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1.0 INTRODUCTION.

This report presents the methodologies utilized to calculate poten-
-tial impacts resulting from the management of low level radioactive
waste (LLW). The report considers three phases of waste management
that may result in various types of impacts: (1) processing of the
waste at the génékation source or at a centralized location prior to
aisbosa], (2) transportation of the waste from the generation, source
to the disposal location, and (3) disposal of the waste.

Potential impacts resulting from the management and disposal of LLW
are expressed through "impact measures." - Five quantifiable impact
measures have been selected for treatment in this report: dose to the
members of the public, occupational exposures, costs, energy use, and
land use. Other impact measures may be quantified; however, the above
five measures have been selected since they'imp]icitly reflect many of
the other impact measures.

The methodologies considered in the report include calculational
procedures to determine: )

0 the occupational exposures and the exposures to the members of
the public (individuals and population) resuiting from the
disposal of LLW; '

0 the occupational "and the population exposures resulting from the
' processing of the waste at the generator location or at a cen-
tralized location (assumed to be at the disposal site), and the
transportation of the waste from‘the waste generators to the
disposal site;

0 the costs and the energy use associated with processing, trans-
portation, and disposal of LLW; and

o the land area committed to disposal of LLW.

1-1



These methodo]ogie; may be applied to a number of alternatives for
waste form and packaging, disposal facility location, facility design
and operation, and institutional controls to determine performance
objectives and technical requirements for acceptable disposal of the
wastes and to determine the environmental impacts of the selected
alternatives.

This chépter provides an overview of the purpose and app]icétion of
the impact analysis methodologies, presents the'background rationale
for the fundamental assumptions utilized in the development of the
methodology and the data bases, and presents the approaches adopted to
define the interfaces of the three phases associated with the manage-
ment and disposal of LLW.

Chapter 2.0 discusses the waste-to-human pathways involved in the
calculation of exposures to the members of the public. It includes a
discussion of the basic rationale and background of the pathway
analysis methodology, presents and analyzes the generic pathways
considered in this report, and develops the equations applied in
‘subsequent chapters.

Chapters 3.0, 4.0, and 5.0 address thé three phases associated with
the management and disposal of LLW, and discuss the disposal impact
measures, transportation impact measures, and waste processing impact
measures, respectively. Additional backup data and discussfon re-
~ garding the pathway analyses are provided in three appendices address-
~ing the pathway transfer factors, dose conversion factors, and refe-
rence disposal locations, respectively. '

Finally, Chapter 6.0 contains a discussion of the computer codes
written to perform the impacts analyses. Included in the discussion
are the basic assumptions, general approach to the development of the
codes, and a discussion of the analyses performed by each code. The
listings of the codes and data bases utilized in the analyses are
provided as Appendix D. '

1-2
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facilities. One of the tools needed to provide this guidance is a
workable methodology for determining what disposal requirements are
applicable for a given type of waste -- i.e., a waste classification
methodology.

The primary reason for the development of a waste classification
methodology is the need to assure that uniform and environmentally
acceptable practices -are adopted throughout an extremely diverse
industry that generates LLW with varying physical, chemical and
radiological characteristics. Definition of specific waste cate-
gories, to allow for a commonly understood basis for managing LLW,
would resolve many of the issues facing the industries that produce
and dispose of LLW. ’

Several waste classification systems have been proposed and are
summarized in reference 7. Based on a review of these prdposed
systems, reference 7 concludes that a viable waste c]assification
system should be based on the ultimate disposition of the waste
material. It further outlines three potential methods for disposition
of the wastes,'name]y; (1) discharge directly to the biosphere for
innocuously low-level wastes, (2) active confinement for low-level
waste, and (3) isolation for high-level waste. This classification
system is illustrated in Figure 1.1.

Reference 7 also concludes that the method governing the disposition

of the waste should be based primarily on its hazard potential and

expressed in terms of radioactivity per unit volume or mass at the

time of disposal. The reference goes on to note that the interfaces

of the three disposal categories are yet to be established, that the

issue of whether or not specific activity limitations should be

established for individual isotopes or groups of isotopes has not been

resolved, and that a total activity inventory limit may have to be
established for each disposal facility in order that the radiological

impacts remain below the established guidelines.

1-4
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A subsequent attempt to quantify the interfaces of the above three
disposal categories is presented in reference 8. This report details
a three-category waste classification system determined by two refe-
rence disposal methods and the éorresponding acceptance tests. The
reference disposal methods which determine the interfaces of the three
classes are basea on the shallow land burial and sanitary landfill
disposal concepts. - A following 'report(g) expands on the "work in
progress" presented in reference 8§, and outlines a classification
system composed of five classes which are delineated by radiocactive

concentration guides.

The impact analysis methodology presented in this report is one of the
tools which may be used to develop a waste classification system and
determine the interfaces of the eventual disposal categories. This
Areport devotes considerable attention to the variable conditions of
LLW and potentially viable different disposa1 technologies.

1.3 General Approach

The most important rationale governing the selection of the metho-
dologies and the calculational procedures used in this report is
the generic nature of the analysis. The methodologies are focused
toward helping to establish generic criteria for LLW management and
disposal rather than calculating impacts at a particular disposal
facility.

This is eépecia]ly significant in view of the level of information
available for a generic analysis as opposed to the level of data
which will be available for a specific disposal facility site.
Increasea complexity and sophistication of a calculational procedure
cannot compensate for a lack of data. Moreover, increased complexity
and sophistication cannot compensate for the fact that all calcu-
lational procedures are based on an idealized picture of the system;
this is an integral aspect of all predictive tools which afe an

~
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“Another exampie of a factor complicating an accurate definition of

the interfaces is the possibility that the waste processing may occur
at the waste generator's site or at a centralized regional location.
This aspect has to be included in the calculation of the impact
measures, specifically the transportation impacts. |

A third rationale for the selection of the methodologies is the need
to have a flexible methodology that can be updated in a straight-
forward manner as additional information is obtained. Any methodology
that cannot accommodate timely changes is bound to become obsolete in
a short time. The methodologies selected provide for continuous
updating of the calculational techniques and the data base used for
the analyses.

The general criteria used in the development of the impact analyses
methodology (IAM) are as follows: '

o The IAM should be constructed in terms of measurable properties
of the waste and the disposal environment;

o The IAM should be able to treat extreme Vaiues of these measure-
able properties;

o The IAM should be .able to consider diverse impact measures
associated with the disposal of LLW;

o The IAM shoulq be capable of rapid calculation of these impact
measures;

o The IAM should be able to assess the comparative importance of
the measurable parameters in affecting the impact measures; and
finally, |

o The IAM should allow the incorporation of more complex and
-sophisticated calculational procedures, if necessarj.

1-8



1.47 ‘impact dMeasurss

Five basic impact measures ‘are guantitiec in this report o determins

a preferred aluernative or oplior associated with Management. anc
disposal of LLW. Two of. these measures - individual ano populavicn
exposures associated with the handiing anc agisposal of the waste - ave
representative of the level of Tong-term proiection of ithe humar
environment from raaiologic impacts. - The other measures ~ cosis.
energy use, and commitited land area associated with the disposay oV
waste - are representative of the Tevel of. long~term protectiorn of the
human environment from soccioeconomic impacts. Uther petential impact
measures, such as man-hours and-material requirements fe.g., clav,
gravel, concretej, are. implicitly included in the above f;ge Tmoah
measures. in view of past disposal history and practices, th impact
measures related to Tong-term protection of the human envircnment are

stressed¢ in this report.

The methodologies selected for determination of individual and popu-
lation exposures resulting from the disposal of waste, which are
discussed in Chapter 3.0, are primarily geared towards the generic
pature of the analysis. Accordingly, determinetion of the rela-

fects of various barriers bDelween the waste and the

TIVe 2

. e g y e PR PP S
waste vorm and packaging,

. apd institutional conerois

SO THTEER I

The impact measures asseciated with waste processing and Lignspori-

ation -= i.8., occupational and population exposures, costs, and
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energy use -- are all representative of the level of short-term
protection of the human environment afforded by the alternatives
considered; it is assumed that no land is perméhently committed during
waste processing and transportation activities. Again, impact
measures other than these four are implicitly included in the selected

set of measures.

The transportation impact measures are straightforward functions of
the packaging and shipping-mode assumptions detailed in Chapter 4.0,
and the population exposure calculational procedures given in docu-
ments such as references 15 and 16. Impact measures associated with
waste processing, presented in Chapter 5.0, are calculated based on
the assumptions presented in reference 14 and the transfer factors
developed in Appendix A.
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location to another through the atmosphere or soil by a transport

“agent), and thereby become accessible to humans through various

pathways. Human access to the radioactivity may result either through
direct human -contact with contaminated material (e.g., inhalation
of air, ingestion of water, or direct exposure to radiation) or
indirectly through contaminated biota (through a multitude of pathways

“involving vegetation and animals) which have come into contact with

contaminated material.

Each of these radionuclide release/transport/pathway combinations
(scenarios) represents a complex series of interactions which are
affected by a wide range of parameters such as waste properties,
disposal site properties, and operational procedures. These diverse
release/transport/pathway scenarios must be unified so as to achieve
a simple, accurate, and readily usable methodology for pathway ana-
lysis. The development of the methodology employed in this report for
pathway analysis is based on the following procedure:

o Define and analyze, as completely as is practically possible, all
the potential release/transport/pathway scenarios that may lead
to radiation eXposureS'to either individuals or populations, and
select the significant scenarios for further analysis.

-0 Simplify the structure of the selected release/transport/pathway
scenarios by separating the radiation release and transport
mechanisms from the pathway mechanisms. In other words, separate
the calculational procedures used to model release of radionuc-
lides from the wéste and movement of radionuclides through the
environment from those calculational procedures used to model the
resulting dose to humans. o

0 Determine applicable radionuclide-specific dose conversion
factors for various human organs from human exposure to conta-

minated material for all release/transport/pathway scenarios.
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nse conversion factors, henceforth called the pathway dose

conversion factors {FDCF's) te distinguish them from the conven-

tional use of the term "dose conversion factor" (which are
referred to as fundamental dose conversion factors in this
report}, are determined for an entire pathway to permit rapid

determination of dose equivalent vates to human organs.

o0 Model the radioactivity release and transport mechanisms between
the disposed wastes and the locations where the radionuclides
may be contacted by humans (the "biota access locations"). Then
identify the control mechanisms and barriers that may be techno-
Togically or administratively implemented that affect these

release and transport mechanisms.

o Utilizing the infermation presented in references 1, 2 and
Appendix C, determine the various options available for these
control mechanisms in terms of waste form and packaging, facility
site selection, facility design and operation, and institutional

requirements.

0 Finaily, determine the potential radiological impacts from the

[]

disposed LiW for various alternative aptions.

The methodoiogy considers only one radionucliide at a time. Total
impacts resuliing from the movement of radionculides from the waste
and through the environment are obtained by summing over all of
the radionuclides assumed toc be present in the LLW. Several radio-
nucltides consideredy(l) however, result in decay chains. These
decay chains are implizitly included by incorporating the effects
of the daughters throudh the dose conversion factors for the parent
radionuclide or by decaying the appropriate fraction of the parent
radionuctide and adding it teo the daughter radionuclide inventory as
in the case of the decay of Pu-241 to Am-241. However, more detailed
consideration of radionuc)lide chains would be appropriate during an
anatysis for a specific disposal facility location. |
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2.2 Re]ease/Transport/Pathway Scenarios

In accordance with the first two steps outlined above, the defini-
tion and simplification of the potential release/transport/pathway
(RTP) scenarios that are quantifiable and can lead to significant
radiation exposures to humans are discussed in this section. The
approach to the definition of the RTP scenarios is presented in
Section 2.2.1, applicable release/transport scenarios are discussed
in Section 2.2.2, control mechanisms that may be applied to these
scenarios are discussed in Section 2.2.3, and the RTP scenarios not
included in detail in this report are considered in Section 2.2.4.

Z2.2.1 Approach

The conventional approach to quantifying the routes and pathways
between radioactive materials and humans, ana thereby determining the
resulting radiological impacts, is widely known and can be found in
the ]iteraturé.(3'5) A representative diagram is given in simplified

form in Figure 2.1.

As shown in this figure and beginning with the disposed waste, the
transfer of radionuclides (and/or direct ionizing radiation) is traced
along numerous transport paths as the contamination is transferred
between adjoining compartments ana is eventually taken up by humans.
The boxes represent the contaminated media and the arrows indicate
that contaminant transfer can occur between adjacent compartments via
the stated radionuclide-mobilizing mechanism.

This classical pathway methodology 1is very useful in determining
specific impacts associatea with a particular disposal facility,
but is unfortunately a bit awkward for use in determining generic
regulatory requirements. This results from the fact that most of the
arrows between the boxes represent environmental parameters that are
site specific, and depend on the location of the disposal facility.
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Moreover, the diagram does not permit rapid identification and ana-
lysis of alternative control mechanisms, which may' be used to reduce
or eliminate the potential radiological impacts.

To aid in éna]yzing alternative overall fperformance objectives and
technical criteria, a more practical calculational procedure is needed
which separates those parameters that can be controlled (through
technological and/or administrative requirements) with a high degree
of confidence from those that cannot be controlled with the same
degree- of confidence. For example, waste form and paékaging are
parameters that may be potentially controiled with a higher degree
of confidence than such parameters as the irrigation rate of crops,
which must be assumed to be uncontrollable. A pathway diagram that
has been rearranged in order to‘satisfy these conditions is presented
in Figure 2.2. " '

As can be seen in this figure, most of the site specific pathway
compartments and parameters have been separated from the rest of the
diagram at what are. termed the b1ota access locatmns Most of the
parameters which can be contro]]ed (which are the solid waste/soil
mixture box and the connections of this box with the other biota
access locations) have been sépar;ated'from the rest of the diagram.
The significance of this separation is that performance objectives,
technical requirements, and administrative regulations which would be
formulated to reduce the rad1o1og1ca’l 1mpact of LLW disposal would be

aimed at the controllable parameters.

After the contamination reaches a biota access locatiori, it becomes
available for immediate or eventual uptake by humans. Comparatively
little control (mostly through site selection) can be 1mp1 emented over
the segments of the pathways beyond these biota access locations
(e.g., selection of a desert location may minimize ingestion path-
ways). Because of this compa‘rative lack of control, movement of
radionuclides through the pathways beyond the biota access locations
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and the resulting human exposures may be expressed through radionuc-
lide specific pathway dose conversion factors (PDCF's) that are

independent of the original means of contamination. Based on an
appropriate ' reference concentration at the biota access location
(e.g., 1 Curie/m3 of contaminated media), the dose to humans may be
calculated for each bathway from the biota access location to the
_ pdint of eventual human exposure. In other words, once the radio-
nuclide concentrations at the biota acceSs locations are known,
potentia]/human exposures‘may be determined by multiplying the actual
access Tlocation concentrat1on C (in units of Ci/nﬁ) by the PDCF
(in units of millirem per C1/m ):

H = PDCF x C_ o ’ (2-1)

where H is the human dose in millirem (see Section 2.3). As an
example of the‘dévelopment and use of a particular PDCF, consider the
impacts that could result to a human from the presence of a concen-
tration of radioactivity in off-site air. Potential exposures could
‘result from the following uptake pathways:

o Inhalation of the contaminated air,

* » . .
o Direct ionizing radiation exposure from standing in the conta-
~ minated air; ‘ '

o Consumption of leafy vegetables dusted with radionuclides settled
out of the air,

. *-
o Direct ionizing radiation exposure from contaminated dust
deposited on the ground;

* Direct ionizing radiation referred to in this report includes
alpha, beta, and gamma radiations. Alpha and beta radiations have
very short ranges and usually only gamma radiations are considered
in the impact calculations. However, beta radiation has been
included in this work in the fundamental dose convers1on factors
for the above exposure scenarios (see Appendix B).
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o Inhalation of contaminated dust which has been resuspended from

the ground surtace;

o Consumption or vegetables containing radionuclides transferred
into the plant ihrough voet pathways; and

¢ Consumption of Tood <ontaining radionuclides transferred to the
food through veirious pathweys such as plant-animal-meat or

plant-animal-milk.

At & specitic site, the dose vesulting from these uptake pathways
wou'l< be detervinined through the use of (1) transfer factors such as
air-to-lea¥ and scil-to-air {ransfer factors, and (2) fundamental
dose conversion faciors (DCF) such as the inhalation DCF (50-year
comnitted dose per pCi inhaled), ingestion DCF (50-year committed
dose per pCi 1ingested}, and direct radiation DCF (annual dose per
unit concentration in the contaminated medium). The transfer factors
and the actual potential impacts would be specific to particular
environmeniel conditions (e.g., humidity, types of food grown, etc.)
and specific human actions at the location where the airborne conta-

mination occurvred.

O3 iz analyses, reasonabie yet conservative assumptions

riironmental chavacteristics and human actions.
Ji0nE, 2 unit concentration of a radionuclide

and the vundamental dose conversion factors

external exposure), the potential

aocur as a3 result of each uptake
tated. Then the doses from each uptake pathway
zach individual organ, a single pathway

O T [P | e T o e gy
flay e sulllinsd ©0 YO, Yol

40se conversion tacuor that vepresents the total potential dose

received Trom ail wuph:

he end result is the ability to

quickly determine on & generic basis (e.g., by consulting a table and
multiplying), the total potential organ doses received by a human

from any concentration of radiconuciides in air.
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This approach introduces a conservatism in the calculation of doses
since not all of the uptake pathways 'may be applicable for every
release pathway and environmental setting. The generic nature of the
analysis, however, precludes a detailed consideration of site specific
pathway factors. ' '

2.2.2 Release Scenarios

There are three fundamental transport agents which can mobilize
radioactivity from disposed waste:

o Direct Contact - The waste may be directly accessed by humans
through ionizing radiation exposures or through human activities

which contact the waste/soil mixture.

o Air - Air can mobilize radioactivity from the waste when the
waste is directly exposed to the atmosphere.

o Water - Ground water and surface water can act as transport
agents to mobilize radioactivity from the waste.

Moreover, there are two comparatively distinct time periods of the
site lifespan during which releases from LLW can reach a biota access
location: the operational period and the post-operational period. The
post-operational period may be further divided into the closure and
observation period, the active institutional control period, and the
passive institutional control period. '

Operational Period - The operational period includes the time during

which the waste disposal operations takes place. During this period,
the principal mechanism at a disposal facility that can result in
significant transport of radiocactivity to a biota access location is
an operational accident. In this case, wind is the primary transport
agent, the biota access location becomes off-site air, and the expo-
sure period is acute - i.e., a discrete event occurring over a short
time span. ‘
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site owner. During this period, the facility operator is responsible

for the control and maintenance of the site. The groundwater scenarios
are initiated during this period. Groundwater may transpbrt radioac-

tivity to locations where the radioactivity may be accessed by humans.

Possible access locations would include either a well drilled into the:
contaminated aquifer or open water (e.g., a stream) into which the

contaminated aquifer has discharged. For both of these cases the

exposure periods are chronic (i.e., continuous events).

Active Institutional Control Period - This period lasts from the
transfer of the title of the site by the site operator to the site
owner until a point in time at which a breakdown in active institu-
_tional controls is assumed to occur. During this period, the waste is
not exposed to the atmosphere. The waste may, however, interact with
humans through direct radiation attenuated through the disposal cell
cover. Thus, the waste itself is an access location. The other

principal agent that can transport radioactivity from the waste during
this period is groundwater, ‘which continues during this period.

Prior to the transfer of the title to the site owner, the site will be
closed by the site operator. A desirable goal during the closure
activities is that the site will have been stabilized so that there is
essentially no need for active'ongoing maintenance by the site owner.
During the active institutional control period, the site owner is
responsible for the care and maintenance of the site. Access to the
site is restricted (e.g., fenced) and/or controlled by means of some
manner of licensed surface use. The direct radiation exposure sce-
nario, in comparison with other scenarios, is 1ikely not to be signi-
ficant since the radiation must pass through the intact trench cover.
The groundwater scenarios are assumed to continue during this period.

Passive Institutional Control Period - During the passive institution-

al control period (after active institutional controls are assumed to
have broken down), the waste may be exposed to the atmosphere through
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erosion or human activities. During this period, the waste/soil
mixture may, potentially, be directly accessed by humans. For example,
a house could be inadvertently constructed on the waste disposal
facilty and after the house is constructed a person or small group of
persons could live in the house and possibly consume garden vegetables
inadvertantly grown in the waste/soil mixture. These two potential
inadvertent intruder scenarios are referenced several times in this
report and are referred to as the intruder-construction scenario and
the intruder-agriculture scenario. In addition, wind and water may
act as transport agents that may lead to dispersion of radionuclides
and off-site contamination of air and open water, respectively. In
the case of direct human contact with the waste/soil mixture, the
exposure period is acute for the inadvertant intruder-construction
scenario, and chronic for the inadvertant 1ntruder-agricu1turelsce-
nario. For scenarios involving the wind and surface water transport
agents, the exposure periods are chronic. The groundwater scenario
continues during the passive institutional control pericd.

During the active institutional control period, it may be assumed that
active controls exercised by the site owner on the closed disposal
facility will gradually lessen. The period of time between the site
inspéétion and koutine monitoring of the site will lengthen. Even-
tually a passive institutional control period may be assumed during
which the control of the site is principally expressed through site
ownership and control of land use. During this period, there may be
occasions in which inappropriate use of the facility by people occurs.
As extreme examples of inapropriate use, a house may be constructed on
the disposal facility and persons may live in the house. It is
likely, however, that the passive institutional controls would pre-
clude continuation of inappropriate site use for long time periods.

The seven pathways that have been discussed above (one for the ope- »
rational period, two for the closure and observation period, one for
the active institutional control period, and three for the passive
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_institutional control period) are summarized in Table 2-1. A brief

discussion of the release/transport/pathway scenarios not considered
quantitatively in this report is given in Section 2.2.4.

For calculational purposes, it is convenient to reorganize these seven .
pathways. This modification involves breaking up the passive institu-
tional control period on-site soil exposure pathway into two exposure

-. scenarios (inadvertant intruder-construction and inadvertant intruder-

agriculture), and eliminating the active institutional control period
on-site soil exposure scenario since it involves potential radiation

~ exposure attenuated through an intact disposal cell cover. These

exposures are not expected to be significant as long as the disposal
cell cover is intact. Direct radiation exposures to a potential
intruder are considered as part of the above inadvertant intruder
scenarios. The resultant seven pathways are illustrated in Figure 2.3.

A1l of these pathways involve PDCF's which are composed of more than
one uptake mechanism, i.e., there are secondary biota access locations
such as off-site air containing wind suspended radionuclides that were
deposited after wind transport from the waste. Additional information
on secondary biota access locations is provided in Section 2.3.2.

2.2.3 .Control Mechani;ms

The release and transport of radioactivity from the disposed LLW
are significantly affected by the _properties and characteristics of
the waste form and packaging, site design- and location, disposal
practices, etc. . Most, if not all, of these items are controllable to
some degree. Specific controls of these items can be made mandatory
through administrative regulation; hence these may be termed regu-
latable items or control mechanisms.

In order to permit the specification of controls and the quantitative
assessment of their effects, these control mechanisms should be
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TABLE 2-1

Major Pathways for LLW Disposal Facility

Period
Pathway Initiated

Operational Period

vC]osUre and

Observation Period

‘Active Institutional

Contrb] Period

Passive Institutional
Control Period

Transport Agent

Wind

Groundwater
Groundwater

~ Direct Radiation

Direct Access

Wind

'Surface Water

Biota Access
Location

Off-site Air

Well Water
Open Water

On-site Soil

On-site Soil

Off-site Air
Open Water

Exposure

Period

Acute

Chronic
Chronic

Chronic

Chronic

or Acute

Chronic
Chronic



SOURCE

RADIOACTIVE

FIGURE 2.3 :

Simplified Pathway Diagram

Release/Transport Biota Access Pathway Dose
Scenario Location Conversion Factor

Accident [Offsite Air ] Multiple (see text)
Intruader-
_Construction | Onsite Soil | Multiple
Intruder-

Agriculture [ Onsite Soil | Multiple
Groundwater [ Well water | Multiple
Groundwater | Open Water | Multiple

Surface Water { Open Water | Multiple

Wind Transport | Offsite Air] Multiple
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identified unambiguouslyi To accomplish this, each release/transport
mechanism may be broken down into its component parts. This breakdown
is illustrated in Figure 2.4 and in the following example regarding

potential groundwater migration.

