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ABSTRACT 

The Environmental Protection Agency (EPA) has prepared a draft 
Standard (40CFR191, Draft 19)[1] which, when finalized, will 
provide the overall system requirements for the geologic 
disposal of radioactive waste. This document (Vol. l) provides 
an "Executive Summary" of the work performed at Sandia National 
Lab6ratories, Albuquer~u•, NM. {SNLA) under contract to the US 
Nuclear Regulatory Commission (NRC) to analyze certain aspects 
of the draft Standard~ The issues of radionuclide release 
limits, interpretation, uncertainty, achievability, and assess
ment of compliance with respect t6 the requirements of ·th~ 
draft Standard are addressed based on the detailed analyses 
presented in five companion volumes to th.is report. 
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Introduction 

The Environmental Protection Agency (EPA) has prepared a draft 
Standard (40CFR191. Draft 19)[1] which. when finalized will 
provide the overall syste~ requirements for the geologic 
disposal of radioactive waste. Volume 1 of this series of 
reports provides an "Executive summary" of the work performed 
at Sandia National Laboratories. Albuquerque. N~ (SNLA) under 
contract to the US Nuclear Regulatory Commission to analyze 
certain aspects of the draft Standard. There.are five compan
ion volumes to this report that _describe. in detail. the 
analyses carried out. Analyses of hypothetical repositories in 
three candidate media (Vols. 2. 3. 4) were performed to address 
the issues of interpretation, achievability, uncertainty, and 

· co~pliance with respect to the requirements of ihe draft 
Sta_ndard. An analysis investigating the health effects associ
ated with unit radionuclide releases (Vol. s) was performed to 
ascertain the release limits of the draft Standard and their 
relationship to .the assumed health ~ffects. Calculations of 
health effects ·per curie of release. similar to those in Volume 
5, were carried out for the purpose of showing the effects of 
uncertainty (Vol .. 6) in defining the release limits. 

Radionuclide Release Limits. 

The objective of the draft Standard is to set forth .require
ments that will ensure public health and safety by minimizing 
·the riskB associated with the permanent disposal of nuclear 
wastes. In an attempt to establish release limits for various 
radionuclides. the EPA selected a limit on long-term risks of 
1,000 health effects (i.e .• latent cancer fatalities) over 
10,000 years for a 100,000 -metric ton of heavy metal (MTHM) 
repository (for reasonably foreseeable releases). This is· 
equivalent to ten health effects per 1,000 MTHM. The EPA 
determined the release limit for a given radionuclide by 
calculating the number of curies that, if released to the 
accessible environment, will not cause more than ten.health 
effe~ts per 1.000 MTHM over 10,000 years. Using the same 
health effects constraint. SNLA calculated independently the 
number of curies for each radionuclide as described in Volumes 
of this report. The results are compared with the EPA release 
limits in Table 1. The t~o sets of release limits are seen to 
be very similar. with the exception of 99Tc. 

The release limits shown in Table l are derived. both by EPA 
and SNLA~ by using single point values for the input parameters 
or variables that are known to have uncertainties. The effect 
of these uncertainties was scoped in the present study by 
performing calculations in which ranges and distributions were 
assigned to the distribution coefficients (Rd), river dis
charge, regional erosion rates. and _exchange factor between the. 
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TABLE .l 
A Comparison of cumulative Release Limits 

to the Accessible Environment 
for 10.000 Years After Disposal 

Radionuclide 

Am241 
Am243 
Cl4 
Csl35 
Csl37 
Np237 
Pu238 
Pu239 
Pu240· 
Pu242 
Ra226 
Sr90 
Tc99 
Snl26 

Half-Life 
(years)a 

458 
7370 
5730 

3.E6 
30.2 

2.14E6 
86 
· 2. 44E4 

6580 
3.79E5 

1600 
28.1 

2.12E5 
l.E5 

Proposed Release' 
Limitb (curies per 

1000 MTHM) 

10 
4 

200 
2000 

500 
20 

400 
100 
100 
100 

3 
80 

2000 
80 

Any other alpha-emitting 10 
radionuclide 

Any other radionuclide which 500 
does not emit alpha particles 

a From Ref. 2 
b From Ref. l 
c From Volume 5 
NE no estimate 

Release Limit From 
Table 1-lc (curies 

per 1000 MTHM) 

14 
4 

2.18 
2625 

505 
17 

437 
145 
153 
148 

NE 
83 

35.088 
83 



surface water and soil compartments. A sample comparison with 
the EPA calculation is presented in Figure 1. which shows the 
health effects associated with one curie of a given radio
nuclide when the ingestion pathways are considered. 

The results of this analysis suggest that the release limits 
for 241Am. 243Amand 237Np may be overly conservative and 
may warrant a re-examination by the EPA. Also. the EPA release 
limit for 135cs would appear not to be restrictive enough and 
may also warrant some reconsideration. 

Although the results .in Volume 6 generally suggest that the EPA 
made assumptions conservative enough to cover the uncertainties 
expected in the input variables considered by SNLA. they do not 
establish that the EPA release limits proposed in the Standard 
are overly conservative. However. SNLA did.not address all the 
uncertainties in the input parameters. A more complete compar
ison and discussion is included in Volume 6. 

Interpretation of the Requirements 

The draft Standard requires high-level waste repositories to be 
designed to provide a reasonable expectation that for 10.000 
ye~rs after disposal: (1) reasonably foreseeable releases of 
waste to the accessible environment are projected to be less 
than the quantities in Table 1. and (2) very unlikely releases 
of waste to the accessible environment are projected to be less 
than ten times the quantities in Table 1. The draft Standard 
defines: (1) "reasonably foreseeable releases" as releases of 
radioactive wastes to the accessible' .environment that are esti
mated to have more than one chance in 100 of occurring within 
10.000 years. and (2) "very unlikely releases" a~ releases of 
radioactive wastes to the accessible environment that are 
estimated to have between one chance in 100 and one chance in 
10.000 of occurring within 10,000 years. 

The draft Standard uses. but does not define. the word "release." 
The interpretation of this word affects the manner in which 
compliance is assessed. Two possible interpretations are: 

Interpretation 1: The word "release" defines a unique scenario* 
leading to radionuclide release. The draft 
Standard is applied independently to the 
probability of release for each scenario. 

* scenarios are events. features, and processes. both natural and 
human induced, that could conceivably alter the natural state of 
the disposal site and result in human exposure to radionuclides 
released from the underground facility. 

-3-



I 
,c,. 
I 

,--------------------------~------ ------ --

l.J.J ,__. 
c::: 
:::J 
u 
0::: 
l.J.J 
0.... 

U) 
::c 
t-
r:::( 
w 
~ 

101 ______ , _____ ...;.,_ _________________ __, 

A 
V 
k 
a 

0 

HIGH 
LOW 
MEAN 
EPA 

0 

• • 0 

0 

0 

t 0 

0 

I • 0 

Figure 1: Health effects associated with one curie release for the 
ingestion pathways. 



Interpretation 2: · A "release" involves all scenarios that may 
result in discharges to the environment 
during .the regulatory period. The magnitude 
of the discharge is given by its correspond
ing EPA Release Ratio.* Estimation of the. 
probabiliiy of exceeding a given value of the 
EPA Release Ratio includes contributions from 
all scenarios. 

Analyses were performed based on the above interpretations. In 
the analyses of the hypothetical basalt repository (Vol. 2). 
compliance assessment was investigated in terms of ·Interpreta
tion 1 and 2. In the analysis of the hypoth~tic~l tuff 
repository (Vol. 3),,_compliance assessments were made using a 
modified version of Interpretation 1 such that the scenario 
probability (and not release probability) determined the 
allowable r~lease limit. In th~ analysis of a hypothetical 
bedded salt repository (VOL 4). -the results· of the direct-hit 
scenarios are presented individually in conformance with Inter
pretation 1: the results of the four ground-water transport 
scenarios are combined as suggested by Interpretation 2. · The 
results discussed in Volume 2 indicate that_ the number .of 
predicted violations to the draft Standard will vary depending 
on the selected interpretation. · As discussed in Volume 2. we 
feel that Interpretation 2 is more in the· spirit of the risk
based requirements of the draft Standard. since it considers all 
sources producing a release greater or equal to the specified, 
release limits. EPA should clarify the intended interpretation. 

Achievability of the Requirements 

Si~plified analyses of hypothetical repositories in basalt. 
tuff. and bedd~d salt· formations have been p~rformed with the 
in.tent of predicting integrated releases to the accessible 
environment and cqmparing them to the release limits of the 
draft Standard. Each of the interpretations stated above has 
been used in expressing the re-ults of these analyses in terms 
of the release limits of the draft.Standard~ An appropriate set· 
of scenarios has been ·chosen for analysis in each of the three 
media; i.e., the scenarios chosen for a given medium are, in. 
general. different fro~ the ones chosen for the other two 
media. Table 2.summarizes the postulated scenarios for hypo
thetical repositories in basalt. tuff~ and bedded salt. A 

* ·obtaine.d by summing over all radionuclides the ratio of the 
integrated' discharge to the release limit. For a given 
radionuclide., the release limit is the value given in Table 1 
or ten times that, depending on the probability of release-

-s-
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Hoot 
lllledlum 

81111dt 

Tuff 

Bedded 
Salt 

Scenario 1 
Routine 
release with 
no dlaruptloa 

Scenarios 1 & 18 
1. No z,etaz,datloa 

In any ft'BCtured 
layez,a 

18, Rock mCLtrlx 
dlffualon 

ln fz,e.ctured 
leyez,u 

S<:enarlo l 
U-tube fonned b~ 
a failed shaft 
seal and one or 
mol'e boz,eholea; 
water orlglnatea 
from and l'Bturn11 
to primal'y aquifer 

TABLB 2 

Sconarioc Analyzed for HypotheticQl Repou!toriee ln 
Basalt, Tuff, and Bedded Salt 

Scenario Number and Description 

Scenal'lo 2 
Fractures 
la denue 
basalt 

ScenCLrlo• 2 & 28 
!Both use rock 
matrix diffusion 
and the vertical 
gradient Is un
affected by thermal 
1•ulse In each. 
28 uses the mlxlng 
cell source model 

Scenat'io 2 
U-tube fon11ed by 
two or moz,e bore-
holes; water 
o.-lglnates fl'om 
and return11 to 
prhauy aqulfor 

Scenat'lo 3A 
Bo .. ehole 
connection to 
upper aquifer: 
mldng cell 
oource model 

Scenario 3 
Retat'datlon In 
some fractured 
layers due to 
zeollta11 

Scenado 3 
U-tube formed by 
a failed shaft 
eeal and one or 
more boreholes; 
water oz,lglnatem 
fl'om and l'otul'n; 
to aecondal'y aquifer 

Scenario 38 
Borehole 
connection to 
.Upper aqul fer: 
leach llmlted: 
10-4-10-7 
per year 

Scene.t'lo 4 
Retardation ln 
porous v ltd c or.
dev i tr l f 1ed tuff 
In soma. fractured 
layez,s 

Scenat'lo 4 
U-tube formed by 
two or moz,e boz,e-
holes; t1atel' 
originates from 
and l'eturno to 
secondary aquifer 

Scenaz,lo 3C 
Boz,ehole 
connectlon to 
uppez, aquifer; 
leach 11ml ted: 
10-5-10-7 
pez, year 

Scen&t'los 5 & 58 
Both experience 
300 ft. rise In 
water table 
5. Retardation ao 

ln Scenario 1 

58. Retardation ea 
ln Scenario 18 

Scenario 5 
Canlstel' direct 
hit; npld ·and 
dlz,ect movement 
of radlonuclldes 
to 8Ul'face 

Scenai,lo 6 
Retal'datlon es 
ln Scenado 1; 
accessible envlz,oo
ment 8 miles from 
l'eposltol'y 

Scenal'lo 6 
Brine pocket 
penetration 



lea~h-limited source model is implied unless stated otherwise 
in Table 2. The discharge location (accessible environment) is 
at a distance of one mile in all cases. except for Scenario 6 
in tuff where this distance is eight miles. 

The above analyses were .performed using the SNLA Risk Assess
ment Methodology (3,4,5]. The methodology also incorporates 
uncertainty and sensitivity techniques ~o calculate 
consequences (integrated discharges) and the associated release 
probabilities. Ranges and distributions are assigned to those 
input variables, from the set of variables needed to define 
ground-water and radionuclide transport, that are kno.wn to have 
significant uncertainties. A Latin Hypercube .Sampling (LHS) 
technique [5] is then used to sample input values to be used in 
the calculation of ground-water and radionuclide transport. 

A quantitative description of the degradation of the.waste form 
and its release at the boundary of the engineered barrier is 
provided by a "source model.". Three different source models 
were utilized in the present work: 

Source #1 

Source. #2 

Source #3 

This is a leach-limited source model. A 
different leach-rate range is chosen for each 
medium. A range of 10-3 to 10-7/yr is ~sed 

1 for tuff. and a maximum range of 10-4 to 
. 10-7iyr is used for basalt and bedded salt. 

The complete inventory of waste is assumed to be 
available for leaching. 

This leach-limited source has the same range as 
source fl in terms of release rate, but the 
amount of. waste available for transport is 
reduced. Each borehole. allows only the 
penetrated waste -in the particular backfilled 
storage room to be available for transport. 

This source resembles Source #2 but allows the 
backfilled rooms to be modeled as a mixing cell 
where wasteforms are leached uniformly. Solubil
ity limits are allowed to apply to radionuclide 
concentrations in the mixing cell. 

Only the repository in bedded salt was analyzed with all three 
source models. -

Although the draft Standard has defined a r~gulatory p~riod of 
10,000 years, the present analysis was carried out. to a total 
of 50,000 years. and the results are presented in increments of 
10,000 year~~ Thi~ was done in order to assess the adequacy of 
the 10,ooo~yr period of regulation. 

An examination of the results from the basai"t analyses indi
cates that Scenario l does not violate the EPA release limits 

-7-



when using Interpretation 1. during the first so.ooo years. 
Slight violations do occur for Scenario 2 in each of the five 
10.000-yr increments. The Scenario 3 results show a strong 

, dependence on the type of source model used. In Scenario JA. 
no violations occurred during the first. second. and fifth 
10.000-yr period. In Scenarios 3B and JC. large to very large 
violations o~curred in each of th~ five 10.000-yr periods 
considered. · 

In the tuff analysis •. it was assumed that all the scenarios 
considered were reasonably foreseeable. · During the first 
10~000-yr period. Scenarios i. lB. 3. 4 and 5 show very slight 
to slight violation of the draft Standard limits: Scenarios SB 
and 6 sho~ no violation and Scenarios 2 and 2B show large 
violations. In general. the number of vectors* or the extent 
of violation. or both. tend(s) to increase in each of the. 
subsequent 10.000-yr periods analyzed.· This increaie. however. 
is gradual and typically within an order of magnitude. · 

As with the basalt results. the bedded salt results were 
evaluated using Interpretations 1 and/or 2. The grotind-wa~er 
transport scenarios (Scenarios 1-4) were repeated using three 
different source models, and the results are ~valuated using 
Interpretation 2. Substantial variations in the results occur 
when different source models are used. Gross violations occur 
when source fl is used. No violation occurs during the first 
10,000 years for Source #2: violations during the subsequent 
10.000-yr petiod are extremely minor. No violations occur 
during any of the five 10,000-yr periods wh~n Source i3 is 
used. Interpretation 1 was used in presenting the results of 
Scenari~s 5 and 6. The direct hit scenario. Scenarios. indi
cates a slight violation during the first 10,oob-yr period. 
The brine-pocket penetration scenario. Scenario 6, indicates~ 
relatively large violation of the EPA limit. 

The results for all three media for the first 10,000 years are 
summarized in Table 3. Sample plots 6f probability of 
exceeding release r~tio on the abcissa are shown in Figure 2 
for basalt. Figure 3 for tuff, and Figures 4 and 5 for·bedded 
salt. A direct comparison among the three different media is 
not recommended due mainly to the fact that the scenarios 
analyzed are different. 

Conclusions and Recommendations 

Based on the results of the: analyses performed by SNLA. the 
following co·nclusions and recommendations are presented. 

* A vector. in the present context, r~presents a complete s~t 
of input values selected by the sampling program to carry out 
a transport calculation. Different vectors represent 
different combinations of input parameter values .. 

-8-



Host 
Medium 

BASALT 

p·ercent 
violations 

maximum 
release 
rat.io 

contrib. 
radio
nuclides 

BASALT 

percent 
violations 

TUPP 

percent 
violations 

maximum 
release 
ratio 

·cont rib. 
radio-
nuclldes 

BEDDED 
SALT 

percent 
violations 

maximum 
release 
ratio 

cont.rib. 
radio
nuclide& 

BEDDED 
SALT 

percent 
violations 

TABLE 3 

summary of Results of Simplified Analysis for 
Hypothetical Repositories 1n Basalt. Tuff. and Bedded Salt 

· (10.000-yr period) 

scenario Number and Description 

Interpretation *l 
Scenario 1 Scenario 2 Scenario 3A Scenario 38 

No 3\ No -20, 
violations violations 

1.3 -1.000~ 

Cl4 several 

Interpretation 82 

No violations (Using Scenarios 1. 2 & JA) 

Modified Interpretation #1 

Scenaqo JC 

-10, 

-100. 

Several 

Scenarios Scenarios Scenario 3 Scenario 4 Scenarios Scenario 
l and lB 2 and 2B- 5 and SB 

l\ l\ 10\ 8\ l\ l\ 3\ none none 

2.4 1.7 207 22 .9 1.9 7.9 

Tc99 Tc99 U234 0234 Tc99 Tc99 Cl4 
Np237 U236 

U238 Np237 
U23'6 

Interpretation #1 

Source * Scenario 1 Scenario 2 Scenario 3 Scenario 4 

1 61\ 59\ 27\ 2a,· 
2 no . l\ <n DO 

violation violation 
3 no no DO DO 

v1olat1on violation violation violation 

l 44 43 25 25 
2 1.6 1.2 

l 0234 0234 U234 U234 
Am243 Am243 U236 0236 

U236 U236 U238 U238 
U238 U238 

2 Am24J+ u234+ 
u234+ 

Interpretation ftl lnterp~et!tion 92 

Scenario 5 scenario 6 Scenar;ios l, 2, 3 & 4 

Very Some source l large violations 
slight violations S1>urce 2 no violat;i.ona 

violation ·source 3 no violations 

+The individual radionuclide gives release ratio < l. 

-9-
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·The radionuclide release limits in the draft Standard are 
in agreement with the values calculated by SNLA with the 
exception of 99Tc. The draft Standard allows a lower 
release limit for 99Tc. 

In general. the health effects (per curie) 6alculated by 
EPA for the ingestion pathways are higher than the ranges 
calculated by SNLA. The exceptions are 126sn and 
135cs. The resu.lts of this analysis for 241Am. 243Am 
and 237Np indicate that the release limits for these 
radionuclides may be overly conservative and may warrant a· 
re-examination by the EPA. Also. the EPA release limit for 
135cs would appear not to be restrictive enough according 
to the results of this analysis and. again, may warrant 
some reconsideration. 

The results suggest that higher releise limits could be 
tolerated if the health effects per curie calculated in the 
present analysis were to be the basis for such a decision. 
However. the results do not establish that the release 
limits in the draft Standard are overly conservative. 

· It is necessary to clearly state the intended interpre
tation in the draft standard as to how the terms 
"reasonably foreseeable" and "very unlikely" releases 
should actually be applied._ In other words. is it the 
scenario probability or the probability of release? . 
Further, should the release probabilities be considered 
for individual scenarios (conditional) or all pertinent 
scenarios with a composite release probability? 

- · The results of the analyses for the reference basalt site 
·performed under Interpretation 1 showed a small probabil
ity of violating the draft EPA Standard for Scenarios 2 
and 3A. Under Interpretation 2, the same analyses indi
cate total compliance with the draft Standard, 
underscoring the need for a clear interpretation. 

Sorption of radionuclides by s.everal thousand feet of 
zeoli ti zed .tuff may limit the release of actinides below 
the EPA release limits even in the absence of solubility 
constraints. . 

Violati6ns ~f the draft Standard for Scenirios 1. lB, 
3, 4. and 5 in tuff are due to discharges of 99Tc and 
14c. Retardation due to matrix diffusion, however, 
could significantly reduce the discharge of these 
nuclides under realistic ground-water flow rates. 

-14-



If the radionuclides do not flow through thick sequences 
of zeolitized tuff. discharges of U and Np under oxidizing 
conditions may be much larger than the EPA limits. 

Drilling-related. direct-hit scenarios in sedimentary 
basins indicate slight violations of the draft Standard. 

Brine pockets in bedded salt may pose~ significant prob
lem in complying with the draft Standard. Therefore. site 
characterization should directly address the question of 
identifying any brine pockets that may be present. 

Analyses performed with different source models show the 
importance of the source-term assumption on compliance 
estimates. In general. the mixing-cell source model gives 
significantly lower releases. and hence discharges. to the 
accessible environment. 

A majority of the vectors examined in all scenarios pro~ 
duced radionuclide releases below the limits set by the 
draft ·standard. In general. violations of the Standard 
occurred only when the most conservative assumptions were 
used or when combinations of input data produced ground
water flow rates that were unrealistically high .. 

A practical difficulty in implementing the draft Standard 
is the lack of our ability to assign reliable numerical 
values to the. scenario probabilities. The methodology 
to assess compliance with the Standard is. nevertheless, 
available as has been demonstrated by this and other 
similar studies. -

The predicted radionuclide releases over 10.000-yr inter
vals. from 10.000 to so.ooo years. are not significantly 
higher than for the first 10.000 years. The maximum 
release ratio over the so.ooo years increases by a factor 
of two to three. 

SNLA strongly recommends thai detailed performance an~lyses 
be carried out for repositories in ba~alt and tuff {similar 
to the on~ performed for bedded salt in [i.4]) to assure 
that important variables. processes. or event~ have riot been 
overlooked in the simplified analyses. 
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ABSTRACT 

An analysis of a hypothetical nuclear waste repository in a.basalt formation has been-performed to demonstrate the application of existing· analytical tools to the assessment of· compliance of the repository with the draft EPA Standard, 40CFR191 (Draft #19). The tools have been developed by Sandia National Laboratories for use by NRC in such analyses. The hypothetical site is based on descriptive and quantitative data for a candidate basalt repo.sitory in the early stages of site characterization. The effects of uncertainty in the input data on the assessment of compliance are demonstrated; Other sources of uncertainty resulting from interpretation of the standard and its probabilistic nature are discussed. The results of the calculations presented indicate that compli-. ance with the draft standard may be achieved depend·ing. On how the· term "release" is interpreted~ namely, is the release due to a unique (single) event or does it involve all probable scenarios. 
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1. INTRODUCTION 

In the near future, the EPA is expected to issue a 
proposed standard (40CFR191) governing the geologic dispo
sal of radioactive wastes. A 180 day period is expected 
for public comment on the st.andard. Other government agen
cies, such as the NRC, are also expected to comment on the 
standard. Saridia is funded by.the NRC- to provide information 
and insight useful.in preparing these comments~ .The objec
tive of this effort is to perform calculations similar to 
those.performed by EPA in developing their standard1 (Draft 
#19). We have calculated integrated discharges of radio
nuclides in plausible sce.riarios. A number of media have 
been proposed as candidate hosts for nuclear waste reposi
itories; bedded salt, domed salt, basalt, tuff and granite. 
This report documents analyses of a hypothetical repository 
in basalt. 

In order to assess compliance with the draft standard, 
it is necessary to normalize the predicted integ·rated dis
charges to the release limits prescribed in the standard. 
Two different interpretations of the standard, along with · 
their respective methods of implementation are presented 
in Chapter 2. Also presented is a short discussion on the 
estimation of scenario probabilities. 

The characteristics of the reference basalt site in 
this study were chosen.to be consistent with our current 
understanding of the proposed candidate repository site 
in>order to determine the realism of the assume~ EPA repo:
sitories. Chapter 3 describes the reference site in this 
study. First, the general characteristics of the site 
and· surrounding region are described; then, the strati
graphy and lithology of the reference site are presented.· 

Chapter 4 describes the reference repository and 
the radioactive waste·s stored. This includes the waste 
inventory, the waste form, the waste canisters and the 
leaching behavior. 

Chapter 5 presents the geochemical parameters used in 
the analysis. The geochemical ·environment of each subsur
face layer has been described. Special emphasis has been 
placed on the calculation of retardation factors of radio
nuclides in basalt. we assumed that the transport of · 
radionuclides in basalt takes place exclusively in par
tially filled fractures. Retardation factors were cal
culated using distribution coefficients for radionuclides 
in secondary minerals in the fractures. 
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Chapter 6 describes the groundwater transport model used in these analyses. The flow is represented by a quasitwo-dimensiona_l Darcian model. Sandia's distributed velocity method (DVM) 2 was used to calculate radionuclide.transport. . 
. 

Chapter 7 describes the scenarios analyzed in calculating the integrated relea,ses of radionuclides for times up to 50,000 years. A base case routine-release scenario and two disruptive scenarios were analyzed.· 

Chapter 8 presents results of numerical calculatio_ns, and compares them to the requirements of the EPA Standard. 

Chapter 9 states the conclusion based on the results . of our study. 

It would be misleading to claim that the results. of these model calculations can provide a detailed description of the performanqe of a real repository. A large amount o_f uncertainty in the results is introduced by the paucity of geochemical and hydrological data (experimental and field) relevant to the design of a waste repository in basalt formations. In addition, it was impossible to provide exact mathematical descriptions_ of flui,d flow and radionuclide migra,tion due to the comp le xi ty of this system and the time and budgetary constraints. However, with better in-situ measurements or site characterization, and additional resources, the realism and accuracy of these calculations could be greatly improved. 

It should be noted_that the results presented here represent a first attempt at the type of an~lyses that real repositories will require. The motivation for performing a demonstration analysis at this time is twofold. First, we gain experience in identifying necessary assumptions, areas of sparse data or weak models, and potential problems with implementing the draft standard. Secondly, the numerical predictions indicate the likelihood that the hypothetical repository complies with the draft standard. It therefore indicates the importance of validating assumptions and improving data for any real candidate repository that is similar. 

Appendices A through G describe several assumptions and mathematical approximations that we have developed in order_to estimate radionuclide discharges from the repository. Appendix A outlines and derives a new method for approximation of.the retardation factor for radionuclide 
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migration in fractured media. Appendix B describes our conception of the geochemical environments along possible nuclide migration paths and discuss~s the uncertainty related to choices of relevant values of radionuclide distribution coefficient (R ). In Appendix C, a method to approximate the radionuclide retardation caused by matrix diffusion is discussed. In Appendix D, vertical hydraulic gradients induced by thermal effects are calculated. Appendix E describes an optional source model, the mixing cell, used in some of the analyses. Appendix F discusses the rationale for scenario selection. Appendix G summarizes the data ranges for Ra and hydraulic parameters in basalt, with appropriate references noted. 
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2. THE DRAFT EPA STANDARD, .40CFR191 

The Environmental Protection Agency (EPA) has·prepared 
a working. draft of its proposed generally applicable stan-. 
dard for the protection of publfc health from the ge.ologic 
disposal of radioactive wastes •. The standard is expressed 
in terms of the total integrated discharge of the radionu
clides comprising the wastes tothe accessible environment. 
In Table 1 a list is given of radionuclides expected in the 
radioactive waste inventory and the corresponding EPA release 
limits. since events and processes leading to radionuclide 
relea~e will generaliy result in the release of mixtures of 
radionuclides, a sum rule is imposed on mixtures of radio-
nuclide discharges: · · 

EPA Sum= L 
l. 

Q, 
l. 

EPA, 
l. 

~ 1. for reasonably foreseeable 
release.s 

< 10. for very unlikely releases 

where Qi is the integrated discharge over 10,000 years of 
radionuclide i and EPA. is the release limit of radionuclide· 
i in the draft standar~. Qi and EPAi are scaled for the a
mount of waste in the geologic repository according to the 
assumed 1000 metric tons of heavy metal (MTHM). 

In the draft EPA Standard, a "reasonably foreseeable" 
release is defined as any release expected to occur with 
a probability of greater than 0.01 in the 10,000 year per
iod addressed by the. standard. A "very unlikely release" 
is defined as any release expected to occur with a proba~ 
bility of less than 0.01 but greater than 0.0001 in the 
10,000 year period~ Any release with a probability of 
occurrence of less than b.0001 in the 10,000 year period 
need not be considered in the analJses. 3 ·. 

2.1 Interpretations of the Draft Standard 

In attempting to assess compliance. with the draft 
standard, ·one is faced with the difficult task of how· 
best to formulate the test for compliance. The intended 
interpretation of the standard is also subject to debate. 
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Table 1 

Cumulative Releases to the Accessible 
Environment for 10,000 Years After Disposal! 

Radionuclide 

Americ±um-241 
I 

Americium-243 

Carbon-14 

Cesium-135 

Cesium-137 

Iodine-129 

Neptunium-237 

Plutonium...:.238 

·Plutonium-239 

Plutonium-240 

.. Plutonium-242 · 

Radium-226 

Stroritium-90 

Technetium-99 

Tin-126 

Any other alpha.
emitting radio
nuclide· 

Any other radio
nuclide ·which does· 
riot emit alpha par
ticles 

EPA Release Limit 
(Curies per 1000 MTHM*). 

10 

4 

200 

2000 

500 

500 

20 

400 

100, 

10.0 

100 

3 

80 

2000 

80 

.. 10 

500 

*M'rHM denotes metric · tons of heavy met.al. 
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As a result of the uncertainties in .input data, computer 
models, and the ability of models to represent the,physical 
system, there ~xist inherent uncertainties in the calcula~ 
tions required to assess compliance. It will be shown.in 
later sections that a fraction of the input vectors* lead 
to violations of the standard. Typically, the parameter 
values constituting the vectors that apparently "violate" 
the standard are at the conservativ~ extreme of the ranges 
assigned to those parameters. Clarification from EPA may 
be necessary as .to how uncertainty in compliance assessment 
should be treated. · 

For example,· the standard uses, but does not define, 
the word "release". The interpretation of this word affects 
the manner in which compliance is assessed. We offer two 
interpretations below;.· 

Interpretation 1: The word "release" defines a 
unique ~vent or scenario ~eading to radionuclide• 
release. The draft EPA Standard is applied inde
p~ndently to each scenario • 

. Interpretation 2: A "release" involves all events 
or processes that may result in discharges to the 
enviro.nment during the regulato.ry period. The mag
nitude of the discharge is given by its corresponding 
EPA Sum. The standard could be rephrased as saying, 
for example, "Values 9f EPA Sum greater than 1 shall 
qccur with a probability of less than 0.01 in 10;000· 
years". · Estimation of·the probability of exceeding 
a· given value of EPA Sum includes contributions from 
all scenarios. 

We have performed analyses based on both interpreta
tions. 

2.2 Implementation of Different Interpretations 

Interpretation 1: 

The probability assigned to the scenario indicates 
whether values of the EPA Sum will be. compared to 1 or 10. 

· Different values of the EPA sum result from different com
binations of input data chosen by the sampling procedure. 4 
Thus, there is a sampling error in the ·assessment of com
pliance •. 

*See page 27.for a definition of "vector". 
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The. results of calculations are presented in the form of a Complimentary Cumulative Distributioq·Function (CCDF) 
as suggested by EPA3 ~ Such a CCDF is illustrated in. the 
following diagram. 

I• 

max 
EPA> 

For N input vectors sampled for the scenario, the plotted curve enables.one to see what fraction (if any) of the N 
vect_ors produce a value of the EPA Sum greater than some 
value denoted by EPA>. In this· example, the shaded area 
indicates that a· fraction of the vectors do violate the 
standard. 

Interpretation 2 

According to this interpretation, the analyst is pre
sumed to have the same set of scenarios and probabilities as in Interpretation 1. Each scenario is again analyzed 
to estimate the EPA Sum as in -Interpretation 1. Howeve.r, 
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with this interpretation, compliance is estimated by con
structing a CCDF from all scenarios. The construction of·. 
this CCDF .is aided by 'first constructing a plot of proba
bility versus the EPA Sum for each scenario. An important 
point should be made regarding the probabilities used in 
the construction of the CCDF;· namely, that the probabil-· 
ity used is that of the scenario's occurrence and the 
particular combination of the input data used in the cal
culation of the EPA Sum. 

Construction of the CCDF then in.eludes contributions 
from all scenarios analyzed and expected to produce an 
EPA Sum greater than a given value, EPA>.· The probability, 
p 5 , associated with EPA>is given by 

= r, 
s 

= r, 
5 

Ps • Pc (EPA Sum> EPA>ls) 

N 

Nuraber of vectors with EPA 
Sum> EPA> for scenario, s. 

where Psis the probability of scenario ·s, and Pc is the 
¢onditiorial probability of the state of the repository, 
given scenarios. The last step, substitution for Pc' 
follows from the fact that the LHS method selects Hin
put vectors with equal probability. For simplicity, we 
write 

Ps 

Ps = 
N 

· Construction of the CCDF is illustrated3 in the following 
d1agram for the case of two scienarios where, for clarity, 
the EPA limit is .superimposed on the CCDF plot. 

p•· 
2 p' 

1 
0 

X 0 0 0 
XX X X X 

EPA Sum 
EPA> 
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Compliance with the draft EPA Standard is then determined by comparison of the constructed CCDF with an "enve~ lope" defined by the standard and illustrated in the diagram. The shaded area in the diagram defines the part of the constructed CCDF outside of the EPA limit and indicates noncompliance with the standard. 

2.3 Estimation of Probabilities of Scenarios 

Although the methods developed at Sandia may be.used with ranges and distributions for p
5

, the scenario probability, we have used fixed values in this analysis. The site we have assumed for this analysis has not been characterized sufficiently to allow estimation of. the probabilities. Since the draft EPA Standard requires this information and, since it may introduce further uncertainty into estimates of compliance, it is appropriate in this work to discuss the likely sources of the prob~bilities. 
Source 1. Of the scenarios to be analyzed, the analyst· may have reason to believe that the processes involved are stochastic in nature. In such a case, methods may·exist to estimate this probability with the final uncertainty in the estiljtate resulting from uncertainty in input data and the accuracy.of models used to perform the estimate. At least one attempt has been made to address faulting in this manner with input data describing exist!ng .fault density and stress states required. 

Source 2. Historical data may be available that could be extrapoi'ated into the future to estimate probabilities of some scenarios. An example of ·use of such data is the estimation of exploratory drilling for petroleum resources. In the reference site analysis of a hypothetical nuclear waste repository in bedded salt, drilling records for similar sites were used to estimate the probability of futur~ exploratory drilling into the repository. 

-9-
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Source 3. In the absence of historical records and de
tailed understanding of the processes invol
ved, expert judgement may·be used to estimate 
scenario probabilities. The Delphi method is 
one example of the many ways in which expert 
judgement can be used. 

The use of expert judgement is implicit in Source l 
and Source 2, since unquantifiable jud.gements must be made 
as to the applicability of. the data and models. 
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3. THE REFERENCE BASALT SITE 

The reference· basal~ repository is located in the cen
ter of a drainage basin within a region of flood _basalts. 
This reference site is shown schematically in Figure 1. 
Mountains along the northern, northwestern and southwestern 
edges of the site are zones of recharge to the groundwater .. 
system. A major river, River C, flows through the site 
from the northwest to the southeast. The deeper ground 
water near the repository site discharges to the upper 
unconfined aquifers west of moun,tain Ml. 

This region is underlain_ by a sequence of basaltic 
lava flows. The sequence of flows contains sedimentary 
beds of regional extent. Overlying·the volcanic rocks 
is an unconfined aquifer consisting 0£ alluvial sand and 
gravel. The geologic cross-section at the Reference Site 
(A.;.A' cut) is shown schematically in Figure 2. The repo
sitory is located in the middle of a dense basalt forma
tion. Overlying this horizon is a sequence of four layers 
of alternating interflows and dense basalts.· Above these 
four layers lies·a water-bearing interbed (Layer I-V) con
sisting mainly of sandstone and clay. Above interbed I-V 
is a basalt formation consisting of three members with dis
tinct chemical signatures. This basalt formation is overlain 
by a major confined aquifer system (Layer I-M) predominantly 
composed of tuffac_eous siltstones and sandstone. Above aqui
fer. I-M lies a basalt formation (J) which, in turn, is over
lain by an unconfined ~quifer (UA)~ 

. Ranges of horizontal and vertical hydraulic conduct
ivity (Kh,Kv) and effective porosity for each layer are 
presented in Table 2. These ra~ges are also summarized 
in Table 4 of Appendix G along with the appropriate ref
ere~c~s. To be consistent with-a real. basalt site, a 
normal distribution was assigned to each range of porosity. 
A lognormal distribution was assigned to the Kh data range. 
The sample population for K that was used in this work 
was determined by the follo~ing method. A lognormal dis
tribution was assigned :to the K data·range in Ta~le 2. 
Then using the Latin Hypercube ~arnpling. Technique (LHS), 
Kv_values were sampled. The sampled values were then sub
tracted from Kv(max). The resulting sample population is 
skewed toward the high end·of the range. For this system, 
this procedure produces more conservative estimates of 
discharge than those of the standard lognormal distribution. 
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Figure 1. General Geologic Features of the 
Reference Basalt Repository Site 
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SYMBOL THICKNESS OF 
LAYER (ft) A 

~ - - ------ -
UA 200 UNCONFINED AQUIFER 

J 850 BASALT FLOWS 

1-M 150 INTE;RBED 

H 150 BASALT FLOWS 

G 200 BASALT FLOWS 

---
F 690 BASALT FLOWS 

1-v 10 INTERBED 

E 690 BASALT FLOWS 

D 60 INTERFLOW 
C 50 COL/ENT 
B 150 INTERFLOW 

A 300 DENSE BASALT 

W?M 
UNDERGROUND FACILITY 

Figure 2. Stratigraphic Cross-Section of 
Hypothetical Repository in Basalt 
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Table 2 

Reference Hydraulic Properties·* 

Horizontal Vertical 
Hydraulic Hydraulic 

Conductivity Conductivity Effective 
Layer {ft/d) {ft/d) Porosity 

A (10-:-8 10-5 ) (lo- 7 10-4 ) (10-3 0.025) 

B (10-3 - 10~1 ) (lo-3 - 10-1 ) (10- 2 - 0.120) 
' ' 

C {10-8 ·~ 10-3 ) (10- 7 - 10-2 ) cio-3 -·0.025) 

D {10-3- 10-1 ) cio-3- 10-1 ) (10-2 -0.120) 

E (10-8 - 10-3 ) (10-1 - 10-2 ) (10-3 - 0.120) 

I-V (10-1 - 10) (10-2 - 1) co .1 - 0.2) 

F {10-6 - 10-2 ) (10-6 .,. 10-2 ) (10""'.3 - 0.120) 

G (10-4 - 10> (10-4 - 10) (10~3 - 0.120) 

H (10-4 - 102 ) (lo-4 - 102 ) (10~,3 - 0.120) 

I-M (1 - 150) (10-1 - 15) (O.l - 0 .'2) 

J (10-4 - 2000) (10-4 - 2000) (10-3 - 0.120) 

UA {l - 104 ) (O.l - 0.3) 

* The references for the data in this table are. included in Table 4 qf Appendix G. Also, the ranges of the ' 
vertical conductivity of all the layers, except Layer UA, have been combine.d into a single range to repre
sent, a "uniform" vertical' conductivity for the host . 
rock system. 

-14-

:-·. 



A 70 percent rank correlation4 is assumed to exist between 
porosity and hydraulic conductivity. This minimizes the 
occurrence of physically unreasonable combinations of these 
variables. 

The horizontal hydraulic grad!ents in
2

I-V, I-Mand UA 
are assumed to have a range of 10- to 10- . The vertical 
gradient is assumed to be upward and small in magnitude~ 
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4. WASTE AND REPOSITORY DESCRIPTION 

4.1 Waste 

The inventory ( T·able 3) assumed in this work· is 
equal to half the-projected accumulation of 10-year-old 
spent fuel in the United States by the year 2010. This 
would contain a total of.103,250 BWR and 60,500 PWR 
assemblies~ a total of 46,800 metric tons of heavy metal 
(MTHM). The criteria for selection of key radionuclides 
are described in detail .. elsewhere 7 . · In addition· to 
these criteria, all radionuclides specified in the Re~ 
lease Limit Table of the EPA Standard-are included in 
this inventory list. 

All canisters containing the wastes are·assumed to 
have a life of 1,000 years after emplacement. At year 
1,000, all canisters fail simultaneously and radionuclide 
release begins. Radionuclide release is. assumed to be 
determined by a. constant leach rate of th.e waste form. 
The waste matrix is assumed to dissolve at an annual rate 
of 10-4 to.10- 7 of the originai mass. Radionuclides are 
assumed to be uniformly distributed throughout the matrix 
so .that their release rate is directly proportional to 
the matrix dissolution rate: this is also known as con
gruent dissolution. 

4~2 Subsurface Facility 

The reference subsurface facility is a mined facility 
at a depth of 3 ~ 000 feet below the surface. A description 
of the facility is summarized in the following data. 

Areal.dimensions -- 9,840 feet x 7,870 feet 

Number of.storage rooms 120 

Storage room dimensions length = 3,560 feet 

width = 100 feet 

height = 40 feet 

Porosity of backfilled region -- 18.percent 
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Table 3 

Inventory of Reference Repository 
(Spent fuel from 46,800 MTHM) 

Radionuclide Half Life 
(at 

Pu240 6.76E3 
U236 2.39E7 

Th232 l.41El0 
Ra228 6.7 
Cm245 8.27E3 
Pu241 14.6 
Am241 433. 
Np237 2 .14E6 

U233 l.62E5 
Th229 7300. 
Crn246 4710. 
Pu242 3.79E5 

U238 4 .51E9 
Pu238 89. 

U234 2.47E5 
Th230 8.E4 
Ra226 1600. 
Pb210 21. 
Am243 7650. 
Pu239 2.44E4 

U235 7.1E8 
Pa231 3.25E4 
Ac.227 21.6 

Tc99 2.14E5 
!129 l.6E7 

Snl26 l.OES 
Sr90 28.9 
Cl4 5730~ 

Csl35 2.0E6. 
Csl37 30. 

-i7-

Curies 
time=O) 

2.1E7 
l.OE4 
l.7E-5 
4.7E-6 
8.4E3 
3.2E9 
7.SE7 
l.SE4 
1.8. 
l.3E-3 
l.6E3 
7.5E4 
l.5E4 
9.4E7 
3.5E3 
0 .19 
3.SE-4 
3.3E-5 
6.6E5 
l.4E7 
7.SE2 
0.25 
S.2E-2 
6. lES 
l.5E3 
2.2E4 
2.4E9 
3.SE4 
l.3E4 
3.5E9 



5. GEOCHEMISTRY 

5.1 Retardation Factors 

One of the most important barriers to the movement 
of dissolved radionuctides in ground water is retardation 
due to the interaction between radionuclides and the 
geologic medium. The retardation factor is defined as 
the ratio of the velocity of the fluid to the velocity 
of the retarded radionuclide. A radionuclide with a 
retardation factor of 10 would travel at one-te.nth the 
velocity of the ground water. A general expression for 
the retardation factor is given by: 8 

(5.1) 

where 

"' = utilization factor 

Rd = sorptfon ratio of radionuclide 
in-ml.g. 

p = grain density of rock in g/cm3 

'95eff = effective porosity of rock matrix 

The utilization factor (.JI) is the fractional volume of 
the rock matrix that interacts with the fluid. For flow 
in porous media, "'approaches unity •. In fractured.media 
such as basalt, ground water travels almost exclusively in 
fractures. Most of the bulk rock matrix does not inter
act.with the fluid; under these conditions, 'f/, may be much 
less than unity. It will be shown that a simpler expres
sion than Equation (5.1) can be used to calculate the 
retardation factor if we make certain assumptions about .JI. 

At the reference site, nearly all of the fractures 
in the basalts are assumed to be lined with secondary 
mineralization. We

1

have assumed that the ground water 
comes. in contact only with the secondary minerals. · 
Therefore, the volume of the rock matrix that interacts 
with the fluid is equal to the volume of the secondary 
mineralization. The utilization factor can be calcula-

.ted as 
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volume of secondary mineralization 
total rock volume 

The volume of secondary mineralization is equal to 
a fraction or multiple ·(f) of the volume of open space 
remaining in the fractures (fracture porosity). For a 
unit volume of rock matrix, the utilization factor can 
be calculated·as 

"' -

If we assume 

then 

f • fracture porosity 
1 - total porosity 

Therefore Equation (5.1) becomes 

R = 1 + f RdP 

¢fracture 

(5.3) 

In our calculations, we have assumed that the ori
ginal fractures .have been on the average one-half filled 
with secondary minerals. Therefore, : f = 1 · and 

R = 1 + RaP (5.4) 
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In this study, Equation (5.4) rather than the more 
general Equation (5.1), has been used to calculate R for 
fractured media. Note that the values of Rd and p for 
the secondary minerals must be used in the equation. A 
more detailed derivation of Equation (5.3) is given in 
Appe~dix A. 

The sorption ratio Rd for radionuclides in rock
water systems is defined as, 

mass on solid phase per unit.mass of solid ·= mass in solution per unit volume of solution 
(5.5) 

Calculations of radionuclide disch~rge from a re~ 
pository are sensitive to values of Ra. 0 The magnitude 
of Ra is. influenced by many fac~ors including solution 

.composition, pH, Eh and temperature. Laboratory measure
ments of Rd have been made under a variety of physico-. 
chemical conditions. The geochemical environment along· 
postulated groundwater flow pat_hs must be characterized 
in order to choose the Ra values that w~r7 obtained 
under the most relevant laboratory cond1 t1ons. · . 

The geochemical environment that was postulated for 
each stratigraphic layer shown in Figure· 2 is described 
in Table 4. Equatio~ (5.1), with a utilization factor of 
uriity, was used to calculate the retardation factois for 
layers which are assumed to be porous. Equation (5.4) 
was used for layers in which ground water flows predom
inantly through fractures. The redox potential_along 
the flow path and the nature of the minerals which 
interact with the fluid are also described in Table 4. 

. Table 5 shows the ranges and distributions of R 
used in this study.. For basalt and secondary minera1s 
it was assumed that data ranges obtained from experi
mental measurements mark the 95 percent confidence level 
interval •. From these limits, new·ranges for the 99.9 
percent confidence level were generated and are shown. 
in Table 5. The last column of the table shows the.ran
ges of Ra in sandstone/siltstone for use in the unconfined 
aquifer Iayer. Appendices B. and_ G contain a description 
of.the data set from which.the Rd values were selected 
and a discussion of the Eh~pH conditions in each stratum. 
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Table 4 

Geochemical Environment of Stratigraphic 
Layers in Basalt Repository 

Type of Redox 
Layer Medium Conditions Mineralogy 

A Fractured Reducing Secondary minerals 

B Fractured Reducing Secondary minerals 

C Fractured Reducing Secondary minerals 

D Fractured Reducing Secondary minerals 

E Fractured Reducing Secondary minerals 

I-V Porous Oxidizing. Secondary minerals 

F Fractured Reducing Secondary minerals 

G Fractured Reducing Secondary minerals 

H Fractured Reducing. Secondary minerals 

I-M Porous Oxidizing Secondary minerals 

J. Fractured Reducing ·Secondary minerals 

UA Porous Oxidizing Sandstone/silt 

Density of secondary minerals =· 2. 3 g / cm3 

Density ·of rock in layer I-V and I-M = 3. 3 g/cm3 

-21-



Table 5 

Rd Ranges* (mi/ g) 

Reducing Oxidizing Reducing Oxidizing Element SM** SM** Basalt Sandstone/Siltstone 

Cm, Am ( 25., 2.0E6) (25., 2.0E6) ( 3 3. , 300.) (l.OE-2, l.OES) 
Pu ( 45 • I 5.2E3) ( 3 7. , L5E4) (0.35, 4.24E4) (l.OE-2, l.OE4) 

Np ( 1. 5, 2.8E4) ( 4. 0, 430.) (1.7, l.56E3) (.1. OE-2, 50. ) 

u ( 4·. 0, l.3E3) (2.4, L5E4) ( 34. , 57. ) ( l.OE-2, l. OE4) 

Th (25., 2.0E6) ( 2 5. , 2. OE6-) ( 3 3. , 300.) (l.OE-2, l. OE4) 

Pa ( 25., 2.0E6) ( 25 • I 2.0E6) ( 3 3. , 300.) {l.OI:-2, 1. OE4) 

Ac {25., 2 _-OE6) (25., 2.0E6) ( 3 3. , 300.) ( 1. OE-2, l.OE4) 

Pb ( 1 7. , 5.8E3) ( 1 7. , 5.8E3) {68·., 320.) (l.OE-2, l-OE4) 

Ra ( 1.7 • , S.8E3) ( 1 7. , 5.8E3) ( 68., 320.) (1.0E-2, 500.) 

Sn ( 1 7. , 5.8E3) ( 1 7., 5.8E3) ( 68. , 320.) ( 1. OE-2, 500.) 

Tc {0.2, 750. j (0.6, 10.0) (0.2, 4.16E4) ( 1. 0 E- 2 , . 1 • 0 E 3 ) 

I (0.7, 6 .o ). (0.7, 6.0) 0 ( 1. OE-2, 100.) 

Sr (0.8, l.38E3) (185., 590.) (67., 600.) (l.OE-2, 500.) 

Cs {97., l.3E6) { 97., L3E6) { 51. I 2. OE3.) { 1. OE-2, l.OE4} 
C o. o. . 0. o. 

Distribution of Rd: Lognormal 

*More complete data ranges and their appropriate references are compiled in Tables 1, 2, and 3 of Appendix G. 

**SM = Secondary Mine1:als 
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5.2 Solubility 

The determination of solubilities of ~adionuclides 
in ground water associated with a repository in basalt 
requires a detailed knowledge of the aqueous geochemistry 
ot these radionuclides. ,Until detailed calculations can 
be made, the ·solubility ranges·employed to characterize 
the bedded salt reference site environment9 have been 
used ·in this study (Table 6). The upper limits of these. 
ranges are probably too high. The solubilities of these 
elements in waters from the basalt repository would be. 
lower than those in the salt brines due to the lower 
ionic strength and higher pH o_f the water in t:he basalt. 

5.3 Matrix Diffusion 

In. our calculations,. we have assumed that the 
radionuclide retardation caused by diffusion into the 
basalt m~trix is negligible. This assumption leads to 
conservative (high) estimates of integrated discharge. 
It will be shown later .that for several calculations 
this conservative estimate contributed to an apparent 

·violation of the draft EPA Standard. 1 In Appendix C, 
a method to appro·ximate the retardation' due to matrix 
diffusion is outlined.·._ It is shown· that the retardation 
calculated in this manner has the potential to reduce 
all discharges to levels below the EPA stariqard·. 

