eigenvalue: 

(B. 192) 

Let [I] denote the matrix of eigenvectors of [Alt, and ['PI-' denote its inverse. The general solution to the three- 
box model becomes 
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(B. 193) 

While there are many commercially available programs that can solve the above equation if it contains completely 
numeric values and coefficients (including time), solving it symbolically requires the solution of a characteristic 
equation that is at least of sixth order, which cannot be done analytically. 

The solution matrix expressed by Equation (B.190) is represented by the three-box operator, &(C+,t,), when mul- 
tiplied by the radioactive decay constant for the radionuclide of interest. For example, the activity of the third 
chain member in the first box (surface soil) after a time period, t, is given as follows: 

(B. 194) 

where hl{) = activity of radionuclide chain member 3 in box 1 after a time period t following definition of the 
initial inventory (pCi/g) 

C, = array of initial activities of a11 chain members through chain member 3 in all boxes of the water- 
use model (pCi/g) 

A, = radioactive decay rate constant for radionuclide chain member 3 (d-I). 

The time-integral operator for the residential scenario, Srk(), can be represented similarly using the numerical solu- 
tion to the time integral for each radionuclide activity in the appropriate box. For example, the activity of the 
third chain member in the first box after a time period, t,,, is given as follows: 

(B. 195) 

where Srl{) = time integral of activity of radionuclide chain member 3 in box 1 after a time period, $, following 
definition of the initial inventory (pCi*dlg) 

and other terms are as previously defined. 
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Carbon-14 Agricultural Pathway Model 

Because of its production in the nuclear fuel cycle, its long half-life, and its environmental mobility, carbon-14 has 
attracted significant research and modeling interest. Examples of these efforts include studies by the Nuclear 
Energy Agency (1980), Wirth (1982), Till and Meyer (1983), Napier et al. (1988), Sheppard, Sheppard, and Amiro 
(1991), and Arniro, Zhuang, and Sheppard (1991). For this study, the transfer of carbon-14 from air, soil, and 
water to plants is evaluated using the models for other radionuclides as described in the previous sections. The 
transfer from animal feed to animal products is evaluated using the specific activity models and special parameters 
described in this appendix. 

C.l Transfer of Carbon-14 from Soil to Plants 

The transfer of carbon-14 from soil to plants is based on the concentration factor (B*) approach. The value selec- 
ted for the concentration factor is critical in defining the level of conservatism in the evaluations. Recent experi- 
mental work by Sheppard, Sheppard, and Amiro (1991) has addressed the estimation of the concentration factor 
for edible plants (radishes and beans). For application of carbon in the form of NaHC03 to two soil types (undis- 
turbed soils with high-organic-matter content and acidic low-organic-matter content), they derived experimental B," 
values of 0.7 and 1.3, on a dry weight basis for the two soils, respectively. Their experiments also suggested that 
most of the transfer from soil to plant was via air, rather than via root uptake. Similar experiments using labeled 
2,2',5,5' tetrachlorobiphenyl (14c-pc~)  resulted in Biv estimates of 0.014 and 0.088 for the two soils, respectively. 
A reasonably conservative estimate for the B,, value for the residential scenario is taken to be 0.7, representing 
uptake in organic soils that are likely to be used for gardening. 

C.2 Transfer of Carbon-14 to Animal Products 

The model for carbon-14 concentration in animal products is based on the assumption that the specific activity of 
carbon-14 in the animal product is equal to the specific activity of carbon-14 in the animal intake as follows: 

pCi carbon-l4Bg carbon in animal product = pCi carbon-l4kg carbon total intake (c-1) 

where the total animal intake results from the consumption of contaminated fresh forage, stored feed, soil, and 
water. 

The partial pathway transfer factor (PPTF) for carbon-14 in animal products is estimated for soil sources as in 
Equation (C.2). The decay correction for holdup between harvesting of the animal product and its consumption by 
humans is not needed because of the long half-life of carbon-14. The time integral of activity over the intake per- 
iod is represented as concentration times intake time. The equation for the soil pathway includes the ingestion of 
soil by grazing animals. 
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where P m c  = partial pathway transfer factor for animal product type a, for carbon-14, for unit initial con- 
centration of carbon-14 in soil (pCi*y/kg wet-weight per pCi/g) 

fa = fraction of carbon in animal product a (kg carbonlkg wet-weight animal product) 

fa = fraction of carbon in animal fresh forage f (kg carbon/kg wet-weight animal product) 

fCg = fraction of carbon in animal stored grain g (kg carbonfkg wet-weight animal product) 

fCh = fraction of carbon in animal stored hay h (kg carbonkg wet-weight animal product) 

fCd = fraction of carbon in soil (kg carbonkg dry-weight soil) 

Qd = soil dry-weight consumption rate as a fraction of the fresh forage consumption rate by the 
animal (kg dry-weight soilfig dry-weight forage) 

Qf = consumption rate of fresh forage by the animal (kg wet-weight forageld) 

Qg = consumption rate of stored grain by the animal (kg wet-weight grain/d) 

Qh = wnsumption rate of stored hay by the animaj (kg wet-weight hayld) 

Csf, = concentration factor for carbon-14 in fresh forage plant f at time of harvest, from unit initial 
concentration of carbon-14 in soil (pCilkg wet-weight forage per pCi/g dry-weight soil) 

CSgCc = wncentration factor for carbon-14 in stored grain plant g at time of harvest, from unit 
initial concentration of carbon-14 in soil (pCi/kg wet-weight grain per pCUg dry-weight soil) 

Csh, = concentration factor for carbon-14 in stored hay plant h at time of harvest, from unit initial 
concentration of carbon-14 in soil (pCi/kg wet-weight hay per pCi/g dry-weight soil) 

Cmi, = ratio of the carbon-14 concentration in soil eaten by the animal to the initial concentration 
of carbon-14 in the soil, with units conversion from grams to kilograms (pCilkg dry-weight 
soil per pCi/g dry-weight soil) 

t, = time period over which the animal is fed fresh forage (d) 

tfg = time period over which the animal is fed stored grain (d) 

tn, = time period over which the animal is fed stored hay (d) 

t, = time period over which the animal product is consumed by humans (d for a year of 
residential scenario) 
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Wf = factor for conversion of mass of forage crop from a @-weight to a wet-weight basis (kg dry 
weight per kg wet weight) 

SAnc = specific activity equivalence of animal product type a and the specific activity of the total 
fresh forage and stored feed intake (pCi carbon-l4ikg carbon in animal product per pCi 
carbon-14kg carbon in fresh forage, stored feed, and ingested soil) 

xf = fraction of animal is intake of forage that is contaminated (dimensionless) 

xg = fraction of animal is intake of stored grain that is contaminated (dimensionless) 

xh = fraction of animal is intake of stored hay that is contaminated (dimensionless) 

365.25 = unit conversion factor (d/y). 

The soil concentration term, Cm2, is numerically equal to the conversion factor 1000 ghcg because both soil con- 
centrations (soil eaten and initial soil) are defined to be equal. Because carbon-14 is long-lived, the concentration 
in soil during the feeding period is equal to the initial carbon-14 concentration in soil. 

The PPTF for animal products for carbon-14 in water is evaluated using Equation (C.2), with the subscript w 
replacing subscript s. Also, the animal is assumed to drink the contaminated irrigation water. All the carbon in 
the irrigation water is assumed to be carbon-14. Therefore, the specific activity equivalence term for animal 
products includes the carbon-14 intakes from fresh forage, stored feed, soil, and water and the carbon intakes of 
only the fresh forage, stored feed, and soil. The PPTF is evaluated as follows: 

where PPTFawC = partial pathway transfer factor for animal product type a, for carbon-14, for unit initial 
concentration of carbon-14 in water (pCi*y/kg per pCi/L for a year of residential scenario) 

t, = period over which animal is fed contaminated water (d) 

GCe = concentration factor for carbon-14 in fresh forage plant f at time of animal consumption per 
unit initial concentration of carbon-14 in water (pCifkg wet-weight forage per pCiL) 

(&a = concentration factor for carbon-14 in soil at the time of animal consumption of soil per unit 
initial concentration of carbon-14 in water (pCilkg dry-weight soil per pCi/L) 
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GgCe = concentration factor for carbon-14 in stored grain plant g at time of animal consumption 
per unit initial concentration of carbon-14 in water @Ci/kg wet-weight grain per PC%) 

G, = concentration factor for carbon-14 in stored hay plant h at time of animal consumption per 
unit initial concentration of carbon-14 in water (pCi/kg wet-weight hay per pC& water) 

& = concentration factor for carbon-14 in water per unit initial concentration in water (added 
for clarity) (pCi/L per pCi/L) 

%, = Eraction of animal water intake that is contaminated (dimensionless) 

and other terms are as previously defined. 

C 3  Special Parameters for the Carbon-14 Model for Crops and Animal Products 

The model for carbon-14 uses several special parameters for which values are provided in Table C1. 

Table C.1 Carbon model parameter values* 

Parameter descri~tion Value 

Fraction of animal product that is carbon: 
Beef 0.24 
Poultry 0.20 
Milk 0.07 
Em 0.15 

Fraction of animal feeds that is carbon: 
Beef Forage 

Stored hay 
Stored grain 

Poultry Forage 
Stored hay 
Stored grain 

Milk Forage 
Stored hay 
Stored grain 

EggS Forage 
Stored hay 
Stored grain 

Fraction of soil that is carbon: 0.03 

*Values taken from Napier et al. (1988). 

C.4 
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Appendix D 

Tritium Agricultural Pathway Model 

Tritium is a radioactive form of hydrogen with a half-life of 12.43 years. It decays to helium-3 by emission of a 
low-energy beta particle. Tritium uptake by man can occur by exposure to air, water, or food. Numerous research 
studies have investigated the environmental and pathway modeling aspects of tritium, including those by Moghissi 
and Carter (1973), National Council on Radiation Protection and Measurements (1979), Murphy (1986 and 1990), 
Johnson et al. (1988), Killough and Kocher (1988), Diabate and Strack (1990), Neil (1990), and Straume (1991). 
For the scenarios used in this study, a special model is used to evaluate the transfer of tritium in food chains. The 
concentration of tritium in each food type is assumed to have the same specific activity as the contaminating 
medium. This assumption is approximately valid for situations involving continuous replenishment of tritium in 
the medium and represents a conservative approximation for residual radioactive material in soil. 

D.l Transfer of Tritium from Soil to Plants and Animal Products 

When soil is contaminated with residual tritium and no tritium from air and water is continually added to the soil, 
the contamination would be expected to rapidly escape from the soil or plants that had taken up this tritium. This 
analysis, however, conservatively assumes that the soil tritium is retained and remains available for plant uptake 
over time. The transfer of tritium from soil to plants is evaluated using a specific activity model for root uptake. 
Resuspension of soil onto plants is not considered because the specific activity model predicts plant concentrations 
about two orders of magnitude greater than the resuspension contribution. Also, tritium is not normally bound 
tightly to soil and would be expected to escape rapidly from suspended particles. 

The estimation of concentration in plants from root uptake of tzitium in soil assumes equilibrium between tritium 
in soil moisture and the plant: 

where CsvHh = concentration factor for tritium in food type v from unit initial concentration of tritium in soil 
( p W g  wet-weight plant per pCi/g dry-weight soil) 

fHv = fraction of hydrogen in total vegetation (kg hydrogen in plantkg wet-weight plant) 

CsH = initial concentration of tritium in soil (pCilg) 

S k V H  = specific activity equivalence of the soil and plant (pCi/kg hydrogen in plant per pCi/kg b-ydrogen 
in soil) 

SH = moisture content of soil (kg waterkg soil) 
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9 = conversion from soil water to soil hydrogen based on molecular components of water (kg water 
in soiVkg hydrogen in soil) 

1000 = units conversion factor @/kg). 

Because the half-life of tritium is long compared to the time periods considered (1 year or less), it is not necessary 
to model the decay of tritium concentration in plants. The partial pathway transfer factor (PPTF) for tritium in 
soil is evaluated as the product of the time period times the average concentration: 

where P m H  = partial pathway transfer factor for tritium in crop type v, per unit initial concentration of 
tritium in soil (pCi*y/kg wet-weight plant per pCi/g dry-weight soil for a year of residential 
scenario) 

C* = concentration factor for tritium in crop type v from root uptake at time of harvest for unit 
initial concentration of tritium in soil (pCi/kg wet-weight plant per pCi/g dry-weight soil) 

t, = time period over which the crop is consumed (d for a year of residential scenario) 

365.25 = unit conversion factor (diy). 

The model for tritium concentration in animal products from soil contamination is based on the assumption that 
the specific activity of the tritium in the animal product is equal to the specific activity of the total animal intake. 
For tritium, the total intake results from the consumption of contaminated fresh forage, stored feed, and soil. The 
total hydrogen intake considers the hydrogen contained in the fresh forage, stored feed, soil, and uncontaminated 
water. This is expressed as follows: 

[pCi tritium/kg hydrogen in animal product] = [pCi tritium intake in fresh forage, stored feed, 

and soil]/[kg hydrogen intake in fresh (D-3) 

forage, stored feed, and water] 

The forage, stored grain, and stored hay tritium concentrations are evaluated by Equation (D.1) with subscripts v 
and h replaced by subscripts f (g or h) and c, respectively. The ingestion of soil by the animal during the grazing 
period is included. 

The concentration of tritium in animal products is estimated for soil sources as follows. Again, decay is not 
considered because of the long half-life for tritium: 
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where P m H  = partial pathway transfer factor for animal product type a for tritium, per unit initial 
c o n m a t i o n  of tritium in soil (pCi*y/kg wet-weight animal product per pCi*y/g for a year of 
residential scenario) 

fHd = fraction of hydrogen in soil d (kg hydrogenl kg dry-weight soil) 

fm = fraction of hydrogen in fresh forage f (kg hydrogen& wet-weight forage) 

fHa = fraction of hydrogen in animal product a (kg hydrogenkg wet-weight animal product) 

fHg = fraction of hydrogen in stored grain g (kg hydrogenkg wet-weight grain) 

fHh = fraction of hydrogen in stored hay h (kg hydrogenkg wet-weight hay) 

Qd = fraction of forage intake that is soil (kg dry-weight soWg dry-weight forage) 

Qf = consumption rate of fresh forage by the anirnal (kg wet-weight forage/d) 

Qg = consumption rate of stored grain by the animal (kg wet-weight grainld) 

Qh = consumption rate of stored hay by the animal (kg wet-weight hay/d) 

Qw = consumption rate of water by the animal (kgfd) 

Wf = factor for conversion of forage plant mass from a dry-weight to wet-weight basis (kg dry-weight 
foragekg wet-weight forage) 

9 = conversion factor for environmental water to hydrogen based on the molecular components of 
water (kg waterkg hydrogen) 

Cs, = concentration factor for tritium in fresh forage plant f at time of consumption by animal, per 
unit initial concentration of tritium in soil (pCiikg wet-weight forage per pCUg dry-weight soil) 

CsgHc = concentration factor for tritium in stored grain plant g at time of consumption by animal, per 
unit initial concentration of tritium in soil (pCi/kg wet-weight grain per pCi1g dry-weight soil) 

C,,, = concentration factor for tritium in stored hay plant h at time of consumption by animal, per 
unit initial concentration of tritium in soil (pCi/kg wet-weight hay per pCUg dry-weight soil) 

t, = time period over which the animal is fed fresh forage (d) 
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tfg = t h e  period over which the animal is fed stored grain (d) 

t, = time period over which the animal is fed stored hay (d) 

t, = time period over which the animal product is consumed by humans (d for a year of residential 
scenario) 

t, = time period over which the animal is fed water (d) 

SAT* = specific activity equivalence of animal product type a and the specific activity of the total 
tritium and hydrogen intakes (pCi tritiumlkg hydrogen in animal product per pCi tritium 
intakeltotal hydrogen intake) 

xf = fraction of animal is intake of forage that is contaminated (dimensionless) 

xp = fraction of animal is intake of stored grain that is contaminated (dimensionless) 

xh = fraction of animal is intake of stored hay that is contaminated (dimensionless) 

1000 = unit conversion factor (fig). 

D.2 Transfer of Tritium from Irrigation Water to Plants and Animal Products 

The concentration of tritium in plants from contamination by irrigation with ground water is evaluated based on 
equilibrium between water and the plant's moisture concentration. For a unit initial tritium concentration in water 
(pCi/L) and for unit density of water (1 kg/L), the plant concentration is evaluated as follows: 

where CwWh = concentration factor for tritium in food type v at harvest from unit average concentration of 
tritium in water (pCi/kg wet-weight plant per pCi/L water) 

CwH = average concentration of tritium in water ( p C i  water) 

fHv = fraction of hydrogen in total vegetation (kg hydrogenlkg wet-weight plant) 

S h H  = specific activity equivalence of plant type v and tritium in water (pCi tritium& hydrogen in 
wet-weight plant per pCi tritium/kg hydrogen in water) 

9 = conversion from environmental water to hydrogen based on molecular components of water 
(kg waterkg hydrogen). 

The partial pathway transfer factor for food crops for tritium in water is evaluated using Equation (04, with the 
subscript w replacing subscript s: 
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where PPTFwH = partial pathway transfer factor for tritium in food type v for irrigation with contaminated water, 
per unit average concentration of tritium in water (pCi*y/kg wet-weight plant per pCi/L, water 
for a year of residential scenario) 

LWh = concentration factor for tritium in crop type v from root uptake at time of harvest, for unit 
average concentration of tritium in water (pCilkg wet-weight plant per pCi/L water) 

t, = time period over which food type v is consumed (d for a year of residential scenario) 

365.25 = unit conversion factor (d/y). 

The partial pathway transfer factor for tritium from water to animal products is based on tritium concentration in 
animal feed, evaluated by Equation (D.5) for forage crops and stored hay and grain crops. The animals are also 
assumed to drink contaminated water and ingest contaminated soil. The partial pathway transfer factors are 
calculated as follows: 

where P P K H  = partial pathway transfer factor for animal product type a for tritium, for unit average concen- 
tration of tritium in water (pCi*y/kg wet-weight animal product per pCi/L water for a year of 
residential scenario) 

kc = concentration factor for tritium in fresh forage plant f at time of animal consumption, from 
unit average concentration of tritium in water (pCi/kg wet-weight forage per pCilL water) 

GHc = concentration factor for tritium in stored feed piant s at time of animal consumption, from 
unit average concentration of tritium in water (pCi/kg wet-weight stored feed per pCUL water) 

GHc = concentration factor for tritium in water per unit average concentration of tritium in water 
(added for clarity) (pCilL per pCi/L) 

hd = concentration factor for tritium in soil at time of animal consumption of soil per unit average 
concentration of tritium in water (pCilkg dry-weight soil per p C K  water) 

SATaH = specific activity equivalence factor for tritium in animal product a (pCi tritiumikg hydrogen in 
animal product per total pCi tritium in fresh forage, stored feed, soil, and water/kg hydrogen in 
fresh forage, stored feed, soil, and water) 

x,,, = fraction of animal water intake that is contaminated (dimensionless) 
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and other terms are as previously defined. The concentration factor for tritium in soil, CwMd, is evaluated from 
the total deposition of tritium to soil &om irrigation. The deposition rate is evaluated as per muation (5.58). For 
tritium, the expression is written as follows: 

where kRwsHf = deposition rate of tritium from irrigation water to soil during the forage-fe.eding period per unit 
activity of tritium in irrigation water (pCi/d*kg dry-weight soil per pCVL water) 

IR = annual average application rate of irrigation water (L/m2*d) 

Ps = areal soil density (kg dry-weight soil/m2) 

GH = average concentration of tritium in water over the current 1-year period (PC&&). 

The average concentration in soil is evaluated as the deposition, accumulation and, time-integral over the forage- 
feeding period, divided by the forage-feeding period. Because tritium has a relatively long half-life, the average soil 
concentration factor can be expressed as follows 

where terms are as previously defined. 

D.3 Special Parameters for the Tritium Model for Crops and Animal Products 

The tritium model for agricultural pathway transfer factors uses several special parameters. Values for these 
parameten were taken from Napier et al. (1988) and are given in Table D.1. 
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TableoD.1 Tritium agricultural model parameter values* 

Parameter Description Value 

Fraction of food plant that is hydrogen: 
Leafy vegetables 0.1 
Other vegetables 0.1 
Fruit 0.1 
Grain 0.068 

Fraction of animal product that is hydrogen: 
Beef 0.10 
Poultry 0.10 
Milk 0.11 
Egss 0.11 

Fraction of animal feeds that is hydrogen: 
Beef Forage 

Stored hay 
Stored grain 

Poultry Forage 
Stored hay 
Stored grain 

Milk Forage 
Stored hay 
Stored grain 

Eggs Forage 
Stored hay 
Stored grain 

Fraction of soil that is hydrogen: 0.011** 

Soil moisture content (kgflrg): 0.1 

*From Napier et al. (1988). 
**Evaluated as soil moisture content divided by 9. 
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Supplemental Data 

This appendix contains supplemental data needed in the calculation of annual total effective dose equivalents 
(TEDEs) for the residual radioactive contamination scenarios defined in this study, The tables provided in this 
appendix are shown in a computer-readable form, anticipating their direct use in user-friendly software implement- 
ing the scenariolpathway analysis. The numbers of significant figures shown in each table were obtained from pri- 
mary references and are included for completeness. 

E.1 Contents and Units of Tables 

Table E.1 contains radioactive decay data and decay-chain specifications for the listing of radionuclides considered 
in this study. As described in Section 6.1.2, the radioactive decay database contains information taken directly 
from ICRP Publication 38 (ICRP 1983). The database contains a data set for each radionuclide or chain, except 
for natural thorium or natural uranium, for which dose factors are calculated from the radionuclides in the decay 
chain. The entries are organized by increasing atomic number and by decay chain. Within each chain, members 
follow according to their decay sequence. Progeny radionuclides are treated as implicit or explicit, as defined in 
Section 6.1.1. The columns in Table E.l include listings for 1) parent radionuclide, 2) progeny radionuclides in the 
chain, 3) radioactive half-life (in days), 4) position of each radionuclide in the chain, 5) branching information for 
the first parent of each radionuclide (index and fraction), 6) branching information for the second parent, if any, of 
each radionuclide (index and fraction), and 7) atomic number. 

Tables E.2 through E.5 contain the standardized databases of external and internal effective dose equivalent 
factors, committed effective dose conversion factors, and the organ dose equivalent factors used in this generic 
screening analysis. These factors are obtained from recent Federal Guidance published by the EPA, implementing 
the recommendations of the ICRP (Eckerman, Wolbarst, and Richardson 1988; Ekkerman and Ryman 1992). 
Entries are included for each parent radionuclide with implicit progeny immediately following the parent entry. 
Implicit progency are signified by an entry showing in the second column of each table. 

Table E.2 lists the internal committed effective dose equivalent (CEDE) and the external effective dose equivalent 
factors. The columns in Table E.2 include listings for 1) radionuclide, 2) implicit progeny fraction, 3) internal 
committed effective dose equivalent for ingestion (SvlBq), 4) internal CEDE for inhalation (SvlBq), and 5) external 
effective dose equivalents for surface sources (Sdd per Bq/m2) and volume sources with 15-cm thickness (Svld per 
~ ~ / r n ~ ) .  The implicit progeny fraction is the parameter Fj used in Equation (6.7) to calculate combined dose 
factors for parent radionuclides with implicit (short-lived) progeny. 

Tables E.3 through E 5  contain ingestion organ dose equivalent factors for use in the drinking water scenario. 
Each table contains columns showing the radionuclide, implicit progeny fraction, and organ dose equivalent factors 
in units of Sv per Bq ingested. Table E 3  includes factors for adrenals, urinary bladder wall (Bid Wall), bone sur- 
face (B Surface), brain, breast, stomach wall (S Wall), and small intestine wall (SI Wall). Table E.4 includes 
factors for upper large intestine wail (ULI Wall), lower large intestine wall (LLI Wall), kidneys, liver, lungs, 
ovaries, and pancreas. Table E.5 includes factors for red bone marrow (R Marrow), skin, spleen, testes, thymus, 
thyroid, and uterus. 



Appendix E 

Table E6 lists by radionucLide the inhalation translocation class and the gastrointestinal (GI) tract uptake fractions 
(f,) used in this study. In most cases, the solubility class selection will maximize the potential inhalation dose. For 
plutonium, the solubility class represents the most common chemical form that will likely be encountered in envi- 
ronmental situations. For the other radionuclides, the translocation classes and GI uptake fractions are defined for 
the combination resulting in the highest dose. 
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Table E.l Radioactive decay data and decay chain spedfkations 

Parent Branchine information 
radio- Progeny Half-life Position First aarent Second parent Atomic 
nuclide' in chain (d)* in chain Index F o  Index Fraction Number** 

321 4.51E+03 1 1 
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Table El Radioactive decay data and decay chain specifications (Continued) 

Parent 
d Progeny 
nuclide+ in chain 

Branchine infornabion 
Half-life Position First wrrent Second parent 

(d)* in chain Index Fracbion Index F d o n  

2.67E+00 1 
3.45E-02 1 
5.85E+01 2 1 1 .0000 
5.85E-t-01 1 
1.48E-01 1 
4.21E-01 1 
5.59E+08 2 1 1.0000 
4.97E+03 3 2 1.0000 
5.59E+08 1 
4.97E+03 2 1 1 .0000 
(Same data as for named radionuclide) 
6.40E+01 1 
3.61E+00 2 1 0.0070 
3.52E+Ol 3 2 1.0000 
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Table E.1 Radioactive dacay data and decay chain specifications (Continued) 

Parent 
radio- Progeny 
nuclide+ in chatn 

Branching information 
Half-lie Position Fit  wrent Second w e n t  Atomic 

(d)* in chain d Fraction Index F d o n  Number** 
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Table E.1 Radioactive decay data and decay chain specifications (Continued) 

Parent 
radio- Progeny 
nuclide' in chain 

Half-life 
(dl* 

Brancbine information 
Position First rrarent Second wrent 
inchain I n  F d o n  index Fraction 

Atomic 
Number** 

1.36E+Ol 1 
2.93E+02 1 
2.01E+04 1 
1.13E+00 2 1 0.7760 0 0.0000 
1.13E+00 1 
1.29E+02 1 
9.64E + 00 1 
1.01E+03 2 1 1.0000 0 0.0000 
~ . S O E + O ~  3 2 0.2280 0 0.0000 
3.65E+07 1 

1 1.0000 
1.24Ef01 2 1 0.1400 0 0.0000 
(Same data as for named radionuclide) 



Appendix E 

Table El Radioactive decay data and decay chain specifications (Continued) 

Parent 
radio- 
nuclide+ 

W ~ Y  
in chain 

Half-life Position 
(a)* in chain 

Branching information 
First parent Second ~arent Atomic 

Index Fraction Index Fraction Number** 



Appendix E 

Table El Radioactive decay data and decay chain specifications (Continued) 

Parent 
radio- Progeny 
nuclide+ in chain 

Branchiw information 
Half-life Position F i t  mrent Second parent Atomic 

(d)* in chain Index r a n  Index Fraction Nwnbef * 
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Table E.1 Radioactive decay data and decay chain specifications (Continued) 

Parent 
radio- Progeny 
nuclide" in chain 

Branching information 
Half-life Position F i t  mrent Seeond parent 

(d)* in chain Index Fraction Index Fraction 
Atomic 

Number** 
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Table El Radioactive decay data and decay chain specifirations (Continued) 

Parent 
radio- Progeny 
nuclide' in chain 

Branching information 
Half-life Position First parent Second parent Atomic 

(d)* in chain Index Fraction Index Fraction Number** 

1.14E+Ol 1 88 
1 1.0000 
1 1.0000 
1 1.0000 
1 1.0000 
1 0.0028 
1 0.9972 

3.66E+00 1 
1 1.0000 
1 1.0000 

4.43E-01 2 1 1.0000 0 0.0000 
1.48E+01 1 
1.00E+01 2 1 1.0000 0 0.0000 
5.84E+05 1 
3.82E+00 2 1 1.0000 0 0.0000 
8.15E+03 3 2 1.0000 0 0.0000 
5.01E+00 4 3 1.0000 0 0.0000 
1.38E+02 5 4 1.0000 0 0.0000 
(Same data as for named radionuclide) 
2.10E+03 1 

1 1.0000 
6.99E+02 2 1 1.0000 0 0.0000 
3.66Ef00 3 2 1.0000 0 0.0000 
4.43E-01 4 3 1.0000 0 0.0000 
1.00E+01 1 

1 1.0000 
1 1.0000 
1 1.0000 
1 0.9784 
1 0.0216 
1 l . m  

7.95E+03 1 
1 0.0138 

1.87E+01 2 1 0.9862 0 0.0000 
1.14~+01 3 2 1 . m  1 0.0138 
(Same data as for named radionuclide) 
2.55E-01 1 
6.99E+02 2 1 1.0000 0 0.0000 
3.66E+00 3 2 1.0000 0 0.0000 
4.43E-01 4 3 1.0000 0 0.0000 
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Table E.l Radioactive decay data and d m y  chain specifications (Continued) 

Parent Branching information 
radio- Progeny Half-life Position First parent Second mrent Atomic 
nuclide' in chain (dl* in chain Index Fraction Index Fraction Number** 

1.87E+01 1 
1.14E+01 2 1 1.OOOO 
6.99E+02 1 
3.66E+OO 2 1 1.0000 
4.43E-01 3 2 1.0000 
(Same data as for named radionuclide) 
2.68E + 06 1 
1.48E+01 2 1 1.0000 
l.oOE+Ol 3 2 1.0000 
(Same data as for named radionuclide) 
2.81E+07 1 
5.84E+05 2 1 1.0000 
3.82E+00 3 2 1.0000 
8.15E+03 4 3 1.0000 
5.01E+00 5 4 1.0000 
1.38E+02 6 5 1.0000 
(Same data as for named radionuclide) 
1.06E+oO 1 
1.20E+07 2 1 1 .0000 
7.95E+03 3 2 1.0000 
1.87E+01 4 3 0.9862 
1.14E+01 5 4 1.0000 
5.13Ef12 1 
2.10E+03 2 1 1.0000 
6.99E+02 3 2 1.0000 
3.66E+0O 4 3 1.0000 
4.43E-01 5 4 1.0000 
(Same data as for named radionuclide) 
2.41E+Ol 1 

1 0.9980 
1 0.0020 

8.93E+07 2 1 1.0000 

1.20E+07 1 
7.95E+03 2 1 1.0000 
1.87E+01 3 2 0.9862 
1.14E+Ol 4 3 1.0000 
(Same data as for named radionuclide) 
2.70E+01 1 
5.79E+07 2 1 1.0000 
2.68E+06 3 2 1.OCXXI 
1.48E+01 4 3 1.0000 



Appendix E 

Table E.1 Radiaactive decay data and decay chain spediieations (Continued) 

Parent Branching information 
radio- Progeny Half-life Position First parent Second parent 
nuclide+ in chain (d)* in chain Index Fraction Index Fraction 

1.00E+01 5 4 1.0000 
2.79E-01 1 
2.63E+W 1 
6.99E+02 2 1 1.0000 
3.66E+00 3 2 1.0000 
4.43E-01 4 3 1.0000 
(Same data as for named radionuclide) 
5.79Ei-07 1 
2.68E+06 2 1 1.0000 
1.48E+01 3 2 1.0000 
l.OOE+Ol 4 3 1.0000 
(Same data as for named radionuclide) 
8.93E + 07 1 
2.57E+11 1 
1.06E+00 2 1 1.0000 
1.20E+07 3 2 1.0000 
7.95E+03 4 3 1.0000 
1.87E+01 5 4 0.9862 
1,14E+01 6 5 1.0000 
(Same data as for named radionuclide) 
8.55E+09 1 
6.75E-f-00 1 
7.82E+O8 2 1 1.0000 
2.70E+01 3 2 1.0000 
1.63E+ 12 1 
2.41E+01 2 1 1.0000 
8.93Et-07 3 2 1.0000 
2.81E+07 4 3 1.0000 
5.84E+05 5 4 1.0000 
3.82E+00 6 5 1.0000 
8.15E+03 7 6 1.0000 
5.01E+00 8 7 1.0000 
1.38E+02 9 8 1.0000 
(Same data as for named radionuclide) 
5.88E-01 1 

1 1.0000 

Atomic 
NumbeiL* 
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Table E.l Radioactive decay data and decay chain speei6cations (Continued) 

Parent Branchine information 
radio- Progeny Half-life Position First parent Second mrent Ahmic 
nuclide' in chain (dl* in chain Index Fraction Index Fraction NumbeP* 

l.OOE+Ol 6 5 1.0000 
(Same data as for named radionuclide) 
2.12E+OO I 
2.36E+OO 1 
1.04E-f-03 1 
263E+04 2 1 1.0000 
6.99E+02 3 2 1.0000 
3.66E+00 4 3 1.0000 
4.43E-01 5 4 1.0000 
4.53E+01 1 
7.82E1-08 2 1 1.0000 
2.7OE+Ol 3 2 1.0000 
3.20E+ 04 1 
8.93E+ 07 2 1 1.0000 
8.79E+06 1 
2.39E+06 1 
5.26E+03 1 
1.58E+05 2 1 1.0000 
1.37E+08 1 
2.07E-01 1 
3.02E+ 10 1 
5.88E-01 2 1 0.9988 
2.39E+06 3 2 1.0000 
1.58E+05 1 
5.55E+04 1 
6.68E-01 2 1 0.9952 
1.63E+02 3 2 0.8270 
1.37E+08 4 2 0.1730 
2.12E+00 5 1 0.0048 
3.20E+04 6 5 1.0000 
6.68E-01 1 
1.63E+02 2 1 0.8270 
1.37E+08 3 1 0.1730 
3.20E+04 4 2 1 . 0  
2.70E+06 1 
2.36E+00 2 1 1.0000 
8.79Et-06 3 2 1.0000 
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Table E.1 Radioactive decay data and decay chain specifications (Continued) 

Parent Branchinp information 
radio- Progeny Half-life Position First parent Second parent Atomic 
nuclide' in chain (dl* in chain Index Fraction Index Fraction Numbee* 

+ Rad~onuciides with a "+C' representat~on use the same data as defined for the named radionuclide. The differences in the 
reported dose factors are due to dtfferences in definition of initial actmty for chain members. For the named radionuclide 
(without "+C') the progeny have zero init~al act~vity. For the "+C' entries, the progeny have equilibrium initiaf activity. 

* Values of radioactive half-life are given for all parent radionuclides and for all explicitly defined progeny. Blank entries stgnlfy 
that the radionuclide is short-lwed and is wnstdered to be an ~mpltc~t progeny of the parent rad~onucl~de. 

** The atomic number is defined and used only for expi~cit rad~onuclides. 
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors 

Radio- 
nuclide 

Implicit Ingestion 
progeny fraction (sv/Bq) 

1.73E-11 
1.26E-09 
5.64E-10 
3.31E-11 
3.10E-09 
3.84E-10 
2.37E-09 
2.48E-10 
1.98E-10 
8.18E-10 
5.02E-09 
3.44E-10 
8.55E-10 
1.73E-09 
3.98E-11 
7.48E-10 
2.64E-10 
1.64E-10 
1.81E-09 
3.2OE-10 
9.6823-10 
7.28E-09 
5.67E- 11 
1.56E-10 
1.68E-10 
1.26E-10 
3.90E-09 
3.55E-10 

0.9997 2.40E-11 
2.40E- 1 1 
1.41E-09 
2.60E-09 
2.3533-09 
4.62E-10 
2.47E- 11 

1.0000 0.00E+00 
4.91E-11 
2.53E-09 
4.71E-11 
2.65E-11 
5.34E-10 
2.5OE3-09 

Inhalation 
(Svrnci> 

1.73E-11 
9.58E-08 
5.64E-10 
2.26E-11 
2.07E-09 
3.27E- 10 
4.19E-09 
6.27E-10 
6.69E-10 
5.93E-09 
3.34E-09 
3.6433-10 
1.79E-09 
8.01E-09 
9.03E- 11 
1.81E-09 
1.02E-10 
7.26E-10 
4.00E-09 
2.45E-09 
2.94E-09 
5.91E-08 
7.31E-10 
1.7OE-09 
9.32E-11 
7.48E-11 
5.51E-09 
2.2OE-10 
1.06E-11 
1.06E-11 
1.01E-09 
2.29E-09 
2.66E-09 
4.13E-10 
2.41E-11 
0.00E+00 
2.61E-11 
1.79E-09 
2.26E- 11 
1.16E-11 
1.36E-09 
1.12E-08 

External 
Surface 15 cm* 

(Svld per ~qlm') (Svld per ~ q l m ~ )  

O.OOE+OO O.WE+Oo 
3.56E-14 4.90E-16 
1.39E-15 6.22E-18 
8.73E-11 2.52E-12 
1.82E-10 5.45E-12 
3.12E-10 1.02E-11 
2.51E-13 5.18E-15 
3.85E-15 2.73E-17 
1.45E-15 6.88E-18 
5.81E-14 1.06E-15 
1.26E-11 3.95E-13 
O.OOE+OO O.OOE+Oo 
3.98E-15 2.89E-17 
1.66E-10 5.01E-12 
2.66E- 12 7.56E-14 
7.01E-11 2.07E-12 
1.36E-10 4.23E-12 
O.OOE+OO 0.0OE +OO 
9.71E-11 2.97E-12 
9.97E- 12 2.29E-13 
8.20E- 11 2.42E-12 
2.03E-10 6.26E-12 
O.OOE+Oo O.OOE+OO 
O.OOE+OO O.OOE+Oo 
4.45E-11 1.38E-12 
1.61E-11 4.67E-13 
4.78E-11 1.45E-12 
3.56E-11 1.02E-12 
6.20E-14 1.02E-15 
6.20E-14 1.02E-15 
3.6613-1 1 1.08E-12 
3.26E- 11 8.75E-13 
1.79E-15 8.60E-18 
2.20E-10 6.57E-12 
7.02E-13 1.95E-14 
3.28E- 14 1.40E-17 
1.38E-10 4.45E-12 
8.04E-12 2.41E-13 
5.14E-11 1.63E-12 
l.65E-10 5.18E-12 
4.32E-11 1.24E-12 
1.96E-13 3.99E-15 
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued) 

Radio- 
nuclide 

Implicit Ingestion 
progeny fraction (sv/B@ 

3.85E-08 
8.39E-10 

0.5780 1.12E-11 
2.91E-09 
1.12E-11 
2.57E-09 
5.15E-10 
1.23E-09 
4.48E-10 
1.02E-09 
2.28E-09 

0.9470 O.OOE+OO 
0.0530 6.3OE-11 

1.41E-10 
1.93E-09 
6.22E-10 
6.95E-10 
0.0OE + 00 
6.30E-11 
3.648-10 
1.36E-09 

0.8760 1.68E-11 
1.68E-11 
3.95E-10 
1.14E-11 
8.24E- 10 
2.87E-10 
7.40E-09 

1.mo 0.00E+00 
3.14E-12 
3.99E-10 
2.13E-10 

.99974 3.14E-12 
4.04E- 1 1 
5.87E-10 
2.92E-09 

0.0133 O.OoE+OO 
1.37E-09 
3.55E-09 
4.35E-08 
4.37E-09 
1.54E-09 

Inhalation 
tsvrns) 

External 
Surface 15 cm* 

(Sv/d per Bq/m2) (Sv/d per Bq/m3) 

2.46E-14 3.21E-16 
5.84E- 11 1.74E-12 
4.52E- 1 1 1.31E-12 
4.60E- 13 1.03E-14 
4.52E-11 1.31E-12 
4.95E-13 1.31E-14 
2.18E-11 6.54E-13 
7.87E-12 2.37E-13 
0.OOE + 00 O.OOE+ 00 
6.2413- 11 1.84E- 12 
1.50E-11 4.51E-13 
6.15E-11 1.81E-12 
5.57E-11 1.63E- 12 
8.11E-14 4.80E-17 
1.32E- 10 3.91E-12 
5.41E-12 1.41E-13 
6.46E- 1 1 1.9OE-12 
6.15E-11 1.81E-12 
5.57E-11 1.63E-12 
4.61E-13 2.73E-16 
1.27E-11 3.65E-13 
1.04E- 1 1 2.51E-13 
1.04E-11 2.51E-13 
6.73E-15 5.79E- 17 
2.83E- 1 1 8.03E-13 
4.00E-11 1.15E-12 
6.64E- 1 1 1.94E-12 
0.00E +00 0.00E + 00 
1.83E-11 5.31E-13 
1.08E- 13 1.13E-16 
6.58E-12 1.86E- 13 
9.37E-13 1.15E-15 
1.08E-13 1.13E-16 
0.00E + 00 0.00E+00 
9.69E-13 8.38E-15 
2.29E- 10 6.85E- 12 
3.30E-12 9.25E- 14 
2.31E-12 6.45E- 14 
1.94E-12 6.80E-15 
2.27E-14 2.95E-16 
2.02E- 12 5.88E-14 
1.99E- 1 1 5.71E-13 
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued) 

Radio- Implicit Ingestion Inhalation 
nuclide progeny fraction (SvfBs) (SvfBs) 

External 
Surface 15 cm* 

(Sv/d per ~ q / m ~ )  (SvJd per ~ q / r n ~ )  

1.36E-11 3.69E-13 
3.37E-11 8.73E-13 
7.90E-12 2.05E-13 
2.33E-13 6.85E-15 
1.36E-11 3.69E-13 
1.31E-11 2.97E-13 
9.01E-13 1.39E-15 
4.22E-13 9.11E-16 
9.07E-15 9.023-17 
7.22E-13 2.02E-14 
2.60E- 11 7.88E-13 
4.72E-12 6.82E-14 
1.31E-10 3.83E-12 
1.48E-10 4.54E-12 
3.67E-11 1.02E-12 
1.31E-10 3.83E-12 
2.40E-10 7.02E-12 
5.84E- 1 1 1.7OE-12 
1.23E-11 2.84E-13 
3.12E-12 7.0OE-15 
9.73E-13 2.49E-15 
4.47E-13 1.2233-14 
3.27E-12 7.58E-14 
5.19E-12 1.38E-13 
5.19E-12 1.38E-13 
1.18E-10 3.5OE-12 
3.54E-11 9.94E-13 
3.54E-11 9.94E-13 
1.97E-11 4.80E-13 
1.91E-10 5.67E-12 
1.92E-10 5.72E-12 
7.72E-11 2.30E-12 
7.72E-11 2.30E-12 
7.48E-11 2.12E-12 
2.18E-10 6.53E-12 
3.69E-12 7.65E-15 
2.23E- 12 5.98E-15 
1.81E-10 5.30E-12 
3.24E-11 9.21E-13 
1.91E-10 5.67E-12 
5.15E-11 1.5OE-12 
2.18E-10 6.53E-12 
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Table E.2 Internal co~nmitted effective dose equivalent and external effective dose equivalent factors (Continued) 

Radio- 
nuclide 

Implicit Ingestion 
progeny fraction (Svfl@ 

6.08E-10 
0.1540 0.00E+00 

1.33E-11 
1.98E-08 
1.91E-09 
3.04E-09 
1.35E-08 

0.9460 O.OOE+OO 
5.25E-11 
1.08E-10 
2.56E-09 
5.65E-11 
3.01E-11 
2.28E-09 
3.74E-10 
1.79E-10 
7.83E-10 
1.23E-09 
5.68E-09 

0.0178 O.OOE+Oo 
1.0000 3.15E-11 

1.27E-09 
3.15E-11 
1.18E-09 
2.83E-10 
2.07E-09 
2.94E-09 
1.07E-09 
8.09E-10 
5.01E-08 
1.05E-10 
8.07E-10 
1.75E-09 
2.58E-09 
4.13E-10 
2.48E-09 
3.17E-10 
1.82E-09 
2.18E-09 
9.31E-11 
5.38E-10 
7.46E-10 

Inhalation 
<Svrn@ 

External 
Surface 15 cm* 

(Svld per ~q lrn~)  (Svld per ~q lrn~)  
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued) 

External 
Radio- Implicit Ingestion Inhalation Surface 15 cm* 
nuclide progeny fraction ( S v W  ( s v w  (Svtd per ~ q l m ~ )  (Svtd per ~ q / m ~ )  
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued) 

Radio- 
nuclide 

Implicit Ingestion 
progeny fraction (SvlB* 

3.8OE-06 
0.0138 2.33E-09 

5.85E-10 
1.03E-08 
1.07E-07 
9.54E-07 
1.48E-07 
3.65E-10 
7.38E-07 
3.69E-09 

0.9980 O.OOE+OO 
0.0020 5.84E-10 

2.86E-06 
9.81E-10 
5.84E-10 
3.54E-07 
7.81E-08 
7.66E-08 
7.19E-08 
7.26E-08 
8.57E-10 
6.88E-08 
1.2OE-09 

1.0000 0.00E+00 
1.20E-06 
1.08E-09 
8.82E-10 
3.15E-07 
1.20E-10 
8.65E-07 
9.56E-07 
9.56E-07 
1.85E-08 
9.08E-07 
9.02E-11 
8.97E-07 
9.84E-07 
9.50E-07 
3.81E-10 
9.79E-07 
3,lOE-08 
6.79E-07 

Inhalation 
(Svrn* 

1.81E-03 
1.68E-09 
8.33E-08 
4.37E-06 
9.23E-05 
5.80E-04 
8.80E-05 
2.37E-10 
4.43E-04 
9.47E-09 
O.OoE+00 
2.2OE-10 
3.47E-04 
2.58E-09 
2.2OE-10 
1.78E-04 
3.66E-05 
3.58E-05 
3.32E-05 
3.39E-05 
9.54E-10 
3.2OE-05 
6.13E-10 
0.00E+00 
1.46E-04 
1.00E-08 
6.78E-10 
3.91E-05 
5.33E-10 
1.06E-04 
1.16E-04 
1.16E-04 
2.23E-06 
1.1 1E-04 
4.44E-11 
1.09E-04 
1.2OE-04 
1.15E-04 
1.58E-08 
1.19E-04 
4.67E-06 
8.30E-05 

External 
Surface 15 con+ 

(Sv/d per Bq/m2) (Sv/d per Bq/m3) 

1.36E-14 2.26E-16 
4.88E-12 8.7433-14 
8.01E-11 2.38E-12 
8.94E-12 2.29E-13 
2.03E-13 3.60E-15 
7.38E-12 1.47E-13 
6.48E-14 5.52E-16 
1.60E-12 1.68E-14 
4.76E-14 2.40E-16 
7.18E-13 1.12E-14 
1.32E-12 3.62E-14 
1.59E-10 4.65E-12 
3.52E-12 8.30E-14 
1.69E-11 4.45E-13 
1.59E-10 4.65E-12 
8.73E-14 4.12E-16 
6.18E-14 6.25E-16 
6.46E-14 1.85E-16 
1.28E-11 3.24E-13 
5dlE-14 9.87E-17 
1.15E-11 2.40E-13 
4.76E-14 4.76E-17 
3.65E-13 6.58E-16 
2.82E- 11 8.20E-13 
2.48E-12 3.59E-14 
4.57E-11 1.36E-12 
1.41E-11 3.37E-13 
8.47E-14 1.04E-16 
4.01E-12 7.47E-14 
7.23E-14 6.97E-17 
3.17E-14 1.31E-16 
6.93E-14 6.77E-17 
1.67E-16 2.72E-18 
5.76E-14 5.91E-17 
2.08E- 12 3.63E-14 
4.82E-14 3.49E-17 
2.37E-12 2.02E-14 
2.6OE-13 7.77E-16 
1.35E-12 2.30B-14 
4.62E- 12 6.57E-14 
8.25E-14 7.83E-17 
1.08E-11 2.61E-13 
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Table E.2 Internal committed effective dose equivalent and external effective dose equivalent factors (Continued) 

External 
Radio- Implicit Ingestion Inhalation Surface 15 cm* 
nuel ide progeny fraction (svmQ) (SvmQ) (Svfd per ~ g l r n ~ )  (Svld per ~ q / r n ~ )  

* Based on a density of 1.625 x lo6 g/m3 (EPA 1992). 
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Table 33.3 Ingestion organ dose equivalent factors for organ set 1 

Radio- 
nuclide 

ImplicIt Adrenals 
progeny fraction ( S v w  

1.73E-11 
2.42E-11 
5.64E-10 
9.7OE-12 
4.03E-09 
3.73E-10 
6.5%- 10 
9.37E- 1 1 
9.53E-12 
7.99E-10 
5.37E-09 
3.24E-12 
5.36E- 11 
1.34E-10 
6.76E-12 
4.13E-10 
1.76E-11 
1.06E-10 
1.02E-09 
1.99E-10 
5.93E-10 
8.74E-09 
3.7OE-11 
8.50E- 11 
6.02E-12 
1.71E-11 
4.76E-09 
4.56E-11 
4.17E-13 
1.13E-10 
2.83E-09 
9.06E-10 
5.62E-10 
7.38E- 12 
8.47E-12 
2.19E-09 
3.36E-12 
4.71E-12 
3.39E-10 
2.40E-10 

Bld wall 
( s v w  

1.73E-11 
2.42E-11 
5.64E-10 
3.23E-12 
2.83E-09 
3.01E-10 
6.55E-10 
9.37E-11 
9.53E-12 
7.99E-10 
5.00E-09 
2.56E-12 
5.36E- 11 
6.06E- 10 
1.47E-11 
3.72E-10 
2.56E- 11 
1.ooE-10 
1.08E-09 
2.05E-10 
6.67E-10 
6.64E-09 
3.4lE-11 
8.50E-11 
8.55E-12 
2.19E-11 
4.07E-09 
5.90E-11 
4.17E-13 
1.32E-10 
1.59E-09 
9.06E-10 
4.83E-10 
7.34E-12 
5.86E-12 
2.17E-09 
2.55E-12 
2.62E-12 
3.00E-10 
2.40E-10 

Oman name 
B surface Brain 
(Svnacr) (SvlBq) 

1.73E-11 1.73E-11 
2.15E-09 2.42E-11 
5.64E-10 5.64E-10 
6 .m~- i  1 nm-12  
5.54E-09 2.52E-09 
4.68E-10 2.39E-10 
7.87E-09 0.00E+OO 
1.32E-09 0.00E +OO 
9.53E-12 9.53E-12 
7.99E-10 7.99E-10 
4.88E-09 4.79E-09 
4.01E-09 3.86E-12 
5.23E-09 5.36E-11 
1.39E-10 2.82E-12 
7.86E-12 3.288-12 
5.71E-10 0.OOE+00 
1.06E-11 0.00Et-00 
1.05E-10 1.03E-10 
6.61E-10 4.65E-10 
2.12E-10 0.00E+00 
4.07E-10 0.00E+00 
4.81E-09 O.OOE+OO 
3.62E-11 3.56E-11 
8.50E-11 8.50E-11 
2.89E-12 4.39E-13 
1.39E-11 3.62E-11 
4.50E-09 2.85E-09 
7.27E-11 3.08E-11 
5.18E-13 4.17E-13 
1.02E-10 8.98E-11 
1.70E-09 9.56E-10 
9.06E-10 9.06E-10 
3.80E-10 2.84E-10 
7.33E-12 7.31E-12 
5.56E-12 4.49E-12 
6.86E-09 2.13E-09 
2.75E-12 2.33E-12 
4.19E-12 1.91E-12 
6.06E-10 0.00EfOO 
4.81E-09 0.00E+00 

Breast 
(Svnaq) 

1.73E-11 
2.42E-11 
5.64E-10 
6.36E-12 
2.58E-09 
2.71E-10 
6.55E-10 
9.37E-11 
9.53E- 12 
7.99E-10 
4.89E-09 
3.19E-12 
5.36E-11 
2.5lE-10 
7.51E-12 
2.77E-10 
1.76E-11 
1.04E-10 
7.37E-10 
1.58E-10 
4.5OE-10 
5.08E-09 
3.58E-11 
8.50E- 11 
5.63E-12 
1.59E-11 
3.28E-09 
4.42E-11 
4.17E-13 
1.09E-10 
1.45E-09 
9.06E-10 
3.81E-10 
7.34E- 12 
6.62E-12 
2.14E-09 
2.82E-12 
3.38E-12 
2.53E-10 
2.40E-10 

S wall 
(SvlBq) 
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Table E.3 Ingestion organ dose tquivatent factors for organ set 1 (Continued) 

Radio- 
nuclide 

''~r 
'lsr 
9% 
91my 

9 1 ~  
9 2 ~  
'Y3y 
93zr 
%zr 
97zr 
9'rnNb 
9 ' ~  

9 3 m ~ b  
94Nb 
95mm 

95Nb 
97mm 
97Nb 
%o 
"Mo 
-TC 

"rc 
'O'TC 
l o 3 ~ u  
l o 5 ~ u  
'O6~u 
103mm 
l05m 

'03pd 
103mm 

lo7pd 
l04d 
11% 

'lo& 

l ' ' ~ ~  
l"cd 
113ma 
115mCd 
llSa 
115mIn 

l l l ~ n  

Orean name 
Implicit Adrenals Bld wall B surface Brain 

progeny fraction (SvlBQ) (Sv/Eq) (SvIBQ) (SvlBQ) 

1.51E-09 1.51E-09 4.19E-07 0.00E+O 
2.46E- 11 6.88E-11 2.02E-11 0.00E+00 
1 . 2 - 1  1XE-14 3.67E-13 1.26E-14 
2.00E-12 2.32E-12 8.71E-13 1.97E-14 
3.50E-13 1.23E-12 6.13E-12 1.20E-13 
3.14E-12 5.58E-12 1.75E-12 4.65E-14 
2.23E-12 6.45E-12 1.73E-12 3.46E-14 
2.95E-13 4.61E-14 9 .1 -W O.oOE+CW3 
6.09E-11 2.43E-10 4.86E-10 0.00E+O 
4.89E-11 1.76E-10 4.55E-11 0.00E+00 

0.9470 Note: Contribution included with parent. 
0.0530 3.37E-12 4.33E-12 1.60E-12 0.00E+00 

2.52E-12 2.52E-12 5.98E-11 2.5OE-12 
3.41E-10 6.05E-10 7.65E-10 0.00E+00 
6.67E-12 2.54E-11 4.31E-11 0.00E+00 
6.79E-11 2.43E-10 2.94E-10 0.00E+W 
6.79E-11 2.43E-10 2.94E-10 0.00E+00 
3.37E-12 4.33E-12 1.60E-12 O.OOE+OO 
1.31E-10 1.02E-10 1.15E-09 0.00E+00 
2.54E-11 7.46E-11 6.32E-11 O.OOE+W 
4.33E-12 4.53E-12 4.06E-12 1.82E-12 
6.04E-11 6.OQE-11 6.04E-11 6.04E-11 
5.60E-13 286E-13 2.55E-13 9.46E-14 
111E-1 2.21E-10 9.63E-11 5.12E-11 
1.29E-11 2.71E-11 8.89E-12 1.27E-12 
1.46E-09 1.50E-09 1.43E-09 1.39E-09 
3.50E-15 3.87E-15 5.29E- 15 3.24E-15 
6.36E-12 1.85E-11 6.75E-12 2.74E-12 
297E-13 1.66E-12 200E-12 4.51E-14 

0.99974 3.50E-15 3.87E-15 5.29E-15 3.24E-15 
9.91E-15 9.91E-15 1.43E-13 9.91E-15 
2.18E-13 9.02E-13 1.IYLE-12 9.30E-14 
1.63E-09 1.05E-09 4.93E-10 1.00E-10 

0.0133 Note: Contribution included with parent. 
1.10E-11 1.58E-11 9.67E-12 7.33E-12 
5.89E-10 2.94E-10 3.28E-10 2.64E-10 
3.44E-09 3.44E-09 3.44E-09 3.44E-09 
1.79E-10 1.69E-10 1.W-10 1.60E-10 
3.92E-11 9.57E-11 3.06E-11 8.33E-12 

1.0000 2.5lE-12 5.39E-12 2.19E-12 1.14E-13 
2.52E-11 1.14E-10 3.73E-13-11 2.02E-12 

Breast 
(Sv/s<r) 

s wall 
( s v m  SI wall 



Appendix E 

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued) 

Radio- 
nuclide 

Implicit 
P-3' -n 

Owan name 
AdrenaIs Bld wall B surface Brain 
(SvlBq) (SvJBq) (Svlsq) (SvIBQ) 

1.39E-10 1.51E-10 1.8lE-09 1.18E-10 
Note: Contribution included with parent. 
2.51E-12 5.39E-12 2.19E-12 1.14E-13 
1.16E-11 6.26E-11 4.78E-10 3.58E-12 
9.16E-12 117E-11 1.82E-10 9.63E-12 
2.89E-11 3.ME-11 6.12E-10 2.94E-11 
2.00E-13 200E-13 2.5lE-11 2.00E-13 
3.20E-11 3.34E-11 6.62E-10 3.15E-11 
2.91E-11 9.36E-11 2.38E-10 1.03E-11 
8.92E-10 1.06E-09 5.06E-09 7.28E-10 
2.60E-12 1.82E-12 9.53E-13 3.21E-14 
1.30E-10 5.91E-10 1.89E-10 1.25E-11 
9.52E-11 1.85E-10 5.86E-10 4.31E-11 
2.60E-12 1.82E-12 9.53E-13 3.21E-14 
1.89E-10 8.62E-10 2.2'7E-10 1.06E-11 
4.14E-11 1.82E-10 5.24E-11 3.24E-12 
1.29E-10 1.31E-10 2.41E-08 0.00E+00 
4.29E- 1 1 4.80E- 1 1 1.27E-08 0.00E-b 00 
9.75E-11 9.66E-11 2.07E-08 0.00E+00 
2.97E-12 3.17E-12 6.46E-12 0.00E+00 
1.68E-10 1.7SE-10 7.99E-09 0.00E+00 
6.07E-13 6.72E-13 5.40E-13 0.00E+00 
1.02E-10 2.46E-10 3.24E-10 4.45E-11 
4.47E-12 5.27E-12 3.69E-12 2.18E-12 
4.47E-12 5.27E-12 3.69E-12 2.18E-12 
4.06E-10 4.22E-10 8.30E-10 2.86E-10 
3.23E-11 2.44E-11 2.19E-11 O.WE+Oo 
1.26E-11 1.20E-11 6.61E-12 2.71E-12 
1.61E-12 8.93E-13 7.73E-13 4.89E-13 
1.65E-11 1.57E-11 1.23E-11 9.52E-12 
1.58E-11 1.04E-11 9.32E-12 0.00E+00 
2.52E-11 2.9OE-11 6.63E-11 0.00E+00 
1.32E-10 1.35E-10 2.17E-10 0.00E+00 
7.41E-11 5.85E-11 6.12E-11 0.00E+00 
5.62E-11 4.08E-11 8.72E-11 0.00E+00 
3.23E-11 2.44E-11 2.19E-11 0.OOE+00 
4.37E-11 3.69E-11 4.07E-11 0.00E+00 
1.58E-11 1.04E-11 9.32E-12 0.00E+00 
4.84E-11 3.56E-11 3.36E-11 0.00E+00 
Note: Contribution incIuded with parent. 
7.328-12 6.%E-12 6.57E-12 0.00E+00 
2.32E-08 2.14E-08 1.74E-08 O.OOE+OO 

Breast 
(Svntls) 

S wall 
(SvlBCl) SI wall 



Appendix E 

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued) 

Owan name 
Implicit Adrenals Bld wall B surface Brain 

progeny fraction ( S v w  (Sv/Bq) (SvlBQ) (Sv/Bq) 

1.91E-09 1.91E-09 1.91E-09 0.00E+00 
3.47E-09 3.46E-09 2.71E-09 0.00E+00 
1.50E-08 1.41E-08 1.26E-08 0.00E+00 

0.9460 Note: Contribution included with parent. 
1.22E-11 6.83E-12 6.4%-12 0.00E+00 
5.41E-13 5.75E-13 4.38E-13 259E-13 
1.20E-10 3.71E-10 5.53E-10 5.67E-11 
1.70E-12 1.03E-12 1.2%-12 1.52E-13 
3.01E-12 2.95E-12 1.24E-12 1.1%-13 
1.05E-10 4.50E-10 9.7%-11 2.03E-12 
6.36E-13 1.27E-12 6.06E-13 2.82E-14 
1.71E-11 2.06E-11 7.40E-12 3.36E-13 
4.55E-12 3.29E-11 2.30E-11 O.OOE+OO 
1 1 - 1  5.57E-11 1.61E-11 0.00E+OO 
8.91E-12 2.43E-11 1.28E-10 0.00E+00 

0.0178 Note: Contribution included with parent. 
1.0000 5.20E-14 2.64E-14 1.52E-14 9.97E-16 

5.60E-19 2.65E-18 1.03E-12 7.35E-21 
5.20E-14 2.64E-14 1.52E-14 9.97E-16 
7.69E-12 4.%E-11 2.22E-11 8.19E-14 
4.23E-16 2.05E-15 2.61E-10 5.78E-17 
1.32E-10 6.45E-10 1.74E-10 2.80E-12 
3.28E-11 1.58E-10 3.49E-11 6.04E-13 
5.35E-13 2.62E-12 9.59E-13 3.82E- 15 
1.3OE-11 5.84E-11 1.62E-11 9.72E-14 
O.OOE+OO 0.00E+00 8.59E-07 O.OOE+OO 
1.16E-15 8.66E-16 3.45E-10 3.14E-16 
2.21E-12 1.83E-11 8.38E-12 5.28E-15 
4.78E-10 4.29E-10 209E-09 1.2OE-10 
4.37E-10 4.42E-10 4.46E-09 1.06E-10 
1.60E-11 3.07E-11 1.29E-09 3.78E-12 
8.30E-11 3.85E-10 1.16E-10 2.09E-12 
5.80E-12 5.07E-11 7.92E-11 4.50E-13 
7.62E-11 3.52E-10 1.57E-10 2.45E-12 
4.74E-10 6.25E-10 2.3%-09 9.46E-11 
2.08E-12 2.00E-11 1.03E-11 1.19E-13 
3.14E-15 2.67E-14 4.90E-12 1.06E-16 
1.80E-11 7.31E-11 2.12E-11 1.87F.-13 
3.94E-13 3.94E-13 3.94E-13 3.94E-13 
1.15E-10 2.69E-10 8.91E-11 0+00E+00 
8.38E-12 3.78E-11 1.72E-11 O.OOE+00 
1.34E-10 3.36E-10 111E-1 O.OOE+OO 

Breast 
(SvBq) 

S wall 
( S v W  SI wall 



Appendix E 

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued) 

Oman name 
Implicit Adrenals Bld wall B surface Brain 

p w n y  hetion (SvlBq) (SvBq) (SvlBq) (SvIBq) 
Breast 

(SvlBq) 
S wall 
(SvlBq) SI wall 

3.98E-11 1.84E-10 4.06E-11 1.67E-11 
1.79E-09 1 . 3  1.51E-09 1.16E-08 
1.25E-07 1.25E-07 2.16E-05 0.00E+OO 
1.66E-09 1.71E-09 1.66E-07 O.oOE+OO 
1.27E-11 1.29E-11 9.14E-12 0.00E+00 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
1.97E-11 1.9733-11 1.97E-11 0.00E+00 
1.27E-11 1.29E-11 9.14E-12 O.OOE+OO 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
8.23E-08 8.23E-08 8.23E-08 0.00E+00 
8.23E-08 8.23E-08 8.23E-08 0.00E+00 
Note: Contribution included with parent. 
2.50E-11 2.47E-11 1.10E.09 0.00E+00 
3.61E-12 2.25E-12 1.51E-12 0.00E+00 
Note: Contribution included with parent. 
4.23E-08 4.24E-08 2.93E-06 O.OOE+OO 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
1.91E-11 1.91E-11 1.6OE-10 0.00E+00 
Note: Contribution included with parent. 
Note: Contribution included with parent- 
Note: Contribution included with parent. 
2.06E-08 2.08E-08 1.59E-06 O.OOE+OO 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
3.37E-08 3.37E-08 1.78E-06 O.OOE+OO 
9 9 E  9.15E-08 6.83E-06 0.00E+00 
158E-07 1.57E-07 5.82E-06 O.OOE+OO 
1.80E-11 4.09E-11 3.01E-09 2.54E-13 
1.30E-11 7.45E-11 9.94E-08 2.44E-13 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
4.86E-12 4.84E-12 4.45E-12 0.00E+00 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
5.37E-13 5.37E-13 2.09E-11 O.alE-t.00 
3.89E-10 5.33E-11 6.73E-05 1.31E-10 
2.32E-09 2.32E-09 2.32E-09 5.44E- 12 
1.80E-11 E l l  3.01E-09 2.54E-13 
1.30E-10 1.73E-10 6.84E-08 0.00E+00 



Appendix E 

Table E.3 Ingestion organ dose equivalent factors for organ set 1 (Continued) 

Radio- 
nuclide 

Oman name 
hiplicit Adremis Bld wall B surface Brain 

progeny fraction (SvlBq) (SvIBq) (Svmq) (SvlBq) 

2.32E-09 2.38E-09 2.37E-06 O.OOE+OO 
4.57E-09 4.59E-09 2.38E-115 O.OOE+OO 
6.80E-10 6.80E-10 3.60E-06 O.OOE+OO 
3.93E-13 2.89E-12 3.17E-12 O.OOE+OO 
1.31E-09 1.21E-09 1.85E-05 O.OOE+OO 
1.64E-12 9.15E-12 2.08E-11 O.OOE+W 

0.9980 Note: Contribution included with parent. 
0.0020 3.72E-11 9.06E-11 2.74E-11 4.48E-13 

9.83E-11 5 . - 1  7.22E-05 1.28E-10 
1.25E-11 7.58E-11 1.02E-10 3.41E-13 
3.72E-11 9.06E-11 2.74E-11 4.48E-13 
8.49E-09 8.15E-09 6.63E-06 0.00E+OO 
2.62E-09 2.62E-09 1 1 6 E  0.00E+OO 
2.58E-09 2.58E-09 1.13E-06 0.00E+00 
2.50E-09 2.49E-09 1.05E-06 O.OOE+OO 
2.45E-09 2.45E-09 1.07E-06 O.OOE+OO 
7.28E-12 5.18E-11 3.39E-11 0.00E+OO 
2.31E-09 2.30E-09 1.01E-06 O.OOE+W 
9.90E-12 3.39E-11 1.02E-11 O.OOE+OO 

1.0000 Note: Contribution included with parent. 
2.28E-10 8.39E-11 2.72E-05 2.1 1E-10 
2.77E-11 1.06E-10 1.7m-09 4.71E-13 
7.91E-12 4.74E-11 3.59E-11 7.93E-14 
5.%E-13 2.65E-13 5.61E--08 2.80E-13 
2.44E-12 211E-1 7.40B-12 5.98E-15 
8.97E-14 1.54E-13 1.58E-07 8.34E- 14 
8.28E-14 1.25E-13 1.76E-07 7.66E-14 
8.63E-14 1.50E-13 1.76E-07 7.91E-14 
6.58E-15 1.43E-15 3.48E-09 2.82E-15 
1.25E-13 3.84E-13 1.67E-07 7.88E-14 
3.57E-13 1.03E-12 5.7lE-13 8.11E-16 
2.63E-11 1.3%-10 1.65E-07 3.03E-12 
4.62E-11 229E-12 1.81E-05 2.2%-11 
2.59E-11 7.92s-12 1.76E-05 1.04E-l l 
4.10E-13 2.08E-12 1.52E-09 2.13E-14 
3.04E-10 9.91E-11 1.80E-05 1.26E-10 
8.86E-12 8.92E-12 4.46E-07 8.83E-12 
1.26E-10 7.72E-11 1.23E-05 5.03E-11 
9.15E-12 8.58E-12 9.77E-06 8.69E-12 
1.23E-10 6.52E-11 1.86E-05 5.34E-11 
6.55E-11 3.0%-11 1.85E-05 3.35E-11 
4.9OE-10 2.07E-10 1.7OE-05 1.94E-10 

Breast 
(SvDQ) 

S wall 
@vl'q) SI wall 
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Table EL3 Ingestion organ dose equivalent factors for organ set 1 (Continued) 

Oman name 
Radio- Implicit Adrenals Bld wall B surface Brain Breast S wall 
nuclide progeny fhction (SvlBq) (SvlBq) ( S v W  (Sv/Bq) (Sv/Bq) (SvlBq) S I  wall 



Appendix E 

TabIe E.4 Ingestion organ dose equivalent factors for organ set 2 

Radio- 
nuclide 

Implicit Ori!an name (SvlBa) 
progeny fraction ULI wall LLI d l  Kidneys Liver Lungs 

1.73E-11 1.73E-11 1.73E-11 1.73E-11 1.73E-11 
4.30E-09 1.29E-08 2.42.E-11 2.42E-11 2.42E-11 
5.64E-10 5.64E-10 5.64E-10 5.64E-10 5.64E-10 
7.54E-12 5.52E-12 8.m-12 5.74E-12 6.54E-12 
2.86E-09 3.08E-09 2.84E-09 2.70E-09 2.51E-09 
3.10E-10 3.39E-10 2.98E-10 2.93E-10 2.60E-10 
2.95E-09 7.24E-09 6.55E-10 6.5%- 10 6.55E- 10 
3.50E-10 8.45E-10 9.37E-11 9.37E-11 9.37E-11 
7.53E-10 2.23E-09 9.53E-12 9.53E-12 9.53E-12 
7.99E-10 7.99E-10 7.99E-10 7.99E-10 7.99E-10 
4.m-09 5.02E-09 4.93E-09 4.95E-09 4.85E-09 
3.19E-11 8.82E-11 3.06E-12 2.78E-12 2.84E-12 
9.94E-10 2.80E-09 5.36E-11 5.36E-11 5.36E-11 
4.66E-09 1.04E-08 2.84E- 10 2.02E-10 4.86E- 11 
1.06E-10 2.48E-10 8.48E-12 7.01E-12 4.38E-12 
1.35E-09 2.20E-09 3.82E-10 1.00E-09 2.29E-10 
1.3%-09 5.40E-10 3.20E-11 2.63E-11 8.80E-12 
1.72E-10 3.04E-10 1.03E-10 3.44E-10 1.02E-10 
3.94E-09 8.43E-09 9.09E-10 1.54E-09 6.35E-10 
5.61E-10 1.08E-09 1.97E-10 4.65E-10 1.63E-10 
1.86E-09 3.33E-09 5.74E-10 1.01E-09 4.05E-10 
9.58E-09 1.35E-08 6.41E-09 1.28E-08 4.%E-09 
l.16E-10 2.7OE-10 3.56E-11 3.58E-11 3.50E-11 
3.62E-10 9.18E-10 8.52E-11 8.50E-11 8.50E-11 
9.34E-10 3.65E-10 1.06E-11 7.27E-12 2.75E-12 
6.07E-10 7.51E-10 1.95E-11 3.71E-11 1.28E-11 
4.23E-09 4.97E-09 3.87E-09 3.68E-09 3.08E-09 
1.77E-09 2.398-09 5.16E-11 4.63E-11 3.63E-11 

0.9997 6.16E-11 1.04E-11 4.1%-13 4.1%-13 4.17E-13 
6.16E-11 1.04E-11 4.17E-13 4.17E-13 4.17E-13 
6.55E-09 1.18E-08 3.83E-10 3.19E-10 9.83E-11 
224E-09 1.97E-09 7.17E-09 5.73E-09 1.66E-09 
l.lOE-09 1.48E-09 1.25E-08 6.48E-09 9.06E-10 
4.85E-10 4.95E-10 4.58E-10 4.52E-10 3.84E-10 
7.38E-12 7.36E-12 7.37E-12 7.36E- 12 7.35E-12 

1.0000 Note: Contribution included with parent. 
9.16E-12 7.10E-12 9.10E-12 7.70E-12 6.99E-12 
2.16E-09 2.17E-09 2.16E-09 2.16E-09 2.14E-09 
3.43E-12 2.91E-12 3.41E-12 3.06E-12 2.91E-12 
5.17E-12 3.56E-12 5.21E-12 4.07E-12 3.68E-12 
8.69E-10 1.5OE-09 2.54E-10 2.17E-10 2.06E-10 

Ovaries Pancreas 



Appendix E 

Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- Implicit Oman name (Sv/Bq) 
nuclide progeny fraction ULI wall LLI wall Kidneys Liver Lungs Ovaries Panareas 

7.30E-09 2.07E-08 2.40E-10 2.40E-10 
5.74E-09 1.97E508 1.51E-09 1.51E-09 
4.88E-09 5.11E-09 5.43%-11 3.95E-11 

0.5780 3.08E-11 2.39E-11 3.92E-12 246E-12 
1.32E-08 3.16E-08 1.26E-14 3.65E-13 
3.08E-11 2.39E-11 3.92E-12 2.46E-12 
1.02E-08 3.02E-08 6.10E-13 6.17E-12 
3.31E-09 1.74E-09 6.52E-12 4.53E-12 
7.80E-09 8.84E-09 4.74E-12 3.52E-12 
3.3413-10 1.00E-09 1.09E- 13 8.27E- 14 
3.05E-09 7.81E-09 1.13E-10 7.78E-11 
1.21E-08 1.79E-08 1.10E-10 7.97E-11 

0.9470 Note: Contribution included with parent. 
0.0530 2.20E-10 4.75E-11 6.84E-12 4.36E-12 

4.%E-10 1.47E-09 3.44E-11 2.47E-12 
5.19E-09 1.25E-08 6.95E-10 2.82E-10 
2.59E-09 6.47E-09 1.80E-11 8-02E-12 
1.82E-09 4.00E-09 1.37E-10 8.29E-11 
1.82E-09 4.00E-09 1.37E-10 8.29E-11 
2.20E-10 4.75E-11 6.84E-12 4.36E-12 
1.33E-10 1.81E-10 1.65E-09 1.80E-09 
5.75E-09 1.37E-08 1.77E-10 1.79E-10 

0.8760 3.70E-11 2.54E-11 5.19E-12 4.72E-12 
3.70E-11 254E-11 5.19E-12 4.72E-12 
4.05E-10 l.lOE-09 6.04E- 11 8.23E-11 
4.95E-12 7.57E-13 8.27E-13 5.37E-13 
2.53E-09 6.53E-09 1.31E-10 1.12E-10 
1.59E-09 1.34E-09 2.7OE-11 1-92E-11 
2.47E-08 7.09E-08 1.45E-09 1.44E-09 

1.0000 Note: Contribution included with parent. 
9.05E-12 1.45E-12 4.76E-15 4.%E-15 
1.89E-09 3.79E-09 1.06E-11 8.3E-12 
8.30E-10 2.32E-09 2.04E-11 l.13E-11 

0.999'74 9.05E-12 1.45E-12 4.76E-15 4.%E-15 
1.57E-10 4.72E-10 6.71E-12 3.47E-12 
3.53E-09 4.73E-09 6.76E-12 3.68E-12 
5.86E-09 1.08E-08 1.5OE-09 8.62E-09 

0.0133 Note: Contribution included with parent. 
5.40E-09 1.48E-08 1.24E-11 9.20E-10 
1.80E-09 4.62E-09 4.08E-08 7.38E-09 
6.43E-09 1.25E-08 5.64E-07 9.72E-08 
9.89E-09 2.89E-08 2.58E-08 4.47E-09 



Appendix E 

Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- 
nuclide 

Implicit Oman name (SvlBs) 
progeny fraction ULI wall LLI wall d u e  v e r  Lungs 

6.30E-09 1.50E-08 9.94E-10 
5.74E-10 3.55E-10 6.04E-12 
1.07E-09 2.01E-09 6.76E-11 
1.49E-08 4.36E-08 3.9'7E-09 
Note: Contribution included with pal 
5.74E-10 3.55E-10 6.04E-12 
2.90E-09 7.94E-09 2.4SE-11 
1.37E-09 4.04E-09 9.34E-12 
1.14E-09 4.47E-09 2.89E-11 
1.27E-09 2.36E-09 2.00E-13 
8.68E-09 2.59E-08 3.24E-11 
1.32E-08 3.67E-08 4.95E- 11 
1.57E-08 4.33E-08 8.19E-10 
2.59E-11 7.59E-12 4.53E-12 
8.85E-09 2.33E-08 2.55E-10 
2.22E-09 5.79E-09 1.13E-10 
2.59E-11 7.59E-12 4.5315-12 
8.4SE-09 1.94E-08 3.93E-10 
7.31E-09 1.%E-08 8.71E-11 
1.67E-09 4.54E-09 1.20E-10 
1.67E-09 4.72E-09 4.18E-11 
3.07E-09 1.11E-08 9.52E-11 
1.17E-09 1.26E-09 3.09E-12 
8.41E-09 2.47E-08 1.66E-10 
1.86E-10 3.70E-11 8.84E-13 
1.86E-10 3.70E-11 8.84E-13 
4.65E-09 8.23E-09 1.58E-10 
5.26E-10 1.49E-10 7.27E-12 
5.26E-10 1.49E-10 7.27E-12 
1.87E-09 3.80E-09 3.72E-10 
3.32E-11 2.77E-11 3.26E-11 
2.74E-10 5.66E-11 2.06E-11 
9.53E-12 1.92E-12 2.09E-12 
9.53E-12 1.92E-12 2.09E-12 
7.32E-11 2.43E- 11 1.77E-11 
1.75E-11 1.29E-11 1.75E-11 
3.10E-11 2.97E-11 2.71E-11 
1.42E-10 1.39E-10 1.34E-10 
7.00E-11 6.36E-11 6.78E-11 
4.43E-11 4.24E-11 4.51E-11 
3.32E-11 2.77E-11 3.26E-11 
4.08E- 1 1 3.89E- 11 3.99E- 11 

2.07E-10 
4.17E- 12 
4.71E-11 
1.98E-09 

rent. 
4.17E-12 
1.77~-11 
9.46E- 12 
2.90E-11 
2.00E-13 
3.20E- 11 
3.65E-11 
6.85E-10 
2.77E-12 
2.18E-10 
2.49E-10 
2.77E-12 
2.99E-10 
7.35E-11 
1.03E-10 
4.23E- 11 
9.49E-11 
3.02E-12 
1.62E-10 
6.82E-13 
6.82E-13 
1.24E-10 
5.28E-12 
5.28E-12 
3.65E-10 
284E- 1 1 
1.40E-11 
1.43E-12 
1.43E-12 
1.57E-11 
1.40E-11 
2.94E- 11 
1.38E-10 
6.40E- 11 
4.95E- 1 1 
2.84E- 11 
3.93E- 11 

Ovaries Pancreas 



Appendix E 

Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- 
nuclide 

Impiicit Oixan name (SvlB~l 
progeny fraction UU wall LLf wall Kidneys Ever Lungs Ovaries Pancreas 

1.75E-11 1.29E-11 1.75E-11 1.4OE-11 
4 . 1 - 1  3.93E-11 4.08E-11 3.82E-11 

0.1540 Note: Contribution included with parent. 
7.2OE-12 7.11E-12 6.88E-12 6.83E-12 
2.14E-(38 2.19E-08 2.01E-08 2.01E-08 
1.91E-09 1.91E-09 1.91E-09 1.91E-09 
3.29E-09 3.40E-09 3.16E-09 3.15E-09 
1.428-08 1.44E-08 1.37E-08 1.36E-08 

0.9460 Note: Contribution included with parent. 
1.20E-11 8.77E-12 116E-1 9.44E-12 
4.38E-10 9.86E-11 7.95E-13 6.02E-13 
7.7SE-09 2.64E-08 1.51E-10 1.17E-10 
2.16E-10 1.15E-10 252E-12 1.60E-12 
9.37E-11 2.43E-11 4.97E-12 3.37E-12 
9.12E-09 1.75E-08 2.23E-10 1.69E-10 
2.46E-09 1.45E-09 1.20E-12 1.26E-12 
7.18E-10 1.91E-10 2.96E-11 2.08E-11 
2.99E-09 8.64E-09 1.19E-11 l.%E-11 
5.71E-09 1.17E-08 2.79E-11 2.18E-11 
2.22E-08 6.64E-08 1.30E-11 6.91E-10 

0.0178 Note: Contribution included with parent. 
1.oooO 1.78E-11 9.68E-13 7.26E-14 4.72E-14 

5.15E-09 1.47E-08 1.70E-12 8.23E-12 
1.78E-11 9.68E-13 7.26E-14 4.72E-14 
4.63E-09 1.28E-08 19lE-1 1.88E-11 
1.05E-09 3.17E-09 8.46E-16 6.97E-11 
5.79E-09 1.37E-08 2.83E-10 2.25E-10 
1.19E-08 3.10E-08 6.99E-11 5.57E-11 
5.OOE-09 1.14E-08 1.23E-12 1.89E-12 
3.85E-09 7.05E-09 3.07E-11 2.23E-11 
7.49E-09 2.30E-08 0.00E+OO 2.36E-07 
3.37E-10 1.01E-09 5.16E-16 9.21E-11 
3.73E-09 8.18E-09 7.19E-12 5.80E-12 
4.21E-09 1.00E-08 4.65E-10 2.99E-09 
6.87E-09 1.80E-08 4.49E-10 3.69E-09 
1.21E-09 3.45E-09 2.37E-11 4.13E-10 
8.63E-09 2.28E-08 1.86E-10 1.59E-10 
1.02E-09 2.71E-09 1.69E-11 2.75E-11 
5.91E-09 1.56E-08 1.63E-10 1.34E-10 
4.978-09 1.12E-08 5.17E-10 2.05E-09 
2.81E-10 7.11E-10 8.70E-12 4.97E-12 
2.12E-09 6.32E-09 1.32E-11 2.35E- 12 



Appendix E 

Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- 
nuclide 

Impirclt 
progeny &action 

Oman name (SvlSu) 
ULI wall LLI wall Kidneys Liver Lungs Ovaries Pancreas 

3.56E-09 5.99E-09 4.34E-11 3.03E-11 
264E-12 7.1633-12 3.94E-13 5.37E-13 
1.4E-09 2.83E-09 2.48E-10 2.48E-10 
2.37E-09 6.61E-09 5.92E-11 5.05E-11 
4.90E-09 1.29E-08 4.81E-10 4.43E-10 
4.67E-09 1.07E-08 6.25E-11 4.95E-11 
1.45E-09 1.34E-09 1.88E-08 1.42E-09 
1.26E-07 1.30E-07 2.81E-06 6.08E-06 
1.67E-08 1.99E-08 1.09E-08 2.21E-08 
6.61E-10 1.27E-10 l.1lE-09 1.36E-11 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
5.77E-09 1.54E-08 5.88E-09 1.97E- 11 
6.61E-10 1.27E-10 l.llE-09 1.36E-11 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
9.82E-08 1.31E-07 2.55E-06 4.39E-07 
9.82E-08 131E-07 2.55E-06 4.39E-07 
Note: Contribution included with parent. 
2.49E-10 4.89E-11 4.17E-11 5.68E-11 
5.86E-11 7.31E-12 6.25E-11 3.25E-12 
Note: Contribution included with parent. 
1.25E-07 2.77E-07 4.23E-08 4.23E-08 
Note: Contribution included wjth parent. 
Note: Contribution included with parent. 
2.27E-10 4.14E-11 2.73E-11 3.68E-11 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
8.2SE-08 1.99E-07 2.06E-08 2.06E-08 
Note: Contribution included with parent. 
Note Contribution included with parent. 
3.91E-08 6.39E-08 3.37E-08 3.37E-08 
1.05E-07 1.31E-07 9.16E-08 9.15E-08 
1.63E-07 1.78E-07 1.57E-07 1.57E-07 
2.42E-09 1.90E-09 3.88E-11 8.20E-10 
9.77E-08 2.828-07 2.%E-11 2.70E-08 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
4.27E-10 1.04E-10 6.05E-10 4.92E- 12 
Note: Contribution included with parent. 
Note: Contribution included with parent. 



Appendix E 

Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- 
nuclide 

Implicit Orpan name ISvlBa) 
progeny fraction UW[ wall LLI wall Kidneys r Lungs 

1.000 3.50E-10 1.73E-10 1.66E-12 3.02E-12 5.37E- 13 
1 5 2  7.66E-09 2.95E-10 1.54E-05 2.20E-10 

0.0138 2.32E-09 2.32E-09 232E-09 2.32E-09 2.32E-09 
2.42E-09 1.90E-09 3.88E-11 8.2OE-10 7.34E-12 
2.53E-08 9.13E-08 1.41E-10 1.06E-09 1.25E-10 
3.11E-08 1.32E-07 2.33E-09 2.01E-08 2.31E-09 
2.32E-08 6.32E-08 4.571E-09 3.98E-08 4.56E-09 
1.65E-08 4.93E-08 6.80E-10 5.94E-09 6.80E-10 
1.90E-09 3.42E-09 1.26E-12 9.78E-13 1.43E-13 
1.47E-08 4.27E-08 1.25E-09 1.02E-08 1.25E-09 
1.47E-08 4.30E-08 3 . 7 - 1  4.17E-12 7.05E-13 

0.9980 Note: Contribution included with parent. 
0.0020 3.13E-09 246E-09 8 . 2 - 1  5.88E-11 1.51E-11 

1.75E-08 5.35E-08 6.79E-09 4.36E-09 6.80E-11 
3.62E-09 1.02E-08 3 - 1  2.41E-11 3.70E-12 
3.13E-09 2.46E-09 8.29E-11 5.88E-11 1.51E-11 
2.53E-08 6.09E-08 1.57E-06 8.21B09 8.29E-09 
1.80E-08 4.98E-08 4.74E-07 2.62E-09 2.62E-09 
1.79E-08 4.95E-08 4.68E-07 2.58E-09 2.58E-09 
1.84E-08 5.31E-08 4.33E-07 2.46E-09 2.46E-09 
1.69E-08 4.68E-08 4.43E-07 2.45E-09 2.45E-09 
3.37E-09 8.89E-09 2.%E-11 1.33E-11 2.17E-12 
1.61E-08 4.57E-08 4.15E-07 2.30E-09 2.30E-09 
6.99E-09 9.50E-09 2.62E-11 1.62E-11 3.69E-12 

1.0000 Note: Contribution included with parent. 
1.74E-08 5.32E-08 1.65E-10 9.73E-07 1.53E- 10 
4.20E-09 8.93E-09 6,OOE-11 1.07E-10 1.02E-11 
3.85E-09 8.72E-09 2.05E- 11 1.54E- 11 2.40E- 12 
1.94E-08 5.%E-08 4.34E-13 1.13E-08 3.49E-13 
3.%E-10 1.03E-09 7.30E-12 4.93E-12 7.54E-13 
1.85E-08 5.68E-08 9.03E-14 2.92E-08 8.64E-14 
1.73E-08 5.31E-08 8.78E-14 3.14E-08 7.89E-14 
1.74E-08 S.34E-08 8.69E-14 3.14E-08 8.22E-14 
8.%E-11 2.70E-10 5.15E-15 5.44E-10 4.48E-15 
1.65E-08 5.06E-08 1.75E-13 2.98E-08 9.18E-14 
5.99E-10 4.10E-10 9.94E-13 6.19E-13 1.47E-13 
2.39E-08 8.35E-08 4.94E- 1 1 2.%E-08 9.29E 12 
1.90E-08 5.82E-08 3.99E-11 3.25-E-06 3.36E- 11 
2.38E-09 9.72E-09 1.94E-11 3.U9E-06 1.65E-11 
1.66E-09 2.5 4E-09 1.17E-12 3.84E-10 1.58E-13 
1.91E-08 6.03E-08 2.58E- 10 3.22E-06 1.95E-10 
2.05E-08 6.25E-08 8.84E-12 1.13E-07 8.84E- 12 

Ovaries Pancreas 
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Table E.4 Ingestion organ dose equivalent factors for organ set 2 (Continued) 

Radio- Implicit Oman name (Svp&ll 
nuclide progeny fraction ULI wall LLI wall Kidneys v e  Lungs Ovaries Pancreas 
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Table E5 Ingestion organ dose equivalent factors for organ set 3 

Radio- 
nuclide 

Implicit 
PWenY Oman name (Svnrcl) 
fraction R marrow Skin Spleen Testes Thpus  

1.73E-11 1.73E-11 1 . 7 - 1  1.73E-11 1.73E-11 
7.23E-10 2.42E- 11 2.42E-11 2.42E-11 2.42E-11 
5.64E-10 5.64E-10 5.64E-10 5.64E-10 5.64E-10 
5.94E-11 4.25E-12 1.72E-11 2.27E-12 3.33E-12 
4.29E-09 1.91E-09 2.73E-09 2.69E-09 2.52E-09 
3.74E-10 2.11E-10 3.14E-10 2.82E-10 3.02E-10 
8.09E-09 6.55E-10 6.55E-10 6.55E-10 6.55E-10 
4.99E-10 9.37E-11 9.37E-11 9.37E-11 9.37E-11 
9.53E-12 9.53E-12 9.53E-12 9.53E-12 9.53E-12 
7.99E-10 7.99E-10 7.99E-10 7.99E-10 7.99E-10 
4.91E-09 4.76E-09 4.91E-09 4.93E-09 5.02E-09 
1.78E-09 3.34E-12 3.64E-12 2.60E-12 3.03E-12 
3.47E-09 5.36E-11 5.36E-11 5.36E-11 5.36E-11 
4.ME-10 9.68E-11 2.43E-10 1.76E-10 2.18E-11 
1.25E-11 3.95E-12 7.46E-12 6.78E-12 5.04E-12 
4.89E-10 1.60E-10 2.65E-10 2.11E-10 1.60E-10 
2.43E-11 7.84E-12 3.54E-11 7.70E-12 4.45E-12 
1.05E-10 9.99E-11 5.64E-10 1.05E-10 1.03E-10 
8.45E-10 5.03E-10 1.82E-09 7.432-10 6.32E-10 
2.67E-10 1.04E-10 1.80E-10 1.38E-10 l.66E-10 
5.40E-10 2.75E-10 5.10E-10 4.9lE-10 3.54E-10 
5.49E-09 3.54E-09 5.58E-09 5.42E-09 5.27E-09 
3.66E-11 3.40E-11 3.74E-11 3.65E-11 3.53E-11 
8.50E-11 8.50E-11 8.50E-11 8.50E-11 8.50E-11 
7.26E-12 2.51E-12 1.17E-11 2.25E-12 1.43E-12 
1.94E-11 114E-1 1.88E-11 1.47E-11 1.16E-11 
4.5OE-09 2.29E-09 3.63E-09 3.56E-09 3.03E-09 
9.15E-11 3.31E-11 5.04E-11 4.10E-11 3.51E-11 

0.9997 5.36E-13 4.17E-13 4.17E-13 4.1E-13 4.17E-13 
5.36E-13 4.17E-13 4.17E-13 4.17E-13 4.17E-13 
1.2OE-10 9.528-11 2.44E-10 1.06E-10 9.54E-11 
2.07E-09 8.76E-10 3.65E-09 1.18E-09 1.8SE-09 
9.06E-10 9.06E-10 4.32E-09 9.06E-10 9.06E-10 
4.14E-10 2.65E-10 4.83E-10 4.48E-10 3.87E-10 
7.35E-12 7.31E-12 7.45E-12 7.34E-12 7.33E-12 

1.0000 Note: Contribution included with parent. 
6.21E-12 5.19E-12 1.62E-11 5.27E-12 5.88E-12 
3.72E-09 2.1 1E-09 2.16E-09 2.15E-09 2.13E-09 
2.76E-12 2.52E-12 5.24E-12 2.45E-12 2.61E-12 
3.53E-12 2.47E-12 1.09E-11 2.26E-12 2.76E-12 
5.Y7E-10 1.66E-10 2.39E-10 2.15E-10 1.78E-10 
3.23E-09 2.40E-10 2.40E-10 2.40E-10 2.40E-10 

Thyroid Uterus 

1.73E-11 
2.42E-11 
5.64E-10 
3.57E-12 
2.86E-09 
3.26E-10 
6.55E-10 
9.37E-11 
9.53E- 13, 
7.99E-10 
4.96E-09 
2.60E-12 
5.36E- 1 1 
8.52E-10 
1.88E- 11 
5.03E-10 
5.88E-11 
1.05E-10 
1.25E-09 
2.48E- 10 
7.85E-10 
7.1 3E-09 
3.66E-11 
8.5OE- 11 
1.93E-11 
2.83E-11 
4.72E-09 
7.49E- 1 1 
4.17E-13 
4.17E-13 ~ 

1.50E-10 
1.90E-09 
9.06E- 10 
5.05E-10 
7.35E- 12 

6.93E-12 
2.20E-09 
2.77E-12 
3.25E-12 
3.27E-10 
2.40E-10 
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Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Radio- 
nuclide 

Implicit 
progeny 
fraction 

Oman name (SvfBq) 
R marrow Skin Spleen Testes Thymus 
-- - -- - 

1.94E-07 1.51E-09 1.51E-09 1.51E-09 
5.53E-11 1.38E-11 4.21E-11 1.98E-11 
2.24E-12 7.09E-13 6.39E-12 3.23E-13 
3.70E-13 1.26E-14 1.26E-14 1.26E-14 
2.24E-12 7.09E-13 6.39E-12 3.23E-13 
6.59E-12 2.90E-13 5.08E-13 4.14E-13 
4.91E-12 1.4OE-12 6.46E-12 1.39E-12 
4.93E-12 1.21E-12 3.871E-12 1.77E-12 
7.42E-10 2.25E-13 1.83E-13 4.62E-14 
2.14E-10 4.19E-11 8.83E-11 8.04E-11 
1.30E-10 3.04E-11 8.02E-11 5.21E-11 
Note: Contribution included with parent. 
4.20E-12 1.28E-12 9.72E-12 7.83E-13 
232E-11 2.43E-12 3.29E-11 3.34E-11 
7.39E-10 1.85E-10 6.27E-10 5.25E-10 
3.33E-11 4.24E-12 1.52E-11 1.45E-11 
1.99E-10 4.40E-11 1.12E-10 9.66E-11 
1.99E-10 4.40E-11 1.12E-10 9.66E-11 
4.20E-12 1.28E-12 9.72E-12 7.83E-13 
2.82E-10 7.28E-11 9.64E-11 8.30E- 11 
8.32E-11 1.74E-11 3.10E-11 2.72E-11 
6.29E-12 1.91E-12 7.03E-12 2.29E-12 
6.29E-12 1.91E-12 7.03E-12 2.29E-12 
6.04E-11 6.04E-11 6.04E-11 6.04E-11 
4.36E-13 2.01E-13 1.85E-12 1.22E-13 
1.66E-10 6.85E-11 1.18E-10 1.22E- 10 
2.35E-11 6.51E-12 2.50E-11 7.59E-12 
1.46E-09 1.4OE-09 1.45E-09 1.45E-09 
Note: Contribution included with parent. 
1.01E-14 3.58E-15 1.11E-14 3.23E-15 
1.47E-11 4.69E-12 8.68E-12 7.22E-12 
6.58E-12 1.83E-13 2.78E-13 1.55E-13 
1.01E-14 3.58E-15 1.11E-14 3.23E-15 
5.36E-14 9.91E-15 9.91E-15 9.91E-15 
2.04E-12 1.80E-13 4.54E-13 2.19E-13 
9.42E-10 3.75E-10 7.13E-10 4.37E-10 
Note: Contribution included with parent. 
1.38E-11 8.53E-12 1.03E-11 9.85E-12 
3.70E-10 2.55E-10 4.27E-10 2.57E- 10 
3.44E-09 3.44E-09 3.44E-09 3.44E-09 
1.68E-10 1.62E-10 1.72E-10 1.63E-10 
7.40E-11 2.05E-11 4.378-1 1 3.58E-11 

Uterus 
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Table 33.5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Radio- 
nuclide 

Implicit 
P W * Y  
hetion 

Oman name (SvlBa) 
R marrow Skin Spleen Testes Thymus 

6.11E-12 1.08E-12 
1.08E-10 1.39E-11 
3.51E-09 1.20E-10 
Note: Contribution inch 
6.11E-12 1.08E-12 
1.03E-10 8.32E-12 
8.07E- 11 8.79E-12 
2.32E- 10 2.85E-11 
2.23E-12 2.00E-13 
2.41E-10 3.16E-11 
2.08E-10 2.21E-11 
2.72E-09 5.48E-10 
2.16E-12 8.23E-13 
3.81E-10 9.54E-11 
2.26E-10 5.46E-11 
2.16E-12 8.23E-13 
5.93E-10 1.32E-10 
1.33E-10 2.90E-11 
2.33E-09 8.69E-11 
1.21E-09 3.82E-11 
5.43E-09 9.37E-11 
6.57E-12 2.90E-12 
3.50E-09 1.56E-10 
7.64E-13 4.17E-13 
7.64E-13 4.17E-13 
2.42E- 10 6.83E- 11 
6.60E-12 2.72E-12 
6.60E-12 2.72E-12 
4.44E-10 2.62E-10 
2.46E-11 1.79E-11 
131E-1 5.67E-12 
1.18E-12 6.97E-13 
1.18E-12 6.97E-13 
1.49E-11 9.82E-12 
1.09E-11 7.90E-12 
6.82E- 11 6.%E- 11 
2.21E-10 2.11E-10 
6.74E- 11 5.05E-11 
9.44E-11 8.31E-11 
2.46E-11 1.79E-11 
4.30E- 11 3.74E- 11 
1.09E-11 7.90E-12 

5.23E- 12 
4.18E-11 
9.94E-10 

lded with pa 
5.23E-12 
1.88E-11 
9.40S-12 
2.90E- 11 
2.00E-13 
3.2lE-11 
4.03E- 11 
7.28E-10 
9.71E-12 
2.00E- 10 
9.43E- 11 
9.71E-12 
3.03E-10 
6.68E- 11 
1.03E-10 
4.30E-11 
9.55E-11 
3.06E-12 
1.63E-10 
1.20E- 12 
1.20E-12 
1.33E-10 
9.13E-12 
9.13E-12 
3.65E-10 
5.30E-11 
3.15E-11 
4.42E-12 
4.42E-12 
2.18E-11 
3.42E- 1 1 
3.05E-11 
1.40E-10 
9.34E- 1 1 
5.53E- 11 
5.30E-11 
4.78E- 1 1 
3.42E-11 

1.22E-12 
3.07E-11 
1.26E-10 

xent. 
1.22E-12 
1.67E-11 
8.92E- 12 
2.86E-11 
2.00E-13 
3.19E-11 
3.41E-11 
6.80E-10 
2.95E-13 
1.84E-10 
9.04E-11 
2.95E-13 
2.79E-10 
5.89E- 11 
9.40E- 11 
3.82E-11 
9.31E-11 
2.93E-12 
1.61E-10 
3.7%-13 
3.77~-13 
9.86E- 11 
2.11E-12 
2.11E-12 
3.63E-10 
2.21E-11 
4.45E-12 
4.91E-13 
4.91E-13 
1.26E- 11 
8.86E-12 
2.38E-11 
1.29E- 10 
5.52E- 1 1 
3.77E- 11 
2.2lE-11 
3.63E-11 
8.86E-12 

Thyroid Uterus 

1.17E-11 
1.65E-10 
1.65E-10 

1.17E-11 
8.5 1E- 11 
1.24E-11 
3.08E- 11 
2.00E-13 
3.43E-11 
1.28E-10 
1.27E-09 
4.6OE-12 
7.55E-10 
2.30E-10 
4.60E-12 
1.18E-09 
2.54E-10 
1.59E-10 
5.27E-11 
9.86E- 11 
3.41E-12 
1.83E-10 
1.27E-12 
1.27E-12 
3.59E-10 
1.18E-11 
l.18E-11 
4.63E-10 
2.69E-11 
2.96E- 11 
1.76E-12 
1.76E-12 
2.15E-11 
1.24E-11 
2.94E- 11 
1.38E-10 
6.19E- 1 1 
4.29E- 1 1 
2.69E-11 
3.75E-11 
1.24E- 1 1 
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Tabie E5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Radio- 
nuclide 

Implicit 
PWnY Oman name (Sv/Ba) 
fraction R mirmw Skin Spleen Testes Thymus Thyroid Uterus 

3.65E-11 2.94E-11 5.55E-11 3.20E-11 
0.1540 Note: Contribution included with parent. 

6.91E-12 5.32E-12 7.30E-12 6.72E-12 
1.87E-08 1.24E-08 2.01E-08 2.06E-08 
1.91E-09 1.91E-09 1.91E-09 1.91E-09 
2.95E-09 1.87E-09 3.14E-09 3.04E-09 
1.32E-08 1.04E-08 1.37E-08 1.39E-08 

0.9460 Note: Contribution included with parent. 
7.37E-12 5.93E-12 2.22E-11 6.01E-12 
8.59E-13 3.35E-13 1.02E-12 3.07E-13 
4.39E-10 8.58E-11 1.27E-10 1.43E-10 
1.47E-12 5.58E-13 5.27E-12 3.10E-13 
3.00E-12 1.09E-12 7.88E-12 8.11E-13 
2.81E-10 7.25E-11 1.75E-10 1.22E-10 
1.07E-12 2.%E-13 1.18E-12 3.18E-13 
1.93E-11 6.54E-12 3.86E-11 5.30E-12 
3.39E-11 3.14E-12 1.80E-11 7.58E-12 
5.07E-11 7.48E-12 2.25E-11 1.53E-11 
8.92E-11 7.39E-12 5.75E-10 1.02E-11 

0.0178 Note: Contribution included with parent. 
1.0000 3.22E-14 1.51E-14 1.58E-13 6.738-15 

1.03E-12 4.01E-19 9.34E-19 8.32E-19 
3.22E-14 1.51E-14 1.58E-13 6.73E-15 
5.05E-11 5.77E-12 1.4m-11 1.37E-11 
2.09E-11 2.1 1E-16 5.56E-16 4.52E-16 
4.41E-10 9.46E-11 2.17E-10 2.05E-10 
9.85E-11 2.42E-11 5.50E-11 4.30E-11 
2.27E-12 3.39E-13 9.05E-13 7.49E-13 
4.94E-11 8.01E-12 2.3lE-11 1.6lE-11 
6.87E-08 0.00E+00 0.00E+00 0.00E+00 
2.76E-11 2.29E-16 1.97E-16 8.3m-17 
2.72E-11 1.62E-12 5.56E-12 3.63E-12 
9.19E-10 1.46E-10 240E-10 1.58E-10 
1.15E-09 1.41E-10 2.40E-10 1.60E-10 
1.56E-10 4.83E-12 1.06E-11 7.49E-12 
2.56E-10 6.07E-11 1.35E-10 1.17E-10 
8.07E-11 4.25E-12 1.23E-11 1.04E-11 
2.54E-10 5.40E-11 1.25E-10 1.01E-10 
8.12E-10 1.55E-10 3.95E-10 2.17E-10 
3.26E-11 1.66E-12 7.13E-12 4.52E-12 
1.64E-12 2.32E-15 1.14E-11 5.92E-15 
5.89E-11 1.14E-11 3.33E-11 2.13E-11 
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Table Ed5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Implicit 
Radio- progeny Oman name (SV/BQ) 
nuclide fraction R marrow Skin Spleen Testes Thymus Thyroid Uterus 

3.94E-13 3.94E-13 3.94E-13 3.94E-13 
2.16E-10 5.21E-11 2.05E-10 1.02E-10 
4.82E-11 6.13E-12 4.98E-11 1.09E-11 
254E-10 6.8OE-11 4.OOE-10 1.28E-10 
8.57E-11 2.87E-11 5.21E-11 4.8OE-11 
1.69E-09 1.03E-09 1.65E-09 1.13E-09 
1.48E-06 1.25E-07 1.25E-07 1.2SE-07 
1.51E-08 1.64E-09 l.67E-09 1.65E-09 
1.29E-11 8.86E-12 2.16E-11 8.22E-12 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
1.97E-11 1.m-11 1.97E-11 1.97E-11 
1.29E-11 8.86E-12 2.16E-11 8.22E-12 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
8.2333-08 8.23E-08 4.38E-06 8.23E-08 
8.23E-08 8.23E-08 4.38E-06 8.23E-08 
Note: Contribution included with parent. 
1.12E-10 2.24E-11 3.15E-11 2.19E-11 
2.51E-12 1.49E-12 9.35E-12 LOSE-12 
Note: Contribution included with parent. 
2.80E-07 4.23E-08 4.23E-08 4.23E-08 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
3.07E-11 1.89E-11 1.98E-11 1.89E-11 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
1.52E-07 2.06E-08 2.06E-08 2.06E-08 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
1.68E-07 3.372-08 3.37E-08 3.3E-08 
5.98E-07 9.16E-08 9.15E-08 9.15E-08 
6.53E-07 1.57E-07 1.57E-07 1.57E-07 
2.75E-10 8.84E-12 3.37E-11 4.38E-11 
7.99E-09 9.43E-12 2.09E-11 1.14E-09 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
4.89E-12 4.38E-12 6.19E-12 4.27E-12 
Note: Contribution included with parent. 
Note: Contribution included with parent. 
2.19E-12 5.37E-13 5.378-13 ,5.37E-13 



Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Implicit 
Progeny Oman name jSv/Bu) 
fraction R m a m  Skin Spleen Testes Thymus 

5.40E-06 8.62E-11 1.07E-10 8.31E-07 
0.0138 2.32E-09 2.32E-09 2.32E-09 2.32E-09 

2.75E-10 8.84E-12 3.37E-11 4.38E-11 
5.69E-09 1.28E-10 1.36E-10 1.3TE-10 
1.93E-07 2.31E-09 2.32E-09 2.33E-09 
1.91E-06 4.55E-09 4.56E-09 4.56E-09 
2.89E-07 6.80E-10 6.80E-10 6.80E-10 
5.30E-12 2.88E-13 1.00E-12 5.24E-13 
1.48E-06 1.24E-09 l.23E-09 1.23E-09 
1.84E-11 1.31E-12 2.90E-12 2.53E-12 

0.9980 Note: Contribution included with parent. 
0.0020 7.86E-11 1.87E-11 7.04E-11 2.34E-11 

5.78E-06 5.45E-11 5.31E-11 4.53E-11 
6.89E-11 8.58E-12 2.16E-11 2.10E-11 
7.86E-11 1.87E-11 7.04E-11 2.34E-11 
4.19E-07 8.24E-09 8.20E-09 8.26E-09 
7.36E-08 2.62E-09 2.62E-09 2.62E-09 
7.21E-08 2.58E-09 2.58E-09 2.58E-09 
6.81E-08 2.45E-09 2.46E-09 2.45E-09 
6.83E-08 2.45E-09 2.45E-09 2.45E-09 
5.69E-11 5.04E-12 1.46E-11 1.2lE-11 
6.80E-08 2.30E-09 2.30E-09 2.30E-09 
2.62E-11 5.95E-12 1.69E-11 9.56E-12 

1.0000 Note: Contribution included with parent. 
2.18E-06 9.97E-11 1.00E-10 2.46E-07 
2.17E-10 1.84E-11 4.63E-11 4.63E-11 
4.66E-11 5.04E-12 151E-1 1.14E-11 
4.49E-09 2.32E-13 2.38E-13 7.82E-10 
2.35E-11 1.82E-12 5.47E-12 4.28E-12 
1.27E-08 9.14E-12 8.89E-14 2.33E-09 
1.41E-08 8.17E-14 8.47E-14 2.64E-09 
1.41E-08 8.68E-14 8.50E-14 2.64E-09 
2.78E-10 1.40E-15 1.77E-15 5.66E-11 
1.34E-08 1.16E-13 1.5OE-13 2.51E-09 
1.82E-12 1.50E-13 9.46E-13 1.65E-13 
1.33E-08 1.97E-11 3.64E-11 2.56E-09 
1.45E-06 16lE-1 1.94E-11 2.70E-07 
1.41E-06 6,39E-12 7.44E- 12 2.66E-07 
1.24E-10 2.41E-13 9.10E-13 1.80E-11 
1.44E-06 7.97E-11 1.00E-10 2.71E-07 
3.57E-08 8.84E-12 8.83E-12 5.20E-09 
9.81E-07 3.93E-11 5.35E-11 1.72E-07 

Thyroid 

7.55E-11 
2.32E-09 
9.39E-13 
1.23E-10 
2.3OE-09 
4.55E-09 
6.80E-10 
8.80E-15 
1.21E-09 
2.88E-13 

1.86E-12 
6.33E- 1 1 
4.81E-13 
1.86E-12 
8.11E-09 
2.62E-09 
2.58E-09 
2.45E-09 
2.45E-09 
2.31E-13 
2.30E-09 
5.59E-13 

1.lOE-10 
1.5OE-12 
2.07E-13 
1.56E-13 
3.28E-14 
7.99E- 14 
7.50E-14 
7.51E-14 
1.01E-15 
7.38E-14 
5.50E-15 
2.22E-12 
1.32E-11 
3.77E-12 
2.6lE-14 
6.80E- 1 1 
8.82E-12 
3.15E-11 

Uterus 
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Table E.5 Ingestion organ dose equivalent factors for organ set 3 (Continued) 

Implicit 
Radio- progeny Oman name ( S v h f  
nuclide hru=tdon R marrow Skin Spleen Testes Thymus Thyroid Uterus 
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Table E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors 

GI tract GI tract 
Inhalation uptake Inhalation uptake 

Radionuelide class hetion (fl) IRadionucIide class fraction (a) 

93zr D 2 E-3 
9 3 ~ r + ~ ( c )  (Vafues for each chain member are 

used.) 
95zr D 2 E-3 
9 7 ~  Y 2 E-3 

9 7 m ~ b  (dose not induded: short-lived) 
9 7 ~ b  Y 1 E-2 

5 E-I 
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Table E.6 Inhalation class and gastrointestinal tract uptake &actions for internal dose faetors (Continued) 

GI tract 
Inhalation uptake 

Radionuclide class fraction (fl) 

GI tract 
Inhalation uptake 

Radionuclide class fraction (a) 

117mSn W 2 E-2 

119m~n W 2 E-2 
1211x1~~ W 2 E-2 

lZ1sn W 2 E-2 
Iz3sn W 2 E-2 
12'sn W 2 E-2 
lZ6sn W 2 E-2 
'%n+~f') (Values for each chain member are 

used.) 



Appendix E 

Table E.6 Inhalation class and gastrointestinal tract uptake fractions for internal dose factors (Continued) 

GI tract GI tract 
Inhalation uptake Inhalation uptake 

Radionuclide class fraction (fl) Radionudide class fraction (fl) 

(Values for each chain member are 
used.) 

2 2 3 ~ a  W 2E-1 
2 2 4 ~ a  W 2E-1 
"Ra W 2E-1 
'%Ra W 2E-1 
2 2 6 ~ a + ~ ( c )  (Values for each chain member are 

used.) 
2 2 8 ~ a  W 2E-1 

2 2 5 ~ c  D 1E-3 
2 2 7 ~ c  D 1E-3 
2 2 7 ~ c + ~ ( c )  (Values for each chain member are 

Used.) 
2 2 8 ~ c  D 1E-3 
~ 2 7 ~  Y 2E-4 

2USTh Y 2E-4 
'%+c(~) (Values for each chain member are 

used.) 
229Th W 2E-4 
22Prh+~(c) (Values for each chain member are 

used.) 
2301.h W 2E-4 
%+c(~) (Values for each chain member are 

used.) 
231Th Y 2E-4 
2 3 2 ~ h  W 2E-4 
*'T~+C(~) (Values for each chain member are 

used.) 

T h - ~ a t ( ~ >  (same as for 232~h)  
2% Y 2E-4 

231~a W 1E-3 
231~a+~(C)  (Values for each chain member are 

used.) 
233~a Y 1E-3 
234~a Y 1E-3 



Appendix E 

Table E.6 Inhalation class and gastrointestinal tract uptake 6ntctions for internal dose factors (Continued) 

GI tract 
Inhalation uptake 

Radionuclide class fnrction (fl) 

z 2 ~  Y 5E-2 
'%J+dc) (Values for each chain member are 

used.) 
mu Y 5E-2 
2%J+C(c) (Values for each chain member are 

used.) 
% Y 5E-2 
2 3 5 ~  Y 5E-2 
235~+C(c) (Values for each chain member are 

236v 
used-) 

Y 5E-2 
2 3 7 ~  Y 2E-3 
238v Y 5E-2 
u-Nat(f) (same as 2%J. 2 3 5 ~ .  and 23%J) 
238U+c(+ (Values for kach chain member are 

used.) 
2% Y 2E-3 

2 3 7 ~ p  W 1E-3 
2 3 7 ~ p + ~ ( c )  (Values for each chain member are 

used.) 
=NP W 1E-3 
23%~ W lE-3 

GI tract 
W a t i o n  uptake 

Radionuclide class fraction (fl) 

(a) V denotes that intake is in the fonn of vapor. 
@) C denotes 14c is treated as labeled organic compounds. 
(c) Radioactive decay cham members with half-lives less than 
9 hours and less than 10% of the half-life of the parent are 
included with the parent. For decay chains having two or 
more radionuclides that m c h  secular equilibrium (i.e., a con- 
stant activity ratio as a function of time), a "+C notation is 
included when glJ progeny of the cham member have half- 
lives less than lo% of the half-life of the listed member. 
(d) The dose factors for m ~ n  represent the dose from 
short-lived daughters that are in equilibrium with the parent 
radon. These entries are provided because m ~ n  is an 
explicit daughter of P6Ra and dose values for all explicit 
daughters are needed to estimate dose for nonequilibrium 
cases. 
(e) Where Th-Nat mcludes an equihbrium mixture of =?I% 
plus 10 daughters in the decay chain. Note that the dose 
entries for Th-Nat are equal to those for B % + ~ .  

( f )  Where 1 Ci U-Nat equals 48.9% 23&U PIUS 48.9% 
plus 2.25% ='u. 
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Glossary 

Absorbed dose - The energy imparted by ionizing radiation per unit mass of irradiated material. The units of 
absorbed dose are the rad and the gray (Gy). 

Activity - The rate of disintegration (transformation) or decay of radioactive material. The units of activity are the 
curie (Ci) and the becquerel (Bq). 

Airborne radioactive material - Radioactive material dispersed in the air in the form of dusts, fumes, particulates, 
mists, vapors, or gases. 

Annual total Gective dose equivalent (annual TEDE) - The total effective dose equivalent (TEDE) received during 
a year of exposure. The duration of exposure for each pathway is determined by the scenario considered and need 
not be 8766 h/y. For example, an individual may reside or work at a contaminated site for only a fraction of the 
year. 

Class (or "lung class" or "inhalation class") - A classification scheme for inhaled material according to its rate of 
clearance from the pulmonary region of the lung. Materials are classified as D, W, or Y, and apply to a range of 
clearance half-times for D(Days) of less than 10 days, for W(Weeks) from 10 to 100 days, and for Y(Years) of 
greater than 100 days. 

Collective dose - The sum of the individual doses received in a given period of time by a specified population from 
exposure to a specified source of radiation. 

Committed dose equivalent (Hx.a) - The dose equivalent to organs or tissues of reference (T) that will be received 
from an intake of radioactive material by an individual during the 50-year period following the intake. 

Committed Gective dose equivalent (HE,50) - The sum of the products of the weighting factors applicable to each of 
the body organs or tissues that are irradiated by internally deposited radionuclides and the committed dose 
equivalent to these organs or tissues (HE,SO = XwTHTJO). 

Conservative - The application of a cautious approach to a dose analysis that is likely to produce an overestimate 
of the expected result. A wnservative analysis involves the deliberate selection of parameter values that maximize 
the expected result. 

Deep dose equivalent (Nd) - Applied to external whole-body exposure, Hd is the dose equivalent at a tissue depth of 
1 cm (1000 mglcm2). Note: for this generic application, the annual TEDE is calculated using the external effec- 
tive dose equivalent, using dose factors from the U.S. Environmental Protection Agency (EPA), as described in 
Section 6. 

Dose or "radiation dose" - A generic term that means absorbed dose, dose equivalent, effective dose equivalent, 
committed dose equivalent, committed effective dose equivalent, or total effective dose equivalent, as defined in 
other paragraphs of this appendix. 
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Dose epi~atent  (%) - "Rze product of the absorbed dose in tissue, quality factor, and all other necessary modi-g 
factors at the location of interest. The units of dose equivalent are the rem and sievert (Sv). 

Egective dose equivalent (XE) - The sum of the products of the dose equivalent to the organ or tissue (HT) and the 
weight factors (wT) applicable to each of the body organs or tissues that are irradiated (HE =EwTHT). 

Exposure - Being exposed to ionizing radiation or to radioactive material. 

External dose - That portion of the dose equivalent received from radiation sources outside of the body. 

Gray (Gj) - The SI unit of absorbed dose. One gray is equal to an absorbed dose of 1 joulekg (100 rad). 

Internal dose - That portion of the dose equivalent received from radioactive material taken into the body. 

Licensed material - Source material, special nuclear material, or byproduct material received, possessed, used, or 
transferred under a general or specific license issued by the U.S. Nuclear Regulatory Commission (NRC). 

Member ofthe public - An individual in a uncontrolled or unrestricted area. However, an individual is not a 
member of the public during any period in which the individual receives an occupational dose. 

NRC - The U.S. Nuclear Regulatory Commission or its duly authorized representatives. 

Pathway - The potential routes through which people may be exposed to radiation or radioactive materials. Typi- 
cal radiation exposure pathways include exteml exposure to penetrating radiation, inhalation of airborne 
materials, and ingestion of materials contained in surface contamination, food products, or drinking water. 

Public dose - The dose received by a member of the public from exposure to radiation and to radioactive material 
released by a licensee, or to another source of radiation either within a licensee's controlled area or in unrestricted 
areas. It does not include occupational dose, or dose received from natural background, as a patient from medical 
practices, or from voluntary participation in medical research programs. 

Rad - The special unit of absorbed dose. One rad is equal to an absorbed dose of 100 ergslg or 0.01 joulekg 
(0.01 gray). 

Radiation (ionizing radiation) - Alpha particles, beta particles, gamma rays, x-rays, neutrons, high-speed electrons, 
high-speed protons, and other particles capable of producing ions. Radiation, as used here, does not include 
nonionizing radiation, such as sound, radio, or microwaves, or visible, infrared, or ultraviolet light. 

Reference man - A hypothetical aggregation of human physical and physiological characteristics amved at by inter- 
national consensus. These characteristics may be used by researchers and public health workers to standardize 
results of experiments and to relate biological insult to a common base. 

Rern - The special unit of dose equivalent, The dose equivalent in rem is equal to the absorbed dose in rad multi- 
plied by the quality factor (1 rem = 0.01 Sv). 

Scenario - A combination of radiation exposure pathways used to model conczptualty the potential conditions, 
events, and processes that result in radiation exposure to individuals or groups of people. 
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Sievert - The SI unit of dose equivalent. The dose equivalent in sieverts is equal to the absorbed dose in grays 
multiplied by the quality %tor (1 Sv = 100 rem). 

Total Gective dose equivalent (TEDE) - The sum of the deep dose equivalent (for external exposures) and the 
committed effective dose equivalent (for internal exposures). 

Uranium @el cycle - The operations of milling of uranium ore, chemical conversion of uranium, isotopic enrich- 
ment of uranium, fabrication of uranium fuel, generation of electricity by a light-water-cooled nuclear power plant 
using uranium fuel, and reprocessing of spent uranium fuel, to the extent that these activities directly support the 
production of electrical power for public use. The uranium fuel cycle does not include mining operations, opera- 
tions at waste disposal sites, transportation of radioactive material in support of these operations, and the reuse of 
recovered non-uranium special nuclear and byproduct materials from the cycle. 

Weighting factor, w p  for an organ or tissue (T) - The proportion of the risk of stochastic effects resulting from 
irradiation of that organ or tissue to the total risk of stochastic effects when the whole body is irradiated uniformly. 
For calculating the effective dose equivalent, the values of wT are: 

Organ or tissue w~ 

Gonads 
Breast 
Red bone marrow 
Lung 
Thyroid 
Bone surfaces 
Remainder 
Whole body 

* 0.30 results from 0.06 for each of 
5 "remainder organs" (excluding the 
skin and the lens of the eye) which 
receive the highest doses. 
**For the purpose of weighting the 
external whole-body dose (for add- 
ing it to the internal dose), a 
single weight factor, wT = 1.0, has 
been specified. The use of other 
weighting factors for external expo- 
sure will be approved on a case-by- 
case basis until such time as 
specific guidance is issued. 

Wzole body - For purposes of external exposure, head, trunk (including male gonads), arms above the elbow, and 
legs above the knee. 
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ABSTRACT 

The Decommissioning and Decontamination (DandD) software package developed by Sandia National Laboratories 
for the Nuclear Regulatory Commission (NRC) provides a user-friendly analytical tool to address the technical dose 
criteria contained in NRC's Radiological Criteria for License Termination rule (I0 CFR Part 20 Subpart E). 
Specifically, DandD embodies the NRC's screening methodology to allow licensees to convert residual radioactivity 
contamination levels at their site to annual dose, in a way consistent with both 10 CFR Part 20 and the 
corresponding implementation guidance cmently under development by NRC. The screening methodology and 
DandD are part of a larger decision framework that allows and encourages licensees to optimize decisions regarding 
alternative actions at their site, including the collection of additional data and information. The screening 
methodology employs reasonably conservative scenarios, fate and transport models, and default parameter values 
and parameter distributions to allow the NRC to quantitatively estimate the risk of terminating a license given only 
information about the level of contamination. A licensee has the option of specifying only the level of 
contamination and running the code with the default parameters or, if site-specific information is available, 
modifying scenario pathways or providing site-specific parameter distributions and then calculating dose. The 
original draft of Volume 2 of the NUREGICR-5512 series documented a User's Manual for the deterministic 
Version 1.0 of the DandD software. This final version of Volume 2 provides an entirely new User's Manual for the 
Version 2.1 release of DandD, thus superceding and replacing DandD Version 1.0 and its draft User's Manual. The 
latest version of the software allows probabilistic (Monte Carlo) dose assessments and incorporates a new and 
improved ~icrosofi" Windowss standard user interface. 
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FOREWORD 

This technical contractor report, NUREClCR-55 12, Volume 2, was prepared by Sandia National Laboratories under 
their DOE Interagency Work Order (JCN W6804) with the Radiation Protection, Environmental Risk and Waste 
Management Branch, Division of Risk Analysis and Applications, Office of Nuclear Regulatory Research, U.S. 
Nuclear Regulatory Commission. The report is a user's manual for version 2 of the DandD software, which 
implements the modeling methodology described in Volume 1 of NUREGICR-55 12 "Residual Radioactive 
Contamination From Decommissioning: Technical Basis for Translating Contamination Levels to Annual Total 
Effective Dose Equivalent" issued October 1992. 

The purpose of the DandD software is to provide a simple screening approach for demonstrating compliance with 
10 CFR 20, Subpart E. Version 2 of the software described in this report supercedes the earlier version described in 
the draft of this volume. Volume 2 of the software supports both a simple screening using generic scenarios and 
default parameter values or default probabilistic parameter distributions, as well as allowing input of site-specific 
parameters and modification of scenarios by changing or eliminating pathways. This software may be used to 
demonstrate compliance with the dose criterion in 10 CFR 20, Subpart E, as described in NUREG-1727 "NMSS 
Decommissioning Standard Review Plan" issued in September 2000. 

This NUREGICR report is not a substitute for NRC regulation, and compliance is not required. The approaches and 
methods described in this NUREGJCR are provided for information only. Publication of this report does not 
necessarily constitute NRC approval or agreement with the information contained herein. Use of product or trade 
names is for identification purposes only and does not constitute endorsement by the NRC or Sandia National 
Laboratories. 

Cheryl A. Trottier, Chief 
Radiation Protection, Environmental Risk 

& Waste Management Branch 
Division of Risk Analysis and Applications 
Office of Nuclear Regulatory Research 
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1 INTRODUCTION 

1.1 Background During 1993, Sandia National Laboratories (SNL) 
calculated dose conversion factors (DCFs) using the 

The Nuclear Regulatory Commission (NRC) is respon- 
sible for evaluating requests from facility owner1 
operators for the partial or total termination of NRC 
operating licenses for their facilities. This evaluation 
is based on radiological criteria defined in 10 CFR Part 
20 Subpart E (NRC, 1998a). These criteria establish 
limits on the annual total effective dose equivalent 
(TEDE) received during the year to the average mem 
ber of the critical group (AMCG). The critical group is 

NUREG/CR-5512 methodology to support the NRC'S 
draft regulatory guidance in NUREG- 1500 (Daily 
et al., 1994) and the draft generic environmental impact 
study on radiological criteria for decormnissioning, 
NUREG-1496 (NRC, 1994). SNL developed and used 
four stand-alone Fortran computer codes to perform 
those calculations for the four exposure scenarios 
defined in Volume 1. These codes were not designed 
for external release or use. 

"the group of individuals reasonably expected to 
receive the greatest exposure to residual radioactivity In 1994, SNL began developing the Decontamination 

for any applicable set of circumstances" (10 CFR and Decommissioning (DandD) Version 1.0 code, a 

20.1003). user-friendly software product that implements the 
NUREGICR-55 12 methodology. DandD Version 1.0 

NRC recognized that licensees who must decontam- 
inate lands and structures would require assistance and 
guidance in determining the extent of decommissioning 
required to allow unrestricted release of their property. 
in making such a determination, the NRC must first 
ensure that public health, safety, and the environment 
are protected by determining that the total dose to an 
individual in the public from licensed operations is less 
than the public dose limit of 100 mredy. However, 
the NRC has set the goal for public doses attributable 
to residual contamination after decommissioning at a 
fraction (25 rnrernty) of the public dose limit (for the 
case of unrestricted release). The estimate of dose 
reduction is accomplished by first judging the potential 
future uses of the lands and structures as described by 
NRCdefined scenarios and exposure pathways, and 
then evaluating levels of radioactivity through model- 
ing equations to arrive at a reasonable expectation of 
dose. The modeling and scenarios involved in this 
determination can become extremely complicated 
depending upon the level of detail and complexity 
required. Therefore, a methodology and associated 
analytical tools were developed in support of license 
termination. 

1.1.1 Origin of Deterministic Methods for 
Decommissioning 

In 1987, Pacific Northwest Laboratories (PNL) began 
developing the NUREGICR-55 12 methodology to 
translate residual radioactive contamination levels at 
sites licensed by the NRC into potential radiation doses 
to the public. Volume 1 documenting the methodology 
was issued in 1992 (Kennedy and Strenge, 1992). 

integrates the Fortran scenario *odeling codes with a 
graphical user interface designed to run under 
Microsoft' Windowsm with a minimal hardware 
configuration. DandD Version 1.0 is a deterministic 
code using default scenarios, exposure pathways, and 
constant parameter values. Version 1.0 of DandD was 
released in July 1998 and the user's manual for the 
program was published in draft as Volume 2 of the 
NUREGICR-55 12 series (Wemig et al., 1999). 

DandD assists NRC licensees who have requested 
termination of their license and who, in some cases, 
must decontaminate lands and structures as part of the 
decommissioning process. The software does this by 
providing a tool that allows licensees to translate resi- 
dual radioactive contamination levels at their site to 
TEDE values by analyzing and modeling the set of 
NRC-prescribed scenarios of future land use. DandD 
contains models of the transport and exposure path- 
ways associated with each of the scenarios, and default 
values for most parameters. The software only 
requires information on source concentration from the 
user. Within strictly defined limits, the user may 
supply site-specific parameter values if available and 
defensible. The user may also modify or eliminate 
exposure pathways. 

1.1.2 Nuclear Regulatory Commission 
Decommissioning Guidance 

In support of the July 1998 release of the final rule on 
Radiological Criteria for License Termination (NRC, 
1998a) as 10 CFR Part 20 Subpart E, NRC was 
required to draft and publish implementing guidance to 
interpret rule provisions and evaluate actions licensees 
would need to take to comply with license termination 



processes. In March 1998, NRC staff completed de- 
velopment of Draft NUREG- 1549, "Decision Methods 
for Dose Assessment to Comply with Radiological 
Criteria for License Termination" (NRC, 1998b). 
NUREG-1 549 was intended to provide an overall 
framework for dose assessment and decision-making at 
sites undergoing decommissioning. In July 1998, the 
Commission approved publication of draft guidance 
DG-4006 for the License Termination Rule (NRC, 
1998c) for a two-year interim use period and instructed 
the NRC staff to maintain a dialogue with the public 
through the use of a web site and public workshops. 
The Commission also directed the NRC staff to de- 
velop a Standard Review Plan (SRP) that incorporates 
the risk-informed iterative approach in NUREG-1539. 
(The NMSS Decommissioning Standard Review Plan 
(NUREGISR-1727) is accessible through: 
http:i'/www.nrc.gov/NRCINUREGS/SR I727lindex.htrn 
1.) The goal of the SRP is to enable NRC staff to eval- 
uate information submitted by licensees in a timely, 
efficient, consistent manner and in such a way that the 
public health and safety is protected and the facility 
can be released in accordance with NRC's 
requirements. 

1.1.3 Evolution of Probabilistic 
Evaluations 

DandD Version 1.0 includes constant default pararn- 
eter values and thus only allows deterministic analyses. 
However. all dose assessments are uncertain due to 
uncertainty about the processes and parameters that 
control exposure. The range of possible dose \.slues 
given this uncertainty must be considered in order to 
support decisions based on dose. A tendency for a 
screening calculation to produce a dose value in the 
upper end of the range of possible doses allows that 
calculation to be used in decision making. The sce- 
narios, models, and parameter values defined in 
Volume 1 (and embodied in DandD Version 1 .O) were 
intended to have this tendency, but the supporting 
arguments were qualitative. NRC directed SNL to 
develop probability distribution functions (PDFs) for 
parameters, based on the information in Volume 1 and 
on any newer published studies, and to identify default 
values for those parameters suitable for screening cal- 
culations. Volume 3 of NUREGTR-55 12 provided 
the parameter analysis (Beyeler et al., 1999). 

In March 1999. NRC directed SNL to develop an 
improved version of DandD based on the parameter 
analysis that would allow formalized treatment of 
parameter uncertainty through implementation of 
probabilistic features and that would provide an 
improved. updated graphical user interface. Section 

1.2 discusses the capabilities embodied in the Monte 
Carlo Version 2.1 of the DandD code. 

1.1.4 Decision Framework for License 
Termination 

NRC guidance in support of the license termination 
rule provides a useful context for licensees using the 
DandD code for dose assessments related to decom- 
missioning decisions. NUREG-1 549 documents use of 
a decision framework to implement a phased approach 
in conducting dose assessments. The decision frame- 
work can be used throughout the decommissioning and 
license termination process for more simple sites to the 
most complex or contaminated sites. The framework 
allows iterative (phased) development and treatment of 
the uncertainties associated with regulatory decisions. 
As such, a licensee can begin with existing (and often 
very limited) knowledge about the site. conduct screen- 
ing assessments. update the state of knowledge with 
site-specific information (thus reducing uncertainty), 
and refine the screening assessments, if necessary. By 
following this approach, the licensee is able to opti- 
mize resources and decisions related to site character- 
ization, remediation, and potential land-use restrictions. 

The decision framework methodology is based on the 
premise that screening dose assessments are performed 
with little site-specific information. An initial analysis 
using DandD Version 2.1 and default DandD Version 
2.1 parameter distributions, along wlth a simple repre- 
sentation of contamination at the site, ~ 1 1 1  produce 
generic dose assessments that are unlikely to be 
exceeded. The scenarios and models in DandD 
Version 2.1 were defined to be "reasonably 
conservative" so that they would not be "bounding" or 
unrealistic, while still generally overestimating (rather 
than underestimating) potential dose. The physical 
parameter distributions were defined to represent real 
conditions and expected variability across the United 
States. Behavioral and metabolic parameters were 
defined to represent the average individual within the 
defined screening group (or generic critical group). 

Beginning with the s~mple screening assessments. the 
methodology ensures that as more site-specific infor- 
mation is incorporated, the uncertainty is reduced (state 
of knowledge is increased), and the estimate of the 
resulting dose generally decreases. DandD Version 2.1 
can be used to incorporate new knowledge based on 
site characterization that may lead to eliminating cer- 
tain exposure pathways or reducing parameter uncer- 
tainty. DandD used in the context of the decision 
framework provides assurance that obtaining additional 
site-specific information is worthwhile because i t  is 



probable that a more "realistic" dose assessment will 
not result in a dose higher than that estimated using a 
simple screening analysis. 

Stem in the Decision Framework 

NUREG-1 549 provides a summary of the decision 
fiamework and methodology for conducting dose 
assessments in support of license termination deci- 
sions. It also provides three separate discussions to 
illustrate the phased and iterative nature of assessments 
as increasing complexity occurs. The following pro- 
vides a summary of the decision framework steps that 
provide the overall context for use of the DandD 
software within the NRC license termination decision 
process. Refer to Figure 1.1 (taken from NUREG- 
1549) while reviewing the following steps of the 
framework. 

Step 1 : The first step in a dose assessment involves 
gathering and evaluating existing data and 
information about the site, including the 
nature and extent of contamination at the site. 
Often, minimal information is all that is 
needed for initial screening analyses (e.g., a 
simple representation of the source of con- 
tamination). However, licensees should use 
all information about the site that is readily 
available. This step also defines the perfor- 
mance objectives that must be met in order to 
demonstrate compliance with decommission- 
ing criteria. 

Step 2: This step involves defining the scenarios and 
pathways that are important and relevant for 
the site dose assessment. 

DandD contains two generic exposure 
scenarios: residential and building occupancy. 

Step 3: Once scenarios are defined and exposure 
pathways identified, a basic conceptual 
understanding of the system is developed, 
often based on simplifying assumptions 
regarding the nature and behavior of the 
natural systems. System conceptualization 
includes conceptual and mathematical model 

development and assessment of parameter 
uncertainty. DandD includes predefined 
conceptual models for the scenarios along 
with default parameter distributions (based on 
Kennedy and Strenge, 1992 and Beyeler et al., 
1999). 

Step 4: This step involves the dose assessrnent or con- 
sequence analysis, based on the defined 
scenario(s), exposure pathways, models, and 
parameter distributions. For generic screen- 
ing, the licensee can accept and use the gener- 
ic models and default parameter PDFs simply 
by running DandD with the appropriate site- 
specific source term, leaving all other infor- 
mation in the software unchanged. Site- 
specific assessments allow the user to change 
pathways and parameter distributions based 
on data and information obtained from the 
site. DandD provides various plots and 
reports of the dose distribution based on 
Monte Carlo sampling of the input distribu- 
tions. 

Step 5: This is the first major decision point in the 
license termination decision process and 
involves answering the question of whether 
the dose assessment results from Step 4 
demonstrate compliance with the dose criter- 
ion in 10 CFR Part 20, Subpart E (for un- 
restricted release, this is 25 mredy). NRC 
establishes the confidence required when 
interpreting the results from the probabilistic 
dose assessment. For instance, licensees may 
need to demonstrate that the 90th percentile 
value of dose is less than 25 rnrernty. If the 
results are below the limit, the licensee pro- 
ceeds with Steps 6 and 7 to demonstrate As 
Low As Reasonably Achievable (ALARA) 
requirements and initiate the license termina- 
tion process defined by NRC in other 
guidance documents. Note that DandD does 
not involve or automate these steps. 

If the results exceed the performance 
objective, the user should proceed to Steps 8 
and 9. 
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Figure 1.1 Decommissioning and  license termination framework 

Step 6: If the result ~n Step 5 is that the calculated and thus reduce the calculated dose: reducing 
dose is less than 25 mremy.  the Licensee can actual contamination through remediation 
proceed to satisfy NRC requirements to actions; reducing exposure to radionuclides 
demonstrate dose is As Low .As Reasonably through implementation of land-use restric- 
.i\chie\able (ALARA) (see SRC.  1 9 9 8 ~ ) .  tions; or some combination of these opt~ons.  

Step 7 :  Followtng ALARA determination. Licensees 
bvould proceed v. ith license termination 
proccdures as outlined in applicable NRC 
guidance documents. 

Step 8: Full application of the decision framework 
involves definlng all possible options ths 
licensee might address in order to defend a 
final set of  actions needed to demonstrate 
compliance with license termination criteria. 
Options may include acquiring more data and 
information about the site and source(s) of 
contamination in order to rcducc uncertainty 
about the path\{ ays. models, and parameters 

DandD pro\.ides a sensitivity analys~s module 
to identify sensitive parameters (e.g.. those 
having the greatest impact on dose assessment 
results) and to explore potential reductions in 
the uncertainty associated with those param- 
eters. Kotc that one option may include elimi- 
nation of exposure pathways due to site- 
specific considerations. 

Step 9: .All of the options identified in Step S are 
analyzed and compared in order to optlmizz 
election of a preferred set of options. This 
options analysis may consider cost of irnplc- 
mentation, l~kcllhood of success (and the 
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expected costs associated with success or 
failure to achieve the desired results when the 
option is implemented), timing considerations 
and constraints, and potentially other quanti- 
tative and/or qualitative selection criteria. At 
this time, the DandD software is limited to 
evaluating the potential impact on the dose 
results through selective truncation of the 
uncertainty bounds of the input parameters. 

Step 10: The activities in Steps 8 and 9 provide infor- 
mation for the licensee to choose the preferred 
options based on considerations of cost, likeli- 
hood of success, timeliness, and other consid- 
erations. Based on the results of the DandD 
sensitivity analysis, for example, a licensee 
may identify one or more parameters that may 
be modified based on acquisition of site- 
specific information and data. If new data 
could reduce the uncertainty associated with 
sensitive parameters, the licensee may be able 
to defend a new calculated dose that meets the 
license termination criteria. 

Step 1 1 : Under Step 1 1, the preferred option is imple- 
mented. The licensee commits resources to 
obtain the information necessary to support 
revisions to the parameters identified in Steps 
8 and 9. 

Step 12: Once data are successfully obtained, the 
affected parameters for the predefined models 
are revised, as appropriate. Also, data may 
support eliminating one or more of the expo- 
sure pathways in the predefined scenarios. 
DandD provides for very simple and straight- 
forward modification of the pathways and 
parameters of interest. The software also 
includes in the Help menu full documentation 
of the original basis for the parameter distri- 
butions, references, and sources of informa- 
tion the licensee might use in order to defend 
modifications based on their site-specific data 
and circumstances. 

Once the pathways and parameters are 
revised, the licensee would revisit Steps 4 and 
5 to determine the impact of the revisions on 
demonstrating compliance with the perfor- 
mance objectives. If met, the licensee pro- 
ceeds to Steps 6 and 7. If the performance 
objective is still exceeded, the licensee returns 
to Steps 8 and 9 to analyze remaining options. 

Step 13: If no viable options exist at this time, the 

licensee may decide to defer actions at this 
site until circumstances allow revisiting 
license termination actions. 

1.2 DandD Version 2.1 Overview 

DandD Version 2.1 updates, improves, and signifi- 
cantly enhances the capabilities of Version 1.0. As 
such, this final Volume 2 of the NUREGICR-55 12 
series documents the User's Manual for DandD Ver- 
sion 2.1, superceding and replacing the original draft of 
Volume 2 (Wemig et al., 1999) that documented 
DandD 1 .O. In particular, Version 2.1 allows full 
probabilistic treatment of dose assessments, whereas 
Version 1.0 only allowed deterministic analyses. 
DandD Version 2.1 implements the methodology and 
information contained in NUREG/ CR-55 12, Volume 
1, the methodology modifications described in Wernig 
et al. (reproduced as Appendix A), as well as the 
parameter analysis in Volume 3 that established the 
PDFs for all of the parameters associated with the 
scenarios, exposure pathways, and models embodied in 
DandD. 

1.2.1 Summary of Requirements for 
Version 2.1 

The most prominent new feature of DandD Version 2.1 
is the incorporation of a Monte-Carlo simulation 
capability, a significant enhancement to the 
deterministic approach embodied in Version 1 .O. This 
new capability was designed to be simple to use, while 
allowing more knowledgeable users to take full advan- 
tage of the Monte Carlo capability. 

The completed system allows the user to perform an 
initial default screening analysis using the default 
parameter distributions defined in the parameter anal- 
ysis. As with the existing deterministic code, only a 
source-term estimate is required for this calculation. 
The result of the Monte Carlo calculation is 
summarized by the dose at a default selected quantile 
value, which the user may compare against the 25 
mremfyear standard to assess compliance. An original 
requirement was that this default operation should have 
a similar look and feel to that in Version 1 .O. 

Requirements for additional capabilities included: 

The user should be able to view the complete dose 
distribution functions, as well as the distribution 
functions for the time of peak dose and for the 
individual pathway doses. 



The user should be able to  view the default distri- 
bution functions for each o f  the input parameters 
and to access the portions of  Volume 3 docu- 
menting the basis for each default distribution. 

- The user should be able to specify new 
distribution functions (or deterministic values) for 
each parameter based on site conditions and to 
record the justification for these distributions or 
values. 

The user should be able to request a ranking of 
parameters based on the sensitivity of  dose to the 
parameter value. 

The user should be able to access pertinent infor- 
mation about the decision methodology for 
guidance on options for achieving compliance. 

1.2.2 Features of DandD Version 2.1 

Two scenarios are implemented in DandD: building 
occupancy and residential. The building occupancy 
scenario relates surface contamination levels in 
existing buildings to estimates o f  the TEDE received 
during a year of exposure with the conditions defined 
in the scenario for unrestricted commercial or light 
industrial use. The exposure pathways for this 
scenario include external exposure. inhalation 
exposure. and secondary ingestion. 

The more complex residential scenario is meant to 
address sites with contamination in soils. The 
residential scenario considers more exposure path~vays, 
including external exposure. inhalation. and the 
following ingestion pathways: dnnking water, food 
groNn from irrigation water, land-based food, soil, and 
fish. The types of  land-based food considered are 
leafy vegetables, other root vegetables. fruit. grain, 
beef. poultry, milk. and eggs. Three types of  animal 
feeds are considered: forage. stored grain, and stored 
hay. 

.4 generic water-use model \+.as developed to permit 
evaluation of  the annual TEDE from drinkin, 0 water 
from wells and from multiple pathways associated with 
imgation water. This simple water-use model accounts 

for radionuclide decay, progeny ingrowth, and 
environmental transport. The three boxes (or layers) in 
the water-use model are the surface soil. unsaturated 
soil, and the aquifer. Appendix A describes a 
modification to the three-box water-use model that 
allows up to 50 boxes in the unsaturated zone. The 
generic treatment of potentially complex groundwater 
systems provides a conservative analysis that may only 
suggest when additional site data and more 
sophisticated modeling are warranted. 

The default input parameter distributions for each 
scenario and exposure pathway are consistent ui th  
conducting screening dose assessments. and represent 
large uncertainty about site conditions. To  accom- 
modate site-specific conditions the DandD software 
allows a simple, straightforward approach to modify 
scenario selection, exposure pathways, source, and 
many of  the modeling parameters. 

Figure 1.2 shows the overall information flow that 
takes place in the DandD code and the major processes 
that are involved. A Microsoft" Access" database is 
the repository for all of the information used by the 
system. It contains initial default values for all param- 
eters. current parameter settings, sampled parameter 
values generated by the Latin flypercube Sampling 
(LHS) code (Iman and Shortencarier. 1984). dose 
model results. and report templates. 

The graphical user interface (GUI) controls the 
overall information flow, at the user's direction, 
and invokes the supporting components to gener- 
ate parameter samples and run the dose model. An 
important design goal for this interface was to 
quickly step through a default analysis. while 
allobving any aspect of the calculation to be 
adjusted to site-specific conditions. if required. 

The LHS preipost processor builds the input file 
for the LHS program based on the current param- 
eter distribut~ons in the database. invokes LHS to 
generate the samples. and processes the LHS 
output file. The resulting parameter values are 
stored in thc database and are checkcd against any 
limits that ha\.e been defined. 
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The LHS program performs the parameter sam- 
pling. The system uses the official version of  
LHS. which is maintained by SNL for general 
distribution. 

The dose model pre'post processor retrieves the 
simulation options and parameter values for a 
specified simulation (sample vector) from the 
database and invokes the appropriate scenario 
model to calculate dose. The resulting dose values 
are appended to output tables in the database. 

The dose model dynamically-linked libraries 
(DLLs) perform the dose calculations. For each 
realization in a simulation, an annual TEDE is 
calculated for every year in the exposure period. 

The peak TEDE over the exposure period is then 
identified from the set o f  annual TEDEs. This will 
yield a set of  peak TEDE values. one for each 
realization. From this set, statistics such as 
percentiles may be determined. along with 
associated confidence intervals. 

Finally, DandD Version 2.1 includes a sensitivity 
analysis module that assists licensees and S R C  
users to identify those parameters in the screening 
analysis that have the greatest impact on the results 
of the dose assessment. Armed with this informa- 
tion and the guidance available in NUREG-1 539, 
licensees are able to make informed decisions 
regarding allocation of resources needed to gather 
site-specific information. When cost and 
likelihood of success associated R-ith acquisition 
of this new kno\vledge are considered. licensees 
are better able to optimize the decisions to acquire 
site data that allow more realistic dose assessments 
that. in turn. may lead to demonstrated and 
defensible compliance \vith the dose criteria for 
license termination. 

1.2.3 Comparison to Version 1.0 

DandD Vcrsion 2.1 provides many useful improve- 
ments on Version 1.0 of  DandD: 

The GUI was significantly enhanced and upgraded 
to both incorporate the added features of Vcrsion 
7.1 as well as to use standard 3~1icrosoft" 
Windowsk features and conventions. 

Version 2.1 performs probabilistic dose assess- 
ments Lvhile maintaining ease of use: Version 1.0 
only allo\ved deterministic analyses. 

Version 2.1 provides direct capability to select or 
exclude exposure pathways. 

Limits on the area of contamination can be speci- 
fied in Version 2.1 and are appropriately reflected 
in the calculated dose values. 

The Help features have been significantly updated 
to incorporate information pertinent to probabil- 
istic analysis. NRC references and guidance 
(including NUREG-1549). and the new features 
presented in the GUI. 

Extensive parameter help has been added based on 
the NUREGiCR-55 12, Volume 3 parameter 
analysis. This information has been integrated as 
HTML docurncnts to facilitate maintenance. 

Version 2.1 elicits and hacks user justification for 
any modifications to pathways, parameters, or 
parameter correlations. 

Following execution of the models and depending 
on the results. Version 2.1 provides guidance for 
increasing sample size to reduce sampling error. 

A parameter sensitivity analysis capability was 
added. 

The output reports and plots have been improved 
consistent with the reporting and display requirc- 
ments of  a probabilistic dose assessment. 

Standard file management features have been 
incorporated. 

Vcrsion 2.1 provides window printing capabilities 
throughout the GUI to allow screen capture docu- 
mentation of important aspects of  an analysis. 

Version 2.1 can sa\.e a compressed \.ersion of the 
session for submittal to KRC. 

The application has been redesigned to fac~litatc 
separate maintenance of the interface, the initial 
session file containing default settings. the 
parameter documentation. and the dose models. 

1.3 User Manual Overview 

Section 2 summarizes system requirements to install 
and successfully operate DandD Version 2.1. 
Installation instructions are provided to install the 
software from CD-RO31. Web. or FTP location and 
includes: troubleshooting notes. The lnstallation 



package includes all necessary installation notes in 
online documentation. 

Section 3 introduces the user to the basic capabilities 
of DandD Version 2.1 and its documentation. All of 
the online documentation and selections in the DandD 
program group found from the Microsoft@ Windowsm 
Start menu are summarized. Finally, this section pro- 
vides a quick tour of DandD and the sensitivity 
analysis module using example problems. 

Section 4 is the heart of the User's Manual. This refer- 
ence guide provides comprehensive descriptions of all 
features incorporated in the Version 2.1 user interface. 
Common interface features operations are sum- 
marized first (Section 4.1), followed by summaries of 
all the features and controls on the main session 
window. This latter set of instructions in Section 4.2 
provides the procedure users will generally follow to 

execute DandD. Section 4.3 describes each of the 
menu options, ranging from file menu operations, to 
viewing reports and plots, to utilizing the advanced 
features including the sensitivity analysis module. 

Finally, Section 5 provides responses to a set of fie- 
quently asked questions based, in part, on past NRC 
training and workshop experience and on questions 
users may have with the new features of DandD 
Version 2.1. 

A set of Appendices supplements the discussions pro- 
vided in the main body of the User's Manual, including 
the presentation of additional sample problems and 
technical background information on data tables 
underlying the DandD software. The design of the 
DandD database file is explained, and the requirements 
for specifying and setting up import concentration files 
are summarized. 



2 INSTALLATION OF DandD 

2.1 System Requirements stored as database files. This procedure has been 
automatically built in the DandD installation process. 

The DandD software requires the following This update should not affect the Microsoft' 
Windowss desktop or other applications that are 

a personal computer with ~icrosoft@ Windowsm installed. 
95/98 or NT 4.0 installed; 

- a VGA monitor (recommended desktop set to 
minimum of 800 x 600 pixels); 

2.3 Installing by Downloading 
from the Internet 

Users may access the DandD code for installation at 
a mouse or other pointing device; the NRC site: http://www.~c.gov/RES/rescodes.htm. 

Scroll down to the "Radionuclide Transport and 
40 MB of free disk space; Decommissioning Codes" section. Select "Click here 

to Download to access the setup.exe file. Also, 
a printer to use the print functions included with select "Click here for Installation and Setup of DandD 
DandD; on your Computer" for additional installation 

instructions. 
a floppy drive, network, or Internet ~onnec~ion to Proceed to run the file Setup.exe as described in 
submit session files for review; Section 2.2. 

a frame-enabled browser such as Internet Explorer 
or Netscape Navigator to allow access to the 

2.4 Troubleshooting Installation 
DandD reports and an online version of Problems 
NUREGJCR-55 12, Volume 3. 

When installation is completed, the user can access 

2.2 Installing from CD-ROM 

To install DandD, run Setup.exe as follows: 

the files 'Read Me,' ' ~ e t t i n ~  Started with DandD,' and 
'Introduction to DandD' from the DandD program 
group off the ~icrosoft"  windowss Start menu under 
the Programs group. 

Click on the Microsoft" Windowss Start button 
and select the Run command. If difficulty is experienced installing DCOM95 or 

MDAC, users should contact their system administra- 

Click on the Browse button, and locate Setup.exe tor for assistance. Users may also contact NRC 

on the installation CD. technical support at DandD@mc.gov with questions 
regarding installation and use of DandD. 

Click Open. 

Click OK in the Run dialog box. 

The DandD installation procedure should now execute. 

On certain installations, DCOM95 and MDAC 
(Microsoft' Data Access Components) will automat- 
ically install before DandD installs. Some system 
files will be updated. This is necessary for the correct 
installation of DandD. This is a Microsoft' update 
related to the feature that DandD session files are 

2.5 Uninstalling DandD 

Select 'Uninstall DandD' from the DandD program 
group off the ~icrosoft '  windows8 Start menu under 
the Programs group. When executed, the DandD files 
will be removed from the user's system. However, 
existing session files in the DandD-Docs directory 
will not be removed. There is no uninstall for 
DCOM95 or MDAC. Microsoft" considers these to 
be system upgrades and does not offer an uninstall 
procedure. 



3 WELCOME TO MONTE CARLO DandD 

3.1 The DandD Group range of user facilities. 

The DandD installation will create a program group To start the application, either double-click the icon on 

that can be accessed from the Microsoft@ Windowse the desktop or select DandD from the DandD group on 

Start menu. the Microsoft' Windowsm Start menu. 

From the Start button, select Programs, then select Press Fl at any time if help is needed for a window. 

DandD. The first menu level includes a subgroup 
called Documents. This subgroup contains the In the following example, a site with shallow-soil con- 

following: tamination seeks license termination. Preliminary 
survey data, site operational records, and leakage and 

Getting Started with D a n d ~  - a document that spill events show localized contamination from Co-60, 

describes the items in the DandD group and the Sr-90, and Cs-137 in the soil. Measured contamination 

database metaphor used to manage session files. levels for each radionuclide averaged over the site area 
of interest are 3 pCi/g, 2 pCilg, and 1.2 pCiIg, 

Introduction to DandD - a summary of the DandD respectively. 

decision process, with three example problems. 
New users should step through these problems to None of the default parameter values are modified in 

become familiar with DandD features and the this screening analysis. 

interface. 
Creating a Session File: 

NRC References - on-line browser-based 
reference materials on the DandD scenarios and 
general technical concepts. Users will need a 
browser such as Internet Explorer or Netscape 
installed to view this file. 

Readme - notes and information regarding the 
installation of DandD, including precautions. 

Following the Documents entry are: 

1. After opening DandD Version 2.1, select F i l e h  
and type in a unique file name: Simple Case 1, 
and click it Open. 

2. In the Site Name field of Session Properties, enter: 
Site X - Analysis of Co-60, Sr-90, and Cs-137. 

3. In the Analysis Description field, enter: General 
Contamination of Soils - Analyzed Today! as 
shown in Figure 3.1. Click OK. 

DandD - An alternative to the desktop shortcut for 
launching the DandD application. 4. Note the Site Name in the title bar of the main 

window and the file name at the bottom of the 

DandD Help - This provides direct access to the window. This information can also be reviewed 

Help topics in DandD without launching the by selecting File/Properties. This information will 

software. be copied to the summary reports. 

Uninstall DandD - This menu option should be 
used to remove DandD from user's computers. 

3.2 Run a Simple Screening 
Analysis 

Note to users: Refer to Section 4.2 for detailed instruc- 
tions and illustrations for conducting a dose assessment 
with the DandD code. Sections 4.1 and 4.3 provide 
additional guidance and illustrations for common and 
main menu operations, respectively. Finally, Appendix 
B provides a breadth of example problems for a wide 

Definine Site Contamination (Source Tern): 

5. Select the tab for the Residential scenario, which 
applies to this case. For this initial screening 
assessment, leave all pathways operative 
(checked). Click the Edit Exposure Pathway 
button to view default pathway settings as shown 
in Figure 3.2. Click on Cancel to return to the 
main screen. 



Site Name 

File Name 

S ~ t e  X -Analysis of Co-60, Sr-90 and Csl37 

AndySs Description 

C:\DandD-Docs\Simple Case 1 .mcd 

General contam~nation of soils -Analyzed Today1 

Cancel 

Figure 3.1 Creating a session file 
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Figure 3.2 Residential default pathwa! settings 
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6. In the Add Source of Contamination Panel, click 
on Add Contaminants. 

7. In the Potential Contaminants list (Figure 3.3), 
scroll down, select 60C0, and click on the right 
arrow or doubleclick on the radionuclide to add 
this nuclide to the Site Contaminants list. 

8. Repeat #7 to add Sr-90 and Cs-137 to the list of 
contaminants at the site as shown in Figure 3.3. 

9. Do not change the output or calculation options; 
click OK. 

10. Click Add Concentrations button and note that Co- 
60 is selected by the dark arrow head to the left of 
Co-60. but no value has been added. 

1 1. Click M o d ~ f i  Value. For Co-60, do not change the 
Distribution or Units of Measure (ensure units are 
pCiig). In the Value field, enter 3 (Figure 3.4). 

12. To justify this value, enter "Site survey data" in 
the justification field as shown in Figure 3.4. Note 
that the justification field must be completed. Do 
not change the Area of Contamination. Click OK. 

13. Select Sr-90. 

14. Click on Modlfi Value. Enter 2 in the Value field, 
and enter the justification "Site survey data." 
Click OK. 

15. Select Cs-137 

16. Click on Modrfi Value. Enter 1.2 in the Value 
field, and enter the justification "Site survey data." 
Click OK, then Close. 

17. In this screening analysis, do not change any 
parameters. 

Executing DandD: 

18. To run this screening assessment, click on 
Execute. 

19. Click on Run Simulation; progress can be viewed 
in the adjoining panel or aborted at any time. 

20. When the simulation is completed, the 90th 
percentile of the peak TEDE distribution 
4.89E+OImrernlyear with a 95% confidence 
interval (CI) of 4.53E+01 to 6.25E+01 mrernlyear, 
is displayed as shown in Figure 3.5. 

21. If the result had fallen below the 25 mrernly NRC 
dose standard, the licensee might have elected to 
proceed with the NRC license termination process. 
In this case, the licensee instead decides to explore 
options for reducing uncertainty regarding the site, 
potential remediation actions, and/or restricted 
release provisions. 

22. Click on Close. 

Viewing Results: 

23. Before proceeding, more infomation is desired 
about the current analysis. Select View on the 
main menu bar, and click on Reports. In the View 
Reports window, select Detail, then select Create 
Report to view a brief report of the user input to 
this analysis (this may take a minute or two to 
generate in the browser). In the Detail report, take 
note of the various sections of the report, including 
the Detailed Results following the Summary 
Results near the end of the report. 

24. Note that 90% of the simulated TEDE values are 
less than 4.89E+1 rnremly. Also note in the De- 
tailed Results tables that the agricultural pathway 
for Sr-90 and the external pathway for Co-60 
dominate the results. Close the browser window 
and click Close. 

25. Select View/Graphics/Dose Distribution from the 
main menu bar. Clicking an item under both 
Pathways and Radionuclides will allow additions 
or deletions from the plot to depict those 
contributions to dose. Note that the agricultural 
pathway for Sr-90 and external pathway for Co-60 
dominate the results. Click Done to close the 
Dose Distribution plot. 

3.3 Run a Site-Specific Analysis 

After running a simple screening analysis described in 
the previous section, the licensee discovers an error in 
the survey data and is able to justify reductions in the 
levels of contamination at the site. A re-analysis is 
performed based on this new information. 
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Figure 3.5 Result summary of Case1 analysis 

Uvdating Source Term Information: Executing DandD: 

1. In the main window, save a new session for the 
reanalysis by selecting File/Save As and naming 
the new analysis Simple Case 2. Click the Open 
button. If desired, change the Site Name and/or 
Analysis Description under FiIdProperties and 
click the OK button. 

2. In the main window under the Residential tab, 
leave all pathways selected for this iteration. 

In the main window, click on Add Concentrations, 
verify that Co-60 is selected, and click on Mod13 
Value. Enter a new constant value of 1. Change 
the Area of Contamination to Limited Area and 
enter 40 m2. Supplement the justification text that 
this new information is based on new site survey 
data as shown in Figure 3.6. Click OK, and OK 
regarding deletion of the existing calculations. 

4. Select Sr-90 and click Mod~fi Value. Enter a new 
value of 1.5. Supplement the justification text that 
this new information is based on new site survey 
data. Change the Area of Contamination to 
Limited Area and enter 30 m'. Click OK. 

5. Select Cs-137 and click Modlfi Value. Do not 
change the value for contamination; change the 
Area of Contamination to Limited Area and enter 
20 m'. Supplement the justification text that this 
new information is based on new site survey data. 
Click OK. 

6 .  Click on Close to return to the main screen. No 
other changes to the original settings are needed 
(contaminants, general, or element parameters). 