Figure 2.4 schematically traces the 'progréss of a given transport
agent (é.g., water) from initial 1nput't6”the waste to eventual output
at the biota access location. For example, consider the action of
rain watekqu:a'sha110w land burial facility. Rain water (the initial
form of the transport agent) may seep down into the waste, contact and
leach radioactivity from the waste (thereby becoming leachate), become
contaminated and continue seeping downward. The contaminated water
may then move through the tranSport medium (e.g., underground satu-
rated or unsaturated zones) to a well or to a river (biota access
location) where it is withdraWn for use in'human'consumption, crop
irrigation, animal watering, etc. Identification of the basic struc-
ture of the release/transport mechanisms permits strafghtforward
postulation of barriers that can impede the movement of the transport
agent or 1its associated contamination from one compa%tmént to the
next. The following barriers and control mechanisms can be identified
using the abdver example of rainwater infiltration and transport.

o Rainwater infiltration into the waste cell can be reduced
by a 1ow¥permeability c]qy cover over a waste disposal trench.
This barrier can be controlled through site design and stabili-

zation operations during site closure.

o Water that does enter the trench can be parfia]]y inhibited from
picking up contamination from the waste by either assuring that'm
‘the waste container does not permit contact between the waste and
water (this may be accomplished through the use of a high integ-
rity container) or by permitting only the disposal of waste that
releases radioactivity very slowly upon contact with water. This
barrier can be controllied through waste form and packaging.
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Release of contaminated water from the trench may then be
reduced by another low-permeability clay layer at the bottom of
the trench. However, this barrier should be implemented with
caution. Otherwise, accumulation of leachate could occur which
could eventually fill up the trench and posssibly overflow the
trench.  This barrier can be controlled through site design.

After the water enters the transfer medium (i.e., the soil), the
natural geologic barriers that can impede and/or reduce the
magnitude' of the radionuclide transfer include adsorbtion onto
soil particles as the water moves through an underlying strata,
dispersion of the radionuclides during migration, and radioactive
decay during the contaminant travel through the geologic medium.
These barriers can be controlled through site selection.

Once the transport agent reaches the biota access location,
another mechanism that would reduce the magnitude of the conta-
minant concentration is dilution with uncontaminated water at the
discharge location. For example, the flow rate of a river or the
pumping rate of a well affects the degree of dilution achieved.
This barrier can also be controlled fhrough site selection.

Finally, the point in time at which the groundwater scenario is
initiated depends orn the waste form and package,-site operational
procedures, and administrative requirements. For example, the
waste may be packaged in a high integrity container. This
resuits in a time-delay factor, due to radioactive decay, that
can reduce the magnitude of the source term significantly.

The barrier concepts that have been discussed above can be generalized

and applieda quantitatively to each release/transport scenario. This

may be accomplished by using an interaction factor (denoted by the

symbol 1) that relates the radionuclide concentration at the biota
access location to the radionuclide concentration in the waste:
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Ca =1x Cw (2-2)
where (Ca) and (Cw) are the concentrations of the radionuclide of
concern, in units of (Ci/m3),'at>the biota access location and
in the waste, respectively. The interaction factor (I) can further be
compartmentalized in terms of the barriers discussed above:

I=f,xfyx f, X fe (2-3)
where

f = time-delay factor. This factor accounts for all the control
‘mechanisms that increase the time period between the termina-
tion of waste disposal at the site and the initiation of
contact between the transport agent and the waste.

f, = site design factor. This factor includes the effects of any
engineered barriers designed into the waste disposal opera-
tions at the site, plus any site operational practices that
may reduce transport.

f = waste form and package factor. This factor accounts for the
physical and chemical characteristics of the waste, ‘at the
time of the initiation of the release/transport scenario, that
may inhibit contaminant transfer to- the transport agent.

~f_ = site selection factor. This factor includes the effects of
the natural site environment that contribute to reducing the
contaminant concentrations at the biota access location.

These -four barrier factors may be used to represent the control
mechanisms. Regulation through these factors may be accomplished by
either specifying the value required for a given barrier factor, or by
defining the characteristics of the barrier needed to achieve the

desired effect. ’ ’
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2.2.4 Other Potential Exposure Pathways:

The above seven release/transport mechanisms are comparatively the
most significant potential pathways to human exposure, and calcula-
tional procedures are developed in this report to determine potential
human exposure levels resulting from these pathways. The calcula-
tional procedures are used to help determine overall performance
objectives and technical criteria for near-surface radioactive waste
disposal. There are other potential pathways to humans which may be
considered during deve]dpment of the performance objectives and
technical criteria, but calculational procedures to estimate specific
exposure levels are not developed in this report. These potential

A7)

exposure pathways include the following:

o Groundwater migration during the operational period of the
facility 1ifespan;

0 The bathtub effect -- i.e., filling up of the disposal cells with
accumulated leachate and subsequent overflowing;

o Diffusion of  radioisotope-tagged decomposition gases through
disposal cell covers;

o Dispersion of radioactive material by means of surface runoff or
wind dispersion from accidentally contaminated site surfaces and
equipment. '

A1l of these potential pathways have been obsefved at commercial
(8-13)  1pe first three
pathways are fundamentally caused by site instability problems--that

and/or DOE operated disposal facilities.

is, by degredation of compressible material within a disposal cell and
subsequent subsidence of the disposal cell contents, leading to
cracking and slumping of disposal cell covers and increased infiltra-
tion of rainwater into the disposal cell. At sites with moderate to
high permeability soils, an infiltration problem (resulting from a
subsidence problem) can lead to migration of some radionuclides being
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observed during the operational beriod of the facility life. This
would principally involve very mobile radionuclides such as tritium.
However, during site operations the potential for groundwater mig-
ration would be monitored and if it occurs, the licensee would take
steps to correct the situation. Of more concern is the potential
Tong-term migration of all the radionuclides in the waste after site
operations have terminated. At sites with very low permeability
soils, an infiltration problem can lead to collection of trench
leachate 1in disposal cells. This leachate would have to be removed
and treated during disposal operations.

It has been demonstrated  that 'potential problems of increased in-
filtration -- migration during the operational period or the bathtub
éffeét -- can be minimized or avoided during the operational period
through siting or operational procedures. For example, increased
attention paid to compaction of disposal trench covers can greatly
reduce’ the maintenance required during site operations. 0f more
interest is the long-term stability of a disposal facility, and
methods which may be used to ensure this stability. Impacts from the
bathtub effect could ultimately inciude overland flow of a few to some
hundreds of gallons of leachate. The prihcipa] impact, however, is
likely to be the very high costs df remedial action, which could
include pumping, treating and solidifying leachate, and restabiliza-
tion of trench covers. This remedial action could result in an
expense to a site owner of better than a million dollars per year, for

(

or waterborne release of radionuclides.

a number of years. 14) Treatment of leachate could involve airborne

Past disposal experience indicates that potential diffusion of radio-
isotopetagged decomposition products such as methane or carbon dioxide
can be significantly retarded by facility design and operating prac-

tices such as thicker trench-éovers.(12'13) 'In any case, generation
of decomposition gasses would be reduced through efforts to minimize

the degredation of trench contents. In other words, actions undertaken
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promote site stability and to minimize or eliminate trench subsidence
will also serve tc significantiy reduce generation of radioisotope-

tagged decomposition gases.

Potential operational impacts due to run-off or wind dispersion of
contaminated site surfaces are site specific and would be addressed as
part of the Tlicensing of individual disposal facilities, and calcu-
lational procedures to estimate the Tevels of these potential impacts
are not developed in this report; In any case, these impacts can be
reduced to negligible levels through strict on-site contamination
control at a disposal facility, and through better attention paid to
packaging of wastes for transportation. In the past, one of the most
significant contributor to on-site contamination has been accidental
spillage of trench leachate during pumping for treatment. In addition,

- another significant contributor to .on-site contamination has been

accidental spillage of low-level liquids which were at one time
delivered to some disposal facilities for solidification and disposal.
More recently, however, this practice has been discontinued and all
disposa] facilities accept only solid wastes for disposal. Probably
another cause for on-site contamination is through excessive free-
standing liquids in (and leaking out of)‘disposal containers.

rotential intrusion by deep rooted plants or burrowing animals through
disposal cell covers is another potential pathway. This dintrusion
could potentially result in increased human exposures by three general

mechanisms:

{1} surfacing of radicactive material which could then be dispersed

by wind or water,
{2} human consumption of contaminated plants or animals, or

{3} increasing rainwater percolation into the disposed waste through
rgot channels and animal burrows, thereby potentially increasing
radionuclide migration through groundwater.
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4
These potential exposures, particularly the first two mechanisms,

are difficult to quantify. Past occurrences of plant and animal
intrusion at existing disposal facilities, potential exposure pathways
to humans, and methods to reduce or preclude such intrusion are site
specific and are not quantified in the generic analysis developed in
this report. In any case, the major impact of deep-rooted plant and '
burrowing animal intrusion at é disposal facilty is likely to be an
increase in the potential for groundwater migration. This potential
effect on groundwater migration is quantitatively considered in this
report (see Section 3.5). However, for perspective, a brief discus-
sion based on reference 13 of potential deep-rodted plant and animal
intrusion is presented below.

For uptake by vegetation, a biomass model, using the parameters of
the ecosystem that follow the generation and transfer of biomass,
assumes that 0.2 percent of the root mass of a mature tree is below
1.5 m from the soil surface with the uptake linearly proportional to

(13) An evaluation of uptake for wastes containing

this fraction.
plutonium at a concentration of 10 nCi/g was performed and yielded
a concentration 8x10'64nC1/g at the soil surface after 5000 years.(13)
From these results, reference 13 concludes that this mechanism is
unlikely to produce surface concentrations exceeding the original
waste concentrations. Therefore, the intruder scenarios will be the

1imiting scenarios.

The other mechanism is potential animal or insect intrusion. The
depths of burrows or tunnels for some typical animals and insects are

given be]ow:(13)
Maximum Typical Burrow
~ Species and Tunnel Depth
Harvester Ant 3 m
Moles 1.2 m
Pocket Gopher 0.6 m
Pocket Mouse l.6 m
Deer Mouse 0.6 m
Field Mouse 0.6 m
Earthworms 0.5m
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As can be seen, the probability of animals other than harvester ants

(13)

significant erosion of the waste cover, the surface concentrations

reaching the wastes with a two meter cover is 1ow. Even after
will be lower than the wastes and the doses will be controlled by the
pathway of people living on the area after the wastes are exposed by
erosion. 13 This implies that the intrudérAscénarios will again be
the limiting scenarios. In any cése, burrowing animals that may be
fdund in vérious regions of the continental U.S. are discussed in
Appendix C for four hypothefica] disposal facility sites.

2.3 Pathway Dose Conversion Factors

This section considérs the pathway dose conversion factors (PDCF'S)
introduced in equation 2-1. It presents a background on dose calcu-
lational procedures, presents detailed pathway diagrams for the seven
pathways‘considered in Section 2.2, discusses the biota access loca-
tions, and gives PDCF values for the seven pathways of concern for
the seven human organs and 23 radionuclides selected for consideration
in this report. o

2.3.1 Background

The use of the pathway dose conversion factors (PDCF's) in the calcu-
Tational methodology is straightforward. It is multiplied by the
radionuclide concentration at the biota access Tocation(s) (Ca) to
obtain the human exposures:

H = POCF x C, | (2-1)

where PDCF stands for the pathway dose conversion factor in units of
millirem (mrem) per Ci/m3 for the acute exposure scenarios and in
units of mrem/year per Ci/nﬁ for the chronic exposure scenarios.
The radionuclide concentration at the biota access location (Ca) is
in units of Ci/m°. ,
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In this report, for acute exposures, H will be taken as the dose in
mrem, received dur1ng 50 years following a one—year exposure to the
‘radioact1ve material; and for chronic exposures, H will be taken as
the dose rate in mrem/year, received during the SOth year of an
exposure per1qd lasting 50 years. ‘These two definitions result in
‘use of the same fundamental dose conversion factors for the chronic
and acute scenarios. Hereinafter, the qualifier equivalent is assumea
to be implicit in the term ggsg;'similarly, the dose equivalentvrate
will be referred to as the dose rate.

~ Some of the acute exposure scenarios last for much shorter periods
than one year. However, for calculational convenience all acute
exposures will be assumed to last one year. A correction factor, used
to normalize acute exposure pékiods to the one-year reference value,
will be incorporated into the release/transport portion of the sce-
nario, usually into the site se]ect1on factor fs, as appropriate to
the scenario.

Use of the POCF requires a clear quantitative pathway model, which is
arrived at through the following steps:‘d)

(1) defining the objective of the modelling effort,

(2) forming. the block diagram of the system identifying the ecolo-
-gical and environmental compartments,

(3) identifying and quantftati#ely determining the "“translocation"
parameters of the system,

(4) predicting the response of the system to the input parameters by
using either the concentrat1on factor (CF) methoa or the systems
analysis (SA) method, and '

(5) analyzing this response for the critical radionuclides and
pathways and the effects of parameter uncertainties.
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These steps are straightforward, except for the definition of the
“translocation" parameters (which are referred to as transfer factors
in this work) and the use of either the CF or the SA methods to
predict the response of the system. These are briefly summarized
below.

The transfer factors are simply the transfer functions or coefficients

_that express contaminant exchange between the various environmental

compartments of the pathway diagram -- e.g., animal bioaccumulation
factors, plant uptake factors, etc. A survey of the literature yields
a considerable range of values for these parameters dependent on the
human environment. One may obtain preliminary values from laboratory
and field experiments, but these should be refined by observations in
the actual system. Values for the transfer factors utilized in this
work are detailed in Appendices A and B.

In order to mathematica]Ty model theimovement of a radionuclide
from its source to its uptake by a human population, two modeling
systems may be used. They are referred to as the CF and SA methods.
Both require the conceptualization of the actual system as a series
of compartments through which the radionuclides pass (e.g., as in
Figures 2.1 and 2.2). The movement of radionuclides from one compart-
ment to the next (é.g., soil to crops) is characterized by a transfer

pathway that may be quantified by a mathematical representation of the

transfer mechanism. The two systems differ primarily in the degree of
complexity to which the transfer mechanisms are treated.

In the‘ CF method, time-dependent behavidr is neglected. In other
words; chronic releases of a contaminant are treated as time-averaged
concentrations (usually on an annual basis), and acute releases are
treated as time integrated quantities.‘ The transfer pathway is thus
reduced to a single factor that, when multiplied by the concentration
in a given compartment, yields the concentration in the next compart-
ment. The result is that a very simple series of computations can
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trace the radionuclide concentration through the--various compartments
postulated for the model.

The SA method is utilized-in systems where the compartment transfer
mechanisms are time dependent. An example of this would be the
release . of radionuclides into a soil where chemical reactions may
take place that result in irreversible fixation (reversible sorption
is assumed ‘in this work). This represents a time-dependent concen-
tration reduction mechanism other than simple dilution and can be
modeled with the SA method using reaction rate data. The end result
of using the SA method is a series of differential equations that must
be solved in order to follow the dynamics of radionuclide movement
through the model system.

The choice between the two methodologies is generally based on the
state of knowledge of -radionuclide movement through a transfer path-
way. If Tittle is known about the dynamics of the system, the CF
method must be used to obtain first order estimations of concentra-
tions at biota access locations. If transfer mechanisms are known
in sufficient detail and timeédepehdent factors are important, then
the SA method should be used. Because of the generic nature of the
impact analysis methodology, the CF method has been utilized through-
out this report.

2.3.2 Pathways

The- PDCF's for the~pathways indicated in Figure 2.3 are the total
dose conversion factors for the individual pathways of importance in
contributing to human exposures from concentrations of radionuclides
at biota access locations. The individual pathways that comprise the
total pathways are shown in Figure 2.5. Also shown are the PDCF.
symbols for groups of uptake pathways that will be utilized in this
repdrt. These individual uptake pathways that comprise the total
pathways are discussed below.
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Figure 2.5 . Details of Uptake Pathways

Biota Access PDCF
Scenario Location Uptake Pathways : Symbol

Inhalation (soil)

Soil 1rect Radiation (area) v
Accident I 0ffs1te Air D1rect Radiation (air)
(Acute) Inhalation (air) PDCF-1

~Direct Radiation (air)

: Inhalation (air)

Intruder- Air JQEEDirect Radiation (air) PDCE -2
Construction | Onsite Soil \Food (air)
(Acute) Direct Radiation (volume) PDCF-5

Inhalation (air)

Intruder- Air Direct Radiatjon (air) PDCE-3
Agriculture [ Onsite Soil Food (air)
(Chronic) Food (s0il) PDCF-4
~Direct Radiation (volume) PDCF-5
Inhalation (soil) W
Leaching & Soil Direct Radjatjon (area)
Migration | Well Water Direct Radiation (air) b POCE -6
(Chronic) Food (water)
4
Inhalation (soil)
Leaching & Soil Direct Radiation (area) |
Migration { Open Water Direct Radiation (air) |
(Chronic) Food (water) PDCF-7
~ngestion (fish) B
Inhalation (soil)
Surface Soil Direct Radiation (area) )
Water Runoff [ Open Water Direct Radiation (air) |
(Chronic) Food (water) PDCF-7
~Ingestion (fish) )
Inhalation (soil) _ 9
Atmospheric ' Soil kI Direct Radiatijon (area)
Transport . | Offsite Air Direct Radiation (air)
(Chronic) Inhalation (air) b PDCF-8 .
~Direct Radiation (air)
N Food (air) )
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As presented in Figure 2.5, all of the scenarios involve a secondary
biota access location resulting from the primary access location. Two
of the scenarios have four uptake pathways, four have five, and one
has six, yielding a total of 34 uptake pathways. However, of these
34 uptake pathways only 9 are unique types of uptake pathways, if only
the uptake mode and transport agents are considered. These nine
distinct types of uptake pathways are described in Table 2.2.

Only primary and sécondary biota access locations are considered in
the determination of these uptake. pathways. The effects of possible
tertiary access locations, such as air contaminated due to natural
suspension of raaioactivity from soil which is originally contaminated
from deposition of radioactivity from air, are not considered. These
- effects are considered, however, in the selection of transfer factors
between the uptake pathways. ’

The accident scenario includes offsite air as the primary access
location leading to two uptake pathways: inhalation (air), and direct
radiation (air); it also includes soil contaminated by radionuclide
deposition as the secondary access 1ocation leading to three more
uptake pathways: inhalation (soil), direct radiation (area), and
direct radiation (air). Since the exposure period is acute, the food
(air) uptake pathway has been excluded from this scenario. However,
the direct radiation (air) uptake pathway is included in the secondary
access location in addition to the direct radiation (air) from the
primary access location.

The construction scenario includes onsite soil as the primary access
location leading only to the direct radiation (volume) uptake pathway.
The scenario also includes onsite air as the secondary access location
leading to three uptake pathways: inhalation (air), direct radiation
(air), and food (air). Although the exposure period is acute, the
fooa (air) uptake pathway is includea with a moaification to account
_ fof non-equilibrium deposition and root-uptake conditions.
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TABLE 2-2 . Access Location-to-Human Pathway Descriptions

Pathway Designation

Description

Food (soil)

Food (air)

Food (water)

Ingestion (fish)

Inhalation (air)

Inhalation (soil)

Direct Radiation
(volume)

Direct Radiation
(area)

Direct Radiation
(air)

This uptake pathway includes a total of three
subpathways and denotes uptake of radionuclides
originating in plants via soil-to-root transfer
from contaminated soil:

plant-to-human

plant-to-animal-to-human

plant-to-animal-to-product-to-human

This uptake pathway includes a total of six
subpathways and includes the above three food
(soil) subpathways resulting from uptake of
radionuclides originating on plant surfaces via
deposition from contaminated air and the same
three food (soil) subpathways resulting from
fallout contamination of the ground.

This uptake pathway - includes a total of nine
subpathways and includes all the food (soil)
pathways resulting from radionucliides originating
on plant surfaces via irrigation deposition from
contaminated water and from irrigation contamina-
tion of the ground. The following three subpath-
ways in addition to the plant pathways are added:

water-to-human

water-to-animal-to-human

water-to-animal-to-product-to-human

Uptake of radionuclides from eating fish caught
in contaminated open water.

Uptake of radionuclides from breathing air
contaminated aue to suspension of contaminatea
soil particulates by human activities.

Uptake of radionuclides from breathing air
contaminated due te natural suspension and
volatilization of surface soil.

Direct exposure to ionizing radiation from
standing on ground homogeneously contaminated.

Direct exposure to ionizing radiation from
standing on ground whose surface is contaminated.

Direct exposure to ionizing radiation from
standing in air homogeneously contaminated.
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The agriculture scenario. also includes onsite soil as the primary ’
access . location; however, the food (soil) uptake pathway is included
in this case in addition to the direct radiation (volume) uptake
pathway. The scenario also includes onsite air as the secondary
access- location 1éading to the same three uptake pathways as the
construction scenario secondary access location: inhalation (air),
direct radiation (air), and food (air). However, in this case,
chronic conditions are assumed to prevail, and equilibrium conditions
are assumed for the food (air) uptake pathway.

The next three scenarios involving water are very similar. As a
matter of fact, the two open water scenarios are identical. The only
additional uptake pathway in the open water scenario as opposed to the
well water scenario is the ingestion (fish) pathwéy. This pathway
is included since the bioaccumulation factors for several fish species
are significantly greater than unity. However, direct radiation
exposure to contaminated water was omitted; it turned out to result in
neg]iéib]e additional exposures (less than 0.1%) when compared with
the other uptake pathways. |

The last scenario, the atmospheric'transbort scenario, is identical
with the accident scenario with the addition of the food (air) uptake
pathway to the primary access location. In this case, however, the
| exposure is assumed to be chronic as opposed to acute for the accident
scenario.

As can be seen from Figure 2.5, five of the release/transport/pathway
scenarios are represented by a single PDCF. However, the other two
. scenarios involving intrusion are more complex since different trans-
fer factors are applicable to the individual uptake components of the
intruder-construction and intruderfagricu1ture scenarios. The diffe-
rences in the transfer factors result from either differences in the
mechanism mobilizing the radioactivity or differences in the access
locations. |
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2.3.3  Pathway Dose Conversion Factor Tables

This section presents the calculated values for the eight pathway dose
conversion factors (PDCF's) identified in Figure 2.5 which will be
utilized in the radiological impact calculations. Seven human organs
are considered in this report for each radionuclide and each pathway:
total body, bone, kidney, thyroid, liver, lung, and gastrointestinal
(GI) tract. These pathway dose conversion factors have been derived
from the 9 independent pathways presented .in Table 2-2. The informa--
tion utilized in the calculation of the PDCF's includes human physio-
logical parameters (e.g., breathing rates, nuclide metabolism), die-
tary intakes, and nuclide-specific food chain transfer rates.(15_26)
A brief aiscussion of ‘the calculational methodology is presented
pelow. Details of the calculation (including the computer'code used

in the calculation) can be found in Appendix B. .

The POCF's have been calculated for 23 radionuclides. These radio-
nuclides have been selected based on the discussion and considerations
presented in reference 3. Uptake pathway data on other radionuclides
is presented in Appendix B, and calculation of the PDCF's for other
raaionuclides is straightforward. The radionuclides considered in
this report are summarized in Table 2-3.