•' .. , 
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Table 6 

Ranges of Solubilities of Selected Elements Used for Basalt Reference Repository Conditions* 

Element 

Tc 

I 

Sn 

Cs 

Ra 

Th 

u 

Np 

Pu 

Am 

Cni 

Pb 

Pa· 

Mass Fraction (g/g) 

l.lE-9. - 9.4E-5 

No.Limit 

6.6E-17 - l.SE-4 

No Limit 

8.lE-12 - l.2E-5 

l.lE-9 - 5.7E~6 

L6E-8 - 2.0E-2 

l.3E-25 4,7E-7 

l.7E-16 - 3.SE-4 

Not.imit 

No Limit 

i.6E-ll - 3.9t-5 

l .4E-7 - 7 .lE-4 

c No Limit 

Sn 2.2E-6 - 2.SE-3 

Ac No Limit 

*Data are calculated from the solubility data used in a bedded salt repository analysis. 9 Values a.re con._ fidence intervals for an assurned.lognormal distribu-. tion. 
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6. GROUUDWATER TRANSPORT MODEL 

In the calculations of radionuclide transport it is 
assumed that ground water flows upward from the vicinity.· 
of th.e repository to an aquifer, wllereupori it moves hori
zontally toward the biosphere •. This flow is modelled as 
being quasi-two-dimensional and described by Darcy's Law: 

q = O/A = KI (6.1) 

where Q is the vol.umetric flow rate through an area A, 
normal to the flow. dire~tion,. I is the hydraulic gradient, 
K is the hydraµlic ·conductivity, and q is the Darcy ·veloc
ity. \fuen the flow .passes through a series of, layers with 
different hydraulic .propertie·s ,· an "effective" hydraulic· 
conductivity may be calculated by · 

with 

I: Li 
i 

K = 
L, 

L 1 -i K, 
1 

Li= thickness of layer i 

Ki= hydraulic conductivity of layer i 

The total groundwater travel time is given by 

Time = L L, 
]. 

(6.2) 

( 6. 3) 

where Vi is the interstitial groundwater velocity in 
layer i and is equal to q/¢., with ¢i ·being the effective 
porosity of layer i. 1 
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When a radio.nuclide {RN) is transported by ground water, the radionuclide travel time {TR~) is increased by its retardation factor. This is given by 

RN 
T RN. .. L _L_i_. _R_1_· _. 

i V, 
l. 

{6.4) 

where R.RN is the retardation factor of radionuclide RN . 1 l. • in ayer 1. 

rhe Distribute~ Velocity ~ethod {DVM) has been· 
developed.by Sandia to simulate long chains of·radio- · 
nuclides transported by ground water •. · In this study we calculated the average velociti o( radionuclides using 
Eq.uation ( 6. 4). . The.n. the. DVM code. was used. to calculate 
the discharges of radionuclide·~ .• , . 

. -26-



7. SCENARIOS ANALYZED 

Large uncertainties were associated t.iith many. of the 
·input variables in the model. These variables were assumed 
to be distributed according to user-specified probability 
distributions and ranges, rather than point values. The 
Latin Hypercube Sampling (LHS) technique4 was used to se
lect the input variables. A sample of 100 ·vectors was 
g~nerated with this technique. Each vector consists of 
a particular combination of input variable values where 
the ith component of the vector corresponds to the ·sampled 
value of t~e ith variable. 

Radionuclide discharge rates for each vector were 
calculateq at some specified location. Discharge rates 
we~e integrated for 10,000 year periods from Oto 50,000 
years. · The integrated discharge for each

1 
radionudlide 

was then divided by its EPA release limit to assess com
pliance of that vector with the draft EPA Standard. 

Three sce~arios were analyzed for the basalt reference 
repository •. A "no-disruption" base ·cq.se scenario and two 
scenarios involving disruption of the repository w~re con
sidered. Both of the latter two scenarios are consistent 
with the. geologica.l setting described in Chapter 3. The 
.disruptions involve the int.reduction of a zone of high hy-
draulic. conduct.ivity and could be caused by either natural 
or artificial processes. 

Bas~d on the inventory and toxicity of each radio~ 
nuclide, the following chains of radionuclides were 

.considered: 
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The fission and activation·p~oduct radionuclides Tc99, I129, Snl26, Sr90, Cl4, Csl35, and Csl37 were also considered in this work. 

Table 7 shows the data ranges and distributions for some additional variables used in the calculations of these scen·arios. 

Two source model descriptions were used in this analysis. The first source model assumes that the solid matrix containing the waste .tadionuclides (e.g., spent fuel elements or borosilicate glass) breaks down at a constant rate. This is the so called "leach-limited source model". Radionuclide release then.occurs at a rate determined by the inventory in each diffe'rential mass increment that is released.· Solubility limits a.re not used at all with this source model. For simplicity, r·adionuclides are assumed to be. homogeneously distributed throughout the solid matrix. The leach-limited source model is most easily compared with the requirements· of 10CFR60. Simply stated, 10CFR60 requires that rele~se rates not exceed a specified rate of 10-5/year. The release rate is equal to the .reciprocal of the leach period. 
The second source model assumes that the backfilled regions can be modeled as a mixing cell. The waste matrix still is assumed to decompose at a constant rate. However, the radionuclides are assumed to instantaneously mix with water in the mixing cell. Radionuclide release from the 'backfilied regio~s is sensitive to the radionuclide concentration in the mixing cell. This model is discussed further in Appendix E. Not.e that even when the mixing cell model is chosen, it is possible that for certain radionuclides (if their solubility limits are sufficiently high) the tr~nsport is effectively leach limited. 

·NWFT/DVM allows user-selection of the source model. It also has an algorithm for automatic source model selection. In. the scenarios to be described, only. Scenario 3 had the necessary conditions to select the mixing cell model" For comparison, this sc~nario was also analyzed with the leachlimited source model imposed. 

7.1 Scenario l -- Routine Release 

In this scenario, it was assumed that ground water migrates into the repository and saturates the pore volume of the repository. When the waste canisters fail at 1,000 years, this column of water, having the ·cross-sectiopal· area 
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Table 7 

Data Ranges and Distributions for Additional Variables 

Leach.Period (year} 

Horizontal gradient in 
aquifer 

Conductivity of borehole 

Porosity of borehole 

Vertical upward gradient 
in Scenarios l ahd 2 · 

Vertical upward gradient 
in Scenario 3 

Dispersivity (ft) 

Range 

104 - 107 

10-4 10.:...2 

0~05 - so 

o.os - 0.5 · 

sx10-3 - 3x10-2 

3xlo-3 - 2xlo-2 

so 
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Distribution 

Log Uniform 

Uni-form 

Log Uniform 

Normal 

Uniform 

Uniform 



of the repository, slowly transports leached and dissolved radionuclides vertically through the basalt layers to the· .aquifer system I-Mand then horizontally through the aquifer to a discharge point 1 mile down gradient. In our base case .and in the other scenarios, it was assumed that there· existed little or rio natural vertical· gradient. A temperature field in the vicin.ity of the repository, due to the heat generated from the decaying wastes, produces an upward hydraulic gradient due to thermal buoyancy of the ground water. .For our base. case, we estimated that this thermal buoyanc~ effect generated a hydraulic gradient ranging from SxlO- to 3x10-2 • This gradient is assumed ·to be constant along a vertical column which has the hydraulic conductivity given by Equation (6.2). The derivation of this calculation is · presented in more detail in Appendix D. It was also assumed that the upward flow of ground water into aquifer I-M does not alter.the natural hydraulic gradient in that aquifer. Figure 3 schematically shows the transport route in this scenario. · · 

Integrated discharges for each vector were calculated at a distance of 1 mile down gradient in aquifer I-M. The results.of these calculations are as follows. The integrated discharges for eac·h actinide radionuclide were all zero for all vectors. For the·fission product radionuclides, there were some small discharges but they were all below the EPA release limits. This was true for all five of the 10,000~yr. increments of the 50,000-yr. total period of analysis. 

In this scenario, all 100 ~ectors resulted in a leachlimited source as determined by the automatic source selection algorithm of NWFT/DVM~ The algorithm selects the · source model based largely on the anticipated residence time of the ground water in the near field. 

) 
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DISCHARGE AT ONE MILE DOWN 1-M i 
.. -1-M AQUIFER : .. ~-·1-· -. .. - --:, .. : 

H I 
G l 

F 

1-V 

E FLOW 
J lo. 

D 
C 

B 

CROSS SECTIONAL AREA 

A 
!/ !/ OF FLOW COLUMN 

UNDERGROUND FACILITY = 9840' X 7872' 

figure 3. Routine Release Scenario (Scenario 1) 
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7.2 Scenario 2 -- ~ractures -in Dense Basalt 

This scenario is based on the assumption that the 
. hydrologic properties of the dense basalt unit (Layer A) 

containing the subsurface facility ha.VE! been altered. 
Specifically, this scenario assumes that the hydraulic 
conductivity and porosity have been'increased due to the 
repository-induced fracturing of the rock strata. The 
generation of these new fractures could be caused by one 
or more of several processes: thermal stress from waste 
heat, mechanical stress from the construction of the re
pository, or the. occurrence of an earthquake swarm. The 
potential increase in conductivity and porosity can enhance 
the upward migration of radionuclides released from the. 
subsurface facility. 

In the calculations. of radionucl.ide releases, the 
following assumptions were made-(Figure 4): 

1. The fractured zone is located above the 
subsurface facility in the dense basalt 
unit (Layer A). 

2. The fractures· in the dense basalt layer 
occur inunediately after closure of the 
subsurface facility. 

3. The fractured zone has the same cross
sectional.area as that of the subsurface 
fac{liiy, i.e.~ 9840' x 7872', and it 
extends upward ·through all of Layer A. 

4. The hydraulic conductivity of·the fractured 
zone is arbitra~ily increased by two orders 
of ·magnitude and the porosity is increased· 
by a factor of four. That is, 

K = 100 ° K fractured basalt aense basalt 

~fractured basalt= 4 • ~dense basalt 

5. The vertical 1:1ydraulic:gradi7nt is the_~ame 
as t~~tused in Scenario 1, i.e., SxlO to 
3xl0 .. . 
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The same 100 vectors as those used in the routine
release scenario were used in the calculations of inte
grated discharges of radionuclides in this scenario. Two 
calculations were performed. The discharges were calcula
ted at a location 1 mile down gradient in Aquifer I-M. 
Table 8.lists the radionuclides and the vectors that showed 
violation of the draft EPA Standard. 

Table 8 also shows that few of the sampled input vectors 
violate the draft EPA .Standard during the first 10,000 years. 
In these calculations, however, the effective retardation 
due to diffusion into the rock matrix was ignored. A method 
for estimating the magnitude of this effect is described 
in Appendix·c. When the retardation, due to rock matrix 
diffusion calculated by this method, is taken into account, 
it is possible that no ·vectors violate the draft EPA Standard. 

For readers familiar with the technical criteria of 
10CFR60, it is worth mentioning that of all the "violating" 
vectors listed in Table 8, all except one {vector #24) have 
leach rates greater ~han 10-5/year. Also, all vectors ex- · 
cept two ( #=4 and :/f:71) 'have a groundwater travel time fror.i. · 
the repository to the discharge location greater than i,000 
years. 

For Scenario 2, all 100. vectors used the leach-limited 
source model.as determined by the automatic source selection 
algorithm of NWFT/DVM. 

7.3 Scenario 3 -- Borehole 

This scenario assumes that there exists a borehole or 
a zone of high conductivity that connects the repository 
to the unconfined upper aquifer (Layer UA). This zone is 
of very small areal extent (Figure 5). The h~gh conduc
tivity zone could be related to ·one of the following: 

• borehole 

• degraded shaft seal 

• disturbed rock zone around a borehole 
or shaft. 

This last mode can occur during relaxation of emplacement 
stres~es or as a result of an earthquake. 
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Table 8 

Scenario 2 
. EPA Ratios* of Radionuclide Discharges Into Aquifer I-M 

0-10,000 ·years: 

Vector# 

5 
71 
77 

14c 

· 1. 34 
1.15 
:L. 22 

10,000-20,000 years: 

Vector# 

62 
65 

1.18 
1. 68 

20,000-30,000 yea~s: 

Vector# 

5 
25 

.. 62 
65 
87 

30,000-40,000 

Vector # 

5 
IS 
20 
25 
62 
65 
87 

1.29 
1.08 
3.43 
2.00 
2.04 

years:. 

99Tc 

4.21 
1.27 
2 .27 
4.09· 
L42 
1.99 
2.22 

234u 236u 2380 
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40,000-50,000 years: 

Vector# 

4 
.15 
20 
24 
87 

1.22 
2.54 
2.88 

1.42 

Table 8 {Continued) 

234u 2360 238u 

3.61 1.43 1.61 

*EPA Ratio is the ratio of integrated discharge of 
radionuclide {over 10,000 years) to the allowed EPA 
Release Limit. 
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The following assumptions were used in the calculations 
of this scenario: 

1. Cross-sectional area of this disruptive zone 
is 2 square feet. 

2. Hydraulic conductivity of this zone has a range 
of 0.05 ft/day to 50 ft/day. A lognormal dis
tribution is assigned to this range. 

3. Porosity of this zone has a range of 0.05 to 
0.5. A normal distribution is assigned to 
this range. 

4. ·The hydraulic gradient ·in UA is unperturbed 
due to the smallness of this. zone •. 

s. The same head difference typical of thermal 
buoyancy as calculated in Appendix C, is 
assumed here. However, due.to the extra 
1,000 foot path .. length between r~M and UA 
the vertical upward gradient between the 
repository and aquifer UA is reduced to the 
range 3xlo-3 - 2xlo-2 • · 

6. Layer' UA is compo'sed mainly of s~ndstone/ 
siltstone and is characterized by.an oxi
dizing envlrorimerit. 

7. The redox potential in the small disruptive 
zone is reduci~g and the roqk. type.is fresh 
basalt •.. 

a. The discharge location isl mile down gra
dient in aquifer UA. 

9. The entire radionuclide inventory in the 
repository .is available for leaching·and 
t:c:ansport. 

Three variations of this scenario were analyzed. In 
Scenario 3A, al.l 100 vectors .chose the mixing cell source 
model as determined by the automatic source selection al
gorithm of NWFT/DVM. 



Integrated discharges of each radionuclide were. calcu
lated for each vector and divided by the EPA Release Limit 
to produce the "EPA Ratio". Table 9 show.s those radionu
clides and vectors that produce EPA.Ratios of magnitude 
exceeding one. For each vector, the EPA Ratios were then 
summed over all radionuclides, and the results are shown 
in Table 10. 

For comparison, Scenario 3B was also analyzed with the 
leach-limited source

7
model imposed. The range of leach 

rate was 10-4 to 10- per year. With this source model, 
too many vectors gave large discharges to· list each violating 
vector as in Tables 9 and. 10. In.Table 11, we show the mean 
values for the 100 vectors for each radionuclide that had a 
sigriificant discharge. From.this table, the main contrib~
ting radionuclides appear to be 243Am, 240Pu, 239Pu~ and 
234U. The third variation, Scenario 3C, was also analyzed 
with the leach-lirn~ted so~7ce model; but the range of 
leach rate was 10- to 10 per year. 
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243Am: 

Vector i 

13 

36 

Table 9 

Scenario 3A 
EPA Ratios of Radionuclides 

104-2x104 4 4 ·2xl0.-3xl0 
Years Years 

1.30 

2.34 1.93 

-40-

4 ·4 3xl0 -4xl0 
Years 

1.15 



Vector # 

13 

36 

Table 10 

Scenario 3A 
EPA Ratios Sununed Over All Radionuclides 

104-2x104 2x104-3x104 3x104 -4x104· 
rears i:ears i:ears 

1.4 1.20 

2_.49 2.25 1.73 

-41-
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Table 11 

Mean Values of Contributions to the EPA Sum (100 Vectors) 
for Scenario 3B With Leach-Limited Source* 

Radionuclide 10,000.year period 

1 2· 3 4 5 

240 Pu 8.56 9.75 3.23 1.87 .69 
236 u .12 ~34 .46 .64 .56 
245 Cm .01 .02 .02 .01 .01 
241 Am . as .02 .02 . .01 .01 
237 Np .31 .78 .97 .81 .99 
233 u .01 .07 .13 .25 .31 
229 Th .01 .08 .21 .49 .78 
242 Pu .06 .14 .12 .18 .16 
238 u .15 .35 .49 .66 .54 
234 u .34 .82 1.15 1. 52 1.22 
230 Th .• 01 .05 .10 • 22 · .30 
226 Ra .02 .20. .48 .91 1.24 
210 Pb o. .03 .06 .13 .19 
24:3 Am 1.35 . 3.83 2.60 1.84 1.16 
239 Pu 9.02 17.95· 12.38 13.91 10.19 
235 u .01 .02 .03 .04 .04 
231 Pa o. o. .01 .01 .02 
227 Ac o. .01 .03 .os .08 

99 Tc .05 .07 .06 .06 .06 
126 Sn o. .04 .06 .04 .03 

14 C .13 .04 • 01 o . o. 

* The Range of leach rate is 10-4 to 10-7 per year 
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8. RESULTS OF DEMONSTRATION ANALYSES 

For this demonstration, three basic scenarios and several 
variations on them have been analyzed in detail. A detailed 
analysis of scenario probabilities has not been performed due 
to constraints on the allowed effort and the fact that site 
characterizatio_n is in its early stages. The three scenarios 
analyzed are assumed to form a complete set of mutually exclu
sive scenarios describing the repository over the 0-10,000 year 
interval. 

L Ps = 1 
s 

The three scenarios analyzed have been discussed previously. 
We assume the following probabilities: 

Scenario, s 

1 

2 

3 

Description 

The undisturbed site 

The large areal extent, 
high conductivity zone, 
e.g., fractures 

The small areal extent, 
high conductivity zone, 
e.g., a borehole 

Ps...... 

0.33 

0.01 

0.66 

Calculations have been performed for the three scenarios 
to estimate values of the EPA Sum during each 10,000 year·in
terval from zero to 50,000·years following closure. Thus, for 
Interpretation 1, five CCDFs have been constructed for each of 
the three scenarios (Scenarios 1, 2, and 3A). For Interpretation 
2, a total of five .CCDFs have been constructed. The CCDFs based 
on Interpretation 1 appear in Figures 6 through 20. CCDFs based 
on Interpretation 2 appear in Figures 21 through 25. 

For Scenarios 1 and 2, the automatic source selection algo
rithm of NWFT/DVM selected leach-limited sources for all 100 vec
tors. For Scenario 3A, the algorithm selected the mixing cell 
source model for all 100 vectors. Scenarios 3B and 3C were eval
uated with the leach-limited source model imposed. These results 
are shown in Figures 26 through 30. 
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All five CCDFs for Scenario 1 ·(F.igures 6 through 10) show 
compliance with the EPA li¢it. Note that Interpretation 1 is 
implicit when the CCDF is for a.single scenario. The CCDF re-

·sults for Scenario 2 (fractures in dense basalt) are presented 
in Figures 11 through 15. All five of these figures indicate 
a violation of the EPA limit, with each successive 10,000-yr. 
period showing a greater degree of violation. As in Scenario 
1, the leach-limited source model had been chosen by the computer 
model in Scenari.o 2. The. dominating radionuclidI!, in · t 99ms 0£ 
their contribution -to the EPA Sum, appear to be C and Tc. 

tn the first of the three variations of the borehole scen
ario, Scenario 3.A, the automatic source. selection algorithm chose 
the mixing cell model. The CCDF plots for Scenario 3A are given 
in Figures 16 through 20. Although some violations are apparent 
in the ~0,000 to 50,000-yr. period, none of the vectors exce~d 
the EPA limit during the first 10,000-yr. period, which is the 
period of.primary concern. 

In an attempt to apply Interpretation 2 to the analysis, 
Scenarios 1, 2; an~ JA were assigned probabilities such that 
their sum was equal to L Composite CCDFs were then construc
ted and compared to the EPA limit "envelope". Recall that when 
scenario probabilities are inherent in predicting the·probabil
ity of a given release, two different EPA limits (EPA Surns,of 
l or 10) -are in effect, depending on the range of r.elease prp- . 
bability. The composite CCDFs are shown in Figures 21 through 
25, and it is seen that the frequency of violation is extremely 
small. This re-emphasizes the importance of, the manner in which 
the standard could be interpreted.· 

The finai set of CCDF results, Figures 26 through 30, are 
included to demonstrate_.the effect of meeting the release ·rate 
limit criterion of the proposed Rule (lOCFR60) • 

. The release rate and the leach rate are considered to be 
synonymous for demonstration purposes of this study. A leach-e- . 
limited source model was imposed to obtain Scenario JB (leach 
ra_!:5:· 10:j -10-? per year) and Scenario 3C .. (leach rate: 
10 - 10 per year) respons·es. The EPA Sums associated with 
certain vectors of Scenario 3B are consistently higher than the 
corresponding vectors of Scenario 3C, as expected. Neverthe
less, .considerable violations of the EPA limit are indicated · 
by each of the-two leach-limited variations of Scenario 3. By 
contrast, the violations in Scenario 3A are not nearly as large 
or as fr.equent. This too is to be expected, since the mixing 
cell permits. the solubility limit to be the controlling para
meter instead of leach rate. 
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9, CONCLUSIONS 

The analyses presented demonstrate how the existing analytical tools could be used to assess compliance with the draft EPA Standard. A detailed development of probabilities of seen~ arias will be needed in 6rder to perform a more realistic assessment. As site characterization proceeds, .one may expect i@provements in the input data over that assumed in this analysis. 
Ambiguities in the draft standard and assumptions necessary to assess compliance have been identified. These will need to be clarified, justified, or further developed before a reliable assessment of compliance can be made. 

Two interpretations of the draft standard have been presented which should be discussed further, especially in light of the uncertainties in both the scenario probability and the estimated E~A Sum. Interpretation 1 is computationally the simpleri since scenarios may be a~alyzed one at a time as they are postulated. It is also easier to comprehend intuitively. Due to the uncertainty in scenario probability, arguments as to whether or not compliance is achieved are reduced to two basic issues, 

1. Assurance that the scenario probability is: greater than 10-2 (the c~nserva~ tive assumption), between 10- and 10~ 2 (arguable if uncertainty in the probability is large), or less than 10-4 (negligible). 

2, Confidence that the consequences are substantially less than the allowed maximum. 

Computationally, Interpretation 2 is more difficult to utilize but seems to be more in the spirit of risk assessment as it has been applied to. nuclear reacto~s. in that it considers all sources of a given consequence (EPA Sum). Another difficulty in implementing this interpretation is the estimation of scenario probabilities, Uncertainty in scenario probability could be accommodated in this interpretation, at least in principle, by performing a sampling of a probability distribution assumed to describe each scenario. It would appear that the quantity of interest, as far as the standard is concerned, is the probability of release (regardless of what scenarios or events contribute to it). Therefore, in our · opinion, Interpretation 2 is preferable in spite of some difficulties that have not been totally res6lved, 
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The results of analyses for this reference basalt site 
performed under Interpretation 1 showed as.mall probability 
(a few percent) of violating the draft EPA Standard for Sce
narios 2 and 3A without imposition of.the 10CFR60.requirements 
on the release rate. Under Interpretation 2, the same analyses 
indicate nearly total compliance with the draft EPA Standard. 
Of course, both of these results are subject to sampling error. 
Future analyses ·Should explicitly address the sampling error. 

Analyses performed with different source models.show the 
importance of the source term assumption on compliance esti
mates. 
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APPENDI:X A 

RADIONUCLIDE RETARDATION 

1. Calculation of the Retardation Factor 

The retardation factor R for an aqueous species or a radionuclide traveling in a porous medium is usually de
fined as: 

R = 
velocity of ground water 

.velocity of radionuclide 
(l)· 

The value of R can be calculated- by: 

where 

R = 1 + R • P • 
d 

= the radionuclide sorption ratio 
in ml/gm 

P = grain density of rock in gra/cm3 

</Jeff= effective porosity that contribu
tes to the flow path; in porous 
media, ¢eff = ¢total" 

( 2 ) 

A more general expression that is valid for porous as well 
as fractured media for a unit volurn~ of rock, may be defined as follows: 

r-1.r total mass of radionuciide in rock-water system 
R = = 

mass of radionuclide in water (3) 
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For porous media, it is shown below that this expression is 
equivalent to Equation (2). 

Let: 

ex = concentration of radionuclide in 
solution in gm/ml' 

CMX = concentration of radionuclide 
adsorbed by the rock in gm/gm 

MR = mass of nuclide in r:ock in grams 

Then for a unit volume of porous rock, 

Mx = CX 
. 

¢eff 

--

MR = CMX 
. 

(l-<l>eff)P 

= 

From Equation (3), 

R = 

substituting terms yields: 

R = 

R 

Cx. ¢eff + CMX (l- ¢eff) • P 

Cx -· ·¢eff 

CMX l - ¢e£f 
= l+-•P• 

Cx 0eff 
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( 4) 

( 5) 

{6) 

( 7) 

(8) 

( 9) 



but 

(see Equation 5.5) 

therefore, 

. R = . p . 

In general however, the fluid is not in contact with the entire rock mass. We introduce th.e utilization factor, if, in Equations (2) and (8), to correct R for this effect. 

R = 
ex ( 10) · 

( 11) . 

. where~ is the volume fraction of the rock that interacts with the ·fluid. · 

2. Estimation of Utilization Factor 

In the reference repository we have assumed that•most of the fractures are lined with secondary rninerals. 10 Under these conditions, we .can derive an expres sjion for if, and also simplify, the expression for R. If we assume that the fluid in the fractures interacts only with secondary minerals, ·then 

= 

where PsM and VsM are· the density and · volume of secondary minerals in the unit volume of rock, respectively, CSMX · ·is the concentration of radionuclide adsorbed by the secondary minerals in gm/gm. 
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Let 

VsM· = (.volume. of s<;>lid) 
rock in unit 

volume of rock 
X 

(

. fraction of rock) 
composed of · 

secondary minerals. 

= (1 - ¢T) · • 1P • unit volume 

where 

¢T - total porosity. 

If
1
we assume-that ¢T=::.¢eff' then Equation {10) becomes, 

·R ~ CX • </Jeff + . if, • Cm,ix • {.l ¢ef f) • Psr-1 { 12 } 

Let 

ex· ¢ef.f 

which gives, 

R ::::: 1 + 1/J· • RdSM • p SM • 
(l - ¢eff) 

¢eff 
(13) 

Note that in t,his scenario, RdSM and PsM refer to the 
so~ption ratio and density,of secondary minerals, and 
that¢ ff refers to the basalt matrix. The utiliza
tion ffctor 1/1 is the volume fraction of the rock matrix 
occupied·by secondary minerals. 

Intuitively; we would expect that the amount of 
· secondary mineralization in the basalt can be related 
to the vo18rne of the.fractures. At Hanford, for exam
ple, Long examined 3 flows in the Grande Ronde. He 
found that nearly all the fractures contained some 
filling and that.more than 75 percent of the fractures 
were filled completely •. If we assume that the frac,... 

. ture_s that contribute to the effective porosity are, 
on the average, one-half filled, i.e., 

"original" unfilled 
· fracture porosity = 2 • residual_ porosity 
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Then 

VSM = residual porosity - ¢eff 

and 

Ip = 
V solid rock· 

(14) 

This expression can be used to simplify Equation (13) as follows: 

R = 

or, 

R 

(/)ef f l + KdSM. • p .. 
SM .. ( 1 - (/Jeff) 

l + KdSM • PSM 
(15) 

In the more general case, we can assume that the volume of secondary mineralization is a multiple (f) o-f the volume of residual connected pore space. Equations (14) and (15) become, 

.,. = Y'-

(14a) 

R 

(15a) 
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APPENDIX B 

REDOX CONDITIONS IN THE REFERENCE REPOSITORY 
AND APPROPRIATE VALUES OF Rd 

. A large amount of uncertainty in our estimates of 
radionuclide discharge is introduced by a lack of ·know-,. 
ledge about the geochemical environment that ·may.be en
countered by the migrating nuclides and by the paucity 
of reliable values ot radionuclide sorption ratios· (Ras) relevant to this study. In this section we will describe 
the assumptions we have made in characterizing the geo
chemical environment and in choosing appropriate values of Ras for our calculations. 

1. Redox Conditions 

The difficulties encountered in attempting to 
predict the Eh-pH environment of natural systems from either theoretical considerations, or·from direct mea
surements1 h~ve been discussed iri detail by several 
authors. 1 • 1 113 Discussions of t}:l.e probable nature 
of the geochemical environment within t~e Hanford Site 
and subsurface mine.s are given by Sato , Smi th14 , and 
Guzowski, et·a1. 1 5 Field measurements and theoretical 
calculations based on observed mineral assemblages in basaltic environments suggest that ground water, in 
contact with basalt, will have a low Eh (-0.40 to 
- 0.55), a high pH (9.4 - 10), and moderate tempera-. 
tures (30 - so0 c). These Eh-pH conditions may be expected near the repository in part of Layer A in 
Figure 2 and along fresh basalt fractures exposed by 
faulting or drilling in other layers as described in 
the hypothetical disruption scenarios. In our char
acterization of the repository, we have not consid
ered the oxidation potential of air and foreign mat
erials introduced .into the basalt during operation and ·construction of the repository. The two interbeds I-V 
and I-Mare assumed to be relatively active aquifer systems, and are, therefore, assumed to.be oxidizing 
and slightly alkaline. 

In the "bas~" (no disruption) case, we have assu
med that in all basalt layers, ground water flows 
through fractures lined with secondary minerals. The observed fracture-fill consists of amorphous silica, 
zeolites, calcite, and nontronite. 1 0 None of these 
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minerals ha~e appreciable oxidizing power. Althou~g nontronite 
contains Fe 3 , it forms under reducing conditions.· At low . 
pH, the dissolution of iron-bearing minerals in basalt and pre
cipitation of ferric oxyhydroxides will proceed under reducing 
conditions. 11 For these reasons, we have assumed that the geo
chernicai environment of partially filled fractures in basalt is 
reducing. · 

2. Available Data for Values of Rd 

The large amount of experimental error reported for de-· 
terminations of Ras and the questionable utility of this 
parameter for accurate calculations of radionuclide retardation 
have been discussed by several authors. 1 5-22 

The values for the ranges of radionuclide, Ras, that were 
used in this report are presented in Table 5 (main text}. The 
data were supplied by several researchers and are reviewed in 
Guzowski, et ai. 15 Histograms of the number of det~rminations 
of Ras for each radionuclide for the substrates under several 
geocnemical environments considered are shown in Figure B-1. ·. 
It is clear th.at there are relatively few reliable determina
tions of Ras for the geochemical conditions relevant to this 
study.· The large majority of data has been obtained for ba
salt under an oxidizing atmosphere, a condition that we do 
not feel is relevant to the geological system under consider
ation • 

. In mos~ ?ases, the ranges of Rd values rep?~'!=-e? for re-;
ducing conditions overlap those reported for oxidizing condi-
tions. For this reason, we have used the more limited number 
of data obtained under oxygen-free conditions to est~mate the 
ranges of Rd for reducing environments and we have supplemented 
these data with values obtained.under oxidizing conditions where 
necessary. No data are available for several elements: Cm, Pa, 
Ac, Th, and Pb. Based on similarities in solubility, valence 
and ionic radii, the following chemical homgl'ogs have been as·su
med: (Am= Cm, Pa, Ac, Th} and (Pb= Ra). 1 No yalues of the . 
Ras of Cs·, I, Ra, or Am in contact with basalt under reducing " 
conditions are available. The Ras of these elements are assu
med to be insensitive to redox conditions: values under oxidi
zing conditions were used for our calc~lations •. 
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APPENDIX C 

AN APPROXIMATE TREATMENT OF MATRIX DIFFUSION AS A RETARDATION MECHAlHSM 

We have ass'umed that groundwater flow and radionuclide migration occur predominantly through numerous narrow vertical features in the basalt. He have also attempted to show- the effect of such a flow assumption on the chemical sorption processes expected to retard radionuclide migration and enhance the containment c~pability of the repository. In doing so, we have given up the traditional porous medium expression for the retardation factor of the form 

R 2:' 
PRa 

(1 - ¢) -
¢ 

in favor of the form 

R -- .PRd --
as discussed in Appendix A. 

A few radionuclides are essentially unf!tarded9~y chemical sorption, i.e., Ra::::: 0. Specifically, C and Tc dominate the. EPA .Sum for most vectors. producing large val·ues of the EPA Sum. For scenarios involving major hydraulic connections between the subsurface facility and overlying aquifers, e. g_., boreholes, these radionuclides may be of most · concern in licensing considerations. In scenarios resulting in enhancement of the repository hydraulic properties, e.g., fractures in dense basalt, transport may still be dominated by ·· flow through narrqw fractures. · For these cases, we may have overestimated ·the releases by neglecting a potential retardation mechanism" 

A number of authors have discussed the diffusion of contaminants into·the rock matrix for-cases similar to that which we have assumed, namely transport ~2r~g.gh narrow. frac-. tures in relatively impermeable rock.2 3 , ' The treatment presented here is essentially that of Erickson and Fortney26 who have used this effect in the design of radionucl~de migration experiments in non-welded tuffs. We would like·to estimate the potential importance of this mechanism in radionuclide retardation. The validity of the method, as derived and implemented here, rests on a number.of assump-
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tions which will be made.· Nevertheless, the results will 
demonstrate the potential importance of this retardation mech-· 
anism and the importance of understanding it better. 

Consider the idealized fracture geometry depicted in Fig
ure C-1 below: 

XL cf>m 

VRN H C ( t) z co 

L 

Figure C-1. · Idealized Fracture Geometry 

A fracture · of width H and length L is _assumed to exist in a 
· rock matrix with a porosity, <t>m• At time t = 0 a constant 
radionuclide con~entration, C

0
, is introduced at the fracture 

, inlet. Ari expression for the time dependent concentration, 
C(t), at the outlet is desired. The rock is assumed to be 
infinite in the x~direction with the contaminant concentration 
in the rock r CR ( x, ~) , maintained at zero at x =. + _oo. . In the 
fracture, radiopuclide t~ansport is assumed to be purely ad- . 
vectiv7 w~th the contaminant t 7ans~orted at~ spe~d, vaN' .with 
no variation of the concentration in the x-d1.rect1on w_1th1n 
the fractu·re ... Dispersion in the z-direction in the fracture 
is neglected. ·tn the rock, transport is assumed to.be purely 
diffusive and iri the x-direction .. For .this situation, trans
port in the fracture is assumed to be described by 
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where 

ac + v ac + 2 ao 
at az Ir ot = 0 

Q = f 
co 

q(x, z, t)dx 

0 

and q is the contaminant concentration in the rock matrix described by 

where 

aq 

at 
= 

ax 2 

Deft is the effective diffusion coefficient in the rock and RR is the standard porous medium retardation factor for the rock. Matching the contaminant flux in the x-direction at the fracture-rock interface gives the concentration of contaminant at the fracture exit (z = L), 

· C (t) = 

where 

7/ = 

C
0 erfc (7]) 

. 0mRRL /neff/RR 

HvRN Jt - z/vRN 

(Cl) 

A "breakthrough time", tB, may be defined as that value of ~' where C(tB)/C0 = 1/2. The effect of the early tail of the erfc function will be addressed below. This value of 7/ will be denoted by 77
0

, .which. has a nuinerical value· of 
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approximately 

TJ 0 = 0.48 

The expression for 7] may be solved fort, giving 

2 
L t RRL) r·ffj tB = 

+ H:RN71o . VRN . RR 

In the absence of diffusion into the rock matrix (D £ - 0), 
radionuclides would be expected to appear at the exitfi~ 
high concentration at time L/vRN" Thus, we may define a· 

. retardation for this mechanism, RMD 

RMD = ti(v:J= l + _R_R_L_v-:-:-f-f 

If·there is some chemical retardation in the fracture, then 
vRN ~s retarded relative to.the fluid velocity, vf1 ,. by the 
chemical reta.rda tion factor, Reh, so that 

= 1 + 

As will be shown, retardation factors resulting from use of 
this.form cart be very large. Transport calculations have not 
been performed for times long enough to dsmonstrate this 
effect. Thus, we do not have the results of numerical cal
culations of the total discharge to be compared to the EPA 
limits. It is not clear.that·the current version of the 
DVM transport model could be used for such a calculation 
due to the skewed shape of the breakthrough curve. We can,· 
however, make a bounding estimate of the total integrated 
discharge-based on simple considerations which should be 

.f,iPlicab199to_one-member radionuclide decay chains such as 
C and Tc •. 

I 

.I 
I 



Consider the following breakthrough curve (Figure c-2) depicting the behavior of Equation Cl, 

C = c•o = 

Tun = 

TR = 
tB = 

Ca ______ __, ....... ___ _.. __ - -.- ...... 

c' 

Tun ·t 
B 

Figure C-2. Breakthrough Curve Depicting Behavior. of EqGation Cl: C(t)=C
0
erfc(~) 

maximum discharge .rate 
estimated bound of the discharge rate for tines l~ss than .TR in th~ absence of matrix di~fus~on time o·f transport in the absence of matrix dif-fusion L/vRN. . . ·. 4 · regulatory time limit, e.g., 10 years estimated breakthrough bime with matrix diffusion as a retardation mechanism 

The shaded are represents the total integrated discharge, TID,. that we seek to bound. The only assumption necessary is ,that the shape of the discharge curve be curved upward, as.depicted, for times less than t 8 • This assumption has not,been investigated, but seems reasonable. 
The shaded area.is bounded by the area of the triangle. of base (TR - T ) and height, C', un · 

1 l 
TID < - C' (T - T ) - C R un = O 2. 4., Ct0 Tun> 

c-s 



where the last step follows from similar triangles. The 
maximum ·discharge rate i.s given from the transport calcu
lation performed without matrix diffusion. 

No decay corre.ctions have been considered.. In fact, 
the c6rrection terms already introduced are sufficient to 
significantly reduce the calculated discharges. 

To implement these results for the multi-layered 
reference basalt system, we will assume the radionuclide 
migration path to be made up of a series of idealiz~d 
fractures through each of the layers of the reference 
repository (except the thin sandstone layer). The subsur
face facility is treated as an extended source releasing 
radionuclides through these idealized fractures. Discharges 
from the.last set of fractures are collected by.the over
lying aquifers. Lateral variations in properties are neg-

.lected •. We seek an equivalent single fractur~ representa
tion of the actua.l multi-layered system. · 

The fluid transport time is given by 

L 
L, 

=-=-I: 1. 
Li¢h,i Tfl = 

i vfl,i q i 
layers 

where qi~ the Darcy velocity which is the same in each 
layer, i, and ·Li is the thicknes_s of the ith layer. ¢h i 
is the effective porosity assumed to be dominat~d by fr~c
tures. The transport time for the migrating contaminant, 
tB'· is given by 

L 
L, 

I: 
L, R. (md·) .). L,R, (md).R, (ch) 

tB J. l. l. 1 ]. 1. .. = 
.v, (md) 

= = --' 
i i v:RN, i i V ' J. . f].,l. 

= l:E 
q i 

L . R . ( md ) R . ( ch ) (/> • 
l. l. l. h,1 

So that 
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L L·</J .R. (ch)R, (md) 
t i 1, h,1 1 1 

Reff = B ------.-= "-L--
1
-· </J-h-. -, _i ___ _ 

Tfl - L..J 
i 

Here, we have as.sumed the Darcy velocity and fluid vel
ocity to be related by 

= 

Finally, to implement these results, we will make the 
following assumptions. 

1. </Jm, i = 

2. Reh = i. 

3. Deff = 2 

4. ·. H = .os 

+ RaP 

X 10-7cm2/sec. 

cm 

an approximate relation.-. 
ship consistent with data 
on basalt1 S 

as in Appendix A 

l' 

To demonstrate the effect of diffusion into the rock 
matrix on estimates of the integrated discharge,three .. 
vectors of Scenario 2 have been chosen which led to vio
lations of the EPA draft standard. The integrated dis
charges for these vectors are sununarized in Table C-1. 
Applying the approximate treatment discussed above yields 
results presented in Table C-2. Data used in these cal
culations are presented ~n Tables C~J, 4, and· s. 

It shouid be noted from this. summary of results that 
the estimated contribution to the ·EPA S'um 1 is the. estimated 
integrated discha;i:-ge from time·zf;!ro to T. Thus, for 
Vector 15, for example, we estimate the ~otal discharges, 
integrated to 50,000 years, divided by their EPA limits, 
and summed over all radionuclides to give ·a val'ue of. less 
than 0.140. Similarly; for Vector 62, the 50,000 year 
upper bound estimated for the EPA/Sum ii:!> 0.2. The results 
for Vector 24 must be qualified. The method developed for 
this estimation is based on the treatment of a single
membered radioactive decay chain. All-of the dominant con-
_.tributors to the EPA Sum in Vector 24 are members of longer 
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SCENARIO 

Vector 15 

Period 
<xears) 

EPA Sum 

Tc99· 

Cl4 

Vector 24 

EPA Sum 

236U 

·238U 

234U 

Vector 62 

EPA Sum 

Tc99 

C14 

2 

0~104 

.68 

.68 

.093 

.81 

0 

.81 

Discharges 

10-20,000 

. 34 

.32 

.044 

1.57 

1.18 

~39 

Table C-1 

With0ut Rock 

20-30,000 

.079 

.OS 

.015 

3.46 

3.43 

C-8 

Matrix Retardation. 

30-40,000 

1.27 

1.27 

1. 02 

.19 

.25 

.ss 

1.42 

1.42 

40-50,000 

2.55 

2.55 

6.97 

1.42 

1. 61 

3.61 



Table C-2 

Summary of Effects of Diffusion Into Rock Matrix on TID*. Contributions to the EPA Sum less than .001 are omitted. No corrections 

SCENARIO 2 

Reff 

Tfl (yr) 

T 8 (yr) 

Vector 
Tc99 -----

6.4Ell 

l.2E3 

7.4El4 

for decay have been included. 

15 Vector 24 
Cl4 234U 236U -- ---- ----

2.1E4 2.3E9 2;3E9 

l.2E3 l.1E3 l.1E3 

2.5E7 2.4El2 2.4El2 

Vector 
238U --irc99 -----

2.3E9 2.0E9 

l.1E3 l.1E3 

2.4El2 2.3El-2 
n c0 (Ci/yr) 
I 22.3 1.15 .22 .10 .093 33.2 \0 

Contributions 
to EPA Sum 

TR = l.E4 

2 .• E4 

3.E4 

4.E4 

5.E4 

*Total integrated discharge 

.oos 

.021 

.049 

.088 

.40 

62 
cl4 ----

l.8E4 

l.1E3 

2.1E7 

1.4 

.007 

.030 

.070 

.127 

.200 
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SCENARIO 2 

i L, 
l. 

Tc99 

1 150. 
2 150. 
3 50. 
4 60. 
5 690. 
6* 10. 
7 690. 
a 200. · 
9 150. 

c14 
- . 

l 150. 
2 150. 
3 so·. 
4 60. 
5 690. 
6* 10. 
7 690. 
8 200. 
9 150. 

Table C-3 

Vector 15 Data Used to Estimate·Retardation· 
Due to Diffusion Into the Rock Matrix 

¢. fl 
Rhost Rfracture 

v; 
J. l. 

.0537 2.449 .5859E+05 28.36 

.0750 1.754 ·• 4100E+05 . 28. 36 

.0129 10.23 .2552E+06 28.36 

.0967 1.360 .3106E+05 28.36 

.0887 1.483 .3416E+05 28.36 

.1639 .8026 33.91 33,91 
• 625 2.105 ,4988E+05 28. 36 . 
.0587 . 2. 240 .5329E+05 28.36 
.0600 2.193 .5212E+05 28.36 

.0537 2.449 1.000 1.000 

.0750 1.754 1.000 1.000. 

.0129 10.23 1.000 1.000 

.0967 1.360 1.000 1.000 
•. 0807 1.483 1.000 1.000 
.1639 .8026 1.000 · 1.000 
.0625 2.105 1.000 1.000 
.0587 2.240 1.000 1.000 
.0600 ,2.193 1.000 1.000 

--------· ----
*No matrix diffusion assumed in Layer 6. , 

Rmd 

.3216E+l0 

.6132E+10 

.6411E+08 

.3981E+l0 

.3887E+ll 
1.000 

.1984E+ll 

.5101E+l0 

.3984E+l0 

1936. 
5273 •. 

9.855 
4520. 

.4012E+05 
.i.000 

.1402E+05 
3375. 
2696. 



SCENARIO 2 
Table.C-4 

--------

Vector 24 Data Used to Estimate Retardation Due to Diffusion Into the Rock Matrix. (Caveats in the text on p. C-7 with regard· to longer decay chains should be notecl.}. 

L· 1 
fl ch ch i (ft) ¢. vi Rhost Rfracture Rmd 1 

U234, U236, U238 ~-------~ 
1 150. .0484 2.619 2455. 10. 20 . .3678E+08 2 150. .0440 2.878 2711. 10.20 ,30?8E+08 3 50. ,0125 10.09 9817. 10.20 .8559E+06 n 4 60. .1017 1.246 1103. 10.20 .6139E+08 I 5 690. .0675 1.07G 1724 . 10.20 · .3231E+09 ..... 
6* 10. ,1438 .8808 1317 • 131 7. 1.000 

..... 
.7 690. .0639 1. 98.1 1827. 10.20 .2907E+09 8 200. .0552 2.297 2138. 10.20 .6329E+08 9 150. .0708 · 1.790 1639. 10.20 .7687E+08 

*NG matrix difl~sion assumed in Lay~r 6. 



i L, 
l.. 

Tc99. 

1 150. 
2 150. 
3 so. 
4 60. 
5 690. 
6 10. 
7 690. 

n 8 200. 
I 9 150 •. i,:... 

"' Cl4 

1 150. 
·2 150. 
3 50. 
4 60. 
5 690. 
6 10. 
7 690. 
8 200. 
9 150. 

Table C-5 

Vector 62 Data Used to Estimate Retardation 
Due to Diffusion Into the Rock Matrix 

fl Ch Ch fDi V• Rhost Rfracture l.. 

.0422 3.326 7215. 5.348 

.0931 1.506 3095. 5. 348 

.0140 10.04 . 2242E+05 5. 348 . 

. 0694 2.021 4260 . 5 .348 . 0786 1.784 3725 . 5.340 
.1694 .8276 76.98 76.98 
.0753 1.861 3899. 5.348 
.0735 1.907 4002. 5.348 
.0742 1.890 3964. 5 ._348 

.0422 3.326 1. 000 1.000 

.0931 1.506 1.000 1.000 

.0140 10.04 1. 000 1.000 

.0694 2.021· 1.000 1.000 

.0786 1.784 1.000 1.000 

.1694 .8276 1.000 1.000 

.0753 1.861 1. 000 1.000 

.0735 1.907 1.000 1.000 
~0742 · 1. 890 1. 000 1.000 

Rmd 

.3391E+08 

.1565E+09 

.1277E+07 

. 3570E+.08 

.5213E+09 
1.000 

.4808E+0.9 

.1330E+09 

._ 1015E+09 

879.8 
9460. 

11.65 
· 1568. 

.2617E+OS 
1.000 

.2306t:+05 
6216. 
4789. 



decay chains. The effect of other chain members on these estimates has not been investigated quantitatively. 

Other violating v~ctors for this scenario h~ve been investigated with this method and similar improvement observed. 
The accuracy of the estimates would be improved by estimating 
discharges at times earlier than tB and correspondingly larger values of ~

0
• However, the treatment giv~n is sufficient to · 

demonstrate the potential importance of diffusion into the rock matrix as a retardation mechanism. 
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APf'ENDIX D 

CALCULATION OF THERMAL BUOYAi.'l'CY GRADIENT. 

Consider a cylindrical volume of fluid with length L 
and ·average temperature T immersed in a medium of average 
temperature T (T>T ), (F'igure D-1). The difference_ in 
temperature p~oduce~ an upward force on the volume of fluid. 
The v~lbcity 21 the fluid in the cylindrical volume. can·be 
described by: · . . . · · · 

with 

V = 
a = 

AT = 

K = 

V -a.dTK 

Darcy velocity of fluid 

average linear coefficient 
expansion 

T-T 
0 

Hydraulic 

T 
L 

l 

of fluid 

conductivity 

T T 
0 

of 

(D-1) 

of thermal 

medium 

.Figure D-1. Water Column Assumed for Thermal Buoyancy Calculation \ 
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Since Darcy velocity is equal to the product of hydraulic 
gradient (I} and conductivity, the upward gradient is given ,, . 

. by· 

I = aL1T (D-2} 

· The temperature field around a repository at the Han
ford Site (46,800 MTHM spent fuel} has been calculated for 
various times after closure. Figure D-2 presents the re
sults of these calculations at 2f3ooo, 4,000, and 30,000 
years after repository closure. · The upward gradient for 
each time period is calculated as follows: the 11 disturbed 
zone 11 is assumed to be 4 km wide and has a height 6£ 400 
meters above the repository. The average temperature T of 
this disturbed zone is calculated by 

- 1 

L 
f TdL. T = 

T
0 

is the_ average background teniperature of_the disturbed 
zone calculated from the natural geothermal field. The 
hydrualic gradient is then obtained· by using Equation (D-2), 
i.e., I= a(T~T }. 

. . 0 ' 

The results of the calculations are shown in Table D-1. 

Table D-1 

Hydraulic Gradients Produced by Thermal Effects 

T( 0 c} -- !o(OC} a(T) 0 c-1 Gradient 

1,000 year 98.2° 53.2° 608xlo-6 0.027 

4,000 year 101.s0 53.2° 608x!0-6 0.030 

10,000 ·year 64.3° 53.2° 513xl0-6 Q.006 
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Figure D-2. Isotherms Used in Calculating 
Thermal Buoyancy, ifrom Reference .2 8 
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APPENDIX E 

THE MIXING CELL SOURCE MODEL 

In Source #3 we allow the backfilled regions to be modeled as a mixing cell in which flowing ground water is assumed to mix with radionuclides in the volume of the mixing cell. The concentration of radionuclides released from _the backfilled regions is then given by the uniform concentration in the mixing cell. This model can be calculated analytically for a single stable species. 

Let 

V 

C 

L 

Q 

= 

= 

= 

= 

mixing cell volume, 

radionuclide concentration in water in 
the mixing cell, 

rate of radionuciide input into V from 
waste-form leaching, 

rate of water flow through v.. 
In the mixing cell model, we assume the leach rate, L, to be a constant_fractional rate, AL of the initial inventory in the waste form,. N

0
, 

L = 

The contaminant concentration in the mixing cell is described by 

dC 
V ·- - L - QC (El) 

dt 

.If we let 

Ao = Q/V. 
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the solution of Equation (El) is, 

C ( t) . -

For small t, 

C (t) = 

Q 

tL 

V 

(E2) 

Thus the concentration of the radionuclide increases 
linearly with time from zero. 

The asymptotic release rate QC 00 f rain Equation. ( E2 ) with t - oo : 
can be obtained 

QC00 = L 

Thus, a~ long times, the release rate approaches a value 
governed by the rate of waste-form leaching. The release 
rate from the-mixing cell is then less than or equal to, 
the release rate given by consideration of the waste form 
leaching alone. 