7. Click on Execute, and click Options to ensure the 
Save Dose History checkbox is selected, then click 
OK. Click Run Simulation to reanalyze the dose 
models with the reduced contaminant data. 

8. The displayed results (27.5 mrerdy)' are still 
above the 25 rnremty dose standard. When the 
confidence interval includes the performance 
objective, the Sample Size Analysis window opens 
as shown in Figure 3.7. This information allows 
the user, if desired, to determine the effect of 
increased sample size on the ability to demonstrate 
compliance and to rerun the simulation with a 
larger number of simulations. 

view in^ Results: 

9. Click Close on the Sample Size Analysis and Run 
Simulation windows. 

10. Select View on the main menu bar, click on 
Reports, and double-click on Detail to create and 
view the report for this analysis iteration. 

'1f the displayed results are slightly different. the user did not 
necessarily make an error. In some cases, the random sample values 
of the parameters depend on the order the user defined and modified 
the parameters. This will result in a slightly different value o f  the 
TEDE and 95% confidence interval bounds. The program results are 
still valid. This order dependence is a bug and may be fixed In a 
future version. When this bug is fixed, users may not get the results 
reported above. 
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1 1. Scrolling to the end of the report, note that 900/0 of 
the simulated TEDE values are less than 2.75 
E+01 mredy.  This result is above the 25 mremfy 
standard. As such, the licensee elects to conduct 
an options identification and analysis process 
using the DandD sensitivity module. Also note in 
the detailed report that the external pathway for 
Co-60 and agricultural pathway for Sr-90 still 
dominate the results. Close the browser window 
and select Close to return to the main window. 

Again, these contributions to dose can be verified: 
select View/Graphics/Dose Distribution. In the 
Plot Scale group of buttons, click XAxis, click the 
Log radio button, then crick OK to change the x- 
axis to a log scale. Click External for Co-60 and 
Agricultural with Sr-90 to add those plots to the 
graph as shown in Figure 3.8. Click Done to close 
all graphs and reports. 

Sensitivitv Analysis: 

DandD provides the capability to conduct 
sensitivity analysis to identify parameters that have 
the greatest impact on the dose distribution and 
those for which new information could impact on 
the compliance decision. 

Select Advanced/Sensitivity Analysis from the 
menu bar. The Data Influence Evaluation window 
lists all uncertain parameters in this analysis and 
develops a preliminary list of the most sensitive 
parameters for analysis. The user is able to add or 
remove parameters from this list for further 
analysis. Note that the uncertain uptake rates for 
leafy plants, rooting plants, and fruit for Sr-90 are 
listed as the most sensitive parameters by the 
initial analysis. 

14. Scroll down the Available for Analvsis list, high- 
light CDO (average dust loading outdoors), and 
click on Select Parameter for Analysis. Repeat 
this process for AP (water application rate) and 
CDI (average dust loading indoors) to add these 
additional parameters to the lower list: Selected for 
Analysis as shown in Figure 3.9. 

15. Click on the Analyre button; this launches a sepa- 
rate module that allows the user to investigate 
potential effects of parameter values from site- 
specific data. The overall objective in the greater 
context of the decision framework is to reduce the 
uncertainty associated with the parameter(s) via 
acquisition of supporting site data, update the 

values for the parameter(s) based on defensible 
data, and rerun the analysis to determine the 
impact on the dose distribution. The sensitivity 
analysis package allows the user to manipulate the 
preliminary list of parameters by truncating their 
distributions to reflect either existing site 
knowledge or informed judgment about the 
probability of successfully acquiring site data that 
may support the new truncated distribution. See 
Section 4.3.1 1 for detailed instructions on use of 
the Sensitivity Analysis module. 

16. Select either File/Exit or click the close window 
" X  at the upper right portion of the Sensitivity 
Analysis window. Click OK to close the Data 
Influence Evaluation window. 

Reiteration of Dose Assessment: 

Based on the sensitivity analysis and other site investi- 
gations, the site analyst embarks on the next course of 
action and analysis. Site land use studies and project- 
ions, along with site characterization data, suggest that 
this site owner can justify eliminating the agricultural 
pathway. Though drinking water wells and irrigation 
are still viable future possibilities at this site, the ana- 
lyst is able to justify modification of the depth to the 
water table. The following analysis implements those 
changes. 

1. In the main window, save a new session for the 
reanalysis by selecting FileISave As and naming 
the new analysis "Simple Case 3." Click the Open 
button. If desired, change the Site Name andfor 
Analysis Description under FileIProperties. 

2. In the main window under the Residential tab, 
click the Edit Exposure Pathway button to open 
the Modify Pathways window. 

3. Click on the Agricultural checkbox to deselect this 
pathway, and enter a justification that this modifi- 
cation is based on current land-use studies and 
future land-use projections. Print this window, if 
desired, by clicking the Print button and then click 
OK. Click OK to acknowledge that current 
calculations will be overwritten. 

4. Click on General Parameters to open the Residen- 
tial Parameters window. Note the parameter cate- 
gory buttons along the top of this window. Scroll 
down the list included in the Basic group. 
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Figure 3.10 Detailed data for HZ, unsaturated zone 

5. Locate and select H2, Unsaturated Zone Thick- 
ness, and click Plot to view the current default 
distribution for this parameter as shown in Figure 
3.10. Click Done to close the plot. Click Mod~fi 
Value. 

6 .  Change the distribution type to Uniform, leave 
units unchanged, and enter I00 m and 150 m as 
the lower and upper limits for the expected thick- 
ness of the unsaturated zone at this site. Enter 
justification text stating that this range of values is 
based on site characterization studies as shown in 
Figure 3.1 1. Click OK. 

7. Click Plot to review the new distribution, then 
click on Done. Click on Close to close the 
Residential Parameters window. 

8. To run this new simulation, select Execute fol- 
lowed by Run Simulation. When complete, the 
results of this new analysis-2.84 mredy-fall 
well below the 25 m r e d y  performance objectives 
for this site. As such, the licensee elects to pursue 
the license termination process with NRC based 
on well-documented and supported information 
and analyses using the DandD code. 

9. To exit DandD, click the Close button in the Run 
Simulation window. Select FileiExit from the 
main menu. 
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4 USER INTERFACE REFERENCE GUIDE 

4.1 Common Interface Operations 4.1.2 Parameter Viewing Window 

4.1.1 On-Line Help 

DandD was designed to provide an on-line user manual 
that reduces the need to refer to a hard-copy manual. It 
provides on-line documentation and software guidance 
using the Microsoft" Windows" Help system and 
HTML help that is available to view from the user's 
computer. The HTML help files are local to the user's 
computer. It is not necessary to have an Internet con- 
nection to view the HTML help, but the user will need 
a browser such as Internet Explorer or Netscape 
installed. 

The windows for viewing parameter values all have a 
similar design. Parameters are divided into three types: 
source concentrations, general parameters describing 
the physical properties of the site, and element param- 
eters related to the chemical elements in the decay 
chains of the source radionuclides. 

The source concentration parameter settings can be 
viewed by clicking the Add Concentrations button in 
the Session window. The general parameter settings 
can be viewed by clicking the General Parameters 
button in the Session window. If the residential sce- 
nario tab is the current scenario, the element parameter 

The Microsoft" Windows" Help facility is a hypertext settings can be viewed by clicking the Element Param- 

system that allows the user to easily jump from one eters button in the Session window. 

tipic to another and back again. G r t d x t  is basically 
the same as regular text with one exception: hypertext The general parameters and element parameters for the 

contains connections within the text to other docu- residential scenario are grouped into categories, as 

ments. These hypertext links, called hyperlinks, con- shown in Figure 4.1.1. Select the parameter category 

nect to other documents in the help system and appear by clicking on one of the category buttons located at 

as colored, underlined text. By clicking on the hyper- the top of the Parameter Viewing window. These but- 

link text, the program will display a different help topic tons do not appear on the Add Concentrations form nor 
on the building occupancy parameter viewing forms. document. 

The user can get help with the basic program usage by 
pressing the F1 function key, or by using the Help/ 
Contents and Help/Search For Help On options from 
the main menu. Additionally, selecting Help/NRC 
Refrences from the main menu will open a document 
that describes the models in more detail. The user can 
get context help on parameters by clicking the Param- 
eter Help button. This button is displayed on the 
parameter viewing window. 

The Help system includes Index and Find tabs that help 
locate particular topics, a Bookmark command that can 
flag topics of interest, an Annotate feature that lets the 
user add their own comments to the help text, a Copy 
command that copies selected information onto the 
clipboard, and a Print command. More information on 
Microsoft" WindowsE help is available by selecting 
Help from the ~ ic rosof t*  Windows" Start button, 
clicking Help, and searching for the keyword Help in 
the Index tab of the Microsoft" WindowsE help 
window. 

A data grid summarizes information concerning the 
parameters in the chosen category. The general 
parameter grid entries have the following meaning: 

Symbol: symbol used in Kennedy and Strenge 
(1992) to identify a parameter. 

Name: user-friendly name used to identify the 
parameter. 

Default: check appears if the user has not modi- 
fied the parameter. No check appears if the user 
has entered a site-specific value. 

Read Only: check appears if DandD does not 
allow this parameter to be modified. 

Distribution Name: name of probability distribu- 
tion associated with the parameter. If name is 
CONSTANT, there is no associated distribution. 

If name is DERIVED, the parameter value is 
calculated from other parameter values. 
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Figure 4.1.1 k'iewing a parameter value 

Input Cnits: unlts of  the sitc-specific or default 
paramcter valuc. These units can be modified 
from the Parameter %loditication \v~ndo\v. 

.Absolute Lower Bound. smallest ~ a l u e  of the 
paramctcr that is allowed by the modeling code. 
DandD \s~ll prevent lo\c-cr values from being used. 

Absolute Vpper Bound: largest valuc of  the 
paramctcr that is allowed by the modeling code 
DandD \vill prevent higher ~ a l u c s  from being 
used 

Recommended Lower Bound: DandD \v1I1 \ram 
about. but not prevent. paranictcr \.slues smaller 
than the recornn~cndeci lower bound. 

Recommended Llpper Bound: DandD \c-il l  warn 
about. but not prevent. pararnctcr values larger 
than the rc.conlmcndcd upper bound. 

Select the paramcter to \.ic\v or modify by cllcking the 
appropr~ate row on thc data grid. After the paramcter 
has been selected. the data defin~ng the \-aluc or distri- 
bution for this paranictcr is sho\\n on the lo\vcr left 
corner of  the screen 

The amount of data needed to define the value depends 
on the associated distribution. If the parameter is a 
constant ~ ~ a l u r .  only one number is required. I f  the 
parameter \ d u e  is defined by a probability distribut~on 
sc\cral numbers may be needed to define the 
distribution. ,4 normal dlrtribution. for example. 
requires t\vo numbers: 3 mean value and a standard 
dc \ ia t~on .  If the paranictcr I S  a tabulated (or  empirical) 
d~stributlon. thc. parameter ~ a l u c s  \v111 bc a list of 
urdcrcd palrs \\ here the u \ alue is a pararnctcr ~ a l u e  
and the 5; valuc I S  related to the probability that the 
parameter has that value. Sonic parameters may be 
ass~gned a dlstnbut~on called "Dcr~vcd." Thls means 
that the valuc of thl: paramctcr 1s calculated from the 
\alucs of other parameters Cnlcs\ the dcrlvcci param- 
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The actual values for the parameter used in the dose 
calculation are summarized in the lower right portion 
of the parameter viewing screen labeled Summary of 
Model Parameter Values. The summary information 
displayed on the right side of the Parameter Viewing 
window, and the plots of the parameter values, are 
presented in the units used by the model, which may be 
different than the input units. 

To modify a parameter value, click on the Modify 
Value button on the right side of the screen or double- 
click the parameter row in the grid. If the parameter is 
not a read-only parameter, the Parameter Modification 
window will open (see Section 4.1.3). If the parameter 
is a read-only parameter, it cannot be modified and a 
popup box will notify the user of this. 

Detailed information about the parameter can be 
obtained by clicking the Parameter Help button. This 
information includes the parameter definition, how the 
parameter is used in the dose model, what data was 
used to develop the default value or probability distri- 
bution, and information about assigning a site-specific 
value. 

A probability distribution of the parameter value can be 
displayed by clicking the Plot button, which brings up 
the Parameter Plot window. This plot will not give any 
useful information if the parameter value is a constant. 

4.1.3 Parameter Modification Window 

Modify parameters by clicking on the Mod~fi Value 
button in any Parameter Viewing window. A window 
similar to Figure 4.1.2 will open. 

Select the type of distribution to associate with the 
parameter from the Distribution pull-down list at the 
top of the screen. 

Modify the parameter units by selecting the appropriate 
entry from the Units of Measurement pull-down list. 
Only units that are appropriate for the parameter and 
that can be converted into the model input units are 
displayed. DandD saves the values entered and units 
used, even if those units are different from the units 
used by the model. 

Figure 4.1.2 Parameter modification window 

After selecting the units of measurement, enter the 
values that define the distribution. DandD provides a 
wide range of distribution types. Each distribution 
type can accept a wide range of values for its pararn- 
eters. These values may either consist of a list of (x,y) 
pairs (known as tabulated data) or a list of specific 
distribution parameters (such as the mean and standard 
deviation of the normal distribution). If the parameter 
has no distribution, but is a single number, set the 
Distribution field to CONSTANT. Type the value in 
the field labeled Value. 

It is possible to specify values for the distribution 
parameters that lead to invalid distributions, causing 
the LHS sampling to fail. The user will be notified and 
will need to modify the parameter distribution 
accordingly. 

The distribution DERIVED has no numeric values to 
enter. This choice means that the parameter value is 
calculated from the values of other parameters by the 
model engine. Only some parameters have built-in 
functions for deriving values. If the parameter cannot 
be derived by the model engine, the distribution 
DERIVED will not be available for this parameter. If 
the user wants the model engine to calculate the param- 
eter value, set the distribution type to DERIVED. The 
parameter values calculated by the model engine can be 
viewed from the Parameter Viewing window. A des- 
cription of the derived parameters can be found in 
Beyeler et a1 (1999). 

If the user selects an empirical distribution, a grid of 
tabulated data will be displayed, as shown in Figure 
4.1.3. To delete a row of tabulated data, select the row 
by clicking on the left margin of the row. Press the 



Delete key on the keyboard to delete the row. If the 
cursor has focus on a number in the -@d and the pencil 
icon is present as shown in Figure 3.1.4. press the ESC 
key on the keyboard to undo typing. As long as the 
pencil icon is shown on the left margin of  a rohv. click 
in a cell on that row and press the ESC key to undo 
changes. Cse the arrow keys on the keyboard to go to 
the next cell. 

If a parameter value is modified from the default value. 
the user will be required to enter text explaining why 
the \ d u e  or distribution specified is appropriate (see 
Figure 4.1.2). This fi cld is labeled Entrr  Justzficarion 
for Sifc Specific I dice. 

To reset the parameter definition to the default \ d u e  or 
distribution. click the Restore to  Defalilr button. It will 
still be necessary to click the OK button to accept the 
default values for the parameter. 

To discard the changes made. click the Cunrr l  button. 

To save changes. click the OK button. This ivill close 
the Parameter hlodificat~on window and s a x  any 
changes made to the parameter value. After any 
parameter ~ a l u e s  ha\.e been changed. DandD regcn- 
crates the set of parameter values that \r.ill be used in 
the dose calculation. This ma]; take a few seconds. 

If the \-alue or distribution specified is not consistent 
w t h  the absolute limits defined tor the parameter, the 
user will be notified and requlred to change the 
parameter ~ a l u c  bcforc cxccutrng the dose model. If 
the pararnctcr \ d u e  or distribution falls outside of an? 
recommended limits. the user u.ill be notified. The 
dose model can be esccutrd in this case. however, 
special justification may be needed for the \aluc or 
distribution. 

4.1.4 Graphics U'indows 

The Graphics \\ indoivs can be accessed through the 
maln menu I'1rlc. Grtrph~cr after running a simulation. 
The Graphics \ \ ~ n d o w s  can also be accessed to \ie\r. 
distributions associated v,.ith ~ndividual parameters 

through the Plot button on the Parameter Vie\ving 
~vindows. A typical graphics window is s h o ~ n  in 
Figure 3.1.5. For spccific information on the meaning 
of  the data, see the appropriate description In Section 
4.3 under the associated menu selection (e.g.. Vlciv:' 
Graphics). 

Not all graphics windo~vs will have all of  the functions 
described bclo~v. In particular. wlndo~vs displaying a 
parameter distribution and the Time Distribution will 
not have the P a t h ~ r a ~ : ~  and Rudionrtclides list boxes. If 
the parameter or result is a constant value. the graph~cs 
window \\ill display a vcrtical line at the constant 
\aluc. 

PDFs for indi\,idual pathways and indi\.idual radionu- 
clides can be added to the graph by sclccting a specific 
pathway (or ,411) from the Patii\r~a>s l ~ s t  box. selccting 
a spec~fic radionuclide (or .-fir) from the Rudiotzric1idt.s 
list box. and clicking the .4dd to Plor button. 

Curves can be removed from the graph by selecting the 
curve and pressing the "Delete" key on the kcbboard or 
clicking the Rmlove from Plot button on the form. 

Three methods are available for selecting cunes .  .4 
c u r w  can be selected by click~ng i t  on the graph. A 
cun.c  can also bc selected by cllcklng on the corre- 
spondlng llnc In thc Icgcnd. This feature can be used 
to find c u n c s  that overlap other cun,cs  on the graph or  
that Full along the y asls. F~nally. a cun-e can be 
selected for delctlon by sclectlng the appropriate entry 
In the Pu:I~)tq.s and R u d ~ o ~ ~ i c I ~ d ~ ~ s  lists. If a curve is 
xlected by clicking on an entry In the Purizwcl?, and 
K~iJiorlziclides list. and the c u r w  has already been 
added to the zraph. then only the Rt.nroi,qfi.on~ PIo: 
button ~ ~ ~ 1 1 1  be enabled. Othenvisc. an14 the .-!'id ro 
Plot button \\,111 be acccss~ble to  he user. 

The plot area can be selected and rcslzcd using the 
resizing controls. Thc legend can also be sclected. 
rcsized. and repositioned. If the legend or the plot area 
lire moved or resizcd. the Icgend may not be automatl- 
cally resized to include new curves added to the plot. 
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Click here to add a new row to grid. 
A new row will be added above the 0 
row with the a m  indicator. 

C l i  on a m  to seled row. Press the 
Delete key on the keyboard to delete this row. 

Figure 4.1.3 Empirical distribution grid 

Press Esc key to undo changes to the 
number adjacent to the cursor if penal 
indicator is present. 

Pendl instead of arrow indicator shows 
that the user is modifying this row. 

Use arrow keys on keyboard to navigate 
the grid cursor. 

I 

Figure 4.1.4 Modify a grid entry 

1. Select a Pathway 
and a Radionuclide by 
selectins from the 
pathways and 
Radionuclides list. 

2. Click the Add to 
Plot button to add 
graph to plot. Click 
the Remove fmm Plot 
bunon to remove a 
selected graph from 
plot  

2 i P 
Click on white border 0 0 
of graph or legend to 0 1000 Zoo0 3mo 
activate moving and 
resizing handles. Plot 1 Dose (mrem) 
title can also be moved 
by selecting and 
dragging it. ---- 
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Figure 4.1.5 Typical graphics window 



Click on the Done button to close the n ~ n d o w  The 

M,,& .- . - . graph created \\ 111 not be sa\ed by DandD 

N u n h  dhes between 
w 

Figure 1.1.6 \lodifying the Axis Scale 

It may be necessary to manually resize the legend to 
see descriptions for all of  the c u n e s  on the plot. The 
uscr can also select and move the plot title. 

Click the ,Y.-l.ris or )..-I.~\-rs buttons to modify the axis 
on the plot. An Axis Scale ~ indo\s . .  as shoh-n In 
F~gurc 4. l .h. will open. 

The scales for the x and y axes can be set using the 
:llininl~tn~ vul~tr  and .lIuxirn~cn~ ~,uilte fields. All scales 
arc Initially set automatically based on the range of 
data in the plot. Thls automatic scaling can be restored 
using the ,41110 Sculr button. 

:Ilinlnrum ~.ulue and ,Clarrm~tn~ t.ulrie determine the 
range of the plot axis. ;Vltnlhrr ot-labels determines the 
number of labeled lines. and ,Vltmher of-lines bent.t~et~ 
lahels sets the number of axis llncs that arc shown 
between labeled lines. 

The L~tleur.'Log radio buttons set the axis s c ~ l i n g  
mode. Both the min~rnuni and rnaslmum \ alues niuht 
be positive if Log scaling is selected. 

Click OK in the , \XIS  Scale \r indois. \shcn finishcd 

The plot can be pnntcd using the File Print command 
from the main menu. 

The plot can be copied to the cl~pboard uslng the Etlrr 
C'op. menu commands. It can be pasted as a graphic 
image in a word-processing applicat~on usins the Puste 
Speciul command in the word processor. By default. 
the x-y data pairs that dctinc the curkes (dose- 
probability. time of peak-probability. or dose histor)) 
will be pasted as test fiom the clipboard. 

4.2 Scenario Tabs and Their 
Controls 

W e n  a DandD session is opened (using the File.'Opcn 
or File.'Ne\s. command), a \bindow with two tabs is 
opened. This is called the Session \.rindow (see Figurc 
4.7. I ). One of the two default scenarios NRC has 
included in DandD can be selected by clicking the 
Rc>sidenriul or the Rltllding O c c ~ t p u n c ~  tabs within the 
Session w indois.. The underlying englnc used for 
analysis is different between the tu.0 scenarios. 

Depending on the tab selected, d~ffcrcnt optlons arc 
available. The residential scenario includes more 
exposure pathways and has more site-specific param- 
eters a~a i lab le  than the building occupancy scenario. 
These parameters are accessible by clicking the Gen- 
eral Puramrterr or Elmn~mr P o n r n ~ c ~ t ~ r . ~  button. The 
rcs~dcntial scenano also allo\vs input of concentration 
data \.;a a text file. The building occupancy scenano 
does not ha\ c the Elcmtvnr Purumcters button 
available. 

The building occupancy iccnano data 1s htorcd inde- 
pendently from the rcsldentlal sccnano data. T h ~ s  
allo\ss the sa\-ing of d a t ~  and results from both sce- 
narlos In the same session file. The user can also 
s u ~ t c h  bct\reen scenarios by clicking the appropriate 

tab without any loss of data or results. 

The follo\ving section descr-tbcs thc controls available 
to the uscr in the Session \\ ~ n d o u  

1.2.1 Edit Exposure Pathtva? Button 
(Site-Specific) 

The follo\srng e.xposurc pnth~vays are supported for the 
buil~iing occup,incy 5cenano- 

1 .  External: c\tcrn:11 radiation from ~nstdc bullding 
surfaces 

7 .  Inhnlatlon: expoure  by breathing Indoor air 
contaminated by rcsuspt.n>lon of  radionuclides 
tioni builri~ng surthces 

I .  Secondary Ingesrion: tngcstlon of contaminated 
dust inside bulld~ng 5urfncc.s 

The rcsidcntial rnodcl supports the fol lo\+~ng path~says: 



1. External: external radiation from inside building 
surfaces, outside soil, and garden soil 

2. Inhalation: exposure by breathing inside air, out- 
side air, and garden air 

3. Secondary ingestion: consumption of contami- 
nation from dust on inside building surfaces, 
outside soil, and garden soil 

4. Agricultural: consumption of agricultural products 
that do not use well water 

5.  Drinking Water: consumption of drinking water 
from a well 

6. Irrigation: consumption of agricultural products 
that use well water 

7. Surface Water: consumption of aquatic products 
from surface water sources 

Detailed information about the meaning of these path- 
ways is available by selecting HelpLVRC References 
from the main menu. 

By default for screening assessments, all pathways will 
be selected. Pathways should not be deselected unless 
users are conducting a site-specific analysis. 

The current exposure pathways are shown in the Ses- 
sion window. Select or remove pathways by clicking 
the check boxes or the Edit Exposure Pathway button 
as shown in Figure 4.2.2. If this is done, the Modify 
Pathways window will open, as shown in Figure 4.2.3. 
Turn pathways on or off by clicking the check box 
adjacent to the pathway. 

If a pathway is deselected from the analysis, dose cal- 
culations involving that particular pathway are not 
performed. Selecting or deselecting the various path- 
ways does not change the values or distributions of any 
parameters, although some parameters may not be used 
when pathways are deselected. 

Changing the values of some parameters can affect 

doses that occur over more than one pathway. For 
example, modifying the Time Outdoors parameter 
changes the calculated dose due to the external, 
inhalation ad secondary ingestion pathways. Parameter 
help accessed via the Parameter Viewing window (see 
section 4.1.2) and the online help accessed by selecting 
Help/NRC/References from the main menu will supply 
the user with specific parameter and pathway 
dependency information. 

The user is required to justify disabling exposure path- 
ways for a given scenario in the dose assessment. The 
screen including the user justification text may be 
saved as hard copy documentation using the Print 
button. 

To restore all pathways to original settings, click the 
Restore to Default button. Alternatively, click Cancel 
to ignore all changes to the Modify Pathways window. 
Otherwise, click OK to save pathway settings and 
return to the main Session window. 

4.2.2 Add Contaminants 

4.2.2.1 Adding Contaminant Source 

The first step in a screening analysis is to indicate the 
radionuclide contaminants present at the site. Until the 
source of contamination is specified, all other buttons 
(with the exception of the Edit Exposure Pathway 
button) in the Session window will not be accessible. 
Clicking the Add Contaminants button in the Session 
window opens the Add Contaminants window, as 
shown in Figure 4.2.4. 

Add radionuclides to the source term by selecting a 
symbol from the list labeled Potential Contaminants. 
Click on the right arrow button to add the contaminant. 
Alternatively, the user can double-click on the symbol 
to move the radionuclide to the Site Contaminants list. 

To remove the contaminant from the list labeled Site 
Contaminants, select a contaminant and click on the 
left arrow button. Doubleclicking a symbol in the Site 
Contaminants list will also remove it from the source 
term. 
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Figure 4.2.3 Modify Pathways window 

Potential Cantaminants Site 
Olrtplt optm I 

Figure 4.2.4 Add Contaminant window 

4.2.2.2 Implicit Progeny Output Option are no reported HalfLife entries in the Radioactive 
Decay Data table. (The Radioactive Decay Data table 

Some short-lived radionuclides are assumed to be in can be viewed by selecting View/Tables/ 
equilibrium with their parent radionuclides. These Radioactive Decay Data from the main menu.) 
particular radionuclides, called Implicit progeny, are 
not in the Potential Contaminants list. The user can By default, the dose from these radionuclides is not 
identify which nuclides are Implicit by noting that there included with the parent dose, but is reported sepa- 



rattly. If the In~plicir Progen?. doses t t ~ I 1  he reporred 
separure from purent doses is selected (default). these 
short-livcd radionuclides will be listed in the Cllain 
Data portion and the Derailed Res~tlts portlon of the 
reports (see Section 4.3.7). In the Chain Dura table 
from the Derail report. as shown in Table 4.2. I .  the 
implicit nuclides ha\.e a Chain Position value of 
lnlpliclt and no half-life reported. 

Table 1.2.1 Excerpt f r o m  Chain  Data Table. 
contaminant  2 2 5 . A ~  

Nuclide Cha in  Half Life Fractional 
Position Yield 

-- 

7 2 5 . 4 ~  1 I OE+OI 

221 Fr lrnpl~clt 1 

213 Po lmpllclt 0 97x4 

(man) more 

Select the radio button lnrplicirprogen~~ closes rviil he 
inclrrded in the parent doses to have implicit progeny 
doses included kvith the parent doses. In this case. the 
Initial concentrations. chain data. and results scctlon of 
the reports will not reference these radionuclidcs. Ko 
matter v.hlch radio button 1s selected. the dose from 
lniplicit rad~onuclidcs is aI\vays included in the dose 
calculat~ons. 

4.2.2.3 Distribute Option for +C Nuclides 

Some radionucl~de chains can decay in a state of tran- 
slent equilibrium. This means that all progcny of a 
rad~onuclide chain parent have half-li\-es somc\\hat 
shorter than that of the parent and a long period of tlme 
has clapscd since the ~nitial contamination. In essence, 
all the progeny exponential dccay terms are remowd 
from the calculations because they approach zero much 
faster than the parent exponential decay tern?. There- 
fore. after a period of t ~ m e .  a11 progeny of the c h a ~ n  
parcnt decay at the same rate as  the parcnt. .+I r c v i e ~  
of translent equilibrium is g i ~ e n  in Kaplan ( 1962 ). 

In DandD. there are 15 rad~onuclids chains (including 
Th-Xat. nhich IS the same 3s 232Th In cqullibnum) 
that can d x a y  In a state of c q u ~ l i b r ~ u n ~ .  Except for 
Th-Nat. thebe chams are designated w t h  a "+C" after 
their rcspectlve names. For example. the sclcction 
737Ih decays in the nornlal fashion while the selection 
232Th-C decays In a state o f  translent cquilibr~uni. 

LVith respect to DandD, for a radionuclldc c h a ~ n  that 
decays in the normal fah ion .  only the chain parent is 

initially at thc slte: the initla1 condition is asslgncd to 
the parent only. Progeny are generated from the decay 
of the parent. For a chain in equilibrium. all radionu- 
clldes in the chain are initially at the site; the initial 
conditions for each rad~onuclidc in the chain are 
assigned based on distributing the assigned initial 
condition for the chain and the equilibrium relationship 
among all the radionuclidcs in the chain. 

There are t\vo methods for distributing the initla1 con- 
dition assigned to a cham in equilibnuni described. as 
follo\vs. 

Selecting the radio button Distribtcte rniriul uc.rrr.in. 
means that the specified in~tial acti\.ity is di\.lded 
among all explicit and implicit radionuclidcs in the 
chain based on the dccay constants and fractional 
yields of the radionuclidcs in the chain (see Tablc 
4.2.1). The initial activity a s s i ~ n c d  to the parent IS 

always lcjs than that input by the user. The calculated 
in~tial activity of  all the rad~onuclidcs in the cham sum 
to the initial actlvlty Input by the uscr. 

Selecting the radio button Do not distriblrre means that 
the ,pccified initial acti\,ity is uscd to set thr in~tial 
actl\ities of  all cxplicit and ~ m p l i c ~ t  radionuclidcs in 
the chain based on the decay constants and fract~onal 
y~clds of the radionuclidcs in the chain (see Table 
4.1. I ). The input initla1 activity 1s a s s i ~ v e d  to the 
parcnt and thc initral activitles of all progeny in the 
chain are based on the ~rutial ac t i \~ t>  of the parent 
Phc calculated Initial activ~ty of:ill radionuclide.; in thc 
chain sum to an activ~ty greater than that Input by the 
uscr. 

The ciefuult setting i >  Distr-rhrrti, rt~rtrul u~.til . ic, The 
selected distribution option IS ,ipplied to all sclcctcd 
equilibrium chains in the Add Contaminants \\ ~ndo\v 

For example. suppose 232Th4C IS sclectcd and 
ashigned an ~nitlal acti\.ity of I 0  ~ C I  g. The 237Th 
chain has fi\.c expl~cit progeny. including thc parent 
rad~onuclidc and six i~i lpl~ei t  progeny. for a total of 1 1  
radionucl~des. [ f  the Dijtr-ih~trr iniriul ucti\~ri? optlon I S  

selcctcd. cach radionuclide 1s a5slgncd an initlal act]\- 
ity of 1 pCi ? c.ccpt tbr 2 1 :Po and 2OSTI. \$ h1c.h arc 
assigned lnltial act~\ l t les  o f 0  (4U7 ~ C I  g and 0.3503 
pC1 g. r c ~ p c c t ~ \ e l y .  bccau~e  afbranchlng. The ln~tial 
a c t l \ ~ t ~ ~ s  of all radionucl~des In the chain sum to 
10 ~ C ' I ? .  If the Do ~ror riisirrhlrrc. optlon is selcctcd. 
cach radionucl~dc is assigned an lnlt~al a c t ~ v ~ t y  of 10 
pC.1 y .  except tbr l 17Po dnd2OSTI. tvhich arc assigned 
Initial a c t ~ \ ~ t i c s  of 6.407 pCi g and 3.593 ~ C I  2. rcs- 
pecti\ ely. because o i  branch~ng. The in~tial acti\ i t~es  
of all rad~onucl~des In t h ~  chain sum to 1 OCI ~ C I  2. 



which is greater than the initial activity assigned. 

4.2.2.4 Import Contaminant and Concentration 
Data (Residential Scenario Only) 

If the current scenario is residential, the option of spe- 
cifying the radionuclides and their concentrations from 
a text file is available. The Contaminant Input Mode is 
a toggle that will switch between manual and import 
modes. 

By default, the Initial concentration values radio but- 
ton will be selected. In this case, the user will be 
expected to manually specify the source in this form 
and enter the soil concentrations at the beginning of the 
scenario via the Add Concentrations form. However, 
site contaminants and time varying values for the 
concentrations can be specified via a text file by setting 
the Concentration history radio button (Figure 4.2.5). 

The concentration history may already be present in the 
session file if a file has already been imported for this 
session. If it is present, the nuclides described in the 
file will be listed in the Site Contaminants list box. 
The user will be required to fill in the Justification 
field. In this case, it is not necessary for the user to 
enter any initial concentrations. 

To replace the current data or specify a new concen- 
tration file, click the Edit History button, as shown in 
Figure 4.2.5. 

To import a file, click the Import File button (Figure 
4.2.6). Locate a concentration file (*.con file) and 
click OK in the Import Concentration File dialog box 
(see Appendix C for file format). The user can replace 
an imported file with another file by clicking the 
Import File button and specifying the desired 
replacement file. 

At this point, the data in the concentration file should 
show in the grid, as demonstrated in Figure 4.2.6. A 
list of the parent nuclides imported will appear in the 

Nuclides Imported list. This data cannot be edited 
directly through DandD. 

If the data are satisfactory, click the OK button. The 
data will be loaded into the session file. Otherwise, 
click the Cancel button to disregard the imported data. 

To complete the process of importing the concentra- 
tions, enter a justification in the field labeled Enter 
Just~$cation for wing concentration history in the Add 
Contaminants form. Click OK to save these settings. 
Notice that the Add Concentrations button in the Ses- 
sion form is dimmed. This is because the concentra- 
tions have already been specified in the concentration 
file. 

4.2.3 Add Concentrations 

Specify the initial concentration of the radionuclides at 
the site by clicking on the Add Concentrations button 
(Figure 4.2.1). This button will be available only if 
contaminants have been added. This button will not be 
available if the Concentration History toggle has been 
set from the Add Contaminants window. 

The nuclide Parameter Viewing window, shown in 
Figure 4.2.7, is opened when the user clicks on the Add 
Concentration button. See Section 4.1.2 for a com- 
plete description of a Parameter Viewing window. 
Each nuclide shown in this window has the following 
grid entries: 

Nuclide Symbol: name of radionuclide, atomic 
weight followed by symbol (e.g., 235U means 
Uranium 235). 

Area: the characters UNLIMITED, meaning the 
contaminant is spread evenly over the exposure 
area for the scenario, or an area in square meters 
defining the contaminated area. The user can 
modify this value in the Parameter Modification 
Window. 
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Figure 4.2.5 Contaminant input modes 
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F i y r e  4.2.6 Import contaminant and concentration data 

Distribution Name: same meaning as d i s c u s s ~ d  ~n lht. lot.r8er left portion of the windoit.  Thcn. c11ck the 
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Figure 4.2.7 Nuclide concentration window 

1. Select distribution. 
CONSTANT means no 
probability distribution. 

2. Change Units of 
Measure (UOM) if needed. 

3. Enter a concentration. 

4. Specify the area of 
contamination if known 

5. Explain how the 
concentration was derived 
in the Justification Field. 

6. Click OK when finished. 

Figure 4.2.8 Parameter modification window for contaminant 



The Print button tvill print a copy of the screen. and 
\vill print the contents of the grid separately if an em- 
pirical distnbution (such as Continuous Linear) \vas 
specified. 

Within the .Area of  Contamination panel, the user has 
the option of  specifying either an unlimited area or a 
limited area based on site-specific knowledge about the 
spatial distnbution of  their site contamination. By 
default. DandD uses the specified concentration 
directly in the dose calculation. This usage is equiva- 
lent to assuming that all material contacted by the 
receptor during the duration o f  the exposure scenario is 
contaminated at the same concentration (regardless of 
site location). The specified concentration should be 
the largest spatially a\  rraged concentration that is 
consistent with available information about the site. 
The averaging area should correspond to the smallest 
exposure area among the active pathways. This 
approach is selected by the L:nlint~ted.-irea radio 
button. 

Alternatively. if the user can demonstrate that contami- 
nation is limited to a particular arca. and that no con- 
taminat~on occurs outside that area. then the user may 
specrfy the area of contamination by selecting the 
Llrnitcd rireci radio button and providing the size of the 
contammated area. Using this option. the concentra- 
tlon that the user specrfies should reflect the average 
value over the contamrnated arca. DandD \vill then uss 
thls concentration and the contaminated area. along 
with the smallest exposure area among the acti1.e path- 
Lvays. to calculate the concentration used in the dose 
calculations. 

For more information on specification of source con- 
centratron and cvposure arca. thc user is referred to the 
online help. Click on Itrip Contents Rc;fi>rcnce and 
select the items S o u r c ~  Cottc~~rtfrufiott and E.~posltre 
.-frc,u for detailed information that can be \ re\+.cd or 
printed. as desired. 

4.2.4 3lodify Parameters (Site-Specific 
Analysis) 

In a site-specific analysis. parameters can be niod~ficd 
based on site information. Click the (;t~tl'rul Pnrunl- 
etrrs button In the m u n  Session \\ indoiv (Figure 4.7 1 ) 

to open the general parameters \ ieiving v. indoiv. See 
Section 4.1.' for a complete description ot' a Pammctcr 
Viewing \\ ~ndoiv. 

General Parameters 

Once the Parameter Vicn in: window (as sho\sn in 
Figure 4.2.9) has been opened. select the pararnetcr 
category (residential scenario only). 

If a parameter has been selected in the Parameter 
VicLv~ng uindo\v. cllcking the Parun~eter Help button 
\\.ill display detailed information about the selected 
parameter. This can help the user understand the 
meaning of the parameter. The parameter distribution 
can also be viexved gaphically by clicking on the Plot 
button in the parameter viewing \vindo\v. 

Double-click on the parameter symbol in the data grid 
to modify the value of the parameter. Altcmati\.ely, 
click once on the slmbol in the data grid to select the 
parameter. The value of the parameter is sho\vn on the 
lo\ver left portion of  the ~v indo~v.  Then. click the 
,hlodifi, Lullre button to open the Parameter Xfodifica- 
tion \vindo\s.. See Section 4.1.3 for a cornplcte descnp- 
tion of a Parameter blodification \vindu\v 

The Parameter htodificat~on \vlndo\v should now open 
2s shoivn in Figure -1.2.10. Follo\v the tii.e iteps as 
indicated in the figurc to modify a parameter. 

The Res[ore to Dc,tuztit button \ r i l l  restore the \.slue of  
the parameter to the default prob3bllrt)i drstrihution and 
value(s) as documsntcd in Bc).elcr st 31. (199". In thrs 
case. the Enit~r Jlrstificurionfor Sirt'-Spt~i.!lic I 2 1 l l r c .  
field \ \ i l l  be blank. 

The Pr~nt  button \ \ i l l  prlnt a copy o f  the screen. and 
v. 111 print the contents of the gnd separately rf an 
empirical distrlbut~on (such as Continuous Linear) was 
spcc~ticci. 

.After a pararnetcr has been modified and the OK hut- 
ton is clrcked to conimrt thc niodificat~on. all of the 
uncertain parameters are resampled b>. LHS.  This may 
take a fcv. seconds. This is necessary so dependant 
\;1riablcs (hueh as ianablss of t?pe Derived) are recal- 
culated correctly and gaphical data is current. In addi- 
tion to resaniplrng the data. if there are any cxrsting 
data sets In the session c o r r e s p ~ n d ~ n g  to the rcbults of a 
iiniulation. these data bets arc ilcleted This nicans that 
~i the ussr modifies a pL1rarneti.r aticr runnlng 3 slmu- 
latlon ~vlthln the samc sccnano. thc output results are 
nullified. Even reports \ \ i l l  be deleted. 1-h~s 1s donc to 
cn.surc ~ntegrrt) bc t~ tccn  the rcsults and the current 
paranictcr ssttrngs. 

NUREG CR-5517. Vol 7 



1. Select utegoy. 
(Only for residential) 

3. Double click on 
WV(3) or click on Modify 
Value button to change 
valw of seketed 
parametar. 

3 Modity distraubon parametem. 

Figure 4.2.9 General parameter viewing window (residential) 

1. Change me dlstnbubon t needed 
CONSTANT means no probablltf 

Units d Measuement p ~ / k g  dry-wt g r m  per p ~ & g  s c d  

2. Change measurement u n h  if 
needed. 

5. Clidc OKto retain new values. 
Cancer to disregard. 

4 Enter the reason parametwt are 
changed lrom Umr detaun values. 

Enter J & a h  fa Site Spedic Vdue Restue to D e f d  I 

- 2 Z L . l  
Figure 4.2.10 Modify parameter window for general and element parameters 



See the nlaln menu funct~on File Rt~srore Purum~,ter\ 
to Default Zalltes to restore all slte-specific values to 
screening, or default. values. 

Element Parameters 

For the residential scenario only. click the Element 
Parameters button to open the element parameters 
viewing window (Figure 3.2.1 1 ).  These parameters are 
based on elements in the decay chain. 

For each category (s.g.. Partition Coefficient). the -gid 
depicts an entry for each element present in the decay 
chams. 

Element: Name of element associated with the 
parameter. This is an element in the decay c h a ~ n  
of one of the contaminants. Some elements in the 
decay chain (such as  .At) may not he listed because 
of their short half-lives. 

The follo\v~ng & i d  entries have the same meaning as  
the entries descnbcd in Section 3.1.2: 

Default 
Distribution 
Input  L'nits 
.L\bsolute L o ~ e r  Bound 
Absolute Upper  Bound 
Recommended Lower Bound 
Recommended Upper  Bound 

4.2.5 Correlate Parameters (Site-Specific 
Analysis) 

The user can specify linear rank corrclations bct\\cen 
any two parametcrs whose ~ a l u c s  are defined by 
probability distributions. Click~ng the Corr-c./trre button 
in the main srsslon \\indo\\ M I I I  open the Corrclatc 
Parameters ivindo\v. as  sholrn in Figure 4.2.17. in the 
\vindo\v, thcre is a main grid that lists each corrclation 
that IS currently defined. For the burld~ng occupancy 
sccnano, this table ir initially empt). For the rcsl- 
dcntial sccnarjo. the dcfault scrcenlng analys~s includes 
two correlations. 

It is possible to rpccify combinat~ons of ~ a l i d  corrcla- 
tlons that arc not niutually consistent. For example. 
two parameters ";\" and "B" can be a s s ~ ~ y c d  a corrc- 
Iation of 0.99. parameters "U" 2nd "C" can also be 
glrcn a correlation o f  0.9s. but paranicters "A" and 
"C" can be a s s ~ y ~ c d  a corrclation of -0.99 Each 
corrclation 1s \ d i d  by ~tself  but the three arc incom- 
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patiblc. DandD docs not check for this type of 
inconsistcncy. The parameter sampling may f ~ i l  if the 
user defines inconsistent correlations. 

Add a corrclat~on In the table's lnxrtlon row ( ~ n d ~ c a t c d  

by "*" by 

Cl~cking in the "Parameter One" cell and selecting 
one of  the uncertain paramctcrs from the list-box: 

Clicking in the "Parameter T\vo" cell and selecting 
the second parameter from thc list-box: 

Entering the de\lred rank correlation bet\\ecn the 
ti\o selected parametcn In the "Cocff' cell. and 

Entering an esplanation o f  the correlation in the 
"Justification" cell 

The correlations spec~fied apply to the ranks of thc 
parameter ~.alues rather than to the \.alucs themselves. 
Spcc~ticd corrcldtions must be greater than - 1  and less 
than 1 .  Thcse l ~ m ~ t s  are checked by the program. The 
uscr is rcquircd to cnter a justiticat~on in the justifica- 
tion cell for c\cry non-default (1.c.. user-dctincd) 
correlation or modification of  the coefficient from the 
dcfault value. 

If any t ~ o  parameters are not correlated. they ha \c  a 
correlation cucffic~cnt of zero. Ho\r.e\cr. t h ~ ~  IS not 
listcci in the gnd, but is an implied correlation. 

Dcfilliif corrclations are those that arc' dcfined for a 
screening analysis. For esaniplc. in the buildin2 scc- 
nario. the default corrclat~ons arc zero for all unccrtaln 
paramctcrs. In the Correlate Parameters \\indo\\. there 
will br no grid entries. In thc rcsldcntial sccnano. 
thcrc are trio dct'ault correlations, a> sIio\jn In Figuril 
4.7 12. 

To rcnio\c a i ic .~~~!t l t  corrcl.ition, the user mu>{ enter 3 

zero for thc corrcl~tion cocfficicnt In the C'oc* ! f  cnlunm 
in the Cot-r-c!diror~ Ct)cfjicrc,r~ts ~ r l J .  3s shown in F~gure 
I The user can also change the corrclation cocf- 
fic~cnt of a dctCLult correlation to reflect Ci~tkrcnt 
correlat~on values. 

L:\c.r-.\~~t,cifit,ti c o r r e l a t ~ ~ n s  arc IIOM grid cntne.; that the 
uscr cntcrcd for a 11:-\pccitic ana l~s15 .  70 rcmo\e J 

user-5pcc1ficd corrclation. the uscr 5hould select the 
grid roiv by clrcklng on the ro\\ and prcss the Jclctc 
kc.? on the kcyho;lrd r h ~ s  method do:s not uork for 
rcnlo\lng a dcfault carrclat~on. 



All elements in the decay chain 
of the contaminants (in this case 
Th227) are listed exactly once. 

Detailed description of 
parameter. 

I 

Grain factor for TI is a 
LognormaCN d i u t i a ,  Slmdard 
wlththefoknnngvalue Denallon d Ln 

Figure 4.2.11 Residential Element Parameters window 

Default cmekdhs have a check 
mark In me Defaun k ~ d .  

1. Dehn a new axrelation by 
choowng two parameten from 
dropdown menu. 

2. Entw mefiaent beween -1 
and 1. 

3. Enter a jusbficabon for the 
m e t e r  cornlabon. 

4. Click OK tD save changes. 

T-. - --- -- - - .-- -. 
BDEV Paan~Ia'b' 

Prcbabity RobdrPV 
.. B' B e d  

dammbh lhr w h w  

Ac . Fade  
Ac:Fl& A 

Figure 4.2.12 Residential Correlate Parameters window 



The user can mo\e from cell to cell in the g r ~ d  by uslng 
the keyboard arrow keys. 

Click the Rrsforr to Default button to restore the 
parameters to their default correlations. Click the Pritzt 
button to print the contents of  the > i d  of correlated 
parameters. Click OK to presen.e changes In the 
session. Click Cancel to ignore changes made to the 
correlations. 

3.2.6 Execute Simulation 

Perform the dose calculations by selecting the E,xrczrre 
button from the Session window. The Run Simulation 
window \vill open. 

Click the Rrtn Sinzrdatiorz button to perform all of the 
calculations required to evaluate compliance rvith the 
dose standard. Esccution status messages will appear 
In the test pane of the execution dialog. as sho\\n in 
Figure 1.7.13. The progress of the dose calculations 
~vill be sho~vn in the d~a log  status meter. Click the 
.-lhor-t Simuiution button to abort the simulations. 
DandD will not interrupt the current simulation. but 
will abort after the currsnt simulation has completed. 
Therefore. the user may not get an ~mrncdiatc response 
after clicking this button. 

On successful completion. the estimated ~)O'\ercent~le 
\.aluc of  the TEDE distr~bution used for comparison 
a p i n s t  the dose standard ulll be displayed (as s h w n  
in F~gure 1 . 2  1 1 1 .  (.As noted in Section I .  the N R C  
dohe limit for unrestnctrd 11sc is 75 mrcm year.) The 
endpo~nts of a 95Ob confidence i n t e r ~ a l  for this quan- 
tile value are also reported. The estlrnated quantile 
value for TEDE is uncerta~n because it is estimated 
using a finite number of parameter samples. 7 h c  
reported confidence interval reflects this unccrtalnty. 

In some cases. the uncertainty due to sampling crror 
can affect the comparison against the dose standard. In 
these cases. the sampling error can be reduced by 
~ncreasing the number of siniulations (uslnz the 

oalnst advanced simulation Oprrons). If comparison a, 
the dose standard is influenced by sarnplin= error. 
DandD \vi11 display the Sample Size Analysis form 
containing inthrmation about ~ncrcasiny the number of 
simulations (see Sect~on 4.2.7) 

Clicking the (2prrons button on the Evccziii~ torn1 h i l l  

b r ~ n g  up a dialog box that ~ l l o \ v s  the user to set 
ad\,anced s~mulation optlons as follo\s.s (see F~gurc  
1.2.15). hlost users ~viI1 not need to changc these 
optlons from their dcfault settings. 

.Yztmber of'Sinzrclutions corresponds to the nuniber 
of times the model will be executed. Each time the 
model is executed. the \.slues of each of the 
uncertain parameters vary depending on the num- 
bers gcneratcd from sampling (b) LHS). The dose 
model is always executed using constant values of 
parameters. The .Vunrhrr o f  Sinzrilutions used in 
the analysis is automatically increased ~f DandD 
determines that more samples arc needed to ade- 
quately control parameter correlations or to 
estimate the confidence interval for the 90th 
percent~le \.slue of TEDE. DandD will open a 
window to indicate when it increases the number 
of simulations. After executing the dose model. 
DandD performs a sample size analysis and may 
recommend that the number of simulat~ons be 
increased. 

St*edfbr Rundom Generarron is the random num- 
ber seed uscd to generate the \ alues for the param- 
eters that ha\,c p robab~l~ ty  d ~ s t n b u t ~ o n s  a<sociated 
ul th  theni. Changing t h ~ s  number 1 ~ 1 1 1  change the 
sampled \.alucs of the unccrtaln parameters uscd in 
the s~mulations. Thc seed should be more than 
t i ~ c  digits long for the beat sampl~ng results. 
Powers of  tu.o should he a ~ o l d c d .  The \ d u e  for 
the seed should be In the range of 1 to 
2.147.JS.5.647. 

The .Yul.e Dose, Hrsror;\, Ir~fbrnlurron chcckhox 
detcrnllncs whether or not dose h ~ s t o y  inthrma- 
tion is generated and saved In the session file. 
T h ~ s  infomistion is ncedcd to create his ton plots. 
Note that aelccting this op t~on  can Increase the 
evecution tlnie for the dose model and \ \ i l l  sign- 
ificantly incrcsw the slzc of the sesslon tile. 
Histon plots can be accessed after csecution by 
using the I ? i , r r .  'Gr(~pizI~..s D(i.it, Ni.tiot7 option 011 

the main menu (see Section 4.3 .9)  

3.2.7 Sample Size Analysis 

The 00th percentile of the TEDE distribut~on, used for 
coniparlson dgainst thc regulatory limit of 7 5  rnrem. 
is est~niated In DandD Vcrs~on 2.1 \-ia Xlontc-Carlo 
sampling. The resulting est imat~ of this <tat~.;t~c IS 

hub-jcct to sampling ?nor. The crror s ~ z c  can aI\\a+ bc 
rccluced by incrcrls~nz thc riumbcr ot '~aniplcs  uscd to 
cstlniate thc TEDE distribution. Sampl~ng crror is 
.;~gnificant ~ f t h c  25 mrern l~mi t  I ~ c s  within the range of 
possiblc ~ a l u c h  of th: 90th perccntilc. 

Thc range at 'poss~blc balucs 1s ind~catcd by the 9S0o 
confidence ~nter \al  rcportcd on the Exccutc fomi and 
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Status message 
1 

Figure 4.2.13 Run Simulation window - in progress 

I DoremoddngcarQlded R U I S ~ ~ ~ ~ I  
TEDE = 8.12E+02 m R a  (with 95Xa d 596E+M to 1.04€+03 mRem) 

Figure 4.2.14 Run Simulation window - complete 

I Seed fa ibndm ~~~ 187i 8721 
I OK I 

r Save DQSC H~OIY I* 

I 

Figure 4.2.15 Advanced Execution Parameters window 

in the output reports. To account for sampling error in location of the estimate with respect to the 25 mrem 
the compliance determination, the upper endpoint of limit. 
the confidence interval is the value that is compared to 
the regulatory limit of 25 mrem. This comparison The upper and lower limits of the confidence interval 
allows for a defensible regulatory decision given the are reported for all calculations. If the upper limit is 
current estimate of the dose distribution, the number of less than the regulatory limit, or if the lower limit is 
samples used to estimate that distribution, and the greater than the regulatory limit, then increasing the 



number of  samples is unlikely to affect the comparison 
with the dose limit. and no more information is 
presented. 

W e n ,  however. the confidence internal includes the 
regulatory limit, then reducing the uncertainty due to 
sampling error may lead to dose estimates belo&- the 
limit. In this case, the Sample Size Analysis form is 
automatically displayed (see Figure 4.3.16). Based on 
the location o f  the confidence interval compared to the 
regulatory dose limit. DandD estimates the likel~hood 
that the upper endpoint of a narro\vcr confidence inter- 
val. produced by increasing the numbrr of samples, 
\vould fall below the regulatory dose limit. This esti- 
mate is made for several altcmat~ve values for the num- 
ber of samples. as \ve11 as for an infin~te number of 
samples. and is tabulated on the form. 

This lnfom~ation can be used to dccldc' whether 
increasing the number of  samples is likely to be useful. 
and if so. how many samples to use. 

For example. the Sample Size .Analysis window sho\+n 
in Flgure 4.2.16 \v111 open when a simulation 1b run 
resulting in a TEDE \.slue where the 95O.0 confidence 
intenal straddles the performance objcct~\.c of 
25 mrem. In the example, the TEDE \\as 25.1 mrem 
xvith a 054 b confidence of the TEDE values falling 
between 22.4 and 28.5 mrem. Because the upper and 
lower 05'1 confidence interval contalns the perfom- 
ance objective of 25.  increasing the number of sarnplcs 
may by itself be enough to reduce the upper endpoint 
of the confidence interval bclo~v the dose limit. Thc 
Sample Size .Analysis windo\\ (see Figure 4.7.16) 
sh0u.s the effect of increasing the number of samples 
on the likelihood of this occurring. 

The information in thc Sample Sire :\nalysis ~ v i n d o ~  
helps the user decide how many simulat~ons to run. To 
choose the samplc slze, the uscr needs to consldcr the 
real tlmc it will takc to run the model w t h  the neb\ 
\.slue for the nuniber of simulations In the example 
sho\vn in Figurc 4.1.16. setting the number o i  
simulations to 100 has only a 3'0 likelihood of 
demonstrating compliance Settin: the number of 
simulations to 6400 Increases the likelihood of 
demonstrating compliance to apprournatell; 2.?"~i 
Ho\ve\cr. i t  \rill takc 64 t ~ m c s  as man? model 
calculations as ~t takes ~ i t h  the number of simulations 
set to 100. 

Thc uscr can change the number of ~~niulat lons by 
cl~cking the Options button and entering the number of 
s~mulations in the Advanccd Execut~on Parameters 
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\+.~ndow. Alternatively, the uscr could close the 
Sample Size Analysis \vindo\v and cllck the Options 
button in the Run Simulation window to change the 
number of simulations in the 'Advanced Execution 
Parameters window. The model could then bc 
executed by clicking the Rztn Sinzt~lution button in the 
Run Simulation \vlndo\v. 

Clicking the Print button in the Sample Size Analys~s 
lvindow w11l create a hardcopy of  t h ~ s  \vlndo\\\:. 

4.3 Main 3lenu Operations 

4.3.1 File hlanagement hlenu Options 

The file management menu options arc the .!.etr.. Open. 
Stri,e .As. and Close commands To  execute any of 
these commands. click on Frlr in the DandD maln 
menu and select an optlon. The scssion file conslsts of 
a single file with an extension of"mcd" (hlonte Carlo 
DandD) 

h'hcn DandD 1s first started. there are no sesslons 
opened. The first step 1s either. 

1 .  Create 3 new si's;ion by selecting . \L \ r ,  from the 
Filc mcnu. or 

2 Opcn an old lcsslon by belect~ng 0pc.n from the 
File mcnu. 

If the user selects .\'c~:t, from the Filc menu. 3 \s.~ndo\\ 
s ~ n i ~ l a r  to Flgure 4.3.1 \\111 open. The uscr should then 
t>pe in a file name for thc session and cllck the Oh- 
button in the Opcn Session dialog box. 

!I director). I \  created during lnstallatlon to hvld the 
u x r ' s  files. This is the defhult locat~on t r  all xss ion  
tiles; and reports The name ol'this dircctorq 1s 
"DandD-Docs." loc~ted  on thc dri\,c \t here DandD 
\\-as ~nstalled. Howe\.cr. the uscr can s a \ e  or open thc 
sc5sion tiles on an? drive or directory dcs~rcd.  

..'lftcr nanilng thc nevv session in the Open Scssion 
\\ ~ndo\\.. a S'ssion PI-operrle.~ form \v111 then be d ~ s -  
playcd. and the uscr :+111 be ashed to enter a . i~te  name 
and descr~ptlon c-rf ttii. analysis The uscr muxt enter 
thc descript~on and no more than 50 characters for the 
s ~ t e  name. Cljck the OK button on the Sc~.ssrom Prop- 
e,r.tic,.r form to sa\c  t h ~ s  infomiation. The site name and 
description can hc rnoditied at a later date by usin: the 
FiIt .  Propc~r!ic.r. katurc (scc. Sectlon 4.3.5) .  



Current results [based on the upper end d the 95% confidence 
b?tervall do not demonstrate cwn~liance with a dose limit of 25 mrem. 
Increasing the number of simuldions may be sufficient to 
demonsbate compliance, as shown in €he table below 
Use the "Options ..." button b 
Simulation form, to &an 

Click on file or enter 
File name and click 
on Open to open an 
existing session. 

Figure 4.2.16 Sample Size Analysis window 

Lmk jrx 1 a Dad-Docs AadE? 

J 
Enter File name and 
click Open to create File -name: - -  . a new session. 

Fles d Bpe: 1 ~ o n t e  Carb Dandy Session Files p.mcd) I( 
F l  

Cancd I 
Figure 4.3.1 Open a session 



If the uscr selects Open from the F ~ l e  menu. a window 
similar to Figure 3.3.1 will open. The user should then 
type in a file name for thc session and click the OK 
button or double-click on the session file to open an 
existing session. 

Unlike word processing applications. changes to the 
session file are automatically saved as they are made. 
This is why there is not a Filr ,Sa~,e function a\.ailablc. 

Additionally. only one sesslon file may be opened at a 
time. If the user hants  to use an existing session as a 
starting point for another session. the File.:Sa~.r .-is 
command should be used. 

See Appendix D for a complete descr~pt~on  of the tile 
structure developed for DandD Vers~on 7.1. 

If the user clicks Close. the session file is closed. All 
data from the simulat~on and any uscr settings \rill be 
rcta~ned. 

4.3.2 FileIRestore Parameters to Default 
Value 

:"il site-specific parameters can be reset to the default 
(screening) value by uslng the File Rr.\rorc, Pot-c~t~~cjrcrs 
to Dqfuzrlt Iirlrit~ option. This \ \ i l l  set a11 parameters 
other than the contaminants and concentratlons. lncluti- 
ing execution parameters, to their default values. This 
\+.ill also reset the correlations to their default \.slues. 

T h ~ s  optlon only applies to the current scenario. Fur 
example. if sitc-specific parameters have been spcci- 
ficd for the residential scenarlo and the current scc- 
nano is building occupancy. then the command 
Fikc~.,Rc,.store Pururnrrc~rs icr Dc:/i~i(/i I u/i(c, u.111 only 
apply to the building occupancy scenario. .Any niodi- 
tied res~dent~a l  (s~te-spec~fic)  values \r 111 be retained. 

T h ~ s  uptlon is only a\a~lable  if all paramctcr \-icwlng 
windo\vs are closed. I n d i ~ ~ d u a l  paramctcrs can be 
rcset to the default from t h c ~ r  Paramctcr I ludi t icat~on 
\+ ~nciov. 

X chcchcd box to the r~ght  of  the paramctcr name in 
the parameter \-ie\\ln? screen (the i v i n d o ~  that opens 
\vhen the user c l ~ c k s  the Getlo-ul Pnrunrc,icr.s or 
Elmrerrt Purun~e~tc~tc. button: see F~gure  1. I .  I ) ind~catcs 
if the parameter I S  set to ~ t s  default value. Ho\rc\.er. ~t 
1s not rcasonablc to check cach pxarncter for this In 
thc residcntial sccnarlu bccausc thcrc arc. too many 
parameters. 

To disco\.er brhich \.ariables arc set to site-spcc~fic 
values (i.e., a \ d u e  other than the default value). create 
the report titled !ilodelltipictS~inzn~un from the l'ie~t'! 
Rtpora menu selection (see Section 3.3.7). 

4.3.3 FileIExpor-t as Zip for Submittal 

The residential and building occupancy scttings and 
s~mulation results arc contained in a single file with an 
"rncd" extension (e.g.. session.mcd). However, these 
files usually trill not fit on a floppy disk. They are also 
bulky to email. Session files can be compressed for 
transmittal to the N R C  using the Fili:,E~port us Zip 
command. These files can then be unzipped b\. using 

commercial packages WinZip or PkLnzip 

If the File. Export us Zip optlon is selected. a \rindo\r 
slmilar to Figure 4.3.2 \rill open. Once a locat~on has 
bcen selected for the new file and thc user clicks the 
Oh' button. a copy of the session tilc n-111 be com- 
pressed and saved with a zip estcnsion. For esample. 
if the session file is called s.mcd and the evport func- 
tion is cxccuted, a n rw file called u.zip \\ill be created. 
The file u.mcd ~vi l l  still be available. 

It 1s not necessap to u x  the function Filr.,%rport as 
Z I ~  to subni~t  a hcsslon tilc to the NRC.  T h ~ s  was 
added A a feature tu casil? transnilt on t lopp .  dlsks or 
to facll~tate i c n d ~ n g  the scsslon as J compact c m a ~ l  
attachment. 

L-sing this function is also J con\enlcnt way to backup 
work onto a floppy disk. 

h e  Fi l~ ,  P r ~ t ~ r  option 15 uslad to create a hardcopy of 
thc acti\.c \ r ~ n c l o ~ . .  This 1s only a\  ailable for screens 
that allov. concurrcnt ~nter:rction with other \\indo\rs in 
the interface 

Screens that do  not allo\v concurrent ~nteractlons 
(known as modal 5crci.n~) will have a Prrur button In 
thc loner  r~ght-hand comcr of the screen Fc>r c a n i -  
plc. all of the pararnctcr v ~ e \ \  ing xrecns.  such as the 
GL,t~cru/ PLlrL~t~1crc,r.s, .Add Cot~c~c~trrr~~riorzs. and 
E'li'rr~ct~r Purut?~c~tt'r.~. aIIo\\. access to the Fi/<' Prlnt 
option. The pliramcter n~odit icat~on f a m ~  \ \ . I I I  h a w  a 
I O L L C ~  right Pr~rlr button. 

For all xrccns. the print function \rill create J hard- 
copy of the ulndo\v screen. In the euamplc of a 
paranictcr vies In: \crc.cn. t h ~ s  aIlo\\s the user to idcn- 
tlfy \\hlch catcgor? and \arlable they h a w  .iclc.ctcd. 
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compressed session 

1 Choose the dfive to 
place the compressed 
sesslon. 

2. Choose the d~rectory to 
place the compressed 
sesslon. 

3 Cl~ck OK to save the 
compressed sesslon. 

- -  

Figure 4.3.2 Save a session as a zip file 

Some of the screens contain grid data that require the 
user to use the scroll bar to view the complete list. For 
example, the residential scenario General Parameters 
screen may contain two grids if the selected parameter 
has related empirical data, as shown in Figure 4.3.3. 
Following the screen shot, a dump of the primary grid 
will be printed. In the example of a parameter viewing 
screen, this will be a dump of all parameter information 
in the selected category. The values defining the 
probability distribution associated with the parameters 
will not be printed. 

To print the data relevant to a single parameter, double- 
click the parameter name in the parameter viewing 
form. The parameter modification form should open. 
Within the parameter modification form, click the Print 
button. All the data relevant to the selected parameter 
will be printed. 

Create a hardcopy of all site-specific parameter values 
by creating the report titled ModelInputSummary from 
the View/Reports menu selection. Print using the 
browser window print function. 

Create a hardcopy of all values by running a simulation 
and creating the report titled Detail from the View/ 
Reports menu selection. Print this information by 
using the browser window print function. 

To modify the properties of a session (i.e., the session 
name and analysis description), select Properties from 

the File menu. A window will open similar to Figure 
4.3.4 that will allow these properties to be modified. 
Modify the site name and analysis description. Click 
OK to accept the changes and close the window. 

When a new session is created, this window will open 
to allow the user to define the initial session properties. 
The user will be required to enter the site name and the 
analysis description (the site name must be no more 
than 50 characters). This information is used when the 
final reports are created via the View/Reports menu 
item (see Section 4.3.7). 

The EditfCopy function is available when the user has 
a graph opened. This function will put a copy of the 
graph and the data associated with the graph on the 
Microsoft" WindowsE clipboard. It can be pasted as a 
graphic image in Microsoft" Word%r Corel" 
Wordperfect", using the Paste Special command. If 
the Paste function in MicrosoftE WordB, CorelE 
WordPerfectE, or MicrosoftE ExcelE is used instead, 
the x-y data pairs that define the curves on the plot will 
be pasted into the document. 

The user can use the keyboard shortcuts Ctrl + V 
(press V while holding down the Control key) to paste, 
Ctrl + C to copy. and Ctrl + X to cut selected text from 
the justification and text fields of other windows. 
However, the Edit/Copy menu command is not avail- 
able for text fields. An example of using the graphics 
copy feature to paste a copy of a graph into a report 



File/Pnntw~lloutputa H* I j - IPmdfnc11Nm* jT lscbc3d 3 - 1  3 d  1 Fd 1 
screen shot of current ~ o p  1 1 - 9  I 1 I I I 
window. 

File/Pnnt will output all 
data in the selected 
category. In this example, 
the category is Wet-To- 
Dry. 

To output all of the data 
corresponding to a 
variable, click on Modify 
and use Pnnt button in the 
modify parameter window. 

Figure 4.3.3 Print function with respect to parameter \iewing window 

created by DandD follows 

Step 1 : Create the rcport by using the Ileir Rc,porrs 
comnland. For example. crcatc the rcport 
Sl tnrmu~.  under the building occupancy simu- 
lation. The default Internet bro\vscr \vill bc 
started and the file contaming the report 
scssion-bld-Summary.htm will be opened. 
.\lake note of the path and filcname of  this 
rcport from the Location field of the brou ser 
windot+. as .sho\in in Figure 4.3.5. 

Step 7: Open up a ~vord-processing program such as 
Xlicrosoft' \i'ord' or Corel' LVordPerfect' 
Open the report created in Stcp 1 in t h ~ s  
application. .Alternat~\.cly. the user could 
select Comniut~icuror Pupc, Conl/)osc.r from 
the Sctscape main nicnu and open the report 
in this application. 

Stcp 3: Crcatc the desired graph in DandD using the 
I i ' r ~ ~ : G r u p l ~ ~ ~ . s  choices off the main mcnu or 
the Plot command from the Paramttcr vic~v- 
ing screen. Selcct the desired _craph~c ele- 
ments. and then i n ~ o k t  Edii Coi>l. from the 
main mcnu to crcatc a copy of  the graphlc un 
the clipboard. 

Stcp -1: If using X1icrosofi"Vord' or Corcl" 
Li'ordPerfect', sclcct the Edlr Pl~ste S~)c .~ .~u l  
function. A \vindow similar to Figurc 4 3.6 

\v~ll open. Choose thc Pustr radio button. :Is 
Plct~rre. and click OK. 

If uslng Composer. first create a tlle that 
contains the ~ a p h i c .  The qaphics  arc stored 
as separate tiles for web pages. To do this. 
5tan hlicrosoft" U'indoi\sA Paintbrush from 
thz Xllcrosott' Li;~ndo\vs" Accc~sones  group. 
Selcct Edif. Cry)?, from Paintbrush to paste the 
graphic into Pa~ntbrush. Adjust the slze of the 
paint \v~ndo:\- to minimize the bits to s a w  by 
select~ng Imugc .-iftrib~tte.s and scttlng the 
\v~dth and height to the actual width and 
height of thc graphic. as sho\vn in Flzurc 
4.3.7. Save the graphic in the directory \\here 
the report is sa\cd (this IS. by dcfault. 
DandD-Dochj as a 24-bit bmp filc. 

\+']thin Nctscape Cornposer. select lnscwt,lnlug~ from 
thc maln menu. On the l r r l i lx : '~~  tab. c!ick tht  C i ~ ~ o s e  
File button. Selcct the filc s a w d  in Paintbruxh. Click 
OK when prompted ro con\-crt thc tile to jpg format. 
The graphic M 111 be ~nsertcd. 

\\'hen the DandD dose calcul;itions are completed 
(Scc t~on  17.01. the rcsults can be used to gencrate 
reports that describt the input data and rcsult~ng dose 
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Figure 4.3.4.. Session properties dialog box 

DandD Bu 

+***I 

r 

- 
ii 

DandD Version: 2.1.0 
Run Datenime: 07/28/2000 1 1:38.48 AM 

. ; y \ a f i & & s a  
E L  Fo~*.va:d Rekmd Hane Seach Guide P i 4  Securily Stop 

Bmkmaks &, h a t i o n  lfk ///cllDandD-Docs/sess~on_bld_Sumry htrn 

Figure 4.3.5 Path of report shown in location text box in Netscape. 

51 9 ~mbm ~ e b ~ a i ~  ~ a n e d ~ m  B~ZJWMI PJ SrndpcIate 
I 



r Float over text 
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Figure 4.3.6. Paste a graphic into a document using \Iicrosoftk\\ord' or 
Corelk\\ ordPerfectU 

- - - -- - -- 
cancel 1 I 

Q h c k  and &e Was 
-- -- 

-- - 

Figure 1.3.7 Adjust size of window in Paintbrush 

\.slue by selectins L'iett. Roporrs from the main menu. 
These reports arc generated as HT\IL files. A b r o ~ s c r  
such as Internet Explorer or Sctscapc must be ~nhtalled 
to view the reports from DmdD. Because HTXIL I S  a 
standard format, reports may also be opcned in a tvord- 
processing package such as .LlicrosoftP L\:ordh or 
Corel' \t'ordPerfccth Reports can also be opened In 
an I lTk IL  e d ~ t o r  such as Setscape Composer. 

The reports are created in the same d~recton; as the 
session tilc. The rcport name 1s bull1 using the 5cc- 
nario. the scssion name. and the template name. For 
example. the report Test-bld-Sumniary.htm \vas gcn- 
crated by a scsston tltled Test mcd from the bu~ld~n:  
occupancy scenario (bld) using a template called Sum- 
mar) 
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After a simulation is completed. reports arc not auto- 
mat~cally generated Reports are generated on request 
by uslng the I i c ~ ~ t .  Rt~porf.s ttbmi, as 5hou.n in F~gurc 
4.3,s Once the rcport has been generated. it  \ + i l l  be 
a\.allable on the hard drive. 

To generate a new report file. click the radio button 
Crcw:e u rej)orf husrd on clrrt-en[ .Sc.T.YlO~l Select tht' 
report tcmplatc by clicking on the dcslred template. 
E~thcr  double-click on the templatr name or click on 
the Ct-eute Rcpcirf button to generate a ncu rcport. 

The tir5t thrcr tcrnplate cntrlcs arc default r2port tcni- 
plates If any custom templates ha\e  been detincd b) 
using the . l d ~ , u t l c ~ ~ i l  Kq~or-r Ten~~llurc. Editor. option 
from the main nicnu. those tcnipl;ite names \ i l l 1  also be 
I~stcd (see Scctlon 1 . 3  10). 

To V I C W  a prc\'~ousIy created rcport. click thc radio 
button I 'i,z\~ n ~ u i . c d  rcporr. .4 Filt, Opijt~ dlalog box 
\v111 open. Sclcct the desired l-IT\ll- tile to open. The 
~iefault hro\\scr \ \ - i l l  i tan and the tilc ii.,111 be 10adc.d. 

Thc reports c m  bc opcned with a \vord-procc5s1ng 
prosrani u c h  ;is \licro.softVUord' or Corcl' 
LVordPerfcct' They can also he posted to x c b  sites. 
i a ~ t c i  as tcst file, ircm thc bro\vwr. or pnnted from 
the bro\vscr 



1. Choose to create a new 
Seiect a Report 

report or vlew an &ng 
repot G Cnatearqmttbasedonanent~ 
2. Select a report template 
d creating a new rep& 

3. Cl~dt on Create Report 
or V w  Report depending 
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1. 
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Figure 4.3.8 View Reports window 

The following default report templates are always 
available: 

1. Model Input Summary summarizes the model 
input and the site-specific parameter values. This 
option is available even when there are no output 
results. 

2. The Summary report is a terse description of the 
session. It lists the major program options and 
describes any changes from the default parameter 
values or distributions. Parameters left at their 
default settings are not listed in the report. Output 
from the simulation is limited to the calculated 
dose value. 

3. The Detail report is a comprehensive list of all of 
the program settings and parameter values, as well 
as detailed information that breaks down the cal- 
culated dose into pathway and nuclide compo- 
nents. The report lists the values or distributions 
for each parameter, whether or not it has been 
changed from the default value. Because of the 
large number of parameters in the residential 
scenario model, the Detail report can be quite 
lengthy and may take some time to generate. 

Additionally, custom report templates can be defined 
by using the AdvancedReport Template Editor option 
from the main menu (Section 4.3.10). 

If the site data are changed in any way, DandD will 
delete any associated report files that were generated. 
This allows the software to ensure that the data shown 
in the report are consistent with the data saved in the 
session. 

There are four tables in DandD that the user is not 
permitted to edit. However, the user can view the data 
in these tables by selecting the table name from View/ 
Tables in the main menu. A window will open dis- 
playing the data, as shown in Figure 4.3.9. When the 
user has finished viewing the data, the window may be 
closed by clicking the Close button or choosing the 
File/Close option from the main menu. 

Appendix E contains an explanation of the data in 
these tables. The data are not listed in this document, 
but can be viewed or printed from DandD. The 
meaning of the columns within these tables is as 
follows. 

Radioactive Decav Data 

Parent refers to the original contaminant, not the 
immediate parent in the decay chain. 

Progeny is a by-product in the decay chain of Parent. 

Halflife is half-life of Progeny. 

PositionInChain is number of decay generations from 
Parent. A radionuclide directly descended from 
Parent will have a value of 2 for PositionInChain. If 
Parent and Radionuclide are equal, then 
PositionInChain will be equal to one. 

FirstParentIndex indicates which radionuclide in the 
chain is the immediate parent of this nuclide. 



SdClass  (~eanLt-4 ~ s D ~ v L N K S ~ ~  1 ~ ~ a t ~ u n r e m u m  ] ~ s a t ~ a m n u m  I K S ~ ~ P  1 
) s ~ l l  10 06 0 5259 

sandy clay 11 7 1 706 -- 
sandy clay loam 8 782 1 22 
s~lty clay 13 78 1 224 -- ppp -- 
loamy sand 0 0 01 34 0 796361 33 ONl029 
.clay 1136  -- -- 11509 

1 0 22--7 1 4 1 4  
-- - - A - -- - - - - 

clay loam . - - - i 
s~lty clay loam 11 96 1 327 
sand 0 00035 0 0186 

- -- -I 
1 31 61 6284 

sandy barn 7 182 0 9292 -- 
s~lt loam 1024 1 383 
loam a 81 1159 

4 I 

Figure 4.3.9 View data table window 

Fir.stPurerztFruction is fraction of decays of the first Res~dential Soil Characteristics 
parent that product: Proyen?.. 

T h ~ s  table holds the parameters that describe the 
SriondParentlr2de.r indicates alternate radionuclide hydrologic characteristics of I2 soil t!pes dcfined by 
that can decay to Progenx. the United States Bureau of Reclamation (LSBR)  (sce 

Appendix E ) .  Thrsc charactcristics can be ussd to 
Sc,condPurejnt is fraction of decays of the second dcrivc interrelated \-alucs for the so11 parameters of the 
parent that produce Progc,n?.. residentla1 scenario model Ksat is the saturated 

conductiv~ty. and "b" I S  the "b" parameter uf the 
.-lromic.Vumher 1s number of protons in thc Proyer~j.. haturation pcrmcab~lity model. 

Dohe Equivalent Factors 

Parent is namc of the parent mdionuclide 

Rudion~iilid' is namc of the radionuclidc. 

hrplicirProgc~n~~Frucrio~~ IS fraction of parcnt 
transit~ons that produce this radionucllde. 

lnyt~stiotz is unlt conlrn~tted effcct~vc dose cquivalcnt 
(CISDE) con\-crslon factor for inzest~on. 

lnhalarion I S  unit CEDE conversion f ~ c t o r  tor 
Inhalation. 

E.~ternulSzrrfucc~ is unit CEDE conversion factor for 
external surface exposure. 

E.~rernullScm 1s unlt CEDE conirrslon factor for 
t:xtemal expowrc at I S  crn. 

SoilC1~1.c.s I S  the name of the 5011 class~ficat~on. 
.\tt.ut~ L N  is the mcan \ d u e  of the natural log of Ksat. in 
cm'sec. for soils with a lognornial distribution. 

S Dc.1 L.L'Ksascct 1s the standard deviation of  the natural 
log of Ksat for soils v.ith a lognormal di\tribution. 

K S u r  .\llnlnrtrnt is the minimum \ aluc of Ksat for soils 
w t h  a bcta d15tribut1on. 

K Sur .il<r\lrnrrnz is the nia\lmuni \slue of Ksat for soils 
\ r ~ t h  a beta dtstribur~un. 

h- S i t  I' is the P parameter ot'the bcta distribution of  
Ksat tor s o ~ l s  1 ~ 1 t h  a bcta distnbution. 

K  Sur Q is the Q parameter of thc brta distribution of 
Lsat for soil5 \ \ ~ t h  a bc'ta distribution. 



Mean Ln B is the mean value of the natural log of 
parameter "b" for soils with a lognormal distribution. 

Sdev LN B is the standard deviation of the natural log 
of "b" for soils with a lognormal distribution. 

B Minimum is the minimum value of "b" for soils with 
a beta distribution. 

B Maximum is the maximum value of "b" for soils with 
a beta distribution. 

B P is the P parameter of the beta distribution of 
parameter "b" for soils with a beta distribution. 

B Q is the Q parameter of the beta distribution of 
parameter " b  for soils with a beta distribution. 

Mean NI is the expected value of porosity. 

SDev NI is the standard deviation of porosity. 

Residential USBR Percolation Fractions 

Ksat is the saturated permeability in cmisec. 

Percolation Fraction is the estimated fraction of 
applied water that becomes infiltration. 

When the dose calculations are completed, the results 
can be displayed by selecting View/Graphics from the 
main menu. Three plot types are available from this 
menu selection, as described in 4.3.9.1 through 4.3.9.3. 

Plots of individual parameter distributions are also 
available for each parameter if the user clicks the Plot 
button in the parameter viewing window (i.e., the win- 
dow that opens when the user clicks Add Concentra- 
tions, General Parameters, or Element Parameters; 
see Section 4.1.2) . 

See Section 4.1.4 for a description of how to navigate a 
graphics window. 

4.3.9.1 Dose Distribution 

The dose distribution graph shown in Figure 4.3.10 
shows the complementary cumulative distribution 
function (CCDF) for peak TEDE. For the possible 
values of dose, plotted on the x axis, the CCDF shows 
the fraction of simulations that have larger values. The 
initial graph depicted following a DandD simulation 

shows the PDF for dose from all active pathways due 
to all radionuclides. 

43.9.2 Time Distribution 

The time distribution graph shown in Figure 4.3.1 1 
shows the CCDF for the time of peak TEDE. For the 
possible values of time, plotted on the x axis, the CCDF 
shows the fraction of  simulations that have peak doses 
at later times. If the peak dose occurs at the same time 
in all simulations (as it always will in the building 
occupancy scenario), the CCDF is a vertical line at the 
x location of the common time value. 

43.9.3 Dose History 

A statistical summary of dose histories is available if 
the Save Dose History Information option has been 
selected by using the Options button from the Run 
Simulation window (see Section 4.2.6). Each set of 
sampled parameters produces a single dose history. At 
each timestep, DandD calculates the average value of 
dose, a s  well as the standard deviation of dose. The 
graph shown in Figure 4.3.1 2 shows the time variation 
of the average dose and the average plus and minus one 
standard deviation. The initial graph (following DandD 
execution) shows the history plots for dose from all 
active pathways due to all radionuclides. 

History plots for selected pathways, due to all radionu- 
clides, can be included in the graph by selecting the 
pathway (or All) from the Pathways list box and click- 
ing the Add to Plot button. Plots for selected radionu- 
clides, via all pathways, can be included by selecting a 
radionuclide (or All)  from the radionuclides list box and 
clicking the Add ro Plot button. History information for 
the combinations of individual pathways and individual 
radionuclides is not saved because of the large amount 
of storage space that would be required. 

For each selected pathway or radionuclide, three curves 
are added to the graph, showing the average dose and 
the average dose plus and minus one standard 
deviation. In some cases, the average dose minus the 
standard deviation may be negative. This does not 
mean that the dose can be negative. This result is 
caused by a standard deviation of dose that is large 
relative to the average dose. 

4.3.10 AdvancedIReport Template Editor 

The Report Template Editor form allows the user to 
create, modify, or delete a custom report template. 
Reports are not created in the Report Template Editor 
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Figure 4.3.13 Selecting a custom report to edit or delete 

window. To actually create reports from templates 
after a DandD simulation, use the View/Reporfs option 
from the main menu (see Section 4.3.7). 

Select Advanced/Report Template Editor from the 
main application menu to open the Report Template 
Editor window, as shown in Figure 4.3.13. The Edit 
Report Template form will allow the user to change or 
specify a new custom report template. This form can 
be accessed by clicking the New or Edit button on the 
Report Template Editor form. 

To create a new report template, click the New button. 
To edit an existing report template, select the template 
in the Custom Report Templates list. Click the Edit 
button. In either case, the Edit Report Template form 
will appear, as shown in Figure 4.3.14. 

To delete an existing report template, select the tem- 
plate in the Custom Report Templates list. Click the 
Delete button. 

To close this window, click the Close button. 



Report Name deta~l report w~thout ail paraneterd 

Input Options 
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J7 Max Radidwlide by Pathway Doses 

Figure -1.3.14 Report  template editor 

If creating a new rcport template (i.e.. ~f the user 
clicked ,li,u, in the Rcport Template Editor \vlndo\v), 
enter a namc for the template in the Rc~port ,Lhrne field. 
.Alternatively. ~f editing an old report template (i .e. .  the 
user clicked Edlr In the Report Template Editor \+in- 
do\+.). the tevt in the Rtporr .Vunlr field ~vill  already be 
filled in. Thls tevt can be modified. 

If an old broivser such as Internet Explorer 2.0 is being 
used to \ic\v reports. the template namc should ha\.c no 
embedded blanks. 

Select (or de~e lec t )  the sections wanted on the rcport 
by clicking the l~stcd checkboxes. Select the unlts to 
rcport the dose from the Sr1t.c r Dorz L ' I I ~ ! . ~  pull do\vn 
menu. Click the Print button  fa copy of this f o m ~  is 
desired. 

Click the Oh' button to save the templatc modifica- 
tluns. Other\r.l~c, click the C7ur1cc~l button. 

Once a sin~ulation I S  completed by eyccutlng the 
model. the scnsitl\~t>, analys~s ponlon of DandD can be 
run to find the relationsh~ps between uncertain model 
parameters and calculated doses I'o do thl.;, select 

.-1th,unc~cd~Sen.s1ti1~1~~ . - l ~ ~ u I ~ ~ . ~ ~ s  from thc appl~c~ition 
menu. The Data Influence Evaluation \vlndou \ \ ] I 1  
open. as sho~vn in Figure 4.3.15. 

4.3.1 1.1 Selecting Paranieterc fo r  Sensiti\ i h  
,\rial> sis 

The upper grid labeled . - I ~ ~ u i l u b l ~ f i r  .-lr~ul~~vl.v lists the 
unccrta~n model pararneterh defined b) probability 
distr~butlons. This table includes a symbol of each 
parameter 3s used by DandD. a descnptlon of each 
parameter. a checkhou indicating if a default or 
s~tc-spec~tic  \slue ivas used. the scns~ti\-lty rank~ng. 
and \vhcther the parameter 15 In the Sc,lc.crri(f;)r- .-lt~ul\~- 
.sfs grid Phc parameter5 arc sorted by dccreaslng 
scnsi t ~ \ . ~ t y .  

S e n s ~ t ~ v ~ t ~ s <  ar: not calculated for modcl parameters 
\ r ~ t h  constant valucs. Parameters \v~th constant \slues 
arc riot a\311able for >clcctlon because the scnsit~iity 
analys~s niodulc in DsndD ~dcntifics ho\\ uncertainty 

in thc parameter ~ a l u c  ~ntlucnccs uncertainty in dose 

The program calculat;lt; a senhiti\-~ty ranking for each 
of the uncertain parameters. .A rneahure of the sens~ti- 
i . 1 1 ~  of th: dose to the paramct2r \ d u e ,  whtch ranges 
from 0 to 1. 1s 11stc.d for each paranicter. where 1 ~ndl -  
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Figure 43.15 Data Influence Evaluation window 

cates highest sensitivity. This sensitivity measure 
reflects the dependence of calculated dose on the 
parameter value. This measure is based on the signi- 
ficance level of the Kolmolgorov-Smimov (K-S) 
statistic for the parameter (see Section 4.3.1 1.4 for a 
description). 

The first time the Data Influence Evaluation window is 
opened after a simulation, the lower table labeled 
Selected for Analysis contains parameters with a sen- 
sitivity of 0.95 or greater. This is the default setting. 

The upper table indicates that a parameter is currently 
selected by displaying a checkmark in the column 
labeled Analyze. The user can select new parameters 
by selecting the appropriate row in the upper table and 
clicking the Select Parameter for Analysis button. An 
entry for the parameter will be added to the lower table 
labeled Selected for Analysis. 

Parameters that are already selected can be removed by 
selecting the parameter's row in the upper table and 
clicking the Remove Parameter from Analysis button 
(note that this button toggles between Select or Remove 
depending on the current Analyze checkbox setting for 
the parameter). The user can also remove or add 
parameters from the Selected for Analysis grid by 
double-clicking on the parameter in the Available for 

Analysis grid. 

Click the Restore to Default button to restore the 
Selected for Analysis grid to include only parameters 
with a sensitivity of 0.95 or greater. 

After one or more parameters have been selected for 
analysis, clicking the Analyze button will invoke the 
sensitivity analysis application. A description of this 
application is provided below. The sensitivity analysis 
module is an independent application that shares data 
with DandD. 

The Print button prints the entire list of parameters, 
along with their sensitivity indicator values. Click the 
OK button to close this window and save the current 
state of selected parameters. If this is done, the next 
time this window is opened the parameters shown in 
the Selectedfor Analysis grid will reflect this saved 
state. 

Click the Cancel button to close this window and 
disregard the current state of selected parameters as 
shown in the Selected for Analysis grid. If this is done, 
the next time this window is opened the parameters 
shown in the Selected for Analysis grid will be identical 
to the initial state the last time the Data Influence 
Evaluation window was opened. 



If the simulation is run again, the saved states will be 
disregarded. The variables sclected for analysis in the 
Data Injlrtrnce E~~al~curiun ~vindow will only contain 
parameters with a sensitivity of .95 or greater. 

4.3.11.2 Using the Sensitivity Analysis 
Application 

The ob~ccti\ .e of the sensitivity analysis is to under- 
stand the relationship between the model parameter 
values and the calculated dose values. This informa- 
tion \vill help to identify parameter modifications that 
might lead to significant changes in the calculated dose 
distribut~on. 

Sensitivity analysis is a separate custom hlicrosoft" 
WindowsX application. DandD will launch this appli- 
cation irhen the user clicks the .-lna[~.ze button from the 
Data Influence Evaluation window. The sensitiv~ty 
analysis application loads data from the session file. 
Each parameter in the Selectedfor . - l n ~ ! ~ ~ s i s  list in the 
Data Influence E\.aluation window will be loaded Into 
the sens~ti\.ity analys~s application. 

This application can be closed using ~ t s  File Exit coni- 
mand or the "X" button on the Sensitivity Analysis 
window. Because this is a separate application that 
shares data \vith DandD. this \v~ndow should be closed 
before rctumlng to DandD. 

The Sensitivity :Inalysis \rindow 1s d ~ v ~ d e d  into top, 
mlddlc, and bottom sections that are separated visually 
by thin horizontal black Ilncs. as showm in Figurs 
4.3.16. 

The top section is relati\.ely small and only conta~ns the 
number of realizat~ons (or  simulations) analyzed and a 
color legend. The middle section is where the user can 
modify settings spec~fic to a parameter to study the 
5ensit1~-ity of  that parameter. This section conta~ris t\i.o 
graphs. The graph on thc left. ent~tlcd "Total Dose," is 
the plot of the probability clistr~bution for dose. T h ~ s  
plot is identical to the plot displayed \\hen l i r ~ ;  
Crr~phics Dose D~.srrihlirion IS selected from the main 
menu. except that the user may change the d~splaycd 
performance objective (P.O. ) dose value. 

The graph on the right. labeled \rith the name of a 
selected parameter. is a histogram constn~ctcd of the 
selected parameter values sampled by DandD for each 
siniulation. It consists of thc sampled par3n1etcr value 
along the Y asis versus the number of occurrences on 
the y asls. 
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The bottom section I S  the largest o f  the three sections 
and contains histograms for all of  the input parameters 
specified in the Selected for Analysis list in the Data 
Influence Evaluation \vindow in DandD. The ~ v ~ n d o w  
may need to be scrolled to see the histograms for all 
selected parameters. To select an input parameter. the 
user will need to double-click (or  right-click) on the 
small plot to copy the graph from the bottom to the 
middle section. 

1.3.1 1.3 Description of Controls 

Users can explore the relationship bet\\ cen dose and 
paramctcr values by alllusting the P.O. value in the 
dose graph and ohsen ins  the tendency of high dose 
values to cluster near the extreme \.alurls of cer ta~n 
parameters. 

If a parameter has a strong correlation with do>?. then 
the simulations leading to large dose values. colored 
red. \\ill tend to cluster near one end of the parameter 
distribution. If a paramcter is only weakly correlated to 
dose. the red and blue values ~vill  tend to be cvcnly 
distributed over the range of the parameter values. 

If a parameter has a strong corrcl;~t~on \vith dose. then 
collecting data about chat p;irarneter. i r  h ~ c h  i.r.111 reduce 
uncertainty about the parameter \.;tluc. \v11I tend to 
change the dosc distribution and ma! therefore change 
the compllancs status. 

The potential influence of s~te-spec~tic  paramctcr infor- 
matlon can be appros~matsd by "clipping" or truncating 
parameter ~ a l u c s  from the h ~ s h  and low ends of the 
current paramctcr d~.;tribution For the currently 
!,t.lectcd paramctcr ( s h o ~ j n  in the upper-right hand 
graph). the largest or >niallcst values (or  both) can be 
truncated from the iii\tnbut~on by dragging the \ ertlcal 
l lm~t  lines In this graph to the right or left. Parameter 
samples that fall outsidi. thc I1n11t line5 are colorcd 
green on the paramctcr graph and are excluded from the 
maln dosc d~stribution p a p h .  In t h ~ s  \yay. the potential 
effect of narrouing the clistribut~on for a paramctcr on 
the rcsult~ng dosc dlstnbution can be rcad~ly est~mated 
and v~sualizcd (see Fizure 4.3.171. 

The legend in the top wctlon sho\\s the follo\v~ng 
clltrlcs: 

Passes P.O. \ ' due :  Rcalizat~ons with do.;? \slues 
less than the P 0 value are sho\\n in blue on the 
total dosc graph and on the parameter graph>. 



Figure 4.3.16 Three parts of the sensitivity analysis window 
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Figure 4.3.17 Histogram of parameter selected for sensitivity analysis 



Exceeds P.O. Value: Realizations w ~ t h  dose 
values larger than the P.O. value are sho\\-n In red 
on the total dose graph and on the parameter 
graphs. 

Excluded Realization: Parameter samples that 
fall outside the limit lines (maximum and mini- 
mum valucs in the row labeled Current) arc 
colored green on the parameter graph and arc 
excluded from the total dosc graph. 

A given parameter value may have some red and some 
blue for the same valuc on the histogram. This 
indicates that some of the realizations passed and some 
excceded for the same value (or close to the same 
vaIue) of the parameter in question. This happens 
because other uncertain parameters within that 
histogram bar may be controlling the total dose. 

If all calculated dose values are either above or below 
the regulatory limit. the entire distribution \\rill be 
s h o ~ n  as  red or blue. respecti\~ely. In this case, com- 
pliance with the dose standard is either achie\,ed 
already or is very unlikely given the scenario. path- 
\vays. and models. 

Both plots in the middle section ha \e  t \ \o  rows of  
informational text boxes located just below them. Thc 
top row. labeled Czirrrrzr, shows the current settings of 
the plot. These may be niodificd b? the user. The neut 
row. labeled Orrgr~rui. shous  thc origlnal scttlngs of 
the plot. 

The total dose plot test boxes h ~ v c  the follo\ving 
nicanlngs. 

P.O. L'alue: The user can modify ths P . 0  by 
changlng the value of this test box from the 
default of 25 mrcm to a larger or smaller number. 
The user must tab or select anuthcr control for thc 
revised P.O. \slue to take effect. 

If the total dosc plot shows \slues both belu\v and 
a b o ~ c  the P.O. valuc. the P.O. valuc is indicated by a 
vertical line on the chart. T h ~ s  line can be selcctcd and 
nioked to the left and nght to change the P.O. \ d u e .  

Pct Exceed: ~ndlcates percentage of realizations 
that h a w  exceeded the P.O. If the NRC-detined 
P.O. requires the acceptable percentage of passing 

results to be 90'0. this is equlvalcnt to a 10" o 

cxcccdance. Lo~ver  csceedance rates arc bcttcr 
than h~gher .  Excludc~i Lectors arc not consldcrcd 
in this calculstion. hlodifylng th15 number man- 
ually will ha\e  no cffcct: ~t changes rtutornaticall>. 

when the P.O. \.slue is modified. or lvhcn a param- 
eter histogram is truncated. 

Vectors: indicates the number of  realizations that 
hvere used to graph the total dose plot. The user 
indirectly modifies the number of  realizations used 
by dragging the vertical bars on the parameter plot. 
Modifying this number manually will h a w  no 
effect on the plots. 

The C:ndo button ivill cancel the last modification 
made to the related row labcled Current. For example, 
if some of the simulat~ons \\ccr removed from the total 
dose graph by changing the \.slue of  'linimum. click- 
ing the L'nJo button will set the valuc of ,llininlrrnt to 
the t.alue it had before i t  \\.as moditied. 

The Reset button located to the right of these rohvs will 
reset the row labeled Current to the 1,alues in the row 
labeled Or~girrul. In other words. the current values in 
the rob\ \viil be reset to the dcfault \slues. 

The allowed values for the .\llnin~ztrrr and ,llu~rnrrcn~ are 
restr~cted to Fall \+;thin the actual parameter \-alucs 
calculated by LHS.  For this reason. the software \+111 

restrict the minimum or maximum that is entcrcd for 
the parameter bounds Thest. bounds can be niod~fied 
by: 

ma\-ing the ~er t i ca l  l ~ n e s  on the paramctcr g a p h  
by uslng a click-and-drag motlon. 

manually tn tc r~ng  a nen \ d u e  In the tcut holes 
Iabcleri .llrr~rnzltn; and .Ilurrrnlrn~: 

clicking the Re.7i.r button to reset the .tlrt1inilrrn and 
,2/~r~inirlnl values to thc default (origlnal ) values: 
or 

'licking ths C N L I ~  button to r c x t  the laif value 
entcrcd to ~ t s  prc\ lous kaluc 

If thcre 15 d~fticulty In rno\,inz the vertical l ~ n s s  on the 
graph, clicking the Rt,.sef button under the parameter 
histogram will reset the .I/ir1in11tm and . l /u~imrcn~ \ alucs 
to their original \,alucs. All s~rnulations. othcr than 
thohe removed by modif? lng other parameter bounds. 
\ \111 bc reset In the total dose plot. 

D~stributions for more than one parameter can be trun- 
cated as dcscr~bed. After the upper and lo\ver 11n11t 
lines are hct for the first parameter. Any othcr paramctcr 
can be selcctcti b\ cic)ublc-clickin: on the small distn- 
hut~on graph for that parameter. The d ~ s t r ~ b u r ~ o n  for 
the qeconci paranictcr v,111 then be m o ~ c d  to thc m a n  



parameter graph, where its upper and lower limits can 
be set. Any limits set for the first parameter are pre- 
served and can be recalled by selecting that parameter 
from the field of small parameter graphs. 
The eliminated simulations are preserved and cumula- 
tive when multiple parameter histograms are modified. 
For example, if ten realizations have been eliminated 
by restricting the bounds on parameter one, and the 
user double-clicks on the histogram representing 
parameter two, then those realizations previously 
eliminated will still be eliminated. More simulations 
can be eliminated by restricting the bounds on param- 
eter two. All of the other plots will be updated to show 
these additional eliminated simulations. 

When eliminating bounds or rnodifylng the P.O., some 
of the parameter graphs may become greyed out. This 
means that by calculation of the K-S test, these 
parameters do not significantly determine whether dose 
is above or below the P.O. (see Section 4.3.11.4). If a 
parameter has a sensitivity ranking less than 0.95, the 
histogram will have a grey background. 

Some dose and parameter distributions are more easily 
viewed using a logarithmic scale. The scales for both 
the total dose graph and main parameter graph can be 
changed by right-clicking on the x axis title or the 
y axis title. A pop-up menu allows the axis scaling to 
be changed between linear and logarithmic. 

Refemng to Figure 4.3.17, there were a total of 26 
simulations. This can be directly read from the graph 
by counting the number of squares on the histogram. 
Each square represents one simulation. The total 
number of squares in the histogram is the same as the 
Number of Realizations indicated on the upper left 
comer of the Sensit ivi~ Analysis window, as shown in 
Figure 4.3.16. 

The user eliminated three of the 26 simulations from 
consideration in the total dose graph by changing the 
value of Maximum to 1.39255E-5, indicated by the 
color green, as shown in Figure 4.3.17. Out of the 23 
simulations remaining, three had a total dose that 
exceeded the performance objective, indicated by the 
color red, as shown in Figure 4.3.17. n e  vertical bars 
in Figure 4.3.17 indicate the Minimum and Maximum 
values graphically. The value for Current Vectors will 
be 23 in the total dose graph, indicating that 23 of the 
26 vectors are plotted in the total dose graph, as shown 
in Figure 4.3.16. 

4.3.11.4 Kolmolgorov-Smirnov Statistical Test 
for Sensitivity 

The sensitivity measure that indicates the dependence 
of the calculated dose on the value of each uncertain 
parameter is based on the K-S test for differences 
between the distributions underlying two sets of 
sample values. 

The calculated dose values are first divided into two 
groups: one group with "high doses and the second 
with "low" doses. Second, the parameter values used 
in the calculations leading to high doses are grouped 
together, while the parameter values for the low dose 
calculations are placed into a separate group. Third, 
the empirical probability distributions defined by these 
two groups of samples are compared using the K-S 
test. Parameters having a strong influence on dose will 
show large differences between the two distributions, 
leading to a large value for the K-S test statistic. 
Parameters with little or no influence on dose will have 
approximately the same distribution in the high-dose 
and lowdose groups, leading to a small value for the 
K-S statistic. 

The sensitivity measure reported by DandD is I - Q, 
where Q is the significance level of the observed value 
of the K-S statistic. Low values of Q mean that the 
observed difference between the distributions is unlike- 
ly to be the consequence of random error and is 
therefore likely to reflect a real difference between the 
high-dose and low-dose parameter sets. 

The sensitivity in the Data Influence Evaluation 
window is based on partitioning the samples by the 
median dose. In the Sensitivity Analysis window, 
instead of grouping the simulations based on the 
median dose, the simulations are grouped based on the 
P.O. Value. This means that it is possible for the 
Sensitivity Analysis window to indicate that param- 
eters are not sensitive when the same parameter may 
have had a sensitivity ranking greater than or equal to 
0.95 in the Data Influence Evaluation window. This 
also means that some parameters may be sensitive only 
for certain P.O. Values in the Sensitivity Analysis 
window. 

4.3.12 Window Menu Options 

The Window menu contains standard windowing 
operations to help manage the window placement 
within the application. 

The Window/Cascade option is very helpful if a win- 
dow is hidden because one window is directly on top 



of another window. Selecting CV'indo~t~/Cuscade ~vill  
cause the u.lndows to be stacked. Windows ma! have 
to be resized in order to access all of the buttons on 
each ~vindow. 

Thc Iti'ndo\c/Tile Horizontui and I.t'indo~t.'Tiie I'erticai 
options are useful to compare the contents of txvo \\in- 
dows. For example, to compare two graphs, m~nimlze 
the main session window by clicking the iconizr (or 
minimize) button on the upper right hand part of the 
window. as  shown in Figure 4.3.18. Opcn the two 
graph~cs windows using the L.iru71'Graphics selection 
and select Lt'indo\t;'Tiir Horizontui. 

The It'indo+t~,~rirrun,vr Icons button may be uscful if 
some of the icons have been moved, and need to be 
seen. Thls select~on is only relevant if w i n d o w  have 
been iconized. 

4.3.13 Help Options 

The Help menu gives access to the online help filcs 
(SCC also Section 4.1.1 ). Help for using the graphical 
user interface can be accessed by ielecting the 
Hi~1p:Contrtrts and Help,Sc>arcii On options. 

ThcHelplh'RC Refirerices addresses the more technical 
jssues of  modeling. This will work only if a frame- 
enabled browser such as Internet Explorer 3.0 or 
Netscape Na\.igator 3.0 has been installed. 

The He1pL-l bout option M 111 give information regard~ng 
the version of DandD that is currently running. 

Add~tionally. contest-sunsitixe help with the user 
interface is available by prcssing the F1 key. 

lconize (or minimize) main session 
window by clicking I 

Fle E d  View Advanced Wdow Help I 

-Add Source of C o n t m t ~ c m  - Ed11 Exposure Pathway 

Add C o n l a m n a ~ i  ( 
1 F External 

I 

Add Cancenbatmr 1 
I 
rJ Inhdat~cm - - - - ___ - -J 

- Opbonally rnod$y parameters - 

I F Secondary lngestlwl 

Figure 1.3.18 lconizing main 5es5ion nindow 



5 FREQUENTLY ASKED QUESTIONS 

Do I need Microsofte ~ c c e s s @  installed in order to 
run DandD? No. 

Do I need Microsofte Accesseb installed to look a t  
the raw session file data? Yes. 

Can DandD be installed on my new Windows ME 
or  Windows 2000 machines? The DandD Version 
2.1 installation procedure was not tested against these 
platforms. The difficulties that may be encountered are 
unknown. However, this feature may be supported in 
future versions. 

1 am unable to successfully install DandD Version 
2.1. Now what do I do? If all of the hints within the 
"Installation of DandD section of this document fail, 
send an e-mail to DandD@nrc.gov including: the 
version of the Windows' operating system on the 
computer, the amount of free harddisk space available, 
the amount of random access memory (RAM) 
available. and, if available, the DandD installation log. 
If the installation has proceeded far enough, an 
installation log will have been created in a file named 
"1NSTALL.LOG" in the directory where DandD is 
being installed (usually "C:Wrogram Files\DandDZ"). 

How do I know what version of DandD I have? 
Click on "About" or "About DandD" in the "Help" 
menu. A dialog box will appear giving a multiple digit 
version number. For example, 2.1.0 is the specific 
DandD version number available at the time this docu- 
mentation was published. 

How do I know which session file I have open? The 
bottom left side of the main session window will 
contain the path name of the file currently opened. 
Select File/Properties for more information. 

How do I change the site name and description for 
a session? Once the session is opened, click on 
"Properties" in the "File" menu, then edit either the site 
name or description. 

How do I open up a session file using Microsoft" 
~ccess'? From the MicrosoftE WindowsS start menu, 
start Microsoft" AccessE. Select the Open database 
option. Change the "Files of type:" drop down menu 
from "MicrosoftE ~ccess '  Databases" to "All files." 
Specify the mcd (Monte Carlo DandD session) file in 
the Open dialog box. Click OK. Enter "2x" for the 
password. 

How do I do a deterministic analysis like I did with 
DandD Version 1.0? Go through every parameter 
and change it to a constant along with support 
justification. 

Why do the numbers in the Summary of Model 
Parameter Values disagree with the input values I 
specified? Because the input units differ from those 
used by the model. See 4.1.2 for a further discussion. 

Why is the Add Concentration button dimmed on 
the scenario tab? This happens if the Concentration 
History toggle from the Add Contaminants dialog box 
is set. To correct this, click on Add Contaminants. Set 
the Contaminant Input Mode toggle to Initial Concen- 
tration Values. Add desired site contaminants. Click 
OK. 

I haven't run a simulation yet, but I need to know 
what parameter I have modified and their values. 
How do 1 do this? The user can see which parameters 
are modified in the Parameter Viewing windows by 
looking to see which parameters have their Default 
checkbox unchecked in the main grid. However, it will 
be easier to create a report called Model InputSummary 
accessed by selecting View/Reports ffom the main 
menu. All site-specific parameters and contaminations 
will be reported. 

I want to see the Dose History. I ran a simulation, 
but the dose history is greyed out on the View/ 
Graphics menu. What should I do? Click on 
Execute, and click on Options in the Run Simulation 
window. Check the Save Dose Histo? Information 
checkbox in the Advanced Execution Parameters 
window. Rerun the simulation. 

I am getting unclear error messages. My simula- 
tion should run but it won't now. What should I 
do? You may have stumbled onto a bug. Exit DandD, 
restart DandD, and reopen the session file. Try to run 
the simulation again. Reproduce the problem and 
please submit the bug to NRC technical support to 
repair. 

The program was unable to complete the LHS 
sampling. 1 received a sequence of error messages 
from the LHS processor. Why? The system may be 
low in memory or disk space. The specified parameter 
distributions or correlations may be invalid. It is also 
possible that a bug from within LHS may have been 
found. Try changing the probability distribution and 
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resampling. If this corrects the problem. the problem is 
most likely a bug in LHS. If this does not work. exit 
DandD. restart DandD. and reopen the session file. 
Try to run the simulation again. If this works. there 
may be a bug in DandD. Reproduce the problem and 
please submit the bug to S R C  techn~cal support to 
repalr. 

I ran the simulation twice. Each time I got 
different results, even though the random seed and 
the parameters haven't changed. Is this program 
broken? In some cases. the random sample values of 
the parameters depend on the order in which the uscr 
defined and modified the paramctcrs. This will result 
in a slightly different \.slue of  the TEDE and 9506 
confidence internal bounds. The program results are 
still valid. The user can increase the number of 
simulations to increase the accuracy of the results. 
This dependence on the order of input is a bug and may 
be fixed in 3 future \.erslon. 

In the Report. why is the reported all-pathways 
dose not always equal to the sum of the dose 
reported for the individual pathways? There are a 
number of reasons for this apparent ~nconsistency. 
First. the numbers reported represent peak \.slues over 
I000 simulated years and the pathway peak may occur 
at different times than the all-pathways peak: thus the 
all-pathways peak ~vould be less than the sum of the 
indi~idual  pathway peaks. Second. remember that the 
reported numbers represent a qxci t ic  quantilc of thc 
dlstr~butions. There may be an o~.craIl relat~onship 
bet\\,t.cn path\vay doses such that high values along one 
pathway coincide with low \alucs on another path~vay. 
The resulting all-pathways qu;int~le \vould be cupectcd 
to differ from the sum of the path\\ a);-spccitic quantilc 
\.aIucs. 

Ilow do  1 insert a xraphic into m! hlicrosoft* 
\\ ordk or Corel* \\ ordPerfectb Document'! I \c  the 
F d ~ t  Copy funct~on to copy the g a p h ~ c s  to the clip- 
b o d  from DandD L4e the Paste Spcc~al  optlon In 
the uord proce4slng program 

Ilow do I extract the raw data used in the graph? 
Use the Edit'Copy function to copy the graph~cs to the 
clipboard from DandD. Use the Paste option in the 
word processing or spreadsheet program. 

W'hen I t q  to copy a plot from DandD \.ersion 2.1 
and insert it into a word-processor document. all 1 
get are a bunch of numbers. How do 1 get the plot? 
LVhcn it is desired to "paste" the plot into the docu- 
ment. select "paste special" rather than "paste" to insert 
the plot. 

I used the EditICop! function, but when I paste m! 
graphic into the word processing program. the 
legend is missing. Did 1 do something wrong? No 
T h ~ s  15 a mlsslng feature of the E d ~ t  Copy funct~on 
Add the legend to the g a p h  ~ ~ t h ~ n  the tarset \sord 
processor appllcat~on 

tlow can results be transmitted to the NRC? The 
session file (the file \\.ith the "mcd" filename cuten- 
slon) contains the session data. results. and explana- 
tlons. Sometimes these files are larger than will f i t  on 
a standard floppy diskette. DandD Version 2.1 con- 
tains an option to compress these files so they may fit 
on a d~skctte or will be smaller to ship electronically. 
In Section 1. User [nterfact Reference Guide. read 
Section 4.3.3 File Export Session File as Zip. 

I entered a probabil ic  distribution for some 
parameters. but a constant balue was used instead. 
Is this a bug in DandD? KO. XI1 bchav~oral 
paranictcrs use an a\-crclge o f  the sampled parameters 
f o r  cvcry s~mulation. LHS is used to create a set of  
\slues for probabilistic beha\.~oral parameters. 
Hov,e\cr, these balucs are averaged for use in thc 
n~odel .  Paramctcr help accessed \ ia  the Parametcr 
Vic\r.ing \vindo\~. (see sectlon -1.1.7) and thc unllnc 
help r~cccssed by selecting Help,.\.RC RefL~rcjr1ce.s from 
the main menu \rill tcll the uscr \\ hlch parameters arc 
beha\.~oral.  
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APPENDIX A DIFFERENCES BETWEEN VOLUME 1 AM) RELEASE 1.0 
OF DandD 

A.l Introduction 

NUREGICR-55 12, Volume 1, "Residual Radioactive 
Contamination From Decommissioning: Technical 
Basis for Translating Contamination Levels to A N ~ u ~  
Effective Dose,"(Kemedy and Strenge, 1992), pro- 
vides the technical basis, associated equations, and 
data tables for translating residual contamination levels 
to annual dose for decommissioned sites. The 
NUREGICR-5512 modeling is intended to be a screen- 
ing tool for assessing potential doses from decomrnis- 
sioned sites based on a philosophy of moving from 
simple, prudently conservative, calculations toward 
more realistic simulations, as necessary. 

In 1993, Sandia National Laboratories (SNL) develop 
ed codes to perform calculations using the NUREG1 
CR-5512 methodology to support the NRC's draft 
regulatory guide on release criteria for decommission- 
ing, NUREG-1 500 (Daily et al., 1994). Subsequent to 
performing these calculations, SNL has developed 
DandD, a user-friendly s o h a r e  application that imple- 
ments the NUREGICR-55 I2 methodology. DandD 
incorporates the codes developed for the 
NUREG-1500 calculations within a graphical user 
interface. In the process of supporting the NUREG- 
1500 calculations and implementing and testing the 
DandD software, several problems and issues related to 
the original methodology in NUREGICR-55 12 have 
been identified. Consequently, several changes or 
corrections were made for implementation of the 
NUREGI CR-55 12 methodology in DandD. Gener- 
ally, these changes address the following problems or 
issues: 

1. Revisions to the equations published in 
NUREGICR-55 12, Volume 1 ; 

2. errors found in the data tables published in 
NUREGICR-55 12, Volume 1 ; and 

3. assumptions and default parameters used in the 
original NUREGICR-55 12 methodology that have 
been found to be inconsistent with the iterative 
screening philosophy of the methodology. 

This appendix documents these problems and the cor- 
rections~solutions to these problems that have been 
implemented for Release 1.0 of DandD. Section A.2 

describes equation nomenclature. Section A.3 of this 
report describes (I) the changes made to the equations 
originally published in NUREGICR-5512, Volume 1, 
and (2) changes made as a result of the implementation 
and testing of DandD to address assumptions that 
resulted in inconsistencies between the intent of the 
NUREGICR-55 12 methodology and the originally 
published equations. Section A.4 identifies the correc- 
tions made to the data tables published in NUREG/ 
CR-55 12, Volume 1, to develop the data files for the 
Release 1.0 of the DandD code. Changes in the default 
parameter values were documented in Beyeler et al., 
1999. 

A.2 Nomenclature 

The mathematical models originally described in 
Volume 1 of this report involve many equations with 
numerous parameters. Because of the complexity of 
the equations, a system of nomenclature was developed 
to represent symbols used for the parameters. This 
system of nomenclature is summarized in Section 2 of 
Volume 1. For ease of reference to understand the 
changes to the mathematical formulations that are 
presented in this appendix, the system of nomenclature 
is presented here in Table A. 1. The system of nomen- 
clature includes a definition of units used to permit a 
full dimensional analysis. 

In general, terms beginning with " D  are dose or dose 
rate factors; "TEDE are annual total effective dose 
equivalents; "AF" are ingestion-pathway committed 
effective dose equivalent factors; "C" are concentra- 
tions (per unit mass, volume, or area), or total activity 
of a radionuclide, as appropriate; and "k" are radio- 
active decay rate constants. General subscripts 
encountered include "i" or "j" for parent or decay- 
chain-member radionuclides; "s" for soil; "w" for 
water; and "v" for food crops (agricultural pathways). 

In addition to the parameters listed in tables, a special 
notation is used for radioactive decay calculations. 
Decay operators are represented by A (1, S { }, R{ } , and 
G{), as defined in Appendix B of Volume 1. 

A{} = Changes in parent and progeny activities or 
concentrations over time (i.e. radioactive decay and 
ingrowth). 



Table  A.l Parameter  Summary  

Parameter  Description 
-. .- - -- - .- - 

A,,I Concentration factor of  radionuclide progeny j in soil for the current year per initial unit 
concentration of  chain parent radionuclide in soil. 

&TI 
Average concentration factor of radionuclide progeny j in water for the current year per initial 
unit concentration of chain parent radionuclide in soil. 

A$ Committed effective dose equivalent per unit average concentration of  chain member j (as a 
parent) in water from drinking water contaminated by radionuclide chain member. 

XF, Committed effective dose equivalent per unit average concentration of  chain member j (as a 
parent) in water from aquatic food products contaminated by radionuclide chain member j. 

AF, Committed effective dose equivalent per unit concentration of  chain member j (as a parent) in 
soil at the start of  the growing season from agricultural products contaminated by radionuclide 
chain member j in soil. 

AF,.., Committed effective dose equivalent per unit average concentration of chain member j (as a 
parent) in water from agricultural products contaminated by irrigation water for radionuclide j 

C l ,  
Total activity in box 1 o f  the three box groundwater model for radionuclide chain member j 

c:, Total activity in box 2 of  either the three box or the multiple-la~er-unsaturated-zone box 
groundwater model for radionuclide chain member j. 

C,, Total activity in box 3 of  the three box groundwater model for radionuclide chain member j. 

c,., Total activit).. in box 1 of the three box ground~vater model for radionuclide chain member n 

c:," Total activity in box 7- of either the three box or the multiple-la\.er-unsaturated-zone box 
ground~vater model for radionuclide chain member n. 

C3.n Total activity in box 3 o f  the three box groundwater model for radionuclide chain member n 

Ch Total activity in box k of the three box groundwater model for radionuclide chain memberj. 

c, Total activity in box I o fthe multiple-layer-unsaturated-zone groundbvater box model for 
radionuclide chain member j .  

c;-lJ Total activity in box 1-1 of the multiple-layer-unsaturated-zone groundwater box model for 
radionuclide chain member j. 

CI, Total activit). in box 1 of the multiple-layer-unsaturated-zone groundt\ater box model for 
radionuclide chain member n. 

C ~ I ,  Total activlt) in box m+l (box immediate1 ab0L.e the aquifer box) of the multiple-layer- 
unsaturated-zone groundwater box model for radionuclide chain member j. 

Cr.:! Total acti\ , ib in box m+3 (aquifer box) of the multiple-layer-unsaturated-zone ground~+ater box 
model for radionuclide chain member j .  

Cm: n Total activity in box m-7- (aquifer box) of the multiple-la~er-unsaturated-zone groundwater box 
model for radionuclide chain member n. 

CK. Carbon-14 akerage concentrat~on factor In forage crop at tlme of forage feedm9 resulting from 
resuspenslon and root uptahe from so11 for an a\erage unlt concentration of carbon-I4 In ground 
water. 



Table A.l Parameter Summary 

Parameter Description 

C e c  
Carbon-14 average concentration factor in stored grain at time of grain feeding resulting from 
resuspension and root uptake from soil for an average unit concentration of carbon-14 in ground 
water. 

CM, Carbon-14 average concentration fktor  in stored hay at time of stored hay feeding resulting from 
resuspension and root uptake from soil for an average unit concentration of carbon-14 in ground 
water. 

cs Initial activity in soil for a chain parent radionuclide. 

cs Initial activity in soil for chain i parent radionuclide. 

CDG 

CDI 

CDO 

DAR, 

DEXR, 

DFER, 

DFG, 

DFY 

DFO, 

DGR 

Initial activity in soil for chain i parent radionuclide. 

Activity concentration factor for transfer from soil to water for radionuclide chain member j at 
time t. 

Total activity in soil for chain i parent radionuclide. 

Carbon-14 concentration factor in fresh forage at time of animal consumption for unit initial 
concentration of carbon-14 in ground water. 

Carbon-14 concentration factor in soil at time of animal consumption for unit initial 
concentration of carbon- 14 in ground water. 

Carbon-14 concentration factor in stored grain at time of animal consumption for unit initial 
concentration of carbon-14 in ground water. 

Carbon-14 concentration factor in stored hay at time of animal consumption for unit initial 
concentration of carbon-1 4 in ground water. 

Carbon-14 concentration factor in water at time of animal consumption for unit initial 
concentration of carbon-14 in ground water. 

Dust loading factor for gardening activities. 

Dust loading factor for indoor exposure periods. 

Dust loading factor for outdoor exposure periods. 

Committed effective dose equivalent from ingestion of aquatic foods for radionuclide chain i. 

External dose for radionuclide chain i. 

External dose rate factor for radionuclide chain member j from contamination uniformly 
distributed in the top 15 cm of residential soil. 

Committed effective dose equivalent from ingestion of radionuclide chain member j. 

Committed effective dose equivalent from inhalation of radionuclide chain member j from 
contaminated air. 

Committed effective dose equivalent to organ o from ingestion of radionuclide chain member j 

Committed effective dose equivalent from ingestion of home-grown food and animal products for 
a radionuclide chain. 

Committed effective dose equivalent from ingestion of home-grown food and animal products for 
radionuclide chain i. 



Table A.1 Parameter Summary 

Parameter Description 

DHh Committed effective dose equivalent from inhalation of  airborne soil and house dust for 
radionuclide chain i. 

DIET Fraction of annual diet derived from home-grown foods. 

DlRR Committed effective dose equivalent from ingestion of  home-grown foods and animal products 
produced with irrigation water for a radionuclide chain. 

DIRR, Committed effective dose equivalent from ingestion of home-grown foods and animal products 
produced s i t h  irrigation water fro radionuclide chain i. 

D s k  Committed effective dose equivalent from secondary ingestion of soil for radionuclide chain i 

DWq Committed effective dose equivalent from ingestion of  drinking water and irrigated food for 
radionuclide chain i (also used for committed effective dose equivalent from ingestion of 
drinking water for radionuclide chain member j after modification of  Eqn. 5.73). 

F, Fraction of water removed from the aquifer bos that is deposited on the surface layer by 
irrigation. 

GR Effective transfer rate for ingestion of soil and dust transferred to the mouth during the residential 
scenario. 

HOCDE, Highest annual organ committed dose equiixlent for radionuclide chain i from ingestion of 
drinking water. 

HOCDE, Highest annual organ committed dose equivalent for a mixture of radionuclides from ingestion of  
drinking M ater. 

J ,  Number of radionuclides in d e c q  chain for radionuclide chain i .  

LIZ, Rate constant for moLement of radionuclide j between boxes 1 and 2 in the ground\batt.r box 
model. 

L:,! Rate constant for movement of radionuclide j b e h e e n  boxes 2 and 3 in the groundwater three 
box model. 

Lzi, Rate constant for movement of radionuclide j between boxes 2 and 3 in the multiple-layer- 
unsaturated-zone groundwater bos model. 

L 1, 
Rate constant for mo\ement of  radionucllde J benbeen boxes I- I and I In the multiple-1a)er- 
unsaturated-zone groundwater box model 

L, ,- , Rate constant for mobement of radionucl~de J between boxes I and 1+1 ~n the multiple-1a)er- 
unsaturated-zone roundwater  box model 

L r~ ,v :  Rate constant for movement of radionuclide j between the box immediately above the aquifer and 
the aquifer bos in the multiple-lqer-unsaturated-zone groundwater box model. 

1 1  Number of radionuclide chains 

PC Floor dust loading factor for residential scenario. 

PF,,, Pathway transfer factor providing uptake by humans per unit concentration in soil for chain 
member j caused b) unit activity of radionuclide chain member i .  

PF,,, Pathway transfer factor providing uptake b> humans per unlt <oncentration In bsater for chain 
member j caused b) unit acti\.ity of radionuclide chain member i .  



Table A.1 Parameter Summary 

Parameter Description 

PPTF, Partial pathway transfer factor of animal product for carbon-14 due to irrigation. 

RF, Resuspension factor for indoor activity in the residential scenario. 

Qd Soil dry weight consumption rate as a fraction of the fresh forage consumption rate. 

Q f Consumption rate of wet weight fresh forage by animal. 

TEDED, 

u, 

'a, 

v, 
v,, 

Consumption rate of wet weight stored grain by animal. 

Consumption rate of wet weight stored hay by animal. 

Consumption rate of water by animal. 

Time integral of total soil activity for radionuclide chain member j over the gardening period 
from time t to time t+$,. 

Time integral of soil total activity for radionuclide chain member j over the residential period 
from time t to time t+Gr. 

Time integral of drinking water scenario aquifer total activity for radionuclide chain member j 
over the time period J. (one year). 

Specific activity equivalence of animal product and the specific activity of the total feed intake. 

Shielding factor by which external dose rate is reduced during periods of indoor residence. 

Optional shielding factor by which external dose rate is reduced during periods of outdoor 
residence. 

Annual total effective dose equivalent for the drinking water scenario for radionuclide chain i. 

Ingestion rate of drinking water by humans. 

Aquifer volume. 

Volumetric breathing rate for gardening activities for residential scenario. 

Volume of water infiltrating through contaminated area in a year for the residential scenario 
water-use model. 

Volume of water used for domestic purposes during a year of the drinking water scenario. 

Volume of water used for domestic purposes during a year of the residential scenario. 

v,, Volume of water used for irrigation during a year of the residential scenario. 

v m  Total aquifer volume for the drinking water scenario. 

v~r Total aquifer volume for the residential scenario. 

v r Volumetric breathing rate for indoor activities for the residential scenario. 

vsw Volume of water in the surface-water pond used in production of aquatic foods. 

vx Volumetric breathing rate for outdoor activities for the residential scenario. 

w r Factor to convert mass of fresh forage from a wet-weight to a dry-weight basis. 

c., Concentration of radionuclides in the aquifer. 



Table A.1 Parameter Summap 

Parameter Description 
- -- . - ~ ~ - 

C,, Concentration of radionuclides in the surface-water pond. 

4, Fraction of radionuclide n that decays to radionuclide j. 

dgr, Partial committed effective dose equibalent fro ingestion of  home-grown food and animal 
products for radionuclide chain member j. 

din; Partial committed effective dose equivalent from ingestion o f  home-grown food and animal 
products produced ~ . i t h  irrigated water for radionuclide chain member j. 

fca Fraction of animal product that is carbon 

Fraction of wet fresh forage that is carbon. 

Fraction of  dry soil that is carbon. 

Fraction of  wet stored grain that is carbon. 

fch Fraction of  wet stored hay that is carbon 

Number of boxes in the unsaturated zone in the multiple-la)er-unsaturated-zone round\vater box 
model. 

Time. 

tc3 Time period over which animal product is consumed by humans 

tff Time period oker which animal is fed fresh forage. 

tfc Time period over v. hich animal is fed stored grain 

b, Time period over M hich animal is fed stored ha).. 

f, Time period oker which animal consumes uater. 

1, N'ater intake period for drinking hater scenario. 

t s Time (in 2-1 hour da\.s) spent gardening for residential scenario 

f Time (in 2-1 hour d a y )  spent indoors for residential scenario. 

f, Length of gardening period for residential scenario 

f l Length of time in an esposure period for the residential scenario 

4 Time (in 34 hour days) spent outdoors for residential scenario. 

C Time representing one year. 

xi Fraction of fresh forage consumed b\ animals that is contaminated. 

x~ Fraction of stored srain consumed b\ animals that 1s contaminated. 

sil Fraction of stored hay consumed by animals that is contaminated. 

S, Fraction of \\ater consumed bq animals that is contaminated. 

Wd Groundwater r e m o ~ a l  rate constant for the drinkin: water scenario 

Wr Ground\vater r e m o ~ a l  rate constant for the residential scenario 



Table A.1 Parameter Summary 

Parameter Description 

k, Decay constant for radionuclide chain member j. 

S { )  = time integrals of activity or concentration. 

R{) = accumulation of deposited activity over a time 
period. 

G ( )  = deposition, accumulation, and time-integration 
of a constant deposition rate (used for deposition fiom 
irrigation water onto plants). 

The operations are performed on an initial array of 
chain member activities or concentrations for a specific 
time period. For example, the decay calculation is 
represented as follows: 

where A{) = the operation of decay calculation (in 
appropriate units) 

C, = the array of chain members, activities, or 
concentrations (in appropriate units). 

t, = time period over which the decay occurs (in 
time units) 

For additional information on nomenclature, the reader 
is referred to Volume 1 of this report. 

A.3 Corrections and Changes to 
Equations 

To address several concerns about the equations origi- 
nally published in NUREG/CR-55 12, Volume 1, and 
to address inconsistent assumptions in the original 
methodology, several model equations originally pub- 
lished in Volume 1 have been changed for the imple- 
mentation of the methodology in DandD. The modi- 
fications are presented in the following sections. 
Equation numbers refer to the equation number in 
Volume 1. The modified version of an equation 
includes an "m" in the equation number. Equations 
fiom Volume 1 modified by more than one equation 
also have a,b,c, notation. 

A.3.1 Ingestion Dose from Food Grown in 
Contaminated Soil 

Equations 5.71 and 5.72 were modified slightly in 
order to perform the calculations to obtain information 
requested by the NRC. The NRC requested that dose 
be specified for each radionuclide in a chain. With the 
method described in NUREGICR -55 12, Volume 1, 
calculations are performed for an entire chain. In order 
to obtain dose by radionuclide, the order for double 
summation which would occur by combining Equa- 
tions 5.71 and 5.72 had to be reversed. A matrix can 
be set up to perform the calculations. The matrix of 
calculations would look like: 

PF,',,, DFG, 'A,,, PF,, ' DFG: ' A,,: 0 -- 0 I dgr/(C, DIEn 

PF_, * DFG, ' A,,, PFm, ' DFG, * A , ,  PFmJ DFG, *A,,, -- PF,,, * DFG. A ,  dgr,'(C, * DIE0 
I 

In NUREGICR-55 12, Volume 1, Equation 5.72 sums The dgr, terms are stored for use in calculating doses 
down each column to obtain the AF,'s. Equation 5.71 by radionuclide. The column containing the dgr, terms 
then sums the AF, terms across the bottom row to are then summed to obtain the DGR for the entire 
obtain DGR. In order to obtain doses by radionuclide,, chain. This change was made prior to the calculations 
DandD sums along each row to obtain the dgr, terns. done in support of NUREG-1 500. 



A.3.2 Dose Due to Food Grown with prior to the calculations done in support of 

Contaminated Irrigation Water NUREG-1 500. 

Equations 5.74 and 5.76 model the dose due to food 
grown with contaminated irrigation water in much the 
same manner as food g o w n  in contaminated soil. (See 
Section A.3.8 for separation of Equation 5.71 into 
drinking water and irrigation components). In Volume 
1. the above matrix (with PF, substituted for PF,. AF, 
substituted for AF, . ii, substituted for A, , d n ~  
substituted for dgr, and DlRR substituted for DGR) is 
first summed down each column to obtain the A F ,  
terms and then summed along the bottom row to obtain 
the dose due to ingestion of  food grown with contami- 
nated irrigation water, DWR. for the chain. Since the 
NRC wanted doses for each radionuclide in the chain. 
the sum was first taken along each row to obtain "djrr," 
for each radionuclide in the chain. The dirr, terms are 
stored for use in calculating doses by radionuclide. 
The column containing the din; terms is then summed 
to obtain the DIRR for the entire chain. This change 
was made prior to the calculations done in support of 
NUREG- 1500. 

A.3.3 Secondary Ingestion of Soil 

Equation 5.73. which models the secondary ingestion 
of soil by humans, was modified to account for the 
time a person was actually on the contaminated site. 

The original equation was: 
r 

DSR; =GR Cs, 2 DFG, S { .4,* .i,) (5.73) 
I I 

which was based on the assumption o f  a person being 
on the contaminated site for the entire >ear. 

The modified equation. as implemented in DandD. is 
now : 

A.3.4 Surface Water Pond Decoupling 

Following the calculations for NUREG-1500 and 
during the development and testing of  DandD. STL 
staff noted that if the surface \vater pond was not 
included in a model run. doses due to ground water. 
most notably the drinking water portion, would 
increase dramatically. By removing the surface water 
pond, the aquifer volume decreased causing a concen- 
trating effect on the radionuclide concentrations in the 
aquifer. Because the dilutive effects of  the surface 
water pond volume were removed. higher groundwater 
radionuclide concentrations would result than if the 
surface water pond were present. In addition. remov- 
ing the surface water pond also removed the aquatic 
food pathxvay. Ho~vever. it was found that if the 
aquatic pathway was remo\ed as a result of removing 
the surface water pond. total dose would increase. 
This did not make intuitive sense because. if pathways 
are removed. total dose should decrease. 

To overcome this problem the surface water pond was 
decoupled from the aquifer. In Volume 1 the aquifer 
volume is based on either the amount of water with- 
dra~cn from the aquifer plus the surface \\ater pond 
bolume or the amount of recharge to the aquifer. 
\\ hichever is yeater .  In addition. \'olume 1 essentially 
sets the surface water radionuclide concentration to the 
same value as  the aquifer radionuclide concentration. 
To decouple the pond from the aquifer. two modifi ca- 
tions to the drinking Lvater methodology were made. 
First. the aquifer volume depended onl) on amounts 
\vithdra\vn from the aquifer and the amount of 
recharge to the aquifer and not on the surface water 
pond ~ o l u m e .  Thus. Equation 5.88 was modified from: 

to: 

DSR - G R  C,,(O) [DFG In a second niod~fisatlon. a model to estlmate rad~onu- 
/ I 

( 5  73m) clide concentrat~on in the surface water pond was  :: + ] , , , ~ , r ~ l  debeloped The methodolog) presented In \ olume 1 
ahsumed an equn dent  radlonucl~de concentration 
bet\\een the aquiter and the surface mater pond Ho\v- 
e\er. in t h ~ s  Qpe of modificat~on an equ~\alent  concen- 
tration beh+een the ~ q u i f e r  and the surface pond. \ \ h ~ l e  

h e  ( ~ 1  term represents the portion of the)ear  conscnatl\e,  \sould be unreasonable For a surface 
water pond larger than the aqu~fer. equl\alent radionu- 

that a person \\.as on the s ~ t c  This change was made clide concentrations betueen the aquiter and the sur- 
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face water pond would create additional radionuclide 
mass. In essence, mass would not be conserved. 
Another approach would be to transfer the entire radio- 
nuclide mass in the aquifer into the surface water pond. 
However, if the entire radionuclide mass in the aquifer 
were transferred to the surface pond, then the radionu- 
clide concentration in the pond would become ex- 
tremely high for small surface water ponds. It would 
be unreasonable for the radionuclide concentration in 
the surface water pond to exceed the concentration in 
the aquifer. A model that allowed the intermingling of 
water and radionuclides between the aquifer and sur- 
face water pond was developed. In this model, the 
radionuclide mass in the aquifer was allowed to mix 
instantaneously with that in the surface water pond so 
that radionuclide mass is conserved: 

where A ,  is the concentration in the aquifer, C ,  is the 
concentration in the surface water pond, V,, is the 
volume of the aquifer, and V, is the volume of the 
surface water pond. Upon rearranging, this equation 
becomes: 

which is the equation used by DandD to calculate the 
surface water pond concentration. This model not only 
conserves radionuclide mass, but also limits radionu- 
clide concentration in the surface water pond so that it 
does not exceed the radionuclide concentration in the 
aquifer. 

A.3.5 Water Balance Model - Drinking 
Water Scenario 

Aquifer concentrations for the drinking water scenario 
(as well as for the residential scenario) are generally 
calculated with a three-box ground-water model. To a 
lesser extent the concentrations are calculated with a 
multiple layer unsaturated zone box ground-water 
model. The top box represents a soil layer generally 
consisting of 15 cm of soil. The middle box (or boxes 
in the multiple layer unsaturated zone box model) 
represents the unsaturated zone and models radionu- 
clide transport through that zone. The bottom box 
represents the aquifer and models the radionuclide con- 
centration in the aquifer. Infiltration enters the box 
model through the top of the soil layer box and 
transports radionuclides from the soil layer through the 
unsaturated zone and into the aquifer. Contaminated 
water is only removed from the aquifer by pumping. 

Following the calculations for NUREG-1500 and 
during the development and testing of DandD, SNL 
staff observed that in cases where recharge to the aqui- 
fer box exceeds pumpage from the box, radionuclides 
can build up in the aquifer box. This build-up occurs 
because there is no mechanism for excess radionu- 
clides to leave the box other than through pumpage. 
Since recharge is greater than pumpage, excess water 
in the aquifer box must leave the box by natural dis- 
charge. This natural discharge would carry radionu- 
clides with it. However, the ground-water contamina- 
tion models described in Volume 1 do not account for 
the natural discharge. 

An analogy of what happens is in order. There are two 
cases to consider. First, let a filled bucket of water 
represent a box aquifer with no contamination. In the 
bonom of the bucket is a small hole through which 
water slowly drips out. The hole represents pumpage 
from the aquifer. At the top of the bucket is a rapidly 
flowing hose which is used to fill the bucket with salt 
water. As the salt water flows out the hose and into the 
bucket, two events happen: ( I )  the concentration of salt 
in the bucket increases and (2) the bucket overflows as 
long as water flows from the hose faster than it leaves 
through the hole. Logic dictates that the concentration 
of salt in the water in the bucket never increases above 
the concentration of salt in water flowing out the hose. 
However, the aquifer model defined in Volume 1 does 
not allow the bucket to overflow. The model indicates 
that the bucket will always remain full (i.e., the hose 
only flows at the rate water drips out the bottom of the 
bucket) but that salt is added at a rate consistent with 
the rapidly flowing hose. (In an extreme case, if the 
hole in the bottom of the bucket is sealed, the model in 
Volume 1 indicates that pure salt would be contin- 
uously added to the bucket. It is easy to see that the 
concentration of salt in the water will always increase 
with time). The model in Volume 1 essentially results 
in a rapid buildup of salt in the bucket. The concen- 
tration of salt in the bucket may then actually exceed 
that of salt in the rapidly flowing hose. 

The second case represents the opposite of the first. 
The hose slowly drips salt water into the bucket and a 
large hole in the bonom lets water leave the bucket 
rapidly. In this case, the concentration of salt in the 
bucket increases somewhat and the bucket empties. 
After time there is no water in the bucket, which is 
analogous to the aquifer drying up. However, the 
model in Volume 1 keeps the bucket full but without 
an additional source of water to do so. 

To overcome this, a ground-water water balance model 
has been included in the box equation governing con- 



tamination in the aquifer box. The soil layer and unsat- This modification. in turn, impacts Equation 5.85, 
urated zone boxes also have an implicit water balance \vhich was changed from: 
model included in them, i.e. infiltration that enters the 
top of the box leaves the bottom in a steady-state 
manner. The ground-water water balance model now \v7 = 
includes a natural ground-water underflow recharge 
and discharge component. which allows radionuclides to: 
to leave the aquifer box through natural means other 
than pumpage and flow downgradient. In the above vt t r  = - 1 
analogy the ground-water underflow terms account for 365.15 d 
the overflow of  the bucket (first case) or the additional 
source of water (second case). The result is that 

In addition, Equation 5.89. which describes the frac- 
radionuclides no longer build up in the aquifer box in 

tion of pumped water that is applied to the surface 
an unreasonable manner. 

layer, was changed from: 

In order to implement the water balance model, Equa- 
Fr = 

' I F  

tion 4.1 6 had to be modified into a simpler form than 
b.,r + b,,,,) 

in the existing model. Equation 4.1 6 in 
NUREGXR-55 12. Volume I .  was changed from: 

r;d Fractional Ren~o~.a l  = - 
1, 

to: 

Fractional Rento\.al = I 

to: 

Equation 5.S9m now describes the fraction of water in 

(1, 16m, theaquifer that is applied to the surface layer in one 
year. 

This modification, in turn, impacts Equation 4.15 In A.3.7 Including Initial Soil Concentration 
NUREG CR-55 11. Volume 1. uhich u a s  changed Twice in Dose Calculations 
from: 

I ~ract ionu:  R ~ O I ~ ~ I  Drinkine Water Scenario. In the drinking water sce- 
R J = ] [&I 1365.25 d 

('.I5) nario, the initial concentration of  the parent radionu- 
clide in the soil is included tuice in the dose calcula- 

to: tions. It is used once in the calculation of the ground- 

1 water concentration and again in the calculation of 
bv, = - (3. I 5m) dose from the ground-water concentration. For the 

365.15 d 
drinking tvater scenario. the ~roundbvater concentration 
is gi\.en by Equation 4.13 in I'olume 1 as: 

A.3.6 LYater Balance hlodel - Residential 1 

Scenario 

Follouing the calculations for NUREG-1 500 and 
during the de\elopment and testing of  DandD. SKL 
staff obsemed that, for similar reasons presented under 
the drinking water scenario. a Xvater balance must also 
be included in the residential scenario ground-~vater 
model. Se\eral equations are impacted bq the inclu- 
sion of the uater balance model. Equation 5.86 in 
Volume I was changed from: 

The definitions of terms for Equation 4.13 in \.olume I 
assigns CjJ the units of pCi per pCi In the soil in the 
above equation. However, in the development of the 
ground~vater equations (Equations 1 . 1  to 1.6 in 
\.olume 1) C ; ,  has the units of pCi. For implementa- 
tion of the methodoloz~ in DandD. Equation 4. I3 is 
used exactly as shown in L'olume 1 .  Ho\+.ever. the 
concentration terms have to be redefined from pCi per 
pCi in the soil to pCi: from pCi-d per pCi in the soil to 
pCi-d: and from pCi:L per pCi in the soil to pCi:L. 
This is a result of  having the units of concentration 
terms changed in the middle of Section -I of Volume 1. 



As a result, the C, term is based on the total concen- 
tration in the soil layer and not on a unit activity as the 
definitions would imply. Therefore, the units on C, 
are pCfi and not pCi/L per pCi in the soil as in 
NUREGICR-55 12, Volume 1. This has an impact on 
the drinking water dose equations (Equations 4.18, 
4.21, and 4.22). In NUREGICR-5512, Volume 1, the 
dose equations are based on the units of C,+ being 
pCfi per pCi in the soil. However, as has been 
shown, C, is actually based on the initial concenm- 
tion of radionuclides in the soil and not on a unit con- 
centration of parent radionuclides. Therefore, because 
the dose equations contain an initial soil concentration, 
C,, and the C,+ based on pCi, the initial concentration 
is included twice in the dose equations. In order to 
correct this, Equations 4.18,4.21, and 4.22 were modi- 
fied by dropping the C, term from the respective equa- 
tions. Thus, Equation 4.18 was changed from: 

TEDED, = u ; ~ c , , ~  Cmj,DFG, 
j - l  

to: 

J, 

TEDED, = U,, , tdC C,,,DFG, (4.18m) 
1'1 

Equation 4.21 was changed from: 

HOCDE, = U w t d C f l ~  C,,DFOJo (4.21) 
1-1 

to: 

Equation 4.22 was changed from: 

HOCDE,,, = u ~ ~ c , ~  2 Cs,,,,.DFOj0 (4.22) 
1 - 1  j = l  

to: 

. - 

HOCDE,,, = u w t d X  Cs,,jfDFO,o (4.22m) 
i - l  1 -1  

Residential Scenario. In a manner similar to that for 
the drinking water scenario described above, the dose 
equations for the residential scenario in Volume 1 have 
the initial soil concentrations included twice. The soil 
concentration equation, Equation 5.90, and the average 
ground-water concentration equation, Equation 5.92, as 
presented in Volume 1 both are based on the initial 

concentration of radionuclides in the soil layer. The 
definitions of terms associated with the equations 
indicate that the equations are based on a unit initial 
value concentration. Again, the units on concentration 
terms have been redefined in the middle of Section 5.0 
of Volume 1. Taking the same approach as that for the 
drinking water scenario, Equations 5.90 and 5.92 are 
used exactly as presented in Volume 1 for implemen- 
tation in DandD. This necessitates modifying the dose 
terms by removing the C, from the dose equations, 
Equations 5.69,5.70,5.7 1,5.73,5.74, and 5.77. Thus, 
Equation 5.69 was changed from: 

DEXR; = 

t J ,  

SF0 c,, j-1 x S { A,,,,t,g} DFER, 

to: 

DEXR, = 

+ 

+ 

Equation 5.70, which was: 

t '2 

24(2)  SF0 CSI S I {  A,& ) DEFR, 
. 'tr 1 - 1  

t J, 

24(2)  SF1 c,, C S l{A,,,,t,r) DEFR, 
t w  1'1 

t J, 
CDG cs1 x S { Asq7tfg 1 DFH, 

1-1  

t ' 1  

CDO cSI x S { AStI,tlr I DFHj 
1'1 (5.70) 

becomes: 



DHR, = 
Equation 5.77 *as changed from: 

t '8 

CDO 1 S { .-lJfI,ffr } 
1-1 (5.70m) 

Equation 5.7 1 was changed from: 

J 

DGR, = CT,  DIET^ .-! r,i. -IF,, (5.71) 
i  I 

to: 

J 

DGR, = DIET x ..I -iFu (5.71m) 
I I 

Equation 5.73. including the modification noted in 
Section 3.3. becomes: 

DSR, = 

J 

GR x DFG, 
1, + f i  +I , ,  (5.73m) 

" 5- (.-I ,r ,- f ,r  l 
1 [cr 

Equation 5.73. \\ hich \\as: 

is now: 

(See further modification to this equation in Section 
A.3.8.) 

to: 

A.3.8 Separation of Irrigation and 
Drinking Water Dose Equation into 
Components 

At the request of  the NRC, the equation for irrigation 
and drinking water dose for the residential scenario. 
Equation 5.73. was separated into its hvo components 
so that a separate drinking water dose could be calcu- 
lated. There are now an equation for the drinking 
water dose and an equation for the irrigation water 
dose. The drinking Lvater dose equation, including the 
correction mentioned in Section X.2.7 for Equation 
5.71. is: 

The equatlon for the ~r r iga t~on  dose. ~ n c l u d l n ~  the 
correction ment~oned a b o ~ e  for Equat~on 5 7 1  1s 

DIRR  DIET^ 4 H , > ~ p ,  ( 5  73m) 
! I 

M here DIRR, is the dose due to irrigation for the ith 
chain. 

A.3.9 AIultiple Layering in the 
Unsaturated Zone 

The capabilirq. to model multiple layers in the unsat- 
urated zone has been added to DandD. This capability 
can increase the response time for radionuclides 
deposited at land surface to show in the aquifer over 
the response time for a single layer unsaturated zone. 
In Volume 1 the original equation for the soil la>er box 
(box 1 ), Equation 5.80. for the residential scenario 
ground-water model (adding commas to separate the 
subscript. in the discussion that follo\ss) \\as: 



For the multiple layering case, this equation now 
becomes: - -  d C " * 2 ~  - A$ [dnJ Cm+, + 

dt n - I  

' m - l . m + U  C m * ~ j  - ( ~ r  + ' , ) c ~ 3 j ~ m + j l  

(5.80m) 
The above equations are valid for the drinking water 
scenario by setting F, to zero and replacing w, with w,. 

where m is the number of layers in the unsaturated A.3.10 Addition of Root Uptake and 
zone. Resuspension to the C-14 in Water 

The original equation for the unsaturated zone, special Model 
Equation 5.82, was: 

. . Equation C.3 of NUREGICR-55 12, which calculates 
d C 2 j  - j -  1 
- -  the partial pathway transfer factor from water to 

dt A, C n.1 IdnJ c2, (5.82) animals (PPTF,), does not include a root uptakelresus- 

+ LIZJ C l J  - (Luj + $1 Czj1 pension term. Equation C.3 was modified to include 
this term. Thus, Equation C.3 was modified from: 

It is now replaced with two equations. The first one 
describes the transport from the soil layer to the top 
layer in the unsaturated zone. It is given by: 

d C 2 j  - j -  1 
- -  

dt 1, C [ d n  j C 2 . n  + 

n - l  

where 

The second equation, which describes transport among 
the remaining boxes in the unsaturated zone, is given 
by: 

to: 

where C,,, C,,, and C,,,, are the resuspensiodroot 
d C  j - I  uptake terms defined by Equations 5.47, 5.52, and 5.57 
2 = A, C [dn, CITn + 

dt (5.82mc) of NUREGICR-55 12. 
n - l  

' / - l . I j c e - l J  - @',./+lj + 'j)c/j] A.3.11 Modification of the Irrigation Rate 
Parameter 

where I ranges from 3 to m+l , and 
The parameter IR is defined in Chapter 5 of NUREG1 
CR-55 12 as the annual average irrigation rate and is 

(5-82md) u s d  that way in the groundwater model. This same 
~arameter is used to calculate the rate of deposition of 
radionuclides onto plants and soil. Actually, radionu- 

The equation describing transport in the aquifer box clide deposition occurs only during the growing period 
(box 3), Equation 5.84, has been changed from: of the particular plant. Because irrigation will only 

d C 3 j  - j - I  realistically occur during the growing period of the 
- -  

dt ',C [ d n j  C 3 . n  + (5.84) plant, the use of an annual average irrigation rate to the 
n - l  plant underestimates the deposition of groundwater 

L23J ' z J  - (w~ + ' j )  ' j j l  and, hence, radionuclides to the plant surfaces and 

to: soils. The amount withdrawn for irrigation during a 



year is actually withdrawn over the growing period of 
the plant. Therefore. the rate of irrigation over the 
plant growing period is much higher than the average 
rate over the year. Each plant type considered (food 
crops. forage, hay, and g a i n )  has the same annual ave- 
rage irrigation rate IR. For each plant Qpe, imgation 
occurs only during its growing period. In each case. 
the rate of  deposition of  radionuclides due to irrigation 
should be increased from its current value by a factor 
of 365.15;t ,,,,,, where t ,,,,, is the plant growing 
period. T h ~ s  modification entails changes to the way 
the 4, terms are calculated in Equations 5.27, 5.27. 
5.37, 5.33. 5.38. 5.50. 5.53, 5.55. 5.58. and D.8. Thus. 
the following modifications were made to those 
equations: 

Edible plant Equations 5.12 and 5.27 were multi- 
p l ~ e d  by the factor (365.15lt,) for each edible 
plant type. 

Forage feeding Equations 5.37 and 5.43 were 
multiplied by the factor (365.25&) for each animal 
tvpe. assuming that the feeding period of forage 
was the same as the gro\ving period of  forage. 

The hay Equations 5.38 and 5.50 were multiplied 
by the factor (365.15.t,)  for each animal Qpe. 

The grain Equations 5.53 and 5.55 were multiplied 
by the factor (365.15, t,) for each animal h p e .  

The soil consumption Equation 5.58 \vas rnulti- 
plied by the factor (365.95.k) for each animal 
type. assuming that the feeding period of forage 
and, hence. soil was the same as the growing 
period of forage. 

The special tritium model for soil consumption 
Equation D.S was multiplied by the factor 
(365.25.g) for each animal t>pe. which is actuallq 
a special case of Equation 5.58 for long-li\.ed 
radionuclides. 

The parameters 4, t,,. t,. and t, are the times for 
feeding on forage, time to grow grain. time to grow 
hay. and the time to grow edible plants. respectively, 
These changes are also incorporated into the special 
C- 13 model. 

A.3.12 Corrections to Equations 

In a number of the pathkvay equations specified in the 
Volume 1 report. environmental concentration equa- 
tions are multiplied by C,,(O). the initial acti\.ity of  the 
parent radionuclide. This multiplication was intended 
to correct a normalization to C,,(O). However. in 
several equations (e.g.. Equations. 4.13, 5.90. and 
5.92) the normalization was omitted in the equations 
published in Volume 1 .  . f i e  effect of this is that the 
equations in the Volume 1 document contain a spur- 
ious factor of C,:(O). For the methodology implement- 
ed in DandD. unnormalized versions of the equations 
were implemented. so the current equations represent a 
correct implementation of  the methodolog.  

A.4 Corrections and Changes to 
Data Tables in Volume 1 

Se\.eral data files are used by the various scenarios in 
DandD. These files. a description of  the data contain- 
ed in the files. the scenarios for which the data are 
used. and table numbers from Volume 1 \+here the data 
Lvere originall! referenced are presented in Table A.2. 
.Afrer the completion of the S L R E G - I  500 calculations. 
the follouing data files referenced in Table A.2 \\ere 
modified: BIOACCU41.TST. CEDE.TXT. CHAIK. 
TMT. ORGAN 1 .TST. ORGXK2.TMT. and ORG.4K3. 
TXT. The  prima^ reason for the modifications \yere 
errors and incomplete chain descriptions in Table E.1 
of Volume 1 .  .This resulted in extensive re\ isions. 
modifications, and additions to the CHAIK.TXT file. 
As a result of additions to CHAIN.TST. some new 
radionu~lides \vere introduced into the modeling pro- 
cess. Some or all of these new radionuclides lvere not 
included in the kersions of  these data files used for the 

Table '4.2 SUREGICR-5512 Data Descriptions 

Data File Uame Data Description Scenario NLREGICR-5512. 
\.olurne 1 Table 

- - -- - - - - - -- - - - - . -- -- - 

BIO.ACCU\I.TXT Fish bioaccumulation data Resident~al Table 6.19 

CARBOY TXT Carbon data for the C- 14 model Res~dent~al  Table 6 24 



Table A 2  NUREGICR-5512 Data Descriptions 

Data File Name Data Description Scenario NUREGICR-5512, 
Volume 1 Table 

CEDE.TXT Internal committed effective dose equivalent Renovation Table E.2 
and external effective dose equivalent factors. Occupancy 

Drinking Water 
Residential 

CHAIN.TXT Radioactive decay data and decay chain Renovation Table E. 1 
specifications. Occupancy 

Drinking Water 
Residential 

CONCEN.TXT Soil-to-plant concentration factors Residential Table 6.16 

DW.TXT Drinking water scenario parameters Drinking Water Table 6.22 

TRITIIJM.TXT Hydrogen data used for the tritium model Residential Table 6.25 

KD.TXT Partition coefficients for water use model Residential Table 6.7 
Drinking Water 

OCC.TXT Building occupancy and scenario parameters Occupancy Table 6.21 

ORGAN 1 .TXT Ingestion organ dose equivalent factors for Drinking Water Table E.3 
organ set 1. 

ORGAN2.TXT Ingestion organ dose equivalent factors for Drinking Water Table E.4 
organ set 2. 

ORGAN3.TXT Ingestion organ dose equivalent factors for Drinking Water Table E.5 
organ set 3. 

REN.TXT Building renovation scenario parameters Renovation Table 6.20 

RES.TXT Residential scenario parameters Residential Table 6.23 

TRANSFER.TXT Animal ~roduct transfer factors Residential Table 6.1 S 

NUREG- 1 500 calculations. The bioaccumulation fac- 
tors, internal and external committed effective dose 
equivalents, and organ dose equivalent factors for the 
new radionuclides had to be added to the respective 
data files. 

A.4.1 Changes to the CHAIN.TXT File 

The CHAIN.TXT file for DandD implements Table 
E. 1 from Volume 1, in the DandD code. Reviews of 
the chain decay data file, CHAIN.TXT, used for the 
NUREG-1 500 calculations indicated that many decay 
chains were incomplete. Some chains were missing as 
many as 12 radionuclides. The decay chains as pre- 
sented in Table E. 1 of Volume 1 were compared to the 
source document from which they were derived (ICRP, 
1983). The review of Table E.l of Volume 1 consist- 

ed of the following items: 

(1) Confirmation that they were listed correctly, if a 
parent radionuclide has progeny. Note: progeny 
are implicit, and are to be listed without half life 
if they meet the following criteria: they have half 
life less than 9 hours and their half life is less than 
one-tenth of the parent's. 

(2) Confirmation that the transformation fractions 
were listed correctly, if a parent radionuclide has 
progeny. 

(3) Confirmation that the position listed in the chain 
was correct. 

(4) Confirmation that no implicit progeny were listed 



explicitly, and that no explicit progeny were listed 
as implicit. 

To determine the correctness of the decay chains. the 
full decay chains were redeveloped using ICRP 
Publication 38 (1983). ,411 decay chains corrections 
were checked twice independently. 

The review did not examine whether a parent belonged 
in the list. nor did the review look at all possible 
parents that might have been included. It was assumed 
that the no parent nuclides needed to be added to those 
listed in Table E. 1 were agreed to by KRC for the 
original NUREG!CR-55 17 methodolog of Volume 1 .  
However, note that some yery short-lived radionu- 
clides were included as parents (e.g.. 1 1SmIn is impli- 
cit in some chains. but it is also a parent). 

A.4.2 Changes to BIOACCUM.TXT 

The DandD data file BIOACCLhl.TXT was modified 
to include bioaccumulation data for the element Xe. 
Since Xe is a gas. it is assigned the same bioaccumu- 
lation value (0.0) as other gases in the data file. 

A.4.3 Changes to CEDE.TXT 

The additions to this tile show the inclusion of com- 
mitted effective dose equi\.alent factors for 102mRh. 
1151n. 133Te. 13 l mSe. 13.3Se. 133rnYe. 13iNe. 
152Gd. and 1 1  8.At. These \vere new radionuclides that 
appeared after the CH.AIS.TST file was corrected. 
.After comparison of the CEAIIU'.TNT file with the 
decay chains presented in the ICRP document [1983], 

the decay fraction value for 314Pb was changed From 
1 .OOOO to 0.9998. 
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APPENDIX B SAMPLE PROBLEMS 

B.l Introduction Fuel cycle facilities include: 

Running through a sample problem will help the user power reactors 

become familiar with the program and confirm that non-power (research and test) reactors 

DandD is producing the same results as the uranium fuel fabrication plants 

documented sample problems. For instructions on uranium hexafluoride conversion facilities 

running a sample problem, see Section 3.2. uranium mills 
independent spent fuel storage installations 

The facilities described in the sample problems were 
taken from the Draft Generic Environmental Impact 
Statement in Support of Rulemaking on Radiological 
Criteria for ~ecommissionin~ of NRC-Licensed Nu- 
clear Facilities (NRC, 1994). The baseline sample 
problems assume the standard methodology presented 
in Kennedy and Strenge (1992) as modified by Wernig 
et al. (1999, Appendix A) and default probability 
distributions and respective parameters listed in 
Beyeler et al. (1999). Additional sample problems that 
go beyond the defaults are also included and contain a 
brief discussion of how the changes affect the results. 
All of the sample problems only include the residential 
scenario because it exercises all exposure pathways 
and is the most complex. The output option in the 
"Add Contaminants'' window was set so that implicit 
progeny doses were combined with their respective 
parent doses. The results for some problems do not 
show a table for the radionuclide component of the 
total dose because there are no progeny for the parent 
radionuclide. 

The following sample problems are for illustrative 
purposes only and may not represent good examples 
for license termination applications. For example, the 
user should be aware that deselecting a pathway 
without modifying any other parameters may be 
nonconservative. This is because the effect of 
deselecting a pathway only deactivates the associated 
dose calculation; it does not eliminate radionuclide 
transport. The user should keep this in mind when 
applying DandD 2.1 to license termination analyses. 

B.2 Reference Facilities 

The sample problems use reference facilities consid- 
ered to be sufficiently representative of facilities 
licensed by NRC. They are divided into fuel cycle and 
non-fuel-cycle groups. A brief description of each type 
of facility is provided along with the parameters 
needed to set up the sample problems for the DandD 
software and the results that were calculated. 

Non-fuel-cycle facilities include: 

sealed source manufacturers 
research and development laboratories 
rare metal refineries 

B.3 Nuclear Fuel Cycle Facilities 

Nuclear fuel cycle facilities are those facilities in- 
volved in any of the steps leading to or resulting from 
the generation of electricity by controlled nuclear fis- 
sion of uranium. The nuclear fuel cycle process con- 
sists of several steps in which uranium ore is processed 
into fuel elements. The facilities involved in these 
steps include uranium mills, uranium hexafluoride con- 
version plants, enrichment plants, and uranium fuel 
fabrication plants. The next step in the fuel cycle is the 
generation of electricity by nuclear power plants. The 
end of the fuel cycle consists of steps in which fuel 
removed from the reactor is stored and then disposed 
of in some manner. The facility considered in this step 
is ISFSI. 