A1l the PDCF's are calculatea based on five sets of fundamental dose
conversion factors. Two of the sets include DCF's for detekming
the inhalation 50-year committed dose in units of mrem per pCi inhaled
and the ingestion 50-year committed dose in units of mrem per pCi
ingested. Three different direct radiation exposure DCF's are used
depending on the particular biota access location considered. These
include DCF's for volume contamination of soil (mrem/year per pCi/m3),
surface contamination of soil (mrem/year per pCi/mz), and air conta-

‘mination (mrem/year per pCi/m3). These fundamental DCF's are a

function of the radionuclide of concern and the organ receiving the
dose. A brief description of the fundamental DCF's is provided below.
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TABLE 2-3 . Radionuclides Considered in Analyses

Half Life Radiation

Isotope (years) Emitted Principal Means of ‘Production

H-3  12.3 g Fission; Li-6 (n,a )

c-14 5730 B N-14 (n, p)

Fe-55 2.60 " X-rays  Fe-54 (n,y)

Co-60 5.26 B sy Co-59 (n,vy)

Ni-59 80,000 X-rays  Ni-58 (n,y )

Ni-63 92 B - Ni-62 (n,y)

Sr-90 28.1 | B Fission

Nb-94 © 20,000 B sy Nb=93 (n,y ) -

Te=99  2.12x10° B Fission; Mo-98 (n,v ) Mo-99 ( 87)

1-129 ~ 1.a7x10’ B,y Fission

Cs-135 3.0x106 B Fission; daughter Xe-135

Cs-137  30.0 B,y Fission '

U-235 7,1xlu8 a,yY Natural

U-238 4.51x10°  a,y  Natural

Np-237  2.14x10° o,y U-238 (n, 2n) U-237 ( 87)

Pu-238 86.4 @,y  Np-237 (n,v) Np-238 ( B8°);
daughter Cm-242

Pu-239 24,400 @,y U-238 (n,y ) U-239 ( 8") Np-239 ( 8")

pu-240{3) 6,580 @,y Multiple n-capture

Pu-241 13.2 as B,y Mu]tib]e n-capture

Pu-242 2.79x10° a Multiple n-capture; daughter Am-242

Am-241 — 458 o,y -Daughter Pu-241

Am-243 7950 o, Y - Multiple n-capture

Cm-243 32 ‘ TS Y Multiple n-capture

Cm-244 17.6 A, Y Multiple n-capture

(a) Pu-239 and Pu-240 are considered as a single radionuclide in the
impact analyses since they generally cannot be radiochemically
distinguishea. The activity of Pu-240 is added-to that of Pu~239.
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The 'most comprehensive cbmpi]ation of information on the initial
deposition of inhaled particles in the respiratory tract was published

by the ICRP Task Group on Lung Dynamics in 1966.(15)

This report
includes an anatomical description of the respiratory tract, charac-
teristics of particie size distribution, and physiological parameters
describing the inhalation process. Based on these parameters, a
quantitative model for initial respiratory tract deposition was
developed. The report also describes a lung clearance model that is
more comprehensive than those used previously; it is based on exten-
sive studies with laboratory animals and results of human contami-
nation cases and it also incorporates the major clearance processes.

With this model, various retention characteristics are described for

‘compounds of all the elements in the periodic table.

The complete lung model, as proposed by the Task Group(ls’lb) has

been utilized in this report to calculate the fundamental inhalation

. dose conversion factors. This model permits a more realistic calcu-

lation of raaiation dose to the human respiratory tract from inhaled
radioactivity than does the initial ICRP 1lung mode].(17) The inha-
lation DCF's utilizea in this report have been obtained by utilizing a
computer code called DACRIN.(18) A description of this coae is
summarized in Appendix B. '

For the fundamental ingestion DCF's, existing models that are pre-
sented in several documents are considered to be reasonable represen-

(17,19,20)

tations of the human organism, and ingestion DCF's given

in reference 20 have been utilized in this report.

The need to use three different fundamental direct radiation exposure
DCF's arises from the geometry of exposure, and the attenuation and
buildup afforded by the different contaminated media. These con-
(17,20,21) In this

work, fundamental direct radiation (volume) DCF's have been calculated

siderations are detailed in many references.

based on the equations presented in reference 21 and the emitted gamma
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energy characteristics of the radionuclides considered.(zz) The
details of the calculations can be found in Appendix B. - For the
fundamental direct radiation (area) and the direct radiation (air)
DCF's, the tables given in reference 23, which include effects of beta
radiation in addition to gamma radition, are utilized.

The PDCF's calculated based on these fundamental dose conversion
factors and pathway uptake factors (i.e., the translocation para-

(4,6,19,24-26) are presented

meters) obtained from several references
in Tables 2-4 through 2-11. The most recent information available on
the transuranic translocation parameters has been utilized in these

computations (see Appendix B).

The I1-129 PDCF for thyroid requires further discussion. The calcu-
Tated I-129 PDCF's in Tables 2-4 through 2-11 do not take into account
the dilution of I1-129 with natural iodine. Environmental concentra-
tions of I1-129 with respect to natural iodine (1-127) has been the
subject of several studies.(27'29) One study indicates that around
existing nuclear facilities, the atom ratio of I-129 to that of 1-127
measured in biota ranges up to 3.9x10'5 in thyroid tissues of animals
other than bovine (deer around the Hanford Reservation), and up to
1.7x10'6 in bovine thyroid tissues (around Northeastern Oregon).(27)
In another study, bovine thyroid tissues have been observed to have an
1-129/1-127 atom ratio of 4.5x107 around the Savannah River Plant.(28)
It has also been estimated that the 1-129/1-127 ratio may possibly be
"as high as 0.0035 in the waste/soil mixture in a disposal site.(2%)
This calculation assumes the disposa]lof waste from 25 reactors and a
cbnservative]y low average 1-127 concentration in soil of 1 ppm (parts
per million). Reference 29 further calculates that if this atom ratio
is below 0.02 it would not be possible to exceed the existing dose

guidelines for thyroid exposures.

Experimental environmental data and calculations such as the above
have led some investigators in the past to utilize the total body dose
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Nl =59
N[=-613
GR=9N
NB=94
TC=9Y
[-129
CS-135
CS=-137
(=235
1=238+N
NP=237+D
Plj=238
Py-2139
PU=-241
Pl=242
AM=241
AM=243
CM=243
CM=244

TABLE 2—5 . Pathway Dose Conversion Factor - 2

TOTAL BOLY

1.17€+10
b.oHE+]1G
9. 28E+09
1.24E+11
J.B87E+10
loQabE+11
5.52E+13
1.39E+10
2.25E+09
2.00FE+]12
1.57E+11
leaDE+12
2eb4t+]12
2.43E+12

. B.21E+14

2.0NE+14
2.24E4+14
3.05E+12
2.16FKE+14
5.05E+14
4.97E+14
3.85E+14
2.30E+14

BONE
5.19E+07
3.32E+11
4,82E+10
2.2RFE+10
2+33t+11
3.15E+17
2.23E+14
1e91E+10
3.64E+09
b.HBE+]11]
4.,21E+11
le72E+12
4436FE+]13
44,15E+173
1.20E+16
4’. 09541‘;
4,81E+15
TeaTE+13
4,49E+15
T«13E+15
7.,U05E+15
bl7TE+15S
4,41F+15

LIVER
FabBE+]LN
3.94E+10
T.60E+10
B.l3E+19
2.13E+ 11
1.76E£+09
1.45E+10
h.26E+09
5.91F+11
3.R3E+11
?.35E+12
1.59£+09
R.STE+07
1.12E+15
2«8BOE+]S
3.12E+15
4.,56F+]13
3.04E+15
habLE+]S
Ae4RBE+15.
5.60E+15
4y)l6E+]S

THYROID
1.17E+10
E+ABE+LN
S5.08E+07
2ePRE+1D
Se93E+NT
1.55E£+08
1. 74E+09
1o 3PE+10
T.60E+08
1.87E+15
S.NRE+NR
1.%35.*?)()
1.57E+09
BSTE+NT
e NE+NB
B.RTE+07
S.17E+07
4,78E+07
6.,93E+07
3.80E+nR
6.09E+03
2e2HE+NY
7.23E+07

K IDNE Y
1.17E+10
6.68E+10
S.08E+07
2.28E+10
S5.98E+07
1.56E+038
1.7AE+09
1.,45E+10
T.00E+1D
1.276+12
1.,476+11
B,01e+11
1,01E£+13
9,45E+12
3.385£+15
§.,81E+14
9.,61E+14
1.44E£+13
G9.61E+14
3.85E+15
3, 77E+15

1.,76E+15

1.23E+15

LUNG
1.175+10
A.H6HE+L0
2el0F+11
2e40FE+13
3.21E+10
H.82F+10
3.306+10
Te33F+11
TeT4FE+09
6.37E+09
4.89E+10
2.94F+11
3.36E+15
3.12E+15
3.60FE+14
QOOBF—‘IS
3.84F+15
6.80FE+12
3.68E+15
4, 24E+14
4,00E+14
4,40F+14
4,40E]4

GI-LLI
1.05E+10
b.61E+10
2sl2E+10
Be59E+11
1.44E+10
3.91E+10
3.69E+12
4,43E+11
1,38E+11
9.,45E+10
8,01E+00
3.92E+10
1.59E+12
1.15E+12
1.55E+12
"1e51E+12
l.39E+12
2.86E+10
1.35E+12
1.51E+12
l.71E+12
1,59E+12
1.53E+12



6€-¢

AGRICULTUR _
TOTAL RODY

He=3
C=14
FE=99
CO=6n
=59
NI=63
GR=9¢
Nd=94
TC=99
I=12v
Cs=135
Cs=-137
H=?3%
1j=238+D
NP=237+D
PU=238
Pi=239
Bi=241
Qy=-247
aM=241
AM= 243
CM=243
CHM=244

TABLE 2-6 . Pathway Dose Conversion Factor - 3

LoaS5E+ 10
CohbHE+T]
J3o22t+10
J.T0E+1]
1.25E+11
3.34F 41
1.53E+14
LoaE+11)
5.616+09
HedBE+12
5.73E+11
5.,12E+12
5.156+12
w,776+12
5.,24E+14
2o0lE+1a
o255+ 14
3.06E+12
ColTE+14
S5.NAE+14
S NNE+14
3.87E+14
2.82E+14

BONE
S5.19F407
1oY0iE«ll
2.28E+1D
To4BE+11
1,002+ 3
bal2lE+14
1e55E+1D
1.20F+10
LoB4E+]12
leaat+1?
HeHTE+]1?
HeS0E+13
Bell+13
1o21t+16
Lel3FE+15
4,85F+15
To95F+13
4o53k+15
lolntels
Tolur+ls
6.20E+15
4.,43E+15

LIVER
4,45E+10
2obARE+]]
1.38E+11
1.876+11
2o5BE+]]
He9I3E+11
1.76E+09
1.47E+10
1.,87E+10
2o44E+]?
1.33E+12
R.O3E+12
1.59E+00
R.57E+07
1.13€E+18
2.81E+15
3.13E+15
4.57E+113
3.05E6+15
hebHE+]S
6.50E+15
5.62E+15
4.1TE+15

THYROTD
4.45E+10
2ehobE+]11
SeNAE+NT
2e.2BE+10
5.98E+07
IOSbE"'UH
l.75E+0Q
1e32E+10
T.60E+0n8
6033F"l(§
HeNBE+NA
1.53E+09
1.59E+09
BeHTE+NT
RJ4NDE+NR
HGRT7E+NT
S5.17E+n7
4,73E+07
A Q3E+NT
3.ROE+0H
A.NIE+N8B
20?6E"‘09
7Te23E+07

K IDNEY
4.,45E+410
2.H6E+11
S.0BE+07
2.,28E+190
5 9BE+07
1.56E+08
1.76E+0°
1.46E+10
2.2TE+11
S.24E+12
5,02E+11
2.l13E+]12
1.986+13
1.,856+13
3.87E+15
8,85E+14
9.56E+]14
1,45E+17
Y,65F+14
3,87E+15
3, 73E+15
1.77E+15
1,29F+15

LUNG
4,45E+10
2.66E+11
Zeb4uf+ll
2s40F+13
3.21E+10
B.B2E+10
3.30FE+10
T.33E+11
ALROF+Y9
6e3TE+D
1.55E+11
9.35E+11
3.36E+15
3.12E+15
3.A0E+14
4.08F+15
3.84FE+15
6.80£+12
3.68F+15
4o P24E+14
4,00E+14
4,40F+14
GauDE+]14

GI-LLI
4,33E+10
2.65E+11
7.75E+10
2.95E+12

5.08E+10

1.38E+11
1.526+13
1.56E+12
5.,45£+11
3.87E+11
3,00E+10
ledHE+11
5.62E+12
3.99E+12
5.,65E+12
S.28E+]12
4,83E+12
1.01E+11
4.72E+12
S.36E+12
6.22E+12
5:63E+12
S5.43E+12



ot-¢

FOOu

H=3
C-1l4
FE-5S
C0-60
NI=59
LI-63
SR=-90
NB-9Yy
TC-99
1-129
€CS=-135
CS-137
U=235
Li=238+D
NP=237+)
PU-238
PU=239
PU=24]
PU=247
AM=241]
AM=243
CM=243
CM=244

TABLE 2-7 . Pathway Dose Conversion Factor - 4

TOTAL BOLY

5.99E+04
3728405
3.4H8E+01
S.27E+03
3,69F£+03
9.H8E+03
3.76E+06
2.12E+00
1.,53E+03

F,5NE+03
B,49F +04
l.44E+04
1.35E+04
loqu*O“
1.14E+03
1.27E‘03
2,21 +01)
1.22E+03
3.60E+04
3.53E+04
l1.11E+04
be52E+013

dONE

De
1.36E+06
Cel6E+02

0,
2.21E+N4
2.95£+05
l1.53E+07
7.08E+00
3.82E+03
Te7TE+03
2e32E+04
9.48E+04
2e3BE+QS5
2.28E+05
4,07E+05
4,52E+04
1.105+03
4 ,858+04
S5.45£+05
S.44F+)8
1.90E+05
1.43E405

LIVER
S5.99E+04
1.649E+02
2. 39E+073
T.59E+073

2.04E+04

0.
3.94E+00
5.,6RE+(3
6.68E+073
2elab+04
1.30E+05

0e

0e -
3.53E+04
Ae37E+07

7.05E£+03

S.61E+01
6. THE+D3
1,92E+05
1.85E8+05
T.15E+04
A.15E+04

THYROID
5.99E+04
3.72E+05

0.
0.
O
(1
0.
0o
0.
1.72E+07
(U
O
0.
Oe
0e
0
0D
0.
0.
0
O
0.
O

KIDNEY
5.99E+04
3,72E+05

1
0
0O
0.
O
3.89F+00
7.15E+04
l1.44E+04
3,10E+03
4,40FE+04
5.55E€+04
5.,20E+04
1.22E+05
4,87E+073
5.39E+03
1.02e+02
S5.19E+03
2.71E+05
2.65E+05
5.20E+04
3.98E+04

LUNG
5.99E+04
3.72E+05
Be33F+01

0.
0.
Oe
O
0.
4.83£+02
0e
2+43F+03
1.46E+04
0o
N
(N
0
0o
0e
O
O
0e
De
U

GI-LLI
5.99E+04
3.72E+05
B.,57E+01
4.49E+04
1.56E+03
4.26E+03
4,42E+05
2+39E+04
1.86E+05
1.06E£+03
5,01E£+02
2.51E+03
2¢32E+04
1.63E+04
4.B5E+03
4.43E+03
9.31E*01
4,34E+03
QOQ‘QE‘O“
5.79E+«04
2.32E+04
2.24E+04



v-¢

VIR

H=-3
C-1la
FE=-5%
CO=60
NI=59
NI-63
SPR=99
NB=-Q94
TC-99
1-126
CsS-135
€sS-137
1)=235
U=238+0
NP=237+D
Pl=234
pPU=239
pPl=-241
PU=2472
AM=24]
AM=243
CM=243
CM=244

GAMMA

TABLE 2-8 . Pathway Dose Conversion Factor - S

TOTAL BORLY BONE
e 0,
e 0
0 0o

LIVER
0
O
Ol

THYROID
(e
0.
0.

1o54F+07 1.54E+407 1.54E+07 1.54E+07
6. 2NE+03 H20E+03 A.20E+03

().
3.N6E+04
G.A3E+NA

n,
1.92E+04

00
3.50E+05
1 eB0E+05
S.16E+93

1.93E+01
3398401
3.43E-01
0.
TeT1E+04
1.86E£+05
3.82E+05

0
3006E*04
Y.63E+06

N,
1e92F+04

Ue
34950E+0A
1.50E+05
Se16F+03

1493E+01
G,39E+01
3e43E=-0]
0,
TellE+D4
1.86E+05
3.82E+05

0.
3. 06E+04
9,63E+06A
0.
1 e92E+04
O.
3.50E+06
1.50E+05

5e20E+03
Ue
3.06E+04
G.A3E+N6
0.
1.92E+04
0O
3.50E+06
1.50E+05

K IDNEY
0
O
0.
1,54E+07
6.20E+03
0.
3, 06E+04
9.,53E+06
0
1.92E+04
O
3.,50E+06
1,50E+05

S.16E+03 S.16E493 5,]16E+03
6.56F+04 6.56E+04 6,56F+04 6.56E+04 6,56E4+04

1.93E+01
9,39E+01]
3,43E-01
0.
7.71E+04
1.B6E+05
3.82E+0%

1.93E+n1
9.39E+01
3.43E-01
0.
T«71E+04
1.86E+05
J«R2E+05

5.64E+0) 5464401 S.64E+01 S.h4E+0]

1.93E+01
9.39E+01
3,43E-01
04
7.71E+04
1,R6E+05
3,82E+05
5.64E+01

LUNG

(Jo

0

0
1.54E407
6.206+03

© 0o
3.06F+04
G.63E+06

0.
1.92F+04

Ne
3.50F+06
1.50E+05
S5.16E£+03
6.56F+04
1.93F£+01
9,39F+01
3,43F=01

0
TeT1E+04
1.86E£+05
3.82E+05
S.64E+01

GI-LLI
0
0.
U
1.54E+07
6.20E£+03
O,
3.06E+04
9,63E+06
(U
1.92E+04
' 0.
3.50E+06
1.50E+05
Sel6E+03
6.56E+04
1.93E+01
9.,39E+01
3.43E'01
0.
7.71E+04
1.86E+05
3.B2E+05
S.64E+01



-2

wELL

H=3
C-14
FE=55
CO=60
NI=S9
rMI=-63
SR=91)
WH=94
TC-99
I-129
CS=-135
Cs-137
1J=239
ti=2 38+
NP=237+0D)

- PU=238

FU=-239
pPU=241
Pl=247
AM=24 1)
AM=243
CM=2473
CM=244

WaTER
TOTAL 400DY:

TABLE 2-9 . Pathway Dose Conversion Factor - 6

2e37E+06
lo'ﬁaE"‘() 7
2.73E+06
le43E+0H
8.54E+06
1925 +07
T.61FE+09
3.19E+07
3.50E+05
G,1HE+07
3.32E+07
3.09E+04
2.07E+08
1e83E+08
2.31E+0R
T.02F+07
T.77E+07
1.3aE+06
Te52E+07
2e25E+0H
C.21E+0R
1.65E+04
l1e17E 408

8ONE

].QI'*P_E‘OI
Te2lE+07
1.24E+07
l.24E+0#
Go42E+QT
Se715+08
3.10E+10
3.20E+07
Be96E+0S
1.72E+07
He09E+0T
Je44E+NHA
3.24E+09
3.09E+09
2.74£+09
3.17E+09
Hebat+07
3.34E+09
3634F +00Q
2.60r+09
1.95E+09

LIVER
2.37E+06
1. 64E+Q7
B H6E+06
1 a33E+0R
1.61E+07
3.96E+407
8.83E+06
3.19E+407
1.33E406
1.53E+07
T 4TE+07
4.65E+08
1.18E+07

TeT6E+0S

4 ,BEE+08
3.93E+08
4.34E+08
3.51E+06
4,]18E+08
l.19FE+09
1.15E+09%
Q9.97E+04
Reaub+0Rr

THYROID
2.37E+06
1e44E+07
B.61E+05
1.24E+128
1.38E+06
B.H3E+06
3.109E+07
2.,08E+00
2.99E+10
1.39E+00
1.29E+07
1.1RE+n7
TaT74E+05
7.13E+06
1.03E+05K
3,93£+05
1.31E=01
T6TE+DS
44.19E+n6
4. an"’)é
1.30E+97
9,09E+05

K IDNEY
2.37E+06
l,44E+07
BH,61E+05
1.,24E+08
1.3BE+06
AOZBE-OI
B.33E+06
3.19E+07
1.68BE+07
2.87E+07
2.,R3E+07
l.666+08
7.54E+08
7.,05E+08
1.67E+09
2.97E+08
3.28E+08
6.18E+06
3.17E+08
1.66E+09
1.63E+009
7.,21E+08
S.43E+018

~ LUNG

2.31€+06
1e44FE+07
5.33E+06
1 24E+08
le38E+06
2.42F 02
B.B3F+06
3.19F+07
1.13F+05
3.64E+06
B.4bF+06
Fe39E+07
2.10E+07
9.32E+06
8.,11E+06
1.22F+07
1.09E+07
1.866+04
1.09+07
5.35F+06
5.93E+06
1e42E+07
2.12F+06

GI-LLI
1.44E+07 ‘
2.89E+08
4,41E+06
B.26E+06
9.,04E+08

1.47E+08

4.,36E+07
5,48E+06
1,75E+06
2.16E+07
3.26E+08
2+22E+0R8
3.,26E+08

2494E+08

2.68E+08
5.62E+06
2e63E+08
3.05E£+08
3.57€£+08
3,27€+08
3.04E+08



£v-¢

SURF -wATER
TOTAL RODY

H=-3
C=1la
FE=55
Co=60
NI=59
MI=-63
SR=90
NB=-94
TC=99
I-129
CS=-135
CS=-137
1j=235
=238+
NP=237+10)
PLj=238
D =239
Ply=24]
PU=242
AM=24])
AM=243

CM=2413

CM=244

TABLE 2-10, Pathway Dose Conversion Factor - 7

2e3TE+Nb
3.76E+07
G4.45F+06
Jod4bE+08
G.82FE+006
2.26F+07
8.,18E+009
3.236+07
3.65E+05
4,2BE+07
le44F+08
1.30FE+09
2e11E+058
1.B7E+08R
2.STE+(R
Toladb +07
8.,29E+07
1e43E+05
BeQ2E+07
3.72E+08
3.H5E+048
2.09E+08
1.51E+03

BONE
le42t=01
1.88E+0%
2e31E+07
le24E+08
S.20E+07
6. T4F 0K
3.33E+10

3.32E+07.

9,09E+0%
1o 75E+07
3.52E+08
leQSE‘“O";
3.29E+09
3s14E4+09
HelGF+0NY
Ce93E+0Y
3.39£+09
Te09E+07
3claF+09
5.57E+09
5.57E+09
3.35%+09
2e52E+09

LIVER
2.37E+06A
3.76E+07
1.63E+07
1.34E+08
1.87E+07
L,67E+07
B.83E+06
3.,27E+07
1.35E+06
1e56E+07
3.25E+08
1 .9RE+049
lelBE+QY
7e74E+05
S.44E+08
44,19E+0R
1‘.63E"’08
I.T4E+0A
G.46E+08
1,97E+09
1.91E+09
1.2RE+00
1.09E+009

THYRQID
2.37E+06
3.7AE+07
B.61E+0S
1. 24E+0R
1.38E+06
4.28E"01
B.R3E+06
3.19E+07
2.08E+00
3.07E+10
1-395*00
1.29E+07
1.].8[?:"’07
T.74FE+05
7.13E+06
1.03E+0n6
3.,93E+n5
le31E=01
TenATE+DS
4,19E+n6
4 4R4E+(6
1.30NE+07

9. NIE+05

K IDNEY
2.3TE+06
3.76E+07
B,61E+05
1.24E+0R8
1.3BE+06
4,28E=01
8,83E+00
3.26E+07
1, 70E+07
2.93E+07
1.23E+08
6.81E+08
T.78E+08
7.18E£+08
1.,87E+09
3,17E+08
3.51E+08
6.60E+06
3.38E+08
2.77E+09
2.T2E+09
G,265+0%3
T.00E+08

LUNG
2+37TE+06
3.76E+07
9.45FE+06
1e24K4+08
1.38E+06
242F+02
B.B3FE+06
3.19F+07
1.15E+05
3.64F+06
3.68E+07
2«35F+08
2. 10F+07
9.32EF+06
B.11F+06
1.22FE+07
1.09F+07
1 REF+04
1.09€+07
5.35E+06
5.93E£+06
1.42F+07
Ce.l2K+06

GI-LLI
2.37E+06
3.76E+07
9.69E+06
3.11E+08
4,95E+06
9,74E+06
9,71E+08
4,50E+09
4,42E+07
7.60E+06
5.09E+07
3.32E+08
2el6E+08
3.63E+08
3.14E+08
2.86E+08
6.00E+06
2.8lE+08
5.,07E+08
5.,94E+08
4.18E+08



vy-2.