For decaying radionuclide chains, this model is im
plemented numericaily in NWFT/DVM according to the compart
ment model_ sh.own in Figure E-1. Radionuclides remaining in 
the waste form ar.e represented by Compartments, R. The 
waste-form breakdown rate governs transfer from Compart
ments R to Compartments u. The inventory in Compartments 
U is examined"along with the water volume in the mixing 
cell and solubility l_imits to transfer all or part of that 
inventory into the mixing cell. The mixing cell inventory 
is denoted by Compartments N. The mixing cell is flushed 
constantly to give a release source (S) of 
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~ I 

! I leaching 
I 

I 1 ~ 
I 

J u I ~ I I 
i ' 
t 

disso1ution 
' I 
' precipitation ' t I . J ~ N 

J ?I,, r 
1 

flushing 

s 

Figure E-1. Implementation of the Mixing Cell 
Source Model for NWFT/DVM. 
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where Ni is the inventory of radionuclide i in the mixing 
cell· compartment. 

When solubility limits are applied, radionuclides may 
be transferred from Compartments N to Compartments U, re
presenting precipitation. For large solubility limits·, Com
partments U are emptied as quickly as· they are f il_le<i. 

Horizontal transfers between a compartment, i, and 
compartments i + 1 or i - 1 represent decay and/qr produc
tion. 

The effect. of various source models can be illustrated 
by considering the total integrated discharge of the contam
inant, Di 

t· 

D·," = f s. dt 
l. l. 

0 

For a leach or solubility limited source, Si is a constant. 
For the ·mixing ce.11, · Si is .. initially zero and approaches an 
asymptotic value determined by the leach· or solubility limit. 
The discharge is illustrated in Figure E-2. 

The integrated discharge is numerically equal.to the 
area under the plot of s., versus t. Due to its low· initial 
value, the mixing cell aiways gives lower values of S, and Di 
at any finite time, 'than a leach or solubility limitea model. 
It should be kept.in mind that, the leach-limited source will 
be depleted at an earlier time, and the the total release will 
be the same for all models given sufficient time. 
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APPENDIX F 

RATIONALE FOR. THE SELECTION' OF· 
SCENAR!OS ANALYZED IN BASALT 

In these analyses, we have chosen scenarios which are both 
credible and consisterit with the characteristics of a real ba
salt site currently being studied. It is felt that contaminant 
transport by ground water to an aquifer is the dominant trans
port mode. The first step, therefore, was to examine scenarios 
involving groundwater transport to an aquifer. The path of 
this transport ·from the underground facility could either be 
upward or downwa.rd, to an upper or lower aquifer, resp~ctiveiy. 
An upward path was chosen for our analyses for the following 
reasons: 

1. No indication exists that there is a downward 
gradient from the subsurface facility to 
the lower aqu.ifer at the candidate site, 

2~ A lack of knowledge of the characteristics 
· of the lower aquifer for the real·site: 
that is, data involving flow direction, 
discharge location and hydraulic p~oper
ties are very limited and inconsistent. · 

3. Based on expert judgement, the groundwater 
travel time from the underground facility 
to the accessible environment via a lower 
aquifer is .likely to be much longer. than 
via an upper aquifer. In other words, the 
lower aquifer path would probably be of much 
le.ss radiological consequence than the upper 
case. 

No Disruption Scenario 

With an upward path·chosen, a base case (no disruption) 
Scenario 1, was selected with the following rationale.: 

1. Thecross-sectional area of the whole 
underground facility was used as the. 
cross~sectional area of the upward flow 
column. This is the largest areal ex
tent that can carry the wastes from the 
underground facility.· This is a conser
vative approach •. 
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2. Little or no natural upward gradient is 
indicated by the data from the real site. 
Therefore, an upw~rd gradient that could 
be produced by the thermal buoyancy re
sulting from waste.heat was used in the 
analyses. 

3. The "shortest" path .to the accessible 
environment was selected. First a loca
tion one mile down gradient in the first 
aquifer above the underground facility . 
was chosen as the "accessible environment". 
Then a "vertical" path, rather than.a "zig
zag11 path, to the upper aquifer was used 
{see fi~ures below). 

lrnile 

Vertical Path 

r
'I 
I 
I 
I 
I 

1 mile 

Zig-Zag Path 

0 

Each horizontal segment in the ·zig-zag path is· a high 
conductivity zone in an interflow or an interbed layer. It 
was felt that the vertical segments in this path could be 
represented by one vertical segment as in the "vertical path"
case. Available data on interflow and- interbed zones of the 
real site suggest that the total travel time of ground water 
in the horizontal segments would most probably be longer 
than that in the 1-mile-distance within the aquifer in the 
"vertical path" case. · Therefore, a "vertical path" to the 
upper aquifer was chosen for our analyses. 
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Disruption Scenarios 

The disruption scenarios we chose involved the intro-
.duction of a high conductivity zone between the underground 
facility and the upper aquifer. One scenario (Scenario 2) 
involves a high conductivity zone of a large areal extent 
and another scenario (Scenario 3) a zone of small areal ex
tent. For Scenario 2, the dense basalt layer containing the 
underground facility was assumed to be fractured by either 
earthquakes or stresses (mechanical or thermal) related to 
the proximity of the u~derground facility. The same ratio
nales as ( 1), ( 2), and (. 3) in the "no <;iisruption" scenario 
were appl~ed here. Scenario 3 involves a small area of 
high conductivity. This could be a borehole, a degraded 
shaft, or fractured rock around a borehole or a shaft. We 
feel that the two scenarios selected represent events of 
high or.credible probability' and possibly of high conse
quences for the time period of interest .. · 

No massive disruption scenario, e.g., faulting, was 
considered in our analyses. Due to the time constraint of 
this work, no detailed analysis of the probability of oc
currence of massive disruption could be performed. We 
fee~, however, that the probability of having a massive 
disruption through or near the underground facility at.a 
site with these characteristics during the time period of 
interest, should be v~ry small. 
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APPENDIX G 

GEOCHEMICAL AND HYDRAULIC PARAMETER DATA 

Table G-1 

Ranges of Rd Values ·for Basalt Host Rock 
lSecondary Minerals) · 

Element Ranges1 in Table 5 Ranges Fro' 
Literature 

Am 2.SEl, 2.0E6 1.9~2, 

·pu 4.SEl, 5.2E3 l.1E2, 

u 4 •. .OEO, l.3E3 l.2El, 

Np I.SEO, 2.8E4 9.0EO, 

Ra, Sn, Pb 1. 7El, 5.8E3 5.0El, 

Ranges expanded 0 to represent .001-:-.999 quantiles 

Values from literature review (see Table G-2), 
assumed to represent .5-0.95 quantiles 

G-1 
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2.20E3 
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4.60E3 
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1 

Element 

Am 

Pu 

Np 

Ra, Sn, 
Pb 

Table G-2 

R Values for Basalt 
(Secondary ~inerals, 0.05-0.95 quantiles) 

Value Ref 

l.9E2 29 
2.51E5 29 

l.1E2 29 
2.2E3 29 

l.2El 29 
4.SE2 29 

9.0EO 
4.65E3 

5.0El 
2.0E3 

29 
30 

29 
29 

Conunent1 

normal po2 , GR-1, interbed/altered 
basalt, 23-6.0° C, ave. value 

normal po2 , GR-1, interbed/altered 
l~w po2 , GR-1, fracture minerali
zation, ave. value+ s.d. 

normal po2 , GR-1, interbed/altered 
normal po2 , GR-1, fracture miner
alization, Gooc, median value+ s. 
d. for several temp., contact times, 
etc. 

normal po2 , GR-1, interbed/altered 
hydrazine reducing agent, altered 
basalt, GR-2 

normal po2 , GR-1, . interbed/al tered 
normal po_2 , GR-1, interbed/ altered 

Experimental .conditions are described including redox or at-' 
rnospheric. conditions, water used (see Ref. 31), type of rock 
and nature of the value quoted: average or absolute value 
+ standard deviation (s.d.). 
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Radionuclide 

Am 

Pu 

' u 

Np 

Table G-3 

Rd Ranges in Basalt Aquifer (nl/g) 

Rd Ranges 
in Table·5 

of Rationale 

(10-2 - 105 ) 

(10-2 - 5oJ 

( -2 10 - 500) 

Rd Ranges Ref. 
1.n Ref. 

300-134,000 32 

8-11 35 

1,100-33,000 32 
20-64 34 

2.89-10,900 32 

7.45 - 65.3 33 

27 34 

44 

. 7-500 

109-569 

G-3 

. 35 

32 

33 

Comment 

Aquifer of Salt 
dome, pH6....:8 
Sandstone, 

II 

Sandstone, 
pH6.8 

pH6 

Aquifer of salt 
dome, pH6-8 
Alluvium, pH8 

Argillite 

Argillite, pH8.2 

Aquifer of.salt 
dome, pH6.:.8 
Alluvium, pH8.S 



-------------

Table G-4 

Basalt Hydraulic Parameters_ 

Range of Data Reference 
Parameter Range in Table 2 in Available Ref. 

Conductivity in 
Aquifer (ft/day) 

Porosity in 
Aquifer 

Conductivity in 
Host Rock(ft/day) 

Porosity in 
Host Rock 

l.OEO - l.OE4 9.9 36, Table 14 
1 - 2E4 37 

0.1 - 0.3 0.1 - 0.15 36, Table 13 
0.2 37 

l.OE-7 - l.OEO 2.BE-8 - 0.28 36, Table 11 

l.lE-3 - 2.0E-1 l.OE-3 - l.OE-2 37,Table 3 
l.OE-3 - 36,Table 13 
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ABSTRACT 

Potential radionuclide releases from a hypothetical tuff 
repository have bee~ calculated and compared to the limits set 
by the EPA Draft Standard 40CFR191._ The importance of ·several· 
parameters and model assumptions to the estimated discharges 
has been evaluated~ The areas that were examined included the 
radionuclide solubilities and sorption. the description of the 
local hydrogeology and the simulation of containment transport 

_in the presence of fracture flow and matrix diffusion. The 
· uncertainties in geochemical· and hydrogeological parameters · 

were represented by assigning realistic ranges and probability 
distributions to these variables. The Latin Hypercube sampling 
technique was used to produce combinations (vectors) of values 
of the input variables. Ground-wate·r flow- was described by 
Darcy's Law and radionuclide travel time was adjusted· using 
calculated retardation factors. Radionuclide discharges were 
calculated using the Distributed Velocity Method ·(DVM). The 
discharges were integrated over five successive 10.000 year 
periods. The degree df compliance of the repository with the 

· standard in each scenario was.illustrated by the use of 
Complementary Cumulative Distribution Functions (CCDF). 

Our calculations suggest the following conclusions for the 
hypothetical tuf~ repository: (1) sorption of radionuclides by 
zeolitized tuff is an effective barrier to the migration of. 
actinides even in the absence of solubility constraints; (2) 
violations of the EPA Draft standard can still occur due to 
discharge of 99Tc ·and 14c. Ret~rdation due to matrix dif
fusion. however. may eliminate discharge of these nuclides for 
realistic ground-water flow rates; (3) in the absence of sorp
tion by thick sequences of zeolitized tuff, dischaiges of u and 
Np under oxidiz,ing conditions might exceed the EPA standard. 
Under reducing conditions. however, the low solubilities of 
these elements may effectively control radionuclide release. 
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1. INTRODUCTION 

In the near future. the EPA is expected to issue 40CFR191. a draft standard for the geologic disposal of radioactive wastes. During a 180 day period. government agencies such as NRC are expected to comment on the standard. Sandia is funded by the NRC to provide information and insights useful in preparing these comments. The objective of this effort is to perform calculations similar to those performed by EPA in developing the draft standard. We have calculated integrated discharges of radionuclides in plausible scenarios. A nuniber of media have been proposed as candidate hosts for nuclear waste repositories: bedded salt. domed salt. basalt •. tuff and granite. This report documents analysis of a r~pository in the saturated zone of a volcanic tuff formation. 
The conceptual model of the repository site.is consistent with our current understanding of the characteristics of volcanic tuff environments currently being studied by the Department of Energy. It must be stressed that we have not attempted to accurately model any specific real site. At the present time the available data are n6t suffiqient for this purpose. Large uncertainties exist in the characterization of the solubilities and sorption of radionuclides. in the description of the regional and local hydrogeology and in the mathematical treatment of contaminant transport due to fracture flow and matrix diffusion. We feel. however. that in this analysis. we have calculated reasonable upper limits of radionuclide discharge for a generic tuff repository under realistic conditions. In our calculations we have also attempted to· evaluate the r&lative importance of the aforementioned areas of uncertainty to the estimated radionuclida release. 

Appendices A-through c describe in detail the assumptions and mathematical approximations that we used in our analysis. In Appendix A we discuss the data ·obta.ined from studies .of Yucca Mountain at the Nevada Test Site which were used in setting· realistic limits to· hydrogeological parameters used in our calculations. The assumptions used to calculate hydraulic gradients for the hypothetical repository site are also discussed. In Appendix B. the geochemfcal envir-onment a_t Yucca Mountain is described. The data which were used to estimate realistic values of radionuclide sorption ratios (Rd's or. Kd's) and solubilities are also discussed. In some. of our calculations we have used a retardation factor which includes the effects oi matrix diffusion for 99Tc. and 14c and 1·291. · Appendix C contains a derivation of the appro·ximations we·have used to adapt our one-dimensional porous.media trans-. port model· to the analysis ~f transport in jointed porous rock. 
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2. GEOLOGY AND HYDROLOGY OF THE REPOSITORY SITE 

2.1 Regional Geology and Hydrology 

A map of the topographic ietting.and a regional cross-section 
of the repository site. are showri in Figures l · and 2 
respectively. The r~pository (point R) is located in Mouritain 
A on the flanks of a large volcanic caldera. The repo~itory 
horizon lies approximately 3000 fee·t below the surface within a 
Tertiary volcanic tuff aguitard (Unit 3) in the saturated 
zone. In Mountain A. the water table is 1500 feet below the 
surface and 1500 feet -abo~e the re~ositozy. The tuff aguitard 
is composed of layers of moderately welded to nonwelded tuff 
units and extends several thousands of feet below the 
repository horizon.. On a regional scale. the tuff aqui tard is 
underlain bt a Paleozoic elastic aquitard (Unit 2) and a· 
Paleozoic carbonata aquifer ·(Uni~ 1). The basal no-flow 
boundary of the regionil ground-water system· li~s at the base 
of the carbonate aquifer. 

Above the tuff •quitarci lies a denseli welded and highly ~rac
tured Tertiary tuff aqui"fer. This uriit reaches a maximum 
thickness of about 1000 feet at Mountain A. In the washes 
adjacent to the mountain. the water table lies· within the tuff 
aquifer. The _pie·zometric surface approaches the land surf ace 
gradually along the A~D section in Figures land 2: at point D 
water flows freely in wells at· the surface. · 

The lateral boundaries of the regional grotind-:-water system are 
approximately coincident· with the ·edg·es of Figure 1. Th_e areas 
north ot Mesa A and Me~a B. 6omprise the northern ~order of the 
system. The eastern and s6utheastern limits of the basin are 
marked by a seiies of mountains and ridges. A ~ountain range 
in the· southwest marks· another bou_ndary of the system. The 

·northwest border at the regional system is not well defined. 
however. t~~ ar~a to the west of Mesa A is· knowri to belong to 
another hydrogeologic system. 

Recharge to the ground-water system through precipitation 
occurs only above the SOOO'foot contour marked in Fig~re 1. 
Due to the high evaporation potential in this region. onfy 
about 15 ~ercent of 15 inches of raihfall infiltrates t6 the 
water table in areas above this eleva·tion. The ground.:..water 
system is· sluggish because of the small amount of recharge·. 
The hydraulic gradients are low to moderate cio-4 to 10-3) 
except .in regions where the rocks in the saturated zone are 
relatively impermeable. The regional ground-water flow is 
south-southeast through the repository and soutb-southwest in the southern portions of Figure 1. 
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2.2 Local Geology and Hydrology 

A detailed cross section at the repository is shown in Fig
ure 3. In Table 1. the stratigraphy for the site is described 
in more detail. An explanatioh of the petrological terms can 
be found in the section on Geochemistry. 

In the vicinity of the volcanic caldera. the tuff layer• are 
underlain only by granitic batholiths: all pre-existing rocks 
have been destroyed by volcanic eruptions. The ·tuff units thi'n 
with increasing distance from the volcanic centers as shown in 
Figure 2. 

The engineered facility is located in the middle of Unit A, a 
densely welded member of the tuff aquitard. This unit is a 
devitrified tuff. composed primarily of alkali feldspar. 
tridymite and cristobalite. · Layer B. directly above the 
repository horizon. is a nonwelded zeolitized tuff composed 
primarily of clinoptilolite. The water table lies in layer G 
which is similar in composition to Layer c. Layers E and I 
have not undergone devitrification. They have retained their 
original glassy nature and are designat~d as "vitric" in Table 
1. 

The geochemical and hydrological characteristics of these 
layers are determined primarily by the mineralogy and the 
degree ~f welding of the rocks. The local flow~system and 
radionuclide retardation will in turn be st'rongly influenced by 
these characteristics. In Table 2. the ranges and types of 
distribu·tion for several hydrogeologic parameters are described 
for the different types of .tuff. Data from pump tests. labor
~tory ~easurements of matrix porosity of intact cores. and .. 
calculations based on fracture aperture and density were used 
to bound reasonable limits-for hydraulic.conductivity and poro
sity. Observations of the orientation of fractures in volcanic 
tuffs at the Nevada Test site (1.2) suggest that two sets of 
vertical fractures dominate the joint system. In such systems. 
fluid flowing in the horizontal direction will effectively 
encounter only one set of fractures. Fluid flowing in the 
vertical direction will ehcounter both sets of fractures. In 
our calculattons. therefore. we have assumed that values of 
hydraulic conductivity and effective porosity in the vertical 
direction are twice the values in the horizontal direction. 
The assumptions and methods used to delimit the ranges of 
hydraulic propert-ies are discussed in more detail in Appendix 
A. The wid~ ranges of values ~or the~e para~eters cor~espond 
to the limit·s of values of published data obtained fro.m the 
different measurement te~hniques described above. It ~ill be 
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STRATIGRAPHY OF HYPOTHETICAL TUFF SITE 

DEGREE OF 
WELDING ROCK TYPES 

NA 
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NONWELDED 
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MODERATE 
NONWELDED 

DENSE, 
NONWELDED 

DENSE 
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DEVITRIFIED 
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DEVITRIFIED 
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DEVITRIFIED 
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ZEOLI TI ZED 
DEVITRIFIED 

ZEOLITIZED 
·OEVITRIFIED 

_.,_ 

THICKNESS 
CFT) 

60-425 
145 
150 
900 

475 

270 
180 
150 
250 
300 

COMMENT 

WATER TABLE AT 
DISTANCE=& MILES 

WATER TABLE.AT 
DISTANCE=O MILES 

400· REPOSITORY HORIZON 

I 
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Table 2 

RANGES OF HYDROGEOLOGIC PARAMETERS 

Densely We.lded Moderately Welded · Nonwelded 
Parameter · Tuff Tuff Tuff. 

Hor1zontal hydraul1c 2x10-5_30 3x10-5_5 10-5-2 
conduct1v1ty (ft/day)'' (LU)' (UO ( LN) 

Hor1zontal effect1ve 4.4xl0.,.4-0.32 0.03-25 20-48 
poros1ty (%) 1 1 ( LN) ( LU) ( N) 

Hor1zontal :hydraul1c 1 xl o-3_, xl o-1 1 xl o-3 __ , xl o-1 1 xl o-3_, xl o-1 
grad1ent ( LU) ( LU) ( LU) 

Vert1cal hydraul1c lx10-2-4x10-2 1x10-2-4xlo-2 1x10-2-4xlo-2 
grad1ent (U) (U) (U) 

Gra1n dens1ty 2.3 2.2 l. 7 
(g/cm3) 

: 

Hor1zontal fracture -4 4.4xl0. ,-0.32 o.0~0.06 
porosity''(%) 

Total Poros1ty (%) . ·,3-10 10-38 20-50 

1 Type of d1$tr1but1on 1s 1nd1cated 1n parenthes1s for var1able sampled by 
Lat1n Hypercube Sample: (LU)-log un1form; (LN)~lognormal; (U)-un1form. 

'' Values of these propert1es 1n the vert1cal d1rect1on are 2x the values 
1n the hor1zontal d1rect1on. 
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shown in Chapt_er 6 that th1s uncertainty in the input. data can be related to the uncertainty in the resµlts by the Latin Hypercube ~amp ling tecqnique. ( 18) .and the complementary Cumulative Distribution Function (6). 

The repository site is extensively block ~aulted, consequently, the water table lies in the .tuff aquitard near Mountain A (an uplifted block) and in the tuff aquifer beneath the adjacent washes and flats (down-dropped blocks). 

_The water table in the vicinity of the repository is indicated in Figure 3. Near Mountain A, the piezometric surface lies within Unit H and parallels the top of this layer-. The horizontal hydraulic gradient near the repository is within the range 10-l to 10-3. Approximately 2 miles from the · repository, the water table enters. the tuff aquifer C in Layer GD and the gradient decreases to:a range of 10-2 to 10-4. · This change in gradient is dUe to the combined effects of stratigraphy, contrasts in hydraulic conductivity, and increased recharge·. at elevations above 5000 feet. In our calculations. however .• we have sampled the horizontal gradient over a range of 10-l to 10-3 for conservatism. 
The block faulting can create local abrupt changes in head at vertical faults where relatively permeable water-bearing zones. are abutted against impermeable layers. For the purpose of.our calculations, however. we have ignored these local hetero~ geneities. The water lies more than 1000 feet .below the surface at all points along section ARBC. ·Local changes in the water table will not substantially affect radionuclide transport on the scale of our model; the water table, therefore, is ~epreserited by straight-lines in iigure 3. 
In all of the release scenarios (except scenarios 2 and 2B) we have assumed that radionuclides travel vertically from the engineered facility to the water.table under the influence of thermal buoyancy related to the heat generated by the emplaced waste. We have also assumed that the volume of annual groundwater flow through .the repository is not large ·enough to appreciably perturb the regional .flow system. Supply of ground water to the repository will be sufficient to saturate the repo~it~ry at ~11 times~during the 50,000 year period of inter-· est. This assumption adds anothe·r element of conservatism to our calculations and will be discussed further in Appendix~-
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3. WASTE AND REPOSITORY DESCRIPTION 

3.1 Waste 

The inventory (Table 3) assumed in this work is equal to half 
the projected accumulation of 10-year-old spent fuel in the 
United States by the year 2010. This would contain a total of 
103.250 BWR and 60.500 PWR assemblies: a total of 46.800 metric 
't;ons of heavy metal (MTHM). All radionuclides specified in the 
Release Limit Table of the EPA Standard.are includ~d in this 
inventory list. · 

Based on the inventory and toxicity of each radionuclide the 
following chains of radionuclides were considered: 

(1) 

(2) 

(3) 

(4) 

240Pu ~ 2360 .._..232Th ~ 228Ra 

245C 241P 241A. 237N. 2330 229T·h m~ u~ m~ p~ ~ 

246cm ~ 242Pu ~2380 ~2340 ~230Th _..226Ra , .._ . t 
:238Pu ~ 210Pb 

243Am .-..+: 239Pu ~ 2350 ~231Pa ~ 227Ac 

The fis~i-0n and a6tivation product radionuclides 99Tc~ 
129 1• 126sn. 90sr. 14c. 13Scs. and 137cg were also 
considered in this work. 

All canisters containing the wastes are assumed to have a life 
of 1.000 years after emplacement. At year 1.000. all canisters 
fail simultaneously and. radionuclide release begins. Radio
nuclide release is assumed to. be determined by a constant rate 
of breakdown of the waste form. The waste matrix is assumed to 
dissolve at an annual rate of 10-3 to 10-7 of the original 
mass. Radionuclides are assumed to be uniformly distributed 
throughout the matrix so that their release rate is ~irectly 
proportional to th~ matrix dissoltition rate. 

3.2 Subsurf~ce Facility 

The reference, subsu.rface facility ts cl __ mined facility a.t a. 
depth of 3. ooo feet below th'e surface. A description of the 
facility .is s_ummarized as follows: 
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Areal dimerisions 

Height= 23 ft. 

2.000 acres (8.7lxl07ft2) 
(Reference 3. Table Cl) 

Rep. Volume= B.71x107 ft2 x 23 ft= 2.ox109ft3 

Extraction Ratio= 20% (Reference 3. p. 88) 
Porosity of Backfill= 20% 

P6rosity volume of depository~ a.ox107ft3 
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Table 3 

INVENTORJ OF REFERENCE REPOSITORY 
(SPENT FUEL FROM 46,800 MTHM) 

Radionuclide Half Life 

Pu2,40 6.76E3 
U236 2.39E7 

Th232 l.41El0 
Ra228 6.7 
Cm245 8.27E3 
Pu241 14.6 
Am241 4.33. 
Np237 2.14E6 

U233 1. 62ES 
Th229 · 7300-. 
Cm246 4710. 
Pu242 3.79E5 

U238 4.51E9 
Pu238 89. 

U234 2.47ES 
Th230 8.E4 
Ra226 1600. 
Pb210 21. 
Am243 7650. 
Pu23·9 2.44E4 

U235 7.1~8 
Pa231 3.25E4 
Ac227 21.6 · 
Tc99 2.14ES 

I129 l.6E7 
Snl26 l.OE5 
Sr90 28.9 

Cl4 5730. · 
Csl35 2.0E6 
Csl37 30. 
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Curies 

2.1E7 
l.OE4 
l.7E-5 
4.7E-6 
B.4E3 
3.2E9 
7.5E7 
l.SE4 
1.8 
l.3E-3 

.. 1. 6E3 
7.5E4 
l.5E4 

· 9. 4E7 
3.SE3 
0.19 
3.SE-4 
3.3E-5 
6.6ES 
l.4E7 
7.5E2 
0.25 
5.2E-2 
6.lES 
l.SE3 
2.2E4 
2.4E9 
3.5E4 
l.3E4 
3.5E9 



4. SITE GEOCHEMISTRY AND RADIONUCLIDE RETARDATION 
4 .1 Geochemical Environm·ent of the Hypothetical Tuff Site 
The migration rate of radionuclide in the tuff repository site ~ill depend on the interactions between the dissolved specie~ and the iock matrix and betweeri the different aqu~ous species in the liquid phase. Important geochemical parameters which must be charac·terized· include the major and minor element composition, pH, Eh, and temperature of the ground water and the mineralogy of :tuff layers through which the radionuclides migrate. · 

The lithology of each tuff unit in our hypothetical tuff site is described in Table 1. They are classified as zeolitized, vitric or devitrified. A mtire detailed discussion of the miheralogy may be found in Appendix B. The ground water in the repository site is assumed to· be a sodium-potassium-bicarbonate water similar to that described by Winograd and Thordarson {4) at the Nevada Test Site. The Eh is assumed to be mildly oxidizing and the pH is between 7.2 and 8.3. The chemical composition of water from the vi"cinity of _Yucca Mountain and the justification for the above assumptions are described in detail in Appendix B. The temperature assumed in the _transport legs in the far field of the repository site is between ~o0 c and 40°C. '!'his range is based on the -geothermal gradient at Yucca Mountain (3). 
· 

4.2 Sorption Ratios 

The_ sorption ratio (Rd.)· is an experimentally determined ratio of the amount of radionuclide bound to a solid phase to the amount of riuclide in a volume of iiquid in contact with the solid •. 

grams radionuclides per gram rock Rd {ml/g) =. grams radionuclide per ml water 

'-, 

Values for range_s of Rd for the different types of tuff found at the reference repository site are given in Table 4. These ranges are based primarily on a review of the results of sorption ratio studies by scientists at Los Alamos Laboratories (5-10). 

The degree of conservatism for these ranges is discussed in Appendix B. Elements for which no sorption data. are published are enclosed in brackets in Table 4. They have been assigned to Ra values of chemical homologs for which data are available (11). To our knowledge, there are no -acceptable data ~or 

-13-
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Table 4 

RANGES OF Rd (ml/g) VALUES SAMPLED BY LATIN HYPERCUBE 

Zeol1t1zed 
V1tr1c Oev1tr1f1ed ·. Tuff w1th 

Element Tuff Tuff Cl 1 nopt1 lo l 1te 

Sr, [Ra, Pb, Sn] 117-300 50-450 290-213,000 

Cs 429-8600 120-2000 615-33,000 

Pu 70-450 80-1400 250-2000 

Am, [Cm, Pa, Th, Ac] 85-360 190-4600 600-9500 

Np 5-7 5-7 4.5-31 

u 0-11 .1-14 5-15 

I, 14c 0 0 0 

Tc 0-2 0.3-1.2 0.2-2 
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Np sorption on vitric tuff: the sorption ratio range for devi
trified tuff .was assigned to this medium. 

4.3 · Solubility Limits of Radionuclides 

The solubility limits that were assigned to each element in 
this study are listed in Table 5. Based on data available at 
this time •. the values in the table are approximate upper bounds 
for the solubilities of these elements in a volcanic tuff 
environment~ The determination of solubilities of 
radionuclides in ground water associated with a repository in 
tuff requires experimental studies and calculations describ
ing the possible interactions between nuclides and ligands over 
a range of temperatures. water compositions and redox condi
tions. The theoretical calculations are not within the scope 
of this contract and to our tnowledge have not been carried 
out. · Few experimental data describing radionuclide solubility 
in tuff are available at this time. Due to the time con
stratnts of this contract. we have compiled this list of solu
bility values from a limited amount of experimental data and 
solubilities calculated from a limited review of thermochemical 
data (12-16). A discussion of the conservatism of these data 
may be found in Appendix B. 

4.4 Radionuclide Retardation 

The.following expression was used to describe radionuclide 
retardation in layers of zeolitized tuff in all scenarios.· 

Where is the effective porosity of the rock 
is the grain density of the rock · 
is the radionuclide sorption ratio (ml/g) 

(4.1) 

The calculation of retardation in moderately and densely welded 
tuff layers was different in each scenario. In scenarios 3 and 
4. expression 4.1 was used for moderately welded tuff layers. 
It was assumed that all radionuclides were unretarded in 
densely welded layers in scenarios 1,. 3. 4. s. and 6. In 
scenarios 1. s. and 6 it was assumed that all tadionuclides 
were unretarded in moderately welded tuff layers also. 
Detailed descriptions of the scenarios and rationales f.or these 
representations ot retardation are found in the next section. 
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Table 5 

ELEMENT SOLUBILITIES USED IN 
MIXING CELL CALCULATIO~S 

Solubility 
Element 

Pu 

gig · Reference 

2.4x10-4 * u 
Th 
Ra 
Cm 

2.4x10-S 15 
·2.Jx10-7 13 
2.Jx10....:a 16 
2.sx10-ll * Am 

Np 
Pb 

2.4x10-12 15 
2.4x10-8 .15 
2.1x10-6 * Pa 

Ac 
2.3x10-2 13 
no limit * Tc no limit * I no limit * Sn 

s~ 
Cs 

lx10-3 13 
2x10.._6 13.16 
no limit * C 3x10-S * 

* See discussion in Appendix B 
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In scenarios lB. 2, 2B, and SB matrix diffusion for Tc, 14c. 
and I was included eiplicitly in .the calculations of radio
nuclide retardation: 

R = 1 + 
A ~ 1- € ) ( 1 R p ·( 1- ~n j) 'f',n € • +·d·. ¢ 

. . In 
(4.2) 

Wher.e .. 
,J. matrix porosity 'P,n == 
E = fracture porosity· 
p· = grain density of rock matrix 
Rd = radionuclide sorption ratio· (ml/g). 

The derivation of ~his expression and constraints on its use 
are discussed in Appendix c. 

-17-
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5. GROUNDWATER TRANSPORT MODEL· 

In the calculations of radionuclide transport it is assumed 
that ground~water flow is described by Darcy's Law: 

q = Q/A = KI (5.1) 

where. Q is the volumetric flow ~ate through an area A, normal 
to the flow direction, I is the hydra~lic gradient, K is the 
hydraulic conductivity, and q .is the Darcy velocity. When the 
flow passes through a series of layers with different hydraulic· 
properties, an "effective" hydraulic conductivity may,be calcu-
lated by · 

I: L. 
i 

l. 

K - L. I: __ l. 

i K, 
l. 

with 

Li= thickness of layer i 

Ki= hydraulic conductivity of layer i 

The total groun~-water tra~el time is given by 

Time = 1:· 
i=l 

L. 
l 

v. 
l. 

{ 5 •. 2) 

(5.3) 

where Vi is the interstitial ground-water velocity in layer·i 
and is equal to q/ </, i, where <Pi· is the effective poros-
ity of layer .i. We have assumed that ·<Pi and Ki are 
correlated and r2 = 0.70. The ~eometry of the flow path is 
described fo~ each scenario in Section 6. 

When a radionuclide {RN) is transported by ground water, the· 
radionuclide travel time {TRN> is increased by its retarda
tion factor. This is given by. 

=L 
i 

L. • 
l 

-18"'.'" 

v. 
l. 

RN R. 
l. 

(5.4) 



where R.RN is the retardation factor of .radionuclide RN in ,1 layer· 1. 

The Distributed Velocity Method (DVM) (17} has been developed by San,dia to simulate long chains of radionuclides transported by ground water. In this study we calculated the average velocity of ·radionuclides using Equation (5.4). The DVM code was then used to calculate the discharges of radionuclides. 
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6. DESCRIPTIONS OF SCENARIOS AND CALCULATIONS 

·6.1 Intioduction 

The conce~tual model of our _hypothetical repository site is 
consistent with our qurrent understanding of the characteris
tics of ~olcanic tuff environments being studied by the 
Department of Energy. We have not attempted to accurately 
model any particular real site: at the ·present time the avail-. 
able data are not sufficient f6r this purpose. Lirge tincer
tainties exist iri the cha·racterization of the solubilities' and 
so.tption of radionuclide's, in the description of _the reglonal 
and local hydrogeology and in the mithematical treatment of 
coritaminant traniport in t~e presence of fracture flow and 
matrix diffusion. In our calculations, we have attempted to 
evaluate the relative importance of.these areas of uncertainty 
to the estimated radionuclide discharge. We have calculated 
radionuclide release for several scenarios using different com
binations of the following as~umptions: 

A. Release rate of radioriuclides from the engineered facility 
1. limited by leach rate 
2. solubility limited 

B Representation of retardation of radionuclides in 
moderately welded units 
l. no retardation 
2. porous media approximations with zeolit~ Ra's 
3. poious media approximations with Ra's for vitric or 

devitrified tuff 

c. Matrix diffusion 
1. no credit given for retardation by matrix diffusion-
2. calcuiation of r•tard~tion of 99Tc, 1291, anal4c 

in welded units 

D. Distance to accessible environment 
1. one mile 
2. eight miles 

E. Flow path 
1. vertical path ind gradient controlled by thermal effect 
2. horizotital migration only 

F. Location of water table 
1. in zeolitiied tuff 
2. in densely welded tuff (300 ft above present day level) 

The char~6teristics of each scenario are summarized in 
Table 6. The release rate of radionucli~es fr~m the engineered 
f~cility was set equal to the leach rate c10-3 to 10-7 of 
the original inventory) in all scenarios except·scenario 2B. 
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The mixing cell option of NWFT/DVM was used in the scenario 2B 
and.will be described in more detail in Section 6.5. 

The uncertainties in geochemical and hydrogeological parameters 
were represented by assigning realistic ranges. and probability 
distributions to these variables. The Latin Hypercube Sampling 
Technique (18) was used to produce 106 combinations {vectors) 
of values of the input variables. Integrated· radionuclide dis
charges foi five successive 10.000 year periods were calculated 
as described in Section 5. A release ratio was calculated for 
eadh vector by ~ividing the magnitude of .the discharge of each 
radionuclide by the corresponding EPA release limit (19. 23) 
and then summing over all radionuclides.* The results are 
presented as probability distributions of the release.ratios 
for each scenario {Complementary Cumulative Distribution 
Functions) (20). The curv~ indicates ·the ability of the J 
repository site to limit tbe release of radionuclides and to 
comply with the Draft EPA Standard. They also illustrate how 
our ability to assess the compliance of a repository with the 
EPA Draft Standard is affected by the uncertainty in the input· data. · 

We have not made quantit,tive estimates of the probability of 
occurrence of any of the scenarios. We have assumed only that 
ea~h of the scenarios is an "anticipated event" (corresponding 
to a "reasonably foreseeabie release" in the EPA Draft Standard 
(19-)). We feel tha:t the scenarios have a reasonabl_e .probabil
ity of occurrence within the 10.000 year regulatory period. 

The water table is at least 1.000 feet below the land surface 
at all points within the hypothetical repository site of our 
analyses. All of the scenario.s require that a well be drilled 
at least to the depth of the water table and that the radio-. 
nucl ides are withdrawn continuously for 10 ._ooo years or ·1on
ger. We have based our subjective estima~e of the probability 
of drilling at the hypothetical tuff site on estimates of the 
water. hydrocarbon and heavy metal ore potential of the Nevada 
Test Site. our estimate of the probability of a pluvial period 
and subsequent rise in the water table at the repository site 
(scenario 5) is based on information conc~rning past climatic 
changes at NTS {22). 

*EPA release ratio~ ~ Q·/EPA· where Q1• is the kl 1 1 ,. 
integrated release of radionuclide i and EPAi is the EPA 
release limit for radionuclide i for the 10.000 year interval. 
For "reasonably foreseeable releases" the_ EPA release ratio 
must be less than or equal to unity for compliance. 
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I 
I\.) 

N 
I 

SCENAIUU 

#1 

#18 

#2 

#28 

#3 

#4 

#5 

#58 

#6 

-----------------------------------------

DISTANCE BETWEEN 
DEPOSITORY ANO 

POINT OF DISCHARGE 

l MILE 8 MILE 
PUl·IP PUMP 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Table 6 

DESCRIPTIONS OF SCENARIOS 

REPRESENTATION OF RETARDATION IN WELDED UNITS 
DENSELY ANO MODERATELY WELDED 

MODERATELY WELDED ONLY 
FRACTURED POROUS POROUS 

MATRIX MEDIUM MEDI UM MEO I UM WITH 
DIFFUSION WITH NO - WITH DEVITRIFIED TUFF 

MUUEL RETARDATION ZEOL ITES OR V ITRlC TUFF 

X 

X 

X 

X 
-· 

X 

X 

X 

x. 

X 

VERTICAL. CLIMATIC 
GRADIENT [HANGE CAUSES 

CONTROLLED BY 300 FT R I SE I N 
THERMAL PULSE WI\TER Tl\f3LE 

YES NO YES NO 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

* Scenarios 2 and 28 differ from each· other in their treatment of the source tenn. Scenario 2 was a leach 

limited source term with no solubility limits. In scenario 2B we used the mixing cell option of NWFT/DVM 
which allows iolubility limits to constrain the rat~ of radionuclide release from the re~ository. 



6.2 Scenarios 1. 3. 4. and lB: Alternate representations of retardation in welded tuff layers 

Scenario 1 - The "Base Case" 

Scenario l can be considered the base case scenario in our analyses of the hypothetical tuff site (Figure 4). The major geological barriers to radionuclide migration are the layers of zeolitized tuff above the repository. The magnitude of the vertical hydraulic gradient is determined by a buoyancy effect of water heated by the repository as described in Appendix A. Ground water and radionuclides from the ·repository will travel along tbe v~rtical gradient to the top of the water table and then migrate horizontally down the horizontal hydraulic gradient. The horizontal gradient is calculated as the sum of the regional gradient plus a component related to the upwelling heated water from the repository (~ee Appendix A.3). 

At a distance of one mile from the repository. a well pumps water from this upper saturated unit. The major barrier to horizontal transport of the radionuclide is retardation in the zeolitized layer G. Layers of zeolitized tuff are treated as porous media in the fluid transport and retardation calculations. Layers of moderately or densely welded tuff are treated as porous media in the transport calculations but it is assumed that no retard~tion o~ctirs in these layer~. Since no credit is given to retardation in the welded units. the calculated discharge may be an upper bound for release associated with the fluid transport path described above. 

Scenarios 3 and 4 -Porous media approximations for moderately --------------·--
welded tuff layers 

Scenarios ·3 and 4 differ from s.cenario 1 only in the treatment. of retardation in the moderately welded tuff layers (Figures 5 and 6). In both scen~rios th~se layers are treated as porous media. Moderately welded tuffs are characterized by phy~ical and chemical properties that are inter~ediate between densel~ welded devitrified tuffs and nonwelded zeolitized tuffs. In scenario 3. Ra values of zeolitized tuff (Table 4) are used to calculate retardation factors. These calculations may provide a lower bound to discharge from the site for scenarios 1. 3, and 4. Ra values for vitric tuffs and devitrified tuffs are used to calculate retardation in layers E and F respectively in scenario 4. Values of all other variables are the same as in correspondin~ vectors of scenario 1. 
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Scenario lB - Matrix diffusion in w~lded tuff layers 

Scenaci6 iB (Figure 7} differs from scenario 1 onlj by the 
inclusion rif matrix diffusion in calculations of radionuclide 
retardation in moderately and densely welded tuf£. layers. The 
calculation of a retardation factor which includes the effects 
of matrix diffusion has been described in Equation 4.2 and in 
Appendix c~. At present, it 6~n only be ~hown that this expres
sion is valid foe radionuclides with Ra= o (K. Erickson, 
personal communication). Foe scenario lB, therefore, retarda
tion due to matrix diffusion was considered only foe 1291, 
99T~ and 14c (see Table 4}. · 

Results 

Radionuclide discharge rates foe each vector were calculated. 
Discharge ia tes were integca t,ed for 10,000 year periods from o 
to 50,000 years. The results of the calculations are pr~sented. 
as Compleme~tary Cumulative Distribution Functions for each 
10;000 year period in Figures-SA-SE. (20) The number of vec
tors that violate the EPA Standard, the maximum violation and 
the sum of the release ratio over all vectors are presented in 
Table 7. For these scenarios, all violations of the EPA Stan
dard ace due to discharges of 99Tc and 14c. The effect of 
retardation in the moderately welded units on the integrated 
discharge can be assessed by comparing the values for scenarios 
3 and 4 to corresponding values foe scenario 1. It can be seen 
.that discharge is decreased for the first 40,000 y~acs and 
increased in the petiod from 40.000 to· so.coo ya~rs r~lative to 
scenario- 1 .. Comparison of the results for scenario lB with 
those for scenario l shows that although discharge of the 
cadionuclides is decreased significantly by matrix diffusion. 
violations of the EPA release limit still occur. 

The charadteristics of the three vectors whose radionuclide 
discharges violate the EPA Standard ace shown in Table 8. When 
these values of hydraulic gradient and Darcy velocity are com
pared· to the ranges of hydrogeologic parameters sampled by the 
LHS for input, it can be seen that the high radionuclide dis
charges ace due primarily to large ground..,.water. fluxes. These 
annual ground-water discharges rarige from 2 percent to· 7 
percent of the present day recharge of the Pahute Mesa 
ground-water sy~~em at the Nevada Test Site (21. 22}. In 
Appendix A it is shown that this fraction is unrealistically 
high for Yucca Mountain. Therefore, _we can conclude that 
violations of the EPA Standard for a ground-water flow path 
similar to scenario lB is very unlikely. 
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SCENARIO 1 

1 mile well; moderate= fiactured; thermal buoyancy; no pluvial 

LEG LAYERS 

1 A 

2 B 

3 C 

4 D 

·5 E 

6 F 

7 G 

WELDING - RETARDATION 

dense - no retardation 

nonwelded - porous - zeolites 

dense - no retardation 

nonwelded - porous - zeolites 

moderate - no retardation 

moderate - no retardation 

nonwelded - porous - zeolites 

FLOW PATH 

WELL TO SURFACE 

G . NONWELDED 

F · MODERATE 

E MODERATE 

D NON WELDED 

C DENSE 

B NON WELDED 

A DENSE 

.LAYER WELDING 

KEY 

Ill DEPOSITORY 

OJ LAYERS WITH NO RETARDATION 

[1] LAYERS WITH RETARDATION 

Figure 4 
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LENGTH (ft) 

200 

300 

250 

150 

180 

270 

5280 



LEG 

1 

2 

3 

4 

5 

6 

7 

SCENARIO 3 

1 mile well: moderate; porous zeolite: thermal buoyancy: 
no·pluvial 

LAYERS 

A 

B 

C 

D 

E 

F 

G 

WELDING - RETARDATION LENGTH (ft) 

dense - no retardation 200 

nonwelded - porous - zeolites 300 

dense - no retardation 250 

nonwelded - porqus - zeolites 150 

moderate -

moderate -

nonwelded -

G 

F 

E 

D 

C 

8 

A 

LAYER 

porous - zeolites 180 

porous -. zeolites 270 

porous - zeolites 5280 

FLOW PATH 

WELL TO SURFACE 

Figure 5 

-26-
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MODERATE 

MODERATE 
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DENSE 
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SCENARIO 4 

l mile well; moderate= porous, vitric or devitrified tuff, 
thermal buoyancy 

LEG LAYERS WELDING - RETARDATION LENGTH (ft) 

l A dense - no 

2 B nonwelded -

3 C dense - no 

4 D nonwelded -

5 E moderate -

6 F moderate -
7 G nonwelded -

G 

F 

E 

D. 

C 

B 

A 

LAYER 

retardation 200 

porous - zeolites 300 

retardation 250 

porous - zeolites 150 

porous - vitric 180 

porous - devitrified 270 

porous - zeolites 5280 

FLOW PATH 

WELL TO SURFACE 

NON\y.ELDED 

· MODERATE-DV 

MODERATE-VITRIC 

Figure 6 
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SCENARIO lB 

l mile well; matrix diffusion. thermal buoyancy: no pluvial 

LEG LAYERS 

l A 

2 B 

3 C 

4 D 

5 E 

6 F 

7 G 

WELDING - RETARDATION 

· dense - matrix diffusion 

nonw~lded - porous - zeolites 

dense - matrix diffusion 

nonwelded - porous - zeo lites 

moderate - matrix diffusion 

. moderate - matrix diffusion 
-

nonwelded - porous - zeolites 

FLOW PATH 

WELL TO SURFACE 

G NONWELDED 

F MODERATE 

E MODERATE 

D NONWELDED 

C DENSE 

B NONWELDED 

A. DENSE 

--
LAYER WELDING 

KEY 

• . DEPOSITORY 

[si] LAYERS WITH MATRIX DIFFUSION 

[I] LAYERS WITH RETARDATION (POROUS MEDIA) 

Figure 7 
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Figure 8.a. Figure B.b 

Figure 8. Complementary Cumulative Distribution Functions for Scenarios 1. lB. 3, and 4: 
Alternate R~presentations of Retardation in Welded Tuff Units. 

l = base case: lB = base case with matrix diffusion; 3 = zeolites; 
4 = vitric or devitrified 
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Table 7 

NUMBER Of VIOLATING VECTORS, MAXIMUM Of RELEASE RATIOS AND SUM -Of RELEAS~ RATIOS· 
OVER.ALL VECTORS FOR EACH 10,000 YEAR PERIOD 

Scenar1o 0-10,000yr 10,000-20,000yr 20,000-30,000yr 30,000-40,000yr 40,000-50,000yr 

l l* 4. 7 8 4 
2.4** 5.9 3. l 2.9 2.0 
2. 5*** 12. 1 16.5 17 .0 10.7 

3 1 1 1 4 8 
1.9 6~2 1.4 3 .1 2.3 
2.2 10. 2 4.8 12.0 14.4 

4 1 1 1 6 8 
1.9 6. l 1.4 1.5 3.4 
2. l 10. l 4.6 10.6 15. 6 

w lB 1 1 2 1 2 N 1. 7 3.9 2.2 1.5 1.5 
1.8 5.7 5.0 3 .1 5.2 

* number of violating vectors out of 106.vectors analyzed 
** maximum release ratio _ 
*** sum of release ratios for all 106 vectors 



VECTOR 

PARAMETER 

Maximum R* for Tc 

Average vertka l 

Tab.le. 8 

PROPERTIES OF VECTORS WHICH VIOLATE EPA STANDARD 
IN SCENARIO 1 B 

'3 24 

10827 7570 

0.32 0 .13 Darty velocity (ft/yr) 

Vertical hydraulic o .. 04 0.03 gradient 

Average hor1zontal 0.17 0.88 
Darcy veloc1ty (ft/yr) 

Horizontal hydraulic 0.02 0.08 
gradient 

Total ground~water 10197 3781 
travel t1me (yr) 

Discharge** (ft3/yr) 2.1x107 l. l xlO 7 

. Maximum rel ease 1.2 3.9 
ratio*** 

51 

14364 

0.41 

0.03 

0.36 

0.02 

6069 

3.6xl07 

1.5 

*R = retardation factor 
**annual recharge ~f regional ground-water system 1s approxim~tely 5x108 ~t3/yr ***maximum during 50,000 year period 
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6.3 Scenarios: Effects of changes in the water table 

In scenarios. the water table has risen 300 feet during a plu
vial period and is located. in the densely welded tuff of layer 
H. Radionucl~des migiate from the repo~itory to this layer 
undet the influ~nce of the vertical hydraulic gradient (Figure 
9). The zeolitized tuff of layer G is not a barrier to 
horizontal radionuclide. migration in this scena.rio. In this 
calculation we have assu~ed. that no retardation occtirs in layer 
H .. Ground water and dissolved radionuclides are pumped from 
the aqui£er from a well located one mile from the tepository. 
In all other resp~cts. this sceriario is eqtiivalent to scenario 
1. . 

Scenario sa (Fig~re 10) differs from scenaiio 5 by the inclu
sion of matrix diffusion in calculations of radionuclide retar
dation in the moderately and densely welded layers A. c.·E, F • 
. and H. As in scenario lB. retardation by matrix diffusion was 
considered only for 129r, 99T~. and 14c. 

Results 

The results of the calculations for scenario 5 are presented in 
Figures llA~llE and in Table 9. It can be seen that the lack 
of retardation in the horizontal transport leg.has resulted in 
discharges that are much larger than those calculated for 
scenario 1. Violation of the EPA Release limit results from 
discharges 6f 236u. 233u~ 238u, 234u~ 237Np. 99Tc. arid 
14c. In the first 10.000 year period, violations are due pri~ 
marily to releases of 99Tc and 14c. After 30,000 years, . 
releases of other radionuclides comprise the major part of the 
discharge~ ' 

Results from scenario SB are summarized in Figures llA-llE and 
in Table 9. Matrix diffusion decreases the discharges of· 99Tc 
and 14c to levels below the EPA· release limit during the 
first 10,000 years~ After 20,000 years. the release of 
236u, 237Np~ 233u, 238u, and 234u may exceed the EPA Standaid. 

The properties of the vectors which violate the EPA. Standard· in 
scenario SB are described in Table 10. The large radionuclide 
releases associated with vectors 3, 24, and 51 are due to their 
large ground-water discharge r-tes and short travel times. In 
vectors 72 a~d 85, .ihe high horizontal Darcy velocity is 
indicative of the short travel time associated with the 
horizontal legs (0.03-0.6 yr). Although the retardation factors· 
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Table 9 

NUMBER OF VIOLATING VECTORS, MAXIMUM OF RELEASE RATIOS ANO SUM OF RELEASE 
OVER ALL VECTORS FOR EACH 10,000 

Scenario 0-10,000yr 10(000-20.000yr 20;000-30,000yr 

* 
** 
*** 

5. 