B.3.1 Nuclear Power Reactors 

There are two major types of nuclear power reactors in 
the United States; pressurized water reactors (PWRs) 
and boiling water reactors (BWRs). The analysis des- 
cribed in Appendix C of NRC (1  994) indicates that, 
within the common variations of contamination levels 
in nuclear power plants, the contaminants and 
contamination of a PWR approximate the levels for a 
BWR. Therefore, the reference power reactor in this 
case is a large PWR (1095 Mwe). The reference 
power reactor comprises five major structures: the 
reactor containment, the auxiliary building, the fuel 
handling building, the turbine building, and the control 
building. For the reference facility, it is assumed that 
there are areas of contaminated soil resulting from on- 
site spills. 



The sample problem file names for this group are pre- 
ceded by "SPP" and the contaminants consist of  60Co, 
90Sr, and ""Cs with initial acti\.ities of 1 pCi /grm.  The 
results shoun are for the residential scenario only. 

B.3.1.1 N P P  Baseline Sample Problem 

This sample problem is set up by selecting the three 
radionuclides shown below and using all default 
probability distributions and parameters. 

Selected Initial 
Radionuclides .4cti\ity 
*Co 1 pCi:garn 
90Sr 1 pCi;gram 
1 5 7 ~ ~  1 pC1;gram 

all pathways except for external exposure inside the 
house. soil ingestion inside the house. and inhalation 
inside the house. 

This sample problem is set up by deselecting the Agri- 
cultural. Drinking Water. Imgation. and Surface LVater 
pathway doses from the "Edit Exposure Pathway" 
button under the "Residential" tab. 

The selected radionuclides are the same as in the NPP 
baseline sample problem and are shoun below. 

Selected Initial 
Radionuclides Activity 

I pCi!sam 
Y r  I pCi'gam 
1xcs I pCi;gam 

Results (see Tables B. l  and B.2): 
The follow~ng parameters were changed to constants: 

There is a 9076 chance that a total effective dose equiv- 
alent (TEDE) of  3.22E-01 mrem with a 9536 confi- 
dence interval from Z.02E-01 mrem to 2.8XE-0 I 
mrem will not be exceeded within I000 years after 
license temnatlon.  

Table B.1. Upper Limit of the  95% Confidence 
Interval of t h e  Pathway Component  of ,411 hlasi-  
m u m  Annual Doses for  the  S P P  Sample Problem 

Pathway 
p~ -~ -- 

External 
Inhalation 
A-gicultural 
Secondary Ingest~on 
Drink~ng LVater 
Imgation 
Surface Water 

T E D E  (mrem)  -- 

7 67Er00 
3 79E-03 
2 05EL01 
3 2OE-03 
3 IJE-13 
6 84E- 13 
21YE- 13 

Table B.2 Upper Limit of t h e  95% Confidence Inter- 
val of the Radionuclide Component  of .All >laximum 

Annual Doses for  the NPP Sample Problem 

Radionuclide T E D E  (mrem) --- 

" T o  6 69E-00 
q"Sr I 96E-01 
QOy 9 75E-01 
I i7cs Z 33E-00 
All 2 Y8E-001 

B.3.1.2 NPPl  Contamination Under a House 

This sample problem assumes that a11 the contamina- 
tlon lies directly under 3.2000 ft' house and turns off 
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Time Outdoors 0.0000 daysiyear 
Time Gardening 0.0000 days, year 
Culti\.ated .Area 186.000 m' 

These parameters are changed by elicklng on the "Gen- 
eral Parameters" button under the "Res~dent~al" tab. 

The bases for the changes in the above default 
parameters are as follows: 

The Time Outdoors is set to zero on the assump- 
tion that \\hen a person 1s outdoors. they arc not 
exposed to contam~nation because the contami- 
nated area 1s under the house. 
The Time Gardcn~ng is set to zero because there is 
no contamination present in the garden. 
The area is based upon a 2000 ft' ( 186 m') house. 

Results (see T~b1t.s B 3 and B 3) .  

There I S  a 90'6 chanc: that a TEDE of 5 79E-00 mrem 
\+ ~ t h  a 95"" confidence ~ n t e n  a1 from 5 79E-00 mrem 
to 5 -9E-OO mrenl mrll not be cxceedcd ~blthln I000 
yearc ~ f t c r  I I C C ~ \ C  t e rm~nat~on  

B.3.1.3 NPPZ. Contamination in the  Garden  

T h ~ s  sample problem assumes that the contam~nation is 
only in the garden. Therefore: 

The Time Indoors is set to zero to turn off 
exposure from ~ n s ~ d e  thc house. 
The Time Outdoors assumes that a person has the 
sanie beha\.ior as in thc default case and spcnds 
103.13 days spread o ~ c r  3800 m' of gound ,  but 



only 4.89% of that time is spent on contaminated 
ground: 40.2* 18613800 = 1.97. 

Table B 3  Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the NPPl Sample Problem 

Pathway TEDE (mrem) 
External 5.78E+00 
Inhalation 2.34E-04 
Agricultural 0.00E+00 
Secondary Ingestion 2.71E-03 
Drinking Water 0.00E+00 
Inigation . 0.00E+00 . 

Surface Water 0.00E+00 

Table B.4 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the NPPl Sample Problem 

Radionuclide TEDE (mrem) 
@Co 4.67E+OO 
%r 2.14E-03 
9oY 8.15E-03 
"'Cs 1 . I OE+OO 

The area is based upon a 2000 ft2 (1 86m2) garden. 
The diet parameters are proportionately scaled 
against the default site area of 3800 m2 as follows: 

Diet-Leafy 21.4* 18613800 = 1.05 
Diet-Roots 44.6* 18613800 = 2.18 
Diet-Fruit 52.8* 18613800 = 2.58 
Diet-Grain 14.4* 18613800 = 0.705 
Diet-Beef 39.8* 18613800 = 1.95 
Diet-Poultry 25.3* 18613800 = 1.24 
Diet-Leafy 233.* 186/3800 = 1 1.4 
Diet-Leafy 19.1 * 18613800 = 0.935 

Selected Initial 
Radionuclides Activity 
@Co 1 pCi/gram 
%Sr I pcilgram 
I3'Cs 1 pCiIgram 

This sample problem is set up by selecting the three 
radionuclides specified above and changing the follow- 
ing parameters: 

Time Indoors 0.0000 dayslyear 
Time Outdoors 5.1 121 dayslyear 
Cultivated Area 186.000 mZ 

Diet-Leafy 
Diet-Roots 
Diet-Fruit 
Diet-Grain 
Diet-Beef 
Diet-Poultry 
Diet-Milk 
Diet-Egg 

Results (see Tables B.5 and B.6): 

There is a 90% chance that a TEDE of 9.94E-01 mrem 
with a 95% confidence interval from 8.93E-01 mrem 
to 1.25E+00 mrem will not be exceeded within 1000 
years after license termination. 

Table B.5 Upper Limit of the 95% Confidence 
interval of the Pathway Component of All Maxi- 

mum Annual Doses for the NPP2 Sample Problem 

Pathway TEDE (mrem) 
External 2.19E-01 
Inhalation 1.24E-04 
Agricultural I .OOE+00 
Secondary Ingestion 5.52E-05 
Drinking Water 1.41E-10 
Irrigation 2.70E- 11 
Surface Water 2.73E- 10 

Table B.6 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the NPP2 Sample Problem 

Radionuclide TEDE (mrem) 
"CO 2.02E-001 
'"Sr 9.58E-001 
9oY 5.34E-002 
I3'Cs 8.52E-02 
All 1.25E+00 

B.3.2 Non-Power Reactors 

Non-power reactors are generally divided into two 
classes; research reactors and test reactors. The refer- 
ence research reactor is considered to be a 1 mW 
nuclear training and research facility. The facility is 
made up of a reactor tank, a core structure, and a 
TRIGA-type control system. 

The reference research reactor comprises these major 
structures: 



reactor building-housing the reactor and support 
area 
annex-housing a hot laboratory and hot cell 
heat exchanger building-housing a water purifica- 
tion system. water pumping systems, and an air 
compressor system 
pump house-housing a liquid waste retention tank 
cooling tower 

Test reactors are larger facilities than research reactors 
and the reference test reactor considered is a 60-mW 
test reactor, light-water moderated and cooled, used in 
testing materials for certain applications. The system is 
made up principally of  the test reactor vessel (contain- 
ing the nuclear core and experimental beam tubes) and 
the reactor water recirculation system. 

The reference test reactor comprises these major 
structures: 

reactor building-housing the test reactor 
hot laboratory building 
primary pump house 
office and laboratoq building-housing radio- 
chemistry laboratories 
fan house-housing ventilation systems and waste 
ion exchangers and filters 
hot retention area-holding waste tanks 
wastc handling building 

B.3.2.1 Research Reactor  

The sample problem file names for this group are pre- 
ceded by "RR" and the contaminants consist of '"0. 

"'Sr. and "'Cs with initial activities of 1 pCi;gram. The 
baseline sample problem for the research reactor is the 
same as the one used for the power reactor In Scct~on 
B.3 . l . l  and w ~ l l  not be included here. The results 
shonn are for the residential scenario only 

B.3.2.1.1 R R l  Contaminat ion Under  a House 

This sample problem is comparable to the sample prob- 
lem in Sect~on B.3.1.2. except the area of contamina- 
tlon 1s smaller ( 2 5  * 186 m' = 16.5 m') and the tlme 
spent indoors is therefore reduced to 60.0 (210 * 2 5 )  
days per year. The change in the tlme indoors assumes 
that a person spends 240 days spread over the 3000 ft' 
house but that only 25O.6 of the time is on contaminated 
ground because of the smaller contammated area. 

Selected Initial 
Radionuclides Activity 
6oCo 1 pCi:gram 
'"Sr I pCi:grltm 

This sample problcm is set up by selecting the three 
radionuclides specified above and chang~ng the 
follobving parameters. 

Time Indoors 60.0 days;year 
Time Outdoors 0.0 days:year 
Time Gardening 0.0 days;year 
Cultivated Area 46.5 m' 

Doses from human consumption of  food and water are 
eliminated by deselecting the A_gricultural. Drinking 
Water, Imgation, and Surface LVater pathway doses. 

Results (see Tables B.7 and B.8): 

There is a 90% chance that a TEDE of 1.45E-00 mrem 
with a 9596 confidence interval from 1.45E-00 rnrern 
to 1.45EtOO mrem will not be exceeded within 1000 
years after license termination. 

Table B.7 Upper Limit of the  95% Confidence 
Interval of the Pathway Component  of All \laxi- 
m u m  Annual  Doses for the  R R l  Sample Problem 

Pathway ppp . -- T E D E  (mrem)_-pp-p 
External 1.45E-00 
Inhalation 5.84E-05 
A_~cuI tura l  0.00E-00 
Secondary Ingestion 6.78E-04 
Drinking Water 0.00E-00 

"atlon Irrl, O.OOE-00 
Surface LVater 0.00E+00 
.All 1.35E-00 

Table B.8 Upper Limit of the  95% Confidence 
Interval of the  Radionuclide Component  of All \laxi- 

mum Annual Doses for  the R R l  Sample Problem 

Radionuclide 
""(, 

""Sr 
,)['Y 
I "cs 

T E D E  (mrem) 
1.17E+00 

B.3.2.1.2 RRZ Contamination in the  Garden  

This sample problem assumes that the contamination is 
only in  the garden and is comparable to the sample 
problem in B.3. l .3  except the area of  contamination is 
smaller (16.5 m'). which was used to scale the time 
outdoors and the diet parameters. 

NUREG CR-55 12. Vol 2 B-4 



This sample problem is set up by selecting the three 
radionuclides specified below: 

Selected Initial 
Radionuclides &&&y 
fvo 1 flitgram 
"Sr I pCi/gram 
137Cs I PCi1gram 

The following parameters were changed: 

Time Indoors 
Time Outdoors 
Cultivated Area 
Diet-Leafy 
Diet-Roots 
Diet-Fruit 
Diet-Grain 
Diet-Beef 
Diet-Poultry 
Diet-Milk 
Diet-Egg 

daydyear 
daydyear 
m2 
kg/y 
kg/y 
kg/y 
kg/y 
kg/y 
kg/y 
U Y  
kg/y 

Results (see Tables B.9 and B.lO): 

There is a 90% chance that a TEDE of 3.57E-01 mrem 
with a 95% confidence interval from 3.1 1 E-01 mrem 
to 4.54E-01 mrem will not be exceeded within 1000 
years after license termination. 

Table B.9 Upper Limit of the 95% Confidence 
Intewal of the Pathway Component of All Maxi- 
mum Annual Doses for the RR2 Sample Problem 

Table B.10 Upper Limit of the 95% Confidence 
Intewal of the Radionuclide Component of All Maxi- 

mum Annual Doses for the RR2 Sample Problem 

Radionuclide TEDE (mrem) 
*CO 1.33E-01 

B.3.2.2.1 TRl Contamination Under a House 

This sample problem is comparable to the sample prob- 
lem in Section B.3.1.2 except that the area of contam- 
ination is larger (465 m2 or 5000 e ) .  This is larger 
than the default house but smaller than the default area, 
which assumes that there is contamination under the 
entire house with 3000 ft2 (279m2) left over to contami- 
nate the garden. The default parameters are changed as 
shown below based on a 279 m' contaminated area and 
a 3800 m2 default area: 

Selected Initial 
Radionuclides Activity 
T o  1 pciigram 
'j'"Sr I pcilgram 
137Cs 1 pciigrarn 

Pathway TEDE (mrem) 
External 1.54E-01 
Inhalation 1.23E-04 
Agricultural 2.13E-01 
Secondary Ingestion 3.85E-05 
Drinking Water 2.12E-01 
Imgation 6.74E-03 
Surface Water 5.84E-01 

Results (see Tables B. 1 1 and B. 12): 

B.3.2.2 Test Reactor 

The sample problem file names for this group are pre- 
ceded by " T R  and the contaminants consist of *Co, 
"Sr, and '37Cs with initial activities of 1 pCi/gram. The 
baseline sample problem for the test reactor is the same 
as the one used for the power reactor in Section B.3.1.1 
and will not be included here. The results shown are 
for the residential scenario only and have the Combine 
Progeny switch turned on. 

The following parameters were changed: 

Time Outdoors 
Cultivated Area 
Diet-Leafy 
Diet-Roots 
Diet-Fruit 
Diet-Grain 
Diet-Beef 
Diet-Poultry 
Diet-Milk 
Diet-Egg 

There is a 90% chance that a TEDE of 7.12E+00 mrem 
with a 95% confidence interval from 6.97E+00 mrem 
to 7.60E+00 mrem will not be exceeded within 1000 
years after license termination. 

B.3.2.2.2 TR2 Garden Contamination 

This sample problem assumes that the contamination is 
only in the garden and is comparable to the sample 
problem in Section B.3.1.3 except that the area of 



Table B.11 Upper Limit of the 95% Confidence Table 8.13 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- Interval of the Pathway Component of All Maxi- 
mum Annual Doses for the TR1 Sample Problem mum Annual Doses for the TR2 Sample Problem 

Pathway TEDE (mrem) - 

External 6.05E-00 
Inhalation 3.17E-04 
Agricultural l .5OE+00 
Secondary Ingestion 2.78E-03 
Drinking Water l .54E- 13 
Irrigation 3.61E- 14 
Surface Water 6.62E- 14 
All 7 60E-00 

Table B.12 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the TR1 Sample Problem 

Radionuclide TEDE (mrem) 
boCo 4 92E-00 
90Sr 1 W E 4 0  

7 93E-03 
13-c~ I 22E+00 

.All 7 60E+00 

contamlnatlon IS larger (365 m2) The default param- 
eters are changed based on a default area of 3800 m: as 
s h o r n  below 

Selected Inltlal 
Rad~onucllde< Actlvltb 
"Co 1 ~ C I  gram 
90Sr 1 pC1 gram 
' "Cs 1 pC1 gram 

The follo\vlng parameters were changed 

Time Indoors 
Time Outdoors 
Cultivated Arcs 
Diet-Leafy 
Diet-Roots 
Diet-Fruit 
Diet-Gram 
Diet-Beef 
Diet-Poultry 
Diet-Milk 
Diet-Egg 

0.0 days.:year 
4.92 days. year 
165.0 m' 
6 2  k g y  
4 6  k g y  - .  

6.46 kg y 
1 76 kg,y 
4.87 kg y 
j 10 kg/y 
28.5 L . y  
2.34 kg 4' 

Results (see Tables B 13 ~ n d  B 1 1 )  

There is a 90% chance that a TEDE of 7.2YE+00 mrem 
with a 95'6 confidence interval from 1.95E-00 mrem 
to 2.93E-00 mrem will not be exceeded Lvithln 1000 
years after license tcrminat~on. 

Pathwav 
--.A 

TEDE (mrem) 
External 3.48E-01 
Inhalation 1 .?6E-04 
A-gricultural 2.5 1 E-00 
Seconday Ingestion 8 86E-05 
Drinking Water 2.15E-10 
Irrigation I .03E- I0  
Surface Water 6.28E- 10 

Table B.1-1 Upper Limit of the 9S0/o Confidence 
Interval of the Radionuclide Component of All hlaxi- 

mum Annual Doses for the TI22 Sample Problem 

Radionuclide TEDE (mrem) 
b " ~  3 42E-01 
'Osr 2 39E+00 
U@Y 1 I8E-01 

176E-01 

B.3.3 Uranium Fuel Fabrication Plants 

A uranium fuel fabrication plant (U-fab plant) 1s a 
facillty in \\ hlch enriched uranium. received as ura- 
nlum hexafluonde (UF,). 1s converted to LO, and 
formed into fuel pellcts that are inserted into fuel rods. 
Thcsc fuel rods are. in turn. assembled into fuel bun- 
dles. The reference fuel manufacturing plant consists 
of five potentially contaminated buildings. including 
the fuel manufacturing building. the chemical manu- 
facturing laboratory. the uranlum scrap recovcry room, 
the contaminated M astc ~ncinerator. and the fluoride 
and nltratc Lvaste treatment plant. Operation of the ref- 
erence facihty is assumed to result In areas of contam- 
inated soil on the site. The principal contaminant in 
the buildings and soils is uranium. The tiles for thls 
samplc problem ha\?  the prefix UFFP. 

B.3.3.1 U-\at Baseline Sample Problem 

Thih sample problem is set up by >electing thc U-Sat 
(natural uranium) radionuclide and using all default 
probablllty distributions and parameters. The results 
shoun are for the residential scunano only. 

Selected Initial 
Radionuclidcs Activitv 
L--Nat 1 pC1  am 
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Results (see Tables B.15 and B. 16): 

There is a 90% chance that a TEDE of 2.17E+00 mrem 
with a 95% confidence interval from 1.26E+00 mrem 
to 3.83E+00 mrem will not be exceeded within 1000 
years after license termination. 

Table B.15 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maximum 

Annual Doses for the UFFP Sample Problem 

-- 

Pathway TEDE (mrem) 
External 3.74E-02 
Inhalation . 3.51E-02 . 

Agricultural 1.16Ei-00 
Secondary Ingestion 3.9OE-03 
Drinking Water 7.62E-01 
Irrigation 1.82E+00 
Surface Water 8.66E-01 

Table B.16 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the UFFP Sample Problem 

Radionuclide TEDE (mrem) 
2 3 4 ~  1.89E+00 

"'pa 7.91E-03 
2 2 7 ~ ~  2.21E-03 
2 2 7 n  8.87E-06 

223Ra 1.20E-04 
2 3 8 ~  1.70E+00 
2 3 4 n ,  1.08E-01 

All 3.83E+00 

industrial construction with heavy concrete floors to 
support equipment, a series of on-site retention ponds 
for storage of process raffinates and sanitary wastes, 
and a burial area for disposal of defunct equipment. 

Operation of the reference facility is assumed to result 
in areas of contaminated soil on the site. The principal 
contaminant in the buildings and in soils is uranium. 
The U-Nat baseline sample problem for this facility is 
the same as the Uranium Fuel Fabrication Plant in 
Section B.3.3.1. Additional baseline sample problems 
for the and U6Ra radionuclides are included 
below. The files for these sample problems are 
preceded with UHP. 

B3.4.1 ='Th Baseline Sample Problem 

This sample problem is set up by selecting the "OTh 
radionuclide and using all default probability distri- 
butions and parameters. 

Selected Initial 
Radionuclides ActiviQ 

1 pCi1grarn 

Results (see Tables B.17 and B. 18): 

There is a 90% chance that a TEDE of 1.40Ei-01 mrem 
with a 95% confidence interval from 1.28E+01 mrem 
to 1.55E+01 mrem will not be exceeded within 1000 
years after license termination. 

Table B.17 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the UHPl Sample Problem 

Pathway TEDE (mrem) 
External 1.61E+00 
Inhalation 8.21E-02 
Agricultural 1.29E+01 
Secondary Ingestion 4.86E-02 
Drinking Water 5.29E-0 1 
Irrigation 8.23E-01 
Surface Water 1.47E+00 
All 1 55E+01 

B.3.4 Uranium Hexafluoride Plants 

The function of a uranium hexafluoride (UF,) conver- 
sion plant is to convert uranium concentrates, received 
from various uranium mills, to the purified uranium 
hexafluoride that is used as the feed material for the 
enrichment of 235U. Buildings or site areas associated 
with the reference UF, plant include processing build- 
ings, including warehouse and storage areas of normal 



Table B.18 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the UHPl Sample Problem 

Radionuclide TEDE (mrem) 
230Th 1.93E+00 

All 1.55E+01 

B3.4.2 226Ra Baseline Sample Problem 

This sample problem is set up by selecting the IZ6Ra 
radionuclide and using all default probability distri- 
butions and parameters. 

Selected Initial 
Radionuclides Activity 
"6Ra I pcifgrarn 

Results (see Tables B. 19 and B.20): 

There is a 90% chance that a TEDE of 3.53E+01 mrem 
with a 95% confidence interval from 3.36E+01 mrern 
to 3.71E+01 mrem will not be exceeded within 1000 
years after license termination. 

Table B.19 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the UHP2 Sample Problem 

Pathway TEDE (mrem) 
External 4.63E+00 
Inhalation 9.61E-03 
Agricultural 3.22E+01 
Secondary Ingestion 1.13E-01 
Drinking Water 1.63E-05 
lmgation 2.25E-05 
Surface Water 1.36E-04 

B.3.5 Uranium Mill Facilities 

The two most common methods of mining and uranium 
milling operations are conventional removal and pro- 
cessing and in situ leach mining. The reference case is 
for conventional mining and the scope is limited to the 
uranium mill buildings and the immediate lands sur- 
rounding the mill buildings. 

Table B.20 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the UHP2 Sample Problem 

Radionuclide TEDE (rnrem) 
U6Ra 4.45E+00 
"Rn 4.35E+OO 
'"Pb 2.03E+01 
210~i 2.55E-02 
zlOPo 8.52E+00 
Total 3.71E+01 

A model (or reference) uranium mill is described in 
Section 5 of NUREG-0706, Final GEIS on Uranium 
Milling (NRC, 1980~). At that model mill, ore is 
brought to the mill in trucks and is stored on ore pads, 
usually occupying an area of about 1.3 acres. Yellow- 
cake produced in the mill is shipped by truck in 55- 
gallon drums. The product purity is 90% U,O,. 

The baseline sample problem for this facility is the 
same as the Uranium Fuel Fabrication Plant in Section 
B .3.3.1 (U-Nat Baseline Sample problem). 

B.3.6 Independent Spent Fuel Storage 
Installations 

An ISFSI is a facility for handling and storing irradi- 
ated spent fuel assemblies from nuclear power reactors 
until they can be permanently disposed of as high-level 
waste. The two basic design categories of ISFSIs are 
wet storage and dry storage. The design of the wet 
storage ISFSI is similar to that of reactor spent fuel 
storage pools, except that the storage capacity is signif- 
icantly greater. Dry storage- ISFSIs take several dif- 
ferent forms; the four basic types considered here are 
drywell storage, silo storage, vault storage, and cask 
storage. These dry storage designs depend on air cur- 
rents, heat dissipation in the soil, and metal heat trans- 
fer fins for cooling the fuel. 

A dry ISFSl is used as the reference facility because it 
represents the current designs in use. Although the 
major structures and areas of a dry ISFSl vary with the 
type of design, the reference dry ISFSI consists of 
three reinforced open air concrete pads on which the 
vertical sealed metal casks are placed. The contami- 
nants, @'Co and I3'Cs, are similar to those used for the 
research reactor in Section B.3.2.1 but they are not 
combined for this sample problem. The files for these 
sample problems are preceded by ISFSI. 



B.3.6.1 @Co Baseline Sample problem 

This sample problem is set up by selecting the *Co 
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
V o  I PCiJlgram 

Results (see Table B.21): 

There is a 90% chance that a TEDE of 6.60E+00 mrem 
with a 95% confidence interval from 6.55E+00 mrem 
to 6.68Ec00 mrem will not be-exceeded within 1000 
years after license termination. 

Table B.21 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the ISFSIl Sample Problem 

Pathway TEDE (mrem) 
External 6.20E+00 
Inhalation 7.42E-05 
Agricultural 4.84E-01 
Secondary Ingestion 3.57E-04 
Drinking Water 1.60E- 18 
Irrigation 7.54E- 18 
Surface Water 1.lOE-17 
All 6.68E+00 

B.3.6.2 '"Cs Baseline Sample Problem 

This sample problem is set up by selecting the I3'Cs 
radionuclide and using all default parameters. 

Selected Initial 
Radionuclides Activity 
I3'Cs I pcilgrarn 

Results (see Table B.22): 

There is a 90% chance that a TEDE of 2.20EW mrem 
with a 95% confidence interval from 2.14E+00 mrem 
to 2.30Ec00 mrem will not be exceeded within 1000 
years after license termination. 

B.4 Non-Fuel-Cycle Nuclear 
Facilities 

Non-fuelcycle facilities handle byproduct, source, 
andlor special nuclear materials that are not involved in 
the production of electric power. These non-fuelcycle 

Table B.22 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the ISFSI2 Sample Problem 

Pathway TEDE (mrem) 
External 1.46E+00 
Inhalation 9.31E-06 
Agricultural 8.24E-01 
Secondary Ingestion 6.99E-04 
Drinking Water 5.17E-21 
lnigation 2.67E-20 
Surface Water 2.25E- 19 
All 2.30E+00 

facilities must be licensed by the NRC or the Agree- 
ment States. 

Non-fuel-cycle facilities comprise a variety of different 
facilities with widely varying levels of contamination. 
These materials licensees include universities, medical 
institutions, radioactive source manufacturers, and 
companies that use radioisotopes for industrial or anal- 
ytical purposes. Certain types, such as radioactive 
source manufacturers, radiopharmaceutical producers, 
and radioactive ore processors conduct operations that 
could result in substantial radioactive contamination in 
portions of the facility. Broad Research and Develop- 
ment (R&D) facilities also use isotopes in a way that 
could potentially produce contamination requiring 
decommissioning activities. About 75% of NRC's 
7,000 materials licensees use either sealed radioactive 
sources or small amounts of short-lived radioactive 
materials in their business operations. 

B.4.1 Sealed Sources 

B.4.1.1 Sealed Source Users 

A sealed source is defined in 10 CFR Part 30 as any 
byproduct material that is encased in a capsule 
designed to prevent leakage or escape of the byproduct 
material. Sealed source users are licensed under 10 
CFR Parts 30, 33, and 35 and include medical users of 
sealed sources (teletherapy, brachytherapy), users of 
industrial gauges, well loggers, radiographers, and 
irradiators. Nuclides contained in the capsules and 
used by sealed source users include @Co, I3'Cs, I2'I, 

Ig2Ir, 9 0 ~ r ,  and 2 4 ' ~ m .  The sealed sources are designed 
and tested according to the requirements of industrial 
standards and radiation safety criteria set out in the 
regulations to prevent leakage. 



B.4.1.2 Sealed Source Manufacturers 

Sealed sources are manufactured for such uses as ref- 
erence standards, moisture probes, quality control 
instruments, therapy units, and smoke detectors. The 
sealed source manufacturing process is canied out in 
buildings that contain a number of small laboratories, 
each of which is devoted to a specific process and/or 
isotope. Each laboratory contains one or more hoods, 
glove boxes, and/or hot cells. Alpha and beta emitters 
are plated on platinum, stainless steel, or aluminized 
mylar film and mounted in aluminum rings to form 
standard disc sources. Liquid gamma sources are 
sealed in plastic or glass vials, and solid gamma 
sources are mounted in rods-or plastic discs. Depend- 
ing on the exposure potential of the isotope being 
handled, the materials are handled in hoods, glove 
boxes, or hot cells, which have controlled ventilation 
systems. 

The major radionuclides considered for this facility 
include '"Co, I3'Cs, IZSI, I9'Ir, WSr, and 241Am. The 
baseline sample problems for bOCo and I3'Cs are the 
same ones used for the ISFSl facility in Section B.3.6 
and will not be included here. 

B.4.1.3 '''I Baseline Sample problem 

This sample problem is set up by selecting the 
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
1251 1 pcilgram 

Results (see Table B.23): 

There is a 90% chance that a TEDE of 2.30E-01 mrem 
with a 95% confidence interval from 1.70E-01 mrem 
to 3.25E-01 mrem will not be exceeded within 1000 
years after license termination. 

B.4.1.4 '"Ir Baseline Sample Problem 

This sample problem is set up by selecting the I9'Ir 
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
1921r l pCiigram 

Table B.23 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the SSUl Sample Problem 

Pathway TEDE (mrem) 
External 1.94E-03 
Inhalation 2.36E-06 
Agricultural 2.63E-01 
Secondary Ingestion 1.27E-04 
Drinking Water 4.96E- 10 
Imgation 1.48E-09 
Surface Water 5.46E-09 

Results (see Table B.24): 

There is a 90% chance that a TEDE of 6.05E-01 mrem 
with a 95% confidence interval from 6.06E-01 mrem 
to 6.05E-01 mrem will not be exceeded within 1000 
years after license termination. 

Table B.24 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the SSU2 Sample Problem 

Pathway TEDE (mrem) 
External 6.02E-01 
Inhalation 3.27E-06 
Agricultural. 3.29E-03 
Secondary Ingestion 2.30E-05 
Drinking Water 1.91E-18 
Imgation 1.01E-18 
Surface Water 8.17E- 19 

B.4.1.5 "Sr Baseline Sample Problem 

This sample problem is set up by selecting the WSr 
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
90Sr I pCi/gram 

Results (see Tables B.25 and B.26): 

There is a 90% chance that a TEDE of 1.40E+01 mrem 
with a 95% confidence interval from 1.19E+01 mrem 
to 2.08E+01 mrem will not be exceeded within 1000 
years after license termination. 



Table B.25 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 
mum Annual Doses for the SSU3 Sample Problem 

Pathway TEDE (mrem) 
External l.lOE-02 
Inhalation 3.81E-04 
Agricultural. 1.67E+0 1 
Secondary Ingestion 2.14E-03 
Drinking Water 2.34E- 2 
Irrigation 4.728- 12 
Surface Water 2.71E-12 
All 2.08EM1 

. . 

Table B.26 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the SSU3 Sample Problem 

Radionuclide TEDE (mrem) 
"Sr 1.96EM1 
9OY 1.2 1 E+00 

B.4.1.6 " ' ~ m  Baseline Sample Problem 

This sample problem is set up by selecting the 2 4 1 ~ m  
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
z4rh 1 pcilgram 

Results (see Tables B.27 and B.28): 

There is a 90% chance that a TEDE of 1.1 8E+00 mrem 
with a 95% confidence interval from 1.10E+00 mrem 
to 1.39E+00 mrem will not be exceeded within 1000 
years after license termination. 

B.4.2 Short-Lived Radionuclides 

Licensees using short-lived byproduct radionuclides 
are licensed under 10 CFR Parts 30,33, and 35 and use 
short-lived nuclides for specific reasons, primarily in 
the area of medical diagnostics. Short-lived nuclides 
licensed for such use include T c ,  I3'I, and Iz3I. 

Table B.27 Upper Limit of the 95.h Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the SSU4 Sample Problem 

Pathway TEDE (mrem) 
External 2.13E-02 
Inhalation 1.35E-01 
Agricultural. 1.17E+01 
Secondary Ingestion 5.15E-02 
Drinking Water 1.64E+00 
Irrigation 2.70E+00 
Surface Water 8.58E+OO 
All 1.39E+01 

Table B.28 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the SSU4 Sample Problem 

Radionuclide TEDE (mrem) 
2 4 1 h  1.39E+01 
237Np 1.63E-03 
233pa . 7.60E-07 
2 3 3 ~  5.65E- 10 
U9Th 5.32E- 12 
"Ra 5.69E- 13 
=Ac 3.28E-13 
Total 1 39Ei-01 

B.4.2.1 Generic R&D Facilities 

R&D facilities using radioactive materials cover an 
extremely broad range of activities, including labora- 
tories or health treatment facilities that use radioiso- 
topes. University or industrial chemistry and physics 
laboratories use radioisotopes in basic experiments, 
and biological laboratories use them to investigate 
absorption and metabolic phenomena. These labora- 
tories, in general, present no decommissioning prob- 
lems because the isotopes used are short-lived and of 
low activity. Medical facilities, such as hospitals and 
clinics, also use radioisotopes for various medical pur- 
poses. These uses include both radiation exposure 
from sealed sources and injections of short-lived iso- 
topes. 

Contaminated areas associated with the reference R&D 
facility include laboratory floor and wall areas and 
storage areas. It is assumed that operation of the 
facility results in some soil contamination on the site. 

The baseline sample problems include the 99"Tc and 
I3'l radionuclides. File associated with these sample 
problems are preceded with "SLN." 



B.4.23 "mTc Baseline Sample Problem 

This sample problem is set up by selecting the 99"Tc 
radionuclide and using all default probability distribu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
- r c  1 Pcilgram 

Results (see Tables B.29 and B.30): 

There is a 90% chance that a TEDE of 2.79E-04 mrem 
with a 95% confidence interval from 2.78E-04 mrem 
to 2.79E-04 mrem will not bi5 exceeded within 1000 
years after license termination. 

Table B.29 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the SLNl Sample Problem 

Pathway TEDE (mrem) 
External 2.76E-004 
Inhalation 1.52E- 1 1 
Agricul turd 3.10E-06 
Secondary Ingestion 8.72E- 10 
Drinking Water 1.75E- 17 
Imgation 1.81E-16 
Surface Water 5.72E- 18 

Table B.30 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the SLNl Sample Problem 

Radionuclide TEDE (mrem) 
VC 2.79E-04 
?C 5.22E-09 

B.4.2.3 "'I Baseline Sample Problem 

This sample problem is set up by selecting the I3'I 
radionuclide and using all default probability dismbu- 
tions and parameters. 

Selected Initial 
Radionuclides Activity 
1311 l pCiigram 

Results (see Tables B.31 and B.32): 

There is a 90% chance that a TEDE of 6.28E-02 mrem 
with a 95% confidence interval from 5.5 1E-02 mrem 

to 7.14E-02 mrem will not be exceeded within 1000 
years after license termination. 

Table B31  Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the SLNZ Sample Problem 

- - 

Pathway TEDE (mrem) 
External 3.25E-02 
Inhalation 4.92E-07 
Agricultural 3.89E-02 
Secondary Ingestion 2.40E-05 
Drinking Water 2.92E- 17 
Irrigation 2.87E- 17 
Surface Water 3.15E-16 

Table B.32 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All Maxi- 

mum Annual Doses for the SLNZ Sample Problem 

-- 

Radionuclide TEDE (mrem) 
1311 7.14E-02 

B.43 Rare-Metal Ore Processors 

A rare-metals ore processor is a facility, not part of the 
fuel cycle, that refines raw ore materials to recover rare 
metals such as tantalum and niobium. These ores can 
contain appreciable concentrations of radionuclides, 
such as uranium and thorium, which are found in the 
waste tailings of the refining process. The NRC 
licenses such facilities principally to regulate the han- 
dling of these waste tailings. While relatively few such 
facilities operate in the United States, the volumes of 
tailings are sufficient to require a significant decom- 
missioning effort. 

The raw material can be a slag produced by smelters. 
The slag can consist of glassy flakes or tin pellets con- 
taining 0.1 to 0.5 wt% U30, and Tho2. In one build- 
ing, the slag is ground, roasted, and digested with 
hydrofluoric acid. The hydrofluoric acid is passed to a 
facility for the chemical extraction of the rare metals, 
such as niobium and tantalum. 

The reference rare metal ore processor is a plant that 
refines raw ore materials for the recovery of rare 
metals such as tantalum and niobium. The raw ores 
can contain appreciable quantities of uranium and 
thorium. which are waste tailings of the refining 
process. 



Contaminated facilities and areas associated with the 
reference rare metal ore processor include: 

buildings in which slag is processed and the rare 
metals are extracted, 
settling ponds on site that contain the tailings from 
the metal extraction process, and that contain 
essentially all of the radioactivity (the pond is 
assumed to be unlined at the reference rare metal 
ore processor, although it may be lined at newer 
facilities), 
a slag pile containing solid wastes from the 
extraction process. 

It is assumed that operation of the facility results in soil 
contamination on the site. The U-Nat baseline sample 
problem for this facility is the same as for the Uranium 
Fuel Fabrication Plant in Section B.3.3.1. An addi- 
tional baseline sample problem for the 232Th radionu- 
clide in equilibrium is shown here. The files associat- 
ed with this sample problem is preceded with 
"RMOP." 

B.4.3.1 U2Th+C Baseline Sample Problem 

This sample problem is set up by selecting the 232Th+C 
radionuclide and using all default probability distribu- 
tions and parameters. The "Calculation option for +C 
radionuclides" option on the "Add Contaminants" 
screen is set to "Do not distribute." 

Selected Initial 
Radionuclides Activity 
232-1-1-,+~ 1 pCi1grarn 

Results (see Tables B.33 and B.34): 

There is a 90% chance that a TEDE of 2.30Ei-01 m r m  
with a 95% confidence interval from 2.24Ei-01 mrem 
to 2.59E+01 mrem will not be exceeded within 1000 
years after license termination. 

Table B.33 Upper Limit of the 95% Confidence 
Interval of the Pathway Component of All Maxi- 

mum Annual Doses for the RMOP Sample Problem 

Pathway TEDE (mrem) 
External 6.53E+00 
Inhalation 6.65E-01 
Agricultural 1.67Ei-0 1 
Secondary Ingestion 7.05E-02 
Drinking Water 8.63E-09 
Imgation 1.39E-08 
Surface Water 1.28E-08 

Table B.34 Upper Limit of the 95% Confidence 
Interval of the Radionuclide Component of All 
Maximum Annual Doses for the RMOP Sample 
Problem The "Calculation option for +C radio- 

nuclidesn option on the "Add Contaminantsn 
screen is set to 'Do not distribute." 

- - 

~adionucGde TEDE (mrem) 
"2Th 1.04E+01 
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APPENDIX C FORMAT OF IMPORT CONCENTRATION FILE 

The residential scenario includes the ability to import The first record in the file tells how many chains will 
concentrations calculated by other modeling codes to be in the input file and is followed by two more groups 
compute doses. To use this capability, an import con- of records. The second group gives the number and 
centration data file is required for inputting soil and description of the radionuclides for each chain. The 
groundwater radioactivity concentrations. This third group contains the time step values and the 
appendix (Table C. I) describes the format for the concentration data associated with each time step. 
concentration input files. Table C.2 provides an 
example import concentration file. 

Table C.l Residential Scenario Import Concentration File Format 

Record 

Group 1: 

Record: 

Format: 

Description: 

Comment: 

Error Messages: 

Group 2: 

Record 1 :  

Format: 

Description: 

Comment: 

Record 2 : 

Format: 

Description 

Number of Chains 

Number of radionuclide chains that will be imported. 

Free-format integer: Valid values are 1 - 50. 

The number of chains in the scenario. A description of each individual chain must be pro- 
vided in the Radionuclide Description group of records following this record (one group per 
chain). 

The number of chains must be less than or equal to 50. If not, the results may be undefined. 
For the purpose of importing concentrations, the natural uranium (U-Nat) chain must be 
broken into its components and, therefore, counts as three chains. 

Premature end of file reached read in^ number of chain records in imwrt concentration 
file: The file has no data in it. - 
Error reading number of chain records in import concentration file: Input/Output system 
error. An error number will be shown that allows support personnel to determine the 
cause of the problem. If an error code of 6101 is encountered, an invalid integer (such 
as text) was entered. 
Number of chains in imwrt concentration file exceeds maximum allowable (50): This 
number must be less than or equal to 50. 

Radionuclide Descriptions 

Number of explicit radionuclides in this chain. 

Free-form integer; valid values are 1 - 50. 

The number of explicit radionuclides in this chain including the parent radionuclide. This 
number determines the number of explicit Radionuclide Name records immediately 
following this record. 

The number of explicit radionuclides must be less than or equal to 50. Do not include any 
implicit radionuclides associated with this chain. 

Name of the explicit radionuclide. 

Six characters, alphanumeric, in columns 1 through 6. 



Table C.1 Residential Scenario Import Concentration File Format 

Record Description 

Description: Explicit radionuclide name. There must be one record for each explicit radionuclide in the 
chain. For example, if there are seven explicit radionuclides in the chain, there must be 
seven records of this type. 

Comment: The order and number of explicit radionuclides in this description must comply exactly with 
the chain descriptions in the Radioactive Decay Data tables (see Section 4.3.8). The code 
compares this description with the one presented in the table and, if there are any 
discrepancies, the code will abort the run and issue an error message. 

Error Messages: Premature end of file reached reading names of ex~licit radionuclides in chain: The file 
is truncated too soon. 
Error readine names of ex~licit radionuclides in chain: Input/Output system error. An 
error number will be shown that allows support personnel to determine the cause of the 
problem. 
Radionuclide name is not a valid radionuclide name: The code was unsuccessful in 
comparing the radionuclide name entered with. 

Group 2 is repeated until all chain descriptions have been entered. 

Group 3: Concentration Description. 

Record I : Time of Interest 

Description: The Time of Interest is the time at which the imported concentrations were calculated and at 
which time the subsequent dose results will be calculated. The input must be in days. 

Record 2: Residential soil and groundwater concentrations. 

Format: Free-format, floating point, one pair of variables per record, separated by a space. 

Description: The first variable is the soil concentration in pCi/g for the radionuclides described in Group 
2, above, at the beginning of the Time of Interest. The second variable is the average 
groundwater concentration in pCi/L of the same radionuclide over a one-year time fTame 
beginning with the Time of Interest. 

Comment: This record is repeated for each radionuclide described in Group 2, above. In Table C.2, 
there are three chains with 7,6,  and 9 radionuclides in each chain respectively. Therefore, 
there must be 22 (7 + 6 + 9) records of this type for each time step. The order of 
presentation of the concentrations must comply with the order presented in Group 2. The 
code has no way to check if the concentrations are in the correct order. Therefore, caution 
must be used in the order and number of these concentration records. 

Group 3 is repeated as many times as necessary. The code will read Group 3 records until the scenario end time 
given in the Residential Basic Parameters is reached or an end-of-file condition is reached. A sample file is 
shown that includes four time steps for the natural uranium chain. Do not include the description shown in 
parentheses in an actual input file. 



Table C.2 Example File for Importing Concentrations for the U-Nat Chain (U234, U235, U238) 

(Number of Radionuclides in chain 2) 
(Radionuclide Names for chain 2) 

(Number of Radionuclides in chain 3) 
(Radionuclide Names for chain 3) 

Value Value Comments 

3 (Number of Chains) 
7 (Number of Radionuclides in chain I) 
234U (Radionuclide Names for chain 1) 
230Th 
226Ra 
222Rn 
210Pb 
210Bi 
2 1 OPo 
6 
235U 
23 1Th 
23 1 Pa 
227Ac 
2 2 m  
223Ra 
9 
238U 
234Th 
234U 
230Th 
226Ra 
222Rn 
2 1 OPb 
210Bi 
2 1 OPo 
0.000000000000000 (Time of Interest) 
0.000000000000000 0.247522757808938D-009 (Concentrations) 
0.000000000000000 0.484858 1835 17552D-015 
0.000000000000000 0.39681 5555468826D-019 
0.000000000000000 0.189522392289388D-017 
0.000000000000000 0.1 14417255157419D-019 
0.000000000000000 0.103885438401 388D-019 
0.000000000000000 0.2478292 1 143 1455D-020 
0.000000000000000 0.113891077868471D-010 
0.000000000000000 0.11212431 1179322D-010 
0.000000000000000 0.528562229862447D-0 16 
0.000000000000000 0.317236495338320D-018 
0.000000000000000 0.218981 181517277D-018 
0.000000000000000 0.1773 12704861 995D-0 8 
0.000000000000000 0.247523276052333D-009 
0.000000000000000 0.17947581 5505557D-009 
0.000000000000000 0.366644216333686D-015 
0.000000000000000 0.554102623933457D-021 
0,000000000000000 0.3303 16344522203D-025 
0.000000000000000 0.1 1883 1796675 130D-023 
0.000000000000000 0.000000000000000 
0.000000000000000 0.000000000000000 
0.000000000000000 0.387340435476567D-024 
365.250000000000 (Time of Interest) 
0.685469 165302906D-009 0.134741024908478D-008 (Concentrations) 



Table C.2 Example File for Importing Concentrations for the U-Nat Chain (U234, U235, U238) 

Value 

0.175871 147027935D-014 
0.1801 1 131 8876507D-018 
0.630573744828938D-017 
0.477334332848322D-019 
0.441 835648737467D-019 
0.123247502921 888D-019 
0.315400817560165D-010 
0.3 11 885356501322D-010 
0.192885440984453D-015 
0.144706730419307D-017 
0.106100397269115D-017 - -  

0.894389208483707D-018 
0.685471 1 10732884D-009 
0.5390594489341 61 D-009 
0.148840725562149D-014 
0.27633398 1 176464D-020 
0.000000000000000 
0.464827012918598D-023 
0.000000000000000 
0.000000000000000 
0.000000000000000 
730.500000000000 
0.206879336 191 261 D-008 
0.903777804491 166D-014 
0.169366852946708D-017 
0.326728487233615D-016 
0.407145837169490D-018 
0.388745850894128D-018 
0.159893738089962D-018 
0.951904187751751D-010 
0.945051445996075D-010 
0.100528461620271D-014 
0.137743262380402D-016 
0.1 1441 96668287991)-016 
0.104923428582542D-016 
0.2068805 1048 1380D-008 
0.17704852605 1827D-008 
0.10238949390699 1 D-013 
0.344371423650410D-019 
0.49641 95378421 90D-023 
0.619363558574050D-022 
0.625908757379270D-024 
0.5734556984778 1 OD-024 
0.2455 19978623 145D-024 
1095.75000000000 
0.364671423 1774041)-008 
0.204720606482233D-013 
0.5278804401 565 1 OD-017 
0.87929.5903899320D-016 
0.139407830043 134D-017 
0.134514657550422D-017 

Value Comments 

0.495362899770729D-014 
0.77613 1599674565D-018 
0.174234077 170609D-016 
0.188000175498888D-018 
0.178169650961613D-018 
0.664865553040717D-019 
0.619976830856126D-010 
0.6 14777022667660D-010 
0.54839196596981OD-015 
0.62903 1681703798D-017 
0.507338766497242D-017 
0.456388539794910D-017 
0.134741 63 141 6726D-008 
0.1 12433606659562D-008 
0.51 1011675415349D-014 
0.146035126829713D-019 
0.177935345835221D-023 
0.253708387955905D-022 
0.274573361685459D-024 
0.42134401 1293412D-024 
0.172359583696953D-024 

(Time of Interest) 
0.285 18708966571 8D-008 (Concentrations) 
0.14508 1994022596D-013 
0.331261541522632D-017 
0.57568070601 5900D-016 
0.835776321078462D-018 
0.803567262443758D-018 
0.367820596468893D-018 
0.13 1222001 499207D-009 
0.130377562981958D-009 
0.162396085407654D-014 
0.2708 14455674890D-016 
0.23 1249634432062D-0 16 
0.2 1597 1076532749D-016 
0.2851891 50527488D-008 
0.248 1 1203295563 I D-008 
0.185035 180403758D-013 
0.749019946800425D-019 
0.1353 19565732 186D-022 
0.1.501 5 1780226801 D-02 1 
0.175685216656883D-023 
0.164872343 10081 3D-023 
0.68296892541 4381 D-024 

(Time of Interest) 
0.444454267854206D-008 (Concentrations) 
0.270903875440447D-01 
0.787895755091 530D-017 
0.130412336018944D-015 
0.225891066434437D-017 
0.2 18692384046246D-017 



Table C.2 Example File for Importing Concentrations for the U-Nat Chain (U234, U235, U238) 

Value Value Comments 

0.650941479418464D-018 0.1 11951 764593952D-017 
0.167795027852860D-009 0.204505545609364D-009 
0.1667944141 37780D-009 0.203354588605064D-009 
0.2302371 8861 676 ID-014 0.306465073296225D-014 
0.433096232478005D-016 0.649656442895449D-016 
0.375 1 13673072341D-016 0.569570227737363D-016 
0.35362967455201 9D-016 0.54143653435081 6D-016 
0.364674528108021D-008 0.4444587204261 73D-008 
0.320488262938123D-008 0.393428619996491D-008 
0.283336250978395D-013 0.41 1984665622026D-013 
0.1273 18200099534D-018 - - 0.205208884640300D-018 
0.25838635391 5024D-022 0.474492466919941D-022 
0.275567255043353D-02 1 0.501436 105729973D-02 1 
0.356620193728023D-023 0.721972314186154D-023 
0.340581 445 167568D-023 0.6955797661 183 10D-023 
0.145960036701288D-023 0.319243681886171D-023 



APPENDIX D DandD DATABASE TABLE DESCRIPTIONS 

D.l Introduction 

The input and output of DandD are saved in a ~icrosoft@ ~ccess'  database. This appendlx describes the tables and 
fields in this database. 

When a new session is created, a copy of the database 1nitVBASession.mdb is created. This database will have an 
extension of mcd (Monte Carlo DandD); for example, "session.mcd." 

The tables in the database are identified by a three-character prefix. These are as  follows. 

Prefix Meaning .. 

aPP Tables used by application. These tables are only modified by the programming staff. They 
contain initialization constants and default values. 

bld Tables containing data for the building scenario. These tables can be modified by the user 
indirectly through the DandD interface. 

dat Tables created as a result of the model runs. 

err Tables generated by Latin Hypercube Sampling (LHS) or scenario models containing error details. 

Par Tables output from LHS. 
res Tables containing data for the residential scenario. These tables can be modified by the user 

indirectly through the DandD interface. 

sen Tables related to sensitivity analysis. 

usr General session settings. 

Input to the dose model program takes on many characteristics. In most cases, the user can specify the input as 
probability distributions or constants. 

General parameter data will always be fed to the modeling code. The user will have the option to modify this data 
from within the graphical interface. Within the residential model, this data is also grouped in categories such as 
Basic, Growing Period, etc. (15 categories total). 

Data associated with contaminants will also be input to the modeling code. The user will be able to add contami- 
nants, modify the area associated with a contaminant, and input the concentration of the contaminant. 

Each nuclide additionally has decay or daughter products. Each daughter product has parameters associated with it 
in the residential model. The user will be able to modify these parameters also. 

All of the user-modifiable data has been stored in the database in tables, as discussed in Section D.2. 

D.2 Table Descriptions 

D.2.1 Application Tables (app tables) 

This is a list of decay or daughter nuclide data that is used by the dose model program. This data will be accessible 
to the user for viewing as a table. This table contains constants that cannot be changed by the user. 



Most of the information on the nuclides is in the appChain table. However, some extra decay data that is used only 
by the user interface is stored in the appAuxChain table. These tables have an identical structure. The user 
interface unites these tables to define the element parameters for any contaminant. The underlying modeling 
software only uses table appChain. 

The table appAuxChain was initially designed because of the special case introduced for U-Nat and TkNat.  These 
two elements have many associated element parameters, but the interface requires that this information is not 
present in the appChain table. It is required that all entries in table appAuxChain not have values equal for [Parent] 
and [Radionuclide]. Since each [Parent] will have an entry where [Parent] and [Radionuclide] fields are equal, this 
particular record will be in the appChain table. 

From this table, all daughter nuclides in the decay chain can be accessed. The decay products, or daughters, are 
found by looking up records based on the value of the field [Parent]. The source contaminants are found in the 
appCandC-Decode table. 

The user will input the contaminants. The DandD software will then find the decay products in the appChain table 
and offer the user the ability to modify data related to these daughter product contaminants. 

[Record1 Dl 
[Parent] 
[Radionuclide] 
[HalfLife] 
[PositionlnChain] 

[FirstParentlndex] 
[First Parent Fraction] 
[SecondParentIndex] 
[SecondParentFraction] 
[ AtomicNumber] 

is an index used to order the table records. 
refers to the original contaminant, not the immediate parent in the decay chain. 
is a by-product in the decay chain of [Parent]. 
is the half-life of [Radionuclide]. 
is the number of decay generations from [Parent]. A radionuclide directly descended 
from [Parent] will have a value of 2 for [PositionInChain]. If [Parent] and 
[Radionuclide] are equal, then [PositionInChain] will be equal to one. 
indicates which radionuclide in the chain is the immediate parent of this nuclide. 
is the fraction of decays of the first parent that produce [Radionuclide]. 
indicates alternate radionuclide that can decay to [Radionuclide]. 
is the fraction of decays of the second parent that produces [Radionuclide]. 
is the number of protons in the [Radionuclide]. 

Example: 

ReeordID 1 parent 1 Radionuclide 1 HalfLife I PositionInChain 
303 / 228Ra / 228Ra 1 2.10E+03 1 l 



These tables define the default Spearman (rank) correlation coefficients between pairs of parameters. Table 
appResCorrelations and appBldCorrelations contain the default correlation coefficients for the residential and 
building occupancy scenarios, respectively. If two parameters do not have an entry in the appResCorrelations or 
appBldCorrelations tables, then the default correlation coefficient is assumed to be zero for the appropriate 
scenario. This means that the parameters are statistically independent. 

[ParameterID 11 identifies one of the pair of correlated parameters. 
[ParameterID2] identifies the other correlated parameter. 
[Correlation] is the correlation coefficient between the ranks of the parameter values, between - 1 and 1 

inclusive. 

The following integrity rules should be followed for this table: 
[ParameterIDl] must be strictly less than [ParameterIDZ]. 
[ParameterIDl, ParameterIDZ] are also a key for each of these tables. In other words, the ordered pair 
[ParameterID 1, ParameterID21 is unique for the given table. 

Example: 

This is a list of possible nuclide contaminants and corresponding keys used to identify them in the dose model 
program. This table contains constants that cannot be changed by the user. 



[SourceNurnber] is used to identify contaminants. This number is passed to the dose model program to 
communicate the presence of a contaminant. 

[Source] identifies the contaminant. It is prefixed by the atomic weight. 

[ElementID] identifies the chemical element for the nuclide. 

[HasElement] indicates that elementdependent parameters are associated with the nuclide. 

Example: 

This is a list of nuclide data that is used by the dose model program. This table contains constants that cannot be 
changed by the user. 

[Parent] is the name of the parent radionuclide. 
[Radionuclide] is the name of the radionuclide. 
[ImplicitProgenyFraction] is the fraction of parent transitions that produce this radionuclide. 
[Ingestion] is the unit committed effective dose equivalent (CEDE) conversion factor for 

ingestion. 
[Inhalation] is the unit CEDE conversion factor for inhalation. 
[ExtemalSurface] is the unit CEDE conversion factor for external surface exposure. 
[External 1 51x11 , is the unit CEDE conversion factor for external exposure at 15 cm. 

. 

Example: 

HasElement 
Yes 

SourceNumber 
62 

Source I~lementID . 

lOlTc ( TC 

appCHA1N: see appAuxChain 

This is a description of the potential dependencies among parameters. Only parameters in the appParameter table 
that have 'Derived' as a default distribution are present in this table. These should also be the parameters that have 
the field [Derived] set to Yes in the table appParameter. Neither element nor nuclide parameters can be derived. 

ErternalSarface 
3.65E- 13 
2.82E- 11 

Only if the user has the distribution type set to 'Derived' for a parameter will its values be calculated From the 
independent parameters listed in this table. 

Parent 1 Radionuclide 
240U 240U 
240U 124OmNp 

These dependencies are implemented in the LHS preprocessor, and are used to obtain the values for parameters 
having the special distribution type 'Derived.' In other words, a parameter identified by the field [PararneterlD] is 
derived functionally in code, using the value of [IndependentParameterID]. 

Ingestion 
1.20E-09 
0.00E+00 

ImplicitProgenyFraetion 

1 .OO 

The user cannot modify this table. 

Malation 
6.13E- 10 
0.00E+00 



The graph of dependencies defined by this table must be acyclic. 

[ParameterID] identifies the parameter whose value can be provided by the dependency. Only parameters that have 
a default value of 'Derived' and whose field [Derived] is set to Yes in the bldresParameterDetai1 table are listed in 
this table. All such parameters must have one or more entries in the table. 

[DependencyNumber] indexes the independent parameters that are used in the dependency, beginning with one. 

[IndependentParameterID] identifies a parameter used to derive the value of the dependent parameter. These are 
only parameters from table appparameter. 

Example: 

If the parameter INFIL has its distribution set to 'Derived,' then its value will be calculated in the code using the 
parameters Ksat 1, IR, and AP- 

1 INFIL 11 ( Ksat 1 
INFIL 12 (IR 
INFIL 13 IAP 

This table lists the methods used to derive the values for 'Derived' parameters. The named methods are 
implemented by the LHS preprocessor. This table contains constants that cannot be changed by the user. 

[ParameterID] identifies the parameter whose value can be provided by the dependency. Only parameters that can 
be "Derived," or whose unit conversion factors are also model parameters, are listed in this table. All such 
parameters must have one entry in the table. 

[MethodName] identifies the procedure used to derive the parameter value from the value(s) of other model 
parameters. The specific parameters used in the derivation are listed in the appDependencies table. 

Example: 

Contains data related to distributions. This table contains constants that cannot be changed by the user. 

Parameterm 
INFIL 

[DistributionID] is an index that identifies the distribution. 

MethodName 
InfiltrationModel 

[DistributionName] is the name (or description) of the distribution. 

[Empirical] indicates whether the distribution requires a set of ordered pairs or a fixed sized set of parameters for 
definition. For example, the Normal distribution is not empirical because it has exactly two parameters. The 
Continuous Linear distribution is empirical because it is defined by a set of ordered pairs. 

[DistributionDesc] contains a description of integrity rules for the distribution. 

Example: 



17 1 CONTINUOUS FREQUENCY 1 y e s  I Y > = o  
20 1 EXPONENTIAL (NO 

I I I 

21 ( MAXIMUM ENTROPY ( N O  

This table identifies the number of parameters and their associated parameter names for each non-empirical 
distribution. This table contains constants that cannot be changed by the user. 

[DistributionlD] matches with field [DistributionlD] in table appDistributions. 

[PararneterNumber] identifies the parameter number the [ParameterLabel] is associated with (this is a sequence 
number starting at 1 for the fmt  label, 2 for the second label, etc.). 

[ParameterLabel] is the label as it will appear on the graphical user interface (GUl). 

For example: assume the following in the appDistributions table: 

DistribmtionID (~istribution~une ( ~ m ~ i r i e a l  
2 ] NORMAL 1 NO 

Then, the following entries are in the appDistributionSymboIs table. 

DistribationlD I ~arameter~umber 1 ~arameter~abel 
2 I I / Mean 

12 12 I Standard Deviation 1 
The entry { 15, "Continuous Linear," Yes} in the appDistributions table has no corresponding entries in the 
appDistribufionSymboIs table because the distribution is empirical. 

These tables contain information related to parameters whose values depend on the chemical composition of the 
contamination. Each daughter product within the decay chain for a source contaminant will have additional 
parameters that the user can modify. These parameters are only used in the residential scenario model. The default 
values for these additional parameters, referred to as element parameters, are defined in these tables. 

The labels associated with the element parameters and the units required by the dose model are stored in the 
appElementParameterNames table. The element parameters have corresponding default values and limits for each 
of the variables in each of the categories. 



The table appElementPararneterNames contains the following data. 

Note: the field [ModelUnitsID] is a long integer that joins with table appUOM to obtain the string shown describing 
the units. 

Finally, each of the 73 elements will have ten entries in the appElementParameters table that describe default values 
for each parameter listed in the above table. The fields in this table are described as follows. 

[ParameterID]: by convention, all element parameters will have ParameterIDs between 2001 and 9999. Parameter 
IDS for elementdependent parameters will be assigned as follows. 

ID = 2000 + NuclideParameterNameID*lOO + SourceNumber 

In this expression, SourceNumber is the identifying number of the element used in the appKd-Decode table. 

[Source] corresponds to symbol identifying element in the periodic table of elements. This entry should match on 
field [Source] with a record in table appKd-Decode. 

~uclideParameterNameID] identifies in which of the ten categories this element parameter belongs. 

[Description] is used as a label in the user interface. 

[DistributionID] is the default distribution used for this parameter. 

WoEdit] is not used at this time. 

[Derived] is not used at this time. 

[LowerBound] [UpperBound]: if the user has specified parameter values outside of these bounds, the user will be 
warned that the value may be inappropriate and may require additional justification. However, the user will be 
permitted to use the value. 

[HardLowerBound] [HardUpperBound]: if the user has selected a constant distribution and enters a value outside 
these bounds, the user will not be permitted to run a simulation. If the user has entered a distribution other than 
constant, and any of the values from LHS fall outside these bounds, the user will not be permitted to run any Monte 
Carlo simulations, even if the values for a given simulation are within bounds. 

[DefaultUnitsID] are the units that correspond to default values in the tables appEmpirica1, etc. 

[HelpLink] is a hyperlink to documentation related to this parameter from Beyeler et al. (1999) as saved in HTML 
format. This is expected to be a relative link. However, the software will use the path of the application for the 
bases of this relative link. 



Example from table appElementParameters: 

Description 
Partition coefficient for Cf 

Leafy plant concentration factor for H 

ParameterLD 
2073 

2101 

Note: the field ~uclideParameterNameID] is actually a long integer that joins to field [NuclideParameterNameID] 
in the appElementParameterNames table. Similarly, the field [DistributionID] and [DefaultUnitsID] are actually 
long integers that join to tables appDistributions and appUOM, respectively. 

The data associated with these parameters will be placed in the same tables as the data for the parameter values, 
name1 y appEmpirDefValues, resEmpir Values, bldEmpir Values, appNonEmpirDefValues resNonEmpir Values, and 
bldNonEmpirValues. However, the data will only be in the res* and bld* tables if the associated elements are 
present in the source decay chain. All default data for the element-dependent parameters will be in the 
appEmpirDefValues and appNonEmpirDefValues tables. 

DefaultUnitsID 
.Log1 O ( W g )  
pCi/kg dry-wt leafy 

appElementParameters: see appElementParameterNames 

Soum 
Cf 

H 

HardbwerBound 
0 
0 

Distrii'butiooID 
NORMAL 
CONSTANT 

HclpLink - 

nrcvol3\SessionGenBuildSumma1~.htm 

Each of these tables contains values for parameters with empirical (tabulated) default distributions. These 
distributions are defined by tables of varying lengths containing numbers representing the parameter value and the 
probability of that value. 

NaclideParmeterN~meID 
Partition Coefficients : 
Coefficient 
Soil to Plant Concentration : 
Leafy 

HardUpperBoand Derived 
No 
No 

NoEdit 
No 
No 

If the default distribution type in the relevant parameter table (appParameter or appEIementParameters) is set to a 
distribution that is flagged as empirical in the appDistributions table, the default data will be found in table 
appEmpirDefValues. This table contains constants that cannot be changed by the user. 

When a new session is created, tables resEmpirValues and bldEmpirValues are initialized to the default parameter 
values. These tables will not be the same because not all parameter numbers used for the different scenarios are the 
same. These tables, resEmpirValues and bldEmpirValues, will be modified when the user changes parameter values 
in the residential and building scenarios, respectively. 

LowerBound 
0 
0 

Example: 

UpperBonnd 

The default value for parameter one has been set to an empirical distribution in the bldParameterDetail table as 
follows: 

Because the distribution Continuous Linear is an empirical distribution, the data corresponding to this will be stored 
in the appEmpirDefValues table. The meaning of fields [Valuel] and [Value21 are dependent on the empirical 
distribution. The data are stored as follows. 

ParameterID 
1 

Name 
Time In Building 

DktributionID 
CONTINUOUS LINEAR I 



appKd-Decode . . 

This is a list of element names that are passed to the dose model program. 

[SourceNumber] contains a key used by the dose model program to identify the chemical element. 

[Source] contains the text identifying the nuclide. The atomic weight has been stripped from the chemical name. 

Example: 

SourceNumber I source 
10 1 ~a 

If the default distribution type in the relevant parameter table (appparameter or appElementParameters) is set to a 
distribution that is flagged as nonempirical in the appDistributions table, the default data will be found in table 
appNonEmpirDefVaIues. This table contains constants that cannot be changed by the user. 

The default data for the nuclide parameters are not stored in appNonEmpirDefYalues because the default is the 
same for all nuclides; namely, the concentration is zero and the distribution is Constant. 

Each entry in this table contains nonempirical values for parameters. These tables are handled by the application 
similar to the empirical tables (appEmpirDefValues, resEmpirValues, and bldEmpir Values). 

Example: 

The default values for parameter 5 has been set to the non-empirical Lognormal distribution in the 
bldParameterDetai1 table as follows: 

ParameterID 1 Name I DistributionID 
5 / Ingestion Rate 1 LOGNORMAL 



The data corresponding to the default values used can be found in the appNonEmpirDefVolues table as follows: 

DandD determines the meaning of the [PararneterNumber] and [Value] fields by looking up the Lognormal 
distribution in the appDistributionSymboIs table as follows: 

ParameterID 
5 
5 

LOGNORMAL 11 1 Mean 
LOGNORMAL 12 I Error Factor ! 

In this example, the distribution is LOGNORMAL with a mean of ,0112 and an error factor of 1.4268 for the 
Ingestion Rate. 

ParameterNnmber 
1 
2 

Note: the actual value stored in these tables for the Distribution ID is a long integer, not the character string 
"LOGNORMAL." The field [DistributionID] is joined with the field [DistributionlD] in table appDistributions in 
order to find the [DistributionName]. In the above example, the [DistributionID] is 6. The entry in the 
appDistribution table is as follows: 

Value 
0.01 12 
1.4268 

The appNuclides table contains the list of all possible nuclides. 

DistributionID f Diistribution~ame 
6 1 LOGNORMAL 

The default value for the nuclide parameters (namely, the concentrations of the nuclides) is set to zero. The nuclide 
concentration default values cannot be changed by modifying the database, but are initialized in the software. These 
values are not stored in the appNonEmpirDefValues table, but are inserted by the software into the 
resNonEmpir Values and bldNonEmpir Values tables when contaminants are added. 

Empirical 
No 

The fields have the following meaning: 

[ParameterID] is used to find the associated data in the tables resNonEmpir Values, bldNonEmpir Values, 
resEmpir Values, and bldEmpir Values when contaminants are added. By convention, all values of [ParameterlD] 
will be between 1001 and 2000 for the nuclide parameters. 

[NukeID] is the ID to pass to the dose model program. 

[NuclideSymbol] is the symbol used by the GUI to identify the nuclide. 

[IsSource] flags nuclides that can be explicitly included in the source term. This includes most nuclides except a 
few that have very short half-lives. 

[HelpLink] is a hyperlink to documentation related to this parameter from Beyeler et al. (1999) as saved in HTML 
format. This is expected to be a relative link. However, the software will use the path of the application for the 
bases of this relative link. 

The data associated with the nuclides will be placed in the same tables as the data for the other parameters, namely 
resEmpir Values, res NonEmpir Values, etc. 

Example: 



Each parameter listed in this table is used as input to the dose model program. There are no parameters associated 
with nuclides or elements in this table. By convention, all values for the [ParameterID] will be between 1 and 1000 
for the parameters in appParameter table. 

The fields [DistributionID], [Scenario], [Residential Category], [DefaultUnitslD], [ParameterCategoryID], and 
[ModelUnitsID] are joined to tables appDistribution, appsenario, appResidentialCategories, appUOM, 
appParameterCategories, and app UOM, respective] y. 

HelpLink 

- 

nrcvcll3\SessionGenBuiIdSurnmary.htm 

PnrarneterID 
1001 
1002 
1003 

The fields have the following meaning: 

[ParameterID] identifies associated data in one of the data tables bidEmpir Values, resEmpir Values, 
bldNonEmpirValues, or resNonEmpirValues. The default data associated with this parameter will be in tables 
appNonEmpirDefValues or appEmpirDefValues. 

NakeID ' 

1 
2 
3 

[Name] is the concise description of the parameter. 

[Description] is the detailed description of the parameter. 

NaclideSymbo1 - &Source 

[DistributionID] is the default distribution used for this parameter. 

3H 
lOBe 
14C 

[Input] indicates parameters that are directly required by the dose model. Not all parameters are input to the dose 
model. The parameters that have [Input] set to No are used to calculate other parameters that are input to the model. 

Yes 
Yes 
Yes 

[InputSequence 1: for input parameters, this gives a sequence number that is unique for each scenario. This 
sequence number defines the order that the parameters are required by the dose model. If the parameter is not an 
input parameter, then the input sequence number should be Null. If the [Input] field is set to Yes, then 
[InputSequence] value must be a number. 

[NoEdit]: if set, the user cannot modify this value from the default value. 

[Derived]: if set, the user is allowed to set the distribution type to 'Derived.' If this is Yes, the [DistributionID] in 
this table must also be set to 'Derived.' 

[LowerBound] [UpperBound]: if the user has specified a value outside of these bounds, the user will be warned 
that the value may be inappropriate and will require additional justification. However, the user will be permitted to 
use the value. 

[HardLowerBound] [HardUpperBound]: if the user has selected a constant distribution and enters a value outside 
these bounds, the user will not be permitted to run a simulation. If the user has entered a distribution other than 
constant, and any of the values from LHS fall outside these bounds, the user will not be permitted to run any Monte 
Carlo simulations, even if the values for a given simulation are within bounds. 

[DefaultUnitslD] are the units that correspond to default values associated with this parameter. 

[Symbol] is used to identify this parameter in the dose model program. 



[Scenario] identifies if parameter is used for the building occupancy or residential scenario. Because there are 
different default values associated with pararneters in this table depending on the scenario, this table can be 
partitioned into parameters used for the residential and parameters used for the building occupancy scenarios. 

[Residentialcategoryl: if the scenario is residential, this field identifies the parameter category for grouping within 
the GUI. Otherwise, this entry is Null. 

[ParameterCategoryID] assigns the parameter to one of the categories given in the appParameterCategories table. 

[ModelUnitsID] indicates the units of measure required by the dose model. This may differ from the values used to 
specify the default. These fields are joined with table appUOM to obtain a full description and label. 

[HelpLink] is a hyperlink to documentation related to this parameter from Beyeler et al. (1999) as saved in HTML 
format. This is expected to be a relative link. However, the software will use the path of the application for the 
bases of this relative link. 

- 

[Externalcode], [InhalationCode], [SecIngestionCode], [FarmCode], [DrinkingCode], [InigationCode], and 
[Pondcode] are not used at this time. The intention was to use these fields as  binary flags to indicate to which 
pathways the parameter is applicable. 

Example: 

1 1 /building occu~ancv for an eight-hour work day I LINEAR 1 

ParameterID 
1 

2 

Input 1 LowerBouad 1 UpperBound 1 
Yes 11 1 NO I NO 1 0  1250 

Name 
Time In Building 

Occupancy Period 
3 I Breathing Rate I The average volumetric breathing rate during 

Yes 12 / NO 

Yes 13 I NO 

Residentialcategory / Parametercategory ID / ModelUnitsID 1 ~ e l ~ ~ i n k  
1 Behavioral 1 davdvear 1 nrcvol3\SessionGcnBuiIdSumrnarv.htm 

CONTINUOUS , 

Desaiption 
The time in the building (converted to effective 24-hr 
days) during the occupancy period 
The duration of the occupancy exposure period 

No 1 1  1365.25 
No 1 0  13.63 

/ Behavioral 1 days 
I Metabolic I m**3/hr 

DistributionID 
CONTINUOUS 
LINEAR 
CONSTANT 

Scenario 
Building Occupancy 
Building Occupancy 

HardLower Bound 
0 
1 
0 

Hardupper Bound 
250 
365.25 

DrinkingCode 

3.63 

DefaultUnitsID 
dayslyear 
days 

SeclngestionCode 1 FarmCode 
I 

Externalcode 

Symbol 
To 
Tto 

I 

Inhalationcode 

m**3/hr 

i 
I 1 

Vo j Building Occupancy 



Irri tioncode PondCode d 
This table names the four categories of the parameters required by the scenario models. The LHS sampling used 
depends on the categories for these parameters. If a parameter is in the Metabolic or Program Control category, 
then only the Constant distribution is allowed If the parameter is Behavioral, then the average value of the LHS 
sampling is used when the field [AverageBehavior] is set to True in the ressettings or bldsettings table. 

[ParameterCategoryID] is the category index, referenced in table appParameter. 
-. 

[ParameterCategory] is the name of the category. 

Metabolic 
Behavioral 
Physical 

appResCorrelations: see appBIdCorrelations 

This table lists the categories used to classify residential parameters. It contains the following information: 

Food Consmtion Period 
4 I Holdup Period 
5 I Growing Period 
6 I Animal Feeding Periods 
7 I Interce~tion Fraction 

i 11 / Wet-To-Dry Conversion 
12 I Animal Intake Rates 
13 I Plant Mass-Loading 

8 
9 
10 

14 I Carbon Model 
15 1 Hydrogen Model 

Translocation Factor 
Contaminated Fraction 
C r o ~  Yields 

This table holds the parameters that describe the hydrologic characteristics of 12 soil types defined by the U.S. 
Bureau of Reclamation (USBR) (see Appendix E). These characteristics can be used to derive interrelated values 
for the soil parameters of the residential scenario model. 



[SoilClass] 
[SoilID] 
[KdistT ype] 

[MeanLnKsat] 

[MeanLnBeta] 

[SLnBeta] 
[BMinimum] 
[BMaximum] 
[BPI 
[BQI 
[MeanN 11 
CSN 1 I 

is the name of the soil classification. 
is the index of the soil classification. 

is an index for the probability distribution type for Ksat, the saturated conductivity. If zero, the 
lognormal distribution is used. If one, the beta distribution is used. 
is the mean value of the natural log of saturated conductivity, in cm/sec, for soils with a lognormal 
distribution for Ksat. 
is the standard deviation of the natural log of Ksat for soils with a lognormal distribution for Ksat. 
is the minimum value of Ksat for soils with a beta distribution of Ksat. 
is the maximum value of Ksat for soils with a beta distribution of Ksat. 
is the P parameter of the beta distribution of Ksat for betadistributed soils. 
is the Q parameter of the beta distribution of Ksat for beta-distributed soils. 
is an index for the probability distribution type for the " b  parameter of the 
saturation/permeability model. If zero, the lognormal distribution is used. If one, the beta 
distribution is used. 
is the mean-value of the natural log of parameter " b  for soils with a lognormal distribution for 
"b." 
is the standard deviation of the natural log of "b" for soils with a lognormal distribution for "b." 
is the minimum value of "b" for soils with a beta distribution of "b." 
is the maximum value of " b  for soils with a beta distribution of "b." 
is the P parameter of the beta distribution of parameter " b  for beta-distributed soils. 
is the Q parameter of the beta distribution of parameter " b  for betadistributed soils. 
is the expected value of porosity. 
is the standard deviation of porosity. 

Example: 

I ~ o i l ~ l a s s  1 SoiilD 1 KDistType ( MeanLnKsat 1 SLnKsat u r n  ( ~ ~ a x i m u m  1 
silty clay 

Iloamy sand 

This table holds the estimated fraction of applied water that becomes infiltration as a tabulated function of saturated 
permeability. 

[ID] is an index used to order the tabulated values. 
[Ksatl is the saturated permeability in crnlsec. 
[PercFraction] is the estimated fraction of applied water that becomes infiltration. 

4 1 0  / - 13.78 

5 1 

/KP 
I 

SLnBeta I ~ ~ i n i m u m  1  maximum 
0.2844 I I 

1.224 i 
10.000039 

KQ 1 BDistType 
' 0  

0.2781 

0.0134 

MeanLnBeta 
2.282 

0.79836133 1 1.90143765 0 

I I 

0.2978 

4.93 75 



Example: 

appsenario 

This table names the available scenarios. It currently contains the following information: 

Residentid 

This single record table contains the default application settings for each run. These settings are not modifiable by 
the user. 

The following fields have the same basic meaning as the same fields in the bldresSettings tables: 
[CombineProgeny], [DistActivity], [NurnberSim], [Seed], [Tracking], [AverageBehanor], [SaveHistory], and 
[DoseQuantile]. 

WuRegThree] is a hyperlink to the home page of Beyeler et al. (1999) as saved in HTML format. This is expected 
to be a relative link. However, the software will use the path of the application for the bases of this relative link. 

Example: 

~ o m b i o e ~ r o ~ e n y  / ~ i s t ~ c t i v i t ~  1 Number~im 1 seed . 1 Tracking ( AverageBehavior 
Y PC / ~ e c  1100 1871 8721 1 Yes 

This table names the various dose statistics reported in the dose statistics tables datBldDoseStats and 
datResDoseStats. 

[StatID] is a unique integer identifier for the statistic. 
[StatName] is a descriptive name for the statistic. 
[StatDesc] is an optional extended description of the statistic. 



Example: 

1 

~2 
3 
4 
5 

This table defines the units of measure used in specifying the values of model parameters. 

6 
7 

Example: 

Minimum 
Maximum 
Average 
StdDev 
Xcrit 

Smallest value in the set of simulations 
Largest value in the set of simulations 
Average value in the set of simulations 
Sample standard deviation from the set of simulations 
Maximum likelihood estimate of the Pcrit auantile value 

XcritLCL 
XcritUCL 

The following table indicates how units listed in table appUOM can be interchanged. 

Lower bound of the symmetric 95% confidence interval for the Pcrit quantile value 
Upper bound of the symmetric 95% confidence interval for the Pcrit quantile value 1 

UnitsiD 
1 
2 

The fields are as follows: 

[UnitFrom] and [UnitTo] are long integers that match with field [UnitsID] in table appUOM. [UnitTo] identifies 
the conversion family. 

Units 
pCi 
nCi 

[Factor] is optional. If the field [Factor] is not Null, then [UnitFrom] can be converted to [UnitTo] by multiplying 
[UnitFrom] by [Factor]. 

Description 
Picocuries 
Nanocuries I 

[Functional] is a boolean field. If it is set to Yes, a conversion between the units exists. However, this conversion 
is not done using multiplication by [Factor], but via a special function identified in field [FunctionID]. 

[FunctionID] identifies the function used for hnctional conversions. This field matches the [FunctionID] field in 
the appUOMConversionFunctions table. 

[ConversionParameter] names an optional model parameter that may be required by the conversion function. This 
field matches with the [Symbol] field in the appParameter table. 

The following integrity rules should hold for this table: 
If [Functional] is No, then [Factor] is not Null. 
If [Factor] is Null, then [Functional] should be Yes. 
If [Functional] is Yes, then [Factor] is Null and [FunctionID] is not Null. 

For each record in this table, there should exist exactly one method to convert from [UnitFrom] to [UnitTo]. 

By grouping these records into (disjoint) subsets where the [UnitTo] field is equal, the result is a conversion family 
that allows conversion between any units within this subset. For example, perhaps there is a need to convert 
between lengths, and a need to support centimeters, meters, inches, and miles. There will be exactly four entries in 
this table. A family must be selected, say, "meters," for this example. The user sets the [UnitTo] field to meters for 
each of the four new records. The values for the [UnitFrom] field will be set to centimeters, meters, inches, and 



miles for the four records. The DandD software has sufficient information to convert between any of these four 
units. It will not be allowed to have an entry in this table to convert, for example, from inches to miles. This type of 
entry would not support the DandD algorithm used for unit conversion. The way the DandD software uses this 
table, the value of UnitFrom must be unique to this table. To enforce this, the [UnitFrom] field is a key to this table. 

Note: there must be an entry for the base unit within the conversion family. In the above example, this means that 
DandD software requires that there be an entry for the field where [UnitFrom] is set to meters, [UnitTo] is set to 
meters, and the conversion factor is set to one. 

Example: 

Divide 

This table lists the hnctions used to convert units. 

Functional 
No 
No 
No 
Yes 

0 1 Exponentiate 
1 / Multi~lv 

Factor 
0.001 
1 
0.000001 

~nit~rorn 
grams 

kg 
, mg 
pCi/kg wet-wt leafy per pC&g soil 

2 1 Divide 
3 1 power I o 

UnitTo 
kg 
kg 
kg 
pC&g dry-wt leafy per pCi1kg soil 

D.2.2 Scenario Specific Tables (bldlres tables) 

Tables resCorrelations and bldCorrelations contain parameter correlation coefficients specific to the user scenario. 
If a parameter is constant or from a derived distribution, DandD will not permit the parameter to be correlated to any 
other parameter. With the exception of two additional fields described below, the fields in these tables are identical 
to the fields used in tables appResCorrelations and appBldCorrelations. 

[DefaultVal] indicates if this record is a member of the default table appBIdCorrelations or appResCorrelations for 
the scenario (e.g., this record agrees with a record in appBld/ResCorrelations with respect to [ParameterlDl], 
[ParameterID2], and [Correlation]). 

[Justification] contains text that the user has entered justifying the correlation coefficient and the dependence of the 
parameters [ParameterlDI] and [ParameterID2]. This description is only relevant if the [DefaultVal] field is set to 
False. 

Example: 



bldElementParameters table is unused. 

bldEmpirValues: see appEmpirDefVa1ues. 

PmmwterIDl 
109 

110 

2465 

bldNonEmpirValues: see appNonEmpirDejValues. 

DefaultVal 
Yes 

Yes 

No 

The resNuclides and bldNuclides tables contain the contaminants for the current session, residential and building 
scenarios, respectively. 

ParameterIDt 
11 1 

111 

2565 

f ~ o s ~ c a t i o n  

Ac Beef and grain are dependant 
variables 

The fields have the following meaning: 

Correlation 
-0.35 

-0.35 

0.2 

[ParameterlD] identifies associated data in the data tables resEmpirValues, etc., and matches with a [ParameterID] 
in table appNuclides. 

vuclideSymbol] is identical to ~uclideSymbol] in table appNuclides. 

[Area] is a constant representing the area of contamination. This is a variable that cannot be associated with a 
probability distribution. By default, it is set to zero. A zero value implies that the contaminant is spread over the 
total area of concern. 

[DistributionID] is the probability distribution associated with the concentration of this contaminant. By default, 
this is initialized to the Constant distribution. 

[Justification] is a memo field that is defined by the user when the user enters the concentration for the nuclide. 
This justification should contain evidence to support the concentration value or probability distribution. 

[UnitsID] identifies the units of concentration. The default values used can be found in field [SourceUnits] within 
tables bidsettings and ressettings. At this time, the default units are set to 'dpm/100cm**2' for the building 
scenario and 'pCi/g' for the residential scenario. 

Example: 

I ParameterID / ~ u c l i d e ~ ~ m b o l  1 Area 1 DistributionID 1 
1002 1 lOBe / 0 1 CONSTANT 

1003 1 3 ~  10.2 I TRUNCATED NORMAL 



These tables contain data related to the parameters listed in the appparameter table for a session. This table is 
created from the appParameter table fields [ParameterID] and [DistributionID]. When the table is first created, 
[DefaultVal] is set to Yes. As the user modifies the parameter values, the data tables (resEmpirValues, etc.) will be 
modified. The values of these fields represent user input to the GUI. 

The fields have the following meaning: 

[ParameterID] identifies the parameter data in tables resNonEmpirValues, etc. 

[DefaultVal] indicates if the current value of this parameter is set to the default value. Initially, this value is set to 
True. 

[DistributionID] indicates the'associated distribution for this parameter. Initially, this value is set to the default 
distribution, [DistributionID], from table appparameter. 

[Justification] is user-supplied documentation of any nondefault value or distribution. 

[UnitsID] indicates the current units corresponding to the data associated with this parameter. Initially, this value is 
set to the default units, [DefaultUnitsID], from table appParameter. 

Example: 

These tables are used to store information about custom reporting capabilities. 

[ReportID] is an index used to order the table records. 
[Name] is the name of report template. 
[Units] are the units used in the simulation results portion of the report for the total dose. 

The following YedNo fields determine the contents of the custom report: 

Justification DistriiutionID 
CONTINUOUS LINEAR 
CONSTANT 
CONTINUOUS LINEAR 

ParamaterID 
1 
2 
3 

[Execution] 
[InitialAct] 
[CodeAct] 
[ChangedParam] 
[Allparam] 
[MaxOcc] 
[MaxPath] 
[MaxRadioDose] 
[MaxPathRadioDose] 
[Final Act] 

UnitsID 
hrlweek 
days 
m**3/hr 

DefaultVal 
Yes 
Yes 
Yes 

Set to True if execution settings will be reported. 
Set to True if initial activities will be reported. 
Set to True if calculated activities will be reported. 
Set to True if all changed parameters will be reported. 
Set to True if all pararneters will be reported, including those set to default values. 
Set to True if the total effective dose equivalent (TEDE) value will be reported. 
Set to True if the dose due to each pathway is reported. 
Set to True if the dose due to each nuclide through all active pathways is reported. 
Set to True if the dose due to each nuclide and each pathway is reported. 
Set to True if Concentration of time at peak dose for each nuclide is reported. 



1 ~ e p o r t ~ ~  
4 
5 

6 

These single record tables contain the actual settings for the building occupancy and the residential scenarios, 
respectively. The user can modify these values via advanced execute options. These tables should initially agree 
with the values in table appsettings. 

Name 
Summary 
Final Activity 
Detailed results 

~ a x ~ a d i o ~ o s e  
No 

The fields are as follows: 

MaxOcc . 
Yes 
No 
Yes 

AlIParam 
No 
No 
No 

CodeAct 
' No 
No 
No 

[CombineProgeny] is set to Yes or No. This indicates if the daughter product results are included with the parent 
dose results when the model is run. 

Units 
mrem 
mrem 
mrem 

MaxPath 
No 
No 
Yes 

ChangedParam 
Yes 
No 
No 

MaxPathRdioDose 
No 

[DistActivity] is set to Yes or No. This is a calculation option that applies only to equilibrium (+C) nuclides. If set 
to Yes, then the initial activity for the +C nuclide is shared with all of its daughter nuclides. 

FinalAa 
No 

NO ,No  
Yes 1 yes  

WumberSim] is set to the number of times the model will be run with different values from LHS. 

Execution 
Yes 
No 
No 

Yes j 
Yes 

[Seed] is set to Random Seed used to generate parameter values that have associated distributions for the Monte 
Carlo simulation. 

InitialAct 
Yes 
No 
No 

[Tracking] is the time delay for tracking the peak dose. 

The following settings indicate allowable nuclide pathways and initial default settings: 

[Externalpathway] is set to Yes. 
[InhalationPathway] is set to Yes. 
[SecIngestionPathway] is set to Yes. 
[FarmPathway] is set to Yes (always No for the building occupancy scenario). 
[DrinkingWaterPathway] is set to Yes (always No for the building occupancy scenario). 
[InigationPathway] is set to Yes (always No for the building occupancy scenario). 
[PondPathway] is set to Yes (always No for the building occupancy scenario). 

[SourceUnits] indicates the units of measure used to specify source concentration. Different units are used for the 
ressettings and bldsettings tables. The user cannot change this value. These are the units used by the model. 

[AverageBehavior] is set to Yes or No to indicate whether the behavioral parameters should be averaged to 
represent the average member of the critical group, or sampled to represent individual members of the critical group. 



[SaveHistory]: if this is True, then the average dose and the standard deviation of the dose at every time step broken 
down for every pathway, every individual nuclide, and for the combined nuclides will be saved. This information 
will be saved in tables datBld/ResHistNucMean, datBld/ResHistNucStdDev, datBldResHistPathMean, and 
datBld/ResHistPathStdDev. 

[DoseQuantile] indicates the order of the quantile of the estimated TEDE distribution reported for comparison 
against the dose standard. 

[Justification] is a memo field that is defined by the user when the user changes the pathway behavior. 

[Farmcat], [Wellcat], and [WaterCat] are not used at this time. However, the intention was that the user could turn 
on or off categories that allow access to certain pathways. This may become a feature in the future, hence, it was 
not removed from the code nor the database. 

[ImportConcen] is a softwaremode that is only relevant for the residential scenario, but is in both bldsettings and 
ressettings tables for convenience only. By default, the user will enter the source contaminants and their respective 
concentrations. In this case, [ImportConcen] will be set to False. However, on occasion, the user will want to 
specify this in a file instead. This file, known as the Import Concentration File (*.con file), is of a specialized 
format that was defined for DandD Version 1 .O. This is included for backward compatibility. If [ImportConcen] is 
set to True, then table resImportCon will be populated with the file contents. 

[JustImportConc] is the justification for importing the concentration. This is only relevant if [ImportConcen] is set 
to True. 

[Stamp] is the date and time corresponding to the dat tables in the database. This value is Null if there is no current 
execution data present. 

Example: 

SecIngstknPathway / ~arm~atbwa~ 1 ~rinlring~ater~rthwa~ 1 InigationPatbwry 1 Pondpathway 1 Sourceunits 
Yes i yes  / Yes 1 yes  ! Yes I ~ C i / e  

I ~ o r n b i n e ~ r o ~ e n ~  
/ NO 

JostImportConc 1 Stamp 
1 10/25/00 1 :21:59 AM 

DistActivity 
Yes 

NumberSim 
100 

AverageBehavior 
Yes 

rescorrelations: see bldCorrelations 

This table contains the parameters associated with the nuclide elements. For the residential scenario, each element 
will have a total of ten entries in this table. An element will be in this table only if the element was entered as a 
source of contamination or if the element is in the decay chain of a nuclide that the user added as a source of 
contamination. These parameters have default settings that the user can edit through the GUI. These default 
settings are read from the appElementParameters table and the associated data tables (appEmpirDefValues, 
appNonEmpirDefValues). The actual values used in the model calculations are stored in tables resNonEmpirValues 
and resEmpir Values. 

Seed 
8718721 

The meaning of the fields is identical to the meanings in tables bldParameterDetai1 and resParameterDetai1. 

wellcat 1 WaterCat ( ImportConcen 
Yes ( y e s  1 NO 

SaveHistory ) DoseQnantile I ~ustification 1 Farmcat 

Tracking 
1 

No (0.9 

ExternalPathway 1 lnhalation~atbwa~ 
Yes j yes 

1 Yes 



Example: 

ParamaterID I~efaultval IDktributionl~ 1 ~astif'tion 
2005 Na:Coefficient /No 1 NORMAL ( Reason this 

resEmpirValues: see appEmpirDefValues. 

UnitsID 
Log 1 O(mUg) 

/ 2105 Na:Leafy 

This table contains the import-concentration data if resSettings.[ImportConcen] is set to True. This is specially 
formatted data that is used as an alternative to data in the bldlres data tables with respect to nuclide concentrations. 
A description of the meaning of this data is not contained in this document (see Appendix C). The data in this table 
is read from an ASCII file. Fields are separated by blanks. There are at most two fields per record, which 
corresponds to one line in the ASCII file. 

[Index] is an automatically generated key field corresponding to the line number of the file. 
[Coll] corresponds to field 1. 
[Co12] corresponds to field 2. 

Example: The first three lines of an import concentration file are stored as follows 

pCi/kg dry-wt leafy per 
pCi/kg soil 

Yes 

Index 1 coll 1 cou 
11 I 3 I I 

LOGNORMAL-N 

resNonEmpirValues: see appNonEmpirDefYalues. 

resNuclides: see bldNuclides. 

resParameterDetai1: see bldParameterDetai1. 

resReports: see bldReports. 

ressettings: see bldsettings. 

D.2.3 Model Result Tables (dat tables) 

datBldConcStats, datResConcStats 



These tables contain statistics related to the estimated concentration distributions for individual nuclides and 
locations. 

WuclideID] is the nuclide identifier from apphruclides. 
[StatID] is the identifier of the statistic from appStatNames. 
[medium] is the value for the given statistic for the initial concentration in the given medium. 

Example: 

These tables contain statistics related to the estimated dose distributions for individual nuclides and pathways, and 
for total dose. 

[NuclideID] is the nuclide identifier from appNuclides, or zero to denote total dose. 
[StatID] is the identifier of the statistic from appStatNames. 
[Total] is the value for the given statistic for the current values of dose through all pathways. 
lpathway] is the value for the given statistic for the current values of dose through the given pathway. 

Example: 

These tables contain a single record with the TEDE quantile value report for comparison against the dose limit 
based on the most recently calculated dose distributions (these distributions are stored in the datBldTotal and 
datResTotal tables). 

[Tcrit] is the critical dose value reported for comparison. 



Example: 

These tables contain history data. If the option is turned on to collect this data (bl&resSettings.[SaveHistory] = 
True), then the histNucMean tables will contain the average total dose broken down by individual nuclides for each 
time step. The bld/resHistPathMean will contain the average dose broken down by pathways. The standard 
deviations are stored in the NucStdDev table. 

Example: Table datResHistNucMean . ~ 

Time ~ A l l I w ~  1 ~ u c 6  
1 / 16.7723 16845586 1 16.772316845586 

Three time steps were run for each of the Monte Carlo simulations. [AllIsotopes] contains the average over all 
simulations of the total dose for all contaminants combined. In this example, there was only one contaminant. The 
average over all simulations of the total dose for this contaminant is recorded in Puc61. The field name Puc6]  
identifies that contaminant as having parameter ID 1006. This can then be referenced in the appNulide table, where 
this corresponds to Na 24. 

Example: Table datResHisPathMean 

Again, the total dose due to each of the pathways is averaged over all Monte Carlo simulations, and is listed for 
each time step. The standard deviations are stored in the HistPathStdDev table. 

datBldHistNucStdDev: see datBldHistNucMean. 

datBldHistPathMean: see datBldHistNucMean. 

datBIdHistPathStdDev: see datBldHistNucMean. 

[Vector] is the vector number corresponding to simulation. 
[Alllsotopes] is unused. 

The remainder of the fields will contain the initial surface concentration of a nuclide or progeny for simulation 
identified by vector number [Vector]. The field names will correspond to [nukeID] in table appNuclides. 



Example: 

Nuc187 corresponds to nuclide ID 187, or U 232. The initial surface concentration of U232 at the beginning of 
simulation number two was 1052. 

These tables contain the field indices for each of the nuclides with reported doses. These tables are used by DandD 
to locate doses in the pathway-dose tables for individual radionuclides. 

WuclideID] is a unique nuclide identifier that matches the [Source] field of the appCandCDecode table. 
[OutputFieldID] is the index of the field containing the dose value in the dose value tables (e.g., the 

datBldExternalPathway table) where [OutputFieldlD] = 1 corresponds to the first field. 

Example: 

This table is formatted identical to table datBldInitSurface. However, the data in this table is the surface 
concentration of the nuclide at the time of peak dose. 

These tables contain the time (in years) at which the calculated maximum TEDE occurs for each parameter sample. 
The building occupancy scenario is only simulated for one year; however, the table is generated for this scenario to 
accommodate possible extensions. 

[Vector] is a unique sample vector index that ranges from 1 to the number of samples. 
[Time-of-Maximum] is the time (in years) at which the calculated TEDE reaches its maximum value. 

Example: 

These tables contain the calculated combined dose values along the various exposure pathways for each parameter 
sample vector. The total dose for all nuclides, and the dose due to individual nuclides, are stored. The structure is 
the same as that of the pathway dose tables datBldAXXPathway and datResXYXPathway. 



These tables contain the calculated dose values along the individual exposure pathways for each parameter sample 
vector. A separate table, denoted by XXX, is created for each pathway. 

For the residential scenario. 

XXX = DrinkingWater, External, Farm, Inhalation, Irrigation, Pond, SecIngestion; 

while for the building occupancy scenario, 

XXX = External, Inhalation, SecIngestion. 

Each table contains the total dose along the pathway at the time of peak dose and the contributions of the component 
~. 

nuclides: 

[Vector] is a unique sample vector index that ranges from 1 to the number of samples. 
[AllIsotopes] is the total dose along the pathway due to all isotopes. 
p u c i ]  is the pathway dose from nuclide i. 

Example: 

datResConcStats: see datBldConcStats. 

Vector 
1 

datResDoseStats: see datBldDoseStats. 

datResDoseSummary: see datBldDoseSummary. 

AllIsotopes 
3.52192694572157E-08 

datResHistNucMean: see datBldHistNucMean. 

Nuc23 
3.5219269457215 7E-08 

datResHistNucStdDev: see datBldHistNucMean. 

datResHistPathMean: see datBldHistNucMean. 

datResHistPathStdDev: see datBldHistNucMean. 

This table is formatted identical to table datBldlnitSurface. However, the data in this table is the initial soil 
concentration of a nuclide or progeny for simulation identified by vector number [Vector]. The field names will 
correspond to [nukeID] in table appNuclides. 

datResNucIndex: see datBldNuclndex. 



This table is formatted identical to table datBZdInitSurface. However, the data in this table is the soil concentration 
of the nuclide at the time of peak dose. 

datResTmax: see datBldTmax. 

datResTotal: see datBldTota1. 

This table is formatted identical to table datBldInitSurface. However, the data in this table is the water 
concentration of the nuclide at the time of peak dose. 

. . 

datResXXXPathway: see datBldYXXPathway. 

D.2.4 Error Information Tables (err tables) 

This table describes warnings and errors detected by the LHS preprocessor that prevent the correlations specified in 
bldCorrelations or resCorrelations from being implemented. This table is only created and populated if warning or 
error conditions are detected. If the table exists when the LHS processor is called, it will be deleted. 

[ParameterIDl] identifies one of the pair of correlated parameters. 
[Code 11 is the error code for this parameter: 

if 0, there is no problem. 
if 1, then the parameter is a Constant or Derived parameter, and is not sampled. 
If 2, the parameter was not found. This implies an internal inconsistency among the parameter 
tables. 

[ParameterlDZ] identifies the other correlated parameter. 
[Code21 is the error code for this parameter. 

Example: 

'This table describes parameter value warnings and errors detected by the LHS postprocessor. This table is only 
created and populated if one or more of the model parameter values generated by LHS fall outside the "hard" or 
"soft" limits defined in the appropriate tables (e.g., appParameter). If the table exists when the LHS processor is 
called, it will be deleted. The dose model can be executed, following user notification, if only the soft limits are 
exceeded. Exceeding either hard limit should preclude execution of the dose model. 

[Parameter] Dl identifies the parameter whose bounds were exceeded in one or more samples. 
[SoftLowerLimit] is True if the soft lower limit was exceeded, and False otherwise. 
[SoftUpperLimit] is True if the soft upper limit was exceeded, and False otherwise. 
[HardLowerLimit] is True if the hard lower limit was exceeded, and False otherwise. 
[HardUpperLimit] is True if the hard upper limit was exceeded, and False otherwise. 



D.2.5 Sampling Result Tables (par tables) 

These tables hold values for the sampled basic model input parameters for each sample vector generated by LHS. 
These tables are created and filled by the LHS preJpostprocessor function. Basic model parameters that are known 
not to vary from sample to sample are stored in theparBIdConstantValues orparResConstantValues table. 

[Vector] is a unique sample vector index that ranges fiom 1 to the number of samples. 
brameter-i] is the value of parameter i. The specific parameter name depends on the scenario, and on whether 

the parameter can vary from vector to vector. 
The field name matches the [Symbol] field in the appPararneter table. 

Example: 

These tables hold the values for the basic model input parameters that are known to be invariant from vector to 
vector. This determination is made at the time parameters are sampled based on the distributions currently assigned 
to the parameters. 

Vector 
1 

[ParameterID] is the parameter identifier. 
[Value] is the constant value. 

Example: 

SFI 
0.58474815 

I ~ a r a m e t e r ~ ~  1 Value 1 

These tables describe the locations in which the sampled parameter values have been stored by the LHS 
postprocessor. They are created by the LHS preipostprocessor function. 

PD 
0.232044 

[ParameterID] is the parameter identifier. 
[Varies] is a logical flag which is -1 if a separate parameter value is stored for each sample vector. If the 

value is zero, the fixed value for the parameter is stored in parBldConstant Values or 
parResConstant Values. 

[FieldID] is the zero-based index of the field containing sampled values for this parameter if the parameter 
is variable (if [Varies] is -1). Values for this parameter are stored in the indexed field of the table 
containing values for this parameter type (eitherparXYXBasicSarnpleValues, 
parXYXSourceSarnple Values, or parResElementSample Values). 

[Minimum] is the minimum sampled value. 
[Maximum] is the maximum sampled value. 
[HasRange] if - 1, the parameter varies from one vector to another. If zero, the parameter values do not change 

from one vector to another. 

RFR 
0.000001 66272 

CDO I ~ D I  -- 
0.000000256544 1 1 S6421803488E-07 



Example: 

ParameterID 1 varies / FieldID 1 ~inimurn 1 Maximum 1 EZasRange 
3 1 0  10 11.4 11.4 1 0  1 

These tables hold the input source specification for the dose models for each sample vector generated by LHS. 
These tables are created and filled by the LHS prelpostprocessor function. 

[Vector] is a unique sample vector index that ranges from 1 to the number of samples. 
[nuclide_i] is the source concentration of nuclide i. The specific nuclide names depend on user specification. 

parResBasicSampleValues: see parBldBasicSample Values. 

parResConstantValues: see parBldConstant Values. 

This table contains the values for the element-dependent parameters for each sample vector generated by LHS and 
each chemical element appearing in the source term decay chain. 

[Vector] is a unique sample vector index that ranges from 1 to the number of samples. 
[NuclideParameterNameID] is the identifying number of the parameter category matching the 

appElementParameterNames table. 
[elemenrJ is the parameter value for the element corresponding to the field name. 

11 12 15.06598505778435~-02 1 

parResFieldIndex: see parBldFieldIndex, 

Vector 
1 

D.2.6 Sensitivity Analysis Tables (sen tables) 

[Vector] is the vector number corresponding to simulation number. 

I 11 10.0144274 1 

NodideParameterNameID 
0 

The remainder of the fields will contain the value of variables used for the simulation identified by vector number 
[Vector]. The field names will correspond to the [Symbol] field in tables senBld/ResSensitiveParams. 

Ni 
51.43 15958409505 

Example: 

This table shows that during simulation number one, Rfo* had a value of 0.0000101235. 

232U+C 1 vector 

1 - 0.0000101235 0.0000734183 pp 8624.3004 - - - - - - 1 
RFo* Rfo 



These tables are created by the DandD software for sensitivity analysis. There is one entry in this table for each of 
the uncertain variables. 

[ParameterID] 
[Symbol] 
[Description] 
[Default] 

identifies the parameter ID. It matches with [ParameterID] in appNuclides, appparameter, etc. 
is the symbol used to identify this parameter from within the modeling codes. 
is a detailed description of the parameter. 
is 0 (False) if the parameter value is different than the screening (default) value. 
is - 1 (True) if the parameter value is the same as the default value. 

[Units] are the units associated with the parameter value. 
[KSProb] are the results of the Komolgorov-Srnirnov (K-S) test for sensitivity. 
[Sensitive] is 0 (false) if 1 - [KSProb] <.95. In other words, False if varying parameter values do not affect 

TEDE values significantly. 
is - 1 (True) if varying parameter does affect TEDE value. 

[Selected] is - 1 (True) if parameter has been selected for analysis; zero (False) otherwise. 
[Committed] is a boolean indicator (- 1 or 0) used by the DandD software to indicate if the selection of a 

parameter should be retained. 

Example: 

1188 1232UK I Concentration of 232U+C 

ParameterID 
4 
287 

/ 0 1 nCi/m**2 4.57946978948964E-11 - 1  I - 1 - 1  

senResSelectedPvalues: see senBIdSelectedPvalues. 

senResSensitivePararns: see senBIdSensitiveParams. 

Symbol 
RFo* 
Rfo 

Default 
0 
- 1 

Description 
Effective resuspension factor during the occupancy period = RFo * F1 
Resus~ension factor for loose contamination 

Units / KSProb 
1 /m / 2.954970987048E-04 
1 Im 10.71 1234867572784 

Sensitive 
- 1 
0 

Selected /Committed 
- 1 1-1 
- 1 1-1 



D.2.7 User Settings Tables (usr tables) 

This table contains a single record consisting of session settings. It is initialized when the session is created. Some 
fields can be modified by the user during the session. 

[Title] is the session title. 
[Description] is the description of the session. 
[Version] is the database version used for compatibility checking by the interface. 
[Scenario] indicates the current scenario selected by the user at the time the session file was closed. The 

value of this field matches with a value of appSenario.SenarioID. 

Example: 

(Ti* 1 Description 1 Version ( Scenario 
1 My First Session (details are typed here 12.1.0 (Building Occupancy 

D.2.8 Other Tables 

These tables are used by the software as scratch workspaces, and are not relevant to the site specification or results; 
resScratchlmpartCon, usrScratch. 

D.3 References 

Beyeler, W.E., W.A. Hareland, F.A. Duran, T.J. Brown, E. Kalinina, D.P. Gallegos, and P.A. Davis, 1999. 
"Residual Radioactive Contamination From Decommissioning, Parameter Analysis, Draft Report for 
Comment," Sandia National Laboratories, NUREGICR-5512, Volume 3, October 1999. 



APPENDIX E TABLES OF TECHNICAL DATA 

E.l Introduction 

This appendix contains auxiliary information on data 
tables needed to calculate annual total effective dose 
equivalents (TEDEs) for the residual radioactive 
contamination scenarios defined in Kennedy and 
Strenge (1992) with differences as described in Appen- 
dix A (taken from Wernig et al. (1999)). These tables 
cannot be changed by the user of the DandD software. 
The data in these tables can be reviewed through the 
DandD graphical user interface . . (see Section 4.3.8). 

E.2 Radioactive Decay Data 

The radioactive decay chain table contains decay data 
for the master list of radionuclides. The decay chain 
representations in the table are taken from International 
Commission on Radiological Protection (ICRP) Pub- 
lication 38 (ICRP, 1983). The table contains a data set 
for each radionuclide or chain, except natural thorium 
and natural uranium, for which dose factors are calcu- 
lated from entries for the radionuclides in the decay 
chain. For single-member chains (i.e., no progeny), the 
table contains the radionuclide name, decay half-life, 
and atomic number. Decay chains having progeny also 
contain listings for each chain member, including the 
radionuclide name, decay half-life (explicit members 
only), atomic number, and branching information. 

The chains in the radioactive decay chain table are 
organized by atomic number of the decay chain parent. 
Within each decay chain, members follow according to 
their decay sequence. The treatment of progeny radi* 
nuclides as implicit or explicit is indicated by the pre- 
sence of a value for the radioactive half-life. Implicit 
radionuclides have no value for the radioactive 
half-life, while explicit radionuclides have the half-life 
listed. The table also includes a chain member position 
index for each explicit radionuclide, with the parent 
always having position 1. The position indices are 
used to indicate the decay sequence, which is necessary 
when branching occurs. Implicit radionuclides have no 
chain member position index because they are not 
included in the decay calculations performed by the 
decay processor. 

The branching information listed in the table defines 
the sequence and fraction of parent decays that result 
in the production of each chain member. The branch- 
ing fractions defined for each member indicate the 
source of production of the chain member. This con- 

vention is the opposite of the usual method of defining 
the fractions for the parent and an indication of the 
radionuclides produced by the parent decay. A chain 
member may be produced by one or two precursor 
chain members. The decay chain table contains the 
following information: 

index of the first precursor (if any) for the chain 
member, 

fraction of first precursor decays that result in 
production of the chain member, 

index of the second precursor (if any) for the chain 
member, and 

fraction of second precursor decays that result in 
production of the chain member. 

The decay fractions for implicit progeny represent the 
total fraction of explicit precursor decays that result in 
production of the implicit progeny. The atomic num- 
ber as provided in the radioactive decay database is 
used as a cross-reference index with other 
element-specific data. 

E.3 Dose Equivalent Factors 

External dose conversion factors and internal com- 
mitted effective dose equivalent (CEDE) factors were 
obtained from existing Federal Guidance published by 
the Environmental Protection Agency (EPA), imple- 
menting the recommendations of the ICRP. This table 
provides a complete listing of these factors. 

E.3.1 External Dose Rate Conversion 
Factors 

The external dose rate conversions were obtained 
directly from the EPA Federal Guidance Report No. 12 
developed by Oak Ridge National Laboratory (ORNL) 
(Eckerman and Ryrnan, 1992). These factors provide 
the external effective dose equivalent by summing the 
product of individual organ doses and organ weighting 
factors over the body organs. These factors are consis- 
tent with ICRP 26 (1977) guidance; however, they are 
inconsistent with the concept of deep dose equivalent, 
as defined by the NRC (see Appendix F of Kennedy 
and Strenge, 1992). For purposes of this generic study, 
the EPA factors are judged to be an adequate represen- 
tation of the external dose because skin is not con- 
sidered as one of the organs. For most radionuclides, 



the numerical difference between the effective dose 
equivalent evaluated without skin and the deep dose 
equivalent will be a few percent. If skin were 
included, the difference would likely be greater for 
radionuclides with low photon energies. The external 
dose rate conversion factors from the EPA are used to 
determine factors for the source conditions used for 
this study: I) infinite surface (thin-layer) contarnina- 
tion (for surface sources in the building occupancy 
scenario), and 2) volume contamination in a 15-cm- 
thick slab source (for surface-soil sources used in the 
residential scenario). The table contains the external 
dose conversion factors for exposure to surface and 
volume sources. These factors are in units of 

Sv/d per Bq/m2 for external exposure to surface 
sources and 

Svld per Bq/m3 for external exposure to volume 
sources. 

E.3.2 Inhalation and Ingestion Dose 
Conversion Factors 

For inhalation and ingestion of radioactive materials, 
unit CEDE conversion factors were obtained from 
EPA Federal Guidance Report No. 1 1 (Eckerman, 
Wolbarst, and Richardson, 1 988). This Federal 
Guidance Report supersedes previous Federal Radia- 
tion Council (FRC) guidance and, in addition to listing 
CEDE conversion factors per unit intake, it presents 
values for derived annual limits on intake (ALIs) and 
derived air concentrations (DACs). The unit CEDE 
conversion factors for inhalation and ingestion fiom 
the EPA references are included in the table for the 
radionuclides considered in this application. These 
factors are in units of Sv/Bq inhaled or ingested. 

E.4 Residential Soil 
Characteristics 

Several input parameters represent characteristics of 
the surface soil or the soil of the unsaturated layer. 
These parameters include porosity, infiltration rate, and 
saturation ratio. Rather than sample independently 
from distributions of these parameters, the dependence 
of these parameters is represented by first sampling 
soil texture then selecting an appropriate distribution 
for the soil characteristics. These soil characteristics 
include porosity, hydraulic conductivity, and a shape 
parameter "b" for the soil moisture retention curve. 

The model input parameters are then calculated fiom 
these soil characteristics as described in the on-line 
references for the hydrologic parameters. 

A common method of describing and quantifying soil 
texture is the U.S. Department of Agriculture (USDA) 
soil textural classification (Soil Survey Staff, 1997). 
This classification was used by Meyer et a]. (1997) to 
represent the variability of a number of soil hydrologic 
properties that are related to porosity and saturation 
ratio. The USDA soil textural classification is also 
reported in a variety of available electronic databases 
for the United States. 

Normal distributions of porosities (assumed to be 
equivalent to saturated water content) are given in 
Carsel and Parrish (1988). They are reported based on 
the 12 Soil Conservation Service textural classifica- 
tions and a compilation of data for each of the textural 
classes. The soil characteristics table contains the 
means and standard deviations for these normal distri- 
butions. 

Distributions of saturated hydraulic conductivity are 
given in Carsel and Parrish (1988). They are reported 
based on the 12 Soil Conservation Service textural 
classifications. Carsel and Pam'sh (1 988) fitted distri- 
butions from a class of transformed normal distribu- 
tions. Meyer et al. (1997) refitted the distributions of 
Carsell and Parrish (1988) to distributional forms that 
are more commonly used and more easily construct- 
ed- either lognormal or beta. The lognormal distri- 
bution is completely specified by the mean and stand- 
ard deviation while the beta distribution is completely 
specified by mean, standard deviation, and range 
(upper and lower limits of the distribution). The soil 
characteristics table contains the parameters for these 
distributions for each of the 12 soil types. 

Campbell (1 974) derived a relationship between 
unsaturated hydraulic conductivity and saturation ratio 
that includes a c w e  fitting parameter "b" related to 
pore size distribution. Meyer et al. (1997) derived a 
relationship for " b  using soil water retention param- 
eters considered in Carsel and Panish (1988). Using 
this relationship, Meyer et al. (1 997) constructed distri- 
butions for "b." The soil characteristics table lists the 
parameters for these distributions for each of the 12 
soil types. 

See DandD's on-line reference for hydrologic param- 
eters for more information on how this data is used. 



E.5 Residential U.S. Bureau of 
Reclamation Percolation 
Fractions 

The U.S. Bureau of Reclamation (USBR) has 
developed an empirical relationship between soil 
permeability and the propotion of water that perco- 
lates beneath the root zone (USBR, 1993). The 
percolation fraction table contains the permeability- 
percolation fraction pairs that define this relationship. 
This relationship is used to derive the default distribu- 
tions for saturation fraction and infiltration rate. 

See DandD's on-line reference for hydrologic 
parameters for more information on how this data is 
used. 
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Abstract 

NUREGICR-5512 is a multi-volume report describing a generic modeling analysis ofthe potential radiation dose from 
exposures to residual radioactive contamination after the decommissioning of faciiities licensed by the U.S. Nuclear 
Regulatory Commission. Individual volumes describe the generic scenarios, models, and parameter values for screening 
calculations, and the software that implements these calculations. This third voiume describes the analysis used to 
define default parameter values for the Building Occupancy and Residential scenarios h d  the results of that analysis. 
Different procedures are used to define default values for parameters that characterize the behavior of potential receptors 
(behavioral parameters) and parameters that characterize the physical features of the site (physical parameters). Both 
procedures start from a literature review which identifies current sources of data about the parameter, considering the 
way the parameter is defined and used in the screening model. Behavioral parameters represent the average member 
ofthe critical group. For screening calculations, a screening group has been defined for each scenario, and a distribution 
of parameter values was assigned that describes the variations among individuals in the screening group. The default 
value for behavioral parameters is the average value of this distribution. Values for physical parameters depend on the 
conditions existing at each site. Screening calculations are designed to support dose-based decisions without requiring 
information about specific site conditions. To provide this support, the range of conditions that might exist at licensed 
sites was used to develop distributions describing the variability in site-specific parameter values. These distributions 
were then used, along with the scenario models defined in Volume 2, to derive distributions of potential dose values 
for unit concentrations of individual source radionuclides. Parameter values were then identified which produce dose 
values in the upper quantiles of the distributions for all source radionuclides. The resulting parameter values define a 
generic screening calculation that has a limited risk of underestimating a site-specific dose calculation based on the 
generic scenarios, models, and screening group. The distributions that underlie these parameter values provide a basis 
for developing site-specific parameter values for the generic models. 
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1.0 Overview 

NUREG/CR-55 12 is a multivolume report describing a 
generic modeling analysis of the potential radiation dose 
from exposures to residual radioactive contamination 
after the decommissioning of facilities licensed by the 
U.S. Nuclear Regulatory Commission (NRC). 
Individual volumes describe the generic models, 
scenarios, and parameter values for screening 
calculations of the potential dose, and the software that 
implements those calculations. Volume 1 of this report 
(Kennedy and Strenge, 1992 [hereafter referred to as 
"Volume I"]) provides the technical basis for translating 
residual contamination levels to annual dose for 
decommissioned sites. Volume 1 describes four 
exposure scenarios, and defines default models for these 
scenarios. Volume 2 (Wernig et al., 1999) is a user's 
manual for DandD, the computer software that 
implements the models defined in Volume 1, which runs 
under Microsoft@ Windows. This document, Volume 3 
of the report, presents the procedures and results of the 
default parameter analysis. Volume 4 documents the 
comparison of DandD models to models developed for 
similar purposes. 

In this volume, Section 2 summarizes the purpose of the 
dose modeling to provide a context for the default 
parameter analysis. Section 3 presents the theory and 
procedure underlying the parameter analysis. The 
primary input to this procedure is a set of probability 
distributions describing uncertainty in model parameter 

values. Section 4 discusses the interpretation and use of 
these distributions in the analysis, and some general 
considerations for defining the distributions. 

The procedure described in Section 3 was applied 
separately to two exposure scenarios and associated dose 
models defined in Volume 1: the building occupancy 
scenario and residential scenario. Section 5 describes 
the parameter analysis of the building occupancy 
scenario, while Section 6 describes the parameter 
analysis for the residential scenario. Each section 
includes an overview of the scenario, the default model, 
and each parameter used in the model. Probability 
distributions are defined for most of the model 
parameters, and the bulk of each section is devoted to the 
literature reviews and analyses that underlie these 
distributions. For each uncertain parameter, the current 
relevant literature is identified, reviewed, and assessed 
and used to develop a probability distribution for the 
parameter. The results of the analysis include 
probability distributions of dose for each individual 
radionuclide that may be specified in the model source 
term, and a set of parameter values which, if used to 
calculate dose, produce a dose value at least as large as 
a specified quantile of the dose distributions for all 
source radionuclides. These results are summarized for 
both scenarios. A summary of the procedure and results 
is provided in Section 7. 



2.0 Introduction 

2.1 Overview of the NUREG/ 
CR-5512 Methodology 

farm products. For each scenario, a set of potential 
exposure pathways have been identified based on the 
assumed location of residual contamination and receptor 
behavior. Mathematical models are also defined for 

The NRC is responsible for evaluating requests from each of these pathways in Volume 1, as well as 
facility ownerloperators for the partial or total provisional values for the model parameters. 
termination of NRC operating licenses for their facilities. 
This evaluation is based on radiological criteria in 
defined in 10 CFR 20 Subpart E (NRC, 1997). These 

2.2 Background and Previous 
criteria establish limits on the annual total effective dose Work 
equivalent (TEDE) received during a year to an average 
member of the critical group (AMCG). The critical 
group is "the group of individuals reasonably expected 
to receive the greatest exposure to residual radioactivity 
for any applicable set of circumstances" (10 CFR 
20.1003). 

An overall framework for decision making based on 
these criteria is defined in draft NITREG-1549 (NRC, 
1998). This framework entails iterative dose 
assessments. Each assessment is designed to provide a 
defensible basis for terminating the license if the 
calculations meet the limits defined in the radiological 
criteria If the limits are not met, the framework allows 
the licensee to evaluate a range of alternative strategies. 
Alternatives may include remedial action at the site, but 
may also include data collection designed to refine the 
dose assessment calculation. This framework allows the 
licensee to coordinate their data collection efforts, and 
other site management actions, to follow the most 
efficient path to license termination. 

Implementing this framework requires a process for 
assessing dose that can be used with various amounts of 
information. To provide the greatest flexibility in 
tailoring data collection to site conditions, the initial 
dose assessment should require a minimum amount of 
site data. The decision framework optimizes the 
transition to more information-intensive site-specific 
assessments if such assessments are needed. The 
scenarios, models, and parameters defined in 
NUREGICR-5512 are designed for the purpose of 
providing a defensible basis for calculating dose with 
minimal information requirements. 

Volume 1 defines a Building Occupancy Scenario for 
assessing unrestricted release of buildings having 
residual contamination on building surfaces. For 
unrestricted release of land having soil contamination, 
Volume 1 defines a Residential Scenario which 
considers the residential use of the property, including 
the use of groundwater for drinking and irrigation of 

In 1987, Pacific Northeast Laboratories (PNL) began 
developing the NUREGICR-55 12 methodology to 
translate residual radioactive contamination levels into 
potential radiation doses to the public. A draft of 
NUREGICR-5512, Vol. 1, was issued for comment in 
January 1990. During 1990 over 250 technical and 
policy comments were received on this draft. The 
technical approach was revised, and the final Volume 1 
report was issued in 1992. 

During 1993 Sandia National Laboratories (SNL) 
calculated dose conversion factors (DCFs) using the 
NUREGICR-5512 methodology to support the NRC's 
draft regulatory guide NITREG-1500 (Daily et al., 1994) 
and the draft generic environmental impact study 
(dGEIS) on radiological criteria for decommissioning, 
NUREG-1496 (NRC, 1994). Four separate FORTRAN 
computer codes were developed to perform these 
calculations. These codes implemented the mathematical 
models defined in Volume 1 for four exposure scenarios: 
building occupancy, building renovation, drinking water, 
and residential. The codes were developed by SNL 
specifically for these calculations and were not designed 
for external release or use. 

In 1994, SNL began developing DandD, a user-friendly 
software product that implements the NUREGICR-55 12 
methodology. DandD integrates the scenario model 
codes originally developed by SNL with a graphical user 
interface. DandD is designed to run under Microsoft@ 
Windows with a minimal hardware configuration. A 
beta version of DandD was released in August 1995. 
The code was modified based on comments on the beta 
version. Version 1.0 of DandD was released on July 
1998. The user's manual for this program is Volume 2 
of NUREGICR-55 12 (Wernig et al., 1999). 

Throughout the process of supporting the NUREG-1500 
and GEIS calculations, and implementing and testing the 
DandD software, SNL and the NRC staff continued to 
evaluate and improve the NUREGICR-55 I2 methodolo- 



gy. Several changes and conections were made to the 
original methodology described in Volume 1. These 
changes are documented in Volume 2 (Wernig et al., 
1999). 

All dose estimates are uncertain due to uncertainty about 
the processes and parameters that control exposure. The 
range of possible dose values given this uncertainty must 
be considered in order to support decisions based on 
dose. A tendency for a screening calculation to produce 
a dose value in the upper end of the range of possible 
doses allows that calculation to be used in decision 
making (see Section 3 of this document). The scenarios, 
models, and parameter values defined in Volume 1 were 
intended to have this tendency, but the supporting 
arguments were qualitative. NRC directed SNL to 
develop probability distribution functions (PDFs) for 
parameters, based on the information in Volume 1 and 
on any newer published studies, and to identify default 
values for those parameters suitable for screening 
calculations. This volume documents the process for 
defining PDFs and selecting default pararneter values. 

2.3 Scope and Purpose of the 
Parameter Analysis 

The NRC has designed the scenarios and models 
described in Volume 1, to be an acceptable basis for 
evaluating compliance at a wide range of sites while 
requiring minimal information from the licensee. The 
parameter analysis described in this document supports 

this objective by defining values for the parameters of 
the Volume 1 models that require minimal site specific 
information and provide a defensible basis for evaluating 
compliance. In particular, the analysis defines parameter 
values which can be used in the Volume I models given 
only information about the site source term (in addition 
to any information required to defend the use of the 
Volume I models themselves). 

Four scenarios are defined in Volume 1: building 
occupancy, building renovation, drinking water, and 
residential. Only the building occupancy and residential 
scenarios are used to assess compliance with 10 CFR 20 
Subpart E. The models defined in Volume 1 for these 
two scenarios are considered in this document. 

Unlike the provisional default values defined in 
Volume 1, parameter values defined in this document 
result from a formal quantitative analysis. This analysis 
is based on probability distributions for the model 
parameters which describe the variability in potential 
site-specific values over the current and future 
population of licensed sites. The parameter distributions 
developed in this analysis are based on the use of the 
parameter in the Volume 1 dose model. Although the 
information used to develop these distributions may be 
relevant in other applications, the resulting parameter 
distributions reflect specific model assumptions (such as 
the size of the region characterized by the parameter) and 
are not generally appropriate for other models. 



3.0 Theory 

3.1 Treatment of Uncertainty in 
Models and Parameters 

Default models and parameter values are designed to 
allow license termination decisions to be made without 
requiring site data other than source concentrations. 
Like all dose assessments used to reach regulatory 
decisions, screening assessments should be reasonably 
conservative, meaning that the dose estimate is likely to 
decrease if more site information was included in the 
dose calculation. By designing the default models and 
parameter values so that they tend to overestimate the 
possible site-specific calculations, the screening dose 
assessment provides a defensible basis for decision- 
making without site-specific modeling. The purpose of 
the parameter analysis is to identify default values for 
the DandD model parameters that are consistent with this 
requirement. 

A specific procedure for calculating dose can be defend- 
ed by considering the range of possible calculations that 
might be made if more information was included in the 
calculation. Figure 3.1 shows the conceptual design of 
this procedure. A screening analysis is used to calculate 
dose using a limited amount of site information. This 
dose value is then compared to the value that would be 
calculated if additional site information was used. 
Because this additional information is not available for 
the screening calculation, a range of possibilities must be 
considered, leading to a range of possible site conditions. 
Each possible condition lends to a possible site-specific 
dose calculation. The tendency of the screening calcula- 
tion to overestimate the possible calculations can then be 
assessed. The screening calculations can also be tailored 
to overestimate an acceptable fraction of the possible 
calculations. 

This process provides a precise and objective charact- 
erization of the risk in using the screening calculation to 
make decisions, but it requires a specific set of altema- 
tive calculations to which the screening calculation will 
be compared. These alternative calculations depend on 
three factors: 

1. The type and amount of additional information that 
would be available for the alternative calculations, 

2. How this information would modify the dose 
assessment and 

3. What range of possible values this information 
might have. 

The conceptual approach illustrated in Figure 3.1 can be 
applied to manage uncertainty for a broad class of 
problems. Applying the approach to a specific problem 
requires definition of the possible site conditions, and 
corresponding dose calculations, using the three factors 
described above. The analysis described in this report is 
designed to control the risk of using the screening 
calculation to make decisions when the values of the 
parameters describing the site are unknown. Information 
added to the screening calculations includes any data that 
might limit or determine values for the dose model 
parameters. This information modifies the dose 
assessment by establishing the appropriate site-specific 
value for the parameter. The range of possible site 
conditions is defined by the range of possible parameter 
values that might be established from this information. 
The likelihood of obtaining different values for the 
parameters is described by defining probability 
distributions for each parameter. These probability 
distributions allow parameter values to be chosen in a 
way that quantitatively limits the risk associated with the 
screening calculation. 

3.2 Overview of Procedures used to 
Define Default Parameter Val- 
ues 

The initial screening calculations are defined by the 
default parameter values used in place of site-specific 
values. The method used to establish default values 
depends on whether the parameter represents the 
behavior of potential receptors, the metabolic character- 
istics of potential receptors, or the physical character- 
istics of the site. The approaches for defining defaults 
for these distinct classes of parameters are summarized 
in this section. 

Licensees may propose alternative values for physical 
and behavioral parameters based on site-specific features 
or conditions, or on site data, as discussed in NUREGI 
CR-1549 (NRC, 1998). The type of information used to 
support site specific parameter values depends on 
whether the parameter describes physical characteristics 
of the site, or behavioral characteristics of potential 
receptors. 
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Figure 3.1 Conceptual design for assessing or designing screening calcuIations 

3.2.1 Behavioral Parameters 

In a site-specific analysis, behavioral parameters charac- 
terize the AMCG at the site. The critical group is the 
group of individuals reasonably expected to receive the 
greatest exposure to residual radioactivity for any 
applicable set of circumstances (10 CFR 20.1003). 
Default values for behavioral parameters are defined by 
stipulating a generic screening group for the scenario. 
The screening group is a site-independent popuIation, 
appropriate for use at all sites, which is reasonably 
expected to receive the greatest exposure given the 
scenario definition (generic critical groups are defined in 
Volume 1). For the building occupancy scenario, the 
screening group consists of full-time adult male workers 
in light industry. For the residential scenario, the 
screening group consists of male resident farmers. 

Default values for behavioral parameters were deter- 
mined by: 

1. Identifying the potential variability in the parameter 
value among individuals in the screening group; 

The average parameter value calculated in Step (3) is an 
estimate of the parameter for the AMSG because the 
average member is defined as the member receiving the 
average dose for the screening group, rather than the 
member with the average behavior. Using average 
parameter values produce the average dose provided the 
dose model is a linear function of each of the behavioral 
parameters. This provision is satisfied by the behavioral 
parameter values in the default models for the occupancy 
and residential scenarios. 

3.2.2 Metabolic Parameters 

Following the recommendation of International 
Commission on Radiological Protection (ICRP) 43 
(ICRP, 1984), parameters representing metabolic 
characteristics are defined by average values for the 
general population. These values are not expected to be 
modified as part of a site-specific analysis. Breathing 
rates were the only metabolic parameters considered in 
the analysis. 

3.2.3 Physical Parameters 

2. Defining a probability distribution describing this Site-specific values for parmeters describing physical 
variability; characteristics of the site would generally be supported 

3. Finding the average value from this distribution, by collecting site-specific data, or by citing relevant 
which was used to estimate the value for the average literature data. Following the conceptual design shown 
member of the screening group (AMSG). in Figure 3.1, default values for these parameters were 



defined by considering the range of possible site-specific 
values that might be obtained at a site located anywhere 
in the United States. The remainder of Section 3 details 
the procedure used to establish default values for the 
physical parameters. In overview, this procedure 
consists of: 

1. Identifying the potential variability in the parameter 
value considering the range of possible site 
conditions and locations; 

2. Defining a probability distribution to describe this 
variability; 

3. For each individual source radionuclide, finding the 
distribution of doses that might result from a site 
specific analysis. The dose distribution is based on 
the distributions of physical parameter values that 
might be used in such an analysis, defined in Step 2. 

4. For each radionuclide, selecting a screening dose 
value from the dose distribution that is appropriate 
for decision making (e.g., a value that overestimates 
some acceptable fraction of the possible values); 

5. Identifying parameter values which, when used with 
any source nuclide, reproduce, as closely as 
possible, the screening dose value selected from the 
dose distribution in Step 4. 

In the absence of site data, the dose distributions defined 
in Step 3 describe the potential variability in site-specific 
dose values, and allow an appropriate dose value to be 
selected in Step 4 as a basis for making license termina- 
tion decisions. These screening dose values are defined 
for unit amounts of individual source nuclides. The 
parameter values defined in Step 5 provide a way of 
reproducing these screening dose values for all sources 
using a single DandD calculation, rather than the 
multiple calculations that would be required to reproduce 
the complete dose distribution. This procedure produces 
one set of default parameter values that is applicable to 
all radionuclides. 

3.3 Probabilistic Formulation 

A screening dose assessment is a defensible basis for 
making decisions because the dose is likely to be 
overestimated rather than underestimated. The analysis 
described below uses a quantitative (probabilistic) 
definition of "likelihood" to insure that the physical 
parameter values satisfy this requirement. Demonstrat- 
ing that a particular dose calculation satisfies this 
condition requires a probability value for each of the 
alternative conditions in Figure 3.1. These probabilities 

are then applied to the possible alternative dose 
calculations, which the screening calculation should tend 
to overestimate. 

For a particular scenario, the default dose assessment 
model is denoted by the function m. The model 
calculates a TEDE value using a vector' of input 
parameters x and a vector source term specification s: 

The goal of the parameter analysis is to find some vector 
of default parameter values x, that are appropriate when 
site-specific values are unknown. The unknown site- 
specific parameter values, and site-specific source term, 
are designated by the random variables X and S. To be 
appropriate for decision-making, the set of default 
parameters is designed to limit the risk of making an 
incorrect decision. 

The default parameter values x,, can potentially lead to 
an incorrect decision if they underestimate the site- 
specific dose. This condition is termed an inversion, 
designated by the binary random variable I. Default 
parameter values are sought which limit the probability 
of inversion: 

This equation defines a quantitative test following the 
conceptual design of Figure 3.1. The screening dose 
calculated with default parameters is required to 
overestimate all but a fraction PC,, of the dose 
calculations that follow from the possible site conditions. 
The possible site conditions are defined by the 
distributions assigned to the random variables X and S .  

There is insufficient information to estimate a distribu- 
tion for the source term S. Therefore a more restrictive 
condition is used: the probability of inversion condi- 
tional on a unit source is limited for each component of 
the source vector: 

' A  vector is a quantity that is defined by an ordered set 
of numbers rather than by a single number. A location 
in a three-dimensional space, for example, is a vector 
defined by the values for the x, y, and z coordinates of 
the location. 



where: 

The n, components of the source vector corresponds to 
the individual radionuclides that can occur in the source 
term. Table 3.1 lists these radionuclides. 

As indicated in Equation 3.3, variability in site-specific 
parameter values is generally a function of the site 
source-tern This potential interdependence has been 
assumed to be insignificant in this analysis, so that: 

From Equation 3.1, the (random) site-specific parameters 
X produce a (random) TEDE value D, for each of the n, 
source terms: 

the n, constraints, that is, whether parameter values that 
tend to produce large doses for one source also tend to 
produce large doses for other sources. 

Appendix B describes the procedure used to solve 
Equation 3.8. The algorithm generates sets of possible 
solutions for x,,, which are then evaluated to determine 
whether they solve Equation 3.8. If no solution is found 
in the set, the algorithm creates a new set of candidate 
solutions based on the evaluation. 

Multiple solutions to Equation 3.8 were identified for 
both scenario models. Two figures of merit, the average 
inversion probability (AIP) and the joint parameter 
exceedance probability (PEP), were defined to help 
select among these solutions. The AIP measures how 
close a particular solution comes to solving Equation 3.8 
as a strict equality, and PEP measures how plausible the 
parameter values are. 

Each of these random dose values has an associated 
probability distribution FDi that depends on the 
probability distribution assigned to the parameters. For 
each F,, there is an associated quantile dci of order 1 - 
P,, such that: 

P,, (3.7) 

In order for Equation 3.3 to be satisfied, the TEDE value 
calculated using the default parameters, denoted dDi, 
must be larger than the corresponding d,  for each 
source: 

Equation 3.8 defines a set of n, inequality constraints 
that must be satisfied by the default parameters. In 
words, the default values must produce dose values in 
the upper PC, tail of the dose distribution for each source 
nuclide. 

3.4 Remarks on the Formulation 

For both scenario models considered in this analysis, the 
number of constraints (i.e. source nuclides) is larger than 
the number of adjustable parameters (i.e. the dimension 
of x,)'. Solutions for x, may not exist for over- 
constrained problems of this kind. Whether or not 
solutions can be found depends on the compatibility of 

'Note that although the residential scenario model has 
652 input parameters, many of these parameters (e.g. 
partition coefficients and plant uptake factors) are 
specified by chemical element, and therefore only affect 
the dose from particular radionuclides. 

The screening dose assessment is required to over- 
estimate a specified fraction of the dose values that are 
consistent with the available information. This require- 
ment is imposed in order to create a defensible basis for 
decision making according to the conceptual design 
described in Section 3.1. The resulting dose estimate is 
conservative in the sense that it is designed to over- 
estimate dose with a specified probability. 

The formulation of the screening calculation introduces 
two additional sources of conservatism. First, the 
probability of an inversion is always larger than the 
probability of an incorrect dose-based decision, so that 
limiting the former is a conservative means of control- 
ling the latter. Second, the requirement that the limit on 
inversion probability be satisfied for all source nuclides 
using a common set of deterministic parameters 
practically requires that the limit be surpassed for some 
source nuclides. 

By definition, an inversion occurs whenever the default 
parameters underestimate the site-specific dose. The 
default parameters would lead to an inappropriate 
regulatory decision if the default dose was less than the 
regulatory limit of 25 rnrem, and the site-specific dose 
was greater than the regulatory limit. Not all inversions 
lead to potentially inappropriate decisions: limiting the 
probability of inversion in Equation 3.2 is therefore more 
restrictive than limiting the probability of an 
inappropriate decision. 

The dose values d, and d,  can be interpreted as factors 
that convert unit amounts each source nuclide i to dose 



values which might be used to reach a regulatory 
decision. The dose conversion factor Gi is the mininzunl 
dose factor that satisfies the specified risk tolerance P,,. 
The probability that a site-specific dose (for a unit 
source) would exceed d ,  is exactly PC,,, given the 
assumptions underlying the dose model nz. The default 
dose conversion factor dDj must be at least as large as dd,, 
as indicated in equation (3.8). In addition to satisfying 
the specified risk tolerance PC,,  the dDj values are further 
required to arise from a common set of parameter values 
for all sources. 

An explicitly probabiIistic screening calculation would 
use the dose conversion factor dcj directly as the dose 
(per unit source) that overestimates site-specific dose 
with a likelihood of 1 - PC,;,. By definition, the "real" 
dose (represented by the calculation using model m and 
site-specific parameters) is greater than this value with 
probability P,,,. . The calculation using the default 

parameters is instead apparently deterministic. in  that 
only a single calculation using x, is required. The 
default parameters %, however. are selected and justified 
through the underlying probabilistic analysis: the 
resulting "default" dose dDj must be ?rater than (or 
equal to) the corresponding quantile of order I - P,,,. 
d , .  The default parameters are simply a mechanism for 
producing doses that bound the appropriate quantiles for 
all sources. 

The advantage of using default parameters to make 
screening decisions is that the deterministic defaults 
subsume the complexities of the underlying (probabil- 
istic) justification. The disadvantage is that the "default" 
doses dDi are more restrictive than the doses dcj (which 
exactly satisfy the specified tolerance for decision error) 
because the "default" doses are required to come from a 
common set of parameter values for all sources. 

Table 3.1 Source nuclides used in the parameter analysis 

Source ID Source* Source ID Source Source ID Source 

1 3H 87 126Sn+C 180 232Th 
2 1 OBe 89 125Sb 181 232Th+C 

3 14C 93 123mTe 183 231Pa 
5 22Na 95 I27mTe 184 23 1 Pa+C 

- 9 35s I06 1291 187 232U 
10 36C1 114 134Cs 188 232U+C 
11 40K 115 135Cs 189 233U 
12 41Ca 117 137Cs 190 233U+C 
13 45Ca 128 144Ce 191 234U 
14 46Sc 132 147Pm 192 235U 
16 54Mn 137 147Sm 193 235U+C 
18 55Fe 138 151Sm 194 236U 
20 57Co 140 152Eu 196 238U 
2 1 58Co 141 . 154Eu 197 238U+C 
22 6OCo 142 155Eu 199 237Np 
23 59Ni 1 44 153Gd 200 237Np+C 
24 63Ni 145 160Tb 203 236Pu 
27 65Zn 146 166mHo 205 238Pu 

3 1 75Se 147 181W 206 239Pu 

32 79Se 148 185W 207 240Pu 

4 1 90Sr 150 187Re 208 24 1 Pu 

48 93Zr 151 1850s 209 242Pu 
49 93Zr+C 153 192Ir 211 244Pu 

5 2 93mNb 156 210Pb 212 24 1 Am 
53 94Nb 160 21OPo 213 242rnAm 
5 8 93Mo 165 226Ra 215 243Am 
6 1 99Tc 166 226Ra+C 2 16 242Cm 



Table 3.1 Source nuclides used in the parameter analysis (continued) 

Source ID . Source* Source ID Source Source ID Source 

* "+CW denotes equilibrium initial activity assumption for progeny. Initial progeny activity is zero for a11 other ndionuclidss. 



4.0 Use of Parameter Distributions in Dose Calculations 

Although distributions are used to define defaults for 
both behavioral and physical parameters, distributions 
for behavioral and physical parameters describe different 
types of variability, and have different roles in the 
analysis: 

Behavioralparameter distributions describe varia- 
bility over individuals in the screening group. 
These distributionsserve two purposes: the average 
values define the default behavioral parameter 
values, and the range of values allows the range of 
doses to individualmembers of the screening group 
to be calculated. This calculation of the possible 
variability in dose to individualsprovides assurance 
that the defined screening group is homogeneous. 

ICRP-46 proposesthat the "critical group . . . should 
be relatively homogeneous," while ICRP-43 
suggests that "to satisfy the homogeneity 
requirement the ratio of maximum to minimum 
[dose] values should not exceed an order of 
magnitude." 

Physical parameter distributions describe variabi- 
lity in parameter values over sites. These distribu- 
tions also represent uncertainty in the value at a 
particular site if no site-specific information is 
available about that parameter. Like the behavioral 
parameters, default values for physical parameters 
depend on the assigned distributions. Unlike the 
behavioral parameters (which are selected directly 
from their respective distributions), default values 
for the physical parameters must satisfy restrictions 
based on the dose distribution,as detailed in Section 
3.3. The dose distribution is derived fkom the 
distributions for all physical parameters. 

4.1 Considerations for Defining 
Parameter Distributions 

needed to develop these distributions from limited 
information. 

In general there is less uncertainty about the distributions 
of behavioral parametersthan about the distributions for 
physical parameters. This is because relevant human 
behavior has been extensively studied for risk assess- 
ment purposes, and the screening groups for both 
scenarios closely correspond to population groups used 
to summarize results from these studies. The main 
limitation of behavioral data is the difference in time 
scale between the data collection period (typically a 
single day) and the one-year model exposure period. 
This discrepancy can introduce uncertainty about the 
parameter distributionas a whole, yet the default values, 
which are defined as the mean values of the behavioral 
parameter distributions, are arguably unaffected. In 
contrast, the population of licensed sites has not been 
extensively characterized to define distributions of 
physical parameters. Assumptionsare therefore required 
to relate data reported in the literature to this specialized 
population. As an example, licensed sites are assumed 
to be uniformly spatially distributed across the conti- 
guous United States. 

Uncertainty in parameterdistributionsthemselvescan be 
quantified by assigning probability values to the 
alternative parameter distributions that are consistent 
with available information. An embedded probabilistic 
analysis of this kind would provide a rigorous and 
formal treatment of uncertainty about the parameter 
distributions. The additional information, interpretation, 
and analysis that would be required, however, are 
beyond the scope of the current analysis. Uncertainty in 
parameter distributions was treated qualitatively by 
describing, for each parameter, the limitations of existing 
information in determining a distribution for the 
parameter. These qualitative descriptions of uncertainty 
could be the basis for assigning probabilities to 
alternative distributions, and therefore serve as the fxst 
step in any formal quantitative treatment of uncertainty 

As used in this analysis, both behavioral and physical in distributions. 
parameter distributions describe the variability of values 
over a population. It is possible, in principle, to 4.1.1 ~ ~ h ~ ~ i ~ ~ ~ l  parameters 
establish these distributionsexactly using a large number 

of measurements the defined popu1ation- In Distributions for the behavioral parameters were 
practice this is not possible because the number of developed definitionofthe screeninggroup for 

measurements is quite and the each scenario. Large national population studies have 
quantities do not to been conducted to characterize human behavior, often 

the parameters. There is about for the specific purpose of providing data for exposure 
the parameter distributionsarising from the assumptions assessments (e.g., the studies cited in the Exposure 



Factors Handbook (US. Environmental Protection 
Agency [EPA], 1996), the Nationwide Food 
Consumption Survey (U.S. Department of Agriculture 
WSDA] 1993)). Data from these studies provide a good 
basis for estimating the time that individuals spend in 
various activities and environments, and their rates of 
consumption of various goods and substances. Data are 
typically reported for population cohorts defmed by age, 
race, sex, geography, as well as by other factors. 
Distributions describing the screening group were 
generally developed from these studies by identifying a 
cohort that most closely matched the definition of the 
screening group. As discussed above, data on activity 
and consumption are typically collected over a period of 
days or weeks, and are therefore more variable than the 
annual average values required by the scenario models. 
Discrepancies between the measurement time scale and 
the model time scale are discussed for each of the 
behavioral parameters (Sections 5.2 and 6.2). 

4.1.2 Physical Parameters 

Unlike the behavioral parameters, a large number of 
representative samples is usually not available for 
defining physical parameter distributions. Physical 
parameter distributions describe the variability of the 
physical parameters over the licensed sites. The 
population of licensed sites, unlike the general 
population of humans, is not a common subject of study. 
Distributions must often be assembled from separate 
studies of specialized situations. Constructing distribu- 
tions in this way necessarilyrequires assumptions about 
the representativeness of the available information, that 
is, how well the existing studies cover the range of 
possible site conditions. Variations in experimental 
conditions among studies create uncertainty about 
whether and how their separate results can be pooled. 
As discussed above, these considerations create 
uncertainty about how accurately the parameter 
distributions describe variability over licensed sites. In 
developing the parameter distributions, the key 
assumptions are identified and discussed, however the 
resulting uncertainty is not quantified. The assigned 
distribution generally depends, to some extent, on 
judgements made in consideration of this uncertainty. 
The diversity in the amount, type, quality, and relevance 
of available data for the various physical parameters led 
to diverse procedures for defrning distributions. 

Measurements reported in the literature seldom corres- 
pond to the conditions defrned for the scenario. To 
develop a parameter distribution, reported data must be 
interpreted in light of the use of the parameter in the 
model. Like the behavioral parameters, experimental 

data are typically collected at a smaller scale than the 
scale of the corresponding model parameter, which 
represents an annual average value over an extensive 
exposure area. Discrepanciesin time scale are important 
for some parameters (such as dust loading), but are not 
important when the phenomenon characterized by the 
parameter is expectedto be constant over time (e.g., soil 
density). 

Discrepancies between the spatial scales of the model 
parameters and experimental data are common. Usually 
the experimental results cover a smaller area than the 
corresponding model parameter, and are collected over 
a much shorter period than the one year exposure period 
used in the scenario models. When this is true, the 
model parameter values are estimated by averaging some 
number of the experimental results to produce an 
effectivevalue over the area and time period used in the 
model. The potential variability in model parameter 
values is therefore smaller than the potential variability 
in experimental values because of this averaging 
process. 

Some parameters are supported by a large body of 
experimental data. In these cases the potential 
variability in experimental values is captured in the 
actual variability in reported results. In other cases very 
few relevant experimental results were identified. In 
these cases available data cannot be assumed to reflect 
the potential variability in experimental results because 
of the small sample size. In these cases, the assigned 
parameter distribution can extend beyond the range of 
reported experimental results. 

4.2 Modifying Default Distributions 
with Site-specific Data 

4.2.1 Behavioral Parameters 

Behavioral parametervalues are a function of the critical 
group used in the dose assessment. The defaults defrned 
in this analysis reflect the generic screening group. 
Alternative distributions, leading to alternative mean 
values, can be supported by defrning a site-specific 
critical group. NUREGICR- 1549discusses the procedu- 
re for defrning such a critical group. Once defmed, the 
data sources and procedures used in this analysis (see 
Sections 5.2 and 6.2) should be reviewed to determine 
whether the site-specific screening group corresponds to 
one of the cohorts defmed in the cited studies. If so, 
distributions for the screening group can be developed 
using data for the corresponding cohort. If not, 
distributions for the screening group might be developed 



using the raw survey data from a large national sample 
(e.g., the National Human Activity Pattern Survey) by 
selecting observations for individuals matching the 
critical group definition. 

4.2.2 Physical Parameters 

The physical parameter distributions defined in this 
analysis describe the variability of parameter values over 
all potential sites. As discussed above, these parameter 
distributionsalso describeuncertainty about the value at 
a particularsite providedno additional information about 
that parameter is available. If additional parameter 
information is available for a site, this information 
reduces uncertainty about the parameter value. A site- 
specific parameter distribution is therefore expected to 
be narrowerthan the distributiondefmed in this analysis. 
The spread of the parameter distribution decreases as 
more information, or more accurate information, is 
included, ultimately converging on a single value if all 
uncertainty is eliminated. 

Site specific information can be incorporated by 
updating the distributionsdefined in this analysis. There 
are two basic strategies for integrating site information 
with the information used to define the default 
distributions. Site information can be used to screen the 
data cited in this report by demonstrating that certain 
values or value ranges are not appropriate for the site, or 
new data specific to the site can be added to the data 
considered in this analysis, either supplementing or 
replacing the data used here. Whether site information 
is used to filter the default data set, or to supplement or 
replace the default data set, will depend on the type of 
information provided, the type of information in the 
default data set, and on other site-specific considera- 
tions. 

The default parameter distributions describe the 
variability of parameter values over all sites. In the 

filtering approach, the effect of information about a 
particular site is to identify which subset of all sites the 
current site belongs to. For example, the initial distribu- 
tion for the hydrologic parameters in the residential 
scenario model is based on the relative kequency of soil 
classifications across the United States. If the soil 
classificationfor a site can be determined, this informa- 
tion can be used to limit the ranges of values for a 
variety of hydrologic parameters (see Section 6.4.3 for 
the connection between soil classification and model 
parameters). 

Measurements made at a site, or at a suitable analog 
location, might also be used to supplement or replace the 
data used to define default parameter distributions. The 
specific procedure for integrating new experimental 
information with the data cited in this analysis will 
depend on the amount, type, and quality of new data, 
and on the amount, type, and quality of data used to 
establish the default distributions. Specific procedures 
are not proposed because of the wide diversity of 
circumstances. There are several important factors that 
will need to be considered, however, when using any set 
of experimental data to establish parameter values, 
including: 

Differences between the experimental conditions 
and the conditions defined for the scenario; 

Differences between the temporal and spatial scales 
of the experimental results and the scenario model; 

Potential errors or bias in the experimental data. 

These factors should be considered both for the data sets 
used in this analysis, and for any site specific data. The 
relative strengths of each data set, according to these 
factors, should be considered when developing a site- 
specific parameter distribution. 



5.0 Building Occupancy Scenario in NUREGICR-5512 

The building occupancy scenario model, as defined in 
Volume 1 and implemented in Release 1.0 of DandD 
(Wernig et al., 1999), is based on the following 
assumptions: 

Radioactive dose results from exposure via three 
major exposure pathways: 

(1) external exposure to penetrating radiation 
from surface sources, 

(2) inhalation of resuspended surface contarnina- 
tion, and 

(3) inadvertent ingestion of surface contamination 

Four other potential exposure pathways are not 
included in the analysis: 

(1) external exposure during submersion in 
airborne radioactive dust, 

(2) internal contamination from puncture wounds 
infected by contaminated surfaces, 

(3) dermal absorption of radionuclides, and 

(4) inhalation of indoor radon aerosol 

The building will be commercially used after 
decommissioning. 

The occupancy of the building will occur immedia- 
tely after its release. 

The residual contamination will be represented by a 
thii surface layer left on the inner building surfaces. 

The exposure type will be a long-term chronic 
exposure to low level radioactive contamination 
since major contamination will be cleaned up prior 
to decommissioning. 

The building occupancy scenario model includes eight 
parameters: 

External dose rate factor for exposure from 
contamination uniformly distributed on surfaces, 
DFESj (rnremlh per dpm/ 100 cm2) 

Inhalation committed effective dose equivalent 
(CEDE) factor, DFHj (mremlpCi inhaled) 

Ingestion CEDE factor, DFGj (mredpCi ingested) 

Length of the occupancy period, f, (d) 

Time that exposure occurs during the occupancy 
period, to (d) 

Resuspension factor for surface contamination, RF, 
(m-'1 

Volumetric breathing rate, V, (m5/h) 

Effective transfer rate for ingestion of removable 
surface contamination from surfaces to hands, from 
hands to mouth, GO (m2/h) 

The length of the occupancy period (c,), the time that 
exposure occurs (t,), and the effective transfer rate for 
ingestion (GO) are behavioral parameters. The 
volumetric breathing rate (V,) is a metabolic parameter. 
The committed effective dose equivalent factors and the 
resuspension factor are physical parameters. As discus- 
sed below, the committed effective dose equivalent 
factors are classified as physical parameters because 
their values depend on the source geometry and contami- 
nant solubility class. 

The annual TEDE for a parent radionuclide in the 
building occupancy scenario TEDEO, is calculated as a 
sum of: 

external dose resulting from external exposure to 
penetrating radiation ffom the surface sources 
represented by the parent and daughter (if any) 
radionuclides, DEXO,; 

CEDE for inhalation resulting from inhalation of 
resuspended surface contamination represented by 
the parent and daughter (if any) radionuclides, 
DHO,; and 

CEDE for ingestion resulting from inadvertent 
ingestion of surface contamination represented by 
the parent and daughter (if any) radionuclides, 
DGO,. 

The mathematical formulation of the above is 
(NUREGICR-55 12, Vol. 1, p. 3.14): 

TEDEO, = DEXO, + DHO, + DGO, (5.1) 

DEXO, DHO;, and DGO, are calculated using the 
average annual surface activity per unit area of the 



parent, C ,  and daughter radionuclides, Cj, during the fmt 
year of the building occupancy scenario. Although 
ingrowth of daughter nuclides may, in some cases, cause 
TEDE to increase with time, in the default scenario 
model the maximum TEDE is assumed to occur during 
the fmt  year of the scenario to simplify the analysis. 

The average annual activity is determined as an integral 
of the radionuclide activities during the first year after 
the building release over the length of the occupancy 
period, t, divided by an averaging time, taw which is 
equal to one year (365.25 days). The release of the 
building is conservatively assumed to occur at time zero, 
and building occupancy is conservatively assumed to be 
at least one year. The default value for 6, is 365.25 days 
(see Section 5.2.1 below). The mathematical formula- 
tion is as follows: 

where hi is the radioactive decay constant of radionu- 
clide j, cbj is the decay bction, and Cj(0) is the initial 
activity of radionuclide j. The external dose (DEXO,), 
the inhalation CEDE WHOi), and the ingestion dose 
(DGO,) are obtained as follows (NUREGICR-5512, 
Vol. 1, pp. 3.12-3.14): 

where J, RF,, V,, GO, DFESj, DFHj, and DFGj are, 
respectively: the number of radionuclides in chain i; the 
resuspension factor; the volumetric breathing rate; the 
effective transfer factor; the external dose rate factor; the 
inhaIation CEDE factor; and the ingestion dose factor. 
Substituting Equations (5.3), (5.4), and (5.5) in (5.1), the 
annual TEDE can be expressed as: 

TEDEO, = 241365.25 *to * C g.=,, ,, 
[cmj * (DFES, ~45 .05  * W0 * (5.6) 

Vo* DFH,+45.05 *GO *DFG,) 1 

As Equation (5.6) indicates, TEDE is directly propor- 
tional to the parameter to. The larger the time that expo- 
sure occurs during the building occupancy period, the 
higher the total dose. 

The total dose is not in direct proportion to the other 
parameters. However, increasing these parameter values 
will result in a linear increase in the total dose. The 
sensitivity of dose to the parameters that are not radio- 
nuclide specific, such as RF,, V,, and GO, will be 
different for different radionuclides and will depend on 
the dose factors for each radionuclide in the chain. For 
example, if the external dose rate factor DFESj is 
significantly larger than the inhalation CEDE factor 
DFHj and the ingestion dose factor DFGj for all 
radionuclides in the chain, then TEDEO, will not be 
sensitive to RF,, V,, or GO. 

5.1 Definition of Screening Group 

The screening group is a site-independent population, 
appropriate for use at all sites, which is reasonably 
expected to receive the greatest exposure given the 
scenario definition. For the building occupancy 
scenario, the screening group consists of full-time adult 
male workers in light industry. 

5.2 Behavioral Parameters 

5.2.1 Length of the Occupancy Period, t,, (d) 
5.2.1.1 Description oft,, 

The time parameter f, is used to determine the time 
integral of activity over the building occupancy period, 
which in turn is used to determine the mean activity level 
of each radionuclide. The value for this parameter 
defmed in NUREGICR-5512, Vol. 1, is 365.25 d or one 
year. Using 365.25 days in a year accounts for a leap 
year. This represents continuous use of a building for 
100% of the calendar year so that, as stated in the 
regulatory criterion, annual TEDE is calculated. The 
RESRAD value for the same parameter is 365.0 d. 

5.2.1.2 Use of 4, in Modeling 

The longer the building occupancy period, the higher the 
total annual dose during the first year of the scenario. 

This parameter is used to calculate the average annual 
surface activity of radionuclide j per unit area C a ~  during 
the fxst year of the building occupancy scenario. The 
relationship between Cai and f, is given in Equation 5.2 
above. 



5.2.1.3 t,, Uncertainty 5.2.2.3 Information Reviewed to Define A PDF 
for to 

The value for this parameter is defined by the regulatory 
criterion to calculate annual TEDE. 

5.2.1.4 Alternate t,, Values 

This parameter would vary if the licensee defined a site- 
specific critical group which did not have year-round 
access to the building. 

5.2.2 Time That Exposure Occurs During the 
One-Year Building Occupancy Period 
(Behavioral), to (d) 

5.2.2.1 Description of to 

The exposure time parameter, to, describes the actual 
time spent on the job during the one-year duration of the 
building occupancy scenario by the average member of 
the screening group. 

5.2.2.2 Use of to in Modeling 

The total dose is directly proportional to the time of 
exposure during the building occupancy period. 

As a behavioral parameter, to represents the amount of 
time spent in a contaminated building by the average 
member of the screening group. This parameter is used 
to calculate the total dose, TEDEO,, from parent radio- 
nuclide i and its daughters due to external exposure to 
surface contamination, inhalation of resuspended surface 
contamination, and inadvertent ingestion of surface 
contamination during the frs t  year of the building 
occupancy scenario. The relationship between TEDEO, 
and to is described by the following formula: 

where Ji is the number of radionuclides in chain i, C,+ is 
the average annual activity of the radionuclide j during 
fmt year of the building occupancy scenario, RF, is the 
resuspension factor, Vo is the volumetric breathing rate, 
GO is the effective transfer rate factor, DFESj is the 
external dose rate factor, DFHj is the inhalation CEDE 
factor, and DFGj is the ingestion dose factor. An 
increase in the to value results in a proportional increase 
in the annual total dose value. 

The value for this parameter defined in NUREG/ 
CR-5512, Vol. 1, is 83.33 effective 24-h days. This is 
calculated assuming that the actual time on the job is 
100% of a work year during which a person spends 2000 
h/y working in the building (40-h work week for 50 
working weeks with two weeks of vacationjsick leave/ 
any other leave). 

The default assumption in the RESRAD code is that 
50% of a person's time is spent indoors, while 25% is 
spent outdoors in the presence of contamination. 

For this analysis, data on current work patterns was 
reviewed to establish a PDF for to describing variability 
among members of the screening group. Information 
reviewed included Bureau of Labor Statistics (BLS) data 
on hours worked (BLS, 1996a; BLS, 1996b; and BLS, 
1997) and relevant references cited in the EPA 
Exposures Factors Handbook (1996) for human activity 
patterns. The following sections summarize the data and 
information available fiom these sources. 

5.2.2.3.1 BLS Data on Hours Worked 

In June, 1996, data from the BLS Current Population 
Survey (CPS) were obtained fiom the BLS website. The 
CPS is a monthly survey. During 1995, the CPS was 
sent out to approximately 50,000 households a month, 
and was used to obtain information for about 94,000 
persons ages 16 years and older (BLS, 1996a). During 
1996, approximately 56,000 household units were sur- 
veyed, and information was obtained for about 107,000 
persons ages 16 and older (BLS, 1997). Annual averag- 
es from the CPS are also published in January issues of 
Employment and Earnings (BLS, 1996a; BLS 1997). 