£ TMOSPHEKE

H-3
C-14
FE-55
CO-60
NI =5y

" NI-63

SR=90
NB=94
TC=99
1-129
CS=135
Cs=-137

U=235

ti=238+0
NP=237+D
PU-2383
PU=239
PU=-241
Pu=-242
AM=241
AM=243
CM=243
CM=244

TOTAL

TABLE 2-11 . Pathway Dose Conversion Factor - 8

4.45E+10
2+.66E+11
4,33E+10
2.68E+12
leS0E+11
J.34E+11
10535‘14
6.10E+11
S5.61E£+09
bBeYlE+12
S.73E+11
5.36E+12
5.37E+172
G4,T9E+12
S.24E+14
CellE+14
2.25E+14
3.06E+12
2.l7E+14
S.08E+14
S.00E+14
3.87E+14
2.82E+14

ROVY

HONE
5.19E+07
14633E+12
2.06E+11
2e34E+12
Te73E+11
l1«00E+13
6.21E+14
6.12E+11
1420E+10
3.69E+12.
letaE+12
6.12E+12
Ren2E+13
HellE+173
l1.21E+16
4.13E+15
4.85E£+15
7T.55E+13
4.53E*15
T.18E+15
Tel0E+15
6.20E+15
4443E+15

LIVER
4.45E+10
2.66E+11]
1.54E+11
?.50E+12
2.84E+1]
6.93E+11
1.,67€+11
6.11E+11
1.87E+10
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fo humans as a better indicator of the limiting exposure due to I-129
than the thyroid dose.(30) This selection results in a significant
difference in limiting exposures since the fundamental dose conversion
factors for thyroid are about 1000 times that of total body (see
Tables 2-4 through 2-11). A correction to the calculated I-129
thyroid PDCF's to account for dilution with natural iodine has not
been made in this report, however, in view of the evidence, judicious
use of the 1-129 thyroid PDCF's is indicated.

2.4 Release/Transport Scenarios

The connection between the radioactive concentrations at the various
biota access locations and the potential radiological dose to man was
examined 1in the previous section. This section introduces and sum-
marizes the remaining part of the waste-to-man connection, namely the
release/transport scenarios that relate the radioactive concentra-
tions in the waste to the radionuclide concentrations at the biota
access locations. Considerable additional information regarding the
release/transport scenarios is provided in.Chapter 3.0.

As detailed in Section 2.3, phere are seven release/transport sce-
narios to be considered. Three of these scenarios - the accident,
construction, and agriculture scenarios - depend on the concentration
of the individual waste streams, and hence are termed the "concen-
tration scenarios". The other four - leaching and migration with well
and open water access, surface water transport of exposed waste, and
atmospheric transport of exposed waste - depend on the total inventory
of radioactivity and the total volume of the disposed waste, and are
termed the "total activity scenarios.” These are examined below.

2.4.1 Concentration Scenarios

The first scenario considered concerns accidents that may happen
during the operational period of the disposal facility lifespan, and
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which may result in off-site atmospheric transport of radionuclides.
The other two scenarios are concerned with exposures to a potential
inadvertant intruder. An intruder may unintentionally come across a
closed waste disposal site due to a temporary breakdown in institu-
tional controls, and subsequently modify it for a specific purpose,
such as housing construction or agriculture. As a result, short- and
long-term radiation exposures to the individual can ensue.

Two of the concentration scenarios (accident and inadvertant intru-
der-construction) are acute exposure events. That is, the release
and subsequent exposure occurs for a limited period of time (less than
a year). The other scenario (inadvertant intruder-agriéu]ture),'
however, is assumed to be chronic, since it is possible (but unlikely)
that the intruder would live for several years at the site before it
is discovered that there is a hazard.

Very few individuals are involved in the concentration scenarios, and
they may also be distingdished from the total activity scenarios by
the dose limitation criteria which may be applied. In other words,
different limits on allowable human doses may be used, depending upon
whether a ftew individuals or populations are exposea.(2’3’13’l7)
The equation generally applicable to the above concentration scenarios
is:

Ca =1xC, (2-2)
where (Ca) denotes the radionuclide concentration at the biota access
Tocation and (Cw) denotes the radionuclide concentration of the waste,
both in units of (Ci/m3), and (I} is the dimensionless interaction
factor, which depends on the specific scenario considered.

For these scenarios, the as-generated waste radioactive concentrations

(1)

. are utilized. For the intruder-construction and intruder-agricul-

ture scenarios, this is conservative since it is equivalent to the
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assumption that the inadvertant intruder initiates the scenario
at a location containing waste from the last year of disposal facility
operation.

The 1interaction factor (I) can generally be expressed through the
following equation: '

L= f) % fyxf, x fg (2-3)

where all the parameters are dimensionless, and where

f, = time-delay factor;

fd = site design and operation factor;
fw = waste form ana package factor; and
fs = site selection factor.

The time-delay factor (fé) is expressed as an exponential radio-
nuclide decay factor and incorporates the effects of the closure
period and the active institutional control period. The activities
are decayed to the time that the specific scenario is initiated.
This factor is a property of the scenario and the disposal technology
peing considered. For the accident scenario, no credit for radioactive
decay can be assumed and (fo) will be taken equal to one. However,
for the construction and agriculture scenarios, it is given by the
formula:

f, = expl -2 Tl (2-4)

where A is the radionuclide decay constant in units of yearhl,
and T is the period between the cessation of disposal operations and
the end of active institutional control period.

The site design and operation factor (fd) expresses the waste frac-
tion that is available to the transfer agent. It usually depends on
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the efficiency of the disposal design. Furthermore, its definition
and value depends on whether the scenario is an inadvertant intruder
scenario or an accident scenario (see Sections 3.3 and 3.7).

The waste form and package factor (fﬁ) expresses the resistahcé of

-the waste to mobilization by the specific transfer agent initiating
the scenario. Fbr example, this factor would be considerably less
than unity for waste streams solidified in a matrix and/or packaged in
containers that are likely to retain their integrity at the time of
inadvertant intrusion. This factor is a property of the waste stream
as it is being disposed.

The site selection factor (fs) depends on many parameters. In some
cases, it is proportional to the fraction of a year that the human
exposure episode takes place. Since the dose conversion factors
presented in Section 2.3 have been calculated for a full year exposure
period, the factor (fs) must compensate for this calculational con-
venience. In other cases, however, (fs) is also proportional to
the release/transport/transfer factor between the biota access loca-
tions. For example, for the inadvertant intruder-construction sce-
nario, it is proportional to the transfer factor between contaminated
soil and contaminated air. This factor is examined in greater detail
in Appendix A.

A brief description of the concentration scenarios is presented below.
Specific values of the transfer factors used to calculate impacts are
discussed in Chapter 3.0 and Appendix A.

Accident Scenario

Non-occupational acute radiation exposures may result from planned and
unplanned releases of material to offsite environs during the opera-
tional life of the facility. Planned releases would be addressed on a
site-specific basis during the 1icensing phase of site startup. This
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report. considers only the -unplanned (accidenta]) releases. Two

accidental - release scenarios can be postu]ated. One of them involves

a postulated breaking open of a waste container and subsequent release
of airborne radioactivity, and the second scenario considers the
consequences of a fire igniting in an open disposal trench, with
subsequent burning of a portion of the waste and airborne release of
combustion products. The comparative severity of these two scenarios
depends on various parameters including those associated with the

waste form and with site operations.

Construction Scenario

An inadvertant intruder may choose to excavate or construct a building
on a disposal site. Under these circumstances, dust will be generated
from the application of mechanical forces to the surface materials
(soil, rock) through tools and implements (wheels, blades) that
pulverize ‘and abrade these materials. The dust particles generated
are entrained by localized turbulent air currents. These suspended
particles can thus become available for inhalation by the intruder.

The intruder may also be exposed to direct gamma radiation resulting

from airborne particulates and by working directly in the waste-soil
mixture, etc. (See Section 2.3 for the uptake pathways considered.)
For convenience, this scenario is called the intruder-construction
scenario, and appropriate values applicable..to typical construction
activities are used.

Agriculture Scenario

In this scenario, an inadvertant intruder 1is assumed to occupy a
dwelling located on the disposal facility and ingest food grown in

‘contaminated soil. Garden crops may be subject to radionuclide

contamination as a result of direct foliar deposition of fallout
particulates. Garden crops may also uptake radionuclides via soil-
root transfer from contaminated soil. The soil may be initially
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contaminated, or it may become contaminated as a result of deposi-
tion. The inadvertant intrider may also be exposed to direct ionizing
radiation such as beta and gamma radiation from the naturally sus-
pended radioactivity and from the waste-soil mixture. He may also
inhale contaminated air partiéu]ates,'etc.' (See Section 2.3 for the
‘uptake pathways considered.) This scenario is called the intruder-
agriculture scenario.

2.4.2 Total Activity Scenarios

This section considers those release/transport scenarios that are
dependent upon the entire activity disposed of at the site. There-
foré, all the waste streams disposed at the site contribute to the
radionuclide concentrations at the biota access 1ocations. The degree
of contribution from a given waste stream is a function of its volume
and characteristics -(e.g., its form and packaging) and facility design
and operating practices (e.g., waste segregation). 4

A1 of the total activity scenarios are chronic exposure scenarios
(i.e., continuous release and exposure). Theoretically, all four
different types of biota access locations are possible as a result of
the total activity scenarios. Some of the release/transport scenarios
that lead to them are considered below.

The equation applicable to the total activity scenarios for each
radionuclide is: o

C, = Zli x C,. (2-5)

where (Ca) and (Cwi) denote the radionuclide concentrations at the
biota access location: and in the waste stream, respectively,
in units of (Ci/m3), and (Ii) is the interaction factor between
the (i)th waste stream and the biota access location. The capital

sigma indicates that the total radionuclide concentration at the

()"
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biota access location is a summation of the radioactivity contributed
by each waste stream. This summation may also include any potential
integration that must be performed due to the areal extent of the
disposal site and the areal distribution of the waste streams.

For these scenarios, generation time-averaged radioactive concentra-
tions averaged over the time of waste ‘generation and disposal are
utilized as a source term.(l)
waste streams that are disposed of at the beginning of the disposal
site operational period are decayed to the end of the operational

In other words, the radionuclides in

period. The need for this averaging is obvious since the entire waste
volume interacts with the environment.

The interaction factor (Ii) can generally be eXpressed through the
following equation: :

x f . x f_. (2-6)

I; = fo X fdi wi Sj

1

where the subscript i denotes the waste stream, and where:

fo = time-delay factor (dimensionless);

fdi= site design and operation factor3(dimension]ess);
f,;= waste form and package factor (m”/yr); and

f .= site selection factor (yr/m°);

and where the values of fdi’ fwi and fSi may be functions of the

properties of the individual waste streams.

Groundwater Scenarios

There are several groundwater scenarios depending on the assumed
access location. One of the access locations is an on-site well which
may be drilled and used by a potential inadvertant intruder (intruder-
well scenario); another is a well at the boundary of the site which
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may be wutilized by individuals (boundary-well scenario), a third
location is a well pumped for common use by a small population some
distance away from the disposal facility (population-well scenario);
and the fourth location is a stream that receives the discharge from
the unconfined groundwater table and which may be used by a larger
population (population-surface water scenario).

In this report, it is assumed that the water table gradient underneath
the site is unidirectional, and that the individual-well located at
the boundary of the disposal area (rather than the boundary of thé
site) contributes to the intruder scenarios. This location is more
conservative than a well Tocated in the middle of the site since only
about half of the potential effluent from the site would contribute to
the contamination at a well in the middle of the site whereas all of
the potehtia] effluent from the site would contribute to the location
assumed for the intruder-well.

The factqrs fdi and fwi are assumed to be independent of the areal
extent of the disposal facility, however, the factor fsi represents
these areal relationships. The factors fdi and fwi and their
computations are straightforward and representative values for
these factors are giVen in Section 3.0. However, a brief discussion
Of,fsi is presented below.

The following general equation is applicable to determine the site

selection factor fsi;(31’32)

f.. =

si = fg"ti /0 - (2-7)

where

rg = dimensionless time independent reduction factor dqe to
the transverse (perpendicular to the groundwater velocity
direction) spatial relationship of the disposal facility with
the discharge location;

RN
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Tyt dimensionless reduction factor due to migration and radic-
- active decay; this factor is dependent on both space and time
including the longitudinal (in the direction of the ground-

water Ve]ocity) spatial relationship of the disposal facility

with the discharge location; and
Q = dilution factor in units of volume/time.

The factor Q is independent of the characteristics of the disposed
wastes and is also independent of the geometrical relationship of the
disposal facility with the discharge location. The factor Q may be
the pumping rate of a weli or the flow rate of a river. The factors

rg and ryi are discussed in Section 3.5.

Exposed Waste Scenarios

In these scenarios, part or all of the surface area of the disposed
waste is assumed to be exposed through some means, and this exposed
waste is assumed to be accessed by transfer agents such as wind or
water. The mechanism that initiates uncovering of the waste may be
erosion of the waste cover by surface water or wind action, or it may
be anthropogenic activities such as construction or farming. Initi-
ating mechanisms velated to human activities are examined in the
intruder-agriculture and intruder-constructicen scenarios, and initi-
ating mechanisms related to erosion of the waste cover are examined in

Appendix A.

There are two basic exposed waste scenarios depending on whether the
transfer agent is wind or surface water. For the wind transport
scénario, only population exposures are consideréd; individual expo-
sures are bounded by the above ‘intruder-construction and intruder-
agriculture scenarios. .The entire exposed waste area is assumed to be
a point source for the impact calculations since the population is
assumed to be comparatively distant.
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For. the -surface water: transport scenarios, exposures to individuals
consuming water from an open water access location 1is considered.
Again the disposal facility is considered a point source for this
scenario since it is not possible to consider the areal extent of the
facility for surface water transport.- The equations and values for
-the various barrier factors used in the calculations are examined in
-Chapter 3.0 and Appendix A.
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3.0 DISPOSAL IMPACTS

This chapter further develops the calculational procedures utilized
to determine the impact measures associated with the disposal of LLW.
These impact- measures include individual and population exposures,

occupational exposures, costs, energy use, and land use.

Section 3.1 is an introduction to the chapter and presents a discus-
sion on the information base and the approach utilized in the radio-
logical dispdsa] impacts calculations. Following this introduction,
Section 3.2 presents the background assumptions regarding the disposal
technology alternatives considered, discusses how these assumptions
are incorporated into the impact calculations, and presents background-
information on the specific values utilized to quantify the effects of

~these alternatives. Section 3.3 presents procedures through which

the effects of waste form and packaging are 'ihcorporated into the
calculations, and presents background information on the specific
values selected to quantify the effects of waste form and packaging on

“the impact calculations.

Following these three background sections, Sections 3.4 through 3.7
present the equations and specific parameter values used to calculate
individual and population exposures for the scenarios considered in
Chapter 2.0. Finally, Section 3.8 details the calculation of many of
the other impact measures considered in this report, including occu-
pational exposures, land-use, dispoSé] costs, and energy use.

3.1 Introduction
The impact measures associated with the disposal of LLW are stfong]y

(1)

facility environment, design, and operating practices.

and disposal
(2,3) This

section presents a discussion on the information base utilized in this

dependent on waste form and package properties,

report and the general approach adopted.
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3.1.1 Information Base

The information base for disposal impact calculations includes three
main components: waste characteristics, disposal facility environment,
and disposal facility design. In this report, the continental U.S. is
assumed to be divided into four regions, based on the 5 U.S. NRC
regions (see Appendix C): the northeast (Region I), the southeast
(Region II), the midwest (Region III), and the west (Regions IV and
V).(l) Waste characteristics and disposal facility environment are

correlated with these four regions as discussed below.

The first component of the information base is on waste characteris--
tics. The calculational methodology allows consideration of a wide
range in waste forms and processing options. In many previous studies
on LLW management and disposal, the disposed waste was usually assumed
to be a mostly uncharacterized mass with little attempt to distin-
guish, in a quantitative manner, the different waste forms. 1n this
work, however, LLW is separated into 36 waste streams and each waste
stream is characterized in terms of its physical, chemical, and
radiological properties. The volumes of each waste stream are con-
sidered on a regional basis. That is, the volume of a given waste
stream is projected for each of the above four regions over the next
20 years, which allows consideration of regional impacts of management
and disposal of LLW. Furthermore, four generic alternative waste form
and processing options are considered. These generic processing
options, called "waste spectra," represent four relative levels of
waste processing activities applied to the 36 waste streams charac-
terized. The waste spectra have been developed to 1imit the number of
waste form and packaging alternatives that would have to be analyzed,
since an infinite number of possible combinations of various waste
streams and processing options are available. The waste spectra
considered (see Chapter 6.0) range from Waste Spectrum No.l, which
characterizes a continuation of existing or past waste management
practices, to Waste Spectrum No.4, which characterizes the maximum
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volume reduction and imprdved waste forms that currently can be
practically achieved. The waste streams corresponding to a given
spectrum may be transported to and disposed into facilities located at
the regional sites and the resulting potential impacts calculated.

The second component of the information base is the disbosa] facility
environment. In each region, a hypothetical regional disposal faci-
lity site has been characterized (see Appendix C). These sites, while
"not representing any particular location within the region, represent
typical environmental conditions within the regions. This allows
consideration 1in the calculational methodology of a wide range of
environmental parameters such as the amount of rainfall or the average
distance from the waste generator to the disposal facility site. (One
of these four sites, the southeastern site, is frequently referred to
in this work as the reference disposal facility site.)

The third component of the information base is the disposal facility
design.' -To develop the calculational procedures, a reference near-
surface disposal facility is assumed. A description of this disposal
facility design, which is condensed from Appendix E of the U.S. NRC
environmental impact statement on management and disposal of LLw,(3)
is provided in Appendix C of this report. A number of alternative
disposal facility designs and operating practices (e.g., thicker
disposal cell covers, use of cement grout) may be considered to
estimate the effect of these alternatives on the impact measures.

3.1.2 General Approach

From the above information base, it can be seen that, when considering
the effect of alternative regional, waste form, and facility design
characteristics on the magnitude of the impact measures calculated, an
extremely large number (thousands) of possible permutations can be
generated. To enable development of performance objectives and
technical criteria for LLW disposal, the number of these permutations
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must be controlled and analyzed in a systematic manner. To do this,
two features in the disposal impacts analysis have been adopted:
(1) use of a reference disposal facility and a reference waste volume
distribution, and (2) extensive use of computer technology including
the use of waste form and disposal technology indices.

For the first feature, a reference disposal facility is assumed which
is located in the humid eastern U.S. For this work, the reference
disposal facility site is assumed to have environmental characteris-
tics qorresbonding to the southeast regional site, although either the
northeast regional site or the midwest regional site could have been
used for this purpose.(3) The reference waste volume distribution
is generated through summing all the waste volumes projected to be
generated in each of the four regions for each of the 36 waste streams,
and“normalizing these volumes to one-million m3 of waste for Waste
Spectrum 1.(1) This allows the effects of alternative waste spectrum
and disposal facility designs to be compared on a common basis.

For the second feature, five computer codes have been written to
manipulate the altérnatives and determine impact measures.  These
include the codes INTRUDE, GRWATER, OPTIONS, INVERSI, and INVERSW, and:
a description of these codes is provided in Chapter 6.0. In these
codes, extensive use of "indices" have been made to characterize waste
- stream properties or disposal facility environmental and design
alternatives (see Sectioﬁs 3.2 and 3.3). In other words, the value of
the indices are used to initiate specific calculational procedures or
use specific values of appropriate parameters. Use of integer indices
enables rapid and convenient consideration of alternatives for rule-
making. In addition, use of indices enables dpdates of the data base
and .calculational procedures to be readily accomplished without
changing the values of the indices or the structure of the calcula-
tions. In the remainder of this report, the calculational procedures
are developed and discussed in the context of these indices.
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3.2 Disposal Technology Indices

In order to analyze the impacts from disposal Qf~LLw, alternative
disposal technology prbberties and their effect on the impact measure
calculations must be quantifiéd;"For example, depending on specific
operational procedures such as random or stacked disposal, the values
of the barrier factors preSented in Section 2.2 vary. In this report,
the disposal technology properties have been expressed in the form of
integer indices that refer to a specific procedure used in the barrier
factor computations or determine a specific value of the environmental
parameters. These indices, which will be referred to as the disposal
technology indices, basically denote the selection options available

for a specific property. These selection options may be in the form
of a specific calculational procedure or a specific value for an

environmental property.

The disposal technology properties that have been considered in the
ca]cu]ation of impacts in this report are summarized in Table 3-1, and
are discussed below.

3.2.1 Region Index - IR

This index, whose value is 1 or higher, is set depending upon the
region considered and determines use of a specific set of environmen-

tal properties in the impact calculations. The main effect of the
~region index is on the site selection factor. Environmental proper-

ties that depend on the region index are presented in Table 3-2.

The value of this index corresponding to each of the regions consi-
dered (see Appendix C) are as follows:

IR =1 Northeastern Region
IR =2 Southeastern Region
IR =3 Midwestern Region
IR =4 Western Region
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“‘TABLE 3;1‘. Disposa] Technology Indices

Property and Index

Description

Region -
Design _ -

Cover -

Emplacement

Stabilization

~Layering -

Segregation

Grouting

Hot Waste
Facility

Closure Index

Care Level
Index

Post Opera-
tional Period
(Years)

Institutional -
Control Period
(Years)

IR

1D

Ic

IE
IX

IL
IS

IG

IH

1Q

ICL

1P0

IIC

Geographic location of the disposal facility.

- Two options are. considered: regular trenches,

and the so-called "concrete walled" trenches.

Three options on the cover between the waste
and the atmosphere are cons1dered regular,
thick, and intruder barrier.

Three options on the emplacement of the waste
are considered: random, stacked, and random
combined with decontainerized disposal for
unstable wastes. :

Three options on the stabilization program
applied to disposal cells, which may contain
structurally unstable wastes, are considered:
regular, moderate, and extensive.

Option on separating and putting selected waste
streams (usually with higher external radiation
levels). at the bottom of the disposal cell.

Option to segregate and separately dispose of
wastes that are combustible/compressible and
those that could contain complexing agents.

Option on filling of the interstitial spaces
between the wastes with grouting material.

Option on having a special area within the
disposal facility with special procedures to
handle high activity wastes.

This index indicates the activities during the
closure period (regular or extensive).

" This index indicates the care level anticipated
~during the active institutional control period

(Tow, moderate, and high).

Duration of the period between the cessation of
active disposal and the transfer of the title
from the site operator to the site owner.

Duration between transfer of the title to the
site owner and the assumed time for loss of
institutional controls over the site.



TABLE 3-2 . Region Index Dependent Properties

Symbol Scenario Environmental Property

TPO Accident Air-to-air transfer factor
FSC Construction Soil-to-air transfer factor
FSA Agriculture , ~ Soil-to-air transfer Factor
QFC Groundwater Dilution Factor

T™ " Water Travel Time

DTTM _ Incremental Water Travel Time
TPC " Peclet Number

DTPC Incremental Peclet Number
RGF " Factor rg

RET " Retardation Coefficients

PRC " Infiltrating Percolation

POP Expdsed Waste Air-to-air and surface water

transfer factors.

DIST ‘Transportation One-way travel distance
STPS " Number of stops per trip

CASK - " Cask days per round-=trip



In this report, the southeastern region environmental characteristics
are. used to represent the environmental characteristics of the refe-
rence disposal facility site. Variations of the values assumed for
the regions (e.g., to perform sensitivity analyses) can also be
triggered through the use of the region index.

3.2.2 Design and Operation Indices

There are four design and operation indices: design index - ID, cover
index - IC, emplacement index - IE, and stabilization index - IX. The
values of these indices are 1 or higher denoting the options available
in the design of the disposal facility; details of the options can be
found in Appendices E and F of reference 3. These indices are consi-

dered below.

The Design Index - ID characterizes the disposal cell design used for
radioactive waste disposal. Two options have been used in this study:
regular trench disposal and concrete-walled trench disposal. This
index primarily affects the site design factor.