58 

6 

2 

2B 

3* 6 . 11 
7.9·U 6.2 20.9 
13.4*** 29.6 54.2 

0 1 3 
0.90 2. 1 19.3 
1.1 5.9 28.8 

0 1 1 
0 .1 1. 5 1.6 
0. 1 2.5 3.7 

11 14 19 
207 85 87 
667 392 461 

8 10 16 
22 24 21 
62 114 116 

number of v1olattng vectors out of 106 vectors analyzed 
maximum release ratio 
sum of release ratios for all 106 vectors 

YEAR PERIOD 

30,000-40,000yr 

14 
43.7 
102. 1 

4 
42 .1 
75.9 

4 
4.4 
12.5 

20 
57 
424 

17 
20 
123 

RATIOS 

40,000-50,000yr 

16 
54.0 
178.8 

4 
53.4 
153.0 

3 
2.2 
7.6 

19 
55 
434 

19 
21 
130 
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Figure 11. Complementary Cumulative Distribution Functions for scenarios l, 5 and 5B: 
Effects of Changes in the Water Table on Discharge. 

1 = base case; 5 = water table rise: SB= water table rise with matrix 
diffusion. 
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VECTOR 

PARAMETER 

Maximum R for U 

Maximun R for Np 

Maximum~ for re 

Average vertical 
Darcy velocity (ft/yr) 

I 
A 

'j' Vertical gradient 

·. Average horizontal 
Darcy velocity (ft/yr) 

Horizontal gradient 

Total ground-water 
travel time (yr) 

Discharge (ft3/yr) 

Maximum release ratios 

U234 
Np237 
·Tc99 

· TOTAL 

_) 

Table 10 

PROPERTIES OF VECTORS WHICH VIOLATE EPA STANDARD 
IN SCENARIO SB 

3 24 51 

32 27 23 

41 37 39 

10827 20063 26659 

0.3 0.16 0.43 

0.04 0.03 0.03 

0.03 0.002 2x10-4 

0.02 0.08 0.02 

-1024 2585 2203 

2.7xlo7 1.4x107 3.8x107 

16 26 1.9 
8. 7 7xio-5 12 -
0 0 0 
44.4 48.7 53.4 

72 85 

47 35 

52 68 

13866 14888 

0.04 0.07 

0.03 0.04 

1.5. 169 

0.02 0.03 

7877 4939 

3.Sx106 6.lx107 

0 0 
0 0 
2.6 3.5 
2.6 3.5 



for Tc in leg a are high for these vectors (5076 and 2569 · respectively). the high Darcy velocity indicates that this leg is not a barrier to migration of this radionuclide. 
6.4 Scenario 6: Accessible environment at eight miles 
At the hypothetical repository site. the water table passes from the nonwelded zeoli ti zed aqui tard ( layer G) into· the overlying densely welded aquifer (layer H) at a distarice of approximately two miles from the depository. In scenario 6. we have postulated that a well eight miles from the repository withdraws ground water and radionuclides from this aquifer. · This scenario differs from scenario l by the additional one mile transport in the nonwelded unit and by six miles of transport in the densely welded tuff layer.· No retardation occurs in the densely welded layer. 

Results 

The results of the calculation a~e presented in Figures 13A-13E and in Table 9. It can be seen that the additional seven mile~ of travel through layers G and H~educe the discharge during the first 10.000 years to levels beldw the EPA release limit. Discharges of the unretarded radionuclides 99Tc and 14c in vectors· 12. 76. 77. and 105. however. exce~d the EPA limit after 10.000 years. Due to time constraints. the· effect o~ matrix diffusion on dis~harge was- not calculated for the flow · path of scen·ario 6. It was shown previously in scenario. lB that matrix diffusion in 900 feet of welded tuff decreased the discharge of .99Tc and 14c for the above vectors below the EPA Standard. it can be assumed. therefore. that matrix diffusion would eliminate all violations of the EPA Standard for a flow path simiiar to. scenario 6 .. 
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Figure 13. Complementary Cumulative Distribution Functions for Scenarios 1 and 6: 
Accessible environment at eight miles. 

1 = base case; 6 = 8 miles 
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6.5 Scenarios 2 and 2B: Importance of solubility limits to 
discharge 

We consider scenario ··2 (Figure 14) our. "worst case 11 scenario. 
The source term is entirely leach-limited; the solubility 

. limits· of radionuclid~s are not specified. Ground water 
migrates laterally from the depository. Due to the block 
faulting and dip of the tuff units in·the ,repository site, the 
lateral fluid flow path cuts across several stratigraphic 
layers~ At a distance of one mile from the repository, water 
and radionuclides are pumped by a well that.extends to a depth 
of 3,000 feet. Technetium, 1291 and 14c ate retarded by 
m~trix diffusiQn in the densely welded layers A •nd c. Layer B 
is tiighly sorbent zeolitic tuff which retards the move-ent of 
the other isotopes_. This scenario has a shorter path length 
and thinner sequence of zedlitized tuff than the .other sce
narios. 

Scenario 2B differs from scenario 2 only in th-· calculation of 
the source term. We have used the mixing-cell option of 
NWFT/DVM for·this scenario (17,23)~ For each time step, the 
mass of a-radionuclide that is assumed leached from the waste 
form is compared to the maximum amount th~t is consistent with 
a user-specified solubility limit; The solubility limits are 
listed in Tabl~ 5 and are discussed in detail in section 4.3 
and in Appendix B. The sm~ller of these two amounts of radio
nuclide is transported in that time step. 

Results 

Results of calculations for scenarios 2 and .2B are summarized 
in Figures 15A-15E and in Table 9. Discharges in scenario 2 
are the highest calculated in this study and lead to large.vie-. 
lations of the EPA Standard. During the first.10,000 years, 
releases of 234u, 237Np, 238u and 236u account for 94 
percent of the sum of.the EPA release ratios. During the fifth 

· 10,000 year interval they continu~ to dominate discharge and 
account for 85 percent of the vi6lation of the EPA Standard. 
The importance of solubility limits ih controlling discharge in 
scenario 2B can be seen in the.figures and table. The ~um of 
the release ratios for all uranium species is reduced by an 
order of magnitude and Np dischatge is decreased by a.factor of 
30 for.the first 10,000 year int~rval. Discharges of these 
radionuclides, however, still are in excess of the EPA stan7 
dard. The solubiiities that were assumed for uranium and 
neptunium were based oh experimental studies under oxic condi
tions. They are upper bounds for the solubilities: under 
reducing conditions the solubilities of U and Np are several 
orders of magnitude lower. We feel that the transport of 
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1 = base case; 2 = leach-limited; 2B = solubility-limited 
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radionuclides along the flow path described in scenarios 2 and 

2B is less likely than transport as ~ascribed in the other 

scenarios. The calculated violations of the EPA Standard, 

· therefore, should not be interpreted a~ an indication that 

releases from a repository in tuff are likely. 
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7 .. _CONCLUSIONS AND RECOMMENDATIONS 

Estimates of potential radionuclide releases from HLW storage facilities in geologic formations are an integral part of the techntcal basis.for the regulation of nuclear waste disposal. At present. the available data is insufficient to accurately · model any real repo~itory siies. Large uncertainties exist in the characterization of the solubilities and sorption of radionuclides. in the description of th~ regional and local hydr?geology and in the mathematical treatment of contaminant transport in the presence of fracture flow and matrix ijiffusion. We feel, however, that it is possible to place realistic upper li~its on radionuclide discharge for a generic hypothetical tuff iepository. We have also.attempted to assess the importance of the variation of several variables and mod~l assumptions to the calculations of radionuclide release from a repository in ~he saturat~d zone of a .~olcanic tuff site. 
Our calculations suggest the following concluiions for the hypothetical_ tuff repository described in this paper: 
1) 

2) 

3) 

4) 

Sorption of radionuclides by several thousand feet of zeolitized tuff may limit the release of actinides below the EPA release limits even in the absence of solubility constraints. 

All violations of the EPA Draft Standard in the 11 base case 11 are due to discharges of 99Tc and 14c. Retarda:tion due to ~atrix diffusion, however, could eliminate discharge of these nuclides under realistic .ground-water flow rates. 

If the iadionuclides do not flow through thick sequences of zeolitized tuff, discharges of u and Np.under oxidizing conditions may be mu~h larger than the EPA limits. Under reducing conditions, however, the. low solubilities of . these elements may reduce their discharges to levels below the EPA limit. 

The radionuclide release limits set by Draft 19 of th~ EPA Stindard are p~obably achieva~le for a repository site similar to the hypothetical site described in this report. The majority of the vectors examined in all scenarios produced radionuclide releases below the limits set by the draft standard. In general, violations of the standard occurred only when the most conservative assumptions were used or when combinations of input data produced ground-water flow rates that were unrealistically high. 
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We feel that the following topics merit further investigation 
by the NRC: 

1) Detailed calculations of limiting solubilities of uranium. 
neptunium and radium under geochemical conditions expected 
at the tuff site. · 

2) Calculations of the potential retardation of actinides due 
to matrix diffusion in welded tuff. 

3) .Calculations of the sensitivity of radionuclide discharges 
to assumptions about radionuclid& speciation. 

4) A study of the frequency of oil and water drilling and 
mineral exploration in areas like Yucca Mountain. All of 
the scenarios examined in this ihvolve human intrusion. A 
study of the probability of such activities in areas like 
Yucca Mountain would yield valuable insights about the 
safety of such a repository site. 
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APPENDIX A 

HYDROGEOLOGICAL MODEL OF THE.HYPOTHET'ICAL TUFF REPOSITORY SITE AND ITS RELATIONSHIP TO DATA FROM THE NEVADA TEST SITE 

A •ajor objective in the program of simplified repository analyses performed ~t Sandia is the d~finition of a hypothetical site which exhibits hydrogeological characteristics which might be found at real potential repository sites. We have. defined our ieference tuff site to be consistent with available hydrogeologic data from the Nevada Test Site. · Where certain data are not available from the real site. we have postulated pr~perties that are physically reasonable for the reference site. We have not attempted to accurately represent the Nevada Test Site in our analyses; instead we have mo~eled a hypothetical site which is internally s~lf-consistent. 

A.l Physical properties of welded tuff 

The tuff units at the reference tu~f repository are described as densely welded. moderately welded or nonwelded. Densely welded tuff units are highly fractured; the blocks between fractures have low interstitial matrix porosity. Nonwelded tuff units have few fractures but have a high matrix porosity. This dual porosity of the rock must be considered when modelling fluid flow .. We have used data from the UE25a-l drill core log to obtain reasonable values of fracture density. aperture width and orientation in the tuff units (1,2). The maximum. minimum and median of. the range of values· of these parameters for different tuff ~ithologies are shown in Table A-1. 

We have represented the fracture system as two sets of perpendicular vertical fractures. Values of horizontal fracture porosity {Eh) are calculated by 

where Na is the obser~ed fracture density in the core, e is an estimate of the average inclination of the fractures from the horizontal plane, arid His the fracture aperture width observed under a petrographic microscope. Horizontal hydraulic conductivity for a ~arallel array of planar fractures is given (24) by: 

( P: ) . · (-'1_2 _s_1_· :"""'a"-~-:-o---e-> ) 
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where: 
p 
g 
µ 

= density of· Water= 1.0 gm/cm3 
= 9.8lx102 cm/sec2 
= viscosity of water= 1.0 centipoise 

In the assumed joint system. fluid flowing in the horizontal direction will effectively encounter only one set of 
fractures. Fluid flowing in the vertical direction will encounter both sets of fractures. For this reason. values of h~draulic conductivity and fracture porosity in the veitical direction are twice the horizontal values. 

The hydraulic conductivity is very sensitive to changes in fracture aperture~ In welded zones. the majority of fracture~ 
are 5-20 microns wide; the maximum observed width was 150 microns (1. 2). Fractures in nonwelded ·zones were generally 
filled with secdndary minerals. For these units. aperture widths of 0-5 microns are probably realistic and were used to 
estim~te the hydraulic properties in Table A-1 .. Results of . · calculations using a 150-micton aperture width a.r:e also shown in the table. Ranges of values presented for total porosity are taken from data in references 4 and 25. 

In Figure A-1. tI:ie ranges of values of matrix hydraulic conductivity of unfractured cores of tuff measur~d .in the laboratory are compared to the values calculated from fracture proper
ties. The values are based on data compiled in references 4. 22. and 25. Values of the bulk hydraulic conductivity. as 
measured by actual pump tests at the Nevada Test Site. are also shown. Data obtained in these tests reflect contributions from fluid flow in both the fractures and the rock matrix between joints. It can be seen that flow in fractures may dominate.the bulk hydraulic conductivity of densely welded tuffs. whereas 
fluid flow in the por~us rock matrix dominates the properties 
of nonwelded units. Both fracture flow and porous flow are important for moderately welded tuffs. The insights gained 
from Figure A-1 were used to estimate reasonable ranges for effective porosity and hydraulid conductivity for the Latin 
Hyper~ube Sample Program (18). The data ranges and the shape of their distributions are tabulate~ in Table 2 of the main 
text. References for similar values in the literatuie are 
described in Table A-2. ~he shapes of the frequency 
distributions were estimated by comparing the median values to the upper and l.ower 1 imi ts of the data ranges of the different types of hydraulic conductivity and poro~ity. 

A.2 Vertical Hydraulic Gradient 

There are insufficient data in the open literature. at present to estimate vertical hydraulic gradients at the Nevada Test 
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Table A-1 

PROPERTIES OF FRACTURED TUFF 

Densely Welded Moderately 
Tuff Welded Tuff 

*Fracture Aperture 
H (microns) 

min 
median 
max -

*Apparent Fracture 
Density -Na (ft-1) 

min 
median 
max 

5 
12 
150 

0.2 
1.2 
4.8 

*Inclination of Fractures 
from Horizontal - () 42° 

Horizontal Fracture 
Porosity-'- €h(%) 

min 
medi_an 
max 

Horizontal Fracture 
Hydraulic conductivity 
(KH) - (ft/day) __ 

min 
median 
max 

Total Po~osity (%) 

*References (1. 2) 

4.4xio-4 
6.4xio-3 
0.32 

2. 6x10-5 . 
2.1x10- 3 

_ 16. 7 

3-10 

5 
12 
150 

() 

0.4 
0.8 

0 
2.2x10-3 
0.06 

0 
7 ~ 5xlo-'-4 
2.9 

10-38 

Nonwelded 
-Tuff 

0 
5 
5 (150)+ 

0 
0.1 
0.3 

00°_ 

0 
9.sxio-4 
2.ax10- 3 (0.09)+ 

0 
- 5. 5x10-S 
l.7xio- 4 (4.5)+ 

20-50 

+Values corresponding to aperture width of 150 microns. 
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ZEOLITIZED 
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~ ·~ EGJ]· MAX VALUES USED IN 
MEDIAN CALCULATIONS 

FRACTURES MATRIX BULK .~ MIN AND LHS 

·Figure A-1 
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I 
u, 
I.O 
I 

Parameter 

Hydraulic conductivity 
of densely welded tuff 
(ft/day) 

Hydraulic conductivity 
of moderately welded 
tuff (ft/day) 

Hydraulic conductivity 
of nonwelded tuff 
(ft/day) 

Effective porosity of 
densely welded tuff 
(") 

Effective porosity of 
moderately welded tuff 
(%) 

Value 

2 X 10~5 

30 

5 

10 - 5 

2 

4.4 X 10-4 

0.32 

0.03 

25 

Table A-2 

SOURCES OF DATA FOR RANGES* OF 
HYDROGEOLOGIC PARAMETER VALUES 

· Similar Value 
From Literature 

19 

3 X 10-5 

4.4 X 10-5 

2.9 

2.1 

1.] X 10 - 5 

2.3 

25 

Reference 

22 

22 

10 

22 

10 

.25 

22 

Comment 

Calculated from data in 
Table A-1 in this report. 
Table 3 (Tiva Canyon) 

Table 3 (Topopah Springs) 

pp. 38 - 39 

Calculated from data in 
Table A-1 rounded up to 
value of 5 

Table 3 (Topopah Springs) 

pp. 38 - 39 

Table A-1 

Calculated from data in 
Table A-1 in this report. 
Calculated from data in 
Table A~l in this report. 

Maximum fracture porosity 
calculated from data in 
Table A-1 in this' report 
for moderately welded tuff 
Table 3 (Tiva Canyon) 



r------------------------,------------------------- - - -

I 
CTI' 
0 
I 

Table A-2 (Continued) 

Effective porosity 
nonwelded tuff ('I,) 

Total porosity of 
densely weided tuff 
(T.) 

Total porosity of 
moderately welded 
tuff ('I,) 

Total porosity of 
nonwe_lded tuff 
('f.) 

of 20 -

48 

3 

10 

10 

38 

20 

50 

19.8 

48.3 

:5 

10 

10 

35 

35-

50 

4 

4 

4 

4 

.4 

4 

4 

4 

Table 5, p. C45, minimum 
for zeolitized tuff 

Table 5, p. C45, maximum 
for zeolitized tuff 

p. C32 

p. C32 

p. C32 

p. C32 

p. C32 

p. C32 

*Ranges for Table 2. Values tabulated here are for hydraulic properties in the horizontal direction. 



Site with an acceptable degree of certainty. In our reference 
site. we have assumed that the vertical gradient in the vicin
ity of the repository will be dominated by a thermal bouyancy 
gradient related to the heat generated by the decay of the 
radioactive waste. The calculation of the thermal bouyancy 
gradient is described below. 

\ 

Consider a cylindric~! volume of fluid with length Land 
average temp~rature T immersed in a medium of average tempera
ture T0 (T>T0 ). (Figure A-2). The difference in tempera
ture produces an upward force on the volume of fluid. The 
velocity of the fluid in the cylindrical volume can be 
described (26) by: · 

with 

v - a L\TK 

v = Darcy velocity of fluid 

a = average coefficient of thermal 
expansion of fluid 

L\T = .T - T0 

K = hydraulic conductivity of medium 

I 
L T 

Figure (A-2) 

(A-1) 

Since Darcy velocity is egual to the product of hydraulic gra
dient (I) and conductivity. the upward gradient is given by 

I = a.L\T (A-2) 
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The temperature field a.rou'nd a .repository in tuff fo.r 
spent fuel at 75 kW/Ac.re thermal loading has been calculated 
( 3) • 

0 

200 

400 

600 
yr 

----... 800 
Repos1t·ory - . Depth 

E -
'5 · 1000 
C. 
(11 

. c:i 

1200 

Temperature 
1400 

1600 

1800 

2000~~~-----o.~~..._~..J,__._~~~._~--' 
0 20 40 60 80 100 120 140 

Temperature (° C) 

Figure (A-3) Far~Field Temperature Profile Along the Vertical 
Centerline for Gross Thermal Loading of 75 .kW/Acre 

Figu~e A-3 shows the temperature profile along the vertical 
centerline of the repository as a function of depth and time 
after closure. Th~ ·"disturbed zone" is assumed to e~tend from 
the repository to 470 mete.rs.below sutface where the water 
table lies. The average temperature of this disturbed zone is 
calculated by: · 
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where L ii the distance from the repository to the water.table and is equal io 330 meters. T
0 

is the ijVerage background temperature of the same zone as calculated from the natural geothermal field. The ambient temperature at the repository horizon is 50°C. Under these assumptions, the hydraulic gradients calculated are shown in Table A-3: 

Table A-3 

Time After 
T Closure (yr} T (°Cl 0 (OC) a ( l/°C) .· Gradient 

500 73 50 6.0lxl0 ... 4 l.4xio-2 

5,000 85 so 6.6ax10-4 2.3x10-2 

50,000 65.4 50 5.54x10-4 0.sx10-3 

. More recent field work indicates that the ambient rock tempeiatuie at the repository horizon will be 35°C (27). This temperature corre~ponds to an average ambient temperature of 30°C. Table A-4 shows the calculated upward gradient when this temperature is assumed. 

Table A-4 

Time (yr) T (OC) To (°Cl a ( 1/oCl Gradient 
500 73 30 6.01x10-4 2.6x10-2 

s.ooo 85 30 6.68x10-4 3.7xio-2 

50,000 65.4 30 5.54x10-4 l. 9x10-2 · 

Thermal histories at·307 and 711 meters below the surface for a repository wit~ a 100 kW/Acre thermal loading have been calculated and are presented in Figure A-4 (27). From these curves. it is apparent that the peak temperature occurs before 10.000 · ye~rs after cl~sure of the facility. The hydiaulic gradient at 500 years ior an average ambient temperature of 50°C was selected as a lower bound for our calculations. The gzadient at 5,000 years with the average ambient temperature of 30°C was used as the upper bouna··for the vertical hydraulic gradi•nt. A range of vertical hydraulic gradients of 1x10-2 to 4x10-2 was sampled by the Latin Hypercube Sample technique for the transport calculations. 
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The volume of annual recharge at the repository site places a 
. constraint on the maximum flow thr·ough the repository under the 
influence of this thermal gradient. The maximum vertical dis
charge calculated from the vectors sampled by the LHS technique 
was 3. 6x107 ft3/yr (vector #:51). This is .approximately 7 . 
percent of the volume of ground water moving through the 
Pahute Mesa gro~rid-water system of the Nevada Test Site. The. 
area of the repository comprises less than 0.1 percent of the 
area of this flow.system. Although all of the recharge in this 
-ystem is limited to areas above 5000-ft elevation. this volume 
of ground-water flow through the repository is probably 
unrealistically high. As discussed in Section 6 (Table 7). 
nearlY all of the vectors whose radionuclide releases violated 
the EPA Standard in scenarios 1. 3. 4 •. s. 6. lB. and SB were 
characterized by similarly unrealistic flows. · Most of the 
other vectors considered in these calculations· had ground-water 
discharges at least an order of magnitude smaller than vector 
#51. 

A.3 Horizontal Hydraulic Gradient 

We have considered two contributions to the horizontal 
hydraulic gradient in our calculations. One component is the 
regional gradient of the undisturbed site. Static water levels 
from four wells near Yucca Mountain were used to estimaie 

.ranges -of the regional horizontal gradient. Three of the wells 
have similar static .water levels ( - 2400 ft) while the fourth 
and only well which is actually on Yucca Mountain has an ano
malously high head ( - 3400 ft) ( 22). The range of regiona 1 
hydraulic gradients was set to spa~ the highest and !~west 
values/that could be calculated from these data. The LHS-rou-
tine. thsrefore. sampled a range of 10-l to 10-3. · 

The second component to the horizontal gradient is a local 
gradient related to the local rise in the water table above the 
repository due to the thermal bouyancy effect described pre~ 
viously. We can place an upper bound on this rise in water 
table (D.Z) by assuming that the heated water in the cylinder
described in Figure A-2 is constrairied to expand only in the 
upward (Z) direction. By applying Archimedes• Principle. we 
can show that the height of the heated cylinder cari ~e related 
to the height of a cylinder of water of equal weight at the 
background teinperature T . Since the height of the cylinder of· 
water at temperature T iquals the distance from the repository 
to the water table we 8an calculate '1Z as follows: ~ . . . 

w = 7Tr2gp(L+ AZ) - rrr2gpL 

AZ = L ( Pl P - 1) 

(Archimedes• Piinciple) 
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where 
P,P 
L 
r 
az 
w 

= 
= 
= 
= 
= 

average density of water at 
height of cylinder of water 
radius of cylinder of water 
rise of water table 

T
0 

and .T. respectively 
at temperature T . 

0 

weight of water in both cylinders 

If V equals the volume of the cyiinder of water at temperature T
0

• 
then 

w = PV = p (V + a V) 

dV = aV.6.T 

p = w/V(l + a .6.T) = P/(1 + a !.lT) 

·(A-5) 

(A-6) 

(A-7) 

where aT and AV refer to differences in temperature and volume 
between the two cylinders and a is the average coefficient of 
thermal expansion of the fluid. Substituting (A-7 into A-4) we 
obtain: 

.1Z = La tlT (A-8) 

We have shown that a 4T is equal to Iv. the vertical hydraul1c 
gradient (equation A-2) .. we ~an therefore calculate~Z for each 
inptit vector in our calculations by rising the value of iv sampled 
by the LHS technique. The horizontal hydraulic gradient (IH) 
used in our transport calculations is set equal to the sum of the 
regional gradient and the local gradient: · 

where: 

IRS = 

Iv = 

L = 

X = 

(A-9) 

valtie of regional horizont~l hydraulic gradient 
sampled by the L~S 

value of vertical gradient sampled by LHs· 

sum of vertical leg lengths in transport path 

sum of horizontal leg lehgths in transport path 
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APPENDIX B. 

GEOCHEMISTRY AND RADIONUCLIDE RETARDATION 

B.l - Geochemical Environment of the Hypothetical Tuff Site 

The mineralogy of each rock unit at the hypothetical tuff site is described in Table 1. The mineralogy and chemical composition of a tuff unit depend in part upon its cooling history and degree of post-depositional alteration. Vitric tuffs are porous tuffs which are composed of pumice or fragments of glass shards which have undergone a moderate to. s·1 ight degree of welding. Their chemical composition is simple: the sum Si02 
+ Al203 + K20 + Na 2o is greater than 95 weight percent. Minor element£ include ca. Mgi Cl. F and transition metals. Alteration of the glass to clay is ubiquitous in minor a~ounts and locally may be nearly complete. Devitrified tuffs are chemically very similar to vitric tuffs but are quite different in their mineralogy and physical properties. They are composed primarily of fine-grained aggregates of sanadine and cristobalite. They may contain phenocrysts of amphiboles, clinopyro~ene and feldspar as well as lithic clasts. Low-temperature alteration of devitrified tuffs is not significant: access of ground water to the rocks is limited by the low interstitial porosity. Zeolitized tuffs are the products of low temperature alteration of nonwelded volcanic ash. They are composed primarily of the zeolites clinoptilolite, mordenite, and analcime. 

An average chemical composition of the ground water (6) is shown in Table B-1. The water is classified as a sodiumpotassium-bicarbonate ~ater by Winograd ~t al. (4). Locally the composition of ground water is dependent upon lithology. Water associated with vitric tuffs is highest in silic~. sodium. ·calcium and magnesium whereas ground water in zeolitic· tuffs is depleted in the bivalent cations (28). The pH of these waters ranges from near-neutral to slightly alkaline (7.2-8.5). The :Eh of the ground water in the repository horizon is unknown. Dissolved oxygen contents from several shallow wells at the Nevada Test Site are fairly high ( - 5 ppm) (29). The concentrations of several redox ·indicators and.the alteration features of- the mafic minerals in several uni ts indicate that oxidizing conditions prevailed at one time .below the water table (9). N~gative redox potentials and low levels of dissolved oxygen, however, have been measured in sections of a drill hole in the Crater Flat Tuff (33). These observations are consistent with measured values of sulfide in the groundwater and the occurrence of pyrite (FeS2 ) in the rock mat-rix. The measurements are subject to a large amount of 
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TABLE B-1 

ANALYSES OF WATERS FROM THE NEVADA TEST SITE (mg/1) 

Well Species J-13 1 

Na+ 47.00 
K+ 4.70 
ca 2 + 13.00 
Mg2+ 2.00 
Ba 2+ 0.20 
sr2+ 0.06 

HC03 + CO2-
3 130.00 

c1- 7.70 
' 2-so4 21.00 

N02-
3 5.60 

F- 1. 70 
Si02 61.00 

pH 7.1-8.3 
TDS >294.00 

1 LA-7480-MS - reference 
2 LA-:8847-PR -.reference 

6 
8 

USW-Hl 2 

74.90 
5.10 
7.20 
0.40 
0.01 
0.02 

11. 00. 

USW-VH1 2 

97.10 
4. 30 

10.30 
1. 90 
Q.04 
0.08 

53.40 

uncertainty and must be confirmed by further investigations. In 
light of this uncertainty. we assumed that the ground waters at 
the hypothetical repository are oxidizing. The importance of 
redox to both the solubilities and Ra values for the radio
nuclides that were conside~ed in our calculations will be dis
cussed below. 

B.2 Radionuclide Solubilities 

As discussed in Section 4.3. we have attempted to estimate 
upper bounds for the radionuclide solubilities at the tuff 
repository. These limits were s~t after a limited review of 
available· experimental data and theoretical calculations. Most 
of the redox-sensitive elements are least soluble under reduc
ing conditions. In light of the uncertainty concerning the 
redox conditions at Yucca Mountain and in order to ensure that 
our calculated releases are conservative. we have used the 
estimated radionuclide solubilities for oxic conditions in our 
calculations. 
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The estimated solubility· limit for each element is discussed belciw. In this discussion. a pH= 8 and a ground-water composition similar to J-13 water (Table B-1) a-re assumed. 
Pu: Exp er irnenta 1 'studies reviewed by Wood and Rai ( 15) suggest that Pu solubility is relatively insensitiie to redox ~onditions .. They suggested a value of 4x10-lO M from their data; A more conservative value of 10-3 M (2.4xio- 4g/g) was used in order to account for the possible dominance of a Pu-carbonate complex (12). 

~: Uranium sol~Ei~ity could be very high if considerable (>10-2M) co3 1s present .. However. the ground-water composition at NTS (6.8) does not support this possibility. We have used the experimental data presented in (15) to set_ the U solubility limit. at 2.4xio- 5 g/g. Under redu~ing conditions the solubility would be several orders of magnitude lower. 
· Th: The dominant species at Th is probably Th(OH)i at. pH. va~ues above 5 (13.31.32). We used the react1~n: 

Ra: 

N..12.: 

0 . Th (OH) 4 .:::::: Th02 ( s) + 2H20 

to estimate the solubility limit at 2.Jx10-7g;g at pH=B. The-solubility is not sensitive to redox. 
Radium i~ another element whose solubility is relatively insensitive to redox. Its solubility is controlled primarily.by RaS04(s) or RaC03(si. The valqe from (16) is a very conservative upper bound for Ra solubility at the tuff site. 

Few.data are available to e~timate cm solubility in natural waters. In a O.lM NaCl solution at pH=3.the cm solubility was 10-llM. The solubility decreases at lower pH (14). A conservative value of 10-10 M (2.Sx10-11g/g) was used in the calculat_ions. 

Am solubility has been studied by Wood and Rai (15). They suggest that a value of 7xio-12 Mis reasonable over a ,ide range of redox conditions. Complexing by c1-. S04- • or N03 _will not be significant. 
Neptunium is least soluble under r~ducing conditions c10-lOM) (15). At an Eh= +0.26 and pH=7 the solubility of Np02 (c) is approximately 2.4x10-Bg/g. 
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Pb: PbC03 or Pbso4 will limit the solubility of lead 
in an oxic tuff environment to less than 10-6 M. If 
any sulfide is present, PbS will precipitate and fur-. 
ther decrease the solubility. 

Pa: Little data are available for protactinium solubility 
in natura1·waters. We use the reactions: 

Tc: 

I, Cs: 

Sri: 

C: 

. . 0 
Pa4+ + 4QH-::;:!:Pa (OH) 4 
Pao2 + 2H2o=: Pa4+ + 40H-

to set the solubility limit at 2.3x10-2 M. 

We had no data to estimate the·solubility of actinium; 
we therefore assumed that it had no solubility limit 
in our calculations. 

Tc is least soluble under r~ducing conditiong and 
precipitates as Tco2 . Under oxidizing conditions it 
is probably present as TcOi and is very soluble. . 
We have assumed that it has no solubility limit in our 
calculations (13, 16). 

These elements probably have no limiting solubilities 
under repository conditions (13, 16). · 

We have assumed that these redox-insensitive reactions 
determine.tlle solubility of tin (13, 16): 

·sn4~ + 4H20 = Sn(OH)~ + 4a+: 
Sn(OH) 4 (s) = sn4+ + 40H-: 

log K = -57 
log K = -0.87 

I 

The solubility of Sr is probably set by strontianit~ 
Srco3 (13,

2
16). At pH=8, the reported 1jo ppm of 

HC03 + co3- (Table B-1) is dominantly bicar
bonate and [CO~- ] is about 10-SM. Log K5 of 
Srco3 is -9.6 whicll means the solubility of.~r is 
about 2x10-6g/g. · . 

We set the solubility limit of Cat a level con~ 
sistent with the doncentration of HCOi in J-13 
water (-26 ppm carbon in a .solution of 130 ppm HCOi). 
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B.3 Radionuclide Sorption Ratios 

The ranges of radionuclide distribution coefficients (Ra) used in our calculations are listed in Table 4. The values were chosen after a review.of the published experimental studies that were conducted at Los Alamos National Laboratory (LANL) through June, 1981, (5-10). · · 
.. Ra values from batch experiments obtained unde_r ·the fol-lowing conditions were included in the ranges shown in Table 4. 

temp~rature = 22°c 
solid: solution ratio= 1:20 
atmosphere= oxidizing 
particle size= 106-500 microns 
water= J-tJ water pre-equilibrated with the rock sample 
rocks= samples from UE25a-l, G-1 and J-13 drill holes · 

Parametric studies by LANL scientists (5-10)_ suggest that the measured Ra values are dependent upon all of the -parameters listed above. The conservatism of the data colletited under these ~xperimental conditions ~ith respect to natural conditions -~pected at the tuft r~p6sitory site is d~scribed in Table B-2. · 

For several el.ements, Ra values obtained under these experimental conditions can vary up to 3 orders of magnitude between samples of the sa~e bulk mineralogy. The ~easured Ra value are-strongly dependent upon the abundance of minor minerals such as montmorillonite, the duration of the experiment and upon the met~od used to measure the concentration of the sorbed radionuclide. Values obtained from desorption experiments are almost always significantly higher than those obtained ~rom sorption experiments. The data ranges in Table 4 b~acket the highest averag~ Ra values obtained from desorption experiments and the lowest average sorption Rd value. The references for si~ilar values in the literature are described in Tables B-1 to B-5. 
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PARAMETER 

TABLE B-2 

CONSERVATISMl OF LA.BORATORY 
. DETERMINATIONS OF Rd (LANL) 

ELEMENT 

Pu Am u Sr Cs Ba Ce Eu 

Radionuclide Concentratiqn *O ND ND ND 0 

Solid/Solution Ratio ND ND ND -o· -0 

Ionic Strength ND ND ND ·-* _::it -* -* 

Temperature ND 0 + + + + it 

Particle Size -0 +O +O +O* +O* +O* 0 

TYPE EXPERIMENT: 

·Batch vs. Column ND ND -* -* 

Eh (Atmosphere) + 0 + 0 0 0 .0 

KEY: -+ Conservative 

1 

Not conservative 
o Little effect 
* Inconclusive or interaction effects 

ND Not determined 

Assuming the following experimental conditions: 

T = 22°C 
Solid: Solution= 1:20 
Batch experiment 
J-13 water 

Atmospheric conditions (in air) 
106-500 micron particle size range 
Element-specific concentration 
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Element 

Am 

Pu 

u 

Np 

Sr 

Cs 

Tc 

I 

Table B-3 

SOURCES OF DATA FOR RANGES! OF Rd 
VALUES FOR VITRIC TUFF 

Value 

85 
360 

70 
450 

0.01 
11 

5 

7 

117 
300 

429 
8600 

0.01 
2 

0 

Reference2 

6(27) 
6(27) 

6(27} 
6(27) 

9(8) 

10(12) 

10(12) 

8(10) 
9(1) 

8(10) 
9(1) 

7(16) 

6(25) 

Comment3 

JA-18. minimum sorption value 
JA-18. maximum sorption value 

JA-18. minimum sorption value 1. JA-18. maximum sorption value 

conservative lower limit 
YM-54. YM-22 (devitrified) 
max. or ave. desorption value 

YM-49. Gl-1883 (devitrified). 
(ave. sorption value - s.d.) 
Gl-1883 (devitrified). (ave. 
sorption value+ s.d.) 

Gl-1292. sorption average 
YM-5. desorption average 

Gl-1292. sorption average 
YM-5. Cs desorption average 

conservative lower limit 
YM-48. desorption average 
(glass+ zeolites) 

·conservativ& value 

1Ranges in Table 4. 

2R~ferences are numbered in bibliography: number in parantheses is table number in the reference. 
3 rnformation given includes: rock sample number. mineralogy if different from that stated at top of table. type of value 
(s.d. = standard deviation of average value). Averages 
include contribution from several particle size fractions and contact times. 
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Table B-4 

SOURCES OF DATA FOR RANGES OF Rd -VALUES 
FOR ZEOLITIZED TUFF 

Element Value Reference2 

Am 600 
9500· 

Pu 250 
2000 

u 5 
15 

Np 4.5 

31 

Sr 290 
213,000 

Cs 615 
33,000 

Tc 0.2 
2 

I 0 

1 
Ranges in Table 4. 

2see note 2, Table B-3. 

3see note 3, Table B-3. 

6(32) 
9(6) 

9(6} 
9(6} 

9(8} 
9(8) 

10(12) 

10(12} 

6(21} 
8(10} 

6(21} 
3 (Al} 

3 (Al} 
3 {Al} 

6(25) 
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Comment3 

JA-37, sorption average 
YM-38, desorption average 

YM-38, sorption average 
YM-38, desorption average 

YM-38, sorption average 
YM-38, desorption average 

YM-49, (average sorption 
value - s. d.) 
Ul2G-RNM9, single sorption 
value for 3 wk. contact time 

JA-37, sorption average 
Gl-2698, desorption average 

JA-37, sorption average 
YM-49, desorption average 

YM-49, sorption average 
YM-49, deso~ption average 

conservative value 



Table B-5 

SOURCES OF DATA FOR RANGES 1 OF Rd VALUES 
· FOR DEVITRIFIED TUFF 

Ele.ment Value Refe.rence2 Comment3 

Am 

PU 

u 

Np 

Sr 

Cs 

Tc 

I 

180 
· 4600 

84. 
1400 

l. 2 

14.3 

5 

7 

53 
450 

123 
2020 

0.3 
1.2 

0 

1 . . Ranges in Table 4~ 

2 . 
see note 2, Table B-3. 

9(4) 
9(6) 

9(6) 
9(6) 

\ 9 (7) 

9(7) 

10(12) 

10(12) 

6(19) 
8(10) 

6(19) 
8(10) 

3(Al) 
3(Al) 

6(25) 

YM-5.4, minimum sorption value 
YM~22, desorption average 

YM-54, sorption average 
YM-22. desorption average 

YM-22, sorption average 
( 106-500 µ m) 
YM..:s4, desorption average 
(<106 µm) 

YM-49, Gl-1883 (devitrified). 
(a~e. sorption. value - s.d.) 
Gl-1883 (devitrified), (ave. 
s~rption v~lue + s.d.) 

JA-32, desorption average 
Gl-1982, maximum sorption 
value 

·JA-32. sorption average 
Gl~l982. desorption average 

sorption average 
d~sorption average 

conservative value 

3 . • • · Information includes: ·rock sample number, type of value, 
particle size fraction if not all fractions were considered 
in average. Maximum values are maxima for several size · 
fractions. samples or contact times. 
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APPENDIX C 

APPROXIMATIONS FOR ADAPTING POROUS MEDIA 
RADIONUCLIDE TRANSPORT MODELS TO ANALYSIS OF 

TRANSPORT IN JOINTED POROUS ROCK 

C.l Introduction 

This attachment summarizes results of initial analyses (34. 35. 36) to develop equivalent poroµs media models for analysis of transport in jointed porous rock. Much of the text and approach are taken from (36). First. the equations and underlying assumptions used to describe radionuclide transport in both porous and jointed porous media are summarized. General' conditions are then defined for which transport in jointed poious rock can be approiimated as occurring in equivalent porous media having effective porosities defined by joint a~erture. orientation and spacing. An expression for the retardation factor in the equivalent porous media transpoyt equations is derived. ·~ext numerical criteria for. use of the porous media transport equations are derived. Then numerical criteria for use of the porous media approximation are derived fo~ a specific flow system. The equations describing flpw through a system of joints which form plate-like regions df jointed rock :are presented. It is shown that the criteria for the use of a porous media approximation can be derived from solution of these equations. The specific criteria for this system are shown to be equivalent to those defined for the general case. Definitions of·the·symbols used in this discussion are summarized in Table C-1 and described in Figure C-1. 

C.2. Radionuclide Transport in Porous and in Jointed.Porous Media 

Porous Media 

Consider a reasonably homogeneous porous medium. shown schematically in Fig. C-1, which has average effective porosity~ and grain density Ps· Assume that the physicai and chemical properties of the rock can be considered unifoim and continuous. ·Let the pore space be fully saturated. and assume that flow is relatively uniform throughout that pore space. Also, let sorption of radionuclides by the rock result from only reve~sible processes such as adsorption or ion 
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symbol 

Ps 

C 

q• 

q 

...... 
V 

V 

X 

X/V 

R 

E 

m 

2b 

Table C-1 
DEFINITION OF TERMS 

Defini t·ion 

matrix porosity(*) 

grain density (g/cc) 

radionuclide concentration in flowirig fluid (g/ml) 

radionuclide concentration on solid phase (g/g) 

sorption equilibrium distribution coefficient. = q'/C 
(ml/g) 

radionuclide concentration.on surface of solid phase 
(g/cc) 

local radionuclide concentration in solid phase (g/cc) 

bulk radionuclide concentration in porous matrix 
(g/cc) 

bulk-mass average velocity of f~uid (cm/sec). 
(interstitial or joint fluid velocity) · 

average velocity of fluid in x direction C cm/sec') 

direction of fluid flow (cm) 

mean residence time of fluid (sec) 

retardation fa6tor for radionuclide transport in 
porous media(*) 

porosity of rock associated with joints (*) 

void volume (associated with joints) per unit volu-e 
of porous matrix= E/(1-E) (*) 

volume of plate-like regions of porous matrix (cm3l 

joint aperture (_cm) 

joint spacing or width of plate-like regions of 
porous matrix. (cm) 
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' 
1. 

symbol· 

K 

D 

Q 

R· J 

z 

/\ 
C 

a 

to.s 

a 

Table C-1 (continued) 

Definition· 

bulk sorption distribution coefficient: = q/c = R¢ 
(*) 

molecular diffusion coefficient of radionuclide 
(cm2/sec) 

tortuosity (*) 

effective diffusion coefficient of radionuclide in 
porous matrix= D¢/a2K (cm2/sec) 

effective interfacial resistance to mass transfer 
(sec-1) 

retardation factor for equivalent porous media 
approximation= l+K/m (*) 

direciion of diffusion, perpendi~ular to rock-fluid 
· interface (cm) 

mass of radionuclide on rock matrix per unit control 
volume (g) 

mass of .radionuclide.in pore water per unit control 
volume (g) 

mass of xadionuclide in flowing fluid in joint per 
unit control.volume (g) 

iadionuclide decay constant (sec-1) 

solution to transport equations for A= o I 

interfacial area per unit volume of bulk rock= 1/b = 2m/H (cm-1) 

/\ elapsed time required for C/Co to reach a value-of o.s 

De/b2 (sec-1) 
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Symbol 

0 

y 

w 

Yw 

g 

Table C-1 (continued) 

t-x/v (sec) 

DeK/b2 (sec-1) 

x/mv (sec) 

Definition 

effective bed length (cm) 

(cm) 

*=dimensionless variables 
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exchange, and let fluid-phase concentrations be sufficiently 
dilut~ so that sorption can be represented by linear isotherms 
of the form q 1 = KdC• where c, Ka, and q 1 are the 
radionuclide concentration in the flowing fluid, the sorption 
equilibrium distribution coefficient, and the radionuclide 
concentration associated with the solid phases, respectively. 
Furthermore, assume that the radionuclide concentration C is 
due only to dissolved species. For such media,, the following 
assumptions are generally made: 

Assumption A: 

Assumption B: 

Assumption C: 

The interstitial fluid velocity profile can 
be approximated by the bulk mass-average 
pore fluid velocity V. 
The cross section of the pores. is 
sufficiently small so that the radionuclide 
concentration in the pores can be 
considered cross-sectionally uniform. 

Local sorption equilibrium exists between 
pore water and mineral phases. 

I 
When these conditions obtain, then for constant-valued 

parameters, the basic equation describing radionuclide 
transport. is the material balance for the flowing fluid 

ac 
at 

~ __,,_ 
= y_ • v.c = 

R 
terms for { 

decay 
.reaction 
dispersion 

where R is the retardation factor given by 

(C-1) 

R = 1 + (1 - ¢)P5 Kd/¢, and it is assumed that essentially 
all pore space is available to fluid flow. 

Jointed media 

Now consider a jointed, but otherwise reasonably 
homogeneous, porous medium which has·porosity ¢ and grain 
density Ps associated with the bulk porous matrix and has 
porosity E associated with the joints, as determined from 
j6int aperture H, orientation, and spacing 2b (Figure C-lb). 
Let fluid flow occrir primarily in the joints, and convective 
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radionuclide transport in the bulk porous rock be negligible. Let the joints be linear, have rectangular cross-sections.of approximately uniform dimensions, and have constant and · continuous physical and chemical properties. Furthermore. asstime that the joints and porous matrix are fully-saturated, and let the regions of porous rock bounded by the joints have, approximately uniform, plate-like shape and volume Vp. Again assume that the radionuclide concentration c only results.from dissolved species. Also assume that radionuclide retardation, relative t6 convective transport in the joints, is due to molecular diffusion in the pore water and simultaneous sorption by the soliq phases of the bulk rock. Again let sorption of radionuclides by the Lock result from only reversible processes, and let the concentration C be sufficiently small so that sorption can be represented by linear isotherms. and radionuclide diffusion- through the pore water by Fick 1 s law. Assume that the plate thickness 2b. is sufficiently small so that_radionuclide concentrations resulting from diffusion are non-trivial over the entire thick-ness of the plate. · 

Three other assumptions, analogous to Assumptions A-C for porous media need t~ be made for jointed.porous media. In modeling radionuclide transport in jointed media, it is generally assumed that the velocity profiles .in the joints also can ·be approximated by the bulk mass-average fluid velocity v in the joints, again obtained from an appropriate hydrologic model. However, it cannot be assumed that concentration in th~ fluid in the joints generally will be cross-sectionally uniform or that local sorption equilibrium, generally exists between bulk phases. Instead the following assumptions are usually made: 

Assumption Bl: 

Assumption Cl: 

Joint apertures are sufficiently small so 
that in the joints. diffusion of 
radionuclides in ·the fluid phase can be 
approximated as a quasi-steady state 
process which is represented by a ·1inear 
driving force expression. 

Local sorption equil1bria exist at the 
interface between flowing fluid and bulk 
rock and between pore water and solid 
phases of the porous matrix. 
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When these conditions obtain, then for constant-valued 
parameters. radionuclide transport can be described by the 
following·eguations: 

(material balance for the fluicl in the joint) 

ac ...::. -· 1 an + v · V c + - ·= = terms for at mat { 

decay 
reaction 
dispersion 

(C-2) 

(flux expression at the interface between flowing fluid and 
bulk rock) 

2.9. .!. (C -g./K} at Rf . s 

(material balance for 

aq •. 
2 _._1 

at D V g. e 1 

where. 

= 

= 

terms for { decay 
. reaction 

the bulk rock) 

terms for 

q.dV 
l . p 

{ decay 
reaction 

(C-3) 

(C-4) 

(C-5) 

The terms in these expressions are detined in Table C-1 and 
Figure C-L . De is the effective radionuclide diffusion 
coefficient for the bulk porous rock: K is the bulk sorption 
distribution coefficient between porous matrix and external· 
solution: mis ·the void volume (based on joint aperture, 
orientation, and spacing per unit volume of porous matrix: 
Rf is an effective interfacial resistance to mass transfer: 
qi is the local concentration in the'porous rock: qs is 
the.value of qi at the interface bet~een matrix and flowing 
fluid, and the Laplacian v72 is defined in a coordinate 
system convenient for describing diffusion in porous rock. 
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C.3 Eg~ivalent Porous Media Approximation 

Qualitatively, it should be evident from the preceding 
discussion that radionuclide transport in the jointed porous 
rock described above could be approximated as occurring in an 
equivalent porous media if the joint aperturi H, joint spacing 
2b, and the physical and chemical properties of the 
radionuclides and bulk rock were such that the conditions 
described by Assumptions Bl and Cl reduced to the conditions 
described in Assumptions Band C respectively. These · 
equivalent porous media assumptions can be stated as 

Assumption B2: 

Assumption C2: 

Radionuclide concentrations in the flowing 
fluid can be considered approximately 
cross-sectionally uniform. 

The bulk rock can be considered 
approximately·to be in local sorption 
~quilibrium with fluid flowing in the 
joints. 

In the paragraphs below, quantitative criteria, which 
determine when the above two conditions are valid, are 
developed in terms of the joint aperture H, spacing 2b, and 
the fundamental parameters describing the physical and· 
chemical properties of the. bulk rock. The expression for the 
retardation factor Rj to be used in the equivalent porous 
media equation is also develo~ed. . 

Criteria for equivalent porous media approximation 

Let x denote a sp~tial coordinate .in the direction of 
bulk fluid motion, and let·D be the radionuclide diffusion 
coefficient (assumed constant) £or dilute aqueous solutions of 
the nuclide. A criterion for approximately uniform radionu
clide concentrations i.n the flowing flu1d is that the average 

·residence time x/v for the flowing fluid is much greater than 
the relaxation tim~ for a concentration gradient. The equi
libration time for a plane sheet which has thickness H/2 and 
one face maintained at~ constant concentration is approxi
mately H2/4D (37) and should be a ~easonably geneial esti
mate of the ~elaxation time for a concentr~tion gradient. The 
desired criterion is then x/v >> H2/4D or x/v ~ A1 H2/4D, 
where A1 is an .appropriate constant, on the order of 10 to 
106. In previous analyses (34, 35) of specific cases in 
jointed porbus rock, the preceding criterion was derivea using 
the solutions to the tran~port equations for porous rock. 
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The value of the ·constant Ai so obtained varied betw~en 23 and 24. · Therefore. a reasonable criterion for approximately cross-sectionally uniform radionuclide concentrations in the flowing fluid should be 

x/v > 6H2 /D . (C-6) 

Bu.!_k_roct. 

For the bul~ rock to be approximately in local sorption equilibrium with th~ fluid flowing·in the joints. radionuclide ~oncentrations in the plate-like regions must be neatly crosssectionally uniform. Again a criterion for such approxi-· mately uniform concentrations is that the mean residence time x/v of the flowing fluid is much greater than the relaxation time for a concentration gradient. Following the preceding arguments. that criterion _would be x/v » b2 /De. However. diffusion of radionuclides into t~e porous matrix will retard the convective transport of radionuclides relative to bulk. fluid motion. The mean residence time of the radionuclides would be greater than the fluid residence time x/v. In particular. if radionuclide concenttations in the bulk tock are indeed nearly uniform. then the radionuclide residence time ~ould be gr~ater than the fluid residence. time by a fac·tor of Rj, the retardation factor defined below for jointed media. Then the preceding criterion can be ~tat~d in les~ restrictiVe form as· 

Rj ·X/V>>b2/De or .x/v » A2b2/RjDe, 
where A2 again is an appropriat~ constant. on the order of 10 to 100. It is shown later that 

RjDe:::: KDe/m = </>Dta.2m =<l>D(l - E)/a.2E, 
and that a typical value fo~ A2 would be about so. · Therefore, a reasonable criterion for approximate local sorption equilibrium should be 

b2 m__ :K > 50 KD 
V - e 

2 
Q2 ( E ) • !L_ = 50 if, " l _ E D (C-7) . 
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Retardation factor for equivalent pdrous media appr6ximation 

By definition, the interfacial resistance Rf to mass transfer (Eq.C-3) is proportional to the fluid phase concentration gradient perpendicular to the interfabe between bulk tock and. flowing fluid. As that concentration gradient decreases, the resistance Rf decreases correspondingly, and for sufficiiently small gradients~ that is, nearly crosssectionally uniform .concentrations in the joirits, Eg. C-3 redu~es to gs= ic. Furthermore, for approximately crosssectionally uniform radionuclide concentrations in the bulk rock, Eg. C-4 reduces to qi~~ constant, which implies q6 ~_qi, and Eq. C-5 reduces to q ~ Qi, which implies · 
q ~Kc. Then, Eqs. C-2 to C-5 reduce to 

..... 
ac + v · vc = terms for ot R. { 

decay . 
reaction 
dispersion 

(C-8) 
J 

Eq. C-8 is analogous to Eg. C-1 for porous media. 