The CPS is used to determine "Characteristics of the 
Employed" statistics, including hours worked. Current 
data for "Characteristics of the Employed" can be 
accessed from the BLS home page for "Labor Force 
Statistics fiom the Current Population Survey" at the 
website http://stats.bls.gov/cpshome.htm. The specific 
page for the data listings on "Characteristics of the 
Employed" is located at http~/stats.bls.gov:XO/cpsaatab.h 
#charemp. and can be accessed from the CPS home 
page. In June 1996, the data for persons at work in 
agriculture and non-agricultural industries by hours of 
work for 1995 were downloaded and are presented in 
Table 5.1. These data are also published in the January 
1996 issue of Employment and Earnings. The reported 
data range is fiom 1 to 4 h/wk of work to 60 hlwk and 
over. The I995 overall annual average reported is 39.3 



hlwk. In April 1997, the data from the 1996 Annual Goods-producing Average Weekly Hours of 
Average Tables (BLS, 1997) were also reviewed. The Production Workers - Seasonally Adjusted 
numbers were slightly different, but the percentages in 
any range did not differ by more than two tenths of a Goods-producing Indexes of Aggregate Weekly 
percent. Hours - Seasonally Adjusted 

The other available BLS data are from the National 
Current Employment Statistics (CES). These statistics 
are determined from a industry survey of employers that 
report man hours, number of employees, and payroll 
information, but do not report anything about part-time 
or full-time employees. The website location for these 
statistics is http://stats.bls.gov:80/cgi-bin/sweymost?ee. 
In June 1996, several series of data related to national 
employment, hours, and earnings, were downloaded and 
reviewed, including the following: 

Total Private Average Weekly Hours of Production 
Workers - Seasonally Adjusted 

Total Private Indexes of Aggregate Weekly Hours 
- Seasonally Adjusted 

Mining Average Weekly Hours of Production 
Workers - Seasonally Adjusted 

Manufacturing Average Weekly Hours of Produc- 
tion Workers - Seasonally Adjusted 

Manufacturing Average Weekly Overtime of Pro- 
duction Workers - Seasonally Adjusted 

Manufacturing Indexes of Aggregate Weekly Hours 
- Seasonally Adjusted 

Private Service-producing Average Weekly Hours 
of Production Workers - Seasonally Adjusted 

Private Service-producing Indexes of Aggregate 
Weekly Hours - Seasonally Adjusted 

Total Private Average Weekly Hours of Production 
Workers - Not Seasonally Adjusted 

Table 5.1 1995 data for "Persons at work in agriculture and nonagricultural industries by hours of work" 
(BLS, 1996a) 

Thousands of persons Percent distribution 

Hours of work Non- Non- 
Agriculture agricultural *I1 Agriculture agricultural 

industries industries industries industries 

Total Persons at Work, 16 119,318 3,247 1 16,071 100.0 100.0 100.0 
years and over 
1 to 34 hours 30,664 1,051 29,6 13 25.7 32.4 25.5 
1 to 4 hours 1,297 83 1,214 1.1 2.6 1 .O 
5 to 14 hours 4,943 262 4,68 1 4.1 8.1 4.0 
15 to 29 hours 15,120 476 14,644 12.7 14.7 12.6 
30 to 34 hours 9,304 229 9,075 7.8 7.1 7.8 
35 hours and over 88,654 2,196 86,458 74.3 67.6 74.5 
35 to 39 hours 8,783 173 8,610 7.4 5.3 7.4 
40 hours 42,228 63 5 41,592 35.4 19.6 35.8 
4 1 hours and over 37,643 1,388 36,255 31.5 42.7 31.2 
4 1 to 48 hours 13,958 250 13,708 11.7 7.7 11.8 
49 to 59 hours 13,591 388 13,203 11.4 11.9 11.4 
60 hours and over 10,094 750 9,344 8.5 23.1 8.1 
Average hours, total at work 39.3 42.2 39.2 - 
Average hours, persons who 43.4 49.7 43.2 
usually work full time 



5.2.2.3.2 Data from Studies on Human Activity 
Patterns 

The EPA Exposure Factors Handbook (EPA, 1996) 
includes a summary of several studies on human activity 
patterns, including some information relevant for 
estimating occupancy duration. The discussion for each 
cited study outlines the methodology and type of data 
collected, and discusses the strengths and limitations of 
each. The following is a discussion of four studies cited 
in the Handbook, and the data relevant to occupancy 
duration adapted from the Handbook summary. 

In each of these studies, data on time use was recorded 
for either the preceding 24 hours, based on recall 
(telephone surveys) or for the succeeding 24 hours 
(based on diaries). In some studies (e.g., Hill, (1985)) 
the same respondents were polled periodically 
throughout the year. This follow-up aside, the data cited 
in these studies provides information on the variability 
over the sample population of time spent during a single 
day. The occupancy duration parameter instead 
describes average behavior of individuals over the year. 
This average is not the same as the average of daily 
behavior over a population of individuals. To estimate 
the former, information on the variability in daily 
activities for single individuals would also be required. 

Robinson and Thomas (1991) report population averages 
for time spent performing various activities (e.g., "Paid 
Work," "Household Work") and in various micro- 
environments (e.g., "RestaurantlBar," "Work/Study- 
nonresidencey7). Data from Californians (1,762 respon- 
dents ages 12 and older collected between October 1987 
and August 1988) and from a national sample (5,000 
respondents across the United States ages 12 and older 
collected during January through December 1985) are 
categorized by activity and by gender. Separate statistics 
are also reported for "Doers7' of an activity as distinct 
from the general population (for example, time spent 
cooking by people who actually cook). Population 
statistics are not reported, however, the standard error of 
the mean is given in some cases. The mean time spent in 
paid work for ages 18-64 years ranged from 190 min/d 
(34.3 1 effective 24-h dy)  for women in the national 
survey to 346 min/d (62.47 effective 24-h d/y) for men 
in the California study. These numbers correspond to 
15.83 hfwk and 28.83 h/wk, respectively. (Effective 
24-h d y  are calculated based on 52 wk/y; weekly hours 
are based on a five-day work week.) Given the age 
range for the survey, a significant portion of the survey 
population must be part-time workers, and therefore not 
representative of the screening group. The mean time 
for "doers" spent in the worktstudy-other micro- 
environment in the total population (ages 12 years and 

older) ranged from 383 to 450 minld (69.15 to 8 1.25 
effective 24-h city); during the weekday, from 40 1 to 4 15 
midd (72.40 to 74.93 effective 24-h dy); and for ages 
24-64 from 410 to 429 mintd (74.02 to 77.46 effective 
24-h dy), respectively. The range of all these values 
(383 to 450 min/d) corresponds to 3 1.92 to 37.50 h/wk. 

Tsang and Klepeis (1996) contains information from the 
largest and most recent human activity pattern survey 
currently available. The survey was conducted by the 
EPA. Data from 9,386 respondents in the 48 contiguous 
states were collected via minute-by-minute 24-h diaries 
between October 1992 and September 1994. 
Distributions are reported for the number of minutes 
spent working for pay, the number of minutes spent in a 
"main job," the number of minutes spent indoors at 
work, the number of minutes spent in a plant/factory/ 
warehouse, and the number of minutes spent in an office 
or factory. Distributions are provided for the entire 
sample populations, as well as subpopulations defmed 
by gender, race, employment status, region, season, and 
other factors. The mean 24-h cumulative number of 
minutes in a main job for full-time employees is 504.350 
min/d (standard deviation = 164.818), which corre- 
sponds to 91.06 effective 24-h d/y and 42.03 h/wk. 

Robinson (1977) compares average time spent in "Work 
for Pay" in 1965 and 1975. Averages are reported by 
gender, employment status, age, race, and education. 
These data are not as current as the two previous 
sources. For four age categories spanning 25-65 years of 
age, these averages ranged fiom 29.2 to 35.9 h/wk in 
1965 and 20.4 to 34.4 h/wk in 1975. 

Hill (1985) reports average time spent at "Market Work" 
from data collected during the mid-1970s for 
subpopulations defmed by gender, region, day of the 
week, and season. Distributions are not provided, 
however, sample standard deviations are given for some 
quantities. Mean hours per week, weighted to reflect the 
number of workdays and weekend days in a week (along 
with the reported standard deviation) for married men 
and women working full-time were 47.84 (16.54) and 
38.55 (16.87), respectively. Data on seasonal variations 
were obtained by resampling the same population. 

5.2.2.4 Distribution and Default Value for to 

The data used to develop the PDF for to is based on the 
BLS CPS 1995 data (BLS, 1996a) for hours worked by 
full-time workers (those working 35 hours per week or 
more) at work in nonagicultural industries. These data 
are representative of annual estimates for the entire U.S. 
worker population and are determined fiom the largest 
sample of data that has been collected and processed in 



a standardized manner for almost 40 years. Limiting the 
data to full-time non-agricultural workers provides a 
more representative estimate for the screening group. 
Although the BLS reports statistics for a number of 
worker categories, no category directly corresponds to 
workers in light industry. 

Table 5.2 shows the relative frequency of hours worked 
for persons working 35 hours or more per week in non- 
agricultural industries. These relative frequencies were 
calculated from the data in Table 5.1 by dividing the 
number of persons in each "Hours of Work" range by 
the total number of persons working 35 hours or more 
per week. Persons reported to work 40 hours were 
assumed to have worked between 39 and 41 hours. A 
histogram based on this data is presented in Figure 5.1. 
This histogram defines the PDF for members of the 
screening group. The cumulative distribution function 
based on this histogram is presented in Figure 5.2. In 
developing this distribution, the number of hours worked 
in each of the intervals reported by the BLS was 
assumed to be uniformly distributed across the interval. 

Table 5.2 Relative frequency of hours worked by 
persons working 35 hours or more per week 

As indicated in Table 5.1, significant portions of the 
working population in nonagricultural industries work 
less than or more than 40 Wwk. Only 35.8% of workers 
in nonagricultural industries work 40 Wwk; 27.8% work 
15 to 39 Wwk and 23.2% work 41 to 59 hlwk. From 
Table 5.1, the 1995 weekly average for persons who 
usually work full time for nonagricultural industries is 
43.2 Wwk. The default value for to, determined by the 
expected value of the distribution shown in Figures 5.1 
and 5.2, is 97.5 dfy, or 45 Wwk. The difference between 
the expected value of the distribution and the average 
value reported in Table 5.1 is due to the difference 
between the actual distribution of hours worked within 
each range, and the uniform distribution over each range 
assumed in constructing the PDF. 

5.2.2.5 to Uncertainty 

In general, uncertainty about this parameter exists 
because of a lack of complete knowledge about the hours 
worked by workers in the screening group. The PDF 
proposed in Figure 5.2 represents the variability of 
individual worker hours across different industries and 
different regions of the country. Although the BLS 
provides data for a number of worker categories, no cate- 
gory directly corresponds to workers in light industry. 

Hours Worked Relative Frequency per Week The BLS data used for the PDF are representative of 
annual estimates for the entire U.S. worker population 

35-39 9.96 x and are determined fkom the largest sample of data 
39-41 4.81 x lo-' available that has been collected-and processed in a 
41-48 1.59 x lo-' standardized manner for almost 40 years. The BLS CPS 

49-59 1.53 x lo-' covers about 92% of the decennial census population. 

60-65 1.08 x lo-' Also, a sample rotation scheme allows for 50% of the 
sample to be common from year to year. Thus, the 
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Figure 5.2 Cumulative Distribution Function for to 

uncertainty due to sampling and non-sampling error and 
historical comparability is minimal and well- 
characterized (BLS, 1996a). 

5.2.2.6 Alternative to Values 

For this parameter, other BLS or similar data sets may 
provide the basis for a licensee to develop a different 
distribution of hours worked for a site-specific critical 
group. For example, a licensee may propose that the 
primary use of the building following license termination 
will be for manufacturing. Then, the licensee may use 
the BLS data to define the range of expected hours for 
the dose assessment. However, the licensee may need to 
provide the NRC with the assurance that the building 
will only be used for manufacturing over the regulated 
time period. 

5.2.3 Effective Transfer Rate for Ingestion of 
Removable Surface Contamination from 
Surfaces to Hands, from hands to Mouth 
(Behavioral) GO (m2/h) 

5.2.3.1 Description of GO 

with a contaminated surface, into the mouth. 

The occupancy scenario defmition does not include 
contaminated furniture such as desks and table tops. 
Only walls and floors are assumed to have residual 
contamination. The value of GO should reflect the rate 
of ingestion from contaminated surfaces (walls and 
floors) rather than the rate of ingestion from all surfaces. 

5.2.3.2 Use of GO in Modeling 

As described below, the dose for the ingestion pathway 
is directly proportional to GO. GO is therefore an 
important parameter for situations in which a significant 
proportion of the total dose is received through 
ingestion. 

The parameter GO is used to calculate CEDE for internal 
ingestion dose (DGO,) resulting from inadvertent 
ingestion of surface contamination. The relationship 
between GO and intemal dose due to ingestion is 
defined by the following formula (NUREGfCR-55 12, 
Vol. 1, p. 3.14): 

Ingestion of removable surface contamination inside DGO, = 45.05 * 24 * to * GO * 
buildings that is transferred fi-om contaminated surfaces 

(5.8) 
CO.=I,Ji)  DFGj *cw 

via hands, food, and other items to the mouth is referred 
to as secondary ingestion. The parameter GO is defined where Ji is the number of radionuclides in chain i, to is 
as the effective transfer rate and provides a mechanism the time that exposure occurs during the building 
for calculating the quantity of secondary ingestion. The occupancy period, C,+ is the average annual activity of 
effective transfer rate is described as the surface area the radionuclide j during the first year of the building 
contacted per unit time, the contents of which are occupancy scenario, and DFGj is the ingestion dose 
ultimately transferred to the mouth by inadvertent finger- factor for radionuclide j. The resulting intemal ingestion 
ing of the mouth or placing contaminated objects, such dose is directly proportional to the effective transfer rate. 
as food, cigarettes, pencils, etc., that had been in contact 



As discussed above, GO measures the tendency for 
occupants to ingest surface contamination as a surface 
area per unit time. Ingestion is caused by touching 
contaminated walls and floors with the hands or other 
objects, and placing contaminated objects in the mouth. 
GO is a summary measure of chronic behavioral patterns 
for members of the screening group. 

In Equation 5.8, all surface contamination is assumed to 
be available for ingestion by this mechanism, and the 
concentration of ingested material is assumed to be equal 
to the source concentration C,$. The overall ingestion 
rate may be lower if the amount of "loose" contamina- 
tion (i.e., contamination available for transport by this 
mechanism) is less than the total amount of contamina- 
tion or if the ingested dust or soil is only partially 
composed of contaminated material. Equation 5.8 can 
be generalized to include the fraction of ccl~ose77 
contamination and the li-action of contacted surfaces that 
are contaminated by scaling the available concentration: 

DGOi = 45.05 * 24 * r, * GO * 
CO.=,Ji) DFG, * Fs * F, * Cmj 

(5-9) 

where F, is the fiaction of "loose" contamination and F, 
is the contaminated fiaction of the total surface area con- 
tacted by the receptor. This scaling is equivalent to 
defining an effective secondary ingestion transfer factor 
as: 

GO* = F,*F,*GO (5.10) 

and by replacing GO in Equation 5.8 by the effective 
rate GO*. This decomposition preserves the definition of 
GO as a measure of behavior (the area accessed per unit 
time), and allows the ingestion rate to be modified to 
account for site-specific measurements of removable 
activity. This is the same approach as is used for 
resuspension (see Section 5.4.2 below). In Equation 
5.10, GO represents an ingestion rate fiom all surfaces, 
while GO* represents ingestion of loose material from 
contaminated walls and floors. 

5.2.3.3 Review of Information Related to 
Secondary Ingestion 

The value for GO is defined in NUREGICR-5512, 
Vol. 1, as 1 x 1 0-4 m2/h. This value was defined based 
on the literature analysis of surface-contamination 
ingestion data. Eight references are listed for this data 
(Dunster, 1962; Gibson and Wrixon, 1979; Healy, 1971 ; 
Kennedy et al., 198 1 ; Sayre et al., 1974; Lepow et al., 
1975; Walter et al., 1980; and Gallacher et al., 1984). 

Half of these studies focused on intake by children of 
surface contamination. These estimates tend to be larger 
than the corresponding estimates for adults (i.e., greater 
than 1 x m2/h). The range of ingestion rates for the 
adult-workerlmembers of the public is 4 x lo-' to 1 x 

m2/h. The value of 1 x m2/h is consistent with 
the range for adults. 

Kennedy and Strenge ((1992) (hereafter referred to as 
"Volume 1") summarize estimates of GO published prior 
to 1992. In general, these estimates derive from 
postulates about behavior or fiom measured rates of 
ingestion. Information on ingestion by adults is 
especially sparse, and no direct measurements of adult 
ingestion rates are cited as a basis for GO. In addition, 
most theoretical estimates cited for GO or for adult 
ingestion rates found in the literature (Dunster (1962), 
Gibson and Wrixon (1979), Hawley (1985)) derive from 
the supposition by Dunster that 10 cm2 of surface area 
would be accessed by a typical adult in a typical day. 
Hawley (1985), in calculating adult ingestion rates, 
assumed that adults working outdoors would transfer 
contamination from the inside surface of the fmgers 
twice during a typical day of outdoor work, implying a 
secondary ingestion transfer rate of 137 cm2 in an eight- 
hour day. This estimate, however, is speculative, and 
was proposed in the absence of empirical data on adult 
ingestion or behavior. 

Recent publications, including references cited in the 
EPA Exposwe Factors Handbook (1996) were reviewed 
to identify and evaluate data related to secondary 
ingestion transfer rate. The goal of most studies was to 
estimate rates of soil ingestion as a mass per unit time, 
rather than to estimate a lmnsfer factor analogous to GO. 
In addition, most of the recent literature continues to 
focus on children. Because they are not representative 
of the screening group, and because children are 
presumably exposed to higher densities of dust and soil, 
and to ingest dust and soil at greater rates for a given 
density, estimated ingestion rates for children are not 
considered to be directly relevant for estimating GO. 

Several studies on soil ingestion have been published 
since 1990. Ingestion rates for adults have been 
measured or estimated by a number of techniques and 
under a variety of conditions. Sheppard (1995) 
summarized the literature and described a basic model 
for soil ingestion that included food consumption and 
other activities, such as mouthing and ingestion of non- 
food items, concentration enrichment, and the bio- 
availability of contaminants in soil. He recommended 
the use of simple models, rather than explicit use of 
empirical data, for estimating soil ingestion in humans. 
Reported values for soil ingestion rates by normal adults, 



summarized by Sheppard (1995) from other studies, 
range from 1 to 65 mgld. 

Soil ingestion rates in adults have been estimated by 1) 
analysis of selected tracer elements in human diets and 
comparing the dietary intake of tracer elements with 
tracer elements in feces and 2) observations of individual 
behavior patterns under a range of environmental 
conditions and activities. Recently, numerous studies on 
soil ingestion rates have been conducted using a tracer 
method (BTM) developed by Binder et al. (1986) 
(Stanek and Calabrese, 1995; Sedrnan and Mahmood, 
1994; Stanek et al., 1997 and others). Stanek and 
Calabrese (1995) and Stanek et al. (1997) estimated soil 
ingestion rates in adults based on mass-balance studies 
in which intake rates were estimated fkom concentrations 
of several trace elements in foods, medicines, 
environmental dust and soil, and feces. Both studies 
collected data over multiple one-week periods, during 
which each subject ingested a controlled quantity of soil 
from their environment. This mass, along with soil mass 
ingested with food, was subtracted from the estimated 
mass in feces to estimate the daily amount of inadvertent 
ingestion. These studies are the only published 
measurements of adult ingestion found in the literature 
review, and are therefore the only empirical basis for 
defming a distribution for GO. 

Two types of published data related to the secondary 
ingestion transfer factor were found: direct estimates of 
the area of skin surface (and therefore area of 
contaminated surface) contacted by mouth in a given 
time, and measurements or estimates of the rate of soil 
ingestion by adults. No studies report actual measure- 
ments of contacted area: the two primary sources for 
direct area estimates are Dunster's (1962) proposal that 
"in order to amve at some indication of the magnitude of 
the problem, it is assumed here that a person may ingest 
all the contamination from 10 cm2 of contaminated skin 
every day," and Hawley's (1985) assumption that adults 
working outdoors would transfer contamination from the 
inside surface of the fmgers twice during a typical day of 
outdoor work, implying a secondary ingestion transfer 
rate of 137 cm2 in an eight-hour day. Both estimates, 
while plausible, have no empirical support. 

5.2.3.4 Inferring GO from Ingestion Rates 

Estimates of inadvertent soil ingestion rates by adults 
provide indirect information on secondary ingestion 
transfer rates. The rate of soil ingestion by an individual 
can be related to the individual's behavior (reflected in 
the secondary ingestion transfer rate for the individual), 
and to the environmental conditions (reflected in the 
average dust or soil loading experienced by the 

individual) using the following simple model: 

where SI is the inadvertent soil ingestion rate (mg/hr), 
GO is the transfer factor (m2/hr), and DL is the average 
surface density of dust or soil in the environment in 
which ingestion was measured. The suffx C,I denotes 
chronic (annual average) values for individual subjects. 
Equation 5.1 1 is consistent with the exposure model 
used in dose assessment (Equation 5.8). 

In the absence of direct measurements of transfer factor, 
this model was used to derive a distribution of individual 
transfer factor values from estimates of soil ingestion 
rate and soil densities. In making these estimates, 
measured soil ingestion rates are assumed to reflect the 
soil density in the subjects' environment, as well as 
mannerisms and behavior that are independent of the 
environment. The chronic behavior of individuals, 
characterized by GO,,, is assumed to be independent of 
their environment, characterized by DLc,, so that 

and 

where E(X) and Var(X) denote the expected value and 
variance over the population of individuals. Equations 
5.12 and 5.13 allow distributional properties of GOc,, to 
be inferred from distributional properties of SIC,, and 
DL,,, This procedure requires a distribution for SIC,,, 
describing the variability of soil ingestion rate over 
individuals, and a distribution for DL,,,, describing the 
variability in the soil density on skin corresponding to 
the conditions under which SI was measured or 
estimated. 

Defming a distribution for GO entails three main steps: 

1. Estimating distributional properties for individual 
chronic soil ingestion rates (SIC,,) from available 
literature. As discussed in Section 5.2.2, there are 
few published estimates of adult ingestion rates, and 
these rates were measured in residential settings. 
The summaries of acute (daily) individual ingestion 
rates provided by Stanek (1997) provide the most 
recent experimental basis for estimating adult soil 
ingestion. This study is therefore considered in 
some detail. 

2. Estimating distributional properties for the indivi- 
dual chronic soil densities @Lc,J corres-ponding to 



the experimental situation in which the ingestion 
rates were measured or estimated. Because the 
available ingestion rate measurements were made in 
residential settings, an estimate of dust density in 
residences is required in order to calculated the 
transfer rate corresponding to the measured rates of 
ingestion. 

3. Deriving distributional properties for the individual 
chronic transfer factor (GO,,) fiom the distribution- 
al properties of soil ingestion rate and soil density, 
assuming that the variations in transfer factor and 
soil density among individuals are independent. 
This derivation assumes that the behavior charac- 
terized by GO would be the same in occupational 
and residential environments. Differences in mass 
ingestion rates in these two environments are 
therefore assumed to be due to differences in the 
surface density of dust and soil. 

Section 5.2.2.3 beIow describes the application of this 
procedure to derive a distribution for GO. A number of 
intermediate assumptions and inferences are required, 
which create a large degree of uncertainty in the derived 
distribution. These assumptions are summarized below. 

By using this model to estimate transfer factors for 
individuals from measurements or estimates of soil 
ingestion rate, all inadvertent ingestion (i.e., exclud- 
ing ingestion through food and medicine) is 
assumed to occur through transfer from surficial 
sources: other potential sources, such as swallowed 
wind-borne soil, are neglected. 

Measured inadvertent ingestion SI includes dust and 
soil ingestion from any surfaces in the subject's 
environment. In the occupancy scenario model, 
surface contamination is assumed to occur only on 
walls and floors. As a result, secondary ingestion 
transfer factors inferred fiom measured ingestion 
rates will overestimate transfer factors from the 
contaminated surfaces considered in the scenario. 
Using the effective transfer factor GO* defined in 
Equation 5.9, Fs = 1 for all measured ingestion 
rates, while Fs is expected to be less than 1 based on 
the source location assumed in the scenario 
definition. 

The few avaiIable estimates of adult ingestion rates 
are for residential environments, while the para- 
meter GO characterizes occupational environments. 
In Equation 5.10, ingestion rate is decomposed into 
a behavioral component GO,, and an environmental 
component DLc,,. Both components will differ 
between residential and occupational settings, 

although the size and direction of this difference is 
uncertain. Tramfer rates based on soil ingestion in 
a residential setting are assumed to be representative 
of transfer rates in an occupational setting even 
though mass ingestion rates differ. Under this 
assumption, soil ingestion rates in residences would 
be higher than ingestion rates in occupational 
settings solely due to the higher soil density in 
residences. 

In deriving Equations 5.12 and 5.13, GO,,and DL,,, 
are assumed to be independent. IndividuaIs who 
tend to behave in ways leading to large (small) 
transfer factors are not preferentially exposed to 
environments with high (low) dust densities. This 
assumption is plausible, but cannot be tested with 
available information. 

The distribution of GO,,, describes the variability of 
transfer factors among individuals in the screening 
group. Due to the limited data available, no specific 
estimates for workers in light industry are available. 
Transfer factor estimates for adults in general are 
assumed to be appropriate for the screening group. 

The available information on adult soil ingestion 
rates is quite limited, and is not sufficient to 
determine the distribution of SIC,. Similarly, the 
distribution of DL,, corresponding to the reported 
ingestion rates is highly uncertain. For both soil 
ingestion rate and soil density, the mean, minimum, 
and maximum values of these distributions were 
estimated as described in Section 5.2.2.3. Lacking 
specific information on the form of these distribu- 
tions, distributions were assigned using the principle 
of maximum entropy. As stated by Jaynes (1982), 
this principle requires that "when we make infer- 
ences based on incomplete information, we should 
draw from them that probability distribution that has 
the maximum entropy permitted by the information 
we do have." In as much as the form of the second- 
ary ingestion rate and dust loading distributions are 
unknown, the assumption of any specific distribu- 
tion is arbitrary, and likely to be wrong. Given this 
uncertainty, the maximum entropy distribution was 
judged the most reasonable choice in that "most 
information theorists have considered it obvious 
that, in some sense, the possible distributions are 
concentrated strongly near the one of maximum 
entropy" (Jaynes, 1982). With a specified mean 
value, lower limit, and upper limit, the maximum 
entropy distribution corresponds to a truncated 
exponential distribution 



5.2.3.5 Derivation of a Distribution for GO 

The procedure described in Section 5.2.2.2 was used to 
develop a distribution for GO. Details and intermediate 
results are presented below. 

5.2.3.5.1 Distributional Properties of Chronic 
Individual Ingestion Rate 

Mean ZndividuaI Ingestion Rate 

Sheppard (1995) provides a summary of current 
literature on soil ingestion, and cited soil ingestion rates 
by normal adults ranging from 1 to 65 mg/d. These 
estimates include the theoretical calculations by Hawley 
(1985), based on assumed transfer rates and soil 
densities, as well as the estimates based on tracer 
measurements reported by Calabrese (1989, 1990). 
Stanek (1 997) describes a more recent application of the 
"best tracer" method to estimate adult soil ingestion, 
which drew from a larger number of subjects and a 
longer measurement period than the earlier work of 
Calabrese (1989). Individual ingestion rates reported by 
Stanek appear to be the strongest available experimental 
basis for estimating adult soil ingestion. This study is 
therefore considered in some detail. 

Soil ingestion rates were estimated by Stanek et al. 
(1997) for each of 10 adult subjects on each of 28 days. 
The measurement period was divided into four periods 
of seven days each. During each period, a known mass 

of soil was ingested by each participant. This mass, 
along with the estimated soil mass ingested with food, 
was subtracted from the total estimated ingested mass, 
yielding 280 values for daily individual inadvertent 
ingestion. Total ingested mass on a given day was 
estimated as the mass of dust and soil in feces on the 
subsequent day. Soil and dust masses in meals and feces 
were in turn estimated from measured concentrations of 
eight trace elements found in soil and dust (Al, Ce, La, 
Nd, Si, Ti, Y, and Zr). 

Resulting estimates of daily soil ingestion, and daily dust 
ingestion are summarized in Stanek et al. (1997). This 
summary describes the distribution of daily individual 
ingestion rate estimates over the entire study period, and 
over each of the four seven-day intervals. There is 
considerable variability in these estimates, as illustrated 
in Figure 5.3. Many negative values are reported, sug- 
gesting that a large amount of the variability in reported 
values is due to experimental error rather than to 
variability in ingestion rate among individuals, or to 
variability over time. Daily estimates for a single indivi- 
dual over a one-week period (Stanek et al., 1997 
Table 8) suggest that estimates of chronic ingestion rate 
may be considerably more stable than daily values, 
however chronic rates cannot be derived for all 
individuals &om the summaries presented in the report. 
Overall ingestion rates, averaged over both time and 
individuals, are provided, and have been used to estimate 
the potential variability in chronic dust ingestion over 
individuals. 

Daily Dust Ingestion Rate (mg/day) 

Figure 5.3 Distribution of estimated daily dust ingestion rates for 10 adults and 28 days 
based on the median value from four tracers (data from Stanek et al., 1997, Table 10) 



Table 5.3 shows the average dust ingestion rate over the 
10 subjects for the entire study duration, and for each of 
the four time periods. Standard errors for the average 
are also reported, calculated from the sample standard 
deviations provided in Stanek et al. (1997). 

Table 5.3 Average estimated daily dust ingestion 
rates over 10 individuals and four one-week 

periods using median daily values from the four 
best tracer elements (from Stanek et al., 1997) 

Average dust Standard 
Period ingestion rate error* 

(mgld) (mgld) 
Week 1 (0 mg/day capsule 139 52 
ingestion) 

Week 2 (20 mgtday capsule 73 22 
Week 3 (100 mg/day 129 32 
capsule ingestion) 

Week 4 (500 mg/day - 225 32 
capsule ingestion) 
All 4 weeks 29 20 

Calculated from reported sample standard deviations. 

The overall average ingestion rate of 29 mg/d is an 
estimate of the mean of the distribution of individual 
acute (daily) soil ingestion rates over time and over 
individuals. The mean of this distribution is identical to 
the mean of chronic ingestion rates over individuals, 
SI,,,. Due to the large variation in individual daily 
values, there is considerable uncertainty in the estimate 
of the mean, as indicated by the large standard error. 
Using two standard errors as an indication of this 
uncertainty, the experimental results are consistent with 
a mean ingestion rate between 0 and 69 mg/d. 

For comparison, Stanek and Calabrese (1995) reanalyzed 
results of their previous study of adult soil ingestion 
(Calabrese et al., 1990) using the best tracer method to 
rank the reliability of estimated rates based on individual 
tracers. The resuIting average ingestion rate over six 
adults and three weeks was 64 mg/day. 

Upper and Lower Limits for Individual Ingestion Rate 

Available experimental data appear to be consistent with 
mean ingestion rates for adults between 0 and 70 
mglday. The large variability in estimates of daily 
ingestion rate (e.g., Figure 5.3) leads to large uncertainty 
in the estimate of average chronic ingestion rate. 
Ingestion rates typically recommended for adults (e.g., 
50 mg/day in EPA (1996)) appear to reflect the detection 
limit associated with current experimental practice. 

The minimum chronic individual soil ingestion rate is 
evidently 0. An upper limit for chronic adult soil 
ingestion rate is more difficult to establish, however the 
experimental results summarized in Table 5.3 can be 
used, along with other information, to assign a plausible 
upper bound. For a particular subject, the chronic soil 
ingestion rate (over the 250 day period relevant for the 
occupancy scenario) would be calculated as the average 
of 250 daily estimates for that subject. Average values 
for individual subjects are not available in Stanek et al. 
(1 997), however the data in Table 5.3 indicate that the 
average ingestion rate over 2 10 subject-days (that is the 
average over 10 subjects and 2 1 days) can be as large as 
114 mg/day, taking the average value over the three 
weekly periods having the largest weekly averages, or 
can be as small as 0 considering the three weeks having 
the lowest weekly averages. 

Soil ingestion by children has been much more 
extensively studied than adult soil ingestion. Children's 
soil ingestion rates tend to be larger than reported adult 
ingestion rates, presumably due to their more frequent 
exposure to soil, and to a higher rate of hand-to-mouth 
transfer. Ingestion rates for children are therefore not 
appropriate as estimates for adults, but may provide 
information about reasonable upper limits for adults. A 
number of recent studies report measurements of soil 
ingestion rates for children using the tracer mass balance 
approach described above (Stanek and Calabrese, 1995, 
Binder et al., 1986, Clausing et al., 1987, van Wijnen et 
al., 1990, Davis et al., 1990). The EPA Exposure 
Factors Handbook (EPA, 1997) provides summaries and 
evaluations of these studies, leading to a recommended 
average ingestion rate for children of 100 mg/day. This 
rate represents an average over individuals and over the 
various study periods, however the study periods were 
typically short (days or weeks), and were typically 
conducted in the summer when ingestion rates are 
expected to be higher than during other times of the year. 
An upper percentile (unquantified) of 400 mglday is also 
recommended in the EPA Exposure Factors Handbook, 
however low confidence is assigned to this estimate in 
view of the limited study period. 

An upper limit for the individual chronic adult soil 
ingestion rate of 200 mg/day was adopted for this 
analysis based on the above information. This limit is 
consistent with the averages of daily rates fiom the 
limited sample reported by Stanek et al. (1997). The 
adopted upper limit for adults is larger than the average 
value recommended for children in the EPA Exposure 
Factors Handbook, however, the latter value represents 
an average over individuals, while the former represents 
limiting behavior of a single individual. 



5.2.3.5.2 Distributional Properties of Chronic This dust-fall rate is the lowest cited by Hawley, and 
Dust Loading with the assumption of daily cleaning, corresponds to a 

chronic average density of 10 mg/m2 as a lower limit in 
Mean Dust Loading residential environments. 

Adult ingestion rates from Stanek et al. (1997) and 
Calabrese et al. (1990) were measured in a residential 
environment, and other published values for adult 
ingestion rate (e.g., Sheppard (1995)) typically describe 
residential conditions. As described in Section 5.2.2.2, 
estimating GO fiom measured ingestion rates requires an 
estimate of dust densities for the environment in which 
ingestion occurred. Dust densities used to infer secon- 
dary ingestion transfer rates from Equation 5.1 1, using 
ingestion rates measured or estimated for a residential 
environment, should therefore represent chronic values 
that may be encountered in this environment. In an 
occupational setting, dust densities, and therefore inges- 
tion rates, are expected to be smaller than those observed 
in residences: the transfer factor GO, however, is 
assumed to be comparable in the two environments. 

Hawley (1985) discusses ranges of dust densities found 
inside residences. Citing Solomon and Hartford (1976), 
he reports average dust densities for 239 floor dust 
samples taken from 12 homes of 320 mg/m2 and 290 
mg/m2 based on concentrations of Pb and Cd, respect- 
ively. The larger number was adopted as an estimate of 
the average chronic dust concentration DL,,. 

Upper and Lower Limits for Dust Loading 

A lower limit on DL,,, was established based on the 
range of reported indoor dust-fall rates discussed in 
Hawley (1985), and assuming daily removal of 
accumulated dust. In a sample of suburban homes with 
closed windows, Shaefer et al. (1972, cited in Hawley, 
1985) measured a mean dust fall rate of 20 mg/m2/day. 

Ingestion rates in a residential setting may include 
ingestion while outdoors, where the subject's hands may 
become heavily soiled. The surface soil density to which 
the individual is exposed in outdoor settings is assumed 
to be limited by the density of soil retained on the hands. 
Sheppard and Evenden (1994) summarizes measured and 
estimated soil loads on hands for a variety of soil types 
and conditions, reproduced as Table 5.4. An upper limit 
of DLc,, of 0.5 mglc2 was assumed on the basis of these 
estimates. This density is generally consistent with 
reported densities for soiled hands, with the notable 
exception of Hawley's theoretical value of 3.5 mg/cm2. 
Sheppard and Evenden (1994) propose that soil loads 
higher than 1 mg/cm2 would prompt cleaning, and that 
higher densities would therefore not be associated with 
chronic ingestion. 

5.2.3.5.3 Estimated Distribution for Chronic 
Individual Transfer Rate GOcJ and 
Default Value for GO 

The variation among individuals in chronic values of soil 
ingestion, and of surface soil densities corresponding to 
the conditions in which that ingestion occurs, have been 
characterized by a mean value, an upper limit, and a 
lower limit. Without additional information to define the 
distributions for soil ingestion rate and surface soil 
density, a maximum entropy distribution was assigned 
for both variables. With a specified mean value, lower 
limit, and upper limit, the maximum entropy distribution 
corresponds to a truncated exponential distribution. 
Figures 5.4 and 5.5 show the assigned distributions for 
SIC,, and DLc,, respectively. 

Table 5.4 Measurements and estimates of soil load on hands for freshly soiled or  partially cleaned hands 
from Sheppard (1994), Table I11 

Reference Load (mglcmq Conditions 

Driver et al. (1989) 0.2 - 0.9 Dry whole soil, no cleaning 
0.8-2 Dry sieved soil, < 150 pm diameter 

Hawley (1985) 3.5 Estimate assuming 50-pm-thick covering 
Lepow et al. (1975) 0.5 Children, sampled with adhesive film 
Que Hee et al. (1985) 0.5 House dust adhering to palm 
Sheppard and Evenden (1 994) 0.06 - 2 Dry soil, brushed clean, adhesive film sample 

0.3 - 0.5 Moist soil, brushed clean, adhesive film sample 
0.4 - 0.8 Wet soil, brushed clean, adhesive film sample 

< 1 Visually clean, adhesive film sample 



Dust ingestion Rate (mgld) 

Figure 5.4 Estimated distribution of chronic dust ingestion rates based on two 
alternative mean ingestion rates 

Dust Density (mglm2) 

Figure 5.5 Estimated distributional of chronic individual dust densities 
corresponding to measured ingestion rates 

As discussed above, there is considerable uncertainty in 
the estimate of mean ingestion rate due to the large 
variability in daily ingestion estimates. Available data 
are consistent with mean ingestion rates between 0 and 
70 mglday. To illustrate the effect of this uncertainty, 
two alternative distributions for SIC,,, denoted SI:,, and 
SI:,, based on alternative mean ingestion rates of 0.5 
mglday and 50 mglday, are shown in Figure 5.4. 

The mean and variance of the logarithm of chronic 
individual transfer rate GO,,, was calculated using 
Equations 5.12 and 5.13 and given the mean and 
variance of the logarithms of SI , ,  and DL,,. The 
alternative distributions for dust ingestion, S G ,  and SI&, 
were each used to evaluate the effect of uncertainty in 

mean ingestion rate on the inferred distribution of 
transfer rate, producing the corresponding transfer rate 
distributions Get, and G@&. Table 5.5 summarizes the 
properties of these distributions. Loguniform distri- 
butions were then defmed for G@,, and GO& based on 
the calculated mean and variance of log(GO~,,) and 
Iog(GO:,) from Table 5.5. 

Figure 5.6 shows the derived distributions for GOc,. In 
converting the units of GO,, from m2/day to m2/hr, 
measured dust ingestion was assumed to occur over a 
16-hour period. This period corresponds to the period 
during which the reported soil ingestion rates, which 
were measured in a residential setting, would typically 
be operative. 



Table 5.5 Distributional properties for chronic individual dust ingestion rate (SIC-, dust density 
@LC-, and transfer factor (GOc;) 

Parameter Mean Lower limit Upper limit Mean of log,, Variance of log,, 

%,I (mg/d) 0.50 0 200 -0.55 0.30 

Secondary Ingestion Transfer Factor (mYhr) 

Figure 5.6 Estimated distribution of chronic individual secondary ingestion 
transfer factor GOc,, corresponding to alternative mean ingestion rates 

Both distributions in Figure 5.6 are consistent with 
available data on adult ingestion, and the larger value is 
the approximate detection limit of current experimental 
procedures. 

Uncertainty in the mean value of SI, ,  creates large 
uncertainty in GO relative to the estimated variability of 
GO over individuals, as can be seen in Figure 5.6. 
Measurements of the frequency of various mouthing 
behaviors among adults might be used to estimate the 
surface area potentially accessed through such behavior, 
as well as the hc t ion  of this surface area consisting of 
walls and floors. Such information might reduce 
uncertainty in the distribution of GO. No studies of this 
kind were identified in the literature review, however 
some transfer rates consistent with measured ingestion 
may be judged unrepresentative of adult behavior in an 
occupational setting. 

A transfer rate of m2/hr, for example, implies 
mouthing an area equivalent to the inner surface of the 

hand once each hour. A rate of m2/hr implies 
transfer  om an area roughly equivalent to two postage 
stamps each hour. The behavior implied by the latter 
rate is arguably a plausible upper limit for individuals in 
an occupational setting, and distributions having higher 
rates may be rejected on the basis of this judgment. The 
resulting distribution for GO would not be conservative 
with respect to uncertainty in the average ingestion rate 
given existing measurements, however the likelihood 
that additional information would lead to higher transfer 
rates would still be assumed to be small, in view of the 
behavior implied by these higher rates. 

Among the possible distributions of GO consistent with 
measured ingestion rates, the lower distribution shown 
in Figure 5.6 was used in the parameter analysis. The 
distribution centered around lo-* m2/hr corresponds to a 
mean ingestion rate of 50 mdday, which reflects the 
apparent detection limit of current experimental practice. 
The distribution centered around m2/hr (correspond- 
ing to a mean ingestion rate of 0.5 mglday) includes 



plausible reductions from the higher distribution in con- 
sideration of two factors, each of which is assumed to 
reduce the transfer factor by an order of magnitude: the 
stipulation that an individual transfer rate of lo-' 
corresponds to unreasonable behavior in an occupational 
setting; and the assumption that walls. and floors are 
much less likely to be contacted than other surfaces, such 
as tables and desks. The average value of 1.1 x 1 0-4 
m2/hr represents the average member of the screening 
group, and defines the default value for this parameter. 

As discussed in Section 5.2.2, the actual amount of 
contamination ingested will also depend on other factors, 
including the fraction F, of the total source term that is 
ccloose," and therefore available for ingestion. The 
fraction of loose contamination (F3 is expected to be 
estimated or bounded using data collected prior to 
decommissioning. 

5.2.3.6 Uncertainty of GO,, 

The proposed distribution describing the variability of 
the secondary ingestion effective transfer rate rests on a 
number of assumptions, introducing a large amount of 
uncertainty in the assigned distribution. 

(I) Empirical support for this parameter is very 
limited. The most recent measurements of soil 
ingestion in adults are subject to wide variability, 
and are consistent with average ingestion rates 
ranging from 0 to 70 mglday. The upper limit 
represents the apparent detection limit of current 
experimental practice. The proposed value of 0.5 
mglday is consistent with available information. 
This value was established in consideration of 
judgments about 1) the plausibility of the 
behavior associated with higher rates, and 2) the 
fraction of the total contacted surface area 
consisting of contaminated walls and floors. 

(2) Ingestion rates have been measured for adults in 
residential settings. Transfer factors in occupatio- 
nal settings, representing behavioral 
characteristics of individuals, are assumed to be 
similar to those in residential environments. 
Higher ingestion rates in residences are therefore 
assumed to be due to exposure to higher soil 
density, rather than to distinctive behavior. 

(3) Surface dust and soil densities associated with 
available measurements of adult ingestion rates 
are unknown, and have been estimated from 
independent studies of dust densities and dust fall 
rates in residences, and soil densities on soiled 
hands. 

5.2.3.7 Alternative Parameter Values 

The value of the parameter used in the model can be 
modified based on site-specific survey data regarding 
removable activity, or with additional information on 
secondary ingestion. 

5.3 Volumetric Breathing Rate 
(Metabolic), V, (m3/h) 

5.3.1 Description of V, 
The breathing rate parameter (V,), in conjunction with 
the resuspension factor and isotope-specific inhalation 
CEDE factors, is used to calculate the average annual 
dose due to inhalation. V, is a metabolic parameter 
which represents the annual average breathing rate of 
adult males in the general population engaged in 
occupational activities. 

The default value for this parameter defined in 
NUREGICR-5512, Vol. 1, is 1.2 m3/h. This value 
corresponds to breathing rates characteristic of light 
activity as defined in ICRP Publication 23 (1975). The 
RESRAD value for the same parameter is 0.96 m3/h. 

5.3.2 Use of V, in Modeling 
Inhalation dose is linearly proportional to V,, as des- 
cribed below. The overall importance of V, to total dose 
depends on the relative contribution of inhalation dose 
to total dose. 

V, is used to calculate the CEDE for the internal dose 
due to inhalation (DHOi) resulting from inhalation of 
resuspended surface contamination. The relationship 
between V, and internal dose due to inhalation is 
described by the following formula (NUREGICR-55 12, 
p 3.3 1): 

DHO, = 45.05 * 24 * to * (5.14) 
RFo * Vo * ZO.=,,J,) DF? *C,, 

where Ji is the number of radionuclides in chain i, to is 
the time that exposure occurs during the building 
occupancy period (d), C,+ is the average annual activity 
of the radionuclide j during first year of the building 
occupancy scenario(dpm-df100 cm2), DFHj is the 
inhalation CEDE factor (rnrem per pCi inhaIed), and RF, 
is the resuspension factor (m-'). The resulting internal 
inhalation dose is directly proportional to the volumetric 
breathing rate. 

5.3.3 Information Reviewed to Define Breathing 
Rate Distributions 



The literature review conducted to support the EPA 
Exposure Factors Handbook (EPA, 1996) was adopted 
for this study as the most current compilation of relevant 
literature. Eleven studies are reviewed and summarized 
in the Handbook. Five are identified as "key studies," 
and form the basis for inhalation values recommended 
there. The six remaining studies are considered 
"relevant," and contain supporting information relating 
to inhalation rate. Breathing rate estimates are not 
specifically reported in any study for general workers, 
although Linn et al. (1992) studied breathing rates for a 
small sample of construction workers. In several studies, 
daily average values are reported, as well as breathing 
rates for individuals engaged in various levels of activity. 
These activity levels are descriptively defined, for 
example as "rest.," "sedentary," "light," "moderate," and 
"heavy." 

Reported average daily values include a range and 
relative weighting of activities typical of an entire day, 
including sleep: this range and weighting of activities is 
not representative of activities specifically conducted by 
workers. For this reason, reported average daily values 
are not appropriate for V,. Instead, breathing rates for 
adult male workers were based on the range of activities 
that would occur in an occupational setting, and the 
reported average values for the corresponding activity 
levels (see Section 5.3.3.1). 

The summaries in the Handbook were used to evaluate 
the five "key" studies for the purpose of defming 
breathing rates for adult male workers. Each of these 
studies, and the resulting breathing rates that reflect adult 
male workers, are summarized below. 

Layton (1993) presents a method for estimating breath- 
ing rate based on metabolic information: 

where: 
V, = the ventilation rate 
E = the energy expenditure rate 
H = the volume of oxygen consumed in the pro- 

duction of 1 KJ of energy, and 
VQ = the ratio of intake volume to oxygen uptake 

Three approaches are used to estimate the energy expen- 
diture rate: annual caloric intake (corrected for reporting 
bias), elevation above basal metabolic rate (BMR) with 
BMR values estimated from body weight using a fitted 
regression model, and elevations above BMR using 
activity-specific elevation factors and time allocation 
data. These methods are used to estimate average 
inhalation rates over various population subsets defmed 

by age and gender. This study draws from compara- 
tively large data sets, and provides information on the 
relative contributions of the diverse factors influencing 
inhalation rate, including general health, body weight, 
diet, activity level, age, and gender. The first two 
methods provide estimates of long-term average breath- 
ing rate, which is not specific to occupational settings. 
The third method provides estimates of breathing rate for 
different levels of activity. Average inhalation rates for 
adult males for five activity levels, estimated by the third 
method, are summarized in Table 5.6. Estimates for two 
sets of activity classifications are reported. For each set, 
activity level is characterized by a qualitative description 
as well as by a BMR value or range. Different sets of 
BMR values were used for each set. 

Linn et al. (1992) estimates inhalation rates for "high- 
risk" subpopulations, including outdoor workers, 
elementary school students, high school students, asth- 
matic adults, young asthmatics, and construction work- 
ers. Of these subpopulations, construction workers are 
most representative of adult male workers. The average 
breathing rate for construction workers, consisting of 
seven men between the ages of 26 and 34, is 1.50 m3/hr. 
Activity-dependent breathing rates are also reported for 
three activity levels, as shown in Table 5.7. 

Linn et a1 (1993) reports breathing rates for 19 construc- 
tion workers who perform heavy outdoor labor both 
before and during a typical work shift. Spier et al. 
(1992) reports breathing rates for elementary and high- 
school students. Although considered "key" studies in 
the Handbook, these subpopulations do not correspond 
to adult male workers in light industry. Results of these 
two studies were not used to establish a default breathing 
rate value. 

The California Air Resources Board (CARB) (1993) 
reports breathing rates in routine daily activities for 
children and adults at various activity level classifica- 
tions. The study included a laboratory protocol, in 
which ventilation rate, heart rate, breathing frequency, 
and oxygen consumption were measured during tread- 
mill tests. Heart rate, ventilation rate, and breathing 
frequency were also measured during a "field" protocol, 
which included (for adult males) driving and riding in 
cars, yard work, and mowing. Average breathing rates 
during the laboratory protocol are reported for five 
activity classifications. Average values during the field 
protocol are reported for three activity classifications. 
Table 5.8 summarizes the reported values for adult 
males. 



Table 5.6 Estimated breathing rates for males from Layton (1993) for two sets of five activity levels (m3/hr) 

Inhalation rates for short-term exposures1 

Activity level 

Age (years) Rest Sedentary Light Moderate Heavy 
BMR: 1 BMR:1.2 BMR: 1.5 -2.5 BMR: 3 - 5 BMR: >5 - 20 

- - 

Activity-dependent inhalation rates used to estimate daily inhalation rateZ 

Activity level 

Age (years) Sleep Light Moderate Hard Very Hard 
BMR: 1 BMR: 1.5 BMR: 4 BMR: 6 BMR: 10 

50 - 64 0.4 0.6 1.7 2.5 4.2 
' Source: EPA(1996) Table 5-5 
Source: EPA(1996) Table 5-6 

Table 5.7 Estimated breathing rates from Linn (1992) for two panels of healthy adult subjects' (m3/hr) 

Mean self-estimated breathing bates 
Subject Group 

Slow Medium Fast 

Construction Workers 1.26 1.50 1.68 
' Source: EPA(1996) Table 5-7 

Table 5.8 Average inhalation rates for adult males from CARB (1993) (m3/hr) 

Activity level 
- - - 

Resting Sedentary Light Moderate Heavy 

Laboratory protocols1 0.54 0.60 1.45 1.93 3.63 

Field protocolsZ 0.62 1.40 1.78 
' Source: EPA(1996) Table 5-13 
Source: EPA(1996) Table 5-14 

The six studies classified as  "Relevant" provide support- 
ing information, such as assessments of the quality of 
individual's subjective judgments of their breathing rate 
and activity level. However, they do not provide 
information directly related to estimating breathing rates. 

Three literature surveys are also classified as "Relevant." 
The EPA (1985) provides a summary of inhalation rates 
by age, gender, and activity level. This study compiles 
results of earlier investigations, and does not present 
information on the accuracy and methods used in these 
investigations. Reported breathing rates range from 0.7 
to 4.8 m3/hr for adult males depending on activity level. 
The ICRP (1981) presents ventilation estimates for 

reference adult males and females at two activity levels 
("Resting" and "Light Activity") as well as daily 
inhalation rates based on an assumed activity pattern 
during the day. For adult males, the respective rates are 
given as 0.45 m3/hr, 1.2 m3/hr, and 22.8 m3/day (0.95 
m3/hr). The value for V, defined in Volume 1 of 
NUREGICR-55 12 was based on the "Light Activity" 
breathing rate for males from this study. It was not 
considered a sufficient basis for defining the default 
value for this parameter because of the availability of 
more extensive empirical data in three of the five bbkey" 
studies discussed above. The AIHC (1994) Exposure 
Factors Sourcebook recommends an average adult 
inhalation rate of 18 m3/day based on data presented in 



other studies. This report draws from information 
presented elsewhere, and does not provide primary 
information on breathing rate. 

5.3.4 Breathing Rates for the Average Member of 
the Screening Group 

Breathing rates for adult male workers were estimated 
from the activity-dependent average breathing rates for 
adults summarized in Section 5.3.3. Activities of 
workers in an occupational setting include desk work, 
operating machinery, sweeping, and carrying items. 
Such activities correspond to the "Sedentary," "Light," 
and "Moderate" level classifications used by Layton 
(1993) and CARB (1993), and to the "Slow" and 
"Medium" subjective breathing rate classifications used 
in Linn7s studies of construction workers. Although 
some types of work entail more strenuous activities 
characterized as "hard" or "very hard," sustained (year 
long) activity of this type was assumed not to be typical 
of the screening group. 

The reported average breathing rates for the activity 
levels typical of adult male workers were selected from 
the values reported in Section 5.3.3. Table 5.9 sumrna- 
rizes the reported breathing rate values for occupational 
activity levels. (For each of the two sets of values 
reported by Layton (1993), the median breathing rate 
over the individual age groups was selected as typical of 
adult males.) Estimated breathing rates cover a range of 
values due to differences among the studies, and to 
differences in activity levels. An estimate of overall 
average breathing rate would require information on time 
allocation among these activity levels. Because detailed 
time allocation information is not available, the median 
reported value of 1.4 m3/hr was selected as typical of 
males in the normal population. 

5.4 Physical Parameters 

5.4.1 External Dose Rate Factor for Exposure 
From Contamination Uniformly Distributed 
on Surfaces, DFESj (mremh per dpm1100 
cm2) 

5.4.1.1 Parameter Description 

The radionuclide-specific external dose rates conversion 
factors are defined as suggested in EPA Federal 
Guidance report No. 12 (Eckerman and Ryman, 1992). 
These factors provide the external effective dose 
equivalent by summing the product of individual organ 
doses and organ weighting factors over the body organs. 
For the building occupancy scenario, these factors are 

Table 5.9 Reported average breathing rates 
corresponding to activity levels typical of 

workers in light industry 

Breathing 
Reference study and activity level 

rate 

0.5 Layton (1993), Set 1: Median of "Sedentary" 
values over adult age groups 

0.6 Layton (1993), Set 2: Median of "Light" 
values over adult age groups 

0.6 CARE3 (1993): "Sedentary" value fiom 
laboratory protocol 

0.6 CARE3 (1993): "Sedentary" value from field 
protocol 

0.8 Layton (1993), Set I: Median of "Light" 
values over adult age groups 

1.3 Linn et al. (1992): "Slow" value for 
construction workers 

1.4 CARE3 (1993): "Light" value fkom field 
protocol 

1.4 CARB (1993): "Light" value from laboratory 
protocol 

1.5 Lim et al. (1992): "Medium" value for 
construction workers 

1.7 Layton (1993), Set 1: Median of "Moderate" 
values over adult age groups 

1.7 Layton (1993), Set 2: Median of "Moderate" 
values over adult age groups 

1.8 CARB (1993): "Moderate" value from field 
protocol 

1.9 CARE3 (1993): "Moderate" value from 
laboratory protocol 

defined for an infrnite surface (thin-layer) source 
condition. This source condition approximates the non- 
uniform residual contamination on building walls, 
ceilings, and floors by a uniform concentration over a 
floor having infrnite area. This assumption is based on 
the earlier sensitivity study by Kennedy and Peloquin 
(1990). Relative dose rates obtained for rooms of 
different volumes with uniform and selected non- 
uniform sources of contamination were compared with 
the dose rates obtained using an infinite flat uniform 
source. The infinite flat uniform source provides a con- 
servative estimate for the small rooms (less than 200 m3) 
and reasonably conservative estimate (about 15% lower 
than the rate due to a non-uniform source ) for the larger 
rooms. However, the sensitivity study was performed 
using one radionuclide only (Co-60). A constant 
distance between floor and ceiling (3 m) was assumed. 

Although a number of assumptions underlie the values 
defined for the external dose conversion factors, these 
values have been obtained &om a standardized dosimetry 
data base and have been determined to be appropriate for 



use in the NUREGICR-55 12 modeling. Uncertainty in 
these values was not evaluated in the parameter analysis. 

5.4.1.2 Use of DFESj in Modeling 

Radionuclide specific, the sensitivity of this parameter 
will depend on values of DFH,, DFGj, R F ,  V,, and GO. 
The higher the value of DFESj for each of the 
radionuclides in the chain, the higher the total dose. 

This parameter is used to calculate the external dose, 
DEXO, resulting from external exposure to penetrating 
radiation from an infinite surface source. The relation- 
ship between DFESj and external dose is described by 
the following formula (NUREGICR-5512, Vol. 1, 
p. 3.12): 

D m O i  = 24 * to * &=,,Jili, DFES, * C,, (5.16) 

where Ji is the number of radionuclides in chain i, to is 
the time that exposure occurs during the building 
occupancy period, and C,* is the average annual activity 
of the radionuclide j during first year of the building 
occupancy scenario. The higher the value of DFESj for 
each of the radionuclides in the chain, the higher the 
resulting external dose. 

5.4.1.3 Uncertainty in DFESj 

Dose conversion factors reflect the biological effects 
induced by exposure to a unit radionuclide activity 
density. The conversion fiom activity to a common 
measure of biological impact requires a number of 
simplifying assumptions, including assumptions regard- 
ing source geometry and spatial variability, the age and 
physiology of the receptor, and the circumstances of 
exposure (Eckerman and Ryman, 1992). These assump- 
tions introduce a large amount of uncertainty about the 
appropriate value for dose conversion factors. Sources 
of uncertainty are identified in EPA Federal Guidance 
Report No. 12 (Eckerman and Ryman, 1992), however, 
this uncertainty is not quantified as distributions for the 
dose conversion factors recommended in the report. 
Uncertainty in dose conversion factors has therefore not 
been explicitly incorporated in this analysis. 

5.4.1.4 Alternative Values for DFESj 

Variability in dose conversion factors may be related to 
differences in contaminant distribution on building 
surfaces. Different types of industrial activities at 
different buildingslsites could result in different 
contaminant distributions. In some cases (predominantly 
gaseous releases of condensible materials), contaminants 

could be distributed uniformly over all surfaces while 
liquid contaminants would be on the floor. The licensee 
may substitute different values fiom Report 12 based on 
a site-specific source geometry different fiom an infinite 
plane. 

5.4.2 Inhalation CEDE Factor, D q  (mremlpci 
Inhaled) 

5.4.2.1 Description of D m j  

The radionuclide-specific internal inhalation dose rate 
conversion factors are defined as suggested in the EPA 
Federal Guidance report No. 1 1 (Eckerman et a]., 1988). 
These factors are intended for general use in assessing 
average individual committed doses for inhalation of 
radioactive materials in any population that can be 
characterized by Reference Man. 

Although a number of assumptions underlie the values 
defined for the inhalation dose conversion factors, these 
values have been obtained from a standardized dosimetry 
data base and have been determined to be appropriate for 
use in the NUREGICR-55 12 modeling. Uncertainty in 
these values was not evaluated in the parameter analysis. 

5.4.2.2 Use of DFHj in Modeling 

Radionuclide specific, the sensitivity of this parameter 
will depend on values of DFESj, DFGj, RF,, V,, and GO. 
The higher the value of DFHj for each of the radio- 
nuclides in the chain, the higher the total dose. 

This parameter is used to calculate CEDE for inhalation 
(DHOJ resulting from inhalation of resuspended surface 
contamination- The relationship between DFH, and 
internal dose due to inhalation is described by the 
following formula (NUREGICR-55 12, Vol. 1, p. 3.13): 

where Ji is the number of radionuclides in chain i, to is 
the time that exposure occurs during the building 
occupancy period, C - is the average annual activity of =". 
the radionuclide j dumg the fmt year of the building 
occupancy scenario, RF, is the resuspension factor, and 
Vo is the volumetric breathing rate. The higher the value 
of DFHj for each of the radionuclides in the chain, the 
higher the resulting inhalation dose. 

5.4.2.3 Uncertainty in DFHj 

As with DFESj, DFH, is uncertain due to the underlying 
simplifjing assumptions, including assumptions about 
residence time in the body and the spatial distribution of 



nuclides among and within various organs. This 
uncertainty has not been incorporated in this analysis. 

5.4.2.4 Alternative DFHj Values 

Inhalation dose conversion factors may vary due to 
variations in the chemical properties of the contaminant. 
The licensee may propose a different value from Report 
11 based on solubility class. 

5.4.3 Ingestion CEDE Factor, DFGj (mremlpci 
Ingested) 

5.4.3.1 Parameter Description 

The radionuclide-specific internal ingestion dose rate 
conversion factors are defined as suggested in the EPA 
Federal Guidance report No. 11 (Eckerman et al., 1988). 
These factors are intended for general use in assessing 
average individual committed doses for inhalation of 
radioactive materials in any population that can be 
characterized by Reference Man. 

Although a number of assumptions underlie the values 
defined for the internal ingestion dose conversion 
factors, these values have been obtained from a 
standardized dosimetry database and have been deter- 
mined to be appropriate for use in the NUREGICR-55 12 
modeling. Uncertainties in these values were not 
evaluated in the parameter analysis. 

5.4.3.2 Use of DFGj in Modeling 

Radionuclide specific, the sensitivity of this parameter 
will depend on values of DFESj, DFY, RF,, Vo, and GO. 
The higher the value of DFGj for each of the 
radionuclides in the chain, the higher the total dose. 

This parameter is used to calculate CEDE for ingestion 
(DGOJ resulting from inadvertent ingestion of surface 
contamination. The relationship between DFGj and 
internal dose due to ingestion is described by the 
following formula (NUREGICR-5512, Vol. 1, p. 3.14): 

DGO, = 45.05 * 24 * to  * 
(5.18) 

GO C,=,,,, DFGj * C'q 

where Ji is the number of radionuclides in chain i, to is 
the time that exposure occurs during the building 
occupancy period, C , ~  is the average annual activity of 
the radionuclide j during first year of the building 
occupancy scenario, and GO is the effective transfer 
factor. The higher the value of DFGj for each of the 
radionuclides in the chain, the higher the resulting 
ingestion dose. 

5.4.3.3 Uncertainty in DFGj 

DFGj, like DFHj, is uncertain due to the underlying 
simplifying assumptions (see Section 5.4.2.3). This 
uncertainty was not incorporated in this analysis. 

5.4.3.4 Alternative Values for DFGj 

Ingestion dose conversion factors are radionuclide 
specific and are not likely to vary from site to site. 
However, licensees may propose updated dose conver- 
sion factors or uptake (fl) factors based on more recent 
dosimetry information. 

5.4.4 Resuspension Factor for Surface 
Contamination (Physical), RF, (m-') 

5.4.4.1 Parameter Description 

The resuspension factor, RF,, defmes the ratio of 
contaminant concentration in inhaled air to surface 
contamination concentrations in the default NUREGI 
CR-55 12 dose model. The model uses a single, constant 
(time-invariant) value. This value should therefore 
represent the effective value for the average member of 
the critical group over the one-year duration of the 
building occupancy scenario. 

5.4.4.2 Use of RF, in Modeling 

Resuspension is important to dose because inhalation 
dose is directly proportional to RF,, as discussed below. 

This parameter is used to calculate CEDE for inhalation 
(DHOJ resulting from inhalation of resuspended surface 
contamination. The relationship between RF, and inter- 
nal dose due to inhalation is described by (NUREGICR- 
5512, Vol. 1, p. 3.13): 

where Ji is the number of radionuclides in chain i, to is 
the time that exposure occurs during the building 
occupancy period, Cae is the average annual activity of 
the radionuclide j during first year of the building 
occupancy scenario, DFHj is the inhalation CEDE 
factor, and V, is the volumetric breathing rate. The 
resulting internal inhaIation dose is directly proportional 
to the resuspension factor. 

5.4.4.3 Information Reviewed to Define A PDF 
for RF, 

The value for the resuspension factor recommended in 
NUREGICR-5512, Vol. 1, is 1 x m-', based on a 



literature anaIysis of studies published fiom 1964 
through 1990. The overall range of values obtained 
from these literature sources is 2 x lo-'' to 4 x lo-' m-'. 
However, most data referenced are not for indoor 
conditions. Only two of the references cited in 
Volume 1 provide data for indoor resuspension. The 
first of these, an IAEA technical report (1 970), reports 
a value of 5 x lo-' m-' which has been obtained for 
operating nuclear facilities. The second of these two 
references, a review by Sehmel (1980), provides 
different resuspension factors depending on the type of 
activity conducted within the rooms of the building 
(walking, vigorous sweeping, and fan). The overall 
range cited by Sehmel is from 1 x to 4 x lo-' m-'. 
The lower end of this range is suggested as a default 
based on the fact that surfaces are assumed to be cleaned 
of easily removable contamination at the time of license 
termination. 

The parameter analysis requires a distribution describing 
the variability of site-specific values for this parameter 
over licensed sites. To define this distribution, a 
licensee is assumed to have detailed information about 
(or control over) factors effecting resuspension at their 
site, such as the activities of occupants. This 
information would be used to define a critical group for 
the site by selecting a subset of occupants exposed to a 
relatively high concentration of resuspended contami- 
nants. RF, would then be defined as  the time-weighted 
average resuspension factor for this group over the one- 
year scenario duration. 

A literature review was conducted to identify any 
developments in the understanding of the resuspension 
process since the review reported in NUREGICR-55 12 
in 1992, and to identify data or approaches that could be 
used to develop a probability distribution function for 
the indoor resuspension factor. Older publications that 
were not referenced in NUREGICR-5512, Vol. 1, were 
also reviewed for the same purpose. 

Resuspension factor values are reported in a number of 
studies published between 1964 and 1997. Reported 
values vary over a wide range, fiom approximately lo-" 
m-I to approximately lo-' m-'. The review of some 
older publications indicated that a value of 1 x m-' 
was used in the development of general guidelines. This 
value has been seen as a general value having a 
reasonable factor of safety for hazard evaluation and 
design purposes (Brodsky, 1980). This value was also 
recommended by the M A  (1982; 1986) and suggested 
as an average for Europe in Garland (1982). These 
sources support (but were not cited to justify) the 

parameter value adopted for RF, in NUREGICR-5512, 
Vol. 1. Most studies, and all but one study not included 
in the review reported in NUREGICR-55 12, Vol. 1, 
provide data on outdoor resuspension factors. These 
values are not directly relevant for the occupancy 
scenario model. Additionally, most reported resuspen- 
sion factor values were measured or inferred under 
conditions that would not reasonably be sustained during 
the one-year exposure period. The different time scales 
of the experimental conditions and the scenario model 
must be considered in determining site-specific vaIues 
for RF,. 

Published estimates of resuspension factors and 
resuspension rates under indoor conditions, identified 
during the literature review, are summarized in Table 
5.10. The reported values fiom these sources range fiom 
2 x lo-' to 4 x lo-' m-'. With one exception (Thatcher 
and Layton, 1995), no recent information on indoor 
resuspension was found. This most recent study 
provides estimates of resuspension rates of aerosols 
measured in a California residence under controlled 
indoor conditions. However, these rates cannot be 
directly translated into resuspension factor values. 

Various factors affecting resuspension, underlying the 
range of reported values, have been proposed in the 
literature. The effects of some factors are quantified in 
some studies, while other effects are discussed qualita- 
tively. Although many studies consider the factors 
affecting outdoor resuspension, these factors have 
analogs in indoor conditions. Such studies are therefore 
relevant for understanding potential variations in RF, 
across sites. Sources of variability in reported resuspen- 
sion factor values are described in more detail below. 

The common measurement techniques for determining 
indoor resuspension factors are: 

direct measurement of contaminant concentrations 
on surfaces and in the air (Jones and Pond, 1964; 
Glauberman et al., 1964; Brunskill, 1964; Mitchell, 
and Eutsler, 1964) 

redispersion of settled particulates (Fish et al., 
1964) 

recoil of "hot-atoms" during decay of radionuclides 
(Leonard, 1995) 

In addition to differences in experimental technique, 
measured values of resuspension factor may vary due to 



Table 5.10 Reported information for indoor resuspension 

-- - - 

Conditiodreference Range Comments 

Wind stress and mechanical 2 x Resuspension of loose Pu-nitrate particles deposited on 
disturbances, (Jones and Pond, 1964) 5 x lo-' m-' various surfaces 

Wind stress and vehicular and 1 x loe5- Resuspension from Pu-contaminated surfaces; 0.2% to 
mechanical disturbances, (Glaubeman et 1.5 x m-I 10% removable by smear sampling 
al., 1964) 

Wind stress (Brunskill, 1964) 2.5 x - Resuspension of radionuclide contaminants from 
3.9 x m-I clothing in change room 

Vigorous mechanical disturbance 1 x Resuspension of Be0 on contaminated wood floor; 
(sweeping) (Mitchell and Eutsler, 1964) 4 x lo-' m-' 4% removable by smear sampling 

Vigorous mechanical disturbance 9.4 x lo-' - Redistribution of loose thorium oxide and thorium 
(sweeping) (Fish et al., 1964) 7.1 x m-I metal aerosol particles, ZnS and CuO particles on 

stainless steel surfaces 

Indoor Residence 1.2 x lo-'' - Resuspension rate in a California residence (Note: 
(Thatcher and Layton, 1995) 1.0 x lo-' sec-' m-I These values cannot be directly translated to 

resuspension factors). 

spatial variability of surface contaminant concentra- 
tions, variability of concentrations in air with location 
and with elevation, and spatial variations in surface tex- 
ture leading to location-dependent resuspension. These 
variations can create uncertainty in the effective value of 
resuspension factor as estimated by the ratio of concen- 
trations measured in air and on the contaminated surface. 

A large number of physical factors can affect resuspen- 
sion. According to IAEA (1992), the major factors are 
the following: 

time since disposal 
type of disturbance (air flow or mechanical) 
intensity of disturbance (air flow speed, traffic 
intensity) 
nature of surface (texture, composition, surface 
area) 
surface moisture 
particle size distribution 
climatic conditions (temperature, humidity, wind) 
type of deposition process (wet or dry) 
chemical properties of the contaminant 
surface chemistry 
topographic features 

The potential effects of some of these factors on resus- 
pension have been quantified, while only qualitative 
characterizations are available for others. As discussed 
above, some studies discuss the effects of these factors 
on outdoor resuspension factors. While values of out- 
door resuspension factors are not appropriate for the 
occupancy scenario model, reported effects of variations 
in physical conditions (e.g., air flow) on relative resus- 

pension factor values do provide useful information 
about potential variations in indoor resuspension factor 
values due to variations in the occupant's behavior or 
environment. Surface moisture and climatic conditions 
are factors that may influence resuspension in outdoor 
conditions but are assumed to be irrelevant for indoor 
resuspension. These factors are therefore not considered 
in the following discussion. For the other factors listed 
above, the studies cited in NUREGICR-5512, Vol. 1, 
and Fish et al. (1964), Jones and Pond (1964), Brunskill 
(1964), Glauberman et al. (1964), and Mitchell and 
Eutsler (1 964) were reviewed to better understand the 
factors controlling resuspension factors. The following 
discussion considers both outdoor and indoor conditions, 
but indoor conditions are emphasized. 

5.4.4.3.1 Time Since Disposal 

The parameter RF, is constant with time, however 
several studies model variations of resuspension factor 
with time, including Kathren (1968), Langham (1969), 
NRC (1975), IAEA (1982, 1986), Garland (1982), and 
Nair et al. (1997). All of these models produce a 
decrease in resuspension factor with time, reflecting the 
experimentally observed decrease in contaminant air 
concentrations with time over contaminated areas. 
Rather than a decrease in resuspension factor per se, this 
observed decrease in air concentrations may instead be 
due to overall depletion of surface contamination (e.g., 
downward migration of contaminants, downwind trans- 
port of resuspended contaminants, and other removal 
processes). The observed decrease might also be due to 
preferential depletion of easily-suspended contaminants. 



All discussions of reduction of resuspension factor with 
time found in the literature survey pertain to outdoor 
resuspension. No information on the potential time- 
variation of indoor resuspension factors was found. 

5.4.4.3.2 Type of Disturbance (air flow or 
mechanical) 

Resuspension factors determined under conditions of 
mechanical disturbance can be at least one order of 
magnitude higher than resuspension factors determined 
under conditions where only wind resuspension occurred 
(Nair et al., 1997; Stewart, 1964; Thatcher and Layton, 
1995; and M A ,  1992). 

Among studies reporting indoor resuspension factors, 
the higher resuspension factors provided in Brunskill 
(1964), Glauberman et al. (1964), and Mitchell and 
Eutsler (1964) were measured when disturbances 
significantly more severe than in normal operating 
conditions were applied to obtain measurable 
contaminant concentrations and when most of the 
surface contamination was a loose, easily removable, 
contamination (spills on the floor). Fish et al. (1964) 
reports a difference in resuspension factor of 1.5 orders 
of magnitude due to the type of activities in the room. 

5.4.4.3.3 Intensity of Disturbance (air flow speed, 
traffic intensity) 

Anspaugh et al. (1975) suggests that contaminant 
concentra-tions in the air are proportional to the power 
of the fiction velocity which is, in turn, proportional to 
the horizontal wind velocity. Consequently, the 
difference of 1 order in magnitude between the wind 
speed may result in a difference of a few orders of 
magnitude in resuspension factors. The power law 
relationship between the wind speed and resuspension 
factor is also demonstrated by Hollander (1994). 

Among studies of indoor resuspension, Fish et al. (1964) 
observed a power law relationship between the 
resuspension factor and the air velocity in the room, and 
Jones and Pond (1964) reports variations in resuspension 
factor due to different walking speeds. 

5.4.4.3.4 Nature of Surface (texture, composition, 
surface area) 

The magnitude of the influence of this factor on resus- 
pension was not quantified in the literature. In a study of 
indoor resuspension, Glauberman et al. (1964) attributes 
a difference in resuspension factors of one order of 
magnitude to differences in room size. 

5.4.4.3.5 Particle Size Distribution 

Hinton et al. (1995) suggests that resuspension is 
greatest for particles with diameter smaller than 125 
microns and the IAEA (1 992) suggests that resuspension 
factor increases with particle diameter in the range from 
1 to 5 microns. In Sehmel (1980), however, it is 
suggested that M e r  studies are needed. In a study of 
indoor resuspension, Fish et al. (1964) reports a strong 
correlation with particle diameter and Thatcher and 
Layton (1995) report no indoor resuspension of particles 
less than 5 pm in diameter. 

5.4.4.3.6 Chemical Properties of the Contaminant 

The difference between resuspension factors determined 
in the same conditions for different radionuclides is one 
order of magnitude, but could be significantly smaller as 
discussed by Hartmann et al. (1989) and the IAEA 
(1992). Among studies reporting indoor resuspension 
factors, Jones and Pond (1964) reports variation of the 
resuspension factor within one order of magnitude 
depending on the contaminant. 

5.4.4.3.7 Surface Chemistry 

Although cited by the IAEA (1992) as a factor influenc- 
ing resuspension, no specific information on the effect 
of surface chemistry on resuspension factor was found 
in the literature. 

5.4.4.3.8 Topographic Features 

No specific information on the effect of topography on 
resuspension factor was found in the literature. For 
outdoor resuspension, topographic variations would pre- 
sumably create variations in near-surface wind speed, 
leading to variations in the effective resuspension factor. 
An analogous effect might occur for indoor resuspension 
due to the placement of ventilation ductwork and fiuni- 
ture. 

The main conclusions of this literature review are: 

the new data on resuspension factors falls into the 
same range that was noted in NUREGfCR-5512, 
Vol. 1; however, the low end of the range is three 
orders of magnitude higher (2 x vs. 2 x lo-" 
m- I); 

no significantly new models of resuspension and 
methods of resuspension measurement were 
proposed since 1990; 



additional information is available on resuspension 
factors determined under indoor conditions 

the resuspension factor value of 1 x 1 0-6 m-' is the 
most frequently suggested and appears to represent 
some average of the experimental data; 

data on probability distribution functions that could 
be used to reflect uncertainty and variability in 
resuspension factors is very limited; however, it is 
possible to derive a distribution for RF, from 
experimental data on resuspension; and 

the range of the resuspension factor values 
measured under indoor conditions is around four 
orders of magnitude (Jones and Pond, 1964) 

topography, type of deposition, particle size, surface 
chemistry, and the nature of the surface are assumed to 
be uncontrollable by the licensee, but may be evaluated 
on a site-specific basis to support altemative values for 
resuspension factor. 

Several of the physical factors discussed in Section 
5.4.2.3 influencing resuspension may be plausibly 
bounded by characteristics of the site, or controlled by 
the licensee in an effort to support a site-specific value 
for RF,. Other factors do not appear amenable to 
characterization or control. Site-to-site variations in 
these factors create variations among site-specific values 
of RF,, but would presumably not be controllable by the 
licensee. Considerations of these factors follow. 

5.4.4.4.1 Time Since Disposal 
5.4.4.4 Estimating RF, from Site Information 

For a particular site applying the building occupancy 
scenario model, a licensee might seek to defend a 
specific value for RF, based on the physical features of 
the site that influence resuspension directly, or based on 
expectations about, or restrictions on, the behavior of 
occupants which may affect resuspension. In view of 
the reported decrease in resuspension factor with time 
discussed above, a constant value of RF, reflecting the 
initial resuspension factor at the time of license 
termination is assumed to be appropriate for assessing 
regulatory compliance. 

It is useful to express the resuspension factor used for 
the building occupancy dose calculation as the product 
of two separate parameters: the resuspension factor for 
"loose" contamination, and the fraction of the total 
contaminant that is "loose." "Loose" contamination 
refers to contamination that is available for transport via 
resuspension, and excludes any contamination that 
adheres to, is absorbed into, or is covered by exposed 
surfaces. This decomposition allows a more direct use 
of many reported values of resuspension factor given the 
underlying experimental conditions, and provides a 
physically plausible mechanism for linking the values of 
resuspension factor and secondary ingestion rate used in 
the dose calculation. 

Based on the analysis of the literature data, the initial 
resuspension factor values can differ at least by a few 
orders of magnitude depending on site specific 
conditions which depend on the use of the property (i.e., 
the nature and intensity of mechanical disturbance 
associated with activities of the critical group), by an 
order of magnitude depending on radionuclide, and an 
order of magnitude depending on modeling approach 
used. Variations due to differences in radionuclides, 

Because RF, is constant with time, the potential for 
resuspension factor to decrease with time is disregarded, 
as discussed above. 

5.4.4.4.2 Type of Disturbance 

Mechanical disturbance significantly increases the 
observed resuspension factor. Lower values of RF, may 
be appropriate if surface contamination is undisturbed by 
sweeping or walking. In addition, the effective (time 
averaged) resuspension factor may be reduced if the 
contaminated area is subject to brief intermittent 
disturbance rather than continuous disturbance. 

5.4.4.4.3 Intensity of Disturbance 

Large air-flow rates and vigorous mechanical distur- 
bance lead to increased resuspension factors. Demon- 
stration of limits on intensity, or of intermittence of 
periods of intense disturbance, may affect the value of 
RF,, which reflects average annual conditions. 

5.4.4.4.4 Nature of Surface 

Little quantitative information on the effect of this factor 
was found in the literature. Available information is 
therefore assumed to be insufficient to support 
altemative values for RF, based on site-specific 
information about this factor. 

5.4.4.4.5 Particle Size Distribution 

Particle size is generally regarded as influencing 
resuspension factor. 



5.4.4.4.6 Type of Deposition Process 

Reported resuspension factor values are higher for loose, 
easily removable contamination than for contamination 
that is bound to, or absorbed into, the surface. Licensees 
are assumed to have removed most loose contamination 
prior to decommissioning. This assumption can be 
reflected in the occupancy scenario calculations in two 
ways: measured resuspension values for loose 
contamination may be excluded in defining RF,, or RF, 
may be initially defined for loose contamination, and the 
licensee may later reduce this value based on the fiaction 
of loose contamination at their site. 

Excluding measurements on loose contamination in 
defining RF, assumes that all loose contamination has 
been removed, and that no mechanism will loosen 
contamination during the occupancy period. This 
assumption does not appear to be justifiable in all cases. 
The second approach, which decomposes the resuspen- 
sion factor used in the occupancy scenario model into a 
resuspension factor for loose contamination, and a 
fraction of contamination that is loose (i.e., available for 
resuspension) allows uncertainty in the fraction of loose 
contamination to be explicitly addressed. This approach 
also provides a convenient mechanism for connecting the 
values for resuspension factor and secondary ingestion 
rate by using a common value for the fraction of loose 
contamination. 

The parameter RF, is therefore assumed to describe 
loose (resuspendable) contamination, and the licensee 
can reduce this value by demonstrating that the hct ion 
of loose contamination at their facility is less than a 
specified fraction of total contamination (see NUREG- 
1549). 

5.4.4.4.7 Chemical Properties of the Contaminant 

The potential effect of chemical properties on 
resuspension factor is estimated to be one order of 
magnitude or less. Because it is a source of site-to-site 
variability in RF,, licensees may base site-specific values 
for RF, on chemical property arguments, however the 
size of this effect may be small. 

5.4.4.4.8 Topography 

No quantitative information on the effect of this factor 
was found in the literature. Available information is 
therefore assumed to be insufficient to support 
alternative values for RF, based on site-specific 
topographic information. 

Of the factors influencing resuspension discussed above, 
site-specific values for RF, might be supported by 
information about the nature and intensity of disturban- 
ces likely to occur during the occupancy period. The 
effect of the remaining factors on resuspension is either 
relatively small (an order of magnitude or less), or is 
insufficiently defined in the literature for the licensee to 
defensibly derive a site-specific value of RF, from 
information about these factors. Variations in these 
factors from site to site introduce variations in RF, 
which are not expected be controllable by the licensee by 
restricting the use of the property (see NUREG- 1549 for 
more information). 

In addition to the nature and intensity of disturbance, the 
fiaction of loose contamination will also control resus- 
pension, and may be estimated from site data. As dis- 
cussed above, any site-specific estimate for this fi-action 
is assumed to be used to scale RF,, while RF, is assumed 
to describe resuspension of loose contamination. 

Variations in the site-specific values for RF, were 
estimated using published experimental data that were 
measured under a variety of activities and conditions. 
The procedure is summarized below, followed by a 
description of the application and results. 

(1) Reported values for resuspension factor were 
categorized according to similarity in the descrip- 
tions of the experimental conditions regarding the 
nature and intensity of disturbance. As discussed 
above, variations in resuspension factor due to 
variations in mechanical disturbance may be plausi- 
bly controlled by the behavior of the critical group. 

(2) For each category defined in Step 1, a range of 
acute (short term) resuspension factors was defined 
based on the reported values in each category. 
Within each category, variations in reported values 
are assumed to reflect variations due to factors other 
than the nature and intensity of surface disturbance, 
such as surface chemistry, surface topography, and 
particle size distribution. Variability in these factors 
among sites will also produce variability in site- 
specific values for RF,, however, the effects of 
these factors on resuspension would not depend on 
the activities of occupants. Instead, such variations 
are modeled as random variations among sites, 
independent of the use of the property. 

(3)  For each category, a range of chronic (annual 
average) resuspension factors was defined using the 
range of reported resuspension factor values for that 
category. In general, the reported values for 
resuspension factor correspond to activities that 



would be performed at intervals in an occupational 
setting, and performed only for a limited period of 
time. RF, represents a chronic (year-long) effective 
value, and should therefore reflect the mixture and 
duration of activities performed by members of the 
critical group during a typical year. The range of 
chronic resuspension factor values is based on the 
observed range in reported resuspension factor 
values in consideration of uncertainties in time 
allocation estimates and in the estimated range of 
acute resuspension factor values. 

(4) For a range of possible property uses, the 
occupation of the critical group at these properties 
was associated with one of the categories defined by 
the nature and intensity of disturbance in Step (1). 
This assignment reflects the occupational conditions 
to which a member of the critical group is expected 
to be exposed at such properties. Due to the limited 
number of measurements, only two categories were 
used to describe the potential occupational 
environments for members of the critical group. 
These categories are distinguished by the presence 
or absence of high air-flow rates. 

(5) A distribution describing the variability of RF, over 
sites was constructed based on: the estimated 
fraction of sites whose critical group is associated 
with each surface disturbance category defined in 
Step (4); and the distribution of chronic 
resuspension factor values associated with each 
category, defined in Step (3). In estimating the 
fraction of sites in each category, both the current 
use of the property, and the potential conversion of 
the property to other uses were considered. 

Grouping of Reported Resuspension Factors based on 
Experimental Conditions 

Table 5.1 1 summarizes the resuspension factors reported 
for experimental studies for various conditions (Jones 
and Pond, 1964; Glauberman et al., 1964; Mitchell and 
Eutsler, 1964; and Fish et al., 1964). Brunskill (1964) 
studied resuspension from contaminated clothing in the 
high air-flow conditions typical of a change room. In the 
occupancy scenario, contamination is assumed to occur 
on building surfaces. Resuspension from clothing was 
assumed to be unrepresentative of resuspension from 
these surfaces: values reported by Brunskill were there- 
fore not considered in defining a distribution for RF,. 

The experiments by Jones and Pond (1964) provide 
resuspension factors for a range of activities that are 
common in occupational settings. The measured 
resuspension factors reported by Jones and Pond (1964) 

are for four levels of activities using Pu02-contaminated 
particles (0.4 - 60 microns diameter) and particulate air 
samplers positioned at 14-175 cm above the surface. 

Glauberman et al. (I 964) provides resuspension factors 
for a range of air-flow rates and mechanical disturbances 
that may occur in occupational settings. The values for 
this study reported in Table 5.1 1 show the relatively 
narrow range of resuspension factors observed for four 
experimental conditions. Glauberman measured 
occupational exposure to airborne particulates in a 
operating facility by measuring the concentrations of 
particles in air (high efficiency particulate sampler) and 
particles on surfaces (smear sampling), and reporting the 
ratio as a resuspension factor. Airborne particle con- 
taminants in this experiment may have originated from 
sources other than surfaces (e.g., processing equipment, 
etc), which would tend to increase estimated resuspen- 
sion factor values. The reported values from 
Glauberman et al. (1964) are included in Table 5.1 1 for 
comparison with the distribution for RF,, but were 
judged to be highly uncertain and to overestimate the 
resuspension factor associated with the conditions 
described. These values were not used in developing the 
distribution. Mitchell and Eutsler (1964) measured 
resuspension factors during vigorous mechanical 
disturbance of contamination on a wood floor. The 
experimental conditions were contrived to deliberately 
suspend loose contamination in order to produce 
measurable values of resuspension factor. These 
conditions are not considered to be representative of 
conditions that would occur in an occupational setting. 
The reported values were therefore not included in 
defining a distribution for RF,. 

Fish et al. (1964) provides resuspension factors for a 
range of vigorous mechanical disturbances of contami- 
nation on a tile floor, and for high air-flow rates. The 
values in Table 5.1 1 for this study are reported for four 
types of disturbance. 

In order to separate the effects of occupation-related 
factors l?om uncontrollable factors on resuspension, the 
resuspension factor values reported in Table 5.1 1 were 
grouped according to the nature and extent of surface 
disturbance. The presence or absence of high air-flow 
rates was fmt used to define two groups. For measure- 
ments made in the absence of high air flow, the 
descriptions of mechanical disturbance of the surface 
were used to classify each reported value in to one of 
two sub-groups based on the presence or absence of 
mechanical disturbance. For high air-flow conditions, 
too few values are available to support a distinction 
based on mechanical disturbance. Table 5.12 shows the 
values assigned to each of the three resulting categories. 



Table 5.1 1 Resuspension factors measured under various conditions 

Experimental condition RF, (m-') 

Reported by Jones and Pond (1964) 
Normal room ventilation 3.3 x lo-% 
Walking (14 stepslmin) 9.1 x 

Walking (36 stepslmin) 6.9 x lo-' 
Walking (100 stepslmin) with wind stress (hair dryer directed toward floor) 1.5 x 

Reported by Glauberman et al. (1964)* 
Undisturbed 1.5 x low5 to 3.6 x 

Fans on 3.4 x lo4  to 1.6 x 

Vibration (dolly) 1.2 x lo-4 to 1.9 x lo-4 
Fans + vibration 1.2 x lo-4 to 1.5 x lo-' 
Reported by Mitchell and Eutsler (1964)** 
Vigorous sweeping by two workmen 1.02 x lo-' to 4.2 x lo-' 
Reported by Fish et al. (1964) 
Vigorous work activity, including sweeping 1.9 x 

Vigorous waking 3.9 x lo-s 
Light work activity 9.4 x 

Rapid air circulation 7.1 x 

* Values not used due to experimental error (see text) 
** Values not used due to unrepresentative conditions (see text) 

Table 5.12 Reported resuspension factor values grouped by experimental conditions 

Mechanical Air flow stress Reference 

Lowlnone Absent Jones and Pond (1964): Normal room ventilation 

Lowlnone Present Jones and Pond (1964): Walking (14 stepslrnin) 

Fish et al. (1964): Light work activity 

Jones and Pond (1964): Walking (36 stepslrnin) 
Fish et al. (1964): Vigorous work activity, including sweeping 

Fish et al. (1964): Vigorous walking 

High Fish et al. (1964): Rapid air circulation 

Jones and Pond (1964): Walking (100 stepslrnin) with wind stress 
(hair dryer directed toward floor) 

As discussed above, values reported by Glauberman 
et al. (1964) are assumed to overestimate resuspension 
by at least an order of magnitude, and were not included. 

Trends among categories in Table 5.12 are generally 
consistent with expectations about resuspension: values 
tend to increase when mechanical disturbance or high air 
flow rates are present. Within each category, however, 
the range of reported values is generally large. This 
range is assumed to reflect variability in factors other 
than the nature and intensity of disturbance, such as 
surface chemistry, topography, and particle size. 

Ranges of Resuspension Factors for Various Stress 
Conditions 

Ranges of resuspension factor values were defmed using 
the information in Table 5.12. Table 5.13 defines the 
ranges of resuspension factor values corresponding to 
each category. Estimates of the upper and lower limits, 
along with the source of these estimates, are provided for 
each category. 

The values in Table 5.13 are based on the range of 
reported acute resuspension factor values for distinct 



conditions of surface disturbance. The particular 
activities of occupants at a given site will entail 
characteristic disturbance conditions, and therefore 
control the effective resuspension factor values 
appropriate for those occupants. Within each category, 
the range of reported values is assumed to reflect the 
effects of factors specific to the site but unrelated to 
occupation, such as surface topography and chemistry, 
and particle size. 

The value for RF, used in the dose calculation should 
reflect the time-averaged value of condition-specific 
resuspension factors over the one year duration of the 
occupancy scenario. This time average (chronic) value 
will generally differ from the acute values in Table 5.13 
due to variations in the occupant's behavior over time. 
In addition, the larger resuspension factor values given 
in Table 5.13 for high air-flow conditions imply 
significant depletion of the source over the one year 
period of the scenario. The effects of these two factors 
on the proposed distribution for RF, are described in the 
following sections. 

Acute vs. Chronic Resuspension Factor Values 

For a given individual, the resuspension factor will vary 
with time because their activities vary with time. Ideally, 
an estimate of the chronic (time averaged) resuspension 
factor value would be based on an estimate of the time 
spent in activities corresponding to each category. The 
chronic resuspension factors would then be calculated as 
the sum of the acute resuspension factors for each 
category, weighted by the amount of time spent in each 
category. As a result of this averaging process, the range 
of chronic values for occupants who tend to spend their 

Table 5.13 Ranges of potential resuspension factor 

time in activities in a given category will be narrower 
than the range of acute values experienced by the 
occupant over time. 

A formal estimate of chronic resuspension factor values 
would require estimates of the time spent on each 
category, and of the acute resuspension factor for each 
categoy. For this analysis, the results of such a process 
would be subject to two important and counteracting 
sources of uncertainty. 

First, estimates of time allocation for particular 
occupations that might occur at licensed properties 
would be highly uncertain. Although, as discussed 
above, the range of chronic values for occupants would 
be narrower than the range of acute values due to the 
effect of time averaging, the location of the range of 
chronic values within the larger range of acute values 
would be subject to considerable uncertainty due to 
uncertainty in the estimated time allocation. 

Second, the ranges of possible acute resuspension factor 
values corresponding to distinct stress conditions is 
uncertain. Although ranges for the categories defmed in 
Table 5.13 were defined by the limits of reported values, 
very few observations are available for each category. 
As a result, the potential range of acute resuspension 
factor values corresponding to distinct stress conditions 
is expected to be wider than the range in reported values 
due to limited sampling of these conditions by published 
experimental results. In order to formally calculate 
chronic resuspension factor values, estimates of the true 
range of acute resuspension factors, developed in 
consideration of the limited number of samples available 
in each category, would be required. These estimates 
would also be subject to considerable uncertainty. 

values for categories of surface stress conditions 

Mechanical Limit Category Air flow stress Value 
(m-') 

Source 
. . 

A Low/ Absent Lower 3.3 x lo-' Jones and Pond (1964): Normal room 
none ventilation 

Upper 3.3 x lo-' Jones and Pond (1964): Normal room 
ventilation 

B Low/ Present Lower 9.1 x Jones and Pond (1964):Walking (14 
none stepslmin) 

Upper 1.9 x Fish et al. (1964): Vigorous work 
activity, including sweeping 

C High Lower 1.5 x Jones and Pond (1964): Walking with 
wind stress 

Upper 7.1 x Fish et al. (1964): R a ~ i d  air circulation 



Rather than attempting a formal calculation of chronic 
resuspension factor values, the ranges of values in Table 
5.13 were directly adopted as estimates of the ranges of 
potential chronic values for occupants typically exposed 
to conditions defmed by each category. This approach 
does not require assumptions regarding time allocation 
for various occupations nor assumptions about the actual 
range of potential acute values given the range in 
reported measurements. As discussed above, these 
assumptions would introduce considerable uncertainty in 
the calculated chronic values. The ranges in Table 5.13 
are also uncertain as estimates of chronic resuspension 
factors, however the two primary sources of uncertainty 
discussed above tend to have counteracting effects: time 
averaging of acute vaIues would result in chronic values 
that are narrower than the range of acute values, however 
the actual range of acute values is wider than the range 
of observed values due to the limited number of samples. 

Source Mass Conservation 

Based on the above considerations, the ranges of 
reported acute resuspension factor values in Table 5.13 
were assumed to defme the ranges in potential annual 
average resuspension factor values. For high air-flow 
conditions, however, the annual average resuspension 
factor value may also be limited by the total source mass. 
Because the occupancy scenario model does not include 
source mass loss via resuspension, resuspension factor 
values which imply substantial depletion of source 
contaminants will lead to overestimates of dose. 

The effect of source depletion by resuspension in the 
presence of high air flow can be included in one of two 
ways: the occupancy scenario model can be revised to 
include source mass conservation, or an effective 
resuspension factor can be derived which includes the 
effect of source mass loss during the one-year scenario 
period. The latter approach was adopted, as described 
below, to calculate an effective chronic resuspension 
factor value fiom the potential chronic values in Table 
5.13. This effective value incorporates the influence of 
source depletion, which is not modeled in the default 
occupancy scenario model as defined in NUREGICR- 
55 12, Vol. 1. The resulting resuspension factor values 
are not appropriate for models which explicitly include 
source mass loss via resuspension. 

Under conditions of high air-flow, any resuspended 
material is assumed to be removed as a potential source. 
Under this assumption, the rate of source depletion is 
equal to the resuspension rate: 

where C,(t) is the source concentration, and Ares is the 
resuspension rate. In Equation (5.20), all source mass 
loss is assumed to occur through resuspension, and mass 
loss due to other process is assumed to be negligible 
over the one-year dose assessment period. During this 
period, the amount of resuspended material is calculated 
from a constant specified source C,(O) and the specified 
resuspension factor value RF, Mass depletion implied 
by Equation 5.20 may be approximately included via 
RF,by requiring that the resuspended mass, calculated 
using &and C,(O), is equal to the average resuspended 
mass calculated using the potential chronic resuspension 
factor RF, and the depleting source C,(t): 

so that the effective and potential resuspension factors 
are related by: 

In Equation 5.22, T is the length of time during which 
source mass loss occurs, which was assumed to 
correspond to a standard working year of 250 eight-hour 
days (50 five-day weeks). The resuspension rate can be 
estimated from the room geometry, the ventilation rate, 
and the resuspension factor: 

r e  = ($1 ~c (5-23) 
room 

where V is the room volume, A is the room area, and A, 

is the ventilation rate. The ratio 41- typically ranges 
A 

from approximately 0.5 m for small rooms to 
approximately 1 m for large rooms. Ventilation rates 
corresponding to "high" air-flow rates were estimated 
using the Versar (1990) Database of PFT Ventilation 
Measurements, as summarized in the EPA Exposure 
Factors Handbook. The database compiles results fiom 
a number of separate studies, each study reporting a 
number of measurements taken at different residences or 
during different seasons. These measurements were 
made in residential rather than occupational settings, and 
cannot be used directly to estimate ventilation rates for 
high air-flow conditions. Across the summarized 



studies, the 90th percentile ventilation rates range from 
0.38 to 5.89 h-I. A ventilation rate of 5 h-' was therefore 
chosen to represent high air-flow conditions in an 
occupational setting. 

5.4.4.5 Proposed Distribution for RF, 

For a given site, a site-specific value for RF, should 
reflect conditions experienced by the average member of 
the critical group. The critical group at a given site is in 
turn assumed to be defrned by the occupation associated 
with the upper end of the range of effective resuspension 
factor values. 

A distribution function describing the variability of site- 
specific values for RF, was calculated as the weighted 
sum of the distributions for the surface stress categories 
defined in Table 5.13. Weights for each category 
represent the fraction of sites having critical groups 
which are chronically exposed to the type of surface 
disturbance characterizing each category. 

Within each category, site-to-site variability in 
topography, chemistry, particle size, and other factors 
unrelated to occupation were assumed to produce values 
between the lower and upper limits for that category. 
Because no information is available on the potential 
distribution of values within these limits, the logarithm 
of RF, was assumed to be uniformly distributed between 
them. For resuspension in the presence of high air-flow, 
effective resuspension factor values were calculated 
from the potential resuspension factor values (Category 
C of Table 5.13) using Equations 5.22 and 5.23. 

Assuming that any property might be devoted, at some 
future time, to light industry, no licensee would be able 
to exclude the possibility of mechanical disturbance 
chronically occurring at their site. The fraction of sites 
having critical groups exposed to Category A is therefore 
assumed to be 0. Many licensees would, however, be 
able to exclude the possibility of high air-flow rates, as 
such rates seem likely to be associated with customized 
ventilation systems, large openings such as bay doors, or 
other structural features which the building may lack. 
The fraction of sites containing such features was 
estimated as the fraction of non-service enterprises 
devoted to manufacturing in 1993 (approximately 9.8%), 
as reported by the U.S. Census Bureau. The remaining 
sites (90.2%) are assumed to have resuspension factor 
values fiom Category B. 

In summary, 90.2% of sites are assumed to have 
resuspension factor values between 9.1 x and 1.9 x 

m*', with a log-uniform distribution assumed 

between these limits. The remaining 9.8% of sites are 
assumed to have structural features that might create 
high air-flow conditions, and therefore have potential 
resuspension factor values ranging from 1.5 x 1 0-4 to 7.1 
x m-', with a log-uniform distribution assumed 
between these limits. High resuspension factor values, 
however, in conjunction with high air-flow conditions, 
imply substantial depletion of source mass during the 
one-year performance period. This depletion is included 
in the resuspension factor value by calculating an 
effective annual average value fiom the potential 
resuspension factor value using Equations 5 2 2  and 5.23. 
In this calculation, the ventilation rate was assumed to be 
5 h-', while the volumelarea ratio was assumed to be 
uniformly distributed between 0.5 m and 1.0 m. 

Figure 5.7 shows the resulting cumulative distribution 
functions for RF,, while Figure 5.8 shows the 
corresponding probability density function. The 
proposed distribution for RF, ranges fiom 9.1 x m-' 
to 1.9 x m-', with a median value of 5.0 x m-I. 
Although the resuspension factors for various experi- 
mental conditions ranges over several orders of magni- 
tude, values of resuspension factor for the screening 
group are biased towards the upper end of reported 
values based on the range of surface stress conditions 
assumed for the workers in light industry. This 
distribution reflects resuspension of loose contamination, 
and should be scaled to reflect the fraction of the total 
contamination which is available for resuspension. 

5.4.4.6 Parameter Uncertainty 

The proposed distribution describing the variability in 
the resuspension factor is based on several assumptions, 
leading to uncertainty in this distribution as an estimate 
of the potential variability of RF, over sites: 

(1) Resuspension of loose particles in a building occurs 
by a combination of wind stress from normal 
building ventilation and mechanical disturbances 
fiom waking and vehicular traffic. Other than in 
manufacturing establishments, persistent high air- 
flow conditions are assumed to be unlikely. 

Resuspension factor values are reported to depend 
to some extent on a number of other factors, 
including surface texture and topography, particle 
size distribution, type of deposition, and chemical 
properties of the contaminant and surface. These 
factors are assumed to produce site-to-site variations 
in resuspension factor values which are unrelated to 
the occupation of the critical group. 
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Figure 5.7 Cumulative probability function for RF, 

Figure 5.8 Proposed probability density function for RF, 

(3) The reported ranges of resuspension factors, 
measured under experimental conditions corres- 
ponding to episodic occupational activities, were 
adopted as the range of possible chronic resuspen- 
sion factor values for occupants typically engaged in 
these activities. This assumption was made in 
consideration of the uncertainties associated with 
estimated time alIocations for occupations, the 
tendency for time-averaged values to have lower 
variability than the true acute values, and the 
expectation that the limited number of measure- 
ments of resuspension underestimate the true 
variability in acute resuspension factor values. 

(4) The combination of high resuspension factor values 
with high air flow conditions implies substantial 
depletion of source mass during the one year dose 
assessment period. Because the default occupancy 
scenario model does not include source mass loss 
through resuspension, effective (annual average) 
resuspension factor values, which approximate the 
effect of source depletion, were developed for these 
conditions. This approximation assumes that 
resuspension is the primary mechanism of source 
depletion, and that mass loss through other 
processes are comparatively small during the 
performance period. These effective resuspension 
factor values are not suitable for use in models that 
explicitly include source mass loss by resuspension. 



( 5 )  The data on resuspension reported by Glauberman 
(1964) are regarded as uncertain over-estimates. 

(6) U.S. Census data on the numbers and types of 
industrial divisions in the United States reflect the 
variability in property uses over the licensed sites. 

(7) Alternative future property uses would be consi- 
dered in establishing a site-specific resuspension 
factor value. Such uses might increase or decrease 
mechanical surface disturbance. Increases in air 
flow are assumed to require extensive modifications 
to existing structures. 

5.4.4.7 Alternative Parameter Values 

The resuspension factor will vary across sites due to 
differences in the use of the properties, and due to 
factors unrelated to the use of the property such as 
surface chemistry and topography. A licensee may 
attempt to support limits on RF, based on the intended 
use of the property or provide site-specific data 
regarding fxed vs. removable contamination. Physical 

and site survey results may be used to support site- 
specific values. 

5.5 Results 

Parameter distributions defined in Section 5.4 were used 
to derive dose distributions for unit concentrations of 
each of the 106 potential source radionuclides having 
half-lives greater than 65 days (see Table 5.14). 
Screening dose values, corresponding to specified 
quantiles of the dose distributions, were then identified. 
Because the resuspension factor RF, is the only variable 
physical parameter, the quantile values of the dose 
distributions correspond to the quantile values of the 
distribution for RF,. The default value for RF,, 
corresponding to a specified inversion tolerance P,,, is 
simply the I - P, quantile value of the RF,, distribution. 
The general procedure for establishing these dose values 
is described in Section 3.0. The application of this 
procedure to the default Occupancy Scenario, and the 
resulting screening dose values and default RF, values, 
are summarized below. 

of the building, existing zoning requirements, 

Table 5.14 Source nuclides used in the parameter analysis 

- -- - - - - 

Source ID Source Source ID Source Source ID Source 

1 3H 87 126Sn+C 180 232Th 
2 1 OBe 89 125Sb 181 232Th+C 
3 14C 93 123mTe 183 23 1Pa 
5 22Na 95 127mTe 184 23 1 Pa+C 
9 35s 106 1291 187 232U 
10 36C1 114 134Cs 188 232U+C 
11 40K 115 135Cs 189 233U 
12 41Ca 117 137Cs 190 233U+C 
13 45Ca 128 144Ce 191 234U 
14 46Sc 132 147Pm 192 235U 
16 54Mn 137 147Sm 193 235U+C 
18 55Fe 138 151Sm 1 94 236U 
20 57Co 140 152Eu 196 238U 
21 58Co 141 154Eu 197 238U+C 
22 6OCo 142 155Eu 199 237Np 
23 59Ni 144 153Gd 200 237Np+C 
24 63Ni 145 160Tb 203 236Pu 
27 65Zn 146 166mHo 205 238Pu 
3 1 75Se 147 l8 lW 206 239Pu 
32 79Se 148 185W 207 240Pu 
41 90Sr 150 187Re 208 241Pu 
48 93Zr 151 1850s 209 242Pu 
49 93Zr+C 153 192Ir 21 1 244Pu 
52 93mNb 156 2 10Pb 212 2 4 1 h  
53 94Nb 160 2 1 OPo 213 242mAm 



Table 5.14 Source nuclides used in the parameter analysis (continued) 

Source ID Source Source ID Source Source ID Source 

5.5.1 Assumed Fraction of Removable 
Contamination 

As discussed in Sections 5.4.2 and 5.2.2, the resuspen- 
sion factor and secondary ingestion transfer factor 
parameters describe the uptake of removable contarnina- 
tion. The distributions defined for these parameters 
describe the resuspension and transfer of loose con- 
tamination. In calculating the screening dose values, 
10% of the measured source concentration was assumed 
to be removable. 

5.5.2 Definition of the Screening Group for the 
Occupancy Scenario 

The Screening Group is a generic Critical Group suitable 
for making decisions at any site without site specific 
information on potential occupant behavior. For the 
Occupancy Scenario, the Screening Group is defined as 
workers in light industry. The behavioral parameter 
values for the AMSG are defined by the mean values of 
their respective parameter distributions, described in 
Sections 5.2.1 and 5.2.2. Table 5.15 (see end of this 
section) lists the values for the behavioral and metabolic 
parameters of the occupancy scenario model: the time 
the AMSG spends in the building (To), the breathing rate 
for the AMSG (V,), and the secondary ingestion rate for 
the AMSG (GO). 

Table 5.15 Behavioral parameters for the 
average member of the screening group 

Parameter Value 

5.5.3 Calculation of Screening Dose Values 
As described in Section 3.0, screening dose values are 
calculated by deriving the distribution of possible dose 

values over all sites (given the behavioral parameter 
values defining the AMSG), and selecting, for each 
source nuclide, a dose value near the upper end of the 
resulting distribution. In general, this calculation entails: 
sampling the distributions for the scenario parameters 
characterizing the physical properties of the sites; using 
the scenario model to calculate the dose to the AMSG 
for each set of sampled values of the physical para- 
meters; assembling the dose distribution fiom the result- 
ing individual dose calculations; and identifying the dose 
value at the selected quantile of this distribution. 

The Occupancy Scenario model has one parameter, 
resuspension factor (RF,), characterizing the physical 
properties of the site. The three remaining input 
parameters describe occupant behavior, and are 
established by the definition of the AMSG as  described 
in Section 5.5.2. One thousand samples from the 
distribution for RF, were generated using stratified 
Monte-Carlo (LHS) sampling (Irnan and Shortencarier, 
1984). For each sample, dose to the AMSG was then 
calculated for unit concentrations of each of the 106 
possible source nuclides. For each source, the 
distribution describing possible doses to the AMSG was 
then constructed fiom these calculated doses. 

Possible screening dose values were selected from these 
distributions by stipulating a tolerance for underesti- 
mating dose (i.e., PC,,). For three alternative values of 
P,, and for each source nuclide, a screening dose value 
was identified such that the hction of doses larger than 
the screening dose was equal to P,,. These values 
correspond to the (1 - P c d  quantiles of the calculated 
dose distributions. 

Table 5.16 lists these screening dose values for each of 
the source nuclides, and for three alternative values for 
PC,,. As a measure of the spread of the dose 
distributions, Table 5.16 also shows the ratio of dose at 



the 95th percentile to the median dose. Figures 5.9 
through 5.15 show the calculated dose distributions for 
seven of the 106 individual sources: Co-60, Sr-90, Cs- 
137, Ra-226, Th-230, Th-232, and U-238. A P, value 
of 0.10 was used to define the screening calculations for 
DandD interim release 1 .O. 

Many source nuclides, such as Co-60 and Cs-137, have 
very narrow dose distributions: the ratio of the 95th 
percentile dose to the median dose is very close to 1. 
Dose due to these nuclides is not strongly dependent on 
resuspension, and presumably is dominated by non- 
inhalation pathways. Other nuclides, such as Sr-90 and 
Th-230 have broader (although still compact) distribu- 
tions. The ratio of the 95th percentile dose to the median 
dose is greater than three for many nuclides, indicating 
that dose is strongly controlled by the resuspension 
factor, and therefore occurs primarily through the 
inhalation pathway. 

5.5.4 Values of Physical Parameters Associated 
with Screening Doses 

Because there is only one physical parameter (RF,) in 
the Occupancy Scenario model, and because dose is a 
monotonically increasing function of resuspension 
factor, a given quantile of the dose distribution 

corresponds to the same quantile of the input distribution 
for RF,. For example, the 95th percentile of dose for all 
sources can be directly calculated using the value of RF, 
at the 95th percentile of it's distribution, in conjunction 
with the AMSG behavioral parameters. Table 5.17 lists 
the resuspension factor values corresponding to the 
alternative quantiles considered in Table 5.16. 

The derived dose distribution functions can also be used 
to test or formulate more complex decision criteria. As 
an example, the dose value at the 95th percentile of the 
dose distribution can be identified by stipulating the dose 
value at some other quantile of the dose distribution. 
Table 5.18 lists, for each of the three P,, values, the 
dose value at the 95th percentile, given that the dose at 
the (1 - P,J quantile is 25 mredyear. 

Dose values at the selected quantiles can also be used to 
calculate the source concentration equivalent to a dose of 
25 mredyear. Table 5.19 summarizes these concen- 
tration values. 

Table 5.16 Quantile values of unit-source dose distributions(mrem/year per dpm/100 cm3 

Dose @ P,, = 0.051 
Source PC,, = 0.25 PC,, = 0.10 PC,, = 0.05 

Dose @ P,, = 0.50 

3 H 1.68E-07 2.02E-07 2.19E-07 1.87 
1 OBe 5.5OE-04 7.43E-04 8.37E-04 3.23 
14C 5.66E-06 6.80E-06 7.36E-06 1.86 
22Na 2.62E-03 2.62E-03 2.62E-03 1 .OO 
35s 1.53E-06 1.97E-06 2.18E-06 2.53 
36C1 3.81E-05 5.01E-05 5.59E-05 2.78 
40K 2.45E-04 2.52E-04 2.55E-4 1.09 
41Ca 3.56E-06 4.29E-06 4.65E-06 1.90 
45Ca 7.07E-06 8.90E-06 9.80E-06 2.27 
46Sc 8.66E-04 8.71E-04 8.73E-04 1.02 
54Mn 7.90E-04 7.93E-04 7.94E-04 1.01 
55Fe 4.26E-06 5.55~--06 6.18E-6 2.67 
57c0 I.15E-04 l.18E-04 1.20E-04 1.09 
58C0 3.68E-04 3.69E-04 3.70E-04 1.01 
6OCo 3.43E-03 3.55E-03 3.60E-03 1-10 
59Ni 4.40E-06 5.87E-06 6.59E-06 3.03 
63Ni 1.03E-05 1.37E-05 1.54E-05 2.99 
65Zn 5.13E-04 5.20E- 04 5.23E-04 1.04 



Table 5.16 Quantile values of unit-source dose distributions 
(mrern/year per dpm1100 cm2) (continued) 

Source 
Dose @ P,, = 0.051 
Dose @ P,, = 0.50 

1.03 
1.93 
2.90 
3.27 
3.25 
3.09 
1.28 
2.59 
2.75 
2.16 
3.24 
1.03 
2.45 
2.95 
1.49 
2.07 
2.19 
1.06 
1.06 
1.04 
1.08 
1.73 
1.59 
1.03 
1.64 
1.06 
2.63 
3.19 
3.28 
3.24 
1.21 
1.25 
1.59 
1.23 
1.03 
1.43 
1 .oo 
1.39 
2.78 
1.02 
1.04 
2.47 
2.72 
2.41 
2.48 



Table 5.16 Quantile values of unit-source dose distributions 
(mremlyear per dpm/100 cm2) (continued) 

Source PC,, = 0.25 PC,, = 0.1 0 PC,, = 0.05 Dose @ P,, = 0.051 
Dose @ P,, = 0.50 

228Ra 9.24E-02 1.24E-01 1.40E-01 3.12 



Dose (mremly per dpml100cm2) 

Figure 5.9 Calculated distribution of dose to the average member of the screening group 
due to a unit source of Co-60 

Dose (mrernly per dpml100cm2) 

Figure 5.10 Calculated distribution of dose to the average member of the screening group due 
to a unit source of Sr-90 
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Dose (mremly p e r  dpmllOO cm2) 

Figure 5.13 Calculated distribution of dose to the average member of the screening group due to 
a unit source of Th-230 

Dose (mremly p e r  dpmllOO cm2) 

Figure 5.14 Calculated distribution of dose to the average member of the screening group due to 
a unit source of Th-232 

Table 5.17 Resuspension factor values a t  five quantile levels 

Parameter quantile level 

0.50 0.75 0.90 0.95 0.99 

RF, (m-') 4.97 x lo-' 1.06 x 1.42 x 1.62 x 1.84 x lo4 



Table 5.18 95th percentile dose values for 25 mremlyear dose 
values at P,, (mremlyear) 

Source P,, = 0.25 P,, = 0.10 P&, = 0.05 

3H 32.5 27.0 25 
1 OBe 38.1 28.2 25 
14C 32.5 27.0 25 
22Na 25.1 25.0 25 

35s 35.7 27.7 25 
36C1 36.7 27.9 25 
40K 26.0 25.3 25 
41Ca 32.7 27.1 25 
45Ca 34.6 27.5 25 
46Sc 25.2 25.1 25 
54Mn 25.1 25.0 25 
55Fe 36.3 27.8 25 
57Co 26.0 25.3 25 
5 8Co 25.2 25.1 25 
6OCo 26.2 25.4 25 
59Ni 37.5 28.1 25 
63Ni 37.4 28.0 25 
65Zn 25.5 25.2 25 
75Se 25.3 25.1 25 
79Se 32.9 27.1 25 

90Sr 37.1 28.0 25 
9321- 38.2 28.2 25 
93Zr+C 38.1 28.2 25 
93mNb 37.7 28.1 25 
94Nb 28.0 25.9 25 
93Mo 36.0 27.8 25 
99Tc 36.6 27.9 25 
106Ru 34.1 27.4 25 
107Pd 38.1 28.2 25 
1 1 OmAg 25.4 25.1 25 
109Cd 35.4 27.7 25 
1 l3mCd 37.2 28.0 25 
1 l9mSn 29.9 26.4 25 
12lmSn 33.7 27.3 25 
123Sn 34.2 27.4 25 
126Sn 25.7 25.2 25 
126Sn+C 25.7 25.2 25 
125Sb 25.4 25.1 25 
123mTe 26.0 25.3 25 
127mTe 31.6 26.8 25 



Table 5.18 95th percentile dose values for 25 mremlyear dose 
values at PC,, (mremlyear) (continued) 

Source P,, = 0.25 P,, = 0.10 PC", = 0.05 

1291 30.6 26.6 25 
134Cs 25.4 25.1 25 
135Cs 31.0 26.7 25 
137Cs 25.7 25.2 25 
144Ce 36.1 27.8 25 
147Pm 37.9 28.1 25 
147Sm 38.2 28.2 25 
151Sm 38.1 28.2 25 
152Eu 27.4 25.7 25 
154Eu 27.8 25.8 25 
155Eu 30.7 26.6 25 
153Gd 27.6 25.8 25 
160% 25.3 25.1 25 
l66rnHo 29.4 26.3 25 
181W 25.1 25.0 25 
185W 29.1 26.2 25 
187Re 36.7 27.9 25 
1850s 25.2 25.1 25 
192Ir 25.5 25.2 25 
210Pb 35.5 27.7 25 
21OPo 36.5 27.9 25 
226Ra 35.2 27.6 25 
226Ra+C 35.5 27.7 25 
228Ra 37.8 28.1 25 
227Ac 38.2 28.2 25 
227Ac+C 38.2 28.2 25 
228Th 38.1 28.2 25 
228~ht-c 38.1 28.2 25 
229Th 38.2 28.2 25 
229Th+C 38.2 28.2 25 
230Th 38.2 28.2 25 
230Th+C 37.9 28.1 25 
232Th 38.2 28.2 25 
232Th+C 38.2 28.2 25 
23 1Pa 38.1 28.2 25 
23 1 Pa+C 38.2 28.2 25 
232U 38.2 28.2 25 
232U+C 38.2 28.2 25 
233U 38.2 28.2 25 
233Ut-C 38.2 28.2 25 
234U 38.2 28.2 25 
235U 38.2 28.2 25 



Table 5.18 95th percentile dose values for 25 mremlyear dose 
values at P,, (mredyear) (continued) 

Source PC,,, = 0.25 P&, = 0.1 0 PC", = 0.05 

235U+C 38.2 28.2 25 
236U 38.2 28.2 25 
23 8U 38.2 28.2 25 
23 8U+C 38.0 28.2 25 
237Np 38.1 28.2 25 
2 3 7 ~ p + c  38.2 28.2 25 
236% 38.1 28.2 25 
23 8% 38.1 28.2 25 
239Pu 38.1 28.2 25 
24OPu 38.1 28.2 25 
2 4 1 h  38.1 28.2 25 
242Pu 38.1 28.2 25 
2 4 4 h  38.1 28.2 25 
24 1 Am 38.1 28.2 25 
242mAm 38.1 28.2 25 
243Am 38.1 28.2 25 
242Cm 38.2 28.2 25 
243Cm 38.1 28.2 25 
244Cm 38.1 28.2 25 
245Cm 38.1 28.2 25 
246Cm 38.1 28.2 25 
247Cm 38.1 28.2 25 
248Cm 38.1 28.2 25 
252Cf 38.2 28.2 25 

Table 5.19 Concentration (dpm1100 cm2) equivalent to 25 
mremly for the specified value of PC,, 

Source P,, = 0.75 P,, 0.90 P,, 0.95 

3H 
1 OBe 
14C 
22Na 
35s 
36C1 
40K 
41Ca 
45Ca 
46Sc 
54Mn 
55Fe 
57Co 



Table 5.19 Concentration (dpm1100 cm2) equivalent to 25 
mrem/y for the specified value of P,, (continued) 

Source P,, 0.95 



Table 5.19 Concentration (dpm1100 cm2) equivalent to 25 
mremly for the specified value of P,, (continued) 

Source PC,, = 0.75 PC,+, 0.90 PC, 0.95 



Table 5.19 Concentration (dpm/100 cm2) equivalent to 25 
mremty for the specified value of P c ~ ,  (continued) 

Source P,, = 0.75 PC,, 0 .90 PC,, 0 -95 



6.0 Residential Scenario in M3REG/CR-5512 

The residential scenario model, as defined in Volume 1 (1) external exposure to soil tracked indoors, 
and implemented in Release 1.0 of DandD (Wernig 
et al., 1999), is based on the following assumptions: (2) external exposure to penetrating radiation 

from submersion in airborne radioactive soil, 
Radioactive contamination occurs in a surface soil 
layer, (3) external exposure from swimming and shore- 

line activities, 
The property can be used for residential and light 
farming activities, (4) inhalation of indoor radon aerosol, 

Residency can occur immediately after release of (5) inhalation of outdoor radon aerosol, 
the property. 

(6) ingestion of drinking water from a surface- 
* Radioactive dose results fiom exposure via external water source, 

exposure, inhalation, and ingestion. The model 
includes twelve exposure pathways created by the (7) internal contamination fi-om puncture wounds, 
activities considered in the scenario: and 

(1) external exposure to penetrating radiation (8) dermal absorption of radionuclides 
from volume soil sources while outdoors, 

The residential scenario model includes 652 parameters 
(2) penetrating in addition to external dose rate factors, and inhalation 

from volume soil sources while indoors, and ingestion CEDE factors. The partition coefficients 

(3) inhalation exposure to resuspended soil while 
and uptake factors can be indkpendently specified 
for each chemical element. Other parameters, such as outdoors, 
ingestion rates, are defined for each of the major food 

(4) inhalation exposure to resuspended soil while categories cOnsidered in the mode1. 
indoors, 

(5) inhalation exposure to resuspended surface 
sources of soil tracked indoors, 

(6) direct ingestion of soil, 

(7) inadvertent ingestion of soil tracked indoors, 

(8) ingestion of drinking water from a ground- 
water source, 

(9) ingestion of plant products grown in contami- 
nated soil, 

(10) ingestion of plant products irrigated with 
contaminated groundwater 

(1 1) ingestion of animal products grown onsite, and 

These parameters are described in detail in Sections 6.2 
through 6.4. These descriptions include the way the 
parameter is used in the model and a summary of the 
information used to establish default values for the 
parameters. Table 6.1 summarizes the major parameter 
groups along with the classification of these parameters 
as either physical, metabolic, or behavioral. Parameters 
that were not evaluated in this study, and were given the 
default values defmed in Volume 1, are indicated in the 
right-hand column of Table 6.1. 

The annual TEDE for a parent radionuclide in the 
residential scenario, TEDER,, is calculated as the sum of  

external dose resulting from external exposure to 
penetrating radiation ftom soil sources, DEX8; 

(12) ingestion of fish from a contaminated surface- * CEDE for inhalation resulting from inhalation of 
water source. dust and resuspended contamination tracked 

indoors, DHR,; 

Eight other potential exposure pathways are not CEDE for ingestion resulting from inadvertent 
included in the analysis: ingestion of soil, DSR,; 



Table 6.1 Summary of residential scenario model input parameters 

Parameter Description 

Type: 
Report physical/ VO~. 

Units section behavioral/ 1 
metabolic 

PD 

RFR 

CDI 

CDO 
CDG 
VR 
VX 
VG 
GR 

F2 
VDR 

VSW 
I 

AR 

IR 

PS 
DIET 

UF 

TCV(1) 

TCA(1) 

THV( 1) 

THA( 1) 
TGV(1) 
TGF, TGG, 
TGH 

Exposure period: indoors 

Exposure period: outdoors 

Exposure period: gardening 

Total time in the 1-year exposure period 

Indoor shielding factor 
Outdoor shielding factor 

Floor dust-loading 

Resuspension factor for indoor dust 
Air dust-loading indoors 

Air dust-loading outdoors 
Air dust-loading gardening 

Breathing rate: indoors 
Breathing rate: outdoors 
Breathing rate: gardening 
Soil ingestion transfer rate 
Drinking water ingestion rate 
Thickness of surface-soil layer 

Thickness of unsaturated zone 

Porosity of surface-soil 
Porosity of unsaturated zone 

Saturation ratio for the surface-soil layer 
Saturation ratio for the unsaturated-soil layer 
Volume of water for domestic uses 
Volume of water in surface-water pond 

Infiltration rate 

Area of land cultivated 

Irrigation rate 

Soil areal density of surface plow layer 
Fraction of annual diet derived from home-grown 
foods 
Human diet of plant products 

Human diet of animal products 

Human diet of fish 

Food consumption periods for plant products 

Food consumption periods for animal products 

Holdup periods for plant products 
Holdup periods for animal products 
Minimum growing periods for plant products 
Minimum growing periods for forage, grain, and 
hay consumed by farm animals 

kg-wetly 

kgly 
kgly 

d 

d 
d 

d 
d 
d 



Table 6.1 Summary of residential scenario model input parameters (continued) 

Type: 
Report physical/ VO~. 
section behavioral/ 1 

metabolic 

Parameter Description Units 

Interception fractions for food crops 

Interception fractions for forage, grain, and hay 
consumed by farm animals 

Translocation factors for food crops 
Translocation factor for forage, grain, and hay 
consumed by farm animals 

Contaminated fhctions of forage, grain, and hay - 
consumed by farm animals 

Contaminated fractions of water consumed by farm 
animals 

Crop yields for food crops kg-wet/m2 

RV(1) 
RF, RG, RH 

TV 
TF, TG, TH 

XF, XG, XH 

YV(1) 
YF, YG, YH Crop yields for forage, grain, and hay consumed by 

farm animals 
Wetldry conversion factors for food crops 

Wetldry conversion factors for forage and hay 
consumed by farm animals 

Wetldry conversion factors for grain consumed by 
farm animals 
Farm animal Ingestion rates of forage, grain, and 
hay 
Farm animal Ingestion rates of water 
Soil intake fractions for farm animals 
Mass-loading factors for food crops 
Weathering rate for activity removal from plants 

Animal product transfer factor 
Fish bioaccumulation factor 

QW 
QD 
MLV 
LAMBDW 

FA 
BA 

Lld 

d g  
1 Id 

dflcg, 
pCi/kg-wet 
per pCin  

RHO 1 

RHO2 
TTG 
TF 
TD 
MLF, MLG, 
MLH 
TFF, TFG, 
TFH, TFW 
Kd 

Surface Soil Density 
Unsaturated Zone Soil Density 
Total time in gardening period 

Fish consumption period 

Drinking-water consumption period 

Mass-loading factors for forage, grain, and hay 
consumed by farm animals 
Feeding periods for forage, grain, hay, and water d 
consumed by farm animals 
Partition coefficients for the Surface Soil and 
Unsaturated Layers 

Carbon fractions for farm animals - 

Carbon fraction for forage, hay, and grain - 
consumed by farm animals 
Fraction of carbon in soil - 

fca 

fcf, fch, fcg 



Table 6.1 Summary of residential scenario model input parameters (continued) 

Parameter Description 

Type: 
Report physical/ Val. 

Units section behaviorall 1 
metabolic 

satac Specific activity equivalence for livestock 6.4.1 P x 
fha Hydrogen fractions for farm animals 6.4.1 P x 
fhv Hydrogen fractions for food crops 6.4.1 P x 
fhf, fhh, f ig  Hydrogen fractions for forage, hay, and grain 6.4.1 P x 

consumed by farm animals 

fhd0 16 Fraction of hydrogen in soil - 6.4.1 P x 
sasvh Tritium equivalence: plantlsoil - 6.4.1 P x 
sawvh Tritium equivalence: plantlwater - 6.4.1 P x 
satah Tritium equivalence: animal product/intake - 6.4.1 P x 
sh Moisture content of soil L/m3 6.4.1 P x 
Bl,B2,B3,B4 Concentration factors for individual chemical - 6.4.7 P 

elements and plant types leafy 

CEDE for a one-year intake of home-grown plant 
and animal products, DGR,; 

CEDE for ingestion of drinking water and irrigated 
food, D m ;  and 

CEDE for ingestion of aquatic foods, DAR,. 

The mathematical formulation of the above is (NUREG/ 
CR-5512, Vol. 1, p. 5.70): 

TEDERi = DEXI?, + DHR, +DGR,+ 
DWRi + DSRi + DAR, 

(6.1) 

The calculation of the components of TEDER is based 
on the concentrations of the parent, Ci, and daughter 
radionuclides, Cj, in the surface soil layer. Each 
component is a linear, but algebraically complicated, 
function of the soil concentration. 

Initial soil concentrations are specified as input para- 
meters. The model uses a mass balance calculation to 
update these concentrations due to the effects of radio- 
active decay, transport fiom the soil layer to the ground- 
water, groundwater pumping, and recirculation of some 
pumped groundwater as irrigation. 

Relevant parts of the mathematical model are discussed 
in Sections 6.2 through 6.4 below to define the 
connection of the model parameters to dose. The 
complete mathematical formulation of the model is 
contained in Chapter 5 of NUREGfCR-55 12, Vol. 1. 

6.1 Definition of Screening Group 

The screening group is a site-independent population, 
appropriate for use at all sites, which is reasonably 
expected to receive the greatest exposure given the 
scenario definition. For the residential scenario, the 
screening group is adult males who live and work on a 
farm, producing and consuming a hction of their diet 
fi-om the site. They obtain all water required for drink- 
ing, domestic and agricultural use fiom an on-site well. 

6.2 Behavioral Parameters 

6.2.1 Behavioral Parameters with 
Constant Values 

In this analysis the behavioral parameters that do not 
have significant variability or uncertainty for the defined 
screening group are held constant at the average value 
for the screening group. Other parameters, for example, 
the exposure period of one year, are held constant by 
definition of the exposure scenario. Table 6.2 lists the 
behavioral parameters that were held constant and the 
values used. 

DIET is a behavioral parameter that originally repre- 
sented the hction of the diet of an individual at the site 
that was derived from the intake of home-grown 
agricultural products. Kennedy and Strenge (1 992) 
(hereafter referred to as "Volume 1") defined the 
parameter in Table 6.23 (NUREGfCR-5512, Vol. 1) as 
the Fraction of Diet from Garden; however, the diet 



Table 6.2 Behavioral parameters with constant values 

Parameter Description Units 

DIET Fraction of annual diet derived from home-grown foods - 
TTR Total time in the 1-year exposure period d 
TCA(1) Food consumption period for beef 
TCA(2) Food consumption period for poultry 
TCA(3) Food consumption period for milk 
TCA(4) Food consumption period for eggs d 
TCV(1) Food consumption period for leafy vegetables d 
TCV(2) Food consumption period for other vegetables d 
TCV(3) Food consumption period for fruits 
TCV(4) Food consumption period for grain 
TD Drinking-water consumption period d 
TF 

m ( 2 )  
773A(3) 
THV( 1 ) 
THV(2) 

m ( 3 )  
T W 4 )  
TTG 

Fish consumption period 
Holdup period for beef 
Holdup period for poultry 
Holdup period for milk 
Holdup period for leafy vegetables 
Holdup period for other vegetables 
Holdup period for h i t s  
Holdup period for grains 
Total time in gardening period 

XF(1) Fraction of contaminated beef cattle forage 

XF(2) Fraction of contaminated poultry forage 

XF(3) Fraction of contaminated milk cow forage 

XF(4) Fraction of contaminated layer hen forage 

XG( 1) Fraction of contaminated beef cattle grain 

XG(2) Fraction of contaminated poultry grain 

XG(3) Fraction of contaminated milk cow grain 

XG(4) Fraction of contaminated layer hen grain 

XH( 1) Fraction of contaminated beef cattle hay 

XH(2) Fraction of contaminated poultry hay 

XH(3) Fraction of contaminated milk cow hay 

XH(4) Fraction of contaminated layer hen hay 

xw( 1) Fraction of contaminated beef cattle water 

xw(2)  Fraction of contaminated poultry water 

xw(3) Fraction of contaminated milk cow water 

xw(4) Fraction of contaminated layer hen water 

Value 

fraction pertains to all food products produced on-site 
for human consumption, including vegetables, fruits, 
grains, beef, poultry, milk, and eggs. The default value 
for DIET defmed in NUREGICR-5512 is 0.25. As used 
in the residential scenario model, a single, common value 
for the DIET parameter is assumed to apply to all food 
products. This assumption requires, for example, that 
the hc t ion  of domestically-produced beef in the diet 

equal the fraction of domestically produced leafy vege- 
tables. This assumption is unlikely to be satisfied in 
general, and is not representative of the screening group 
consisting of resident farmers. To better reflect the 
behavior of the average member of the screening group, 
who is expected to produce different fractions of each 
food product domestically, the human consumption rates 
U, and U, (Section 3.9) are defined as the rate of con- 



sumption of food derivedfi-om on-site production rather 
than the rate of consumption in general. With this 
definition of consumption rates, the DIET parameter is 
no longer used as originally defined, and its value is 1 in 
all cases. 

The remainder of the parameters in Table 6.1 are set at 
the Volume 1 default values. The consumption periods 
for all foods is set equal to the total time in the exposure 
period (365.25 days) as determined by the assumptions 
in the screening scenario. No additional information on 
the holdup periods was gathered, and these are assumed 
to represent averages for the screening group. It is 
assumed for the screening analyses that all the animal 
feed is grown on-site, in contaminated soil, and that all 
of the animal's water is fiom onsite sources (hct ion of 
contaminated feed and water is 1). 

6.2.2 Area of Land Cultivated, A, (m2) 
(Behavioral) 

6.2.2.1 Description of A, 

A, is defined in the residential scenario as the area of 
land that is used for the production of agricultural 
products for both human and animal consumption. The 
default value for this parameter defined in NUREGICR- 
5512 is 2500 m2. The cultivated area is the area required 
to support that portion of the resident fanner's diet that 
derives from on-site production. Both food crops 
consumed directly by the resident farmer, and feed for 
animals raised by the farmer are produced on the 
cultivated area. As a behavioral parameter, the default 
value for cultivated area reflects the domestic crop 
production, and therefore the domestically-produced 
food consumption rates, for the average member of the 
screening group. 

A distribution for A, is not defined. Instead, 4 is treated 
in this analysis as a h c t i o n  of the agricultural pathway 
parameters describing human consumption, animal 
consumption, and crop yields. The hc t iona l  connec- 
tion between these parameters and the cultivated area is 
described in this section. 

where I is the infiltration rate (mly), A, is the area of 
land under cultivation (m2), 1000 is a unit conversion 
factor (Urn3), and 1 is the time period for infiltration and 
irrigation b). In the parameter analysis, the cultivated 
area is also used to calculate the volume of water used 
for irrigation: 

V,, = IR A, 1 

based on the specified annual average irrigation rate IR 
(L/m2d). 

As discussed in NUREGICR-1549, the definition of the 
area to which a receptor is exposed is closely related to 
the definition of the source concentration. Concentra- 
tions at a site generally vary in space, however a single 
value is used in the default dose model and may be used 
in other dose models. The appropriate source concentra- 
tion for calculating dose due to exposure along a 
particular pathway is the average concentration, over the 
scenario exposure period, to which the receptor is 
exposed via the pathway under consideration. To 
properly reflect the actual spatial variability of concen- 
trations over a site, the specified concentration should be 
the largest average concentration, over the area to which 
the receptor is exposed, which is also consistent with 
available site data. 

For agricultural pathways, the "exposed" area is the area 
on which produce and animal feed are grown for 
domestic consumption, & The minimum cultivated area 
is that area required to support the specified consump- 
tion rates of an individual resident. This minimum 
required area is functionally related to other parameters 
of the agricultural pathways model, as described in the 
following section. 

6.2.2.3 Area Required to Support Specified 
Consumption 

The area required to support the specified domestic 
consumption of the resident, A,, is given by: 

6.2.2.2 Use of A, in Modeling 
where: 

4 is used to calculate the infiltration volume through the 
cultivated farmland area, V,,. The relationship between 
A, and Vir is described in NUREGICR-5512, Vol. 1, 
p. 5.68, by the following equation: 

Nv is the number of food crops considered in the diet; 
N, is the number of animal products considered in the 

diet; 
Uv is the ingestion rate of food crop type v by an 

individual (kg wet-weightly); 
U, is the ingestion rate of animal product type a by an 

individual (amount/y); 



Y, is the crop yield for food crop type v (kg wet- 
weightfm?); 

Y,* is the animal product yield for animal product type 
a (arnount/m~) 

The units of the animal product ingestion rates U, and 
the animal product yields Y,* may be different for 
different animal products, but must be consistent. In 
NUREGICR-55 12, U, is specified as kg wet-weightly for 
meat, poultry, and eggs, and as Lly for milk. 

The animal product yield Y,* is the amount of consuma- 
ble animal product produced through cultivation of 1 m2 
of animal feed, and can be defined in terms of the yield 
and requirements of an individual animal: 

where: 

Y,, is the annual product yield from an individual 
animal (arnountfy); 

A,, is the area required to supply the domestically- 
produced portion of an individual animal's diet (m2) 

The cultivated area required to support an individual 
animal is related to the animal's consumption rate and 
the effective yield for the feed crops in the animal's diet: 

where: 

N, is the number of animal feed crops in the animal's 
diet; 

Q, is the consumption rate of feed crop type k by 
animal type a (kg wet-wtld); 

Y, is the effective crop yield for feed crop type k (kg 
wet-wtlm2/y); 

x, is the fraction of feed crop type k consisting of 
domestic production in the diet of animal type a; 

6.2.2.4 Parameters used to Calculate A, 

Equations 6.4 through 6.6 relate the model parameter A, 
to other agricultural parameters used in the residential 
scenario model. Two additional parameters, which are 
not required in the default dose model, are required to 
calculated A,: the individual animal product yields Y,,, 
and the effective crop yields Y,. 

The individual animal product yields. Y,,, were assigned 
using data from the U.S. Department of Agriculture. 
(USDA) Annual data from the latest complete reported 
year were used in each case. Per-animal yields for beef 
were estimated fiom two data sets. The average dressed 
weight of federally inspected cattle in 1993 was 3 15 kg 
(USDA, 1998a). Total red-meat yield from beef in 1993 
was 10.4 billion kg (USDA, 1998b) and the total number 
of cattle slaughtered under federal inspection in that year 
was 33.3 million head, giving an average yield per head 
of 3 13 kg. The estimated values are consistent, and a 
median value of 3 14 kg per animal was assigned. The 
age at which beef cattle are slaughtered varies with the 
breed and with short-term economic factors such as 
current beef and feed price, but is typically between one 
and two years.' A representative age of 18 months gives 
an annual yield of 209 kglyear per head. 

The average per-animal yield for poultry was estimated 
from the total net ready-to-cook production from young 
chickens of 1 1.3 million kg in 1995 (USDA, 1 9 9 8 ~ ) ~  and 
the total number of young chickens slaughtered in 1995, 
7.37 million (USDA, 1998d), giving an average yield of 
1.53 kg per chicken. Chickens are assumed to be no 
older than one year at slaughter. 

Average annual milk production per cow, using data 
described in the USDA source as coming from "22 
major states," was 16,333 lbs in 1994 (USDA, 1998e), 
Assuming a density equal to water, the average volume 
production was 74 15 L per cow. The reported average 
production of table eggs in 1994 was 260.6 eggs per 
layer (USDA, 19980. The individual product yields for 
beef, poultry, milk, and eggs are summarized in 
Table 6.3. 

The effective crop yield Y,, is the mass of consumable 
feed produced per unit cultivated area. For hay and 
fresh forage, this yield is assumed to be identical to the 
standing biomass yield. The standing biomass yield, Y,, 
is a required parameter for the residential scenario model 
in NUREGICR-5512, Vol. 1 (see Sections 3.60 and 
3.62). For grain, the effective crop yield was estimated 
from crop production figures for 1996 reported by the 
USDA (USDA, 1997~). The effective yield for "grain" 
was estimated from the reported average yield for three 
primary components of feed grain: corn, sorghum, and 
oats. 

' Robert Pate, Bernalillo County Cooperative Extension 
Service, Oral Communication, January 15, 1997. 



Table 6.3 Annual animal product yields per animal for the four animal 
product types considered in the residential scenario model 

Animal Individual animal 
product type product yield Data source 

Beef 209 kgly 1994 average dressed-weight; assumed age at slaughter of 18 months 
Poultry 1.53 kgly 1995 young chicken ready-to-cook production and number slaughtered 
Milk 7414 L/y 1994 average milk production; assumed density of 1 kg/L 

260.6 eggsly E gg s 1994 average table-egg production per layer hen 

(6.7) 6.2.2.5 Alternative Values of A, 
'Egrain =Lorn 'corn + Lorg& 'sorghum + fw 'oats 

where f is the fractional area planted with each grain 
type, and Y is the net feed yield per area for each grain 
type. Table 6.4 summarizes the hctional area and yield 
based on the reported national totals for 1996, giving an 
effective yield for grain of 0.73 kg wet-wtlm2. 

Table 6.4 Area fractions and net yields for feed 
grains in 1996 

Fraction of Feed grain area growing Yield 
crop (kg wet-wt/m2) feed grains 

Corn 0.834 0.798 

Equation 6.3 provides a cultivated area that is consistent 
with the consumption patterns of the receptor specified 
by the parameters of the agricultural pathway model. 
For the screening calculations, these parameters describe 
the average member of the screening group, and the 
default cultivated area is the corresponding area required 
to support their consumption. Site conditions may set 
physical limits on the area that can be cultivated: this 
limit in turn implies limits on one or more of the 
parameters describing the agricultural pathway. The 
cultivated area may be modified to conform to site- 
specific area restrictions by modifying these parameters. 

Alternatively, the licensee may define a site-specific 
critical group. The behavioral parameters for the 

Sorghum 0.136 0.424 agricultural pathway model may be different for the 
Oats 0.030 0.207 average member of this group than for the average 

member of the screening group (AMSG), leading to a 

ne remaining parameters are required input for the revised value of A, consistent with the behavior of the 

residential scenario dose model. Table 6.5 summarizes group. 
the residential scenario model parameters used to 
calculate cultivated area, and the report sections defining 6.2.3 Exposure Period: Indoors, ti, 
values or distributions for these parameters. Outdoors, t,, and Gardening, t, 

Table 6.5 Parameters of the residential scenario 
(d/y) (Behavioral) 

model used to calculate cultivated area 6.2.3.1 Description of Exposure Periods 

Parameter Description Section 
number 

DIET fraction of the resident's diet 6.2.1 
derived from domestic produce 

uv ingestion rate of food crops 6.2.9 
ua ingestion rate of animal products 6.2.9 
yv food crop yields 6.4.5 
Qh animal feed consumption rates 6.4.6 
y ,a feed crop yields for hay and 6.4.5 

fresh forage 

Xks fraction of domestically- 6.2.1 
produced feed in animal diets 

The residential scenario model defmes three distinct 
situations or contexts for potential exposure: indoor 
exposure, gardening exposure, and exposure outdoors 
other than while gardening. These separate contexts are 
defined due to the distinctive pathways or transport rates 
that might apply to these situations. During the one-year 
scenario period, the AMSG is assumed to divide their 
on-site time among these three contexts. The three 
exposure periods ti, tx, and tg are behavioral parameters 
which specify the number of 24-hour days per year the 
AMSG spends indoors, outdoors (other than gardening), 
and gardening. The default values defined in 
NUREGICR-55 12, Vol. 1, for the times spent indoors, 
outdoors, and gardening are 200 dly, 70.83 d/y, and 4.17 



d/y, respectively. No reference is provided for these 
values. Default time allocations in RESRAD are based 
on the assumption that 50% of a person's time is spent 
indoors, and 25% is spent outdoors in the contaminated 
area. 

The exposure periods are behavioral parameters. For the 
screening calculations, the values for these parameters 
reflect the average member of the screening group, 
which consists of resident farmers. An estimate of the 
variability of exposure periods among individuals in this 
group is also required, to evaluate the homogeneity of 
the screening group. 

Current information on human activity patterns was 
reviewed to establish screening values for these 
parameters. Values representative of the screening 
group, consisting of adult resident farmers, were selected 
from this literature. For each of the three contexts, the 
average of these values is proposed as defining the 
behavior of the AMSG. A distribution was also 
identified to describe the potential variability in exposure 
time among individual members of the screening group. 

6.2.3.2 Use of Exposure Periods in Modeling 

The time allocation factors are used to calculate doses 
due to direct exposure and inhalation, as discussed in the 
following section. The rate of exposure differs in each 
environment due to differences in the physical character- 
istics of the environment (reflected in the shielding 
factors, dust loadings, and resuspension factors) and dif- 
ferences in behavior (reflected in environment- specific 
breathing rates). Within each environment, dose from 
each pathway varies linearly with the time spent in that 
environment. 

These parameters describe the time that the individual 
spends in various activities and are used to calculate 
extemal dose from exposure to radionuclide i in soils, 
DEXK, and inhalation committed effective dose 
equivalent, DHR,, fiom exposure to radionuclide i during 
residential activity. Dose from extemal exposure is 
calculated as (see NUREGICR-5512, p. 5.53). 

where DREFj is the external dose rate factor for radio- 
nuclide j for exposure to contamination uniformly 
distributed in the top 15 cm of residential soil (mremlh 
per pCiJg), A& is the concentration factor for radio- 
nuclide j in soil at the beginning of the current annual 

exposure period per initial unit concentration of parent 
radionuclide i in soil at time of site release @Ci/g per 
pCi/g), f, is the gardening period (90 days per year), CSi 
corresponds to the concentration of parent radionuclide 
i in soil at time of site release (pCi/g dry-weight soil), 
SF1 and S F 0  are shielding factors by which external 
dose rate is reduced during periods of 1) indoor 
residence and 2) outdoor residence and gardening, 
respectively, Ji is the number of explicit members of the 
decay chain for parent radionuclide i, S(A,j,h) is the 
time-integral operator used to develop the concentration 
time integral of radionuclide j for exposure over a 
one-year period per unit initial concentration of parent 
radionuclide i in soil (pCi*d/g per pCi/g dry-weight soil), 
S(A,j,G,) is the time-integral operator used to develop 
the concentration time integral of radionuclide j for 
exposure over one gardening season during 1-year 
period per unit initial concentration of parent radio- 
nuclide i in soil (pCi*d/g per pCi/g dry-weight soil), t, is 
the time during the gardening period that the individual 
spends outdoors gardening (d for a year of residential 
scenario), and f, are time in the one-year exposure 
period that the individual spends indoors and outdoors, 
other than gardening (d for a year of residential 
scenario), respectively, t, is the total time in the residen- 
tial exposure period (d), and 24 is a unit conversion 
factor (h/d). Inhalation dose is given by (see 
NUREGICR-55 12, p. 5.55): 

where V, V,, and V, correspond to volumetric breathing 
rates for time spent gardening, indoors, and outdoors, 
respectively (m3/h), t, is the time during the gardening 
period that the individual spends outdoors gardening (d 
for a year of residential scenario), ti and f, are time in the 
one-year exposure period that the individual spends 
indoors and outdoors, other than gardening (d for a year 
of residential scenario), respectively, t, is the total time 
in the residential exposure period (d), CDI and CDO are 
dust loading factors for indoor and outdoor exposure 
periods, respectively, (g/m3), CDG is the dust loading 
factor for gardening activities (g/m3), C, corresponds to 
the concentration of parent radionuclide i in soil at time 
of site release @Ci/g dry-weight soil), Ji is the number of 
explicit members of the decay chain for parent radio- 
nuclide i, S{AStj,f) is a time-integral operator used to 
develop the concentration time integral of radionuclide 
j for exposure over a one-year period per unit initial 
concentration of parent radionuclide i in soil @Ci*d/g 
per pCilg dry-weight soil), S{A,j,f,) is a time-integral 



operator used to develop the concentration time integral 
of radionuclide j for exposure over one gardening season 
during one-year period per unit initial concentration of 
parent radionuclide i in soil (pCi*d/g per pCi/g 
dry-weight soil), DFH, is the inhalation committed 
effective dose equivalent factor for radionuclide j for 
exposure to contaminated air (in units of mrem per pCi 
inhaled), P, is the indoor dust-loading on floors (g/m2), 
and RF, is the indoor resuspension factor (m-I). 

6.2.3.3 Information Reviewed to Define Exposure 
Periods 

The literature review conducted to support the EPA 
Exposure Factors Handbook (EPA 1996) was adopted 
as the most current compilation of relevant literature. 
This document contains a review and summary of 
current time allocation studies, along with detailed 
results from selected studies. T i e  allocations are 
reported for a variety of activities and environments. All 
reviewed studies minimally provide mean time 
allocations over the individuals surveyed. Defining 
ranges or distributions for the time allocation parameters 
of the residential scenario model, however, requires 
information on the variability of time allocation among 
individuals. In addition, time allocation data is required 
for the three environments considered in the residential 
scenario. Among the time allocation studies identified 
in the literature review, three primary sources were 
considered for the time allocation estimates in the three 
residential contexts. These sources are summarized 
below. 

Tsang and Klepeis (1996) is "the largest and most 
current human activity pattern survey available" (EPA, 
1996). Over 9000 respondents provided minute-by- 
minute 24-hour diaries between October 1992 and 
September 1994, and the responses weighted to produce 
results representative of the U.S. population. Percentile 
values are reported for the distributions of time spent in 
a wide variety of activities for "doers" of those activities. 
These values describe the variability of day-to-day time 
allocation, and therefore cannot be used directly as 
estimates of annual average values. Among the activities 
and environments considered, reported values for 
"Minutes Spent Working in a Garden or Other 
Circumstances Working with Soil" (EPA, 1996, Table 
14-60), "Minutes Spent at Home in the Yard or Other 
Areas Outside the House" (EPA, 1996, Table 14-1 18), 
and "Minutes Spent Indoors in a Residence (All 
Rooms)" (EPA, 1996, Table 14-129) were used to 
estimate average values for the critical group of resident 
farmers, as well as distributions for individual members 
of this group, as described in Section 6.2.3.4. 

Hill (1 985) also reports on individual variability in time 
allocation among a variety of activities. Data were 
collected in four waves, one per season, in 1975 and 
1976. Weekly average values, and standard deviations 
of those weekly averages, are reported for various age 
and gender cohorts. Unlike other activity pattern studies 
(exemplified by Tsang and Klepeis) which provide data 
on daily time allocation, Hill's study provides infor- 
mation on the variability of longer-term averages for 
individuals. Although the study period was also quite 
short in Hill (1985), observation periods were distributed 
throughout the year. The results of this study therefore 
appear to be the best basis for estimating the variability 
of annual average activity patterns among individuals. 
Hill provides time allocation information for a number of 
specific activities that are typically conducted at residen- 
ces, including meal preparation and cleanup, indoor 
cleaning, washingBressing, and reading. Data on total 
time spent indoors, however, is not provided. While the 
mean value for time spent indoors, for example, can be 
estimated from the mean values reported for activities 
typically conducted indoors, the variability in total 
indoor time among individuals cannot be estimated from 
the reported data without information on (or assumptions 
about) the correlation of time allocation among these 
component activities. Similarly, the time spent in a 
variety of outdoor activities is reported, however the 
total time spent outdoors at the residence is not. Among 
the outdoor activities, data on time spent in "gardening1 
pet care" (Hill 1985, Table 7.A.1) was considered in 
defining the distribution for t,, as discussed in Section 
6.2.3.4. 

Robinson and Thomas (1991) compare data from the 
1987-1998 California Air Resources Board (CARB) 
time activity study and from a 1985 national study 
American's Use of Time. Reported values from the 
national study were assumed to be more representative 
of the screening group because of the broader geo- 
graphical basis. Time allocation data are reported for a 
number of activities, locations, and micro-environments. 
For each of these categories, data are summarized by the 
average time spent, the standard error of this average, the 
average value for "doers," and the percentage of "doers" 
in the total sample. Among activities, locations, and 
micro-environments considered in this study, data on 
time spent outdoors at a residence (Robinson and 
Thomas, 1991, Table 9-1) were considered in defining 
the distribution for t. Data on time spent indoors are 
provided for two classifications: time spent in the 
kitchen, and time spent elsewhere indoors. As in the 
case of the data reported by Hill (1985), the average time 
spent indoors can be estimated by adding the average 
values for each classification. Information or assump- 
tions regarding the correlation between time spent in 



these two locations is required to estimate the variability 
in the total time spent indoors. 

Both Tsang and Klepeis (1996) and Hi11 (1985) report 
separate time allocation data for men and women, as well 
as aggregate time allocation data. There are significant 
differences between the gender-specific time allocation 
values for some environments. For example, Tsang and 
Klepeis (1996) report an average time spent outdoors at 
the residence of 158 m a d  for men, while women were 
found to spend and average of 115 midd in the same 
environment. This difference presumably reflects a 
specialization of domestic roles which is relevant for 
characterizing the screening group for the residential 
scenario. Because the screening group is defined as 
resident farmers, data for men, who typically spend more 
time outdoors and gardening, but less time indoors, were 
used to estimate the three exposure time parameters. 

6.2.3.4 Assumptions and Procedures Used to 
Derive Time Allocation Distributions 

A large amount of information on individual time 
allocation is available in the literature, however this 
information cannot be used to directly assign distribu- 
tions for the exposure periods. In each of the three key 
studies discussed in Section 6.2.3.2, a number of 
assumptions and inferences are required to derive para- 
meter distributions from the reported data. These 
assumptions and inferences are needed to supplement 
reported information, and to reconcile differences 
between the data reported and the model parameter 
values, in three areas: 

Time allocation values are "measured" over a single 
24-hour period, while the model parameters reflect 
annual average values. 

Tsang and Klepeis (1996) provide detailed 
distributional information; in both Hi11 (1985) and 
Robinson and Thomas (1 991), however, variability 
in time allocation among individuals is only 
characterized by the sample standard deviation. 
The form of the distribution is not available from 
the latter two studies, and must be assumed. 

Robinson and Thomas (1 991) do not directly report 
the standard deviation of time spent by "doers." 
This information must be derived from their 
reported values for the average times spent by 
"doers" and by all respondents, the standard 
deviation of time spent by all respondents, and the 
fraction of respondents considered "doers." 

In each area, the reported variability in time allocation 
does not directly correspond to the variability in annual 
average values among individuals in the screening group. 
The following sections describe the assumptions and 
procedures used to estimate the parameter distributions 
from the reported data. The average values over all 
individuals can be estimated directly fiom the reported 
data. These averages do not depend on the assumptions 
and procedures which are required to estimate the full 
distribution. 

6.2.3.4.1 Estimating Annual Average Values 
from Daily Values 

The time allocation studies found in the literature review 
use either diaries or retrospective questionnaires to 
measure individual's time allocation during a single day. 
Variability in these values represents both variability 
among individuals, and day-to-day variability of time 
allocation for a single individual. The time allocation 
parameters for the residential scenario should describe 
average behavior of an individual over one year, and the 
distributions for these pararneters should describe 
variability in this annual average over individuals in the 
screening group. Because reported distributions gener- 
ally describe variability of daily time allocation rather 
than annual average time allocation, they cannot be 
directly used to assign parameter distributions. Instead, 
estimating variability of annual average values fiom the 
reported distributions of daily values requires 
information or assumptions on the similarity of an 
individual's time allocation from one day to the next. 

The similarity of an individual's time allocations on 
successive days can be described by an autocorrelation 
function. Autocorrelation information is not available in 
the reviewed literature: three alternative assumptions 
were therefore considered in order to define the effect of 
uncertainty in the autocorrelation of daily time allocation 
on the distribution of annual average time allocation. 
These alternative assumptions lead to alternative distri- 
butions for individual time allocation. The average time 
allocation over all individuals, as discussed above, does 
not depend on these assumptions, and can be calculated 
directly from the reported data. Alternative assumptions 
will, however, lead to different estimates for variability 
in dose among members of the screening group. 

For a single individual, the correlation between the time 
spent in a given environment on one day was assumed to 
be positiveIy correlated with the time spent on any 
subsequent day: individuals who report spending a large 
amount of time gardening on a single day, for example, 
are assumed to be likely to spend a large amount of time 
gardening on subsequent days. Given this assumption, 



the three alternative autocorrelations considered 
correspond to the two extreme limits on non-negative 
autocorrelation, and an intermediate degree of autocor- 
relation. 

The first case assumes perfect correlation in a single 
individual's time allocation fiom one day to the next. In 
this case, the time spent in each environment on each day 
is identical to the time spent on any other day in the year. 
Under this assumption, the distribution of annual 
average time allocation values is identical to the 
distribution of daily values. This case produces the 
largest variability in the estimated annual average values: 
all variability in the reported daily values is assumed to 
be due to variations among individuals. The resulting 
distributions are probably unrealistically broad: this 
assumption is used to illustrate the upper limit of 
variability of annual average time allocation values. 

The second case assumes no correlation in time 
allocation from one day to the next. In this case, an 
individual's annual average value for time allocation 
consists of 365 independent samples from the reported 
distribution of daily time allocation. By the central limit 
theorem, the distribution of annual average values over 
individuals will be well approximated by a normal 
distribution, with a mean value equal to the mean daily 
value, and a variance equal to 1/365th of the variance of 
the daily values. This case produces the smallest 
variability in the estimated annual average values: all 
variability in the reported daily values is assumed to be 
due to "random" day-to-day variations which are the 
same for all individuals, and no variability is attributed 
to variations in individual habits. The resulting 
distributions are generally very narrow, and represent a 
lower limit on the variability of annual average values. 

The third case assumes an intermediate degree of auto- 
correlation. A single individual is assumed to spend a 
constant amount of time in each environment for 30 
successive days. The time spent in each environment is 
assumed to be independent from one 30-day period to 
the next. This assumed autocorrelation is not intended 
to be a realistic description of behavior: a realistic 
autocorrelation function might be expected to decay 
gradually with time, rather than to be limited to values of 
1 and 0. The simple autocorrelation function used in this 
case was designed to produce a plausible distribution of 
annual average values representing an intermediate 
degree of autocorrelation, and to simplify derivation of 
the distribution of annual average values. For a single 
individual, the annual average time allocation for each 
environment consists of the average of 12 independent 
samples from the reported distribution of daily values. 

6.2.3.4.2 Assumed Distributions for Daily Values 
Reported by Hi11 (1985) and Robinson 
and Thomas (1991) 

Hi11 (1985) reports the mean time spent by individuals, 
and describes the variability among the sample 
population by the standard deviation; Robinson and 
Thomas (1991) report the mean, along with other 
information fiom which the sample standard deviation 
can be derived (see below). No additional information 
on the form of the distribution is provided in either 
study. In each environment, and for any individual, the 
time spent is physically bounded by 0 and 365.25 
dayslyear. Without more specific information on the 
form of these distributions, distributions were assigned 
using the principle of maximum entropy. As stated by 
Jaynes (1982), this principle requires that '%hen we 
make inferences based on incomplete information, we 
should draw fiom them that probability distribution that 
has the maximum entropy permitted by the information 
we do have." In as much as the form of the exposure 
time distributions are unknown, the assumption of any 
specific distribution is arbitrary, and likely to be wrong. 
Given this uncertainty, the maximum entropy distribu- 
tion was judged the most reasonable choice in that ''most 
information theorists have considered it obvious that, in 
some sense, the possible distributions are concentrated 
strongly near the one of maximum entropyy7 (Jaynes, 
1982). Given the mean, standard deviation, and upper 
and lower limits, the maximum entropy distribution 
corresponds to a beta distribution. Beta distributions 
were therefore defined to describe the variability in 
individual time allocation based on these four pieces of 
information. 