In this report, three different "efficiencies" are utilized to des-
cribe the specific procedures employed in the disposal of wastes:

(1) the volumetric disposal efficiency which is defined as the volume
of disposal space available in the disposal cell (in m3) per

unit surface area (in m2) of the disposal cell,

(2) the emplacement efficiency which is the volume of waste emplaced

in the disposal cell (in m3) per unit volume (in m3) of available
disposal space, and

(3) the surface efficiency which is defined as the ratio of the
surface area occupied by the disposal cells to the surface area

occupied by the disposal cells plus the surface area between
these cells that have not been utilized for disposal.
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The design index determines the volumetric disposal efficiency and
the surface efficiency of the design,' The emplacement efficiency is
discussed below. Use of a hot waste facility (see Section 3.2.3},
which is defined as a special group of disposal cells used for dispo-
sal of re]ative]y high activity waste, is not included in the .above
definitions; its efficiencies are assumed to be independent of the

design index. '

The Cover Index - IC can be either 1, or 2, or 3, and it denotes

whether a “regular” cover (denoted by 1), a "thick" cover (denoted by
2), or an “intruder barrier" cover (denoted by 3) is placed over-the
disposed waste. These three options are described in reference 3, and
are summarized below. |

A regular cover refers to a 1 meter thick cover below the existing
grade plus a minimum of 1 meter cover above grade. A thick cover
refers to the same 1 m thick cover below the existing grade plus a
minimum of 2 meters thick engineered cover (e.g., containing low
permeability layers) to minimize infiltration of precipitation. An
intruder barrier cover refers to the same 1 meter thick cover below
the existing grade plus a minimum of 5 meter thick engineered cover
(e.g., low permeability layers, interbedded sand/gravel/boulder
layers) to minimize infiltration and prevent intrusion for at least
500 years.

Successful coverage of a waste disposal cell with an "impervious"
system of layers is an important engineering barrier against perco-
lation of precipitation into the waste mass. It also increases the
stability of the waste by minimizing the effects of external agents.
This option -affects both the site design factor and the waste form
 factor.

The Emplacement Index - IE denotes the specific method used to emplace

the waste in the disposal cells and primarily affects the site design
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factor. The three options considered and the associated emplacement
efficiencies are discussed below.

Random emplacement (index value 1) involves simply dumping the
waste directly into the disposal cell. It is the fastest method
which can be used, and therefore leads to the lowest occupational
exposures. However, random emplacement of waste containers may
be accomplished with only about 50% emplacement efficiency
(one-half the available space is empty or filled with earth or
other material), and there is a higher probability of the
occurrence of accidents as well as container damage during
haphazard dumping.

Stacked emplacement (index value 2) ihvo]yes stacking waste
containers in neat piles, using cranes, fork 1ifts, etc. This
technique may be difficult to employ on a routine basis but
represents the maximum practical volume utilization. In this
case, the potential for accidents and waste container damage is
much lower, and approximately 75% of the available disposal “space
is used - i.e., the emplacement efficiency is 0.75. However,
additional fuel must be used to operate the heavy equipment used
for emplacement, and occupational exposures increase as more men
must spend more time near the disposed waste.

Decontainerized emplacement (index value 3) involves randomly
disposing of all structurally stable wastes, and decontainerizing
and disposing those low-activity wastes thét are, over the
long-term, structurally unstable. In this case, the disposal
facility would be operated somewhat like a sanitary landfill.
This option can substantially reduce disposal cell instability
problems by accelerating the compression of unstable wastes.
However, it requires a significantly increased effort by the site
operator and leads to higher occupational exposures.(B) The
emplacement efficiency of this option is estimated to be about
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0.5 since part of the waste containers are réndom]y emplaced, and
additional material .such as soil or sand between wastes is likely
to be required during emplacement of decontainerized wastes.

The Stabilization Index - IX, whose value cah be either 1, 2, or 3,

denotes the extent to which the disposal cells are stabilized. Such
stabilization measures may be implemented during disposal operations
and/or during closure afier the "cessation of disposal operations.

(4)

experienced at several existing disposal sites may have resulted from

Past disposal experience indicates that the difficulties currently
the natural compaction and decomposition of the wastes leading to
subsidence of the disposal cell cover and increased rainwater perco-
lation.

A stabilization program with no special compaction procedures other
than the use of the weight of heavy equipment is denoted by 1. A more
extensfve stabilization program involving sheeps-foot rollers and/or
vibratory compaction during operatiéns is denoted by 2. A program
involving Qé}y extensive techniques such as dynamic compaction or
similar measures is denoted by 3. This option affects the site design
factor and the waste form and package factor.

3.2.3 Site Operational Options

Four operational options which may be exercized in the design of the
disposal facility are considered: layering - IL, segregation - IS,
grouting - 1IG, and use of a hot waste facility - IH. The values of
all these indices are either 0; signifying that the option has not
been exercized, or 1, signifying that the option has been implemented
in the design. These options are briefly discussed below.

Layering Option - IL denotes whether selected waste streams (usually

those with higher external radiation levels) are separated andrdis-
posed of "‘at the bottom of the disposal cells. This practice is
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" frequently implemented at the existing sites to minimize occupational
exposures. This option, however, affects the site design factor
significantly by limiting access of potential inadvertant intruders
to the layered waste streams.

Segregation Option - IS indicates whether, during the disposél opera-
tions, the wastes are segregated and disposed of in separate disposal
cells based on their compressibility/combustibility and whether they
contain radionuclide-complexing chemical agents. Implementing the

segregation option increases the performance capability of the dis-
posal cell covers by limiting expected long-term waste volume reduc- -
tion after disposal to those cells containing unstable wastes. It
also limits the effects of chemicals that may increase radionuclide
mobility to those cells containing t_hese chemicals. This index
primarily affects the groundwater scenario through the site design
factor and the waste form factor.

Grouting Option - IG indicates whether the interstitial spaces bet-
ween the waste packages are filled with a material that will improve

disposal cell stability. During the grouting operation, as each
layer of waste is emplaced in the disposal cell, pumpable concrete
(grout) is pumped in to fill all interstitial spaces between the waste
containers. Some grout is also placed under the lowest layer of waste
and on top of the total waste mass. Grouting is expensive, but its
use 1is advantageous in that the waste is totally encapsulated and
immobilized. There is 1ittle opportunity for infiltrating precipita-
tion to contact the waste, the grout provides stability, and potential
long-term migrational and intruder impacts are minimized. This
option affects the site design factor and the waste form factor.

Hot Waste Facility Option - IH indicates use of specially designed

disposal cells utilizing special operational procedures to dispose
of certain high activity waste streams. In this report, if a hot
waste facility is used, it is located at the center of the disposal
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facility. Confineméhf of the wastes and limiting theif interaction
with transport agents such as wind and water are the pr1mary consi-
derations in hot waste fac1]1ty des1gn, other factors such as costs
and surface efficiency are secondary de51gn objectives. Consequently,
the hot waste facility represents an "idealized" confinement concept
which is nonetheless achievable utilizing existing disposal techno-
logy. If the hot waste facility option has been included in the site
design, each waste stream is tested for acceptability at the hot waste
facility if it fails an acceptability test for other and more conven-
tional near-surface disposal cells (see Section 3.4). Various example
"hot waste facility designs" Suchb as use of caissons and concrete
walled trenches are considered in Appendix F of reference 3. In this
report, thé'hot waste facility is assumed to be composed of concrete
walled trenches.

,3.2.4 Post Operational Indices

There are four post operational indices: closure index - IQ,'care
level index - ICL, post operational period - IPO, and active insti-
tutional control period - IIC. These are considered below.

The Closure Index - IQ, whose value can be 1 or 2, refers to actions

implemented during the closure period after the cessation of disposal
operations and prior to the transfer of the site title to the site

owner.

An index value of 1 indicates that closure operations are assumed to
last two years and involve a relatively modest level of effort by the
facility operator. Closure operations are assumed to consist of
dismantlement and decontamination of site buildings (except those
necessary for the site owners during the'active institutional control
period), disposal of wastes generated dUrjng the dismantlement and
decontamination operations, final contouring (1nc]udin§iimplementation
of final surface drainage systems) and vegetation of the site, final

radiation surveys, etc.
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An index value of 2 indicates that a complete site restébi]ization
program is carried out at site closure in addition to the other
closure operations discussed above. This closure program, which is
assumed to increase the closure period to four years, is intended to
enhance the integrity of the disposal cell covers and therefore reduce
the amount of water potentially infiltrating into the disposal cells.
The restabilization program involves: (1) stripping off the existing
disposal cell covers, (2) use of vibratory compaction or similar
measures to accelerate disposal cell compression, (3) backfilling
the resultant compressed areas, (4) reconstruction of the cell covers,
and (5) revegetation of the covers. Implementation of these closure
measures is assumed to be equivalent to the implementation of a
stabilization program during dispoéa] operations corresponding to
an IX value of 2.

The Care Level Index - ICL, whose value can be either 1, 2, or 3,

refers to activities during the active institutional control period
that are implemented by the site owner. Different measures may have
to be implemented depending on operational parameters such as the use
of a particular stabilization program, whether the segregation option
has been implemented, the type of'disposa] cell covers utilized, etc.

The level of care may range from routine surveillance and maintenance
of the disposal facility (e.g., cutting the grass) which would not
include any active maintenance such as cover engineering (low care
level denoted by 1) to exténsive stabilization and remedial programs
similar to those being implemented at the Maxey Flats disposal faci-
lity (high care level denoted by 3). These care levels primarily
affect the costs of the disposal facility. They are discussed briefly
in Section 3.8 and more extensively in Appendix Q of reference 3.

The Post Operational Period - IPO is a prdperty of the disposal
technology utilized, and denotes the number of years between the

cessation of active disposal of waste and transfer of the site title

{
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to the site owner. It includes the closure period and any observation
period implemented by the site operator, and it affects the time-delay

factor.

At a minimum, it would be equal to the two years required for the
actions by the site operator to close- the site prior to the transfer
of the site title to the site owner. . At a maximum, it may include
four to possibly thirty years which may be required for site closure
plus verification that the site condition is suitable for the transfer
of the site title to the site owner.

The Active Institutional Control Period - TIC is also a property of

the disposal technology, and it indicates the number of years between
the transfer of the site title to the site owner and the assumed loss
of active institutional controls. This period also affects the
time-delay factor.

3.3 Waste Form Behavior Indices

This section presents the manner in which waste form and packaging
properties are handled in the impact calculational procedures. The
waste form properties are considered in the impact caléulations in a
manner similar to the disposal technology properties. They have been
expressed through discrete indices, which are called the waste form
behavior indices, thﬁt indicate a certain property of the waste form

or a specific calculational procedure to be utilized in the impact
calculations. The indices utilized in this report are summarized in
Table 3-3.

It has been common practice in the past to give partial or no credit
to the waste form properties in the calculation of impacts.(5’6)
Some credit was sometimes given to the comparative 1eachabi]ity of
the solidification agent utilized and this effect was considered in

groundwater impact calculations. However, a quantitative analysis of
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TABLE 3-3 . Waste Form Behavior Indices

~~ Parameter and Symbol

‘Indices

Flammability  (I4)

Dispersibility (I5)

Leachabi]ity(a) (16)

Chemical Content(I7) .

Stability (18)
Accessibility (19)

W == =~

-

WO W

- O W =

#onon o

non-flammable

Tow flammability (mixture
of material with indices

of 0 and 2)

burns if heat supplied

(does not support burning)
flammable (supports burning)

near zero
slight to moderate
moderate

severe

unsolidified waste form

solidification scenario A
solidification scenario B
solidification scenario C

no chelating chemicals
chelating chemicals are likely
to be present -in the waste form

structura11y}unstab1e'waste‘form
structurally stable waste form

readily accessible
moderately accessible
accessible with difficulty

(a) Solidification scenario A is assumed to be 50% cement and
50% urea-formaldehyde; solidification scenario B is assumed
to be 50% cement and 50% synthetic polymer; and solidification
scenario C is assumed to be 100% synthetic polymer.
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the mechanical strength, thermal properties,ﬁresistance to chemical
and biological attack, resistance to leaching, and other properties of
the waste form and their effects on all the pathways considered has
not been performed. o o

The primary reason for this past conservatism has been the lack of
detéi]ed data on the different types of wéstés included in the impact
analyses. Al1 the LWR wastes.or all the noﬁque1 cycle wastes, or
both, were considered as one stream. A cbntributing reason for this
conservatism has been the lack of data on the performance of the waste
form overviong periods of time. However, in this report, the waste
has been separated into 36 fndividua] waste streams and each stream is
considered separately in the impact calculations. Consequently, wide
variations in waste stream properties may be quantified based on the
available qualitative and comparative data on the properties of each
of these waste streams. Therefore, an attempt has been made in this
report to quantify the waste form properties and their effects on the
impact calculations.

As shown in Table 3-3, six indices have been assigned to each waste
stream for each waste spectrum considered: a flammability index,
denoted by I4, a dispersibility index, denoted by I5; a leachability
“index, denoted by 16, a chemical content index, denoted by 17, a
stability index, denoted by I8; and an accessibility index, denoted
by 19. The waste streams considered in this work are summarized in
Table 3-4, and the integer values for these six indices that have been
assigned to each waste stream for the_four waste spectra considered
are given in Table 3-5. ’ ‘

In addition to these six indices, two more indices for each waste
stream are utilized in the impatt calculations: the waste processing
index - denoted by I10 - is explained in Chapter 5.0; and the "dis-
posal status index" - denoted by Il1 - is calculated during the
impacts analyses and is exp]aineﬁ in Section 3.4.
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TABLE 3-4 . Waste Groups and Streams

Waste Stream

Group I : LWR Process Wastes
PWR Ion Exchange Resins

PWR Concentrated Liquids

PWR Filter Sludges

PWR Filter Cartridges

BWR Ion Exchange Resins

BWR Concentrated Liquids

BWR Filter Sludges

Group Il : Trash

PWR Compactible Trash

PWR Noncompactible Trash

BWR Compactible Trash

BWR Noncompactible Trash

Fuel Fabrication Compactible Trash

Fuel Fabrication Noncompactible Trash

-~ Institutional Trash (large facilities) -
Institutional Trash (small facilities)
Industrial SS Trash (large facilities)*
Industrial SS Trash (small facilities)*
Industrial Low Trash (large facilities)
Industrial Low Trash (small facilities)

Group ITI : Low Specific Activity Wastes

Fuel Fabrication Process Wastes

Process Wastes

Ingtitutional'LSV Waste (large facilities)*
Institutional LSV Waste (small facilities)*
Institutional Liquid Waste (large facilities)
Institutional Liquid Waste {small facilities)
Institutional Biowaste (large facilities)
Institutional Biowaste (small facilities)
Industrial SS Waste*

Industrial Low Activity Waste

Group IV-: Special Wastes

LWR Nonfuel Reactor Components

LWR Decontamination Resins _

Waste from Isotope Production Facilities
Tritium Production Waste

Accelerator Targets

Secled Sources

High Activity Waste

* 5SS : Source and Special. Nuclear Mater1a1
Scintillation Vials.
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LSV :

Symbol

P-IXRESIN
P-CONCLIQ
P-FSLUDGE
P-FCARTRG
B-IXRESIN
B-CONCLIQ
B-FSLUDGE

P-COTRASH
P-NCTRASH
B-COTRASH
B-NCTRASH
F-COTRASH
F-NCTRASH
I-COTRASH
I+COTRASH
N-SSTRASH
N+SSTRASH
N~LOTRASH
N+LOTRASH

F-PROCESS
U~PROCESS
I-LIQSCVL
I+L1QSCVL
I-ABSLIQD
I+ABSLIQD
I-BIOWAST
I+BIOWAST
N-SSWASTE
N-LOWASTE

L-NFRCOMP
L~-DECONRS
N-ISOPROD
N-TRITIUM
N-TARGETS
N~SOURCES
N-HIGHACT

Liquid



TABLE 3-5 . wésié'?orﬁ'Behavior Index Values

Waste Spectrum 2 Waste Spectrum 3 Waste Spectrum 4

Waste Spectrum 1

et et o -
L R K e I I
OO0 DDOO
s R
QOO0

=t ot O\ v e

K R K I R
R R R R R ]
UOOOONUO
ST TS
(= Jo Jo Ro o e o)

NNANNNNN

— et
=
(= N N N R o No)
ekt Koz Kae X Nar Mo
— et e

Lo B e B oo Mo B B B |

OHOO0OHAO
coooooo

— N = O

NN AN
— e - — O
[ N o R N o Jhw
Lo B s B ]
[« N R ew Ne e |

O OO

— O~ NN

— e - O

OO0 O

Lo e IR i B O |

COoOO00O0O0

O O~ O

COTRASH
* ‘NCTRASH
-COTRASH
-NCTRASH
-COTRASH
-NCTRASH

ey ] e e | —
=N R N No Yo
5 I
=Yoo Ro Yo Yo

rf v 4 v —t —

— -
et~
ODO0DDO0O
s s s
OD00O00O0

L B B B B B |

— -
= R e Jla oo R )
ODD0D000Q
e R K I ]

NNNNNN

MOMONNMM

ot =
= R e e No N
[ e Jan oo B e )
L i R I I
NN N NN

MMNNMM

H
H
H
H
H
H

I -COTRASH
[ +COTRAS
N-SSTRAS
NtSSTRAS
N-LOTRAS
N+LOTRAS

4 v

— -

=N

— -

™M

(= R

o~
— -
= New )

4 —f

LD m

o0

— —
— -
OO
——
Mo

oo

11
11

0
0

0 3 1
0631

i -PROCESS
11-PROCESS

e R e K R
O - — O
OO O
e R A R
OMOMOM

MM e N

Lam B o B o B B R |

OO A A—AD

OO =O
Tt S

OMO MO M’

— ) - ) - N

i
f
|
'
|
i
}
i
i
i
!

-
- O
s
i —4
a2 Nyp]
oM
—
- o
O~
—
™M

[= Nag

—l —

- O

QO

—{

(32 Map )

Qm

4 =i

- O

O —

0 31
3 31

N-SSWASTE
N-LOWASTE

N vt = ) =4 N
o B B K B B ]
QOO - DO
— <t < e -

QA =—OMOO

N~ =N~
— ot -
QDO ~O =20
— <t e -
DOO0OODOMOD

OA—HOMOD

N = ) — N —
e e R e B B
O =—O = OO
— <t < et

ONmOMOO

N ™M — QA
QDA O
O =D DO
~F -

DOAOMOO

0
2
1
0-
3
0
0

AN ST NV
ESxXO0LVS
OZxXx < Ow
OOA Lo
XOOIT— D
A O <
Zao—~ThkF A
1 il ] 1 1 _

—_——_— 222 Z

¢

3-19



This section discusses the procedures through which these indices are
incorporated into the analysis. Specific values assigned to the waste
form properties which are denoted by the waste form behavior indices
are discussed in Appendix D of reference 1. Below is a summary of the
information presented in that reference. . ‘

3.3.1 Flammability Index (14)

This index ranks waste forms according to their flammability. Waste
forms which will not burn even on prolonged exposure to open flame and
moderately intense heat are assigned an index of (0). These consist
of waste forms that experience no evidence of combustion or decompo-
sition upon exposure to 1000°F for 10 minutes. Those waste forms that
will sustain combustion are assigned an index of (3). These include
waste forms such as liquids with flame points around 600°F. Between
these extremes are two additional flammability categories. Waste
forms which show evidence of combustion and/or decomposition upon
exposure to 1000°F for 10 minutes but will not sustain burning when
the heat sourcé is removed are assigned an index of (2). Waste
forms consisting'of"a mixture of materials with flammability indices
(0) and (2) are assigned an index of (1).(1) '

The only scenario in which fhis/index is utilized is the accident=fire
scenario. Each waste stream is subjected to the accident scenarios
separately. The accident-fire scenario is assumed to be possible only
if (1) the waste stream being tested can support combustion (i.e.,
14=3), or (2) the waste stream being_tested is mixed during disposal
with other waste streams containing combustible material. This latter
case is possible only if there is»qo’waste segregation (i.e., IS=0).

In the accident-fire scenario, the total volume of waste subjected
to the fire is assumed to be 100 m3 (about 250 55-gailon drums or
équiva]ent volume). This volume is estimated from an assumed vo-
Tume of 200 m3 of waste received daily at the disposal site (which
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corresponds to about 1,000,000 m3 of waste over 20 years). Two
disposal cells are assumed to be simultaneously 1in operation, and
the waste in one of the disposal cells is subjected to the accidental

fire scenario.

In another study, the fraction of waste released into the atmosphere
as tﬁe result of an accidental fjre involving LLW has been estiméted
to be about 1072
solidified resins;(7) it was estimateq in this study that most of
the radioactivity will remain in the ashes which remain localized. In

for combustible material, and about 107> for un-

a more recent report, it has been estimated that the fraction of
combustible material released from an accidental fire involving LLW

“is about 10’3.(8)

In this report, all unprocessed fuel cycle compactible trash, most
of the institutional streams, industrial Tow specific activity waste,
and industrial tritium waste have been assumed to be combustible
(see Table 3-4), and have been assigned a flammability index of 3.
Similarly, unprocessed LWR resins and cartridge filters, some of the
industrial trash, and wastes sb]idified in a synthetic polymer (soli-
dification scenario C) have been assigned a flammability index of 2.
LWR concentrated Tiquids and filter sludge have been assigned an index
of 1. Non-combustible trash, process waste from fuel fabrication and
UF6 conversion plants, and high specific activity industrial waste
streams (see Table 3-4) have been assigned an index of 0.

In this report, waste streams with indices of 3 and 0 have been as-
sumed to release a fraction of 0.1 and 1.25 x 10"5 of their activity
into the air, respectively, upon being subjected to the accident-fire
scenario. The waste streams with flammability indices between these
two extremes have been assigned a release fraction calculated from the
geometric mid-points of these two values (each index value is 20 times
the adjacent lower index value). The following table gives the
assumed fraction of waste released for the respective indices.
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_14 f
0 0.0000125 -
1 . 0.00025 .
2 0.005
3 0.1

In other words, f_can be expressed by the mathematical relationship
0.1x20(14-3)
release fraction for combustible material is assumed to a factor of 10
to 100 higher than in other studies.(’>8)
“non-combustible material'(Iﬁ = 0) is slightly greater than the value

- These assumptions are extremely conservative. The
The assumed fraction for
previously quoted for unsolidified resins.

3.3.2 Dispersibility Index (I5)

This index is a measure of the potential for suspension of radioac-
“tivity should the waste form be exposed to wind or mechanical abrasion
after a significant period (on the order of 100 years). That is, this
index is a measure of the degree to which individual waste streams may
be suspended as respirable  particles 'into the air by wind or the
~actions of a potential 1nadvertant intruder. Waste forms which are
assumed to have a low probability of becoming suspended into res-
pirable particles are assigned an index of (0). Those waste forms
which are assumed to have a high potential of becoming suspended are
~assigned an index of (3). Waste forms which tend to crumble or
fracture eXtensive]y and those forms'that,aré subject to relatively
rapid (within about 100 years) decompositfbn'are assigned an index of
(2). Waste forms consisting of a mixture of materials with dispersibi-
- lity indices of (0) and (2) are assigned an index of (1).

The dispersibility of the waste form is dependent on the resistance
of the waste form to chemical and biological attack.(l) Another
property of the waste form that can be used to estimate the compar-
ative values of this property is the compressive strengths of “the

(1)

waste forms.
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As a upper bound for this property, the.most dispersible waste form
(I5 = 3) has been assumed to be equivalent to soi] and no credit has
been considered due to waste form. This value is believed to be
conservative considering that the fraction dispersible into respirable
particles of powder PuO2 packages in transportation accidents have

been assumed in the past to be 0.001.(9)

In the radiological impact
analyses, unsolidified LWR filter sludges, all fuel-cycle process
waste other than LWR process waste, all non-trash low activity wastes
from industrial sources, and all non-trash institutional wastes have
been assumed to be readily dispersible into respirable particles after

a long time and have been assigned a dispersibility index of 3.

In comparison, waste forms such as trash are taken to be not as
readily dispersible into respirable particles as waste streams such as
filter sludges. These wastes easily decompose. However, the decom-
posed residues are likely to contain water and other liquid decomposi-
tion products which will cause the residues to aggregate into a less
dispersible state. Similarly, unso]idified LWR resins would appear to
be less dispersible into respirable particles than LWR filter sludge.
These waste forms have been assigned a dispersibility index of 2 and
the dispersible fraction is assumed to be 0.1.