. An expression for the r~tardation factor Rj for jointed . porous media can now be derived in terms of measurable fundamental paiameters. · In general, a retardation factor can be defined as the ratio of the mass of solute in the rock-water system to the mass ot· solute in the fluid in a unit contr~l volum~. In a jointed porous media this d~finition can be expressed as: · 

R.= 
J 

where: 
I 

Mf = 

Mm= 

Mr.= 

Mp= 

M r + M M p·+ f (C-9) 

mass of radionuclide in water in fractures in a 
unit control volume 

mass of radionuclide in the porous matrix bound 
by fractutes iri a unit control volume 

ma~s of radionuclide sorbed onto solid phases of porous matrix in unit volume 

mass of radionuclide in.pore water of porous 
matrix in unit volume 
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When the local equilibrium assumptions defined above obtain. then: 

Mr= 

therefore: 

Rj = 
EC 

R. = 1 + 
J 

E c • unit volume 

( 1 - E } unit volume 

(1 - ¢}P5 KdC · (l - E) · unit volume 

+ [(l - cf>) P
5

KdC + <PC] (1 - E ) 

EC 

(1~·)·[¢(1+ p (l -<P) 
s ¢ Kd)l 

which is the d~sired expression. 

(C-10) 

The criterion in Equation C-7 can now be derived. 

By definition: 

m = E / ( l -:- E ·) 

therefore. R. = 1 + K/m. 
J (C-11) 

Now. if most of the porosity of the bulk rock is available .to radion·uclide diffusion. and if surface diffusion 
at the mineral surfaces is negligible. the effective diffusion coefficient De for porous rock often is defined by 
De= D/a2R or De= D/a2[1 + (1 - ¢>PsKd/¢J. · 
where a2 is a tortuosity fact~r for the porous matrix. 
Furthermore. for most jointed media. the porosity t associated with the joints will be relatively small and much less 
than</,. Since m = E)(l_- E ). K/m >> 1. and Rj :::::- K/m. 
From the definitions of Kand D. it then follows that 
R jDe ::: ¢ D ( 1 ~ E ) /E a2. as mentioned in the preceding 
section. Since x/v > sob2/RjDe• Equation C-7 can be 
easily derived by substitution. 

-87-



I 

I . 

C.4. Criteria and Retardation Factor Der1ved from Solution of 
the Transport Equations 

. In this section the preceding principles are illu£trated 
· using the transport equations for a specific flow system. 
Consider transport of a radionuclide through a uniform,· 
jointed porous medium illustrated in Figure C-'lb. -Let t]1.e 
nuclide be initially present in the inventory but not 
subsequently generated as a daughter product. Let flow in the 
joints and diffusion int9.the bulk rock be one-dimensional. 
Assume that no competing chemical reactions occur and that 
radionuclide transport resulting from dispersion in the 
direction of flow is small relative to convectiv~ transport. 
Let x, y. and z be rectangular Cartesian coordinates where x 
is again parallel to flo~ and z is perpendlctilar to the 
intetface between flowing fluid and bulk rock. For relatively 
uniform joint spacing, Eqs. c~2 to C-4 then become · 

ac ac !. Q9. -lC + V + = at ax m at 

·~ _l_ 
(C - qs/K) = -at Rf 

2 aq. _ 0 a g1.. __ 1. e--· = 
at az2 

-lq, 
. l. 

l - -q 
m (C-12) 

-lq (C-13) 

(C-14) 

L
b . 

where q =. 1/b qidz: ). .is the tadionuclide decay constant.' 
and appropriate0 initial and boundary conditions are ·as 
follows: C(z,O) = o for z ~ o: C(O,t) = O fort$ o. and 
C(O,t) = c0 e-Xt for t > o: qi(x.z,O) = o for o s z ~ b. 
and x 2: o: aqi(x,O.t)/oz = o for x ·~ o ·and t ~ o. 

Solution of transport equations 

If, for the above initial and boundary conditions, 8. ~. 
and ~i are the solutions to Eqs. t-12 to C-14 for 'X = o, it 
can be verified by direct substitution that for }.. >O, the 
solutions to Eqs. C-12 to C-14 using ihe above initial and 
boundary conditions are given by c = ee-Xt, q = ~e-Xt·, a.nd 
Qi= G1e-Xt. For l= o. details of the method of . 
solution are given by Rosen (38. 39) for the analogous 
equations for flow around spherical rather than plate-like 

. regions. A similar solution is given by Erickson (34, 35) for 
a fluid flowing through a single fracture between two parallel 
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plates in which radionuclide diffusion perpendiculai to the 
fracture was limited to a finite penetration depth. By 
substituting the appropriate expression form. that is 
€/(1 - E ). in the single fracture result. the solution can be 

obtained for flow through a system of joints which form 
several plate-like regions of porous rock. such as shown on 
Fig. C-lb. The resulting solution is in the form of an 
infiriite integ~al which requires numerical evaluation~ 

,However. for sufficiently large values of xiv. the integral 
approaches a relatively simple asympototic expression. In 
particular. if x/v ~ so mb2 /KDe• then 

/\ .!. .!. ctc
0 

:::::: 
2 

+ 
2 

erf (C-15) 

where O= De/2b2: 9= t - x/v: Y= DeK/b2: w = x/mv: 
g = YRf. It should be noted that the expression x/v ~ 50mb2/KDe 
is equivalent to yw ~ so. 

Derivation of numeri6al criteria for assumption ~2 

For g/yw = a constant >O and sufficiently large Yw. the 
argument of the error function in Eq. C-15 becomes 
[(206/YW) - l]/2(g/yw)ll2, and at a given value of g/yw. e 
depends only on ·the ratio 09/Yw. It then can be seen by 
analogy with Rosen's discussion 139) that for Yw ~ so. the 
·shape of the breakthrough curve C(O.w) is relatively · 
unaffected by values .of g/Yw $ 0.01. This implies that a 
criterion for approximately cross-sectionally uniform 
concentrations in the flowing fluid would be 
g/yw = Rf/W ~ 0.01. or X/V ~ 100 mRf. 

We ca~ now obtain the criterion in terms of fundamental 
properties of the bulk rock .from Equation (C-13). In general. 
at the interface between flowing .fluid and bulk. rock. 
aq/&t =·-aD8Ci/Bz. Thi term a is the interfacial area _per 

unit volume of bulk rock: Ci the local radionuclide. 
concentration. and C -in Eqs. C-2 and C-3 should be defined 
more precisely here as the average value of Ci for the cross 
section of the joints. The term 8Ci/&z generally 
monotonically decreases nonlinearly from its value at the 
fluid-rock interface to a value of zero at distance H/2 from 
the interface. The value of 8Ci/&z at the interface then 
would be at least twice the average value. We can obtain 
expressions form and a in terms of b ~nd H by referring to 
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· Figure C-lb. For the bulk rock: 

E H · C 2b} 
2 

_H m = - = l - f 
{2b} 

2b 
(C-16) 

a interfacial area - 2 •{2b}
2 

1 2m· =. 
uriit = b = H volume 

{2b) 3 (C-17) 

If the average of -oC./az is .approximated by (C-qs/K)/{H/4). then at the interface! 

(C-18) 

(C-19) 

From Eq. C~l3, if A= O 

(C-20) 

therefore 

2 mRf S H ./160. (C-21) 

The criterion for approximately cross-sectionally uniform 
concentiation .in the flowing fluid. can now be written as 
x/v ~ lOOH2/16D or x/v ~ 6H2/o. which is identical to Eg. C-6. . 

Derivation of retardation factor for equivalent porous media and numerical criterion for assumption C2 

A The right side of Eg. C-15 is symmetric~l about the value of C/C0 = 0.5 .. For a given valueAof t. t 0 . 01 is defined 
as the elapsed time required for C/C0 to reach a value of 
0.01. and to.S• to.99• and 80.s are defined 
analogously. For sufficiently small radionuclide 
concentrations giadients in the joints {i.e. Assumption C2). 
Rf- o and g = YRf ~ O. From Eg. C-15 and appropriate 
value~ ~f the ~rror function. therefore 
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t - t 
0.99 0.01 = 

O 0. 5 

and for )'w > 50 

t - t 
0.99 0.01 

0o.5 

6.6 
1/2 

(3Yw) 

< 0.54 

(C-22) 

This implies that as Yw becomes large. the spread in the 
breakthrough curve becomes small relative to the distance its 
midpoint has traveled. This is because the time interval by 
which the value of ~/C0 = 0.01 precedes the value of t1c0 = 0.5, 
and the interval by which the value of ~/C0 = 0.99 trails, 
become small relative to Oo.s or (t0 . 5 - x/v). For 
example. when Yw > so. the intervals are about twenty-five 
percent or less of 0 0 . 5 . Furthermore. from Eq. C-15 when 
C/C0 = o.s. the argument of the error function is equal to 
zero and 2a0o.s/Yw = l. Using the definitions in Table C-1 
we obtain: 

to.s = (l + K/m)x/v (C-23) 

and if vo.s = x/to.s· then: 

vo.s = v/(1 + K/m}. (C-24) 

and 

R. = V = 1 + K/m 
J 

vo.s 
(C-25) 
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which is equivalent to Eq. C-11. · Therefore. as yw becomes 
large. ecx.t) approaches eco.t - Rjx/v) and C(z.t) 
approaches e-At~(O.t - R.x/v). which is the solution to 

' J' 

the corresponding form of Eq. C-1~ 

.ac + L oc 
at R. ox 

J 

A 
C R, 

J 
(C~26) 

Due to the inherent uncertainties associated with analyses of. 
radionuclide transport in geologic media. a 27~ spread in the 
value of c about to.s probably is not serious. and values of 
Yw? so should be sufficiently large for Eqs. C-12 to c~14 to 
be approximated by.Eq. C-26. Furthermore. the criterion 
Yw? so. or x/v ~ SOmb2/KDe• is the same as that given by 

Eq. C-7 for approximate local sorpiion equilibrium between. 
bulk phases . 

. c.s. Discussion 

Application of equivalent porous medium criteria to the 
hypothetical tuff site. 

I 

The criteria described for Assumptions B2 and Cl 
(Equations C-6 and C-7 respectively) were evaluated for the 
welded tuff units of the hypothetical repository site. 
Equation C~7 can be ~ritten in terms of the parameters listed 
in Tables 2 and A-1 as · 

X/V > so~ {l/N2D) · ( Q 2;ct,) · ( ,E /1- E) = A3 

where: 

D 
a 
X 
V 
<J, 
p 

= 
= 
;:: 

= 
;:: 

= 

ionic diffusion constant 
tortuosity 
path length in fractured media 
Darcy velocity+ fracture porosity 
matrix porosity of unfractured .blocks 
grain density of rock 

(C-27) 

E ;:: fracture porosity= 2NH for our system where 
N = fracture density: H = fracture aperture 
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The criterion was evaluated for densely and moderately welded 
tuff uni ts. for in'dividual beds as well as for the entire 
welded tuff thickness. The maximum~ ·median and minimum values 
of the ranges.used for the LHS input variables were used ·to 
evaluate the term (Aj). The. results are presented in Table 
C-2. 

X 

€ 

<P 

N 

K 

i 

V 

X/V 

A3 

where: · 

Table C-2 

. A3 max A1 min 

200 ft 200 ft 

6.4x10-3 8.Bxlo-6 

0.03 0.10 

6.5 ft-1 o_. 21 ft. -1 

60 ft/day· 4x10-s ft/day 

4x10-~ ·1x10-2 

375 ft/day· 0.045 ft/day 

0.533 day 4.4xlo3 day 

0.19 day 0.045 day 

i = vertical hydraulic gradient 

D = 10-S cm2/sec = 3.i9xlo-l ft2/yr 

Q' = 1.0 

A3 median· 

100 ft· 

l. 3x10-4 

0.06 

1. 6 ft. -:-1 

4.2 ft/day 

2x10-2 

0.646 ft/day 

155 day 

0.031 day 

K = hydraulic conductivity in LHS range for 
densely welded units· 

V = iK/€ 
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It can be seen from these calculations that the criterion· x/v ?A3 holds for the conditi~ns encountered at fhe tuff site. 

The criterion in equation C-6 can also, be evaluited from the above data. The condition x/v~6H2/o is equivalent to x/v ?: o. 6 sec. when an average aperture with H of 10 microns 
and D=lo-5cm2/sec are assumed. The values of fluid 
residence time x/v listed in. Table C-2 all exceed this value. Therefore both of the criteria required for the equivalent porous media are met for the hypothetical tuff site. 

SUMMARY 

If the criteria given by Eqs. C-6 ~nd C-7. for · 
approximately cross-sectionally uniform radionuclide 
concentrati6ns in the flowing fluid and bulk rock are 
satisfied. then radionuclide transport in jointed porous rock can be approximated as occurring in equivalent porous media. 
Flow can be described by the appropriate form of Eq. C-1. 
where the retardation factor is given by Eq. C-10 to C-11. The criteria and retardation factor are given in terms of 
fundamental physical and chemical parameters~ Those which can be.evaluated in the laboratory include the radionuclide 
diffusion coefficient D for dilute aqueous solution. the 
distribution coefficient Ka fo·r sorption equilibrium between ·pore water and miner~l phases~ the tortuosity factor a. grain density Ps• and porosity¢ of the bulk rock. Parameters 
which must.be evaluated from field data include the joint spacing 2b and aperture H. average fluid velocity v. and 
porosity E ass6ciated with the joints. The last parameter is determined from joint aperture. orientation. and spacing. 

In terms of parameters· evaluated from laboratory data. 
fhe distribution coefficient Ka and the ratio.D/a2 
generally dominate Eqs .. C-7 and C-10 and also involve the 
greatest uncertainties. For very porous ro6k and for 
chemically-simple radionuclides. evaluation of Ka and D/a.2· is n6t .difficult. However. for rock having very "tight" . porosity arid (or) fot chemically-complicated radionuclides. 
much laboratory and analytical work is required to determine 
approp~iate "~ffective" values. In terms of parameters 
obtained from field data •. Eqs. C-6. C-7. and C-10 are most sensitive to joint aperture H. joint spacing 2b. and porosity E. Evaluation of H inherently involves considerable uncertaihty. which correspondingly affects evaluation of E. Evaluation of the average fluid velocity. v involves many uncertainties which can substaritially affect use of Eqs. C-6 and C-7. 
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ABSTRACT 

An analysis of a hypothetical nuclear waste repository in a bedded salt formation has been performed to demonstrate the application of existing analytical tools to· the assessment of compl.iance of·the repository with the draft EPA Standard, 40CFR191 (Draft #19). The tools have been developed by Sandia National Laboratories for use by NRC in such analyses. The hypothetical site is based on data that are representative of bedded salt geologies in the continental u.s. The effects of uncertainty in the input data on the assessment of compliance are demonstrated. Other sources of uncertainty resulting from interpretation of the standard and its. probabilistic nature are discussed. The results of the calculations presented indicate that compliance with the draft standard may be achieved for the groundwater transport scenarios depending on which source model ·is used. The penetration scenarios (direct canister hit or brine pocket hit) indicate potentially serious consequences: however, .these could be mitigated by proper site selection and.institutional controls. 
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I. Introduction 

Background 

The Environmental Protection Agency (EPA) has drafted a standard ·for protection against highly radioactive wastes to be stored underground. The standard, which will apply to all geologic .repositories, is still being developed and an internal working draft is available [l]. The Nuclear 
Regulatory Cornmi15sion (NRC) will enforce the standard, and is developing appropriate Federal regulations [2]. 

To assign quantitative, that. is, numerical values to such factors as release of radionuclides from a geologic repository, the EPA used simple computer models [3]. The agency expects the NRC to use computer modeling to assess compliance with the EPA Standard. To supportNRC, Sandia National Laboratories~ (SNL) is developing computer models that may be used in such· a compliance assessment [4] ·~ We expect that NRC will use the models to evaluate applications for license to construct actual repositories. 

The Department of Energy (DOE) is also invol·ved in that it selects actual s.ites for geologic repositories and submits applications to construct them. ·To determine their suitability for waste disposal, the DOE .is investigating basalt and tuff flows, bedded salt and granite formations, and salt domes. Some of these geologic forrnatioris are beirtg charact~rized, but no specific sites have yet been selected. Neither are they modeled in enough de-tail to evaluate any given site to the rigorous compliance requirement,s set down by the draft EPA Standard. However, whatever "information does exist can be supplemented with general information taken from such sources as similar . formations or host-rock descriptions, hydraulic properties, and geochemical characteristics. We can then apply the models thus developed to evaluate a similar but hypothetical repository. Using the capability of SNL models as a base, we then determine how well the hypothetical site meets the draft EPA Standard: does it comply; 

Scenarios 

To ·select scenarios for d.eta.iled analysis, we used the results of risk analysis methods development programs at SNL [SJ. In.that work a number of scenarios were iden~ tified that may be important in understanding .risks from real repositories. Most of those scenar"ios involved flowing groundwater intruding into the backfilled regions of the repository. Various water-bearing geologic strata were 
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the sources of.groundwater as well as potential paths for 
migrating radionuclides. 

After considering the previous scenario development 
efforts and the details of the-repository (discussed below), 
we chose two types of scenarios: groundwater transport 
and penetration. In the first type of scenario, radionu
clides are presumed to be released at low rates over ah 
extendeq period. Radionuclides are transported to the 
accessible environment by the natural, or slightly per
turbed, groundwater flow system. In penetration scenarios, 
radionuclides are transported rapidly to the acce.ssible 
environment over a short period. 

II. The Draft EPA Standard 

The EPA assumes that natural or man-induced disruptions 
will cause the repository 1:.o release some radionuclides 
ahd that they will find their way to the accessible environ
ment.* In Draft #19 of its standard, the EPA sets the 
limits for total integrated discharges that may be expected 
from such disruptions (Equation (1)): 

where: 

EPA Sum = I: 
i. 

Q. 
l. 

EPA, 
l. 

(1) 

total integrated release of radionuclide i 
= release limit for radionuclide i. 

·The sum over·i includes all radionuclides present in 
the waste •. The proposed rele~se limits are listed in 
Table 1. 

A more detailed discussion of the draft EPA Standard, 
its interp~etations and implementation in assessing compli
ance are.presented elsewhere [6,7]. 

*The accessible environment is "any location on the surface 
where radionuclides may be released or any aquifer that may 
be contaminated by radiohuclides at a distance of 1 mile 
from the perimeter of the underground facility." 
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Tab1e·1 

.Release Limits in the Draft EPA Standard 

Radionuclide 

Americium-241 

Americiuin-243 

Carbon-14 - -

Cesium-135 - - - -

Cesium-137 

Neptunium-237 - - - - - - -

Plutonium:-238 

P lut6ni um-23'9 

p·1u toni um-240 

Plutonium-242 - - - - - - -

Radium-226 - - -

Strontium..:.90 - - - -

Technetium-99 

Tin-126 

Any other alpha-emitting 

radionu~lide - - ~ - - - - - - -

Any other radionucl.ide which does 

Release Limit 

10 

4 

200. 

2000 

500 

20 

400 

100 

100 

100 

3 

80 

2000 

80 

10 

not emit alpha particles - - - - .. - - - 500 
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III. Sequence of Discussion 

Below we will discuss our ·findings as follows: 

1, Description of the hypothetical repository 
-rock types found at the site 
-hydraulic properties of the rock formations 
-properties of any aquifers 
-sizes of various formations, 

2. Scenarios -- such situations or potential st~tes 
of the repository that may lead to release of 
radionuclides -- and their probabilities of 
occurrence, 

3. Models -- description and details of their 
application to this c!nalysis, 

4. Required geochemical data, 

5. Quantitative data -- numerical results from this 
analysis: how much, when, how long? 

As we discuss our findings, we are assuming that the 
reader is famil1ar with the problems of disposal of radio
active wastes and the methods developed at SNL to address 
them. 
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IV. The Hypothetical Repository 

If we are to use the SNL models to verify compliance 
with the draft EPA Standard, we need a description of the 
repository to be licensed. The description should include 
the geologic, hydrologic, and geochemical properties of · 
the site; the shape, size, and layout of the engineered 
underground facility; and the nature of the nuclear 
waste. 

Bedded Salt Site 

The bedded salt repository site is located in a 
subsidiary basin within a major sedimentary basin. The 
crust of the region sank, allowing sediments to accumulate. 
Beginning 300 million years ago, within this depressed 
region, small blocks of the crust were displaced along 
deep-seated faults, creating a system. of subbasins sepa
rated by basement uplifts. The subbasin where the site 
is located (Figure 1) is bounded on the north by Uplift A 
and on the south by Arch M. - River C, approximately 40 to 
50 miles to the north, flows eastward. A small river, 
River R, about 25 miles to the east, flows northwest to 
southeast. The uplift and the arch are bounded by high
angle reverse faults that steepen with depth, indicating 
that the subbasin is a block of crust that was uplifted 
with respect to surrounding regions. The subbasin is 
situated within a tectonically stable region that is 
associated with a shield area to the north. Several 
faults strike northwest just ~outh of the uplift, but 
the rest of the subbasin lacks evidence of faulting or 
volcanism. 

Current seismicity in the region is localized along 
the uplift, which is the dominant structural feature and 
the focus of any seismic energy release; most earthquakes 
in the area have foci in the basement. In the past, 
only a few earthquakes with intensities between V and VI 
on the Modified Mercalli Intensity Scale have been 
registered, and none with destructive intensities of VII and above. Accordingly, this region is in Zone 1 on a 
seismic-risk map, which means that minor earthquake 
damage may be expected in the next 100 years. However, the level of shaking hazards is expected to be less than 0.04g, 
where g is the acceleration due to gravity. · 

Active subsurface dissolution· is evident along the 
northern and eastern margins of the subbasin; collapse 
features such as sinkholes, depressions, small faults, 
and fractures are common within the salt dissolution zone, 
which is at least 10 miles from the site. The mean rates 
of salt dissolution range from 19 feet (6 m) to 1150 feet 
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(350 m) per 10,000 years. Salt dissolution along the 
north side is slower than along the east side of the 
subbasin. 

The subbasin is a relatively shallow, continental
interior basin. The Precambri.an basement is at most, 
10,000 feet below the surface. The repository is located 
in the center of Unit SA (Figure 2), which consists of 
1,000 to 1,200 feet of evaporites, mainly halite with 
small amounts of anhydrite and dolomite (Table 2). Unit 
SA is overlain by Unit FSA, which ranges in thickness 
fro~ 550 to 850 feet and consists of siltstone; sandstone, 
salt and anhydrite. Unit FSA is an aquitard slowing 
the downward movement of groundwater. Overlaying the 
PSA.unit is 300 to 900 foot-thick Unit D, which consists 
of sand and clay, and is a minor aquifer. Unit O, 
which. overlays Unit D, is between 50 to 300 feet thick 
and is the major unconfined aquifer in the area. The 
major constituents of Unit Oare sand and clay, with 
small amounts of gravel and some caliche that thinly 

.covers the surface. 

Below Unit SA is Unit CF, which ranges from 1,750. 
to 2,050 feet in thickness and is composed predominantly 
of halite, anhydrite, and clay. CF is also an aquitard. 
Below Unit CF is Unit WP, which is from 2,300 to 4,200 
feet thick and. consists mainly of shale, limestone, . and 
sandstone. This unit, which is brine-saturated, is 
considered an aquifer but with such low conductivity 
that.no pumping at all ~akes place. 

Geochemical analyses of shale samples from Unit WP 
show an average total organic carbon content of 2.4 
percent. The sediments of the layers deposited after 
Unit WP show a totai·organic carbon. content of up to 
5.38 percent.· Kerogen color, which indicates thermal 
maturity when plotted against kerogen type, shows that 
samples from this unit are in transition between maturity 
.and immaturity, and that those of post Unit WP never 
reached temperatures high enough to generate hydrocarbons. 
This means that, since the site· is. away from any potentia_l. hydrocarbon reservoir-, intensive exploration and drilling 
will not likely take place within the area. 

About 50 miles west of the site, the shallow aquifers 
(Units O and DL are recharged at a rate of between 0.2 and 1.0 inch/year, but discharge ~long the eastern margiri 
of the subbasin. In these aquifers, _the groundwater.flows 
slowly from west to east, several_ inches to a few-feet per 
year. Flow in the overlying aquifers is driven by gravity. 
The aquifer Units .o and D dip over a range of 10 to 50 feet 
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Table 2 

Stratigraphic Units, Lithology, and Thickness of 
Hypothetical Bedded Salt Repository Site 

Unit Thickness {Ft) Lithology % Thickness. 

0 50 - 300 silt 45 
clay 

sand 50 
gravel 

caliche <S 

D 300 - 900 shale 30 
clay 

s.1ltstone 7 

sandstone 60 
conglomerate 

limestone <3 

PSA 550 - 850 anhydrite ·7 

clays tone 8 

salt 23 

mudstone 22 

~iltstone 28 

sandstone 12 

{cont 'ct)· 
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Table 2 (Cont'd) 

Stratigraphic Units, Lithology, and Thickness of 
Hypothetical Bedded Salt Repository Site 

Unit Thickness (Ft) Lithology % Thickness 

SA 1000 - 1200 

CF 1750 - 2050 

WP 2300 - 4200 
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per mile. This results in a head gradient of 2 to 10 x 10-3 · driving horizontal flow within Units O and D. Vertical 
gradients in Units O and Dare dowriward and small in magni
tude. The dispersivity of Units O and Dis small, less than 
100 feet, and typically tens of feet. 

Unit WP recharges very slowly -- much slowe.r than the 
shallow aquifers -- a few huridred miles vrnst of the site and 
discharges several hundred miles southeast of the subbasin. 
The briny groundwater in this unit flows slowly, mostly 
from west to east, at a rate of a few inches per year. 
Its hydraulic gradient Jaries between 10 and 30 feet/mile, 
i.e., from 2 to 6 x 10- • The vertical hydraulic gradient 
in this unit, however, is steep (about 1), and is directed 
upward. 

Table 3 lists ranges of horizontal and vertical 
hydraulic conductivities and porosities for each unit. 
Values of ·conductivities for the O and D units mean 
that approximately 50 percent of conductivity measure
ments made in these units would fall in the given range. 
For the remaining units, the values indicate that 85 
percent of the measurements would fall in the given range. 

Engineered Underground Facility 

The DOE has conceived a design for a subsurface 
facility where nuclear wastes can be emplaced [8-lO]o 
We will use this facility for our analyses. Since the 
facility has already been described elsewhere [11], we 
will present only the few gross features that are import
ant to our analyses. The reader is cautioned that the 
repository being modeled is hypothetical. 

Dimensions -- The mined repository, which is located at a depth of 2,300 feet, has a storage area that extends 
over a 3,000-acre rectangular area (15,370 ft by 8,600 ft). 
A shaft pillar area extends 2,000 feet horizontally away 
from the waste· storage area, the "panhandle" area shown 
in Figure 3. 

Each storage room in the design is 4,000 feet (long) 
by 17.5 feet (wide) by 19 feet (high). For our calcula
tions, we will assume the height to be 15 feet to account 
for creep closure that takes place over the operational 
life of the repository. The central co~ridors, which are 
18.5 feet (wide) by 19 feet (high), will also be calculated 
as being 15 feet (high). 
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Unit 

0 

D 

PSA 

SA 

CF 

WP 

Table 3 

Hydraulic Properties of Geologic Units, 
Bedded Salt Site* 

Horizontal Vertical. 
Hydraulic Hydraulic 

Conductivity Conductivity Porosity 
(ft/d} (ft/d) (dimensionless) 

4 - 25 0.4 - 3 0.1 - 0.2 

0.4 - 2.5 0.04 - 0,25 0.05 - 0.1 

10-5 - 10-2 10-6 - 10-3 0.01 - 0.05 

10- 7 10-3 10-8 10-4 0.001 - 0.01 

10-6 - 10-3 10-7 - 10-4 0.005 - 0.05 

10-5 10-2 10-6 10-3 0.01 - 0.05 

* Please refer to Table B-2 in Appendix B for original 
source and reference. 
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Capacity -- The 'mine can accept unreprocessed spent 
fuel assemblies from approximately 86,000 metric tons of 
heavy metal (MTHM). This translates to about 204,000 
canisters containing either one assembly from a pressurized 
water reactor (PWR) or two from a boiling water reactor 
(BWR). The cylindrical ·canisters, which are 14 inches 
in diameter and 15 feet long, are to be placed in vertical 
holes drilled into the floor of the storage rooms. Total 
volume of excavated salt is 1.56 x 108 cubic feet. 

Backfill -- After wa$te emplacement is completed, 
the mine is backfilled with crushed salt, leaving a 
residual porosity of 20 percent. 

Waste Inventory 

The draft EPA Standard requires that all radionuclides 
in the waste inventory (Tabie 1) be considered. However, 
we have found through experience that a subset of ·the inven
tory (Table 4) dominates the response and is sufficiently 
representative of the total inventory to estimate compliance. 
Therefore, we will use that subset in this study. · 

The inventory listed in Table 4 is that of the full 
repository at the time it is sealed closed (t = O). 
Although the inventory varies from canister to canister 
because _of reactor type (BWR/PWR), we will assume that 
each canister contains a uniform fraction of the entire 
inventory: 1/204,000, that is, 4.9 x 10-6 . 

-14-



Table 4 

Radionuclide Inventories* (Ci) at Time of Closure (t 

Half-
Life 

Radioisotope (years) Ci at t=O 

Pu240 6.76E3 4,6E7 
U236 2, 39E7 3. 2E.4 

Th232 1. 41El0 3.2E-5 
Ra228 6.7 9.0E-6 
Cm245 8. 27E3 3,3E4 
Pu241 14.6 4.4E9 · 
Am241 433. 2.0EB 
Np237 2.14E6 4.0E4 

U233 l.62E5 8.0 
Th229 7300 .. 1. 2E-2 
Cm246 4710. 6.6E3 
Pu242 3.79E5 1. 3E5 

U238 4,51E9 3.0E4 
Pu238 89. \ 3. lEB 

U234 2.47E5 1. OES 
Th230 8.E4 16.8 
Ra226 1600. 8.lE-2 
Pb210 21. 1. BE-2 
Am243 7650. 1. 7E6' 
Pu239· 2.44E4 3. 2E7 · 

0235 7.1E8 l.6E3 
Pa231 3.25E4 3.4 
Ac227 21.6 1.4 
Tc99 2.14E5 1. 3E6 

Il29 l.6E7 3.0E3 
Snl26 1. OE5 5.2E4 
Sr90 28.9 4.8E9 

Cl4 5730. 4.8E4 
Csl35 2.0E6 3.3E4 
Csl37 30. 6.7E9 

*Inventories correspond to 86,000 metric tons 
of heavy metal 
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V. Radionuclide Release ·scenarios and.Probabilities 

The three types of scenarios with radionuclide trans
port that we analyzed were groundwater transport, drilling 
into a canister, and brine pocket penetration. 

In all cases, the sealed repository is violated either 
·because mineshaft seals f~il or because exploratory drill 
holes penetrate the underground engineered facility. The 
draft EPA Standard requires that each radionuclide release 
have an associated probability assigned to it. Since all 

. 
1
scenarios that we considered were caused by either. the shaft 
seal failing or by drilling, we had to determine the likeli
hood that either would happen. ! ' . 

Since Unit WP has low hydraulic· conductivity and ground
water flows through it. extremely slow°ly -- a few inch.es· per 
year -- we will ignore it as a ~ource of groundwater or a 
migration path. 

Wells sunk into Unit WP could shorten the path of 
radionuclide~ to the accessible environment. However, 
because of its tightness, salinity, and overlying units 
of greater transmissivity, we do_not feel that wells 
are likely to be drilled into the lower-units for the 
extraction of water. Also, the natural discharge loca
tion for the unit is more than 100 miles away. With the 
groundwater moving at 1 mile/1,000 years (5.28 inches/ 
year) it would take over 100,000 years for the radionu
clides to escape. This time is much greater than the 
10,000-year limit set by the draft EPA Standard. 

We should note that the objective of this study is 
to choose and analyze a set 6£ representative scenarios. 
As will be shown, the. scenarios chosen will indeed be 
important scenarios in the compliance assessment of the 
assumed repository·. This is not to say that they are 
the only scenarios,. A full scenario development, char
acterization, and analysis is beyond the scope of this' 
work. 

Probability of Seal Failure 

Without a detailed study of the properties of sealing 
materials, we can only assume a non-mechanistic probability 
of their failure. Thus, we assume that: 
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Probability of ) 
shaft seal failure} = 
at 1000 years } 

0.001 

For our calculations, we also assume that the shaft seal 
remains defective throughout the calculation, that is, 
it is not resealed. 

Groundwater Transport Scenarios 

In order that the Units (0 and b) overlying the back
filled repository be able to transport radionuclides, two 
hydraulic conduits are required between them. One allows 
water to enter and contact the canisters. The other carries 
,contaminated water back to the geologic units. The two 
conduits and the repository would thus form a U-shaped path, 
called a U-tube (Figure 4). 

· The vertical conduits could be formed along former 
mine shafts leading to the repository whose seals had 
failed. Another possibility would be an inadvert~nt pene
tration by exploratory drill holes made by future genera
tions seeking petrochemicals or evaporite minerals. 

In Figure 4, the conduit to the left is either a mine 
shaft whose seal.has failed, or a borehole. The one to 
the right is a borehole. Water is driven through the u~ 
tube by the head difference between the vertical conduits 
and the units overlying the,reposi~ory. The difference is 
caused by the water flowing horizontally through Units 0 
and D. 1

· 

Below, we analyze two variations of the characteris
tics of the ·overlying aquifer. In one we assume that' Unit 
O is nearly saturated and that the vertical legs of Figure 

,4 connect with it. Water and radionuclides flow from the 
backfilled regions back into Unit o. Once there, the 

· radionuclides are transported through the unit. 

In the other variation, we assume that Unit O has 
been depleted, say for irrigation. Unit Dis then the 
migration path for radionuclides, although slower be
cause of its lower conductivity. 

Probability of U-Tube Formation -- To determine the 
likelihood that a borehole will intrude into the :repository; 
we first assume that the drilling rate into the 3,000-acre 
tract is 1~9 x 10-3/year. This rate is relativeiy low for 
drilling into strata containing bedded salt [4]. However, 
it is a reasonable value considering the thermal maturity 
of the strata, discussed previously in the description of 
the report. The floor space of the engineered facility co
vers a smaller area than that of its gross extent, typically 
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25 ·percent or less extraction ratio. In- the assumed 
design,. this fraction is less. than 10 percent [8-10]. 
For the calculations presented in this report, we 
assumed this fraction to be about 15 percent. Thus, 
the.number of boreholes expected to penetrate the back
filled regions in 10,000 years is: 

19 X 0.15 = 3 

We can thus assume that three boreholes are expected to 
penetrate the backfilled regions during the 10,000-year 
period. 

However, other factors enter the picture. If water 
is to flow through a U-tube, there must be enough driving 
head. For example, in the case where water originates in 
Unit O and returns loaded with iadionuclides, there is a 
minimum distance that must separate the vertical legs of 
the U-tube. This distance is determined by applying the 
DNET Model [12]. The water in the U-tube's entry leg is 
fresh until it comes into contact-with the salt. There-
fore, the exit leg contains ·saturated brine, which is 
heavier. Given the hydraulic gradient of tinit 0, the 
minimum downdip separation calculates as 11,500 feet. 

In the case where water originates from and returns 
to Unit D,·both vertical legs are filled with brine. 
Therefore, there is no difference in their weights and 
two or more holes, regardless of separation, may form 
a successful U-tube, as long as both penetrate the.back
filled regions. 

To implement all our assumptions, we further assume 
that exploratory drilling is a Poisson process with a dis
tribution on the number of boreholes into the 450-acre 
(15 percent of 3,000) target area given by 

P(n) = ·( 5) 
n! 

where: A.T = 3. 

·In the Unit O case, where we require a minimum distance 
of 11,500 feet, we must adjust the value of AT~ The adjust
ment needed is a scaling of the val~e of AT by the ratio of 
the target area to 3,000 acres. 

-19-



We will consider four variations of the U-tube 
scenario. In .two of the variations, Unit O will .be 
assumed to transport the radionuclides. In the other 
two, Unit D will be assumed to transport:.·the radionuclides. 
For each of the assumed major transporting units, two 
ty~es of vertical conduits (Figure 4) will be considered. 
In all the U-tube scenarios analyzed, the vertical conduit at 
the right in Figure 4 will be assumed to be formed by one 
or mc:ire·boreholes. The conduit at the left of Figure 4 
will be assumed to be one or more failed shaft seals in 
one 'case, and one or inore boreholes in the other. In the 
discussion that follows, probabilities for these scenarios 
will be given. In order to describe .the hydraulic 
properties of the vertical iegs, conditional probabilities 
will also be needed to describe the number of boreholes 
tha~ may occur. These will also be given in the following 
discussion: 

Scenario 1 ~- Water originates in and returns to Unit o. 
The entrance leg is a shaft whose seal has failed and the exit 
leg is one or more boreholes. Both legs an:? separated by at 
least 11,500 feet·. The. size of the target area (Figure 3) is 
approximated as: 

Area= (17,000 - 11,500) x 8,600 feet 2 - 1,086 acres. 

Thus, we scale >. T appropriately to get ( >. T) ' : 

1,086 Acres 
(>.T)' = >.T = 1.09 

3,000 Acres 

Using Equation (5), P(O) = 0.34 and the probability 
of one or· more holes penetrating the target is 

p~ 1 = 1 - 0.34 = 0.66. 

Therefore, the probability that Scenario 1 will occur 
is: 

pl= p * shaft P 0.001 * 0.66: 6.6xlo-4 
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We can now use Equation (5) to. generate a conditional 
probability, Pc(n) distribution on the number of bore
holes in the 1,086 x 15 percertt target area: 

n 1 2 3 4 5 6 · 7. > S 

Pc(n) 0.56 0.30 0~11 0.03 0.01 0.0011 -d l.7xl0 · nil 

Scenario 2 -- Water originates from and returns to 
Unit o. Both legs ·of the U-tube are two or more boreholes 
separated by at least 11,500 feet. Since any two boreholes 
separated by that distance can form a successful U-tube, 
we need a convolution of probabilities of boreholes in 
differential. target areas at greater than minimum sep~ra
tion. To avoid this complicated computation, we present 
a simplified treatment to estimate the number of boreholes, 
ignoring the 2,000-ft long "panhandle" of the repository 
since no waste is stored there (Figure 5). 

The two 2,700-ft sections at each end of the reposi
tory are targets fbr the boreholes forming a U-tube with 
those at the opposite end. The size of each target area 
is thus 2,700 feet x 8,600 feet= 533 acres. Therefore, 
adjusting XT gives us, · 

(AT) I - A T 
533 

--- =0.53. 
3000 (8) 

The probability that there will be no boreholes in 
a target area that is 15 percent of 533 acres is Q.59 
[Equation (5)], so that the probability of one or more 
borehole at each end is· · 

P2 = (1 - .59)2 = 0.17. ( 9 ) 
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However, in orde~ to perform our calculations, we 
need the distribution of the number of boreholes. This 
number can be generated from Equation (5) to give us a 
conditional probability distribution of boreholes in each 
target area: 

n 1 2 3 4. 5 6 > 7 

.7549 .2031 .0364 .0049 .0005 .00005 nil. 

Scenario 3 -- Water originates in and returns to 
Unit D. One leg of the U-tube is a shaft whose seal has 
failed and the other is one or more boreholes at any 
distance, not exceeding the size of the backfilled regions. 
We use the same calculations as for Scenarios land 2. 
However, we do not adj"ust for target area and insfead use 
>.T = 3. Using Equation (5), we calculate the probability 
of one or more boreholes penetrating the target area as 
P> 1 = 0.95 so that the probability of this scenario 
occurring is: 

P3 = Pshaft * P~1 = 0.001 * 0.95 = 9.Sxio-4 (10) 

Thus, the conditional probability distribution on the number 
of ·boreholes is: 

n PcM n ~chl 

l 0.16 6 o.os 
2· 0.24 7 0. 0.2 
3 0.24 8 0.01 
4 0.18 9 0.003 
5 0.11 10 0.001 

> 11 nil. 

Scenario 4 -- Water originates in and returns to Unit 
D. Both legs of the U-tube are boreholes with no minimum 
separation. No adjustment of >.Tis needed and we use 
>. T = 3. By using Equat1.on { 5), we cal cu late the prob
ability of two or more boreholes penetrating the target 
area as P> 2 = 0.80 _ P4 . The conditional probability of 
distribution is 

n ~cM n P cJE.) 

2 0~28 7 0.03 
3 0.28 8 0.01 
4 0.21 9 0.003 
5 0.13 10 0.001 
6 0.06 > 11 nil. 

--23-
I 
I 

I 
· 1 



Since we cannot assume Unit Oto be both saturated 
and depleted, we assume each of these possibilities to be 
equally probable. This translates to an additional factor 
.of 1/2 on the probabilities above. Also, we treat only 
one scenario at a time. For example, we do not consider 
a U-tube formed by a failed shaft ~eal which, after sub-
sequent drilling, becomes a U-tube with boreholes providing 
additional water conduits. Thus, the shaft seal failures 
compete with boreholes for U-tube formation~ Including the 
factors of 1/2 for Unit O vs Unit D scenarios, we calculate 
probabilities for the mutually exclusive scenarios, Pi' 

pl I = 1/2 pl (1 1/2 P2) 

P2 I = 1/2 P2 - (1 1/2 P1) 

P3 
I = 1/2 P3 (1 1/2 P4) 

P· I .4 = 1/2 P4 (1 1/2 P3) 

In su~ary, the probability assigned to each scenario, 
p, I 

l.S: 
l. I 

Scenario p. 
-1 

P• I 
-l.-

1 .00066 .00030 
2 .17 .0850 
'l .00095 .00029 .J 

4 .80 .40 

Penetration Scenarios 

Scenario 5: The canister "direct hit." 

In this scenario, the radionuclides move to the surface 
directly and rapidly. While sinking a borehole, possibly 
while exploring for minerals, the drill bit strikes a waste 
canister and brings. a fraction of the contents to the su:r
·face. 

In the scenarios pre~iously described, we determined 
that in 10,000 years, 19 boreholes could be expected over 
the 3,000 acre site. The same probability applies to 
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this penetration scenario. Each borehole will have a fixed probability of making a "direct hit". on a canister. The probability is determined by comparing the area of the 
waste canisters with that of the facility. 

Since there are 204,000 canisters, each with an end 
~rea df 1.15 foot 2 , any drill bit penetrating the backfilled repository has a probability of hitting a canister of 

5 · 2 2.04 * 10. canisters* 1.15 foot /canister 
(11) 

15,370 feet* 8,600 feet 

= 1. 8 * 10- 3 • 

For n boreholes, the probability of N direct hits will be given by a binomial distribution, 

n! 
P(N,n) = ~~~~~- (12) N! (n-N)! 

Thus, the prob~bility of N hits is: 

00 

P(N) = L p(n) · P(N,n) (13) n=N 

00 

= L 
n=N n! 

where AT= 19 

and Phit = l.8E-3 

A more detailed analysis of this scenario might,i,nclude the spatial extent of the drill bit, the drilling direction, and the distribution of waste within the canister. 
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Scenario 6: Brine pocket pen~tration 

We have not had time duiing this study ~o analyze 
this scenario. in detail. However, it has been suggested 
as a potentially important scenario to be considered 
when analyzing risks from nuclear waste disposal [13]. 
The suggestion is that for a specific repository site, 
approximately i borehole in 27 will hit a brine.pocket 
[13]. Therefore, we use this number with some other 
assumptions to decribe this scenario~ 

We use the probabilistic expression of Equation (13) 
because conceptually, the canister "direct hit" scenario 
is the same as that of the brine pocket penetration (Figure 
6), the brine pocket now being the target, rather than 
the canister. Therefore, we have to develop an expression 
for Phit" 

As indicated in Figure 6, we assume that M brine 
pockets exist below the horizon of the· subsurface facility, 
with an area, Am. Each brine pocket is spherical with a 
cross-sectional area, a, projecting to the surface. We 
assume that the ratio of total brine pocket area, Ma, to 
Am is a constant, a, i.e., 

Ma = a Am. 

The constant a then gives the probability that a random 
drill bit will penetrat~ a brine pocket. A value of 

1/25 was given for a with no mention of the thickness of 
the salt layer [13]. However, since we are concerned only 
with the lower half of the salt layer, we will assume that 

a = 1/2 • · 1/25 = 0.02 

This value will be used for Phit in Equation (13) to evaluate 
this scenario. 
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Figure 6. 
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Reference Area, A.n, Containing M Spherical 
Brine Pockets. (tach brine pocket has a· 
projected area, a, at the surface.) 
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VI. Computer Models (NHFT/DVM) Used for Groundwater 
Transport Scenarios 

We used different models to estimate discharges 
expected from the various scenarios. For groundwater 
transport (U-tube) scenarios,· we. used the I:TI'lFT/DVM 
model [14] developed at SNL for the NRC. For the pen
etration scenarios, we used more simplistic model~. 

A. The Groundwater Transport Scenarios (NWFT/DVM) 

This model is used to calculate time-dependent 
discharge rates of radionuclides into the accessible 
environment for the four groundwater transport scenar
ios. Figure 7 shows the simple network of points and 
distp.nces used in .the calculations. In the figure, "L 11 

indicates th~ length between junctions at elevations, 
11 d 11

; and "p" .is the hydraulic pressure of the aquifer. 
The numerical values assigned to the J's and d's vary 
from scenario to scenario. ·These values are presented 
in Table 5. 

The upper horizontal legs represent the overlying 
aquifer, either Unit O or Unit D, the vertical legs 
represent the borehole(s) or failed shaft, and the lower 
horizontal le~, 16 Pepresents the backfilled region. 

We used the Latin Hypercube Sampling Method [15] to 
select input data for flow and transport calculations 
(Table 6). For example, to calculate discharges· in each 
groundwater.transpOrt scenario, we chose 50 combinations 
of input data (vectors) from the distributions in the 
table. We repeated this procedure three times so as to 
observe the effects of sampling error on the calculated 
discharges. 

In order to avoid physically unreasonable combina
.tions of porosity and hydraulic conductivity, we assumed 
a rank cbrrela,tion of 0.7 when sampling these parameters 
for any feature [15]. Leg 6 is the backfilled repository, 
which is a hydraulic "short circuit" between legs 4 and g 
and has c:1n arbitrarily high hydraulic conductivity of 10 
feet/day. 

The NWFT/DVM Model also requires that we assign a 
value to the cross-sectional area of this "short circ.uit". 
Depending on the source model (see below),

5
we 1ssign an 

end-view, cross-sectional area of 1.3 x 10 ft, if the 
entire waste inventory is available to access by ground
water. If the available fraction is proportional to the 
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Table 5 

Lengths and Elevations Corresponding to Figure 7 
for the. Groundwater Transport Scenarios. 

i: 1· 2 3 4 5 

lengths, 1 . 
1 (feet) 

1 10.0, 000 17,370 5,280 2,000 1,878. 

2 102,000 15,370. -5, 280 1,986 1,878 

3 100,000 17,370 5,280 1,500 1,378 

4 102,000 15,370 5,280 1,486 1,378 

Elevations, d, 
l. 

(feet) 

1 859 159 37 0 -1,841 

2 859 145 37 0 -1,841 

6 

17,370 

15,370 

17,370 

15,370 

-1,841 

-1,841 

3 359 ~341 -463 -500 -1,841 ·-1,841 

4 359 -355 -463 -so·o -1,841 -1,841 
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Table 6 

Hydraulic Properties and Sampled Distributions* 

Conductivities are assumed to. be lognormally .distributed. 
Porosi.ties are assumed to be normally distributed. The 
given ranges specify the 0.001 and 0.999 quantiles 
of the assumed distributions. 

0.001 0.999 
Property Quantile Quantile 

1. Hydraulic Conductivity 
(ft/day) of Unit 0 0.15 680. 

2. Porosity of Unit 0 0.1 0. 2 .· 

3 •. Hydraulic Coriductivi ty. 
(ft/day) of Unit D O. 015" 68 

4. Porosity of Unit D 0.05 0.1 

5. Hydraulic Conductivity 
.( ft/day) of Failed Shaft o.os 50.0 

6 .. Porosity of Failed· Shaft o.os 0 .. s 

7. Hydi;-aulic Conductivity 
(ft/day) of Boreholes 0.05 25.0 

8. Porosity of Boreholes o.os o.s 

*The references· and data ranges supporting the .assumed values 
for the rock units in this table are given in Appendix B. 

·. \' 
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number of boreholes, the cross-sectional area can be de
duced by the number of borehole.s multiplied by the cross
sectional area of the penetrated storage room (262.5 ft 2 ). 
Actually, since leg 6. is a "short-:-circui t" anyway, these 
assignments are of little practical value, but are assigne~ 
because the model requires them. 

Note.that we have consistently assumed the maxi-
mum lateral separation between the vertical legs for sim
plicity. Due to the density.difference between fresh water 
and brine, a minimum distance of 11,500 ft between legs -4 
and 5 is required to push the brine upward in leg 5 for 
Scenarios 1 and 2. Therefore, the assumption of maximum 
later~l separation is fairly representative for those sce
narios. For the remaining two·u-tube scenarios, the actual 
separation between legs 4 and~ could be small~r. However, 
due to the assumption of a "short circuit" through leg 6, 
the separation derined in the computer raodel is immaterial. 

The cross-sectional area of the U-tube legs { 14 , i 5 ) 
depends on whether the legs are mineshafts (2,000 f~2 ) or 
boreholes (0.8 fooi2/hoie). We ~lso ~ssume that the inlet 
and outlet pressures (p1 and p 4 ) are zero since the aqui-
fers ar~ unconfined. · ·· . 

We have neglected dispersivity in our ffilFT/DVM cal
culatibns. We-feel this is justified since the dispersi
vity is s.mall for the assumed repository. · More import
antly, the effect of dispersi vi ty is to make the leadin·g 
edge of the discharge curve more· diffus·e. Since :we are 
calculating time-integrated discharges, we expect little 
error from the neglect of dispersion.· The error is lar
ges~ when integration begins or ends ·during the diffuse 
part of the discharge. The effect. is to assign a .portion 
of the discharge to the adjacent 10,000-year period. 

In our calculations, we have assumed three models 
for NWFT/DVM, each describing a different source of nu
clide release (Table 7). We did not perform detaiied 
modeling of each source; the sources are simply assump- .· 
tions chosen to demonstrate their efficacy. 