6.2.3.4.3 Calculating Standard Deviation in 
"Doer" Time from Data Reported in 
Robinson and Thomas (1991) 

Robinson and Thomas (1991) report the average and 
standard error for the time spent outdoors over all 
individuals in the national survey American's Use of 
Time. This sample includes both individuals who regu- 
larly spend time outdoors ("doers7'), as well as  those who 
do not. A separate average value is reported for "doers," 
as well as the number of individuals in the overall 
sample, and the hct ion of the total sample classified as 
"doers.7' Individuals who spend time outdoors are consi- 
dered to be more representative of the screening group, 
however the variability in time spent by this sub-group 
is not reported in Robinson and Thomas (199 1). 

This variability can, however, be derived from the infor- 
mation presented. The standard error (SE) is related to 



the sample standard deviation (S) and the sample size (n) 
by: 

while the sample standard deviation is (for large n): 

where ti is the time spent by an individual I. The overall 
sample of size n can be divided into n, c'non-doers" of 
the activity (all of whose time values are zero), and n, 
"doers" with non-zero time values. The standard 
deviation of all time values in Equation 6.10 can then be 
expressed as the sum of two terms: 

The standard deviation of the sub-population of "doers" 
is defined as: 

which can be expressed in terms of the overall standard 
deviation, and the other quantities reported in Robinson 
and Thomas (1991), using Equation 6.14: 

6.2.3.5 Time Allocation Distributions 

Tsang and Klepeis (1996) provide data on daily time 
allocation for each of the three environments considered 
in the residential scenario. These data were used to 
estimate distributions for each of the three time alloca- 
tion parameters. As discussed above, three alternative 
autocorrelation functions were considered to explore the 
effect of this d o w n  information on the derived distri- 
bution of individual annual average values. 

Robinson and Thomas (1991) report data on time spent 
outdoors at residences. Detailed distributional informa- 

tion is not provided however, and a beta distribution was 
assumed. Like the data ftom Tsang and Klepeis (1996), 
these time allocations are daily values, and three altema- 
tive autocorrelation functions were used estimate the dis- 
tribution of annual average values for t, from this data. 

For the distributions derived from the daily measure- 
ments reported by both Tsang and Klepeis (1996) and 
Robinson and Thomas (1991), the distribution based on 
the intermediate degree (30 day period) of auto- 
correlation is recommended, although the bounding 
distributions (as well as other intermediate distributions) 
are equally consistent with the data. 

Hi11 (1985) reports the average and standard deviation of 
time spent gardening. Unlike the two other studies, each 
single time allocation value is an average of four 
separate reports fiom the same individual, taken in four 
seasonal "waves." As such, these values provide a more 
direct estimate of the annual average time allocation for 
each individual. The quality of this estimate is, however, 
uncertain, as it based on very limited data for each 
individual. A beta distribution was assumed based on 
the reported average, reported standard deviation, and 
the absolute physical upper and lower limits of 0 and 
365.25 dayslyear. Note that although the beta distribu- 
tion fitted to the data from Hill (1985) has a theoretical 
upper limit of 365.25 days, this limit is not practically 
approached: 98% of the distribution values are less than 
20 days. 

6.2.3.5.1 Time Spent Indoors (ti) 

Data describing the variability in daily values of total 
time spend indoors at a residence, reported by Tsang and 
Klepeis (1 996), were used to defme the distribution for 
ti. Table 6.6 reproduces the reported distribution of daily 
values for men, converted to units of 24-hour dayslyear. 
Figure 6.1 shows the distributions for indoor time 
resulting fiom the three assumed autocorrelation func- 
tions considered. There is considerable uncertainty in the 
distribution of annual average values due to uncertainty 
in the autocorrelation of daily values, although the 
bounding cases of no correlation and 365-day correlation 
can arguably be dismissed as unreasonable: the former 
shows very little variability in individual behavior 
around the common mean value of 266 days, while the 
latter shows nearly 5% of individuals spending less than 
8 hourslday (approximately 120 24-hour dayslyear) 
indoors. 

6.2.3.5.2 Time Spend Outdoors at the Residence (ti) 

Data describing the variability in daily values of time 
spent outdoors at a residence, reported by both Tsang 



Table 6.6 Distribution of daily values of time spent indoors at a residence (all rooms)* 

Sample size = 4269 
Population characteristic Value (24-hour dayslyear) 

Mean 

Standard deviation 

Minimum 

Maximum 
Percentile values: 

0.05 

0.25 

0.5 

0.75 

0.9 
0.95 

0.98 
0.99 3 65 

*from Tsang and Klepeis (1996) cited in EPA (1996) Table 14-129, Data for Men 

0 50 100 150 200 250 350 

Tlme lndwn  (dly) 

Figure 6.1 CDF of annual average time spent indoors based on daily from Tsang and 
Klepeis (1996) for three assumed autocorrelations 

and Klepeis (1996), and by Robinson and Thomas were selected as more representative of the screening 
(1991) were considered in defining the distribution for group. Figure 6.2 shows the distributions for outdoor 
\. Table 6.7 reproduces the distribution reported by time based on this data, resulting fiom the three assumed 
Tsang and Klepeis (1996) of daily values for men autocorrelation functions considered. 
converted to units of 24-hour dayslyear. Data for men 



Table 6.7 Distribution of daily values of time spent outdoors at a residence* 

Sample size = 1198 
Population characteristic Value (24-hour dayslyear) 

Mean 
Standard deviation 

Minimum 

Maximum 

Percentile values: 

0.05 

0.25 

0.99 185 
* from Tsang and Klepeis (1996) cited in EPA (1996) Table 14-1 18, Data for Men 

Figure 6.2 CDF of annual average time spent outdoors based on daily data from Tsang 
and Klepeis (1996) for three assumed autocorrelations 

Average daily values reported by Robinson and Thomas Table 6.8 summarizes the parameters of this distribution. 
(1991), and the sample standard deviation derived from Figure 6.3 shows the distributions for outdoor time 
the reported standard error, average for "doers," and resulting from the three assumed autocorrelation h c -  
sample size (see Section 6.2.3.5), were used to define a tions considered. 
beta distribution for daily values of outdoor time. 



Table 6.8 Distribution of daily values of time spent outdoors at a residence* 

Sample size = 2762 

Distribution parameter Value 

Reported parameters 
Mean (all subjects) (24-hour daysfyear) 

Standard error (all subjects) (24-hour daysfyear) 

Mean (doers) (24-hour daysfyear) 

% doers 

Derived parameters for doers 
Standard deviation (doers) (24-hour dayslyear) 

Minimum (24-hour daysfyear) 
Maximum (24-hour daysfyear) 

Alpha 

Beta 1.9 
* from Robinson and Thomas (1991) Table 9-1, National Survey Data 

0 100 150 200 250 300 350 400 

Time Outdoors (dly) 

Figure 6.3 PDF of annual average time spent outdoors based on daily data from Robinson and 
Thomas (1991) for three assumed autocorrelations 

Using either set of data, there is considerable uncertainty because of this conservative characteristic, and because 
in the distribution of outdoor time due to uncertainty in the underlying distribution of daily time allocation 
autocorrelation of daily values. The distribution based values is more accurately defined. 
on data from Tsang and Klepeis (1996) has a larger 
mean value (40 24-hour daysfyear) than the data from 
Robinson and Thomas (1991) (29 24-hour daysfyear). 
The former is recommended as the distribution for t, 



6.2.3.5.3 Time Spent Gardening (tJ 

Data describing the variability in daily values of time 
spent gardening, reported by both Tsang and Klepeis 
(1996), and by Hi11 (1985) were considered in defining 
the distribution for t,. Table 6.9 reproduces the 
distribution reported by Tsang and Klepeis (1996) of 
daily values for men of time spent working in a garden 
or other circumstances working with soil, converted to 
units of 24-hour dayslyear. Data for men were selected 
as more representative of the screening group. 

Table 6.9 Distribution of daily values of time 
spent working in a garden or other 
circumstances working with soil* 

Sample size = 2125 

Population Value (24-hour 
characteristic dayslyear) 

Mean 2.92 
Standard deviation 9.50 
Minimum 0 
Maximum 365.25 
Percentile values: 

0.05 0 
0.25 0 
0.5 0 
0.75 0.761 
0.9 5.07 
0.95 12.7 
0.98 38.0 
0.99 58.3 

* from Tsang and Klepeis (1996) cited in EPA (1996) Table 
14-60, Data for Men 

Gardening times reported by Hill (1985) were assumed 
to approximate annual average values. A beta distribu- 
tion fort, was developed directly ffom the reported mean 
and standard deviation, and the absolute physical limits 
of 0 and 365.25 dayslyear. Unlike the results of Tsang 
and Klepeis (1996), reported mean values for men and 
women are quite similar: the overall average and 
standard deviation using both genders was therefore 
used to define the distribution. Table 6.10 summarizes 
the key parameters of this distribution. 

Figure 6.4 shows the three distributions for gardening 
time based on the data of Tsang and Klepeis (1996) 
(using three alternative autocorrelation fhctions), along 
with the beta distribution based on the mean and 
standard deviation reported by Hi11 (1985). Although 
Hill's procedure yields estimates of annual average time 

Table 6.10 Distribution of annual values of time 
spent gardening* 

Sample size = 971 

Distribution parameter Value 

keported parameters 
Mean (24-hour dayslyear) 2.1 
Standard deviation (24-hour dayslyear) 5.4 

Derived parameters for doers 
Minimum (24-hour dayslyear) 0 
Maximum (24-hour dayslyear) 365.25 
Alpha 0.17 
Beta 29 
* from Hill (1985) Table 7.A.1, Data for Men and Women 

allocation (based on four daily measurements of the 
same individual, distributed throughout the year), the 
fitted distribution is quite similar to the distribution of 
daily gardening times reported by Tsang and Klepeis 
(1996). Note that although the beta distribution fitted to 
the data fiom Hill (1985) has a theoretical upper limit of 
365.25 days, this limit is not practically approached: 
98% of the distribution values are less than 20 days. 

Three considerations favor the distribution based on 
Tsang and Klepeis (1996) (assuming a 30-day auto- 
correlation) over the distribution fitted to Hill (1985): the 
better definition of the distributional form provided by 
Tsang and Klepeis (1996); the similarity of the distri- 
bution based on Hill (1985) to the distribution of daily 
values reported by Tsang and Klepeis (1996), suggesting 
that Hill's data are more representative of daily values 
than annual average values; and the small number of 
daily measurements on which Hill's annual average 
estimates are based. As in the case of annual average 
values for indoor time and outdoor time, there is 
considerable uncertainty in the distribution of gardening 
time due to uncertainty in autocomelation of daily values. 

6.2.3.6 Summary 

The National Human Activity Patterns Survey analysis 
of Tsang and Klepeis (1996) was used to define 
exposure periods for the average member of the 
screening group, and to estimate variability in exposure 
periods among individuals in the screening group. This 
study was preferred over available alternatives because 
of the large sample size, the availability of exposure 
period data for micro-environments considered in the 
residential scenario, the availability of data for sub- 
populations approximating the screening group (i.e., 
"doers" of gardening), and the availability of 
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Figure 6.4 CDF of annual average time spent gardening based on data from Hill (1985) and 
daily data from Tsang and Klepeis (1996) for three assumed autocorrelations 

distributions of daily individual exposure time values. 
Mean values and distributions for time indoors were 
developed from data in Robinson and Thomas (1991), 
and Hill (1985) was used to estimate mean values and 
distributions for gardening time. These estimates are 
provided for comparison with the recommended values, 
but are not recommended for use in the residential 
scenario because of the lack of detailed distribution data 
from either study, and the difficulty in estimating expo- 
sure times for all three contexts from either study alone. 

6.2.3.6.1 Average Exposure Time 

The exposure time for the average member of the 
screening group were directly estimated by daily time 
allocation values for men available in the literature. 
Tsang and Klepeis (1996) report average values for time 
spent indoors at a residence and outdoors at a residence. 
This study also provides quantile values for the distribu- 
tion of time spent gardening or working with soil. The 
average value was calculated from this distribution. 
Robinson and Thomas (1991) report an average for 
"doers" of time spent outdoors at a residence; Hill 
(1985) reports an average value for time spent 
gardening. Table 6.1 1 summarizes these reported 
average values. The average values given by Tsang and 

Klepeis (1996) have been adopted due to the large 
number of samples in the study, the availability of 
exposure time values for each of the three scenario 
contexts in a single study, and the availability of 
distributions of individual values for each context. 

Table 6.11 Summary of average exposure time 
values (24-hour dayslyear) 

Reported average Parameter Source (24-hr days per year) - -  - . 

Indoor time (ti) 240 Tsang and Klepeis 
(1 996) 

Outdoor time 40.2 Tsang and Klepeis 
(53 (1996) 

29.2 Robinson and 
Thomas (1991) 

Gardening time 2.92 Tsang and Klepeis 

(9 (1996) 

2. I Hill (1985) 



6.2.3.6.2 Distribution of Exposure Times 

The recommended distributions for annual average time 
spent in each residential environment are shown in 
Figures 6.5 and 6.6, and summary properties are listed in 
Table 6.12. Table 6.13 list quantile values of these 
distributions, which were generated by Monte-Carlo 
sampling of the empirical distributions of daily time 
allocation reported in Tsang and Klepeis (1996) (see 
Tables 6.6, 6.7, and 6.9 above). Each distribution is 
based on daily values reported in Tsang and Klepeis 
(1996). Among the three key studies considered, this 

survey presents the most complete defmition of the 
distribution of daily values, from which the distributions 
of annual average values were estimated. The estimated 
distribution of annual average values is based on an 
assumed autocorrelation of 30 days. The autocorrelation 
of daily values is uncertain, and the assumed value is 
intermediate between the limiting values of no 
correlation between daily values, and perfect correlation 
between daily values. The spread of the time allocation 
distributions is sensitive to the assumed autocorrelation, 
however the mean value over all individuals does not 
depend on this assumption. 

- Gardsnnng Time  (lg) 

+ Indoor Time (14) 

Figure 6.5 Cumulative probability functions for indoor time (ti), outdoor time (tx), 
and gardening time (tg) 

- OutdoorTime  (h) 
-- - Gardening Time (tg) 

T n d o o r  Time (ti) / ' /  
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Figure 6.6 Probability density functions for indoor time (ti), outdoor time (tx), 
and gardening time (tg) 



Table 6.12 Summary properties for time allocation parameter distributions 

Distribution properties (24-hour dayslyear) 
Parameter 

Mean Median 1st percentile 99th percentile 

Indoor time (ti) 240 23 8 189 285 
Outdoor time (tJ 40.2 40.9 20.1 75.8 
Gardening time (t,) 2.92 1.73 9.10 x lo-' 12.0 

Table 6.13 QuantiIe vaiues for exposure period distributions 

Probability t, ( ~ I Y )  ti (~VY) k WY) 

6.2.3.6.3 Correlations Among Exposure Times 
and Other Parameters 

The time that an individual spends in a given context is 
constrained by the time spent in each of the other two 
contexts. Some amount of negative correlation should 
therefore exist between each pair of time allocation 
distributions, however the size of this correlation is 
uncertain. The total time an individual spends on site 
(i.e., the sum of indoor time, outdoor time, and garden- 
ing time) was calculated using two limiting assumptions 
about this correlation: zero correlation, and a rank 
correlation coefficient of -0.5 between each pair of time 
categories. The latter correlation is the largest (negative) 
common correlation coefficient that still produces a 
positive-definite covariance matrix for the three time 
allocation parameters. Figure 6.7 shows the distribution 
of total on-site time under these two assumptions. 

The distribution of total time is somewhat narrower 
when the component distributions are negatively 
correlated. For example, the 99th percentile value for 
total time on site is 342 days assuming no correlation, 
but 325 days when a rank correlation coefficient of - 0.5 
is assumed. Because the distributions for the two 
limiting correlation assumptions are similar, uncertainty 
in the appropriate correlation will not have a large 
influence on the estimated variability of dose over 
individuals in the screening group. A correlation 
coefficient of -0.5 is recommended because it reflects 
the competition for an individual's time among indoor, 
outdoor, and gardening activities. 

The amount of time spent gardening is also presumably 
related to the amount of food produced in the garden, 
although the magnitude of the correlation between these 
parameters is unknown. A correlation coefficient of 1 
between the gardening time and food production rate is 
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Figure 6.7 CDF of total on-site time (ti + tx + tg) for two assumed rank 
correlation coefficient values 

assumed. Because the calculated dose is an increasing 
function of both gardening time and ingestion rate for 
domestic produce, this assumption conservatively 
bounds the potential variability in dose among members 
of the screening group. Neither the assumed correlation 
among exposure times, nor the assumed correlation 
between gardening time and ingestion rate, affect the 
estimated mean values for these parameters. Table 6.14 
lists the assumed rank correlation coefficients among the 
exposure times and other model parameters. 

Table 6.14 Correlations among exposure times 

Parameters Rank correlation coefficient 

ti, '4 -0.5 
GY tg -0.5 
$9 ti -0.5 

6.2.3.7 Uncertainty in Exposure Periods 

this group. Data for time indoors and outdoors at a 
residence from this study were not available for this 
subset of the sample subjects. Exposure periods for 
the latter two parameters therefore include non- 
gardeners, and may overestimate the values for the 
screening group. Because gardening time 
represents a relatively small proportion of total 
time, the extent of overestimation would appear to 
be small. 

(2) The majority of reported time allocation values 
reflect daily values rather than annual average 
values. The autocomelation of daily values for 
individuals is required to estimate annual averages. 
This h c t i o n  is unknown, however bounding and 
intermediate approximations can be defined. 
Uncertainty in this function introduces considerable 
uncertainty in the variability of annual average time 
allocation over individual members of the screening 
group. The average value for this group does not 
depend on the assumed correlation. 

The proposed distributions describing the variability of (3) In two key studies, variability in time allocation is 

time allocation factors for individuals in the screening only characterized by a standard deviation. The 

group rests on several assumptions which introduce underlying distributions were assumed to follow a 

uncertainty into the proposed distributions: beta distribution defmed by the reported mean and 
standard deviation, and by absolute limiting values 

(1) The screening group consists of resident farmers. 
of 0 and 365.25 daysfyear. These limits represent 

Data from Tsang and Klepeis (1996) on "Time theoretical bounds, and the effective range of the 

Spent Gardening or Other Activities Working With fitted distributions are smaller than the theoretical 

Soil," for the subset of individuals who engage in ranges in all cases. 
- - 

these activities, was assumed to be representative of 



6.2.3.8 Alternative Exposure Period Values 

The exposure period parameters are behavioral para- 
meters. Alternative values could be proposed by 
defining a site-specific critical group, as discussed in 
NUREGICR-1549. If this screening group does not 
grow produce, gardening time (along with ingestion rates 
of domestic produce, cultivated area, and irrigation rate) 
for this group would be 0. 

6.2.4 Indoor Shielding Factor, SF1 
(Behavioral) 

6.2.4.1 Description of SF1 

The indoor shielding factor, SFI, as defined for NUREGI 
CR-5512, Vol. 1, is a measure of the attenuation of 
gamma radiation by structural materials such as walls, 
floors, foundations, and support structures in buildings, 
and is defmed as the ratio of equivalent dose behind the 
shield to that in front of the shield. The model uses a 
single, constant value for all radionuclides, and for all 
structural materials. SF1 is classified as a behavioral 
parameter because its value depends on the type of 
construction of the residence. 

6.2.4.2 Use of SF1 in Modeling 

SF1 is directly related to dose. For a given concentration 
of a given radionuclide in soil, external dose is 
proportional to SF1 (i.e., the higher the value for SFI, the 
higher the total annual dose). 

This parameter is used for calculating external dose fiom 
exposure to radionuclides in soils, DEXRi, (mrem for a 
year of residential scenario) as described by the 
following (Equation 5.69, p. 5.53 in NUREGICR-55 12, 
Vol. 1): 

where DFER, is the external dose rate factor for 
radionuclide j for exposure to contamination uniformly 
distributed in the top 15 cm of residential soil (rnremlh 
per pCi/g); ASj is the concentration factor for radio- 
nuclide j in soil at the beginning of the current annual 
exposure period per initial unit concentration of parent 
radionuclide i in soil at time of site release ('Ci/g per 
pCi/g); C, is the concentration of parent radionuclide i 
in soil at time of site release (pCilg dry-weight soil); SF1 
and S F 0  are shielding factors by which external dose 

rate is reduced during periods of indoor residence and 
outdoor residence, including gardening; Ji is the number 
of explicit members of the decay chain for parent radio- 
nuclide i; S(ASj,c,) is a time-integral operator used to 
develop the concentration time integral of radionuclide 
j for exposure over a one-year period per unit initial 
concentration of parent radionuclide i in soil @Ci*d/g 
per pCi/g dry-weight soil); S(ASj,$,) is a time-integral 
operator used to develop the concentration time integral 
of radionuclide j for exposure over one gardening season 
during a one-year period per unit initial concentration of 
parent radionuclide i in soil @Ci*d/g per pCi/g dry- 
weight soil); t, % and t, are times in the one-year 
exposure period that the individual spends gardening, 
indoors, and outdoors (excluding gardening); h is the 
total time in the residential exposure period (d); and 24 
is a unit conversion factor (h/d). The same shielding 
factor is used for all radionuclides and is not dependent 
on the energy of the gamma radiation. 

6.2.4.3 Information Reviewed to Define SF1 

The value of 0.33 for SF1 was adopted as the default 
value in NUREGICR-5512, Vol. 1, and is based on 
information derived from studies on deposition of 
radioactive material from atmospheric plumes (Alrich 
1978; Kocher 1978; Jensen 1985). The radiation sources 
considered in these models are fallout radioactivity 
deposited on roofs, outer walls, and ground surfaces, and 
may have different energy profiles than decommissioned 
sites. Although these models can be used to approximate 
shielding factors for contaminants deposited around and 
on buildings, they do not account for contaminants under 
structures, as required in DandD dose modeling. The 
RESRAD value for this parameter is 0.7. 

References cited in NUREGICR-55 12, Vol. 1, and more 
recent publications on radiation shielding were reviewed 
to determine if information was available to estimate 
shielding factors for structures or buildings that were 
constructed or placed on contaminated land. (Jensen 
1985) estimated shielding factors for a number of single- 
family and multistory houses using the computer model, 
DEPSHIELD. Leung (1992) calculated shielding factors 
for concrete and glass based on equivalent dose build-up 
factors in materials, and the shielding factors were used 
for estimating the protection against radioactive plumes. 
Graf and Bayer (199 1) performed shielding calculations 
for 12 building types and compared the calculated 
factors with shielding factors derived from fallout 
measurements. 

Shielding factors can be estimated for structures built or 
placed on contaminated soil using Microshield 4.20@. 
The model simulates radiation levels inside a structure 



from external contamination beneath or adjacent to the 
structure for a wide range of structural materials and, 
therefore, would approximate the scenario conditions. 
The shielding factor is determined from the following: 

where p is the attenuation coefficient for the structural 
material (e.g., wood, concrete, gypsum) and x is the 
thickness of the material. p varies with energy of the 
incident gamma radiation and the type and density of the 
material. Other factors, such as source geometry and 
buildup (i.e., scattering of radiation to the detector), are 
included in MicroShield 4.20@. Attenuation coefficients, 
buildup factors, and buildup factor coefficients are 
available from a library of reference data. The spatial 
distribution of contaminants in soils, energy range of 
gamma radiation, and physical characteristics and 
compositions of shielding materials are input parameters 
for MicroShield 4.20a. 

6.2.4.4 Determination of PDF for SF1 

Estimates of shielding factors were based on the 
attenuation of external gamma radiation in a wood h e  
building with wood siding and either a wood or concrete 
floor. A wood h e  structure assembled from common 
building materials was selected for these calculations 
because this type of structure would not overestimate the 
shielding provided by the residence. Other wall types 
(brick, cinder block) would be expected to provide 
somewhat greater shielding. 

6.2.4.4.1 Description of Structure 

The structure used in this model is a single-story wood 
b e  building (1000 ff) with a wood or concrete floor. 
The construction and materials are based on current 
standard practice (Marks' Standard Handbook for 
Mechanical Engineers) The walls consist of parallel 2" 
x 6" studs spaced 16" apart with gypsum wallboard (112" 
thick) on the internal surface of the wall and external 
sheathing covered with cedar siding on the outside 
surface. Fiberglass insulation fills the void volume 
between the gypsum wallboard and external sheathing. 
The wood floor is constructed of 1" thick plywood 
sheathing over parallel 2" x 8" floor joists spaced 16" 
apart, with fiberglass insulation placed beneath the 
plywood sheathing and between the parallel floor joists. 
The thickness of the concrete floor was varied at 
increments to estimate the effects of varying thicknesses 
of concrete on shielding. Gamma activity was calculated 

for a position at the center of the building at a height of 
1 m above the contaminated soil surface as shown in 
Figure 6.8. The model simulates the level of radiation 
through the floor and walls of the building from an 
infinite source uniformly distributed over the top 15 cm 
of soil and neglects shielding by floor joists and studs. 
The input parameters for the model are identified in 
Table 6.15. 

6.2.4.4.2 Calculation of Shielding Factors 

MicroShield 4.20a calculates the effective dose equiva- 
lent, EDE (mSv/h) with, and without, shielding. The 
shielding factor, SFI, is calculated as the ratio of the 
EDE rate for gamma radiation at the center of the struc- 
ture, EDE,, to the EDE rate for gamma radiation 
expected if no shielding were present, ED&: 

EDE, is the sum of the attenuated EDE rates attributed 
to gamma radiation shielding by the floor, EDE,, and by 
the walls, ED&: 

The energy range used in MicroShield 4.20@ represents 
the range of energies for radionuclides identified in 
NUREGICR-55 12, Vol. 1. Shielding factors were 
calculated for discrete gamma energies for wood and 
concrete floors, and the results are tabulated in Table 
6.16 and presented in Figure 6.9. The range of gamma 
energies used in the model represents variations across 
radionuclides and not uncertainty in the energies for 
single isotopes. The information in Table 6.16 can be 
used for estimating shielding factors for specific 
radionuclides based on their gamma energy spectrum. 

6.2.4.4.3 Distribution for SF1 

The distribution for SF1 describes the variability in 
shielding factors over individual members of the 
screening group, which consists of resident farmers, and 
depends on the structural and material properties of the 
residence. Alternative assumptions about the residence 
corresponding to a range of current residential construc- 
tion practices were used to define the variability of SF1 
over members of the screening group. The cumulative 
probability distribution in Figure 6.10 was derived by 
conservatively selecting the maximum shielding factor 
for each of the four floor types in Table 6.16 and 
assigning equal probabilities to each floor type. 
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Figure 6.8 Cross section of building for calculating gamma activity from contaminants in soil 

Table 6.15 Input parameters for Microshield 4.20@ 

Factor Type or value Remarks 
- 

Wood floor 1 " plywood (0.6 g/cm3) mobile homes, or manufactured houses, have no 
concrete slab foundation 

Concrete floor 3.5", 5.25", & 7" thick 3.5" is the minimum thickness for concrete slab allowed 
by the uniform building code 

Surface area of floor 1000 square feet 
Density of concrete 2.309 glcm3 Marks' Standard Handbook for Mechanical Engineers 
Windows, % 20% of total wall area LL 9, 

Window thickness 3 mm, density 2.58 g/cm3 LC 37 

Wall, gypsum %" sheet rock, 2.025 g/cm3 LC 79 

Wall, glass fiber density 2 g/cm3 LL 7) 

Wall, sheathing 1 cm thick, density 0.35 g/cm3 " ,, 
Wall, external %" cedar, density 0.35 g/cm3 " 77 

Contaminated soil Infmite slab, 15 cm thick Assumed thickness of contaminated soil 
Gamma activity 0.03 7 dlsec/cm3 d/sec/cm3 = pCi/g 
Energy range 0.03 to 2.25 MeV Energy range established fiom: ImBa (0.0299 MeV); 

Is6Eu (2.27 MeV) 

Table 6.16 Shielding factor as a function of gamma energy 

Energy Wood Shielding factor 
(MeV) (pier & beam) 3.5" concrete 5.25" concrete 7" concrete 



Table 6.16 Shielding factor as a function of gamma energy (continued) 

Energy Wood Shielding factor 
(MeV) (pier & beam) 3.5" concrete 5.25" concrete 7" concrete 

Shielding factor: house (wood frame & siding, concrete 
foundation on grade), from infinite slab of contaminated 

1.00E+00 
soil 

0.010 0.1 00 1 .ooo 10.000 

Energy, MeV 

I -u- 3.5 inch foundation -A- 7 inch foundation - M H or P & B 

Figure 6.9 Shielding factor as a function of energy for three different 
floors in building 

Probability Density 

Figure 



6.2.4.5 Uncertainty in SF1 6.2.5.2 Use of Parameter in Modeling 

The proposed distribution describing the variability in 
the shielding factor over members of the screening group 
of resident farmers rests on several assumptions: 

A wood frame house was used in the model. This 
type of construction is typical of current practices, 
although other assumptions (e.g., brick) are also 
consistent with screening group assumptions. 

Other structural materials that may contribute to 
shielding, such as steel reinforcement, wall studs, 
and floor joists, were not included in the model 
calculations. 

6.2.4.6 Variability Across Sites 

This parameter is expected to vary fiom site to site 
depending on the type and construction of buildings or 
structures. Alternative distributions for this parameter 
could be proposed based on site-specific information 
about the source energy profile. 

6.2.5 Soil Ingestion Transfer Rate for the 
Residential Scenario, GR (gld) 
(Behavioral) 

6.2.5.1 Parameter Description 

The soil ingestion transfer rate, GR, is a behavioral 
parameter that represents the average daily intake of soil 
by the AMSG for the residential scenario. GR is the 
quantity of soil ingested per day, averaged over the one 
year duration of the scenario, by inadvertent transfer 
fiom hands or other objects that have been in contact 
with a contaminated surface, such as food, cigarettes, 
etc., into the mouth. 

The default value for this parameter defined in 
Volume 1, is 5 x lo7 g/d. This value was defined based 
on published reports on soil ingestion studies. Nine 
references are listed for this data (National Academy of 
Sciences, 1980; Lepow, 1975; Hawley, 1985; Binder et 
al., 1986; Calabrese, 1989; Davis et al., 1990; Calabrese, 
1990; Van Wijnen et al., 1990; EPA, 1991). Six of these 
studies focused on soil ingestion by children. The 
screening group consists of adult resident farmers, and 
soil ingestion rates for children are not representative of 
this group. The range of reported ingestion rates for the 
adult-workers/ members of the public is 5 x lo-' to 1 x 

lo-' g/d. 

As detailed below, the dose fiom the ingestion pathway 
is directly proportional to GR. Overall dose will be 
sensitive to GR for those sources with significant 
contributions of ingestion dose to total dose. The 
parameter GR is used to calculate CEDE for internal 
ingestion dose, DSR,, resulting from inadvertent inges- 
tion of soil and contaminants on surfaces. The relation- 
ship between GR and intemal dose due to ingestion is 
defined in NUREG/CR-5512, Vol. 1, p. 5.73 as: 

where GR is effective transfer rate for ingestion of soil 
and dust transferred to the mouth (g/d), S(&,k) is time- 
integral operator used to develop the radionuclide j 
concentration in soil, over the residential exposure 
period for a unit initial concentration of parent radio- 
nuclide i in soil at the time of site release @Ci*d/g per 
pCi/g for 1 year of residential scenario), Ji = number of 
explicit members of the decay chain for parent 
radionuclide i, Cd is concentration of parent radionuclide 
i in soil at time of site release @Ci/g dry-weight soil), 
and DFGj is the ingestion CEDE factor for radionuclide 
j (mrem per pCi ingested). The resulting intemal dose is 
directly proportional to the soil ingestion rate. 

6.2.5.3 Review of Additional Information to 
Define PDF for GR 

A literature review was conducted to define a distribu- 
tion for GR describing the variability in ingestion rate 
among members of the screening group. The average 
value of this distribution defines the ingestion rate for 
the AMSG. 

In general, soil ingestion is the inadvertent oral intake of 
soil through a process whereby soil-contaminated objects 
(hands, cigarettes, food, etc.) are placed in the mouth. 
The average value for the parameter GR represents the 
annual average quantity of soil ingested per day by the 
AMSG, and the distribution of this parameter describes 
the variability in annual ingestion rate among individuals 
in the screening group. Most of the published measure- 
ments of soil ingestion found in the literature review 
pertain to children. The screening group is defined as 
adult resident farmers, and the soil ingestion rates of 
children are not representative of this group. 

Volume 1 summarizes reported soil ingestion rates 
published prior to 1992. These estimates were derived 
from limited studies on soil ingestion in adults, and 



postulates about mouthing behavior. Additional infor- 
mation was reviewed to determine if other data or 
approaches, preferably more recent than those cited in 
Volume 1, were available to provide a defensible basis 
for constructing a PDF for GR for use in the analysis. 
Additional information reviewed included the EPA 
Ekposures Factors Handbook (1 996), and the references 
cited therein, LaCoy (1987), Calabrese et al. (1990), 
Gephart et al. (1994), and Stanek et al. (1997). 

Soil ingestion rates in adults have been estimated by: 1) 
analysis of selected tracer elements in human diets and 
comparing the dietary intake of these elements with 
tracer elements found in feces and urine of adult 
volunteers; and 2) observation of individual behavior 
pattern in adults under a range of environmental 
conditions and activities. Numerous studies on soil 
ingestion have been conducted using a tracer method 
(BTM) developed by Binder et al. (1986) (Stanek and 
Calabrese, 1995; Sedrnan and Mahrnood, 1994; 
Calabrese and Stanek, 1995; Stanek et al., 1997; and 
others). 

Table 6.17, and the following discussion, summarizes 
published studies of soil ingestion by adults. 

Hawley (1985) reported soil ingestion rates of 4.8 x lo-' 
g/d for outdoor activities and 5.6 x 1 0-4 to 1.1 x lo-' g/d 
for indoor activities. The highest ingestion rates 
occurred for outdoor physical activities (e.g., yard work, 
gardening, etc). The ingestion rates for indoor activities 
ranged over two orders of magnitude and included 
typical activities such as occupying a typical living space 
and working in uncleaned areas (e.g., attic, utility room, 
garage). Based on an estimated duration for each 
activity, Hawley calculated an annual average soil 
ingestion rate of 6.1 x lo-' g/d for an adult in a typical 
residential setting. Krablin (1989) estimated the soil 
ingestion rate in adults from urine arsenic epidemiolo- 
gical studies, mouthing behavior, and time activity 
patterns. He concluded from these studies that adults 
ingest 1 x lo-' g of soil per day. Sheppard (1995) 
estimated the intake of soil from non-food sources in 
adults based on indoor and outdoor activities and 
exposure durations. Based on estimates of exposure 
duration of 300 hly and a soil ingestion rate of 2 x 

g/h for gardening activities, and an exposure duration of 
5000 h/y and a soil ingestion rate of 3 x lo-' g h  for 
indoor activities, he calculated an average daily soil 
ingestion rate of 2 x lo-' g/d. Stanek (1995) reviewed 
previous work and presented revised estimates on soil 
ingestion in adults. Using data on four tracer elements, 
they calculated an average soil ingestion rate of 6.4 x 

g/d. 

Calabrese et al. (1990), Stanek and Calabrese (1995), 
and Stanek et al. (1997) estimated soil ingestion rates in 
adults based on mass-balance studies in which intake 
rates were estimated from concentrations of several trace 
elements in ingested foods and medicines, environmental 
dust and soil, and body excretions (feces and urine). 
These studies collected data over multiple one-week 
periods, during which each subject ingested a controlled 
quantity of soil from their environment. This mass, 
along with soil mass ingested with food, was subtracted 
fiom the estimated mass that was derived fiom measured 
tracer elements in feces and urine. Although these 
studies draw on very limited data, the results are very 
consistent with previous studies reported in the 
literature. Calabrese et al. (1990) concluded from his 
evaluation, however, that the tracers used in his study 
failed to demonstrate adequate detection limits for 
assessing soil ingestion in adults. 

Using quantitative data on zirconium tracers from 
Calabrese et al. (1 990), Gephart et al. (1 994) estimated 
soil ingestion rates in adults. Their analysis indicated 
that a soil ingestion rate of 1 x - 1 xlO" g/d is a 
very conservative estimate and recommended this range 
for purposes of risk assessments. Gephart et al. (1994) 
derived a distribution of adult soil ingestion by Monte- 
Carlo simulation, however this distribution represents 
the variability in estimated daily ingestion values. These 
daily estimates were obtained from daily measurements 
of tracer concentrations in food and waste products. As 
discussed below, this procedure requires assumptions 
which create significant experimental error in the 
estimated daily rates. Because of the large measurement 
error, and because the distribution for GR should 
describe variations in average annual ingestion rate 
among individuals in the screening group, rather than 
day-to-day variations in ingestion rate, the distribution 
presented in Gephart et al. (1994) is not appropriate for 
this analysis. 

The study by Stanek et al. (1997) included a larger 
number of subjects than the 1995 study (10 adults as 
opposed to six) and incorporated methodological and 
interpretative improvements based on earlier studies. 
However, the experimental approach used by Stanek 
et al. (1997) relies on a number of idealizing 
assumptions of questionable validity. The resulting 
estimates of daily ingestion rate are highly uncertain, and 
are frequently less than 0. For example, they neglected 
any absorption or metabolism of tracer substances in 
their studies, and they assumed that the transit time of 
the tracers in the intestinal tract was constant and 
consistent for all subjects in the study. The calculated 
soil ingestion rates were predicated on the assumption 
that the ratio of tracer element-to-soil in the fecal sample 



Table 6.17 Soil ingestion rates in adults 

Reference Soil ingestion rate (gld) Comments 

Hawley, 1985 6.1 x lo1 Ingestion rates and time activity patterns 

Calabrese, 1987 1 x - 1 x lo-' Based on CDC estimates 

Krablin, 1989 1 x Arsenic studies, mouthing behavior, time activity patterns 

Gephart et al., 1 x lo3-1 x 10' Estimate based on mass balance studies of soil ingestion in adults 
1994 

Sheppard, 1995 2 x 10' Intake of soil from non-food sources 

Stanek and 6.4 x lo7 
Calabrese, 1995 

Revised estimate based on the measurement of four tracer 
elements in adults 

Stanek et al., 1997 1 x lo1 Mass balance studies on 10 adults over a period of 28 days 

is identical to the ratio of tracer element-to-soil in the 
local environment of the subject. As a result, their 
attempts to distinguish contributions from soil and house 
dust yielded conflicting results. 

6.2.5.4 Proposed Distribution for GR 

Although there is very little empirical data representative 
of the screening group, the above studies provide a 
rough estimate of soil ingestion rates in adults. 
According to studies on soil ingestion published between 
1975 and 1997, soil ingestion rates vary over a range of 
about 4 orders of magnitude. The variations observed in 
these studies have been attributed to a number of factors, 
including the level of loose contaminants in the local 
environment, the behavior of individuals in the studies, 
controls that are imposed, and the exposure time. Based 
on the data in Table 6.17, soil ingestion rates range from 
a minimum of 0 g/d to a maximum of 1 x lo-' g/d with 
a likely ingestion rate of 5 x g/d. In the absence of 
a reliable quantitative estimate of variability in long-term 
average rates among adult individuals, a triangular 
distribution for the parameter GR is recommended. 
Figure 6.1 1 shows the assigned cumulative distribution 
function, and Figure 6.12 shows the corresponding 
probability density function, using the minimum, 
maximum, and mode values cited above. The mean 
value of this distribution, representing the AMSG, is 5 
x lo-' g/d. 

Empirical support for this parameter is very limited. 
The most recent measurements of soil ingestion in 
adults are subject to wide variability. 

Soil ingestion has been studied in adults in residen- 
tial settings using selected trace elements. Several 
assumptions were made in these experimental 
measurements: 

(1) The specific elements selected as tracers for 
soil ingestion studies are not absorbed or 
retained in the digestive tract of the adult 
subjects or undergo any metabolic changes 
that would prevent excretion of the tracer 
elements. 

(2) Tracer elements in the body excretions 
originate exclusively from foods, medicines, 
and ingested soils. The amount ingested in 
foods and medicines is the same amount found 
in duplicate samples. 

(3) The quantity of soil ingested is obtained from 
the ratio of the quantity of tracer excreted to 
the concentration of tracer in soil, with the 
assumption that the tracer element concentra- 
tion is constant and distributed uniformly in 
soil and dust. 

6.2.5.6 Alternative Parameter Values 
6.2.5.5 Parameter Uncertainty 

The proposed distribution describing the variability in 
the soil ingestion rate among members of the screening 
group is based on several assumptions that contribute to 
uncertainty in the distribution: 

The default parameter value is representative of the 
average member of the screening group of adult resident 
farmers. Alternative, site-specific critical groups may 
lead to a revised value for this parameter. 
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Figure 6.11 Cumulative probability function for GR 
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Figure 6.12 Probability density function for GR 



6.2.6 Drinking Water Ingestion Rate, U, The justification for applying these data to the screening 

(Ud) (Behavioral) group (i.e., adult males who garden and obtain drinking 
water from groundwater sources) is based on the 

6.2.6.1 Description of Uw assumption that the screening group would be 
represented by individuals in the group from 20 to 65 

Drinking water ingestion rate, U,, is the daily average of age. Although we do not have data specific to 

human consumption rate of groundwater from a well. adult males or limited just to groups who garden, it is 

The dose model uses a single, constant value. assumed that drinking water intake rates fiom these large 
populations is representative of the screening group. 

6.2.6.2 Use of Uw in Modeling 

Use of contaminated groundwater for human consump- 
tion increases the dose from radionuclides present in 
groundwater. The drinking water ingestion rate is used 
in calculating the dose due to consumption of 
contaminated groundwater and will depend to a large 
extent on the ages and dietary needs of individuals at the 
site. Therefore, U,., is considered a behavioral parameter. 

This parameter is used in the irrigation and drinking 
water dose model for calculating the ingestion dose fiom 
contaminated water and may be used to calculate the 
volume in the aquifer. The drinking water ingestion 
factor, AFdj, is determined from the drinking water 
ingestion rate fiom the following (Equation 5.75, p. 5.59 
of NUREGlCR155 12, Vol. 1): 

where U, is the daily intake of drinking water (lld), 
DFGj is the ingestion CEDE factor for radionuclide j 
(mrem per pCi ingested), t, is the duration of water 
intake period (d for 1 year of residential scenario), and 
C* is the average annual concentration of radionuclide 
j in groundwater. 

6.2.6.3 Information Reviewed to Define a 
Distribution for U, 

The default value for this parameter, as defmed in 
NUREGICR-5512, Vol. 1, is 2 lld. There was no 
justification or explanation provided for this value. The 
RESRAD value for the parameter is 1.4 lld. 

The 1977-1978 Nationwide Food Consumption Survey 
(NFCS) of the USDA collected information about food 
and beverage consumption fiom a random sample of the 
U.S. population (USDA, 1983). Survey results fiom 
26,081 individuals were analyzed, and a statistical 
analysis of the water intake rates were reported (Ershow 
and Canter, 1989). Roseberry and Burmaster (1992) fit 
lognormal distributions to NFCS data and developed 
distributions for use in public health risk assessments. 

6.2.6.4 Proposed Distribution for Uw 

The distribution for drinking water ingestion was deter- 
mined for adults (20 to 65 years) from data reported by 
Roseberry and Burmaster (1992). The intake rates for 
adults are lognomally distributed. The mean and 
standard deviation of the natural log (drinking water 
intake rate (lld)) are 0.1 152 and 0.489, respectively, for 
individuals in the age group fiom 20 to 65 years. The 
cumulative distribution for U, is shown in Figure 6.13 
along with the NUREGICR-55 12, Vol. 1, default and 
RESRAD values. The distribution applies to the 
screening group by assuming that water intake rates in 
adults 20 to 65 years old are representative of adult male 
consumption. 

6.2.6.5 Uncertainty in Uw 

The distribution for the drinking water ingestion rate was 
based on a survey of 1 1,73 1 adults that were selected 
randomly fiom the U.S. population. The individual 
survey data represents the average daily consumption of 
water over a three-day period. Results from individual 
participants in the survey could be influenced by 
activities of individuals during the three-day survey 
period and the season of the year. These factors, 
however, would be expected to balance since the three- 
day survey periods were spread over the entire year. 
Drinking water ingestion rates could be less in females 
than in males. 

6.2.6.6 Alternative Values for Uw 

This parameter would be expected to vary from site to 
site due to uncertainty in the activities, dietary habits, 
and ages of individuals at the site. If a site-specific 
critical group is defined, an alternative value may be 
appropriate. Other factors such as the quality of the 
groundwater could have an influence on the ingestion 
rate (e.g., use of bottled water for drinking). 

The licensee may collect information on water quality at 
the site and evaluate alternatives for groundwater use 
based on economic factors. For example, the cost for 
digging an on-site well may be greater than the cost for 



+ Reposed Distribution 

W C R - 5 5 1 2  Defauk 

Water Intake Rate (Vd) 

Figure 6.13 Cumulative distribution for drinking water ingestion rate (Lfd) 

connection to a municipal or a rural water system. Water land cultivated, A,, by assuming that the area defined by 
quality may be very poor, requiring pretreatment of 4 is irrigated from groundwater at the site. Since the 
water suitable for drinking. volume of water for irrigation use is a function of other 

parameters, an independent probability distribution 
6.2.7 Irrigation Water Application Rate, function is not defined for Vim. 

IR (L/m2-d) and Volume of Water 
Removed From the Aquifer for 6.2.7.2 Use of IR and Vim in Modeling 

Irrigation Use, V,,, (Lid) - 
(Behavioral) 

6.2.7.1 Description of IR and Vim 

The irrigation water application rate is the amount of 
water, fYom groundwater, applied on a daily basis per 
unit area of irrigated land. Parameter IR represents a 
long-term average rate of water application. The 
inigation water application rate is used in the residential 
scenario to estimate the transfer of radionuclides from 
irrigation water to food crops. Use of contaminated 
water via irrigation systems deposits radionuclides on 
plant surfaces or directly on the soil, resulting in 
resuspension and plant uptake and transfer to edible 
parts of the plant. The value for this parameter is 2.08 
L/m2-d in NUREGICR-55 12, Vol. 1, based on an annual 
average irrigation rate of 76 c d y ,  which was considered 
a representative value sufficient to produce most crops. 

Vim is the volume of groundwater removed from the 
aquifer used for irrigation. NUREGICR-5512, Vol. 1, 
does not define a default value for Vim. Instead, V, is 
determined from the irrigation rate, IR, and the area of 

The irrigation water application rate, IR, is used in 
calculating the dose due to consumption of edible plants 
that are grown in land that is inigated with contaminated 
groundwater and the consumption of beef, milk, eggs, 
and poultry products fiom animals that consume forage, 
hay, and grain crops that are grown on the irrigated land. 

Vim is important in estimating the transport of radio- 
nuclides from contaminated irrigation water to soil and 
to edible plant and animal products. V, is used to 
calculate the total water volume in the aquifer, along 
with the withdrawn water volume for domestic purposes. 
It is also used for deriving the fraction of pumped water 
that is applied to the surface layer. 

The higher the irrigation water application rate, the 
higher will be the deposition rate of radionuclides to 
edible plants and soil, and consequently the higher the 
dose due to ingestion of contaminated plants by humans 
and domesticated livestock. The concentration of 
contaminants in animals will increase due to ingestion of 
plant material and soil, and therefore dose to humans 
will also increase with consumption of animal products 
(i.e., meat, milk, eggs). 



6.2.7.2.1 Irrigation Water Application Rate, IR 

The irrigation water application rate, IR, is used in nine 
different pathways in the residential scenario model for 
estimating the transfer of radionuclides from contaminat- 
ed groundwater to edible foods. The equations for each 
of the nine pathways can be found in Section 5.4.1, Food 
Crops Contaminated by Irrigation Water, and Section 
5.4.2, Animal Products Contaminated by Irrigation 
Water, in NUREGICR-55 12, Vol. 1, and are summarized 
in the following: 

a) irrigation water-plant-human pathway (Equation 
5.22, p. 5.27 of NUREGICR-5512, Vol. 1) 

where Gg is the average deposition rate of radionuclide 
to edible parts of plant v fiom application of irrigation 
water per unit average concentration of parent radio- 
nuclide i in water, IR is the average annual application 
rate of irrigation water, r, is the fraction of initial 
deposition (in water) retained on the plant, T,, is the 
translocation factor for transfer of radionuclides from 
plant surfaces to edible parts of the plant, Y, is the yield 
of plant v, and C*, and C, are the average annual 
concentration of radionuclides j and i, respectively, in 
irrigation water over the current annual period. 

b) irrigation water-soil-plant-human pathway (Equation 
5.27, p. 5.30 of NUREGICR-5512, Vol. 1) 

where Q, is the average deposition rate of radionuclide 
j to soil £tom irrigation water applied onto the soil during 
the growing period for an average unit concentration of 
parent radionuclide i in water, and P, is the areal soil 
density (kglm2). 

c) irrigation water-forage-animal-human pathway. 
(Equation 5.37, p. 5.36 ofNUREG1CR-5512, Vol. 1) 

where h, is the average deposition rate of parent 
radionuclide j to forage crop f from the application of 
irrigation water during the feeding period for an average 
unit concentration of parent radionuclide i in water, r, is 
the tiaction of initial deposition of radionuclides in water 
retained on the plant, T,, is the translocation factor for 

transfer of radionuclides from plant surfaces to edible 
parts of the plant, and Y, is the yield of forage crop f. 

4 irrigation water-soil-forage-animal-human pathway 
(Equation 5.43, p. 5.40 of NUREGICR-5512, Vol. 1) 

where his the average deposition rate of radionuclide 
j to soil fi-om irrigation water applied onto the soil during 
the feeding period for an average unit concentration of 
parent radionuclide i in water. 

e) irrigation water-stored hay-animal-human pathway. 
(Equation 5.48, p. 5.41 of NUREGICR-5512, Vol. 1) 

where KItj, is the average deposition rate of radionuclide 
j to stored hay crop h from irrigation water application 
for an average unit concentration of parent radionuclide 
i in water, rh is the fraction of initial deposition of 
radionuclides in water retained on plant h, Th is the 
translocation factor for transfer of radionuclides from 
plant surfaces to edible parts of the plant, and Y, is the 
yield of stored hay crop h. 

fl irrigation water-soil-stored hay-animal-human 
pathway. (Equation 5.50, p. 5.43 of NUREGICR-55 12, 
Vol. 1) 

where &, is the average deposition rate of radionuclide 
j to soil from irrigation water applied onto the soil during 
the growing period for an average unit concentration of 
parent radionuclide i in water, and P, is the areal soil 
density (kg/m2). 

g) irrigation water-storedgrain-animal-human pathway. 
(Equation 5.53, p. 5.46 ofNUREG1CR-5512, Vol. 1) 

where Qg is the average deposition rate of radionuclide 
j to stored grain crop g fiom irrigation water application 
for an average unit concentration of parent radionuclide 
i in water, r, is the fraction of initial deposition of 
radionuclides in water retained on grain plant g, Tg is the 
translocation factor for transfer of radionuclides from 



plant surfaces to edible parts of grain plant g, and Y ,  is 
the yield of stored grain crop g. 

h) irrigation water-soil-stored grain-animal-human 
pathway (Equation 5.55, p. 5.47 of NUREGICR-5512, 
Vol. 1) 

The infiltration volume, V, is the sum of the annual net 
infiltration due to precipitation and irrigation added to 
the surface layer of soil over the cultivated area. It is 
calculated (from Equation 5.87, p. 5.68, NUREGICR- 
5512, Vol. 1) as follows: 

where &., is the average deposition rate of radionuclide 
j to soil from irrigation water applied onto the soil during 
the growing period for an average unit concentration of 
parent radionuclide i in water, and P, is the areal soil 
density (kg/m2). 

I )  irrigation water-soil-animal-human pathway 
(Equation 5.58, p. 5.48 of NUREGICR-5512, Vol. 1) 

where h i s  the average deposition rate of radionuclide 
j to soil from irrigation water applied onto the soil during 
the feeding period for an average unit concentration of 
parent radionuclide i in water. 

IR is also used to calculate V, along with the land area 
under cultivation, A, (m2), as shown in the following 
equation: 

6.2.7.2.2 Volume of Water for Irrigation, Vim 

The total water volume in the aquifer remains constant 
during the simulation and is used as the dilution volume 
in determining the average annual contaminant concen- 
tration in groundwater. The total water volume is taken 
as the greater of the infiltration water volume or the sum 
of the water volumes used for irrigation, and domestic 
purposes. 

Thus, the total volume of water is evaluated as (modified 
from Equation 5.88, p. 5.68 of NUREGICR-5512, 
Vol. 1): 

VTr = greater of: V ,  or Vilr + Vdr (6.28) 

where V,, is the total volume of water in the aquifer for 
dilution of activity over a one-year period, and V,, is the 
annual volume of water for domestic water use. 

where I is the infiltration rate, 4 is the area of land 
under cultivation, 1000 is the area unit conversion factor, 
and 1 is the annual one-year time period. 

Irrigation volume represents recycling of contaminant 
activity from the aquifer (box 3 of the water use model) 
to the surface soil layer (box 1). Note that the irrigation 
rate is an annual average including non-growing periods. 

The fraction of irrigation water applied to the surface 
layer, F,, is calculated as follows: 

During analysis and testing of the original methodology 
proposed in NUREGICR-5512, it was found that the 
groundwater contamination models described in Volume 
1 do not adequately account for possible natural 
discharge from the aquifer. The result was radionuclide 
build up in the aquifer box. A water balance model was 
added to the methodology to correct this problem. These 
changes are documented in Appendix A of NLTREGICR- 
5512, Vol. 2. Equations 6.28 and 6.30 reflect these 
changes. 

Vim (and F,) represent the quantity of groundwater 
removed for irrigation in the water-use model. F, is used 
to calculate the rate of change of the total activity of 
radionuclide j in box 1, (dC,j/dt) as shown in the 
following (Equation 5.80, p. 5.65 of NUREGICR-55 12, 
Vol. 1): 

where w, is the removal rate constant for pumping of 
water from box 3 (d-I), C,j is the total activity of 
radionuclide j in box 3 at time t, j is the index of the 
current chain-member position in the decay chain, n is 
the index of precursor chain members in the decay chain 
(n<j), C,, is the total activity of the precursor radio- 



nuclide n in box 1 at time t, ki is the decay rate constant 
for decay of radionuclide j (d-'), L,,j is the rate constant 
for movement of radionuclide j fiom box 1 to box 2 
(d-I), and 4, is the fraction of transitions of radionuclide 
n that result in production of radionuclide j. 

It would appear fiom Equations 6.30 and 6.3 1 that as V, 
increases, F, increases and will tend to increase the 
concentration in Layer 1. However, if the modeled 
infiltration rate (and thus V,,) is high, contaminants will 
be removed (flushed) quickly from Layer 1 into the 
aquifer. Therefore, if total aquifer volume is determined 
by infiltration water volume (and thus is large compared 
to removal flows), a high rate of contaminant flushing to 
the aquifer will occur. 

At the same time, if outflows from the aquifer (for 
irrigation, for instance) are larger than net infiltration, 
the groundwater water balance model (in Volume 2 of 
NUREGICR-55 12) allows for natural recharge to make 
up the deficit, maintaining reasonable aquifer contarnin- 
ant concentration levels. 

6.2.7.3 Information Reviewed to Define the 
Distribution for IR 

The Farm and Ranch Irrigation Survey (1994) (USDC, 
1994) provides the most recent and complete compila- 
tion of inigation practices for farms and ranches in the 
United States. The document contains detailed 

information on inigation, including farm size, total 
irrigated acres, and estimated quantities of water applied 
by irrigation for individual states and water resource 
areas over the continental United States. Table 6.18 
shows the inigated land area and the quantities of water 
used for irrigation in 27 states. These states accounted 
for 98.22% of total inigated land area for f m s  and 
ranches fiom which $1,000 or more of agricultural 
products were produced or sold. These data provide an 
estimate of long-term (annual) average irrigation rates 
across a variety of soils, crops, water quality and 
availability. The data may include surface water as well 
as groundwater sources. As such, this data set provides 
an estimate of the irrigation rate for the screening group. 

6.2.7.4 Proposed Distribution for IR 

The data from Table 6.18 were binned and fit to several 
distributions and the fitness to each distribution was 
evaluated with a Kolrnogorov-Smirnov test. The data 
from regional land areas (states) were evenly weighted 
in developing the distribution. The best fit was obtained 
with a Iog normal distribution. Distribution parameters 
were p = 0.67, o = 0.87, and E = 0.32. 

Figure 6.14 depicts the probability density for the 
irrigation water application rate. This plot includes the 
corresponding data from Table 6.18 used to generate the 
fitted distribution. Figure 6.15 is the corresponding 
cumulative distribution function. 

Table 6.18 Irrigation of farm and ranch land in the conterminous U.S. (USDC, 1994) 

Irrigated area Water applied Ave irrigation rate Ave irrigation 
State (acres) (acre-feetly) (acre-feet per acre) rate (L/mz/day) 

Arizona 752,O 19 3,310,159 4.40 3.67 
Arkansas 2,853,929 3,196,019 1.12 0.93 
California 7,245,487 22,474,499 3.10 2.59 

Colorado 2,998,888 5,24 1,74 1 1.75 1.46 
Florida 1,416,019 1,922,166 1.36 1.13 
Georgia 619,536 325,009 0.52 0.44 

Idaho 3,183,733 6,023,644 1.89 1.58 
Illinois 271,725 168,518 0.62 0.52 
Kansas 2,50 1,925 3,336,027 1.33 1.11 
Louisiana 820,s 16 885,335 I .08 0.90 

Michigan 305,481 165,843 0.54 0.45 

Minnesota 326,78 1 185,034 0.57 0.47 
Mississippi 646,76 1 684,643 1.06 0.88 
Missouri 702,183 5 13,940 0.73 0.61 

Montana 1,93 6,292 3,057,884 1.58 1.32 
Nebraska 5,979,66 1 5,025,201 0.84 0.70 



Table 6.18 Irrigation of farm and ranch land in the conterminous U.S. (USDC, 1994) (continued) 

Irrigated area Water applied Ave irrigation rate Ave irrigation 
State 

(acres) (acre-feeffy) (acre-feet per acre) rate (L/m2/day) 

Nevada 5 19,507 1,138,138 2.19 1.83 
New Mexico 685,695 1,630,390 2.38 1.98 
North Dakota 157,426 138,954 0.88 0.74 
Oklahoma 474,201 589,076 1.24 1.04 
Oregon 1,587,152 2,946,868 1.86 1.55 
South Dakota 304,454 302,997 1 .OO 0.83 
Texas 5,100,979 7,605,827 1.49 1.24 
Utah 1,085,083 2,412,250 2.22 1.86 
Washington 1,434,800 3,125,619 2.18 1.82 
Wisconsin 306,096 205,210 0.67 0.56 
Wyoming 1,374,447 2,48 1,740 1.81 1.51 
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Figure 6.15 Cumulative distribution for irrigation water application rate, IR 



6.2.7.5 Uncertainty in IR 

The distribution for the irrigation water application rate, 
IR, was based on annual average irrigation rates through- 
out the United States. Since most farm and ranch land is 
irrigated only during the growing season, the data may 
underestimate the actual daily water irrigation rate for 
some areas of the country. The amount of water used for 
irrigation would be expected to vary fiom year to year, 
depending on the quantity of added moisture fiom 
rainfall. Abnormal levels of rainfall could bias the 
survey data and skew the proposed distribution. 

V, is a dependent parameter derived fi-om parameters IR 
and Ar. 

6.2.7.6 Alternative Parameter Values 

The irrigation rate parameter, IR, would be expected to 
vary from site to site depending on local climatic 
conditions, seasonal changes at the site, crops grown, 
soil hydraulic properties, groundwater quality and 
quantity, and location and availability of surface water 
that may also be used for irrigation. In the arid west, 
high values of irrigation would be expected, whereas, in 
portions of the northwest, eastern and southeastern 
states, and humid coastal areas, no irrigation may be 
needed. This can be seen in the data for arid states like 
Arizona (3.67 L/m2-d) versus more humid states like 
Wisconsin (0.56 L/m2-d) in Table 6.18. 

Applicants may elect to collect data at the site in an 
attempt to support limits on IR. Limiting values may be 
supported due to regional precipitation and soil moisture 
levels (as well as evapotranspiration rates, infiltration 
rates, etc.), regional soil properties, and data that support 
alternative irrigation rates for forage crops or edible 
foods that may be cultivated due to local dietary patterns 
or land use patterns. IR may also be modified by 
defining a site-specific critical group different from 
resident farmers. 

6.2.8 Volume of Water Removed from 
the Aquifer Per Year for Domestic 
Uses, V,, (I,) (Behavioral) 

6.2.8.1 Description of V,,, 

V, is the annual volume of groundwater removed from 
the aquifer for domestic uses. This parameter, along 
with the annual volume of water used for irrigation, Vim 
is used for determining aquifer volume. Of the total 
volume for all domestic uses (showers, washing, etc.), a 
portion of this domestic use is directly ingested as 

drinking water or in consumable products made fi-om the 
drinking water source. Other pathways of contaminated 
water, such as direct immenion while showering, are not 
included in the exposure calculations. 

In NUREGICR-5512, Vol. 1, the default value for this 
parameter was set to 91,250 liters. No basis is provided 
for this value and the variability of this parameter is not 
discussed in Volume 1. V, is used in estimating the 
transport of radionuclides from contaminated ground- 
water to humans in the residential scenario. This 
parameter, along with the volume used for irrigation, 
establishes the total volume of the aquifer. 

6.2.8.2 Use of V,, Modeling 

The total water volume in the aquifer (V,,) remains 
constant during the simulation and is used as the dilution 
volume in determining the annual average water 
concentration. The total water volume is the greater of 
the infiltration water volume or the sum of the water 
volumes used for irrigation, and domestic purposes. 

The contribution to the ingestion dose from the use of 
contaminated groundwater, DWR,, is evaluated for 
drinking water and ingestion of irrigated foods as 
follows (Equation 5.74, p. 5.58, NUREGICR-5512, 
Vol. 1): 

il 
A,,,,,,-AF,,. + DIET x AwV AFY 

j= 1 

where Cd is the initial concentration of radionuclide i in 
soil at the time of site release, 4, is the average 
concentration factor for radionuclide j in water over the 
current one-year exposure period per initial unit 
concentration of parent radionuclide i in soil at the time 
of site release, AFdj is the CEDE factor for the ingestion 
of drinking water per unit average concentration of 
radionuclide j in water, and AF* is the CEDE factor for 
radionuclide j per unit average concentration of 
radionuclide j in groundwater used for irrigation for the 
current one-year period. 

The drinking water ingestion factor, AF4, is calculated 
(Equation 5.75, p. 5.59, NUREGICR-5512, Vol. 1) as 
follows: 

AF4 = Uw DFG, t, ( C ~ I C ~ )  

where U, is the daily intake of drinking water, DFGj is 
the ingestion CEDE factor for radionuclide j, and t, is 



the duration of water intake period (one year). The by state define the distribution for V,. Each value was 
concentration ratio Cw/Cwj equal to 1 indicates assumed to be equally likely. The cumulative distribu- 
normalization to unit average concentration in water over tion for V, based on the data in Table 6.19, is shown in 
the year of the residential scenario. Figure 6.16. 

The hc t ion  of irrigation water applied to the surface 
layer, F,, is calculated as follows: 

where Vim is the volume of water used for irrigation 
during a one-year period (Lfd), V, is the total volume of 
water in the aquifer, and V,is the volume of water used 
for domestic purposes during a one-year period (Lld). 

6.2.8.3 Information Reviewed to Define the 
Distribution for V,, 

USGS water use data (USGS, 1990a and USGS, 1995b) 
provide estimates of domestic water use in the United 
States by state. Per capita water use estimates were 
provided for both self-supplied as  well as public- 
supplied delivery systems. Table 6.19 provides the 
original per capita use of water, by state, from self- 
supplied water systems in gallons per day. These 
quantities are converted to total literslyear by assuming 
a single resident in the household (for consistency with 
all other parameters in the residential scenario) and 
365.25 days per year. 

6.2.8.4 Uncertainty in V,, 

The values in Table 6.19 are based on estimates that 
depend on population estimates, reported meter readings 
or other self-supplied means to measure water use, and 
on the defmition of domestic use. Population estimates 
can be a significant source of uncertainty when 
considering transient and non-resident users and may 
also depend on whether the approach used for estimation 
is consistent with the approach used for determining 
water use. Reported domestic water use may represent 
different uses and sources depending on the distribution 
and metering system and on non-domestic use. It is 
assumed that uncertainty in the reporting of total annual 
domestic water use is small relative to regional 
variability in actual use. 

The domestic water use figures given in Table 6.19 
include water used for household purposes such as 
drinking, food preparation, bathing, washing clothes and 
dishes, flushing toilets, car washing, and watering lawns 
and gardens. Depending on the local climate, generally 
the largest indoor uses are for toilet flushing and bathing. 
Outdoor uses can range fiom near zero in humid areas to 
60% of total domestic use in arid areas. The data 
reported in Table 6.19 captures the variability of total 
domestic water use for the continental United States as 
well as Alaska and Hawaii. 

The 50 values for annual per capita domestic water use 

Table 6.19 Estimated annual domestic water use for U.S. (L) 

State Per capita (gaud) Total use (L) 
AL 75.1 103,824 

State Per capita (gaud) Total use Q 

MT 77.9 107,694 



Table 6.19 Estimated annual domestic water use for U.S. (L) (continued) 

Annual Domestic Water Use (I) 

State Per capita (gaud) Total use (L) 

KS 99.5 137,556 
KY 49.8 68,847 
LA 82.7 114,330 
ME 90.0 124,422 
MD 82.9 114,607 
MA 72.0 99,538 
MI 72.8 100,644 
MN 1 16.6 161,196 
MS 49.9 68,985 
MO 60.0 82,948 

Figure 6.16 Cumulative distribution for annual domestic water use, Vdr 

State Per capita (gaYd) Total use (L) 

SD 62.5 86,404 
TN 65.0 89,861 
TX 108.2 149,583 
UT 85.9 1 18,754 
VT 71.9 99,400 
VA 75.0 103,685 
WA 1 15.5 159,675 
WV 80.0 110,598 
WI 60.7 83,916 
WY 75.0 103,685 

6.2.8.5 Alternative Values for Vdr 

Licensees may attempt to define site specific values for 
the annual domestic water use for their site under the 
constraints of the residential farmer scenario. Those 
alternative values will need to be consistent with typical 
domestic water use in that region of the country, unless 
site characteristics, requirements, or use restrictions can 
be used to defend significant deviation from the repre- 
sentative state-specific values given in Table 6.19 and 
captured in the parameter distribution derived for V,. 

Licensees may wish to defend new values for the total 
annual domestic water volume due to site specific 
considerations impacting water use. Some of those 
considerations may include regional climate (temperature 

and humidity), rainfall and its impact on water use for 
outdoor requirements, local water rates and water use 
restrictions and other conservation efforts that may not 
be reflected in typical reported values of water use, and 
such. The simplest approach for site specific analysis is 
to select, as an alternative to the default value, the value 
from Table 6. I9 that corresponds to the location of the 
site. If a licensee defines a critical group different from 
resident farmers, the distribution for V, may be affected. 

For the purpose of defining the distribution of total 
annual domestic water use, supporting data similar to 
that provided in this document could be used to develop 
such a distribution. More detailed USGS data for all 
U.S. counties are available. 



6.2.9 Ingestion Rates of Home Produced 
Food, U, (kgly), U,(kg/y) and U, 
(kg/y) 

6.2.9.1 Description of Ingestion Rates 

The ingestion rates of homegrown produce, U, (kgly), 
and other home produced food, Ua (kgly), and U, Ocg/y), 
as defrned for Volume 1, represent the consumption rate 
of specific contaminated food. The dose model uses 
different constant values of U, for "leafy" vegetables, 
"other" vegetables, h i t s  and grains, different constant 
values of Ua for beef, poultry, milk and eggs and a 
constant value of U, for fish. U, Ua and U, are 
behavioral parameters. Distributions therefore represent 
the diet of the average member of the screening group 
(i-e., residential and light farmers), and the default values 
are the average values of these distributions. 

6.2.9.2 Use of Ingestion Rates in Modeling 

Ingestion dose is linearly proportional to U, Ua and Up 
Therefore, the higher the values for U,, U, and U, the 
higher the calculated dose. More specifically, the 
ingestion rates, Uv and U, are used in the dose model to 
calculate the agricultural pathway transfer factors (PF). 
These factors are then used to calculate the annual dose 
from ingestion of home produced food. The mathema- 
tical expression to evaluate the PFs for unit average 
concentration of a parent radionuclide in soil is given in 
NUREGICR-5512 @. 5.51) as: 

where: 

PF, = the agricultural pathway transfer factors for 
radionuclide j as a progeny of radionuclide 
i per unit initial concentration of parent 
radionuclide in soil @Ci ingested per pCi/g 
dry-weight soil for a year of residential 
scenario), 

uv = the ingestion rate for food crop type v by an 
individual (kg wet-weightly), 

PPTF,, = the partial pathway transfer factor for food 
crop type v, radionuclide j as a progeny of 
radionuclide i, for unit average concen- 
tration of parent radionuclide i in soil (pCi 
y/kg dry-weight food per pCi/g dry-weight 
soil for a year of residential scenario), 

Ua = the ingestion rate of animal product type a 
by an individual (kg wet-weight/y), 

PPTF,j = the partial pathway transfer factor for 
animal product type a, radionuclide j as a 
progeny of radionuclide i, for unit average 
concentration of parent radionuclide i in soil 
(pCi y/kg wet-weight food per pCi/g dry- 
weight soil for a year of residential 
scenario), 

Na = the number of animal products considered 
in the diet, and 

Nv = the number of food crops considered in the 
diet. 

The mathematical expression to evaluate the PFs for unit 
average concentration of a parent radionuclide in irriga- 
tion water is given in NUREGICR-55 12 @. 5.52) as: 

where: 

PF, = the agricultural pathway transfer factor for 
radionuclide j as a progeny of radionuclide 
i per unit initial concentration of parent 
radionuclide in inigation water (pCi 
ingested per pCiL water for a year of 
residential scenario), 

uv = the ingestion rate for food crop type v by 
an individual (kg wet-weightly), 

PPTF-j = the partial pathway transfer factor for food 
crop type v, radionuclide j as a progeny of 
radionuclide i, for unit average concen- 
tration of parent radionuclide i in water 
@Ci ykg  wet-weight food per pCi/L water 
for a year of residential scenario), 

u a = the ingestion rate of animal product type a 
by an individual (kg wet-weightly), 

PPTFaGj = the partial pathway transfer factor for 
animal product type a, radionuclide j as a 
progeny of radionucIide i, for unit average 
concentration of parent radionuclide i in 
inigation water @Ci ykg  wet-weight food 
per pCi/L water for a year of residential 
scenario), 

Na = the number of animal products considered 
in the diet, and 

Nv = the number of food crops considered in the 
diet. 

The ingestion rate of fish, U,, is used in calculating the 
aquatic food ingestion factor (AF). AF is then used to 
calculate the annual dose from ingestion of aquatic 
foods. The mathematical expression for AF is given in 
NUREGICR-55 12, Vol. 1 ( p. 5.60), as: 



AF3 = Uf ff DFG, BAd (~,,iC,,)f365.25 

where: 

AF,, = the aquatic pathway transfer factor for radio- 
nuclide j as a progeny of radionuclide i, per 
unit average concentration of radionuclide j in 
surface water (mrem per pCi/L for a year of 
the residential scenario), 

Uf = the ingestion rate of aquatic foods produced in 
contaminated surface water, 

4 = the duration of fish consumption in days, 
DFGj = the ingestion CEDE factor for radionuclide j 

(mrem pr pCi ingested), 
Bajf = the bioaccumulation factor for radionuclide j 

in aquatic foods, and 

C,+ = the average annual concentration of radio- 
nuclide j in water (pCi/L). 

U, and U, are also used to determine the area of land 
cultivated, 4. Section 5.4.1.2 provides a detailed 
description of the relationships among ingestion rates, 
crop yields, and the cultivated area. 

6.2.9.3 Information Reviewed to Define 
Distributions for U,, U,, and U, 

The values used for U, and U, in NUREGJCR-5512, 
Vol. 1, are based on food ingestion rates found in the 
1977-78 Nationwide Food Consumption Survey 
(USDA, 1983). The specific values are derived from 
mean values compiled by Higley and Skenge (1988) and 
Pao et al. (1985). These values are based on 
consumption data that represent all food sources and not 
just home grown food. The dose calculation described 
in Volume 1 uses a single parameter (DIET) to describe 
the fraction of homegrown food in each food category. 
This assumption requires, for example, that the fraction 
of domestically-produced beef in the diet equals the 
hction of domestically produced leafy vegetables. This 
assumption is unlikely to be satisfied in general, and is 
not representative of the screening group. In this 
analysis, ingestion rates of homegrown food are 
estimated separately for each of the food product 
categories. The DIET parameter is therefore unneeded 
(see Section 6.2.1). This approach allows consumption 
patterns to be more accurately represented. In addition, 
redefining these parameters in this manner makes them 
consistent with the definition of U, 

The default value used in NUREGICR-55 12, Vol. 1, for 
U, was based on summary data presented by Rupp et al. 
(1980). The regional percentiles reported in Rupp et al. 
are based on the entire population, including those 

individuals who eat no fish, which is not representative 
of the screening group. To try to compensate for this 
inaccuracy, (i.e., Rupp et al. reported that over 85% of 
the population eat no freshwater fish), the value for the 
highest regional rate reported by Rupp et al. was used as 
the default value in NUREGICR-55 12, Vol. 1. In the 
dose calculations, U, is not scaled by the DIET 
parameter, which implies that it represents the 
consumption of domestically-produced fish. 

Table 6.20 displays the default values of ingestion rates 
for the eight food groups defrned in NUREGICR-55 12, 
Vol. 1. 

Table 6.20 NUREGICR-5512 U,, U, and U, 
default values 

Food type Consumption rate 

Leafy vegetables (U,) l m d Y l  
Other vegetables (U,,) 51 Ocg/~) 
Fruit (U,) 46 P ~ Y )  
Grain (Uv)  69 (kdy) 
Beef (UJ 59 (kg/~)  

Poultry (U3 9 (kdy) 
Milk (U3 1oo(kg/~) 

Eggs (U3 10 W Y )  
Fish (U,) 10 6 d ~ )  

The most recent Nationwide Food Consumption Survey 
(USDA, 1993) was conducted in 1987-88 and is more 
reflective of long-term nationwide consumption trends 
compared to the 1977-78 survey data. Like the earlier 
survey, the individual survey data could not be used 
directly to measure consumption of home produced food 
because the source of the food item is not identified. 
However, EPA reports intake rates for various home 
produced food items (EPA, 1996) based on an analytical 
method that combined data fiom both the household and 
individual 1987-88 USDA survey components. The data 
is reported in the form of cumulative probability 
distributions. This data set provides estimates of U, and 
U, defined as rates of consumption of food from on-site 
production. 

The data provided by EPA (1996) represent consumption 
of home-produced food, however the reported values do 
not directly correspond to the dose model parameters in 
some respects. Some additional assumptions are 
required to estimate parameter distributions from the 
reported data. First, the eight food categories have to be 
related to the EPA data. EPA reports intake rates that 
directly match the "other" vegetables, fruits, beef, 
poultry, eggs and fish categories. For the "1eafL" 



vegetables category, it is assumed that this category is 
equivalent to EPA7s "exposed" vegetables category. 
EPA defines the c'exposed" vegetables category as those 
vegetables that are grown above ground. Therefore, 
assuming that the category of "leafy" vegetables is 
equivalent to EPAYs "exposed" vegetable. category is 
reasonable given the fact that all leafy vegetables are 
grown above ground, although it may overestimate this 
category since not all vegetables that are grown above 
ground are leafy. For the food grain group it is assumed 
that the EPA data for corn is appropriate, given that corn 
is the only grain for which data was reported. This 
assumption is consistent with the study by McKone 
(1994), where he also used corn to represent the grain 
category. The milk category is assumed to be equivalent 
to the EPA's dairy category. Again, this assumption is 
reasonable but conservative because the reported rates 
include dairy products other than milk. 

EPA notes that the survey data were taken during a week 
long period, and therefore may not be representative of 
annual behavior (i-e., more home grown foods are 
typically eaten in the summer). EPA generated 
seasonally adjusted intake distributions for all meats, 
vegetables and h i t s  by averaging the corresponding 
percentiles of each of the four seasonal intake 
distributions reported. This same approach was used to 
generate seasonally adjusted distributions for the eight 
food group categories required for the dose model. 

EPA reports ingestion rates indexed to the actual body 
weights of the survey respondents in units of mass 
ingested per time per respondent body weight. Although 
EPA does not recommend converting the intake rates 
into average ingestion rates of massltime by multiplying 
by a single average body weight, they do indicate that if 
this is done, a weight of 60 kg should be used because 
the total survey population included children. 

6.2.9.4 Proposed Distributions for U,, U,, and U, 

In order to use the EPA data to represent the average 
member of the screening group, the seasonally adjusted 
data were scaled by the percentile average of the ratio of 
the 20-39 age data to the total population data and then 
converted by multiplying by the body weight, 70 kg, of 
the average member of the screening group. This data 
adjustment assumes that the data scales linearly. EPA 
does not provide any information about whether or not 
this assumption is valid, but it is a reasonable approxi- 
mation. 

The homegrown food ingestion rate distributions 
reported by EPA are based on the amount of food 

"consumed" in an economic sense (i.e., food that has 
been brought into the house). EPA recommends 
converting these intake rates to reflect actual ingestion 
by decreasing the amounts by percent weight losses from 
preparing the foods. EPA provides percent weight 
losses for various meats, h i t s  and vegetables. There- 
fore, these losses were accounted for in deriving the 
distributions for U,, U, and U, However, losses were 
not reported for eggs and milk, so these losses were not 
accounted for in these two food categories. 

Table 6.2 1 lists percentiles of the distributions for U, U, 
and U, for the members of the screening group, estimated 
from the values reported by the EPA as described above. 
Summary statistics are also listed, along with the 
equivalent values defined in Volume 1 (i.e., rates 
multiplied by the DIET parameter), and the 1995 total 
consumption rates, including both homegrown and 
purchased food (USDA, 1997a). Figures 6.17,6.18, and 
6.19 present the cumulative distribution hc t ions  for U, 
U, and U,, respectively. These cumulative distribution 
hc t ions  defme the probability distribution functions for 
U, U, and Uf. 

Comparing the equivalent NUREGICR-5512 default 
parameters (i.e., consumption rate default parameters 
multiplied by the default DIET parameter of 0.25) with 
the mean of the new distributions indicates that the mean 
of the new distributions are consistently higher than their 
55 12 equivalent, except for the grain category. How- 
ever, given the differences in their derivations, the means 
and the Volume 1 default values are reasonably consis- 
tent. The Volume 1 default values typically fall between 
the upper and lower quantiles of the individual distribu- 
tions. Poultry and egg consumption rates are notable 
exceptions: both Volume 1 default values are below their 
0.01 quantile values. For both categories the ratio of the 
average homegrown consumption rate to the average 
total consumption rate is near 1, suggesting that domestic 
producers in these categories tend to derive most of their 
total consumption from domestic production. In this 
case the default Volume 1 DIET parameter value of 0.25 
would be inappropriate for these categories. 

6.2.9.5 Uncertainty in Ingestion Rates 

The information collected in the Nationwide Food 
Consumption Survey as interpreted in EPA (1996) 
describes consumption rates for home-produced food 
items over a broad range of individuals. Rates were 
measured over a small time span, but these measure- 
ments were seasonally distributed. Estimating annual 
average ingestion rates for members of the screening 



Table 6.21 Statistical characteristics of the distributions for U,, U, and U, 

Ingestion rates of homegrown foods 

Leafy Other veg- Fruits Grain Poultry Cumulative % vegetables etables 
(WY) (kg/y) Beef (kgfy) ( w y )  Milk (Lly) Eggs Fish (kg/y) 

( W Y )  (kg/y) (WY) 

Summary statistics 
Mean' 2 1 45 53 14 40 25 233 19 2 1 

Equivalent 55 12 2.8 13 12 17 15 2.3 25 2.5 10 
value 

1995 U.S. total 185(total) 185(total) 128 87 29 28.5 358 12 7 
ingestion rates 

Ratio of homegrown (leafy + (leafy + 0.41 0.17 1.4 0.89 0.65 1.6 2.9 
mean to 1995 totals other)/total other)/total 

= 0.36 = 0.36 

' Estimated as average of 580 sample values 

1 

0.9 

0.8 

0.7 

3 0.6 - 
a 3 0.5 
0 

r? 0.4 

0.3 
-8- Other Vegetables 

0.2 

0.1 

0 
10 100 1000 
Ingestion Rate (kg&) 

Figure 6.17 Cumulative distribution of U, for exposed (leafy) vegetables, other vegetables, 
fruits, and corn (grain) 
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Figure 6.18 Cumulative distribution of U, for beef, poultry, dairy (milk) and eggs 

Figure 6.19 Cumulative distribution for U,for fish 



group requires assumptions about the variability of short 
term versus chronic consumption, the composition of the 
sample population versus the screening group, and the 
relative rates of ingestion versus economic consumption. 
These assumptions introduce some uncertainty about the 
distributions. We do not expect this uncertainty to be 
large relative to the mean parameter values, however, 
and these mean values are comparable to other estimates 
of ingestion rate. 

6.2.9.6 Alternative Ingestion Rate Values 

The proposed distribution functions presented above 
represent the behavioral variability of the members of 
the screening group and are not related to the physical 
characteristics of the specific site being considered. 
Site-specific values for these parameters, like other 
behavioral parameters, are established by defining a site- 
specific critical group. Some critical groups may have 
substantially different consumption rates, for example, 
groups that do not grow food in one or more categories. 

6.3 Volumetric Breathing Rates 
(Metabolic), V,, V,, and V, (m3/h) 

6.3.1 Description of Breathing Rates 

The residential scenario defmes three exposure situations 
or contexts for resident farmers: indoors, outdoors, and 
gardening. These exposure contexts are distinguished 
because the transport rates may differ significantly 
among them. The breathing rate parameters, in 
conjunction with the indoor resuspension factor, dust 
loadings, and isotope-specific inhalation CEDE factors, 
are used to calculate the average annual dose due to 
inhalation. The breathing rate parameters represent the 
annual average breathing rate of the average member of 
the screening group while indoors (V,), outdoors (VJ 
and gardening (VJ. As described in Section 3.2.2 
above, default values for metabolic parameters are 
established by the average value for adult males in the 
general population. 

The default value defined for each of the three breathing 
rates in NUREG/CR-5512, Vol. 1, is 1.2 m3/h. This 
value corresponds to an average for the eight-hour work 
day assuming light activity for a person, as suggested in 
International Commission on Radiological Protection 
(ICRP) Publication 23 (1975). Revised default values 
for these parameters were defined based on a review of 
current literature on breathing rate. 

6.3.2 Use of Breathing Rates in Modeling 

Within each of the three contexts defined for the residen- 
tial scenario (indoors, outdoors, and gardening), inhala- 
tion dose is directly proportional to breathing rate. The 
overall importance of breathing rate in determining dose 
depends on the relative contribution of inhalation dose 
to total dose, which in turn depends on exposure rates 
via alternative pathways, and on nuclide-specific dose 
factors. 

The breathing rate parameters are used to calculate the 
committed effective dose equivalent, CEDE, resulting 
from inhalation of resuspended surface contamination. 
The relationship between the volumetric breathing rates 
and internal dose due to inhalation (DHRi) is described 
by the following (see NUREGfCR-55 12, p. 5.55): 

where V, is the volumetric breathing rate for time spent 
gardening (m3/h); V, is the volumetric breathing rate for 
time spent indoors (m3/h); V, is the volumetric breathing 
rate for time spent outdoors (m3/h), tg is the time during 
the one-year exposure period that the individual spends 
outdoors gardening (d); ti is the time in the one-year 
exposure period that the individual spends indoors (d); 
f, is the time in the one-year exposure period that the 
individual spends outdoors, other than gardening (d); t, 
is the total time in the residential exposure period (d); 
CDI, CDO, and CDG are the dust loading factors for 
indoor, outdoor, and gardening activities (g/m3); 
respectively, C, corresponds to the concentration of 
parent radionuclide i in soil at time of site release (pCi/g 
dry-weight soil); Ji is the number of explicit members of 
the decay chain for parent radionuclide i; S(ASj, &} is a 
time-integral operator used to develop the concentration 
time integral of radionuclide j for exposure over a 
one-year period per unit initial concentration of parent 
radionuclide i in soil (pCi*dlg per pCi/g dry-weight 
soil); S{ASj,qg) is a time-integral operator used to 
develop the concentration time integral of radionuclide 
j for exposure over one gardening season during 
one-year period per unit initial concentration of parent 
radionuclide i in soil @Ci*d/g per pCi/g dry-weight 
soil); DFHj is the inhalation committed effective dose 
equivalent factor for radionuclide j for exposure to 
contaminated air (in units of mrem per pCi inhaled); P, 
corresponds to the indoor dust-loading on floors (g/m2); 
and RF, is the indoor resuspension factor (m-I). The 
resulting internal inhalation dose is directly proportional 
to the volumetric breathing rates for indoor, outdoor, and 
gardening activities. 



6.3.3 Information Reviewed to Define 
Breathing Rate Distributions 

The review conducted to support the EPA Exposure 
Factors Handbook (EPA, 1996) was adopted for this 
study as the most current compilation of relevant 
literature. Eleven studies are reviewed and summarized 
in the Handbook. Five are identified as "key studies," 
and form the basis for inhalation values recommended 
there. The six remaining studies are considered 
"relevant," and contain supporting information relating 
to inhalation rate. Separate breathing rate estimates are 
not reported in any study for the specific contexts 
defmed for the residential scenario. Instead, daily 
average values are reported, as well as breathing rates for 
individuals engaged in various levels of activity. These 
activity levels are descriptively defmed, for example as 
c're~t,'7 "sedentary," "light," "moderate," and "heavy." 

Reported average daily values include a range and 
relative weighting of activities typical of an entire day: 
this range and weighting of activities is not represen- 
tative of activities specifically conducted indoors, out- 
doors, or while gardening. For this reason, average daily 
values reported in the handbook are not appropriate for 
these parameters. The three exposure contexts in the 
residential scenario can be distinguished by the types of 
activities that would typically take place in each: indoor 
activities would typically include sleeping and resting, 
for example, while outdoor activities would not. For this 
reason, breathing rates for each context have been 
assigned based on the range of activities that would 
occur in each context, and the reported average values 
for the corresponding activity levels. 

The summaries in the Handbook were used to evaluate 
the five "key" studies for the purpose of defming 
breathing rates for the average member of the screening 
group. Each of these five studies, and the resulting 
breathing rates that reflect the screening group, are 
summarized below. 

Layton (1993) presents a method for estimating 
breathing rate based on metabolic information: 

where: 

V, = the ventilation rate 
E = the energy expenditure rate 
H = the volume of oxygen consumed in the produc- 

tion of 1 KJ of energy, and 

VQ = the ratio of intake volume to oxygen uptake 

Three approaches are used to estimate the energy expen- 
diture rate: annual caloric intake (corrected for reporting 
bias), elevation above basal metabolic rate (BMR) with 
BMR values estimated from body weight using a fitted 
regression model, and elevations above BMR using 
activity-specific elevation factors and time allocation 
data. These methods are used to estimate average 
inhalation rates over various population subsets defined 
by age and gender. This study draws from comparative- 
ly large data sets, and provides information on the 
relative contributions of the diverse factors influencing 
inhalation rate, including general health, body weight, 
diet, activity level, age, and gender. The first two 
methods provide estimates of long-term average breath- 
ing rate, which is not specific to the residential exposure 
contexts. The third method provide estimates of breath- 
ing rate for different levels of activity. Average inhalati- 
on rates for adult males for five activity levels, estimated 
by the third method, are summarized in Table 6.22. 
Estimates for two sets of activity classifications are 
reported. For each set, activity level is characterized by 
a qualitative description as well as by a BMR value or 
range. Different sets of BMR values were used for each 
activity classification. 

Linn et al. (1992) estimates inhalation rates for "high- 
risk" sub-populations, including outdoor workers, 
elementary school students, high school students, 
asthmatic adults, young asthmatics, and construction 
workers. Of these sub-populations, outdoor workers and 
construction workers approximate the screening group. 
The average breathing rate for healthy adult outdoor 
workers, consisting of 15 women and five men between 
the ages of 19 and 50, is reported as 0.78; construction 
workers, consisting of seven men between the ages of 26 
and 34 have an average breathing rate of 1.50 m3/hr. 
Activity-dependent breathing rates are also reported for 
both subject groups at three activity levels, as shown in 
Table 6.23. 

Linn et al. (1993) reports breathing rates for 19 
construction workers who perform heavy outdoor labor 
both before and during a typical work shift. The 
subjects of this study approximate the screening group, 
although the number of subjects is small. A regression 
model relating breathing rate to heart rate was developed 
from data collected in a controlled laboratory protocol. 
Occupational breathing rates were estimated from 
measured heart rates using this regression model. 
Average breathing rates are reported for three self- 
estimated activity levels, as shown in Table 6.24. 



Table 6.22 Estimated breathing rates for males from Layton (1993) for two sets of five activity levels (m3/hr) 

Inhalation rates for short-term exposures1 

Activity level 

Age (years) Rest Sedentary Light Moderate Heavy 
BMR: 1 BMR: 1.2 BMR: 1.5 -2.5 BMR: 3 - 5 BMR: >5 - 20 

1 8 - < 3 0  0.43 0.52 0.84 1.74 4.32 

30 - < 60 0.42 0.50 0.84 1.68 4.20 

Activity-Dependent Inhalation Rates used to Estimate Daily Inhalation RateZ 
- - - -- 

Activity level 

Age (years) Sleep Light Moderate Hard Very Hard 
BMR: 1 BMR: 1.5 BMR: 4 BMR: 6 BMR: 10 

50-64 0.4 0.6 
I Source: EPA (1996) Table 5-5 
Source: EPA (1996) Table 5-6 

Table 6.23 Estimated breathing rates from Linn 
et al. (1992) for two panels of healthy adult 

su bjectsl (m3/hr) 

Mean self-estimated 

Subject group breathing rates 

Slow Medium Fast 

Outdoor workers 0.72 1.02 3.06 

Construction workers 1.26 1.50 1.68 
' Source: EPA (1996) Table 5-7 

Table 6.24 Estimated breathing rates from Linn 
et al. (1993) for outdoor workers1 (m3/hr) 

Mean self-estimated breathing rates 

Slow Medium Fast 

1.44 1.86 2.04 
I Source: EPA (1996) Table 5-9 

which ventilation rate, heart rate, breathing frequency, 
and oxygen consumption were measured during 
treadmill tests. Heart rate, ventilation rate, and breathing 
frequency were also measured during a "field" protocol, 
which included (for adult males) driving and riding in 
cars, yard work, and mowing. Average breathing rates 
during the laboratory protocol are reported for five 
activity classifications. Average values during the field 
protocol are reported for three activity classifications. 
Table 6.25 summarizes the reported values for adult 
males. 

The six studies classified as "Relevant" provide support- 
ing information, such as assessments of the quality of 
individual's subjective judgments of their breathing rate 
and activity level. These studies were not judged to 
provide information directly related to estimating breath- 
ing rates for the screening group. Three literature 
surveys are also classified as "Relevant." The U.S. EPA 
(1985) provides a summary of inhalation rates by age, 
gender, and activity level. This study compiles results of 
earlier investigations, and does not present information 

Spier et a1 (1 992) reports breathing rates for elementary On the and methods used in these investiga- 

and high-school students. Although considered a key tions. Reported breathing rates range from 0.7 to 4.8 

study in the ~ ~ d b ~ ~ k  this su~-popu~ation does not m3/hr for adult males depending on activity level. The 

correspond to the screening group for the residential ICRP (1981) presents ventilation estimates for reference 

scenario. Results ofthis study were not -4 to establish adult males and females at two activity levels ("Resting" 

values for the screening group. and "Light Activity") as well as daily inhalation rates 
based on an assumed activity pattern during the day. For 

me California ~ i r  R~~~~~~~~ ~~~d (c-) (1993) adult males, the respective rates are given as 0.45 m 3 h ,  
reports breathing rates in routine daily activities for 1.2 m3/hr, and 22-8 m3fday. (The default values for V, 
children and adults at various activity level classifica- V ~ ,  and Vg defined in NUREG1CR-55 l2 

tions. The study included a laboratory protocol, in were based on the "~ igh t  ~c t iv i ty"  breathing 



Table 6.25 Average inhalation rates for adult males from CARB (1993) (m3/hr) 

Activity level 

Resting Sedentary Light Moderate Heavy 

Laboratory protocols' 0.54 0.60 1.45 1.93 3.63 
Field protocols2 0.62 1.40 1.78 
' Source: EPA (1996) Table 5-13 
Source: EPA (1996) Table 5-14 

rate for males fiom this study.) This study was not 
considered a sufficient basis for defining default values 
for these parameters because of the availability of more 
recent empirical data in four of the five key studies 
discussed above. The AIHC (1994) Exposure Factors 
Sourcebook recommends an average adult inhalation rate 
of 18 m3/day based on data presented in other studies. 
This report draws from information presented elsewhere, 
does not present new data on breathing rate, and may not 
be representative of the screening group. 

6.3.4 Average Breathing Rates for the 
Residential Scenario Contexts 

For the indoor, outdoor, and gardening contexts defmed 
for the residential scenario, breathing rates of the 
average member of the screening group were estimated 
fiom the average breathing rates for adults discussed in 
Section 6.3.3. Where separate estimates are provided for 
maIes and females, estimates for males were adopted as 
being more representative of the screening group. 

Each context was frst characterized by the range of 
activity levels for the activities that would typically 
occur in each. Indoor activities include sleeping, 
reading, watching television, kitchen work and 
housework, and repair and maintenance. Such activities 
correspond to the "Resting," "Sedentary," "Light," and 
"Moderate" level classifications used by Layton (1 993) 
and CARB (1993). Outdoor activities include yard 
work, recreation, and car and equipment repair and 
maintenance. Typical outdoor activities were therefore 
assumed to correspond to the "Light," and 
"Moderate" categories of Layton (1993) and CARB 
(1993), and to the "Slow" and "Medium" subjective 
breathing rate classifications used in Linnys studies of 
outdoor workers. 

Gardening activities include soil preparation, planting, 
weeding, hoeing, and harvesting. These activities are 
assumed to correspond to the "Light," "Moderate," 
"Heavy," "Hard," and "Very Hard" levels adopted by 
Layton (1993) and by CARB (1993), and to lead to 
breathing rates subjectively classified as "Medium" or 
"Fast" by Linn's subjects. 

For the outdoor and gardening contexts, the reported 
average breathing rates for the activity levels typical of 
each context were identified. (For each of the two sets of 
values reported by Layton (1993), the median breathing 
rate over the individual age groups was selected as 
typical of adult males.) Table 6.26 lists the reported 
breathing rate values for activity levels expected to occur 
outdoors, while Table 6.27 lists breathing rate values for 
activity levels expected to occur while gardening. For 
both the outdoor and gardening contexts, estimated 
breathing rates cover a range of values due to differences 
among the studies, and to differences in activity levels 
conducted in these contexts. An estimate of overall 
average breathing rate would require information on time 
allocation among these activity levels. Because detailed 
time alIocation information is not available, the median 
reported value was selected to characterize each context: 
1.4 m'hr for outdoor activities, and 1.7 m3/hr for 
gardening activities. 

As in the outdoor and gardening contexts, detailed time 
allocation information is not available for the variety of 
activities that might be conducted indoors. Time spent 
sleeping, however, is estimated in a number of activity 
surveys. Because a significant portion of indoor time is 
spent sleeping, and because of the low breathing rates 
characteristic of sleep, the average indoor breathing rate 
estimate distinguishes between the time spent sleeping 
and the time spent conducting other activities indoors: 

where T, and T, are the average time spent sleeping and 
awake indoors, and V, and V, are the average breathing 
rates while asleep and awake indoors. 

Estimates for T, and T, are available fiom the National 
Human Activity Pattern Survey (NHAPS) (Tsang and 
Klepeis, 1996) (see Section 6.2.3 for a discussion of 
time allocation studies). The EPA Exposure Factors 
Handbook describes Tsang and Klepeis (1996) as "the 
largest and most current human activity pattern survey 
available" (EPA, 1996). Over 9000 respondents 
provided minute-by-minute 24-hour diaries between 



Table 6.26 Reported average breathing rates corresponding to activity levels typical of outdoor activities 
(excluding gardening) 

Breathing rate 
( m 3 h )  

Reference study and activity Level 

0.5 Layton (1993), Set 1 : Median of "Sedentary" values over adult age groups 
0.6 Layton (1993), Set 2: Median of "Light" values over adult age groups 
0.6 CARB (1993): "Sedentary" value from laboratory protocol 

CARB (1993): "Sedentary" value fiom field protocol 
Linn et al. (1992): "Slow" value for outdoor workers 
Layton (1 993), Set 1 : Median of "Light" values over adult age groups 
Linn et al. (1992): "Medium" value for outdoor workers 
Linn et al. (1992): "Slow" value for construction workers 
CARE (1 993): "Light'? value from field protocol 
Linn et al. (1993): "Slow7' value for outdoor workers 
CAFU3 (1993): "Light" value from laboratory protocol 
Linn et al. (1 992): "Medium" value for construction workers 

1.7 Layton (1993), Set 1 : Median of "Moderate" values over adult age groups 
1.7 Layton (1993), Set 2: Median of "Moderate" values over adult age groups 
1.8 CARB (1993): "Moderate" value from field protocol 
1.9 Linn et al. (1993): "Medium" value for outdoor workers 
1.9 CARE3 (1 993): "Moderate" value from laboratory protocol 

Table 6.27 Reported average breathing rates corresponding to activity levels typical of gardening activities 

Breathing rate 
(rn3h) 

Reference study and activity level 

0.6 Layton (1993), Set 2: Median of "Light" values over adult age groups 
0.8 Layton (1 993), Set 1 : Median of "Light" values over adult age groups 
1 .O Linn et al. (1992): "Medium" value for outdoor workers 
1.4 CARB (1 993): "Light" value from field protocol 
1.4 CARB (1 993): "Light" value from laboratory protocol 
1.5 Linn et al. (1992): "Medium" value for construction workers 
1.7 Linn et al. (1992): "Fast7' value for construction workers 
1.7 Layton (1993), Set 1: Median of "Moderate" values over adult age groups 
1.7 Layton (1993), Set 2: Median of "Moderate" values over adult age groups 
1 .8 CARE3 (1993): "Moderate" value from field protocol 
1.9 Linn et al. (1993): "Medium" value for outdoor workers 
1.9 CARE3 (1993): "Moderate" value from laboratory protocol 
2.0 Linn et al. (1 993): "Fast" value for outdoor workers 
2.5 Layton (1993), Set 2: Median of "Hard" values over adult age groups 
3.1 Linn et al. (1 992): "Fast" value for outdoor workers 
3.6 CARE3 (1993): "Heavy7' value from laboratory protocol 
4.3 Layton (1993), Set 2: Median of "Very Hard" values over adult age groups 
4.3 Layton (1993), Set 1 : Median of "Heavy" values over adult age groups 



October 1992 and September 1994, and the responses 
weighted to produce results representative of the U.S. 
population. Average time allocation values, as well as 
detailed distributional information, is provided for a 
number of cohorts defined by age, race, gender, and 
other factors, however average values for adult males are 
not reported. The average time spent sleeping and 
napping by males of all ages is 523 minuteslday, while 
females spend an average of 529 minuteslday sleeping 
and napping. Adult. of either gender between the ages 
of 18 and 64 spend an average of 497 rninuteslday 
sleeping and napping. Because time spent sleeping 
depends on age more strongly than gender, a T, value of 
497 minuteslday was assumed for the screening group. 
The total time spent indoors (T, + TJ by the average 
member of the screening group is 240 24-hour dayslyear, 
or 946 minuteslday (see Section 6.2.3). 

The breathing rate while sleeping, V,, was estimated as 
the median of the values reported in Layton (1993) and 
from the CARB (1993) laboratory protocols, 0.4 m3/hr. 
Table 6.28 lists the reported breathing rate values for 
activity levels expected to occur while awake indoors. 
V, was estimated as the median of these values, 1.4 
m3/hr. The average indoor breathing rate was then 
calculated from Equation 6.40: 

449 midday 1.4 m 3/hr = o.9 3/hr (6.41) vr = 
946 midday 

Table 6.29 summarizes the default breathing rate values 
for the three residentid scenario exposure contexts. For 
comparison with breathing rate values recommended for 
other applications, the average long-term on-site 
breathing rate was also calculated using the average time 
spent in each context (see Section 6.2.3). The resulting 
long-term breathing rate of 23 m3/day is the same as that 
recommended for adult males in ICRP (1981), but larger 
than the adult male breathing rate of 21.4 m3/day based 
on EPA (1985) (see EPA (1996) Table 5-20), and the 
more recent estimate from Layton (1993) of 17 m31day. 

6.4 Physical Parameters 

6.4.1 Physical Parameters with Constant 
Values 

Physical parameters that do not have significant 
variability were held constant at a represented value. 
Table 6.30 lists the physical parameters that were held 

constant and the value used in the parameter analysis. 
The constant values were the values defined in 
Volume 1, in most cases. Additional information was 
reviewed to determine the variability in the fraction of 
carbon in plants and animals. Although the data indicate 
little variability in these parameters, the average vaIues 
are slightly different than the initial default values. 
These data are presented in Sections 6.4.1.1 and 6.4.1.2. 
The plant concentration factors for the noble gases 
(BjAr, BjKr, BjRn & BjXe) and tritium (BjH) are set to 
zero because the gases are assumed not to accumulate in 
plant tissue and tritium is modeled separately. The 
outdoor shielding factor (SFO) is set to 1 because this 
scenario is evaluating surface soil contamination. 

The potential variability in the animal product transfer 
factors FA, the fish bioaccumulation factors BA, and 
mass loading factors MLV, MLF, MLG, and MLH was 
not assessed. The values defined for these factors in 
Volume 1 were used in this analysis. The constant 
values assigned to the mass loading factors appear to 
represent the upper end of a broad range of potential 
values. 

6.4.1.1 Fraction of Carbon in Forage (f,, Stored 
Grain (fCJ, and Stored Hay (f,,,) 

These parameters define the mass fraction of elemental 
carbon in forage, stored grain and stored hay for 
livestock and is used in the agricultural pathway model 
in the residential scenario for calculating the dose from 
I4C. The dose model assumes that the specific activity of 
I4C in the animal product that is consumed by a human 
is equal to the specific activity of I4C in the food the 
animal consumes. 

This section begins with brief discussions of the 
importance off,, f& and E, with regard to the calculated 
dose and how f,, fc, and fch are specifically used in the 
dose model. Next the default values used for fC, f,, and 
fch in NUREGICR-55 12, Vol. 1, are discussed. Lastly, 
distributions for f,, fcg and fch are presented and values 
are proposed based on these distributions. 

The fraction of carbon in animal feed is important in 
estimating the dose from I4C. The higher the value f,, 
fcg and fch the higher the total annual dose in the 
residential scenario. 

The default values for f,, f,, and f,, defined in 
NUREGICR-5512, Vol. 1, are all 0.09. 



Table 6.28 Reported average breathing rates corresponding to activity 
levels typical of waking indoor activities 

Breathing rate 
(m3/h) 

-- 

Reference study and activity level 

0.5 Layton (1 993)' Set 1 : Median of "Sedentary" values over adult age groups 

0.6 Layton (1993), Set 2: Median of "Light" values over adult age groups 

0.6 CARB (1993): "Sedentary7' value from laboratory protocol 

0.6 CARB (1993): "Sedentary" value from field protocol 

0.8 Layton (1993)' Set 1 : Median of "Light" values over adult age groups 

1.4 CARB (1993): "Light" value from field protocol 

1.4 CARB (1993): "Light" value from laboratory protocol 

1.7 Layton (1993), Set 1 : Median of "Moderate7' values over adult age groups 

1.7 Layton (1993), Set 2: Median of "Moderate" values over adult age groups 

1.8 CARE3 (1 993): "Moderate" value from field protocol 

1.9 CARB (1993): "Moderate" value from laboratory protocol 

Table 6.29 Default breathing rates for the residential scenario 

Time spent in context' 
Exposure context /parameter Breathing rate (m3/hr) (daysfyear) 

Indoors - V, 

Outdoors - V, 

Gardening - V, 

Average on-site rate2 23 m3/day 
' See Section 6.2.7 
Weighted by time spent in each context 

Table 6.30 Constant physical parameters 

Part 1 

Parameters Description Units Value 

BjAr,H,Kr,Rn, Xe Concentration factors for leafy, root, h i t ,  grain - 0 
Carbon fraction for beef cattle 
Carbon fraction for poultry 
Carbon fraction for milk cows 
Carbon fraction for layer hens 
Fraction of carbon in soil 
Carbon fraction for all forage 
Carbon fraction for all grain consumed by animals 
Carbon fraction for all hay 
Hydrogen fraction for beef cattle 
Hydrogen fraction for poultry 
Hydrogen fraction for milk cows 
Hydrogen fraction for layer hens 
Fraction of hydrogen in soil 



Table 6.30 Constant physical parameters (continued) 

Part 1 

Parameters Description Units Value 

fhf Hydrogen fi-action for forage 0.1 

fhg, fiv(4) Hydrogen fraction for all grain - 0.068 
fhh Hydrogen fraction for hay 0.1 
fhv (1-3) Hydrogen fraction for fruits and vegetables 0.1 
KdH,Xe, Ke, Ar, Rn Partition coefficients for H, Xe, Ke, Ar, Rn 0 
H1 Thickness of surface-soil layer m 0.15 
LAMBDW Weathering rate for activity removal from plants lld 4.95E-02 
MLF,MLG, MLH, MLV Mass-loading factors for forage, grain, hay, h i t ,  and vegetables g/g 0.1 

QD(1) Soil intake fraction for beef cattle - 0.02 

QD(2) Soil intake fraction for poultry - 0.1 
QD(3) Soil intake fraction for milk cows - 0.02 

QD(4) Soil intake fraction for layer hens - 0.1 
QH(2) Ingestion rate for poultry hay kdd  0 
QH(4) Ingestion rate for layer hen hay kg/d 0 
Qw(l) Water ingestion rate for beef cattle Lld 50 
Qw(2) Water ingestion rate for poultry Lld 0.3 
QW(3) Water ingestion rate for milk cows Lld 60 
QW(4) Water ingestion rate for layer hens Lld 0.3 
sasvh Tritium equivalence: plantfsoil - 1 
satac Specific activity equivalence for livestock - 1 
satah Tritium equivalence: animal productfintake - 1 
sawvh Tritium equivalence: plantfwater - 1 
SF0 Outdoor Shielding Factor - 1 
sh Absolute humidity, H* L/m3 0.008 
TF Translocation factor for forage - 1 
TFF, TFG, TFH Feeding period for all animals, forage, grain & hay d 365.25 
TFW Water ingestion period for all animals d 365.25 
TG Translocation factor for all animals grain 0.1 
TGF Minimum growing period for forage d 3 0 
TGG Minimum growing period for stored grain d 90 
TGH Minimum growing period for stored hay d 45 
TGV(1) Minimum growing period for leafy vegetables d 45 
TGV(2) Minimum growing period for other vegetables d 90 
TGV(3) Minimum growing period for h i t s  d 90 
TGV(4) Minimum growing period for grains d 90 
TH Translocation factor for hay - 1 
THA(4) Holdup period for eggs d 1 

W(1) Translocation factor for leafy vegetables - 1 

W(2) Translocation factor for other vegetables 0.1 

W(3)  Translocation factor for h i t s  - 0.1 

m ( 4 )  Translocation factor for grains - 0.1 
VSW Volume of water in surface-water pond L 1.30E+06 
WG(l), WV(4) Wetfdry conversion factor for grain - 0.88 



Table 6.30 Constant physical parameters (continued) 

Part 2 - Animal product transfer factors (Faj) , wet-eight basis 
(from Volume 1, Table 6.18) 

Element Beef (d/kg) 

(-1 
1.00E-03 

(-1 
7.50E-02 
1.50E-01 
5.50E-02 
5.00E-03 
4.00E-05 
5.50E-02 
1.00E-0 1 
8.00E-02 

(-1 
2.00E-02 
7.00E-04 
1.50E-02 
5.50E-03 
4.00E-04 
2.00E-02 
2.00E-02 
6.00E-03 
1.00E-02 
1.00E-01 
5.00E-04 
2.00E-03 
1.50E-02 
2.50E-02 

(-1 
1.50E-02 
3.00E-04 
3.00E-04 
5.50E-03 
2.50E-01 
6.00E-03 
8.50E-03 
2.00E-03 
2.00E-03 
4.00E-03 
3.00E-03 
5.5OE-04 
8.00E-03 
8.00E-02 
1.00E-03 
1.50E-02 

Milk (d/L) 



Table 6.30 Constant physical parameters (continued) 

Part 2 - Animal product transfer factors (Faj) , wet-eight basis 
(from Volume 1, Table 6.18) 

Element Beef (dm) Poultry (dkg) Milk (d/L) Eggs (dlkg) 

I 7.00E-03 1.80E-02 1.00E-02 2.8OE+00 
Xe (-1 (-1 (-1 (-1 
CS 2.00E-02 4.40E+00 7.00E-03 4.90E-0 1 
Ba 1.50E-04 8.10E-04 3.5OE-04 1.50E+00 
La 3.00E-04 1.00E-0 1 2.00E-05 9.00E-03 
Ce 7.50E-04 1.00E-02 2.00E-05 5.00E-03 
Pr 3.00E-04 3.00E-02 2.00E-05 5.00E-03 
Nd 3.00E-04 4.00E-03 2.00E-05 2.00E-04 
Pm 5.00E-03 2.00E-03 2.00E-05 2.00E-02 
Sm 5.00E-03 4.00E-03 2.00E-05 7.00E-03 
EU 5.00E-03 4.00E-03 2.00E-05 7.00E-03 
Gd 3.50E-03 4.00E-03 2.00E-05 7.00E-03 
Tb 4.5OE-03 4.00E-03 2.00E-05 7.00E-03 
DY 5.50E-03 4.00E-03 2.00E-05 7.00E-03 
HO 4.50E-03 4.00E-03 2.00E-05 7.00E-03 
Er 4.00E-03 4.00E-03 2.00E-05 7.00E-03 
H f 1.00E-03 6.00E-05 5.00E-06 2.00E-04 
Ta 6.00E-04 3.00E-04 3.00E-06 1.00E-03 
W 4.50E-02 2.00E-01 3.00E-04 8.OOE-01 
Re 8.00E-03 4.00E-02 1.50E-03 4.00E-01 
0 s  4.00E-0 1 1.00E-0 1 5.00E-03 9.00E-02 
Ir 1.50E-03 5.00E-01 2.00E-06 1.00E-01 

AU 8.00E-03 5.00E-01 5.5OE-06 5.00E-0 1 

Hg 2.50E-0 1 1.1 OE-02 4.5OE-04 2.00E-0 1 
T1 4.00E-02 3.00E-01 2.00E-03 8.OOE-0 1 
Pb 3.00E-04 2.00E-01 2.5OE-04 8.00E-0 1 
Bi 4.00E-04 1.00E-0 1 5.00E-04 8.00E-01 
PO 3.00E-04 9.00E-01 3.5OE-04 7.00E+00 

Rn (-> (-1 (-1 (-1 
Ra 2.50E-04 3.00E-02 4.50E-04 2.00E-05 
AC 2.50E-05 4.00E-03 2.00E-05 2.00E-03 
Th 6.00E-06 4.00E-03 5.00E-06 2.00E-03 
Pa 1.00E-05 4.00E-03 5.00E-06 2.00E-03 
U 2.00E-04 1.20E+00 6.00E-04 9.90E-0 1 

NP 5.50E-05 4.00E-03 5.00E-06 2.OOE-03 
Pu 5.00E-07 1.50E-04 1.00E-07 8.00E-03 
Am 3.50E-06 2.00E-04 4.00E-07 9.00E-03 
Cm 3.5OE-06 4.00E-03 2.00E-05 2.00E-03 
Cf 5.00E-03 4.00E-03 7.5OE-07 2.00E-03 



Table 6.30 Constant physical parameters (continued) 

Part 3 - Fish bioaccumulation factors (Baj3 
(from Volume 1, Table 6.19) 

Bioaccumulation factor Element (pCi/kg wet-weight per pCi/L) 

H 1.00E+00 
Be 2.00E+00 
C 4.60E+03 
N 1.50E+05 
F l.OOE+O 1 

Na 1.00E+02 
P 7.00E+04 
S 7.5OE+O2 
Cl 5.00E+O 1 
K 1 .OOE+03 
Ca 4.00E+01 
Sc 1 .OOE+02 
Cr 2.00Et02 
Mn 4.00E+02 
Fe 2.00E1-03 
Co 3.30E+02 
Ni 1.00E+02 
Cu 5.00E+01 
Zn 2.50E+03 
As 1.00E+02 
Se 1.70E+02 
Br 4.20Et02 
Rb 2.00E+03 
Sr 5.00E+01 
Y 2.50E+01 
Zr 2.00E+02 
Nb 2.00E+02 
Mo 1.00E+01 
Tc 1.50E+0 1 
Ru 1.00E+02 
Rh 1.00E+0 1 
Pd 1.00E+O 1 

Ag 2.30E+00 
Cd 2.00E+02 
In 1.00E+05 
Sn 3.00E+03 

Bioaccumulation factor Element (pCi/kg wet-weight per pCi/L) 

Sb 2.00E+02 
Te 4.00E+02 
I 5.00E+02 

Xe 0.00E+00 
Cs 2.0OEi-03 
Ba 2.00E+02 
La 2.50E+O1 
Ce 5.00Et-02 
Pr 2.50E+O 1 
Nd 2.50E+Ol 
Pm 2.50E+Ol 
Sm 2.50E+Ol 
Eu 2.5OE+O1 
Gd 2.5OE+Ol 
Tb 2.50E+01 
Ho 2.50E+01 
W 1.20E+03 
Re 1.20E+02 
0 s  1.00E+01 
Ir 1 .OOE+O 1 

Au 3.3 OE+O 1 

Hg 1 .OOE+03 
Pb 1 .OOE+02 
Bi 1.50E+O 1 
Po 5.00E+02 
Rn O.OOE+OO 
Ra 7.OOE+Ol 
Ac 2.50E+Ol 
Th 1.00E+02 
Pa l.IOE+OI 
U 5,00E+01 

NP 2.50E+02 
Pu 2.50E+02 

I 
Am 2.50E+02 
Crn 2.50E+02 
Cf 2.50E+Ol 

Additional information was reviewed to defme the the forage, stored grain or stored hay and the fraction of 
variability in f,, f,, and f,,. The major sources of carbon in proteins, lipids, and carbohydrates. The 
carbon in foods are proteins, lipids, and carbohydrates mathematical expression is given by: 
(Lehninger, 1970). Therefore, the fraction of carbon in 
forage, stored grain or stored hay can be determined ffi = ffi (fc,) + f~r(fc1) + fa (fee) (6.42) 
based on the protein, lipid, and carbohydrate contents of 

where: 



f,,, f, and fcxare the fraction of proteins, lipids and 
carbohydrates in the forage (x=f), stored grain (x=g) or 
stored hay (x=h), and f,,, f,, and fcc are the fraction of 
carbon in proteins, lipids and carbohydrates. 

Equation 6.42 is based only on the major sources of 
carbon in livestock feed and neglects minor carbon- 
containing components such as vitamins and nucleic 
acids. 

6.4.1.1.1 Fraction of Carbon in Proteins, Lipids 
and Carbohydrates 

Protein is a polyamino acid with a molecular weight 
range of 6,000 to 40,000,000 and consists of 50 to 
340,000 amino acid monomer units. Proteins contain 
approximately 50% carbon, 7% hydrogen, 23% oxygen, 
16% nitrogen, and from 0 to 3% sulfur (Lehninger, 
1970). 

Lipids are esters of aliphatic acids and are composed of 
a hydrocarbon chain with a terminal carboxyl group 
linked to a acylglycerol moiety. The carbon composition 
of lipids varies slightly with the hydrocarbon chain 
length (14 to 24 carbon atoms in the fatty acid moiety) 
and the degree of saturation. Lipids contain approxi- 
mately 76% carbon (Lehninger, 1970). 

With the exception of milk, carbohydrates make up a 
very small portion of the total components in animal 
products. Carbohydrates consist of carbon, hydrogen, 
and oxygen in the approximate CHO ratio of 1 :2: 1 and 
vary slightly in carbon content fiom 40% (simple sugars) 
to about 45% (storage and structural polysaccharides) 
(Lehninger, 1970). 

6.4.1.1.2 Nutrient Composition of Forage, Stored 
Grain, and Stored Hay 

Tables 6.3 1, 6.32, and 6.33 list common forage crops, 
stored grain crops, and stored hay crops for livestock and 
the quantities of protein, lipids, and fibers in each. 
Fibers include structural polysaccharides and other 
carbohydrates. These three major components in the 
crops are readily digestible by livestock. There are, 
however, minor components of non-digestible proteins 
and fibers present in plant material (NRC, 1985). 

The largest variability in the carbon fraction parameters 
is due to the variety in the types of forage, stored grain, 
and stored hay crops that livestock may eat. To account 
for this variability it is assumed that each type of 
potential feed is equally likely to be fed to livestock. 
Therefore, a uniform distribution representing each type 
was sampled to obtain the specific crop being consumed 

Table 6.31 Composition of fresh forage crops 
(NAP, 1996) 

Forage crop Protein (%) Lipids (%) Fiber (%) 

Alfalfa 18.9 3.2 77.9 
Bermuda grass 12.6 3.7 83.7 
Bluegrass 17.4 3.5 79.1 
Broome grass 21.3 4.0 74.7 
Canary grass 17.0 4.1 78.9 
Clover, ladino 25.8 4.6 69.6 
Clover, red 14.6 2.9 82.5 
Fescue 15.0 5.5 79.5 
Orchard grass 12.8 3.7 83.5 
Rye grass 17.9 4.1 78.0 
Trefoil 20.6 4.0 75.4 
Timothy 12.2 3.8 84.0 

Table 6.32 Composition of grain (NAP, 1996) 

Grain Protein (%) tipids (%) Fiber (%) 

Barley 13.2 2.2 84.6 
Canola 30.7 7.4 61.9 
Corn 9.8 4.1 86.1 
Oats 13.6 5.2 81.2 
Sorghum 12.6 3.0 84.4 
Wheat 14.2 2.3 83.5 

Table 6.33 Composition of stored hay (NAP, 1996) 

Hay crop Protein (%) Lipids (%) Fiber (%) 

Alfalfa 18.6 2.4 79.0 
Bermuda grass 7.8 2.7 89.5 
Broome grass 6.0 2.0 92.0 
Canary grass 10.2 3 .O 86.8 
Clover, ladino 22.4 2.7 74.9 
Clover, red 15.0 2.8 82.2 
Corn wlcob 2.8 0.6 96.6 
Corn silage 8.7 3.1 88.2 
Fescue 10.8 4.7 84.5 
Orchard grass 12.8 2.9 84.3 
Sorghum silage 9.4 2.6 88.0 
Wheat grass 8.7 2.2 89.1 
Wheat silage 12.5 6.1 81.4 
Trefoil 15.9 2.1 82.0 
Timothy 10.8 2.8 86.4 

by the livestock. Given the specific feed type, the 
amount of nutrients can be determined from Tables 6.3 1, 
6.32, and 6.33, combined with the specific fraction of 
carbon in the nutrients reported by Lehninger (I 970) to 
calculate the mass fraction of carbon, using Equation 
6.42. 



The variability in fc, and &, is relatively small, as the 
results in Table 6.34 show. In addition, Table 6.34 
presents the default values used in NUREGICR-55 12, 
Vol. 1, which are consistent with the distributions 
derived in this section. Given the small variability, the 
mean values were used for all calculations. 

These parameters would not be expected to vary from 
site to site and it is very unlikely that a licensee would 
conduct any type of data collection activity to modify 
them. The one exception may be fc, because of the 
different forage crops that grow in different regions 
throughout the United States. A licensee may attempt to 
support alternative values for the fraction of carbon in 
forage based on regional data that supports specific 
forage crop growth. 

6.4.1.2 Fraction of Carbon in Animal Products, 
fca 

This parameter defmes the mass fraction of elemental 
carbon in meat (beef and poultry), milk, and eggs and is 
used in the agricultural pathway model in the residential 
scenario for calculating the dose from I4C. The fraction 
of carbon in these animal products is a physical 
parameter because it is a function of the amount of I4C 
in the specific animal product being considered. 

The firaction of carbon in animal products is important in 
estimating the dose from I4C. The higher the value for 
f,,, the higher the total annual dose in the residential 
scenario. 

The major sources of carbon in foods are proteins, lipids, 
and carbohydrates (Lehninger, 1970). Therefore, the 
fraction of carbon in foods can be determined based on 
the protein, lipid, and carbohydrate contents of the food 
and the fraction of carbon in proteins, lipids, and 
carbohydrates. The mathematical expression is given by: 

where f,,, f,, and f, are the fraction of proteins, lipids 
and carbohydrates in food type "a," respectively, and $, 
fa and fc, are the fraction of carbon in proteins, lipids 
and carbohydrates, respectively. 

Equation 6.43 is based only on the major sources of 
carbon in foods and neglects minor carbon-containing 
components such as vitamins and nucleic acids. 

Table 6.35 lists the nutrient composition of products 
from beef cattle, poultry, milk cows, and layer hens. 

The only uncertainty in the data is in the carbon content 
of lipids (73-79%) and the carbon content of 
carbohydrates (4045%). Because there is no basis for 
any type of distribution of this uncertainty indicated by 
Lehninger (1970) these fractions are assumed to be 
uniformly distributed with the minimum and maximum 
values equal to the reported range. Using these 
distributions and Equation 6.43, Table 6.36 presents the 
data for fca for milk, eggs, beef and poultry, along with 
the default values used in NUREGICR-55 12, Volume 1. 

The default values for this parameter defmed in As can be seen in Table 6.36, there is little variability in 

NUREG/CR-5512, Val. 1, are: beef cattle, 0.24; poultry, f C r  The average was used in 

0.20; milk, 0.07; and eggs, 0.15. 

Table 6.34 Data variability for fc, f,, and f,, 

Parameter Minimum Maximum Mean Standard NUREGICR-5512 
deviation default 

Table 6.35 Composition of animal products (Gebbardt and Matthews, 1985) 

Product Protein Lipids Carbohydrates (g) 

Milk 3.3% 3.3% 4.5% 
Eggs 12% 12% 2.0% 
Beef 26% 3 1% 0 
Poultry 31% 3.5% 0 



Table 6.36 Data on variability off,, 

Product Minimum Maximum Mean of the range Default value from 5512 

Milk 0.0606 0.0626 
Eggs 0.157 0.164 
Beef 0.353 0.371 
Poultry 0.182 0.185 

6.4.2 Thickness of the Unsaturated Zone, 
H, (m) 

6.4.2.1 Description of H, 

As defined in Volume 1, H, is the thickness of the 
unsaturated zone for the three-box groundwater model 
used in the residential scenario. The top box in the three 
box model represents a 15-cm-thick soil layer. The 
middle box represents the unsaturated zone, and H, is the 
thickness of this middle box. H, is a physical parameter 
that is a characteristic of the specific site being assessed 
and is independent of the source term and group of 
exposed individuals. 

6.4.2.2 Use of H, in Modeling 

The thickness of the unsaturated zone is important to 
dose because it is the distance radionuclides must travel 
to get into the saturated zone. Once in the saturated 
zone, the radionuclides contaminate drinking and 
irrigation water which results in a dose to man via 
several different possible pathways. A thick unsaturated 
zone compared to a thin unsaturated zone would provide 
a longer distance for radionuclides to be transported. 
This longer distance translates into a longer travel time 
and, with radioactive decay occurring, may result in a 
decrease in the amount of radionuclides reaching the 
saturated zone. Besides travel distance, the unsaturated 
zone is characterized by adsorption coefficients, water 
content, and infiltration rate. These parameters, 
combined with H,, provide the basis for estimating the 
total amount of radioactivity that reaches the saturated 
zone in a given time. 

For NUREGICR-5512, Vol. 1, dose modeling, the 
thickness of the unsaturated zone is used in determining 
radionuclide leach rates from the unsaturated zone to the 
saturated zone in the three box groundwater model. 
These leach rates are proportional to the amount of water 
that infiltrates into the unsaturated zone (infiltration rate) 
and inversely proportional to the thickness of the 
unsaturated zone, the volumetric water content of the 
unsaturated zone, and the radionuclide specific 
retardation factor (which is derived from adsorption 
coefficients). The mathematical relation between leach 

rate and unsaturated zone thickness is given in 
NUREGJCR-5512, Vol. 1 ( p. 4.9), as: 

where: 

LZj = Leach rate from the unsaturated zone to the 
saturated zone for radionuclide j (y-') 

I = Infiltration rate (my-') 
H, = Unsaturated zone thickness (m) 
0, = Volumetric water content of the unsaturated 

zone (dimension less) 
RGj = Retardation factor for movement of radionuclide 

j from the unsaturated zone to the saturated zone 
(dimension less) 

The retardation factor is given in NUREGICR-5512, 
Vol. 1 @. 4.9), as: 

where: 

Kd2j = Partition coefficient for the jth radionuclide in 
the unsaturated zone 

p, = Bulk density of the unsaturated zone 
n, = Total porosity of the unsaturated zone 

6.4.2.3 Information Reviewed to Define a 
Distribution for H, 

The default value for H, defined in NUREGICR-55 12, 
Vol. 1, is 1 m, which represents a thin unsaturated zone. 
A thin unsaturated zone was assumed to be conservative 
because it would result in relatively fast travel times 
through the unsaturated zone which would allow for 
more radionuclides to reach the groundwater. However, 
when contaminant transport is coupled with radioactive 
decay, it is difficult to defme a priori whether or not a 
thin unsaturated zone is conservative. For example, a 
short travel time through the unsaturated zone would not 
allow for ingrowth of a particularly toxic daughter 
product. 



Information concerning depth to the water table is a 
commonly reported quantity given the large number of 
observation wells located throughout the United States. 
For example, in New Mexico, there are 33,000 
observation wells where data are regularly collected 
(USGS, 1990b). However, there is no readily available 
summary digital database for the continental U.S. A 
report by the USGS (USGS, 1990b), available on CD- 
ROM, does present State Water Data Reports from 
USGS observation wells throughout the continental U.S. 
This information was extracted from USGS open file 
reports. Therefore, there are inconsistencies in what data 
are reported and how they are reported from state to 
state. In addition, information from the western United 
States is particularly sparse, especially compared to the 
dense coverage of the eastern United States. For those 
areas where data is especially sparse, additional 
references were used (Idaho Department of Water 
Resources, 1998; USGS Colorado, 1998, Wyoming 
Water Resources Center, 1997). The only groundwater 
region where specific well data could not be found was 

the Columbia Plateau. However, Guzowski et al. (1981) 
provide summary water table depth information fiom 
this region, which was used to con fm that the resulting 
distribution included that range. Despite these problems 
with data availability, the combined data set is believed 
to be appropriate for representing the variability of 
unsaturated zone thickness throughout the United States 
for the screening calculation. 

6.4.2.4 Proposed Distribution for H, 

To use the water table depths to generate a probability 
distribution h c t i o n  of H, fiom the referenced material, 
a 1.5 degree grid was overlayed onto a map of the 
continental U.S., which delineates the USGS ground- 
water regions (Fetter, 1988). The coarseness of the grid 
is chosen based on approximating the density of grid 
points per groundwater region to the areal density of the 
groundwater regions. The areal densities and grid point 
densities for the groundwater regions are presented in 
Tables 6.37 and 6.38, respectively. 

Table 6.37 USGS groundwater regions areal density 

Groundwater region Area in square kilometers Percent of total area 

Alluvial Basins 1016791.19 13.06 
Atlantic and Gulf Coastal Plain 889928.98 1 1.43 
Colorado Plateau and Wyoming Basin 4640 19.23 5.96 
Columbia Lava Plateau 369217.96 4.74 
Glaciated Central Region 1253496.30 16.10 
High Plains 382559.85 4.92 
Nonglaciated Central Region 1859575.84 23.89 
Northeast and Superior Uplands 379291.25 4.87 
Piedmont and Blue Ridge 230726.8 1 2.96 
Southeast Coastal Plain 194674.84 2.50 
Western Mountain Ranges 743214.91 9.55 

Table 6.38 USGS groundwater regions gridded sampling point density 

Groundwater region Percent of total Number of grid points 
number of points 

Alluvial Basins 
Atlantic and Gulf Coastal Plain 
Colorado Plateau and Wyoming Basin 
Columbia Lava Plateau 
Glaciated Central Region 
High Plains 
Nonglaciated Central Region 
Northeast and Superior Uplands 
Piedmont and Blue Ridge 
Southeast Coastal Plain 
Western Mountain Ranges 



To associate a water table depth with a grid point 
location, the closest well to the grid point is used to 
assign a value of the water table depth to the grid point. 
For the eastern states, wells are typically found within a 
20 mile radius of the grid point. West of the Mississippi 
River, wells are typically found within a 50 mile radius 
of the grid point. This process is chosen, as  opposed to 
interpolation, in order to be consistent within a ground- 
water region (i.e., to avoid interpolating across ground- 
water regions) and because the resulting probability 
distribution is meant to represent the variability across 
the United States and not specific values at specific 
locations. The depth to water assigned to the specific 
grid point is an average of the highest and lowest water 
levels reported at the associated well, and therefore, 
represents the average of long term extremes. Values 
were not found for every grid point. Instead the search 
for values continued until a representative number of 
values was found for each groundwater region, based on 
the sampling point densities presented in Table 6.38. 
Figure 6.20 illustrates the 1.5 degree grid, along with the 
wells that were used to assign value to the nearest grid 
points. The exception to the data analysis process 
defmed above is for Wyoming, where the data that was 
obtained was a depth to water two-dimensional surface. 
Therefore, the values at the surface that corresponded 
directly to the grid point locations were used. 

The resulting data set of H, ranged from a minimum of 
0.3 m in the High Plains groundwater region (a well in 
north central Nebraska) to a maximum of 3 16 m in the 
Alluvial Basins groundwater region ( a well on the south 
rim of the Grand Canyon), with an average depth to 
groundwater of 22 m for the continental U.S. Table 6.39 
lists the water-level depths at the grid locations. The 
proposed empirical probability distribution and cumula- 
tive probability distribution of unsaturated zone thick- 
ness, Hz, are shown in Figures 6.21 and 6.22, respec- 
tively. An empirical distribution was chosen due to lack 
of a basis for choosing a specific distributional form. 

6.4.2.5 Parameter Uncertainty 

The distribution is based on the assumption that licensed 
sites are uniformly distributed in space throughout the 
United States. Instead, sites are expected to be concen- 
trated near population centers; however, the effect of thii 
concentration on the distribution is unclear. Water table 
depth is also a function of time, responding to seasonally 
variable recharge rates and pumping rates. 

6.4.2.6 Alternative Parameter Values 

Information on water table depth is often available from 

state and city government agencies because this data is 
important for public water resource management and 
planning. It is expected that a licensee would easily be 
able to define a site-specific range or distribution from 
this information, considering uncertainties created by the 
1000 year t i m e - h e  considered in the dose assessment. 

6.43 Hydrologic Parameters: Soil 
Texture, Porosities (n,, n,), Relative 
Saturation (f,,f,), Infiltration (I), 
Bulk Densities (p,, p,) and Soil 
Areal Density (Ps) 

6.4.3.1 Hydrologic Parameter Descriptions 

Several input parameters represent characteristics of the 
surface soil or the soil of the unsaturated layer. These 
parameters include porosity and saturation ratio. Rather 
than sample independently from distributions of these 
parameters, the dependence of these parameters is 
represented by first sampling soil texture then selecting 
an appropriate distribution for porosity and saturation 
ratio for the sampled texture. Soil densities are tied to 
the soil texture by a fkctional relationship to porosity. 

A common method of describing and quantifying soil 
texture is the USDA soil textural classification (Soil 
Survey Staff, 1997). This classification was used by 
Meyer and others (1997) to represent the variability of a 
number of soil hydrologic properties that are related to 
porosity and saturation ratio. The USDA soil textural 
classification is also reported in a variety of available 
electronic data bases for the United States. 

Porosity (n) is a measure of the relative pore volume in 
the soil. It is the ratio of the volume of the voids to the 
total volume: 

Soil bulk density (p)represents the ratio of the mass of 
dried soil to its total volume (solids and pores together): 

It is assumed that for each realization the porosities in 
the surface soil layer and in the unsaturated layer will be 
equivalent. The same holds true for the bulk densities. 
That is: 



Figure 6.20 Gridded sampling and well locations within the USGS groundwater regions 

Table 6.39 Estimated depth-to-water at gridded sampling locations 

Observation Thickness Observation Thickness Observation Thickness Observation 
Thickness 

(meters) (meters) (meters) (meters) 

1 0.30 54 3.88 107 8.99 160 27.22 
2 0.67 55 4.17 108 9.00 161 27.30 
3 0.8 1 5 6 4.25 109 9.13 162 27.57 
4 0.92 5 7 4.44 110 9.14 163 27.73 
5 0.99 5 8 4.44 111 9.20 1 64 27.78 
6 1.03 59 4.63 112 9.3 1 165 27.99 
7 1.07 60 4.87 113 9.55 166 28.60 
8 1.14 6 1 5.13 114 9.59 167 29.44 
9 1.21 62 5.18 115 9.63 168 30.06 
10 1.30 63 5.54 116 9.86 169 30.34 
11 1.31 64 5.83 117 10.47 I70 30.34 
12 1.32 65 5.85 118 10.71 171 30.55 
13 1.56 66 5.86 119 11.31 172 30.75 
14 1.58 67 5.90 120 11.54 173 31.12 
15 1.61 68 6.06 121 1 1.67 174 31.69 
16 1.69 69 6.13 122 11.97 175 3 1.70 
17 1.69 70 6.17 123 12.57 176 31.74 
18 1.69 71 6.22 124 12.63 177 32.23 
19 1.78 72 6.3 1 125 12.79 178 33.87 
20 1 .SO 73 6.36 126 13.15 179 34.82 
2 1 1.81 74 6.40 127 13.24 180 35.44 
22 1.84 75 6.46 128 13.35 181 36.04 
23 1.87 76 6.51 129 13.37 182 36.77 



Table 6.39 Estimated depth-to-water at gridded sampling locations (continued) 

Observation Thickness Observation Thickness Observation Thickness Observation 
Thickness 

(meters) (meters) (meters) (meters) 

24 1.92 77 6.55 130 13.62 I83 40.30 
25 2.04 78 6.60 13 1 13.68 184 40.72 
26 2.10 79 6.86 132 13.75 185 42.37 
27 2.11 80 6.92 133 14.09 186 42.88 
28 2.32 8 1 6.92 134 14.49 187 44.1 8 
29 2.36 82 6.95 135 15.05 188 47.17 
30 2.37 83 6.97 136 15.23 189 49.66 
3 1 2.39 84 7.09 137 16.08 190 51.15 
32 2.44 85 7.18 138 16.22 191 61.31 
3 3 2.44 86 7.35 139 16.49 192 6 1.90 
34 2.45 87 7.36 140 16.56 193 62.28 
35 2.59 88 7.40 141 16.85 194 63.15 
36 2.63 89 7.43 142 17.3 8 195 65.87 
37 2.69 90 7.46 143 18.17 196 67.33 
38 2.79 91 7.59 144 18.42 197 74.67 
39 2.81 92 7.60 145 1 8.43 198 79.24 
40 2.90 93 7.64 146 18.66 199 81.17 
4 1 2.95 94 7.87 147 19.45 200 82.81 
42 3.07 95 8.10 148 20.05 20 1 84.72 
43 3.18 96 8.28 149 20.68 202 89.58 
44 3.22 97 8.35 150 20.76 203 94.68 
45 3.29 98 8.70 151 21.69 204 107.60 
46 3.34 99 8.71 152 22.37 205 113.13 
47 3.37 100 8.73 153 22.73 206 114.78 
48 3.44 101 8.79 154 22.86 207 141.71 
49 3.58 102 8.80 155 22.94 208 176.91 
50 3.61 103 8.82 156 24.01 209 177.99 
5 1 3.66 104 8.85 157 24.66 210 180.25 
52 3.74 105 8.89 158 25.96 21 1 3 15.85 
53 3.86 106 8.90 159 26.47 

Probability Density 
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Figure 6.21 Empirical probability distribution for H, 



Cumulative Density 

Unsat zone thickness (m) 

Figure 6.22 Empirical cumulative distribution function for H, 

(6.48) 6.4.3.2 Use of the Hydrologic Parameters in 
Modeling 

Soil areal density of the surface plow layer is a measure 
of the mass of soil per square meter in the surface layer. 
The depth of this layer is assumed to be 0.15 m in the 
DandD model. 

The infiltration rate is measured as the volume of water 
per unit area per unit time that percolates deeply beneath 
the root zone and becomes infiltration. It is the effective 
rate at which water moves through the surface soil layer 
and through the unsaturated layer, as well as the rate at 
which the aquifer receives recharge water. Its units are 
given as lengthltime. 

The hydrologic parameters control the rate at which the 
contaminant is leached out of each layer and is 
transported into the next layer. Soil texture is not used 
directly in the modeling; it is used to determine the 
active distribution for the directly related parameters; 
porosity and saturation ratio. The following equation is 
a generic representation of the leaching model (NUREG1 
CR 55 12, Vol. 1, Equations 4.7-4.12, pp. 4.8-4.9). 

Where L is the leach rate for layer k and contaminant j, 
H is the layer thickness, 8, is volumetric moisture 

The saturation ratio V) expresses the volume of water content, Rt, is the retardation factor, 365.25 is a time 

relative to the volume of the pore space. unit conversion factor and I is the infiltration rate (mly). 
The retardation coefficient is a function of the partition 

'waler 
coefficient (Kd), porosity (n) and bulk density (p) and 

f = (6.50) the volumetric moisture content (03  is a function of the 
' a i r +  'water sampled relative saturation and the porosity: 

It is also a ratio of the moisture content (8) to the 
porosity. 

f =Oln (6.5 1) 
8, = fn (6.55) 

It is assumed that for each realization the saturation 
ratios in the surface soil layer and in the unsaturated The effect of the hydrologic parameters on the dose is 
layer will be equivalent. That is: uncertain due to uncertainty in the dominant exposure 

(6.52) pathway. fi = A  



6.4.3.3 Information Reviewed to Define the 
Distribution of Soil Texture 

The CONUS-SOIL database created and electronically 
accessible through Pennsylvania State University (from 
http://www.essc.psu.edu) is a composite summary of 
detailed soil databases (STATSGO databases) for states 
in the continental United States. This CONUS-SOIL 
database generalizes a variety of soils data, including 
the USDA soil texture, on a 1 krn grid with constant 
layering. The layering consists of two 5 cm. thick layers 
near the land surface followed by three 10 cm. layers, 
three 20 cm. layers and finally three 50 cm. layers. 

In general, the total area of each texture class is fairly 
consistent fiom layer to layer with the clay content 
tending to increase slightly with depth. Since the 
uppermost soil layer in the DandD conceptualization is 
15 cm. thick, the three uppermost COWS-SOIL layers 
were examined for uniformity and consistency. 
Approximately 85% of the area covered by materials 
with USDA classified soil textures is a consistent texture 
for the three uppermost layers. Table 6.40 summarizes 
the areal distributions of textures for the three upper 
layers individually and the volume weighted distribution 
of textures for the three layers combined. 

6.4.3.4 Parameter Distributions 

6.4.3.4.1 Soil Texture 

The proposed probability distribution for soil texture is 
related to the volume weighted distribution of soil 
texture for the first three layers of the COWS-SOIL 

database. The probability of encountering a specific soil 
texture is equal to the percentage of the volume occupied 
by a this soil texture. For example, the probability of the 
site having a silt loam soil texture is 24.881%. 

Normal distributions of porosities (assumed to be 
equivalent to saturated water content) are given in Carsel 
and Panish (1988). They are reported based on the 12 
Soil Conservation Service textural classifications and a 
compilation of data for each of the textural classes. 
These distributions are used in the parameter analysis. 
The means and standard deviations for these normal 
distributions are given in Table 6.41. 

6.4.3.4.2 Soil Bulk Density and Areal Density 

Bulk density is functionally related to porosity: 

where p is the soil bulk density (g/cm3), n is the porosity, 
and p, is the particle density (g/cm3). In most soils the 
mean particle density is very close to the density of 
quartz (2.65 g/cm3), typically the main component of 
sandy soils. Clay minerals have a similar density. While 
the presence of heavy minerals such as iron oxides can 
increase the mean particle density or the presence of 
organic matter can lower it, as a practical matter mean 
particle density generally varies between 2.6 and 2.7 
g/cm3 (Hillel, 1980) and can be represented as a constant 
of 2.65 g/cm3. With that, the bulk density becomes: 

Table 6.40 CONUS-SOIL texture summary 

Layer 1 Layer 2 Layer 3 Volume 
USDA soil texture (0-5cm) (5-1 Ocm) (lG20cm) weighted 

(Oh of area) (% of area) (% of area) % of 0-20 cm 

silt 0.005 0.005 0.0 15 0.01 
sandy clay 0.000 0.065 0.216 0.124 
sandy clay loam 0.398 0.650 1.323 0.923 
silty clay 1.569 1.623 1.316 1.456 
loamy sand 3.822 3.719 3.540 3.655 
clay 3.525 3.845 5.766 4.726 
clay loam 4.385 4.706 6.003 5.274 
silty clay loam 4.578 4.734 5.407 5.032 
sand 7.267 7.188 7.385 7.306 
sandy loam 23.541 22.673 2 1.792 22.450 
silt loam 25.339 25.336 24.424 24.88 1 
loam 25.571 25.456 22.8 13 24.163 



Table 6.41 Distributions for porosity based on soil texture (after Carsel and Parrish, 1988) 

Soil type Mean Standard deviation Number of samples 

sand 0.43 0.06 246 
loamy sand 0.41 0.09 315 
sandy loam 0.4 1 0.09 1183 
sandy clay loam 0.39 0.07 214 
loam 0.43 0.10 735 
silt loam 0.45 0.08 1093 
silt 0.46 0.1 1 82 
clay loam 0.4 1 0.09 364 
silty clay loam 0.43 0.07 641 
sandy clay 0.38 0.05 46 
silty clay 0.36 0.07 374 
clay 0.38 0.09 400 

The soil areal density of the surface plow layer, P, 
(kg/m">, is a fhction of the bulk density (and hence the 
porosity). Actually, it amounts to nothing more than a 
conversion of units fiom the bulk density along with an 
assumption of a 0.15 m plowing depth. Mass is 
converted from grams to kilograms. Volume is converted 
from cubic centimeters to an area (in square meters) 
times an (implicit) depth of 0.15 meters: 

6.4.3.4.3 Infiltration Rate 

Infiltration rate is a function of the amount of water 
applied to the land surface (either by precipitation or 
irrigation) and the soil hydraulic conductivity which 
controls the rate at which the soil is able to drain. To 
determine infiltration rate (I) we assume a model in 
which the infiltration rate is the product of the 
application rate (AR) and the fraction of the applied 
water that will percolate deeply beneath the root zone 
and become infiltration. (The infiltration fraction is 
designated as IF.) The infiltration fraction is a function 
of the saturated hydraulic conductivity (GJ. 

Distributions of saturated hydraulic conductivity are 
given in Carsel and Parrish (1988). They are reported 
based on the 12 Soil Conservation Service textural 
classifications. Carsel and Panish (1988) fitted 
distributions fiom a class of transformed normal 
distributions. Meyer et al. (1997) refitted the distribu- 
tions of Carsell and Parrish (1988) to distributional 

forms that are more commonly used and more easily 
constructed- either lognormal or beta. The lognormal 
distribution is completely specified by the mean and 
standard deviation while the beta distribution is 
completely specified by mean, standard deviation, and 
range (upper and lower limits of the distribution). The 
distribution type and parameters for these distributions 
for each of the 12 soil types are given in Table 6.42. 

The U.S. Bureau of Reclamation (USBR) has developed 
an empirical relationship between soil permeability and 
the proportion of water that percolates beneath the root 
zone (USBR, 1993) (shown in Figure 6.23 and in Table 
6.43). 

Having now developed a relationship for the propensity 
of soil to drain based on its ability to transmit water, we 
now consider water application rates. 

Total water application at a particular site must equal or 
exceed the annual precipitation (assuming negligible 
runoff). The distribution for precipitation is given in 
Figure 6.24. This distribution was derived by 
interpolating a precipitation surface using average 
precipitation data obtained from weather stations across 
the conterminous United States (France, 1992; Owenby 
and Ezell, 1992). In humid regions of the country, 
precipitation supplies sufficient moisture to grow garden 
crops. In semi-arid or arid regions however, precipitation 
alone does not supply sufficient moisture to meet the 
requirements of garden crops. This water deficit must be 
met through the application of irrigation water. In 
determining minimum water requirements, we consi- 
dered crops grown in arid regions because data are 
available for irrigation rates and obtaining data for total 
application of water (irrigation plus precipitation) is 
more problematic. Under arid conditions, irrigation 
water alone is sufficient to meet or nearly meet the crop 



Table 6.42 Saturated hydraulic conductivity distributions 

- - 

Soil type Distribution Mean Standard Lower Upper Number of 
type (cmfs) deviation limit limit samples 

sand beta 8.22E-03 4.49E-03 3.50E-04 1.86E-02 246 
loamy sand beta 3.99E-03 3.17E-03 3.9OE-05 1.34E-02 315 
sandy loam lognormal 1.17E-03 1.37E-03 1183 
sandy clay loam lognormal 3.23E-04 5.98E-04 214 
loam lognormal 2.92E-04 4.91E-04 73 5 
silt loam lognormal 9.33E-05 2.24E-04 1093 
silt lognormal 4.89E-05 2.76E-05 88 
clay loam lognormal 9.93E-05 2.51E-04 345 
silty clay loam lognormal 1.54E-05 3.38E-05 592 
sandy clay lognormal 3.556-05 1.48E-04 46 
silty clay lognormal 2.19E-06 4.08E-06 126 
clay lognormal 3.65E-05 1.08E-04 114 

0.M3W)O 5 . a m 4  1.ccw3 1.50m 2.00E-a 25x43 3.00E-03 

saturated hydraulicconductivity 

Figure 6.23 Percent percolation as a function of kt 

Table 6.43 USBR relationship between soil permeability and infiltration fraction 

Saturated hydraulic conductivity 
(incheslhr) (cmisec) Deep percolation (%) 
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Figure 6.24 PDF for precipitation 

water requirements since the contribution of precipita- 
tion in meeting the crop water requirements will be small 
to negligible. For this exercise, we considered irrigation 
rates for Idaho (USDC, 1994). Idaho data was used for 
several reasons. Its main commercial crop, potatoes, has 
similar water requirements to small vegetables typically 
grown in a home garden. (In fact, potatoes are commonly 
grown in home gardens.) Its climate is arid such that the 
vast majority of water for crops is supplied by irrigation. 
And its position along the Northern border of the 
country give it a single-crop growing season. Idaho 
applies just under 2 acre-feet of inigation water per acre 
per year. As a comparison, water requirements for small 
vegetables, melons, and corn in New Mexico were also 
considered (USBR, 1997). These requirements range 
from 17 to 30 in. of water depending on the crop and the 
soil type, with an average requirement of about 24 in. of 
water, equivalent to the Idaho data. 

Based on this data, a cumulative distribution for 
application rate is presented in Figure 6.25 and Table 
6.44. For all precipitation rates at or above the minimum 
crop requirement of 2 ft of water, the application rate is 
considered to be equal to the precipitation rate. For all 
arid and semi-arid regions having precipitation rates of 
less than 24 in., water application rates are assumed to 
be equal to 24 in. 

An additional logical condition is that the sampled water 
application rate at a particular site should never be less 
than the irrigation rate. If the sampled application is less 
than the irrigation rate, then the application rate is set 
equal to the irrigation rate. 

if AP<IR, then AP = IR (6.6 1) 

Figure 6.25 CDF for application rates 

Table 6.44 CDF for application rates 

Annual precipitation (inches) % e x  
<24 0.00 
24 46.24 
25 47.63 
3 0 54.04 
35 62.94 
40 70.5 1 
45 80.39 
50 87.94 
55 94.14 
60 98.24 
65 99.76 

>65 100.00 

Based on the preceding discussion, the steps to 
determining infiltration rate are as follows: 

2. Sample soil type, using the volume-weighted 
percentages in Table 6.40. 

2. Sample a saturated hydraulic conductivity for that 
soil type (Table 6.42). 

3. Given the sampled hydraulic conductivity, use the 
USBR relationship relating soil conductivity to the 
infiltration fiaction to determine the infiltration 
fraction. (Some interpolation or extrapolation may 
be required.) (Table 6.43) 

4. Sample an application rate from the distribution in 
Table 6.44. (If AR < IR, then AR = IR.) 

5. CalcuIate infiltration rate from the relationship, I = 

AR * IF. In some cases, the presence of low 
permeability soils will prevent infiltration at the 
calculated infiltration rate. The rate of water 
infiltration can be limited by the soil's ability to 
transmit water. The most favorable conditions for 
transmitting water through soils occur under 



saturated conditions and a unit gradient. In this case, 
the rate at which water can be transmitted is equal to 
the soil's saturated hydraulic conductivity. 

6. Compare (in consistent units) the infiltration rate to 
the saturated hydraulic conductivity. Use the lesser 
of the two as the infiltration rate. 

7. Report infiltration rate in units of meterslyear. 

6.4.3.4.4 Saturation Ratios 

Campbell (1974) derived a relationship between 
unsaturated hydraulic conductivity, K(0) and saturation 
ratio, f: 

considered in Carsel and Parrish (1988). Using this 
relationship, Meyer et al. (1997) constructed distribu- 
tions for b. They are reported based on the 12 Soil 
Conservation Service textural classifications. The 
distribution type and parameters for these distributions 
for each of the 12 soil types are given in Table 6.45. 

Meyer et al. (1997) also developed correlation matrices 
for parameters for each of the 12 soil types. There exists 
a moderate negative correlation between b and porosity 
as well as between b and saturated hydraulic conductivi- 
ty. These correlations persist across all soil types. 
Summarizing the correlation matrices given for all soils, 
a correlation of -0.35 for both relationships is a reasona- 
ble approximation. 

K(0) = K_, f2b+3 (6.62) Once a b value is sampled, the saturation ratio can be 
calculated using the above equation. 

where b is a curve fitting parameter related to pore size 
distribution. The steps to calculate saturation ratio are: 

Under unit gradient, steady state conditions such as are 1. Sample a value for the parameter b using the 
assumed in the DandD model, the unsaturated hydraulic sampled soil type from Step 1 of the above 
conductivity is equivalent to the infiltration rate procedure, then 
determined above. Substituting infiltration rate for 
unsaturated hydraulic conductivity and rearranging to 2. Calculate "f" from Equation 6.63 using the 
solve for the saturation ratio, results in: sampled values for b, I, and Ksat. 

1 

(6.63) 6.4.3.5 Uncertainty in Hydrologic Parameters 

The distribution for the soil texture was based on 
generalized soil textures throughout the continental U.S. Since infiltration rate and saturated hydraulic conductivi- 
These textures omit bedrock, highly organic soils (peat, 

ty are known from Steps 2 and 6 above, all that remains 
is to determine a value for b. Meyer et aI. (1 997) derived 

muck, etc.), water, and "other" textures and should be 
representative of soil textures in most regions of the a relationship for b using soil water retention parameters country. The distribution was selected to be most 

Table 6.45 Distributions for the parameter b 

Soil type Distribution 
type 

Mean Standard Lower limit Upper limit deviation 

sand lognormal 0.998 0.226 
loamy sand lognormal 1.40 0.397 
sandy loam lognormal 1.96 0.579 
sandy clay loam lognormal 4.27 1.39 
loam lognormal 3.07 0.900 
silt loam lognormal 3.80 1.42 
silt lognonnal 3.21 0.465 
clay loam lognormal 5.97 2.37 
silty clay loam lognormal 7.13 2.34 
sandy clay lognormal 6.90 2.27 
silty clay lognormal 10.2 2.96 
clay beta 14.1 6.24 4.93 75.0 



representative of surface soils (the upper 15 cm.). While 
deeper soils might tend to be slightly more clayey, this 
uncertainty is not expected to significantly affect the 
results of this analysis. 

The distribution of soil types across sites is uncertain. 
Sites were assumed to be uniformly distributed over the 
area described in the CONUS-SOIL database. 

6.4.3.6 Alternative Values for Hydrologic 
Parameters 

Soil texture will vary from site to site and may vary over 
a site. While soil texture is not an explicit parameter in 
the DandD analysis, knowing it for a site may enable the 
licensee to refme the distributions of related parameters 
such as porosity and saturation ratio. For many sites, 
soil texture can be evaluated by reviewing existing soil 
surveys available from state agencies or the USDA. For 
sites located in regions with highly variable soils, site 
data on soil texture are easily collected by routine 
sampling and particle-size analysis. 

6.4.4 Dust-Loading: Air Dust-Loading 
Outdoors, CDO and Indoors CDI 
(g/m3); Floor Dust-Loading Pd 
(g/m2) and Resuspension Rfr (m-I) 

6.4.4.1 Parameter Descriptions 

The dust-loading factors are used to calculate the 
average annual dose resulting from inhalation of 
airborne contaminants. The dust-loading factors, CDO 
and CDG, are used to calculate the inhalation dose due 
to activities occurring outdoors. CDO (g/m3) represents 
the mass concentration of contaminated airborne 
particles in air outdoors, as defined in the exposure 
model, and corresponds to the long-term average 
quantity of respirable particulate material in outdoor air. 
CDG (g/m3) represents the higher average mass loading 
of contaminated airborne particles in air while the 
individual is gardening. The default values for these 
parameters defined in Volume 1, are 1 x g/m3 for 
CDO and 5 x g/m3 for CDG. These values were 
defined based on the review of literature from outdoor 
air pollution studies fiom the National Air Sampling 
Network and studies on suspended particles in the 
atmosphere in communities across the United States. 

The indoor dust-loading factor, CDI, represents the 
process of infiltration of contaminated airborne particles 
into the house (mass-loading) as the mass of infiltrating 
particles per unit volume of air. These particulates are 

distinguished tiom contaminated soil that is tracked 
indoors and subsequently released into the air by 
resuspension. Since the source of contamination is the 
surface soil layer, CDI becomes a function of the 
outdoor dust loading factor (CDO). CDI is used to 
calculate the average annual dose resulting from 
inhalation of airborne contaminants that are represented 
by parent and daughter radionuclides. The default value 
for this parameter as defined in Volume 1 (p. 6.10-6.1 l), 
is 5 x lom5 g/m3. This value was selected based on a 
fraction (11100th) of the regulatory limit for total dust 
loading of respirable particulates in industrial settings 
(29 CFR 19 10.1000, 1990), considered representative of 
the long-term average concentration of contaminated 
respirable dust, and is equivalent to 0.5 times the default 
CDO value. 

P, is a physical parameter that represents the long-term 
average mass of contaminated soil per unit area of floor 
inside the residence. Since it is a single parameter value 
for the entire time spent indoors, it is an average value 
for the entire house. The dust-loading on floors is used 
to estimate the airbome particulate concentration due to 
resuspension of soil tracked into the house. The default 
value for this parameter defined in NUREGICR-5512, 
Vol. 1, is 0.4 dm2. 

The resuspension factor, RF, defined for the NUREG1 
CR-5512 dose modeling, defines the ratio of the long- 
term average respirable contaminant concentration in air 
to the long-term average floor surface contaminant 
concentration due to contaminated soil tracked indoors. 
The default value for the resuspension factor recom- 
mended in NUREGICR-55 12, VoI. 1, is 5 x lo-' m-I, 
based on recommendations from IAEA (IAEA, 1970). 
The overall range of values obtained from literature 
published from 1964 to 1990 is 2 x lo-" to 4 x lo-' m-I. 
However, most data referenced are for outdoor 
conditions (wind stress and vegetation). Only two of the 
references cited in Volume 1 provide data for indoor 
resuspension. The first of these, an IAEA technical 
report (1970), reports a value of 5 x lo-' m-I, which has 
been obtained for operating nuclear facilities and may 
not provide a representative value for resuspension in a 
residential setting. The second of these two references, 
a review by Sehmel (1980), provides different 
resuspension factors depending on the type of activity 
conducted within the rooms of the building (walking, 
vigorous sweeping, and fan) but does not differentiate 
between the resuspension of respirable and non- 
respirable particle sizes. The overall range cited by 
Sehmel is from 1 x 10-'to 4 x m-' which may over 
estimate the resuspension factor used in this model 
because the data include non-respirable particles. 



6.4.4.2 Use of Dust Loading Parameters in 
Modeling 

CDO, CDG, CDI, P, and Rf, are important to dose 
because, the higher the mass loading in air, the higher 
the total annual dose during the first year of the 
residential scenario. CDO also influences the dust mass 
loading indoors (CDI). As described below, the dose for 
the inhalation pathway is directly proportional to each of 
these parameters. 