Waste streams solidified in accordance with solidification scenario A
and B procedures may be represented by cement properties. Cement is
an inert material, and wastes solidified in cement are 1likely to
retain their form over very long periods of time as'long as no mecha-
nical forces are applied . Similarly, wastes subjected to solidifi-
cation scenario C, which may be represented by the properties of
vinyl -ester styrene_(VES)'solidifed waste, are also likely to resist

biological and chemical .attack.(l)

Compressive strengths of most
cement waste forms are of the order of 100 psi and compressive
strengths of VES solidified waste forms range from 1700 to 7000 psi.
The compressive strengths of unsolidified wastes forms are of course

neg]igib]e.(l)
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I-.l' .

Based on this information, wastes solidified using solidification
scenario A or B procedures have been assigned an index of 1 and are
assumed to have a fraction of 10'2 of the waste volume dispersible
into respirable particles. Waste streams solidified using solidifi-
cation scenario C procedures have been assumed to result in a near
zero dispersible state, have been assigned an index of 0, and are
assumed to have a fraction of 1073 of the waste in a dispersible

form.

To summarize, the fraction of the fespirab]e dust loading in air that
is contributed by each waste stream as a result of intruder activities
or wind action are assumed to be the following:

_I5 f
3 1
2 .1
1 .01
0 .001

In other words, the factor f. is given by the relationship 10(15-3),

The dispersibility index is applied to the intruder-construction,
intruder-agriculture, and exposed waste wind transport scenarios.

3.3.3 Leachability Index (I16)

This index is a measure of a waste form's resistance to leaching -
and is primarily determined by the solidification procedures used.
Unsolidified waste forms, which are assumed to be readily leached,
are assigned an index of 1. Waste streams solidified according to
solidification scenarios A, B, and C are assigned indices of 2, 3,

and 4, respectively.
The solidification scenarios represent varying levels of performance
that can be achieved through available solidification techniques. In

this report, a level of performance designated by solidification
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scenario A has been simulated by assuming that half of the waste is
solidified using urea-formaldehyde and the other half using cement; a
level of performance designated by solidification scenario B has been
simulated by assuming that half of the waste is solidified using
cement and the other half using synthetic organic polymers (assumed
to be equivalent to vinyl ester styrene); and a level of performance
designated by solidification scenario C has been sjmulated_by assuming
that all of the waste is solidified using synthetic organic polymers.

The primary purpose of this index is to assign values to the estimated
leachability potential of solidified waste streams in comparison with
unsolidified waste streams. Radionuclide-specific leaching fractions
for unsolidified waste streams have been estimated based upon actual
leaching data from two existing disposal facilities and are presented
and discussed in Section 3.5.1. The leachability index assigns values
to a multiplier of these unsolidified waste stream leaching fractions.
The product of the multiplier and the unsolidified waste leaching
fractions gives, for each waste stream, the actual leaching fraction
used in the radiological 1impact calculations. The multiplier is
assigned a value of unity for unsolidified waste streams such ' as
dewatered resins or trash and a value less than unity for solidified
waste streams. The multiplier value assigned to solidified waste
streams 1is dependent upon the particular solidification scenario and
agent considered.

A]thbugh a large amount of experimental data is available on the
leaching characteristics of various solidified waste forms, lack of
widely used standardized testing procedures make quantitative compa-
risons difficult. Some comparisons can be. made using the data pre-
sented in Reference 1. Table 3-6 is obtained from reference 1 and
gives the leachabilities for various waste-binder combinations rela-
tive to that of unsolidified 'wastes. Experimental data was used
for leaching of unsolidified resins; in. all other cases complete
leaching of the unsolidified wastes is assumed.
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TABLE 3-6

Leachability Relative to Unsolidified Waste?

_ Urea- Vinyl
Waste Type Cement Formaldehyde Ester Styrene
Resins 5 0.70 2.5x107%
Concentrated Liquids
BWR's : 0.5 0.83 0.07
PWR's 0.02 0.9 0.04

Diatomaceous Earth - 0.70 0.4

(a) Averaged over all radionuclides reported.

Source : Reference 1.
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Calculating the geometric means of the relative leachabilities given
in Table 3-6 allows an estimate of the values to be assigned to the
leaching indices. Solidification scenario A 1is applied only to LWR
concentrated 1iquids, the geometric mean of the four applicable values
from Table 3-6 (0.5, 0.02, 0.83, and 0.9) is 0.29. Solidification
scenario B may be applied to all the streams; the geometric mean of
the eight applicable values from Table 3-6 (5, 0.5, 0.02, 0.7,
2.5x10'4, 0.07, 0.04, and 0.06) is 0.079. Finally, solidification
scenario C may also be applied to all the streams; the geometric mean
of the four applicable values from Table 3-6 (2.5x10'4, 0.07, 0.04,
and 0.06) is 0.014. These values are approximated by assigning simple
fractions to the leachability index as shown below:

16 Multiplier
1
1/4
1/16
1/64

WP =

These values are applied primarily to the groundwater scenarios.
Another scenario which may also be affected is the food (soil) uptake
pathway of the intruder-agriculture scenario since the level of
contamination in interstitial soil water available to vegetation may
depend on the leachability of the waste. The use of the leachability
index in the intruder-agriculture and groundwater scenarios is dis-
cussed in Sectibns 3.4 and 3.5, repectively. The values assigned to
the index, 16, however, may be modified further depending on proper-
ties of the waste and the disposal technology implemented (see below).

3.3.4 Chemical Content Index (17)
This index denotes whether a waste stream may contain chelating or
organic chemicals that may increase the mobility of radionuclides

during and/or after leaching. An index value of 0 indicates the
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1ikelihood that these égents are absent in the stream, whereas an
index value of 1 indicates that the stream is likely to contain

che]éting or organic chemicals.

This index, in conjunction with the segregation option index IS (see
Section 3.2.3) 1is used to modify the multiplier values assigned to
the leachability indices for the groundwater and intruder-agriculture
scenarios. The following table is used in determining the fraction

leached from a particular waste form:

Mult(16,17,IS)
16 I1S=1 and 17=0 1S=0 or I7=1
1 1 1
2 1/4 1
3 1/16 1/4
4. 1/64 1/16

This table should be interpreted as follows. For a waste stream
with a given leachability index (I6), if the waste streanf either
contains chelating agents (I7=1) or is disposed mixed with other waste
streams containing chelating agents (IS=0), then the higher Tleach
fraction multiplier is used. If the waste stream does not contain
chelating agents (17=0) and it is not mixed with other wastes con-
taining chelating agents (IS=1), then the lower leach fraction mul-
tiplier is used.

A similar procedure is applied to the soil retardation coefficients
assigned to individual radionuclides. Retardation coefficients denote
the potential of the disposal facility site soils to retard the
radionuclides during groundwater migration. If there is no waste
segregation at the disposal facility, then the retardation potential
of the disposal site soils is assumed to be reduced as discussed in
Section 3.5. -
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3.3.5 Stability Index (I18)

This index denotes whether the waste form is likely to reduce in
vo]umé after disposal due to compressibility, large internal void
volume, and/or chemical - and biological attack (no credit is taken
for the waste containers). An index value of 0 ind;cates'a likeli~
hood of structural instability, whereas a value of 1 indicates a
structurally stable waste form.

The stability indices presented in Table 3-5 have been assigned based
on the physical descriptions of the waste provided in reference 1. 1In
general, this index has been assigned based on the void volume and/or
compressibility of the waste and its biodegradability. For example,
all trash waste streams are assumed to be unstable unless they are
incinerated and/or solidified. A1l waste forms expected to be pack-
aged in trash or similar degradable void fillers, éuch as LWR non-
compactible trash streams, are also assumed to be unstable.

The use of this index in the impact calculations depends on the
stabilization index IX. If IX is 3 (extensive stabilization measures
are implemented), then the index 18 is ignored in the calculations.
If IX is 1 or 2 (regular or moderate stabilization measures), then
the segregation index IS also affects the calculational procedure. If
IS = 1 (segregation), then the higher percolation estimate is adopted
for wastes that are unstable (18 = 0), and the lower percolation
estimate is adopted for wastes that are stable (I8 = 1); if IS =0
(no segregation), then the higher percolation figure is adopted for
all the streams (see Section 3.5).

Similarly, in the disposal cost calculations, if there is segrega-
tion, then any moderate or extensive stabilization measures (IX=2 or
IX=3) are applied to only the disposal cells that contain unstable
wastes; otherwise, the entire site undergoes these stabilization

measures.
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3.3.6 Accessibility Index (19)

This index triggers the use of a correction factor for those unsoli-
dified waste streams that have a comparatively high metal content.
The radionuclides contained in these waste streams are not as easily
accessible to transfer agents such as wind and water as are the
radionuclides contained in other waste streams.

Most of the waste streams contain surface contaminated wastes and
waste containing radioactivity in readi]y,soluble forms; these streams
are assigned an accessibility index of 1. The waste streams that
are almost exclusively activated metals with imbedded radioactivity
not readily accessible to the elements are assigned an index of 3.
Only the industrial high activity waste stream (N-HIGHACT) has been
assigned an index of 3. Several other streams containing a signifi-
cant portion of metallic waste which have both activated and surface
crud contamination have been assigned an accessibility index of 2.
The waste streams assigned an accessibility index of 2 include non-
compactible trash from LWR's (P-NCTRASH, B-NCTRASH) and fuel fabri-
cation facilities (F=NCTRASH), LWR non-fuel reactor core components
(L-NFRCOMP), and industrial sources (N-SOURCES). A1l other waste
streams have been assigned an accessibility index value of 1. The
value of this index does not change depending on the waste spectrum

. J
considered.

This index is applied to all the release/transport scenarios that
involve wind or water transfer agents, and to all the direct radia-
tion scenarios. In the calculations, the degree to which a waste
form resists mobilization by external transfer agents is expresséd
through the waste form and package factor (fw). One of the mathe-
matical terms in the waste form and package factor is a fractional
multiplier that expresses the effect of the accessibility index. This
fractional multiplier is assumed to be given by the relationship

100719) . 4ot s:
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19 Multiplier
1 1

2 -1

3 .01

-

A brief comparative discussion of the materials for which the access-
ibility index is different than unity is given below.

The main purpose of the accessibility index is to evaluate the compa-
rative isolation from transport agents of the radioactivity contained
in certain unsolidified wastes. The function of this ihdex is similar
to that of the leachability index applied to solidified wastes. The
reduction of the accessibility of some radioactive materials is the
result of the combined physical and chemical characteristics of these
materials. No reduction is considered for wastes which contain
radioactivity in forms which are readily soluble and/or displaced.
Combustible trash and absorbed liquids are examples of these types of
wastes.

At the other extreme are unsolidified waste streams such as activated
metals where in the absence of surface contamination, much less
radioactivity is initially accessible to transport agents. Industrial
high activity metals are assumed to be the only waste stream of this

type which is virtually free of surface contamination. Many of these

activated metals are high-alloy materials (alloys with a high non-
ferrous metallic component), which are inert and corrode very slowly
in the disposal enviromnment. For example, a corrosion rate of 0.002

mg/100 cm’/day (7.3x107°
(10)

g/cmz/yr) has been quoted for high-alloy
stainless steel. Such corrosion produces finely-divided but

highly insoluble oxides.

Although 1nso]ubie, these oxides may be more accessible by virtue of
being finely divided. The percentage of the total activity of such
waste forms converted to the oxide form in a given time is highly
dependent on the geometry of the waste (i.e., surface area to mass
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“ratio). For example, consider a” high-alloy rod 100 cm long and 1 cm
in d1ameter and having a density of 7.8 g/cm3 and a pipe having
the same externa] dimensions and dens1ty but with a wal] thickness of
0.1 cm. The surface area to mass ratios are 0.259 cn /g for the rod
and 2.56 cm /g for the pipe.. Assum1ng that the activation products
are distributed un1f0rm1y through both pieces, the fraction of the
activity ]ost from the pipe is near]y ten times that of the rod
(1.87x10 -5 per year versus 1.89x10 -6 per year). The small magnitude
of both numbers clearly show the inaccessibility of the radioactivity
in both cases -- especially in view of the insolubility of the corro-
sion pEoducts. In 1000 years, only about 0.2 percent of the activity
from the rod becomes available. Based on this estimate, a conserva-
tive correction factor (multiplier) of 0.0l has been applied to these
wastes in scenarios that involve dispersibility of the wastes.

The remaining unsolidified wastes fall between these two extremes.
Wastes in this group include the non-compactible trash streams and
non-fuel reactor core components. Tne trash streams include large
amounts of surface contaminated failed equfpmént. Many pieces of
equipment are internally rdthér than'externa1y contaminated and are
sealed to prevent release of any free 11qu1ds they may contain (e.g.,
pumps). A pump sealed with 1 cm thick carbon steel caps (corrosion
rate of 0.03 cm/yr)(7) would isolate the radioactivity for about 30
years. After this period the release of radiocactivity is controlled
: by thé activity and amount of liquid inside the piece, the nature of
the internal contamination, and the ease with which the transport
agents can get in and out of the equipmeht.

Non-fuel core compdﬁénts are a special case. These components are
-generaliy highly activated stainless steel pieces coated with crud
deposits. The accessibility of the radiocactivity of these wastes
depends on the thickness of thé‘crud layer and the relatiVe activity
of the crud and underlying metal. Crud mainly consists of oxides of
iron and has been found to range in thickness from 0.0003 to 6 mil
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on fuel rods.(ll)

' The strong decontamination agents necessary to
remove such crudgdeposits from LWR bfimary cooling systems attests
to the inaccessibility of the'radioactivity they contain. Further-
more, the transporting medium must penetrate the crud layer to begin
corroding the activated metal beneath. Because the fractions of
activity contained in the crud and the metal components of these
wastes are not >we11-characterized; these wastes are . considered to
more closely resemble non-compactible trash rather than clean-surfaced

high activity metals.

A reduction factor for the direct radiation exposure components of the
scenarios is also applicable due to the high _metal content of the
streams with an accessibility index yreater than 1. This reduction is

‘due to the self-shielding afforded by the higher density metals and

packaging practices. For example, the uncollided gamma flux from a
half-space source at the surface is inversely proportional to the
density of the material; this effect alone would result in a gamma
flux attenuation by a factor of about 7 (see Appendix A). Further-
more, when these non-compactible metallic wastes, which usually have
irregular shapes, are packaged, other materiéls such as trash or soil
that usually have much lower activities are placed around them to fill
the voids. For thé high energy gamma rays found in LLW (Co-60,
Cs-137, and Nb-94); it takes only about 2 inches of metal shielding to
result in an attenuation of 10. In this report, in view of the above
two effects, a reduction factor of 10 has been applied to direct
radiation exposure pathways for streams having an accessibility index
greater thahvl. ' | |

3.4 Waste Classification

As discussed in Chapter 1.0, a waste classification methodology is
one of the essential tools to assure that uniform and environmentally
acceptable practices are adopted throughout an extremely diverse
industry that.generates LLW. This section presents a waste classifi-
cation procedure and associated tests.
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An introduction to the section outlining the considerations in the
approach adopted is presented in Section 3.4.1.. This is followed by
two sections on the intruder-construction and the intruder-agriculture
scenarios that constitute the basis of the waste classification
tésting procedure. Finally, the waste classification testing proce-
dure is summarized in Section 3.4.4.

3.4.1 Introduction

As discussed in Section 2.4, potential long-term exposure scenarios
from LLW disposal can be seperated into two types: ~concentration
scenarios and total activity scenarios. The concentration scenarios
include those involving direct human contact with the disposed waste,
such as those involving exposures to a potential inadvertent intruder.
In these scenarios, potential exposures are calculated considering
only the radionuclide concentrations in the waste streams assumed to
be actually contacted by the intruder. ‘The radionuclide concentra-
tions in parts of the disposal facility not contacted by the potential
. inadvertent -intruder do not enter into the calculations. On the other
hand, exposures from the total activity scenarios are determined by
considering the total radionuclide activity disposed at the facility.
Examples of total activity scenarios include groundwater migration

scenarios.

The fact that impacts from scenarios involving direct human intrusion
into disposed waste are governed by the concentrations in the pafti-
cular waste streams assumed to be contacted makes the intruder scen-
arios very useful for waste classification purposes. Assuming that a
limit is placed on the exposures allowed to a potential human in-
truder, then the maximum allowable concentrations of radionuclides in
waste streams to meet this exposure limit may be calculated.

Once concentration limits are determined, waste generators can rela-
tively easily determine what class their waste belongs to by comparing
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the radionuclide concentrations in their wastes with the limiting
concentrations determined through the intruder scenarios. Use of
potential human intrusion as a means of classifying wastes for dis-

posal has also been used by others.(10’13)

By contrast, it is much more difficult to classify wastes through
the use of total activity scenarios such as groundwater migration.
Comparatively speaking, impacts from groundwater migration are much
more dependent on site specific environmental conditions than the
intruder scenarios. In addition, since the potential impacts are a
function of the total activity of waste disposed, it is difficult to
set concentration limitations for individual radionuclides to meet a
specific dose limitation criteria. It would be‘difficu]t, based.dpon
groundwater migration considerations, to set concentration limits that
can be used by a waste generator to determine the classification of
. his waste.

It is important to emphasize, however, that this does not mean that
groundwater migration from a disposal facility is not an important
consideration in LLW disposa]. It does suggest that rather than
establishing concentration limitations to be met by a waste generator
~to meet a particular groundwater exposure limitation criteria, it
would probably be more useful to set an inventory limitation for a
particular disposal facility (based upon site-specific information)
for particular radionuclides of concern. Then, if the waste genera-
tors were required to report the quantity of the radionuclides of
concern which are contained in each shipment of waste, the disposal
facility operators could maintain a running inventory of the radio-
nuclides of concern at their particular sites. When the site inven-
tory reaches the established limit for the facility, the disposal
facility operator would no longer accept waste streams containing the
particular radionuclides of concern. It is expected that such radio~
nuclides of concern would include long lived mobile isotopes such as
14, 99 1291.

C, Tc ana
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Potential inadvertent intruder exposures (and maximum radionuclide

concentrations corresponding to a given dose conversion criteria) are

a function of three general parameters: (1) the time after disposal

that the intrusion occurs (the length of the active instititional

control period), (2) waste form and packaging properties, and (3)
disposal facility design and operating practices. Regulétory require~

ments can be placed upon these parameters and depending upon the
particular requirements placed upon these parameters, a classification
system may be developed. '

From an analysis of the effect of waste form and packaging properties
ana disposal facility design and operating practices on impacts from
human intrusion, it may be concluded that:

0 Barriers may be used to reduce the possibility of human intru-
-sion. These barriers may include disposal at greater depths or
emplacement of the waste into a highly engineered facility
designed to resist human intrusion {(e.g., a hot waste facility).

o If the waste is in a stable waste form that'resists dispersion
and if the stable waste is placed in a disposal cell which is
segregated from unstable waste forms, than potentia] intruder
exposures would be reduced over those exposures expected if the
stable wastes were disposed mixed with the unstable wastes.

Based upon establishment of a maximum time for active institutional
controls and incorporating the above two conclusions, a waste classi-
fication syStem may be developed based on a maximum exposure limit to
a potential inadvertent intruder.

In this work, three generic levels of intruder barriers are considered
in detail, which correspond to three general levels of effectiveness
against intrusion at three levels of overall costs: (1) no barrier;
(2) layering; and (3) hot waste facility.
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In the first case, the waste stream is assumed to be disposed in a
"regular" manner without consideration of protecting a potential
intruder. In the second case, the waste stream is assumed to be
disposed at the bottom of the disposal cell, so that at lTeast 5 meters
of earth or other (Tower “activity) waste streams cover the layered
waste. In the third case, the waste stream is assumed to be disposed
in a hot waste facility, which for this report is taken to be a
concrete walled disposal trench. The waste is stacked into the
trench, grouting is poured around the waste packages, a concrete
cover is then poured over the grouted waste mass, and finally 2 meters.
of soil is emplaced over the concrete cover. The effectiveness of the
hot waste facility is somewhat speculative, but is included to 1ndi-
cate an upper level of protection against an inadvertent intruder that
can be achieved through near surface disposal.

In addition, it may be assumed that the operational practice of
segregated disposal of stable waste streams from unstable waste
streams results in reduced exposures to a potential intruder con-
tacting the stable waste streams -- at least for the first several
hundred years following waste disposal. Segregated disposa] of the
stable waste streams greatly improves the stability of the disposal
cells containing the stable wastes, resulting in significantly less
water infiltration and subsidence problems for these disposal cells,
and less decomposition of the disposal cell contents. Exposures to
a potential inadvertent intruder contacting these disposal cells at
the end of the active institutional control period would be limited to
those acquired during discovery of the waste. It is not credible, for
example, to postulate that an intruder would construct a house in, or
attempt to grow vegetables in, a disposal cell composed of such wastes

as 55-gallon drums filled with concrete.
Finally, consideration needs to be given to the length of time that
intruder barriers and segregation of stable wastes serves to reduce

or eliminate potential inadvertent intruder impacts. Based on the
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analysis-in reference 3, a time period of 500 years after site closure
.is used as a limit of the effectiveness of Tayering and waste segre-
gation. Following this time period, wastes disposed through layering
and/or- segregation are assumed to be as-accessible to an intruder as
waste disposed by regular means (i.e., non-segregated shallow land
burial). A time period of 1000 years is assumed as a maximum length
of time for a hot waste facility to be effective against intrusion.

These concepts are further expanded in the following two sections
which present the calculational procedures for determining intruder
exposures from the two basic intruder scenarios considered in this
appendix. These include the intruder-construction scenario presented
in Section 3.4.2 and the intruder-agriculture scenario presented in
Section 3.4.3. Following this section is Section 3.4.4 which presents
the teéting procedure through which the intruder corncepts developed in
this section are used in the computer codes developed in this work to
classify the waste streams for further analysis.

3.4.2 Intruder-Construction Scenario

This is one of the scenarios utilized to determine the classification
status of the waste streams -- the other scenario being the intruder-
agriculture scenario. This section considers the values of the
pathway barrier factors under alternative values of the waste form
behavior indices and the disposal techno]ogy_indipes.

‘This scenario assumes that at some time after the end of operations at
the disposal facility, institutional controls breakdown temporarily
and an intruder chooses to inadvertantly construct a house on the
disposal facility. In so doing, the intruder is assumed to contact
the disposed wastes while performing typical excavation work such as
installing utilities, putting in basements, and so forth. These
typical activities should not be expected to invoive significant
depths - e.g., in most cases no more than approximately 3 m (about
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10 ft). There is, however, a much less likely chance that some
excavations - could proceed at a lower depth. -This could occur, for
example, through construction of a sub-basement for a high rise
building.

To implement this scenario, the inadvertant intruder is/assumed to
dig a 3 meter deep foundation hole for the house. The surface area
of the house is assumed to be 20 m by 10 m (200 mz), which is a
typical surface area for a reasonably large ranch—sty1e house. The
foundation hole s assumed to be 20 m by 10 m (200 m2) at the bottom
and 26 m by 16 m at the top (giving a 1:1 slope for the sides of the
hole). The top 2 meters of the foundation is assumed to be cover
material and the bottom 1 meter is assumed to be waste. This excava-
tion would result in about 232 m3 of waste being intruded into.

The equation describing human exposure for the intruder-construction
scenario is as follows:

H = Z (F F4f Fo)qip €, POCF-2 +
. n

- Z (f F . F) ¢ C, POCF-5 . (3-1)
n )
where H is the 50-year dose committment in wmrem, PODCF-2 and PDCF-5
are -the radionuclide-specific pathway dose conversion factors which
were discussed and presented in Section 2.3, Cw is the radionuclide
concentration in the waste, and n denotes summation over all the
radionuclides.

The first term of the equation calculates the impacts from thé air
pathways consisting of exposures due to suspension of contaminated
dust into the air: inhalation of the contaminated dust, direct radia-
tion exposure from the contaminated dust cloud, and the consumption
of food grown nearby upon which the airborne contamination settles.
The second term of the equation calculates the impacts from direct
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radiation exposure to the wastes during excavation. The values of the
barrier factors are examined below in_two sections: regular waste
disposal, and disposal with barriers against intrusion.