Source #1 -- This source complies with the release 
rate limit imposed by NRC [2l, that is, 10-5 /year of the 
entire radionficlide inventory at i,000 years. 0e have 
assumed that the inventory is.homogeneously dispersed 
throughout the wasteform so that if Ni(t) denotes the ith 
radionuclide in th~ inventory at time t, in the absence 
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of 
to 
is 

release, the release rate·of that radionuclide is (10-S 10-7) x N, (t). We assume that the entire waste inventory . i . available for transport. 

Source #2 -- This source has the same range as Source. #1 in terms of release rate, but the amount of \\Taste available for transport is redticed. E~ch borehole allows only 
the amount of waste in the· particular penetrated backfilled storage room to be available for transport. This model would be valid if we assumed· the. flow through the backfilled regions ·to be localized to the vicinity of the borehole 
(there a~e 106 storage rooms). 

Source #3 -- Thfs source resembles Source #2 but.allows the backfilled rooms to be modeled as a mixing cell where wasteforrns are leached.uniformly (Appendix A). The range 
of leach rat.e has been changed- to allow a more rapid rate in the breakdown of wasteforms. The calculated discharges thus show how a less stable wasteform can be compensated 
if mixing mechanisms can be assumed. We also allow solu-,, 
bility limits to apply to radionuclide concentrations in the mixing cell. · 

Geochemical Data 

We assume that retardation of radionuclides occurs 
·only in the aquifer uni ts ( 0 and D) of the transport 
path. The retardation factor, R, is thus given by 

where 

( 1-<P) 
R = 1 + Ra P . <j) 

P = the assumed rock density (2. 7 g/ c~3 ) 

¢= the unit's porosity (see Table 6) 

Rd= the,sorption ratio* (Table 8) 

(14) 

*We use the symbol Rd to signify an experimentally-determined radionuclide distribution coeffi_cient where· we do not assume 
that equilibrium has been achieved. Although they are called "sorption ratios," there is no assurance that sorption is.the only chemical process occurring during the experiments. We 
use the te7m.Kd.in ~ts cl~ssical sense, ~.e., ideal ion exchange equilibrium involving tr~ce constituents. 
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Table 7 

NWFT/DVM Source Models 

Available Leach Rate·· 
Model Source Fraction of (Release} Leach Rate 
Number Type . Inventory Range (yr-1 } Distribution 

1 Leach Limited 1.00 10-5 to 10-1 Log Uniform 

2 Leach ·Limited . .jj.•. of boreholes 10-5 to 10-7 Log Uniform ':I' 

IOo* 

3 Mixin9 Cell # of boreholes 10-3 to 10-7 Log Uniform 
106* 

I 
I 

*106 denotes the number of storage rooms in the repository 
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Element 

Cm 

Am 

Pu 

Np 

u 

Th 

Ac 

Pb 

Ra 

Pa 

Sr 

c·s 

I 

Sn 

Tc 

14c is 

~-----~~-

Table 8 

Sorption Data, 
Bedded Salt Site* 

Percentiles of assumed 
lognorrnal distribution 

0.001 0.999 

10 2 105 

50 10 4 

30 104 

2 400 

.01 270 

103 105 

10 2 105 

100 500 

100 500 

0.01 104 

1.0 2000 

o .. 01 3000 

0.01 100 

0.01 5·00 

0.01 3 

assumed to be completed unretarded, i.e. , Ra=O. 

*Supporting data and references are summarized in Appendix B. 
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The LHS method is. used to select values from the distri
butions for. each input vector according to the distributions 
given in Table 8. Data appearing in Table 8 are taken 
from Reference [16] and the supplemental information fror.i 
the open literature. · 

Solubility limits are needed for Source #3 to treat 
concentration limits on each radionuclide. These data 
are presented in Table 9. Elements not appearing in 
Table 9 are assumed to have unlimited solubility. 

The sources for the data used in compiling the ranges 
for the hydrogeologic and goechemical variables are identi
fied in Appendix B. 
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Table 9 

Solubility Limits of Various Radionuclides 

The given ranges specify the 0.001 and 0.999 quantiles of an assumed lognormal dist~ibution. 

Range of Solubility Limit (gm/gm) 
Element 0.001 quantile 0.999 quantile 

Pu l.6E-16 4.0E-4 
u l,6E-8 3,0E-2 
Th 1.1£-9 5.8E-6 
Ra 7.9E-12 l,3E-5 
Np l.3E-25 S.OE-7 
Pb 2.SE-11 4.0E-5 
Pa l,4E-7 7,2E-4 
Sn 6.3E-17 ·l.6E-4 
Tc l.9E-9 9.5E-5 
Sr 2,2E-6 2.8E-3 
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B. Penetration Scenarios 

The penetration scenarios are quite different from 
our usual analyses; therefore, the manner·in which we 
evaluated their consequences is discussed here. For 
each, the consequence of the. scenario depends on the time 
of its occurrence and each· consequence depends on the in
ventory at the time of penetration. 

As a measure of the time-dependent consequence, Table 
10 shows the hazard represented by the waste inventory_in 
terms of EPA release l.imi ts. \'le obtained the table by 
evaluating Equation (1) for the entire inventory. 

Time (yr) 

1,000 
1,500 
2,000 
5,000 

10,000 

Table 10 

Repository Hazprd Index 

EPA Sum (Eq. (1)) 

8 .~E7 
4.3E6 
2.SE6 
8.9E5 
6.4ES 

In the direct hit scenario,· for example, to use Table 10 · 
to find.the haz~rd on a per-canister basis, divid~ its 
value in the second column by 204;000 (the number of 
canisters). The penetration scenarios have been des
cribed in terms of the number of boreholes expected to 
cause them, independent'of when these boreholes occur. 
Since the consequences are time dependent, it is essen
tial for consequence evaluation that a time of occurrence 
be assumed. The assumption made, is that the N hits con
sidered, occur uniformly over the period of interest. 
For the "direct hit" scenario, the period is the 9900 
years following loss of administrative control after 100 · 
years •. For the brine pocket scenario, the period is the 
9000 years following containment lifetime (1000 years) 
when all waste packages are assumed to fail simultan~ 
eously and completely. Thus, for N hits causing the 
scenar.ios, each is ass urned to occur at a time, t j, where 
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9900 

(j ~) - + 1·00 "direct hit" 
N 

t· = { 15) . J 

9000 (j ~) + 1000 brine po'cket 
N 

In the "direct hit" case, we assume that a fraction, 
fo = 1/4 of the canister contents are removed. 

Thus, a 1-borehole, direct hit occurs at 5050 years with 
a consequence (Table 10) of approximately, 

C (1) . 
direct hit = 1/4 • = 1.1 (16) 

204,000 

For the brine pocket scenario, we assume that the pres-·· 
sure in the pocket is relieved by expelling a.fraction of 
its volume. This brine flows up the borehole into a back"".' 
filled room. We assume that the backfilled rooms have become 
resaturated before the waste packages fai°l a_t 1000 years. 
When a waste package fails, its contents are assumed to be 
re.leased uniformly to the entire volume of water in the 
bac~filled regions, at a constant rate over a period, T. 
Thus, _at time tj, the fraction of wastes that have been 
released is f1: 

:l:j - 1000 
f1 = 

T 

We assume that the brine flow will be of short duration 
and will remove only those radionuclides in the water volume 
in the immediate vicinity of the borehole. No modeling was 
used to test this assumption. We assumed that 1/40 of the 
water in the backfilled room is mixed with the flowing brine 
and released to the accessible environment. This choice 
corresponds to the water volume contained in a .100-foot 
length ( 50 feet either way from the borehole) of the 4, 000-ft. 
long room. 
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The consequence from this scenario is obtained by 
evaluating Equation 1 (through.interpolation of Table 10) 
with the assumptions made, 

C(N) 
brine pocket (

EPA ~um(tj)) 

106 

We will assume T = 100,000 years. For example, a one 
brine-pocket scen~rio occurs at tj = 5,500 years and has 
a consequence of approximately, 

( 8. 9 X 10
5 

) = 
\ 106 

9.45 

(17) 

Since both penetration scenarios involve a relatively 
small fraction of the waste inventory, we do not consider 
them as competing \vith the groundwater transport scenarios. 
The boreholes that cause them, ·hm·1ever, may also contribute 
to the U-tube formation. We have neglected the small per
turbation the penetration scenarios may have on the conse
quence of the groundwater transport scenarios. 

· C. Construction of the CCDFs 

As we dis.cussed in volume 2, assessing compliance with 
the draft EPA Standard should probably combine all scenarios 
to produce a final CCDF. However, for the scenarios analyzed, 
it is. more illuminating to examine them individually. \rle 
will first present the penetration scenarios followed by the 
groundwater transport scenarios. CCDFs for the groundwater 
transport scenarios have been constructed for ·each of the 
three source models described previously. 

Scenario 5: The "Direct Hit" Penetration Scenario 

Equation (13) was evaluated to give probability, P(N), 
of the N-hit scenario. Equation (15) gives the time, tj, 
for each of the N 'direct hits. Values from Table 10 were 
interpolated a.t t. to give values of the EPA Sum, as illu
strated in Equatidn (16). These results are presented in 
Table 11 and Figure 8. As can ·be seen in Figure 8, this 
scenario, when considered by itself, is ·in slight violation 
of the draft EPA Standard. 
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Table 11 

Probabilities (per 10,000 yr) and Consequences 
for the "Direct Hit" Scenario* 

Consequence 
N P(N) (EPA Sum) 

0 9.82E-l 0 

1 3.33E-2 1.09 

2 5.59£-4 3. 6.5 

3 6.26£-6 6.18 

4 6.27E-8 40.40 

*Contributions with probabilities of less than 10-4 need 
not be considered. 
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Scenario 6: Brine.Pocket Penetration Scenario 

Equation (13) was used with Ph't = .02 to-evaluate 
probabilities~ P(N), of N brine pociet penetrations that 
release radionu6lides. Equation (15) was used to evaluate 
t, and the EPA Sum was evaluated according to Equation 
(i7). Table 10 values were interpolated to give values 

· at t .• These results are tabulated in Table 12 and the 
resuiting CCDF is presented in Figure 9. As can ~e seen from Figure 9, this scenario, when consi~ered by itself, 
violates the draft EPA Standard. 

Scenarios 1-4: Groundwater Transport Scenarios 

We evaluated the groundwater transport scenarios for 
three source-term assumptions discussed previously: 

Source #1: 1ractional release of 1~~5 to 10-7/year 
of entire inventory, . ' 

Source #2.: fractional release of 10-5 to 10~7/year 
of a portion of the inventory, given by 
considering the number of boreholes ·and 
assigning one roomful of waste to each 
borehole, 

.Source #3: fractional ~elease rate from the waste 
form .of 10-3 t.o 10-7 with the waste
fraction assumption of Source #2. In 
addition~ we con~idered solubility li
mits and mixing assumed in the back
filled regions (Appendix A). 

In addition, for these scenarios, we sampled the 
variables required for the analysis from the ranges given 
in-Tables 6, 7, 8, and 9 by.the LHS technique [15]. We 
cnose 50 combinations of input and calculated an EPA Sum 
(Equation 1) for each. Also, we chose two addi_tional in
dependent samples of 50 vectors each to estimate the effects 
of sampling_ error. 

We calculated radionuclide discharge rates for 50, ooo· years following waste emplacement. We integrated these 
discharge rates over each of the five 10,000-year periods· 
and evaluated Equation(!). Thus, we calculated a CCDF 
for each of the five 10,000-year periods, for each of the 
three independent samples and for each of the source term 
assumptions. When appropriate, room number and release 
rates were also sampled. Figures 10, 11, and 12 give the 
resulting CCDFs. 
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Table 12 

. Probabilities (per 10,000 yr) and Consequences 
for the Brine Pocket Scenario 

Consequence 
N P(N) (EPA Sum) 

0 .942 0 

1 .0565 9.21 

2 .0017 24.0 

3 3. 39E.:...5 38.0 
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The three traces·shown·in each figure.result from evaluations with the three independent samplings of 50 vectors each.· The vertical spread in these plots represents an estimate of sampling error associated with the LHS'rnethod. As.can be·seen, the kampiing error is small ave~ most of the curve. 

All scenarios evaluated with Source #1 (Figure 10) yield large discharges. The results indicate a violation of the draft EPA Standard in each of the five 10,000-year periods. 

The scenarios evaluated with Source #2 (Figure 11) result in much lower discharges, and it appears that com""'. pliance i~ achieved ~urihg the first 10,000-year period. The results indicate that.the magnitude of the violation is very small. 

All scenarios,· when evaluated with Source #3, indicate that compliance r;1ay be achieved, provided that the mixing cell assumption can be 'justified. As show.n in Appendix A, the release rate with this type of source assumption should asymptotica~ly approach that given by the waste-form description alone (Table 7). Since we · assumed a less. stable wasteform, in conjunction with the mixing cell model, we can infer that the time required to achieve that asymptotic re.lease rate was long compared to the times for which discharges were calculated. The importance of the release rate assumption is indicated by comparing Figures 10, 11, and 12. 
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D. Sensitivity Analysis Results 

For the groundwater transport scenarios we applied standard sensitivity analysis methods to the calculated discharges as measured by the EPA Sum ( Equation l) [ 17] .. · The results of .this analysis indicate the relative 
i~portance of the various data used in the transport calculations (Tables 6 through 9) • The important variables determined by this analysis are tabulated here: 

' 

Scenario 

l 

2 

3 

4 

#1 

Rd 

Rd 

Ra 

Rd 

· Source 

and #2 #3 

(U), T s ( U) 1 T 

( U), T s ( U) 1 T 

( U), T Kua s ( U) ~ T 

( U) , T Kua s ( U) I T 

In this table, 

Ra(U) = Uranium sorption ratio (Table 8), 

T = Leach period (reciprocal of Table 7), 

S(U) ·= Uranium solubility limit (Table 9), 

Kua= Hydraulic conductivity of the upper aquifer, 
Unit O or D ( Table 6) ~ · 1 • 

The variables appearing ~n the table are those that 
control the time of onset of discharge {breakthrough) 
and the rate of discharge, For slowly varying discharge rates. 

(

Integrated\ 

Discharge/ (
Discharge) * ( T 

Rate 

_ Break~hrough) 

Time 

where T denotes the end of the period of interest, e.g., 
T = 10,000 years~ 
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For Source #3 the variables controlling the break-.through time do not appear to be as important as for Sources #1 and #2. This is likely due to the shape of the leading edge of the discharge pulse. As shown in Appendix A, the mixing cell model ·gives.a release rate (source term for NWFT/£VM) that is initially proportional to the leach rate, T-, and increases linearly with time initially. For the leach limited sources, the discharge rate is nearly a step-function. Thus, we expect a larger sensitivity to variables controlling the time of breakthrough for sharply defined breakthroughs than for the slowly increasing breakthroughs typical of Source #3. 

Of note is the importance of the sorption ratio and solubility limit values of Uranium. Since we calculated discharges for a mixture of radionuclides, .the variables influencing all radionuclides may be expected to be most important e.g. , T , Ku . The appearance of elementspecific variables indrcatBs the dominance of the element(s) in the mixture. 

I 
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VII. Conclusions 

From the analyses presented here, we can draw several 
conclusions and make recommendations: 

• Drilling-related direct-hit.scenarios in sedimentary 
basins -indicate only slight violations of the draft 
EPA standard. 

• Brine pockets in bedded salt may pose a significant 
problem in complying with the draft EPA Standard. 
Therefore, site. characterization should directly 
address the question of identifying any brine pockets 
that may be present. If few brine pocket~ and low 
drilling rates can be expected, the probability of 
this scenario can be kept ;Low. Our modeling of this 
scenario is admittedly simplistic. Impermeable back-
fills may be expected in actual designs serving to 
limit the ~mount of waste·-that may mix with the flowing 
brine. aefining the description of this scenario · 
is clea~ly needed. For example, we assumed that 
(l/4o)·x (1/106) of the entire waste inventory came 
into contact with the flowing brine. This fraction .. 
represents some 48 canisters distributed over a 100-foot 
length of the storage room. · In fact, one may expect · 
the brine to flow predominantly in the vicinity of 
the borehole, contacting a much smaller fraction of 
the waste and reducing the consequences of this scenario. 
The descriptions of flow along such a borehole and 
in the backfilled room, as well as the description 
of brine pocket characteristics require further analys~s. 
One would expect a description in terms of the fraction 
of the waste contacted and the amount of flow expected; 
only such a description would be useful in analyzing ' 
such scenarios. 

• The.importance of the groundw.ater transport scenarios 
in contributing to estimates of releases may be.great 
or small, depending on the source model chosen. Since 
they all result from drilling, steps should be taken to 
keep future drilling rates low. A reduction in the 
consequence may be achieved if the assumptions used 
in Sources #2 and #3 can be justified. Clearly, the 
fraction of waste available to flowing groundwater, 
solubilities, and mixing processes must be understood 
to estimate the importance of their contribution. · 
Unfortunately, we have not analyzed any processes in 
the area adjacent to a repository. Such analyses 
would be needed to make definitive statements on 
these assumptions. 
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An · impo.rtant assumption that has been made throughout this 
analysis should be noted. We have assumed failed shafts 
and boreholes to remain open throughout the calcula
tional period of 50,000 years. In fact, they are likely 
to close due to creep, unless the groundwater flowing 
through them dissolves enough salt to ~eep. the conduit 
open. We have not investigated this assumption in detail. 
The capability to address it with the DNET Model [12] 
is currently being developed. 

It should be noted that, in general, we have not 
addressed the entire set of scenarios developed in Reference 
[SJ. We have addressed a subset of scenarios that we feel 
may be important. Judging from the results calculated, 
these scenarios are indeed important for any repository 
similar to the one we have assumed. · 

A practical difficulty in implementing the draft EPA 
.Standard is the lack of our ability to assign reliable 
numerical values to the scenario probabilities. The 
methodology to assess compliance with the standard is, 
nevertheless, available as has been demonstrated by this 
and other similar studies •. 
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APPENDIX A 

Th~ Mixing Cell Source Model (Source #3) 

In Source #3·we allow the backfilled regions to be 
modeled as a mixing .cell in which flowing groundwater is 
assumed to mix with radionuclides in the volur:1e of the 
mixing cell. The concentration of radionuclides released 
from the backfilled regions is then given by the uniform 
concentration in the mixing cell. This model can be 
calculated analytically for a·single stable species. 

Let 

V = mixing cell volume, 

C = radionuclide' concentration in water in the mixing 
cell, 

L =·rate ·of radionuclide input into v· from waste form 
leaching, 

·and, Q = rate of water flow through V. 

In the mixing cell model we assume the leach rate, L, to 
be given as a constant fractional rate, AL' of the initial 
inventory in the waste form, N

0
, · 

The contaminant concentration in the mixing cell is 
described.by 

.If we let 

. dC 
V-- = ·L - QC 

dt 

A
0 = Q/V 

A-1 

(A. l) 



the solution of A.l is 

For small t, 

. ( - X t 
C(t) = ~ 1-e. o) 

C(t) = J:JL_ _v 

Thus the concentration of the radionuclide increases 
linearly from zero. 

The asymptotic release rate QC 00 can be obtained from 
Equation (A.2) with t- oo: 

QC 00 = L 

Thus, for long times, the release rate approaches a value 
governed by the rate of 'waste-form leaching. The release 
rate from the mixing cell is then less than or equal to 
the prescribed waste-form leach ~ate. 

For decaying radionuclide chains, this model is 
implemented numerically in tnvFT/DVM according to the 
compartment model shown in Figure A-1. 

A-2 

(A. 2) 
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Radiortuclides remaininq in the waste form are represented by Compartments, R. The waste-form breakdown rate. governs transfer from Compartments R to Compartments u. The · inventory in Compartments u is examined along with the water volume in the mixing cell and solubility limits to transfer all or part of that inventory into the mixing cell. The mixing cell inventory is denoted by Compartments N. The mixing cell is flushed constantly to give a release source (S} of 

When solubility limits are applied, radionuclides. may be.transferred from·compartments N to Compartments U, representing precipitation. For large solubility limits, Compartments U may be empty. 'nJ,en, transfer to Compartments N may occur directly along the dotted paths of Figure A-1. 

Horizontal transfer between radionuclides compartment, i, and compartments i + l or i - l represents decay and production. 
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APPENDIX B 

Geohydrolog.ic Data for Bedded Salt 

Table B-1 

Ra Ranges in Aquifer* (Bedded Salt) 

Media** 

a 

b 

a 

b 

a 

b 

a 

b 

a 

Ra Range (ml/g) 

50-1,000 

700-104 

300-3,000 

0 

1-270 

References 

40,41,59,60,74,77 

20,21,28,33,34,37, 
40,41,53,69,74 

24,40,48,55,56,58 
60-63,76,77 

20,21,24,28-32,37 
41,S3,54,69,76,77 

57 

26, 27, 33, 34, 41 

2-40 41,58,60,61,74 

2-400 20,21,41,59-61,74 

0-100 19,22,34,51,52,59,60, 
64 

Products (Cs) 
.b 70-3,000 20,21,24,28,30,33·,34, 

41-43,45-47,51-53,65, 
70,73,76,78,80. 

*These data are in oxidizing, relative fresh {potable) water 
(pH 6-8; salinity < 5,000 ppm) 

**a-Quartz and clean sediments; 
b-dirty and clayey sediments. 
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Parameter 

Conductivity in 
Aquifer (ft/day) 

Porosity in 
Aquifer 

Gradient in 
Aquifer (ft/ft) 

TABLE B'"'.'2 

Bedded Salt Hydraulic Parameters 

Range in Table 6 
and/or Main Text 

0.15-680 

0.1-0.2 

l.E-4 - l.E-2 

Range of Data 
in Available 
Ref. 

9.4-37 
8 

0.1-0.2 

2.E-3 

Reference 

81 
82 

83,84 

87 

Explanation 

A range of 4-25 (0.25-0.75 
quantiles) was expanded to 
0.15-680 to represent 
0.001'"'.'0.999 quantiles 
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ABSTRACT 

Simple models are presented for the estimation.of 
individual and population health effects (i.e., latent 
cancer fatalities) for long-term radionuclide releases 
to-the surface environment. These models were suggested 
by techniques employed by the Environmental ProtectiQn 
Agency in the development of a proposed standard for the 
disposal of high-level radioactive waste. The modeling 
approach is based on the use of asymptotic solutions to 
mixed-cell models in conjunction with appropriate usage 
rates~ dose factors, risk· factors, and population esti
mates. Although the modeis are simple, it is felt that 
they can be used in prelimirtary investigations of topics 
in high-level waste 'disposal such as potential importance 
of individual radionuclides, relative importance of dif
ferent release patterns or exposure pathways, and rela
tionships between individual and population.exposures. 
The use of the models is illustrated by calculating the 
population health effects along various exposure pathways 
for the radionuclides considered in the proposed Environ
mental Protection Agency Standard. The results of these 
calculations are compared with the calculated population 
exposures on which the proposed Environmental Protection 
Agency Standard is based. 
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1. Overview 

1.1 Preliminary Comments 

The Environmental Protection Agency has recently performed an analysis of the population health effects associated with a release to the surface environment of selected radionuclides contained in high-level waste (Sm81). Table 1-1 cqntains a synopsis of the popu1ation health .effects calculated in the Environmental Protection Agency analysis due to a one curie release of each of the indicated radionuclides over an extended period of time. In turn. the values contained in this table were used in the derivation of the Environmental Protection Agency's draft standard for the geologic disposal of high-level radioactive waste (En80). - Specifically, it was decided to allow 1000 health effects (i.e., latent cancer fatalities) over a.10,000 year period per 100,000 metric tons of heavy metal (MTHM) used as reactor fuel. For each radionuclide. the allowable release iimit per 1000 MTHM .over a 10.000 year period was obtained by dividing 10 health effects by the health effects per curie for a release to surface water given.in Table 1-1. The pro-posed standard and the ~esults of the indicated calculation are given in Table 1-2. 

Releases to surface water are probably the most likely, tended to dominate health effects in the Environmental Protection Agency calculations shown in Table 1-1; and were used in the derivation of the proposed standard given iri Table 1-2. For these reasons, it was decided to examine the calculations related to the surface-water exposure pathway •. Specifically, it was decided to examine the Env~ronmental Protection Agency calculations by ·developing simple models of the same type that they _used and theri using these models to pred1ct individual and population exposures and health ~ffects. In this development; the dose and risk factors presented in Runkle et al. (Ru81) are used. 

1.2 Computational Approach· 

The computational results presented are obtained with the use of simple linear models tn represent radionuclide movement. Specifically. the models considered are of the form 

dX/dt = R - AX, (1.1) 
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Table, 1--2·. dmillative Releases ·:to the Access":ible Environment for 10 ~ 000 Years· After Disi;:osal Proposed' by· the Environmental Protectiop Agency•· 
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where Xis the amount of radionuclide in ·some region of 
interest (units: Ci),, R is the rate of radionuclide 
input to-this region (units: Ci/yr) and A is a rate 
constant for movement out of that region (units: yr-1 ). 
The solution of the preceding equation is given by 

X(t) = e-Atxo + (R/A}(l. -At) e ' ( ]:. 2) 

where X(O) = Xo· Further, when A is_positive as is the 
case for situations considered in this presentation, the 
asymptotic or steady state solution to.(l.l) is given by 

SX = R/A . (1.3) 

. It is this latter solution which will be used in the 
development of dose and risk results to be presented. 

. . 

The equation appearing in (1.1) is used to 
represent three different situations. The first 
situation is a radionuclide release to a surface
water body. Here, for each radionuclide considered, 

R = TD(I)/T and A= F/VW , · 

where TD(I) equals total release for radionuclide I 

(1.4) 

(units: Ci) over a time period of length T (units: .yrs) • 
F equals the flow rate out of the water body under con
sideration {units: L/yr), and VW equals the volume o~ the 
water body {units: L). For completeness. the rate constant 
A appearing in (1.4) should also contain a term represent
ing radioactive decay. However, as this term would be very 
~mall relative to F/VW for the r~dionuclides conunonly con
sidered in the geologic disposal- of high-level waste, it 
is omitteQ. Radionuclide releases over relatively long 
time periods will be considered. In particular, dose fac
tors which provide a 70. year dose commitment from a 70. 
year chronic exposure will be used. Therefore, T must be 
significantly greater than 70. years. The coefficient A 
is derived from the assumption that the surface-water 
body can be treated as a uniformly mixed cell such that a 
radionuclide can leave the cell only by outward movement. 
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of water. Additional discussion of Rand A can be obtained in· Chapter 3. 

The second situation is a radionuclide release to _soil. Here, for each radionuclide considered, R i.s defined as in (1.4) and A is defined by 

S{I)*ER (1. - S(I))*RO 
A= DP*(l. - PO)*DE + DP*PO*SA*lOOO. 

ALOG(2.). 
+ HLIFE(.I) , (1.5) 

where S(I) represents radionuclide partitioning between the liquid and solid pha~es of the soil and is defined in Table 1-5 (units: unitless~, ER represents erosion rate per unit area (units: kg/m per yr), DP represents depth 
of soil ·(units: m), PO repre~ents porosity of soil (units: unitless), DE represen}s mean particle density of soil . material (µnits: kg/m ), RO represents runoff rate per unit area (units: L/ra2 per yr), SA represents percent saturation of pore space in soil (units·: unitless), ALOG(2.) is the natural logarithm of 2. and HLIFE(I) is the half-life of radionuclide I (units: yr). Due to the slower processe-s associated with radionuclide movement in soil, radioactive decay is incorporated into the expression appearing in (1.5). The coefficient A is derived from the assump-tions that the soil can be treated as a uniformly mixed cell with a water phase and_ a·solid phase such that (1) a radionuclide· is partitioned between.the water and solid phases on the basis of ·a distribution coefficient and (2) a radionuclide can leave the cell only by radioactive 
decay or movements of water and solids. Additional discussion of A can be obtained in Chapter.4. 

The third situation is radionuclide deposition on crops due to sprinkler irrigation. In this case, 

R = FRET*TD(I)*FRIV/T 

and 

A= ALOG(2.)/WHRHL, (1.7). 

where TD(I), T and ALOG(2.) are already-defined, FRET is 
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the fraction. of. dep9sited ra,dionuc:!l~des. in spr:inkle:r:- .. . 
irrigation ini t'ially retained. on plants J units·: . . · ... : .. 
unitless), FRIV is the fraction of the river ·rec:eiv::... · · 
ing the radionuclide. release used _fo~ spri,nkter irri~ 
gation (un:i.ts: ~nitle~s) .· and \{HRHL. is the_ weathe;i;:-:-· 
ing half' life ':i:or radionuclides deposited by sprinkler ... 
irrigation (units: . yrs). The: variables ir and A are 
derived from the assumption that the radionuclides 
retained on plants d~e to sprinkler irrigation,can be 
treated as being in a uniformly::--mixed cell· such ·tha,t 
·radionuclides qan enter this cell'only'by deposition· 
on plants and can leave the cell only by weathering. 
Due tc::> the generally short:. wea:thering_ hc1.lf l:i. ves. which .. 
a:re eoh~-id~red, .. ;r-adioaGtive decay ls omi t,ted in the. .. 
definition. qf A ... ·.··. _Addit:ional di~etlssion oni the . . 
der.ivation of I\, and- A is pr_9yided · in ·9ha.pter s. 

. " Fo;r. each. o:f. the s;i tµatloh$ . :,inp:i.ca,te~. ,,ip. the tJ1_r.~e .... 
precegin,g: para,g:ta."pns:, .. ra.d.;i.on,µc,lide to;9v~):nei1t ~an be. rep:-- . 
resehi:g_ci· PY a:.· di.f_fere.i:itial equati_on. :of· the. io'.:rm given· .... 

. in (1 ;1J~ . , As·. ·t:nd:i.¢ai:ed :in ( ,l ~ 3) /. ~P-¢)J. of. )::.h~se equa; .. : . 
. tTqris \vi}Lha\ie' an ~sy'mptotic·; solutton: p~f- the.'.forµC R/A •... 
.. "\flhich: j::epf~s~nti( .the.' ·amp:unt:. ol . ra<lioriu_cl:ide ip-'j:h¢'. sys::.. :: ... 
'te'm at· ·steacI '. state.· · F"roin this solution ,, steacr · state· 
~bbh~,~'ntr:at.io~s: ·:c~iii b~ .. : :bbt?-i'h_ed':: by. ·aivi:r'1tg by:· tr~-:- ~ppr9~:· ..•. 
oriate vblume · or ·mass·. - .. ·For radi6'nuc1rde I aha· rerease:: ... ·. 
to SU/fa{~ -~a;tei-_/ .. fh~ sf:e~dy~§tat:e :~~lii!-~?r·' Ji •.··: ,. . c >: :· • 

.·,,. ·- . .:. .:. _,. :, ....... - .. 

·~ . .. . -·. -. -~-- :: .. ,; .. , ..... ,•. ::·-:./ .... ·.,.:::·:··;. ·• :· ·:·:· .... ~ . .'· ... , .. 

Sftnit:~r calculations ~Iii°'' yieii~,·~f~hd'y..::~tate concentra
tions for release to soil and deposition on plants due 
to sprinkler irrigation. 

. -·-' ~-

Once the concentrations indicated in the preceding 
paragraph are known, t~~y,1,gan b~::· ustad:= t9 ca·lculate indi
vidual exposure rates.. 'ln turn,"' mi.il tip'iica tion of these 
exposure rates by appropriate dose factors will yield 
i~dj._ v.:i,.~Jl~l ,~p.s~, . .[ate.s, •... 0 Tp.ep, ,. multi-pli1:::ati9ncc by risk , ... '"',·,··. 
fa.btors' wi1T\r·ield in.dlviduai'· cancer .. risk:· .Fina.1ty·, .... ··.····· 
multiplication of individual dose and risk by popula-



i 
I 
I. 

I 
I 

tion size. will yield pop'!,].J,.1;3.-t:ic:>_n dos_~ and. population 
risk. Tabies :··1.:.."4, 1-5 ·and' 1-:6· cont~in selected formulas 
for individual dose (units: rem/ind) and associated popu-. 

-lation -size {units·: ---- ind). ·Tab-le ·].---3 contains definitions 
for variables used in .Tabl.es 1-4, 1-5 and 1-6. Detailed 
derivations for all relations are given later in the pre-

.. sentati0n .. · - However; a·l·l were derived· as ·already indi-" · 
cated_ •. __ 'l'hat __ is, .an -.asympto:ti<:;:. concentra_tion was obta_ined_ 
i'l:i each· substra·te of iriter·e·st· •. Next,· .theise concentrations 
were used in conjunction with individual usage rates and 

· dose factors to obtain individµaJ ... da.se. Then, mul tipli
cation by the appropriate risk· fa·_ctor yields individual· .. 
risk, and multiplication by the indicated population siz~. 
yields population -dose and risk~- Due to the assumed lin.:.. 

·earity of m.any of_th.e rela:tion.s, mllltiplication by popu--
lation size often ·re·sults in con'sideiable. simplification 
of the algebrai~ express,j,QI1$ :f.or p.op9.lati.Q11. dose and ris_k. 
The appearance of the. factor· 70 .. in. many ·of. the expres- ·-
sions results from the. fact that _dose_ .factors for a 70 .. 
year dos~-- cbmm.l.ttneht from::a:, 70. }e~r"'ch.toiii\:: exposure are 
b~Jng_ l.,!S~q _ for_ .i_nger~t.i,or:i .?,nd _ inl:i,aJ...atiqn..~"- -.Mul tiplicatiqn_··: 
or a' "brie :year· 'chronic . ( i .. :e{: ,· ~s:·sur.nesi to: he: the same over'. 
an entire lifetim~) expos\.ire i'ate 

0

by-'thes'e" factors yields 

the \?1i~~:~-e~ ~OS'.~ ... s<=>.r_nmi t.m~n ~.: .. ,, '.: ......... .. 

l.~ Compµtationai B,esq,1, t$ •. 
.. .. .. - --·· : ... .; ::. ._. ·. 

This section preserit::s ;p6.-pulciti6n health effects 
ol;>.ta.:l_q~d wJ_th the. re,latio.ns given .. in .Tab.l.es .1-4, 1-5 ~ an,cL· 
l;,;;;6 ~-' ... Th'es·e restiTts·. a):.-e_-·pre\~,ent·e·d- in ;:fab}e'~ .. 1-7, 1-8 ·anci .. 
1-9 and were calcui"ated .·foi''i""totai.' "discharge of 1. curie 
pe~. ra.qionµcl;i.d.~ .Ci, .. e._,. rp(r L. ':'7: ) .. • ) ..... The ... ,.q.pse factors .... ,.:_., 
us'~a-·'fn th~s·e· ·c'a:i'ctiiations· are· ~:i,ven:.:rn· ia-t>i.es 2 .1, • ··2 ~ 2 .... · 
and 2. 3 of Runkle et al. ( Ru81 r .. ,. 'Th"E/ 6aric'ers and associ
;ated risk faqtors useci a+!= ,l.i,$ted .. in. Tctble , 1-10. For each 
--~:x:i56su:rJ--''.rn6de;·''the''" ihaiciitecla.··'pop'uiatf6n":1i.e'a1 th effect is'· 

.. ·:, 1~± ::!~f etf+if~=t~:zt}~a·~f g;~tli!?:il~~;l~igxt~U~~ (r~-~~;;Sir: 
WT(I) = 1.), and concentration,·f~{.ios;"(r~-~-, CRDM(I), 
CRDMT (I), C.RSP (I), CRWJ; ( ::J:)) _ are taken .. fro:m ... Tables A-8 .. a11d 

:;::gtf~·~.r::~~ttlf:!e~t:l~~f 6{~~~j~[!f1~·;i~·~~f$::"·!~;~!c~ N~~!~; ,, 
and soil are the same as those given Tri-fhe Environmental
P.rotect.:i..op Agency analysig f_or.: .. $edi:ne.nt, ( Sqt.81, Table, ,5,::-5); 

·"'frowevifr;' ai1:·:~:d,}fffr!~i\f'6h. }:tiefJ;q::j~en:f~:'i tnJlcated 'as' 'l:5eincf 
zero in the preceding 't'a:bie \'ie"re 'a.ss.fgneci''t.he value of 1. 
fq_:r: .. qµr -,~~9:}y_:5-_~s. __ ... _T_h~_ ,Ez:i:v,,ironmentc:1.-1-:, P:t;:Qt~.qJ.ion Agency.- .. m?-y 
have' used ·'di°ff·erent di·stribt.iti·on::.:c:6e.f1icfi~_ri'ts fo'r -- soiT "c:a.·1-
culations but their document~t.10~ a.'bes ric/t make this clear 
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Variable 

· AIRClliI 

AIDG(2.) 

CMLK 

CMI' 

CPLT 

CRDM(I) 

CRDMl'(I) 

CRSP(I) 

CRWF(I) 

DCDEF(I) 

DE 

DENSITY 

DEPI'H 

DFIDIT(I,l,J) 

DF.EXT( I, 2,J) 

Table l-3. Variables A_E:pearing in Tables l-4, 
l-5 and l-6 

Defi:h:ition 

Concentration of suspended solids in air (units: kg/ m3) . . . 

Natural logarit.,m of 2. 

Area of soil (units: m2) 
Indiviwal. milk cnnsurrption (units: L/yr) 

Individual CEat cons~tion (units: kg/yr) 

Individual plant con.sunption (units: kg/yr) 

Concentration ratio for radionuclide I from diet to 
milk (units: Ci/L per Ci/day) 

Concentration ratio for radionuclide I frcm diet to 
neat (units: Ci/kg per Ci/day) 

Concentration ratio for radionuclide I fran soil to 
plant (units: unitless) 

Concentration ratio fur radionuclide I frcF.l water to 
fish (units: ci/kg per ,ci/L) 

Distribution ooefficient for radionuclide I (units: 
Ci/kg per Ci./L) 

Mean particle density of soil ne.terial. (units: kg/m3) 

~ particle density for external exposure calculations 
. (units: kg/m3) . 

Depth to which ra.di.onuclides are assumed to be CDncen
trated on surface for extenial e:xp:>sUre calculations 
(units: m) 

Ibse factor for ground exposure to o~gan J fran radio
nuclide I (units: rem/hr per. Ci./m2-) . 

Same. as DFEXr(I.,l~J) hit for water i.mrersion (units: rem/hr per Ci/rrr) · 
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Table 1-3. (continued) 

Variable 
Definition 

DFEXT(I,3,J) 

DFING(I,J) 

DFINH{I,J) 

DFSH 

DMLK 

DMr 

DP 

DPLT 

DPOP 

DSL 

ER 

F 

FMLK 

FMr 

FPLT 

Same as PFEXT(1;1
3J) but for air inmersioh (units: rem/hr per Ci/m) 

:COse factor for exposure to organ J from ingestion of radionuclide I (units: rem per Ci/yr) 
Sarne as DFING(I,J) but for inhalation 
Constant relating fish production to river fla,.,r (units: kg/yr per L/yr) 

Individuals supported, by milk production (units: incl/ m2) 

Individuals supported by r.eat production (units: ind/ m2) 

Depth of soil (unit;.s: m) 

Individuals supported by plant production (units: irnV m2) 

Constant relating population size to river fla,.,r (units: ind per L/yr) 

Population density for inhalation and external exposure calculations (units: ind/m2) 
Erosion.rate (units: kg/m2 per yr) 

River flON rate (units: L/yr) 

Fraction of land used for milk production (units: unitless) 

Fraction of land used for rreat production (units: unitless) 

Fraction of land used to grCM plants for human consumption (units: unitless) 
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Table 1-3. (continued) 

Variable Definition 

FREI' 

FRIV 

HLIFE(I) 

PDEN 

PMLK 

PMI' 

ro 

POROSIT 

REXARSD 

REXARSL 

REXTSD 

REXTSL 

REX.'IWAT 

RINGWAT 

RINHAIR 

RO 

SA 

T 

TD(I} 

Fraction of radionuclides in sprinkler irrigation 
initially retained on plants (units: unitless} 

Fraction of river used for sprinkler irrigation 
(units: unitless} 

Half-life for radiouclide I (units: yr) 

. Plant density (units: kg/m2} 

P:Lant consurrption by dairy cattle (units: kg/day) 

Plant consumption by beef cattle (units: kg/day) 

Ibrosity of soil (units: unitless} 

Porosity for external exposure calculations (units: 
unitless) 

Exposure to suspended sediment (units: hr /yr) 

EXfX)sure to suspended· soil (units: . hr /yr) 

Exposure to sedit:ient (units: hr /yr} 

EXfX)sure to soil (units: hr/yr) 

Exposure water (units: hr /yr} · 

Water ingestion rate (units: L/yr} 

Inhalation rate (units: m3/yr} 

Runoff rate (units: L/m2 per yr} 

Percent saturation of pore space in soil (units: 
unitless) 

Length of radionuclide discharge (units: yr} 

Total discharge of radionuclide I (units: Ci) 
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Table 1-3. {continued} 

Variable 
Def ini ticn 

TMINSL 

WM1' 

wr(I) 

70. 

Fraction of year that ind.i vidual is e:,q;osed to suspended sediment (units: · unitless) 
Fraction of year that individual is exp:>sed to suspended soil (units: unitless) 
Weat.rering half life for radionuclides dep::isited by sprinkler irrigation {units: yr) 

Water consurrpticn by dairy cattle (units: L/day} 
Water corisunption by beef cattle (units: L/day) 
Water treatment factor for radiorruclide I {units: uni.tless) 

Average life expectancy (units: yr) 
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Table 1-4. Exposure to Organ Associated With Cancer J Due to 
Radionuclide I for Releases to .surface Water 

Exoosure From Water Consumotion 

Individual 
(rem/ind) 

RINGWAT*TD(I)*WT(I)*DFING(I,J)/(F*T) 

Pop. Size 
(ind) 

DPOP*F*T/70. 

Exnosure From. Fish Consumotion 

Individual: TD(I)*CRWF(I)*DFSH*DFING(I,J)/(DPOP~F*T) 
(rem/ind) 

Pop. Size 
(ind) 

DPOP*F*T/70. 

Exoosure From Inhalation of SUsoended Sediment 

Individual : DCOEF( I) *TD( I) *AIRCON*RINHAIR*TMINSD*DFINH(I, J)/( F*T) 
(rem/ind) 

Pop. Size 
(ind) 

DPOP*F*T/70. 

Exoosure From Water Immersion 

Individual: TD(I)*REXTWAT*DF(I,2,J)*7.E4/(F*T) 
(rem/ind) 

Pop. Size 
(ind) 

DPOP*F*T/70. 

Exposure From Shoreline Sediment 

Individual: DCOEF(I)*TD(I)*DEPTH*DENSITY*(l.-POROSIT)*F~XTSD 
(rem/ind) *DFEXT(I,l,J)*70./(F*T) 

' . 
Pop. Size : DPOP*F*T/70. 
(ind) 

Exposure From SUsoended Sedim~nt 

Individual 
(rem/ind) . 

DCOEF(I)*TD(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70./{F*T) 

Pop. Size 
(ind) 

DPOP*F*T/70. 
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Table 1-5. Exposure to organ Associated With Cancer J Due to Radionuclide I for Releases to Soil 

Exoressions Introduced to SL'IDlifv Notation 

S(I) = IXDEF{I)*(l. - PO)*DE/(IXJJEF(I)*(l. - PO)*DE + Po*lOOO .• ) 

(units: unitless) 

A(I) = S(I)*E!V(DP*{l. - PO)*DE) + (l. - S(I))*Ro/(DP*PC?.1000.) 
+ AILG(.2. )/HLIFE(I) 

(units: yr-1) . 

FAC(I) = 1./(A{I)*DP*(L - PO)*DE) (units: ~ yr/kg) 

Exoosure Fran.Plant Consu!icticn 
Individual : CPLT*TD( I) *FAC( I) *CRSP( I) *DFJN-3( I, J) / (T*AR) (rem/ind) 

Pop. Size 
(ioo) 

AR*FPLT*DPLT*T/70. 

Ex:oosure Fran Milk Con.suITPtion 

Individual: TD(I)*FAC{I)*CRSP(I)*PMrK"C.RCM(I)*CMLK*DFJNi(I,J)/(T*AR} ( l;"en/ irxl) . 

Pop. Size : AR*FMI.I<*DMU<*T/70. (irx:i} 

.Exoosure Fran Meat Consunption 

Individual: TD(I)*FAC(I)*CRSP(I)*PMI'*CRDMI'(I)*CMI'*DFI.."1:i(I,J)/(T*.r\R.) (rem/ irxi) . 
. 

Pop. Size : AR*FMI'*rMI'*T/70. (ind.) 
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Table 1-5. (continued) 

Exoosure From Inhalation of Susoended Soil 

Individual : TD(I)*FAC(I)(AIRCON*RINHAIR*TMINSL*DFINH(I,J)/(T*AR) (rem/ind) 

Pop. Size : AR*DSL*T/70. 
(ind) 

Ext>osure Frbm Soil 

Individual : 
(rem/ind) 

TD(I)*FAC(I)*DEPTH*DENSITY*(l. - POROSIT)*REXTSL 

*DFEXT( I ,1,J) *70 ./( T*AR) 

Pop. Size : AR*DSL*T/70. 
(ind) 

ExPosure From Susoended Soil 

Individual TD ( I) *FAC( I) *AIRCON*REXARSL*DFEXT( I.,3 ,J) *70 ./( T*AR) (rem/ind) 

Pop. Size : AR*DSL*T/70. 
(ind.) 
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. . Table 1-6. Exposure to Organ Associated With Cancer J Due to Radionuclide I for Releases to Surface Water With Subsequent Use of Surface Water for Livestock and Sprinkler Irrigation 

Expc,sure From Plant Consumotion 

Individual PRET*TD(I) *FRIV*WHRHL*CPLT*DFING( I ,J)/( T*AR*PDEN*ALcx;( 2.)) (rem/ind) 

Pop. Size : AR*FPLT*DPLT*T/70. 
(ind) 

ExPosure From Milk Consumotion 

Individuala: FRET*TD(I)*FRIV*WHRHL*PMLX*CRD~(I)*CMLK*DFING(I,J) (rem/ind). 
/(T*AR*PDEN*AL(X;(2.)) 

Individualb: TD(I)*WMLK*CRD~(I)*C~LK*DFING(I,J)/(F*T) (rem/ind) 

Pop. Size 
(ind.) 

AR*FMLK*DMLK*T/70. 

ExPosure From Meat Consumotion 

Individuala: FRET*TD(I)*FRIV*WHRHL*PMT*CRD~(I)*C..~T*DFING(I,J) (rem/ind) 
/(T*AR*PDEN*ALCG(2.)) 