These parameters are used for calculating the inhalation 
committed effective dose equivalent, D m ,  from 
contaminated indoor and outdoor air as described in the 
following formula (NUREGICR 55 12, Vol. 1, p. 5.55, 
Equation 5.70): 

where V,, V, and V, correspond to the volumetric 
breathing rates for time spent gardening, indoors, and 
outdoors (m3/h), respectively; t, is the time during the 
one-year exposure period that the individual spends 
outdoors gardening (d); 6, is the total time in one 
gardening period (d); ti and f, are the times in the one- 
year exposure period that the individual spends indoors 
and outdoors (excluding gardening), respectively; t, is 
the total time in the residential exposure period (d); CDI, 
CDO, and CDG are dust loading factors for indoor, 
outdoor, and gardening activities (g/m3), respectively; Cd 
is the concentration of parent radionuclide i in soil at 
time of site release (pCi/g dry-weight soil); Ji 
corresponds to the number of explicit members of the 
decay chain for parent radionuclide i; S(A*,&) is a time- 
integral operator used to develop the concentration time 
integral of radionuclide j for exposure over a one-year 
period per unit initial concentration of parent radio- 
nuclide i in soil (pCi*dfg per pCi/g dry-weight soil); 
S(A&,J is a time-integral operator used to develop the 
concentration time integral of radionuclide j for exposure 
over one gardening season during one-year period per 
unit initial concentration of parent radionuclide i in soil 
(pCi*d/g per pCi/g dry-weight soil); DFHj is the 
inhalation committed effective dose equivalent factor for 
radionuclide j for exposure to contaminated air (in units 
of mrem per pCi inhaled); P, is the indoor dust-loading 
on floors (dm2); and RF, is the indoor resuspension 
factor (m-I). The higher the value for each of the dust- 
loading and resupension factors, the higher the dose. 

The concentration of contaminated particles in air 
indoors due to infiltration was assumed to be a £?action 

(PF) of the outdoor air concentration. The long-term 
average outdoor air concentration (Cod is estimated as 
the product of CDO and the contaminant concentration 
in soil (Ca. 

CoOi = CDO Csi 

Resulting in the following model of the concentration of 
contaminant i in indoor air due to infiltration: 

C,,i = CDI * C,, = PF * CDO * Csi (6.66) 

The factor PF represents the hct ion of airborne 
particulates that infiltrate the house and remain airborne. 
This factor will be a function of the ability of the 
particulate matter to enter the house (generally reported 
as a penetration factor) and remain suspended. There 
will be less suspension of particles indoors (due to 
cleaning, static electricity and lower wind speed (air 
disturbance)) which will lead to a net deposition or loss. 

6.4.4.3 Information Reviewed to Define 
Distributions for CDO and CDG 

Air concentrations are determined using mass-loading 
factors and are converted to units of activity from the 
concentration of the source material. Thirteen 
references are listed in NUREGICR 55 12, Vol. 1, for 
this data (Hinton et al., 1986; Stem, 1968; HEW, 1969; 
MaGill et al., 1956; Shinn et al., 1989; Sehrnel, 1975; 
Sehmel, 1977a; Sehmel, 1984; Sehmel, 1977b; Stewart, 
1964; Sinclair, 1976; Soldat et al., 1973; Anspaugh et 
al., 1975). The outdoor air dust-loading factors range 
£?om 1 x lo-' to 2.3 x lo-' g/m3 for all airborne particles. 
Under extreme conditions, air dust-loading can be as 
high as 5 dm3; however, these conditions persist for 
only very short periods of time. For particles less than 
10 pm diameter (the respirable hction), air dust-loading 
factors range fiom 1 x lo-' to 7 x dm3. Table 6.46 
summarizes the experimental results on dust loading 
studies. 

Additional information was reviewed to determine if 
other data or approaches, preferably more recent than 
those cited in NUREGICR-5512, Vol. 1, were available 
to provide a defensible basis for constructing PDFs for 
CDO and CDG for use in this analysis. The outdoor 
dust-loading factor, CDO (dm3), represents the long- 
term average quantity of respirable outdoor dust, as 
defined in the exposure model. In order to define the 
parameter distribution, a detailed analysis of the factors 
that contribute to outdoor air-dust loading along with 
supporting experimental data on outdoor dust-loading 
measurements is needed. 



Table 6.46 Total dust loading 

Reference Dust Loading 

Soldat et al. (1973) 1 x g/m3 
Shinn et al. (1989) 2.1 x 10.' g/m3 (background) 

3.4 x 1 0-' g/m3 (sea spray) 
MaGilletal.(1956) 1x10-4-2x10-3g/m3 
HEW (1969) 1 x 10.' g/m3 (rural areas) 

6 x lo-' - 2.2 x 1 0-4 g/m3 (urban) 
Stem (1968) 9.8 x 10.' g/m3 (geometric mean) 

with maximum of 1.7 x 10-3 g/m3 
Sehmel(1975; upper limit of 7 x g/m3 (<lo 
1977a; 1984) ym diameter) 

upper limit of 2.3 x 10.' g/m3 
(>10ym diameter) 

In the absence of human activities that create or suspend 
airborne particulates, the major factor controlling the 
suspension and resulting particle concentration in air is 
wind speed. Higher dust loading due to human activity 
is represented by gardening. As shown by a number of 
authors, the particle concentration is an exponential 
function of the wind speed (e.g., Sehmel, 1977b). 
Unfortunately, there is no reliable analytical relationship 
between the wind speed and dust loading factor that 
could be used in defming dust loading from the average 
wind speed. Moreover, it is not clear how to specify the 
finction and determine the proportionality coefficient 
between the wind speed and dust loading under different 
conditions. 

Another important factor influencing dust loading is soil 
moisture. As discussed in (Tegen and Fung, 1994), 
suspension of soil particles in air is only possible when 
the soil matric potential2 is greater than lo4 Jkg. In other 
cases, no suspension will occur even under strong wind 
conditions. Moreover, suspension is also influenced to 
a great extent by vegetation cover. High resuspension is 
common for areas without vegetation or with sparse 
vegetation, and low resuspension is common for areas of 
dense vegetative cover. Finally, dust loading is affected 
by soil type (composition). Some soils are easily eroded, 
while other soil types are resistant to erosion. Other less 
significant factors are: topography (surface roughness) 
and snow coverlsurface soil freezing. 

Since the wind speed, soil moisture (or amount of 
precipitation), and vegetation cover are factors related to 
the climate, different categories could be defined based 

'A measure of the surface tension of moisture in the soil. 

NUREGICR-55 12 

on different climatic conditions. More generally (includ- 
ing the other factors, such as soil types, topography, and 
etc.), categories could be defined based on different 
environmental conditions. The usefulness of one or 
another category defmition depends on the availability of 
information on dust loading factors measured under 
different climatic or environmental settings. A second, 
and equally important factor, is estimating the proba- 
bility that a particular site is in a specific category. 

An extensive literature review was conducted to identify 
different categories of environmental conditions that 
could be reasonably defined based on published data. A 
summary of this review is presented in Table 6.47. The 
information allows us to evaluate single dust loading 
measurements and average values from a number of 
measurements, to distinguish between extreme condi- 
tions (dust loading during a dust storm) and normal 
conditions (dust loading under average wind conditions), 
and to compare environmental conditions specific to 
different sites. 

Most of the dust loading values available from the 
literature (Table 6.47) represent the total amount of dust 
resuspended in air. The dust loading factor, as defined in 
NUREGJCR-55 12, corresponds to the quantity of 
contaminated, respirable airborne particulates. Accord- 
ing to the EPA, the respirable particles are particles 
smaller than 10 pm. Various studies have been con- 
ducted to determine the relationship between the mass 
loading and particle sizes. Data from Hinton et al. 
(1986) indicate the mass of respirable particles is 0.5 to 
2.5 orders of magnitude less than the total mass of 
airborne particles. These data are supported by other 
observations (Sehmel, 1975; 1977a; 1984). 

Another factor that influences the way experimental data 
should be interpreted in defining CDO is the difference 
in the particle mass suspended in air at different heights 
above the land surface. The dust loading factor defined 
in NUREGJCR-5512 should represent the air concentra- 
tion at the respirable height. As discussed in (Sehmel, 
1977a), the air concentration depends on the height. In 
some cases, the concentrations near the land surface can 
be lower than at some distance from the surface (usually, 
below the respirable height) where it reaches a maximum 
value. In other cases, the functional relationship is 
monotonic with higher concentrations near the land 
surface. However, the concentrations of suspended 
particles in the air vary by about 20% for a height 
between 0.5 and 2.0 m. Since particles are measured near 
the land surface or at the reference height of 1 m, these 
small variations can be neglected when defining the dust 
loading factor ranges. 



Table 6.47 Outdoor dust loading 

Reference Dust loading ( g/m3) Site description 

Sehmel(1977b) 7.7 x - 7.1 x Hanford Site, arid climate, sparse vegetation, average 
annual wind 3.4 m/s, 0.16 - 10 pm particles (numerous 
long-term average values over a 4 year period) 

Prosper0 (198 1) 

Pye (1992) 

Hartmann et al. (1989) 

Gao (1 992) 

Rognon (199 1) 

Zier (1 99 1) 

Friedrichs (1 993) 

Tegen and Fung (1994) 

Tegen and Fung (1994) 

Tegen and Funpr (1 994) 

Near large body of water (Spring) 

Near large body of water 

Humid climate, forest 

Near large body of water (Spring) 

Desert region 

Near-surface air 

Small industrial city 

Areas of high dust loading (deserts, eroding cultivated 
areas) 

Tropical climate, dense vegetation cover 

Pacific Northwest - -. - - - - - -- - -- - - -- - - - - - - - - - - - - - -- - ---- - -- . - - - -- % - - - . - . . - - - - 
Clausnitzer and Singer 3 x - 1 x lo-' Dust collector mounted 94 cm above disturbed soil on 
(1996)* agricultural implement (4 ,urn diameter particles). 

(Respirable fraction, but not representative of average 
. conditions for exposure due to measurement conditions) 

- -  - -  - -  -- - -- 
Moulin et al. (1997) 1 x lo-' Tropical climate, dense vegetation cover (average over 30 

year period) 

NYS DEC (1981) 6.6 x lo-' Annual average over 4-year period 

* Shaded rows are not included in the distribution; see text. 

The outdoor air-dust loading, CDO, varies with the 
particle size of the contaminant, quantity of loose 
particulate contaminants at the surface, and magnitude 
and types of external stresses. The concentration of dust 
in the atmosphere has been measured and modeled under 
a wide range of conditions. Rognon (1991) conducted 
field measurements near the ground and correlated the 
dust content with surrounding soils based on the 
composition of the soil, state of the plant surface and 
ground cover, surface roughness, drag velocity, 
turbulence, wind velocity, and the atmospheric dust load 
and composition. The particle concentration varied fiom 
1.6 x to 1.25 x lo-' g/m3. Tegen and Fung (1994) 
applied a model that takes into account the size 
distribution of the dust particles to estimate the distribu- 
tion of atmospheric mineral dust. Tegen extended the 
model to calculate the atmospheric mineral aerosol load 
under conditions in which the soil surface is disrupted by 
agricultural activities or the soil surface is exposed to 
wind erosion through deforestation and shifting desert 

boundaries. Suspended particdate matter was monitored 
by the New York State Department of Environmental 
Conservation in residential and industrial sections of a 
small city. The concentration of particulate matter 
averaged 6.6 x lo-' dm3 over a four-year period (NYS 
DEC, 1982). 

These data are not specific to human activities. The 
residential farmer is likely to work under more extreme 
dust-loading conditions for short periods of time; 
however, dust loadings greater than 4 x g/m3 for an 
extended period of time has resulted in a significant 
increase in death rates (MaGill et al., 1956). This 
information can be used to provide an upper bound on 
CDG if the time spent gardening is representative of the 
"extended periods of time" in the MaGill study. 



6.4.4.4 Distribution for CDO 

The potential variability in site-specific conditions and 
the large variability in the measured mass loading (orders 
of magnitude) indicate a wide range for the potential 
values of this parameter. The distribution of the dust 
loading is best represented by a log-uniform distribution 
with a lower limit of 1 x lo-' g/m3 and an upper limit of 
1 x g/m3. The range of values is defmed by the 
range of average values for dust loading of respirable 
particles (<lo pm in size) in arid and humid climates. 
The use of a log-uniform distribution ensures that the 
selection of a particular magnitude of CDO will be 
equally likely. 

In the absence of information on the fraction of sites in 
each of the two climatic categories, due to unknown 
location of future sites and the indistinct categories of 
arid and humid, an equal probability has been assumed. 

6.4.4.5 Distribution for CDG 

Short-term gardening activities are expected to produce 
localized, elevated levels of dust loadings. Based on the 
data presented in Tables 6.46 and 6.47, the upper limit 
on dust loading for respirable particles is approximately 
7 x g1m3 (Sehmel, 1975; 1977a; 1984). Higher dust 
loading of respirable particles has been measured 
(Clausnitzer and Singer, 1996) but not under conditions 
reasonable for human exposure and at levels that would 
cause physical harm. For this analysis the gardening 
dust-loading factor is assigned a uniform distribution 
with a lower limit of 1 x g/m3 and an upper limit of 
7 x g/m3, based on the range of values from the 
literature for particulates less than 10 pm in diameter for 
higher dust loading activities (as cited in NUREGICR- 
5512, Vol. 1). The lower limit for CDG corresponding 
to the upper limit of CDO, based on the intent of the 
gardening scenario to represent a higher level of activity 
while outdoors. This distribution for CDG will result in 
higher dust-loading during the time spent gardening. 

6.4.4.6 Review of Information to Define CDI 

Additional information was reviewed to determine data 
in addition to that presented in NUREGICR-5512, 
Vol. 1, were available to provide a defensible basis for 
constructing a PDF to represent the variability of CDI 
for residential settings over all current and future sites. 

The ratio of indoor to outdoor suspended particle matter 
has been reported from a number of studies. Whitby et 
al. (1957) studied the properties of airbome dust indoors 
and outdoors at various locations and reported values 
ranging from 65 pg/m3 indoors to 93pgfm) outdoors (a 

ratio of 0.70). Total suspended particulate concentrations 
were monitored outdoors over a period of about four 
years near an industrial site. Sterling and Kobayoshi 
(1977) compared indoor and outdoor suspended 
particulate concentrations and observed that the 
concentration of suspended particles indoors is 77 to 
85% of the corresponding concentration outdoors. 
However these studies did not distinguish between 
infiltration of airbome particles and resuspension of 
contaminated soil tracked indoors. As a result, these 
studies can only provide an upper bound on the potential 
CDI for the specific conditions evaluated (i.e., by 
assuming the floor dust loading or resuspension factor 
indoors are negligible). 

A more recent study by Thatcher and Layton (1 995) uses 
experimental data, modeling and evaluation of other 
published studies, to discriminate between resuspension 
and infiltration of particles. In their analysis, Thatcher 
and Layton's measurements and modeling support their 
conclusion that the difference in the indoor and outdoor 
air concentration due solely to infdtration (i.e., excluding 
resuspension) is a function of deposition indoors rather 
than the ability of the house to limit infiltration of 
particles. CDI represents the mass loading indoors of 
infiltrated particles and combines the effects of 
penetration and net deposition. As a result, studies that 
neglect deposition can be used to estimate the variability 
in PF (which is the ratio of CDI to CDO). The studies 
cited by Thatcher and Layton and the results of Thatcher 
and Layton's studies are summarized in Table 6.48. 

6.4.4.7 Values for Parameter Analysis 

Based the studies summarized in Table 6.48 it can be 
concluded that PF ranges from 0.2 to 0.7. This 
variability is due to a number of factors including the 
measurement technique, location within the house, and 
variability in the airborne particle size distribution. 
Given the limited number of studies and measurements 
to support a generic parameter value and the uncertainty 
in the particle size distribution of the contaminated soil, 
the variability in PF is best represented by a uniform 
distribution between the values of 0.2 and 0.7. 

A separate PDF was not defmed for CDI. Instead, CDI 
was calculated from values sampled for CDO and PF 
(see Equation 6.66). 

6.4.4.8 Review of Additional Information to 
Define PDF for P, 

Solomon (1976) measured floor dust in a number of 
residential settings. The floor dust loading ranged from 
0.1 1 to 0.59 g/m2 based on 239 samples from 12 



Table 6.48 Reported values for the ratio of indoor to outdoor dust loading 

- - - -- 

PF Reference Notes 

0.2 - 0.6 Thatcher and Layton, 1995 3-10 pm particle size range, assuming deposition negligible 
0.4 - 0.6 Thatcher and Layton, 1995 1-3 pm particle size range, assuming deposition negligible 
0.7 Dockery and Spengler, 1981 respirable particles and sulfates 
0.4 Freed et al., 1983 sub-micron particles 
0.2 Freed et al., 1983 super-micron particles 
0.3 Alzona et al., 1979 reported typical for Fe, Zn, Pb,Br and Ca 
0.45 Cohen and Cohen, 1980 sub-micron particles, reported average for Fe, Zn, Pb,Br and Ca in 

residential and industrial settings 
0.2 Cohen and Cohen, 1980 super-micron particles, reported average for Fe, Zn, Pb,Br and Ca 

in residential and industrial settings 
0.7 Colome et al., 1992 <I0 pm particle size, average for 35 California homes (range 0.4 to 

1.5, may neglect resuspension) 
0.77-0.85 Sterling and Kobayoshi, 1977 unknown size distribution, includes resuspension 

therefore not used to establish the pdf. 

different dwellings. Similar results were reported from 
studies conducted by the New York State Department of 
Environmental Conservation (NYS DEC, 1982). In the 
absence of additional information, a uniform distribution 
is proposed. However, the results of these two studies 
are for total dust loading which may include non-soil 
components and soil from remote locations. As a result, 
these studies can be used to estimate an upper bound on 
Pd. 

Thatcher and Layton (1995) performed a detailed 
modeling and experimental study to quantify the sources 
of indoor air contamination. They report that the major 
component of floor dust is soil, but they do not present 
the results. Total dust loading in the two houses in the 
Thatcher and Layton study ranged from 0.06 g/m2 on 
linoleum to 43.4 g/mZ on a rug by the door. Dust loading 
on carpeted floors was significantly higher than on 
linoleum (0.58 to 2.2 dm2) with the higher values in 
high-traffic areas. Information on the area of floor 
carpeted and the area covered with linoleum is not 
provided. If it is assumed that the floors are covered in 
equal parts linoleum and carpet and the area covered by 
the rug near the fi-ont door is negligible, then the average 
total dust load is on the order of 0.6 g/m2. 

A recent study by Rutz et al. (1997) evaluated the 
average total dust loading on floors in two separate 
homes and estimated the fraction of dust that is from 
contaminated soil. The results of this analysis provide 
information necessary to estimate P, for those two homes 
if it is assumed that the floors are covered in equal parts 
linoleum and carpet and that the dust loading in the rug 
by the door is negligible when the dust density is 
averaged over the entire house. One house had an 

average total dust density of 0.4 g l d  and an average of 
30% of that dust is contaminated soil resulting in a Pd of 
0.12 g/m2. The other home had a lower average total 
dust density (0.1 dm2) and an average of 20% of that 
dust is contaminated soil resulting in a P, of 0.02 g/m2. 

Other studies on floor dust loading with contaminated 
soil cited by Rutz et al. (1997) indicate the dust is 
comprised of 3 1 to 50% contaminated soil (Calebrese 
and Stanek (1992) and Fergusson et al. (1986)). 

6.4.4.8.1 PDF for P, 

Given this limited amount of information, the range of P, 
values is 0.02 to 0.3 g/m2 and all values in that range are 
equally likely. A uniform distribution between 0.02 and 
0.3 dm2  was used to represent the uncertainty in this 
parameter. 

6.4.4.9 Review of Additional Information to 
Define PDF for RF, 

An extensive literature review was conducted to identify 
any developments in the understanding of the resus- 
pension process since the review reported in NUREG1 
CR-5512 in 1992, and to identify data or approaches that 
could be used to develop a probability distribution 
function for the indoor resuspension factor in the 
residential and occupancy scenarios. The general 
findings from the literature review are discussed in 
Section 5.4.4.3. 

The published data indicate that resuspension factor 
values vary over orders of magnitude depending on site 
specific conditions which include the nature and 



intensity of mechanical disturbance associated with 
activities in the home. 

The Thatcher and Layton (1995) study indicates that 
resuspension indoors is a function of the time individuals 
spend inside the home and that the two parameters are 
linearly correlated for the particular set of conditions 
analyzed. Variability from site to site in surface 
conditions, humidity, human activities and particle size 
distributions produces order-of-magnitude variations in 
RF, , As a result, the uncertainty in the appropriate 
effective parameter value overwhelms the linear 
relationship between time spent indoors and RF,. 

6.4.4.9.1 Grouping of Reported Resuspension 
Factors based on Experimental 
Conditions 

Table 6.49 summarizes the resuspension factors reported 
for experimental studies for various conditions (Jones 
and Pond, 1964; and Fish et al., 1964). The experiments 
by Jones and Pond (1 964) provide average resuspension 
factors for a range of activities that are common in 
occupational settings. The measured resuspension 
factors reported by Jones and Pond (1964) are for four 
levels of activities conducted for 60 minute periods in a 
laboratory setting with different floor surfaces, using 
Pu(NO,), and Pu0,-contaminated particles (0.4-60 pm 
diameter) and particulate air samplers positioned at 
14-175 cm above the surface. The particle size distri- 
bution includes non-respirable components and the 
height above the floor surface is not necessarily repre- 
sentative of the exposure scenario. Fish et al. (1964) 
provides average resuspension factors for a range of 
vigorous mechanical disturbances of contamination on 
a tile floor based on 10 minutes of the reported activity. 
The values in Table 6.49 for this study are reported for 
four levels of disturbances. 

In order to develop a distribution that represents the 
average conditions in the residence, the average or 
effective activity level must be determined. Robinson 
and Thomas (1 99 1) summarize the results of a national 
survey on time spent in activities. This survey, 
conducted in 1985, is based on averages from diaries 
kept by 1,980 adults (92 1 men) over a two month period. 
In this survey, adult men spent an average of 886 
minutes per day at home, 6 minutes per day cleaning the 
house (vigorous activity) and 486 minutes sleeping. 
Some of this time at home was spent in the yard or 
garage, using the data presented for California, the time 
spent at home outside is approximately 37 minutes per 
day, leaving approximately 849 minutes per day indoors. 
Of the time at home spent indoors approximately 0.7% 
is vigorous activity, 57.2% sleeping (no activity), and the 

remaining 42.1% is spent in moderate to low activity. 
Given this estimate of how all adult males time is spent 
indoors, the effective parameter value should be a time 
weighted average of the Rf, for each activity category. 
As can be seen in Table 6.50 the contribution from low 
to moderate activities while awake will dominate the 
time-weighted average. 

PDF for Rx 

The variability and uncertainty in the resuspension factor 
is best represented by a log-uniform distribution with a 
lower limit of 1 x 10-'/m and an upper limit of 8 x lo-' 
llm. These limits are based on the moderate waking 
activity range from Table 6.50, which dominates the 
time-weighted sum. The range of values is defmed by 
the time weighted minimum and maximums of measured 
values for resuspension under low to moderate activities. 
The use of a log-uniform distribution ensures that the 
selection of a particular magnitude of RF, within this 
range will be equally likely. This distribution reflects the 
uncertainty in the effective model parameter value given 
limited data on the relative amount of time spent at 
different activity levels by adult males indoors at home. 

6.4.4.10 Uncertainty in RF, 

The proposed distributions describing the variability in 
the parameters representing indoor and outdoor dust- 
loading are determined by the following assumptions 
that introduce uncertainty in the distributions: 

Respirable particles are less than 10 ym in 
diameter, as defmed in the NUREGICR-5512 
exposure model; 

there are an equal number of sites in each of the 
two climate categories (arid and humid). 

airborne contaminated particles will have a 
distribution of sizes such that there is net 
deposition indoors, and 

the long-term average PF is in the range 0.2 to 0.7 
for all sites, indoor activities, outdoor activities 
and future houses, 

resuspension of loose particles indoors occurs by 
a combination of wind stress from normal 
building ventilation and mechanical disturbances 
from walking and other activities (e.g., cooking, 
sweeping, running, playing, exercising, working, 
reading, watching television; and 



Table 6.49 Resuspension factors measured under various conditions 

Experimental condition mr (m-') 
Reported by Jones and Pond (1964) 
Air circulation (no mechanical disturbance) 7.7 x 10-10 to 1.5 x 10‘~ 

Walking (14 stepslmin) 3 x 1 0 - ~ t 0 2 x  lo4 

Walking (36 stepslmin) 9.7 x lo-' to 1.8 x 

Walking (200 stepslmin) with wind stress (hair 8 x I04to 1.5 x 

dryer directed toward floor) 
Reported by Fish et al. (1964) 
Vigorous work activity, including sweeping 1.9 x lo4 

Vigorous walking 3.9 x loe5 
Light work activity 9.4 x lo4 

Table 6.50 Time weighted resuspension factors 

Activity Range of Rf, (m-') Reference 
Fraction of Time weighted range 

time RFr 

Sleeping 7.7 x 10-lo to 1.5 x Jones and Pond (1964); 0.572 4.4 x 10-loto 8.6 x lo-' 
Air circulation 

Awake (not 3 x to 1.8 x 1 0-4 Jones and Pond (1 964); 0.42 1 1.3 x lo-7 to 7.6 x lo4 
sweeping) Walking (14 stepslmin) 

Awake (vigorous, 9.4 x to 1 . 9 ~  Fish et al. (1964); Light 0.007 6.6 x lo-' to 1.3 x 

sweeping) to vigorous work 
activity 

resuspension factor values are reported to depend to 
some extent on a number of other factors, including 
surface texture and roughness (in this case the type 
of floor covering), particle size distribution, type of 
deposition, and chemical properties of the con- 
taminant and surface. These factors are assumed to 
produce site-to-site variations in resuspension factor 
values. 

6.4.4.11 Alternative Values for RF, 

Several of the physical factors influencing dust loading 
and resuspension may be plausibly bounded by 
characteristics of the site, or controlled by the licensee in 
an effort to support a site-specific values for these 
parameters. These parameters may also change if the 
licensee defines a site-specific critical group. 

The outdoor dust-loading factor would be expected to 
vary from site to site due to local climatic conditions, 
differences in the activities at the site, use of the property 
and activities that are likely to occur. The indoor dust- 
loading factor would be expected to vary from site to site 
due to differences in the activities at the site resulting in 
an uncertain distribution of the airborne particle sizes 

and, to a lesser degree, to the ability of the house to filter 
and prevent infiltration. The average floor dust loading 
for an entire house will depend on the relative amount of 
smooth (wood, tile or linoleum) verses rough (carpet) 
floor covering, the construction style (number of stories) 
and to a lesser degree the cleaning habits of the 
occupant. There may be regional differences in the 
indoor dust-loading factors due to construction styles 
and climatic differences. The resuspension factor will 
vary across sites due to differences in the use of the 
properties, and due to factors unrelated to the use of the 
property such as surface chemistry and topography. 

6.4.5 Crop Yields for Vegetables, Fruits, 
and Grains Consumed by Humans, 
Y,, and Forage, Y, Stored Grain, 
Y,, and Stored Hay, Y,, Consumed 
by Beef Cattle, Poultry, Milk Cows, 
and Layer Hens (kg/mZ) 

6.4.5.1 Description of Crop Yields 

The crop yields represent the average annual yields of 
garden produce (vegetables, fruit, grain) and livestock 



feed (hay, forage, and grain) that are grown on 
contaminated land and consumed by individuals and 
livestock at the site. 

The crop yields are needed for determining the uptake 
and transport of radionuclides in: 1) irrigation water- 
plant-human pathway; 2) irrigation water-forage-animal- 
human pathway; 3) irrigation water-stored grain-anirnal- 
human pathway; and 4) irrigation water-stored hay- 
animal-human pathway, and the parameters are used to 
calculate the cultivated area, &(see Section 6.2.2). 

6.4.5.2 Crop Yields for Vegetables, Fruits, and 
Grains, Yv (kg/m2) 

Crop yields for vegetables, h i t s ,  and grains, Y,, 
describe the amounts of garden produce grown per unit 
area of cultivated land at the site. The model allows 
different values of Y, for vegetables (leafy), vegetables 
(other than leafy), fruits, and grains. The default values 
of 2.0 kg/m2 (leafy vegetables), 4.0 kg/m2 (other 
vegetables), 2.0 kg/m2 (fruits), and 1.0 kg/m2 (grains) 
were adopted as the default values in NUREGJCR-55 12, 
Vol. 1, and are based on information published by Shor 
et al. (1982), Strenge (1987), and Napier et al. (1988). 

6.4.5.2.1 Use of Yv in Modeling 

Y, is used in determining the average deposition rate of 
radionuclide j to edible parts of plant v from application 
of irrigation water per unit average concentration of 
parent radionuclide i in water @Ci/d-kg wet-weight plant 
per pCVL water), h,, as shown by the following 
(Equation 5.22, p. 5.27 of NUREGJCR-5512, Vol. 1): 

where IR is the average annual application rate of 
irrigation water (Llm2.d); r, is the fraction of initial 
deposition (in water) retained on the plant @Ci retained 
per pCi deposited); T, is the translocation factor for 
transfer of radionuclides fiom plant surfaces to edible 
parts of the plant @Ci in edible plant part per pCi 
retained); Y, is the yield of plant v (kg wet-weight 
plantlm2); C* is the average annual concentration of 
radionuclide j in irrigation water over the current annual 
period @Ci/L water); and C, is the average annual 
concentration of parent radionuclide i in irrigation water 
over the current annual period (pCK water). 

6.4.5.2.2 Additional Information Reviewed to 
Define Revised Values for Y, 

the period from 1994 to 1996. Distributions for the 
individual crops for the residential scenario were 
determined from the annual average yields and the 
fraction of total crop area that is devoted to each crop. 
Tables 6.5 1 through 6.54 list the individual crops in each 
of the four categories (vegetables (leafy), vegetables 
(other), fruits, and grains), the total land area (averaged 
over three years) for production of each crop, and the 
average annual yield (kg/m2). 

6.4.5.2.3 Distribution for Crop Yields for 
Vegetables, Fruit, and Grain 

The resident farmer is assumed to cultivate a mix of 
crops based on the reported hc t ion  of cultivated area 
for each crop type. The yield for each crop type was 
assumed to be independent of the yield for other crops, 
and was assumed to follow a normal distribution with 
the reported average and standard deviation. 

Distributions for crop yields were determined from the 
annual average yields for individual crops and the 
fraction of land for production of these crops using the 
following equation: 

where Y, is the total crop yield for a classification of 
produce (i.e., leafy vegetables, other vegetables, h i t s ,  
or grains), j corresponds to a particular crop, Fj is the 
fraction of the total land area for production of crop j, 
and Yj is the reported yield of crop j. Figures 6.26 
through 6.33 show the PDFs and CDFs for each of the 
edible crops identified in NUREGJCR-55 12. The mean 
and range of crop yields for vegetable, fruit, and grain 
crops are summarized in Table 6.55. 

6.4.5.3 Crop Yield for Forage, Y, (kg/m2) 

Crop yield for forage, Y,  represents the quantity of 
forage produced per unit area of cultivated land. The 
model accepts different values of Y, for forage crops 
grown for consumption by beef cattle, poultry, milk 
cows, and layer hens. The crop yields are defined by 
standing biomass. Volume 1 proposes the following 
values: beef cattle, 1.5 kg/m2; poulhy, 1.0 kg/m2; milk 
cows, 1.5 kg/m2; layer hens, 1.0 kgJm2. These value 
were based on information published by Shor (1982), 
Strenge (1987), and Napier et al. (1988). 

Estimates of the yields for vegetables, fruits, and grains 
were obtained kom USDA crop reports collected during 



TabIe 6.51 Production of vegetable crops (leafy) in 1994-1996" 

Crop Area (acres) Fraction Std Dev Yield (kg/mp Std dev 

Artichokes 8633 0.0143 0.0005 1.182 0.240 

Broccoli 119333 0.1978 0.0045 1.355 0.039 

Brussel sprouts 3400 0.0056 0.0001 1.926 0.086 

Cabbage 8 1273 0.1348 0.0022 3.81 1 0.21 1 

Cauliflower 503 17 0.0834 0.0057 1.500 0.085 

Celery 27833 0.046 1 0.0010 7.401 0.527 

Head lettuce 204237 0.3385 0.0095 3.582 0.056 

Leaf lettuce 39300 0.0652 0.0038 2.546 0.014 

Romaine lettuce 30813 0.05 1 1 0.0080 3.1 16 0.015 

Spinach 38030 0.0630 0.00 1 1 1.543 0.048 
*Source: "Crop Production Annual Survey," National Agricultural Statistics Service (NASS), Agricultural Statistics 
Board, U.S. Department of Agiculture, January 1997. 

Table 6.52 Production of vegetable crops (other than leafy vegetables) in 1994-1996" 

Crop Area (acres) Fraction Std dev Yield (kg/m2) Std dev 

Asparagus 742 17 0.02675 0.00087 0.3 1278 0.00895 

Beans, Lima 53767 0.01937 0.00093 0.31310 0.00687 

Beans, snap 294280 0.10599 0.00266 0.73221 0.0438 1 

Beets 10217 0.00368 0.00015 3.1 1675 0.32048 

Cantaloups 103447 0.03729 0.00113 2.15530 0.20594 

Carrots 108323 0.03909 0.00437 3.71015 0.12441 

Corn 713270 0.25701 0.00669 1.43156 0.02909 

Cucumbers 171103 0.061 63 0.00146 1.44046 0.03415 

Eggplant 3067 0.001 10 0.00015 2.46063 0.2706 1 

Escarole 3613 0.00130 0.00007 1.726 19 0.01439 
Garlic 28667 0.01035 0.00101 1.90709 0.05609 

Honeydews 26000 0.00938 0.00068 1.983 13 0.18518 

Onions 161653 0.05826 0.00130 4.37844 0.07288 

Peas 280203 0.10084 0.00844 0.37263 0.00802 
Bell peppers 66700 0.02405 0.00133 2.60024 0.17790 

Tomatoes 4703 87 0.16949 0.00043 6.26320 0.12603 

Watermelon 206423 0.0744 1 0.00224 2.25624 0.1 1714 
'Source: "Crop Production Annual Survey," National Agricultural Statistics Service (NASS), Agricultural Statistics Board, U.S. Department 
of Agriculture, January 1997. 

Table 6.53 Production of fruit crops in 1994-1996* 

Crop Area (acres) Fraction Std dev Yield (kg/m2) Std dev 

Apples 459703 0.1540 0.003 12 2.6400 0.1442 
Apricots 21423 0.0072 0.00009 1.026 1 0.5190 
Avocados 67670 0.0227 0.0022 1 0.6163 0.0718 



Table 6.53 Production of fruit crops in 1994-1996* (continued) 

Crop Area (acres) Fraction Std dev Yield (kgJrn3 Std dev 

Chemes, sweet 47347 0.0159 0.0001 1 0.8339 0.1438 
Cherries, tart 44950 0.0151 0.00132 0.8062 0.1452 
Cranberries 32467 0.0109 0.00020 1.5563 0.1282 

Dates 5 127 0.0017 0.000 17 1.0553 0.1678 

Figs 14767 0.0049 0.00004 0.7606 0.1 160 

guaves 733 0.0002 0.00001 2.5727 0.1236 

Kiwifruit 6700 0.0022 0.00010 1.2146 0.125 1 
Nectarines 31633 0.0106 0.00065 1.5735 0.3354 

Olives 33133 0.01 11 0.00016 0.7374 0.3214 

Papayas 2157 0.0007 0.000 1 1 2.6849 0.4294 

Peaches 173 072 0.0580 0.00132 1.4875 0.1403 

Pears 
Plums 
Prunes 
Strawberries 48610 0.0163 0.00044 3.7544 0.0259 

Oranges 763757 0.2556 0.01 1 14 3.2780 0.0408 

Grapefruit 165297 0.0553 0.002 18 3.7573 0.23 16 

Lemons 61133 0.0205 0.00054 3.5158 0.2279 
Limes 1933 0.0006 0.0000 1 1.2714 0.2656 

Tangelos 12133 0.0041 0.000 17 2.4964 0.5210 

Tangerines 34300 0.01 15 0.00 124 2.0941 0.2632 

Temples 6700 0.0022 0.00007 3.4799 0.2464 
*Source: http://mannlib.comelI.edu 

Table 6.54 Production of grain crops in 1994-1996* 

Grain Area (acres) Fraction Std dev Yield (kglrn? Std dev 

Corn 66,434,000 0.3092 0.0136 0.7282 0.0976 

Sorghum 9,960,000 0.0464 0.0056 0.402 1 0.0401 
Oats 4,802,000 0.0225 0.0073 0.1967 0.0243 
Barley 7,562,000 0.0354 0.0059 0.2927 0.0370 

Rye 443,000 0.002 1 0.0006 0.1697 0.0 103 
Wheat 60,927,000 0.2838 0.0140 0.2460 0.0155 
Rice 2,870,000 0.0 134 0.0012 0.6398 0.0230 

Flax 22 1,000 0.00 1 1 0.0005 0.0952 0.0276 

Sunflowers 2,385,000 0.01 11 0.0028 0.1379 0.0216 

Soybeans 59,008,000 0.2752 0.01 11 0.2329 0.0258 
*Source: "Crop Production Annual Survey," National Agricultural Statistics Service OIJASS), Agricultural Statistics Board, U.S. 
Department of Agriculture, January 1997. 



Crop Yield for Leafy Vegetables (kglmA2) 

Figure 6.26 PDF for crop yields for vegetables (leafy) 

Crop Yield for Leafy Vegetables (kglmA2) 

Figure 6.27 Cumulative distribution for Y, (leafy vegetables) 
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Figure 6.28 PDF for crop yields for vegetables (other) 



Crop Yields for Vegetables (other than leafy 
vegetables) (kg/mA 2) 

Figure 6.29 Cumulative distribution for Y, (other vegetables) 
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Crop Yields for Fruits (kglmA2) 

Figure 6.30 PDF for crop yields for fruit 
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Figure 6.31 Cumulative distribution for Y, (fruit) 
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Crop Yields for Grains (kgld2) 

Figure 6.32 PDF for crop yields for grain 

Crop Yields for Grain (kglmA2) 

Figure 6.33 Cumulative distribution for Y, (grain) 



Table 6.55 Average yields and distribution for 
edible crops 
- - - ~ -  - -- 

Average yield Range Crop 
(kg/m2) (kglm2) 

Vegetables (leafy) 2.9 2.7 - 3.2 

Vegetables (other) 2.4 2.3 - 2.5 

Fruits 2.4 2.2 - 2.6 
Grains 0.40 0.28 - 0.52 

6.4.5.3.1 Use of Y, in Modeling 

Y, is used to calculate the average deposition rate of 
radionuclide j to forage crop f from application of 
inigation water during the feeding period for an average 
unit concentration of parent radionuclide i in water 
(pCi/d kg wet-weight plant per pCi/L water), Q, The 
relationship between Y, and Q, is described by the 
following: 

where IR is the annual average application rate of 
irrigation water (L/m2 d); r, is the fraction of initial 
deposition of radionuclides in water retained on plant h 
(pCi retained per pCi deposited); T, is the translocation 
factor for transfer of radionuclides from plant surfaces 
to edible parts of the plant (pCi in edible plant parts per 
pCi retained); Y, is the yield of the forage crop f (kg wet- 
weight plant/m2); Cq is the average concentration of 
radionuclide j in inigation water over the current annual 
period (pCi/L water); and C, is the average concen- 
tration of parent radionuclide i in irrigation water over 
the current annual period (pCi/L water). 

6.4.5.3.2 Additional Information Reviewed to 
Define Revised Values for Y, 

Estimates of the crop yields for forage were obtained 
from information compiled by the USDA (USDA, 
1997b,c). These data are summarized in Table 6.56. 

The frequency distribution and fitted data PDF for 
average annual yield of forage crops in Table 6.56 are 
shown in Figure 6.34. The corresponding calculated and 
observed cumulative distributions are shown in 
Figure 6.35. 

6.4.5.3.3 Proposed Distribution for Crop Yields 
for Forage 

The distribution for Y ,  was based on the average annual 
yield of forage crops. The binned data from Table 6.56 

were f i t  to several hc t ions  and evaluated. The best fit 
was obtained with a beta function. The distribution 
parameters are shown in Table 6.57. 

Table 6.56 Crop yields for forage crops 
(USDA, 1997c) 

Year Yield (kg dry-weight/m2) 

1987 0.484 
1988 0.383 
1989 0.456 
1990 0.473 
1991 0.486 
1992 0.492 
1993 0.486 
1994 0.503 
1995 0.51 1 
1996 0.484 

Table 6.57 Distribution parameters for crop 
yields for forage 

Parameter Value 

a1 2.36 

6.4.5.4 Crop Yield for Stored Grain, Y, (kg/m2) 

Crop yield for stored grain, Y,, is the quantity of grain 
produced per unit area of cultivated land. The model 
uses a single, constant value for the yield of grain crops 
grown for consumption by beef cattle, poultry, milk 
cows, and layer hens. NUREGICR-5512, Vol. 1, 
proposed the following values: beef cattle, 1.0 kg/m2; 
poultry, 1.0 kg/m2; milk cows, 1.0 kg ld ;  layer hens, 1.0 
kg/m2. These values were based on information 
published by (Shor, 1982), (Strenge et al., 1987), and 
(Napier et al., 1988). 

6.4.5.4.1 Use of Parameter in Modeling 

Y, is used to calculate the average deposition rate of 
radionuclide j to stored grain from applying irrigation 
water with a unit concentration of parent radionuclide i 
CpCifd kg wet-weight plant per pCiL water), kg,. The 
relationship between Y, and Kj, is described by the 
following (Equation 5.53, p. 5,46 if NUREGICR-55 12, 
Vol. 1): 



Probability Density 

0.375 0.4 0.425 0.45 0.475 0.5 0.525 

Crop yield (dry forage], kglmA2 

Figure 6.34 Frequency distribution and proposed PDF for Y, 
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Figure 6.35 Cumulative distribution for Y, 

where IR is the annual average application rate of 
irrigation water (L/m2 d); r, is the fraction of initial 
deposition of radionuclides in water retained on grain 
@Ci retained per pCi deposited); T, is the transiocation 
factor for transfer of radionuclides from plant surfaces 
to edible parts of the plant (pCi in edible plant parts per 
pCi retained); Y, is the yield of stored grain g (kg wet- 
weight plant/m2 of land); C~ is the average concentration 
of radionuclide j in irrigation water over the current 
annual period (pCi/L water); and C, is the average 
concentration of parent radionuclide i in irrigation water 
over the current annual period (pCi/L water). 

6.4.5.4.2 Additional Information Reviewed to 
Define Revised Values for Y, 

An estimate of the crop yield for grain was obtained 
from USDA crop reports collected across the United 
States. Tables 6.58 through 6.60 show the total acres 
harvested and the quantities and yields of corn, sorghum, 
and oats during the ten-year period beginning in 1987 
(USDA, 1997b,c). 

6.4.5.4.3 Proposed Distribution for Crop Yields 
for Grain 

The distribution for Y ,  was the value determined from 
the average annual yields of grain crops in Table 6.61. 
The resident farmer is assumed to cultivate a mix of 



grains that matches the fraction of the total cultivated The best fit was obtained with a normal function. The 
area devoted to the three major grains. Table 6.61 shows distribution parameters are shown in Table 6.62. 
the effective yield for this mixture calculated from the 
annual data in Tables 6.58 through 6.60. Annual The frequency distribution and fitted PDF for average 
variations in this yield were assumed to approximate the annual yield of grain crops in Table 6.61 are shown in 
potential variations among sites. The binned data from Figure 6.36. The corresponding calculated and observed 
Table 6.61 were fit to several f ict ions and evaluated. cumulative distributions are shown in Figure 6.37. 

Table 6.58 Annual production of corn in the United States 

Year Acres Fraction Bushels Yield (kgirn? 

1987 59,505,000 0.773556 7,13 1,300,000 0.753 
1988 58,250,000 0.799896 4,928,68 1,000 0.532 
1989 64,783,000 0.782706 7,53 1,953,000 0.730 
1990 66,952,000 0.816607 7,934,028,000 0.744 
1991 68,822,000 0.824137 7,474,765,000 0.682 
1992 72,077,000 0.813299 9,476,698,000 0.826 
1993 62,921,000 0.83 1848 6,336,470,000 0.633 
1994 72,917,000 0.84936 10,102,735,000 0.871 
1995 64,995,000 0.853681 7,373,876,000 0.713 
1996 73,147,000 0.833727 9,293,435,000 0.798 
Mean 0.817882 0.728 
Std. Dev. 0.02647 0.098 

Table 6.59 Annual production of sorghum in the United States 
- - 

Year Acres Fraction Bushels/1000 Yield (kglrn? 

1987 10,53 1,000 0.136901 730,809,000 0.436 
1988 9,042,000 0.124166 576,686,000 0.401 
1989 11,103,000 0.134146 6 15,420,000 0.348 
1990 9,089,000 0.1 10858 573,303,000 0.396 
1991 9,870,000 0.1 18192 584,860,000 0.372 
1992 12,050,000 0.135969 875,022,000 0.456 
1993 8,916,000 0.1 17874 534,172,000 0.376 
1994 8,9 17,000 0.10391 1 649,206,000 0.457 
1995 8,178,000 0.107414 460,373,000 0.354 
1996 1 1,90 1,000 0.135647 802,974,000 0.424 
Mean 0.122508 0.402 
Std. Dev. 0.012687 0.0401 

Table 6.60 Annual production of oats in the United States 

Year Acres 

1987 6,888,000 
1988 5,530,000 
1989 6,882,000 
1990 5,947,000 
1991 4,8 16,000 
1992 4,496,000 

Fraction Bushels Yield (kg/m2) 

0.089543 373,713,000 0.195 
0.075939 217,375,000 0.141 
0.083 148 373,587,000 0.195 
0.072535 357,654,000 0.216 
0.057671 243,85 1,000 0.182 
0.050732 294,229,000 0.235 



Table 6.60 Annual production of oats in the United States (continued) 

-- - 

Year Acres Fraction Bushels Yield (kg/m2) 

1993 3,803,000 0.050278 206,770,000 0.195 
1994 4,010,000 0.046729 229,008,000 0.205 
1995 2,962,000 0.038905 162,027,000 0.196 
1996 2,687,000 0.030626 155,225,000 0.207 
Mean 0.0596 1 0.197 
Std. Dev. 0.01 9687 0.0243 

Table 6.61 Weighted average annual yield of grain crops 

Year Yield (kg dry-weightfrn? 

Table 6.62 Distribution parameters for crop yields for grain 

Parameter Value 

Probability Density 

Crop yield (dry grain), kglrnA2 

Figure 6.36 Frequency distribution and proposed PDF for Y, 
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Figure 6.37 Cumulative distribution for Y, 

6.4.5.5 Crop Yield for Stored Hay, Y, (kg/m2) 

Crop yield for stored hay, Y,, represents the quantity of 
hay produced per unit area of cultivated land. The 
model accepts different values of Y ,  for hay crops grown 
for consumption by beef cattle, poultry, milk cows, and 
layer hens. The crop yields are defined by standing 
biomass. Volume 1 proposes the following default 
values: beef cattle, 1.5 kg/m2; poultry, 1.0 kg/m2; milk 
cows, 1.5 kg/m2; layer hens, 1.0 kg/m2. These values 
were based on information published by Shor (1982), 
Strenge (1987), and Napier et al. (1988). 

6.4.5.5.1 Use of Y, in Modeling 

The average deposition rate of radionuclide j to the 
stored hay crop from irrigation water, bj,, is calculated 
as follows (Equation 5.48, p. 5.41 of NUREGICR-55 12, 
Vol. 1): 

where IR is the annual average application rate of 
irrigation water (L/m2-d); r,, is the hct ion of initial 
deposition of radionuclides in water retained on plant h 
(pCi retained per pCi deposited); T,, is the translocation 
factor for transfer of radionuclides from plant surfaces 
to edible parts of the plant @Ci in edible plant parts per 
pCi retained); Y, is the yield of the stored hay crop h (kg 
wet-weight plant/m2); C, is the average concentration of 
radionuclide j in irrigation water over the current annual 
period (pCi/L water); and C, is the average concen- 
tration of parent radionuclide i in irrigation water over 
the current annual period @CilL water). 

6.4.5.5.2 Additional Information Reviewed to 
Define Revised Values for Y, 

Estimates of the crop yields for hay were obtained from 
data compiled by the USDA (USDA, 1997b,c). These 
values are listed in Table 6.63. 

6.4.5.5.3 Proposed Distribution for Crop Yields 
for Stored Hay 

The distribution for Y, was determined from the average 
annual yields of hay crops. The binned data from Table 
6.63 were fit to several functions and evaluated. The 
best fit was obtained with a beta function. The 
distribution parameters are shown in Table 6.64. 

The frequency distribution and fitted PDF for average 
annual yield of hay crops in Table 6.63 are shown in 
Figure 6.38. The corresponding calculated and observed 
cumulative distributions are shown in Figure 6.39. 

Table 6.63 Crop yields for hay crops (USDA, 1997b) 

Year Yield (kg dry-weight/m2) 

1987 0.484 
1988 0.383 
1989 0.456 
1990 0.473 
1991 0.486 
1992 0.492 
1993 0.486 
1994 0.503 
1995 0.511 
1996 0.484 



Table 6.64 Distribution parameters for crop 
yields for hay 

Parameter Value 

Probability Density 
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Figure 6.38 Frequency distribution and proposed PDF for Y, 
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Figure 6.39 Cumulative distribution for Y, 



6.4.5.6 Uncertainty in Y, 

The distributions for each of the individual crops are 
based on the assumption that the resident farmer 
produces crops in direct proportion to the production 
across the United States. This assumption is not 
intended to describe any individual farmer, but 
corresponds to the conception of the receptor as the 
average member of the screening group of resident 
farmers. The average member of this group grows the 
average amount of each crop type. 

The effective yield for this mixture is expected to vary 
from site to site because of variations in climate, soil 
conditions, and farming practice. Data on variations on 
the effective yield was not found. Instead, the 
distributions that describe this variability were estimated 
from other information on crop yields, including: 

Summary statistics for annual yields of individual 
vegetables, fruits, and grains fiom 1994 to 1996; 

Annual national average yields for forage, grain, 
and hay from 1987 to 1996. 

Estimating the parameter distributions fiom this data 
requires assumptions about the independence of yield 
variations for different crop types, and about the 
similarity of site-to-site variations in yield to year-to-year 
variations in yield for hay, forage, and grain. These 
assumptions introduce uncertainty in the resulting 
distributions. 

6.4.5.7 Alternative Y, Values 

Crop yields can vary from site to site depending on the 
location, climatic conditions, and soil type. 

6.4.6 Animal Feed Intake Rates for 
Forage (QJ, Stored Grain (Q,), and 
Stored Hay (Q,) Consumed by Beef 
Cattle, Poultry, Milk Cows, and 
Layer Hens (kgld) 

6.4.6.1 Description of Animal Feed Intake Rates 

The animal feed intake rates represent the average daily 
quantities of on-site produced foods consumed by 
livestock in the residential scenario. The feed intake 
rates for beef cattle, poultry, milk cows, and layer hens 
are used in the agricultural pathway to determine the 
total dose due to consumption of animal products. The 
animal feed consumption rates are combined with the 
hction of food consumed that is contaminated and plant 

concentration factors to determine animal product 
concentration factors of radionuclides in a given quantity 
of product consumed by humans over the time period of 
interest. 

6.4.6.2 Use of Animal Feed Intake Rates in 
Modeling 

The animal feed intakes rates are used in the calculation 
of partial pathway transfer factors, PPTFs, for plant and 
animal products contaminated by soil. For a given 
concentration of contaminants in foods consumed by 
animals, the greater the animal feed intake rate, the 
higher the dose to humans via consumption of animal 
products. 

The animal feed intake rates, Q,, Q,, and Q,, are used to 
calculate the concentrations of radionuclides in beef, 
milk-producing cows, egg-laying hens, and meat- 
producing poultry that consume fresh forage, grain, or 
hay raised in contaminated soil irrigated with contami- 
nated water. Those contaminated animal products are 
assumed to be raised and consumed on site by humans. 
While grazing fresh forage, the transfer of contaminants 
fiom soil to animal products occurs by two different 
processes: 1) ingestion of contaminated plant matter 
(through resuspension and root uptake from soil to 
plants) by animals, and 2) ingestion of contaminated soil 
by animals during grazing. For ingestion of stored grain 
or stored hay, the transfer of contaminants from soil to 
stored grain occurs by resuspension and root uptake 
from soil to the grain crop. Animals consume the 
contaminated plant matter which is then converted to 
animal products consumed by humans. 

The following equations taken from NUREGICR-55 12, 
Vol. 1, are those for fresh forage and therefore include 
the subscript 'f. Unless noted, identical equations are 
used for stored grain (subscript 'g') and stored hay 
(subscript 'h'). Note that some of the parameters in the 
equations have somewhat different def~t ions ,  primarily 
with respect to the timing of events. The references to 
the equations for stored hay and stored grain are also 
given in the following discussion. 

The concentration of radionuclides in fresh forage con- 
sumed by the animal (at any time) is evaluated as follows 
(Equation 5.13, p. 5.19, NUREGICR-5512, Vol. 1): 

csJl = 1 000 ( M L ~ + B ~ )  W~ A {c,, t } ~  cS, (0) (6.72) 

where CSG, is the concentration factor for radionuclide j 
in fresh forage crop f at time t, from an initial unit 
concentration of parent radionuclide i in soil; ML, is the 
plant soil mass-loading factor for resuspension of soil 



onto the forage plant f; Bj, is the concentration factor for 
uptake of radionuclide j from the soil in fresh forage 
crop f ;  W, is the dry-weight-to-wet-weight conversion 
factor for fresh forage crop f ;  A(C$, t )  denotes 
concentration of radionuclide j in soil at time t during the 
feeding period for fresh forage crop f; t is any point in 
time during the fresh forage feeding period; and C,(O) is 
the initial concentration of parent radionuclide i in soil 
at the start of the growing period. For stored grain and 
stored hay, the NUREGICR-5512, Vol. 1, references are 
Equations 5.12 and 5.11, respectively. 

For fresh forage only, the average concentration of 
radionuclides in forage over the feeding period, h, is 
evaluated as  (from Equation 5.15, p. 5.2 1, NUREGI CR- 
5512, Vol. 1): 

where C*, is the average concentration factor for 
radionuclide j in fresh forage crop f over the feeding 
period at time of animal consurnption of forage from an 
initial unit concentration of parent radionuclide i in soil, 
S(Csj, &,) is the concentration time integral factor for 
radionuclide j in soil over the feeding period, and t, is 
the feeding period for forage crop f. 

The concentration factor for animal product a, over the 
time period of feeding on fresh forage for radionuclide 
j for an initial unit concentration of parent radionuclide 
in soil, CSj, is given by (Equation 5.18, p. 5.22 of 
NUREGICR-5512, Vol. 1): 

where Faj is the transfer coefficient that relates daily 
intake in animal feed and ingested soil to the 
concentration of radionuclide j in an animal product a, 
Q, is the consumption rate of fresh forage by the animal, 
x, is the fraction of animal forage intake that is 
contaminated, and CS6, is the average concentration 
factor for radionuclide j in fresh forage crop f, over the 
feeding period, at the time of animal consumption of 
forage from an initial unit concentration of parent 
radionuclide i in soil. For stored grain and stored hay, 
the NUREGICR-55 12, Vol. 1, references are Equations 
5.17 and 5.16, respectively. 

While ingesting fiesh forage only, the amount of soil 
ingested while grazing is a function of the fresh forage 
intake rate. The average concentration factor for animal 
product a, over the fresh forage feeding period for 
radionuclide j for initial unit concentration of parent 
radionuclide i in soil, Cajd, is given by the following 
(Equation 5.19, p. 5.22 of NUREGICR-55 12, Vol. 1): 

where Q, is the soil intake as a fraction of forage intake 
for the animal; W, is the dry to wet-weight conversion 
factor for fresh forage; S{Cj, t,) is the concentration 
time-integral factor for radionuclide j in fresh forage 
crop f over the feeding period, t, is the feeding period 
for the forage crop; and C,(O) is the initial concentration 
of parent radionuclide in soil at the start of the growing 
period. 

Finally, the ingestion dose from agricultural products 
grown in contaminated soil, secondary ingestion of soil, 
and ingestion of animal products is given by the 
following (Equation 5.71, p. 5.56, NUREGICR-55 12, 
Vol. 1): 

J ,  

DGR, = Cxf DIET Ash AFSj (6.76) 

where DGR, is the annual dose from intake of home- 
grown food and animal products, C, is the initial 
concentration of parent radionuclide in soil at the time of 
release of the site (i.e., the start of the growing season 
for the first year), DIET is no longer used (see Section 
6.2. l), ASj is the concentration factor for radionuclide j 
in soil at the beginning of the current annual exposure 
period per initial unit concentration of parent 
radionuclide i is soil at time of site release, and AFsj is 
the dose factor for ingestion of agricultural product per 
unit concentration of radionuclide j in soil at the 
beginning of the growing season. 

6.4.6.3 Information Reviewed to Define Animal 
Feed Intake Rate Distributions 

The values proposed in NUREGICR-55 12, Vol. 1 (Table 
6.8, p. 6.19), for foods consumed by beef cattle, poultry, 
milk cows, and layer hens are shown in Table 6.65. 
Rates are specified for each of the animal product 
consumed by humans: dairy cattle produce contaminated 
millc; laying hens produce contaminated eggs. 

The transfer of radionuclides to humans from animal 
products also includes the direct ingestion of soil by 
animals while consuming fresh forage. The default 
value for intake rate of soil for cattle (beef and milk 
cows) was set to 2% of dry-matter forage intake. For 
poultry and egg-laying hens, the default intake value of 
soil was set to 10% of dry-matter forage intake. As 
discussed in Section 6.4.1 on the soil intake hction, Q,, 
these default values will continue to be used in the 
models. 



Table 6.65 Animal feed intake rates from 
NUREGJCR-5512, Vol. 1 

Intake rate 

Intake medium Beef (kg wet-weight/d) 

Poultry Milk Eggs 

Fresh forage (QJ 27 (14) 0.13 36 0.13 
Stored hay (Q,,) 14 (27) 0 29 0 
Stored grain (Q,) 3 0.09 2 0.09 

* Corrected values in parenthesis - see text. 

Determination of the wet-weight intake rates reported in 
Table 6.65 was performed using the dry-weight intake 
rate, the percent intake by feed type, and the percent 
water content in the feed of interest for the animal type 
(from NUREGICR-55 12, Vol. 1, Equation 6.12, p. 6.19) 
as follows: 

(Dry Weight Intake Rate) 
(Wet Weight - (Percent Intake) (6.77) 
Intake Rate) - (100-Percent Water Content) 

Derivation of the default values in Table 6.65 assumed 
that the intake rate for beef cattle is based on a total daily 
intake of 12 kg (dry-weight), with 25% in the form of 
fresh forage, 50% as stored hay, and 25% as stored 
grain. A water content of 78% was used in converting 
stored hay and forage (dry weight) to a corresponding 
wet-weight basis. The stored grain has a water content 
of 9%. When the default values were calculated for 
fresh forage and stored hay for beef using Equation 6.72, 
we found the corresponding values were transposed in 
Table 6.8 of NUREGICR-55 12, Vol. 1. The corrected 
values are shown in parenthesis in Table 6.65. 

The intake rate for milk cows was based on a total daily 
intake of 16 kg (dry-weight), with 50% in the form of 
fresh forage, 40% as stored hay, and 10% as stored 
grain. For poultry, the intake rates were based on a total 
daily intake of 0.11 kg, with 25% as fresh forage and 
75% as stored grain. It is assumed that poultry do not 
consume stored hay or any products made from stored 
hay in the residential scenario. 

Information on the consumption of forage, grain and hay 
crops by beef and dairy cattle, poultry, and layer hens 
was obtained from National Research Council 
publications on the nutrient requirements of livestock 
(National Research Council, 1996% and references cited 
therein). This new information includes and supercedes 
the original references (such as IAEA, 1982 and Till and 
Meyer, 1983) provided in NUREGICR-5512, Vol. 1, for 
determining the default values for animal food intake. 

6.4.6.4 Animal Feed Intake Rate Distributions 

In the following four subsections summarizing food 
consumption by livestock, a consistent approach was 
followed for developing distributions of dry- and wet- 
weight matter intake for animals. The NRC publications 
provide average values from a number of studies for 
"dry matter intake" (DMI). Those reported averages 
include a 12% moisture content. 

In the following subsections, the DM1 values are 
provided in tables and reduced to actual dry matter by 
backing out the 12% moisture content as reported. The 
actual dry matter data, Q,,, are then used to develop 
distributions for the respective animal feed intake rates 
as dry matter. The distributions are corrected (shifted) 
to account for the percentage intake of food products by 
each animal as originally reported in NUREGICR-55 12 
and as summarized above in the discussion of the default 
values. 

In Section 6.4.9, the distributions for W, W,, and W,, 
the wet-to-dry-weight conversion factors for forage, 
stored grain, and stored hay, are determined based on the 
following equation (using fresh forage as an example): 

W,= (100 - % Moisture, Forage)/100 (6.78) 

The dry intake rate distributions, Q,, are sampled along 
with samples of the wet-to-dry conversion factor, to 
derive the distributions for Q, Q,, and Q, on a wet- 
weight basis. These calculations are based on the 
following (again, using the example for fresh forage): 

Q,,,, x Fraction of Intake 
Qf = (6.78) 

wf 

where Fraction of Intake is the Percent Intake divided by 
100. Therefore, 

QdT x Percent Intake (6.79) 
Qf = I00 - Percent Moisture of Forage 

6.4.6.4.1 Fresh Forage, Stored Grain, and Stored 
Hay Consumed by Beef Cattle 

The dominant factors that determine DM1 of beef cattle 
are physiological demand (based on body weight and 
age), differences among breeds of beef cattle, and 
gastrointestinal capacity limits. In this analysis, we 
assume that the nutrient value of fresh forage (as well as 
stored grain and stored hay) is the same as the dry matter 
documented here. We also assume, consistent with 
NUREGICR-55 12, Vol. 1, that fresh forage provides 



25% of the total nutrient requirements for beef cattle, 
and stored grain and stored hay provide 25% and 50%, 
respectively, of total intake requirements. Researchers 
referenced by the National Research Council (National 
Research Council, 1996) developed equations and 
relationships to predict and estimate DM1 requirements 
for beef cattle. 

One of these, Thornton et al. (1985) reported results on 
1 19,482 yearling British breed cattle over a 12-month 
period. The data in Table 6.66 show 14-day averages for 
actual daily intake of dry matter as fed to cattle (includes 
12% moisture assumed by Thornton). The daily intake 
for cattle is a function of size and weight. The 
distribution for dry forage, stored grain, or stored hay, 
Q,,, consumed by beef cattle was developed fiom data 
in Table 6.66 by backing out the moisture content and 
equally weighting the average daily dry intake rate for 
each age category. This distribution represents the 
variability of the daily intake of food. 

Table 6.66 DM1 for beef cattle (Wernig et al., 1999) 

Actual average Dry 
Weight intake matter (no 

(kg) (Wd) - DM1 moisture) 

The binned data were fit to several distributions and the 
fitness to each distribution was evaluated with a 
Kolmogorov-Smirnov test. The best fit was obtained 
with a beta distribution. Table 6.67 provides the beta 
distribution parameters for fresh forage, stored grain, 
and stored hay consumed by beef cattle. The frequency 
distribution and the corresponding PDF for the intake 
rate for forage by beef cattle, Q,, is shown in Figure 
6.40. Similar PDFs for stored gram and stored hay are 
represented in Figures 6.41 and 6.42. The corresponding 
cumulative distributions for Q,, for fresh forage, stored 
grain, and stored hay are shown in Figures 6.43, 6.44, 
and 6.45. 

Table 6.67 Beta distribution parameters for 
fresh forage, stored grain, and stored hay 

Fresh Parameter forage Stored Stored hay grain 

a, 1.99 1.99 1.99 
% 0.91 1 0.91 1 0.91 1 
61 1.69 1.69 3.38 
6, 2.29 2.29 4.58 

6.4.6.4.2 Forage, Stored Grain, and Stored Hay 
Consumed by Dairy Cattle 

TabIe 6.68 shows DM1 for dairy cattle by body weight 
and milk production (NRC, 1996). Estimates of DM1 
for dairy cattle are complicated by milk production rates, 
lactation periods, environmental factors, feed quality, 
body weight, and other physiological factors. Many 
researchers quoted in the NRC reports have proposed 
equations and approaches for predicting and estimating 
feeding rates. Odwongo and Conrad (1983) developed 
equations for predicting daily DM1 for dairy cattle as 
shown in Table 6.68. 

As noted above, these DM1 values were corrected to 
actual DMI, Q*, by backing out the 12% moisture 
content that was reported and correcting for the 
percentage of forage, stored grain, or stored hay intake 
for dairy cattle. Dairy cattle are assumed to derive 50% 
of total nutrient requirements from fresh forage, 40% 
from stored hay, and 10% from stored grain. This 
allocation is consistent with the allocation assumed in 
NUREGJCR-55 12, Vol. 1. 

The binned data from Table 6.68 were then fit to several 
distributions and the fitness to each distribution was 
evaluated with a Kolrnogorov-Smirnov test. The best fit 
for fresh forage and stored hay was obtained with a 
gamma distribution. For stored grain, the best fit was 
represented by a normal distribution. Table 6.69 
provides the gamma and normal distribution parameters 
for fi-esh forage, stored grain, and stored hay consumed 
by dairy cattle. The frequency distribution and the fitted 
PDF for the intake rate for forage for dairy cattle, Q,, is 
shown in Figure 6.46. Similar PDFs for stored grain and 
stored hay are represented in Figures 6.47 and 6.48. The 
corresponding cumulative distributions for Q,, for fresh 
forage, stored grain, and stored hay for dairy cattle are 
shown in Figures 6.49,6.50, and 6.5 1. 



Probability Density 

Dry forage intake (beef), kgld 

Figure 6.40 CaIculated probability distribution for forage consumed by beef 
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Figure 6.41 Calculated probability distribution for stored grain consumed by 
beef cattle 
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Figure 6.42 Calculated probability distribution for stored hay consumed by 
beef cattle 
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Figure 6.43 Cumulative distribution for forage consumed by beef cattle 
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Figure 6.44 Cumulative distribution for stored grain consumed by beef cattle 
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Figure 6.45 Cumulative distribution for stored hay consumed by beef cattle 



Table 6.68 Predicted DM1 in dairy cattle (kg/d) (NRC, 1996) 

Body weight (kg) 
Milk 

production 400 450 500 550 600 650 700 800 

(Kgfd) 
DM1 (Wd)  

15 14.7 15.7 16.8 17.7 18.7 19.6 20.5 22.1 
20 14.9 16.0 17.1 18.0 19.0 20.0 20.9 20.5 
25 14.7 15.8 16.8 17.8 18.8 19.7 20.5 22.7 
30 14.5 15.6 16.6 17.6 18.5 19.4 20.3 22.2 
35 * 16.4 17.5 18.5 19.5 20.4 21.3 22.0 
40 * * 18.3 19.4 20.4 21.4 22.4 28.6 
45 * * * 20.2 21.2 22.2 23.2 29.0 
55 * * * 19.9 21.0 22.0 23 .O 29.7 

* amount of feed computed was in excess of the amount that cows would be expected to eat 

Table 6.69 Distribution parameters for forage, stored grain, and stored hay 

Parameter Fresh forage Stored grain Stored hay 
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Figure 6.46 Calculated probability distribution for forage consumed by dairy cattle 
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Figure 6.47 Calculated probability distribution for stored grain consumed by dairy 
cattle 
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Figure 6.48 Calculated probability distribution for stored hay consumed by dairy 
cattle 
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Figure 6.49 Cumulative distribution for forage consumed by dairy cattle 
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Figure 6.50 Cumulative distribution for stored grain consumed by dairy cattle 
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Figure 6.51 Cumulative distribution for stored hay consumed by dairy cattle 

6.4.6.4.3 Fresh Forage and Stored Grain 
Consumed by Poultry 

Waldroup et al. (1976), Hurwitz et al. (1978), and the 
NRC (1981) derived equations and estimates of DM1 
based on energy needs of a growing broiler chick. Table 
6.70 summarizes these estimates in terms of the 
estimated average daily DM1 rate for poultry derived 
from their estimated energy needs based on age. In 
poultry (broilers), feeding rate generally increases with 
age and body weight. The published values included a 
12% moisture content which was factored into the DM1 
values given in the table. As above, this moisture 
content was then backed out to derive the intake of 
actual dry matter in broilers. Consistent with NUREG/ 
CR-55 12, Vol. 1, poultry are assumed to derive 25% of 

their total nutrient requirements from fresh forage and 
75% from stored grain. 

The binned data from the table were converted to 
consistent units (kg/d), multiplied by the assumed 
fractions for forage and grain intake for poultry, and 
were then fit to several distributions. The fitness to each 
distribution was evaluated with a Kolmogorov-Smirnov 
test. The best fit was obtained with a beta distribution. 
Table 6.71 provides the beta distribution parameters for 
fresh forage and stored grain consumed by poultry. The 
frequency distribution and the fitted PDF for the intake 
rates for forage and store grain for poultry, Q+, are 
shown in Figures 6.52 and 6.53. The corresponding 
cumulative distributions for poultry are shown in Figures 
6.54 and 6.55. 



Table 6.70 f redicted DM1 for broilers at different ages (NRC, 1996) 

Age (days) BW (g) Daily gain (g) Est. energy needs Dry matter 
(kcaVd) (g'd) (no moisture) 

Table 6.71 Beta distribution parameters for fresh forage 
and stored grain - poultry 

Parameter Fresh forage Stored grain 

Probability Density 

Dry forage intake (poultry), kgld 

Figure 6.52 Calculated probability distribution for forage consumed by poultry 
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Figure 6.53 Calculated probability distribution for stored grain consumed by poultry 
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Figure 6.54 Cumulative distribution for forage consumed by poultry 
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6.4.6.4.4 Fresh Forage and Stored Grain 
Consumed by Layer Hens 

Table 6.72 provides estimates of the average daily DM1 
rate for egg laying hens at different times in the egg 
production process. Laying hens generally attain a 
steady state of feed consumption once peak egg 
production has occurred. Byerly et al. (1980) and 
Hurwitz et al. (1978) developed equations that 
characterized observed feeding behavior of laying hens. 
Those equations were used to derive the DM1 rates given 
in Table 6.72 which c o n h  the steady state feeding rate 
when egg production stabilizes in mature hens. The 
published values included a 12% moisture content which 
was included in the DM1 values given in the table. Once 
again, this moisture content was used to calculate the 
intake of actual dry matter by laying hens. As with 

poultry, layer hens were assumed to derive 25% of their 
total nutrient requirements from fresh forage and 75% 
from stored grain. 

Based on the average steady state DM1 rate for mature 
hens, the data were converted to consistent units (kgtd) 
and multiplied by the assumed fractions for forage and 
grain intake for laying hens. The data were then binned 
and fit to several distributions and the fitness to each 
distribution was evaluated with a Kolrnogorov-Smirnov 
test. The best fit was obtained with a beta distribution. 
Table 6.73 provides the beta distribution parameters for 
fresh forage and stored grain consumed by laying hens. 
The frequency distribution and the fitted PDF for the 
intake rates for forage and store grain for laying hens, 
Q,, are shown in Figures 6.56 and 6.57. The 
corresponding cumulative distributions for laying hens 
are shown in Figures 6.58 and 6.59. 

Table 6.72 Predicted DM1 for laying hens at different stages of egg production (NRC, 1996) 

Age Egg production BW DM1 Dry matter 
(weeks) (%I (g) ( g h )  (no moisture) 

20 5 1317 60.2 53.0 
56.0 49.3 
59.7 52.5 
61.9 54.5 
82.2 72.3 
78.2 68.8 
81.5 71.7 
83.9 73.8 
98.0 86.2 
94.1 82.8 
96.7 85.1 
99.3 87.4 
93.2 82.0 
89.4 78.7 
94.6 83.2 
97.2 85.5 
92.6 8 I .5 
88.8 78.1 
95.1 83.7 
97.9 86.2 
88.5 77.9 
84.9 74.7 
98.0 86.2 
95.8 84.3 



Table 6.73 Beta distribution parameters for fresh forage and stored grain - laying hens 

Parameter Fresh forage Stored grain 

Probability Density 
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Figure 6.56 Calculated probability distribution for forage consumed by layer hens 
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Figure 6.57 Calculated probability distribution for stored grain consumed by layer hens 
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Figure 6.58 Cumulative distribution for forage consumed by Iayer hens 
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Figure 6.59 Cumulative distribution for stored grain consumed by layer hens 

6.4.6.5 Uncertainty in Animal Feed Intake Rates 

Distributions describing site-to-site variability in animal 
feed rates were derived from models developed by the 
NRC which predict total intake requirements as a 
function of the animal's age and, for cattle, weight. 
Variations among sites were assumed to be primarily due 
to variations in these physiological parameters, and each 
reporting category was assumed to be equally likely. 
These assumptions create uncertainty in the parameter 
distributions. The relative contributions of fresh forage, 
grain, and hay to each animal's diet were also uncertain. 
The proportions proposed in NUREG/ CR-55 12, Vol. 1, 
were retained for this analysis. 

6.4.6.6 Alternative Values for Animal Feed Intake 
Rates 

rates are established based on average daily intake rates 
that depend on factors such as the breed of animal, the 
age and size of the animal, physiological response, 
environmental factors (particularly temperature and 
humidity), diet water content, quantity and quality of 
food stocks fed to the animals, feed processing methods, 
use of anabolic stimulants and other feed additives, 
timing of feeding, and production rates. These factors 
introduce variability that is captured in the data and 
proposed parameter distributions. 

Applicants may attempt to support alternative values for 
animal feed intake rates based on regionaYseasona1 
variations in food availability, animal breeds, different 
varieties of forage and feeds available and intended for 
animal consumption, and intended production and use of 
the animal products for human consumption. 

These parameters are expected to vary to a small degree 
from site to site. The distributions for animal feed intake 



6.4.7 Vegetation Concentration Factors 
For Uptake, Bj, (unitless) 

6.4.7.1 Description of Bj, 

The concentration factors for uptake by vegetation, Bj, 
as defmed for NUREGICR-55 12, Vol. 1, dose modeling, 
estimate the amount of radionuclide uptake by plants 
grown in contaminated soil for both human consumption 
and as forage and feed for animals. The model uses a 
single, constant value for each chemical element for each 
of the following plant types: vegetables ("leafy" and 
"root"), h i t s ,  and grains. Each value represents the 
average uptake for each of these cultivar groups. 

6.4.7.2 Use of Bjv in Modeling 

The concentration factor for uptake is important to 
modeling dose since the higher the value for Bj,, the 
higher the CEDE value for ingestion via the agricultural 
pathway (i.e., soil-plant-human and soil-plant-animal- 
human). 

The concentration factor for uptake (Bjv) is used to 
calculate the concentration factor (C*J for a radio- 
nuclide in a plant at harvest from an initial soil concen- 
tration of parent radionuclide. The mathematical relation 
between Bj, and C*, is given in NUREGICR-5512, 
Vol. 1 (Equation 5.5, p. 5.12): 

where: 

c,, = concentration factor for radionuclide j in 
plant v at harvest from an initial unit 
concentration of parent radionuclide i in 
soil (pCi/kg wet-weight plant per pC&g 
dry-weight soil), 

= concentration factor for uptake of radio- 
nuclide j from the soil in plant v @Ci/kg 
dry-weight plant per pCi/kg dry-weight 
soil), 

MLv = plant soil mass-loading factor for resus- 
pension of soil to plant type v @Ci/kg 
dry-weight plant per pCi/kg dry-weight 
soil), 

w, = dry-weight-to-wet-weight conversion 
factor for plant v (kg dry-weight plant 
per kg wet-weight plant), 

A{Cq, t,) = decay operator notation used to develop 
the concentration of radionuclide j in 
soil at the end of the crop-growing 
period, t, (pCi/g dry-weight soil), 

csj = concentration of radionuclide j in soil 
during the growing period (pCi/g dry- 
weight soil), 

CAO) = initial concentration of parent radio- 
nuclide i in soil (pCi/g dry-weight soil), 

t~ = growing period for food crop v (d), and 
1000 = unit conversion factor (g/kg). 

The units of radionuclide activity are not always in pCi. 
However, as long as  the units of activity for the plant 
and the soil are the same, the ratio of plant to soil 
concentration is preserved and can be used to compare 
data from different sources. 

6.4.7.3 Information Reviewed to Define Bjv 
Distributions 

Soil-to-plant concentration factors are given for leafy 
vegetables, root vegetables, fruits, and grains in 
NUREGICR-55 12, Table 6.16, repeated here as Table 
6.74. Leafy vegetables are part of the "vegetative" 
portion of plants, while all the other categories are 
considered "reproductive" portions of plants. Therefore, 
there are values for Bj, for four vegetation categories and 
82 elements, for a total of 328 values. However, for 
nearly all the elements, there is one value given for leafy 
vegetables and one value that is given for all the 
reproductive crop types, reducing the number of distinct 
values for Bjv from 328 to approximately 164. 

All but a few of the values given in Volume 1 were 
obtained fiom Baes et al. (1 984). The remainder come 
from a compilation of the International Union of 
Radioecologists (IUR 1989), except for the element 
californium, for which default values were taken from 
Strenge et al. (1987). Most of the values taken from 
Baes et al. (1984) are the geometric means of data 
distributions. For many elements Baes et al. (1984) also 
provide the geometric standard deviation. The range 
between two standard deviations from the mean for a 
single element often exceeds two orders of magnitude. 

Soil-to-plant concentration factor distributions with 
ranges of several orders of magnitude are not uncommon 
(Arkhipov et al., 1975, Dahlman et al., 1976, Whicker 
1978, and Sheppard and Evenden, 1988). The variability 
in concentration factors is the result of numerous and 
complex underlying processes such as climate, growing 
conditions, plant metabolism, plant rooting traits, soil 
type, soil moisture, soil texture, and soil pH. 

A lognormal distribution is consistently proposed as the 
most appropriate distribution for concentration factors 
(Gilbert and Simpson, 1985, Sheppard and Evenden, 
1988, Sheppard and Evenden, 1990, and Murphy and 



Table 6.74 Soil-to-plant concentration factors from NUREGICR-5512 
(Table 6.16, pages 6.25-6.27), pCilkg dry weight per pCi/kg soil 

Element Leafy vegetables 
* 

Root vegetables Fruit Grain 
* * * 



Table 6.74 Soil-to-plant concentration factors from NUREGICR-5512 
(Table 6.16, pages 6.25-6-27}, pCi/kg dry weight per pCi/kg soil (continued) 

- - - 

Element Leafy vegetables Root vegetables Fruit Grain 

Cf 1 .OE-2 1 .OE-2 1 .OE-2 1 .OE-2 
* Concentration factors for tritium are not needed because a special model is used to determine tritium uptake in plants. 
**Noble gases are not assumed to be taken up by plants. 



Tuckfield, 1992). Because Bjv is the product of several 
variables, a lognonnal distribution for Bjv is expected 
from the central limit theorem (Sheppard and Evenden, 
1988). 

The lognormal distribution bounds Bj, by zero and 
allows Bj, to go to infinity at probabilities approaching 
zero. At some level of contaminant concentration for 
each plant and each element, Bj, is bound by a toxicity 
limit. Rarely are these limits observed experimentally. 

6.4.7.4 Bj, Probability Distributions 

Distribution parameters were taken from Ng et al. (1 982) 
and Baes et al. (1984) (Table 6.75). For the elements 
reported in Ng et al. (1982), the geometric means and 
geometric standard deviations (GSD) were taken directly 
from the text. For data given in Baes et al. (1984) 
geometric means are provided in the text, but the GSDs 
are provided only graphically and only for some 
elements. In lieu of visual estimation of the GSD for an 
element, a "generic" GSD proposed by Sheppard and 

Evenden (1990) was used. This GSD (2.47) was 
determined from a pool of 23 elements and more than 
1,250 values for Bjv. Sheppard and Evenden (1990) 
demonstrate that the variance of Bj, is unrelated to site or 
element characteristics, suggesting that a generic GSD is 
appropriate for stochastic modeling of plant uptake. 
Because Ng et al. (1982) includes more detailed 
information on distribution parameters of Bj, than Baes 
et al. (1984), Ng et al. (1982) was used as the primary 
source for Bj, values. No revisions were required to the 
distributions of Bj, as they encompassed concentration 
factors found in other reports. 

All the data from Baes et al. (1984) are given in units of 
pCi plant dry-weight per pCi soil dry-weight. Ng et al. 
(1982) give the data for leafy vegetation in units of pCi 
plant dry-weight per pCi soil dry-weight and for 
reproductive vegetation in units of pCi plant wet-weight 
per pCi soil dry-weight. To calculate the input value for 
the DandD code, the sampled values of dry-to-wet 
weight conversion factors were used to convert the Bjv 
values where required. 

Table 6.75 Distribution properties for soil-to-plant concentration factors 

Reproductive vegetation' 

Geometric Geometric standard Data 
mean deviation sourceb 

* * * 
1.5E-3 2.47E+O 2 
7.OE-1 2.47Et-0 3 
3.OE+1 2.47E+0 2 
6.OE-3 2.47E+O 2 
4.6E-3 4.10E+O 1 
5.5E-1 2.47E+0 2 
7.OE-2 2.47E+0 2 
3.5E+O 2.47E+O 2 
I .5E+O 2.47E+O 2 
7.OE+1 2.47E+0 2 

* * * * ** 
5.5E-1 2.47E+O 2 
3.5E- 1 2.47E+O 2 
1 .OE-3 2.47E+O 2 
1.3E-2 2.00E+O 1 
1.2E- 1 4.90E+O 1 
4.2E-4 3.50E+O 1 
1.5E-2 3.30E+O 1 
2.1 E-2 2.50E+O 1 
4.3E-2 l.OOE+l 1 
1.1E-1 3.90E+O 1 
4.0E-4 2.47E+O 2 

Element 

H 
Be 
C 
N 
F 

Na 

Mg 
Si 
P 
S 
C1 
Ar 
K 
Ca 
SC 
Cr 
Mn 
Fe 
CO 
Ni 
CU 
Zn 
Ga 

Leafy (non-reproductive) vegetation 
(pCi dry plant massIpCi dry soil mass) 

Geometric Geometric standard Data 
mean deviation sourceb 

* * * 
1 .OE-2 2.47E+0 2 
7.OE-1 2.47E+0 3 
3.OE+1 2.47E+0 2 
6.OE-2 2.47E+0 2 
7.4E-2 2.47E-1-0 1 
1 .OE+O 2.47E+O 2 
3.5E-1 2.47E+O 2 
3.5E+O 2.47E+O 2 
1.5E+O 2.47E+O 2 
7.OE+1 2.47E+0 2 

* * * * * * 
1 .OE+O 2.47E+O 2 
3.5E+O 2.47E+0 2 
6.OE-3 2.47E+0 2 
2.2E-2 2.20E+O 1 
3.3E-1 7.60E+O 1 
5.6E-3 3.8OE+O 1 
8.8E-2 4.70E+O 1 
3.4E-2 3.20E+O 1 
4.9E-1 2.60E+O 1 
5.8E-1 2.60E+O 1 
4.OE-3 2.47E+0 2 



Table 6.75 Distribution properties for soil-to-plant concentration factors (continued) 

Reproductive vegetation' 

Geometric Geometric standard Data 
mean deviation sourceb 

6.OE-3 2.47E+0 2 
2.5E-2 2.47E+O 2 
1.5E+O 2.47E+O 2 

** * * ** 
7.OE-2 2.47E+O 2 
7.5E-2 3.8OE+O 1 
6.OE-3 2.47E+O 2 
7.7E-4 9.50E+O f 
5.OE-3 2.47E+0 2 
6.OE-2 2.47E+0 2 
1.5E+O 2.47E+O 2 
1.4E-3 4.9OE+O 1 
4.OE-2 2.47Et-0 2 
4.OE-2 2.47E+O 2 
1 .OE-1 2.47E+0 2 
1.5E-1 2.47E+0 2 
4.OE-4 2.47E+O 2 
6.OE-3 2.47E+0 2 
3.OE-2 2.47E+O 2 
4.OE-3 2.47E+O 2 
4.5E-3 4.90E+0 1 

* * ** * * 
5.OE-3 4.1 OEM 1 
1.3E-3 3.10Et-0 1 
4.OE-3 2.47E+0 2 
7.3E-4 6.20E+O 1 
4.OE-3 2.47E+O 2 
4.OE-3 2.47E+O 2 
4.OE-3 2.47E+0 2 
4.OE-3 2.47E+0 2 
4.OE-3 2.47E+O 2 
4.OE-3 2.47E+0 2 
4.OE-3 2.47Et-0 2 
4.OE-3 2.47E+O 2 
4.OE-3 2.47E+O 2 
4.OE-3 2.47E+0 2 
8.5E-4 2.47E+O 2 
2.5E-3 2.47E+0 2 
1 .OE-2 2.47E+O 2 
3.5E-1 2.47E+0 2 
3.5E-3 2.47E+O 2 
1.5E-2 2.47E+0 2 
1 .OE- 1 2.47E+O 2 
2.OE-1 2.47E+0 2 

Element 

AS 
Se 
Br 
Kr 
Rb 
Sr 
Y 
Zr 
Nb 
MO 
Tc 
RU 
Rh 
Pd 

Ag 
Cd 
In 
Sn 
Sb 
Te 
I 

Xe 
CS 
Ba 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
EU 
Gd 
Tb 

DY 
HO 
Er 
H f 
Ta 
W 
Re 
0 s  
Ir 

AU 
Hg 

Leafy (non-reproductive) vegetation 
(pCi dry plant massIpCi dry soil mass) 

Geometric Data Geometric standard mean deviation sourceb 

4.OE-2 2.47EM 2 
2.5E-2 2.47E+O 2 
1.5E+O 2.47E+O 2 

** ** ** 
8.1E-1 3.60E-i-0 1 
1.8E+O 3.8OE+O 1 
1.5E-2 2.47Et-0 2 
7.2E-2 2.OOE+O 1 
2.OE-2 2.47Et-0 2 
2.2E+O 3.30E+O 1 
9.5E+O 2.47E+O 2 
6.2E-2 4.80E+O 1 
1.5E-1 2.47E+0 2 
1.5E-1 2.47E+O 2 
4.OE-1 2.47Et-0 2 
5.5E-1 2.47E+O 2 
4.OE-3 2.47E+O 2 
3.OE-2 2.47EM 2 
2.OE-1 2.47E+0 2 
2.5E-2 2.47EM 2 
1.6E-1 3.50E+O 1 

* * ** * * 
4.1E-2 3.5OE+O 1 
3.9E-2 2.90E+O 1 
1 .OE-2 2.47Et-0 2 
2.1E-2 4.30E+O 1 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E+O 2 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E+O 2 
1 .OE-2 2.47E+0 2 
1 .OE-2 2.47E-tO 2 
1 .OE-2 2.47E+O 2 
3.5E-3 2.47E+O 2 
1 .OE-2 2.47E+0 2 
4.5E-2 2.47E+0 2 
1.5E+O 2.47E+0 2 
1.5E-2 2.47E+0 2 
5.5E-2 2.47E+0 2 
4.OE-1 2.47E+O 2 
9.OE-1 2.47E+O 2 



Table 6.75 Distribution properties for soil-to-plant concentration factors (continued) 

Element 

Leafy (non-reproductive) vegetation 
(pCi dry plant masslpci dry soil mass) 

Geometric Geometric standard Data 
deviation sourceb 

- -- 

Reproductive vegetation' 

Geometric Geometric standard Data 
mean deviation sourceb 

C f I 1 .OE-2 2.47E+O 3 I 1 .OE-2 2.47E+O 3 
*Concentration factors for tritium are not needed because a suecia1 model is used to determine tritium u~take  in olants. 
**Noble gases are not assumed to be taken up by plants. 
"Data Source 1 (pCi wet plant mass/pCi dry soil mass), indicated with bold font; Data Sources 2 and 3 (pCi dry plant mass/pCi dry soil mass). 

1 = Ng et al. (1982); 2 = Baes et al. (1984); 3 = NUREGICR -5512. 

6.4.7.5 Alternative Bj, Values 

It is not likely that site-specific information can reduce 
the uncertainty in concentration factors. There are 
simply too many factors affecting Bjv, factors that vary 
non-linearly in time and across locations, even to 
determine which ones might be the most important to 
predicting Bj, (and thus, reducing uncertainty) at a 
particular site. It is known that the inclusion of 
environmental variables, such as soil texture and pH, 
reduces the variability in concentration factors only 
marginally (Sheppard and Evenden, 1990). Thus, there 
is no benefit in correlating Bj, to site-specific parameters 
such as precipitation or soil properties. 

6.4.8 Interception Fraction for 
Vegetation, r, (unitless) 

6.4.8.1 Parameter Description 

"other" vegetables, fruits, and grains and for indirect 
human consumption as animal feed: forage plants (e.g., 
grass and alfalfa), grain, and hay. Thus, this value 
should represent the average fiaction of all contaminants 
retained on edible plant surfaces after irrigation. 

6.4.8.2 Use of Parameter in Modeling 

The interception fraction is important to modeling dose 
since the higher the value for rv, the higher the CEDE 
value for ingestion via the agricultural pathway (i.e., 
irrigation water-plant-human and irrigation water-plant- 
animal-human). 

The interception fraction is used to calculate the 
constant, average rate of accommodation of a 
contaminant on plants by retention fiom irrigation. The 
mathematical relation between deposition and retention 
is given in NUREGICR-5512, Vol. 1 (Equation 5.22, 
p. 5.27), by: 

The interception fraction for vegetation, r,, as defined RwjZ = IR r,, TVIY C .lC,,,, , .[ 1 I (6.81) 
for NUREGJCR-55 12, Vol. 1, dose modeling, estimates 
the fraction of deposited contamination retained on where: 
various cultivars grown for food and animal feed after 
above-ground irrigation with contaminated water. The Qg = average rate of radionuclide j 
model accepts different values of rv for plants grown on edible parts of plant v fiom application of 
both for direct human consumption: "leafy" vegetables, 



irrigation water per unit average concentration 
of parent radionuclide i in water (pCi/d kg-' 
wet weight plant per pCin  water), 

IR = average annual application rate of irrigation 
water (L/m2 d-'), 

r, = fraction of initial application (in water) 
retained on plant v (pCi retained per pCi 
applied), 

Tv = translocation factor for transfer of radio- 
nuclides from plant surfaces to edible parts of 
plant v (pCi in edible plant part per pCi 
retained), 

Y, = yield of plant v (kg wet weight/m2), 
C* = average annual concentration of parent radio- 

nuclide i in irrigation water over the current 
annual period (PC& water), and 

C ,  = average annual concentration of radionuclide 
j in irrigation water over the current annual 
period (pC& water). 

Because rv represents the fiaction of a contaminant in 
irrigation water that is retained on the surface of a plant, 
rv must be between zero and one. 

Hofkan  et al. (1992) demonstrate that contaminants that 
have dried on plant surfaces after an irrigation event are 
not lost with subsequent washing. The model of 
continuous irrigation-rate-dependent accommodation, 
represented by Equation 6.8 1, is evidently appropriate. 
r, was measured over a broad range of irrigation 
conditions, assumed here to be broad enough to 
encompass the expected range of variability in irrigation 
intensity and amount from one site to another. 

Dose calculations require an estimate of the average, 
annual amount of a contaminant retained on a plant. In 
the irrigation water-plant-human pathway dose 
calculations, this is expressed as the amount of 
concentration received throughout the growing period 
and retained on the plant at the time of harvest (Equation 
5.23, Vol. 1, p. 5.28): 

where: 

*, = concentration factor for radionuclide j in plant 
v at harvest fiom retention on surfaces for an 
average unit concentration of parent 
radionuclide i in water (pCikg wet weight 
plant per pCi/L water), 

= growing period for plant v (d), and 
= retention, accumulation operator used to 

develop the concentration factor of radio- 
nuclide j in plant v at harvest from application 

onto plant surfaces of an average unit concen- 
tration of parent radionuclide in water @Ci/kg 
wet weight plant per pCi/L water). 

6.4.8.3 Information Reviewed to Define 
Distributions for I-, 

The common value of 0.25 is proposed in Volume 1 for 
all plant types. This value, based on recommendations 
by Baker et al. (1976); is also adopted as a default value 
in Regulatory Guide 1.109. Baker et al. (1976) provide 
no explanation or justification of this value. As such, 
the only way to evaluate the appropriateness of this value 
is by comparison to existing experimental data. 

Experimental results fiom an interception study using 
contaminated, simulated rain (Hoffinan et al., 1992) 
indicate that biomass density is more important than 
vegetation type in affecting retention; when the data are 
normalized for biomass, differences in vegetation type, 
while statistically significant, are never major controlling 
variables for retention. H o f i a n  et al. (1992) also report 
similar results for a variety of herbaceous and woody 
plant types. Dose calculations using rv include on 
inverse dependence on biomass yield (Y,). A separate 
retention factor for different plant types is not included 
and the retention factors are assumed to apply equally to 
all plant types in the Volume 1 model. 

The same experiment by Hofhan  et al. (1992) provides 
information about the effects of ionic charge and 
solubility on retention. The study found that anions are 
essentially removed with the water once the vegetation 
surface becomes saturated, that cations are readily 
adsorbed to the plant surface, and that insoluble particles 
readily settle out on the plant surface. For cations, 
insoluble particles, and anions at irrigation rates 
comparable to those being considered (Section 6.2.7), 
the adsorption and settling rates are comparable, 
resulting in similar values of retention. Therefore, it is 
unnecessary to separate rv into categories based on 
solubility or ionic charge. This approach is also 
impractical because the default scenario model does not 
represent detailed groundwater geochemistry. Because 
it is unknown what chemical forms contaminants might 
take, the effect of chemical form on the r, parameter 
cannot be included in the generic model. 

The adsorption (retention) of cations and insoluble 
particles on vegetation is similar, though the underlying 
processes differ. For cations, retention appears to be 
controlled by chemical adsorption to cation exchange 
sites in the leaf cuticle, while for insoluble materials, 
retention is controlled by the rapid settling out of 
particles from rain droplets and their consequent 



adsorption on the plant surface. 

6.4.8.4 rv Probability Distribution 

Interception hctions for cations and insoluble particles 
as reported by Hofhan  et al. (1992) generally range 
from 0.1 to 0.6 with geometric means ranging &om 0.15 
to 0.37. The mean of the geometric means is 0.28. Given 
this, the default value of 0.25 recommended in 
NUREGICR-55 12 seems appropriate as an average value 
for the retention of contaminants on plants for this 
particular group of contaminants. The data provide 
practical limits for r, suggesting that the mean value of 
rv can be increased or decreased by a factor of two and 
still remain within experimentally-derived limits of r,. 

The interception fraction for anions, as measured with 
"'I by Hoffman et al. (1992) is dependent on the amount 
of irrigation applied. "Low" irrigation amounts from 
Hofhan  et al. (1992) are approximately 1-15 mrn d-' 
and are the only rates applicable here, as  the average 
irrigation rate being proposed is approximately 0.7 mrn 
a' (Section 6.2.7). 

At low irrigation levels the average r,, for anions is 
approximately 0.3; as with cations and insoluble parti- 
cles, the value of 0.25 recommended in NUREGICR- 
55 12 is slightly lower than that average. The data 

provide practical limits for r, with a range of 0.1 5 to 0.6, 
suggesting that the mean value of r, can be increased or 
decreased by a factor of two and still remain within 
experimentallyderived limits. Thus, the range given for 
cations and insoluble particles (0. I to 0.6) also applies to 
anions. 

Values for rv fiom NUREGICR-5512, Vol. 1, and the 
updated range of values for r, are provided in Table 6.76. 
The probability distribution function of rv given three 
values (minimum, maximum, and mean) is modeled with 
a uniform distribution (Figure 6.60). 

6.4.8.5 Uncertainty in rv 

For all contaminant categories, retention is positively 
correlated with the total amount of biomass. This is 
explicitly accounted for in the model, since the modeling 
of dose using r, (i.e., Equation 5.22) increases with 
increasing amounts of biomass (Y,). 

6.4.8.6 Alternative rv Values 

The limits of rv are not likely to change with site-specific 
data because rv is not strongly dependent on vegetation 
type. The stronger effect of the amount of vegetation at 
a site is included via yield (as discussed above). 

Table 6.76 NUREGtCR-5512, Vol. 1, values and PDFs for rv 

NUREG/CR-5512 PDF of r, (uniform distribution) 
Vegetation type value Minimum Maximum Mean 

leafy vegetable 0.25 0.10 0.60 0.35 
other vegetable 0.25 0.10 0.60 0.35 
fruit 0.25 0.10 0.60 0.35 
grain consumed by humans 0.25 0.10 0.60 0.35 
forage consumed by beef cattle 0.25 0.10 0.60 0.35 
forage consumed by poultry 0.25 0.10 0.60 0.35 
forage consumed by milk cows 0.25 0.10 0.60 0.35 
forage consumed by layer hens 0.25 0.10 0.60 0.35 
stored grain consumed by beef cattle 0.25 0.10 0.60 0.35 
stored grain consumed by poultry 0.25 0.10 0.60 0.35 
stored grain consumed by milk cows 0.25 0.10 0.60 0.35 
stored grain consumed by layer hens 0.25 0.10 0.60 0.35 
stored hay consumed by beef cattle 0.25 0.10 0.60 0.35 
stored hay consumed by poultry 0.25 0.10 0.60 0.35 
stored hay consumed by milk cows 0.25 0.10 0.60 0.35 
stored hay consumed by layer hens 0.25 0.10 0.60 0.35 
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Figure 6.60 Retention factor cumulative probability distribution function 

6.4.9 Wet-to-Dry-Weight Conversion 6.4.9.2.1 Use of Parameter in Modeling 
Factors for vegetables, Fruits, and 
Grains Consumed by Humans, W,, 
and Forage, W, Stored Grain, W,, 
and Stored Hay, W,, Consumed by 
Beef Cattle, Poultry, Milk Cows, 
and Layer Hens (kg dry-weightkg 
wet-weight) 

6.4.9.1 Parameter Description 

The wet-to-dry-weight conversion factors convert the 
weight of the garden produce at harvest to the correspon- 
ding or equivalent dry weight. These factors are 
required in two pathways: 1) soil-plant-human pathway 
to calcuIate the concentration factor for radionuclide j in 
plant v at harvest fiom an initial unit concentration of 
parent radionuclide i in soil, C*,, and 2) inigation water- 
soil-plant-human pathway to calculate the concentration 
factor for radionuclide j in plant v at time of harvest 
resulting from resuspension and root uptake for an 
average unit concentration of parent radionuclide i in 

The wet-to-dry-weight conversion for garden water, C,,. C,, is calculated from the following 
produce and as defmed for the NUREG equation (Equation 5.5, p. 5.12 of NUREGI CR-5512, 
/CR-55 12, Vol. 1, dose model, describe the dry weight vol. 
of edible plants grown for human and animal 
consumption and represent the average concentration of 
dry matter in plants. CmJh = 1000 (ML.+B,~) wV A{C~,,~~}/C,(O) (6.83) 

The conversion factors are needed to correct for the 
moisture content in edible parts of plants since both dry- 
weight and wet-weight factors are used in the default 
dose model. For example, the soil-to-plant concentration 
factors for individual radionuclides are defmed in terms 
of the dry weight of plants, while the crop yields are 
expressed as the wet weight of plants per area. 

6.4.9.2 Wet-to-Dry-Weight Conversion Factors 
for Vegetables, Fruits, and Grains, Wv 

where ML, is the plant soil mass-loading factor for 
resuspension of soil to plant type v; Bjv is the 
concentration factor for uptake of radionuclide j fiom the 
soil in plant v; W, is the wet-to-dry-weight conversion 
factor for plant v; A(CSj,t,) is the decay operator 
notation used to develop the concentration of radio- 
nuclide j in soil at the end of the crop-growing period; t, 
is the growing period for food crop v; and C,(O) is the 
initial concentration of parent radionuclide i in soil. 

The four wet-to-dry-weight conversion factors for leafy CN3, is calculated from the following equation ( ~ ~ u a t i o n  

vegetables, non-leafy vegetables, fruit, and grain 5.3 P- 5.3 NUREG1CR-55127 1): 
represent the fractions of dry matter in garden produce. 

Cryih = (MLv +BjV) Wv Cvwsoi0 (6.84) 



where C*,(,,, is the concentration factor for radio- 
nuclide j in soil at harvest time for plant v for an average 
unit concentration of parent radionuclide i in water. 

6.4.9.2.2 Information Used to Define the 
Distributions for W, 

Table 6.77 lists the plant types and the corresponding 
conversion factors used in NUREG/CR-55 12, Vol. I. 
The conversion factors were taken fiom Till and Meyer 
(1983). 

Table 6.77 Values for wet-to-dry-weight 
conversion factors for vegetables, fruits, and 

grains from NUREGICR-5512, VoI. 1 

Plant type Conversion factor 
(kg dry-weigh- wet-weight) 

Vegetables, leafy 0.2 
Vegetables, other 0.25 
Fruit 0.18 
Grain 0.91 

The Human Nutrition and Information Service of the 
USDA compiled information on the nutritive value of 
over 900 foods, food products, and beverages (Gebhardt 
and Matthews, 1985). The data included water contents 
of vegetables, fruits, and grains, which are summarized 
in Table 6.78. The wet-to-dry-weight conversion factor 
is calculated from the following equation: 

6.4.9.2.3 Distributions for Wet-to-Dry-Weight 
Conversion Factors for Vegetables, 
Fruit, and Grain 

The moisture content varies from 77 to 96% in 
vegetables and fruits and from 11 to 12% in grains. 
Because of the similarity in the moisture content in 
vegetables and fruits, Wv for vegetables and fruits were 
assumed to have the same distribution. The frequency 
distribution and fitted PDF (Figure 6.61) for Wv 
(vegetables & hits) were determined from data in Table 
6.78. The PDF is defined by a gamma function with a 
mean of 0.1088 and lower and upper limits of 0.04 and 
0.23. The calculated parameters for the gamma 
distribution are shown in Table 6.79. Figure 6.62 shows 
the cumulative distribution function for Wv for fruit and 
vegetables. Since Wv (grains) varies only slightly, a 
fixed value of 0.88 was used. 

Table 6.78 Moisture content of farm and garden 
produce (Gebhardt and Matthews, 1985) 

Garden produce Water (% by wt.) 

Vegetables, leafy 
Lettuce 
Broccoli 
Cauliflower 
Celery 
Parsley 
Spinach 
Cabbage 

Vegetables, other 
Carrots 
Radishes 
Potatoes 
Tomatoes 
Peppers 

Fruit 
Apples 
Apricots 
Blueberries 
Cherries 
Grapefruit 
Grapes 
Cantaloupe 
Oranges 
Peaches 
Pears 
Plums 
Strawberries 
Watermelon 

Grain 
Wheat 
Corn 
Barley 
Rice 12 

Table 6.79 Distribution parameters for wet-to- 
dry-weight conversion factor for vegetables 

and fruits 

Parameter Value 
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Figure 6.61 Frequency distribution and PDF for the wet-to-dry weight conversion factor for fruits and 
vegetables 

Cumulative Density 
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Figure 6.62 Cumulative distribution for the wet-to-dry-weight conversion factor for fruits and 
vegetables 

6.4.9.3 Wet-to-Dry-Weight Conversion Factors 
for Forage Consumed by Beef Cattle, 
Poultry, Milk Cows, and Layer Hens, W, 

The wet-to-dry-weight conversion factors for forage, W,  
as defmed for the NUREGICR-5512, Vol. 1, dose 
model, describe the fiaction of dry matter in forage 
consumed by beef cattle, poultry, milk cows, and layer 
hens. The model uses a single, constant value for W, for 
all contaminants. Thus, this value represents the average 
concentration of dry matter in all forage crops consumed 
by livestock in the residential scenario. 

6.4.9.3.1 Use of W, in Modeling 

The wet to dry-weight conversion factor converts the 
weight of forage to the corresponding weight of dry 
matter. This factor is required in the soil-forage feed- 
animal-human pathway for calculating 1) the concentra- 
tion factor for radionuclide j in fiesh forage crop f a t  the 
time, t, from in initial unit concentration of parent 
radionuclide i in soil, Csrjt (Equation 5.13, p. 5.19 of 
NUREG/CR-5512, Vol. l), 2) the average concentration 
factor for radionuclide j in fresh forage crop f over the 
feeding period at the time of animal consumption of 



forage from an initial unit concentration of parent radio- 
nuclide i in soil, C,, @quation 5.15, p. 5.2 1 of NUREGI 
CR-55 12, Vol. 1) and 3) the average concentration factor 
for animal product a over the fresh forage feeding period 
for soil ingestion by animals for radionuclide j for initial 
unit concentration of parent radionuclide in soil, C*, 
(Equation 5.19, p. 5.22 of NUREGICR-5512, Vol. 1) 
according to the following equations: 

where ML, is the plant soil mass-loading factor for resus- 
pension of soil onto forage plant f, Bjf is the concen- 
tration factor for uptake of radionuclide j from the soil in 
fresh forage crop f, W, is the dry to wet-weight conver- 
sion factor for fresh forage, A(C,.,t) is the decay 
operator notation used to develop the concentration of 
radionuclide j in soil at time t during the feeding period 
for fiesh forage crop f, and Cd(0) is the initial concentra- 
tion of parent radionuclide i in soil at the start of the 
growing period; 

Table 6.80 Moisture content in forage 
crops (National Research Council, 1996) 

Dry matter (kg dry- 
Hay crop weightkg wet-weight 

Alfalfa 0.234 
Bermuda grass 0.303 
Bluegrass 0.308 
Broome grass 0.261 

canary grass 0.228 
Clover, ladino 0.193 
Clover, red 0.262 
Fescue 0.313 
Orchard grass 0.235 
Rye grass 0.226 
Trefoil 0.193 
Timothy 0.267 

Since the type of forage crop consumed by livestock is 
uncertain, each of the crops was considered equally 

cdc = 1000 (ML~+BJ Wf sKs,, %}/[rg~,(~)] (6.87) likely. The distribution for the wet-to-dry weight 
conversion factor was determined by fitting a beta 

where S(C,.,t+) is a concentration time-integral factor for 
radionuclide j in soil over the feeding period for crop 
forage, and 

where Q, is the soil intake as a fraction of forage intake 
for the animal. 

6.4.9.3.2 Information Used to Define the 
Distribution for W, 

A value of 0.22 for W, was adopted in NUREGICR- 
5512, Vol. 1, based on recommendations by Till and 
Meyer (1983). 

The National Research Council published detailed 
information on nutrients in forage, hay and grain crops 
for livestock. Since livestock feed intake is based on 
dry-matter intake, and the corresponding nutrient content 
in dry matter, the National Research Council data 
included moisture content. Table 6.80 lists common 
types of grasses and the fraction of dry matter (National 
Research Council, 1996). 

6.4.9.3.3 Distributions for Wet-to-Dry-Weight 
Conversion Factors for Forage 

function to the reported conversion factors in Table 6.80. 
The parameters for the beta distribution are shown in 
Table 6.81. The frequency distribution and fitted PDF 
are shown in Figure 6.63. The PDF has a mean of 
0.25 19 and lower and upper limits of 0.183 and 0.323. 
The cumulative distribution for W, is shown in Figure 
6.64. 

Table 6.81 Distribution parameters for wet-to- 
dry-weight conversion factor for forage 

Parameter Value 

6.4.9.4 Wet-to-Dry-Weight Conversion Factors 
for Stored Grain Consumed by Beef 
Cattle, poultry, Milk Cows, and Layer 
Hens, W, 

The wet-to-dry-weight conversion factor, W,, is the 
fraction of dry matter in stored grains. The quantity of 
moisture in grain varies with the type of grain and 
physical conditions under which the grain is stored (e.g., 
dew point). 

A distribution for W, was defined from the average dry 
matter content over the twelve hay crops in Table 6.80. 
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Figure 6.63 Frequency distribution and PDF for wet-to-dry-weight conversion factor for forage 
consumed by livestock 

Figure 6.64 Cumulative distribution for wet-to-dry-weight conversion factor for forage 
consumed by livestock 

6.4.9.4.1 Use of W, in Modeling 

The wet to dry-weight conversion factor converts the 
weight of the as-stored grain to a corresponding weight 
of dry matter. This factor is required in the soil-stored 
grain-animal-human pathway to determine the quantity 
of contaminated grain consumed by livestock and is used 
in the calculation of the concentration factor for radio- 
nuclide j in stored grain crop g at the time of initial 
feeding to animals from an initial unit concentration of 
parent radionuclide i in soil, C,&,, as shown in the 
following equation (Equation 5.12, p. 5.18 of NUREGI 
CR-5512, Vol. 1): 

csac = 1 OOO(ML;B,~) W ~ A  {c, t>,}/c,(o) (6.89) 

where ML, is the plant soil mass-loading factor for 
resuspension of soil onto grain plant g; Bj, is the 
concentration factor for uptake of radionuclide j from the 
soil into stored grain crop g; W, is the wet to dry-weight 
conversion factor for stored grain crop g; A(CG,@ is the 
decay operator notation used to develop the concentra- 
tion of radionuclide j in soil at the end of the crop- 
growing season; t, is the growing period for stored grain 
crop g; and CSi(O) is the initial concentration of parent 
radionuclide i in soil at the start of the growing period. 



6.4.9.4.2 Information Used to Define the 
Distribution for W, 

The value for this parameter defined in NUREGICR- 
5512, Vol. 1, is 0.91 (Till and Myer, 1983). 

Grain crops provide the major dietary needs for poultry 
and layer hens and supplement of diets of ruminant 
animals in agricultural operations. The dry matter 
content of common grain crops for livestock consump- 
tion were taken from data compiled by the NRC (NRC, 
1996) and are shown in Table 6.82. 

6.4.9.4.3 Distribution for Wet-to-Dry-Weight 
Conversion Factors for Stored Grain 

The distribution for the wet-to-dry weight conversion 
factor was determined by fitting a log normal function to 
the values reported in Table 6.82. The distribution 
parameters for the log normal distribution are shown in 

Table 6.82 Moisture content in stored grain 
(National Research Council, 1996) 

Dry matter Grain crop (kg dry-weightkg wet-weight) 

Barley 0.881 
Canola 0.922 
Corn 0.900 
Oats 0.892 
Sorghum 0.900 
Wheat 0.902 

Table 6.83. The frequency distribution and fitted PDF 
are shown in Figure 6.65. The PDF has a mean of 
0.8995 and lower and upper limits of 0.881 and 0.922. 
The cumulative distribution for W, is shown in Figure 
6.66. 

Table 6.83 Distribution parameters for wet-to- 
dry-weight conversion factor for stored grain 

Parameter Value 

hens converts the weight of the as-cut plant to a 
corresponding dry weight. The factor is a measure of the 
dry matter content in hay crops. The model uses a 
single, constant value for all stored hay crops. 

6.4.9.5.1 Use of W, in Modeling 

The wet to dry-weight conversion factor .converts the 
weight of the as-cut hay to a comesponding weight of dry 
matter. This factor is required in the soil-stored hay- 
animal-human pathway to determine the quantity of 
contaminated hay consumed by livestock. Wh is applied 
in the calculation of the concentration factor for radio- 
nuclide j in stored hay h at the time of initial feeding to 
animals from an initial unit concentration of parent 
radionuclide i in soil, Cshj,, according to the following 
equation (Equation 5.1 1, p. 5.18 of NUREGICR-5512, 
Vol. 1): 

where ML, is the plant soil mass-loading factor for 
resuspension of soil onto hay plant h; Bjh is the 
concentration factor for uptake of radionuclide j from the 
soil into stored hay crop h; Wh is the wet to dry-weight 
conversion factor for stored hay crop h; A(C,,t,,> is the 
decay operator notation used to develop the concentra- 
tion of radionuclide j in soil at the end of the crop- 
growing season; t,, is the growing period for stored hay 
crop h; and C,,(O) is the initial concentration of parent 
radionuclide i in soil at the start of the growing period. 

6.4.9.5.2 Review of Additional Information to 
Define the Distribution for W, 

The value of 0.22 for W,, was proposed in NUREGICR- 
5512, Vol. 1, based on studies by Till and Meyer (1983). 

Hay crops provide the major dietary needs for ruminant 
animals in agricultural operations. These hay crops are 
identical to the forage crops listed in Table 6.80 except 
in the manner in which the crops are harvested, stored, 
and subsequently fed to livestock. Since the wet-to-dry- 
weight conversion factor is equal to the dry matter 
content of the hay crop, Wh and W, are equal. 

6.4.9.6 Uncertainty in W, 

The distributions for wet-to-dry-weight conversion 
6.4.9.5 Wet-to-Dry-Weight Conversion Factors factors are established based on the average moisture 

for Stored Hay Consumed by Beef Cattle, content in a wide range of garden produce and forage, 
Poultry, Milk Cows, and Layer Hens, W, grain, and grain crops. Among the factors that affect the 

moisture content are the type of crop and environmental 
The wet-to-dry-weight conversion factor for stored hay conditions under which the crops are grown (e.g., 
consumed by beef cattle, poultry, milk cows, and layer temperature, humidity, length of growing season). 
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6.4.9.7 Alternative Values for W, 

This parameter will likely vary from site to site 
depending on the local growing conditions (i.e., some 
crops may not be suitable for growing because of soil 
and weather). Prevailing agricultural practice might be 
used to develop alternative values or distributions for 
these parameters. 

6.4.10 Radionuclide Partition Coefficients, 
KdIJi 

quantity adsorbed on the soillrock particles) and radio- 
nuclide liquid concentrations (radionuclide quantity 
dissolved in the soillrock pore water) under equilibrium 
conditions and are expressed in volume per mass units 
(DandD units are rnL/g). 

6.4.10.2 Use of K, in Modeling 

Partition coefficients for the ith radionuclide are used to 
calculate radionuclide retardation in the soil layer (Rt,i) 
and unsaturated zone (RhJ as follows (Vol. I ,  p. 49, 
Equations 4.9 and 4.12): 

6.4.10.1 Description of K,, 
Rt,, = 1 + Kdl,  p,lnl (6.91) 

The radionuclide partition coefficients define the ratio 
between radionuclide solid concentrations (radionuclide RtZi = 1 + Kd2, p2/n2 (6.92) 



In Volume 1 it is assumed that partition coefficients for 
the i" radionuclide in the unsaturated layer (Kd,,) are the 
same as partition coefficients of the soil layer (Kd,,); 
bulk density of the soil layer (p ,) is the same as the bulk 
density of the unsaturated layer (p,) ; and total porosity 
of the soil layer (n,) is the same as total porosity of the 
unsaturated layer (nJ. These assumptions lead to an 
assumption that radionuclide retardation in the soil layer 
is the same as  in the unsaturated layer (Rt,, = RG,). 

The retardation coefficients defme the radionuclide 
transport velocities within the soil layer (v,;) and within 
the unsaturated layer (v,,) as follows: 

= I I ~  e,) 

where I is infiltration rate and 0, and 0, are volumetric 
water contents of the soil layer and unsaturated zone 
respectively. 

The differences in the transport velocities of the 
different elements is due solely to the differences in 
partition coefficients. The transport velocities determine 
the radionuclide leaching rates from the soil layer (I,,,-J 
and from the unsaturated layer (L,;) which, in turn, are 
the parameters of the system of ordinary differential 
equations that describes the time-dependent distribution 
of mass among the soil layer, unsaturated layer, and 
aquifer layer. 

Partition coefficients can noticeably affect doses because 
they may significantly influence the mass transfer rates 
between the soil, unsaturated zone, and the aquifer and, 
consequently, the radionuclide concentrations in soil, 
drinking water consumed by the humans, water 
consumed by animals, water used for irrigation, and 
water in the surface pond. This affects the time- 
dependent distribution of the contaminant mass among 
all the contaminant pathways included in the residential 
scenario (partial pathway transfer factors, PPTFs, in 
Volume 1 terminology) and, as a result, the pathway 
doses and the TEDE. The influence of the partition 
coefficient on the total dose should be greater in the case 
when the leaching rates LIZ and bi are comparable to or 
greater than the radioactive decay constant. 

6.4.10.3 Data Reviewed to Develop PDFs for 
Partition Coefficients 

The partition coefficient values defined in Volume 1 are 
listed in Table 6.84. Of the total (73 elements) four 
elements in this table (H, Kr, Xe, and Rn) have partition 

coefficients equal to zero, since they only are transported 
in gaseous phase. The partition coefficient values for the 
remaining 69 elements represent either the minimum 
values (the most mobile conditions) of the experirnental- 
ly derived values provided in Sheppard and Thibault 
(1990) and Sheppard, Sheppard, and Amiro (1991) (25 
partition coefficients), or values estimated from soil-to- 
plant concentration ratios (43 partition coefficients) 
using the following formula: 

where B, is concentration ratio for vegetative parts of 
the plant v (dry-weight basis) for the ith radionuclide, 4 
is a dry-weight to wet-weight conversion factor, and 2.11 
and 0.56 are empirical coefficients proposed by Thibault, 
Sheppard, and Smith (1990) for sandy soil. These coef- 
ficients were used to calculate lower values for the 
estimated partition coefficients. The B, values were 
based on concentration ratios for leafy vegetables from 
the IUR (IUR, 1989); Baes et al. (1984); and Strenge, 
Bander, and Soldat (1987). The concentration ratio 
based estimates of the partition coefficient were used in 
the absence of experimental data. 

Additional data to support the development of PDFs 
describing the variability in partition coefficient values 
were selected for this analysis based on the following: 

Individual measurements of partition 
coefficients obtained from experiments are 
preferable to mean or best-estimate values. 

Variability based on experimental 
measurements (Thibault et al., 1990; Sheppard 
and Thibault, 1990) represents small-scale 
spatial variability and may not sufficiently 
describe the variability in effective Kd values 
over a large soil volume. Given the potential 
scale-dependant variability, best estimates of 
small-scale Kd values derived from Thibault et 
al. (1990) should be compared to the best 
estimates of the large-scale Kd values. 
Estimates of large-scale Kd values are 
available from McKinkley and Scholtis 
(1 991). McKinkley and Scholtis (1 99 I )  
presented a summary of Kd databases used in 
reposito~y performance assessment. These 
data do not provide information on ranges, 
number of samples, or other statistics, and 
cannot be used for developing empirical 
distributions. However, they provide best 
estimate values that can be evaluated against 
smaller-scale best estimates to gauge the scale 
effects. 



Table 6.84 Default values of the radionuclide partition coefficients in mL/g 
from NUREGICR-5512, Vol. 1, (Table 6.7 in Volume 1, p. 6.18) 

Partition Basis. Element coefficient 

H O.OE+O M 
Be 2.4E+2 R 
C 6.7E+O C 
F 8.7E+1 R 

Na 7.6E+1 R 
P 8.9E+O R 
S 1.4E+ 1 R 
C1 1.7E+O R 
K 1.8E+1 R 
Ca 8.9E+O R 
Sc 3.1E+2 R 
Cr 3.0E+1 E 
Mn 5.0E+1 E 
Fe 1.6E+2 E 
Co 6.0E+1 E 
Ni 4.OE+2 E 
Cu 3.OE+l R 
Zn 2.OE+2 E 
As 1 .lE+2 R 
Se 1.4E+2 R 
Br 1.4E+ 1 R 
Kr 0 . OE+O M 
Rb 5.2E+ 1 R 
Sr 1.5E+1 E 
Y 1.9E+2 R 
Zr 5.8E+2 R 
Nb 1.6E+2 R 
Mo 1 .OE+1 E 
TC 1 .OE-1 E 
Ru 5.5E+1 E 
Rh 5.2E+1 R 
Pd 5.2E+1 R 

Ag 9.0E+1 E 
Cd 4.0E+1 E 
In 3.9E+2 R 
Sn 1.3E+2 R 

Element Basis' 

C f 5.1E+2 R I 
* Values for partition coefficients are based on: M - Assumed to be mobile; R - Calculated from 
concentration ratios; C - Experimental data from Sheppard, Sheppard, and Amiro (1991); or E - 
Experimental data from Sheppard and Thibault (1990). 



• The Nuclear Energy Agency (NEA) data base 
(NEA, 1989) is a significant source of 
information on partition coefficient values. 

A large number of experimental data on partition coef- 
ficients is available from the NEA sorption database 
(SDB) W A ,  1989). The SDB incorporates the informa- 
tion previously contained in the International Sorption 
Information Retrieval System (ISIRS) and additional 
data compiled by the NEA. The data base contains 
approximately 11,000 values of partition coefficients for 
different elements. Most of the data are from static 
batch sorption experiments, some are from column 
(dynamic) experiments, and a few data are fiom retarda- 
tion (dynamic) studies. When available, the data base 
provides information on the reference source, method 
used, solution phase, initial contaminant concentration, 
type of solid material used, reducing1 oxidizing 
conditions, experiment duration, and other details. 

The SDB was searched to extract data for the 69 
elements of interest from experiments using 
unconsolidated and consolidated deposits. The 
unconsolidated deposits are described in the SDB in 
general terms such as: clay, fme sand, sand, soil, and 
loam. This differs from the classification used in 
Sheppard and Thibault (1990), where four different 
types of soils are specified based on the particle size 
distribution and organic material quantity. Additional 
data are provided for consolidated deposits, including 
dolomite, gypsum, sandstone, shale, limestone, rock of 
unspecified mineral composition and sediment. 

Data fiom the SDB for unconsolidated and consolidated 
deposits were obtained for the following 19 radionu- 
clides: C, Mn, Co, Ni, Zn, Sr, Y, Tc, Pd, Ag, I, Cs, Ce, 
Eu, Ra, U, Np, Pu, and Am. Experimental data for Pd 
and Y are not available from Thibault et al. (1990) or 
Sheppard and Thibault (1990). Data in the SDB were 
combined with data from Thibault et al. (1990) for this 
analysis. 

The primary goals of the K, data analysis were: 

• to determine if there is a strong correlation 
between the composition of the 
unconsolidated deposits and their ability to 
sorb different radionuclides; 

• to develop radionuclide partition coefficient 
probability distributions that provide the best 
fitting to all experimental data available for 
unconsolidated deposits; and, 

• to develop radionuclide partition coefficient 
probability distributions for elements that do 
not have individual measurement data. 

6.4.10.3.1 Correlation between Partition 
Coefficient Values and Composition of 
the Unconsolidated Deposits 

Thibault et al. (1990) provide data on partition coef- 
ficient values along with information on the composition 
of the unconsolidated sediments used in each 
experiment. The data on sediment composition are 
expressed as percentage of clay particles, silt particles, 
sand particles, and organic material of the sample. 
These data were used to generate scatter plots of Kd 
versus composition (expressed in percent composition), 
and the degree of correlation was analyzed, 
quantitatively and qualitatively. When available, the 
partition coefficients were plotted against the percent of 
clay, silt, sand, and organic material. Table 6.85 
describes the qualitative correlation observed between 
partition coefficient and composition for 21 elements. 

As can be seen fiom Table 6.85, most of the elements 
analyzed show an absence of correlation with the 
percentage of the particles of different sizes: 16 of 19 
elements show no correlation to percentage of clay; 14 
of 16 elements show no correlation to percentage of silt; 
11 of 16 elements show no correlation to percentage of 
sand; and 15 of 19 elements show no correlation to 
percentage of organic material. Some of the partition 
coefficient values show weak correlation; however, it is 
not sufficient to justify any functional relationship. 

The data fiom NEA (1 989) combined with the data from 
Thibault et al. (1990) were used to analyze correlation 
between the elements partition coefficient values and 
composition of deposits. The partition coefficient values 
for a few elements were plotted for the different uncon- 
solidated deposit types (clay, sand, and loam) and for the 
different consolidated deposit types (gypsum, dolomite, 
sandstone, limestone, and shale). There was no discern- 
ible correlation or trends for the partition coefficient 
values across different types of unconsolidated deposits 
for Pu , Am, and Se. Pu and Am exhibited similar parti- 
tion coefficients between unconsolidated and consolidat- 
ed deposits. The partition coefficients typical of uncon- 
solidated deposits for Se were significantly lower than 
the partition coefficients in consolidated deposits. 

Based on this analysis, we concluded that no reliable 
correlations could be developed for the elements of 



Table 6.85 Correlation between partition coefficient values and composition of the unconsolidated deposits 

Description of correlation 
Element 

% Clay % Silt % Sand % Organic 

I indistinguishable indistinguishable weak insignificant 
Pb indistinguishable NA NA indistinguishable 
Ru NA NA NA weak 
Ni weak indistinguishable weak indistinguishable 
Fe indistinguishable weak weak weak 
Po indistinguishable indistinguishable indistinguishable indistinguishable 
U indistinguishable indistinguishable indistinguishable NA 
Tc indistinguishable indistinguishable indistinguishable weak 
Co indistinguishable indistinguishable indistinguishable indistinguishable 
Sr indistinguishable indistinguishable weak indistinguishable 
Cd indistinguishable indistinguishable indistinguishable indistinguishable 
Cs indistinguishable weak weak indistinguishable 
Ra indistinguishable indistinguishable indistinguishable weak 
Mn indistinguishable indistinguishable indistinguishable indistinguishable 
NP indistinguishable indistinguishable indistinguishable indistinguishable 
Se weak NA NA indistinguishable 
Th indistinguishable NA NA NA 
Zn indistinguishable indistinguishable indistinguishable indistinguishable 
Cm indistinguishable indistinguishable indistinguishable indistinguishable 
Cr NA NA NA indistinguishable 
Ce weak indistinguishable indistinguishable indistinguishable 

0  5 0  100  150 2 0  0  250 3 0  0  3 5 0  

T h i c k n e s s  of Unsaturated Zone (rn) 

Figure 6.67 Cumulative frequency of sampled H2 values 
(NUREG/CR-5512, Vol. 1, default shown as vertical dashed line) 



interest. The absence of a distinguishable correlation 
between the composition of the unconsolidated deposits 
and partition coefficients supports a single probability 
distribution function for each element based on all data 
available, rather than separate probability distributions 
for each element and soil type. 

6.4.10.4 Probability Distributions for Partition 
Coeff~cients 

6.4.10.4.1 Partition Coeficient Probability 
Distributions Based on Experimental 
Data for Unconsolidated Deposits 

Experimental data on partition coefficients for uncon- 
solidated deposits are available for 34 of the 69 elements 
of interest. The experimental data fiom Thibault et al. 
(1990) were used to develop probability distributions for 
15 elements. The experimental data fiom the NEA SDB 
(1989) were used for two radionuclides. The experi- 
mental data fiom Thibault et al. were combined with the 
experimental data fiom the NEA SDB to develop 
probability distributions for the 17 remaining elements. 
Information on data sources and number of samples 
available for each element is provided in Table 6.86. 

The computer code C-FIT (Center for Engineering 
Research Inc., 1996) was used to develop radionuclide 
probability distribution functions based on the experi- 
mental data. C-FIT provides three different optimization 
techniques (method of moments, maximum likelihood 
method, and least squares method) to fit experimental 
data into16 different possible probabiIity distribution 
functions. The decision on which distribution provides 
the best fit can be made either visually based on the 
comparison of the experimental data histogram and 
different probability distribution functions andtor based 
on the results of the goodness-of-fit tests. Two test are 
available with the software: chi-square test and 
Kolmogorov-Smirnov test. Both tests calculate signifi- 
cance levels conesponding to the hypothesis that experi- 
mental data are sampled fiom a specified distribution. 
The higher the significance level, the higher the 
probability that the experimental data are fiom this 
distribution. 

The analysis of data for each of 34 elements consisted 
of plotting the histograms of partition coefficients and 
logarithms of partition coefficients, and comparing them 
with the different theoretical distributions. In most of 
the cases developing distributions for partition 
coefficients using C-FIT was not successfil in that the 
significance levels from both statistical tests were very 
low. This is due in part to the variability in the partition 
coefficient values over many orders of magnitude. To 

reduce the spread, distributions were fit to the log- 
transformed partition coefficient data. Using log- 
transformed data allowed development of histograms 
with smaller ranges and distributions with higher 
significance levels. 

All three optimization methods were used to search for 
the best fit. Both statistical goodness-of-fit tests were 
performed for each run. However, it was found that chi- 
square test produced a low significance level even in the 
cases where the experimental data appeared to be in 
good agreement with the theoretical distribution. 
Conversely, the Kolrnogorov-Smimov test results were 
in good agreement with visual anaIysis of the results. 
The results of the Kolmogorov-Smimov test were used 
to evaluate the goodness of fit. 

The summary of the analysis is also included in Table 
6.86. This table provides information on type of 
distribution obtained, parameters that characterize the 
distribution, the fitting method that provided the highest 
significance level, and the significance level from the 
Kolmogorov-Smirnov test. In addition to this 
information, Table 6.86 provides the corresponding 
values from NUREGICR-5512, Vol. 1, and the best 
estimates of the partition coefficients (logarithmically 
converted) fiom the repository performance assessment 
studies compiled in McKinkley and Scholtis (1991), 
obtained for soil and surface deposits. 

Seven of the 34 elements analyzed (Y, Ba, Eu, Cu, Ca, 
As, and Sb) did not have enough data (15 or fewer 
samples) to deveIop distributions fit to the data. The 
uncertainty in the log of these Kd values was represented 
by normal distributions with mean values based on the 
mean of the experimental data and a standard deviation 
based on the larger of the standard deviation in the data 
for that element or the standard deviation in the data for 
all elements. 

For 21 of the 34 elements, the logarithms of the partition 
coefficients fit a normal distribution. The mean values 
of these distributions vary fiom 0.66 (Kd = 4.6 mLJg) for 
I to 3.83 ( Kd = 6761 &g) for Cm with an average 
value of 2.37 (Kd = 234.4 mL/g). 

Over the 34 elements, the average standard deviation of 
the fitted normal distributions is 1.09. However, some 
distributions have much lower standard deviations (e.g., 
0.25 for Se) and some distributions have much higher 
standard deviations (e.g., 1.93 for Zn). The mean values 
for Pd, Tc, and Se lay outside of the range of the best 
estimated values provided in McKinkley and Scholtis 
(1991). In the cases of Pd and Se this may be related to 
the small size of the populations considered (nine 



Table 6.86 Radionuclide partition coefficient distributions, logarithmic values in mL/g 

Data 
source 

ment 
(*) 

Number 
of Distribution Fitting 

samples type method 

normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 
normal 

log-normal 
log-normal 

normal 
normal 

log-normal 
Gurnbel Min 
Gurnbel Min 
Gurnbel Max 

normal 
normal 
normal 
normal 

LS 
LS 

MLM 
LS 

MLM 
MLM 

LS 
LS 

MOM 
LS 
LS 
LS 

MLM 
LS 
LS 
LS 

MLM 
LS 
LS 

MLM 
MOM 

MLM 
MOM 

MLM 
MOM 
MLM 
MLM 

significance Distribution parameters 
Volume 1 PA study 

level std. vari- default range 
(**) mean 

dev. other 
ance (***) 

0.10 1.50 0.92 0.85 1.18 1.0 to 2.0 
0.37 0.66 0.95 0.90 0.00 -- to 2.0 
0.06 2.65 1.01 1.02 2.43 2.0 to 4.0 
0.65 0.87 1.33 1.77 -1.0 d t00 .7  
0.52 3.55 0.74 0.55 2.70 
0.64 2.10 1.36 1.85 1.18 1.3 to 3.2 
0.23 1.57 1.48 2.19 2.60 1.0 to 3.0 
0.97 2.26 0.73 0.53 2.18 
0.96 3.38 1.20 1.44 2.43 
0.30 3.20 1.36 1.85 1.74 
0.22 1.53 1.30 1.69 1.60 
0.53 3.16 1.37 1.88 3.28 2.0 to 5.0 
0.75 2.98 0.82 0.67 2.74 2.5 to 5.0 
0.92 2.27 1.37 1.88 1.72 0.6 to 2.0 
0.55 1.93 0.43 0.18 2.70 
1 .OO 1.42 0.75 0.56 1.00 
1 .OO 3.77 1.57 2.46 3.51 2.9 to 4.8 
0.94 2.01 1.20 1.44 1.48 
0.90 3.83 0.79 0.62 3.60 
0.18 3.03 1.93 3.72 2.30 
1 .OO 2.06 0.25 0.06 2.15 0.0 to 1.7 

2.90 1.4 2.28 
0.50 1.15 0.70 1.70 
0.75 2.04 0.52 1.95 

2.98 1.74 2.38 
1.65 3.53 1.72 

0.02 1.32 0.79 0.83 - a t 0  2.0 
0.59 3.00 1.18 1.78 
0.97 2.95 1.65 2.21 
0.29 0.85 1.28 0.70 1.0 to 3.0 

2.25 1.40 1.48 
3.17 1.40 0.95 
2.06 1.40 2.04 
2.24 1.40 1.65 
2.97 1.40 2.38 
0.70 1.40 1.94 
1.41 1.40 0.95 
2.00 1.40 1.15 
0.70 1.40 0.23 -..to 2.0 
2.20 1.40 2.49 -m to 1.23 
1.75 1.40 1.15 
2.74 1.40 2.15 -mt01.2 
0.70 1.40 3.08 
2.20 1.40 2.38 
2.20 1.40 2.38 
3.70 1.40 2.38 3 t o 4  
2.97 1.40 2.38 0 to 3.7 
0.70 1.40 2.38 -1.5 to 3.0 
2.20 1.40 2.38 0.8 to 2.9 
2.97 1.40 2.38 2.4 to 3.4 
2.20 1.40 2.00 



Table 6.86 Radionuclide partition coefficient distributions, logarithmic values in mL/g (continued) 

Data Number Significance Distribution parameters 
Volume 1 PA study 

source of 
Distribution Fitting level 

std. range 
ment type method (**) mean other vari- default 

(*) samples dev. ance (***) 

(*) - 1 = Thibault ef al. (1990); 2 = Sorption Data Base(SDB), NEA(1989); 3 = Sheppard and Thibault (1990) 
(**) - significance level from Kolmogorov-Smimov goodness of fimess test 
(***) - best estimate value range &om the repository performance assessment study, McKinkley and Schottis (1991) 

samples for Pd and 22 samples for Se) or the experiment 
scale since the McKinkley and Scholtis (1 99 1) data are 
from large scale observations as opposed to the Thibault 
et al. (1990) data, which are from small scale experi- 
ments. In the case of Tc, the size of the population 
appears to be representative (206 samples) and the 
observed difference may be related to the experiment 
scale or the experiment scale since the mean the K, 
values for I, Sr, Cs, U, Ni, Am, Pu, and Th are within the 
range reported by McKinkley and Scholtis (1991). 

For three of the 34 elements (Mn, Ag and C), the 
logarithmic values of the partition coefficients demon- 
strated the best fit with a log-normal distribution. The 
log-normal distribution better describes the shift of the 
logarithms of the experimental data to the lower values. 
The mean values vary fYom 0.14 to 2.04. The standard 
deviation varies from 0.52 to 1.17. The data from 
M c K i e y  and Scholtis (199 I) are available only for C. 
The mean value obtained for C is within the best 
estimate range. 

For three other elements (Co, Fe, and Np), the logarith- 
mic values of the partition coefficients demonstrated the 
best fit with the Gumbel distribution (Gumbel minimum 

for Co and Fe and Gumbel maximum for Np). The 
Gurnbel distribution better describes the shift of the 
logarithms of the experimental data to the higher values. 
In all cases the population sizes (292 samples for Co, 44 
samples for Fe, and 262 samples for Np) appear to be 
large enough to justifjl these distributions. The standard 
deviation varies from 0.52 to 1.17. 

6.4.10.4.2 Partition Coefficient Probability 
Distributions for Elements without Data 

The remaining 35 of the 69 elements of interest have no 
data on partition coefficient. In Volume 1, partition 
coefficients for these and other elements were defmed 
based on plant-to-soil concentration ratio model 
[Equation (6.95)]. A different approach was taken in 
this analysis because of the potential for inconsistencies 
in describing uncertainty in partition coefficient values 
using concentration ratio data. These difficulties arise in 
estimating the partition coefficient based on plant 
uptake, because the concentration in plants is modeled as 
a function of the concentration ratio and the total soil 
concentration (which is a function of the partition 
coefficient). 



Porosity of Surface Soil 

Figure 6.68 Cumulative frequency of sampled N1 values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 
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Figure 6.69 Cumulative frequency of sampled f l  values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 



We have assumed that the variability in the logarithms of 
the partition coefficients for elements without 
experimental data is normally distributed. This 
assumption is based on the observation that the majority 
of the distributions fit to experimental data are normally 
distributed (see Table 6.86). In addition, we have 
assumed that the standard deviation of these normal 
distributions will be the same as the standard deviation 
derived fi-om a distribution of all the experimental 
observations in Table 6.86. To obtain the pooled 
standard deviation, all the experimental data available 
for all the radionuclides were combined and analyzed. 
The resulting distribution is normal with the mean equal 
to 2.2 and the standard deviation equal to 1.4. 

Mean values were based on review of additional 
literature. Additional information was found in Thibault 
et al. (1990) for Be, P, Br, Te, Sm, Ho, Re, Rb, Zr, Nb, 
Sn, Bi, Ac, and Pa. In Thibault et al. (1990), the mean 
values of the experimental data are presented for each of 
these 14 radionuclides for each of four types of soil 
(sand, clay, silt, and organic). Based on these data, the 
average value over all soil types was used to define the 
mean of the corresponding normal distributions having 
standard deviation of 1.4 (Table 6.86). 

Eight elements were assumed to behave similarly to 
iodine: K, Na, F, S, C1, La, Gd, and Tb (McKinley and 
Scholtis, 1991). These elements are known to have low 
sorption capabilities, similar to I, and were therefore 
assumed to have partition coefficients similar to iodine. 
The distribution of the log-transformed partition 
coefficients for these elements was assumed to have the 
same mean as I (0.7), but a higher standard deviation of 
1.4 to account for potential differences (Table 6.86). 

No additional information was found for the partition 
coefficients of the remaining 13 elements: Pm, Sc, Pr, 
Nd, W, Os, Lr, Au, Rh, In, Hg, T1, and Cf. The partition 
coefficient probability distributions for these elements 
were based on the mean (2.2) and standard deviation 
(1.4) of all experimental data (Table 6.86). 

6.5 Results of the Residential 
Scenario Parameter Analysis 

The procedure described in Section 3.5 was applied to 
defme default values for the residential scenario 
parameters. This section describes the parameter values 
produced by this procedure, as well as key intermediate 
results. Section 6.5.1 summarizes the parameter 
distributions used in the analysis. Section 6.5.2 
describes the way the dose distributions for the 
individual source nuclides were calculated fiom these 

parameter distributions. Section 6.5.3 describes the way 
potential deterministic default values for the physical 
parameters were identified. Section 6.5.4 describes the 
way these potential default values were evaluated to 
select a particular solution as the set of default values. 

6.5.1 Summary of Parameter Type, 
Variability, Means and Input PDFs 

Table 6.87 summarizes the residential scenario model 
input parameters, including: 

The symbol, description, and units of each 
parameter; 
The parameter classification as either behavioral 
(B), physical (P), or metabolic (M); 
Whether the parameter is treated as a constant (C), 
is sampled from a distribution (S), or is a h c t i o n  
of other parameters Q; and 
The mean value of the parameter. 

The behavioral parameter values for the AMSG are 
defined by the mean values of the respective parameter 
distributions. For the residential scenario, the screening 
group is defined as adult male resident farmers. 
Distributions for the behavioral parameters for this 
group are described in Section 6.2. For these 
parameters, the average values in Table 6.87 define the 
default values used in the subsequent dose calculations. 

6.5.2 CalcuIation of Dose Distributions 

The dose distributions, which are used to define the 
default screening analysis, represent the possible site- 
specific dose values that might result from unit 
concentrations of each of the 106 potential source 
radionuclides having half-lives greater than 65 days (see 
Table 6.88 for a list of these radionuclides). As 
described in Section 3.5.2, dose distributions were 
estimated using a stratified Monte-Carlo sampling of the 
distributions for the physical parameters. 

The residential scenario model has 435 physical 
parameters for which distributions were defined. The 
distribution functions for each sampled parameter are 
summarized in Table 6.87. This table contains the 
distribution defmitions as specified to the LHS sampling 
program, and includes: the parameter description, the 
parameter symbol, the distribution type, and the values 
required to define the distribution (for example the mean 
and standard deviation for the NORMAL distribution 
type). 



Infiltration Rate (mly) 

Figure 6.70 Cumulative frequency of sampled IR values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 

Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 

Part 1 - Element-independent parameters 

Para- PhysicaV Sampledl Statistics for sampled values Description meter Units behavioral/ function/ Solution 
metabolic constant Average Min Max 

TI Exposure period: indoors d~ B S 2.37E+02 1.75E+02 2.98E+02 240 

TX Exposure period: outdoors d~ B S 4.24E+Ol 1.69E+O1 8.43E+01 40.2 

TG Exposure period:gardening ~ I Y  B S 2.97E+OO 3.92E-02 1.65E+01 2.92 

?TR Total time in the 1-year exposure d B C 3.65EN2 3.65E+02 3.65E+02 365.25 
period 

SF1 Indoor shielding factor B S 5.85E-01 4.79E-03 8.57E-01 0.552 

SF0 Outdoor Shielding Factor P C 1.00E+00 1.00E+00 1.00E+00 1 

PD Floor dust-loading d m Z  P S 1.60E-01 2.03E-02 3.00E-01 0.15986 

RFR Resuspension factor for indoor dust I/m P S 1.20E-05 1.00E-07 7.95E-05 2.82E-06 

CDI Air dust-loading indoors d m 3  P F 6.44E-06 2.84E-08 5.67E-05 1.41E-06 

CDO Air dust-loading outdoors d m 3  P S 1.45E-05 1.01E-07 9.91E-05 3.14E-06 

CDG Air dust-loading gardening dm3  P S 4.00E-04 1.01E-04 7.00E-04 4.00E-04 

VR Breathing rate: indoors m3/h M C 9.00E-01 9.00E-01 9.00E-01 0.9 

VX Breathing rate: outdoors m3/h M C 1.40E+00 1.40E+00 1.40E+00 1.4 

VG Breathing rate: gardening m3/h M C 1.70E+00 1.70E+00 1.70E+00 1.7 

GR Soil ingestion transfer rate d d  B S 5.00E-02 2.55E-03 9.80E-02 5.00E-02 

UW Drinking water ingestion rate Ud B S 1.31E+00 2.31E-01 5.03E+00 1.31 

H 1 Thickness of surface-soil layer m P C 1.50E-01 1.50E-01 1.50E-01 0.15 

H2 Thickness of unsaturated zone m P S 2.22E01 3.05E-01 3.16EN2 1.22877 

N 1 Porosity of surface-soil P F 4.68E-01 3.61E-01 5.30E-01 0.459923 



Table 6.87 Default vaIues for residential scenario parameters satisfying Equation 3.8 for PC,, = 0.10 
(continued) 

Par t  1 - Element-independent parameters 

Physical/ Sampled/ Statistics for  sampled values 
Para- Description Units behavioral/ . function/ Solution 
meter metabolic constant Average Min Max 

N2 Porosity of unsaturated zone P F 4.68E-01 3.61E-01 5.30E-01 0.459923 

Saturation ratio for the surface-soil 
layer 

Saturation ratio for the unsaturated- 
soil layer 

VDR 

VSW 

Volume of water for domestic uses 

Volume of water in surface-water 
pond 

Infiltration rate 

Area of land cultivated 

Irrigation rate 

Soil areal density of surface plow 
layer 

DIET Fraction of annual diet derived &om 
home-grown foods 

Human diet of leafy vegetables 

Human diet of other vegetables 

Human diet of h i t s  

Human diet of grain 

Human diet of beef 

Human diet of poultry 

Human diet of milk 

Human diet of eggs 

Human diet of fish 

Food consumption period for leafy 
vegetables 

Food consumption period for other 
vegetables 

Food consumption period for h i t s  

Food consumption period for grain 

Food consumption period for beef 

Food consumption period for 
poultry 

Food consumption period for milk 

Food consumption period for eggs 

Holdup period for leafy vegetables 

Holdup period for other vegetables 

Holdup period for fruits 

Holdup period for grains 

Holdup period for beef 

Holdup period for poultry 

Holdup period for milk 

Holdup period for eggs 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 
(continued) 

Par t  1 - Element-independent parameters 

Para- 
meter 

PhysicaU 
behavioral/ 
metabolic 

Sampledl Statistics for sampled values 
function/ 
constant Average Min Max 

C 4.5OE+01 4.50E+01 4.50E+01 

-- 

Solution Description Units 

Minimum growing period for leafy 
vegetables 

Minimum growing period for other 
vegetables 

Minimum growing period for h i t s  

Minimum growing period for grains 

Minimum growing period for forage 
consumed by beef cattle 

Minimum growing period for forage 
consumed by poultry 

Minimum growing period for forage 
consumed by milk cows 

Minimum growing period for forage 
consumed by layer hens 

Minimum growing period for stored 
grain consumed by beef cattle 

Minimum growing period for stored 
grain consumed by poultry 

Minimum growing period for stored 
g a i n  consumed by milk cows 

Minimum growing period for stored 
grain consumed by layer hens 

Minimum growing period for stored 
hay consumed by beef cattle 

Minimum growing period for stored 
hay consumed by poultry 

Minimum growing period for stored 
hay consumed by milk cows 

Minimum growing period for stored 
hay consumed by layer hens 

Interception fraction for leafy 
vegetables 

Interception fraction for other 
vegetables 

Interception fraction for h i t s  

Interception fraction for gains 

Interception fraction for beef cattle 
forage 

Interception fraction for poultry 
forage 

Interception fraction for milk cow 
forage 

Interception fraction for layer hen 
forage 

Interception fraction for beef cattle 
grain 

Interception fraction for poultry 
grain 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 
(continued) 

Part 1 - Element-independent parameters 

Para- 
PhysicaV Sampledl Statistics for sampled values 

Description Units behaviorall function/ Solution 
meter metabolic constant Average Min Max 

Interception fraction for milk cow 
grain 
lnterception fraction for layer hen 
grain 

lnterception fraction for beef cattle 
hay 

Interception fraction for poultry hay 

Interception fraction for milk cow 
hay 

Interception fraction for layer hen 
hay 

Translocation factor for leafy 
vegetables 

Translocation factor for other 
vegetables 

Translocation factor for fruits 

Translocation factor for grains 

Translocation factor for beef cattle 
forage 

Translocation factor for poultry 
forage 

Translocation factor for milk cow 
forage 

Translocation factor for layer hen 
forage 

Translocation factor for beef cattle 
grain 
Translocation factor for poultry 
grain 
Translocation factor for milk cow 
grain 
Translocation factor for layer hen 
grain 
Translocation factor for beef cattle 
hay 

Translocation factor for poultry hay 

Translocation factor for milk cow 
hay 

Translocation factor for layer hen 
hay 
Fraction of contaminated beef cattle 
forage 

Fraction of contaminated poultry 
forage 

Fraction of contaminated milk cow 
forage 

Fraction of contaminated layer hen 
forage 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for PC,, = 0.10 
(continued) 

Par t  1 - Element-independent parameters 

Para- PhysicaY Sampled/ Statistics for sampled values 
Description meter Units behavioral/ function/ Solution 

metabolic constant Average Min Max 

Fraction of contaminated beef cattle 
m i n  

Fraction of contaminated poultry 
g a i n  

Fraction of contaminated milk cow 
g a i n  

Fraction of contaminated layer hen 
grain 

Fraction of contaminated beef cattle 
hay 

Fraction of contaminated poultry 
hay 

Fraction of contaminated milk cow 
hay 
Fraction of contaminated layer hen 
hay 
Fraction of contaminated beef cattle 
water 

Fraction of contaminated poultry 
water 

Fraction of contaminated milk cow 
water 

Fraction of contaminated layer hen 
water 

Crop yield for leafy vegetables 

Crop yield for other vegetables 

Crop yield for h i t s  

Crop yield for grains 

Crop yield for beef cattle forage 

Crop yield for poultry forage 

Crop yield for milk cow forage 

Crop yield for layer hen forage 

Crop yield for beef cattle grain 

Crop yield for poultry grain 

Crop yield for milk cow grain 

Crop yield for layer hen grain 

Crop yield for beef cattle hay 

Crop yield for poultry hay 

Crop yield for milk cow hay 

Crop yield for layer hen hay 

Wetldry conversion factor for leafy 
vegetables 

Wet/dry conversion factor for other 
vegetables 

Wetldry conversion factor for fruits 

Wet/dry conversion factor for gains 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 
(continued) 

Part 1 - Element-independent parameters 
- 

Units 

- -- 

Physical/ 
behavioral/ 
metabolic 

-- -- 

Sampledl Statistics for sampled values 
function1 
constant Average Min Max 

Para- 
meter 

Description Solution 

Wet/dry conversion factor for beef 
cattle forage 

Wet/dry conversion factor for 
poultry forage 

Wet/@ conversion factor for milk 
cow forage 

Wet/dry conversion factor for layer 
hen forage 

Wet/dry conversion factor for beef 
cattle grain 

Wet/dry conversion factor for 
poultry grain 

Wet/@ conversion factor for milk 
cow grain 

Wetldry conversion factor for layer 
hen grain 

Wet/dry conversion factor for beef 
cattle hay 

Weddry conversion factor for 
poultry hay 

Wet/dry conversion factor for milk 
cow hay 

Wet/dry conversion factor for layer 
hen hay 

Ingestion rate for beef cattle forage 

Ingestion rate for poultry forage 

Ingestion rate for milk cow forage 

Ingestion rate for layer hen forage 

Ingestion rate for beef cattle grain 

Ingestion rate for poultry grain 

Ingestion rate for milk cow grain 

Ingestion rate for layer hen grain 

Ingestion rate for beef cattle hay 

Ingestion rate for poultry hay 

Ingestion rate for milk cow hay 

Ingestion rate for layer hen hay 

Water ingestion rate for beef cattle 

Water ingestion rate for poultry 

Water ingestion rate for milk cows 

Water ingestion rate for layer hens 

Soil intake hction for beef cattle 

Soil intake hction for poultry 

Soil intake hction for milk cows 

Soil intake kction for layer hens 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for PC,, = 0.10 
(continued) 

Part  1 - Element-independent parameters 

Para- Physical' Sampledl Statistics for sampled values 

meter Description Units behavioral' function1 Solution 
metabolic constant Average Min Max 

Mass-loading factor for leafy 
vegetables 

Mass-loading factor for other 
vegetables 

MLV(3) 

MLV(4) 

LAMBDW 

Mass-loading factor for h i t s  

Mass-loading factor for grains 

Weathering rate for activity removal 
from plants 

RHO1 

RHO2 

TTG 

TF 

TD 

MLF(I) 

Surface Soil Density 

Unsaturated Zone Soil Density 

Total time in gardening period 

Fish consumption period 

Drinking-water consumption period 

Mass-loading factor for beef cattle 
forage 

Mass-loading factor for poultry 
forage 

Mass-loading factor for milk cow 
forage 

Mass-loading factor for layer hen 
forage 

Mass-loading factor for beef cattle 
ga in  

Mass-loading factor for poultry 
gain  

Mass-loading factor for milk cow 
gain  

Mass-loading factor for layer hen 
gain 

Mass-loading factor for beef cattle 
hay 

Mass-loading factor for poultry hay 

Mass-loading factor for milk cow 
hay 

Mass-loading factor for layer hen 
hay 

Feeding period for beef cattle forage 

Feeding period for poultry forage 

Feeding period for milk cow forage 

Feeding period for layer hen forage 

Feeding period for beef cattle ga in  

Feeding period for poultry grain 

Feeding period for milk cow grain 

Feeding period for layer hen grain 

Feeding period for beef cattle hay 

Feeding period for poultry hay 



Table 6.87 Default values for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 
(continued) 

Part 1 - Element-independent parameters 

Para- Physicall Sampled/ Statistics for sampled values 
Description Units behavioral/ function1 Solution 

meter metabolic constant Average Min Max 

Feeding period for milk cow hay 

Feeding period for layer hen hay 

Water ingestion period for beef 
cattle 

Water ingestion period for poultry 

Water ingestion period for milk 
cows 

Water ingestion period for layer 
hens 

Carbon fraction for beef cattle 

Carbon fraction for poultry 

Carbon fraction for milk cows 

Carbon fraction for layer hens 

Carbon fraction for beef cattle 
forage 

Carbon fraction for poultry forage 

Carbon fraction for milk cow forage 

Carbon fraction for layer hen forage 

Carbon fraction for beef cattle hay 

Carbon hction for poultry hay 

Carbon fraction for milk cow hay 

Carbon hction for layer hen hay 

Carbon fraction for beef cattle grain 

Carbon fraction for poultry grain 

Carbon fraction for milk cow grain 

Carbon fraction for layer hen grain 

Fraction of carbon in soil 

Specific activity equivalence for 
livestock 

fcf(2) 

fcf(3) 

fcf(4) 

fch(a) 

fch(a) 

fch(a) 

fch(a) 

fcg(a) 

fcg(a) 

fcg(a) 

fcg(a) 

fcd05 

satac 

Hydrogen fraction for beef cattle 

Hydrogen fraction for poultry 

Hydrogen fraction for milk cows 

Hydrogen fraction for layer hens 

Hydrogen fraction for leafy 
vegetables 

Hydrogen fraction for other 
vegetables 

Hydrogen fraction for fruits 

Hydrogen fraction for gains 

Hydrogen fiaction for beef cattle 
forage 

Hydrogen fraction for poultry forage 

Hydrogen fraction for milk cow 
forage 



Table 6.87 Default vaIues for residential scenario parameters satisfying Equation 3.8 for P,, = 0.10 
(continued) 

Part  1 - Element-independent parameters 

Para- Physicall Sampledl Statistics for sampled values 
Description 

meter Units behavioral/ function1 Solution 
metabolic constant Average Min Max 

f h f o  

m ( l )  

fhh(2) 

fhh(3) 

fhh(4) 

fhg(1) 

fhg(2) 

fhg(3) 

fhg(4) 

fhd0 16 

sasvh 

Hydrogen fraction for layer hen 
forage 

Hydrogen fraction for beef cattle 
hay 

Hydrogen fraction for poultry hay 

Hydrogen fraction for milk cow hay 

Hydrogen fraction for layer hen hay 

Hydrogen fraction for beef cattle 
grain 

Hydrogen fraction for poultry grain 

Hydrogen fraction for milk cow 
@n 
Hydrogen fiaction for layer hen 
grain 

Fraction of hydrogen in soil 

Tritium equivalence: plantlsoil 

sawvh Tritium equivalence: plantlwater P 

satah Tritium equivalence: animal P 
productlintake 

sh Moisture content of soil Urn3 P 

6.5.2.1 Parameter Sample Distributions 

Five hundred and eighty samples from these distributions 
were generated using stratified Monte-Carlo (LHS) 
sampling. The results of the parameter sampling are 
illustrated in Figures 6.67 through 6.95. These figures 
show the cumulative frequency of the physical parameter 
values based on the LHS sampling. Default parameter 
values fiom NUREG/CR-55 12, Vol. 1, are indicated for 
reference. Two of the parameters, partition coefficient 
and vegetation concentration factor, have a separate 
distribution for each of 69 chemical elements. Each of 
these distributions is summarized in Table 6.87. Because 
of the large number of element-specific parameters, four 
representative distributions are shown for the partition 
coefficients and concentration factors. Figures 6.85 
through 6.88 show example distributions of concentration 
factors; Figures 6.92 through 6.95 show example 
partition coefficient distributions. 

6.5.2.2 Dose Modeling Results 

For each set of sampled parameter values, dose to the 
AMSG was calculated for unit concentrations of each of 
the I06 potential source radionuclides having half-lives 
greater than 65 days (see Table 6.88). For each source, 

the distribution describing possible doses to the AMSG 
was then constructed from these calculated doses. From 
the resulting dose distributions, the dose quantiles d,, 
can be estimated for various values of P,, (see Equation 
3.7). These quantiles represent screening dose values for 
unit concentrations of individual radionuclides, and also 
defme the lower limits on the doses calculated using 
default parameter values (Equation 3.8). This section 
describes the calculations used to estimate the dose 
distributions, and presents the resulting dose quantiles for 
three selected values of PC,,,. 

6.5.2.2.1 Evaluation of the Mixing Cell Model 

Due to the large number of calculations required by this 
analysis, the mixing cell model described in NUREG1 
CR-55 12, Vol. 1, was used to represent the groundwater 
pathway. This model results in faster execution time than 
the more accurate numerical transport model, but 
introduces some amount of numerical dispersion. 