Régu]ar Waste Disposal

The time delay factor'f0 is rqdidnuc]ide-specific and is given by the
following equation:

f, = exp [ -xT] (3-2)

where T is the time period between the end of active disposal opera-
tions and the initiation of the scenario (i.e., IPO plus IIC years),
and A is the decay constant of the radionuclide. This factor is the
same for both the air uptake pathways and the direct gamma pathway.

The assumed time period is 'equivalent to the assumption that the
| intrusion scenario involves the last disposal cell constructed at the
site and conservatively neglects the possibility that the intrusion
scenario may involve one of‘the earlier disposal cells.

The site design and operation factor fd denotes the dilution of the
waste due to particular disposal practices regarding waste emplace-
ment. Its value -is assumed to be 0.5, 0.75, or 0.5 depending upon
whether the waste disposal is rahdom, stacked, or decontainerized,
respectively. The effects of other classification tests on fd are
described below.

For the air uptake pathways, the waste form and package factor fw is
given by the following formula:

£, = 10(153)  1o(1-19) | (3-3)

where I5 is the dispersibility index (see Section 3.2.2) and 19 is the

accessibility index (see Section 3.2.6). Based on this formula, f

5.(1) "

" ranges from a high of 1 to a low of 10~
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For the direct radiation exposure pathway, only the self-shielding
inherent to the particular waste form affects the factor f,o In
this case, f_ is set equal to the following: v

fw = Accessibility Mu]tip]fer x Solidification Multiplier (3-4)
The modification due to 'accessibility results from the substantial

metal component of some waste streams (see Section 3.3.6). The
accessibility multiplier is taken equal to 1 if the index I9 is equal

<to 1, and it is 0.1 if the index 19 is equa1 to 2 or 3. The solidi-

fication multiplier is assumed to be 0.80 for those streams that are
solidified using solidification scenario A or B procedures which
contain a significant amount of éement; otherw{se, this multiplier is
assumed to be unity. Since the streams with an accessibility index
different than 1 are never solidified, the minimum value of the factor
fw for the direct radiation exposure pathway is 0.1. ’

The site selection factor fS is different for the air and direct
gamma uptake pathways of the intruder-construction scenario. For the
air uptake pathways, it is the product of the soil-to-air transfer
factor TSa (which depends oh the environmental characteristics of
the region in which the disposal fagi]ity is 1ocateq) with the expo-
sure duratidn factor (the fraction of a year that the construction
takes place). For the direct gamma exposure pathway it is eqda] to

"just the exposure duration factor. These factors are detailed below.

In this work, exposure duration is assumed to be 500 working hours for
the regular waste disposal. This is equivalent to a construction
period of 3 months, which is believed to be reasonably conservative
for typical construction. It is believed to be'very conservative for
activities involving use of heavy construction equipment. This gives
a value of 0.057 for fs for the direct gamma scenario. For the air
pathways, this number is multiplied with a soil-to-air transfer factor
given by the formula:
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| Tga = [TgJg * (107) x (5/30) x (50/PE)° (3-5)

10

where [T__]. is equal to 2.53 x 107", v is the average wind speed

at the sﬁlé)in m/sec, s is the silt content of the site soils in
percent, and PE is the precipitation-evaporation index of the site
vicinity indicative of the antecedent moisture conditions (see Appen-
dix A).” For the reference disposal facility, these values were
determined to be v = 3.61 m/sec, s = 50, and PE = 91, yielding a value
of 3.53 x 10710
factor of 0.057, this yields a site selection factor of 2.01 x 10

for the air uptake component of the construction scenario.

for Tga (see Appendix A). For an exposure duration
-11

Disposal With Barriers Against Intrusion

The barrier factors fd\and fs-are affected if the waste is disposed
using intruder barriers and/or if waste segregation'is implemented at
the disposal facility. The factor fd is not affected by regular or
layered waste disposal; layered disposal only affects the factor fs.

For the air uptake pathways, (a) for layered disposal, the factor fd
is multiplied by a factor of 0.1 to indicate the 1ikelihood of contact
of the layered wastes by the intruder; and (b) for hot waste facility
dispoial fd is multiplied by a factor of 0.01.

For the direct.radiation exposure pathway, (a) for layered disposal,
‘fd is multiplied by a factor of 1/1200 whfch denotes attenuation of
the radiation through.a 1 meter. thick soil equivalent layer, and (b)
for hot waste facility disposal, fd ié multiplied by a factor of
1/12002 which indicates attenuation of the radiation through a layer

equivalent to 2 meters of sofi (see Appendix A).

The site selection factor fS is modified only if the waste form is
stable and has been disposed of in a segregated manner. The exposure
duration factor 1is reduced from 500 hours to 6 hours for all the
uptake péthways.
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3.4.3 Intruder-Agriculture Scenario

The intruder-agriculture scenario is the second scenario (the first
being the intruder-construction scenario) utilized to determine the
classification status of the waste. It is used in three c]assiff—
cation tests: (1) for regular waste disposal at the end of 1IC years
following facility closure, (2) at the end of 500 years for waste
streams that have been layered or are stable and segregated, and
(3) at the end of 1000 years for wastes that have been disposed into
a hot waste facility. Only intruder impacts from regular waste
disposa].following [IC years 1is considered below. Intruder impact
-scenarios at 500 years and at 1000 years are somewhat speculative,
and have been conservatively assumed to be similar to those at the
end of IIC years.

The intruder-agricu]ture scenario assumes that at some time after the
end of disposal operations, an intruder inadvertently lives on the
facility, and consumes food grown on the disposal facility. Farming
is a surface activity and generally does not involve disturbing the
soil for more than a few feet. As long as a cap of one or two meters
is maintained over the waste, then it is very unlikely that agricul-
tural activities would ever contact the waste.

To implement the scenario at the end of active institutional control
period, however, a portion of the soil excavated during the intruder-
construction activity (232,m3 of waste and 680 m3 of cover material)
is assumed to be distributed around the completed house. After build-
ing the foundations of the house, about 312 m3 of this soil would be
put back in outside and around the cellar walls leaving a volume of
about 600 m3 of soil (of which about 150 m3

mixture) involved in the agriculture scenario. The precise areal

is the original waste/soil
extent to which this soil is distributed is somewhat speculative.
It is likely, however, that the soil will remain Tocalized; moving

even a few cubic yards of soil more than 10 meters usually requires a
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significant effort. It is assumed in this report that this areal
extent is likely to be somewhere between 1000 m? ana 2000 m2.
That is, the waste/soil mixture is assumed to lie within a radius of
25 meters from the center of the house. The intruder is then assumed
to live in this distributed waste/soil mixture and is also assumed to .
consume vegetables from a small garden located in the waste/soil

mixture.

A possible alternative to this scenario is that the waste cover is
stripped éwqy by the intruder, and that the intruder lives on and
grows and consumes food grown directly in the waéte. This does not
appear to be as reasonable as the abdve scenario. At current commer-
cial rates, it costs about $1.07 to move one cubic yard of dirt from
one place to an adjacent place with heavy equipment.(lz) This
implies that tobclear 2 meter of cover from 2 acres, the intruder has

either invested a sum of about $22,500 or spent a labor equivalent to
this sum. This is not a reasonable assumption since no reasonable
person is likely to strip and clear away surface soil with the hope of
finding a better soil underneath for growing food.

A non-commercial enterprise is therefore assumed for the intruder-
agricul ture scenario. It appears to be unreasonable to expect that a
commercial operator, who would require a substantial investment for a
commercial agricul tural operation and therefore a clear title to the
land, can be an inadvertant intruder.

The inaavertant intruder is assumed to live in a house built on the .
site, work at a regular job during the day, and spend some of his

extra time working in a garden growing vegetables for his own use.

His time during a year is assumed to be allocated betweeh various

activities as follows:
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Activity ~ Hours/Year

At Home 4380
At Work 2000
Traveling To and From Work - 250
Vacation : 330
Gardening . . 100
OQutdoors : ‘ 1700

Total: 8760

In the 1ntruder-agricu1turé scenario, the inadvertent intruder could
be exposed principally by five pathways: (1) inhalation of contami-
nated dust suspended due to tilling activities as well as natural

- suspension, (2) direct radiation exposure from standing in the con-
taminated cloud, (3) consumption of food (leafy vegetables) dusted by
fallout from the contaminated cloud, (4) consumption of food grown in
the contaminated soil, and (5) direct radiation exposure from the
disposed waste volume. For calculational convenience, the first three
'uptake pathways have been grouped together and denoted as the air
uptake pathway. The potential exposures from these pathways are
therefore calculated in three groups: air uptake, food (soil) uptake,
and direct radiation (volume) exposures. These are then added to

arrive at the total potential exposures from this scenario.

In this work, the potential exposures- from the intruder-agriculture
scenario are calculated using the following equation:

H = Z (F,F 4 F)gip Cy POCF=3 +

n

Z (F,F4F,F<) fond Cy POCF-4 +

n : )

}: (F, 4 F)pg C, POCF-5 | (3-6)
- |

where H is the annual dose in mrem per year during the SOth exposure

year of exposure, PDCF-3, PDCF-4, and PDCF-5 are the radionuclide
specific pathway dose conversion factors presented in Section 2.3,
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Cw is the radionuclide concentration in .the waste, and n denotes
summation over all the radionuclides. The values of the barrier

factors are presented below.

The time delay factor fo for this scenario 1is identical with the
construction scenario, and ‘is- ‘given by equation (3-2). The site
design and operation factor fd is also determined in the same manner
as the construction scenario. - In-addition, the dilution resulting
from mixing of the excavated waste (232 m3) with the excavated cover
soil- (680 m3), which is a factor of about 0.25, is also included in

the design and operation factor fd.'

Waste Form and Package Factor

The waste form and package factors for the air uptake and direct
radiation exposure pathways composing this scenario are identical with
those for the air uptake and direct radiation -exposure pathways
composing the intruder-construction scenario. However, for the food
(soil) uptake pathway, other considerations are applicable. The
following formula ‘is utilized to calculate ’fw far the food (soil)
uptake pathway (also see equation 3-12):

i} | (1-19) )
£, = Mx tx Mult(16,17,1S) x 10 | (3-7)

where, Mo is the radionuclide-specific Tleach fractions of unsoli-
dified waste forms. (see Section 3.3.3 and 3.5). The contact time
fraction tC is the fraction of time in one year that the waste is-
in contact with irrigation water, while 19 is the accessibility index
(see Section 3.3.6). Mult(16,17,1S), which is the reduction due to
solidification and the presence or absence of chelating chemicals
(see Section 3.3.4), is a function of the leachability index (I6),
the chemical content index (17), and whether the waste streams con-
taining organic chemicals or chelating agents have been segregated

from other waste streams (IS).
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It appears to be reasonable to assume that only the fraction of
radionuclides transferred from the waste to the interstitial water
will be accessible to the roots. Inclusion of contact time in the
above equation is consistent with this approach. The contact time
fraction is conservatively assumed to equal unity in this work.
However, this fraction may actually be a very low value in view of the
soils likely to be found at most disposal locations. These locations
are likely to be at topographic highs whereas the most attractive .
agricultural soils are found in or adjacent to flood plains.

Site Selection Factor

The site selection factor—fs for the air uptake pathway is similar
to the intruder-construction air uptake pathway. However, the soil-
to-air transfer factor must be averaged to account for natural resus-
pension of the soils part of a year. This estimate is calculated by
assuming that (1) the construction scenario TSa value of 3.53 x 10-10
(see Section 3.4.2) is applicable during gardening (100 hours),
(2) during the time spent outdoors (1700 hours), typical natural
outdoor ambient air particulate concentrations of 100 pg/m3 are

(13)

hours), typical ambient indoor concentrations of 50 pg/m3 have been

assumed to prevail; and (3) during the time spent indoors (4380

assumed.(13) Utilizing a mass loading of 565 pg/m3 for the time
spent while gardening (see. Appendix A) and averaging these values
results in a site selection factor value of 3.18 x 10'11. This may

be compared with the site bselection factor value of 2.01 x 10'11

calculated for the intruder-construction scenario.
For the food (soil) uptake pathway, fS.js taken to be the fraction

of food consumed by the individual that is grown on site. This value
is assumed to be 0.5. '

For the direct radiation exposure_pathway,rfs is equal to the expo-
sure duration fraction multiplied by a correction factor to account
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for the limited areal extent of the direct radiation source that-the
intruder is exposed to. Moreover, the fraction of the time the

intruder spends in relation to the source must be considered.

During a year, the intruder is assumed to spend 1800 hours outdoors
exposed to unattenuated radiation (100 hours tilling and 1700 hours
around the house). During the 4380 hours he spends indoors, he is
exposed to attenuated radiation. The correction factor due to the
limited areal extent of the radiation source may be estimated uti-

1izing Fiqure 3.1.

This figure shows that intruder may be assumed to be exposed to a full .
disk source while outside, and an annular source while inside the
house. While he 1is inside the house, the center of the disk repre-

sents the shielding provided by the foundation slab. The contribution
to the direct radiation exposure from this center portion'may be neg-
lected in comparison with the exposure from the outside of the house.
If the foundation slab is a one-foot thick concrete layer, the radia-
tion would be attenuated to about -0.03 of its unshielded value for
Cs-137 gamma rays.(14) The correction factor for the areal extent
of the annular source may be represehted by the following equation:

o = [Ey(pry) - Eq(pry)d / Ep(pr) - (3-8)

where c¢ is the dimensionless correction factor, Ei(x) is the first
~order exponential integral, p is the linear attenuation coefficient of
air in units of m 1 (it is taken to be 0.0097 m L in this report)(l4)
and the r's are the distances from the exposure point indicated in
Figure 3.1 in meters. Details of the derivation of this equation can
be found in Appendix A. | : | |

For a full disk source (for the time spent outdoors), the radius

" in equation (3-8) is replaced: by o In order to evaluate the
correction factor, these radial distances must be assumed. The
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-following table gives the value of the exponential integral for some
representative distances:

Distance pr _El(gr)

lm 0.0097 4.068
8m 0.0776 2.055

20 m 0.1940 1.3356
25 m 0.2425 ~1.068

For ro and rl,_it is reasonable to assume 1 m and 8 m, respectively;
1 m represents the height of the exposed person, and 8 m represents
the approximate radius of a 200 m2 house floor. The value assigned
- to ros however, depends on the areal extent to which waste/soil
mixture (600 m3) has been spread. This mixture will likely be
spread unevenly within about a half acre around the house excavation,

and the areal extent is likely- to be between 1000 m2 and 2000 mz.

A radius of the above 20 m represents.an area of about 1050 mz_over
which the waste is spread, while a radius of 25 m represents an area

-of about 1750 m2.’~A radius of 25 m is utilized in this work.

~These assumptions yield .a correction factor for the time spent out-
doors of about 0.74, and a correction factor for the time spent
indoors of about 0.24. Utilizing values of 1800 hours outdoors
and 4380 hours indoors yields an site selection barrier factor of
about 0.27, which is the value utilized in this report.

3.4.4 MWaste Classification Test Procedure

The- following section describes the waste classification tes: proce-
dure developed from the previous sections regardihg impacts from
potential human intrusion into disposed waste. The test procedure
is used in the OPTIONS and GRWATER (see Section 6.0) computer codes
which determine radiological, economic, and_other impacts from
LLW disposal. ‘
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In the calculations, the disposal status of each waste stream, denoted
by the status index I11, is determined and iS used internally in the
computer codes. ' It denotes if any special procedures are required to
dispose of the waste stream in a near-surface disposal facility or if
the waste is unacceptable for near-surface disposal.

The index, I11, 1is 1 if the waste is disposable 'through "regular
means," it is 2 if layering of the waste is required, and 3 if the
waste is disposed of in a hot waste facility. For disposal by regular
means, no special consideration is given to providing barriers against
potential inadvertent intruder exposures. Layering of wéste streams
provides a barrier against an intruder contacting the layered waste
streams. Disposal into a hot waste facility provides additional
bafriers against intrusion. An index value of 0 indicates that the
waste is unacceptable for near-surface disposal. The testing proce-
dure utilized in the determination of the disposal status index
is presented in Figure 3.2.

Each test consists of successively subjecting a given waste stream
to the intruder-construction and the intruder-agriculture scenarios
after a given period of time, and determining if the calculated
radiological impacts in each scenario for each human organ due to all
the radionuclides in the waste stream meet given organ specific “"dose
limitation criteria.” Therefore, there are four basic variables in
these tests: (1) the waste status (regular or layered or hot waste
test), (2) the type of test (standard or modified), (3) the time after
the transfer of the site title to site owner at which the test is

applied (after the active institutional control period - denoted by
I1IC years, or after 500 years, or after 1000 years), and (4) the dose
limitation criteria which is applied to all the tests. The first
three variables are discussed below.

For a given waste stream, first the regular disposal test is applied
at IIC years. This regular disposal test may be either a standard or
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a modified test depending on whether the waste form is stable (18=1)
and the waste streams are being segregatea (IS=1) at the disposal site
(see Figure 3.2). If the waste is found acceptab]é during the stan-
dard test, then it 1is classified as regular waste. If the waste
passes a nwdified'test, it must also pass a regular standard waste

test at 500 years before being classified as regular.

If the waste stream fails any of the above three tests, then it is not
regular waste. In this case, the layered disposal tests are applied
to the waste stream at IIC years if the Tayering option is available
to the disposal technology case being considered - i.e., if IL is
equal to unity. The layered test can also be a standard or modified

test depending on the values assigned to the waste stability index
(18) and the segregation index (IS). In both of these cases, a waste
stream that passes either of the layered tests is tested again in a
reqular standard waste test at 500 years before being classified as

layered waste.

If the layering option is not avaf]ab]e or if the waste stream. is
found not to be acceptable for layered disposal (i.e., it fails one of
the above three tests), then hot waste facility disposal is attempted
if that option is available to the disposal case technology being
considered - i.e., if IH is equal to 1. There are two tests for the
hot wastevfaci1ity option: one is a special hot waste test at 1IC
years, and the other is a regylar standard test at 1000 years.

If- the waste is found to be unacceptable in any of these options -
there may be no option but regular disposal, i.e., IL = 0 and IH = 0 -
‘then the waste is considered unacceptable for near-surface disposal

for the disposal technology under consideration and for the dose
limitation criteria being applied. In this manner the status index
I11 is determined and utilized in the total activity scenarios as
briefly summarized below and described in detail in Sections 3.5
and 3.6.
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If the disposal status of the waste- stream is 1 or 2 (regular or

layered wasté), ‘then no special reduction factors are applied to
the groundwater scenarios. However, if the disposal status is 3,
then the pércolation component of the groundwater scenario is reduced

- to 25 percent of its minimum value (Section 3.5). This reduction is

due to the special measures -adopted in the design of:a hot waste

facility.

If the disposal status of the waste is 1, then no special reduction
factors are applied to the exposed waste scenarios. However, if the
disposal status is 2, then the wastes are exempted from the erosionv
initiated exposed waste scenarios (they are beneath a minimum of 6 to
7 meters of other material) and only 1 percent of the waste is
assumed to contribute to the intruder initiated exposed waste scena-

rios (see Section 3.6). For a disposal status of 3, the wastes are

exempted from the erosion initiated exposed waste scenarios and only
0.1 percent of the wastes are assumed to contribute to the intruder
initiated exposea waste scenarios (see Section 3.6).

As described above, there are five distinct classification tests:
regular standard, regular modified, layered standard, layered modi-

‘fied, and hot waste facility. These tests are briefly described

below.

Regular Standard Test

In this test, no additional reduction factors are applied to either
the intruder-construction or intruder-agriculture scenario. This test
may be exercised for regular wastes at the end of IIC years, or to

~wastes that have passed layered waste tests at the end of 500 years,

or to wastes that have passed the hot waste facility test at the end

- of 1000 years.
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Regular Modified Test

The modified test is applied only at the end of IIC years, and it
assumes that the waste stream is stable and segregated from unstable
waste stfeams.; Therefore, an inadvertant intruder iﬁitiating the
intruder-construction scenario will clearly realize that wastes are
being intruded into, and will not continue any further. This results
in a substantially reduced contact time for the intruder-construction
scenario. o

The regular standard test for the intruder-construction scenario uses
" a contact time of 500 hours. However, in a regular modified test this
contact time is reduced to 6 hours (the actual contact time is likely
to be no more than. half a working day plus 2 hours to account for
direct radiation exposure of the intruder through a reduced thickness
of cover material). As a consequénce of the discovery.that wastes are
being intruded into, the intruder-agriculture scenario is eliminated
in this test.

Layered Standard and Modified Tests

In’theblayered standard and the layered modified tests, the intruder-
agriculture scenario is not applied since the wastes are likely to be
“disposed of beneath a minimum of 2 meters of cover and 4 to 5 meters
of other regular wastes. No reasonable mechanism after'only_llg years
can be envisioned that would permit the interaction of these wastes
with the environment through an intruder-agriculture scenario. For
the intruder-construction scenario, different reduction factors are
applied to the two different uptake pathways: air uptake and the
direct radiation exposure pathways.

For the air uptake pathway,_on]y 10 percent of the layered wastes are
assumed to be accessible to the intruder. This is a very conservative
assumption, it is unlikely that even 1 percent of the area exposed
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during cdnstructibn will be the layer of waste underneath a minimum
6 to 7 meters of other material. For the direct radiation exposure
uptake pathway, the intruder is assumed to be shielded from the
layered wastes by at least one meter of soil or equivalent material
resulting in a reduction of about 1200 in the radiation intensity (see
Appendix A). |

For the layered standard test a contact time of 500 hours is assumed.
However, for the layered modified test, a contact time of 6 hours is
assumed based on the same rationale given above for the regular
modified test. | |

It should be pointed out that all the waste streams that pass these
layered tests undergo a regular standard test at the end of 500 years

at which time no credit is assumed for layering.

Hot Waste Facility Test

This test is also applied only at the end of lgg years. The rationale
presented above for the layered tests is applicable for the hot waste
facility which is designed to confine the wastes regardless of cost
or land use considerations. Moreover, it in effect takes unstable
wastes, and through disposal design makes them into stable wastes for

intrusion purposes.

The intruder-agriculture scenario is not considered in the hot waste
facility test. For the intruder-construction scenario a reduction
factor of 0.01 is applied to the site design factor for-the air uptake
component, and a reduction factor of 1/12002 is applied for the
direct radiation exposure pathway. '

Again, it should be pointed out that the waste streams that pass the
hot waste facility test are subjected to a regular standard test at
the end of 1000 years. .
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- 3.5 Groundwater Scenarios

These scenarios calculate the potential impacts resulting from
groundwater migration of radionuclides from the disposed wastes to
three access locations downstream in the direction of the groundwater
flow: a well located either at the boundary of the disposal area or
the site boundary, a well located between the disposal facility and
the surface hydrologic boundary, and a stream located at the surface
hydrologic boundary. Different pathway dose conversion factors are
used depending on whether the access location is a well or a stream
(see Chapter 2.0). An idealized map showing the geometric relation-
ships between the disposal facility and the access locations are shown
in Figure 3.3.

As shown in this figure, the main streamline passing underneath the
disposal facility has been straightened out (the longitudinal coordi-
nates are measured along this streamline), and the dispusal area
(excluding the 30 m wide buffer zone - see Appendix C), which is
assumed to cover an area of 450 m x 800 m, has been divided into
10 sectors.

The following equation 1is used to calculate human exposures which
may result from the well access groundwater scenarios:

Z Z fofmfmfm C,, PDCF-6 - (3-9)
where H 1is the annual dose rate in mrem per year during the 50th
year of exposure, PDCF-6 is the radionuclide-specific pathway dose
conversion factor discussed and presented in Section 2.3, C is
the radionuclide concentration of the waste stream considered, i
denotes summation over all the waste streams, and n denotes summation
over all the radionuclides. For a surface water access location the
dose conversion factor--PDCF-7 is substituted instead . of PDCF-6. The

values of the barrier factors are presented below.
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The time delay factor f0 is assumed to be one. This merely means
that the groundwater scenario is assumed to be initated at the close
of the operational period. :

The site design and operation factor is utilized to incorporate .
modifications resulting from two of the site design options: use of
a hot waste facility, and grouting (the effect of the cover is incor-
porated into the factor f_for calculational convenience - see below).
If the waste is grouted, then fd.is taken to be 0.1. . If the waste
is placed in a hot waste facility, fd is further reduced by a factor
of 0.1.