Individual h: TD( I) '*WM'i'*CRDMT( I) '*CMT*DFING{ I; J)/( F*T) (rem/ind) 

Pop. Size : AR*FMT*DMT*T/70. 
(ind) 

aExposure from.radionuclides deposited py spr~nkler irrigation on plants which are subsequently used as animal feed. 

bExposure from radionuclides in water used for livestock. 
) 
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Table 1-7. Population Health Effects for 1. ·curie 
Radionuclide Releases to Surface Water 

NUCLIDE 

. Cl4 
NI59 
SR90 
ZR93 
TC99 

SN126 
I129 

CS135 
CS137 
SM:151 
RA226 

U234 
NP237 
PU238 
PU239 
PU240 
AM241 
PU242 
AM243 

WRHETOTa 

2.0SE-05 
5.75E-05 
3.91E-02 
S.89E-06 
2.00E-06 
4.68E-04 
8.87E-05 
l.60E-:-04 
9.72E-04 
l.26E-05 
2.34E+OO 
4.39E-03 
s.04E-03 
l.73E-04 
2.87E-03 
2.87E-03 
3.21E-03 
2.68E-03 
3.22E-03 

FHHETOTb 

2.58E-04 
l.55E-05 
3.17E-03 
5.25E-08 
8.lOE-08 
3~79E-03 
3.60E-06 
8.65E-04 
5.255-03 
8.53E-07 
3.17E-Ol 
2.37E-05 
1. 36E-04 
l.64E-06 
2.72E-05 
2.72E-05 
2.17E-04 
2.53E-05 
2.18E-04 

INSDTOTc 

9.95E-16 
5.34E-14 
2.lSE-11 
7.24E-ll 
2.22E-14 
3.55E-13 
4.35E-15 
4.89E-13 
2.95E-12 
l.90E-ll 
2.07E-09 
S.36E-09· 
7.90E-10 
7 .69E-08 
3.04E-06 
3.04E-06 
5.14E-07 
2.83E-06 
5.llE-07 

o. 
o. 
2.18E-10 
1. 61E-ll 
5.24E-ll 
7.26E-09 
6.86E-09 
2.66E"'-ll 
4.03E-07 
l.OSE-io· 
l.31E-06 
4.76E-10 
l.45E-07 
6.0SE-11 
4.84E-ll 
5.65E-ll 
l.57E-08 
4.44E-ll 
1.25E-07 

.awRHETOT Total health effects from drinking water 

bFHHETOT - Total health effects from eating fish 

cINSDTOT -: Total health effects from inhalation of 
se.diment 

dEXWRTOT - Total health effects from water itnersion 

·EXSDTOTe 

o • 
o. 
o. 
3.42E-08 
o. 
l.27E-07 
6.35E-09 
o. 
l.19E-06 
2.03E-07 
1. BlE-06 
3.lOE-08 
l.98E-08 
3.67E-08 
2.23E-08 
3.67E-08 
2.54E-06 
3.llE-08 
1.84E.:...os · 

eEXSDTOT - Total heal th effects from external exposure 
· to sediment 

fEXARSDT - Total heal th effects from external exposure 
to suspended sediment 
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EXARSDTf 

1.98E:..20 
o. 
6.78E-19 
4.71E-17 
8.19E-20 
l.86E-14 
2.54E-17 
7.91E-19 
L 33E-14 
1 ·.14E-12 
2.13E-14 
2.19E-16 
2.05E-16 
l.92E-16 
l.SBE-16 
l.84E-16 
2.54E-14 
l.44E-16 
l •. 98E-13 



Table 1-8. Population Health Effects-for 1. Curie Radionuclide Release to Soil 

NUCLIDE PLHETOTa MKHETOTb HTHETOTc INSLTOTd EXSLTOTe 
Cl4 2.0SE-04 S.3SE-OS l.67E-05 4 .89E-13 0, NI59 l.36E-05 1. 97E-06 l.89E-07 2,27E-ll o. SR90 2.16E-03 3 .75E-05 3,40E-06 9.56E-,.Q9 o. ZR93 1. 29E-06 l.40E-10 l.15E-07 l .27E.;_08 6,02-E-06 TC99 8,97E-07 4,87E-07 9,42E-07 l.09E-ll o. SN126 2,lOE-06 1.14E-07 4,41E-07 1. 74E-10 6.26E-05 Il29 3.19E-06 4,15E-07 2,43E-08 2,14E-12 3,13E-06 CS135 4.86E-05 l.27E-05 5,lOE-07 2.03E"'"l0 o. CS137 .2.48E-04 6.47E-05 2. 61E-06 l,03E-09 4 .lSE-04· SM151 6,80E-06 7.38E-10 · 8,92£-08 3. 72E-09 4.00E-05 RA226 l.12E-02 l.94E-03 9.99E-04 8. 71E-07 7.63E-04 U234 4.17E-03 4.52E-05 3.72:E:-06 l.86E-06 1.08E-05 NP237 2,26E-05 2.46E-09 l.19E-08 3.88E-07 9.74E-06 PU238 l.47E-05 6.37E-10 5 ,39E-10 3,56E-06 1. 70E-06 PU239 9.lSE-04 3.97£-08 3,36E-08 5.30E-04 3.89E-06 PU240 8, 91E-04 3.87E-08 3.28£-08 5.lSE-04 6.2.4E-06 AM241 5.30E-04 5.75E-08 2.78£-07 9,28E-05 4.60E-04 PU242 8.60E-04 3. 73£-08 3.16E-08 4,97£-04 5.47E-06 AM243 7.13E-04 7.74E-08 3.74E-07 l.23E-04 4 .45£-,.03 

aPLHETOT - Total health effects from plant ingestion due to radionuclide uptake by plants from soil 
hr-IKHETOT - Total health effects from milk ingestion due · to radionuclide uptake by plants from soil 

cMTHETOT - Total health effects from meat ingestion due to radionuclide uptake by plants from soil 

dtNSLTOT- Total health effects from inhalation. of suspended soil 

eEXSLTOT - Total health effects from external exposure to soil · 

fEXARSLT- Total health effects from external exposure to suspended soil 
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EXARSLTf 

9 ,}4E-18 
o. 
3,02E-16 
8,31E-15 
4.03E-17 
9,18E-12 
l.25E-14 
3,29E-16 
4,65E-12 
2,25E-10 
9.00E-12 
7.61E-14 
l.OlE-13 
8.91E-15 
2.76E-14 
3.12E-14 
4.60E-12 
2.54E-14 
4.79E-ll 



Table 1-9, Population Health Effects for 1, Curie Radionuclide Release to Surface Water With Subsequent Use of Surface Water for Livestock and Sprinkler Irrigation 
NUCL:J:DE IPLRHETa PLHETOTb IRPLHETC 
Cl4 l.12E-04 2.05E-04 J.17E-04 NI59 3.lOE-04 l.36E-05 3.23E-04 SR90 2.lOE-01 2.16E-03 2.13E-Ol ZR93 3,17E-05 1. 29E-06 3.30E-05 TC99 l.OBE-05 8.97E-07 l.17E-OS SN126 2 .52E-03 2.lOE-06 2,52E-03 !129 4.78E-04 3.19E-06 4.81E-04 CS135 8.62E-04 4.86E-05 9. llE-04 CS137 5.24E-03 2.48E-04 5.48E-03 SM151 6.80E-05 6,BOE-06 7,48E-05 RA226 l.26E+Ol l,12E-02 l.26E+Ol U234 2,36E-02 4.17E-03 2.78E-02 NP237 2. llE-02 2.26£-05 2,72E-02 PU238 9.34E-04 1.47E-05 9,48E-04 · PU239 LSSE-02 9.lSE-04 l.64E-02 PU240 l,55E-02 8.91E-04 l.64E-02 AH241 1. 73E-02 5.JOE-04 1. 78E-02 PU242 l,44E-02 8,60£-04 l.53E-02 AM243 l.74E-02 7 .13E-04 1.81£-02 

aIPLRHET -Total health effects from plant ingestion due to foliar deposition 

bPLHETOT - Total health effects from plant ingestion due to radionuclide uptake by plants from soil 
CIRPLHET - IPLRHET + PLHETOT 
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Table 1-9. (continued) 

NUCLIDE IMKRHETd IMKWHETe MKHETOTf 

Cl4 2.92E-05 l.69E-05 5.35E-05 
NI59 4.51E-05 2.60E-05 1. 97E-06 
SR90 3.66E-03 2.llE-03 3.75E-05 
ZR93 . 3.44E-09 1. 99E-09 l.40E-10 
TC99 S.84E-06 3.37E-06 4.87E-07 

SN126 l.37E-04 7.91E-05 l.14E-07 
1129 6 .• 23E-05 3.60E-05 4.lSE-07 

CS135 2.25E-04 l.30E-04 1. 27E-05 
CS137 l.36E-03 7.88E-04 6.47E-05 
SM151 7.38E-09 4.27E-03 7.38E-10 
RA226 2.19E+OO l.27E-00 · l.94E-03 

U234 2.57E-04 l.(i.SE-04 4.52E-05 
NP237 2.94E-06 1. 70E-06 2.46E-09 
PU238 4.0SE-08 2.34E-08 6.37E-10 
PU239 .· 6.73E-07 3.88E-07 3.97£-08 
PU240 6. 72E-07 3.88E-07 3.87E-08 
AM241 · l.88E-06 l.08E-06 5.75£-08 
PU242 6.26E-07 3.625-07 3.73E-08 
AM243 l.88E-06 l.09E-08 7.74£-08 

dIMKRHET - Total health effects from foliar deposition 
and subseque~~ plant use in milk production 

eIMKWHET - Total health effects from water used for milk 
cattle 

f~IKHETOT- Total health effects from milk ingestion due 
to radionuclide uptake by plants from soil 

gIRMKHET - IMKRHET + IMKWHET + MKHETOT 
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IRMKHETg 

9.95E-05 
7.30E-05 
5.81E-03 
S.57E-09 
9.70E-06 
2.16E-04 
9.86E-,.05 
3.67E-04 
2.22E-03 
1.24E-08 
3~46E+OO 
4.SOE-04 
4.65E-06 
6.46E-08 
l.lOE-06 
l.lOE-06 
3.02E-06 
1.02E-06 
3/0SE-06 



Table 1-9. (Continued) 

NUCLIDE IHTRHETh H1TWHETi HTHETOTj 
C14 9. llE-06 4.39E-06 l.67E-05 Nl59 4.JlE-06 2.07E-06 1. 89£-07 SR90 3 .32E.-04 l.60E...;04 3.40E-06 ZR93 2.~83E-06 l.36E-06 l. lSE-07 TC99 l.13E-05 5.44E-06 9 .42£-07. SN126 5.30E-04 2.55E-04 4 .4.lE-07 Il29 3.64E-06 l.75E-06 2.43E-08 CS135 9.0SE-06 4.36E-06 5.lOE-07 CS137 5.SOE-05 2.65E-05 2.61E-06 SH151 8.93E-07 4.30E-07 8.92E-08 RA226 l.13E+OO 5.43E-Ol 9.99E-04 U234 2. llE-05 l.02E-05 J.72E-06 _NP237 l.42E-05 6.86E-06 l.19E-08 PU238 3.43E-08 l.65E-08 5.39E-10 PU239 5.69E-07 2.74E-07 3.36E-08 PU240 5.69E-07 2.74E-07 3.28E-08 AH241 9.07E-06 4.37E-06 2.78E-07 PU242 5.30£-07 2.55E-07 J.16E-08 AN243 • 9.12E-06 4.39E-06 3. 74E-07 

hIMTRHET - to health effects from foliar deposition and subsequent plant use in meat production 
iIMTWHET - Total health effects from water used for meat production . 

\1THETOT - Total health effects from meat ingestion due to radionuclide uptake by plants from soil 

kIRMTHET - UlTRHET + IMTWHET + MTHETOT 
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IRHTHETk 

3.02E-05 
6.57E-0~ 
4.94E-04 
4.31E-06 
1. 77E-05 
7.85E-04 
5.41E-06 
l.39E-05 
8.41E-05 
1.41E-06 
l.67E+OO 
3.50E-05 
2.llE-05 
5.14E-08 
8.77E-07 
8.75E-07 
1.37E-05 
8.16E-07 
1.39E-05 



Table 1-10. Organs and Risk Factors Considered 

Risk Factor EPAa Risk Factor Sandiab 
Organ/Cancer (cancer/ind-rem) (cancer/ind-rem) 

Bone l.OOE-5 9.75E-6 

Red Marrow/ 
Leukemia 4.00E-5 2.85E-5c 

Lung 4.00E-5 2.SE-5 

Liver 1. OOE-5 

GI-LLI 2.00E-5 

Stomach l.15E-5d 

Pancreas 3.85E-6d 

Other GI 3.85E-6d 

Thyroid 1. OOE-6. 

Kidney 1. OOE-5 

Breast 2.88E-5e 

Other 7.00E-s 3.60E-5e 

aFrom Table 4.3-1 of (Sm81) 

bFrom Table 3. 4 of (Ru81) 

cDose factor for bone used 

<loose factor for GI-LLI used 

eDose factor for total body used 
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{ see· Sm81, p. 93) . The values used for all other variables are indicated. in Table 1-11. ' 

To generate the values for IMKWHET and IMTWHET in Table 1-9, it was necessary to know the area AR under consideration. This was obtained by assuming that an irrigation rate IRAT of 300 L/m 2 per yr was used. · Then, AR can be expressed in terms of IRAT, F and FRIV. 

1.4 Comparison With Environmental Protection Agency Results 

The Environmental Protection Agency results for a release to surface water are presented in Table 1-12. As already noted, it is the numbers appearing in the column labeled "TOTAL" of this table that were used in obtaining the Environmental Protection Agency draft standard for radionuclide releases in the context of ·geologic disposal ·for high-level waste; these numbers were obtained by summing the numbers in the other columns and represent total population health effects. The population health effects in columns labeled "p = l" through "p = s•i are now compared with related results in Tables 1-7, 1-8 and 1-9. 

The results for drinking water ingestion appearing in column p = l of Table 1-12 and column WRHETOT of Table 1-7 were calculated with models that are essentially identical. This similarity tends to be obscqred by the differences in notation and derivation technique used in this report and in {Sm81). Therefore, the computational approach used in the two developments will be compared. Much of the apparent difference arises from the nature of the dose factors used. In this regard, the reader is reminded that the dose factors in {Sm81) for ingestion and inhalation yield a 50. year dose commitment from a 1,. year exposure. In contrast, in our analysis the dose factors for ingestion and inhalation yield a 70. year dose commitment from a 70. year chronic exposure. For the former qose factors, multiplication of a 1. year ingestion or inhalation rate by the dose factor provides the 50. year commitment from the 1. year of exposure; for the latter dose factors, multiplication of the average annual ingestion or inhalation rate by the dose factor provides the dose commitment Over 70. · years which results from 70. years of exposure. 
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-Variable 

AIR<;ON 

CMLK 

CMT 

CPLT 

DE 

DENSITY 

DEPTH 

DFSH 

DMLK 

DMT 

DP 

DPLT 

DPOP 

DSL 

ER 

FMLK 

FMT 

FPLT 

FRET 

Table 1-11. Variables Used in Calculation of Results 
Presented in Tables 1-7, 1-8 and 1-9 

Definition Variable 

'3.5E-9 kg/m3 (Bon73, Table 1.4-5) PDEN 

110. L/yr (Nu76, Table D-1) PMLK 

95. kg/yr (Nu76, Table D-1) PMT 

190. kg/yr (Nu76, Table D-1) PO 

2800. kg/m3 (Cu73, Table 34-20) POROSIT 

2800. kg/rn3 (Cu73, Taule 34~20) REXARSD' 

.025 m REXARSL 

3.3E-7 kg/L (Sm81, p. 87) REXTSD 

l.5E-3 ind/m2 (Sm81, P• 91) REXTSL 

2.lE-4 ind/m2 (SmBl, .p. 91) REXTWAT 

.!Sm (SmBl, p. 85) RINGWAT 

l.OE-3 ind/m2 (Sm81, p. 91) RINHAIR 

3.3E-7 ind-yr/L (Sm81, P• 86) RO 

6.67E-5 ind/m2 (SmBl, P• 91) SA 

.35 kg-yr/m2 (To70, Table 2-33) TMINSD 

.25 (SM81, P• 89) TMINSL 

.25 (Sm81, P• 89) WHRHL 

.5 (Sm81, p. 89) WMLK 

.25 (BooBl) WM': 

Definition 

2. kg/m2 (Nu76, p. 1.109-55) 

50. kg/day (Nu76, Table A-10) 

50. kg/day (Nu76, Table A-10) 

.5 (To70, ·Table 4-25) 

.5 (To70, Table 4-25) 

8.3 ·hr/yr (Nu76, Table D-1) 

8760. hr/yr (Nu76, Table D-1) 

8.3 hr/yr (Nu76, Table D-1) 

8760 hr/yr (Nu76, T~ble D-1) 

8.3 hr/yr (Nu76, Table D-1) 

370. L/yr (Nu76, Table D-1) 

7300 ~3/yr (Nu76, Table D-1) 

510 L/rn2-yr (To70, Table 2-22) 

.5 (To70, Figure 4-2) 

9.SE-4 (Nu76, Table D~l) 

1. (Nu76, Table D-1) 

.038 yr (Boo81) 

60 L/day (Nu76, Table A-10) 

SOL/day (Nu76, Table A-10) 
FRIV 1. 
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~cl Ide 

C- 14 

Ni- 59 
Sr- 90 

Zr- 93 
Tc- 99 
Sn-126 

J-12!1 

Cs-135 
Cs-137 
».151 
Ra-226 

U-234 
Mp-237 

Pu-2JB 

fu-239 
Pu-21.10 
Aa-241 

!lu-242 

~2i!J 

Table 1-12. Health Effects per Curie Released for Releases to a Rivera 

Above Inhalation External Drinking Freshldater Surface of (lose -Water f tsh. C"rops Hilk Beef ResuspendeCI Ground TOTAL Kn9esUon lnges tio11 lnges t ton lnges tion Ingestion Materia I Con tam. 
(p .. 1) (p .. 2) (p ., 3) (p Q 4). (p "' 5) (p a 6) (p "' 7) 

4.58·E- 2 7.40 E- 5 5.59 E- 4 2 .99 E- 2 1.11 E- 2 4.lOE-3 1.46 E-12 o.o 
1.21 E- l 8.03 E- J 6.66 E- 5 1.05 E- l 7.79 E- 3 1.04 E- 4 7 .81 E- 7 0.0 

2.85 E- 4 2.42 E- 5 6 .• 02 E- 7 l.92 E- 4 6 .25 E- 5 5.82 E- 6 4 .92 E-10 0.0 1.20 E- l !.41 E- 3 . 7 .01 E- 3 6.66 E- 3 2.95 E- 4 2.09 [;,. 3 3.71 E- 6 1.02 E- l 1.08 E- 2 l.63 E- 3 4 .05 E- 5 6 .4J E- 3 2 .114 E- J l .84 E- 4 1.22 E- 8 9 .19 E- 5 3.81 E- 3 2.55 E- 4 1.69 E- 4 2.13 E- 3 9.99 E- 4 2.65 E- 4 l".12 E- 7 o.o 1.98 E- 2 2.01 E- 3 1.33 E- 3 7.83 E- 3 2.08 E- 3 5 .55 E- 4 7.51 E- 8 5 .96 £- 3 

5.96 E- l I.JO E- l ·2.15£-3 4.6U E- l 9.21 E- 5 3.90£-4 LOJ E- l 4 .95 E- l 2.29 E- 2 3.92 [- 3 2.28 E- 3 1.42 E- 2 3.03 E.:.. 8 1,16 E- 9 2.40 E- J S.l6E-5 6,92 E- 2 4 .32 E- 3 2.50 E- 3 2.51 E- 2 5.39 E- 8 2.06 E- 9 3.69 E- 2 3.24 E- 4 6.53 E- 2 4.32 E- J 2.51 E- 3 2.37 E- 2 S.16 E- B 1.97 E- 9 J.41 [- 2 5.8.6 E- 'l 7,19 E- l LJ2 E:- l 5.47 E- l 5 .61 E- l B.32 E- 4 l.91 E- 6 LU E- 2 8 .61 E- 3 6.76 E- l 4.10 E- l 2.38 E- l . 2.43 E- 2 ·4,44 E- B 4 .29 E- B 3.62 E- 2 6.07 E- 4 2.68 E 0 3.38 E-·K° l.40 E- 2 2 ,13 E 0 3.28 E- l 1.55 E- 5 8 .93 E- 2 1.13 E- l 

aThis table is a reprint of Table·D-2 of (Sm8l}o 
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External 
Dose -

Air 
Submen ion 

(p "' 8) 

u.o 

o.o 

u.a 
5.61 E- 9 
1.54 E-12 
o.o 
3.JS E-10 

2 .22 £- 8 
2 .63 E-!3 

1.71 E-12 
3.00 E-12 

l.b4 E-10 
3.10 E-12 
&.61 E- 9 



From (3.1.2-6) in (Sm81), the population exposure 
from a release to a river is given by 

( 1. 8) 

where s
00 

represents population exposure to organ o 
from radignuclide n for path·p (in this case, p = 1), 
PR· represents the size of the population exposed each 
year to drinking water, Iw represents individual water 
consumption per year, Dnop represents the dose factor 
to organ o from radionuclide n for path p,· Qnp repre
sents the total release of radionuclide n for path p, 
and R represents annual river discharge. From the 
relations in Table 1-4, the same population exposure 
is given by 

RINGWAT*Tb(I)*WT(I)*DFING{I,J)*DPOP/70. 

The expressions for population exposure in (1.8) and 
(1.9) are essentially the same as the following 
correspondences ~xist: 

PR/R = DPOP = 3.3E-7 ind-yr/L· in both analyses 

1603 L/yr in EPA analysis 
Iw -· RINGWAT = 

· 370 L/yr in present analysis 

Qnp = TD{I) = 1. Ci in both analyses 

WT{ I) = 1. in both analyses. 

The difference between the expressions Dno and 
DFING{I,J)/70 •. arises from the nature of tRe dose· 
factors: this is best seen by first calculating an 
individual dose commitment and then converting to 
·a population dose commitment. 
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. From (3.1.2-1) in (Sm81), the SO. year dose 
commitment to an individua·l from the radionuclides 
in water ingested during 1. year is gi~en by 

(1.10) 

For the preceding relation, Dinop and On are being 
considered functions of time DinopCt) an~ OnpCt) such 

.that DinopCt) is the total dose commitment to an indi
vidual from_ birth to time t and Onp(t) is the total 
radionuclide release from time O to time t. Then, · 
DI~0 p(t) and O~p(t) represent the derivatives of 
these functions with respect to time and thus corre
spond to annu.al individual dose commitment rate at time 
t and annual discharge rate at time t. Multiplication· 
of the expression in (1.10) by population size PR yields 
the population dose commitment rate · 

(1.11) 

Now, integration ca:1 be used to 7ecover Snap for a time· 
perio~ of length Tin the following manner: 

(1.12} 

= 

which yields the relation in (1.8). 

In comparison, Table 1-4 provides the following 
expression for a, 70. year dose commitment to an indi
vidual from a chronic 70. year exposure: 

RINGWAT*TD (I) *WT (I) *DFING (I, J} / ( F*T) • (1.13) 
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The expression for total population size is derived from 
the assumptions that the size of the population exposed 
to drinking water each year is DPOP*F, that the time 
period considered is of length T, and that the average 
life expect~ncy is 70. years. Thus, if Tis significant
ly larger thari 70., then the total number of individuals 
exposed is given by 

DPOP*F*T/70~ (1.14) 

Now, multiplication of the expressions in (1.13) and (1.14) 
yields the relation in (1.9). 

The use of deri va ti ves and integrals in ( 1 .10) , ( 1.11) , 
and (1.12) tends to obscure the relation between the expres
sions in (1.8) and (1.9). Therefore, the expression in 
(1.10) for individual dose commitment will be reconsidered 
with an average annual discharge rate rather than a time 
varying discharge rate obtained by differentiating QnpCt). 
Specifically, with the assumption that a total discharge • 
of size Qnp takes place over a time period of length T, 

· the expres"Sion £Or 50. year dose cornmi tment to an 
individual ·from 1. year of exposure in (1.10) becomes 

(1.15) 

and so the dos~ commitment to an individual from 50. years 
of exposure can be estimated as 

( 1.16) 

The expression for lifetime dose commitment .in (1.16) from 
the Envirorimental Protection Agency analysis is comparable 
to the similar expression in (1.13) for lifetime dose 
commitment.. For· both expressions, multiplication by total 
population size for the time per1od considered will yield 
population dose. The population for (l.lfr) is 

PR*T/50. = DPOP*R*T/50. (1.17) 

while the population for (1.13) is given in (1.14). Now, 
multiplication of the expressions in ( 1.16) and ( 1.1 7) 
will yield ·( 1.8). Similarly, multiplicatiop. of the 
expressions in (1.13) and (1.14) will yield (1.9). 
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Overall, .the results appearing for drinking water ingestion in Tables 1-12 and 1-7 are quite similar. In most cases, the difference was .less than one order of · magnitude; however, in a few cases the difference was greater. As both approaches used the same technique to calculate surface water concentration, the differences are dui to.the water ingestion rates assumed, the cancers considered and the dose and risk factors used. · The organs and risk factors used for· ingestion and inhalation calculations are given in Table 1-10. Further, the differences in the dose factors considered 'has already been discussed. 

The results for .freshwater fish ingestion appearing in column p = 2 of Table 1-13 and column FHHETOT of Table 1-7 were calculated with models that are essentially identical. Again, the results are similar; in most cases, the results are within an order of magnitude. Hqwever, in some cases, the difference is closer to two orders of magnitude.· As for water ingestion, differences are introduced by the cancers, dose factors and risk factors used. Although most of the concentration ratios from·water to fish used in the two analyses are similar, some variation is also introduced here (see Table 5-2 of (SrnBl} and Table A-8 of (Nu76)) •. 

The results for plant ingestion appearing in column p = 3 of Table 1-12 and column IRPLHET of Table 1-9 are calculated with similar models. Both models have a submodel for radionuclide build-up on plants due to sprinkler irrigation and a submode! for radionuclide build-up in .soil. For IRPLHET, the population health effects asso-ciated with these two submodels are given in.the columns labeled IPLRHET and PLHETOT, respectively, in Table 1-9; no such distinction is made in the results presented in (Sm81). For both analyses, a radionuclide release is assumed to take place to soil through sprinkler irrigation with 50 percent of the soil being used to grow plant material for direct human consumption. In the Environmental Protection Agency study (Sm81), it.is assumed that a .5 curie release to the soil for each radionuclide takes place; for the calculations that generated Table 1-9, a 1. curie release is assumed to take place. Therefore, as the models are linear with respect to radionuclide input, the appropriate comparison between the ingestion rates should be made with the indicated values for IRPLHET divided by 2. Both models use the same exponential model for radionuclide build-up on plants due . to sprinkler irrigation (i.e., · the submode! 

1-28 



used in determining IPLRHET); .however, some of the 
parameters used within the model were different (e.g., .20 for fraction of radionuclides initially retained in 
the Environmental Protection Agency analysis.and .25 in 
our analysis). Both models also use similar exponential models to represent radionuclide build-up in the soil 
(i.e., the submodel used in determining PLHETOT). In 
the Environmental Protection Agenc·y analysis, radionu
clide removal is by w~ter flow and radioactive decay. 
Our analysis includes those two removal mechanisms and 
also solid-material outflow. However, the models may differ in some details (e.g.,. the exact manner in which 
the rate constants for radionuclide outflow in water 
were determined) and in the actual parameters used in 
the analyses (e.g., water outflow rates, distribution 
coefficients). However, the final calculated health 
effects are generally within an order of magnitude of each other. The differences are probably due·to the 
different cancers, dose factors and risk factors considered and. to the different values used ·for the same 
or similar parameters. 
removal (i.e., erosion) 
may have an effect. 

Also, the inclusion of soil 
in the calculation of PLHETOT 

The results for milk ingestion appearing.in 
column p = 4 of Table· 1-12 can be compared with the sum of the values appearing in columns IMKRHET and MKHETOT 
of Table 1-9. In both analyses, it is assumed that 25 
percent of the available land is used to grow plarit material· for use in milk production. The values for IMKRHET result from the rc;1dionuclides retained on plants due to
sprinkler.irrigation and the values for MKHETOT result 
from the radionuclides in plants due to uptake from soil. 
As for direct plant ingestion,· the results· in Table· 1-12 
are the sum of these two paths. · Also,· as a. 1 •. curie release was considered in the· generation of the results 
contained in Table 1-9, the proper comparison is between 
the ·va.lues in Table 1-12 and one-half of the sum of 
IMKRHET and MKHETOT. As radionuclide concentration in 
plants for.animal feed was determined in the same manner 
as radionuclide concentration in plants for human consumption, the discussion in. the preceding paragraph is 
also relevant to the present. comparison. There is a 
considerable amount of difference between the milk 
ingestion results in the Environmental Protection Agency 
analysis and in our analysis. Although the results are 
similar for some radionuclides, for other :radionuclides a differenc~ of up to three orders of magnitude exists. 
These differences are probably caused by factors of the 
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type .already indicated~ However, to identify the major 
causes of these differences, it would be necessary to 
compare ·calculations for the same radionuclides_on a 
parameter-by-parameter basis. The health effects that 
result from radionuclides in livestock water for dairy 
cattle are indicated in column· IMK\lHET of Table 1-9. 
This path is not included in the calculation of the results 
presented in Table 1.12. 

The results for beef ingestion appearing in column 
p = 5 of. Table 1-12 can be compared with the sum of 
values appearing in columns IMTRHET and MTHETOT of 
Table 1-9. As the calculations for.beef ingestion 
are the same as _those for milk-ingestion except for the 
us~ of appropriate concentration ~atios .and ingestion 
rates, the discussion for milk ingestion also· pertains 
to beef ingestion. Overall, the results for heef inges
tion for the two analyses are more similar than those 
for- milk ingestion. For most radionuclides, the results 
are within one order of magnitude. However, in some 
cases~ this_difference goes up to approximately two 
orders of magnitude. .The h~al th effects that result 
from radionuclides in livestock water for beef cattle 
are indicated in column tMTWHET of Table 1-9. As for 
milk consumption, this path is not included in the 
calculation of the results presented in.Table 1-12 •. 

Results in. the Environmental Protection Agency 
analysis for health effects due to inhalation of ·sus
pended material, external exposure due to ground con
tamination and external exposure due to suspended 
material in air are presented in columns p = 6, p = 7, 
and p = 8, respectively, of Table 1-12. Similar results 
for our analysis are presented in columns INSLTOT, 
EXSLTOT, and EXARSLT, respectively, of Table 1-8. As 
our analysis was for a total release of 1. curie, the 
values in Table 1-12 should be compared with one-half 
the correspond_ing values in Table 1-8. Generally, the 
results in our analysis are one to two orders of magni
tude below cor·responding results in Table 1-12. . In the 
Environmental Protection Agency analY-sis, it is assumed 
that all radionuclides in the soil are concenttrated on 
the surface for the calculation of the exposure modes· 
now under consideration (see Equations (3.1.5:-9) and 
(3.1.5-10) in (Sm81)). This alone is sufficient to 
cause discernable differences between tJ1e results. 
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To determine inhalation exposure, the Environmental Protection Agency obtained suspended radionuclide con~ centration through multiplication of surface radionuclide concentration (units: Ci/rn2) by a resuspension factor of 10-9 m-1 (Sm81, p. 92). In contrast, we obtained suspended radionuclide concentration by multiplication of soil radionuclide concentration (units: ci/m3) by an assumed ·concentration qf suspended material in air of 3. SE-9 kg/m3 .· For an assumed amount X of a particular radionuclide in a soil region of area AR, the Environmental Protection Agency approach yields a suspended concentration of 

(X/AR)*lo-9 = X*lo- 9 /AR Ci/rn3 (1.18) 

whiie our approach yields a suspended radionuclide concentration of 

(X/(AR*.15*2800.*.5))*3.SE-9 

= (X/AR}*l~7E-ll Ci/~3. (1.19) 

Thus, this difference alone.will cause the results from Tables 1-12 and 1-8 for inhalation of radionuclides and external exposure to suspended radionuclides to differ by a factor of. approximately 59. · Similarly, for ground exposure, we assume that only the .radionuclides in the top 2. 5 cm of the so.il. are available for external exposure. Thus, as our soil was assumed to be 15. cm deep and ·the Environmental Protection ·Agency analysis assumed that all radionuclides . in soil wer·e · on the surface, this difference alone will cause the results from Table 1-12 and 1-8 for ground.exposure to differ by a factor of 6. Other differences are due to the cancers, dos~ factors and risk factors considered,and to the individual parameters used in determining the amount of each radionuclide in soil. · 

In summary, the. population health effects in our analysis were generally within one to .two orders of magnitude of the results obtained in the Environmental Protection Agency analysis. However, in some cases, the differences were closer to three orders of magnitude. As. the two analyses u·sed similar models, these differences are due primarily to the cancers, dose factors, 
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and risk factors used and to the parameters actually 
us.ed within the models. If desired, the exact cause of 
the differences can be determined.for individual radio
nuclides and specif,ic exposure pathways.from a parameter 
by.parameter comparison of.the two calculations. 

1.5 Discussion 

overall; it is f~lt that the computational 
relationships indicated in Tables 1-4, 1-5 and 1-6 
will yield conservative results. For example, no radio
nuclide removal by ·sedimentation is considered in the 
results related to surface-water concentration in Table 
1-4. However, the individual using these relati.onships 
has a great deal of control on the conservatism of the 
final calculated' results through the selection Qf inges
tion· rates, concentration ratios, risk factors, constants 
used in the definition of population ·size, and other · 
parameters. 

The relationships presented in Tables 1-4, 1-5 .and 
1-6 provide a conven.:i.ent way to observe the differences 
between exposures· to indi viduais and populations. In. · 
particular, the exposure to individuals can vary dramat
ically while population exposure.remains unchanged. This 
results from the assumed linearity of the processes con~ 
sidered.. Thus, while length of· release and size of river 
receiv~ng the release will affect individual exposure; 
these properties \~ill not affect_ population exposure 
obtained. with th~ models in use. 

_Computational relationships of the form given in 
Tables 1-4, 1-5 and 1-6 provide a way of comparing 
hazards from different 'substances. They could be used 

.to compare risks between artificially and naturally 
occurring radioactivity'. Also, ·there is nothing in the 
models which is inherently.tied to radioactive materials~ 
T}:lerefore, provided ·appropFiate.dose and risk factors 
were defined, they·could be used to calculate the con
sequences associated with noriradioacti~e pollutants. In 
turn, s·uch values could be used in ·the comparison of the. 
risks associated with wast~ disposal and the risks asso
ciated with ot}:ler activities ... In making such comparisons, 
-it is essentia·1 that. the compared· risks be calculated in 
the same manner and w.1th. the' same degree of conservatism·. 
Otherwise,. ·the comparisons · a·re rr:ieaningless. Hopefully, 
with re.lat;ively· simple models such as those in Tables 
1-4, 1-5 and 1:...6, it would be possible to treat all the 
substances considered in the same manner. 
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The computational relationships in Tables 1-4, 1-5 
and 1-6 provide a way to screen for the most appropriate 
radionuclides to consider in the.regulation of geologic 
disposal of high-level waste. The consequences associ
ated. with a unit release of each radionuclide of possible 
interest .. can be calcuiated. These consequences can then 
be weighted by the inventory of the radionuclide present. 
Once this .has been done for all radionuclides, consider
ation of the reiative size of the weighted consequences 
provides one way to select_the radionuclides for regulatory consideration. 

Unfortunately, many of the variables used in Tables 
1-4, 1-S·and 1-6 will be imprecisely known in any anal
ysis. The relative simplicity of the. relationships in 

.these tables permits an easy inspection of the effects of 
uncertainty in individual varia-bles. · Quite often, this 
effect is linear. For example, a doubling of the water 
ingestion rate will double the associated consequences. 
Discernment of the effects of variation in severai {pos
sibly correlated). variables is more difficult. However, . 
techniques exist which can be used in su.ch analyses ( Im78). Tables 1-7,· 1-8 and 1-9 present the population 
health effects for the various pathways considered in 
Tables i-4, ;1..-5 and 1-6 with. a release of 1. Ci. The 
individual parameters used in the associated calculations 
are indicated in Section ~-3~ It is often possible to 
investigate the effects of other parameters without 
reproducing ari entire calculation. For example, the health 
effects for a water ingestion rate of 603. L/yr (Srn81, 
p. 86) rather than 370. L/yr can be obtained by multi
plying the results in column WRHETOT of Table 1-7 by 
603./370 .. The combined effects of various.release modes 
can be obtained by taking appropriate linear combinations 
of values ih Tables f,..7, 1-8 and 1-9. For example, the 
population health effects for each radionuclide due to 
water and plant ingestion resulting from a release to a 
river with 10 percent of the river used for flood irrigation are given by 

1.*WRHETOT + .l*PLHETOT. ( 1. 20) Stich relationships can be used to investigate different sites 
and different assumptions about a specific site. 
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This discussion ends with a caveat. The models 
presented are very simple and propably tend to over
estimate health effects. They will certainly do so 
if one is suffi6iently aggressive in seeking out 
conservative values for the individual parameters in 
the models. Therefore, care must be exercised in the 
interpretation and presentation of model predictions. 
In particular, care must be taken in comparing results 
obtained with these models with results obtained with 
other methods. However, there is also an advantage to 
this simplicity. It permits consideration of different 
hazards at an equivalent level of complexity. 
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2. Mixed-Cell Models 

.The exposure calculations presented in later chapters 
are based on radionuclide concen~rations obtained by ujing 
one compartment mixed-cell models. For releases .to sur
face water, no radionuclide partitioning within the cell 
is considered. However, for releases to soil, such parti
tioning is considered. To facilitate presentation of the 
later exposure calculations, derivations are presented in 
this chapter for the differential equations which underlie 
the models in use. This presentation is adapted from · 
Sections B-2 arid B-3 of Helton and Finley (He82). 

The differential equation for a single uniformly
mixed cell without radionuclide partitioning between a 
liquid and a solid phase is presented first. The situ.a
tion under consideration is indicated in Figure 2-1. The 
cell is assumed to have a constant volume VW (units: L). 
Further, it is ass:umed that water enters and leaves the 
cell at a rate RW (units: L/yr) and that a rc;1.dionuclide 
with decay constant ;\(units: yr-1) enters ·the cell at 
a rate R (units: Ci/yr). It is desired to determine 
the amount X(t) (units: Ci) of the radionuclide present 
in the cell at time t (units: yrs) .. The basic assump
tion used in deriving X(.t) is that the cell· is uniformly
mixed: mathematically, this means that the radionuclide 
concentration C(t) (units: Ci/L) at any time tis given 
by 

c(t) = x(t)/vw •. ( 2 .1) 

A differential equation representing the rate of 
change of X(t) is now derived. Then, X(t) can be 
obtained by solving this equation. The derivative 
dX(t)/dt (units: Ci/yr) is defined by the limit 

X(t +At) X(t) 
( 2. 2) 

L\t 

and represents the rate at which X(t} is changing. In 
turn, this rate is equal to the\difference between the 
rate R1 (units: Ci/yr) at which the radionuclide is 
entering the cell and the rate R2 (units: Ci/yr) at 
which the radionuclide is leaving the cell. The rate 
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Figuie 2-1. Flows Associated With a Single Unifo~mly
Mixed Cell With no Radionuclide Partitioni~g 
Between a Liquid and a Solid Phase. 
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R1 is given by R .. The rate R2 is the sum of two components: a rate due to physical flow out of the cell, and a rate due to radioactive decay. The rate due to· phy·sical flow is equal to the product of . the radionuclide concentration X(t)/VW in the·cell and the rate of water flow RW out of the cell; the rate due to decay ·is equal to the product of the. decay constant ;\ and the amount X(t) of radionuclide present. Thus,. 

R1 =Rand R2 = [(RW/VW) + ;\] X(t), (2.3) 

and hence, the desired equation is given by 

dX(t)/dt = R1 - ~2 

= R - [(RW/VW) + A] X(t). ( 2. 4) 

Also associated with the preceding equation is an initial value L!Ondition X(O) = x0 , which represents the amount· of radionuclide present at time t = O. 

Thus, determination of X(t) reduces to the solution of an initial value problem of the form 

d X ( t ) / d t = R - AX ( t } ~ X ( 0 ) = Xo , ( 2. 5) 
·where 

A= (RW/VW) + ;\, (2. 6) 

Such problems .are reiatively easy to solve and applicable solution techniques include separation of variables;. introduction of integration factors, and application of Laplace transforms. The preceding techniques are discussed in introductory texts on differential equations and lead to the-following unique solution for the initial value problem in (2.~): 

X(t). = e-At Xo. + (R/A)(l - e-At). ( 2. 7) 
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If the initial value condition is X(O) = 0, then the 
preceding solution becomes 

X(t) = (R/A){l - e-At). (2.8) 

Further, regardless of the initial value condition, the 
steady state or asymptotic sol~tion SX to which any solu
tion of (2.5) converges is given by 

sx = 

= 

lim. X(t) 
t-.oo . 

t
lirn [e-At Xo + (R/A)(l - e-At)J -.co 

= R/A, 

provided A > 0. · 

( 2. 9) 

The differential equation for a single uniformly
mixed cell with radionuclide partitioning between a 
liquid and a solid phase· is pr,esented next. The. situ...; 
ation under consideration is indicated in Figure 2~2. 
The cell is. assumed to have a constant volume VW (units: 
L) and to contain a constant mass MS of solid material 
(units: kg). Further,· it is assumed that water enters 
and leaves the cell at a rate RW (units: L/yr), that 
solid material enters and leaves the cell at a rate 

· RS (units: kg/yr), and that a radionuclide with decay 
constant A(units: yr-1) enters the cell at a rate R 
(units: Ci/yr). The partitioning of the radionuclide 
between the liquid and solid phases of the system is 
assumed to be described by the ratio 

KD = 
cone. of radionuclide sorbed to solids 

cone. of radionuclide dissolved in water 
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AW/MS 
AW/VW 
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X(t): amount of radionuclide in cell at tim~ t (units: Ci) 

Figure 2-2, Flows Associated With a Single UniformlyMixed Cell With Radionuclide Partitioning Between a Liquid and a Solid Phase. 
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where AS (units: Ci) is the :amount of radionuclide in the system sorbed to solids and·AW (units: Ci) is the amount of radionuclide in the system dissolved in water. The.ratio in (2.10) is known as a KD-value or a distribution coefficient. 

It is desired to determine the amount X(t) (units: Ci) of the radionuclide present in the cell at time t (units: yr). Three basic assumptions underlie the derivation of X(t). First, ·it is. assumed that the -radionuclide is uniformly distributed through the cell and is partitioned between the liquid and solid phases on the basis of its distribution coefficient. A deri~ vation for this partitioning is presented in the next paragrapn. Second, it is assumed that the flow of water and solid material out of the cell is the on.1,y mechanism involved in the physical transport of the radionuclide. Third, it is assumed·that all radionuclides associated with a phase, liquid or solid, ·remain with that phase in movements out of the cell. In essence, the cell is treated as a uniformly mixed "vessel" in which the radionuclides are partitioned between the liquid and solid phases on the basis of the distribution coefficient and such that radionuclides can be carried out of this "vessel" and out of the system only by movements of water or solid material. 

A derivation for the partitioning of a radionuclide.between· the liquid and solid phases of a system is now presented. The following notation is used in the derivation: 

X = amount of radionuclide in system (units: Ci), 

XS = amount of radionuclide in system sorbed to solids (units: Ci), 

xw· = amount of radionuclide in system dissolved in 
water (units: Ci), 

MS = mass of solid in system (units: kg)' 

vw = .volume of water in system (units: L) • 
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Assume X, MS, VW, and KD are known for the system under consideration. Now, XS and XW are determined. Since 

KD _ = (XS/MS) (XW/\7W)-l and X = XS + XW, · (2.11) 

we have that 

(KD) (MS) = (XS) (VW) (xw)-1 and XW = X - xs. (2.12) 

Thus, 

(KD) (MS) = (XS) (VW-) (X - xs)-1. (2.13) 

Further, multiplication by (X - XS) gives 

(KDHMS)(X) - (KD)(MS)(XS) = (XS)(VW) (2.l4) 

or 

(KD) (MS) {X) - [(KD) (MS) + VW] XS, (2.15) 

and hence 

[ 
(KD) (MS) ] 

XS = (KD) (MS) + VW X. (2.16) 

Further, since XW = X - XS, 

(2.17) 

The relations in (2.16) and (2.17) represent t~e desired , partitioning. 



A·differential equation representing the rate of 
change cif X(t) is now derived. .Then, X(t) can be 
obtained by solving this equation. The following deri
vation is similar to that previously presented for a 
uniformly-mixed cell without partitioning. As for that 
case, dX(t}/dt is equal to the difference between the 
rate R1 at which the radionuclide is entering the cell 
and the rate R2 at which the radionuclide is leaving the 
cell. The rate R1 is given by R. The rate R2 is the sum 
of three.components: a rate due to physical flow out of 
the cell with solid material, a rate due to physical flow 
out of the cell with water, and a rate due to radioactive 
decay. The two rates due to physical flow are equal to 
the products of the concentrations XS(t)/MS and XW(t)/VW 
with the flow rates RS and RW, where XS(t) represents the 
amount of radionuclfde in the·cell sorbed to solid mate
rial and·XW(t) represents the amount of radionuclide in 
the cel'l dissolved in water. The functions XS(t) and 
XW(t} can be obtained from (2.16) and (2.17). The rate 
due to decay is equal to the proffuct of the decay constant 
and the amount X(t) of radionuclide present. Thus, 

and 

. = 

. = 

R {2.18) 

[XS(t)/MS](RS] + [XW(t)/VW] [RWJ + i\ X(t) 

[ (KD) (MS) J [ ] [RS] 
( KD ) ( MS ) + VW X ( t ) MS 

· [From (2.16) and (2.17)] 

[
S(RS) 

MS + 
( 1. - S) (RW) 

vw 

2-8 

+ i\] X(t) ( 2 .19) 



where 

S = ( KD ) ( MS ) + VW 

( KD) (MS) 

(2.20) 

Hence, the desired equation is given by 

dX(t)/dt = R1 - R2 

( 1. - S) ( RW) 
+ vw +;\] X(t). 

{2.21) 

Also associated with the preceding equation is an initial value condition X(O) = Xo· 

Thus, determinati6n of X(t) reduces to the solution· of an initial value problem of the form 

dX ( t) / dt =. R - AX ( t), · X( 0} = Xo, (2.22) 

where 

S(RS) 
A= MS 

. ( 1. - S )( RW) 
+ vw + A (2.23) 

with S defined as in (2.20). Various forms of the solution to the preceding initial value problem are given in (2.7), (2.8), and'(2.~}. 
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3 •. Release to Surface \·later· 

3 .1 Preliminary Cor:iments 

Population exposures and r~sultant health effects are now calcula~ed for radionuclide release to a surface~water body. In particular, WRDS(I,j),WRHE(I,J) and WRHETOT(I) are determined for exposure from water consumption, where 

WRDS (I, J) = population dose (units: · rems) to organ associated with cancer J from· radionu
clide I, 

WRHE(I,J) = number of occurrences of cancer Jin 
population· due to radionuclide I, 

WRHETOT(I) = total number of cancers in population 
due to radionuclide I. 

Similirly, FHDS(I,J), FHHE(I,J) and FHHETOT(I) are determined for fish ingestion; INSDDS{I,J), HlSDHE(I,J) and INSDTOT(I) are determined for inhalation of suspended sediment; EXWRDS(I,J), EXWRHE(I,J) and EXWRTOT(I) are determined for water immersion: EXSDDS(I,J), EXSDHE{I,J) and EXSDTOT(I) are determined for external expo~ure from shoreline sediments; and EXARSDD(I,J), EXARSDH(I,J) and EXARSDT( I) are deter.mined for external exposure fror:1 sus-pended sediments. · 

The quantities indicated in the preceding paragraph are obtained in -the following manner. .First, individual radionuclide exposure rates are determined. Then, these exposure rates are used in conjunction wit.h appropriate dose and risk factors to yield individual dose and risk, for selected organs and cancers .. Next, these individual doses and risks are multiplied by population size to obtain population dose and risk for .::ielected organs and cancers. Further, as many algebraic simplifications as possible are carried out; due to the nature of the models used, this results in relatively simple expressions for population dose and risk which are independent of· the population size, river size~ and time period considered. Finally, population risk from the various cancers is summed to give an·overall population risk estimate •. 
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It is assumed that the surface-water body under consideration can be represented as a single uniformlymixed cell as described by the differential equation appearing in (2,5). For radionuclide I, it is assumed that a release of size TD(I) (units: Ci) takes place into the surface water over a time period of length T (units: yrs). Further, for use in (2,5), it is assumed that the annual discharge (units: Ci/yr) for radionuclide I is given by TD(I)/T, Thus, for each radionuclide, the asymptotic concentration (uni ts:. Ci/L) in the surface water is given by· 

CW(I) = TD(I)/F*T (3,1) 

where F denotes the annual flow (units: L/yr) of the river which constitutes the surface water body under consideration. 

As in the EPA analysis (Srn81), it is assumed that population size and fish production are linear, homage~ neous functions of river flow p, That is, it is assumed that 

and 

where 

POP= DPOP*F ( 3. 2) 

FSH = bFSH*F ( 3. 3) 

POP= population (units: ind*) supported by river 

DPOP = constant (units: ind per L/yr) 

FSH = fish production (units: kg/yr) supported by 
river 

DFSH = constant ·(units: kg/yr per L/yr). 

Further, with an assumed life expectancy of 70, yr, the total population TP (units: ind) supported by the river over a time period of length·T is 

* individuals. 
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TP = DPOP*F*T/70. ( 3. 4) 

3.2 Exposure From Water Consumption 

The population exposures and resultant health effects 
are now calculated for water. ingestion. · It folloi.vs from 
(3.1) that the amount of radionuclide I ingested by an 
in:dividual (units: Ci/yr) is given by 

CW(I)*RINGWAT*WT(I) = RINGWAT*TD(I)*WT(I)/F*T, (3.5) 

where· 

RINGWAT = individual water ingestion.rate (units: 
L/yr) 

WT(I) = water treatment removal factor for radio-
nuclide.I (units: unitless). 

Thus, the dose. (units: rem/ino.) to the organ associated 
with cancer J aue.to radionuclide I and the resultant can
cer risk (units: cancer/ind) are given by 

RINGWAT*TD(I)*WT(I)*DFING(I,J)/F*T ( 3. 6) 

and 

RINGWAT*TD(I)*WT(I)*DFING(I,J)*RISK(J)/F*T, (3.7) 

respectively. 

Populat.ion exposure and risk now follow from the 
expressions in (3.6) and (3.7). Specifically, with use 
of the relation in ( 3 •. 4) , 

WRDS(I,J) = [RINGWAT*TD(I)*WT(I)*DFING(I,J)/F*T] 

*[DPOP*F*T/70.] 

· = RINGWAT-*TD( I) *WT( I). *DFING( I ,J) *DPOP/70. (3.8) 
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and 

WRHE (I, J) = [RINqWAT*TD (I) *VlT (I) *DFING (I, J) *RISK( J) /F*T] 

*[DPOP*F*T/70.] 

= RINGWAT*TD (I) *HT (I) *DFING ( I, J) *RISK( J) 

*DPOP/70. ·(3.9) 

Thus, the total cancers from radionuclide I are given by 

WRHETOT(I) = ~JWRHE(I,J) . (3.10) 

3.3 Exposure from Fish Consumption 

The population exposures and resultant health effects are now calculated for fish ingestion. It follows from (3.2) and (3.3) that average individual fish consumption is· 

·(DFSH*F)/(DPOP*F) = DFSH/DPOP . (3.11) 

Thus, it follows from (3.1) that the amount of radionuclide I ingested byan individual from fish consumption (units: 
Ci/yr) is given by 

where 

CW( I j *CRWF (I)*.( DFSH/DPOP) 

= TD(I)*CRWF(I)*DFSH/(DPOP*F*T) (3.12) 

CRWF(I) - concentration ratio for radionuclide I 
from water to fish (units: Ci/kg per 
Ci/L). 

3-4 



Thus, the dose (units: rem/ind) to the organ associated 
with cancer J due to radionuclide I and the resultant 
cancer risk {units: cancer/ind) are given by 

(TD(I)*CRWF(I)*DFSH*DFI~G(I,J))/(DPOP*F*T) (3.13) 

and 

(TD(I)*CRWF(I)*DFSH*DFING(I,~)*RISK(J)) 

/(DPOP*F*T) I 

(3.14) 

respectively. 

Population exposure and risk now follow =ro~ the 
expressions in ( 3. 13) and ( 3. 14). Specifically, with use 
of the relation in (3.4), 

FHDS(I,J) = I [TD(I)*C~WF(I)*DFSH*DFING(I,J)] 

/[DPOP*F*TJI * ! DPOP*F*T/70 .: 

= TD(I)*CRWF(I)*DFSH*DFING(I,J)/70 

and 

FHHE(I,J) = l[TD(I)*CRWF(I)*DFSH*DFING(I,J)*RISK(J)] 

/[DP~P*F*TJ!*IDPOP*F*T/70.1 

(3.15) 

= TD(I)*CRWF(I)*DFSH*DFING(I,J)*RISK(J)/70. 

(3.16) 
Thus, the total cancers from radionuclide I are given by 
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FHHETOT ( I ) =· L J ·FHHE ( I , J) • . (3.17) 

3.4 Exposure ·From Inhalation of Suspended Sediment 

The population exposures and resultant heaith effects 
are now calculated for inhalation of suspended sediment. 
For this calculation and· for subsequent exposure calcula
tions involving sediment, it is assumed that sediment con
centration CSED(I) (units: Ci/kg) of the 1th radionuclide 
is given by 

CSED(I) = DCOEF(I)*CW(I) 

= DCOEF(I)*TP(I}/F*T (3.18) 

[From (3.1)] 

where 

DCOEF(I) = distribution cpeffici~nt for radionuclide 
I (units: · Ci/kg per Ci/L)~ 

Hence, the amount of radionuclide I inhaled by an individ
ual (units: Ci/yr) is given by 

CSED(I)*AIRCON*RINHAIR*TMINSD 

= DCOEF(I)*TD(I)*AIRCON*RINHAIR*TMINSD/F*T , (3.19) 

where 

AIRCON = concentration of suspended sediment in the 
air (units: kg/m3), .. 

. RINHAIR = rate of inh~lation (units: ~3/yr), 

TMINSD = fraction of year that individual is exposed 
to suspended sediment (units: unitless) . 

. Thus, the dose (units: rem/ind) to the organ associated 
with cancer J due to radionuclide I and the resultant can
cer risk (units: cancer/ind) are given by 
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[DCOEF (I) *TD (I) *AIRCON*RINHAIR *TMINSD*DFIN'H ( I ,J)] /[F*T] 

(3.20) 
and 

[PCOEF(I)*TD(I)*AIRCON*RINHAIR*TMINSD*DFINH(I,J) 

*RISK(J)]/[F*T] , 
(3.21) 

respectively. 