Selected calculations were done with both the mixing cell 
model and the numerical model of the unsaturated zone 
to assess the effect of numerical dispersion. Using the 
mean values for all model parameters, the TEDE for all 
106 isotopes was calculated using both the mixing 



Table 6.88 Source nuclides used in the parameter analysis 

Source ID Source Source ID Source Source ID Source 

1 3H 87 
2 1 OBe 89 
3 14C 93 
5 22Na 95 
9 35s 106 
10 36C1 114 
11 40K 115 
12 41Ca 117 
13 45Ca 128 
14 46Sc 132 
16 54Mn 137 
18 55Fe 138 
20 57Co 140 
21 58Co 141 
22 6OCo 142 
23 59Ni 144 
24 63Ni 145 
27 65Zn 146 
3 1 75Se 147 
32 79Se 148 
41 90Sr 150 
48 93Zr 151 
49 93Zr+C 153 
52 93mNb 156 
53 94Nb 160 
58 93Mo 165 
61 99Tc 166 
65 106Ru 167 
69 107Pd 169 
71 1 1 OmAg 170 
73 109Cd 173 
74 1 13mCd 1 74 
8 1 1 l9mSn 175 
82 12lmSn 176 
84 123Sn 177 
86 I26Sn 178 



Soil Areal Density of Surface Plow Layer (kg/rn2) 

Figure 6.71 Cumulative frequency of sampled Ps values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 

Surface Soil Density (gIrnL) 

Figure 6.72 Cumulative frequency of sampled p values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 



Air Dust-Loading Outdoors (91m3) 

Figure 6.73 Cumulative frequency of sampled CDO values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 

Air Dust-Loading Indoors (91m3) 

Figure 6.74 Cumulative frequency of CDI values 
(NUREGJCR-5512, Vol. 1, default shown as vertical dashed line) 



Air Dust Loading Gardening (g/m3) 

Figure 6.75 Cumulative frequency sampled CDG values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 

Floor Dust Loading ( g l m z )  

Figure 6.76 Cumulative frequency sampled Pd values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 



Resuspension Factor for Indoor ~ u s t  (mi-') 

Figure 6.77 Cumulative frequency sampled RFr values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 

1 1.5 2 2.5 3 3.5 

Crop Yield for Leafy Vegetables (kglm2) 

Figure 6.78 Cumulative frequency sampled Yv values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 



0 

2 2.5 3 3.5 4 4.5 

Crop Yield for Other Vegetables (kglrn2) 

Figure 6.79 Cumulative frequency sampled Yv (other) values 
(NUREG/CR-5512, Vol. 1, default shown as vertical dashed line) 

Crop Yield for Fruits (kglm2) 

Figure 6.80 Cumulative frequency sampled Yv (fruit) values 
(NUREG/CR-5512, Vol. 1, default shown as vertical dashed line) 



Crop Yield for Grains (kglm2) 

Figure 6.81 Cumulative frequency sampled Yg values 
(NUREG/CR-5512, Vol. 1, default shown as vertical dashed line) 

Crop Yield for Beef Cattle Forage (kglm2) 

Figure 6.82 Cumulative frequency sampled Yf values 
(NUREG/CR-5512, Vol. 1, default shown as vertical dashed line) 



Crop Yield for Beef Cattle Grain (kglrn2) 

Figure 6.83 Cumulative frequency sampled Yg values 
(NUREGiCR-5512, Vol. 1, default shown as vertical dashed line) 

Ingestion Rate for Beef Cattle Forage (kgld) 

Figure 6.84 Cumulative frequency sampled Qf values 
(NUREGICR-5512, Vol. 1, default shown as vertical dashed line) 



Concentration Factor - Leafy - Be 

Figure 6.85 Cumulative frequency of sampled Bjv for Be in leafy vegetables 
(dashed vertical line = NUREGiCR-5512, Vol. 1, default) 
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Concentration Factor - Leafy - Sr 

Figure 6.86 Cumulative frequency of sampled Bjv for Sr in leafy vegetables 
(dashed vertical line = NUREGiCR-5512, Vol. 1, default) 



0.0001 0.001 0.01 0.1 1 10 

Concentration Factor - Leafy - Cs 

Figure 6.87 Cumulative frequency of sampled Bjv for Cs in leafy vegetables 
(dashed vertical line = NUREGICR-5512, Vol. 1, default) 

0 

0.0001 0.001 0.01 0.1 1 

Concentration Factor - Leafy - U 

Figure 6.88 Cumulative frequency of sampled Bjv for U in leafy vegetables 
(dashed vertical line = NUREGJCR-5512, Vol. 1, default) 



Interception Fraction for Leafy Vegetables 

Figure 6.89 Cumulative frequency of sampled r, for leafy vegetables 
(dashed vertical line = NUREGICR-5512, Vol. 1, default) 

WetlDry conversion Factor for Leafy Vegatables 

Figure 6.90 Cumulative frequency of sampled Wv for leafy vegetables 
(dashed vertical line = NUREGICR-5512, Vol. 1, default) 



0.15 0.2 0.25 0.3 0.35 

WetIDry Conversion Factor for Beef Cattle Forage 

Figure 6.91 Cumulative frequency of sampled Wf for leafy vegetables 
(dashed vertical line = NUREGICR 5512, Vol. 1, default) 

0.1 5 0.2 0.25 0.3 0.35 

WetIDry Conversion Factor for Beef Cattle Forage 

Figure 6.92 Cumulative frequency of sampled Kd for Cs 
(dashed vertical line = NUREGfCR-5512, Vol. 1, default) 
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Partition Coefficient - Ra (mug) 

Figure 6.93 Cumulative frequency of sampled Kd for Ra 
(dashed vertical line = NUREGiCR-5512, Vol. 1, default) 

Partition Coefficient - Ni (mug) 

Figure 6.94 Cumulative frequency of sampled Kd for Ni 
(dashed vertical line = NUREGICR-5512, Vol. 1, defauIt) 



Partition Coefficient - U (mug) 

Figure 6.95 Cumulative frequency of sampled Kd for U 
(dashed vertical line = NUREG/CR-5512, Vol. 1, default) 

Table 6.89 Unsaturated zone model error analysis 

Radionuclide H2 (meters) Unsat'd zone model TEDE % Error 

Co-60 100 Mixing Cell 6.79e-i-00 -9.75e-01 
100 Numerical 6.73e+00 
200 Mixing Cell 6.76e-i-00 -4.88e-01 
200 Numerical 6.73ei-00 

Mo-93 100 Mixing Cell 4.89e-02 - 3.03ei-00 
100 Numerical 4.75e-02 
200 Mixing Cell 4.82e-02 - 1.52ei-00 
200 Numerical 4.75e-02 
100 Mixing Cell 1.39e+01 6.35et00 
100 Numerical 1.49e+0 1 
200 Mixing Cell 8.91e-i-00 6.98e+00 
200 Numerical 9.58e-i-00 
100 Mixing Cell 1.61e-01 6.21e-04 
100 Numerical 1.61e-01 
200 Mixing Cell 1.61e-01 - 8.69e-03 
200 Numerical 1.61e-01 
100 Mixing Cell 6.47et00 7.37e+00 
100 Numerical 6.98ei-00 
200 Mixing Cell 5.85et-00 -1.18e+Ol 
200 Numerical 5.24e-i-00 
100 Mixing Cell 1.67e-i-00 6.35e+00 
100 Numerical 1.79e-i-00 
200 Mixing Cell 1.46ei-00 -9.51e+00 
200 Numerical 1.33e-i-00 



cell and numerical models. The TEDE for every nuclide 
was the same to six significant figures except for H, '' 
Se, 93 Mo, '29 I, 226Ra, U6Ra+C, %, %+C, 233U, 
238U+C, 245Cm, and 247Cm. For these radionuclides, the 
TEDE's from the mixing cell and numerical models were 
equivalent to three significant digits. 

Analyzing these results indicated that the mean 
radionuclide partition coefficients, most of which are 
larger than the default values proposed in NUREGICR- 
55 12, Vol. 1; cause radionuclides to be retained in the 
unsaturated zone, thereby decreasing the importance of 
the dose from the ground water pathways. This in turn 
decreases the sensitivity to the choice of the mixing cell 
or numerical model for unsaturated zone transport. 

To bound the potential error associated with using the 
mixing cell model instead of the numerical model, 
calculations were conducted assuming no sorption and a 
relatively thick unsaturated zone. Results for selected 
radionuclides are shown in Table 6.89. For each of these 
radionuclides, the maximum relative error (numerical 
solution TEDEminus mixing cell solution TEDEdivided 
by the numerical solution TEDE) is less than 12%. 
TEDE tends to be overestimated by the mixing cell 
model. 

6.5.2.2.2 Dose Distributions 

For each source, the distribution describing possible 
doses to the AMSG was estimated from the dose values 
calculated using the 580 sampled parameter values. For 
three alternative values of PC, and for each source 
nuclide, the value of dci (the quantile of order 1 - PC,, 
from Equation 3.7) was determined from the calculated 
distribution. Table 6.90 lists the values of dci for each of 
the source nuclides, and for the three selected values of 
PC,. The increase in d ,  for decreasing (more restrictive) 
values of P, indicates the spread of the underlying dose 
distribution. As a further measure of distribution spread, 
Table 6.90 also shows the ratio of dose at the 99th 
percentile to the median (50th percentile) dose. 

Dose values at the selected quantiles can also be used to 
calculate the source concentration equivalent to a dose of 
25 mrem. Table 6.9 1 summarizes these concentration 
values. 

%e mean of the PDF for Kd for 50 of the 69 
elements is greater than the Volume 1 default 

6.5.3 Identification of Default Parameter 
Values 

Using the dose quantile values dci estimated from the 
dose distributions, vectors of parameter values x, which 
satisfied Equation 3.8 were identified using the procedure 
outIined in Section 3.3. This section describes the 
application of that procedure, and summarizes the 
solutions obtained. 

The initial LHS sample set was examined for solutions to 
Equation 3.8 at the PC,, values of 0.50, 0.25, and 0.10. 
None were found, and the basic genetic algorithm 
described in Appendix B was used to construct new sets 
of parameter vectors, using the solution count values to 
select parent vectors. After six iterations of the basic 
genetic algorithm, only two solutions were produced at 
the least restrictive PC,, value of 0.50, and no solution 
vectors had been produced for the PC,, value of 0.10. In 
addition, the increase in solution counts with successive 
generations was discouraging. Figure 6.96 shows the 
distributions of solution counts, for a PC,, value of 0.10, 
for the initial set of sample vectors and the first six 
iterations of the basic genetic algorithm. 

Because of the very slow improvement in solution counts 
produced by the basic genetic algorithm, the "genetic 
engineering" algorithm described in Appendix C was 
applied beginning with the original set of LHS sample 
vectors. Figure 6.97 show the distribution of solution 
counts for the sets of sample vectors produced by three 
successive applications of this algorithm. The third set of 
vectors contained 63 solutions to Equation 3.8 for a PC, 
value of 0.10. 

6.5.4 Ranking of Solutions 

For each of the 63 solution vectors found in the solution 
search, the joint parameter exceedance probability and 
the average inversion probability were calculated as 
described in Appendix B. Given that Equation 3.8 is 
satisfied, solutions having large values of these measures 
are preferred to solutions with small values. 

Figure 6.98 is a scatter plot showing the values of these 
measures for the 63 solution vectors. The average 
inversion probability is confined to a fairly narrow range 
between 0.013 and 0.03. The maximum theoretical value 
for the average inversion probability is PC,, which would 
only be obtained for a parameter vector that satisfied 
Equation 3.8 as a strict equality for all sources. Such a 
solution may not exist because of the large number of 
source term constraints that must be satisfied. The joint 
parameter exceedance probability, in contrast, 



Table 6.90 Selected quantiles of unit-concentrationTEDE distributions for 
the residential scenario (mrem) 

Source P,, = 0.25 P,, = 0.05 Dose @ P,, = 0.011 
Dose @ P,, = 0.50 



Table 6.90 Selected quantiles of unit-concentration TEDE distributions for 
the residential scenario (mrem) (continued) 

Source 

144Ce 
147Pm 
147Sm 
151Sm 
152Eu 
154Eu 
155Eu 
153Gd 
160Tb 

166mHo 
181W 
185W 
187Re 
1850s 
192Ir 

210Pb 
2 1 OPo 
226Ra 

226Rai-C 
228Ra 
227Ac 

227Aci-C 
228Th 

228Th+C 
229Th 

229Th+C 
230Th 

230Thi-C 
232Th 

232Th+C 
23 1Pa 

23 1 Pa+C 
232U 

232U+C 
233U 

233U+C 
234U 
235U 

235U+C 
236U 
23 8U 

238U+C 
237Np 

237NpK 

P,, = 0.25 

1.29E-0 1 
2.75E-03 
6.07E-01 
1.24E-03 
2.88Ei-00 
3.12E+00 
8.75E-02 
7.66E-02 
8.29E-01 
4.49E+OO 
1 .ME-02 
1.87E-03 
4.09E-04 
6.48E-01 
6.04E-01 
2.63Ei-01 
2.64Ei-00 
3.22E+Ol 
4.15Ei-00 
6.49Ei-00 
4.22Ei-01 
5.28E+00 
5.12E40 
7.37E-01 
1.22E+Ol 
1.53E-140 
1.19Ei-01 
3.88Ei-00 
2.05E41 
2.12Ei-00 
6.82Ei-01 
8.24E+00 
1.01Ei-01 
1.43Ei-00 
1.71Ei-00 
1.53E40 
1.12E+00 
2.22Ei-00 
6.99Ei-00 
1.06E+00 
1.11E+00 
3.04Ei-00 
1.41E+02 
1.36E-141 

P,, = 0.10 

1.36E-01 
3.05E-03 
6.91E-01 
1.42E-03 
2.88E+00 
3.12E+00 
8.80E-02 
7.93E-02 
8.29E-01 
4.49E+00 
1.66E-02 
2.43E-03 
5.95E-04 
6.49E-01 
6.05E-01 
2.95E41 
2.82E-40 
3.6OE+Ol 
4.58E40 
6.84ENO 
4.7OE+Ol 
5.88E+00 
5.29E+00 
7.62E-01 
1.35E41 
1.69E+00 
1.36Ei-01 
4.33E+00 
2.21E41 
2.27E+00 
7.66E41 
9.38E+00 
1.28Ei-01 
1.72E+00 
2.74E+00 
1.79E+00 
1.89E+00 
3.11E+00 
7.91E+00 
1.79E+00 
1.80E+00 
3.51E40 
2.72E42 
2.55E41 

Dose @ P,, = 0.01/ 
Dose @ P,, = 0.50 



Table 6.90 Selected quantiles of unit-concentration TEDE distributions for 
the residential scenario (mrem) (continued) 

Dose @ P,, = 0.011 Source P,, = 0.25 P,, = 0.10 P,, = 0.05 
Dose @ P,, = 050  

236Pu 2.74E+00 3.06E+00 3.35E+00 2.87 

Table 6.91 Concentration (pCi/g) equivaient to 25 mredy for three values of P,, 

Source P,, = 0.25 P,, = 0.10 P,, = 0.05 I Source P,, = 0.25 P,, = 0.10 P,, = 0.05 



Table 6.91 Concentration (pCi/g) equivalent to 25 mremly for three values of P,, (continued) 

Source P,, = 0.25 

90Sr 2.84E+00 
93Zr 1.38Ei-03 

93Zr+C 2.54E43 
93mNb 2.02E+03 
94Nb 5.81E+00 
93Mo 4.21E42 
99Tc 2.92Ei-01 
106Ru 5.28Ei-01 
107Pd 9.07Ei-03 

11-g 5.07E+00 
109Cd 1.54Ei-02 

113mCd 8.80E1-00 
1 l9mSn 3.60E+03 
12lmSn 1.37Ei-03 
123Sn 8.74E42 
126Sn 4.72E+00 

126Sn+C 1.OlEi-01 
125Sb 2.57Ei-01 

123mTe 1.86Ei-02 
127mTe 1.52E+03 

1291 1.70Ei-00 
134Cs 5.98E+00 
135Cs 2.80Ei-02 
137Cs 1.22E1-0 1 
144Ce 1.93Ei-02 
147Pm 9.08Ei-03 
147Sm 4.12Ei-01 
151Sm 2.01Ei-04 
152Eu 8.68E+00 
154Eu 8.02E+00 
155Eu 2.86E+02 
153Gd 3.27E+02 
160Tb 3.02E+0 1 

P,, = 0.10 

1.72Ei-00 
1.08Ei-03 
1.88Ei-03 
1.81Ei-03 
5.79E+00 
2.13Ei-02 
1.87E1-01 
5.06Ei-01 
6.43Ei-03 
4.92Ei-00 
1.06Ei-02 
4.95E+00 
3.09Ei-03 
5.70Ei-02 
7.71Ei-02 
4.70E+00 
1 . M E 4  1 
2.56E41 
1.85Ei-02 
1.43Ei-03 
5.38E-01 
5.68E+00 
1.83Ei-02 
1.1OE41 
1. M E 4 2  
8.20E43 
3.62E4 1 
1.76E-1-04 
8.67E+00 
8.01E40 
2.84Ei-02 
3.15E1-02 
3.02E+Ol 

Source P,, = 0.25 

1.18E+01 
3.66E-01 
3.03E+00 
2.47E+00 
1.74E1-0 1 
1.47E+01 
1.63E1-01 
2.23E41 
1.13E41 
3.58E+00 
2.36E41 
2.26E41 
8.21E+00 
1.77E-0 1 
1.84E+OO 
9.1 1E+00 
2.81E+00 
2.53E+00 
2.53E+00 
8.28E+01 
2.66E+00 
2.42E+00 
2.39E+00 
2.30E40 

1.81E+02 
3.50E+00 
4.58E+00 
1.63E40 
2.42E+00 
2.33E+00 
6.57E-01 
8.oOE+OO 

P,, = 0.10 

l.lOEi-01 
3.27E-01 
2.67E+00 
1.96E+00 
1.46E1-0 1 
9.1 1E+00 
1.40E+0 1 
1.32Ei-01 
8.04E+00 
3.16E+00 
1.40E4 1 
1.39Ei-01 
7.13E+00 
9.18E-02 
9.81E-01 
8.17E+00 
2.54E+00 
2.28Ei-00 
2.28E+00 
7.16Ei-01 
2.41E+00 
2.22E+00 
2.08E+00 
2.01E+00 

1.64E+02 
3.2OE+OO 
4.17E+00 
1.3 8E1-00 
2.20E+00 
2.1 2E+00 
5.98E-01 
6.86Ei-00 

P,, = 0.05 

1.04Ei-0 1 
2.77E-01 
2.36E+00 
5.88E-01 
4.80Ei-00 
3.70E1-00 
9.81E+00 
3.78Ei-00 
3.35E+00 
2.75E+00 
3.99E+00 
3.95E+00 
5.44E+00 
5.81E-02 
5.75E-0 1 
7.45E+00 
2.39E+00 
2.15E+00 
2.15E+00 
4.30E41 
2.26E40 
2.07Ei-00 
1.52E+00 
1.49E+00 

1.56E42 
3.03E+00 
3.94E+OO 
1.18E+00 
2.09E1-00 
2.02E+00 
5.67E-01 
5.66E+00 
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Figure 6.96 Solution count distributions for the original LHS sample set and the first 6 
iterations of the basic genetic algorithm 

netic Engineering Algorithm 

Figure 6.97 Solution count distributions for the original LHS sample set and the first 3 
iterations of the genetic engineering algorithm 
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Figure 6.98 Scatterplot of joint parameter exceedance probabilities and average inversion 
probabilities for 63 solution vectors 

varies over several orders of magnitude. The largest 
observed value is approximately 1 x lo-'. Because this 
value is substantially greater than the next largest 
alternative, and because the average inversion probability 
for this vector is also relatively large, this solution was 
selected to define the default parameter values. 

Tables 6.92 and 6.93 list the parameter values for this 
solution. Statistics of the values sampled from the 
parameter distribution are also included for comparison. 

6.5.5 Sensitivity Analysis 

The results of the Monte-Carlo dose calculations were 
processed to identify parameters controlling TEDE for 
each source. The dependence of TEDE on the model 
parameter values is potentially complex: total dose may 
depend non-monotonically on the parameter value, or 
may be sensitive to the parameter value only within 
certain limits, or only in conjunction with certain ranges 
of values for other parameters. Because of these 
complexities, a linear regression analysis was not used to 
identify sensitive parameters. 

Instead, arobust test which does not rely on monotonicity 
was employed. For each source nuclide, sensitive 
parameters were identified by dividing the sample vectors 

into two groups with equal numbers of samples: vectors 
having doses above the median dose, and vectors with 
doses below the median dose. For each parameter, the 
Kolmogorov-Smirnov (K-S) test was used to assess the 
significance of the differences in the distributions of 
parameter values between these two groups. Parameters 
whose distributions differed at a significance level of 
0.0001 were selected. A restrictive value of the 
significance level is appropriate in this analysis because 
of the large number of tests performed (580 vectors x 
435 sampled parameters), and the correspondingly high 
prospect of producing low K-S statistic values by random 
chance. 

For each parameter selected, the strength of the 
dependence of TEDE on the parameter value was 
calculated by segregating the sample vectors on the basis 
of the parameter value. This segregation defines two 
groups of sample vectors: vectors having values for the 
selected parameter less than a chosen quantile; and 
vectors having parameter values greater than the chosen 
quantile. Within each group, the TEDE distribution was 
estimated using only vectors in that group. The 95th 
percentile of this distribution was then compared to the 
95th percentile of the original TEDE distribution using 
all sample vectors. The ratio of the 95th percentile 
TEDE value from the segregated sample to the 95th 



Table 6.92 Default values for residential scenario parameters satisfying 
Equation 3.8 for P,, = 0.10 

Part 2 - Partition coeff~cients in mL/g (kd) 
- - 

Element Statistics for sampled values Solution 

Average Min Max Vector 105 



Table 6.92 Default values for residential scenario parameters satisfying 
Equation 3.8 for P,, = 0.10 (continued) 

Part 2 - Partition coefficients in m u g  (kd) 

Element Statistics for sampled values Solution 

Average Min Max Vector 105 

CS 5.78E43 3.43E-01 5.97E45 1.05E+Ol 
B a 2.65Ei-09 1.62E-09 1.16E+12 4.40E+01 
La 9.25E42 3.89E-05 3.51E45 4.983+00 
Ce 1.39E42 4.66E+00 1.97E+03 8.483+01 
Pr 8.53E+04 1.21E-02 4.31E+07 1.57E+02 
Nd 1.34EM 7.03E-03 2.00E+O6 1.583+02 
Pm 5.55E+05 1.47E-01 1.25E+O8 5.003+03 
Sm 1.08E45 6.02E-02 2.47E+07 9.303+02 
EU 3.25E+06 5.01E-03 1.62E+09 9.403+02 
Gd 4.78E42 2.94E-04 6.67E+04 1323-02 
Tb 1.58E+04 9.63E-03 3.02E+06 5.323+01 
HO 1.59E45 5.53E-02 5.44E47 6.693+00 
W 1.79Ei-04 9.09E-03 3.97E46 1.563+02 
Re 5.27Ei-03 2.32E-03 1.37E46 4.353+01 
0 s  1.76Ei-04 1.26E-02 4.14E+06 1.573+02 
Ir 3.95E44 1.56E-03 1.67E47 1.583+02 

AU 1.85E44 6.93E-03 3.75E+06 1.573+02 
Hg 1.41Ei-04 1 .ME-02 2.08E46 157E+02 
TI 1.64E-144 7.60E-03 3.28E46 1.583+02 
Pb 1.61E45 2.45E-01 5.54E+07 2.383+03 
Bi 4.02E+04 3.00E-02 6.36E46 4.433+02 
PO 7.70E42 3.26E-01 5.59E+04 2.643+01 
Rn O.OOE+OO O.OOE+OO 0.00E+00 0.00E+00 
Ra 1.42E44 2.05E+01 5.18E+05 3.533+03 
AC 3.07E45 1.96E-02 1.13E+08 1.73Ei-03 
Th 1.70E46 7.02E-02 4.02E+08 1.19E+02 
Pa 1.87Ei-05 1.19E-01 2.88E+07 4.80E+00 
U 1.23E+04 1.30E-02 2.67E+06 2.18E+00 

NP 7.52E+03 1.97E-01 3.68E+06 1.36E+01 
Pu 6.16Ei-03 3.40E+OO 7.70E+05 1.36E+01 
Am 1.24E45 1.27E-01 2.42E47 1.433+03 
Cm 3.88E44 5.68E+00 4.82E+06 1.093+05 
C f 2.15E+04 6.65E-04 6.28E+06 1.583+02 



Table 6.92 Default values for residential scenario parameters 
satisfying Equation 3.8 for P,, = 0.10 (continued) 

Ele- 
ment 

Part 3 - Plant concentration factors 

0.00E+00 0.00E+00 0.00E+00 
4.01E-04 1.47E-01 1.00E-02 
4.65E- 02 1.15E+Ol 3.20E- 01 
2.12E+00 4.54E+02 3.00E+01 
3.95E-03 9.51E-01 6.00E-02 
2.30E-03 1.35E+00 7.4015-02 
6.16E-02 1.52E+Ol 1.00E+00 
1.90E-02 5.88E+00 3.50E-01 
2.40E- 01 5.57E+01 3.50E+00 
6.49E-02 2.54E+01 2.30E+00 
4.44E+00 1.59E+03 1.60E42 
0.00E+00 0.00E+00 0.00E+00 
5.87E-02 2.14E+01 8.40E+00 
1.93E-01 8.22E+01 1.40E+01 
4.09E-04 1.23E-01 6.00E-03 
1.64E-03 4.17E-01 2.203-02 
3.1 1E-04 1 .lOE+03 3.30E-01 
1.00E-04 3.92E-01 5.603-03 
5.54E-04 1.51E+01 4.00E-02 
6.05E-04 1.24E+00 3.403-02 
2.47E-02 1.15E+01 4.90E-01 
3.53E-02 9.94E+00 3.10E-01 
2.20E-04 6.74E-02 4.00E-03 
2.38E-03 9.04E-01 4.00E-02 
1.69E-03 4.03E-01 4.903-02 
9.95E-02 2.17E+01 1.50E+00 
0.00E+00 0.00E+00 0.00E+00 
1.34E-02 3.69E+01 8.10E-01 
2.39E-02 9.02Et01 6.40E+01 
8.30E-04 2.26E-01 1.50E-02 
6.04E-03 9.87E- 01 7.20E-02 
1.24E-03 2.82E-01 4.60E-02 
4.52E-02 1.03E+02 5.20E+01 
6.38E-01 1.79E+02 3.60E+01 
6.25E- 04 6.33E+00 1.80E-02 
6.16E-03 3.04E+00 1.50E-01 
5.62E-03 3.41E+00 1.20E+00 
1.88E-02 7.74E+00 5.50E+00 
2.24E-02 1 .l lE+01 5.00E+00 
2.05E-04 6.00E-02 4.OOE-03 
1.80E-03 4.56E-01 4.303-02 

1.27E-02 4.76E+00 9.00E-01 

Leafy 
Statistics for sampled values Solution 

Average Min Max Vector 105 

(Bj,) (leafy and root) 

0.00E+00 0.00E+00 
2.25E-03 9.76E-05 
1.05E+00 4.63E-02 
4.49E+01 1.62E+00 
9.04E-03 3.36E-04 
1.33E-01 2.50E-04 
8.25E-01 2.70E-02 
1.05E-01 2.96E-03 
5.27E+00 2.05E- 01 
2.25E+00 1.05E- 01 
1.05E+02 4.43E+00 
0.00E+00 0.00E+00 
8.25E-01 3.58E-02 
5.27E-01 2.42E-02 
1.50E-03 6.33E-05 
1.81E-01 1.05E-02 
4.58E+00 5.47E-03 
1 .WE-02 6.07E-05 
3.31E-01 3.00E-03 
3.44E-01 1.12E-02 
5.49E+00 2.60E-04 
3.00E+00 2.02E-02 
5.99E-04 2.33E-05 
9.02E-03 3.70E-04 
3.79E-02 1.38E-03 
2.26E+00 5.98E-02 
0.00E+00 0.00E+00 
1.05E-01 2.24E-03 
2.00E+00 2.05E-02 
9.15E-03 2.75E-04 
9.79E-02 1.04E-05 
7.52E-03 3.36E-04 
8.98E-02 3.48E-03 
2.25E+00 8.65E-02 
5.10E-02 7.41E-05 
6.02E- 02 2.79E-03 
6.01E-02 2.16E-03 
1.51E-01 4.90E-03 
2.24E-01 1.03E-02 
6.02E-04 1.17E-05 
9.07E-03 2.70E-04 
4.51E-02 1.83E-03 

Root 
Statistics for sampled values Solution 

Average Min Max Vector 105 



Table 6.92 Default values for residential scenario parameters 
satisfying Equation 3.8 for P,, = 0.10 (continued) 

Ele- 
ment 

Part 3 - Plant concentration factors 
1.67E-03 3.56E-01 1.70E-02 
2.78E-03 6.46E+00 1.60E-01 
0.00E+00 0.00E+00 0.00E+00 
8.79E-04 3.43E+00 1.80E-02 
8.60E- 04 2.23E+00 3.903-02 
7.00E-04 1.46E-01 1.OOE-02 
1.48E-04 1.84E+00 6.40E-01 
5.61E-04 1.77E-01 1.OOE-02 
4.92E-04 2.85E-01 1.00E-02 
6.07E-04 1.58E-01 1.00E-02 
2.81E-04 l.8lE-01 1.00E-02 
6.59E-04 1.69E-01 1.00E-02 
6.49E-04 1.46E-01 1.00E-02 
6.20E-04 2.21E-01 1.00E-02 
2.61E-04 1.56E-01 1.00E-02 
6.21E-04 1.49E-01 1.00E-02 
6.94E-04 1.52E-01 1.00E-02 
2.14E-04 5.04E-02 3.503-03 
5.83E-04 2.93E-01 1.00E-02 
1.67E-03 1.03E+00 3.10E-01 
9.72E-02 2.30E+01 7.50E+00 
8.99E-04 2.16E-01 9.403-02 
3.66E-03 9.75E-01 1.50E-01 
2.14E-02 5.85E+00 4.00E-01 
5.93E-02 2.01E+01 9.00E-01 
1.89E-04 6.85E-02 4.00E-03 
2.61E-03 8.19E-01 4.503-02 
2.16E-03 5.67E-01 3.503-02 
1.19E- 04 5.76E- 02 2.503-03 
0.00E+00 0.00E+00 0.00E+00 
9.78E-04 2.64E-01 1.50E-02 
2.39E-04 1.33E-01 3.503-03 
5.98E-05 1.49E-02 8.503-04 
1.72E-04 4.18E-02 2.50E-03 
5.3 1E-04 2.68E-01 8.50E-03 
8.30E-03 2.77E+02 1.90E+01 
2.91E-05 7.17E-03 4.50E-04 
3.12E-04 1.16E-01 5.50E-03 
5.46E-05 1.69E-02 8.50E-04 
5.60E-04 1.62E-01 1.00E-02 

Leafy 
Statistics for sampled values Solution 

Average Min Max Vector 105 

( 9 3  (leafy and root) 
6.02E-03 2.61E-04 
1.70E-01 3.54E-04 
0.00E+00 0.00E+00 
1.70E-01 9.37E-04 
2.68E-02 3.54E- 04 
5.99E-03 2.35E-04 
4.13E-02 1.92E-05 
5.99E-03 2.70E-04 
5.99E-03 2.16E-04 
6.1 1E-03 2.52E-04 
6.00E-03 2.81E-04 
6.00E-03 2.37E-04 
6.07E-03 2.5 1E-04 
6.00E-03 1.79E-04 
6.06E-03 1.50E-04 
6.00E-03 2.75E-04 
6.01E-03 2.67E-04 
1.28E-03 4.91E-05 
3.79E-03 1.35E-04 
1.50E-02 2.13E-04 
5.27E-01 9.81E-03 
5.27E-03 2.38E-04 
2.26E-02 8.84E-04 
1.50E-01 3.96E-03 
2.99E-01 1.18E-02 
6.00E-04 1.71E-05 
1.35E-02 5.74E-04 
7.52E-03 3.02E-04 
6.00E-04 2.29E- 05 
0.00E+00 0.00E+00 
2.25E-03 8.40E-05 
5.24E-04 2.37E-05 
1.27E-04 4.98E-06 
3.75E-04 1.68E-05 
6.09E-03 2.57E-04 
1.19E+00 1.98E-02 
6.92E-05 3.16E-06 
3.76E-04 1.48E-05 
2.24E-05 9.06E-07 
1.50E-02 7.03E-04 

Root 
Statistics for sampled values Solution 

Average Min Max Vector 105 





Table 6.92 Default values for residential scenario parameters 
satisfying Equation 3.8 for P,, = 0.10 (continued) 

Part 3 - Plant concentration factors (BjJ (fruit and grain) 
1.37E-04 7.37E-02 4.00E-03 1 5.99E-03 2.74E-04 

Grain 
Statistics for sampled values Solution 

Average Min Max Vector 105 

Ele- 
ment 

Fruit 
Statistics for sampled values Solution 

Average Min Max Vector 105 



percentile TEDE value from the original sample 
measures the strength of the relationship between the 
TEDE and the parameter. This measure of the strength 
of dependence of dose on parameter value provides a 
direct indication of the potential for site-specific 
parameter information (expressed as a revised limit on 
the parameter value) to change the estimated dose. 

Finally, those parameters with "significant" potential to 
modify the screening dose value were selected based on 
the calculated strength measure. A threshold value of 
0.52 for "si,~ficant7' reduction of the 95th percentile of 
the dose distribution was selected. Parameters having 
strength measures less than this threshold (i.e., with the 
potential to effect a greater reduction in the 95th 
percentile) were considered to be strongly and 
significantly correlated with dose. The threshold strength 
measure value of 0.52 was selected by noting the 
spurious associations between parameter values and 
TEDE that emerged. The indoor shielding factor SF1 
was identified as significant by the K-S test, and had an 
associated strength measure of 0.52. This parameter, 

however, was not used in the calculation, and the 
reported strength measure is an artifact of sampling error. 
Strength measure vaIues less than this threshold were 
assumed to be significant. 

Table 6.94 lists, for each source nuclide, the identifiers of 
the model input parameters identified as having a strong 
significant relationship to dose due to that nuclide. Some 
parameters listed in Table 6.94 are an artifact of the 
functional connection among soil properties and soil 
type. The fraction of hydrogen in soil, for example, is 
only used in the tritiummodel. It appears as a significant 
parameter for dose due to 1291, however, because of the 
functional connection between the hydrogen fraction and 
the soil saturation fraction, F1. 

For many source nuclides, no significant controlling 
parameters were identified. The small range of the dose 
distribution for some nuclides may make the relationship 
between parameter values and dose difficult to 
distinguish from sampling error. 

Table 6.93 Model parameters having significant strong correlations with TEDE 

Parameter Source svmbol 
Parameter description Relative change in 

dose 

3H fhdOl6 
sh 
F 1 
F2 
I 
N 1 
N2 
PS 

RHO1 
RHO2 

14C F1 
F2 
fhdOl6 
sh 
KdC 
I 
H2 

36C1 B4C1 
40K H2 

KdK 
41Ca BlCa 
45Ca BlCa 
59Ni I 

Fraction of hydrogen in soil 
Moisture content of soil 
Saturation ratio for the surface-soil layer 
Saturation ratio for the unsaturated layer 
Infiltration rate 
Porosity of the surface-soil layer 
Porosity of the unsaturated layer 
Soil areal density of surface plow layer 
Surface Soil Density 

Unsaturated Zone Soil Density 
Saturation ratio for the surface-soil layer 
Saturation ratio for the unsaturated layer 
Fraction of hydrogen in soil 
Moisture content of soil 
C Partition Coefficient 
Infiltration rate 
Thickness of unsaturated zone 
Concentration factor: grain Cl 
Thickness of unsaturated zone 
K Partition Coefficient 
Concentration factor: leafy Ca 
Concentration factor: leafy Ca 

Infiltration rate 



Table 6.93 Model parameters having significant strong correlations with TEDE (continued) 

Parameter Relative change in 
Source Parameter description symbol dose 

KdNi 
63Ni KdNi 
93Mo Bl Mo 
99Tc BlTc 
107Pd BlPd 
ll3mCd KdCd 
12lmSn KdSn 
1291 F1 

F2 

Ni Partition Coefficient 
Ni Partition Coefficient 
Concentration factor: leafy Mo 
Concentration factor: leafy Tc 
Concentration factor: leafy Pd 
Cd Partition Coefficient 
Sn Partition Coefficient 
Saturation ratio for the surface-soil layer 
Saturation ratio for the unsaturated layer 

fhd0 16 Fraction of hydrogen in soil 

sh Moisture content of soil 
KdI I Partition Coefficient 
H2 Thickness of unsaturated zone 
I Infiltration rate 

185W KdW W Partition Coefficient 

WV(2) Weddry conversion: nonleafy 
Thickness of unsaturated zone 
Weddry conversion: nonleafy 
U Partition Coefficient 
Weddry conversion: nonleafy 
Thickness of unsaturated zone 
Weddry conversion: nonleafy 
U Partition Coefficient 
U Partition Coefficient 
Weddry conversion: nonleafy 
Weddry conversion: nonleafy 
U Partition Coefficient 
Infiltration rate 
U Partition Coefficient 

WV(2) Wetldry conversion: nonleafy 
23 8U U U Partition Coefficient 

WV(2) Weddry conversion: nonleafy 0.25 



7.0 References 

29 CFR 1910.1000. 1990. U.S. Occupational 
Safety and Health Administration, Department 
of Labor, "Occupational Safety and Health 
Standards - Subpart Z - Toxic and Hazardous 
Substances." U.S. Code of Federal Regulations. 

AEC. 1962. The Efects ofNuclear Weapons, 
Samuel Glasstone, ed., Defense Atomic 
Support Agency of the Department of Defense. 

AIHC. 1994. Exposure Factors Sourcebook. 
AIHC, Washington, DC. 

Alrich, D.C., D.M. Ericson, Jr., and J.D. 
Johnson. 1978. Public Protection Strategies 
for Potential Nuclear Reactor Accidents: 
Sheltering Concepts with Existing Public and 
Private Structures. SAND77- 1725, Sandia 
National Laboratories, Albuquerque, New 
Mexico. 

Alzona, J., B.L. Cohen, H. Rudolph, H.N. Jow, 
and J.O. Frohliger. 1979. "Indoor-outdoor 
relationships for airborne particulate mater of 
outdoor origin," Atmospheric Environment 13, 
55-60. 

Anspaugh, L.R., J.H. Shinn, P.L. Phelps, and 
N.C. Kennedy. 1975. "Resuspension and 
Redistribution of Plutonium in Soils." Health 
Physics 29(4):57 1-582. 

Arkhipov, N.P., Ye. A. Fedorov, R.M. 
Aleksakhin, P.F. Bondar', T.L. Kozhevnikova, 
and V.V. Suslova. 1975. Soil chemistry and 
root accumulation of artificial radionuclides in 
the crop harvest. Soil Science 1 1 :690-7 1 I. 

Baes, C.F. 111, RD. Sharp, A.L. Sjoreen, and 
R.W. Shor. 1984. A Review and Analysis of 
Parameters for Assessing Transport of 
Environmentally Released Radionuclides 
Through Agriculture. Oak Ridge National 
Laboratory Report. OW-5786 .  

Baker, D.A., G.R. Hoenes, and J.K. Soldat. 
1976. FOOD: an interactive code to calculate 
internal radiation doses from contaminated food 
products. BNWL-SA-5523,s p. 

and Biological-Materials by Inductively 
Coupled Plasma Emission and Mass 
Spectrometry," Chemia Analityczna 35(1-3), 
91-98. 

1 1. Basiotis, P.P., R.G. Thomas, J.L. Kelsay, and 
W. Mertz. 1989. "Source of Variation in 
Energy Intake by Men and Women as 
Determined fiom One Years Daily Dietary 
Records." Am. J Clin. Nutr. Vol. 50, pp. 
448-453. 

12. Binder, S., D. Sokal, and D. Maughan. 1986. 
"Estimating Soil Ingestion: The Use of Trace 
Elements in Estimating the Amount of Soil 
Ingested by Young Children," Arch. Emiron. 
Health 41(6), 341-45. 

13. Brodsky, A. 1980. "Resuspension Factors and 
Probabilities of Intake of Material in Process 
(or Is 10-6 a Magic Number in Health 
Physics?" Health Physics, 39(4), pp. 992-1000, 
December 1980. 

14. Brunskill, R.T. 1964. "The Relationship 
Between Surface and Airborne Contamination," 
in B.R. Fish ed., Surface Contamination 
Symposium Proceedings, pp. 93-105, 
Gatlinburg, Tennessee, Pergamon Press, New 
York. 

15. Bureau of Labor Statistics. 1996a. "Annual 
Household Data," in Employment and 
Earnings, Vol. 43, No. I ,  January 1996. Data 
also downloaded in June 1996 from BLS 
internet site 
http://stats.bls.gove:8O/cpsaatab.htm#charemp. 

16. Bureau of Labor Statistics. 1996b. "Current 
Labor Statistics," in Monthly Labor Review, 
Vol. 119, Nos. 1 and 2, Januaryfiebruary 1996. 

17. Bureau of Labor Statistics. 1997. "Annual 
Household Data," in Employment and 
Earnings, Vol. 44, No. 1, January 1996. Data 
also downloaded in April 1997 from BLS 
internet site 
http://stats.bls.gove:80/cpsaatab.htm#charemp. 

Barnes, R.M., A. Lasztity, M. Viczian, and 18. Byerly et al., 1980. Poult. Sci. 59:2500. 
X.R. Wang. 1990. "Analysis of Environmental 



Calabrese, E.J., P.T. Kostecki, and C.E. Gilbert. 
1987. How much soil do children eat? An 
emerging consideration for environmental 
health risk assessment. In press (Comments in 
Toxicology). 

Pastides, C.E. Gilbert, P. Veneman, X. Wang, 
A. Lasztity, and P.T. Kostecki. 1989. "How 
Much Soil Do Young Children Ingest: An 
Epidemiologic Study." Regulatory Toxicology 
and Pharmacology 10: 123-137. 

Calabrese, E.J., R.M. Barnes, E.J. Stanek 111,. 
H. Pastides, C.E. Gilbert, P. Veneman, X. 
Wang, A. Lasztity, and P.T. Kostecki. 1989. 
"How Much Soil Do Young Children Ingest: 
An Epidemiologic study." Regulatory 
Toxicology and Pharmacology 10: 123-1 37. 

Campbell, G.S. 1974. A simple method for 
determining unsaturated conductivity fiom 
moisture retention data. Soil Science, Vol. 117, 
pp. 3 1 1-3 14. 

CARB. 1993. Measurement of Breathing Rate 
and Volume in Routinely Perjormed Daily 
Activities. Human Performance Lab, Contract 
No. A033-205. June 1993. 

Calabrese, E.J. and E.J. Stanek. 199 1. "A 
Guide to Interpreting Soil Ingestion Studies: 1) 
Qualitative and Quantitative Evidence of Soil 
Ingestion," Reg. Toxicol. & Pharm. 13(3), 
278-92. 

Carsel, R.F., and R.S. Parrish. 1988. 
Developing joint probability distributions of 
soil water retention characteristics. Water 
Resources Research, Vol. 24, No. 5, pp. 
755-769. 

Calabrese, E.J. and Stanck, E.J. 1992. "What 
proportion of household dust is derived fiom 
outdoor soil?," Journal of Soil Contamination 
1(3), 253-263. Center for Engineering Research Inc., C-FIT, 

Probability Distribution Fitting Software, 1996. 
Edmonton, Alberta, Canada. Calabrese, E.J. and E.J. Stanek. 1993. "An 

Improved Method for Estimating Soil Ingestion 
in Children and Adults," J. Environ. Sci.& 
Health, Pt. A-Environ. Sci.& Engr. 28(2), 
363-71. 

Chow, Ven Te, editor : Handbook of Applied 
Hydrology, McGraw-Hill, 1964. 

Clausing, P., B. Brunekreef, and J.H. Van 
Wijnen. 1987. A method for estimating soil 
ingestion by children. Int. Arch. Occup. 
Environ. Health (W. Germany) 59(1): 73-82. 

Calabrese, E.J. and E.J. Stanek. 1994. "Soil 
Ingestion Issues and Recommendations," J. 
Environ. Sci. and Health, Part A-Environ. Sci. 
and E n s .  29(3), 5 17-30. 

Clausnitzer, H. and M.J. Singer. 1996. 
"Respirable-Dust Production fi-om Agricultural 
Operations in the Sacramento Valley, 
California." J. Environmental Quality 25(4), 
877-884. 

Calabrese, E.J. and E.J. Stanek. 1995. 
"Resolving Intertracer Inconsistencies in Soil 
Ingestion Estimation," Environmental Health 
Perspectives 103(5), 454-57. 

Calabrese, E.J., E.J. Stanek, C.E. Gilbert, and 
R.M. Barnes. 1990. "Preliminary Adult Soil 
Ingestion Estimates: Results of a Pilot-Study," 
Regulatory Toxicology and Pharmacology 
12(1), 88-95. 

Cohen, A.F. and B.L. Cohen. 1980. "Protection 
from being indoors against inhalation of 
suspended matter of outdoor origin," 
Atmospheric Environment 14,183-1 84. 

Colome, S.D., N.Y. Kado, P. Jaques, and M. 
Kleinman. 1992. "Indoor-outdoor air pollution 
relation: particulate matter less than 10 pm in 
aerodynamic diameter (PMIO) in the homes of 
asthmatics," Atmospheric Environment 26a, 
2173-2178. 

Calabrese, E.J., E.J. Stanek, and R. Barnes. 
1996. "Methodology to Estimate the Amount 
and Particle-Size of Soil Ingested by Children: 
Implications for Exposure Assessment at Waste 
Sites," Regulatory Toxicology and 
Pharmacology 24(3), 264-68. 

Dahlman, R.C., E.A. Bonditti, and L.D. Eyman. 
1976. Biological pathways and chemical Calabrese, E.J., R.M. Barnes, E.J. Stanek 111, H. 



behavior of plutonium and other actinides in 
the environment, in A. M. Friedman (ed.), 
Actinides in the Environment, ACS 
Symposium Series, American Chemical 
Society, Washington, D.C., pp. 47-80. 

Davis, S., P. Waller, R. Buschbom, J. Ballou, 
and P. White. 1990. "Quantitative Estimates of 
Soil Ingestion in Normal Children Between the 
Ages of 2 and 7 Years: Population-Based 
Estimates Using Aluminum, Silicon and 
Titanium as Soil Tracer Elements." Arc. 
Environ. Health 45 (2): 1 12-122. 

Davisson, C.M., and R.D. Evans. 1952. Revs. 
Modern Phys. Vol. 24, p. 79, Nuclear 
Engineering Handbook. 

DHHS. 1983. Dietazy Intakes Source Data: 
United States, 1976-1980. National Center for 
Health Statistics, DHHS Publication No (PHs) 
83-1 681, Hyattsville, Maryland. 

Dockery, D.W., and J.W. Spengler. 198 1. 
"Indoor-outdoor relationships of respirable 
sulfates and particles," Atmospheric 
Environment 15,335-343. 

DOE. 1995. Housing Characteristics 1995, 
Report No. DOE/EIA (93), Washington, DC: 
U.S. Department of Energy, Energy 
Information Administration. 

Driver, J.H., J.J. Konz, and G.K. Whitmyre. 
1989. Soil adherence to human skin. Bull. 
Environ. Contam. Toxicol. 43: 8 14-820. 

Dunster, H.J. 1962. Marimum Permissible 
Levels of Skin Contamination. AHSB(RP)R28, 
United Kingdom Atomic Energy Authority, 
London. 

Durnin, J.V.G.A., and R. Passmore. 1967. 
Energy, Work and Leisure. Heinemann 
Educational Books Ltd., London. 

Eckerman, K.F., A.B. Wolbarst, and A.C.B. 
Richardson. 1988. "Limiting Values of Radio- 
nuclide Intake and Air Concentration and Dose 
Conversion Factors for Inhalation, Submersion, 
and Ingestion," Federal Guidance Report No. 
11, EPA-52011-88-020, U.S. Environmental 
Protection Agency, Washington, DC. 

Eckerman, K.F., and J.C. Ryman. 1992. "Dose 
Coefficients for External Exposure to Radio- 
nuclides Distributed in Air, Water and Soil," 
Federal Guidance Report No. 12, U.S. Environ- 
mental Protection Agency, Washington, DC. 

EPA. 1985. Development of Statistical 
Distributions or Ranges of Standard Factors 
used in fiposure Assessments. Washington, 
D.C. OfJice of Health and Environmental 
Assessment, EPA Report No. EPA 60018-85- 
010. 

EPA. 199 1. Risk Assessment Guidance for 
Superfind Volume I: Human Health Evaluation 
Manual, Supplemental Guidance: Standard 
Default Exposure Factors. OSWER Directive 
9285.6-03 (March 25, 1991) Interim Final, EPA 
Office of Emergency and Remedial Response, 
Washington, D.C. 

EPA. 1996. Exposure Factors Handbook. 
EPAl600P-95. Office of Research and Deve- 
lopment, Environmental Protection Agency, 
Washington, D.C. (Current draft not citable). 

Ershow, A.G., and K.P. Cantor. 1989. "Total 
Water and Tap Water Intake in the United 
States: Population-Based Estimates of 
Quantities and Sources (Life Sciences Research 
Office, Federation of American Societies for 
Experimental Biology, Bethesda, May 1989). 

Fergusson, J.E., E.A. Forbes, R.J. Schroeder, 
and D.E. Ryan. 1986. "The elemental composi- 
tion and sources of house dust and street dust," 
Science and Total Environment 50,2 17-22 1. 

Fetter, C. W. 1988. Applied Hydrogeology, 
Macmillan Publishing Company, New York, 
New York. 

Fish, B.R, R.L. Walker, G.W. Royster, and J.L. 
Thompson. 1964. "Redispersion of Settled 
Particles," in B.R. Fish ed., Surface 
Contamination Symposium Proceedings, pp. 
75-8 1, June 1964, Gatlinburg, Tennessee, 
Pergamon Press, New York. 

France, L. 1992. CLIM8l 1961-90 Normals, 
TD-9641: U.S. Dept. of Commerce, National 
Oceanic and Atmospheric Administration, 
National Climatic Data Center, Asheville, N.C. 



Freed, J.R., T. Chambers, W.N. Christie, and 
C.E. Carpenter. 1983. Methods for assessing 
exposure to chemical substance, EPA 56015-83- 
015 Vo1.2, pp. 70-73, U.S. EPA Offlce of 
Toxic Substances. 

pp. 169-178, June 1964, Gatlinburg, 
Tennessee, Pergamon Press, New York. 

Graf, O., and A. Bayer. 1991. "Assessment of 
Gamma Fields Inside Buildings in an Urban 
Area Resulting from External Radionuclide 
Deposition," Nuclear Technology, 96,50-71. Friedrichs, K.H., and H. Behrendt. 1993. 

"Preliminary Results of Ambient Measurements 
with a Multistage Impactor." Arch. 
Emironmental Contamination & Toxicology 
25(3), 405410. 

Guzowski, R.V., F.B. Nimick, and A.B. Muller. 
1981. "Repository Site Defmition in Basalt: 
Pasco Basin, Washington," NUREGICR-2352, 
U.S. NRC, Washington, D.C. 

Gallacher, J.E.J., P.C. Elwood, K.M. Phillips, 
B.E. Davies, and D.T. Jones. 1984. "Relation 
Between Pica and Blood Lead in Areas of 
Differing Lead Exposure." Archives of Disease 
in Childhood 59:40-44. 

Hagen, L., and N.O. Woodruff. 1973. "Air 
Pollution in the Great Plains," Atrnos. Env. 7, 
323-332. 

Halliday, D. 1950. Introducto?y Nuclear 
Physics, John Wiley & Sons, Inc., New York. Gao, Y., R. Arirnoto, R.A. Duce, D.S. Lee, and 

M.Y. Zhou. 1992. "Input of Atmospheric 
Trace Elements and Mineral Matter to the 
Yellow Sea during the Spring of a Low-Dust 
Year." J.  Geophysical Research-Atmospheres 
97(D4), 3767-3777. 

Hartmann, G., C. Thorn, and K. Bachmann. 
1989. "Sources for Pu in Near Surface Air," 
Health Physics 56(1), 55-69. 

Hawley, J.K. 1985. "Assessment of Health 
Risk from Exposure to Contaminated Soil." 
Risk Analysis 5(4):289-302. 

Garland, J.A. 1982. Resuspension of 
Particulate Material From Grass. Experimental 
Programme 1979-1 980. London: 
HSM0;AERE-RlOlO6. Healy, J. W. 197 1. Surface Contamination: 

Decision Levels. LA-4558-MS, Los Alamos 
Scientific Laboratory, Los Alamos, New 
Mexico. 

Gebhardt, S.E., and R Matthews. 1985. 
"Nutritive Value of the Edible Part of Foods," 
Home and Garden Bulletin No. 72, Human 
Nutrition and Information Services, U.S. 
Department of Agriculture. 

HEW. 1969. Air Quality Criteria for 
Particulate Matter. HEW, Washington, D.C. 

Gephart, L.A., J.G. Tell, and L.R. Triemer. 
1994. "Exposure Factors Manual," J. Soil 
Contamination 3(1), 47-1 17. 

Higley, K.A. and D.L. Strenge. 1988. "Use of a 
Monte Carlo Modeling Approach for 
Evaluating Risk and Environmental 
Compliance," Presented at the Fourth Annual 
DOE Model Conference, Oak Ridge, 
Tennessee, October 3-7, 1988. PNL-SA- 
16062, Pacific Northwest Laboratory, Richland, 
Washington. 

Gibson, J.A.B. and A.D. Wrixon. 1979. 
"Methods for the Calculation of Derived 
Working Limits for Surface contamination by 
Low-Toxicity Radionuclides." Health Physics 
(36)3:3 11-321. 

HiI1, M.S. 1985. "Patterns of time use," in F.T. 
Juster and F.P. Stafford, eds., Time, Goods, a d  
Well-Being, University of Michigan, Survey 
Research Center, Institute for Social Research, 
Ann Arbor, MI, pp. 133-166. 

Gilbert, R.O. and J.C. Simpson. 1985. 
Comparing computing formulas for estimating 
concentration ratios. Environ. Antl. 1 1 :25-47. 

Glaubeman, H., W.R. Bootmann, and A.J. 
Breslin. 1964. "Studies of the Significance of 
Surface Contamination," in B.R. Fish ed., Sur- 
face contamination Symposium Proceedings, 

Hillel, D. 1980. Fundamentals of Soil Physics. 
Academic Press. 



Hinton, D., J. Sune, J. Suggs, and W. Barnard. 
1986. Inhalable Particulate Network Report: 
Operation and Data Summary (Mass Concen- 
trations Only). Vol. 1-3, U.S. Environmental 
Protection Agency, Washington, DC. 

IAEA. 1996. "Validation of Models Using 
Chernobyl Fallout Data from Southern Finland. 
Scenario S," Second Report of the VAMP 
Multiple Pathways Assessment Working 
Group, IAEA-TECDOC-904, September 1996. 

Hinton, T.G., P. Kopp, S. Ibrahim, I. Bubryak, 
A. Syomov, L. Tobler, and C. Bell. 1995. 
"Comparison of Technique used to Estimate the 
Amount of Resuspended Soil on Plant 
Surfaces," Health Physics, 68(4), pp. 523-53 1, 
April 1995. 

ICRP. 1975. "Report of the Task Group on 
Reference Man," ICRP Publication 23, 
Pergammon Press, New York. 

ICRP. 198 1. Report of the Task Group on 
Reference Man, Pergammon Press, New York. 

Hoffian, F.O., K.M. Theissen, M.L. Frank, 
and B.G. Blaylock. 1992. Quantification of the 
interception and initial retention of radioactive 
contaminants deposited on pasture grass by 
simulated rain. Atmospheric Environment 
26A(18):33 13-3321. 

ICRP. 1984. "Principles of Monitoring for the 
Protection of the Population," ICRP Publication 
43, Pergammon Press, New York. 

Idaho Department of Water Resources. 1998. 
File we114.eO0, accessed through URL 
ftp://ftp.state.id. us/pub/gisdata/,W. 

Hollander, W. 1994. "Resuspension Factors of 
137Cs in Hannover After the Chernobyl 
Accidenf" Aerosol Science, 25(5), pp. 
789-792. 

Iman, R.L., and M.J. Shortencarier. 1984. A 
F O R T W  77 Program and User's Guide for 
the Generation of Latin Hypercube and 
Random Samples for Use With Computer 
Models, NUREGICR-3624, SAND83-2365, 
Sandia National Laboratories, Albuquerque, 
New Mexico. 

Homa, S.G. 1995. "The Hotspot Health Physics 
Codes," Health Physics, 68(6 Supp):S59, June 
1995. 

Hurwitz, S., D. Sklan, and I. Bartov. 1978. 
"New formal approaches to the determination 
of energy and amino acid requirements of 
chicks," Poult. Sci. 57: 197. 

IUR. 1989. Sixth Report of the Working Group 
on Soil-to-Plant Transfer Factors. RIVM, 
Bilthoven, The Netherlands. 

James, W.P.T, A. Ralph, and A. Ferro-Luzzi. 
1989. "Energy Needs of Elderly, A New 
Approach," in Munro, H.N., D.E. Danford, 
eds., Nutrition, Aging, and the Elderly, Plenum 
Press, New York, pp. 129-15 1. 

IAEA. 1970. Monitoring of Radioactive 
Contamination on Suqaces. Technical Report 
Series No. 120, Vienna. 

IAEA. 1982. "General Models and Parameters 
for Assessing the Environmental Transfer of 
Radionuclides fiom Routine Releases," Vienna: 
IAEA; Safety Series No. 57. 

Jaynes, E.T. 1982. "On the Rationale of 
Maximum-Entropy Methods," Proceedings of 
the IEEE, Vol. 70, No. 9,939-952. 

IAEA. 1986. "Derived Intervention Levels for 
Application in Controlling Radiation Doses to 
the Public in the Event of a Nuclear Accident or 
Radiological Emergency," Vienna: IAEA; 
Safety Series No. 8 1. 

Jensen, P.H. 1985. "Shielding Factors for 
Gamma Radiation from Activity Deposited on 
Structures and Ground Surfaces," Nuclear 
Technology 68,29-39. 

Jones, I.S., and S.F. Pond. 1964. "Some 
Experiments to Determine the Resuspension 
Factor of Plutonium from Various Surfaces," in 
B.R. Fish ed., Surface Contamination 
Symposium Proceedings, pp. 83-92, June 1964, 
Gatlinburg, Tennessee, Pergamon Press, New 

IAEA. 1992. "Modeling of Resuspension, 
Seasonalty and Losses During Food 
Processing," First Report of the VAMP 
Terrestrial Working Group, 
IAEA-TECDOC-6471. 



York. 

Kathren, R.L. 1968. in: Proc. Symp. On 
Radiological Protection of the Public in a 
Nuclear Mass Disaster, Interlaken, Swit., 26 
May - 1 June, 1968 (Bern: EDMZ). 

Kennedy, Jr., W.E., E.C. Watson, D.W. 
Murphy, B.J. Harrer, R. Harty, and J.M. 
Aldrich. 1981. A Review of Removable Surface 
Contamination on Radioactive Materials 
Transportation Containers. NUREGICR- 1859, 
PNL-3666, U.S. Nuclear Regulatory 
Commission, Washington, D.C. 

Kennedy, Jr., W.E., and R.A. Peloquin. 1990. 
"Residual Radioactive Contamination from 
Decommissioning: Technical Basis for 
Translating Contamination Levels to Annual 
Total Effective Dose Equivalent," Draft 
NUREGICR-55 12, Volume 1, U.S. Nuclear 
Regulatory Commission, Washington, DC. 

Kennedy, Jr., W.E., and D.L. Strenge. 1992. 
"Residual Radioactive Contamination fkom 
Decommissioning: Technical Basis for 
Translating Contamination Levels to Annual 
Total Effective Dose Equivalent," NUREGICR- 
55 12, Volume 1, U.S. Nuclear Regulatory 
Commission, Washington, DC. 

Kocher, D.C. 1978. Eflects of Man S 
Residence Inside Building Structures on 
Radiation Doses fiom Routine Releases of 
Radionuclides to the Atmosphere. ORNLITM- 
6526, Oak Ridge National Laboratory, Oak 
Ridge, Tennessee. 

Krablin, R. 1989. [Letter to Jonathan Z. 
Cannon concerning soil ingestion rates.] 
Denver, CO: Arco Coal Co.; October 13, 1989. 

LaCoy, P.K. 1987. "Estimated Soil Ingestion 
Rates for use in Risk Assessment," Risk Anal. 
7,355-359. 

Langham, W.H. 1969. USAEC Rept. 
USRL-50639 (Livermore: Lawrence Livermore 
Laboratory). 

Langham, W.H. 1971. in: Proc. Environmental 
Plutonium Symp., Los Alamos, 4-5 August 
1971, p. 3 (Los Alamos: Los Alamos Scientific 
Laboratory). 

Layton, D.W. 1993. "MetaboIically Consistent 
Breathing Rates for use in Dose Assessments." 
Health Physics, Vol. 64, No. 1, pp. 23-36. 

Lehninger, A. L. 1970. Biochemisby: The 
Molecular Basis for Cell Structure and 
Function, Worth Publishers, Inc. 

Leonard, B.E. 1995. "ARn-222 Progeny 
Surface Deposition and Resuspension 
Residential Materials." Health Physics, 69(1), 
pp. 75-92, July 1995. 

Lepow, M.L., L. Bruclanan, M. Gillette, S. 
Varkowitx, R. Robino, and J. Kapish. 1975. 
"Investigations into Sources of Lead in the 
Environment of Urban Children." Emiron. 
Res. 10:414-426. 

Leung, J.K.C. 1992. "Application of Shielding 
Factors for Protection Against Gamma 
Radiations during a Nuclear Accident," IEEE 
Transactions on Nuclear Science 39(5), 
1512-1518. 

Lillie, R.J. 1970. Air Pollutants Affecting the 
Performance of Domestic Animals. U.S. 
Department of Agriculture, Washington, D.C. 

Linn, W.S., C.E. Spier, and J.D. Hackney. 
1993. Activig Patterns in Ozone-exposed 
Construction Workers, J.  Occ. Med. Tox., Vol. 
2, No. 1, pp. 1-14. 

Linn, W.S., D.A. Shamoo, and J.D. Hackney. 
1992. "Documentation of Activity Patterns in 
"High-Risk" Groups Exposed to Ozone in the 
Los Angeles Area." in Proceedings of the 
Second EPAIA WM4 Conference on 
Tropospheric Ozone, Atlanta. Nov, 199 1, pp. 
701-712. Air and Waste Management Assoc., 
Pittsburgh, PA. 

MaGill, P.L., RR. Holden, and C. Ackley, eds. 
1956. Air PoIIution Handbook. McGraw Hill, 
New York 

Marks' Standard Handbook for Mechanical 
Engineers, 8' Edition, T. Baumeister, E. 
Avallone, and T. Baumeister 111, Eds., 
McGraw-Hill. 

McKinley, I.G., and A. Scholtis. Compilation 
and Comparison of Radionuclide Sorption 



Databases Used in Recent Performance 
Assessments in Radionuclide Sorption from 
the Safety Evaluation Perspective, 
Proceedings of an NEA Workshop, October 
16-1 8, 199 1, Interlaken Switzerland. 

McKone, T.E. 1994. "Uncertainty and Variabi- 
lity in Human Exposures to Soil Contaminants 
Through Home-Grown Food: A Monte Carlo 
Assessment," Risk Analysis 14(4), 449-463. 

McLean, J.A. and G. Tobin. 1987. Animal and 
Human Calorimetry, Cambridge University 
Press, Cambridge, MA. 

Meyer, P.D., M.L. Rockhold, and G.W. Gee. 
1997. Uncertainty analysis of infiltration and 
subsurface flow and transport for SDMP sites. 
NUREGICR-6565 

Mitchell, R.N., and B.C. Eutsler. 1964. "A 
Study of Beryllium Surface Contamination and 
Resuspension," in B.R. Fish ed., Surface 
Contamination Symposium Proceedings, pp. 
349-352, June 1964, Gatlinburg, Tennessee, 
Pergamon Press, New York. 

Moulin, M., C.E. Lambert, F. Dulac, and U. 
Dayan. 1997. "Control of atmospheric export 
of dust from North Afiica by the North Atlantic 
Oscillation," Nature 387(12), 691-694. 

Murphy, C.E., Jr., and J.C. Tuckfield. 1992. 
Transuranic element uptake and cycling in a 
forest established over an old burial ground (U). 
Westinghouse Savannah River Company. 
WSRC-MS-92- 1 10. 

Nair, S.K., C.W. Miller, K.M. Thiessen, and 
E.K. Garger. 1995. "Modeling the 
Resuspension of Radionuclides in Ukrainian 
Regions Impacted by Chernobyl Fallout," 
Health Physics, 68(6 Supp):S46, June 1995. 

Nair, S.K., C.W. Miller, K.M. Thiessenn, E.K. 
Garger, and F.O. Hofhan. 1997. "Modeling 
the Resuspension of Radionuclides in Ukrainian 
Regions Impacted by Chernobyl Fallout," 
Health Physics, 72(1), pp. 77-85, January 1997. 

NAP. 1996. Nutrient Requirements of Beef 
Cattle: Seventh Revised Edition, Subcommittee 
on Beef Cattle Nutrition, National Academy 
Press. 

Napier, B.A., R.A. Peloquin, D.L. Strenge, and 
J.V. Ramsdell. 1988. "Hanford Environmental 
Dosimetry Upgrade Project, GENII - the 
Hanford Environmental Radiation Dosimetry 
Software Package," PNL-6584, Vol. 1-3, 
Pacific Northwest Laboratory, Richland, 
Washington. 

NAS. 1980. Lead in the Human Environment. 
National Academy Press, Washington, D.C. 

NASS. 1997. National Agricultural Statistics 
Service, U.S. Department of Agriculture http:/l 
www.usda.gov/news/pubs/factbook; 
http://usda.mannlib.cornell.edddata- 
sets/food/890 151; httpllmann77 
.mannlib.cornell.eddreports/nassr/. 

National Research Council. 198 1. "Effect of 
Environment on Nutrient Requirements of 
Domestic Animals," National Research 
Council, Washington, DC. National Academy 
Press. 

National Research Council. 1996. Nutrient 
Requirements of Beef Cattle, 7' rev. ed. 
Washington, DC: National Academy Press. 

NCRP. 1984. Radiological Assessment: 
Predicting the Transport, Bioaccumulation, and 
Uptake by Men of Radionuclides Released to 
the Environment. Report No. 76. 

NEA (Nuclear Energy Agency, OECD). 1989. 
Sorption Data Base. 

New York State Department of Environmental 
Conservation, Division of Air. 1982. New 
York State Air Quality Report. Continuous and 
Manual Air Monitoring Systems: Annual Report 
1981. 

Ng, Y.C., C.S. Colsher, and S.E. Thompson. 
1982. Soil-to-plant concentration factors for 
radiological assessments. NUREG/CR-2975. 

NRC. 1975. "Reactor Safety Study: An 
Assessment of Accident Risk in U.S. 
Commercial Nuclear Plants, Appendix VI. 
Calculation of Reactor Accident 
Consequences," Rep. WASH- 1400. 

NRC. 1985. Ruminant Nitrogen Usage. 
Washington, D.C.: National Academy Press. 



NRC. 1993. Site Decommissioning 
Management Plan, NUREG- 1444. 

NRC. 1996. "Predicting Feed Intake of Food- 
Producing Animals," Subcommittee on Feed 
Intake, Committee on Animal Nutrition, Board 
on Agriculture, National Research Council. 

NRC. 1998. Decision Methock for Dose 
Assessment to Comply With Radiological 
Criteria for License Termination, NUREG- 
1549. 

Nutrient Requirements of Poultry, NAS-NRC 
Publication 1345 (9' Edition, 1966). 

Odwongo, W.O. and H.R. Conrad. 1983. J 
Dairy Sci (Suppl. 1): 166. 

Owenby, J.R. and D.S. Ezell. 1992. 
Climatography of the United States No. 8 1 : 
monthly station normals of temperature, 
precipitation, and heating and cooling degree 
days, 1961-90: U.S. Dept. of Commerce, 
National Oceanic and Atmospheric 
Administration, National Climatic Data Center, 
Asheville, N.C. 

Oztunali, O.I., G.C. Re, P.M. Moskowitz, E.D. 
Picazo, and C.J. Pitt. 1981. Data Base for 
Radioactive Waste Management, NUREGICR- 
1759. Vol. 3. 

Pao, E.M., K.H. Fleming, P.M. Guenther, and 
S.J. Mickle. 1985. Food Commonly Eaten by 
Individuals: Amounts per Day andper Eating 
Occasion. Report No. 44, U.S. Department of 
Agriculture, Consumer Nutrition Division, 
Hyattsville, Maryland. 

Prentice, A.M., H.L. Davies, A.E. Black, J. 
Ashford, W.A. Coward, P.R. Murgatroyd, G.R. 
Goldberg, M. Sawyer, and R.G. Whitehead. 
1985. Unexpectedly Low Levels of Energy 
Expenditure in Healthy Women. Lancet 1, pp. 
1419-1422. 

Prospero, J.M., and R.T. Nees. 1977. Dust 
Concentration in Atmosphere of Equatorial 
North Atlantic: Possible Relationship to 
Sahelian Drought. Science 196(4295), 
1196-1 198. 

Prospero, J.M., R.A. Glaccum, and R.T. Nees. 

1981. "Atmospheric Transport of Soil Dust 
from Afr-ica to South America." Nature 
289(5789,570-572. 

Pye, K. 1992. "Aeolian Dust Transport and 
Deposition over Crete and Adjacent Parts of the 
Mediterranean Sea." Earth Surface Processes 
and Landforms 17 (3), 271-288. 

Que Hee, S.S., B. Peace, C.S. Clark, J.R. Boyle, 
R.L. Bornschein, and P.B. Hammond. 1985. 
"Evolution of efficient methods of sample lead 
sources, such as  house dust and hand dust, in 
the homes of children." Environ. Res. 38, 
77-95. 

Riurnallo, J.A., D. Schoeller, G. Barrera, V. 
Gattas, R. Uauy. 1989. "Energy Expenditure 
in Underweight Free-living Adults: Impact of 
Energy Supplementation as Determined by 
Doubly Labeled Water and Indirect 
Calorimetry." Am. J Clin. Nutr. Vol. 49, pp. 
239-246. 

Roberts, T.M., W. Gizyn, and T.C. Hutchinson. 
1974. "Lead Contamination of Air, Soil, 
Vegetation and People in the Vicinity of 
Secondary Lead Smelters," Confer. Trace 
Subst. Environ. Health 8, 155-166. 

Robinson, J.P. 1977. "Changes in Americans' 
Use of Time: 1965-1975. A Progress Report." 
Cleveland State University, Communication 
Research Center, Cleveland, OH. 

Robinson, J.P. and J. Thomas. 199 1. Time 
Spent in Activities, Locations and 
Microenvironments: A CaIifornia - National 
Comparison, Project Report, EPAl60014-9 1/00, 
p. 83. U.S. Environmental Protection Agency, 
Environmental Monitoring Systems Laboratory, 
Las Vegas, NV. 

Rognon, P. 199 1. "Field measurements of dust 
near the ground, correlated with surrounding 
soils in the Sahara and Sahel," Z. Geomorph. N. 
F. 35(4), 491-501. 

Rosebeny, A.M. and D.E. Burmaster. 1992. 
"Lognormal Distributions for Water Intake by 
Children and Adults," Risk Analysis 12(1), 
99-104. 

Rupp, E.M., F.L. Miller, and C.F. Baes 111. 



1980. "Some Results of Recent Surveys of 
Fish and Shellfish Consumption by Age and 
Region of U.S. Residents," Health Physics 
39, 165-175. 

Rutz, E., J. Valentine, R. Eckard, and A. Yu. 
1997. "Pilot-Study to Determine Levels of 
Contamination in Indoor Dust Resulting from 
Contamination in Soils," J. Soil Contamination 
6(5), 525-536. 

Sallis, J.F., W.L. Haskell, P.D. Wood, S.P. 
Fortmann, T. Rogers, S.N. Blair, and R.S. 
Paffenbarger Jr. 1985. "Physical Activity 
Assessment Methodology in the Five-City 
Project." Am. J. Epidemiol. Vol. 121, pp. 
91-106. 

Saltin, B., and P.O. Astrand. 1967. "Maximal 
Oxygen Uptake in Athletes." J. Appl. Physio. 
Vol. 23, pp. 353-358. 

Sayre, J., W.E. Charney, J. Vostal, and I.B. 
Pless. 1974. "House and Hand Dust as a 
Potential Source of Childhood Lead Exposure." 
Am. J. of Dis. Chil. 127:167-170. 

Schaefer, V.J., V.A. Mohnen, and V.R. Veirs. 
1972. "Air Quality of American Homes," 
Science Vol. 175, 173-175. 

Schofield, W.N. 1985. "Predicting Basal 
Metabolic Rate, New Standards and Review of 
Previous Work." Human Nutr. Clin. Nutr. 39C 
Suppl. 1, pp. 5 4 1 .  

Sedman, R.M., and R.J. Mahmood. 1994. "Soil 
Ingestion by Children and Adults Reconsidered 
Using the Results of Recent Tracer Studies," J. 
Air & Waste Manag. Assoc. 44(2), 14 1 4 4 .  

Sehmel, G.A. 1975. "Atmospheric Dust Size 
Distributions as a Function of Wind Speed." In 
Pacific Northwest Laboratory Annual Report 
for 1974, BNWL-1950-3, Pacific Northwest 
Laboratory, Richland, Washington. 

Sehmel, G.A. 1977a. Transuranic and Tracer 
Simulant Resuspension. BNWL-SA-6236, 
Pacific Northwest Laboratory, Richland, 
Washington. 

Sehmel, G.A. 1977b. Radioactive Particle 
Resuspension Research Experiments on the 

Hanford Reservation. BNWL-208 1, Pacific 
Northwest Laboratory, Richland, Washington. 

Sehmel, G.A. 1980. "Particle Resuspension: A 
Review." Environ. Int. 4: 107-127. 

Sehmel, G.A. 1984. "Deposition and 
Resuspension." In Atmospheric Science and 
Power Production. DOEITIC-27601, U.S. 
Department of Energy, Washington, D.C. 

Sheppard, S.C. 1995. "Parameter Values to 
Model the Soil Ingestion Pathway," 
Environmental Monitoring and Assessment 
34(1), 27-44. 

Sheppard, S.C., and W.G. Evenden. 1988. 
CriticaI compilation and review of plant/soil 
concentration ratios for uranium, thorium and 
lead. J. Environ. Radioactivity 8:255-285. 

Sheppard, S.C., and W.G. Evenden. 1990. 
Characteristics of plant concentration ratios 
assessed in a 64-site field survey of 23 
elements. J. Environ. Radioactivity 1 1 : 15-3 6. 

Sheppard, S.C. and W.G. Evenden. 1994. 
"Contaminant Enrichment and Properties of 
Soil Adhering to Skin." J. Environ. Qual. 
23:604-613. 

Sheppard, M.I., S.C. Sheppard, and B.D. 
Amiro. 1991. Mobility and plant uptake of 
Inorganic 14C and 14C-Labelled PCB in Soils 
of High and Low Retention. Health Physics 
6 1(4):481492. 

Sheppard, M.I. 1985. Radionuclide Partitioning 
Coefticients in Soils and Plants and Their 
Correlation, Health Physics, Vol. 49, NO., 1 pp. 
106-1 11, July 1985. 

Sheppard, M.I., and D.H. Thibault. 1990. 
Default SoiVLiquid Partition Coefficients, Kp ,  
for Four Major Soil Types: A Compendium, 
Health Physics, Vol. 59, No. 4, pp. 471482, 
October 1990. 

Shinn, J.H., D.N. Homan, and W.L. Robinson. 
1989. Resuspension Studies at Bikini Atoll. 
UCID- 1 853 &Rev. 1, Lawrence Livermore 
National Laboratory, Livermore, California. 

Shor, R. W., C.F. Baes 111, and R.D. Sharp. 



1982. Agricultural Production in the United 
States by Counv: A compilation of 
Information from the 1974 Census of 
Agriculture for Use in Terrestrial Food 
Chain Transport and Assessment Models. 
ORNL-5768, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 

Sinclair, P.C. 1976. "Vertical Transport of 
Desert Particulates by Dust Devils and Clear 
Thermals." In Atmosphere-Surface Exchange 
of Particulate and Gaseous Pollutants. 
CONF-740921, U.S. Department of Energy, 
Richland, Washington. 

Smyth, J.D., E. Bresler, G.W. Gee, C.T. 
Kincaid. 1990. Development of an In$ltration 
Evaluation Methodology for Low-Level Waste 
Shallow Land Burial Sites, NUREGICR-5523, 
PNL-7356. 

Soil Survey Staff, "National Soil Survey 
Handbook," title 430-VI, Natural Resources 
Conservation Service, Washington, D.C., U.S. 
Government Printing Ofice, December 1997. 

Soldat, J.K., J.G. Droppo, Jr., W.H. Rickard, 
and L.G. Faust. 1973. Assessment of the 
Environmental Impact of the Retrievable 
Surface Storage Facility. BNWL-B-3 13, 
Pacific Northwest Laboratory, Richland, 
Washington. 

Solomon, R.L., and J.W. Hartford. 1976. "Lead 
and Cadmium in Dusts and Soils in a Small 
Urban Community," Environ. Sci. Technol., 
Vol. 10,773-777. 

Spier, C.E., D.E. Little, S.C. Trim, T.R. 
Johnson, W.S. Linn, and J.D. Hackney. 1992. 
"Activity Patterns in Elementary and High 
School Students Exposed to Oxidant Pollution." 
J. Exp. Anal. Environ. Epid. Vol. 2, No. 3, pp. 
277-293. 

Stanek, E.J., and E.J. Calabrese. 199 1. "A 
Guide to Interpreting Soil Ingestion Studies: 
Development of a Model to Estimate the Soil 
Ingestion Detection Level of Soil Ingestion 
Studies, Reg. Toxicol. & Pharm. 13(3), 263-77. 

Stanek, E.J., and E.J. Calabrese. 1995. "Soil 
Ingestion Estimates for Use in Site Evaluation 
Based on the Best Tracer Method," Human and 

Ecological Risk Assessment 1, 133-56. 

Stanek, E.J., E.J. Calabrese, R.M. Barnes, and 
P. Pekow. 1997. "Soil Ingestion in Adults - 
Results of a Second Pilot-Study," 
Ecotoxicology and Environmental Safety 36, 
249-257. 

Sterling, T.D. and D.M. Kobayashi. 1977. 
"Exposure to Pollutants in Enclosed 'Living 
Spaces'." Environ. Res. 13, 1-35. 

Stem, A.C., ed. 1968. Air Pollution. 2nd ed. 
Academic Press, New York. 

Stewart, K. 1964. "The Resuspension of 
Particulate Material from Surfaces." In 
Proceedings of the Surface Contamination 
Symposium. B.R. Fish ed. Pergamon Press, 
New York. 

Strenge, D.L., T.J. Bander, and J.K. Soldat. 
1987. GASPAR 11-Technical Reference and 
User Guide. NUREGICR-4653, PNL-5907, 
U.S. Nuclear Regulatory Commission, 
Washington, D.C. 

Tegen, I. and I. Fung, 1994. "Modeling of 
mineral dust in the atmosphere: Sources, 
transport, and optical thickness," J. Geophysical 
Research 99(1 l), 22,897-22,914. 

Thatcher, T.L., and D. W. Layton. 1995. 
"Deposition, Resuspension, and Penetration of 
Particles within a Residence," Atmospheric 
Environment, 29(13): 1487-1497. 

Thibault, D.H., M.I. Sheppard, and P.A. Smith. 
1990. A Critical Compilation and Review of 
Default Soil Solid/Liquid Partition Coeficients, 
K, for Use in Environmental Assessments, 
AECL- 10 125, Atomic Energy of Canada 
Limited. 

Thornton, J.H., F.N. Owens, and D.R. Gill. 
1985. "Feed intake by feedlot beef steers: 
Influence of initial weight and time on feed," 
Okla. Agric. Exp. Stn. Misc. Pub MP 117:320. 

Till, J.E. and H.R. Meyer, eds. 1983. Radiolo- 
gical Assessment. NUREGICR-3332, ORNL- 
5968, U.S. Nuclear Regulatory Commission, 
Washington, D.C. 



198. Tsang, A.M., and N.E. Klepeis. 1996. "Results 
Tables from a Detailed Analysis of the National 
Human Activity Pattem Survey (NSAPS) 
Response," Draft report prepared for the U.S. 
Environmental Protection Agency by Lockheed 
Martin, Contract No. 68-W6-001, Delivery 
OrderNo. 13. 

199. USBR. 1993. Drainage Manual (revised 
reprint). 

200. USBR. 1997. "Analysis of Soils Textures and 
Permeabilities and Deep Percolation for 
Kentucky Bluegrass," Middle Rio Grande 
Water Assessment, Supporting Document No. 
7, Bureau of Reclamation, Earth Sciences 
Division. Denver, Colorado. 

20 1. USCB. 1997. United States Firms, 
Establishments, Employment, Annual Payroll, 
and Estimated Receipts by Industrial Division 
and Enterprise Employment for 1993; URL 
www.census.gov/epcd~www/sb00 1 .html 
accessed on 5/12/1997. 

202. USCB. 1997. United States Firms, 
Establishments, Employment, Annual Payroll, 
and Estimated Receipts by Industrial Division 
and Enterprise Employment for 1994; URL 
www.census.gov/epcd~www/sb00 1 .html 
accessed on 9/21 1997. 

230. USDA. 1983. Food Intakes: Individuals in 48 
States, Year 1977-78 Nationwide Food 
Consumption Survey 1977-1978. Report No. 
77-1- 1, USDA, Consumer Nutrition Division, 
Hyattsville, Maryland. 

23 1. USDA. 1984. Nutrient Intakes: IndividuaIs in 
the United States, Year 1977-19 78, NFCS, 
1977-1978. USDA Human Nutrition 
Information Service, Report No 1-2, 
Washington, DC. 

232. USDA. 1993. Food Intakes: individuals in 48 
States, Year 1987-88 Nationwide Food 
Consumption Survey 1987-1988. Report No. 
87-1- 1, USDA, Consumer Nutrition Division, 
Hyattsville, Maryland. 

233. USDA. 1996. Agricultural Fact Book 1996, 
Office of Communications, U.S. Department of 
Agriculture. 

USDA. 1997a. Agriculture Fact Book 1997, 
accessed through URL http://www.usda.gov/ 
news/pubs/fbook97/contents.html/. 

USDA. 1997b. "Crop Production Annual 
Survey," National Agricultural Statistics 
Service (NASS), Agricultural Statistics Board, 
U.S. Department of Agriculture, January 1997. 

USDA. 1997c. file crop- production 
- annual-summary-0 1.10.97 accessed through 
URL http://mann77.mannlib.cornell.edul 
reports/nassr/field/pcp-bban/, Sept 22, 1997. 

USDA. 1998. file mOqbt6ek.wkl accessed 
through URL http://www.mannlib.comell.edu: 
80/usdddata-setsAivestock, Jan 15, 1998. 

USDA. 1998a. file fi_ctldw.dta accessed 
through URL http://www.mannlib.cornell. 
edu:80/usdddata-setdlivestock, Jan 15, 1998a. 

USDA. 1998b. file cm-bf-mt.dta accessed 
through URL http://www.mannlib.cornell. 
edu:80/usda/data-setsflivestock, Jan 15, 1998b. 

USDA. 199%. file cm-ctlhd-dta accessed 
through URL http://www.mannlib.comell.edu: 
80/usda/data-setsAivestock, Jan 15, 1998~.  

USDA. 1998d. file table073.wkl accessed 
through URL http://www.mannlib.comell. 
edu:80/usda/data-sets/livestock, Jan 15, 1998d. 

USDA. 1998e. file table069.wkl accessed 
through URL http://www.mannlib.comell. 
edu:80/usda/data-sets/livestock, Jan 15, 1998e. 

USDA. 1998f. file dapdpc2l.wkl accessed 
through URL http://www.mannlib.comeIl.edu: 
80/usda/data-setsflivestock, Jan 15, 1998f. 

USDC. 1994. 1992 Census of Agriculture, 
AC92-RS-1, Farm and Ranch Imgation Survey, 
U.S. Department of Commerce, Economics and 
Statistics Administration, Bureau of the Census. 

USGS. 1990a. "Estimated Use of Water in the 
United States in 1990," USGS National 
Circular 108 1. 

USGS. 1990b. "Annual State Water-Data 
Reports: A Digital Representation of the 
Hydrologic Records of the United States,"Open 



File Report 624-H.119.76, USGS, Denver, 254. 
Colorado. 

247. USGS. 1995a. "1995 Water-Use Guidelines: 
Domestic Water Use," USGS taken from Web 
URL: http://h2o.usgs.gov/public/watuse/ 255. 
guidelines/do.html 

248. USGS. 1995b. Estimated use of water in the 
United States in 1990 - Domestic Water Use, 
URL <http://h2o.er.usgs.gov/public/watuse/ 
tables/dotab.st.html>, 211 5/95. 256. 

249. USGS Colorado. 1998. "Water Resources 
Data for Colorado, Water Year 1996," accessed 
through URL http://webserver.cr.usgs.gov/ 
publications/datareportfile/. 257. 

250. Van Wijnen, J.H., P. Clausing, and B. 
Brunekreef. 1990. "Estimated Soil Ingestion 
by Children." Environmental Research 
51:14742. 258. 

25 1. Versar "Database of PFT Ventilation 
Measurements: Description and User's 
Manual" USEPA Contract No 68-02-4254, 
Task No. 39, Washington, D.C. 

252. Waldrop, P.W., et al. 1976. Poult. Sci. 
55: 130. 259. 

253. Walter, S.D., A.J. Yankel, and I.H. Von 
Lindern. 1980. "Age-Specific Risk Factors for 
Lead Absorption in Children." Archives of 
Emiron. Health 53(1):53-58. 

Wernig, M.A., A.M. Tomasi, F.A. Duran, and 
C.D. Updegraff. 1999. Residual Radioactive 
Contamination From Decommissioning. 
NUREGICR-55 12, Vol. 2. 

Whicker, F. W. 1978. Biological interactions 
and reclamation of uranium mill tailings. 
Symposium on Uranium Mill Tailings 
Management, Fort Collins, Colorado, 
November 20-2 1. 

Whitby, K.T., A.B. Algren, R.C. Jordan, and 
J.C. Annis. 1957. "The ASHRAE Air-Borne 
Dust Survey," Heating, Piping andAir 
Conditioning 29, Nov. 185-1 92. 

Wyoming Water Resources Center, 1997. 
"Depth to Initial Ground Water in Feet," 
accessed through URL http://www.sdvc.uwyo. 
edu/clearinghouse/ddgw.html/. 

Yu, C., A.J. Zielen, J.-J, Cheng, Y.C. Yuan, 
L.G. Jones, D.J. LePoire, Y.Y. Wang, C.O. 
Loureiro, E. Gnanapragasarn, E. Faillace, A. 
Wallo 111, W.A. Williams, and H. Peterson. 
1993. Manual for Implementing Residual 
Radioactive Material Guidelines Using 
RESRAD, Version 5.0. 

Zier, M. 199 1. "Mass Concentrations of Total 
Dust and Soot in the Near-Surface Air in East 
Germany." J. Aerosol Science 22(S1), 
S597-S600. 



Appendix A: Equations for Distribution Functions and LHS Calculations 

C-Fit Program PDF Equations Gamma 

The following equations and definitions were taken from A [ A ( ~  - E)]K - -[A(x-E)l 
the C-Fit" software (C-Fit, 1996) that was used to fit f(x;K,A,&) = (6) 

functions probability for some residential scenario r ( ~ )  
parameters based on supporting data. Among the many 
distribution types included in C-Fit, normal, log normal, where: 
beta, gamma, and Gumbel distributions were used. 
Distributions were selected based on either the Chi- 2 
square or Kolrnogorov-Smirnov goodness of fitness K = &  A = -  K 

tests. o2 CL 

The following equations describe the distribution types 
used in our analysis, using notation from the C-Fit User and the gamma function is defined by: 

Guide. 

Normal Distribution 

Beta 
(1) - 

d2xo [ ~ - 6 ~ ] ~ ' - '  [ ;2;~,]a2- 
1 -- 

where p and o are the mean and standard deviation of 
- b ; ~ ~ 7 ~ 2 ? ~ , 7 ~ ~ )  = 

62 -6, 
the variable and are defined as: 

(&7. B(n17a2) 

1 " Mean px = - E x ,  
ni,l 

and Standard Deviation is: 

Log Normal 

Gumbel (Extreme Value Twe  I Max.) 

(2) 
and the beta function is given by: 

LHS Distribution Equations 

The LHS program was used to generate samples of 
parameter values based on the distribution functions 
assigned to the parameters. The general mathematical 
forms for the distribution fhctions used in this analysis 

(4) are described below, using the notation of the LHS input 
guide (Iman & Shortencarier, 1984?) 

Unbounded Normal Distribution 

There are two input parameters required when defming 

(5) a normal distribution: the mean and the standard devia- 
tion. The mean may be any real value; however, the 
standard deviation must be strictly positive. The normal 
distribution is defined in terms of the mean p and 
standard deviation or by the following density function: 



The mean and variance are: 

The defining parameters are the same as those used by 
C-FIT [Equation (I)]. 

Unbounded Lognormal Distribution 

A lognormal distribution is defined by the density 
hc t ion :  

where the mean, variance and median are, respectively: 

Median = e" 

In the input to LHS, this distribution is described by the 
mean and an error factor parameter. The error factor is 
the ratio of the value at the 95% quantile to the median; 
it is also the ratio of the median to the 5% quantile. The 
program collects the input mean and error factor into the 
mean and standard deviation of the underlying normal 
distribution using the following relations: 

0 = 
In (error factor) 

1.645 
(16) 

1 p = ln(input mean) - -$ 
2 

(17) 

The C-FIT formulation for this distribution, Equation 
(4), includes a displacement parameter E, and a different 
definition for the parameter p. 

Uniform Distribution - Uniform Intervals 

This distribution samples values uniformly between two 
specified interval endpoints A and B. It is defined by the 
following density function: 

A + B  E(x) = - ( B  - A ) ~  and V(x) =-  
2 12 

(19) 

Loguniform Distribution - Uniform Intervals 

The logarithm of a variable having a loguniform distribu- 
tion is uniform between the log base 10 of the specified 
end points A and B, where A and B are both >O. 

The following equations are stated in terms of natural 
logarithms to simplify the presentation. The density 
function for this distribution is: 

The mean, variance, and median (respectively) are as 
follows: 

E(x) = 
B - A  

lnB - lnA 
(21) 

InB. lnA 

Median = e = 

Trianwlar Distribution 

The triangular distribution is defined by three parameters 
a, b, and c. The lower limit a and upper limit c establish 
bounds beyond which sampling is not to occur. The 
most likely value is specified by the b parameter. With 
a < b < c, the density function is: 

The mean, variance, and median (respectively) are as 
follows: 



J (c-':-b) a+c  median = a -  , b2-  
2 

median = c- 
2 

Beta Distribution 

A beta distribution is defined by the limiting endpoints 
A and B, and shape parameters p and q. The following 
conditions must be satisfied: 

The beta distribution is defined by the following density 
functions: 

where: 

to approximate irregular distributions. The user must 
specify n, an integer (n > 1) number of ordered pairs to 
be read in, followed by the n ordered pairs. Within the 
ordered pairs, the first number is the value of the vari- 
able; the second number is the cumulative probability 
associated with the value. The probabilities in the 
ordered pairs must increase monotonically starting with 
0.0 and ending with 1.0. The variable values must also 
increase monotonically. LHS then performs a linear 
interpolation on this distribution function. If only two 
points are specified, a uniform distribution is generated 
between the two points. 

User Defined Discrete Cumulative Distribution 

A discrete cumulative distribution is used when the user 
has a discrete number of possibilities that may occur. 
The user must specify an integer, n > 1, which signifies 
the number of ordered pairs to be read in. The n ordered 
pairs consist of the value of the variable with the cumu- 
lative probability associated with that value. The proba- 
bilities in the ordered pairs must increase monotonically 
starting with a value greater than 0.0 and ending with 
1.0. The values must also increase monotonically. 

Gamma Distribution 

A gamma distribution has a density function defined by 

g a  xa-I e-& 
(32) 

r(a) 

where 

User Defmed Cumulative Continuous Distribution 
with Linear Intemolation 

A continuous distribution is used when the user knows 
certain values that the variable will take on, and Iinearly 
interpolates between those values. It is commonly used 

In the input to LHS, the user must specifL a and P, both 
of which are real numbers. 



Appendix B: Procedure for Defining Deterministic Defaults for Physical 
Parameters 

The default values for the physical model parameters are input parameter vector X, then calculating the dose value 
required to satisfjr the mathematical conditions described resulting fiom each of those sampled parameter vectors. 
in Section 3.3. These mathematical conditions, which For each source nuclide, the dose assessment mode1 m 
express the requirement that the parameter values tend to produces a possible dose value d,, for each sample of 
overestimate dose, lead to set of simultaneous the parameter vector: 
inequalities (Equation 3.8): 

d , ,  = m(xj ,si) 
(1) 

d, I m(x, ,s , )~ dci i =  l...ns j = l  ... n,,, i = l  ... n3 

Solving Equation 3.8 requires values for the dose 
distribution quantile values dci for each of the n, source 
radionuclides. These quantile values are based on the 
probability distribution functions FDi for each the n, 
radionuclides (Equation 3.79, and these distribution 
functions depend on the distributions assigned to the 
model input parameters. Finding defaults therefore 
entails: 1) identifying parameter distributions; 2) cal- 
culating dose distributions; 3) looking for parameter 
values that solve the inequality constraints in Equation 
3.8. If Equation 3.8 has a solution, it will have many 
solutions. As a final step in defining the default para- 
meters, evaluation f ict ions are defined to help select 
among alternative solutions identified in Step 3. Details 
of each of these four steps are provided in this appendix. 

Defining Parameter Distributions 

For each of the physical parameters of the scenario 
model, a distribution was developed to describe the 
variability in the parameter value over all potential site- 
specific applications of the model based on: guidelines 
provided in NUREGfCR-5512; the use of the parameter 
in the model; the relationship between the diverse site 
conditions and parameter values; and the expected range 
of site conditions across applications. (The specific 
distributions defined for each parameter, along with the 
data and procedures used to define these distributions, 
are detailed in Section 5.4 and Section 6.4.) 

where x, is the vector of model parameters for sample j, 
and n, is the number of sample vectors used to estimate 
the dose distribution. 

LHS is a technique for creating the sample vectors of 
model parameters based on a stratified sampling of the 
individual model parameters. For each model parameter, 
the distribution function for the parameter is used to 
divide the range of parameter values into n, intervals 
such that there is an equal probability of the parameter 
value occurring in each interval. One sample value is 
then chosen at random from each interval. Each of the 
n, values for a given parameter are then combined with 
one of the n, sampled value for all other parameters, 
producing a set of n, sample vectors. Each sample 
vector represents a possible site-specific analysis. 

The procedure used to combine parameter values 
controls the correlations among parameters, or more 
precisely, among the ranks of the parameter values. This 
control can be used to insure that accidental (spurious) 
correlations among parameters are not introduced, or to 
impose specified correlations among parameters. 

Table 1 is a list of the individual radionuclides that might 
occur in a site source term, including both non- 
equilibrium and equilibrium (+C) progeny. For each 
generic source si in Table 1, the TEDE value was 
calculated using each of the sample vectors generated by 
LHS, and a unit concentration of the radionuclide. 

Calculating Dose Distributions for 
The resulting set of n, dose values defines the dose 

Individual Source Nuclides distribution function FDp The dose quantile values, d,,, 
for a particular value of PC,, can be directly obtained 

A stratified monte-carlo technique, Latin Hypercube from this dis.bution hc t ion  as the - P ,  quantile of 
Sampling (LHS, Iman and Shortencarier 1984) , was 
used to estimate the dose distribution functions fiom the FDP 

assigned parameter distribution functions. Monte-carlo 
techniques, in general, are used to estimate the properties 

Identify Default Parameter Values 

of random a set of for The calculations used to approximate the dose distribu- 
those of the distribution tion functions, and to estimate the dose qumtile values 
hc t ions  D, were generated by creating samples of the 



dci can also be used to search for solutions to Equation the first case, it is impossible to defme defaults that 
3.8. For each source radionuclide, the LHS caIculations would be appropriate for all source nuclides, and source- 
provide a value of the function m for each one of the set dependent default values are required. A solution exists 
of parameter sample vectors. For a given value of P,,, in the second case, but additional samples must be taken 
the subset of vectors which satisfy Equation 3.8 for each in the region of parameter space where the source- 
individual source can be identified: independent solution appears to be located. 

The sets Qi are all subsets of the original set of sample 
vectors. Different source will produced different subsets 
because doses due to different sources will tend to be 
controlled by different parameters. 

Any sample vectors that satisfy Equation 3.8 for all 
sources are in a11 filtered sets. The set of samples that 
are solutions to Equation 3.8 is found by taking the 
intersection of the filtered sets: 

This approach requires that the same parameter samples 
be used for each source radionuclide. This requirement 
is easy to satisfy if the parameter distributions are the 
same for all sources within the scenario as assumed here 
(Equation 3.5). If the parameter distributions vary fi-om 
source to source, it is possible but practically difficult to 
use a common sample set. This approach only requires 
simple sorting and searching operations on the initial 
sample sets. 

For a given value of PC,, solutions may not be found in 
the set of LHS samples used to estimate the dose 
distribution. This may have one of two causes: 

1. No solution exists to Equation 3.8 because the 
constraints represented by the different sources are 
incompatible: one constraint requires values for a 
particular parameter at one end of its range, while 
another constraint requires values at the other end. 
Figure l(a) illustrates this situation for a model 
using only two parameters, x, and x,, 

2. There are no samples in the region where the 
solution to Equation 3.8 exists: different constraints 
establish limits on different parameters, and the 
joint solution space is a small 'comer' of the 
original sample space. Figure I(b) illustrates this 
situation for a two-parameter model. 

It is important to distinguish between these two cases 
when the LHS sampling fails to produce a solution. In 

The results of the LHS sampling can be interpreted to 
discover whether the source constraints tend to be 
conflicting (case 1 above), independent (case 2 above) or 
redundant (several constraints drive the same parameters 
in the same direction). For a small number (e.g. 10) of 
source constraints, the correlation coefficient between 
the ranks of calculated dose for different source 
constraints can provide this information. For the large 
number (>loo) of constraints in this problem, however, 
it is impractical to calculate and examine the rank 
correlation coefficients for all constraint pairs. A 
different diagnostic technique was therefore used to 
characterize the set of constraints as generally 
incompatible, independent, or redundant. 

To make this distinction, and to guide the search for 
parameter vectors that satisfy Equation 3.8 for all 
sources, the solution count distribution (SCD) was 
generated for the set of sample vectors. For an LHS 
sample size of n, and a given value of P,,, exactly n,,, 
= PC,, - n, sample vectors will satisfy each individual 
constraint in Equation 3.8. Some vectors will satisfy no 
constraints, others will satisfy one or more constraints. 
For each vector, the solution count for that vector is the 
sum of the number of constraints that it satisfies. If there 
are ns constraints, the maximum value for the solution 
count (indicating that Equation 3.8 is satisfied) is n,. 
The minimum value for the solution count is zero. The 
SCD is the distribution of solution count values over the 
n, LHS sample vectors. 

If there are ns constraints, and those constraints are 
perfectly redundant, then the n,, vectors that satisfy any 
one constraint also satis* all remaining constraints. The 
SCD in this case will show that n,,,, vectors satisfy 
exactly n, constraints, and n, - n,, vectors satisfy exactly 
0 constraints. 

If, on the other hand, the n, constraints are perfectly 
independent, then any one of the n,,, vectors that 
satisfies the first constraint has the same probability of 
satisfying the second constraint as any of the n, - nu, 
vectors that do not satisfy the frst constraint. For a 
single vector, there is a probability of P,, that it will 
satisfy the fmt constraint, a probability of P,, that it will 
satisfy the second constraint, an so on. Because the ns 
constraints are independent, the expected number of 
constraints satisfied by each vector is P,, + n,. For a set 
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of independent sample vectors, the distribution of the 
number of constraints satisfied by each vector should 
approach the Poisson distribution with an expected value 
of P,, - n,. 

If two constraints are incompatible, then the n,,, vectors 
that satisfy the fmt constraint do not satisfy the second, 
and vice versa. Generalizing to n, constraints, each 
vector will satis& exactly one constraint, but not satisfy 
any of the other n, - 1 constraints. For n, - n,, s n,,, each 
vector will satisfy either no constraints or one constraint. 
In contrast, for n, independent constraints described 
above, some of the vectors would be expected to satisfy 
2 or more constraints according to the Poisson 
distribution. For n, - n ,  > n, one or more vectors must 
necessarily satisfy more than one constraint, so that the 
n, constraints cannot be mutually perfectly incompatible. 
The tendency for vectors which satisfy one constraint to 
be excluded fiom solutions to other constraints will 
instead produce a characteristic clustering in the number 
of constraints satisfied by each vector: most numbers 
will be near the expected value of P,, - n, while vectors 
that satisfy a larger number of constraints will be much 
less fiequent that predicted for the independent (Poisson) 
case. 

Figure 2 is a schematic illustration of the solution count 
distributions expected for each of the three cases 
discussed above. Both the density functions and 
cumulative distribution functions are shown. The 
distribution for redundant constraints is bi-modal, with 
values only occuning at 0 and n,. The distribution for 
independent constraints is centered around P,, . n, and 
follows a Poisson distribution. The distribution for 
incompatible constraints is also centered around P,,, - n, 
but is characteristically narrower than the Poisson 
distribution. 

No actual set of constraints is expected to conform 
exactly to any one of these ideal cases, but comparing 
the SCD to these prototypes helps judge the prospective 
existence of a joint solution to all constraints, and the 
difficulty in fmding such solutions if none are produced 
by the LHS sampling. Any vectors that satisfy all 
constraints for a given value of P,,, occur at the 
maximum value of x of n, on the SCD plot. If there are 
no joint solutions in a given sample set for a specified 
value of P,,, the distribution density near n, for the 
desired P,, and the density at n, for larger values of P,,, 
indicate the "proximity" of the solution to the vectors in 
the sample set. 

to contradictory constraints, the solution to Equation 3.8 
can be pursued by using the results of the initial 
evaluation to generate new parameter values and 
combinations. There are a number of strategies for using 
the performance of the initial LHS sampling to guide the 
search for solutions to Equation 3.8. The large number 
of simultaneous constraints, the potential for pathway 
interactions to create a non-monotonic dependence on 
parameter vaIues, and the potential for abrupt changes in 
parameter sensitivity due to changes in pathway 
dominance all suggest that a robust empirical search 
procedure would be more effective than analytical 
approaches. 

An empirical approach, based on genetic optimization, 
was therefore used to generate targeted parameter sets 
preferentially containing solutions for small values of 
P,,. Genetic algorithms require no assumptions about 
the functional form, or even continuity, of the response 
surface m, and have been successfully applied in 
traditionally difficult non-linear and multimodal 
optimization problems (Goldberg, 1989). 

A basic genetic algorithm creates a new parameter set by 
combining components from a subset of the original 
sample set: 

1. From the original parameter sample set, a subset of 
sample vectors is selected based on their solution 
counts. Vectors having large solution counts are 
assumed to be to parameter combinations 
that solve Equation 3.8; 

2. To create a new sample vector, a pair of 'parent' 
vectors from the selected subset is chosen at 
random, along with a value is of a random integer 
uniformly distributed between 1 and n, + 1 ,  where 
n, is the number of components of the parameter 
vector (i.e. the number of adjustable parameters in 
the model); 

3. The new sample is formed by copying components 
1 to is - 1 from the f ~ s t  parent vector, and com- 
ponents is to n, of the second parent vector. 

4. The new sample vectors are also subject to random 
mutation. A specified percentage of the new 
vectors are chosen at random. For each chosen 
vector, a particular parameter is chosen at 
random,and replaced by a value randomly selected 
from the original set of sampled values for that 
parameter. 

If the initial LHS sampling does not contain solutions for 
a desired value of P,, but does not appear to be subject 
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Dose values are then calculated for the new set of 
sample vectors for each of the source radionuclides, and 
the set is examined for solutions to Equation 3.8. If 
none are found, the genetic algorithm can be applied to 
the second generation of vectors, along with their 
solution counts. With each iterative application, the 
algorithm is expected to produce vectors with increasing 
solution counts, ultimately producing one or more 
vectors that satisfy Equation 3.8. 

The basic genetic algorithm described above rates 
parameter vectors based on the total number of source 
nuclides for which the vector is a solution. New vectors 
are generated based on random combinations of the 
parameter values of highly-rated vectors. This algorithm 
was found to produce vectors with large solution counts 
after a few iterations, but the maximum solution count 
increased at an unacceptably slow rate during later 
iterations. 

To speed the search for solutions, the algorithm was 
modified to exploit information that is not used in the 
basic genetic algorithm. A solution vector must produce 
a dose value in the selected quantile for each of the 
source nuclides. For a given nuclide, the dose will be 
more strongly dependent on some parameters than on 
others. These features of the problem were used to 
speed the solution search by modifying the way vectors 
were selected and combined to produce new candidate 
vectors. The first 'parent' vector was selected based on 
the solution count distribution, as in the basic algorithm. 
The second 'parent' was selected based on a modified 
solution count, in which only the source nuclides not 
satisfied by the first 'parent' vector are counted. This 
modified or residual solution count was used to 
determine the probability of selecting a vector as the 
second parent. 

Once the parents were selected, the parameter values for 
the new vector were selected by combining the 
'important' parameters from each parent, rather than by 
selecting parameters at random. 'Important' parameters 
were those whose values were significantly correlated 
with dose for any of the source nuclides satisfied by the 
vector. Parameters having no significant correlation 
with any source nuclide were set to the median values of 
their distributions. 

The resulting 'child' vector has parameter values that 
were assembled in a way that increases the number of 
distinct nuclides whose constraints are satisfied. Parents 
vectors are paired based on their distinctive 
contributions, and parameter values are chosen to 
preserve the desirable characteristics of each parent. 
Compared to the random parameter combination used in 

the basic genetic algorithm, this 'genetic engineering' 
algorithm resulted in a much more rapid increase in the 
solution count values with successive iterations. 

The performance of the two algorithms is compared in 
Figure 3. The distribution of solution counts for the 
vectors produced using each algorithm is summarized as 
a function of iteration. After 5 iterations, the largest 
solution count value produced by the basic genetic 
algorithm was 92 out of 105 sources. In addition, the 
rate of increase of the maximum solution count was 
discouragingly slow given that a solution to Equation 3.8 
requires a solution count of 105. In contrast, the genetic 
engineering algorithm produced 63 vectors with a 
solution count of 105 after only three iterations. 

Ranking Identified Solutions 

Equation 3.8, if it has a solution, will in general be 
solved anywhere in some subdomain of the sample 
parameter space. If the procedure described above 
produces multiple solution vectors, additional criteria 
can be used to rank the solutions as potential default 
parameter values. 

With respect to inversion probability, P,, defrnes an 
upper limit, but the actual inversion probability 
associated with a solution may be much smaller than this 
limit, as discussed in Section 3.4. Individual source 
probabilities are not available, so that the inversion 
probability strictly cannot be caIculated using Equation 
3.2. The range (over the various source constraints) of 
conditional inversion probabilities can be calculated 
fiom Equation 3.3 however, and may be used to 
discriminate among solution vectors. For a given value 
of P,,, solutions that tend to have small values of the 
conditional inversion probability will generally have 
parameter values that are more 'extreme' than solutions 
that tend to have large vaIues, (assuming the model is 
monotonic)'. The average inversion probability (AIP) 
over all sources was used to evaluate alternative solution 
vectors. 

With respect to the parameter values themselves, default 
values that are generally closer to the center of their 
distributions may be preferred to values near the tail of 
their distributions. The probability of obtaining a 
parameter value 'beyond' the potential default value is 
an intuitive measure of the reasonableness of the default 
value. For each parameter in the solution vector, 

'Solutions that consistently have small values of condi- 
tional inversion probability are of course also solutions 
for smaller values of P,,. 



f!? 
8 0.6 
U 

5 

- - -Original Sampling - - -Genetic: 1st iteration 
G e n e t i c :  5th iteration - - bgineered: 1st iteration 
--- = hgineered: 3rd iteration 

Fraction of Sources 
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the probability of obtaining a more extreme site specific 
value was calculated using the input parameter 
distributions. A 'more extreme' value is a larger value 
for defaults above the median, or a smaller value for 
defaults below the median. The product of these 
probabilities over all parameters, called the joint 
parameter exceedance probability (JPEP), was used as a 
second measure of reasonableness in evaluating 
alternative solution vectors. Other global measures 
might be considered, such as the minimum exceedance 
probability over all parameters, or the minimum 
conditional inversion probability over all sources. 

Note that it is also possible to incorporate ranking 
functions into the solution search procedure. The 
analytical problem is then to maximize the value of the 
ranking function subject to the constraints defined by the 
simultaneous inequalities of Equation 3.8, rather than to 
simply fmd a combination of parameters that solves 
these inequalities. It is also possible to use ranking 
function values, along with solution count values, to 
control parent selection in the genetic (engineering) 
algorithm. This approach would require combining, in 
some way, an absolute requirement based on solution 
count with a continuous requirement based on the 
ranking function, and was not explained. 
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Abstract 

This report provides a detailed comparison of the models, simplifying assumptions and default parameter values 
implemented by the DandD 1.0, RESRAD 5.6 1 and RESRAD Build 1.50 computer codes. Each of these codes is a 
potentially useful tool for demonstrating compliance with the license termination criteria published by the Nuclear 
Regulatory Commission in the Federal Register on July 21, 1997. The comparison was limited to the industrial 
occupant and residential farmer scenarios defined in NUREGICR-55 12 (Kennedy and Strenge, 1992). The report 
is intended to describe where and how the models and default parameter values in each of the codes differ for the 
specified scenarios. Strengths, weaknesses and limitations of the models are identified. The practical impacts of the 
identified differences to dose assessment results are discussed. 

RESRAD 5.61 and DandD 1.0 were compared based on the residential farmer scenario. The primary differences 
between the two codes are due to the use of different groundwater and atmospheric transport models, default 
parameter values and dose rate reporting. Doses related to pathways involving the use of contaminated groundwater 
tend to be rather different because of fundamental differences in the groundwater models. Another major difference 
in dose assessments resulted from the apparently large value of default soil plant mass loading factor used in DandD 
1 .O. In general there were significant differences in doses modeled for scenarios involving carbon-14, tritium and 
radon because RESRAD 5.6 1 includes special flux models for simulating the transport of these isotopes from the 
soil to the atmosphere while DandD 1.0 does not. 

RESRAD Build 1.50 and DandD 1.0 were compared based on the industrial occupant scenario. The modeling 
approach of the two codes is very different. RESRAD Build 1.50 uses kinetic models to assess the dose, while 
DandD 1.0 does not. When input parameter values are matched, the models provide similar initial dose rates. Time 
dependencies of the two models are rather different due to fundamental differences in the models. 
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1. Introduction 

This report provides a comparison of the assumptions, 
models, and default parameters in three environmental 
dose assessment computer codes that have been used to 
assess compliance with license termination requirements 
promulgated by the Nuclear Regulatory Commission 
(NRC) (NRC, 1997). The computer codes compared 
were DandD 1.0, RESRAD 5.61, and RESRAD-Build 
1.50. The report also includes the results of a number of 
simulations performed with each model and, to the 
degree possible, an explanation of why the results 
differed. The comparison was limited to the residential 
farmer and industrial occupant exposure scenarios given 
in NUREGICR-5512. In the case of the residential 
farmer scenario, simulations were run for three general 
sub-cases: 

1. Simulations having minimal changes to defaults, 

2. Simulations representing a wet climate with effort 
to make parameters comparable, and 

3. Simulations representing a dry climate with effort 
to make parameters comparable. 

This report does not describe every difference between 
DandD 1 .O, RESRAD 5.61, and RESRAD-Build 1.50. 
However, an effort was made to identify major 
differences between the computer codes as well as 
aspects of the codes that may lead to underestimation or 

gross overestimation of doses for the NUREGICR-55 12 
scenarios considered. 

Sandia National Laboratories developed the DandD 1.0 
computer code. It represents an implementation of the 
dose assessment screening models given in NUREGICR- 
5512 (Kennedy and Strenge, 1992) as modified by 
Wernig, et al. (1999). DandD 1.0 provides a structured 
interface that allows users to apply screening models to 
estimate doses under four distinct exposure scenarios: 
industrial occupancy, renovation, residential farmer, and 
drinking water. Default parameters were selected based 
on a rigorous analysis so that defensible screening 
calculations can be made using information about the 
source. 

RESRAD 5.61 (Yu et a]., 1993) and RESRAD-Build 
1.50 (Yu et a]., 1994) were developed by Argonne 
National Laboratories, and are widely used by DOE and 
other government agencies to estimate doses from resi- 
dual radioactive material. These programs are flexible 
modeling platforms, but they are not specifically 
organized for implementing the four exposure scenarios 
given in NUREGICR-5512. RESRAD 5.61 is primarily 
useful for estimating doses arising from occupancy of 
land contaminated by radioactive material. RESRAD- 
Build 1.50 is primarily useful for estimating doses 
resulting from occupancy of structures that have surfaces 
or volumes contaminated with radioactive materials. 



2. Scenarios 

The comparison of the three computer codes was com- 
pleted for two scenarios: a residential farmer and an 
industrial occupant. Both of these scenarios are de- 
scribed in detail in NUREGICR-55 12. The scenarios are 
summarized below. 

2.1 Residential Farmer 

The residential farmer scenario is intended to allow 
estimation of radiation doses that may result from 
radioactive contamination in soil. The contamination is 
assumed to be present in a 15-cm thick surface layer on 
property that can be used for residential and light farm- 
ing activities. The following pathways are considered in 
the residential farmer scenario given in NUREGICR- 
55 12: 

A number of other pathways are not considered in the 
residential farmer scenario that is described in 
NUREGlCR55 12. These include: 

External exposure to radioactive material tracked 
indoors, 

External exposure to sources due to submersion in 
an airborne cloud of radioactive material, 

External exposure related to contaminated surface 
water, 

Inhalation of radon and radon progeny, 

Ingestion of drinking water from contaminated 
surface water sources, and 

External Exposure from Volume Soil Sources While Dermal absorption of radionuclides. 
Outdoors and While Gardening, 

External Exposure from Volume Soil Sources While 
Indoors, 

Inhalation Exposure to Resuspended Soil While 
Outdoors and While Gardening, 

Inhalation Exposure to Resuspended Soil While 
Indoors, 

Inhalation Exposure to Resuspended Surface 
Sources of Soil Tracked Indoors, 

Ingestion of Soil - Direct, 

Inadvertent Ingestion of Soil Tracked Indoors, 

Ingestion of Drinking Water from a Groundwater 
Source, 

Ingestion of Plant Products Grown in Contaminated 
Soil, 

Ingestion of Plant Products Grown With Contami- 
nated Groundwater, 

Of the pathways not considered, inhalation of radon and 
radon progeny while indoors is apt to be the most 
significant in cases where the radioactive contaminants 
are Naturally Occurring Radioactive Materials (NORM) 
or Atomic Energy Act ll(e)2 byproduct materials'. 
However, the radon inhalation pathway was excluded 
from the scenario because NRC does not regulate 
NORM and closure of facilities contaminated by 1 l(e)2 
byproduct material is already covered by existing 
regulations. 

2.2 Industrial Occupant 

The industrial occupancy scenario given in NUREG/CR- 
55 12 is intended to allow estimation of the doses result- 
ing from occupancy of a building that contains both 
fixed and removable surface contamination. It is 
assumed that the individual simply occupies a comrner- 
cia1 facility in a passive manner without deliberately 
disturbing surface sources of radioactive contamination. 
The following pathways were considered in the indus- 
trial occupancy scenario: 

External exposure due to source, 

Ingestion of Animal Products Grown On-Site, and Inhalation of airborne radioactive material, and 

Ingestion of Fish Grown in a Pond that is Contarni- Inadvertent ingestion of radioactive material. 
nated by Groundwater. 

'Uraniudthorium mill tailings produced as a consequence of 
extraction of source material. 



A number of other pathways are not considered in the * Dermal absorption of radionuclides. 
industrial occupancy scenario described in NUREGICR- 
55 12. These include: The pathways not considered in the industrial occupancy 

scenario are unlikely to be important in most cases, with 
External exposure to sources due to submersion in the possible exception of inhalation of radon and radon 
an airborne cloud of radioactive material, progeny, as discussed in section 2.1. 

Inhalation of radon and radon progeny, 



3. Model Comparisons 

3.1 DandD 1.0 and RESRAD 5.61 In addition, there are numerous significant differences 
between the two models. These are summarized below. 

The most fundamental difference between the two codes DandD 1.0 reports doses accrued over a year of 
is that RESRAD 5.61 is a general purpose environmental exposure, while RESRAD 5.61 reports instantaneous 
dose assessment model while DandD 1.0 is specifically dose rates. Although both of the codes report dose 
designed to model the scenarios given in NUREGICR- rates in units of mrernly, they are distinctly different 
5512. quantities that cannot always be directly compared. 

The pathways considered in DandD 1.0 and RESRAD  and^ 1.0 has a larger library of isotopes than 
5.61 are provided in Table 1. RESRAD 5.61. The DandD 1.0 isotope library 

includes many primary isotopes with half-lives 
The major pathway differences can be summarized as between 10 minutes and 30 days that are not 
follows: considered by RESRAD 5.61. 

DandD 1.0 treats inhalation exposure to soil that has . DandD 1.0 and RESRAD 5-61 observe different 
been tracked indoors and become airborne as a formalisms concerning treatment of decay chains. 
discrete pathway, while RESRAD 5.61 does not. These differences are not likely to give rise to 

significant differences in simulation results, however. 
RESRAD 5.61 has a radon diffusion model and treats 
inhzilation of radon and radon Progeny as a separate DandD 1.0 considers ingestion of eggs and poultry, 
pathway, while DandD 1.0 does not. while RESRAD 5.61 does not. 

DandD 1.0 treats inadvertent ingestion of soil tracked D a n m  1.0 subdivides plant foods consumed by 
indoors as a discrete pathway, while RESRAD 5.61 humans into four groups, while RESRAD 5.61 
does not. subdivides plant foods into two groups. 

Table 1. Residential farmer scenario pathways considered by DandD 1.0 and RESRAD 5.61 

Pathway DandD 1.0 RESRAD 5.61 

External Exposure from Volume Soil Sources While Outdoors Yes Yes 

External Exposure from Volume Soil Sources While Indoors 

Inhalation Exposure to Resuspended Soil While Outdoors 

Inhalation Exposure to Resuspended Soil While Indoors 

Inhalation Exposure to Resuspended Surface Sources of Soil Tracked Indoors Yes no 

Inhalation - Radon Progeny no* Yes 

Ingestion of soil - Direct 

Inadvertent Ingestion of Soil Tracked Indoors 

Ingestion of Drinking Water from a Groundwater Source 

Ingestion of Plant Products Grown in Contaminated Soil 

Ingestion of Plant Products Grown With Contaminated Groundwater 

Ingestion of Animal Products Grown On-Site 

Ingestion of Fish Yes Yes 
*Radon-222 is released from radium-226. Radium-226 in uranium mill tailings is regulated through section 1 l(e) 2 of the Atomic Energy 
Act as byproduct material. Cleanup requirements for such radium residues are promulgated through the Uranium Mill Tailings Radiation 
Control Act. Radium-226 in a form other than source material or byproduct material is largely regulated by the states. 



RESRAD 5.61 considers consumption of shellfish 
and fish, while DandD 1.0 only considers consump- 
tion of fish. 

RESRAD 5.61 food consumption rates are based on 
national averages, while DandD 1.0 food consump- 
tion rates are based on consumption rates of home 
grown foods. 

As a default, RESRAD 5.61 calculates the conta- 
mination fraction of foods as a function of the sur- 
face area of contamination. DandD 1.0 does not. 

RESRAD 5.61 has a non-dispersion groundwater 
model (default) and a mass balance groundwater 
model; DandD 1.0 has a groundwater model that 
resembles RESRAD 5.61's mass balance ground- 
water model in some respects. 

DandD 1.0 recycles imgation water back through the 
unsaturated zone to the aquifer, while RESRAD 5.61 
does not. 

RESRAD 5.61 allows the user to specify whether 
irrigation water comes from surface water or from 
groundwater. DandD 1.0 assumes that irrigation 
water comes from groundwater. 

RESRAD 5.61 allows different water sources to be 
used for imgation and watering of livestock. DandD 
1.0 does not. 

RESRAD 5.61 considers sorption in the saturated 
zone, while DandD 1 .O does not. 

Travel times of contaminants to the well are very 
different for the two models due to different default 
values for distribution coefficients, and different 
groundwater model assumptions. This results in 
different time dependence and dose rates for path- 
ways related to surface water or groundwater usage. 

DandD 1.0 uses the same distribution coefficients for 
surface soils and the unsaturated zone, while 
RESRAD 5.61 allows for different distribution 
coefficients. 

DandD 1.0 assumes that carbon-14 and tritium only 
become airborne as a component of airborne dust; 
RESRAD 5.61 contains flux models for these 
isotopes and it takes into account inhalation of 
gaseous forms of these isotopes. RESRAD 5.61 also 
takes into account inhalation of particulate forms of 
carbon-14. 

DandD 1.0 assumes that conventional soil-to-plant 
transfer coefficients can be used to model uptake of 
carbon-14 by plants. RESRAD 5.61 has a carbon-14 
model based on the assumption that assimilation of 
carbon by plants occurs through leaf surfaces and 
through the root system. 

RESRAD 5.61 models direct gamma doses from soil 
as a function of thickness and areal extent of conta- 
mination, while DandD 1.0 considers only a 6" thick 
infinite slab of contaminated soil. 

RESRAD 5.61 takes the surface area of contamina- 
tion into account, while DandD 1.0 does not; this 
allows RESRAD 5.61 to model doses from "hot 
spots" of radioactive contamination. 

RESRAD 5.61 allows for the presence of a cover of 
clean fill over the contaminated area. DandD 1.0 
does not. 

RESRAD 5.61 allows the user to select an erosion 
rate that applies to the cover and contaminated area, 
while DandD 1.0 does not take erosion into account. 

RESRAD 5.61 uses a conservative correction factor 
for contamination fraction of dust present in outdoor 
air that depends on areal extent of contamination, 
while DandD 1.0 assumes that all dust present in 
outdoor air is resuspended contaminated soil. 

RESRAD 5.61 models the amount of soil present in 
plants as the result of a dynamic process involving 
deposition and removal through weathering. DandD 
1.0 addresses this through use of an empirical mass 
loading factor. The current mass loading factors 
used by DandD 1.0 appear to be rather high; it is 
recommended that they be reconsidered. 

RESRAD 5.61 uses a single human respiration rate. 
DandD 1.0 uses different respiration rates for 
indoors, gardening, and "other outdoor activities." 

RESRAD 5.61 has a single outdoor air mass loading 
for inhalation, while DandD 1.0 has separate values 
of mass loading for gardening and "other outdoor 
activities." 

DandD 1.0 distinguishes between indoor airborne 
dust concentrations resulting from infiltration of 
outdoor air and from resuspension of soil tracked 
indoors. RESRAD 5.61 does not. 



Throughout the model, RESRAD 5.61 and DandD progeny with a half-life shorter than six months to be in 
1.0 tend to use different values for default equilibrium with the parent isotope. As an option, users 
parameters. can choose to run RESRAD 5.61 with a library of 84 

primary isotopes having a half-life of 30 days or longer. 
* DandD 1.0 assumes overhead irrigation, RESRAD 

5.61 will model either overhead or ditch irrigation. The DandD 1.0 library includes 249 primary isotopes. 
The half-lives of all pririlary isotopes in the library are 

3.1.1 Dose Rate Reporting Basis 10 minutes or longer. DandD 1.0 always assumes a 
short-lived decay product to be in equilibrium with its 

DandD 1.0 computes average doses that occur over a 
one-year period of time and reports the value as the 
maximum annual dose for the time interval of interest. 
RESRAD 5.61 computes and reports instantaneous dose 
rates for the times specified by the user as well as the 
maximal instantaneous dose rate projected during the 
interval of interest. These are fundamentally different 
approaches. Both approaches should provide essentially 
the same annualized dose rate for scenarios involving 
nuclides having a half-life of a few years or longer and 
nuclides moving slowly out of the contaminated zone. 

The maximal instantaneous dose rate reporting basis of 
RESRAD 5.61 presents a complication in the interpreta- 
tion of results for certain isotopes. Cleanup standards in 
10 CFR 20, Subpart E, "Radiological Criteria for 
License Termination," are based on limiting the annual 
dose to a prescribed value (25 rnrem) and not a limitation 
of the instantaneous dose rate. Substantial differences 
will result from the dose rate reporting basis alone for 
isotopes having a half-life between one month and six 
months and for tritium and carbon-14 because of their 
rapid movement out of surface soils. 

A pair of simulations provided in Appendix A illustrate 
how rapidly the RESRAD 5.61 instantaneous dose rates 
change in the case of tritium (Table A.1). In this 
example, the instantaneous dose rate declines during the 
first year from an initial (and maximal) value of 5 
mrerdy to a final value of 2E-5 rnremly. Using maximal 
instantaneous dose rates could be appropriate for 
screening purposes. 

The maximal instantaneous dose rate approach is conser- 
vative in most cases. However, it would be desirable to 
modify RESRAD 5.61 to calculate the dose accrued over 
a year so that direct comparison with regulatory limits is 
possible. 

3.1.2 Isotopes and Decay Chains 

parent when both bf the following cbnditions are met: 
the decay product has a half-life less than nine hours, 
and the decay product half-life is less than one tenth of 
the parent. 

3.1.3 Human Diet 

DandD 1 .O and RESRAD 5.61 subdivide the human diet 
differently. A comparison of the two is provided in 
Table 2. DandD 1.0 and RESRAD 5.61 use transfer 
coefficients assumed to be dependent only on radio- 
nuclide for entire classes of foods. 

DandD 1.0 subdivides the "plant" foods into four 
categories while RESRAD 5.61 subdivides "plant" foods 
into two categories. The higher number of plant sub- 
divisions could make it easier for users of DandD 1.0 to 
identify suitable alternate soil-to-plant transfer factors 
from the scientific literature. In practice, taking advan- 
tage of the greater flexibility may be difficult. It is noted 
that default soil-to-plant transfer factor values for many 
of the isotopes in the DandD 1.0 database have the same 
value for roots, fruits, and grains. 

DandD 1.0 distinguishes between intakes of poultry, 
eggs, and beef, while RESRAD 5.61 only considers 
intakes of beef. It is desirable to distinguish between 
intakes of poultry, eggs, and beef, because: 

cattle and birds are different physiologically, 

foraging birds tend to ingest more soil than do cattle, 
and 

birds and cattle have different plant-to-animal prod- 
uct transfer factors. 

In theory, RESRAD 5.61 users could compensate for the 
aggregation of intakes of animal products by adjusting 
the plant-to-animal transfer factors to represent a 
weighted average of the factors for poultry, eggs, and 

RESRAD 5.61 will operate with either of two isotope beef. 

libraries. As the default condition, RESRAD 5.61 uses 
a library of 67 primary isotopes with a half-life of six Table 3 provides default animal intake rates for fodder, 

months or longer. In the default mode it considers any water and soil. 



Table 2. How DandD 1.0 and RESRAD 5.61 divide the human diet into food classes 

Dietary Component DandD 1.0 RESRAD 5.61 

Beef and Poultry combined no Yes 

Beef Yes no 

Poultry Yes no 

Milk Yes Yes 

Eggs Yes Yes 

Fish Yes Yes 

Mollusks and crustaceans no Yes 

Fruits, non-leafy vegetables, and grains as a group no Yes 

Leafy vegetables Yes Yes 

Roots Yes no 

Fruit Yes no 

Grain Yes no 

Table 3. Default animal intake rates for food, water, and soil 

Animal Intake Rates Units DandD 1.0 RESRAD 5.61 Remarks 
Default Value 

Beef Forage 

Poultry Forage 

Milk Cow Forage 

Layer Hen Forage 

Beef Grain 

Poultry Grain 

Milk Cow Grain 

Layer Hen Grain 

Beef Hay 

Fodder intake for meat 

Poultry Hay 

Milk Cow Hay 

Milk Cow Fodder 

Layer Hen Hay 

Beef Water 

Livestock Water intake for meat 

Poultry Water 

Milk Cow Water 

Uday 

Uday 

Layer Hen Water Uday 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

68.0 

NA 

NA 

55.0 

NA 

NA 

5C Presumably this is the same 
as intake for beef. 

NA 

160 RESRAD 5.61's 160 Uday 
water intake rate for dairy 
cattle seems high. 

NA 



Table 3. Default animal intake rates for food, water, and soil (continued) 

Animal Intake Rates Units DandD 1.0 RESRAD 5.61 Remarks 
Default Value 

Beef Period days 365 NA 

Poultry Period days 3 65 NA 

Milk Cow Period days 365 NA 

Layer Hen Period days 365 NA 

Beef Soil Ingestion Fraction None 0.020 NA 

Poultry Soil Ingestion Fraction None 0.10 NA 

Milk Cow Soil Ingestion Fraction None 0.020 NA 

Layer Hen Soil Ingestion Fraction None 0.10 NA 

Livestock soil intake kgfda~ NA 0.05 

RESRAD 5.61 distinguishes between intakes of shellfish 
and fish, while DandD 1.0 only considers intakes of fish. 
The higher number of aquatic food subdivisions 
provides RESRAD 5.61 with additional flexibility in 
modeling dose from intakes of aquatic foods. This 
added flexibility of RESRAD 5.61 increases its useful- 
ness as a general environmental dose assessment tool. 
The shellfish intake pathway is not a component of the 
residential farmer scenario given in NUREGICR-5512, 
so this feature is not directly applicable to the scenarios 
considered. 

An important distinction should be made between 
~ a n d ~ - l . 0  and RESRAD 5.61 concerning default inges- 
tion rates. The default ingestion rates given in DandD 
1.0 are intended to represent the ingestion rates of 
homegrown foods. These values are intended to be used 
for screening purposes with a default "DIET' fraction of 
1 .O. The DIET fraction used in DandD 1.0 could be set 
to a value of less than 1.0 if only a uniform fraction of 
the homegrown foods can be grown in the contaminated 
area (~e i e l e r ,  et al., 1998). - 

rates for contaminated foods in DandD 1.0 and 
RESRAD 5.61. 

Comparison of the DandD 1.0 values for consumption 
rates of homegrown foods with RESRAD 5.61 national 
average consumption rates (see the fxst page of Table 4) 
suggests that people may tend to consume what foods are 
readily available to them or that they tend to raise foods 
that they prefer to eat. 

3.1.4 Fish and Shellfish Bio- 
Concentration Factors 

Table 5 provides default bio-accumulation factors for 
RESRAD 5.61 and DandD 1.0. Shellfish bio-concen- 
tration factors (FWR) used in RESRAD 5.61 tend to be 
significantly higher than the corresponding fish FWR. 
In summary, in RESRAD 5.61 the shellfish FWR com- 
pare to the fish FWR as follows (noble gases and 
nitrogen excluded): 

shellfish FWR 2 0.1 x fish FWR: 4 elements 

The ingestion rate parameters in RESRAD 5.61 repre- 
sent the total consumption rates for the different food shellfish FWR < fish FWR: 23 elements 

groups based on national averages (Yu, et al., 1993). The 
default ingestion rate of contaminated foods in RESRAD shellfish FWR = fish FWR: 4 elements 

5.61 is the product of the total consumption rate and the 
contamination fraction. The contamination fraction can shellfish FWR > fish FWR: 45 elements 

be set by the user, but by default RESRAD 5.61 
calculates a contamination fraction based on the extent shellfish FWR r 10 x fish FWR: 34 elements. 

of the contamination area. The default method used by 
RESRAD 5.61 to calculate contamination fraction is The fish bio-accumulation factors used by DandD 1.0 

given in Table 4. Table 4 provides default ingestion may require modification when the model is applied to 
scenarios where consumption of shellfish is an exposure 
pathway. 



Table 4. Comparison of the basic residential farmer scenario default parameters of DandD 1.0 and 
RESRAD 5.61 

Parameter DandD 1.0 RESRAD 5.61 Remarks 
Default Default 

Inhalation rate (m**3/hr) NA 0.9589 

Inhalation rate, indoor (m**3/hr) 0.90 NA 

Inhalation rate, outdoor (m**3/hr) 1.40 NA 

Inhalation rate, gardening (mk*3/hr) 1.70 NA 

Mass loading for inhalation, outdoors (g/m**3) 3.14E-6 2.00E-04 

Mass loading for inhalation, indoors (g/m**3) 1.41E-6 NA 

Mass loading for inhalation, gardening (g/m**3) 4.00E-4 NA 

Resuspension factor for indoor dust 2.82E-6 NA 

Floor dust loading g/m2 0.1599 NA 

Dilution length for airborne dust, inhalation (m) NA 3.000E+O 

Exposure duration (y) NA 3.00E+01 

Shielding factor, inhalation NA 4.000E-0 1 

Shielding factor, external gamma 0.55 12 7.OOOE-01 

Fraction of time spent indoors 0.6571 5.00E-01 

Fraction of time spent outdoors (on site) 0.1 101 2.50E-01 

Fraction of time spent gardening 7.99E-3 NA 

Fruits, vegetables, and grain consumption (kg/yr.) 112 160 

Soil mass loading on plants 

Fruits (kg/yr.) 

Roots (kglyr.) 

Grain (kgfyr.) 

Leafy vegetable consumption (kgfyr.) 

Milk consumption (Uyr.) 

Meat and poultry consumption (kg/yr.) 

Beef consumption (kg/yr.) 

Poultry consumption (kg/yr.) 

Fish consumption (kglyr.) 

Other seafood consumption (kgfyr.) 

DandD 1.0 value is 
sum of individual 
annual dietary intakes 
for food items. 

DandD 1.0 rate is high 
for food crops 

DandD values are 
based on average for 
consumption of home- 
grown crops 

DandD 1.0 value is 
sum of individual 
annual dietary intakes 
for food items. 



Table 4. Comparison of the basic residential farmer scenario default parameters of DandD 1.0 and 
RESRAD 5.61 (continued) 

Parameter DandD 1.0 RESRAD 5.61 Remarks 
Default Default 

Soil ingestion rate (g/yr.) 18.2625 36.5 

Drinking water intake (Uyr.) 478.5 510 

Contamination fraction of drinking water 1 .O 1 .OO 

Contamination fraction of household water 1 .O 1 .OO 

Contamination fraction of livestock water 1 .O 1.00 

Contamination fraction of irrigation water 1 .O 1 .OO 

Contamination fraction of aquatic food 1 .O 0.50 

Contamination fraction of plant food 1 .O 0.5, if area > 1000 
m2; area / 2000, if 
area < 1000 m2 

Contamination fraction of meat 

Contamination fraction of milk 

1 .O 1.0 if area > 20,000 
m2; area / 20000, if 
area < 20000 m2 

1 .O 1.0 if area > 20,000 
m2; area / 20000, if 
area < 20000 m2 

Mass loading for foliage deposition (g/m**3) NA 

Depth of soil mixing layer (m) NA 

Depth of roots (m) NA 

Drinking water fraction from groundwater 1 .O 

Household water fraction from groundwater 1 .O 

Livestock water fraction from groundwater 1 .O 

Inigation fraction from groundwater 1 .O 

Fraction of grain in beef cattle feed 0.0743 

Fraction of grain in milk cow feed 0.0308 

Storage times of contaminated foodstuffs (days): 

Fruits, non-leafy vegetables, and grain NA 

Leafy vegetables 1 

Roots 14 

Fruit 14 

Grain 14 

Milk 1 

Eggs 1 

DandD 1.0 only 
models 15 cm layer of 
surface soil 
contamination. 

DandD 1.0 considers 
balance to be forage 
and hay. 

DandD 1.0 considers 
balance to be forage 
and hay. 



Table 4. Comparison of the basic residential farmer scenario default parameters of DandD 1.0 and 
RESRAD 5.61 (continued) 

Parameter DandD 1.0 RESRAD 5.61 Remarks 
Default Default 

Storage times of contaminated foodstuffs (days): 

Meat and poultry NA 20.0 

Beef 20 NA 

Poultry 1 NA 

Fish NA 7.0 DandD 1.0 assumes no 
hold-up time for this 
pathway. 

Crustacea and mollusks NA 7.0 DandD 1.0 does not 
consider dietary intake 
of freshwater mollusks 
and crustacea. 

Well water NA 1 .O DandD 1.0 assumes no 
holdup time for well 
water. 

Surface water NA 1 .O DandD 1.0 assumes 
that the residential 
farmer drinks well 
water. 

Livestock fodder 0 45.0 DandD 1.0 assumes 
intake of stored feeds 
to begin at the time of 
harvest. 

Table 5. Default bio-accumulation factors for DandD 1.0 and RESRAD 5.61 

Isotope DandD 1.0, Fish (Llkg) RESRAD 5.61, Fish RESRAD 5.61 Crustacea 
(JJkg) and Mollusks ( U g )  



Table 5. Default bio-accumulation factors for DandD 1.0 and RESRAD 5.61 (continued) 

RESRAD 5.61, Fish 
Isotope DandD 1.0, Fish (L/kg) 

(LIkg) 
RESRAD 5.61 Crustacea 

and Mollusks (L/kg) 



Table 5. Default bio-accumulation factors for DandD 1.0 and RESRAD 5.61 (continued) 

RESRAD 5.61, Fish RESRAD 5.61 Crustacea 
Isotope DandD 1.0, Fish (Lkg) 

&/kg) and Mollusks (Lkg) 

3.1.5 Soil-to-Plant Transfer Factors 

Default soil-to-plant transfer factors are provided in 
Table 6. DandD 1.0 subdivides plant-based foods into 
four categories (leafy vegetables, roots, fruit, and grain). 
RESRAD 5.61 subdivides plant-based foods into two 
categories: (1) leafy vegetables and (2) fruits, non-leafy 
vegetables, and grains. 

DandD 1.0, RESRAD 5.61, and other environmental 
dose screening models make use of soil-to-plant transfer 
factors. Using generic soil-to-plant transfer coefficients 
requires the following simplifying assumptions: 

transfer coefficients are independent of the chemical 
form of the radioactive material, 

transfer coefficients are independent of the soil 
composition, 

all food plants can be grouped into a small number 
of classes and a representative transfer factor can be 
assigned for each radionuclide and food class. 

Ng (1982) observed that soil-to-plant transfer coeffici- 
ents are highly variable. He attributed this to differences 
among plant characteristics, soil types, and other factors. 

3.1.6 Plant-to-Animal Product Transfer 
Factors. 

DandD 1 .O, RESRAD 5.61, and other screening models 
use transfer factors to model the relationship between 
activity per mass of the animal product and daily intake 
rate of a radionuclide by the animal. Default values are 
provided in Table 7. 

These transfer factors have been studied in the most 
detail for the plant-milk pathway (Ng et al., 1978; Ng, 
1982). Transfer factors for beef, eggs, and poultry have 
also been published. 

There are a number of assumptions that introduce 
uncertainty into the derivation of plant-to-animaI product 
transfer factors. These uncertainties are described 
below: 

Published transfer coefficients are often based on 
limited duration studies; they may not always 
provide a reasonable estimate of steady state 
conditions. Extrapolating these values to steady 
state conditions results in uncertainty from 
assumptions that must be made concerning the 
partitioning among compartments, excretion, and 
retention of the particular isotope by the animal; 



Table 6. Soil-to-plant transfer factors 

Element DandD 1.0 
Leafy 

DandD 1.0 DandD 1.0 
Root Fruit 

DandD 1.0 RESRAD 5.61 
Grain Plant 



Table 6. Soil-to-plant transfer factors (continued) 

DandD 1.0 DandD 1.0 DandD 1.0 DandD 1.0 RESRAD 5.61 Element 
Leafy Root Fruit Grain Plant 



Table 6. Soil-to-plant transfer factors (continued) 

Element DandD 1.8 DandD 1.0 DandD 1.0 DandD 1.0 RESRAD 5.61 
Leafy Root Fruit Grain Plant 

The fractional uptake of the isotope by the animal is 
assumed to be the same regardless of the media 
(water, plant, or soil) ingested; 

Ingested plant material, water, and soils of all types 
are assumed to have the same bio-availability of 
radionuclides: 

The transfer factors are assumed to independent of 
the chemical form of the radionuclide; 

The transfer factors are assumed to be independent 
of the age of the animal and dietary factors. 

3.1.7 Groundwater Models 

The groundwater models in DandD 1.0 and RESRAD 
5.61 are similar in some respects and different in others. 
The DandD 1.0 groundwater model is a sequence of 
unsteady well-mixed linear reservoirs. In this model, the 
contaminant concentration in each reservoir is propor- 
tional to its initial concentration and additional input. 
The output concentrations are equal to the concentrations 
in the reservoir. The unsaturated zone is usually repre- 
sented as one well-mixed linear reservoir. However, it 
can be represented with as many as 10 reservoirs. These 
reservoirs all have the same thickness, porosity, moisture 
saturation, and retardation. The intent of the additional 
reservoirs is to limit the dispersion that is inherent in this 
type of model (due to the complete mixing assumption). 
Additional reservoirs slow down the simulated arrival 
time of contaminants to the groundwater relative to a 
single reservoir model. 

The RESRAD 5.61 groundwater model has an unsteady 
well-mixed linear reservoir in the contaminated zone, a 
travel time model in the unsaturated zone, and either a 
mass balance model or non-dispersive model in the 
saturated zone. The unsaturated zone in RESRAD 5.61 

can be represented by up to five layers with differing 
properties. The mass balance or non-dispersive model is 
user-selectable in RESRAD 5.61. 

DandD 1.0 and RESRAD 5.61 use the same leaching 
model to estimate the concentration of contaminants in 
groundwater in the unsaturated zone (see Kennedy and 
Strenge, 1992, p.4.8-4.9 and Yu et al., 1993, p.197-199). 
The leaching rate is a function of the infiltration rate, 
moisture content, layer thickness, and retardation coef- 
ficient. As a result, the leaching rate is element-specific. 

3.1.7.1 DandD 1.0 Groundwater Model 

3.1.7.1.1 Contaminated Zone. The contaminated zone 
in DandD 1.0's groundwater model is modeled as a well- 
mixed linear reservoir. In DandD 1.0's model imple- 
mentation, the contaminated zone is referred to as the 
soil plow layer and is located at land surface. DandD 
1.0 allows contaminated water from the aquifer to be 
pumped to the soil layer for imgation purposes. The 
impact would be to continually add radioactive materials 
to the soil layer. Therefore, the decline in radioactivity 
in the soil plow layer of DandD 1.0's model is slower 
than for a case in which no contaminated water is 
pumped to the soil layer. Contaminants dissolved in the 
soil layer water move to the unsaturated zone by 
infiltration. Contaminants left behind are adsorbed onto 
the soil particles. 

DandD 1.0 formulates its model equation for the soil in 
terms of total activity within a well-mixed linear 
reservoir. Dissolved activity is transported out of the 
soil layer box by infiltration. Transport out of the soil 
layer box is dependent on the infiltration rate, the 
distribution coefficient, the soil bulk density, the 
thickness, the porosity, and the moisture saturation. 
These factors are combined into a transfer term that 
controls the rate at which contaminants move out of the 



Table 7. Plant to animal product transfer factors 

Isotope DandD 1.0 
Beef 

DandD 1.0 
Poultry 

RESRAD 
5.61 Beef 

DandD 1.0 
Milk 

RESRAD 
5.61 Milk 

DandD 1.0 
Eggs 

0.0 
2.OE-02 

0.0 
8.OE-01 

2.0 
2.OE-01 

1.6 



Table 7. Plant to animal product transfer factors (continued) 

- -- - -- - - - - - 

Isotope DandD 1.0 DandD 1.0 RESRAD DandD 1.0 RESRAD DandD 1.0 
Beef Poultry 5.61 Beef Milk 5.61 Milk Eggs 

Te 1.5E-02 8.5E-02 7.OE-03 2.OE-04 5.OE-04 5.2 
I 7.OE-03 1.8E-02 7.OE-03 1 .OE-02 1 .OE-02 2.8 
Xe 0.0 0.0 0.0 0.0 0.0 0.0 
CS 2.OE-02 4.4 3.OE-02 7.OE-03 8.OE-03 4.9E-01 
Ba 1.5E-04 8.1E-04 2.OE-04 3.5E-04 5.OE-04 1.5 
La 3 .OE-04 1 .OE-01 2.OE-03 2.OE-05 2.OE-05 9.OE-03 
Ce 7.5E-04 1 .OE-02 2.OE-05 2.OE-05 3.OE-05 5.OE-03 
Pr 3.OE-04 3.OE-02 2.OE-03 2.OE-05 2.OE-05 5.OE-03 
Nd 3 .OE-04 4.OE-03 2.OE-03 2.OE-05 2.OE-05 2.OE-04 
Pm 5 .OE-03 2.OE-03 2.OE-03 2.OE-05 2.OE-05 2.OE-02 
Sm 5.OE-03 4.OE-03 2.OE-03 2.OE-05 2.OE-05 7.OE-03 
EU 5.OE-03 4.OE-03 2.OE-03 2.OE-05 2.OE-05 7.OE-03 
Gd 3.5E-03 4.OE-03 2.OE-03 2.OE-05 2.OE-05 7.OE-03 
Tb 4.5E-03 4.OE-03 2.OE-03 2.OE-05 2.OE-05 7.OE-03 

DY 5.5E-03 4.OE-03 2.OE-05 7.OE-03 
HO 4.5E-03 4.OE-03 2.OE-03 2.OE-05 2.OE-05 7.OE-03 
Er 4.OE-03 4.OE-03 2.OE-05 7.OE-03 
Hf 1 .OE-03 6.OE-05 5 .OE-06 2.OE-04 
Ta 6.OE-04 3 .OE-04 5.OE-06 3 .OE-06 5.OE-06 1 .OE-03 
W 4.5E-02 2.OE-01 4.OE-02 3 .OE-04 3 .OE-04 8.OE-01 
Re 8.OE-03 4.OE-02 1.5E-03 4.OE-01 
0 s  4.OE-01 1 .OE-01 5 .OE-03 9.OE-02 
Ir 1.5E-03 5.OE-0 1 2.OE-03 2.OE-06 2.OE-06 1 .OE-01 
AU 8.OE-03 5.OE-0 1 5.OE-03 5.5E-06 1 .OE-05 5.OE-01 

Hg 2.5E-01 l.lE-02 1 .OE-01 4.5E-04 5.OE-04 2.OE-01 
TI 4.OE-02 3.OE-01 2.OE-03 2.OE-03 3.OE-03 8.OE-01 
Pb 3 .OE-04 2.OE-0 1 8.OE-04 2.5E-04 3.OE-04 8.OE-01 
Bi 4.OE-04 1.OE-01 2.OE-03 5.OE-04 5.OE-04 8.OE-01 
PO 3 .OE-04 9.OE-01 5 .OE-03 3.5E-04 3.4E-04 7.0 
Rn 0.0 0.0 0.0 0.0 0.0 0.0 
Ra 2.5E-04 3.OE-02 1 .OE-03 4.5E-04 1 .OE-03 2.OE-05 
AC 2.5E-05 4.OE-03 2.OE-05 2.OE-05 2.OE-05 2.OE-03 
Th 6.OE-06 4.OE-03 1 .OE-04 5.OE-06 5.OE-06 2.OE-03 
Pa 1 .OE-05 4.OE-03 5.OE-03 5.OE-06 5.OE-06 2.OE-03 

U 2.OE-04 1.2E+00 3.4E-04 6.OE-04 6.OE-04 9.9E-01 

NP 5.5E-05 4.OE-03 1 .OE-03 5.OE-06 5.OE-06 2.OE-03 
PU 5.OE-07 1.5E-04 1 .OE-04 1 .OE-07 1 .OE-06 8.OE-03 
Am 3.5E-06 2.OE-04 5.OE-05 4.OE-07 2.OE-06 9.OE-03 
Cm 3.5E-06 4.OE-03 2.OE-05 2.OE-05 2.OE-06 2.OE-03 

C f 5.OE-03 4.OE-03 6.OE-05 7.5E-07 7.5E-07 2.OE-03 



soil layer box. The thickness of the box is set at 0.15 m 
for DandD 1.0 and cannot be changed. This limitation 
is an artifact of the volumetric-source committed 
effective dose equivalent (CEDE) factors, which are 
dependent on a soil thickness of 0.15 m. 

The well-mixed linear reservoir assumption appears 
reasonable for the 0.15 m soil layer. In most cases, 
plowing of the surface layer would keep radionuclides 
mixed with the soil and the soil layer is relatively thin. 
Mathematical complications would occur if the upper 
0.15 m were not assumed to be well-mixed. 

3.1.7.1.2 Unsaturated Zone. DandD 1.0 models the 
contaminants in the unsaturated zone as a well-mixed 
linear reservoir with one to ten layers. Input activity 
enters the unsaturated zone as a dissolved species from 
the soil plow layer, by infiltration, becomes well-mixed 
in the unsaturated zone box and then exits to the aquifer 
by infiltration. Species can be adsorbed onto the soil 
particles in the unsaturated zone. The unsaturated zone 
model equation is set up in terms of total radionuclide 
activity. 

Usually, the modeling is done with one layer. However, 
if the unsaturated zone is thick, more than one modeling 
layer can be used. DandD 1.0's unsaturated zone model 
treats the unsaturated zone as a single homogenous unit 
even though there may be several heterogeneous units. 
Rather than model heterogeneities, the additional layer- 
ing is used to reduce the numerical dispersion that is 
inherent in well-mixed linear reservoir models. This 
numerical dispersion has a tendency to reduce the conta- 
minant arrival times from the contaminated zone to the 
aquifer relative to the advective velocity and may dilute 
the peak concentration depending on the system and the 
contaminants. These effects may be negligible, offset 
each other, or one may be dominant. The well-mixed 
linear reservoir assumption is reasonable for thin un- 
saturated zones or for thin layers in the unsaturated zone. 

3.1.7.1.3 Saturated Zone. The saturated zone in 
DandD 1.0 is also modeled as a well-mixed linear 
reservoir. At steady state with no radioactive decay, this 
model resembles the mass balance aquifer model for 
RESRAD 5.61 (see below). 

Input activity enters the aquifer box from the unsaturated 
zone box by infiltration, becomes well mixed within the 
aquifer box, and then exits the aquifer box through either 
one or two means. First, activity can leave the aquifer 
box by pumpage for irrigation and domestic use. Most 
of the pumped water with its corresponding activity is 
returned to the soil plow layer box and is recycled 
through the system. Recycling is a reasonable assump- 

tion for dry climates where irrigation is present. Second, 
if the recharge rate through the contaminated area to the 
aquifer box is larger than the pumping rate, activity can 
be removed from the aquifer box by natural groundwater 
flow. This activity is essentially lost from the system 
because it flows down-gradient from the aquifer box. In 
the case where the recharge rate is less than the pumping 
rate, up-gradient aquifer water, which is free of activity, 
mixes with contaminated aquifer water, thus diluting 
activity within the aquifer. Given no data about the 
aquifer, these are reasonable assumptions that maintain 
the water balance and radionuclide mass balance in the 
aquifer. 

Adsorption of radionuclides onto the aquifer sediments 
is neglected. In most cases, this is a conservative, 
simplifying assumption. Adsorption reduces concentra- 
tions in the aquifer water and retains the radionuclide on 
the soil sediments. If a radionuclide is capable of being 
adsorbed onto the aquifer sediments, the no-retardation 
assumption tends to cause overestimates of doses from 
pathways related to use of groundwater. This affects 
doses from all isotopes except tritium. 

3.1.7.1.4 Distribution Coefficients, K,. Sorption in 
the unsaturated zone is modeled assuming it can be 
represented as a linear, reversible, equilibrium process. 
DandD 1.0 does not account for sorption in the saturated 
zone. Default distribution coefficient values are provided 
in Table 8. 

The K, values for the unsaturated zone are element- 
specific. The default values for these parameters, listed 
in Table 8, were selected based on a systematic 
parameter analysis (Beyeler, et a]., 1998). The DandD 
1.0 code allows the user to specify site-specific values 
for K,,. 

3.1.7.2 RESRAD 5.61 Groundwater Model 

3.1.7.2.1 Contaminated Zone. RESRAD 5.61's model 
of the contaminated zone is designed to provide a source 
term for the unsaturated zone model and, thus, is 
formulated in tenns of a release rate from the contami- 
nated zone. In RESRAD 5.61's model, the contaminated 
zone is generally buried and covered with a soil layer, 
but it may sit at land surface. RESRAD 5.61's model 
treats the contaminated zone as a well-mixed linear 
reservoir in that the contaminants are well mixed over 
the contaminated zone. This seems a reasonable as- 
sumption as radionuclides are generally either placed 
over the entire contaminated zone, or plowing of the soil 
layer keeps radionuclides well mixed. Transport from 
the contaminated zone is dependent on the same 



Table 8. Default values of distribution coefficients in DandD 1.0 and RESRAD 5.61 

RESRAD 
Element DandD 5.61 Value Value (mug) 

Basis for RESRAD 5.61 Value 
(mug) 

H 0 na 
Be 929 na 
C 4 na 
F 5 na 
Na 0 10 unknown 
P 26 na 
S 99 na 
C1 5 2 concentration ratio model 
K 5 5.5 unknown 
Ca 1468 50 unknown 
Sc 1 na 
Cr 101 na 
Mn 84 200 unknown 
Fe 535 1000 Table E.3 mean for clay & soil* 
Co 1515 1000 unknown 
Ni 37 1000 Table E.3 mean for clay & soil 
Cu 176 na 
Zn 1060 0 unknown 
As 114 na 
Se 115 na 
Br 56 na 
Kr 0 na 
Rb 202 na 
Sr 3 1 30 Table E.3 mean for clay & soil 
Y 789 na 
Zr 46616 na 
Nb 1 0 unknown 
Mo 26 na 
Tc 7 0 unknown 
Ru 1580 0 unknown 
Rh 157 na 
Pd 185 na 

Ag 191 0 unknown 
Cd 34 0 unknown 
In 158 na 
Sn 25 na 
Sb 68268 0 unknown 
Te 548 na 
I 0 60 concentration ratio model 
'Table E.3 of the RESRAD users manual (Yu, et al., 1993). 



Table 8. Default values of distribution coefficients in DandD 1.0 and RESRAD 5.41 (continued) 

RESRAD 
Element DandD 5.61 Value Basis for RESRAD 5.61 Value Value (mVg) 

(mug) 

unknown 

Table E.3 mean for clay & soil 

unknown 

Table E.3 mean for clay & soil 
unknown 

Table E.3 mean for clay & soil 
unknown 
Table E.3 mean for clay & soil 
unknown 
Table E.3 mean for clay & soil 

Table E.3 mean for clay & soil 
unknown 

parameters and processes as DandD 1 .O. However, attempting to evaluate irrigated apcultural or gardening 
thickness of the contaminated zone does not have to be doses. 
fixed at 0.15 m and can be specified to become thinner 
with time. The model does not allow for irrigation water 3.1.7.2.2 Unsaturated-Saturated Zone Mass Balance 
to be returned to land surface for recycling through the Model. For contaminated areas less than 1000 m2, 
unsaturated zone back to groundwater. This is a reason- RESRAD 5.61 can use a mass balance model to calcu- 
able assumption in humid climates, but not in dry ones. late groundwater concentrations. This model treats 
It may result in an underestimate of potential dose when transport in the unsaturated zone with a travel time 



model, which is the advection equation (the convective- 
dispersive equation without the dispersion term). The 
travel time is the time it takes a radionuclide to reach the 
top of the aquifer from the bottom of the contaminated 
zone. In the RESRAD 5.61 model's unsaturated zone, 
the travel times are called breakthrough times. The 
breakthrough times are based on infiltration, retardation, 
and unsaturated zone thickness. Given the travel time 
rates of radionuclides reaching the aquifer, concentra- 
tions based on radioactive decay and in-growth are 
calculated. Properties of up to five different unsatu- 
rated-zone soil-layers can be used in this model. 

The mass balance model assumes that a well is pumped 
from the aquifer in an area located directly below the 
center of the contaminated area. Because of this 
assumption, it is further assumed that the travel time of 
water in the aquifer to the well is zero and the contents 
of the aquifer are well mixed. This is a reasonable 
assumption if the saturated zone is small. If volumetric 
recharge through the contaminated zone is greater than 
the pumping rate, the concentration in the aquifer is not 
diluted and is set to the concentration of the infiltrating 
water, i.e., the dilution factor is 1. However, if the 
volumetric recharge is less than the pumping rate, then 
contaminated aquifer water is diluted with enough fresh 
water that the recharge to the aquifer from infiltration 
and induced groundwater flow is equal to the pumping 
rate. In this case, the dilution factor is the ratio of the 
volumetric infiltration rate to the well pumping rate. 

The mass balance is similar to DandD 1 .07s well-mixed 
linear reservoir model for the aquifer. 

3.1.7.2.3 Unsaturated-Saturated Zone Non-Dispersi- 
ve Model. RESRAD 5.61 can use this model for all 
sizes of contaminated areas. In this groundwater model, 
transport in the unsaturated zone is calculated in the 
same manner as for the mass balance model. In the 
saturated zone, instead of a mass balance, an additional 
travel time, called a rise time, from the unsaturated- 
zonelaquifer interface to the well is calculated. This 
travel time is based on the flow of groundwater and the 
retardation of radionuclides in the aquifer. The well is 
assumed to be located in the aquifer at the down-gradient 
edge of the contaminated area. The additional travel 
time caused by flow in the saturated zone and neglecting 
dispersion allows for more radionuclide decay and in- 
growth before the contaminants reach the well. The non- 
dispersive assumption maximizes concentration behind 
the advective front. 

The non-dispersive model assumes that the well is 
pumped from the aquifer at an area located down- 
gradient from the centerline of the contaminated area. It 

is assumed that contaminated water entering the well is 
well mixed and may be diluted with fresh aquifer water 
if necessary. The degree of dilution is dependent on the 
aquifer flow rate, the pumping rate, well depth, 
infiltration rate, and contaminated area size and length. 
These factors can be combined to calculate a contarninat- 
ion depth and a pumping zone width in the aquifer. 
Depending on the relationship between contamination 
depth to the well depth and contamination width to 
pumping zone width, estimates for a dilution factor can 
be made. For instance, if the contamination depth is 
deeper than the well depth and pumping zone width is 
less than the contaminated zone width, the dilution factor 
is 1. This reduces to the case where the volumetric 
recharge is greater than the pumping rate in the mass 
balance model. However, if the contamination depth is 
shallower than the well depth and pumping zone is wider 
than the contaminated zone, the dilution factor is the 
ratio of the volumetric recharge to the pumping rate. 
This reduces to the case where the volumetric recharge 
is less than the pumping rate in the mass balance model. 
There are two other cases that must be considered and 
they relate to how the contamination flows through the 
aquifer. Both cause a dilution of the pumped aquifer 
water. One depends on the contaminated zone being 
deeper than the well and the pumping zone being wider 
than the contaminated zone. The second depends on the 
contaminated zone depth being shallower than the well 
depth and the pumping zone width being less than the 
contaminated zone width. 

The RESRAD 5.61 non-dispersive model assumes that 
dispersion does not occur as a radionuclide travels 
through the saturated zone to the pumped well. In 
general, this slows the arrival of a concentration front to 
the well, but allows for higher concentrations at the well 
when the travel time is significantly faster than the half- 
lives of the contaminant. However, since the pumped 
well is located down-gradient along the centerline of the 
plume at the edge of the contaminated zone, dispersion 
may not be significant. 

RESRAD 5.61's calculation of the width of the effective 
pumping zone is a factor of two larger than that 
predicted by steady-state recharge well theory and the 
location of the well in relation to the contaminated zone 
(see Bear, 1979). This calculation is based on an 
implicit assumption in RESRAD 5.61 that the pumping 
of the well has no impact on the flow field. In reality, 
there is a faster, convergent flow as groundwater 
approaches the pumping well. Potentially, RESRAD 
5.61's assumption can produce a pumping zone that is 
wider than the contaminated zone, while the recharge 
well theory produces a pumping zone width smaller than 
the contaminated zone width. As a result, RESRAD 



5.61's assumption can produce smaller dilution factors 
and, thus, an underestimate of groundwater concentra- 
tions. 