Grouting of the waste minimizes the interstitial void volume, and
increases the stability of the waste form and the disposal cell cover.
A reduction value of 0.1 is estimated for these effects; however, this
value is likely to be conservative since‘the grouting will probably
prevent deterioration of the waste packages, thereby delaying waste/
leachate contact. A hot waste facility is a specially designed
disposal cell, (e.g., concrete walled trench) for problematic wastes.
It has several barriers against percolating precipitation. The
reduction factor assumed for this facility is also likely to be

conservative.
3.5.1 Source Term
The source term is represented by the waste form and package factor

f .
wi?
contaminated liquid that leaves the disposal cell. This factor is

which has units of m>/year, and denotes the annual volume of
given by the formula:

fwi = fi X Vw X fc, (3-10)

where fi is the fraction of the disposed waste that is in the (1')th

waste stream, Vw is the annual volume of water that percolates through
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the trench cap and contacts the disposed waste/soil mixture; and fc
is the fraction of the waste radionuclide concentration transferred to

the leachate.

However, two different source terms may-be applicable in calculating
fwi: one for regular plus Tlayered wastes (i.e., regular disposal
cells), and the other for the hot waste facility (if any). The
discussion below primarily. considers the calculational procedures for
regular disposal cells, calculation of the source term for the hot

waste facility cells is mentioned where appropriate.

The first factor f. is self-evident, it is the ratio of the volume
of the waste stream being considered to the entire volume of waste
disposed at the either the regular disposal cells or the hot waste

facility.

Clearly, the variable (Vw) is simply the percolating infiltration
(p) multiplied by the appropriate surface area (Sf). However,
again, two different surface areas and percolation rates may be .
applicable 1in calculating Vw: one for regqular p]us) layered wastes
(i.e., regular disposal cells), and the other for the hot waste
facility (if any). '

The surface area of the régu]ar disposal cells is equal to the total
volume of regular plus layered wastes disposed at the facility divided
by the product of the emplacement efficiency with the volumetric
“disposal efficiency (see Section 3.2.1). The surface area of the hot
waste facility is calculated similarly -- the volume of waste disposed

at the hot waste facility is divided by the product of the hot waste
facility emplacement efficiency (0.75) with its volumetric disposal
efficiency (7 m3/m2).

For the regular disposal cells, there are several different tech-
niques for calculating the parameter (p) (also called PERC in several
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references). One of .these methods, usually called the water-balance
technique, is presented in references 17 and 18 (also see Appendices A
and C). The Water—ba]ance technique yields a percolation component of
about 180- mm of water per year for the reference disposal facility.
This value is applicable to those cases where no special effort has
been made to emplace a moisture barrier over the waste and to those
cases where the barrier -integrity cannot be assumed due to instability
of the disposal waste. The volume of water percolating in this case
will be denoted by VI.

For the cases where there exist special trench covers and where the
trench cover integrity can be assumed, the percolation component may
be determined by the Darcy velocity of the least permeable stratum

(19) The Darcy velocity of a

between the waste and the atmosphere.
material, with hydraulic conductivity (K) in units of m/yr and unit
hydraulic gradient (the most conservative assumption), is equal to K
m3/m2-yr. This number, however, should be modified by the fraction
of each year during which there is at least 0.01 inch of precipita-
tion. Therefore, in this latter case, (p) will be calculated from the

following equation:
p = K (w/365) . (3-11)

where (K)»is the hydraulic conductivity of the Teast permeable layer
covering the waste, and (w) is the mean annual number of days with
0.01 inch or more of rainfall (see Appendix A). Assuming that a
permeability of 3x10'7 cm/sec (about 0.3. ft/yr) is applicable for
the least permeable stratum of the designed trench cover, and assuming
(for the reference disposal facility) that w is equal to 115, this
yields an estimated percolation component of 30 mm. The volume of
water percolating in this case will be denoted by V2.

This permeability can be readily achieved through emplacement of
a clay layer (materials with permeabilities in the range 10'7 to
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10"9 cm/sec are commonly available), and less readily by using

(20)

after the active institutional control period, it is likely that as a

~ standard soils compaction methods on the existing soils. However,
result of intrusion by humans and/or by plant roots and/or burrowing
animals, this low percolation rate may increase. Therefore, a time
dependent source term option has been incorporated into the calcula-
tions as discussed below and in Section 3.5.3.

In the basic case (no time dependent sources), the above two values
for the parameter VwAare used: V1 for the case where no special
effort has been made to emplace a moisture barrier over the waste, and
V2 for the case where there exists special trench covers and where
trench cover integrity can be assumed. However, the specific value
~utilized for this parémeter is also determined by other factors.
These include the cover index (IC), the stabilization index (IX), the
waste form stability index (I8), and the segregation index (IS). The
following table is utilized to arrive at the value of Vw for regular
disposal cells:

o _ Infiltrating Volume
Cell Sta- Waste ’ No

Cover bilization Stability Segregation Segregation

Regular Regular Stable 2xV1 V1
" Unstable 2xV1 2xV1

- Moderate Stable 1.5xV1 Vi1

" Unstable 1.5xV1 1.5xV1

Extensive . Stable V1 V1
IR Unstable V1 - V1

Thick  Regular Stable 2xV1 V2
"o Unstable 2xV1 2xV1 -

Moderate Stable 2xV2 V2

" Unstable 2xV2 2xV2

Extensive "“Stable V2 V2

" Unstable V2 V2

For the hot waste facility (i.e., for those wastes with a "disposal
status" index 111 of 3), the above table is ignored, and the infil-
trating water volume. is taken to be ve/4.
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For the time dependent source analysis option, an increase in the
“infiltration rate is assumed after the active institutional control
period as follows. Only the infiltrating volumes that are less than
V1l are affected. For 10 percent of the regular disposal cell area
which is assumed to be disturbed by intruder activities (about 8
acres),. an infiltrating volume of Vlbis_assumed, and for the rest of
the area. twice the previous value (i.e., either 4xV2 or 2xV2) is
assumed. For- the hot waste facility, the infiltrating volume is
assumed to become V2 over 10 percent of the area.

The factor fC represents the fraction of the radionuclides that are
transferred from the waste to the leachate. It may be calculated
using the following formula:

f= M x t,x Mult(16,17,1s) x 10°19) (3-12)
where~M0 is the fraction of a specific radionuclide transferred
from unsolidified waste to trench leachate due to-contact of water
at continuous full saturation; tc is the fraction of a year that
the infiltrating volume of water is in contact with the waste;

Mult(I6,17,IS) is the reduction in leachate concentration considering
solidification methods and disposal facility operational practices
(see Section 3.3.4); and 10(1'19)
Section 3.2.6). These factors are discussed below.

is the accessibility factor (see

The factor Mo can be estimated by many theoretical'methods; however,
these theoretical calculations: are not consistent with experimental
data.(l)
fraction for unsolidified waste are estimated assuming that the

In this report, the average upper bounds of the leach

leachate/waste conditions at Maxey Flats disposal facility and the
West Valley disposal facility trenches (both of which can be assumed
to be at continuous full saturation) may be used to approximate this
bounding fraction. - The primary rationale for this approach is that
under specified chemical conditions there is an upper limit to the
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sclubility of all e]ements. . The -above two disposé] sites, because of
the presence of organic chemicals and chelating agents and because
they can be assumed to be at continuous full saturation, may be:
assumed to represent extreme leachability conditions. Some re-
searchers in the field believe that use of Maxey Flats estimates
represent the best that can be achieved with the available experi-

mental data.(13) A

To estimate these ratios, the measured leachéte cancentrations and
the estimated trench inventories from'several trenches for each
radionuclide are utilized. This estimate takes into consideration
the fraction of the leached radioactivity that may be reversibly
adsorbed by the interstitial trench soils. These ratios are presented
in Table 3-7. Detailed calculations. can be found in Appendix A.

The use of the factor Mo’ however, necessitates a correction factor
to take into account the transient and partially saturated conditions
-expected in the reférence disposal facility. This correction factor
is expressed through tc. This fraction depends on the contact time
between the waste and infiltrating water. Assuming that leaching at
partial saturation is proportional to the moisture content, the
fraction (tc) may be expressed as the fraction of a year that the
percolation component calculated above takes to pass through a given
horizontal plane, i.e.,

b= by | | (3-13)

where p is the precipitation (in m/yr) that infiltrates and comes into
contact with the waste, n is the waste cell effective porosity, and v
is the speed of the percolating water (in m/yr). The waste cell
effective porosity can conservatively be assumed to be about 25%
(partially compacted soils are likely to have higher porosities
resulting in lower contact times). The value. of v depends on the
interstitial soils; a very conservatively low value of 1 ft/day
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TABLE 3-7 . Radionuclide Partition Ratios®
Between Leachate and waste

Baéic ~ Calculated _ Other | Assumed

- -Nuclide Ratio ‘Nuclides Ratio
H-3 1.15 Tc-99 0.115
- | 1-129 0.115
c-14P 5.76x10~3
Co-60 1.48x1072 Fe-55 1.46x107
Ni-59 1.48x107
Ni-63 © 1.48x1075
Nb-94 1.11x10
Sr-90 9.86x10"°
Cs-137 1.62x10"¢ Cs-135 1.62x10°%
U-238P 1.25x10°4 U-235 1.25x107%
Pu-239° 4.67x10"% Pu-238 4.67x10f3
Pu-241 4.67x107%
Pu-242 4.67x107
Np-237 4.67x107
Cm-243 4.67x10,_4
Cm-244 4.67x10
Am-241 4.11x107° Am-243 4.11x1073

(a) Ratio of the leachate concegtration in Ci/m3 to the
waste concentration in Ci/m”~. Assumed ratios are
estimated based on chemical similarities between the
basic nuclide and the nuclide of concern.

(b) Calculated using West Valley leachate concentrations
and Maxey Flats inventories. :

{c) The calculated ratio includes Pu-238.
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(corresponding to a permeability -of about 1x10-4 cm/sec, an effec-
tive porosity of 0.25, and a hydraulic gradient of unity) will .be
assumed in this report for the reference disposal facility. These
calculations yield the values 0.00647 and 0.00108 as the contact time
factor for the above percolation cases of 0.18 m/year and 0.03 m/year,
respectively.

These values may be modified for soils with different permeabilities
by multiplying by the ratios of the respective permeabilities; the
contact time factor would increase for soi]s‘with low permeabilities,
and would decrease for soils with high permeabilities by as much as a
factor of 10. For example, an increase in the speed of the perco-
lating water to 10 ft/day (i.e., the percolation goes through an 8
meter deep disposal cell in about 2.5 days) may be expected for sandy
soils; similarly, a decrease in the velocity to 0.1 ft/day can be

expected- for clayey soi]s.(21)

It should be noted that an increase or decrease in the volume of
percolating water affects the cohtact time linearly, and this has to
be incorporated into the formulation. Therefore, the source term is a
quadratic function of percolation. For example, for the worst case
scenario (i.e., 2xV1 percolation), the above contact time of 0.00647
is multiplied by a factor of 2 yielding a total increase in the source
term by.a factor of 4.

The last two factors in equation (3-18) are the multipliers due to
waste solidification and facility operating practices, and due to the
relative inaccessibility of activated radioactivfty in metals waste
-streams. The multiplier due to waste so]idification and facility
operating practices has been discussed in Section 3.2.3, and the table
detailing the Mult(I6,17,IS) factor in Section 3.4 is applied iden-
tically to this scenario. The multiplier for activated metal waste
forms has been discussed in Section 3.3.6. '
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3.5.2 Migration Reduction Factor

- The waste form and package factor, as expressed above, yields the
total (in m3/yr) source term that can be expected from a given
waste stream, and the product of the radioactive concentration with
the source term gives the annual release (in Ci/yr). This source term
must be related to the radionuclide concentrations at the groundwater
discharge locations. This relation is expressed through the site
selection factor.(fs) in units of yr/m3. This factor, which has also
been referenced as the "confinement factor" or reduction factor,(18)
is the ground water migration analog of the (X/Q) dispersion factor in

meteorological diffusion calculations (see Appendix A).

Dozens of models, both ana]ytica] and numerical, have been developed
to forecast the. probable extent of radionuclide migration (sometimes
called mass transport) and the associated environmental impact.
Reviews of some of the available simulation techniques are presented
in references 22, 23, and 24.

Analytical models simulate the mass transport pfocesses using a
series of algebraically solvable mathematical equations having para-
meters that are homogeneous or can be homogenized. They are best used
under conditions where little hydrogeologic data exists, where the
existing site parameters can be represented by space- and time-
averaged quantities, where the stratigraphy of the site is so complex
as to preclude cost-effective detailed data accumulation or an accu-
rate consideration of the spatial variation of parameters (e.g.,
laterally discontinuous lenses of material interbedded with irregular
stratigraphy) or, as is the case in this report, where the study is
concerned With generic sites and designs. Numerical modeTs are
preferable if the geologic setting of the site is relatively complex
(an exception is the complexity level discussed above) and site-
specific data defining significant space- and/or time-variation of the

site parameters is available.
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The analytical simulation assumes that the porous medium consists of
an unsaturated and a saturated zone, each of which is stationary,
homogeneous and isotropic, and the fluid moving through these zones is
incompressible and of constant viscosity.

The source term is assumed to be given by Jo (which is equal to
f,i multiplied by the waste concentrations in this report), whose
units are in curies/year. The source term is assumed to exist during
the source duration time (T). A geometry of the migration problem is

shown in Figure 3.4.

The measurable hydrogeological parameters that must be included in an
accurate simulation of mass transport are: the geometry of the problem
(e.g., the travel distance, x, to a biota access location), the decay
constant of the radionuclides, the hydraulic velocities of the fluid
(e.g., v), the dispersion characteristics of the medium, and the
retardation coefficients of the radionuclide-medium interaction. The
space- and time-averaging of the above parameters, if necessary, may

be accomplished in a straightforward manner (see Appendix A).(le)

As discussed in Section 2.4, it can be shown that the time dependent

site selection factor is given by:(18)

gy = Irgdd ) vy - (3-14)
J

.where (Q) is the dilution factor in units of volume/time; the factor
"r_ is the time independent reduction factor due to the geometry of
the problem (i.e., the spatial relationship of the burial trench and
the discharge location); j denotes the longitudinal sectors of the
disposal facility shown in Figure 3.3; and Tti is the reduction
factor due to migration and radioactive decay which depends on both
space and time, including the sectors of the disposal facility and

the duration of the source term (Ti).
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Geometric Reduction Factor - rg

~This reduction factor is assumed to be independent of the character-
istics of the waste streams. It is also independent of the longitu-
dinal relationship of the disposal facility with the access location.
~This results in a second order approximation since the transverse
dispersion of the radionuclides depend on the travel time between the
disposal facility and the discharge location, and the factor r_ is a

(18)

- measure of the transverse dispersion of contaminants. However,
this effect is negligible when compared with the primary effect of the
transverse extent of the disposal area (assumed to be 450 meters) in
relation to the access location. This primary effect is quantifiea

through r .
Ty

In this report, it is conservatively assumed'that the biota access
location is always on the main streamline from the disposal facility
(see Figure 3.1). That is, it is located on the streamTine that
passes through the center of the disposal facility. In off-center
location cases, this effect would be expressed through the factor
-rg as well. .

~The maximum value of'rg is unity; it is different from unity only
in the well access cases. In the well access cases, it depends on
- the radius of influence resulting from the pumping rate. In other
words, depending on the pumping rate of the well, some or all of
the radioactivity released across the entire disposal facility width
of 450 meters may be pumped up with the well water. An idealized
pumped well geometry illustrating these concepts is presented in
Figure 3.5. .

The generalized formulae for the reduction factor rg are presented
in reference 18 and are 'summarized in Appendix A. However, they are
unnecessarily complicated for the generic cases being considered. The
following simplified equation is used in this work:
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r. =1 . : surface water access

"g

2 yw/L : well wétér.access

where Y is the pumping radius of the well (see Figure 3.5), and L
 is the transverse width of the disposal area. The pumping radius of
the well is dependent on the groundwater velocity, and may be repre-
sented by the following equation:(l8) '

Yy = Q/ (2 z, N v)

where Q 1is the pumping rate of the wel],vzw is the pumping depth
(minimum depth of the well below the interface of the saturated and
the unsaturated zones), n is the porosity of the stratum being pumped,

and v is the groundwater ve]ocity.(18)

For most locations where a disposal site mayAbe located, the ground-
water velocity is likely to be Tow (partially intentionally, partially
" because the site is likely to be located at a topographic high which
implies a low hydraulic gradient). In order to get water yields from
such a well sufficient to meet the needs bf an individual, the pumping
radius would be expected to.be very high. For example, for a pumping
rate of 7700 m3/year (representing the basic annual needs of a Sing]e
farmer - see below and Appendix A), in a medium with an effective
porosity of 0.25, a groundwater speed of 1.5 m/year, and.a pumping
depth of 10 meters, the pumping radius turns out to be about 1000
meters (implying an rg value of unity). If equal values for the
-pumping depth and the pumping radius are assumed, these values turn
out -to be about 100 meters (implying an rgAvalue of 0.45).

In this report, the dilution factors that have been assumed imply that
in most cases the pumping radius is likely to be high. Therefore, the
geometric reduction factor rg is conservative]y_aséumed to be unity
in all cases for the reference disposal facility.
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Dilution Factor - Q

The dilution factor is independent of the characteristics of the waste
stream and the geometrical relationship of the disposal facility with
respect to access location. The factor Q may be the pumpihg rate of a
well or the flow rate of a stream.

In this work, the dilution rates assumed are 200,000 m3/year (about
100 gpm - gallons per minute) for the population well scenario and
4.5 x 106 m3/year (about 5 cfs - cubic feet per second) for the
surface stream scenario. Small farming communities that uti]iie
groundwater for their needs usually have wells that range from 100 gpm

(18) A stream flow rate of

to 1000 gpm depending on the population.
about 5 cfs is selected since a stream with flow rate below this value
is very unlikely to be used for human consumption. For example, Rock
Lick Creek nearby the Maxey Flats disposal facility has an annual
average flow rate of about 7 cfs, but it is not used for human con-

sumption; it is used only for 11vestock.(25)

For the individual well and boundary well scenarios, Q is given by the
assumed total volume of percolating infiltration through the disposal
facility area. In other words; the source term Jo calculated in the
previous section is diluted by a minimum volume of water infiltrating
through the disposal area and recharging the groundwater.

The primary rationale for this procedure is that the source term

- will be mixed with an appropriate volume of water in the groundwater

regime. In past studies,(lo) this volume has been assumed to be the
annual aquifer flow rate underneath the site which necessitates-
assumptions on the aquifer thickness (or radionuclide mixing debth)
~and velocity. Furthermore, this approach necessitates the assumption
that the radionuclide source term is mixed homogeneously throughout
the aquifer thickness (or the assumed mixing depth). In this report,
this dilution volume is estimated to be the natural percolation of the
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disposa] site vicinity multiplied by 352,000 mz, which is the disposal
area required for the reference facility. This value is conservative
sincé it is likely that there may be substantial contribution to
groundwater from areas upstream/downstream of the disposal facility.

There is a lower bound, howevef, for the value of the dilution volume
for the intruder well and boundary well scenarios. ~Otherwise the
above technique would give invalid results for disposal facilities
located in regiohal environments in which the natural percolation is
very low, e.g., an arid western environment. The lower bound dilution
rate in this report is taken to be 7700 m3/year (3.84 gpm) , wh;g?

represents the needs of a single person living in a rural area.

Migration Reduction Factor - Tt

This factor depends on the time that the exposure is assumed to occur,
the duration of groundwater travel between the jth longitudinal
section of the diSposa] facility and the access location, the retarda-
tion capability of the soils (radionuclide dependent), the duration of
the assumed source term, and the waste stream characteristics. The
longitudinal extent of the disposal facility is considered by dividing
the facility into 10 sectors and summing the contributions from each
sector (assumed to be equal) to obtain the concentrations at the
discharge lTocation. Detailed formulae for this factor can be found in
Appendix A. In this work, the following formula is used for the

migration reduction factor rtij:

"t

i5 " Lexp(- Xt)/(JxTi)] x [ Fj(t) - Fj(t'Ti) ] - (3-15)
where A is the decay constant of the radionuclide; t is the time at
which the migration reduction factor is applicable, J is the total
number of longitudinal sectors the disposal site has been divided
into, which is 10 in this work (see Figure 3.3); T. is the source

' i
duration factor for the ith waste stream; and j denotes the sector
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of the disposal site. The function Fj(t) is given by the following

formula (see Appendix A);(18,27)

FJ.(t)'= 0.5 x U(t) x [erfc(X_) + exp(Pj) erfc(X+)] (3-16)
X, = /TG__ 13 t/(RtW}L_ | (3-17)
—‘ 2 v t'/(Rth-)

where U(t) 1is the unit impulse function that is zero for a negative
argument and is equal to unity otherwise; twj is the water travel time
between the disposal sector being considered and the access Tocation,
Pj is the Peclet number for the distance between the disposal sector
and the access location, R 1is the retardation coefficient of the
radionuclide, and erfc(x) is the complement of the error function

and is giyen by the formu]a:(zs)
X
~erfc(x) =1 - j' (2/v/7) exp(-tz) dt (3-18)
0

‘The retardation coefficients R that are utilized in the above equa-

tions depend on the radionuclide as well as the geochemistry of the
soils and the transporting groundwater. They are indicative of the
reversible ion exchange capability of the soils and represent the
ratio of the radionuclide velocities in the soil to the groundwater
velocities. The cation exchange capacity of the soils is a parameter
which can be used to estimate the retardation coefficients of the
soils, since retardation coefficients are usually linearly depend on
the cation exchange capacity. Five sets of retardation coefficients
are utilized in this work.(29’30)
in Table 3-8.

These coefficients are presented

The clay and mineral content of the soils, in addition to the ground-
water chemistry, significantly affects the retardation capability of
the soi]s, The retardation coefficients given in Table 3-8 span the
general range of values that are encountered in groundwater migration
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TABLE 3-8 . Sets of Retardation Coefficients®
Used in Impacts Analysis '

Assumed Retardation Coefficients

Nuclide Set1 Set2 Set3 Set4 Sets5 BNWLD
H-3 1 1 1 1 1 . 1
C-14 10 10 10 10 10 ' 10

Fe-55 630 1290 2640 5400 11050 3333

Nj-59¢ 420 860 1750 3600 7350 333

Co-60 420 860 1750 3600 7350 333

Sr-90 9 18 36 73 146 100

Nb-94 1000 2150 4640 10000 21500 10000

Tc-99 2 3 4 5 "6 1
I-129 2 3 4 5 6 ' 1

Cs-137¢ 85 173 350 720 1460 1000
U-235°¢ 840 1720 3520 7200 14730 14286

Np-237 300 600 1200 2500 5000 100

Pu-238¢ 840 1720 3520 7200 14730 10000

Cm-243° 300 600 1200 2500 5000 3333

Am-241¢ 300 600 1200 2500 5000 10000

(a) Sets 1 and 4 are values obtained from reference 29, except for
the radionuclides Nb-94 and U-235. These values are based on
comparative retardations given by the BNWL column (reference 30).
Sets 2 and 3 are obtained as geometric midpoints of Sets 1 and 4,
and Set 5 is similarly calculated, i.e,:

Set 2 = Set 1 x Cube Root of (Set 4/Set 1),
Set 3 = Set 2 x Cube Root of (Set 4/Set 1),
Set 5 = Set 4 x Cube Root of (Set 4/Set 1).

(b) These values are given in reference 30 for desert soils with a
moderate cation exchage capacity of about 5 meq/100 g. They have
been used as a guide to fill in missing values.

(c) Coefficients for other isotopes of these elements are assumed to
be the same. :
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calculations. The. first set is representative of coefficients for
séndy.soils with low to moderate cation exchange capacities, and is
assumed to represent the lower bound of retardation coefficients used
in this generic ana]ysis.' The fourth set is representative of coef-
ficients for clayey soils with moderate to high cation exchange
capacities, and is assumed to represent the best conditions that can