3.1.7.2.4 Distribution Coefficients. Sorption in the 
unsaturated zone is modeled as a linear, reversible, 
equilibrium process in the same manner it is in DandD 
1 .O. In contrast to DandD 1.0, RESRAD 5.61 takes 
sorption into account in the saturated zone. 

The code is designed with default values and allows 
selection or utilization of four prioritized, alternative 
models for deriving K, values. These models, in order of 
priority, are based on measurements of the groundwater 
concentration, estimated solubility limits, leach rate, and 
an empirical model based on the soil-to-plant concentra- 
tion ratio. Many of the default parameter values appear 
to be based on the average value for clay and soil as 
reported in Table E.3 of the RESRAD 5.61 manual (Yu 
et al., 1993). Some of the K, values are set to 0, indicat- 
ing that the radionuclide is not retarded. Others are 
calculated using the empirical, concentration ratio model. 

3.1.8 Surface Water Model 

Neither DandD 1 .O nor RESRAD 5.61 model run-off or 
transport of contaminated sediment to the surface water. 

3.1.8.1 DandD 1.0 

DandD 1.0's surface water pond model is based on an 
infinitely fast mass transfer of radionuclides between the 
aquifer and an aquiferlpond combination. This model 
restricts the maximum pond concentration to that of the 
aquifer if the pond volume is small compared to the 
aquifer volume and prevents the creation of radioactive 
material if the pond volume is large compared to the 
aquifer volume. 

This model assumes that there are no water sources or 
losses to the pond that can dilute or concentrate 
radionuclides from the groundwater. Instead, the pond 
has a fixed volume with no additional sources or sinks of 
water or radionuclides. The connection between the 
aquifer and the pond conserves mass between the two. 

3.1.8.2 RESRAD 5.61 

The surface water concentration is calculated in a similar 
manner as the groundwater concentration. The break- 
through and rise times have the same values as those in 
the groundwater model. The dilution factor is based on 
the ratio of the contaminated area to the pond watershed 
area. 

The assumptions in this model are that the infiltration 
through the pond watershed area is the only source of 
water into the pond, all infiltration reaches the pond, the 
pond discharge is equal to the infiltration volume, and all 
radionuclides entering the groundwater reach the pond. 
The model neglects surface water runoff that would flow 
into the pond and evaporation from the pond surface. To 
assume that all radionuclides entering the groundwater 
will also enter the surface water pond is conservative. It 
may tend to overestimate contaminant concentration into 
the pond due to groundwater discharge. It is unclear if 
this overestimation will be offset by dilution. 

3.1.9 Groundwater and Surface Water 
Model Parameters 

Groundwater model parameters are shown in Table 9. 
Some parameters are common to both DandD 1.0 and 
RESRAD 5.61. Many are not. In some cases, para- 
meters that are input to DandD 1.0 are calculated in 
RESRAD 5.61 from other parameters. One example is 
infiltration rate. Table 9 shows that RESRAD 5.61 
requires more parameters than DandD 1 .O. 

Some parameters that appear similar between DandD 1.0 
and RESRAD 5.61 are actually different in some 
respects. DandD 1.0 has a restriction that the distribu- 
tion coefficients are the same in both the soil layer and 
the unsaturated zone. RESRAD 5.61 does not have this 
restriction. DandD 1.0 does not permit retardation of 
radionuclides in the saturated zone and RESRAD 5.61 
does. RESRAD 5.61 uses a total porosity for retardation 
coefficient calculations and an effective porosity for 
velocity calculations. DandD 1.0 does not make this 
porosity distinction. It uses the same porosity for both 
the retardation coefficient and the box-to-box transfer 
coefficient calculations. 

3.1.10 Tritium Models 

There are a number of significant differences between 
the tritium models utilized in DandD 1.0 and RESRAD 
5.61. 

3.1.10.1 Airborne Concentrations 

3.1.10.1.1 DandD 1.0. DandD 1 .O assumes that tritium 
only becomes airborne as a constituent of airborne dust. 
Setting the dust loading value to zero results in a zero 
inhalation dose in instances where tritium is the only 
airborne constituent. 



Parameter 

Contaminated 
Zone 
Thickness 

Unsaturated 
Zone 
Thickness 

Number of 
Unsaturated 
Zone Layers 

Contaminated 
Zone Porosity 

Unsaturated 
Zone Porosity 

Contaminated 
Zone 
Saturation 

Unsaturated 
Zone 
Saturation 

Table 9. Comparison of parameters related to groundwater pathways 
(Default parameter values are shown in parentheses) 

DandD 1.0 RESRAD 5.61 

Used to calculate transfer factor from the This is an initial thickness, which is used to 
contaminated zone to the unsaturated zone calculate the release rate of contaminants 
and the aquifer concentration. It is the depth from the contaminated zone to the unsaturated 
that a plow can be expected to disturb zone. The contaminated zone thickness is 
agricultural soil. This value is restricted to allowed to erode. See "Contaminated Zone 
0.15 m because the volumetric CEDE values Erosion Rate." (2 m) 
are based on this depth. 

This is the depth from the bottom of the soil Used in the calculation of the breakthrough 
plow layer to the top of the water table. Used time though the unsaturated zone. A value is 
to calculate the transfer factor from the unsat- specified for each layer in the unsaturated 
urated zone to the aquifer. Larger values zone. (4 m) 
reduce the transfer factor. (1.2 m) 

Used to divide the unsaturated zone to reduce Data on properties, e.g. porosity, hydraulic 
dispersion. All layers have the same conductivity, can be supplied separately for 
properties. (1) one to five layers. (1) 

Used to calculate the transfer factor between See discussions for the "Contaminated Zone 
the soil layer and the unsaturated zone and the Total Porosity" and "Contaminated Zone 
soil layer retardation coefficient. Not broken Effective Porosity" parameters in this table. 
down into total and effective porosity. (0.46) 

Used to calculate the transfer factor between See discussions for the "Unsaturated Zone 
the unsaturated zone and the aquifer and the Total Porosity" and "Unsaturated Zone 
unsaturated zone retardation coefficient. Not Effective Porosity" parameters in this table. 
broken down into total and effective porosity 
(0.46) 

Used to calculate the transfer factor between Not input. Calculated instead. Used to 
the soil layer and the unsaturated zone and the calculate the radionuclide release rate from 
soil layer retardation coefficient. (0.16) the soil layer to the unsaturated zone and the 

soil layer retardation coefficient. Calculated 
from infiltration rate (which itself is 
calculated), contaminated zone hydraulic 
conductivity, and the contaminated zone 'b' 
parameter. Default value would be about 0.8 
based on the other default values. 

Used to calculate the transfer factor between Not input. Calculated instead. Used to 
the soil layer and the unsaturated zone, and calculate the unsaturated zone retardation 
the soil layer retardation coefficient. (0.16) coefficient, which is used to calculate 

breakthrough times through the unsaturated 
zone, and to calculate breakthrough times in 
the unsaturated zone. Calculated from 
infiltration rate (which itself is calculated), 
contaminated zone hydraulic conductivity, 
and the contaminated zone 'b' parameter. 
Default value would be about 0.8 based on 
the other default values 



Table 9. Comparison of parameters reiated to groundwater pathways (continued) 

Parameter DandD 1.0 RESRAD 5.61 

Soil Bulk 
Density for 
Contaminated 
Area 

Soil Bulk 
Density for 
Unsaturated 
Zone 

Volume of 
Water 
Removed 
from Aquifer 
for Domestic 
Use per Year 

Volume of 
Surface Water 
Pond 

Infiltration 
Rate 

Land Area 

Irrigation Rate 

Distribution 
Coefficient 

Used in the calculation of the transfer factor 
from the soil layer to the unsaturated zone and 
in the concentration in the aquifer layer. 
(1.4 g/cm3) 

Used in the calculation of the transfer factor 
the unsaturated zone to the aquifer. 
(1.4 g/cm3) 

Used to calculate volume of aquifer. (1 18000 
L) 

Used in the calculation of the surface water 
pond concentration. (1 300000 L) 

Used in the calculation of aquifer volume if 
annual volumetric infiltration is greater than 
annual pumped. (0.25 rnly) 

This is cultivated land area, the assumption 
being that crops are grown on the site's entire 
contaminated surface area. Used in the 
calculation of aquifer volume and aquifer 
concentration. (2400 m2) 

Used in the calculation of the aquifer volume 
and fraction transfer rate from the aquifer to 
the soil layer. (1.29 Ldm2-d) 

Used in the calculation of the retardation 
coefficient. Larger values tend to hold 
radionuclides in the soil layer and the 
unsaturated zone; smaller values tend to 
release contaminants to the groundwater. 
Same value used for soil layer and 
unsaturated zone. (Different for various 
radionuclides) 

Used in the calculation of the contaminated 
zone retardation coefficient, which is used to 
calculate the release rate from the 
contaminated zone to the unsaturated zone, 
and in the contaminant release rate from the 
contaminated zone to the unsaturated zone. 
(1.5 g/cm3) 

Used in the calculation of the unsaturated 
zone retardation coefficient, which is used to 
calculate the breakthrough time in the 
unsaturated zone. A value is specified for 
each layer in the unsaturated zone. (1.5 
g/cm3> 

Not used. Uses a total pumping rate instead. 

Not used. Uses a contaminated zone area and 
a watershed area to calculate a dilution factor. 

Not directly used. Calculated from 
precipitation, runoff coefficient, evapo- 
transpiration coefficient, and imgation rate. 
Default value would be 0.5 rn/y if calculated 
from other default values. 

This is contaminated zone area. Used in the 
calculation of the release rate of radionuclides 
from the contaminated zone and the dilution 
factors. (10000 m2) 

Used in the calculation of infiltration rate (0.2 
&Y) 

Not used. Uses "Contaminated Zone 
Distribution Coefficient" and "Unsaturated 
Zone Distribution Coefficient" instead. See 
below. 



Table 9. Comparison of parameters related to groundwater pathways (continued) 

Parameter DandD 1.0 RESRAD 5.61 

Length Not used. 
Parallel to 
Flow 

Distance from the up-gradient edge to the 
down-gradient edge of the contaminated zone 
in a direction parallel to flow. Used in the 
calculation of dilution factors for the non- 
dispersive model. (100 m) 

Elapsed Time Not directly used. This is similar to the start Time since disposal of radioactive materials. 
of Waste time of the simulation. (0 d) Must be greater than 0 if initial groundwater 
Emplacement concentrations will be specified. Used to set 

time when radionuclide concentrations will be 
calculated. (0 y) 

Cover Depth Not used. 

Cover Erosion Not used. 
Rate 

Contaminated Not used. 
Zone Erosion 
Rate 

This is the distance from the top of the 
contaminated zone to land surface. It is 
allowed to erode with time. It is used in the 
decision process of the rise time calculation 
for the non-dispersive model. (0 m) 

Used to calculate the removal of a cover 
overlying the contaminated zone. (0.001 d y )  

Used to calculate the removal of the 
contaminated zone by erosion. Not used until 
cover is removed. (0.001 d y )  

Contaminated Not used. See "Contaminated Zone Porosity" Used in the calculation of the contaminated 
Zone Total above. zone retardation coefficient, which is used to 
Porosity calculate contaminant release rate from the 

contaminated zone to the unsaturated zone. 
(0.4) 

Contaminated Not used. See "Unsaturated Zone Porosity" Used in all pathways to calculate water 
Zone Effective above. transport breakthrough times (0.2) 
Porosity 

Contaminated Not used. 
Zone 
Hydraulic 
Conductivity 

Contaminated Not used. 
Zone 'b' 
Parameter 

Humidity in Not used. 
Air 

Used in the calculation of the degree of 
saturation in the contaminated zone, which is 
used to calculate the contaminant release rate 
from the contaminated zone to the unsaturated 
zone. (10 mly) 

Used in the calculation of the degree of 
saturation in the contaminated zone, which is 
used to calculate the contaminant release rate 
from the contaminated zone to the unsaturated 
zone. The default value is for a silt loam. 
(5.3) 

Not used in groundwater model. Used to 
calculate average equilibrium concentration 
of hydrogen in air for the special tritium 
model. (8 gIm3) 



Table 9. Comparison of parameters related to groundwater pathways (continued) 

Parameter DandD 1.0 RESRAD 5.61 

Evapo- Not used. Used in the calculation of the infiltration rate. 
transpiration (0.5) 
Coefficient 

Precipitation Not used. Used in the calculation of the infiltration rate, 
which is used to calculate the contaminant 
release rate from the contaminated area to the 
unsaturated zone and the breakthrough times 
through the unsaturated zone. Default value 
is for humid areas. (1 m/y) 

Irrigation Not used. Irrigation is assumed to come from Specifies whether irrigation is overhead or 
Mode groundwater. ditch. (Overhead) 

Runoff Not used. 
Coefficient 

Watershed Not used. 
Area for 
Nearby 
Stream or 
Pond 

Density of Not used 
Saturated 
Zone 

Saturated Not used. 
Zone Total 
Porosity 

Saturated Not used. 
Zone Effective 
Porosity 

Saturated Not used. 
Zone 
Hydraulic 
Conductivity 

Saturated Not used. 
Zone 
Hydraulic 
Gradient 

Used in calculation of infiltration rate. 
Default value is for areas characterized by 
flat, sandy-loam soils. (0.2) 

Used to calculated dilution factor for 
contaminants transferred from contaminated 
area to surface water. (1000000 m2) 

Used to calculate retardation coefficient in the 
saturated zone, which is used to calculate rise 
times for the non-dispersive model. (1.5 
g/cm3) 

Used to calculate retardation coefficient in the 
saturated zone, which is used to calculate rise 
times for the non-dispersive model. (0.4) 

Used in the calculation of saturated zone rise 
times in the non-dispersive model (0.2) 

Used in the calculation of Darcy flow rate in 
the saturated zone, which is used to calculate 
saturated zone rise times for the non- 
dispersive model, and dilution factors for the 
non-dispersive and mass balance models. 
Default value is for a silty clay loam or sandy 
clay loam. (100 d y )  

Used in the calculation of Darcy flow rate in 
the saturated zone, which is used to calculate 
saturated zone rise times for the non-disper- 
sive model, and dilution factors for the non- 
dispersive and mass balance models. (0.02) 



Table 9. Comparison of parameters related to groundwater pathways (continued) 

Parameter RESRAD 5.61 

Saturated 
Zone 'b' 
Parameter 

Water Table 
Drop Rate 

Well Pump 
Intake Depth 

Non- 
dispersion or 
Mass Balance 

Well Pumping 
Rate 

Unsaturated 
Zone Total 
Porosity 

Unsaturated 
Zone Effective 
Porosity 

Unsaturated 
Zone Soil 
Specific 'b' 
Parameter 

Unsaturated 
Zone 
Hydraulic 
Conductivity 

Contaminated 
Zone 
Distribution 
Coefficient 

Not used. 

Not used. 

Not used. 

Not used. 

Not used. Yearly volumes for domestic use 
and irrigation groundwater are supplied. 

Not used. See "Unsaturated Zone Porosity" 
above. 

Not used. See "Unsaturated Zone Porosity" 
above. 

Not used. 

Not used. 

See "Distribution Coefficient" above 

Used if water table drop greater than 0 to 
caIcuIate properties, e.g. breakthrough time, 
of new unsaturated zone that is formed. 
Default value is for a silt loam. (5.3) 

Used to calculate an additional unsaturated 
zone layer and increase breakthrough times. 
(0,001 rnly) 

Used in the calculation of aquifer dilution 
factors in the non-dispersive model. (10 m 
below water table) 

Chooses between the non-dispersive model 
and the mass balance model for calculating 
rise times and dilution factors in the saturated 
zone. (Non-dispersive) 

Used in the calculation of dilution factors for 
the mass balance and non-dispersive models. 
(250 m3/y) 

Used to calculate unsaturated zone degree of 
saturation, which is used to calculate 
unsaturated zone breakthrough times. A value 
is specified for each layer in the unsaturated 
zone. (0.4) 

Used to calculate unsaturated zone 
breakthrough times. A value is specified for 
each layer in the unsaturated zone. (0.2) 

Used to calculate unsaturated zone degree of 
saturation, which is used to calculate 
unsaturated zone breakthrough times. A 
value is specified for each layer in the 
unsaturated zone. Default value is for silt 
loam. (5.3) 

Used to calculate unsaturated zone degree of 
saturation, which is used to calculate 
unsaturated zone breakthrough times. A 
value is specified for each layer in the 
unsaturated zone. Default value is for clay. 
(10 m'y) 

Used in the calculation of the retardation 
coefficient in the soil layer. Larger values 
tend to hold radionuclides in the unsaturated 
zone, smaller values tend to release 
contaminants to the unsaturated zone. 
(Different for various radionuclides) 



Table 9. Comparison of parameters related to groundwater pathways (continued) 

Parameter DandD 1.0 RESRAD 5.61 

Unsaturated 
Zone 
Distribution 
Coefficient 

Saturated 
Zone 
Distribution 
Coefficient 

Leach Rates 

Solubility 

See "Distribution Coefficient" above Used in the calculation of the breakthrough 
times in the unsaturated zone. Larger values 
tend to increase breakthrough times, thus 
increasing decay and ingrowth. (Different for 
various radionuclides) 

Not used. 

Not used. 

Not used. 

Used in the calculation of the rise time for the 
non-dispersive model. Larger values tend to 
increase rise times, thus increasing decay and 
ingrowth. (Different for various 
radionuclides) 

Used to calculated distribution coefficient if 
distribution coefficient is not supplied and 
certain other parameters are. (Radionuclide 
dependent) 

Used to calculated distribution coefficient if 
distribution coefficient is not supplied and 
certain other parameters are. (Radionuclide 
dependent) 

3.1.10.1.2 RESRAD 5.61. RESRAD 5.61 assumes that 
tritium becomes airborne as tritiated water vapor and as 
particulate. 

RESRAD 5.61 assumes that tritium escapes from the 
soil, enters the atmosphere, and mixes with the ambient 
air to a height of the "mixing height" (2 m for people, 1 
m for vegetation and animals). The average tritium 
concentration in air above a contaminated site is 
assumed to decrease as the wind speed increases. 
RESRAD 5.61 calculates airborne tritiated water vapor 
concentrations as proportional to: 

assumed to restrict the tritium inventory available for 
loss to the atmosphere to that initially present in the 
upper 30 cm of contaminated soil (the reference evasion 
depth). With a 30 cm thick cover, RESRAD 5.61 
predicts a zero tritium flux. 

The evasion source factor causes RESRAD 5.61 to 
calculate what appear to be non-conservative soil 
guidelines for scenarios involving burial of soil or debris 
contaminated with tritiated water. For instance, in a 
scenario where the only exposure pathway would be 
inhalation, a 0.3 m cover results in a tritium soil 
guideline that exceeds the specific activity of HTO. 

Tritium flux x (~rea)'.'x Source evasion factor Particularly under arid climatic conditions, the assump- 
Mixing height x Average wind speed tion of a 0.3 m reference evasion depth would appear to - - 

be unconsematively low. Arid conditions result in high 

The mixing height concept is useful for setting a reason- evaporation rates, and surface soils with a low moisture 

able bound for the outdoor airborne concentrations that content. Dry surface soils cause loss of moisture from 

may result from small areas contaminated with tritiated underlying soils through capillary action. This capillary 

water. However, this approach will result in very action will cause transfer of moisture to surface soils and 

conservative airborne tritiated water vapor estimates for to the atmosphere from depths deeper than 0.3 m. 

large areas of soil contaminated with tritium, particularly 
under unstable atmospheric conditions (that cause 3.1.10.2 Time Dependence of Soil Tritium 

substantial vertical mixing). Concentrations 

RESRAD 5.61 assumes that tritium leaves the soil at a DandD 1 .O and RESRAD 5.61 will give rather different 

rate defined bv ~roduct  of the tritium flux and a source results for surface soils contaminated with tritium 
, . 

evasion factor. In effect, the source evasion factor is because: 



the tritium content of surface soils decreases quickly 
with time due to loss of tritiated water from soils to 
the atmosphere; RESRAD 5.61's tritium flux model 
takes this into account, while DandD 1.0 does not; 

RESRAD 5.61 assumes that tritium is transferred 
from the contaminated zone to the saturated zone 
more quickly than DandD 1 .O; 

the groundwater model in DandD 1.0 recycles 
irrigation water to the groundwater, while the 
RESRAD 5.61 model does not; 

RESRAD 5.61 calculates instantaneous dose rates, 
while DandD 1.0 calculates an integrated dose and 
reports it as an average rate. 

3.1.10.3 Tritium Model Default Values 

Default values for DandD 1.0 and RESRAD 5.61 are 
provided in Table 10. 

3.1.10.4 Conclusions about Tritium Models 

In conclusion, DandD 1.0 and RESRAD 5.61 model 
tritium differently. 

DandD 1.0 ignores inhalation of tritiated water vapor, 
while RESRAD 5.61 ignores inhalation of tritium 
associated with airborne dust. Of these two inhalation 
exposure routes, inhalation of tritiated water vapor 
should be the more significant means of exposure. 
DandD 1.0 would appear to underestimate the inhalation 
dose due to tritium in many situations since it ignores 
inhalation of water vapor. This difference in the models 
has little practical impact in the residential farmer 
scenario, since the doses from the inhalation pathway are 
smaller than the doses from water related and 
agricultural pathways; see Table 11 and Tables A.5, 
A.lO, and A.18 in Appendix A. 

RESRAD 5.61's use of a 0.3 m reference evasion depth 
may result in non-conservative residual material burial 
guidelines for tritiated debris and soil, particularly in arid 
areas. This could become a concern in scenarios where 
a 0.3 m (or greater) cover thickness is included over 
tritium contaminated soil or debris and groundwater 
exposure pathways are not included in an exposure 
scenario. However, this does not cause difficulty in the 
application of the model to the NUREGfCR-5512 
residential farmer scenario. This scenario is only 
concerned with a 15 cm thick surface layer of 
contamination with no clean soil cover. RESRAD 5.61 
should give reasonable estimates of airborne tritiated 
water vapor concentrations for small areas having 

exposed tritium contaminated soils. The limited mixing 
height will cause airborne concentrations estimated by 
RESRAD 5.61 to become rather conservative for large 
contamination areas. 

RESRAD 5.61's convention of reporting instantaneous 
dose rates may complicate the interpretation of simula- 
tion results for tritium, since the dose rates it calculates 
change very rapidly with time. In this report, we took 
the instantaneous dose rate computed by RESRAD 5.61 
at the mid-point of the time intervals (e.g., at six months 
and at 4.5 years) of interest as representative of annual 
doses for the first and fifth years to provide a 
comparison over time. 

RESRAD 5.61 simulations suggest that tritium moves 
out of the contaminated zone far more quickly than 
DandD 1.0 simulations, even when effort is made to 
provide comparable input parameters for both models. 
This result is illustrated by Figure 1. The large 
difference is related to the tritium flux model that 
RESRAD 5.61 has but DandD 1.0 lacks, and to the 
differences in the groundwater models. 

With the changes to defaults identified in Tables A.3, 
A.9, and A.16 for the three residential farmer sub-cases, 
DandD 1.0 gave consistent maximum dose rates that 
ranged from 306 mredy to 3 17 mredy. In each case, 
DandD 1.0 identified the agricultural pathway as 
responsible for about 98% of the dose for the year of 
maximum dose rate, as shown in Table 11. 

RESRAD 5.61 simulations exhibited more variability 
from case to case. With changes to defaults identified in 
Appendix sections A.2.1 through A.2.3, RESRAD 5.61 
simulation results for the wet climate case showed 
highest maximal dose rate of 131 mredy while 
simulations for the dry climate case yielded a maximal 
dose rate of 9.3 mrernly. Drinking water was the 
dominant exposure pathway in both of these simulations. 
The RESRAD 5.61 simulation having minimal changes 
to defaults gave a maximal dose rate of 4.8 mredy at 
time = 0 with agricultural pathways being dominant. 

Tritium behaves in a more complex manner than 
radioactive isotopes of most other elements due to 
multiphase transport and barometric and hydraulic 
driving forces. Both models oversimplify the behavior 
of tritium in the environment and must be used with 
caution. As a case in point, neither model considers the 
potential inhalation exposure from tritium that diffuses 
through a foundation into a structure. In most respects, 
RESRAD 5.61 presents a more realistic approach to 
modeling dose from tritium to an actual residential 
farmer than DandD 1 .O. 



Table 10. Special model parameters for tritium 

Parameter DandD 1.0 RESRAD Remarks 
Default 5.61 Default 

Mass Fraction of Hydrogen in Leafy Vegetables 0.10 In RESRAD 5.61 these are 
constants. 

Mass Fraction of Hydrogen in Root 

Mass Fraction of Hydrogen in Fruit 

Mass Fraction of Hydrogen in Grain 

Mass Fraction of Hydrogen in Beef RESRAD 5.61 value is calculated 
based on default value in Table L. 1 
and equation L.21 in Yu et al. 
(1993). 

RESRAD 5.61 value is calculated 
based on default value in Table L. 1 
and equation L.21 in Yu et al. 
(1993). 

Mass Fraction of Hydrogen in Poultry 

Mass Fraction of Hydrogen in Milk RESRAD 5.61 value is calculated 
based on default value in Table L.l 
and equation L.21 in Yu et al. 
(1993). 

Mass Fraction of Hydrogen in Eggs 0.11 Ingestion of eggs is not considered 
in RESRAD 5.61 

Mass Fraction of Hydrogen in Beef Forage 0.10 In RESRAD 5.61 these are 
constants. 

lMass Fraction of Hydrogen in Poultry Forage 0.10 

Mass Fraction of Hydrogen in Milk Cow Forage 0.10 

Mass Fraction of Hydrogen in Layer Hens Forage 0.10 

Mass Fraction of Hydrogen in Beef Grain 0.07 

Mass Fraction of Hydrogen in Poultry Grain 0.07 

Mass Fraction of Hydrogen in Milk Cow Grain 0.07 

Mass Fraction of Hydrogen in Layer Hens Grain 0.07 Ingestion of eggs is not considered 
in RESRAD 5.61 

In RESRAD 5.61 these are 
constants. 

Mass Fraction of Hydrogen in Beef Hay 0.10 

Mass Fraction of Hydrogen in Poultry Hay 0.10 

Mass Fraction of Hydrogen in Milk Cow Hay 0.10 

Mass Fraction of Hydrogen in Layer Hens Hay 0.10 Ingestion of eggs is not considered 
in RESRAD 5.61 

Mass Fraction of Hydrogen in Soil 5.80E-03 

Tritiumlhydrogen ratio in animal products relative to 1 .OO 
ratio in soil product 

in RESRAD 5.61 these are 
constants. 

Tritiumlhydrogen ratio in plants relative to ratio in soil 1 .OO 

Tritiumlhydrogen ratio in plants relative to ratio in 1 .OO 
water 

Soil Moisture 0.0522 

Average annual wind speed (mlsec) NA 



Table 11. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a residential 
farmer scenario involving tritium 

Maximum EDE Rate, Maximum EDE Rate, Maximum EDE Rate, 
mremly, Minimal Changes to 

Defaults 
m r e d y ,  Dry Climate m r e d y ,  Wet Climate 

Pathway 
DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 

Year 1 Year 0 Year 1 Year 6.9 Year 1 Year 1.46 

Inhalation 

Plant 

Meat 

Milk 

Soil Ingestion 

Water 

Fish / Aquatic 

Irrig water +-+ Plant 

Img water +-t Meat 

Img water -++ Milk 

Irrigation pathways 

Agriculture 

Total 

3.1.11 Carbon-14 Model 3.1.11.2 Time Dependence of Soil Carbon- 
14 Concentrations 

Both DandD 1 .O and RESRAD 5.61 have special models 
for carbon-14. Aspects of those models are described in DandD 1.0 and RESRAD 5.61 will give rather different 

this section. results for soils contaminated with carbon-14 because: 

3.1.11.1 Airborne Concentrations the carbon-14 content of surface soils decreases due 
to loss to the atmosphere. RESRAD 5.61 takes this 

The airborne concentration models for carbon-14 in into account while band^ 1.0 does not; 

DandD 1.0 and RESRAD 5.61 are similar to the tritium 
models. the groundwater model in DandD 1.0 recycles 

irrigation water to groundwater, while RESRAD 

3.1.11.1.1 DandD 1.0. DandD 1.0 assumes that carbon- 5.61 does not; 

14 only becomes airborne as a constituent of airborne 
dust. Setting the dust loading values to zero results in 
zero inhalation dose in instances where carbon-14 is the 
only airborne constituent. 

3.1.11.1.2 RESRAD 5.61. In effect, RESRAD 5.61 
assumes that all carbon-14 released to the atmosphere 
can be in the form of carbon-14 dioxide and also as 
carbon-14 contaminated particulate. RESRAD 5.61 
models flux and airborne concentrations of carbon-14 
dioxide using the same basic model it uses for tritium. 
However, the carbon-14 reference evasion depth is a 
parameter that can be adjusted by the user in RESRAD 
5.61. 

RESRAD 5.61 calculates an instantaneous dose 
rate, while DandD 1.0 calculates the average dose 
received over a year. 

The simulation results presented in Appendix A 
demonstrate that there is a considerable difference in 
time dependence of carbon- 14 doses between DandD 1.0 
and RESRAD 5.61 for residential farmer scenarios. 
These results differences are depicted in Figure 2. 
DandD 1.0 estimates higher dose rates at years one and 
five under each of the residential farmer scenarios 
considered (see Tables A.6, A. 1 1, and A. 19). However, 
RESRAD 5.61 calculates very high maximum 
instantaneous dose rates under the dry site scenario 
(62,990 mrem; see Table A. 11). In every case, carbon-14 
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Figure 2. Comparison of Carbon-14 results for DandD and RESRAD 



reached the well sooner in DandD 1.0 simulations than 
in RESRAD 5.61 simulations. With both models, the 
aquatic pathway was dominant once carbon-14 reached 
the well. 

The maximum dose rates occurring with simulations 
having minimal changes to defaults occurred at five 
years (DandD 1.0, 6,460 mremly) and at 0 years 
(RESRAD 5.61 659 rnremly). The maximum dose rates 
occurring with simulations representative of a dry 
climate occurred at 63 years (DandD 1 .O, 390 mremly) 
and at 143 years (RESRAD 5.61 62,990 mremjy). 

3.1.11.3 Default Values for the Carbon-14 
Models. 

Default values for the carbon-14 models in DandD 1.0 
and RESRAD 5.61 are provided in Table 12. 

3.1.11.4 Carbon-14 Uptake by Plants. 

RESRAD 5.61 assumes that carbon assimilated by plants 
comes primarily from the atmosphere (default 98%) and 
only a small amount of carbon-14 uptake occurs through 
the root system (default 2%). The soil-to-plant transfer 
factor used in RESRAD 5.61 contains terms that take 
both of these processes into account. The term for uptake 
from the atmosphere is dominant when default factors 
are used. In this case, the transfer factor is proportional 
to the square root of the area of carbon-14 contamination 
(Yu, et al., 1993). 

The RESRAD 5.61 results provided in Table A.19 were 
obtained with both the reference depth and assimilation 
fractions set to the default values. 

DandD 1.0 makes the simplifying assumption that the 
soil-to-plant transfer factors are simply a ratio of 
concentration of carbon-14 in the plant to the 
concentration in the soil. The DandD 1.0 model assumes 
that the transfer coefficient is independent of the surface 
area of the contaminated zone. The RESRAD 5.61 
model for carbon-14 soil-to-plant transfer factors is 
based on the assumption that the soil-to-plant concentra- 
tion ratio is a function of the surface area of contarninat- 
ed zone. The approach taken in RESRAD 5.61 that most 
carbon-14 is assimilated by plants from the atmosphere 
is more realistic. 

3.1.11.5 Conclusions about the Carbon-14 
Models 

For the purposes of determining compliance with 10 
CFR 20 subpart E, the RESRAD 5.61 convention of 
reporting instantaneous dose rates complicates interpre- 
tation of simulation results as annual dose for scenarios 

involving carbon-14. The dose rate RESRAD 5.61 
calculates for carbon-14 changes rapidly with time. 
Nonetheless, the maximum instantaneous dose rate 
reported by RESRAD 5.61 should be a conservative 
estimate of the annual dose. 

DandD 1.0 ignores inhalation of gaseous carbon-14 
compounds while RESRAD 5.61 considers inhalation of 
carbon-14 associated with airborne dust and gaseous 
compounds. Of these two inhalation exposure routes, 
inhalation of gaseous carbon-14 compounds should be 
the more significant means of exposure. This difference 
in the models has little practical impact in the residential 
fanner scenario of NUREGICR-5512. In this scenario, 
the doses due to carbon-14 from water-related and 
agricultural pathways are much larger than the inhalation 
doses; see Table 13 and Appendix Tables A.6, A. 1 1, and 
A.19. 

RESRAD 5.61 has a carbon-14 flux model, while 
DandD 1.0 does not. In RESRAD 5.61 the carbon-14 
reference evasion depth can be adjusted by the user. 
This feature allows RESRAD 5.61 to simulate the 
natural processes of vo!atilization and oxidation of 
carbon-14 compounds in surface soils. Neither model 
considers the potential inhalation dose that may result 
from diffusion of carbon-14 compounds through a 
foundation into an occupied structure, however. 

RESRAD 5.61 has a more realistic formulation of soil- 
to-plant transfer factor than DandD 1.0, since it takes 
into account that atmospheric carbon dioxide is the 
principal source of carbon assimilated by plants. 

Like tritium, carbon-14 behaves in a more complex 
manner than radioactive isotopes of most other elements. 
Because of this complexity, both the special carbon-14 
models in RESRAD 5.61 and DandD 1.0 should be used 
with caution. In most respects, RESRAD 5.61 presents 
a more realistic approach to modeling dose from carbon- 
14 to an actual residential farmer than DandD 1 .O. 

3.1.12 External Exposure from Volume 
Soil Sources while Outdoors 

DandD 1.0 assumes an infinite slab of contamination 6 
inches thick. A six-inch-thick infinite area slab of soil 
contaminated with cesium-137 would have an Effective 
Dose Equivalent (EDE) rate that is about 89% of the 
EDE rate of a slab that is infinite in area and thickness 
(EPA, 1993). Consequently the external dose pathway 
will give reasonable dose estimates for thicker layers or 
contaminated soil. For contaminated areas smaller than 
about 500 m2 or thinner than 15 cm, DandD 1.0 will 



Table 12. Special model parameters for carbon 

Parameter DandD 1.0 RESRAD Remarks 
Default 5.61 Default 

C-12 concentration in water (glcm**3) 

C-12 concentration in contaminated soil (glg) 

Fraction of vegetation carbon from soil 

Fraction of vegetation carbon from air 

C-14 evasion layer thickness in soil (m) 

C-14 evasion flux rate from soil (llsec) 

C- 12 evasion flux rate from soil (1 Isec) 

Mass Fraction of Carbon in Beef 

Mass Fraction of Carbon in Poultry 

Mass Fraction of Carbon in Milk 

Mass Fraction of Carbon in Eggs 

Mass Fraction of Carbon in Beef Forage 

Mass Fraction of Carbon in Poultry Forage 

Mass Fraction of Carbon in Milk Cow Forage 

Mass Fraction of Carbon in Layer Hen Forage 

Mass Fraction of Carbon in Beef Grain 

Mass Fraction of Carbon in Poultry Grain 

Mass Fraction of Carbon in Milk Cow Grain 

Mass Fraction of Carbon in Layer Hen Grain 

Mass Fraction of CarSon in Beef Hay 

Mass Fraction of Carbon in Poultry Hay 

Mass Fraction of Carbon in Milk Cow Hay 

Mass Fraction of Carbon in Layer Hen Hay 

C-14lC-12 activity in animal products relative to ratio in soil 

Average annual wind speed (m/sec) 

NA 2.00E-05 

0.03 0.03 

1 .OO 2.00E-02 

0.00 9.80E-01 

NA 3.00E-0 1 

NA 7.00E-07 

NA 1.00E-10 

0.36 0.24 In RESRAD 5.6 1, 
these values are 
constants. 

0.18 0.24 

0.06 0.07 

0.16 NA 

0.1 1 0.09 

0.11 0.09 

0.1 1 0.09 

0.11 0.09 

0.40 0.40 

0.40 0.40 

0.40 0.40 

0.40 0.40 

0.07 0.40 

0.07 0.40 

0.07 0.40 

0.07 0.40 

1 NA 

NA 2.00 

Table 13. Comparison of DandD 1.0 and RESWAD 5.61 maximum dose rate results for a residential 
farmer scenario involving carbon-14 

Maximum EDE Rate, Maximum EDE Rate, Maximum EDE Rate, 
mremly, Minimal Changes to mremly, Dry Climate mremly, Wet Climate 

Pathway Defaults 

DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 L)andD 1.0 RESRAD 5.61 
Year 5 Year 0 Year 63 Year 143 Year 8 Year 27.5 

External 5.3E-4 8.OE-3 7.1E-4 0 4.3E-4 0 

Inhalation 1 .OE-5 0.398 1.4E-5 0 8.5E-6 0 

Plant NA 495 N A 0 N A 0 

Meat N A 115 N A 0 NA 0 

Milk NA 49.1 NA 0 NA 0 



Table 13. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a residential 
farmer scenario involving carbon-14 (continued) 

Maximum EDE Rate, 
Maximum EDE Rate, Maximum EDE Rate, mremly, Minimal Changes to 

Defaults mremly, Dry Climate mremly, Wet Climate 
Pathway 

DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 
Year 5 Year 0 Year 63 Year 143 Year 8 Year 27.5 

Soil Ingestion 2.4E-3 0.057 

Water 57.5 0 

Fish / Aquatic 5,580 0 

Irrig water ++ Plant N A 0 

Irrig water ++ Meat N A 0 

Irrig water -t-r Milk NA 0 

Irrigation pathways 813 N A 

Agriculture 9.58 N A 

Total 6,460 659 

The external exposure model in RESRAD was updated 
with version 5.50. The external exposure model in an 
earlier version of RESRAD 5.61 (RESRAD 5.05) is well 
documented.' RESRAD 5.05 contains tables of EDE 
rates per unit activity for two different soil densities. 
RESRAD 5.05 estimates dose rates by performing a 
series of interpolations and by application of the 
correction factors described in Table 14. 

A comparison of external dose rates among DandD 1 .O, 
RESRAD 5.61, and Microshield@ 5.03 is presented in 
Appendix A (Table A.25). For an infinite slab of soil 6 
inches (15 cm) thick, all three codes give good 
agreement when consistent occupancy and shielding 
factors are used. 

3.1.13 External Exposure from Volume 
Soil Sources while Indoors 

Both RESRAD 5.61 and DandD l .O model this pathway 
by applying correction factors to the outdoor external 
dose rate. Calculation of the external dose rate is 
described in section 3.1.1 and Table 14. The correction 
factors applied to the external dose rate include a 
shielding factor and an occupancy factor. Both models 
provide default attenuation factors that are assumed to be 
independent of gamma energy. The correction for 
exposure occurring indoors is of the same form for both 
RESRAD 5.61 and DandD l .O: 

Indoor exposure to volume soil sources 
= Shielding Factor x External Exposure (Eq. 1) 

Where the Shielding Factor in Eq. 1 is: 

1 - Attenuation Fraction. 

In fact, the shielding factor will differ with the method 
of construction (slab on grade as compared to mobile 
home or pier and beam), with the materials of 
construction (wood siding as compared to brick or 
stone), and with the gamma radiation energy. 

Alternative shielding factors may be measured directly 
or estimated. Estimates of shielding factors can be 
derived from use of shielding models such as 
~ i c r o s h i e l d ~  5.03 (Grove Engineering, 1998). Caution 
should be exercised in deriviation of alternative 
shielding factors using shielding models. Individual 
simulations may have a 15% margin of error or more. 
Deriving structural shielding estimates by modeling 
involves mathematical manipulation of several simula- 
tion results; this may result in shielding factor estimates 
that contain considerable accumulated error.* 

3.1.14 Inhalation Exposure to 
Resuspended Soil while Outdoors 

This pathway is described in Table 15. 

a description of the new model is on the RESRAD web page 
http://www.ead.anl.gov/-resradl The same is true of other similar shielding codes. 

3-33 NUREG/CR-5 5 12 



Table 14. External exposure from volume soil sources 

Factor DandD 1.0 RESRAD 5.05 

Basic DCF for volume 
contamination of soil 

Infinite layer, 15 cm thick. Infinite in depth and areal extent. 
Effective Dose Equivalent dose 
conversion factors are taken from 
FRG- 12. 

Bremstrahlung for beta emitters Included Neglected. 

Correction for soil density none 

Correction for areal extent none 

Correction for depth of none 
contamination 

Time dependence for thickness of none 
contaminated zone 

Interpolation or extrapolation based 
on values tabulated for density = 

1.0 g/cm3 and 1.8 g/cm3 (Table 
A. 1). 

Interpolation based on a table of 
area correction factors that are not 
dependent on radionuclide or 
energy. (Table A.2) 

A correction for depth is applied 
that depends on nuclide. The value 
of the correction is based on 
interpolations between values 
tabulated for two soil densities as 
well as contamination depths 
(Table A.3, Equation A.2). 

Erosion of contaminated zone is 
assumed to occur in a linear 
fashion once the cover has been 
eroded away. 1 mmly default 
erosion rate. Equation A.4. 

Cover attenuation correction Default value of 1. Alternate Correction for cover attenuation is 
outdoors values may be calculated by the interpolated from Table A.3, 

user and input into program. Equation A.5. 

Time dependence for thickness of none 
contaminated zone. 

Cover is assumed to erode at a 
linear rate. Default of 1 mmly is 
provided. 

Correction for attenuation provided A default value of 0.55 is A default value of 0.7 is provided. 
by a structure. provided. Alternate values must be Alternate values must be calculated 

calculated by user and input into by user and input into program. 
program. 

Correction for fractions of time Default values of 240 dfy (66% ) Default values of 50% inside, 25% 
spent outdoors, indoors and in inside, 40.2 d/y (1 1%) outside, outside and 25% in uncontaminated 
uncontaminated areas. 2.92 dly (0.8%) outside engaged in areas are provided. 

gardening activities, 82.13 d/y 
(23%) in uncontaminated areas 
provided. 



Table 15. Factors related to EDE resulting from inhalation exposure to resuspended soil while outdoors 

Factor DandD 1.0 RESRAD 5.61 

Outdoor airborne dust DandD 1.0 currently uses a RESRAD 5.61 uses a default outdoor 
concentration (non-gardening default airborne dust mass airborne concentration of 200 pg/m3. 
outdoor activities) loading value of 3.14 pg/m3. 

Outdoor airborne dust DandD 1.0 currently uses a Not separately considered. 
concentration (gardening only) default airborne dust mass 

loading value of 400 pg/m3. 

Correction to airborne dust None 
concentration due to finite size 
'of contaminated area. 

Allowance for dilution of None 
contaminated soil with a mixing 
layer 

RESRAD 5.6 1 uses an area factor that 
represents the fraction of airborne mass 
loading of dust that is contaminated. The 
area factor takes the Form: FA, = 

(Area)O.'/((Area) O-' + DL), Where Area is 
the area that is contaminated and DL is 
the dilution length. A default dilution 
length of 3 m is provided. 

Assumes that mixing occurs over the 
upper 15 cm of soil. When the cover is 
less than 15 cm thick, mixing of the 
cover with the contaminated layer is 
assumed. When no cover is present and 
the contaminated layer is less than 6 
inches thick, mixing with sub-soils is 
assumed (Yu, 1993, Eq. B.5). 

Correction for occupancy Yes; defaults are 2.92 d/y Yes; a default occupancy factor of 0.25 
gardening; 40.2 d/y other is provided. 
outdoor activities. 

Respiration rate 1.4 m3/h for non-gardening Default value of 8400 m3/y (0.96 m3/h). 
outdoor activities; 1.7 m3/h for 
gardening outdoor activities 

DandD 1.0 assumes that a certain airborne dust concen- 
tration is present due to resuspension of contaminated Area of Ccntamination '" (Eq. 2) 
dust, and that the airborne dust concentration is Area of Contamination '" + Dilution Length 
independent of the size of the contaminated area. The 
default air mass loadings given in Table 4 are reasonable 

Using the default dilution length value of 3 meters in Eq. given that gardening is modeled as a distinct outdoor 
activity. 2 leads to rather high contamination fraction results for 

small contaminated areas. This becomes apparent when 
one considers that the terminal settling velo-city of 10 pm 

5'61 that the of particles of density 2.3 gicm3 is on the order of 0.6 cmls 
airborne dust is related to the size of the contaminated 

(Burton, 1984), and the average wind speed at the 
area; the contaminated fraction is modeled by an 
empirical formula (Eq. 2).3 ground surface is about 2 m/s. This high contamination 

fraction estimate is of little consequence in the 
residential f m e r  scenario unless one is concerned about 
potential dose from hot spots of residual radioactivity 
following a remedial action. 

An improved area factor model for airborne concentrations has been 
incorporated into RESRAD versions 5.75 and later (Chang et al., 
1998). The new area factor is based on a Gaussian plume model. The default outdoor mass loading assumed by RESRAD- 

5.61,200 pg/m3, seems high for a time weighted average 



concentration in the breathing zone, particularly for tion water on leaf surfaces), 
insoluble isotopes whose dose is primarily the result of 
deposition in the pulmonary region of the lung.4 Irrigation water - soil - plant -human. 

3.1.15 Inhalation Exposure to Resuspend- 
ed Soil while Indoors, and to Resus- 
pended Surface Sources of Soil 
Tracked Indoors 

Both DandD 1 .O and RESRAD 5.61 model the inhala- 
tion exposure to dust occurring indoors. The differences 
in approach are described in Table 16. To summarize, 
RESRAD 5.61 models indoor inhalation exposures 
taking into consideration only the outdoor air mass 
loading and a scale factor. DandD 1.0 includes two 
indoor dust inhalation pathways: resuspension of dust 
tracked indoors, and infiltration of airborne dust from 
outdoors. DandD 1.0 requires three inputs: 

the floor dust loading factor, 

a resuspension factor, and 

the indoor airborne dust loading from processes 
other than resuspension of dust tracked into the 
structure. 

The approaches taken by either model should be suitable 
for dose screening purposes. 

3.1.16 Plant - Human Pathways 

Assumptions common to all Plant - Human pathways are 
provided in Table 17. DandD 1.0 assumes that plant 
foods are held briefly upon harvest, and then consumed 
over a period of time. RESRAD 5.61 does not take into 
account that plant foods may be consumed over a period 
of time. DandD 1.0 also calculates an average dose 
received over a year while RESRAD 5.61 calculates an 
instantaneous dose rate. 

Default values for Plant-Human pathways are provided 
in Table 4. 

3.1.16.1 Irrigation Water- Plant- 
Human Pathways 

The irrigation water - plant - human pathways include 
the following: 

Irrigation water - plant - human (retention of irriga- 

The default value for outdoor mass loading has been decreased to 
100 pg/ml in RESRAD version 5.781 and later. 

These pathways are discussed in section 5.4.1 of 
NUREGICR 55 12 Volume 1 and in Appendix D of the 
RESRAD manual (Yu et al., 1993). DandD 1.0 and 
RESRAD 5.61 use the same kndamental approach to 
modeling the doses due to the irrigation -plant -human 
pathways. Assumptions common to all irrigation water 
- plant - human pathways are summarized in Table 18. 
However, there are important differences in the 
groundwater models that cause differences in the doses 
from these pathways. The time dependence and 
magnitude of dose rates from groundwater related 
pathways tended to be very different in this study. This 
affected the doses resulting from the irrigation pathways, 
the drinking pathway, and the aquatic pathway. In 
general, DandD 1.0 simulations showed contaminants at 
the well sooner than RESRAD 5.61 simulations, but 
maximal dose rates were not always higher with one 
model or the other. 

The irrigation water - soil - plant - human pathway in 
both DandD 1 .O and RESRAD 5.61 assumes that soil-to- 
plant transfer factors depend on radioisotope but are 
independent of soil type and largely independent of the 
plant species. Soil-to-plant transfer factors may be 
modified by users in both DandD 1.0 and RESRAD 
5.61. 

3.1.16.2 Soil-Plant-Human Pathways 

The soil -plant - human pathways include the following 

Soil - root uptake by plant - human, 

Soil - resuspension and deposition on plant surfaces 
- human. 

These pathways are discussed in section 5.3.1 of 
NUREGICR 5512 Volume 1 and in Appendix D of Yu 
et al. (1993). DandD 1.0 and RESRAD 5.61 use 
fundamentally the same approach to modeling the doses 
due to these pathways. 

The basic assumptions in the soil-to-plant (root uptake) 
pathways are: 

those inherent in the use of soil-to-plant transfer 
factors (both DandD 1.0 and RESRAD 5.61), and 

the plant concentration for each decay chain 
member radionuclide is in equilibrium with the soil 
concentrations at all times. 



Table 16. Inhalation exposure to resuspended soil while indoors 

Factor DandD 1.0 RESRAD 5.61 

Indoor Airborne Dust 
Concentration 

DandD 1.0 is supplied with a 
default airborne indoor dust mass 
loading value of 1.4 I pg/m3. This 
value is modeled as independent of 
the outdoor mass loading value. 
The concentration does not include 
the contribution from dust tracked 
indoors. 

RESRAD 5.61 applies a scale 
factor to outdoor airborne dust 
loading to obtain the indoor dust 
loading. The default indoor 
airborne dust loading is 80 pg/m3. 
This value follows from the default 
outdoor airborne concentrations of 
200 pg1m3 and a scale factor of 0.4. 

Indoor Airborne Dust DandD 1.0 multiplies a Not distinguished from the Indoor 
Concentration Resulting from resuspension factor by a floor dust Airborne Dust Concentration 
Resuspension of Dust Tracked loading to obtain a resuspension described above. 
Indoors concentration. The default values 

of 2.82E-6 m-' (resuspension) and 
0.1599 g/m2 (floor dust loading) 
provide an default value of 0.45 
pg/m3 for Indoor Airborne Dust 
Concentration Resulting from 
Resuspension 

Total Indoor Airborne Dust Sum of the Indoor Airborne Dust RESRAD 5.6 1 takes the Total 
Concentration Concentration and the Indoor Dust Indoor Airborne Dust 

Concentration resulting from Concentration to be the product of 
resuspension. the Outdoor Airborne Dust 

Loading and a scale factor. 
Resuspension of dust tracked 
indoors is not explicitly included. 

Correction for occupancy Yes; default is 240 days per year Yes, default is 0.5 (equivalent to 
182.6 dfvr for 365.25 d simulation). 

Table 17. Assumptions related to all plant - human pathways 

Factor DandD 1.0 RESRAD 5.61 

Harvested plants are held for a Yes. Radioactive decay during the Same as DandD. 
short period of time prior to hold-up period between harvest and 
consumption by humans. commencement of consumption is 

taken into account. The default 
values are dependent on the food 
item. Defaults are provided in 
Table 2. 

Radioactive decay over the food Yes. Food products are assumed to Not accounted for. 
consumption period is taken into be consumed over a period of one 
account year. This is taken into account by 

NUREGICR-55 12, Eq. 5.9. 



Table 17. Assumptions related to all plant - human pathways (continued) 

Factor 

Corrections for areal extent of 
contamination and contamination 
fraction for the plant - human 
pathway. 

Adjustments to the dietary intake of 
plant foods 

Is equilibrium assumed to 
continually occur between the 
radionuclide concentrations in soil 
and radionuclide concentrations in 
edible portions of the plant. 

Translocation of material deposited 
on plant surfaces to edible portions 
of plant. 

DandD 1.0 

There is no specific correction for 
areal extent of contamination for 
this pathway. The users can 
manually enter a single value for 
contamination fiaction, which is 
applied, to all food types. The 
default fraction is 1.0. 

The user may specify annual 
ingestion rates for four different 
plant groups: leafy vegetables, 
fruits, roots and grains. 

Y e s .  

Adjustable by user. 

RESRAD 5.61 

RESRAD 5.6 1 uses corrections to 
account for areal extent of contarn- 
ination as the default option. The 
default action has the effect of 
calculating the contamination frac- 
tion of "plant food" ingested (Yu, 
1993, Eq D.5). The user may enter 
a single contamination fraction for 
"plant food." See Table 4 for the 
means RESRAD 5.6 1 uses to 
calculate a contamination fraction. 

The user may specify separate 
annual ingestion rates for two 
different plant groups: (I) leafy 
vegetables, and (2) fruits, 
vegetables and grains. 

Yes. 

Not adjustable in RESRAD 5.6 1 
but can be adjusted in version 5.82. 

Table 18. Assumptions related to all irrigation water - plant - human pathways 

Factor DandD 1.0 RESliAD 5.61 

Time dependence of the Assumed constant over growing RESRAD 5.61 computes the 
concentration of radionuclides in season at the average value. concentration at an instant in time. 
irrigation water. 

Is there a distinction between Yes. The default settings in Yes. Overhead irrigation is the 
overhead irrigation and ditch DandD 1.0 are appropriate for default. 
irrigation? overhead irrigation. To model 

ditch irrigation, the Translocation 
Factors should he set to zero. 



Table 18. Assumptions related to all irrigation water - plant - human pathways (continued) 

Factor DandD 1.0 RESRAD 5.61 

Deposition of contaminated Yes. The default settings of In the case of ditch irrigation, no 
irrigation water on foliage. DandD 1.0 assume that overhead deposition of contamination from 

irrigation occurs; that a portion of irrigation water onto foliage is 
the radioactivity in irrigation water assumed to occur. RESRAD 5.61 
equal to the interception fraction and DandD I .O use the same 
(r,) is retained on the plant, and that approach to model overhead 
"translocation" of a portion of this irrigation. 
activity (T,) to edible portions of 
the plant occurs. 

Removal of contaminants deposited The translocated activity from RESRAD 5.61 and DandD 1 .O use 
on plant surfaces from irrigation overhead irrigation is assumed to the same approach to modeling the 
water. be removable through weathering, removal of activity deposited by 

with a weathering constant of overhead irrigation. RESRAD 
0.0495 per day. 5.61 uses a weathering constant of 

0.055 per day. 

Is radioactivity deposited in the soil Yes. By decay during the timestep Yes. For the purposes of this 
from irrigation water removed by it is deposited (eq. 5.26 pathway, it is assumed to be re- 
both leaching and radioactive NUREGICR 55 12 Vl)  and by moved by both radioactive decay 
decay? leaching after the deposition and leaching. 

timestep. 

Is mixing of contaminated layer No. 
with uncontaminated soil taken into 
account? 

Not applicable to these pathways. 

The (soil-to-plant) resuspension and deposition pathway 
in DandD 1 .O and RESRAD 5.61 differ notably. DandD 
1.0 assumes that there is a static ratio between 
radionuclide concentrations in dried plant foods and in 
soil on a pCi/kg basis (NUREGICR 55 12, Eq. 5.5); this 
ratio is called the mass loading factor (ML,). The 
default value of 0.1 used by DandD 1.0 suggests that 
dried foods could be 10% soil by weight. This value 
seems too high for plant foods consumed by humans. 
For several isotopes, this value leads to much higher 
dose agricultural pathway estimates in DandD 1.0 
simulations than in RESRAD 5.61 simulations (see 
Tables 19,20, and Appendix A). 

RESRAD 5.61 assumes a kinetic relationship between 
these quantities: 

there is a constant deposition rate, 

removal is controlled by a first order weathering 
constant, and 

deposition and removal occur over the growing 
season (Yu, et al., 1993). 

During the comparison of DandD 1.0 and RESRAD 
5.61, it was found that with DandD 1.0 the default mass 
loading factor dominated the ingestion dose for 
radionuclides that do not have a high degree of root 
uptake by plants. This was particularly notable for the 
thorium-232 (Table 20) and radium-226 decay chains 
(Table 19). 

In reviewing the basis for the default mass loading 
factors in NUREGICR 55 12 volume 1, it was found that 
the data used to support the default value are for 
unwashed produce, roots, leafy vegetables, grain, and 
forage crops. While these data may be appropriate for 
estimating animal ingestion of soil, they are not 
appropriate for estimating human consumption. 
Sheppard (1995) compiled soil loading data for washed, 
edible portions of plants and reports that the geometric 
mean of the data is 0.001 grams of soil per gram of dry 
plant, indicating that the default mass loading factor for 
vegetation consumed by humans could be reduced by as 
much as two orders of magnitude. The data for mass 
loading reported in Sheppard (1995) for human food 
products range from a minimum value of 0.00003 for 
harvested grain to 0.008 for washed root crops. It is 



Table 19. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a residential 
farmer scenario involving radium-226 with progeny 

Maximum EDE Rate, 
mremiy, Minimal Changes to Maximum EDE Rate, Maximum EDE Rate, 

Defaults mremly, Dry Climate mremly, Wet Climate 
Pathway 

DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 
Year 80 Year 0 Year 1 Year 0 Year 4 Year 0 

External 3,780 5,630 4,610 5,340 4,590 5,340 

Inhalation 1.3 1 23.3 1.98 1.24 1.94 1.24 

Radon NA 25,900 N A 30,800 NA 30,800 

Plant 

Meat 

Milk NA 113 N A 113 N A 113 

Soil Ingestion 80.0 235 123 243 122 243 

Water 2,550 0 0.552 0 137 0 

Fish l Aquatic 2 1,900 0 7.05 0 1,520 0 

Irrig water ++ Plant NA 0 N A 0 NA 0 

Irrig water ++ Meat N A 0 NA 0 NA 0 

Irrig water +-t Milk N A 0 N A 0 N A 0 

Irrigation pathways 3,290 N A 1.74 N A 11.0 N A 

Agriculture 26,200 N A 40,400 N A 39,900 N A 

Total 57,800 33,900 45,200 38,500 46,300 38,500 
* Decreasing the plant mass loading value from 0.1 to 0.01 for plant foods directly consumed by humans decreases the EDE from the 
agricultural pathway from 39,900 to 8,380 mredy. 

Table 20. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a 
residential farmer scenario involving thorium-232 with progeny 

Maximum EDE Rate, mremly, Maximum EDE Rate, mremly, 
Dry Climate Wet Climate 

Pathway 
DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 

Year 1 Year 0.17 Year 1 Year 0 

External 

Inhalation 

Radon 

Plant 

Meat 

Milk 

Soil Ingestion 

Water 

Fish /Aquatic 

Irrig water -r-t Plant 



Table 20. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a 
residential farmer scenario involving thorium-232 with progeny (continued) 

Maximum EDE Rate, mremly, Maximum EDE Rate, mrem/y, 
Dry Climate Wet Climate 

Pathway 
DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 

Year 1 Year 0.17 Year 1 Year 0 

Irrig water ++ Meat NA 0 NA 0 

Irrig water +-+ Milk NA 0 NA 0 

Irrigation pathways 0.20 NA 6.6E-3 NA 

Agriculture 19,400 NA 19,400' NA 

Total 26,100 9,150 26,100" 9,141 
'Decreasing the plant mass loading value from 0.1 to 0.01 for plant foods directly consumed by humans decreases the EDE from the 
agricultural pathway from 19,400 to 2,020 mredy. 
"This value decreases to 9,520 mredy if the if the plant mass loading is decreased to 0.01. 

recommended that the sources on mass loading data in 
Sheppard (1995), NUREGJCR 5512, and more recent 
studies be evaluated to provide a PDF for each class of 
vegetation and feed crop in the DandD 1.0 model. 

3.1.17 Animal Product - Human Pathways 

Animal product - human pathways may be subdivided 
into those involving irrigation water and those involving 
soil. DandD 1.0 assumes that animal products are held 
briefly upon harvest, and then consumed over a period of 
time.- ~ s R A D  5.61 does not take into account that 
animal products may be consumed over a period of time. 
DandD 1.0 also calculates an average dose received over 
a year while RESRAD 5.61 calculates an instantaneous 
dose rate. 

Default values for animal product - human pathways are 
provided in Table 4. 

3.1.17.1 Irrigation Water - Animal Product - 
Human Pathways 

Assumptions common to all these pathways are 
summarized in Table 2 1. 

Both RESRAD 5.61 and DandD 1.0 allow the user to 
specify the contamination fraction of irrigation water 
used for livestock. RESRAD 5.61 also allows the user 
to specify whether irrigation water is surface water or 
well water. The irrigation water - animal product - 
human pathways include the following: 

Irrigation water - forage - animal product - human 
(Table 22), 

Irrigation water - soil - forage - animal product - 
human (Table 23), 

Irrigation water - stored hay - animal product - 
human (Table 24), 

Irrigation water - soil - stored hay - animal product 
-human (Table 25), 

Irrigation water - stored grain - animal product - 
human (Table 24), 

Irrigation water - soil - stored grain - animal 
product - human (Table 25), 

Irrigation water - soil - animal product - human 
(Table 26) 

Irrigation water - animal product - human, 

These pathways are generally discussed in section 5.4.2 
of NUREGJCR-55 12 Volume 1 and in Appendix D of 
Yu et al. (1993). DandD 1.0 and RESRAD 5.61 use 
fbndamentally the same approach to modeling the doses 
due to the irrigation water - animal product - human 
pathways. However, there are important differences in 
the groundwater models that cause differences in the 
doses from these pathways. The time dependence and 
magnitude of dose rates from groundwater-related 
pathways tended to be very different in this study. This 
affected the doses resulting fiom the irrigation pathways, 
the drinking pathway, and the aquatic pathway. In 
general, DandD 1.0 simulations had faster arrival times 
for contaminant to the well, but the DandD 1.0 maximal 
dose rates for these pathways were not always higher. 



Table 21. Assumptions common to all irrigation water - animal product - human pathways 

Factor DandD 1.0 RESRAD 5.61 

Time dependence of concentrations of 
radionuclides in irrigation water. 

Material deposited onto plant surfaces 
is assumed to be removed at a rate 
determined by a weathering constant. 

All irrigation pathways include a 
radionuclide specific transfer factor 
termed F4 in NUREGICR 5512. This 
factor relates the concentration in an 
animal product to the daily intake via 
feed, water, and soil. 

Animal products ingested 

Assumed constant over the growing 
season (i.e. an annual average 
concentration is used). 

Yes. The translocated activity from 
overhead irrigation is assumed to be 
removable through weathering, with a 
weathering constant of 0.0495 per day. 
The weathering rate may be changed by 
the user. 

Yes. This factor is assumed to be 
independent of media ingested, but is 
dependent on the animal product 
(Kennedy and Strenge, 1992, section 
5.4.2). 

Radionuclide concentrations in soil are Yes. 
assumed to be continuously in equili- 
brium with radionuclide concentrations 
in the edible portions of the plant. 

DandD 1.0 provides separate transfer 
factors for beef, milk, poultry and eggs. 
Default values are found in Table 7. 

RESRAD 5.6 1 computes the 
concentration at an instant in time. 

Yes. RESRAD 5.61 and DandD 1.0 use 
the same approach to modeling the 
removal of activity deposited by over- 
head irrigation. RESRAD 5.61 uses a 
weathering constant of 0.055 per day. 
The weathering rate cannot be changed 
within the program by the user.' 

Yes. This factor is assumed to be 
independent of media ingested, but is 
dependent on the animal product (Yu, 
et al, 1993, Eq. D. 15, Table D.4). 

RESRAD 5.61 does not provide 
separate transfer factors for beef and 
poultry. RESRAD 5.61 does not 
consider ingestion of poultry eggs by 
humans as an exposure pathway. See 
Table 7 for defaults. 

Yes. 

Animals ingest soil while grazing Yes. Yes. 

The concentrations in animal products Yes, this assumption is made by both 
are immediately in equilibrium with the DandD 1.0 and RESRAD 5.61. For 
concentrations in intake (feed, water, isotopes that are rapidly cleared from 
and soil). the body, this is a good approximation. 

However, it will be conservative for 
elements that are retained in edible 
tissues for long periods of time. Based 
on retention data in ICRP 30 and 54, 
which is based on animal and human 
studies, the following are likely to take 
two years or more to reach a steady 
state concentration in animal flesh: Co- 
60, Cd- 109, Ce- 144, Pb-2 10, Th 
isotopes, Pu, and transuranics (liver). 

Animal products are harvested Yes 
continuously over the feeding period 
and then held for a short time before 
distribution for human consumption. 

Dose rates are computed based on 
concentrations present in media at a 
particular point in time. There is a brief 
holdup period before consumption by 
humans. 

Source of irrigation water for livestock Assumed to be well water. User may User may choose surface water or well 
specify a contamination fraction. water and specify a contamination 

fraction. 



Table 22. Irrigation water - forage - animal product -human pathway 
FactorDandD 1.ORESRAD 5.61 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in forage as a result of concentration for the feeding period. instant in time that is specified by the 
irrigation water. user. 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in animal product over concentration for the feeding period. instant in time that is specified by the 
the forage period. Instantaneous equilibrium between user. 

forage and the animal product is 
assumed via plant to animal product 
transfer factors. 

Holding time between time of Radionuclide ingrowth and decay in Radionuclide ingrowth and decay in 
slaughter (or collection of milk or the forage is taken into account over the forage is taken into account over 
eggs) and consumption by humans. the holding time the holding time 

Period of time over which the animal Radionuclide ingrowth and decay in No correction for radioactive 
product is consumed. the forage is taken into account over ingrowth and decay occurring over 

the holding time. the consumption time is considered. 

Table 23. Irrigation water - soil - forage- animal product -human pathway 

Factor 

- -- 

DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in soil as a result of concentration for the forage period. instant in time that is specified by the 
irrigation water. user. 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in forage as a result of concentration for the forage period. instant in time that is specified by the 
irrigation water. Concentrations in edible part of plant user. Concentrations in edible part of 

are assumed to be in equilibrium plant are assumed to be in 
with soil concentrations via the soil- equilibrium with soil concentrations 
to-plant transfer factors. via the soil-to-pIant transfer factors. 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in animal product over concentration for the feeding period. instant in time that is specified by the 
the forage period. Instantaneous equilibrium between user. Instantaneous equilibrium 

forage and the animal product is between forage and the animal 
assumed via plant-to-animal product product is assumed via plant-to- 
transfer factors. animal product transfer factors. 

Holding time between time of Radionuclide ingrowth and decay in Same as DandD 1 .O. 
slaughter (or collection of milk or the forage is taken into account over 
eggs) and consumption by humans. the holding time 

Period of time over which the animal Radionuclide ingrowth and decay in No correction for radioactive 
product is consumed. the forage is taken into account over ingrowth and decay occurring over 

the consumption period. the consumption time is considered. 



Table 24. Irrigation water - stored hay o r  grain - animal product - human pathway 

- 
Factor DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide Taken to be the concentration at the Same as DandD 1.0 
concentration in stored hay or grain time of harvest. 
as a result of irrigation water. 

Length of holding time between Zero. 
when feed is harvested and when it is 
first used. 

Fodder is held for a short time before 
intake by animals. 

Time dependence of radionuclide Radionuclide ingrowth and decay in Not considered. 
concentration in animal product over the stored haylgrain is taken into 
the period when the feed is account over the stored haylgrain 
consumed. consumption period. Instantaneous 

equilibrium between stored haylgrain 
and the animal product is assumed 
via plant-to-animal product transfer 
factors. 

Holding time between time of Radionuclide ingrowth and decay in A holding time is assumed, see Table 
slaughter (or collection of milk or the stored product is taken into 4 for defaults, with decay taken into 
eggs) and consumption by humans. account over the holding time. account. 

Period of time over which the animal Radionuclide ingrowth and decay in Not taken into account. 
product is consumed. the stored haylgrain is taken into 

account over the consumption 
period. 

Table 25. Irrigation water - soil -stored haytgrain - animal product - human pathway 

Factor DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide 
concentration in soil as a result of 
irrigation water. 

Time dependence of radionuclide 
concentration in the crop as a result 
of irrigation water. 

Initial radionuclide concentration in 
stored hay or grain. 

Length of holding time between 
when haylgrain is harvested and 
when it is first used. 

Deposition, ingrowth and decay of Same as DandD 1 .O. 
radionuclides in soil are assumed to 
occur over the time the crop is in the 
field. 

Concentrations in edible part of plant Same as DandD 1.0. 
are assumed to be in equilibrium 
with soil concentrations via the soil- 
to-plant transfer factors. Ingrowth 
and decay of radionuclides in soil is 
assumed to occur over the time the 
crop is in the field. 

Taken to be the concentrations at the Same as DandD 1 .O. 
time of harvest. Crop is continuously 
in equilibrium with soil via soil-to- 
plant transfer factors. 

Zero. There is a holding time. Default 
values provided in Table 4. Decay is 
accounted for. 



Table 25. Irrigation water - soil - stored haylgrain - animal product - human pathway (continued) 

Factor DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide Radionuclide ingrowth and decay in Not considered. 
concentration in animal product over the stored haylgrain is taken into 
the period when stored haylgrain is account over the stored haylgrain 
consumed. consumption period. Instantaneous 

equilibrium between stored haylgrain 
and the animal product is assumed 
via plant to animal product transfer 
factors. 

Holding time between time of Radionuclide ingrowth and decay in Same as DandD 1 .O. 
slaughter (or collection of milk or the animal product is taken into 
eggs) and consumption by humans. account over the holding time. See 

Table 4 for default values. 

Period of time over which the animal Radionuclide ingrowth and decay in Not considered. 
product is consumed. the animal product is taken into 

account over the consumption 
period. 

Table 26. Irrigation water - soil - animal product - human pathway 

Factor DandD 1.0 RESICAD 5.61 - 
Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in soil as a result of concentration for the forage period. instant in time that is specified by the 
irrigation water. user. 

Time dependence of radionuclide Taken to be the average Concentration is evaluated at an 
concentration in animal product over concentration for the feeding period. instant in time that is specified by the 
the forage period. Instantaneous equilibrium between user. Instantaneous equilibrium 

forage and the animal product is between forage and the animal 
assumed via plant to animal product product is assuried via plant to 
transfer factors. animal product transfer factors. 

Holding time between time of Radionuclide ingrowth and decay in Same as DandD 1.0. 
slaughter (or collection of milk or the animal product is taken into 
eggs) and consumption by humans. account over the holding time. See 

defaults in Table 4. 

Period of time over which the animal Radionuclide ingrowth and decay in No correction for radioactive 
product is consumed. the animal product is taken into ingrowth and decay occurring over 

account over the consumption the consuinption time is considered. 
period. 

3.1.17.2 Soil - Animal Product - Human * Soil - stored hay - animal product - human (Table 
Pathways 291, 

Assumptions made by DandD 1.0 that are common to all Soil - stored grain - animal product - human (Table 
of these pathways are provided in TabIe 27. The soil - 901 

animal product - human pathways include the following: L.71~ 

Soil - forage - animal product - human (Table 28), 
Soil - animal product - human. 



Table 27. DandD 1.0 assumptions common to all soil - animal product -human pathways 

Assum~tion DandD 1.0 RESRAD 5.61 

Fresh forage crops are eaten continuously (starting Yes Yes 
at time 0) over the entire feeding period of the 
animal. 

Stored feed crops are eaten continuously during a Yes not specifically assumed 
feeding period offset by the stored feed crop's 
growing period (i.e. feeding begins at harvest). 

The harvested crops are immediately available for Yes Available after a short holding time. 
feeding to animals. 

A combination of fresh and stored feeds is 
assumed for each type of animal product. 

Stored feeds may consist of hay or grain. Yes Yes 

Instantaneous equilibrium occurs between the Yes Yes 
radionuclide concentration in the soil and the 
concentration in the plants (fresh forage and 
stored feed plants). 

Instantaneous equilibrium occurs between daily Yes Yes 
intake in the feed and the radionuclide 
concentration in the animal product. 

Animal products are harvested (milked, Yes No. Dose rates from animal products are 
slaughtered, or eggs gathered) continuously over evaluated at a specific point in time. 
the feeding period and then distributed for 
consumption. 

The human consumption period is equal in length Yes not considered 
to the feeding period for each animal product type, 
offset by the time between harvest and 
consumption. 

Decay during the hold-up time between animal Yes Yes 
product harvest and consumption by humans is 
evaluated. 

Table 28. Soil - forage - animal product - human 

Assumption DandD 1.0 RESRAD 5.61 

Concentration in soil as a function Declines due to radioactive decay Declines due to radioactive decay 
of time and leaching. and leaching. 

Radionuclide concentration in Continuously in equilibrium with Continuously in equilibrium with 
forage crops. soil via soil-to-plant transfer soil via soil-to-plant transfer 

factors. factors. 



Table 28. Soil - forage - animal product - human (continued) 

Assumntion DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide Instantaneous equilibrium between Instantaneous equilibrium between 
concentration in animal product forage and the animal product is forage and the animal product is 
over the forage period. assumed via plant-to-animal assumed via plant-to-animal 

product transfer factors. product transfer factors. 

Holding time between time of Radionuclide ingrowth and decay Same as DandD 1.0. 
slaughter (or collection of milk or in the forage is taken into account 
eggs) and consumption by humans. over the holding time. See Table 4 

for defaults. 

Period of time over which the Radionuclide ingrowth and decay No correction for radioactive 
animal product is consumed. in the forage is taken into account ingrowth and decay occurring over 

over the consumption period. the consumption time is 
considered. 

Table 29. Soil - stored haylgrain - animal product - human 

Factor DandD 1.0 RESRAD 5.61 

Time dependence of radionuclide At time of harvest, crop is Same as DandD 1 .O. 
concentration in stored hay or grain continuously in equilibrium with 
as a result of root uptake. soil via soil-to-plant transfer 

factors. 

Length of holding time between Zero. 
when haylgrain is harvested and 
when it is first used. 

Held for a short period before 
consumption, see Table 4. 

Time dependence of radionuclide Radionuclide ingrowth and decay NA. Dose rates are evaluated at a 
concentration in animal product in the stored hay/ grain is taken specific point in time. 
over the period when stored into account over the stored 
haylgrain is consumed. haytgrain consumption period. 

Instantaneous equilibrium between 
stored haylgrain and the animal 
product is assumed via plant to 
animal product transfer factors. 

Holding time between time of Radionuclide ingrowth and decay Same as DandD 1.0 
slaughter (or collection of milk or in the stored animal product is 
eggs) and consumption by humans. taken into account over the holding 

time. See Table 4 for defaults. 

Period of time over which the Radionuclide ingrowth and decay Not considered. 
animal product is consumed. in the animal product is taken into 

account over the consumption 
period. 



3,1.18 Comparison of raESRAD 5.61 and 
DandD 1.0 Simulation Results 

Three variations of the residential farmer scenario were 
considered. In the first set of comparisons, RESRAD 
5.61 and DandD 1 . O  were run with minimal changes to 
default values for tritium, carbon- 14, cesium- 137, and 
radium-226. The changes to default values for these 
simulations are described in Appendix A, Tables A.3 
and A.4. In the second set of comparisons, RESRAD 
5.61 and DandD 1.0 parameters were adjusted to 
represent a residential farmer in an arid climate. The 
changes to default values that were made for this series 
of simulations are described in "Comparison of DandD 
1 .O and RESRAD 5.6 1 Results for a Residential Farmer 
in Dry Climatic Conditions" in Appendix A. In the third 
set of simulations, parameters were adjusted to represent 
a residential farmer in a wet climate. The changes to 
default values that were made for this series of 
simulations are described in "Comparison of DandD 1.0 
and RESRAD 5.6.1 Results for a Residential Farmer in 

simulated doses for some isotopes. The agricultural 
pathway in DandD 1.0 corresponds to the sum of the 
plant, meat, and milk pathways in RESRAD 5.61, which 
is 2,100 mremly . This RESRAD 5.6 1 result is based on 
the assumption that one-half of the food consumed is 
grown in the contaminated area, while the DandD 1.0 
result is based on assumption that all of the food grown 
on-site is grown in the contaminated area. The two diets 
are not equivalent and as a result, the revised DandD 1 .O 
agricultural dose of 8,380 mremly (with a plant mass 
loading of 0.0 1 for plant foods consumed by humans) is 
about twice the dose calculated by RESRAD 5.6 1. 

As discovered during the parameter analysis for DandD 
(Beyeler et a]., 1998) and based on values found in the 
literature for soil mass loading on washed plant foods 
consumed by humans (e.g., Sheppard, 1995), the plant 
mass loading values in DandD 1.0 for plants foods 
consumed by humans appear to be implausibly high. It 
is recommended that the default values for these values 
be reconsidered. 

Wet 'Iimatic in A. The In this comparison, parameters related to diet were not 
climate and wet climate simulations were completed for adjusted in RESRAD 5.61 to match DandD values 
tritium, carbon-14, cesium-137, radium-226, thorium- because basic differences in way the computer codes 
232, and cobalt-60. model the ingestion pathway make it difficult to derive - 

parameter values that result in comparable diets. These 
To illustrate the differences in simulation results over 

differences include: 
time, each set of simulation results are presented for the 
f i s t  year and the fifth year of the scenario in Appendix 
A, and in Figures 1 through 6. A comparison of maximal 
dose rates is provided Figures 1 through 6 and in Tables 
11, 13, 19,20, 30, and 31. 

It was concluded that the agricultural pathway in DandD 
1.0 simulations tends to dominate the Total Effective 
Dose Equivalent (TEDE) when the default plant mass 
loading factor is used. The default value for this 
parameter is that plant foods contain 10% soil on a dry 
weight basis. Decreasing the value of this factor to 1% 
results in reasonable agreement between agricultural 
doses predicted by RESRAD 5.6 1 and DandD 1.0 for 
most isotopes. This empirical observation is very 
evident in two examples, radium-226 plus progeny 
(Table 19) and thorium-232 plus progeny (Table 20). In 
the radium case, decreasing the plant mass loading factor 
in DandD 1.0 from 0.1 to 0.01 results in a decrease in 
dose from the agricultural pathway from 39,900 mremly 
to 8,380 mrernly. 

RESRAD uses a single animal soil intake rate. 
NUREGICR-5512 and DandD 1.0 have separate soil 
ingestion rates that are a function of forage intake rate 
for beef cattle, dairy cattle, poultry and layer hens. The 
value chosen for RESRAD 5.61 needs to be 
representative for layer hens, poultry, dairy and beef 
cattle. 

RESRAD does not include intakes of eggs and poultry, 
NUREGICR-55 12 and DandD 1.0 do. In principle, the 
contribution of eggs and poultry can be included in the 
"meat" component of the diet. This leads to the 
difficulty that transfer coefficients for beef, eggs and 
poultry are very different for some isotopes. 

Examples: 

Beef Poultry Eggs 

decreasing the of the plant mass loading Derivation of a composite transfer coefficient that would 
factor to a more realistic value produces closer make the diet in RESRAD 5.61 equivalent to the DandD 
Weement in the doses using 5.61 1.0 default diet is problematic because of the orders of 
and DandD 1.0, the models of diet are still dissimilar. 

magnitude difference in the transfer coefficient for beef 
Hence, there remain significant differences in the 



Table 30. Comparison of DandD 1.0 and RESRAD 5.61 maximum dose rate results for a 
residential farmer scenario involving cobalt-60 

Maximum EDE Rate, Maximum EDE Rate, 

Pathway mremfy, Dry Climate mremfy, Wet Climate 

DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 
Year 1 Year 0 Year 1 Year 0 

External 

Inhalation 

Plant 

Meat 

Milk 

Soil Ingestion 

Water 

Fish /Aquatic 

Irrig water -t-t Plant 

Irrig water +-t Meat 

Irrig water -t-t Milk 

Irrigation pathways 

Agriculture 

Total 

verses poultry and eggs. If a composite transfer 
coefficient could be derived, it would need to be 
changed whenever site-specific variations in diet are 
made. 

RESRAD 5.61 uses a single soil to plant transfer 
coefficient for all plant foods. The values chosen need 
to representative for the diets of humans, poultry, layer 
hens, dairy and beef cattle. This leads to difficulties in 
choosing a representative value because of differences in 
diet among these organisms. 

RESRAD 5.61 uses a single animal food, fodder. DandD 
1.0 uses separate interception fractions, translocation 
fractions and crop yields for each animal product for 
forage, grain and hay. Representative values of these 
parameters would need to be calculated for the diets of 
layer hens, poultry, dairy and beef cattle. 

Wet and dry interception fractions are coupled in 
RESRAD 5.82 and cannot be independently adjusted. 
This leads to difficulty in modeling the dose &om 
resuspended soil on plants. In RESRAD 5.82, this can 
be compensated for, to a degree, by setting the soil mass 

loading for deposition to zero and increasing the amount 
of soil directly ingested by animals. DandD 1.0 allows 
for separate plant mass loading values for hay, forage, 
and grain for each animal food. 

Devising a robust method for matching non-equivalent 
parameters in these two models was beyond the scope of 
this analysis. 

RESRAD 5.61 and DandD 1.0 tend to agree well for 
doses resulting from direct irradiation, inhalation, and 
soil ingestion, provided that an effcrt is made to match 
input parameter values. This is due to the fact that the 
models for these pathways are very similar. The dose 
from incidental soil ingestion in each of the RESRAD 
5.61 simulations summarized in Tables 1 1, 13, 19, 20, 
30, and 3 1 and in Appendix A is twice as high as in the 
corresponding DandD 1.0 simulation because of 
differences in the incidental soil ingestion rates. 100 mg 
per day was used in the RESRAD 5.61 simulations, 
while 50 mgld was used in the DandD 1.0 simulations. 



Table 31. Comparison of DandD 1.0 and RESlRAD 5.61 maximum dose rate results for a residential 
farmer scenario involving cesium-137 

Maximum EDE Rate, Maximum EDE Rate, Maximum EDE Rate, 
mremly, Minimal Changes to mremly, mremly, 

Pathway Defaults Dry Climate Wet Climate 

DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 DandD 1.0 RESRAD 5.61 
Year 6 Year 0 Year 1 Year 0 Year 11 Year 0 

External 1,380 1,778 1,460 1,690 2 18 0.065 

Inhalation 

Plant 

Meat 

Milk NA 15.9 NA 15.9 N A 6.13E-4 

Soil Ingestion 0.066 1.37 0.70 1.41 0.10 5.43E-5 

Water 562 0 0.099 0 192 51 1 

Fish /Aquatic 23,700 0 7.56 0 1 1,600 5,460 

Irrig water ++ Plant NA 0 NA 0 N A 0 

Irrig water -++ Meat NA 0 NA 0 NA 47.3 

Irrig water ++ Milk N A 0 N A 0 NA 59.0 

Irrigation pathways 3,840 N A 1.40 NA 69.8 N A 

Agriculture 

Total 

Dose Rate, 
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Figure 3. Comparison of Cesium-137 results for DandD and RESRAD 
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Figure 4. Comparison of Radium-226 i- chain results for DandD and RESRAD 
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Figure 5. Comparison of Th-232 + chain results for DandD and RESRAD 
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Figure 6. Comparison of Co-60 results for DandD and RESRAD 

Because RESRAD 5.6 1 and DandD 1.0 groundwater 
models differ in significant ways, the time dependence 
and magnitude of doses from groundwater pathways 
tended to be very different when the models are applied 
to the residential farmer scenario. This affected the 
doses resulting from the irrigation pathways, the 
drinking pathway, and the aquatic pathway. In general, 
contaminants reached the well sooner in DandD 1.0 
simulations. 

A primary difference in the water pathway calculations 
performed by DandD 1.0 and RESRAD 5.61 can be 
attributed to the method in which they model the 
unsaturated zone. In the unsaturated zone DandD 1.0 
uses a well-mixed linear reservoir model, which has 
inherent, probably large, dispersion due to the mixing 
assumption. This dispersion causes the arrival time from 
the contaminated zone to the aquifer to be zero when a 
single layer is used. Thus, DandD 1.0 simulations show 
radionuclides reaching the aquifer in a very short time, 
but at a low mass flow rate. 

Climate 

The concentrations in the aquifer in RESRAD 5.6 1 are 
based in part on travel time from the contaminated zone 
to the aquifer. This means that no radionuclides from 
the contaminated zone can reach the aquifer until the 
model simulation time exceeds the travel time. The 
travel time in RESRAD 5.61 is proportional to the 
retardation coefficient. A radionuclide, such as tritium, 
has a retardation coefficient of 1 because it is not 
adsorbed onto soil particles and, thus, travels through the 
unsaturated zone at the same speed as water. Carbon-14 
and many other radionuclides are retarded and take much 
longer to reach the water table than tritium in the 
RESRAD 5.61 model. This is why doses were not seen 
for water-dependent pathways at one year or five years 
for isotopes other than tritium in the RESRAD 5.61 
code. 

Three of the isotopes considered in simulations showed 
a tendency to enter groundwater readily. This included 
the isotopes cesium-137, tritium, and carbon-14. With 
these isotopes, maximum dose rates for water dependent 



pathways depend strongly on the values of parameters 
used. 

Three of the isotopes considered in simulations showed 
little tendency to enter groundwater: radium-226, 
thorium-232, and cobalt-60. For each of these isotopes, 
DandD 1.0 and RESRAD 5.61 results were consistent. 
If a more realistic default plant mass loading values are 
adopted into DandD 1.0, the differences, in the 
simulated doses for these isotopes between DandD 1.0 
and RESRAD 5.61, wouId be significantly reduced. 

3.2 DandD 1.0 and RESRAD-Build 
1.50 

DandD 1.0 and RESRAD-Build 1.50 differ in the 
exposure pathways considered for an industrial 
occupancy scenario, and they differ in the treatment of 
those pathways. The pathways considered are provided 
in Table 32. 

The major pathway differences between RESRAD-Build 
1.50 and DandD 1.0 for application of the industrial 
occupant scenario of NUREGICR-5512 can be 
summarized as follows: 

RESRAD-Build 1.50 considers dose due to 
submersion in a cloud of radioactive material, while 
DandD 1.0 does not. 

RESRAD-Build 1.50 considers external exposure to 
dust that has been airborne and settled on floors, 
while DandD 1.0 does not consider this to be a 
separate exposure pathway. 

RESRAD-Build 1.50 considers dose due to 
inhalation of radon and radon progeny. DandD 1.0 
does not include a radon model. 

In addition, there are many significant differences 
between the two models. These are summarized below. 

RESRAD-Build 1.50 is a dynamic model of a 
structure, while DandD 1.0 is a static model. This 
leads to numerous differences in the parameters 
needed to run the models. DandD 1.0 was designed 
to model the four scenarios in NUREGICR-55 12 
while RESRAD-Build 1.50 is a general purpose 
dose assessment model for scenarios related to 
remediation and occupancy of structures. 

RESRAD-Build 1.50 will model dose from finite 
sources; it addresses area sources, volume sources, 
point sources, and line sources. The DandD 1.0 
industrial occupant scenario only considers dose 
from infinite area sources. 

RESRAD-Build 1.50 contains a ventilation model, 
so some of the radioactive material that becomes 
airborne can be exhausted fiom the building. 
DandD 1.0 does not contain a ventilation model. 

In RESRAD-Build 1 .50, a structure can be modeled 
with up to three rooms using numerous sources of 
contamination. DandD 1.0 assumes that the 
contamination is present in a single room. 

In RESRAD-Build 1 SO, it is necessary to specify 
the location and occupancy of a receptor relative to 
each source. The location does not matter with 
DandD1.O, since the receptor is located on an 
infinite area source. 

RESRAD-Build 1.50 assumes that a fraction of 
contamination is removed from the building over a 
period of time specified by the user through 
ordinary traffic or housekeeping activities. DandD 
1.0 only accounts for loss of material through 
radioactive decay. 

3.2.1 Isotopes Considered 

The RESRAD-Build 1.50 library of isotopes contains 67 
isotopes having a half-life of six months or longer. 
RESRAD-Build 1.50 uses the same convention as 
RESRAD 5.6 1 for treatment of radioactive progeny (see 
section 3.1.2 of this report). The isotope library and 
conventions concerning progeny utilized by DandD 1.0 
are described in section 3.1.2. DandD 1.0's isotope 
library contains 249 primary isotopes. The DandD 1 .O 
isotope library includes many more short-lived primary 
isotopes than the RESRAD-Build 1.50 isotope library. 

3.2.2 Dose Rate Reporting Basis 

The dose rate reporting basis of RESRAD-Build 1.50 is 
the same as described for RESRAD 5.6 1 in section 3.1.1 
of this report. RESRAD-Build 1.50 calculates 
instantaneous dose rates while DandD 1.0 calculates 
dose received over a year. 

3.2.3 External Exposure 

The only external exposure pathway considered by 
DandD 1.0 is direct exposure to an infmite area source 



Table 32. Industrial occupant scenario exposure pathways considered by DandD 1.0 and RESRAD- 
Buifd 1.50 

Pathway DandD 1.0 RESRAD-Build 1.50 

External Exposure due to Source J J 

External Exposure due to Air Submersion J 

External Exposure to Material Deposited on Floor J 

Inhalation of Airborne Radioactive material J J 

Inhalation of Radon Progeny J 

Inadvertent Ingestion of Radioactive Material J J 

of contamination. RESRAD-Build 1.50 can model 
external exposure to: 

sources of contamination in a number of different 
geometries, area, volume, line, and point. The 
default geometry is a volume source. 

exposure due to submersion in a infinite cloud of 
airborne contamination, and 

exposure to radioactivity that has been resuspended, 
transported via the indoor air quality model, and 
subsequently deposited on horizontal surfaces. 

3.2.3.1 DandD 1.0 

DandD 1.0 calculates the EDE to an industrial occupant 
due to surface contamination using the following basic 
relationship (Kennedy and Strenge, 1992, Eq 3.15): 

circular area sources of 0.1 MeV gamma emitters. The 
ratios of exposure rates for finite disks to disks of 
effectively infinite radius were estimated from 
Microshielda simulations. These ratios are presented in 
Figure 7 as a function of radius. In the case of 0.1 MeV 
gamma emitters, a disk 50 meters in diameter has 
roughly one-half of the exposure rate of an infmite 
planar source. 

As indicated above, DandD 1.0 assumes that contamina- 
tion is distributed on an infinite planar floor. In real 
structures, the highest contamination levels are usually 
on the floor and the lower parts of walls. Typically, 
comparatively little contamination is present on the 
upper portions of walls and on ceilings. With this 
pattern of contamination in mind, MicroshieldB 5.03 was 
used to estimate external EDE rates for a Cs-137 
contaminated room. As a reference case, the external 
EDE rate was estimated for an infmite planar source. 
Then the external EDE rates were estimated for circular 

External dose (mrem for 1 year) = rooms having a height of 3 meters and diameters of 6 [Exposure duration for occupancy] (Eq. 3, and 12 meters. In each case, the floor was assumed to 
x [Surface Source Dose Rate Factor] have the same surface contamination level as the infinite 
x [Average Surface Activity per Unit Area] 

planar source. Walls and ceilings were assumed to have 
one-half and one-tenth of this surface contamination 

The Surface Source Dose Rate Factors are taken from 
Table 111.3 of Federal Guidance Report (FGR) 12 (EPA, 
1993). These factors represent the EDE rate for 
exposure to an infinite planar source of the isotope of 
interest. 

level respectively. Based on Microshieldm simulations, 
the rooms with 6 and 12 meter diameters had external 
EDE rates that were 40% and 56% of the reference value 
for an infmite planar source. Based on this limited 
evaluation, the assumption of an infinite planar source of 
contamination is a reasonable screening model for - 
surface contamination of a room having contamination 

In the case where the contaminant is uniformly 
on the walls and ceiling as well as the floor. 

distributed on a floor, assuming an infmite planar 
distribution is conservative. 1n-the case of 

Additional commentary is provided in Table 33 that 
emitters, DandD 1.0 substantially overestimates external 

relates to the use of dose conversion factors from FGR 
dose other than low energy gamma emitters for small 12 for a planar source of radioactive material. 
rooms that only have contamination on the floor. To 
estimate how cbnservative, the Microshielda computer 
code (Grove Engineering, 1998) was used to compute 
exposure rates at one meter above different sizes of 
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Figure 7. Gamma exposure rate ratio for 0.1 MeV photons: finite diswinfinite plane 

Each of these correction factors tends to reduce the 
RESRAD-Build 1.50 calculates extemal exposures for estimated EDE from a finite area source in comparison 
a number of geometries: planar source, volume source, to an infrnite area source. 
line source, and point source. RESRAD-BUILD 1 .5OYs 
planar source geometry corresponds most closely to the An important difference between the two codes is that 
spatial configuration assumed in the building occupant DandD .0 always assumes the floor is 
scenario. RESRAD-Build 1.50 external dose coeffici- 

while RESRAD-Build 1.50 can be used to model 
ents are based on FGR 12 (EPA, 1993). external EDE from to up to 10 sources present on walls, 

ceiling, floor, in another room, or on Gother floor. The 
3.2'3'2.1 'lanar Source' RESRAD-Build .50 external dose calculations performed by RESRAD-Build calculates extemal EDE for planar source geometry in a 1.50 are much more complex than those provided by 

fashion to DandD however, RESRAD-Build DandD 1.0. RESRAD-Build 1-50 should be capable of 
1.50 incorporates four correction factors into extemal providing more accurate estimates of external EDE than 
EDE estimates (Yu, et al., 1994, Appendix F): DandD 1.0 where site-specific modeling is required. 

However, to take advantage of the more sophisticated 
A correction that takes into account the finite area external dose modeling capability afforded by RESRAD- 
of the source, Build 1.50, more site-specific information is required. 

For example: 
A correction that takes into account any offset of the 
receptor from the axis of the disk of contamination, concerning the spatial distribution of 

surface contamination, 
A shielding correction that can be applied to 
account for attenuation by material covering the 
disk source (e.g. an intervening walls or floors), and 

The distance between the source and the receptor. 



Table 33. Discussion of industrial occupant scenario parameters in DandD 1.0 and RESRAD-Build 1.50 

Parameter DandD 1.0 RESRAD- 
Build 1.50 

Dose FGR 12 factors FGR 12 factors. 
Conversion Factors can be 
Factor for edited from 
exposure to a within 
planar source of RESRAD- 
radioactive BUILD 1.50. 
material In RESRAD- 

BUILD 2.37 
these factors 
cannot be edited 
by the user. 

Inhalation Dose FGR 11 factors DOE (1988) 
Conversion factors. Factors 
Factors can be edited 

from within 
RESRAD- 
BUILD 1.50. 

Comments 

The assumption of a planar infinitely thin perfectly flat and 
smooth source of radioactive contamination is a limiting conser- 
vative case. In real situations, this value is decreased by a number 
of factors: surface roughness; residual radioactive contamination 
largely may be associated with cracks between flooring material 
so that residual contamination is actually located within the 
surface. Furniture and building contents provide shielding that 
serves to reduce external EDE to a building occupant. As photon 
energies decrease, these factors cause external EDE estimates to 
become increasingly conservative. 

Both programs use FGR 12 factors to convert distributed 
radioactive contamination levels to EDE. However, the 
Radiological Criteria for License Termination standard is written 
in terms of TEDE, which is the sum of the deep dose equivalent 
(measured at a tissue depth of 1 cm) from external radiation 
sources and the CEDE from intakes of radioactive material. For a 
given distribution of radioactive materials, the deep dose 
equivalent usually exceeds the EDE. External dose conversion 
factors for EDE thus provide a non-conservative estimate of deep 
dose equivalent. Typically, the deep dose equivalent can exceeds 
the EDE by 25 to 50% or more (ICRU, 1988, Figure B.16). The 
difference between deep dose equivalent and EDE from external 
irradiation increases as the photon energy decreases. 

Both sets of dose conversion factors are based on an assumed of 1 
Tm activity median aerodynamic diameter (AMAD). Both FGR 
11 and DOE (1988) are based in the same system of dosimetry, 
ICRP publication 30 (ICRP, 1977), and there should be few 
substantive differences between the inhalation dose conversion 
factors used by RESRAD-Build 1.50 and DandD 1.0. 

RESRAD- 
BUILD 2.37 
uses factors 
from FGR 1 1 ; 
they cannot be 
modified by the 
user. 

The new lung model described in ICRP publication 66 (ICRP 
1994) recommends that 5 Tm AMAD particles be assumed for 
occupational exposures in the absence of site-specific information 
to the contrary. Newer dose conversion factors found in ICRP 68 
(ICRP, 1994) are tabulated for both 1 Tm and 5 Tm AMAD 
particles. Assuming a 1 Tm particle size distribution instead 5 Tm 
introduces a conservative bias cn the order of 30% for most 
particulate beta and gamma emitters. For long lived alpha- 
emitting thorium and plutonium isotopes that are cleared slowly 
from the lung, 1 Tm AMAD particles produce around twice the 
EDE per unit concentration as 5 Tm AMAD particles. 



Table 33. Discussion of industrial occupant scenario parameters in DandD 1.0 and RESRAD-Build 1.50 
(continued) 

Parameter DandD 1.0 RESRAD- Comments 
Build 1.50 

Ingestion Dose FGR 1 1 factors DOE (1988) 
Conversion factors. Factors 
Factors can be edited 

from within 
RESRAD- 
BUILD 1.50. 

RESRAD- 
BUILD 2.37 
uses factors 
from FGR 11 
(they cannot be 
modified by the 
user). 

The AMAD particle size encountered in occupational exposure 
situations frequently will exceed 5 pm, introducing additional 
conservatism into the 1 pm particle size assumption. 

Where more than one lung clearance class is identified in ICRP 
publication 30, both DandD 1.0 and RESRAD-Build 1.50 tend to 
conservatively assume the more restrictive form of the isotope is 
present. This often provides a conservative estimate of the EDE 
by less than a factor of two. However this convention becomes 
rather conservative for a number of isotopes, for example: 

*Uranium-238, class D versus class Y; factor of 50, 

*Strontium-90, class D versus class Y; factor of 6, 

*Technetium-99, class D versus class W; factor of 8. 

Both FGR 11 and DOE (1988) are based in the same system of 
dosimetry, ICRP publication 30 (ICRP, 1977), and there should 
be few substantive differences between the ingestion dose 
conversion factors used by RESRAD-Build 1.50 and DandD 1 .O. 

In some instances, ICRP publication 30 provides different GI 
absorption factors for isotopes depending on lung clearance class 
(uranium is an example). In such cases, both computer codes use 
the larger value as the default factor. 

The GI tract absorption factors used in ICRP publication 30 are 
based on data from animal experimentation and limited human 
studies. The default factors will be inappropriate for specific 
chemical forms of some radionuclides. For example, ICRP 30 
uses a GI tract absorption factor of 0.10 for barium, but the 
fractional absorption of barium sulfate via the GI tract is orders of 
magnitude lower. The factors could be non-conservative for 
unusual chemical forms of some radionuclides. 

Length of the 365.25 days 365 days 
Exposure (default). Can (default) Can be 
Period be edited within edited within 

DandD 1.0. RESRAD-Build 
1.50. 

occupancy -- 
Factor 

50 % (default). 
Can be edited 
within 
RESRAD-Build 
1.50. 

The high Occupancy Factor of RESRAD-Build 1.50 is reflective 
of the fact that defaults values of its parameters are not 
specifically based on the industrial occupant scenario of 
NUREGtCR-55 12. 



Table 33. Discussion of industrial occupant scenario parameters in DandD 1.0 and RESRAD-Build 1.50 
(continued) 

Parameter DandD 1.0 

Time in 97.46 days 
Building per (default) (i.e. 45 
Year hourslweek, 52 

weekslyr.) Can 
be edited within 
DandD 1.0 

RESRAD- Comments 
Build 1.50 

Default values The value of Time in Building per Year is reasonable for the 
of Length of average member of the exposed population. The default values of 
Exposure Length of Exposure Period and Occupancy Factor in RESRAD- 
Period and Build 1.50 are very conservative for an industrial occupant 
Occupancy scenario. 
Factor 
correspond to 
182.5 days or 
84 hours per 
week. 

Resuspension 1.42E-5 m" The resuspensionjhctor in DandD 1.0 is not directly comparable 
Factor to the resuspension rate used in RESRAD-Build 1.50 because the 

resuspension models are so different. DandD 1.0 utilizes a static 
resuspension model while RESRAD-Build 1.50 is based on a 

Resuspension 5E-7 s-' dynamic resuspension model. 
Rate 

Volumetric 
Breathing Rate 

Effective 
transfer rate for 
ingestion (from 
surfaces to 
mouth) 

Air Exchange 
Rates 

1.4 m3/h 18 m3/day The default volumetric breathing rate for an industrial occupant in 
the DandD 1.0 computer code is 1.4 m3/h, which is well within 
the range of literature values used by the ICRP. For comparison, 
ICRP publication 2 (1959) assigned Standard Man a breathing 
rate of 1.25 m3/h while occupationally exposed. ICRP publication 
23 (1 974) assigned Refirence Man a breathing rate of 1.2 m3/h for 
light activity. I C W  publication 66 assigned breathing rates of 1.2 
m3/h for light work and 1.69 m3/h for heavy work. The breathing 
rate of 18 m3/day used by RESRAD-Build 1.50 is within the range 
of estimates provided in EPA (1985). However, the breathing rate 
for an occupational worker involved in light activity is apt to be 
underestimated (as 0.75 m3/h) when this average value is used to 
provide an estimate for an active part of the day. In such cases, a 
use of a breathing rate of about 30 m3/day (1.25 m3/h) in 
RESRAD-Build 1.50 will provide a more conventional estimate 
for an industrial occupant. 

1.11E-5m2/h 1E-4m2/h These factors are not completely comparable because in 
RESRAD-Build 1.50 this only represents the transfer rate for 
material that has been suspended in air and then redeposited. To 
make the two models comparable, RESRAD-Build 1.50 must also 
have a non-zero value for direct ingestion of the source. 

NA 0.8 / h (default) Users need to recognize that the RESRAD-Build 1.50 IAQ model 
in case of one (Yu, et al., 1994, Appendix A) assumes ideal (complete) mixing 
compartment behavior of air between compartments and between a 
structure. compartment and outside air. However, this ideal behavior is 

seldom approached in real structures. Inefficiencies in mixing of 
air often result in layering, channeling, and the occurrence of dead 
air spaces within ventilated structures. These cause the Effective 
Air Exchange Rate to be lower than the ideal Air Exchange Rate. 
The Effective Air Exchange Rate is often 10% to 33% of the Air 
Exchange Rate (NIOSH, 1973). The Eflective Air Exchange Rate 
is the appropriate value for use in RESRAD-Build 1.50. 



Table 33. Discussion of industrial occupant scenario parameters in DandD 1.0 and RESRAD-Build 1.50 
(continued) 

Parameter DandD 1.0 RESRAD- Comments 
Build 1.50 

A default Air Exchange Rate of 0.8/h seems rather high 
considering that it is actually the Effective Air Exchange Rate that 
is of interest. In the 1970s, industrial buildings were built with a 
design specification of as little as 5 cfm of outdoor air per person 
(SMACNA, 1988) and some buildings may not have actually 
performed to specification. 

Radon Release NA 
Fraction 

0.1 (default) for DandD 1.0 Does not compute a dose due to emanated radon from 
area source residual radium contamination. Consideration of the dose result- 

ing from emanated radon is not a requirement of the final rule on 
Radiological Criteria for License Termination (NRC, 1997). 

RESRAD-Build 1.50s assumes that 10% of the radon present in 
residual radium contamination is available for release to indoor 
air. This default value is too low for many chemical forms of 
surface contamination by radium. It is not unusual for the 
emanation fraction of surface soils contaminated by uranium mill 
tailings to emanate 30% of the radon they produce. 

Locations and characteristics of shielding, and 

Occupancy factors for specific locations in the 
structure. 

3.2.3.2.2 Immersion. RESRAD-Build 1 .50 conserva- 
tively estimates the EDE arising from immersion in an 
infinite cloud of radioactive material utilizing dose 
conversion factors from FGR 12 (EPA, 1993). 
RESRAD-Build 1 .50 calculates the immersion EDE as 
the product of the airborne concentration and the 
concentration to dose rate conversion factor for an 
infinite cloud. The following considerations limit the 
practical importance of this exposure mechanism in the 
industrial occupant scenario: 

A person would have to be situated in a very large 
(football stadium-sized) volume of contaminated air 
in order for the immersion EDE rate to begin to 
approach the value that would result from 
immersion in an semi-infinite cloud of moderate 
energy to high energy gamma emitted. This point 
is illustrated by Figure 8. 

In the case of immersion in a cloud of beta emitters, 
the skin, muscle, and fat tissues receive almost the 
entire dose equivalent. The dose equivalents to 
these tissues are not included in the calculation of 
EDE due to external irradiation. 

For isotopes that are a practical concern, other 
exposure pathways, such as inhalation or ingestion, 
would be much more significant than immer~ion.~ 

3.2.4 Inhalation 

The inhalation models of DandD 1.0 and RESRAD- 
Build 1.50 differ significantly in the means used to 
compute airborne concentrations. These differences are 
illustrated in Figure 9; the models are described in the 
following section. 

3.2.4.1 DandD 1.0 

DandD 1.0 assumes a simple and static linear relation- 
ship between the amount of loose surface contamination 

Isotopes for which immersion in an infinite cloud causes a higher 
EDE than inhalation tend to be short-lived activation products and 

The ratio of dose rates (finite + infinite) for hemispherical clouds of noble gases that are produced during the operation of devices such as 
gamma emitters is calculated as: nuclear reactors and linear accelerators. However, immersion dose 

could be important in building decontamination scenarios where 
Ratio = 1- exp(-p*R), where p is the linear energy absorption respiratory protection is utilized and airborne gamma-emitting isotopes 
coefficient of air and R is the radius of the cloud (afler Member, 1983, are present in the air at many times the derived air concentration 
eq. 6.40). (DAC). 
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Figure 8. Dose rates from hemispheres of contaminated air having various 
radii relative to the dose rate from an infinite hemisphere of contaminated air. 

and the airborne concentration. Concentrations of 
airborne radioactive materials are computed by DandD 
! .O as the product of a resuspension factor, which has 
the units of m" , and the removable activityper unit 
area, which has the units of pCilm2 (Kennedy and 
Strenge, 1992, Eq. 3.17). DandD 1 .O takes into account 
radioactive ingrowth and decay. No other time 
dependence is present in the air concentration model. 
DandD 1.0 uses standard factors based on ICRP 
publication 30 to convert airborne concentrations to 
CEDE. Specifically, dose conversion factors used in 
DandD 1.0 are obtained from FGR 1 1 (EPA, 1988). In 
instances where more than one lung clearance class is 
given in FGR 1 1, the more conservative (larger) value is 
used in DandD 1 .O. 

source and also from resuspension of loose radioactive 
material deposited on horizontal surfaces in each 
compartment of the structure (Yu, et al., 1994, Eq. D. 1). 
Once airborne, radioactive material is subject to 
transport among the compartments of the structure, 
deposition on horizontal surfaces, and removal by air 
exchange between the structure and outdoor air. 
Radioactive ingrowth and decay are taken into account. 

The user specifies occupancy factors and respiration 
rates for each receptor. For up to three rooms in the 
structure, the user also specifies the: 

dimensions of the rooms, 

deposition velocity, 

3.2.4.2 KESWAD-Build 1.50 resuspension rate, 

air exchange rates, 
The airborne concentration model used by RESRAD- 
Build 1.50 is provided in Appendix A of Yu, et al. initial surface contamination level, 

(1994). This is a dynamic model that takes into removable fraction ofcontamination, and 
consideration kinetics of the introduction and removal of 

air release fraction of contamination 
radioactive material to or from indoor air. Radioactive 
material may be released into the air from each direct 



Figure 9. DandD and RESRAD build inhalation pathways 

A CEDE is calculated for each receptor. RESRAD- 
Build 1.50 uses dose conversion factors from DOE 
(1988).7 These factors are based on the ICRP-30 system 
of dosimetry. 

The inhalation dose estimates provided by RESRAD- 
Build 1.50 depend strongly on the relative magnitudes of 
the resuspension rate and air exchange rates. Both of 
these factors will vary by more than an order of 
magnitude depending on the activities of the building 
occupants, characteristics of the surface contaminants, 

and building design and use. Air exchange rates are 
discussed further in Table 33. 

In RESRAD-Build 1.50, the rate of release of radio- 
active material into a compartment, from a surface, is 
defmed by step functions that are time-dependent. When 
the elapsed time exceeds a specified value, no loose 
contamination is assumed to be present, and concentra- 
tions of non-radon particulates are assumed to be zero. 
At lesser times, loose contamination is assumed to be 
available for release to the air (see Yu, et al., 1994, Eq. 
D.2). 

The step function controlling the rate of release into the 
7 ~ h e  newer version, RESRAD-BUILD 2.37, uses inhalation structure causes ingestion and inhalation doses estimated 
coefficients from FGR 11 (EPA, 1998). 



by RESRAD-Build 1.50 to have a very different time 
dependence than DandD 1 .O. DandD 1.0 only removes 
material from the building through radioactive decay. 
As a consequence, DandD 1.0 ingestion and inhalation 
dose estimates decline gradually. RESRAD-Build 1.50 
ingestion and inhalation doses drop to zero once the time 
required for removal of loose contamination is exceeded. 

The RESRAD-BUILD 1.50 ventilation model also re- 
moves a portion of the inventory of radioactive material 
from the structure, since it assumes that exchange of 
outdoor air with indoor air occurs. This process removes 
a portion of airborne radioactive material that would 
otherwise be redeposited in the structure. RESRAD- 
BUILD 1.50's ventilation model causes dose rates to 
drop more quickly than in simulations run in DandD 1 .O. 

3.2.5 Inhalation - Radon Progeny 

The exposure scenario for industrial occupancy given in 
NUREGICR-55 12 does not address inhalation of radon 
and radon progeny. 

3.2.5.1 DandD 1.0 

DandD 1.0 does not directly calculate a dose due to 
radon progeny released from residual radium contamina- 
tion. 

In the case of an area source, such as that assumed by the 
occupancy scenario, RESRAD-Build 1.50 assumes a 
default radon release fraction of 0.1 from an area source. 
Concentrations of radon progeny are estimated taking 
into account ingrowth, decay, air exchange rates, 
attachment, and plate-out (Yu, et al., 1994, Appendix C). 

3.2.6 Ingestion 

Both DandD 1.0 and RESRAD-Build 1.50 provide 
estimates of EDE fiom ingestion of loose surface con- 
tamination. However, RESRAD-Build 1.50 models the 
EDE resulting from this pathway in a more complex 
manner. It requires additional site-specific data to take 
advantage of the features of the ingestion dose model. 
The overall pathways of each model are depicted in 
Figure 10. 

3.2.6.1 DandD 1.0 

The DandD 1.0 computer code estimates dose to a 
building occupant due to incidental ingestion as the 

product of several factors (Kennedy and Strenge, 1992, 
Eq. 3.19): 

[Dose] = [Exposure duration] 

x [Effective Transfer Rate, m2/h] 

x [Ingestion dose factor] (Eq. 4) 

x [Average Surface Activity per Unit Area] 

The Effective Transfer Rate used by DandD 1.0 has the 
units of m2/h for the building occupant scenario. 
Ingestion dose factors are taken fiom FGR 11 (EPA, 
1988). DandD 1.0 computes the final term, Average 
Surface Activity per Unit Area, from initial 
concentrations input by the user; it takes into account 
radioactive decay and ingrowth of radioactive daughters. 

RESRAD-Build 1.50 includes two incidental ingestion 
pathways as described in Appendix E of Yu, et al. 
(1994). The first means of ingestion depicted in Figure 
10 is very similar to the pathway as modeled by DandD 
1.0; loose contamination from the original area of 
contamination is ingested at a specific rate per hour. In 
RESRAD-Build 1.50, the Effective Tramjer Rate for this 
means of ingestion has the units of h-', whiIe the 
Effective Transfer Rate in DandD 1.0 has the units of 
m2/h. The Effective Transfer Rate in RESRAD-Build 
1.50 multiplied by the area of the contaminated source is 
comparable to the Eflective Transfer Rate in DandD 1.0. 
Note: the default Efective Transfer Rate for direct 
ingestion of the source is set to zero in RESRAD-Build 
1.50, making this ingestion pathway inactive unless the 
default is changed by the user. 

The second means of ingestion of loose contamination is 
concerned only with the ingestion of activity that has 
become airborne, transported throughout the structure 
via RESRAD-Build I .50's indoor air quality model, and 
subsequently deposited on horizontal surfaces (Yu, et al., 
1994, Appendices A and B). The Effective Transfer 
Rate for this means of ingestion has the units of m2/h, 
which is consistent with DandD 1 .O. 

The step function discussed in the section 3.2.4 of this 
report also restricts the ingestion dose to zero for times 
greater than the time required for removal of loose 
contamination. 



Figure 10. Ingestion models 

DandD 

3.2.7 Industrial Occupant Scenario 
Parameter Values 

To evaluate the building occupancy scenario using 
DandD 1.0 and RESRAD-Build 1.50, the following 
parameters are required. 

Ingestion 
Loose Surface 
Contamination 

Dose Conversion Factor for exposure to a planar 
source of radioactive material, 

Transfer to mouth * 

Inhalation Dose Conversion Factors, 

Loose Surface 
Contamination 

Ingestion Dose Conversion Factors, 

Length of the Exposure Period, 

Occupancy Factor (RESRAD-Build 1.50 only), 

Time in Building per Year (DandD 1.0 only), 

Resuspension Factor (DandD 1.0 only), 

Resuspension Rate (RESRAD-Build 1.50 only), 

Volumetric Breathing Rate, 
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Effective transfer rate for ingestion (from surfaces 
to mouth), 

.4ir Exchange Rates (RESRAD-Build 1.50 only), 
and 

Radon Release Fraction (RESRAD-Build 1.50 
only). 

Each of these parameters is provided with default values. 
Because of differences in the models underlying DandD 
1.0 and RESRAD-Build 1.50, not all values are directly 
comparable. Each of these parameters is discussed in 
Table 33. 

3.2.8 Comparisons of DandD 1.0 and 
R E S U D  Build Simulations for the 
Industrial Occupant Scenario 

3.2.8.1 Approach 

A series of 12 DandD 1.0 and RESRAD-Build 1.50 
simulations were run to provide a comparison of results 
when minimal changes are made to default settings and 
when an effort is made to match input parameters. The 
following isotopes were included in this evaluation: Pu- 
238. Pu-239, Cs-137, and Co-60. 

Simulations with minimal changes to default values were 
run with only the following scenario specific changes: 

isotope concentr2.tion: 27 pCi/m2 (1 Bqim2), and 

RESRAD-Build 1.50 was set to model surface 
contamination (volume contamination is the 
default). 

Because RESRAD-Build 1.50 is a kinetic model with 
many more free parameters than DandD 1 .O, 
undoubtedly there is more than one way to make it 
rese~nble DandD 1.0. The changes described below 
might not have been the best approach to doing this. In 
the series of simulations where an effort was made to 
match input data, the following additional changes to 
default settings were made in RESRAD-Build 1.50: 

Deposition rate = 0 

Resuspension rate = 0, 

Air exchange rate with environment = 14.42 per 
hour, 

Contamination area = building area = 1000 m2, 

* Rate for direct ingestion of source = 1 .1  1E-8 per h, 

Resuspended contamination ingestion rate (e.g. 
surface ingestion rate) = 0 m2/h, 

Fraction removable = 1 .O, 

Fraction released to air = 1 .O, 

Respiration rate = 33.6 m3/d, 

Fraction of time spent in the building = 0.267 

Selection of these values forced the value of the initial 
airborne concentration calculated by RESRAD Build to 
be 1.42E-5 Bq/mZ. This is the concentration that DandD 
1.0 would calculate based on a default resuspension 
factor of 1.42E-5 m-'. It also forced the ingestion rate of 
surface contamination computed by RESRAD-Build 
1.50 to be equal to the DandD 1.0 default value (1.1 1 E-5 
m2/h). The adjustments to the occupancy fraction and 
volume of air breathed were made to provide consistency 
with DandD 1 .O. 

Results of this comparison are provided in Table 34 and 
depicted in Figures 1 1, 12, 13, and 14. 

3.3.11 Residential Farmer Scenario: 
R E S M D  5-61 and DandD 1.0 

RESRAD 5.61 and DandD 1.0 tend to agree for doses 
resulting from direct irradiation, inhalation, and soil 
ingestion, provided that an effort is made to match input 
parameter values. 

Because RESRAD 5.6 1 and DandD 1.0 groundwater 
models differ in significant ways, the time dependence 
and magnitude of doses from groundwater pathways 
tended to be very different in this study. This affected 
the doses resulting from the irrigation pathways, the 
drinking pathway, and the aquatic pathway. In general, 
DandD 1.0 simulations showed contaminants at the well 
sooner than RESRAD 5.62 simulations, but maximal 
dose rates were not always higher with one model or the 
other depending on the relative importance of dispersion 
and decay on the simulated contaminant concentration. 
The groundwater models in NUREGICR-55 12 Volume 

* Time for removal of source = 8 1.59 days, 



Table 34. Comparison of results obtained from RESRAD-Build 1.50 and DandD 1.0 simulations for the 
Industrial Occupant Scenario 

RESRAD-Build RESRAD-Build 
Ratio, DandD 1.0 

result to 
1.50 result with with DandD 1.0 result, RESRAD-Build 

IsotopeJpathway minimal changes effort to emulate mremJy 1.50 result (with 
to defaults, DandD 1.0, effort to emulate 

mremly mremJy DandD 1.0) 

Cs- 1 37 ingestion 3.28E-4 3.50E-5 3.47E-5 

Cs-137 inhalation 7.89E-5 4.01E-5 3.97E-5 

Cs-137 external 2.45E-4 2.93E-4 4.61E-4 

Cs- 137 deposition 1.36E-4 0.0 

Cs- 137 total 7.9E-4 3.7E-4 5.36E-4 

Co-60 ingestion 1.51E-4 1.82E-5 1.77E-5 0.97 

Co-60 inhalation 3.3OE-4 1.88E-4 2.58E-4 1.37 

Co-60 external 9.74E-4 1.17E-3 1.85E-3 1.58 

Co-60 deposition 4.80E-4 0.0 

Co-60 total 1.9E-3 1.4E-3 2.13E-3 1.52 

Pu-238 ingestion 0.0254 2.68E-3 2.24E-3 

Pu-238 inhalation 1.15 0.58 0.49 

Pu-23 8 external 7.38E-7 6.70E-7 7.02E-7 

Pu-238 deposition 4.18E-7 0.0 

Pu-23 8 total 1.2 0.58 0.49 

Pu-239 ingestion 0.029 3.01E-3 2.48E-3 0.82 

Pu-239 inhalation 1.29 0.64 0.54 0.84 

Pu-239 external 4.42E-7 3.00E-7 3.09E-7 1.03 

Pu-239 deposition 2.52E-7 0.0 

Pu-23 9 total 1.32 0.64 0.54 0.84 
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1 are evaluated in greater detail in NUREGICR-562 1 
(Cole et al., 1993). 

Tritium and carbon-14 results in DandD 1.0 and 
RESRAD 5.61 are different, in part because DandD 1 .O 
lacks a gas or vapor flux model that would deplete the 
contaminated zone by release of water vapor and volatile 
carbon compounds to the atmosphere. DandD 1.0 
models incorporation of carbon-14 by plants as a root 
uptake process. In contrast, RESRAD 5.61 assumes that 
98% (default) of carbon incorporated into plants is a 
result of exchange through leaf surfaces. 

The lack of a carbon-14 or tritium flux model in DandD 
1.0 may cause dose fiom inhalation to be under- 
estimated. This is a minor exposure pathway for these 
isotopes in standard residential farmer scenarios, but it 
could become significant in site-specific scenarios where 
groundwater is not potable or suitable for irrigation. 

Neither DandD 1.0 nor RESRAD 5.61 model the 
inhalation dose due to diffusion of tritium or carbon-14 
from underlying soils into a structure. This potential 
exposure pathway should be evaluated. 

3.3.2 Industrial Occupant Scenario: 
RESRAD-BUILD 1.50 and DandD 
1 .o 

In the comparison of DandD 1.0 and RESRAD-Build 
1.50, there is good agreement between the initial 
external dose rate results for plutonium isotopes. These 
isotopes have a low energy 17 KeV x-ray that is rapidly 
attenuated by air. The size of the contaminated zone 
used in the comparison, 1000 m2, is effectively infinite 
because of this attenuation by air. 

exchange between the structure and the environment that 
is included in RESRAD-Build 1.50's indoor air quality 
model causes removal of loose contamination from the 
structure. 

Both of these factors should cause the dose rate versus 
time to drop more rapidly in RESRAD-Build 1.50 
simulations than in DandD 1.0 simulations. 

3.4 Conclusions and 
Recommendations 

This report provides a comparison of the concepts and 
assumptions in three environmental dose assessment 
computer codes that have been used to assess 
compliance with license termination requirements 
promulgated by the Nuclear Regulatory Commission 
(NRC) (NRC, 1997). The computer codes compared 
were DandD 1.0, RESRAD 5.61, and RESRAD-Build 
1.50. The comparison was largely limited to two 
standard exposure scenarios given in NUREGICR-55 12: 
a residential farmer and an industrial occupant. 

The largest source of missed dose in DandD 1.0 
simulations is apt to be inhalation of radon and radon- 
progeny. 

DandD 1.0 is specifically designed as a screening model 
to be used within the NUREG- 1549 decision framework. 
It is not meant to be used to set site-specific clean-up 
levels. If calculated doses exceed the NRC standard, the 
user is encouraged not only lo change the default 
parameters to justifiable site-specific values, but more 
importantly, is directed to consider sire-spec~fic models. 
Given that the DandD 1.0 models are both simplistic and 
defensible with minimal data, site-specific models 
should virtually always lead to lower doses and higher 

The disagreement between rate associated ,-lean up levels and herefore lower cosn. The 
results for cesium-137 and cobalt-60 largely is attribut- development of default parameter values for DandD .0 
able to the limited size of the contaminated zone. The was based on a systematic, transparent, and quantitative 
low attenuation ofthesegammarays aimlikes a Iooo approach that allows the user to bound the of 
mi area "non-infinite" and this causes RESRAD-Build making an incorrect decision and at the same 
1.50 external dose results to be smaller than those pre- provides a clear sMing point for users who need to 
dieted by The RESRAD-Build h o w  the potential value of collecting information prior 
dose estimates would be the more realistic. to collecting it. 

Initial dose rate estimates for the inhalation and ingestion Default soil mass loading values in DandD .0 for 
pathways were in reasonable agreement. foods consumed by humans appear to be implausibly 

high; the default values for these factors should be 
The time dependence of the DandD 1.0 and RESRAD- reevaluated. 
Build 1.50 models will be very different for two reasons. 
First, the step function described in section 3.2.5.2 In the residential farmer scenario, DandD .0 does not 
causes all loose (removable) contamination to disappear model tritium and carbon-14 in a realistic manner. It 
from the after a time' the air neglects inhalation of gaseous forms of these isotopes. 



This neglected pathway could be significant in site 
specific modeling where groundwater is not potable and 
not suitable for use. Modification of the model to 
account for gaseous tritium and carbon-14 is 
recommended. 

Neither RESRAD 5.61 nor DandD 1.0 address the 
inhalation of carbon-14 or tritium that has diffised from 
underlying soils into structures. The significance of this 
pathway should be evaluated. 

RESRAD 5.61 potentially will provide non-conservative 
soil guidelines for tritium contaminated debris or soil 
covered by 30 cm of soil or more. This does not affect 
RESRAD 5.61's ability to model the residential farmer 
scenario given in NUREGJCR-55 12 however. 

the generic scenarios or criteria for NRC license 
termination. As a result there are several issues that 
must be addressed when applying the code to NRC 
DandD sites, including: translating instantaneous dose 
rates to average annual dose, irrigation return flow, and 
appropriateness of parameter values. Because of the 
large number of options available to the user, NRC 
should provide guidance to licensees on how RESRAD 
5.61 should be set to run simulations on a screening 
level. This becomes important because some RESRAD 
5.61 options, such as the choice of non-dispersive versus 
mass balance groundwater models, can change the 
simulation results by more than one order of magnitude. 

Both RESRAD 5.61 and RESRAD-Build 1.50 lend 
themselves to assessing doses to hot-spots of residual 
contamination more readily than DandD 1 .O. 

RESRAD 5.6 1 was not specifically designed to evaluate 
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Appendix A: Comparison of DandD 1.0 and RESRAD 5.61 Simulations 



Average Dose Rates Versus 
* a series of simulations involving dry climate sites. 

Instantaneous Dose Rates 

RESRAD 5.61 calculates instantaneous dose rates and 
reports the result in units of mremly. Cleanup 
standards in 10 CFR 20, Subpart E "Radiological 
Criteria for License Termination" contain a TEDE 
criterion for annual dose, and not a limitation of the 
instantaneous dose rate. The difference between 
instantaneous dose rates calculated by RESRAD 5.6 1 
and annual average dose should be most marked in the 
cases of tritium and carbon-14 (which are rapidly lost 
from surface soils) and short-lived isotopes, such as 
Zr/Nb-95. 

To illustrate the significance of this point, RESRAD 
5.61 was run twice for a residential farmer scenario 
involving tritium. In one instance, the annual dose rate 
for the first year was taken to be the instantaneous 
dose rate at 0.5 years (the midpoint). In the other 
instance, the dose rate for the frst year was taken to be 
the average of the instantaneous dose rates calculated 
by RESRAD 5.61 at 0 y, 0.2 y, 0.4 y, 0.6 y, 0.8 y, and 
1.0 y. The results of the two simulations are provided 
in Table A. 1. Changes from default settings used to 
run these simulations are provided in Table A.2. 

Comparison of the two simulations shows that the 
RESRAD 5.6 1 convention of reporting instantaneous 
rates can lead to difficulties in interpreting the results 
for the purposes of determining compliance with 10 
CFR 20, Subpart E. Using the maximal instantaneous 
dose rate may result in rather high annual dose 
estimates for short-lived isotopes and isotopes which 
are rapidly lost from surface soils. It is suggested that 
RESRAD 5.61 be modified to report annual dose so 
that direct comparison with regulatory limits can be 
made. 

Comparison of DandD 1.0 and 
RESRAD 5.61 Simulations 

A comparison of DandD 1 .O and RESRAD 5.61 was 
completed for residential farmer scenarios for a variety 
of isotopes. This involved a comparison o f :  

time dependence, 

results when only minimal changes were made to 
default values, 

a series of simulations involving wet climate sites, 
and 

The wet and dry climate site comparisons were made 
with an effort to ensure the input values of the two 
computer codes were comparable. 

The comparison involved the following isotopes: 

Tritium and carbon- 14 (both RESRAD 5.6 1 and 
DandD 1.0 have special models for these 
isotopes), 

Cs- 13 7lBa- 13 7m, 

Radium-226 in equilibrium with radon-222 and 
progeny (RESRAD 5.61 has a special mcdel for 
radon while DandD 1.0 does not), 

Thorium-232 in equilibrium with radon-220 and 
progeny, 

DandD 1.0 simulations were used to estimate doses for 
the first year (0 - 365.25 days) and the fifth year (1461 
- 1826.25 days) to provide a comparison of doses at 
different time periods. The resulting values were 
compared directly to RESRAD 5.61 dose rate 
estimates at 0.5 years and at 4.5 years. Simulations 
were also run for longer time periods so that each 
model would provide a maximum dose rate estimate. 

Comparison of DandD 1.0 and 
RESRAD 5.61 Results for a 
Residential Farmer With Minimal 
Changes to Default Values 

Approach 

For this series of comparisons, DandD 1.0 was run 
with the changes to default values given in Table A.3. 
RESRAD 5.61 was run with the changes to default 
values given in Table A.4. 

Results 

Simulation results are provided in Table A.5 (tritium), 
Table A.6 (C-14), Table A.7 (Cs-137), and Table A.8 
(Ra-226 chain). 



Comparison of DandD 1.0 and 
RESRAD 5.61 Results for a 
Residential Farmer in Dry Climatic 
Conditions 

Approach 

For this series of comparisons, DandD1.O was run 
with the changes to default values given in Tables A.3 
and A.9. RESRAD 5.61 was run with the changes to 
default values given in Tables A.2 and A.4. In 
addition, distribution or partition coefficient values 
used in RESRAD 5.61 simulations were chosen to be 
consistent with those provided in DandD 1.0. 

Results 

Simulation results are provided in Table A. 10 
(tritium), Table A. 1 1 (C-14), Table A. 12 (Cs- 137), 
Table A. 13 (Ra-226 chain), Table A. 14 (Th-232), and 
Table A. 15 (Co-60). 

Comparison of DandD 1.0 and 
RESRAD 5.61 Results for a 
Residential Farmer in Wet Climatic 
Conditions 

Approach 

For this series of comparisons, DandD1.O was run 
with the changes to default values given in Tables A.3 
and A. 16. RESRAD 5.61 was run with the changes to 
default values given in Tables A.4 and A.17. In 
addition, distribution or partition coefficient values 
used in RESRAD 5.61 simulations were chosen to be 
consistent with those provided in DandD 1 .O. 

Results 

Simulation results are provided in Table A. 18 
(tritium), Table A. 19 (C-14), Table A.2 1 (Cs- 137), and 
Table A.22 (Ra-226 chain Th232 and Co60). 

Discussion 

Groundwater Pathways 

A primary difference in the water pathway calculations 
performed by DandD 1 .O and RESRAD 5.61 can be 
attributed to the method in which they model the 
unsaturated zone. 

DandD 1.0 uses a well-mixed linear reservoir model, 
which has an inherent dispersion term in it. This 
causes the arrival time for radionuclides from the 
contaminated zone to the aquifer to be zero. Thus, 
DandD I .O simuiations show radionuclides reaching 
the aquifer in a very short time, but at a low mass flow 
rate. 

The unsaturated zone model in RESRAD 5.6 1 is based 
on travel time from the contaminated zone to the 
aquifer. This means that no radionuclides can reach 
the aquifer until the model simulation time exceeds the 
travel time. The travel time in RESRAD 5.61 is 
proportional to the retardation coefficient. A 
radionuclide, such as tritium, has a retardation 
coefficient of 1 because it is not adsorbed onto soil 
particles and, thus, travels through the unsaturated 
zone at the same speed as water. Carbon-14 and other 
radionuclides are retarded, so they take much longer to 
reach the water table in the RESRAD 5.61 model. This 
is why doses were not seen for water-dependent 
pathways at one year or five years for isotopes other 
than tritium. 

Soil Ingestion 

Soil ingestion doses were twice as high in RESRAD 
5.6 1 simulations than in DandD 1 .O simulations. 
Upon inspection, it was determined that RESRAD 
5.6 1 soil ingestion rates were set at the default value of 
100 mgfday; this is twice as high as the DandD 1.0 
default soil ingestion rates (50 mg/d). There would 
have been no significant difference in doses calculated 
for soil ingestion if consistent soil ingestion rates had 
been used in the comparison. 

Inhalation 

DandD 1.0 inhalation doses were approximately 50% 
higher than those calculated by RESRAD 5.6 1 even 
after the RESRAD 5.6 1 occupancy factors and the 
inhalation shielding factor were adjusted for 
consistency with DandD 1 .O. The difference in 
inhalation doses largely is attributable to the RESRAD 
5.6 1's use of a single respiration rate, while DandD 
1.0 uses activity specific respiration rates for indoor, 
outdoor, and gardening activities. 

Inhalation dose results of DandD 1.0 and RESRAD 
5.6 1 are not comparable for radon, carbon- 14, and 
tritium because DandD 1.0 does not have a flux model 
that simulates release of these isotopes to the 
atmosphere. 

External Dose Rates 



In this comparison, the primary differences in external 
dose rate estimates generated by DandD 1.0 and 
RESRAD 5.61 resulted from two factors: 

the residential shielding factors in RESRAD 5.61 
and DandD 1.0 were not adjusted to be consistent 
with one another; DandD 1.0 was run with an 
external shielding factor of 0.55 12 (the default 
value) while RESRAD 5.61 was run with an 
external shielding factor of 0.7 (the default value); 
DandD 1.0 does not apply a soil density 
correction to external dose rates; the density of 
soils in this study were assumed to be 1.43 1 g/cm3 
while the external dose conversion factor data in 
DandD 1.0 are based on a soil density of 1.6 
g/cm3 a density to match the value used in 
RESRAD for the unsaturated zone. 

External doses calculated by both RESRAD 5.61 and 
DandD 1.0 agree well with one another when 
residential shielding factors and occupancy factors are 
assigned consistent values. The external dose results 
of both codes agree well with those calculated by 
Microshield@ version 5.03 (see Table A.25). 

Agricultural Pathway Doses 

In this study, doses from the agricultural pathways 
calculated by DandD 1.0 tended to be much higher 
than those calculated by RESRAD 5.6 1. This is 
primarily due to the differences in the plant mass 
loading assumptions of the two models. RESRAD 
5.61 models the plant mass loading as the net result of 
two processes: (1) deposition of resuspended soil on 
edible portions of plant foods at a constant rate, and 
(2) removal of soil from surfaces according to a first 
order (exponential) process. DandD 1.0 assumes a 
default plant mass loading of lo%, and this plant mass 
loading dominates the agricultural pathway for many 
isotopes. 

Smaller differences in the simulated doses in this study 
are due to the differences in how the diet of food 
grown on the contaminated site is modeled. These 
differences occur in both the composition of the diet 
and transfer factors. The primary difference between 
DandD 1.0 and RESRAD 5.61 values for consumption 
rates of homegrown foods are that the DandD 1.0 
values are based on production and consumption 
values for the specified critical group (people who 
garden), while RESRAD 5.6 1 values are based on 
national average consumption rates and the assumption 
that 50% of the entire diet is grown on site 

Tritium 

The results for a residential farmer scenario involving 
tritium, with minimal changes to defaults (see Table 
AS), differed by a factor of more than 100,000 for the 
initial year, with DandD 1.0 providing the higher 
result. This result is based on the convention used 
throughout this report of comparing DandD 1.0 annual 
doses with RESRAD 5.61 mid-year dose rates. For 
this scenario, agreement is much better between 
DandD 1.0 annual dose for the first year (3 17 mremly) 
and the initial dose rate calculated by 
RESRAD5.6 l(4.8 mrem). For the fifth year of the 
scenario the results were in reasonable agreement; the 
DandD 1.0 result was only a factor of 5 higher than 
the RESRAD 5.61 result. A similar trend is seen in 
the residential farmer scenario involving tritium under 
dry climate conditions (see Table A. 10) or wet climate 
conditions (see Table A. 18). 

It must be remembered that DandD 1.0 estimates the 
dose received in a year, while RESRAD 5.61 reports 
an instantaneous dose rate. Because RESRAD 5.61 
rapidly transports tritium out of the contaminated zone 
and the codes have a different dose reporting basis the 
time dependence of the dose values reported by the 
two codes are different. 

The results for the residential farmer scenario 
involving carbon-14, with minimal changes to 
defaults, differed by a factor of more than 20,000,000 
for the initial year, with DandD 1.0 providing the 
higher result (see Table A.6). For the fifth year of the 
scenario, the results were in better agreement, although 
the DandD 1.0 result still was a factor of 13 higher 
than the RESRAD 5.61 result. The results for the 
residential farmer scenario for a dry climate (see Table 
A. 1 1) and wet climate (see Table A. 19) obtained from 
DandD 1.0 and RESRAD 5.61 were not in good 
agreement for the irrigation, agricultural and aquatic 
pathways. 

For all of the DandD 1.0 simulations involving a 
residential farmer scenario with carbon-14, the 
agricultural, irrigation, and aquatic pathways tended to 
be predominant. This is partly due to the absence of a 
carbon-14 flux model in DandD 1.0 that would allow 
loss to the atmosphere. 

The results obtained from RESRAD 5.61 depend 
strongly on the reference evasion depth assumed for 
carbon- 14. This factor determines the maximum depth 
from which carbon-14 can be lost via flux to the 



atmosphere (default 0.3 m). The RESRAD 5.61 
results also depend strongly on the relative fractions of 
carbon assimilated by the plant from the soil and the 
atmosphere (defaults: soil 2%, plant 98%). The 
RESRAD 5.61 results provided in Table A.19 were 
obtained with both the reference depth and 
assimilation fractions set to the default values. 

It is not reasonable to do so, but running RESRAD 
5.6 1 for this scenario with the reference evasion depth 
set to 0 and the fraction of carbon assimilated from the 
soil to loo%, improves agreement with DandD 1 .O, as 
shown in Table A.20. These changes to default 
parameters set the carbon- 14 flux to the atmosphere to 
zero, and set the carbon dioxide absorption rate 
through leaf surfaces to zero to more closely mimic the 
model used in DandD 1.0. 

The initially higher dose rates due to the aquatic 
pathway in DandD 1.0 are partly due to the faster 
transport of carbon-14 to groundwater relative to the 
transport rate associated with the RESRAD 5.61 mass 
balance model. Since carbon-14 moves rapidly 
through environmental media, the different dose rate 
reporting bases of the two models precludes direct 
comparison of the results. 

The results for a residential farmer scenario involving 
cesium- 137, with minimal changes to defaults, 
initially were in reasonable agreement. The result 
DandD 1.0 provided was a factor of three greater than 
the RESRAD 5.61 result. However, for the fifth year 
of the scenario, the difference was much larger. The 
DandD 1.0 result was about 15 times greater than the 
RESRAD 5.61 result. This difference primarily is due 
to the much higher doses calculated for the aquatic and 
irrigation pathways by DandD 1 .O. 

Radium-226 in Secular Equilibrium with 
Progeny 

The overall results for a residential farmer scenario 
involving radium-226 initially were in good 
agreement. However, there are large differences in the 
distribution of dose among pathways (see Tables A.8, 
A.  13, and A.22). DandD 1.0 simulations suggested 
that agricultural pathways were the dominant source of 

dose to a residential farmer. 

In the case of radium-226 in a dry climate, the dose 
calculated by DandD 1.0 from the agricultural pathway 
is almost entirely due to soil mass loading on foods. 
Better agreement between RESRAD 5.61 and DandD 
1.0 is obtained for this pathway when plant mass 
loading is changed in DandD I .O from the default 
value of 0.1 to 0.0 1. 

In the 5.61 simulations doses from inhalation of radon 
and radon progeny were the dominant exposure 
pathway. DandD 1.0 does not have a radon gas flux 
model, this causes DandD 1.0 to underestimate 
inhalation doses due to radon. 

Thorium-232 in Secular Equilibrium with 
Progeny 

The overall results for the residential farmer scenarios 
involving thorium-232 did not give good agreement 
when default values of plant mass loading were used. 
Adjusting the DandD 1.0 plant mass loading value to 
0.01 and decreasing the fraction of foods grown onsite 
from the default values to approximate the diet in 
RESRAD results in significantly closer results. These 
adjustments cause the agricultural pathway doses 
calculated by DandD 1.0 for the residential farmer-dry 
climate scenario (Table A. 14) to drop from 19,400 
mremly to 1,220 mrem. For comparison, RESRAD 
5.61 estimated the doses for this pathway to be 999 
mremly. 

The overall results for the residential farmer scenarios 
involving Co-60 did not give good agreement when 
default values of plant mass loading were used. 
Adjusting the DandD 1.0 plant mass loading value to 
0.01, and decreasing the fraction of foods grown 
onsite yields similar results for the agricultural 
pathway. These adjustments cause the agricultural 
pathway doses calculated by DandD 1.0 for the 
residential farmer-dry climate scenario to drop from 
667 mremly to 292 mremly; for comparison, 
RESRAD 5.61 estimated the doses for this pathway to 
be 54 mremly. 



Table A.1. Comparison of annualized dose for a residential farmer for a scenario involving tritium 
using RESRAD 5.61 

Time (y) Instantaneous Dose Rate at 
Instantaneous Dose Rates (mremly) Interval Mid-Point (mremly) 

Annual estimate* 1.10 (arithmetic mean) 9.49E-3 (mid-point) 
Of course, users of RESRAD 5.61 could use more sophisticated means of  estimating annual dose than those presented in Table A-I. 

Table A.2. Changes to default settings used to run RESRAD 5.61 for comparison of estimated 

annualized and instantaneous doses. Scenario: Residential farmer, dry site, 
mass balance groundwater cancentraiions 

Factor Setting Remarks 

Contaminated zone thickness, m 0.15 Chosen for consistency with DandD 1.0 

Initial Tritium Concentration, pCi/g 1000 Scenario value 

Density of all zones, g/cm3 

Total porosity of all zones 

Effective porosity of all zones 

Evapotranspiration coefficient 

Precipitation Rate, m/y 

Irrigation Rate, m/y 

Runoff coefficient 

1.43 1 Chosen for consistency with DandD 1.0 

0.4599 Chosen for consistency with DandD 1.0 

0.4599 Chosen for consistency with DandD 1.0 

0.95 Scenario value 

0.2 Scenario value 

1 .O Scenario value 

0.4 Scenario value 

Watershed area for nearby stream or pond, m2. 10,000 Scenario value 

Thickness of unsaturated zone, m 1.229 Chosen for consistency with DandD 1 .O 

Well pumping rate, m3/y 1.0 12E4 Scenario value 

Groundwater model mass balance Chosen for consistency with DandD 1.0 

Watertable drop rate, m/y 0 Chosen for consistency with DandD 1.0 

Mass loading for inhalation, mg/m3 

Inhalation shielding factor 

Fraction of time spent indoors 

0.030 Chosen for consistency with DandD 1.0 

0.062 Chosen for consistency with DandD 1.0 

0.6571 Chosen for consistency with DandD 1.0 

Fraction of time s ~ e n t  outdoors (onsite) 0.1181 Chosen for consistency with DandD 1.0 

Table A.3. DandD 1.0 changes to defaults values in residential farmer scenario 
-- 

Factor Value Remarks 



Table A.3. DandD 1.0 changes to defaults values in residential farmer scenario 

Factor Value Remarks 

C-14 1,000 pCi/g 
Cs- 137/Ba- 137m 1,000 pCi/g 
Ra-226 + chain 1,000 pCi/g 

start time (first year), d 365.25 

stop time (first year), d 365.25 

Times chosen to ensure that DandD 
1.0 gave the dose for the time interval 
of interest. 

start time (fifth year), d 1461 
stop time (fifth year), d 1826.25 

Table A.4. RESRAD5.61 changes to defaults values in residential farmer scenario 

Factor Value Remarks 

H-3 1,000 pCi/g 
C-14 1,000 pCi/g 
Cs-1375a- 137m 1,000 pCi/g 
Ra-226 + chain 1,000 pCi/g 
dose rate evaluation time (first year), y 0.5 Time corresponds to midpoint of first 

year. 
dose rate evaluation time (fifth year), y 4.5 Time corresponds to midpoint of fifth 

year. 
Thickness of contaminated zone, m 0.15 Chosen to make source term and 

geometry comparable to DandD 1 .O. 

Table A.5. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
tritium, with the changes to default values given in Tables A.3 and A.4 

DandD 1.0, mremly RESRAD 5.61, mrem/y 
Pathway 

year 1 year 5 year 1 year 5 

Inhalation 3.89E-6 0 1.49E-4 0.0 
Plant NA NA 1.38E-3 0.0 

Meat NA NA 1.96E-4 0.0 

Milk N A N A 1.75E-4 0 .O 

Soil Ingestion 8.81E-4 1.60E-5 6.99E-7 0.0 

Water 6.04 5.34 0.0 2.853 
Fish / Aquatic 0.127 0.113 0.0 1.76E-4 
Irrig water - - Plant NA N A 0.0 0.121 

Irrig water - - Meat N A N A 0.0 6.27E-2 
Irrig water - - Milk NA NA 0.0 0.188 

Irrigation pathways 5.36 4.74 NA NA 

Agriculture 305 5.54 NA NA 

Total 3 17 15.7 1.92E-3 3.26 



Table A.6. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
carbon-14, with the changes to default values given in Tables A.3 and A.4 

DandD 1.0, mremty RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 6.57E-3 5.27E-4 0 0 

Inhalation 1.28E-4 1.03E-5 0 0 

Plant NA NA 4.3 1E-5 0 

Meat NA NA 1.00E-5 0 

Milk NA NA 4.28E-6 0 

Soil Ingestion 2.95E-2 2.37E-3 0 0 

Water 10.6 57.5 0 120 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 

Irrig water - - Milk 

Irrigation pathways 

Agriculture 

Total 

Table A.7. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Cs-137, with the changes to default values given in Tables A.3 and A.4 

DandD 1.0, mremty RESRAD 5.61, mrem/y 
Pathway 

year 1 year 5 year 1 year 5 

External 1,460 169 1,750 1,570 

Inhalation 1.96E-3 2.27E-4 2.30E-2 2.03E-2 

Plant NA NA 28.6 25.1 

Meat NA NA 44.3 38.9 

Milk NA NA 15.7 13.8 

Soil Ingestion 0.70 8.10E-2 1.35 1.18 

Water 58.0 550 0 0 

Fish / Aquatic 2,440 23,200 0 0 

Irrig water - - Plant NA NA 0 0 

Irrig water - - Meat NA NA 0 0 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 396 3,760 NA NA 

Agriculture 567 65.6 NA NA 

Total 4,930 27,800 1,840 1,650 



Table A.8. Comparison of DandD 1.0 and RESRAD 5.61 resuits for a residential farmer scenario involving 
Ra-226 + chain, with the changes to default values given in Tables A.3 and A.4 

DandD 1.0, mrem/y RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 4,6 10 4,540 5,530 4,830 

Inhalation 1.98 1.86 23 .O 20.2 

Radon 

Plant 

Meat 

Milk 

Soil ingestion 

Water 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 

Agriculture 

Total 48,400 54,700 33.300 28,900 

Table A.9. Changes to default parameters used in DandD 1.0 simulations for a residential farmer scenario 
in a dry climate 

Factor Setting 

Surface layer ratio 0.683 

Unsaturated zone ratio 0.683 

Infiltration rate, 0.056 

Cultivated area, m2 10,000 

Irrigation rate, L/m2d 2.738 

Table A.lO. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario 
involving tritium in a dry climate. Changes to default values were made in accordance with Tables 

A.3, A.9, A.2, and A.4. In addition, distribution or partition coefficient values used in RESRAD 
5.61 simulations were chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mremly RESRAD 5.61, mremfy 
Pathway 

year 1 year 5 year 1 year 5 

Inhalation 3.89E-6 2.87E-7 1.46E-3 0 

Plant 

Meat 

Milk 



Table A.lO. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario 
involving tritium in a dry climate. Changes to default values were made in accordance with Tables 
A.3, A.9, A.2, and A.4. In addition, distribution or partition coefficient values used in RESRAD 

5.61 simulations were chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mrernly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

Soil Ingestion 8.81E-4 6.50E-5 3.40E-6 0 

Water 1.03E- 1 5.67E-1 0 0 

Fish / Aquatic 3.93E-3 2.16E-2 0 0 

Irrig water - - Plant NA NA 0 0 

Irrig water - - Meat NA NA 0 0 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 9.15E-2 5.04E- 1 NA NA 

Agriculture 3 05 22.5 NA NA 

Total 3 06 23.6 9.49E-3 1.47E-24 

Table A.ll. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
carbon-14 in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, 
and A.4. In addition, distribution or partition coefficient values used in RESRAD 5.61 simulations were 

chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mrem/y RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 6.57E-3 4.75E-3 0 0 

Inhalation 1.28E-4 9.29E-5 5.79E-6 0 

Plant NA NA 7.22E-3 0 

Meat NA NA 1.68E-3 0 

Milk NA NA 7.17E-4 0 

Soil Ingestion 2.95E-2 2.14E-2 0 0 

Water 2.24E-2 5.14E-1 0 0 

Fish / Aquatic 3.93 90.3 0 0 

Irrig water - - Plant NA NA 0 0 

Irrig water - - Meat NA NA 0 0 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 6.49E- 1 1.49 NA NA 

Agriculture 119 86.3 NA NA 

Total 124 192 9.62E-3 0 



Table A.12. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
cesium-137 in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, 

and A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mremly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 1460 1160 1,650 1,370 

Inhalation 1.96E-3 1.55E-3 1.2 1 E-3 I .OOE-3 

Plant NA NA 28.3 23.4 

Meat NA NA 44.0 36.4 

Milk NA NA 15.6 12.9 

Soil Ingestion 6.99E-1 5.54E- 1 1.38 1.14 

Water 9.9 1 E-2 2.27 0 

Fish / Aquatic 7.56 173 0 

Irrig water - - Plant N A NA 0 

Irrig water - - Meat NA NA 0 

Irrig water - - Milk NA NA 0 

Irrigation pathways 1.40 31.9 N A N A 

Agriculture 567 449 NA NA 

Total 2040 1820 1,74 1 1 ?440 

Table A.13. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving - 
Ra-226 + chain in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, 

A.2, and A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mremly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 46 10 4600 5,340 5,330 

Inhalation 1.98 1.96 1.24 1.24 

Radon NA NA 30,800 30,700 

Plant NA NA 1,834 1,830 

Meat 

Milk 

Soil Ingestion 

Water 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 

Irrig water - - Milk 

Irrigation pathways 1.74 5.84 NA NA 



Table A.13. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Ra-226 + chain in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, 

A.2, and A.4. In addition, distribution or partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 (continued) 

DandD 1.0, mrem/y RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

Agriculture 40,400 40,200 NA NA 

Total 45,200 45,000 38,500 38,400 

Table A.14. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Th-232 + chain in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, 

A.2, and A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mrem/y RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 6,530 6,490 7,590 7,560 

Inhalation 

Radon 

Plant 

Meat 

Milk 

Soil Ingestion 

Water 

Fish 1 Aquatic 

Irrig water - - Plant 
Irrig water - - Meat 

Irrig water - - Milk 

Irrigation pathways 

Agriculture 19,400 19,200 NA NA 

Total 26,100 25,900 9,140 9,110 

Table A.15. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Co-60 in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, and 

A.4. In addition, distribution or partition coefficient values used in RESRAD 5.61 simulations were chosen 
to be consistent with those provided in DandD 1.0 

DandD 1.0, mremly RESRAD 5.61, mrem/y 
Pathway 

year 1 year 5 year 1 year 5 

External 6,200 3,660 7,090 4,189 

Inhalation 1.3E-2 7.7E-3 8.OE-3 4.7E-3 



Table A.15. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Co-60 in a dry climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, and 

A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were chosen 
to be consistent with those provided in DandD 1.0 (continued) 

DandD 1.0, mremly RESRAD 5.61, mrem/y 
Pathway 

year 1 year 5 year 1 year 5 

Radon NA NA NA NA 

Plant NA NA 29.1 17.2 

Meat 

Milk 

Soil Ingestion 

Water 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 2.OE-5 3.2E-4 NA NA 

Agriculture 667 394 NA NA 

Total 6,870 4,060 7,150 4,220 

Table A.16. Changes to default parameters used in DandD 1.0 simulations for a residential farmer scenario 
in a wet climate 

Factor Setting Remarks 

Surface layer ratio 0.7727 Based on equations given in RESRAD 5.6 1 
users manual (Yu, et al. 1993) 

Unsaturated zone ratio 0.7727 Based on equations given in RESRAD 5.6 1 
users manual (Yu, et al. 1993) 

Infiltration rate, 0.30 

Cultivated area, m2 10,000 

Irrigation rate, L/m2d 0 

Table A.17. Changes to Default settings used to run RESRAD 5.61 simulations for scenarios involving a 
residential farmer, wet site, mass balance groundwater concentrations 

Factor Setting Remarks 

Contaminated zone thickness, m 0.15 Chosen for consistency with DandD 1.0 

Density of all zones, g/cm3 

Total porosity of all zones 

Effective porosity of all zones 

Evapotranspiration coefficient 

1.43 1 Chosen for consistency with DandD 1.0 

0.4599 Chosen for consistency with DandD 1 .O 

0.4599 Chosen for consistency with DandD 1 .O 

0.50 



Table A.17. Changes to Default settings used to run ,RESRAD 5.61 simulations for scenarios involving a 
residential farmer, wet site, mass balance groundwater concentrations (continued) 

Factor Setting Remarks 

Precipitation Rate, m/y 1 .O 

Irrigation Rate, m/y 0.0 

Runoff coefficient 0.4 

Watershed area for nearby stream or pond, m2 10,000 

Thickness of unsaturated zone, m 1.229 Chosen for consistency with DandD 1.0 

Well pumping rate, m3/y 

Groundwater model 

Mass loading for inhalation, mg/m3 

Inhalation shielding factor 

118 

mass balance Chosen for consistency with DandD 1.0 

0.030 Chosen for consistency with DandD 1.0 

0.062 Chosen for consistency with DandD 1.0 

Fraction of time spent indoors 0.657 1 Chosen for consistency with DandD 1.0 

Fraction of time spent outdoors (onsite) 0.1181 Chosen for consistencv with DandD 1.0 

Table A.18. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
tritium in a wet climate 

DandD 1.0, mremfy RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

Inhalation 3.89E-6 5.20E-16 2.75E-3 0 

Plant 
Meat 

Milk 
Soil Ingestion 8.81E-4 1.18E-13 2.58E-5 0 

Water 

Fish I Aquatic 
Irrig water - - Plant 
Irrig water - - Meat 
Irrig water - - Milk 

Irrigation pathways 2.82 1.28 NA NA 

Agriculture 305 4.08E-8 NA NA 

Total 311 2.78 5.66E-2 4.13E-6 

Table A.19. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario 
involving carbon-14 in a wet climate 

DandD 1.0, mremfy RESRAD 5.61, mremfy 
Pathway 

year 1 year 5 year 1 year 5 

External 6.57E-3 1.39E-3 0 0 

Inhalation 1.28E-4 2.72E-5 5.1 1E-6 0 

Plant NA NA 6.388-3 0 



Table A.19. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario 
involving carbon-14 in a wet climate 

DandD 1.0, mremly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

Meat NA NA 1.48E-3 0 
Milk NA NA 6.34E-4 0 

Soil Ingestion 2.95E-2 6.25E-3 0 0 

Water 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 
lrrig water - - Milk 

Irrigation pathways 

Agriculture 119 25.3 NA NA 

Total 337 3090 8.51E-3 0 

Table A.20. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
carbon-14 in a wet climate. RESRAD 5.61 was run assuming the reference depth for carbon-14 flux to be 

zero, and that carbon is only assimilated through the root systems of plants 

DandD 1.0, mremly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 6.57E-3 1.39E-3 6.64E-3 2.OE-3 

Inhalation 1.28E-4 2.72E-5 7.OE-5 2.1 E-5 

Plant NA NA 325 96.2 

Meat NA NA 75.6 22.3 

Milk NA NA 32.4 9.57 

Soil Ingestion 2.95E-2 6.25E-3 0.05 1 1.5E-2 

Water 

Fish 1 Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 

Irrig water - - Milk 

Irrigation pathways 

Agriculture 

Total 



Table A.21. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
cesium-137 in a wet climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, 

and A.4. In addition, distribution or partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, rnremly RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

Externai 1,460 683 1,570 849 

Inhalation 1.96E-3 9.14E-4 1.15E-3 6.22E-4 

Plant NA NA 26.9 14.6 

Meat NA NA 41.7 22.6 

Milk NA NA 14.8 8.01 

Soil Ingestion 6.99E-1 3.27E- 1 1.31 0.71 

Water 7.22 13 1 0 0 

Fish / Aquatic 433 7,890 0 0 

Irrig water - - Plant NA NA 0 0 

Irrig water - - Meat NA NA 0 0 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 2.62 47.7 NA NA 

Agriculture 567 265 NA NA 

Total 2,470 9,020 1,650 895 

Table A.22. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Ra-226 + chain in a wet climate. Changes to default values were made in accordance with Tables A.3, A.9, 

A.2, and A.4. In addition, distribution or partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mremly RESRAD 5.61, mrem/y 
Pathway 

year 1 year 5 year 1 year 5 

External 4,610 4,590 5,340 5,320 

Inhalation 1.98 1.94 1.23 1.23 

Radon 

Plant 

Meat 

Milk 

Soil Ingestion 

Water 

Fish / Aquatic 410 1610 0 0 

Irrig water - - Plant NA NA 0 0 

Irrig water - - Meat NA NA 0 0 

Irrig water - - Milk NA NA 0 0 

Irrigation pathways 2.97 11.7 NA NA 

Agriculture 40,400 39,800 NA NA 

Total 45,600 46,300 38,500 38,300 



Table A.23. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Th-232 + chain in a wet climate. Changes to default values were made in accordance with Tables A.3, A.9, 

A.2, and A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were 
chosen to be consistent with those provided in DandD 1.0 

DandD 1.0, mremty RESRAD 5.61, mremly 
Pathway 

year 1 year 5 year 1 year 5 

External 6,530 6,360 7,571 7,4 14 

Inhalation 122 116 76.9 73.7 

Radon 
Plant 
Meat 

Milk 

Soil Ingestion 
Water 

Fish / Aquatic 12.7 31 1 0 0 

Irrig water - - Plant 
Irrig water - - Meat 
Irrig water - - Milk . NA NA 0 0 

Irrigation pathways 6.64E-003 0.165 NA NA 
Agriculture 19,400 18,600 NA NA 

Total 26,100 25,500 9,120 8,930 

Table A.24. Comparison of DandD 1.0 and RESRAD 5.61 results for a residential farmer scenario involving 
Co-60 in a wet climate. Changes to default values were made in accordance with Tables A.3, A.9, A.2, and 

A.4. In addition, distribution or  partition coefficient values used in RESRAD 5.61 simulations were chosen 
to be consistent with those provided in DandD 1.0 

DandD 1.0, mremty RESRAD 5.61, mremty 
Pathway 

year 1 year 5 year 1 year 5 

External 6,200 3,650 7,090 4,170 

Inhalation 

Radon 
Plant 

Meat 
Milk 

Soil Ingestion 

Water 

Fish / Aquatic 

Irrig water - - Plant 

Irrig water - - Meat 
Irrig water - - Milk NA N A 0 0 

Irrigation pathways 2.91E-5 4.69E-4 NA NA 

Agriculture 667 393 NA NA 

Total 6,870 4,040 7,140 4,210 



Table A.25. Comparison of External Radiation dose results from RESRAD 5.61, DandD 1.0, and 
Microshield 5.03. Default values are given in parenthesis. 

Factor DandD 1.0 RESRAD 5.61 

Indoor exposure time (days) (240) 240 (1 82.5) 

Outdoor exposure time (days) (40.2) 43.12 (91.25) 

Gardening exposure time (days) (2.92) --- 

Gamma shielding factor (0.5512) (0.7) 

Cs- 137 result (mremly) for 1000 pCi/g 1,460 (see Table A.7) 1,778 (see Table A.7) 
soil 

Microshield result (mremfy) for 1000 1,391 
pCi/g CS-137 

Ra-226 + chain result (mremfy) for 4,6 10 (see Table A.8) 5,530 (see Table A.8) 
1000 pCi/g soil 

Microshield result (mremly) for 1000 4,358 
pCi/g Ra-226 + chain 
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