Population exposure and ris~ now follow from the 
expressions in (3.20) and (3.2l). Specifically, with the 
use of the relation in (3.4), 

INSDDS(I,J) = {[DCOEF(I)*TD(I)*AIRCON*RINHAIR*TMINSD 

*DFINH ( I ,J)] /[F~TJ} * {DPOP*F*T /70 .} 

= [DCOEF(I)*TD{i)*AIRCON*RINHAIR*T~IN~D 

*DFINH(I,J)*DPOP]/70. 

and 

(3.22) 

INSDHE (I, J) = { [DCOEF (I) *TD (I) *AIRCON*RI N'.HAIR *TMINSD 

-*Dr'DrH(I ,J) *RISK(J)J/[F*TJ} * {oPOP*F*T/70 ·} 

· = rDCOEF(I)*TD(I)*AIRC~t>7*RINHAIR*TMINSD 

*DFINH(I,J)*RISK(J)*DPOP]/70. 
(3.23) 

Thus, the total cancers from radionuclide I are given by 
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INSDTOT(I) = .EJ INSDHE(I,J) . (3.24) 

3. 5 Ex,oosure From Water Immersion 

The populatiori exposures and resultant health effects are now calculated for water inunersion. The external exoosure (units: rem/ind} to the organ associated with can-cer J due to radionuclide I and the resultant cancer risk (units: cancer/ind} are given by 

CW(I)*REXTWAT*DFEXT(I,2,J)*70.*1000. 

= TD(I)*REXTWAT*DFEXT('I,2,J)*7.E4/F*T 

[From (3.1)] 

and 

TD(I)*REXTWAT*DFEXT(I,2,J)*7.E4*RISK(J)/F*T , 

where 

REXT.WAT = exposure rate to contaminated water 
(units: hr/yr), 

(3.25) 

(3.26) 

70. = average life expectancy (qnits: yr/in~) 

1000. = liters per cubic meter (unit~i L/m3). 

· The factors 70. yr/ind and 1900. L/m3 appear in (3.25) to produce necessary unit conversions. 

Population exposure .. and risk 
expressions in (3.25) and (3.26). 
use of ·the relation in (3.4), . .· .. , •. 

now foll'ow from the 
Specifically, with 



EXHRDS(I,J) = [TD(I)*REXTWAT*DFEXT(I,2,J)*7.E4/F*T] 

*[DPOP*F*T/70.] 

= TD(I)*REXTWAT*DFEXT(I,2,J)*DPOP*l.E3 (3.27) 
and 

EXWRHE(I,J) = [TD(I)*REXTWAT*DFEXT(I,2,J)*7.E4*RISK(J) 

/F*T]*[DPOP*F*T/70.] 

= TD(I)*REXT\lAT*DFEXT(I,2,J)*RISK(J) 

*DPOP*l.E3. 
(3.28) 

Thus, the total cancers from radionuclide I are given by 

EXHRTOT (I) = L J EXWRHE (I, J) . (3.29) 

3.6 Exposure From Shbreline Sediment 
The population exposures and resultant h~alth Sffects are now calculated for external exposure to shoreline sediment. For these calculations,. it is first necessary to determine a surface radionuclide con6entration. To do ·this, it is assumed that all radionuclides down to acertain depth in t.he sediment are · concentrated on the sediment surface. Then, the surface concentration CSURF(I) (bnits: Ci/m2 ) f~r radionuclide I is given by 

CSURF(I) = CSED(I)*DEPTH*DENSITY*(l. - POROSIT) 

= DCOEF(I)*TD(I)*DEPTH*DENSITY*(l. - POROSIT) 

/F*T, 
( 3 . 30) 

[From (3.18)] 
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where 

DEPTH= depth to which radionuclides are assumed 
to be concentrated on surface (units: m), 

DENSITY= mean particle density of sediment (units: kg/m3 ), ' 

POROSIT = porosity of sediments (units: unitless). 

Hence, the external exposure (units: rem/ind) to the organ associated with .cancer J due to radionuclide I and the resultant cancer risk (units: cancer/ind) are given by 

CSURF(I)*REXTSD*DFEXT(I,-l,J)*70. 

= [DCOEF(I)*TD(I)*DEPTH*DENSITY*(l. POROSIT)/F*T] 

*[REXTSD*DFEXT(I,l,J)*70.]. {3.31) 

[From (3.30)] 

and 

[ DCOEF (I) *TD (I) *DEPTH*DENSITY* { l. - POROSIT) /F*T] 

*[REXTSD*DFEXT(I,l,J)*70.]*R~SK(J) , (3.32) . 

respectively, where 

REXTSD = exposure rate to sediment (units:. hr/yr), 

70. = average life expectancy (units: yr/ind) . 

. ·Population exposure and risk now follow from the. expressions in {3.31) and (3.32). Specifically, with use of the relation in (3.4), 
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EXSDDS(I,J) = [DCOEF(I)*TD(I)*DEPTH*DENSITY 

and 

*(1. - POROSIT)/F*T]*[REXTSD*DFEXT(I,l,J) 

*70.]*[DPOP*F*T/70.] 

= DCOEF(I)*TD(I)*DEPTH*DENSITY 

*{·1. - POROSIT)*~EXTSD*DFEXT(I,l,J)*DPOP 

(3.33) 

EXSDHE(I,J) = [DCOEF(I)*TD(I)*DEPTH*DENSITY 

*(l. - POROSIT)/F*T]*[REXTSD*DFEXT(I,l,J) 

*70.]*RISK(J)*[DPOP*F*T/70.] 

= DCOEF(I)*TD(I)*D~PTil*DENSITY*(l. - POROSIT) 

*REXTSD*DFEXT(I,l,J)*RISK(J)*DPOP . (3.34) 

Thus, the total cancers from radionuclide I are given by 

EXSDHET {I) =. LJ EXSDHE (I' J) . (3.-35) 

3.7 Exposure From Suspended Sediment 
The population exposures and resultant health effects are now calculated £or ext_ernal exposure from suspended sediment. The external exposure {units: rem/ind) to the organ associated with cancer J due to radionuclide I and the resultant cancer risk (units: cancer/ind) are given ·~. 

' 
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CSED(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70. 

= [DCOEF(I)*TD(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70.J 

/[F*T] 
(3~36) 

[From (3.18)] 

and 

[DCOEF(I)*TD(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70~*RISK(J)] 

/[F*T] , 
( 3. 37) 

respectively, where 

REXARSD = exposure rate to suspended sediMent (units: 
hr /yr), 

70. = average life expectancy (units:· yr/ind). 

Population exposure and risk now follow fro~ the 
expressions in (3.36) qnd (3.37). Specifically, with use 
of the relation in (3.4), 

EXARSDD( I, J) = {[DCOEF (I) *TD (I) *AIRtON*REXARSD 

and 

*DFEXT (I, 3, J) *70. ]/[ F*TJ} * {DPOP*F*T/70 ·} 

DCJEF (I) ""TD (I) *AIRC:J!\I* REXARSD 

*DFEXT(I,3,J)*DPOP 
{ 3. 38) 

3-12 



EXARSDH (I, J) = { [DCOEF (I) *TD(_ I) *AIRCON*REXARSD 

*DFEXT(I,3,J)*70.*RISK(J)] 

. / [F*T]} * {DPOP*F*T /70 ·} 

= DCOEF{I)*TD{I)*AIRCON*REXARSD 

*DFEXT(I,3,J)*DPOP*RISK{J) • (3.39) 

Thus, the total cancers from radionuc.lide I are given by 

EXARSDT(I) = ~J EXARSDH(I,J) . (3.40) 
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4. Release to Soil 

4.1 Preliminary Comments 

Population exposures and resultant health effects are now ,calculated for radionuclide release to soil. In particular, PLDS(I,J), PLHE(I,J) and PLHETOT(I) are determined for exposure from p'lant consumption, where 

PLDS(I,J) = population dose (units: rems) to 
organ associated with cancer J from 
radionuclide I, 

PLHE(I,J) == number of occurrences of cancer J 
in population due to radionuclide I, 

PLHETOT(I) = total number of cancers in popula
tion due to radionuclide I. 

Similarly, MKDS(I,J), MKHE(I,J) and MKHETOT(I) are determined for milk consumption; MTDS(I,J), MTHE(I,J) and MTHETOT (I) are · determined for meat· cons umotion; INSLDS(I,J),,INSLHE(I,J) and INSLTOT(I) are determined for inhalation of suspended soii; EXSLDS(I,J), EXSLHE(I,J) and EXSLTOT(I) are determined for external exposure, from soil; and EXARSLD(I,J), EXARSLH(I,J) and EXARSLT(I) are determined for external exposure from suspended soil. The preceding quantities are determined in a manner sinilar to that used in Chapter 3. 

It is assumed that the region under consideration can be represented as a single uniformly-mixed cell as described by the differential equation appearing in (2.21). A specific form of this equation is now derived for use in this chapter. The following symbols are introduced for use in this derivation: 

X(I) = amount of radionuclide I in soil (uni ts: Ci), 

XS(I) = amount of radionuclide I in soil sorbed to solid material (units: Ci), 

XW(I) = amount of radionuclide I in soil dissolved in water (units: Ci) , 

DP = depth of soil (units: m) ' 

AR = area of soil (units: m2)' 
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ER = erosion rate per unit area (units: kg/m2 
. per yr), 

RO = runoff rate per unit area (units: ·L/m2 
per yr), 

DCOEF(I) = distribution coefficient for radionu
clide I (units: Ci/kg per Ci/L), 

MS= mass of solid m~terial in soil (units: 
kg), 

VW = volume of water in soil (.units: L) I. 

PO= porosity of soil (units: unitless), 

DE= mean particle density of soil material 
(units: kg/m3), .. 

SA= percent saturation of pore space,in soil 
(units: uni tless). 

Radionuciide partitioning is considered first. The 
solid mass MS and the water volume VW in the soil are 
given by 

MS AR*DP*(l. - PO)*DE (4.1) 

and 

·vw = AR*DP*PO*SA*lOOO • { 4. 2) 

Thus, the factor S(I) used in the .determination of radio-. 
nuclide partitioning between the liquid and solid phases 
of a syste~ is gi~en by 

S(I) 
DCOEF(I)*MS 

[From (2.20)] = DCOEF(I)*MS ·+ VW 

DCOEF(I)*AR*DP*(l. - PO)*DE = -==o:--:c::-::o:--::E::-::F~(::-:I::-)::-*-:-A:-R,,........,..*..;,.D ..... P"""*....,.(~1-.-_-p--o:c-::-) *~D=:E=-+---A--R_,*_D_P_*_P_O_*.,...S_A___,..*~l-0_0_0 

= DCOEF(l)*(l~ - PO)*DE 
DCOEF(I)*{l. - PO)*DE + PO*SA*looo (4.3) 
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Hence, it follows from (2.16) and (2.17), that the partitioning of racUonuclide I between the liquid anc,l solid phases of the system is given by 

XS ( I ) = S{ I) *X ( I ) and XW ( I ) = [ L - S ( I ) ] *X ( I ) . ( 4. 4 ) 

The desired equation can now be constructed. In particular, it follows from (2.21) that ' 

dX(I)/dt = R(I) - [XS(I)/MS]*AR*ER 

- [ XW ( I ) /VW] *AR* RO A*X(I) 

{ 
S(I)*X(I) } · = R(I) - AR*D?*(l. ~ PO)*DE *A~*~R 

{
[l. - S(I)]*X(I)) . - AR*DP*PO*SA*lOOO{*AR*~O -. ;\*X(I) 

[ From ( 4. 1), ( 4. 2 ) , ( 4. 4) J 

= R(I) ~ A(I)*X(I) , (4.5) • 

where 

S(I)*ER 
A(I) = DP*(l. - PO)*DE + 

[ 1 • . - S ( I ) ] * RO 
DP*PO*SA*lOOO + A • (4.6) 

For radionuclide I, the decay constant A is given by 

;\ = ALOG(2 • )/HLIFE (I) , ( 4. 7) 

where 

HLIFE(I) = half-life of radionuclide I (units: yr). 
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As indicated in (2 .. 9), the asymptotic solution to the equation in (4.5) is given by 

R/A(.I) = TD(I)/T*A(I) (4.8) 

where the second part of the preceding equality follows from the assumption that the annual discharge (units: Ci/yr) for radionuclide I is given by TD(I)/T. Thus,. for each radionuclide, the asymptotic concentration (units: Ci/kg) in the soil is given by 

CSL(I) = [TD{I)/T*A{I)]/MS 

= [TD(I)]/[T*A(I)*AR*DP*(l. - PO)*DE] 

[From (4.1)] 

= TD(I)*FAC(I)/T*AR 
(4.9) 

where the factor FAC(I) is introduced for notational conveniertce and .is defined. by 

FAC(I) = [A(I)*DP*(l. - PO)*DE]-l . (4.10) 

It is noted that FAC(I) contains no term which depends on the area AR of the soil region under consideration or the length T of the time period under consideration. 
In similarity to the Environmental Protection Agency analysis, the following parameters are assumed to be known for the regioh under consideration: 

FPLT = fraction of land used to grow plants for human consumption (units: unitless), 
FMLK = fraction of land used for milk production (units: unitless), 

FMT = fraction of land used for meat production (units: unitless}, 
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DPLT 

D.MLK 

DMT 

DSL 

= number of people supported per 
production (units~ in~/m2), 

') m-<- by plant 

= number of people supported per m2 by milk production (units: ind/m2), 

= number .of pe.ople supported per m2 Dy weat production (units: ind/m2) 

= population d·ensi ty for inhalation and external exposure calcul~tions (units: ind/m2 ). 
The preceding variables lead to the following populations for use in later exposure calculations: 

where 

TPPLT = AR*FPLT*DPLT*T/.70. (4.11) 

TPMLK = AR*FMLK*DMLK~T/70. 

TPMT = AR*FMT*D~lT*T/70. (4.13) 

TPSL = AR*DSL*T/70. , (4.14) 

TPPLT = total population exposed to plant ingestion . (units: ind), 

TPMLK = total population exposed to milk consumption (units: ind), 

TPMT = total population exposed to meat consumption (units: ind), 

TPSL = total population for inhalation and external exposure calculation~ (units: ind), 

70. = average life expectancy (units: yr). 

4.2 Exposure From Plant Consumption 

The population exposures and resultant health effects are now calculated for plant ingestion .. It follows from (4.9) that. the amount of radio.nuclide I ingested by an indi-· vidual (units: Ci/yr) is given by 
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where 

CPLT*CSL(I)*CRSP(I) 

= CPLT*TD(I)*iAC(i)*CRSP(I)/T*AR, (4.15) 

CPLT = individual plant consumption (units: kg/ 
yr)-, 

CRSP(I) = ~oncentration ratio from soil to plant for 
radionuclide I (units: Ci/kg per Ci/kg). 

Thus, the dose (units: rem/ind) to the organ associated 
with cancer J due to radionuclide I and the .resultant can
cer risk (units: cancer/ind) are given by 

CPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)/T*AR (4.16) 

and 

CPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)*RISK(J)/T*AR, (4.17) 

respectively. 

Population exposure and risk now follow from the 
expressions in (4.16) and (4.17). Specifically, with use 

·of the relation in (4.11), 

PLDS(T,J) = [CPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)/T*AR] 

*[AR*FPLT*DPL~*T/70.] 

= CPLT*TD(I}*FAC(I)*CRSP(I)DFING(I,J)*FPLT 

*DPLT/70. (4.18) 

and 
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PLHE(I,J} = [CPLT*TD(I)*FAC(I}*CRSP{I}*DFING{I,J) 

*RISK(J}/T*AR]*[AR*FPLT*DPLT*T/70.] 

= [CPLT*TD(I)*FAC(I)*CRSP(I}*DFISG(I,J) 

*RISK(J)*FPLT*DPLT]/70. (4.19) 

Thus, the total cancers from radionuclide I are given by 

' PLHETOT ( I). = r J PLHE ( I , J) . (4.20) 

4,3 Exposure From Milk Consumption 
' The population exposures and resultant health effects are now calculated for milk ingestion. It·follows from (4.9) that the amount of radionuclide I ingested by an individual {units: Ci/yr) is given by 

CSL(I)*CRSP{I)*PMLK*CRDM(I)*CMLK 

where 

{4.21) 

- TD(I)*FAC{I)*CRSP(I)*PNLK*CRDM{I)*CMLK/T*AR 

PMLK = plant consumption by dairy cattle (units: kg/day}, 

CRDM(I) = concentration ratio from diet to milk for radionuclide I (units: Ci/L per Ci/day), 

CMLK = individual milk consumption (units: 
L/yr). 

Thus, the dose (units: · rem/ind) to the organ associated with cancer J due to radionuclide I and the resultant cancer risk (units: cancer/ind) are given by 
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TD (I_) *FAC (I) *CRSP (I) *PMLK*CRDM( I) *CML..T<*DFING (I, J) /T*AR 

(4.22) 
and 

[TD(I)*FAC(I)*CRSP(I)*PMLK*CRDM(I)*CMLK*DFING(I,J) 

*RISK(J)]/[T*AR] (4.23) 

respectively. 

Population exposure and risk now follow from the 
expressions in (4.22) ann (4.23-). Specifically, w~th use 
of the relation in (4.12); 

MKDS (I, J) = { [TD (I) *FAC (I) *CRSP (I) *P:-1LK*CRDM (I) *C'1LK 

*DFI NG (I, J)] /[T*AR]} * { AR*FMLK*DMLK*T /70.} 

= [TD {I) *FAC (I) *CRSP (I) *P~1LK*CRD~ {I) *C:•!LK 

*DFIN'G (I, J) *FMLK*DMLK] /70. (4.24) 

and 

MKHE(I,J) {[TD(I)*FAC(I)*CRSP(I)*PMLK*CRDM(I)*CMLK 

*DFI~G(I,J)*RISK(J)]/[T*AR]}*{AR*FMLK*DMLK 

*T/70.} 

= [TD(I)*FAC(I)*CRSP(I)*PMLK*CRDM(I)*CMLK 

*DFING(I,J)*RISK(J)*FMLK*DMLK]/70. (4.25) 
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Thus, the totai cancers from·radionuclide I are given by 

MKHETOT ( I) = :EJ MKHE { I' J) . (4.'26) 

4.4 Exposure From Meat Consumption 

The population exposures and resultant health effects.· for meat consumption are determined the same as those for milk consumption with the exceptions that PMT, CRDMT(I), CMT, FMT and DMT are used instead of PMLK, CRDM(I), CMLK, FMLK and DMLK, respectively, where 

PMT = plant consumption by.beef cattle (units: kg/day), 

CRDMT(I) = concentration ratio from diet to meat for radionuclide I (units: Ci/kg per Ci/day), 
CMT = individual meat· consumption (units: kg/ yr) 

and the remaining two variables are defined after (4.14). Thus, 

MTDS{I,J} = [TD(I)*FAC(I)*CRSP{I)*PMT*CRDMT(I)*CMT 

*DFING(I,J}*FMT*DNT]/70. 4 (4.27) 

.·MTHE( I, J) - [TD( I} *FAC (I) *CRSP( I} *PMT*CRDMT (I) *CMT .. 

*DFING(I,J)*RISK(J)*FMT*DMT]/70. (4.28) 
and 

MTHETOT ( I) = LJ MTHE ( I 'J) . (4.29) 

4.5 Exposure From Inhalation of Suspended Soil 
The population exposures and resultant health effects for inhalation of suspended soil are determined in the same manner as those for inhalation of sus·pended sediment with the exceptions that CSL(!), TPSL and TMINSL .are used instead of CSED(I), TP and TMINSD, respectively, where 
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TMINSL = fraction of year that individual is exposed 
to suspended soil (units: . unitless). 

Specifically, the amount of radionuclide inhaled by an individrial (units: Ci/yr) is given by 

CSL(I)*AIRCON*RINHAIR*TMINSL 
(4.30) 

= TD( I) *FAC (I) *AIRCON*RINHAIR*TMHlSL/T*AR • 

Thus, the dose (units: rem/ind) to the organ associated 
with cancer J due to radionuclide I and the resultant cancer risk (units: cancer/ind) are given by 

TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL*DFINH(I,J)/T*AR (4.31) 

and 

[ TD( I) *PAC (I) *AIRCON*RI1UIAIR*n1INSL*DFINH (I, J) * RISK( J)] 

/[T*AR] , (4.32) 

respectively. 

Population exposure and risk now follow from the expressions in (4.31) and (4.32). Specifically, with use of the relation in (4.14), 

INSLDS(I,J) = j[TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL 

*DFINH(I,J)]/[T*ARJ} * {AR*DSL*T/70.} 

= TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL 

*DFINH(I,J)*DSL/70. 
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and 

INSLHE(I,J) - {[TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL 

*DFINH(I,J)*RISK(J)]/[T*AR]f * {AR*DSL*T/70}. 

= [TD(I)*FAC(l)*AIRCON*RINHAIR*TMINSL 

*DFINH(I,J)*RISK(J)*DSL]/70. (4.34) 

Thui, the total cancers from radionuclide I are given by 

INSLTOT (I) = LJ HTSLHE ( I , J) (4.35) 

4.6 Exposure From Soil 

The population exposures and resultant health 
effects for external exposure from soil are determined 
in the same manner as those for external exposure from ~ediment with the exceptions that CSL(I), TPSL and REXTSL 
are used instead of CSED(I), TP and "REXTSE~, respectively, where 

REXTSL = exposure rate to soil (units: hr/yr). 

First, as was done in (3.30), it is necessary to convert 
the soil concentration CSL(f) (unils: Ci~kg) to a stir
face concentration CSURF(I) (units: Ci/m ), where . 

C~URF(I) = CSL(I)*DEPTH*DENSITY*(l. - POROSIT) 

= TD(I)*FAC(I)*D.EPTH*DENSITY*(l. POROSIT)/T*AR 

(4.36) 

Hence, the external exposure (units: rem/ind) to the organ associated with cancer J due to radionuclide I and 
the resultant cancer risk (units:. cancer/ind) are· given 
by 
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CSURF(I)*REXTSL*DFEXT(I,l,J)*70. 

= [TD(I)*FAC(I)*DEPTH*DENSITY*(l. POROSIT)/T*AR] 

*[REXTSL*DFEXT(I,l,J)*70.J (4.37) 

and 

[TD(I)*FAC(I)*DEPTH*DENSITY*(l. - POROSIT)/T*AR] 

*[REXTSL*DFEXT(I,l,J)*70.]*RISK(J) , (4.38 

respectively. 

Population exposure and risk now follow fror:1 the 
expressions in (4.37) and (4.38). Specifically, with use 
of th~ relatibn in (4.14), 

EXSLDS(I,J) = [TD(I)*FAC(I)*DEPTH*DENSITY*(l. - POROSIT) 

/T*AR]*[REXTSL*DFEXT(I,l,J)*70.] 

*[AR*DSL*T/70.] 

= TD(I)*FAC(I)*DEPTH*DENSITY*(l. - POROSIT) 

*REXTSL*DFEXT{I,l~J)*DSL (4.39) 

and 
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EXSLHE(I,J} = [TD(I}*FAC(I}*DEPTH*bENSITY*(l. - POROSIT) 

/T*AR] * [REXTSL*DFEXT (I, 1, J) *70.] *RISK ( J ). 

*[AR*DSL*T/70.] 

= TD(I}*FAC(I}*DEPTH*DENSITY*(l •. - POROSIT) 

*REXTSL*DFEXT(I,l,J)*RISK(J}*DSL. (4.40} 

Thus; the toial cancers from radionuclide I are given by 

EXSLTOT (I) = LJ E..XSLHE (I, J). (4.41) 

4.7 Exoosure. From Susoended Soil' 

The population exposures and result~nt health effects 
for external exposure from suspended soil are determi~ed 
in the same manner as those for external exposure from 
suspended sediment with the exceptions that CSL(I), 
and REXARSL are used instead of CSED(I) and REXARSD, 
respectively, where 

REXARSL = exposure rate to suspended soil (units: 
hr/yr}. 

The 'external exposure (units: rem/ind} to the organ 
associated with cancer J due to radionuclide i and the 
resultant cancer risk (units:· cancer/ind) are given by 

CSL(I)*AIRCON*REXARSL*DFEXT(I,3,J}*70. 

= [TD(I}~FAC(I}*AIRCON*REXARSL*DFEXT(I,3,J)*70.] 

/[T*AR] (4.4;2) 
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and 

[TD (I) *FAC (I) *~IRCON*REX..\RSL*DF:SXT( I, 3, J) *70. *RISK( J)] 

/ [T*AR] , 
(4.43) 

respectively. 

Population exposure and ris'k now follow from the 
expressions in (4.42) and (4,.43). Specifi_cally, with use 
of _the relation in ( 4. 14), 

EXARSLD(I,J) = {[TD(I)*FAC(I)*AIRCON*REXARSL*DFEXT(I,3,J) 

and 

*70.J/[T*AR]}*{AR*DSL*T/70.} 

= TD (I) *FAC (I) *AIRCON*REXARSL *DFEXT( I, 3, ,J) *!)SL 

( 4. 44) . 

EXARSLH (I, J) = { r.TD (I) *FAC (I) *.l\.IRCON* REXARSL * DFE;XT (I, 3, J) 

*70.*RI~K(J)i/[T*AR]}*{AR*DSL*T/70.} 

= TD(I)*FAC(I)*AIRCON*REXARSL*DFEXT(I,3,J) 

*RISK(J)*DSL. (4.45) 

Thus, the total cancers from radionuclide I are given by 

EXARSLT(I) = ~J EXARSLH(I,J) • (4.46) 
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5. Irrigation After Release to Surface Hater 

5.1 Preliminary Comments 

Population exposures and resultant health effects are 
now calculated for irrigation after a radionuclide release 
to a surface-water body. Similar calculations are considered 
in Chapter 4. However, there the only uptake mode consid-. 
ered is direct uptake from soil to plant. In this chapter 
the.additional uptake modes resulting from radionuclides 
retained on plants due to sprinkler irrigation and from 
radionuclides in drinking water for milk and beef cattle 
are considered. In particular, IPLRDS(I,J), IPLRHE(I,J) 
and IPLRHET(I) are determined for exposure resulting from 
human ingestion of plants containing radionuclides depos-
ited by sprinkler irrigation,, where · 

IPLRDS(I,J) = 

IPLRHE(I,J) = 

IPLRHET(I.) = 

po~ulation dose (units: rems) to 
organ associated with cancer J due 
to radionuc_lide I, 

number of occurrences of cancer J 
in population due to radionuclide I, 

total number of cancers fn popula
tion due to radionuclide I. 

Further, IMK;RDS (I, J) , IMKRfiE (I, J) and H1KRHET (I) are 
determined for that part of the dose from milk ingestion 
which results from milk cattle· ingesting radionuclide.s 
deposited on feed due to sprinkler irrigation, where 

IMKRDS(I,J) = population dose (units: rems) to 
organ associated with cancer J due 
to radionuclide I,· 

IMKRHE(I,J) = number of occurrences of cancer J 
in population due to radionuclide I, 

IMKRHET(I_) = total number of cancers in population 
due to radionuclide I. 

Similarly, IM.KWDS(I,J), HlKWHE(I.,J) and. IMKWHET(I) are 
determined for that part of the dos~ from milk ingestion 
which results from milk .cattle ingesting radionuclides 
in their drinking water. In like manner, IMTRDS(I,J), 
IMTRHE(I,J), IMTRHET(I), IMTWDS(I,J), IMTWHE(I,J) and 
IMTWHET(I) are determined for human ingestion of beef. 
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The prec~ding quantiti~s are determined in a mann~r similar to that used in Chapter 4. 

As already indicated, this section ·considers foliar deposition due to sprinkler irrigation. The concentra
tion of radionuclide retained on, or in a plant, as the 
result of sprinkler irrigation is determined by solving 
a differential equation which represents the change in 
this concentr~tion as the difference between the rate at 
which the radionuclide is contaminating the plant and the rate at which the radionuclide is being removed by 
weathering~ This equation is 

where 

dC(t)/dt = D(t) "'">-w(t) ( 5. 1 ) 

C(t) = concentration of radionuclide on plant mate
rial· ( in Ci/kg) , 

D(t) rate of radionuclide deposition (in Ci/kg/ 
yr), and 

~ = rate constant for removal by weathering (in w yr-1), 

With the initial condi t.ion C ( 0) = 0 and the assumption 
that D(t) has a constant value D, the preceding equation has the solution 

(5.2) 

. which provides the concentration due to foliar deposition. 

The weathering half-life is oft<.:n taken to be 14 days. 
This yield~ a value for ">,. w of 18 .1 yr-1 . It is pointed· out 
that 1 - e Awt approaches 1 rapidly. With t = 0.17 yr, the value is 0.95, and with t = 0.25 yr, the value is 0.99, Thus., the length of time for irrigation is probably not 
critical. The deposition rate D is giyen by· 

D = FRET*CWAT*IRAT/PDEN, ( 5 -· 3 ) 
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.where 

FRET= fra€tion bf deposited radionuclides retai~ed 
on crops, often taken to be 0.25 (dimension
less), 

CWAT. = concentration of radionuclide in irrigation 
water (in Ci/L), 

IRAT = irrigation rate (in L/m2 /yr), and 

PDEN = standing crop (in kg/m2 ). 

The values indicated for Aw and ~R~T are .widely used <;1-nd appear to come from a study by Miloourn.and Taylor [Mi65]. 

The manner in which the relations in (5.2) and (5.3) will be used is now indicated. First, for simplicity, 
the asymptotic value for C(t) will be used. That is, the concentration C (units: Ci/kg) due to foliar deposition as a result of sprinkler irrigation is taken as 

C = D/A = .FR_ ET*C\·1AT*IRAT/"Aw*PDEN • w ( 5 .4) 

Values for the variables in (5.4) are now obtained for 
radionuclide I in the context of the situation under consideration. From (3.1), 

CWAT(I) = TD(I)/F*T. ( 5. 5) 

Further,. 

where 

Also, 

!RAT= FRIV*F/AR, (5.6) 

FRIV = fraction of river used for sprinkler irriga
tion (units: unitless). 

Aw = ALOG(2.)/WHRHL, (5.7) 
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where 

WHRHL = weathering half-life for radionuclides depos
ited by sprinkler irrigation {units: yrs). 

Thus, the concentration C{I) _{units: Ci/kg) of radionu
clide I. on plants due to sprinkler irrigation is given by 

C(I) = [FRET*TD(I)*FRIV*WHRHL] 

/[T*AR*PDEN*ALOG(2.)] (5.8) 

5.2 Exposure Fr6~·Plant Consumptibn 

The popula.tion exposures and resultant health effects 
are now determined for human ingestion of plants contain
ing radionuclides deposited by sprinkler irrigation. It 
follows from ( ~-. 8) that the amount of radionuclide I 
ingested by an individual (units: Ci/yr) is given by 

C (I) *CPLT = [FRET*TD( I) *FRIV*v-JBRHL*CPLT] 

/[T*AR*PDEN*ALOG(2.)] (5 ~9) 

Thus, the dose (units: rem/ind) to the organ associated 
with cancer J due to rap.ionuclide I and the resultant 
cancer ·risk (units: cancer/ ind) are gi.ven · by 

[FRET*TD(I)*FRIV*WHRHL*CPLT*DFING(I,J)] 

/[T*AR*PDEN.*ALOG.( £. )] (5.10) 

and 

['FRET*TD( I) *FRIV*WHRliI/Ci:'LT*DFING (I, J) *RISK( J)]. 

/[T*AR*PDEN*ALOG(2.)] , (5.11) 

respectively. 
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Population exposure'and risk now follow from the 
e~pressions in (5.10) and (5;11). Specifically, with use 
of the relation in (4.11) for total population available 
for plant consumption, 

IPLRDS(I,J) = {[FRET*TD(I)*FRIV*WHRHL:,._CPLT*DFING(I,J)] 

/ [T*AR*PDEN*ALOG ( 2 •. ) ] } * {AR*FPLT*DPLT*T /70 .} 

- [FRET*TD(I.)*FRIV*WHRHL*CPLT*DFING(I,J) 

*FPLT*DPLT]/[PDEN*ALOG(2.)*70.J (5.12) 

and 

IPLRHE ( I ,J) = { [FRE'r*TD( I) *FRIV*WHRHL*CPLT*DFING(.I ,J). 

*RISK(J)]/[T_*AR*PDEN*ALOG(2. )] } 

* {AR*FPLT*DPLT*T/70 .} 

= [FRET*TD(I)*FRIV*WHRHL*CPLT*DFING(I,J) 

*RISK(J)*FPLT*DPLT]/[PDEN*ALOG(2.)*70.] . :· .. 

(5.13) 

Thus, the total cancers from radionuclide I are given by 

(5.14) 

5.3 Exposure From Milk Consumption 

The population exposures and resultant health effects 
are now determined for milk ingestion. Two sets of d~ter-
minatibns are. made •. ,The ,.first is for that part of. exposure 
and health effects ·which results from foliar; ·deposition of 
radiontlclides. due to ·sprinkler irrigation. The.· second is 
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for that part of exposure and health effects which results from radionuclides in water given to .livestock. 

It follows from (5.8) that the I ingested by an individual (units: deposition and subsequent plant use given by 

amount of radionuclide 
Ci/yr) due to foliar 

in milk production is 

C(I)*PMLK*CRDM(I)*CMLK 

= {[FRET*TD(I)*FRIV*WHRHL]/[T*AR*PDEN*ALOG(2.)J} 

*{PMLK*CRDM(I);CMLK} 

= [ FRET* TD (I) *FRIV*\'lHRHL* PMLK* CRDM (I) *CMLK] 

/[T*AR*PDEN*ALOG(2.)] . (5.15) 

Thus, the dose (units: rem/ind) to the organ associated with cancer J due to radionuclide I and the resultant cancer risk (units: cancer/ind) are given by 

[FRET*TD{ I) *FRIV*WHRHL*PMLK*CRDl1( I) *Cl-;LK 

*DFING(I ,J) ]/ [T*AR*PDEN*ALOG( 2.)] (5.16). 

and 

[FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM(I)*CMLK 

*DFING(I,J)*RISK(J)]/[T*AR*PDEN*ALOG(2.)] , (5.17). 

respectively. 

Population exposure and risk now follow .from the expressions in (5.16) and (5.17). Speci£ically, with use of the relation in (4.12) for total population available for mil.k consumption, 
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IMKRDS(I,J) :::: {[FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM(I) 

*CMLK*DFING(I,J)]/[T*AR*PDEN*~OG(2.)J} 

* {AR*FMLK*DMLK*T/70}. 

= [FRET*TD(I)*FRIV*WHRHL*P.MLK*CRDM(I)*CMLK 

*DFIN-G ( I ,J) *FMLK*DMLK] / [ PDEN*ALOG( 2.) *70. J 

(5.18) 

and 

IMKRHE (I, J) · = {[FRET~TD(I)*FRIV*WHRHL*PMLK*CRDM(I) 

·*CMLK*DFING(I,J)*RISK(J)]/[~*AR*PDEN 

*ALOG ( 2. ) J} * {AR*FMLK*DMLK*T /70 }; 

- [FRET*TD(.I) *FRIV*HHRHL*PMLK*CRDM( I) *CMLK 

*DFING(I,J)*RISK(J)*FMLK*DMLK] 

/[PDEN*ALOG(2.)*70.] • (5.19) 

Thus, the total cancers from radionuclide I are .given by 

IMKRHET (I) = 1:J IMKRHE ( I ,J) • (5.20) 

It folio~s from (j.1) that the amount of radionuclide 
·r ingesteq by an individual (units: Ci/yr) due to water 
used for milk cattle is given by 

CW( I) *WMLK*CRDM( I) *CMLK = TD( I )*Wrt'JLK*CRDM( I) *CMLK/F*T, ( 5. 21) 
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where . 

WMLK = water consumption by dairy cattle (units: L/day). . 

Thus, the dose (uni ts: rem/ ind) to the organ associated with cancer J due to radionuclide I and the resultant cancer risk {units: cancer/ind) are given by 

TD(I)*WMLK*CRDM(I)*CMLK*DFING(I,J)/F*T (5.22) 
and 

TD ( r·) *WMLK*CRDM( I) *CMLK*DFING (I, J) *RISK( J) /F*T (5.23) 

respectively. 

Population exposure and risk now ·follow fro~ the expressions in (5.22) and (5.23). Specifically, with use of the relation in (4.12) for total population available for milk consur.1ptio'n, 

IMKWDS(I,J) = [TD(I)*WMLK*CRDM(I)*CMLK*DFING(I,J)/F*T] 

*[AR*FMLK*DMLK*T/70.] 

= [TD(I)*WMLK*CRDM(I)*CMLK*DFING(I,J)*AR 

*FMLK*DMLK]/[F*70.] ( 5. 24) . 
and 

IMKWHE (I, J.) = [TD (I) *WMLI<*CRDM( I) *CMLK*DFING ( I ,J) *RISK(J) 

/F*T]*[AR*FMLK*OMLK*T/70.] 

= [TD (I) *WMLI<*CRDM( I) *CMLK*DFING ( I ,J) *RISK( J) . 

*AR*FMLK*DMLK]/[F*70.] • (5.25) 
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Thus, the total cancers from radionuclide I are given by 

IMKWHET (I, J) = EJ· I~1KWHE (I, J) . (5.26) 

Unlike all earlier calculations for population effects, the variables F and AR did not drop out of the expressions in (5.24) and (5.25). · However, if one assumes that the irrigation rate IRAT (units: L/m2 per yr) is known, it is possible t<;:> remove F and AR. Specifically, 

F*FRIV = AR*IRAT (5.27) 

and so 

AR/F = FRIV/IRAT . (5.28) 

Now, with use of the relation in (5.28), the equalities in .(5.24) and (5.25) can be rewritten as 

IMKWDS(I,J) = [TD(I)*WMLK*CRDM(I)*CMLK*DFING(I,J)*FRIV 

*FMLK*DMLK]/[IRAT*70.] (5.29) 

and 

IMKWHE ( I ,J) · - [TD( I) *WMLK*CRDM (I) *CMLK* DFING (I, J) *RISK( J). 

*FRIV*FMLK*DMLK]/[IRAT*70.] . (5.30) 

5,4 Exposure From Meat Consumption 

The population exposures and resultant health' effects· for meat consumption are determined in the same manner as those for milk consumption with the exceptions that PMT,· CRDMT{I), CMT, FMT, .DMT and WMT are used instead of PMLK, CRDM(I), CMLK, FMLK, DMLK and WMLK; respectively. 
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Thus, 

IMTRDS(I,J) = [FRET*TD(I)*FRIV*WHRHL*PMT*CRDMT(I)*CMT 

*DFING(I,J)*FMT*DMT]/[PDE~*ALOG(2.)*70.] , 

(5.31) 

IMTRHE(I,J) = [FRET*TD(I)*FRIV*WHRHL*PMT*CRDMT(I)*Ci'-1T 

*DFING(I,J)*RISK(J)*FMT*DMT] 

/[PDEN*ALOG(2.)*7d.J (5.32) 

IMTWDS(I,J) = [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)*AR 

*FMT*DMT]/[F*70.]. 

= [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)*FRIV 

*FMT*DMT]/[IRAT*70.] (5.33) 

and 

IMTWIE(I,J) = [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)*RISK(J) 

*AR*FMT*DMT]/[F*70.J 

= [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)*RISK(J) 

*FRIV*FMT*mIT/ [IRAT*70.] . (5.34). 
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The total cancers from radionuclide I are given by 

IMTRHET =~J IMTRHE(I,J) (5.35) 

and 

IMTWHET =LJ I MTWHE { I , J ) • (5.36) 
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ABSTRACT 

The Environmental Protection Agency (EPA) is developing a standard for geologic disposal of high-level radioactive wastes (40CFR191) based on radioactive releases (expressed in curies} that may result in 1,000 health effects (i.e., latent cancer fatalities) over a 10,000 year period. Health effects calculations were used by EPA to establish the curie release limits. The Fuel Cycle Risk.Analysis Division of Sandia National Laboratories was requested by the Nuclear Regulatory Commission (NRC)' High-Level Waste Licensing Management Branch to perform calculations, using the methodology developed under the Risk Asses.sment Methodology Program, to compare with the results from the EPA analysis. The intent was to provide some insights into the degree of conservatism in the health effects per curie values presented by the EPA standard. No attempt was made to encompass all the uncertainty in the input parameters ~sed in the calculations and ~ome of the modeling assumptions used in this analysis are different from those of the EPA.· Three sets of calculations of health effects {cancei deaths) per curie release were performed in this analysis. The calc~lational methods, the results of the analysis. and ihe potential implication of these results upon the curie release limits of the EPA.are discussed in this report. 
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.l.O Introduction 

The Environmental Protection Agency (EPA) is developing a .standard for geologic disposal of high-level radioactive wastes that would limit the curie releases to the accessible environment of the various radionuclides found in high-level waste. The EPA guidance establishes that the releases of radionuclides to the accessible environment from the wastes from 100.000 Metric Ton of Heavy Metal (MTHM) should not result in excess of 1.000 health effects (i.e .• latent cancer fatalities) over a 10.000 year period. The process by which EPA established the· release limits consisted of two steps. In the first step. the projected releases of radioactivity from a generic geologic 
repository in various geologic media (bedded .salt. domed salt. granite. basalt and shale) were calculated and in the second 
step. the potential excess cancer deaths from. the releases were estimated. A set Qf calculated health effects per curie 
released into the ~nvironment for all the radionuclidej 
considered in the EPA analysis was established t.o estimate the potential health hazard. The EPA analyses of the various media were used to select the limit of 1.000 health effed~s over 10.000 years for a 100.000 MTHM repository. The 1.000· health effects criteria was then used to establish the release limits for .individual radionucl ides. The NV.clear Regulatory 
Commission (NRC) requested the Fuel Cycle Risk Analysis 
Division of Sandia National Laboratories (SNL) to perform an evaluation using the methodology developed under the Risk 
Assessment Methodology Program (FIN:A-1192) to calculate the health effects that may result from the release of one curie of each of various radionuclides to the biosphere. The intent of this two week effort was to provide some insights into the degree of conservatism in the health effects per curie values calculated by the EPA. The intent was not to present values to replace the EPA curie values. but rather to perform 
calculations similar to the EPA analysis ·that would provide some perspective on the EPA release limits. No attempt was 
made to bound all of the uncertainty in the input parameters in the pathway modeling effort. to encompass all the possibilities of release or to address the uncertainties in the dose conversion factors and health effects estimates. The calculations presented in this report were designed to flag.potential prob~ lems with the EPA release limits that may warrant further anal-. ysis. 

Three sets of calculations were performed in this work. The firs·t set of calculations (EPA/SANDIA Analysis) used the Pathways Model developed at Sandia (Helton and.Kaestner. 1981) and the input parameters (e.g .• distribution coefficients (Kd). concentration ratios. dose conversion factors. risk estimates. etc.) and the health effects calculational methods from the EPA. A second set of calculations (SANDIA Analysis) was made using.the Pathways Model (Helton arid Kaestner. 1981) and the 
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Dosimetry ·and Health Effects Model (Runkle. et aL. 1981). In these calculations the input parameters to the Pathways Model were selected from those used in demonstrating the Risk Assessment Methodology (described in Cranwell. et al .• 1982). The reference site used in this demonstration was based on a hypothetical site and generic parameters representing several sites throughout the United states. The EPA point value for the distribution coefficients (Kd) for the various radionuclides 
were used in the analysis. The third set of calculations (SAMPLED SANDIA Analysis) were performed using a statisti.cal technique to sample an assigned range of values for some of the 
input parameters to the Pathways Model. A distribution was assigned to each range of values. This approach can be used to represent some of the uncertainty in the calculated results due to input data uncertainties. Many other uncertainties have not 
been addressed in this analysis and include uncertainties in the concentration ratios. the dose conversion factors. and the risk estimators of health effects. to name only a few. 

There are several differences in the ·modeling approaches used in this analysis that may affect the results and are 
therefore detailed below. First. for calculating the health effects per curie release for the water based pathway. the EPA inp~t a unit curie source over· 10.000 years (i.e .• 10-4 · · Ci/yr) into the surface (river) water to calculate the drinking water and fish intakes. For the land based pathways (which· include ingestion of crops. beef and milk). EPA input a 0.5 curie source into the sc:>ilcompartment over 10.000 years (i.e .• 5 x 10-5 Ci/yr) to estint,iite the soil concentrations. and further assumed that 50% ·,of the contaminated land was used for crop production for direct human consumption. 25% for milk production and 25% for beef production. · 

In the analyses {EPA/SANDIA. SANDIA. SAMPLED SANDIA) presented in this report. a unit curie source was input to the liquid.phase of the surface water over 10.000 years (i.e •• 
10-4 Ci/yr) and the interchange between the surface water and the soil compartments of the Pathways Model determined the soii conc·entration. The calculations performed· by the Pathways 
Model resulted in an input of 2.3E-3 Ci to·the soil over the 10.000 year period. Iri addition. the fractional partitioning of. land use (assumed by EPA) was not incorporated in this. 
analysis. 

Second. the EPA analysis considered a population detriment that was based on a linear relationship of population to the flow rate in a river for the water based pathways and was line-. arly proportional to the area of land for the land based path
ways. In the approach used by EPA. it is important to note 
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that the area (A) canceled out of the equation for the land based ingestion calculation. which eliminated the linear relationship between area and population. 

The Risk Assessment Methodology used for this analysis was based on the risk to an average individual and was converted to a population risk by relating the river flow rate to the population density {persons/!) assumed by EPA to estimate the population for the water based ~athways. · For the land based pa·thways the density (persons/m ) defined· by EPA was multiplied by the area considered in the reference site analysis (Cranwell et al .• 1982). The land area was defined as 40 km X 2 km on both sides of a river (160 km2). that was assumed to fall within the flood plain of the river and to provide food (crops. beef and milk) for the population. With this approach. ·the population is a linear function of the assumed area and doubling the area will result in a doubling of the population. 
The three calculational methods for the EPA/SANDIA. SANDIA ·and SAMPLED SANDIA Analyses are detailed in Chapters 2-4. respectively. Chapter 5 is a summary of the results calculated in this analysis. 

2.0 Description of the EPA/SANDIA Analysis 

The EPA/SANDIA Analysis used the Environmental Pathways Model developed at Sandia (Helton and·Kaestner. 1981) and the .input parameters used by EPA in their analysis. The input paramet•rs included concentration ratios. human and animal consumption rates. dose conversion factors and risk estimates. These calculations were designed to estimate the health e-ffects per curie release by employing the Risk Assessment Methodology developed at SNL and the EPA input parameters . 

. The Pathways Model (Helton and Kaestner. 1981) was used to estimate the radionuclide concentrations in the surface water and soil compartments following a 10-4 curie/year release into the surface water for a 10.000 year period. For the simplified analysis presented in this r~port. a system consisting of two compartments. soil and surface water. was used. For this situation. the mathematica·1 formulation for each radionuclide considered is a system of two differential equations of the following form: 

dX1/dt = hl - (~ + k21) Xl + k12 X2 

dX2/dt = h2 + k21 Xl - (~ + ko2 + k12) X2 

where Xi is the amount (units: Ci) of radionuclide in compartment i (1 ... soil. 2 - surface water). hiis the i:ate of radionuclide input (units: Ci/yr) to compartment i. and X 
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is the decay constant {units:. yr-1) for the radionuclide 
under conslderation. The kij is the rate constant for move
ment from compartment j to compartment i •. where i = O denotes a 
flow from compartment j to an area outside the modeled system. 
Each coefficient. kij~ is of the following form:· 

kiJ" = (1 - Sj)RWij + 
VW· ) 

S j RS i j .• 
MS· · J 

where VWj denotes the v9lume of water in compartment j 
(units: t). MSj denotes the mass of solids in compartment 
j (units: kg). RWij denotes the rate at which water flows 
from com~artment j to compartment i (units: i/yr). _and 
RSij denotes the rate at which solid material flows from 
compartment j to compartment i (uni ts: - kg/yr). Further. the 
unitless quantity Sj represents the effects of radionuclides 
partitioning in compartment j and is defined by 

s. = . Kd jMS Jw. • 
J Kd·MS· +· ) J J 

where Kdj is the distribution coefficient in compartment 
for the radionuclide under consideration (units:· i/kg}. 
nonzero values for the VWj, MSj• RWij and RSij for the 
site described in this section are given in Table 2.1. 

j 
The 

The system of equations in (1) can be_ reformulated in 
matrix not~tion as 

dx/dt = h + Kx. 

where 

X = [:~] 

For_this analysis h1 was assumed to be 10-4 curies/yr and 

{2) 

(3} 

(4) 

h2 was assumed to be O. As the system under-consideration is 
completely open. the equations repre•ented in (1) and (2) have 
a unique asymptotic solution. sx •. where 

sx = -K-1.h. {6} 

For the analysis presented in this report. the asymptotic solu
tions indicated in (6) were used instead of time-dependent 
solutions. Variables a1 to R4 were used to introduce vari-:
ance in the exchange rate between subzones and may be sampled 
from a user-specified range. For this analysis. a mid-point 
value (see Table 2.1) was assumed. 
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Table 2.1 

Environm·ental Transport Input Parameters 
(Helton and Kaestner. 1981)· 

Surface Water: 

VW2 = Volume of Water 

Soil: 

- Mass of Solid 

= Rate of mass outflow to 
soil subzone 

= Rate of water outflow to -
surface water in next zone 

= Rate of solid outflow to 
surface in next zone 

Rate of water outflow to 
soil subzone 

·2.2x1ol02_ 

6. ax1os. (:~) 

1.1x1011 (R3 ) 

kg 

kg/y 

VW1 = Volume of water 

MS1 = Mass of solid 

RW21 =Rate.of water outflow to 
surface water 

·2.ox1ol02_ 

1.1x1011 kg 

4.oxiolO CR~>- i/y 

RS21 = Rate of mass outflow to 
surface water 

0.0 (kg/y) 

Assumed Values: 

R1= 1.0 

R2= 1.0 

R3;,. 10-3 

. R4= 9.0 

Variables to introduce variation 
in the subzones indicated above. 
Variations were not considered 
in the EPA/SANDIA or the SANDIA 
analyses. therefore these varia
bles were assigned the point val
ues given in this table . 
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Also for this analysis. the radionuclideswere assumed to be released·to the liquid phase of the surface water. Further. no adsorption onto the soJid particulate phase of the surface water was·eonsidered. This would represent a situation where there are no Kd effects in the water. In an alternative scenario.that considers river flooding. particulates are carried onto the surrounding land mass and contribute a·large radionuclide burden to the soil. This analysis placed the radionuclide solely in the liquid phase of the surface water. as assumed by the EPA. However. the distribution coefficient. Kd. was taken into account in the radionuclide concentration in the soil subzoiie. The point values for the Kd values for the radionuclides that were used in this analysis and also by the EPA are given in.Table 2.2. The EPA data (unless otherwise specified) were obtained from personal communication with J.M. Smith. EPA. Montgomery. Alabama. Since. the initial work in 1981. these EPA parameters and the environmental calculations have been published in £mith. et al .• 1982. 

In the analysis presented in this section. a unit curie source was input .to the liquid phase of the water over 10.000 years and the interchanges between the surface water and the soil compartments of the Pathways Mode·1 determined. the soil concentration. The results of the Pathways analysis are given in Table 2 .3 for the· surface water and soil compartments. These. radionuclide concentrations were used to calculate the . health effects (cancei deaths) per curie release. T~e calculations of the cumulative health eff-ects over time. T. may be summarized by the following general equation · · · 

where 

RSK. . = Q. . * O: DF. . k * HE . k) * POP • *T ', l.J 1] k 1] J . J 
(7) 

RSK· · = 1] 

= 

heal~h effects (cancer deaths) per curie release .of radionuclide i via pathway j (ingestion •. 
inhalation or external) 

quantity intake per year (via ingestion or 
inhalation) or· exposure (external) to 
radionuclide i via pathway j '(Ci/y) · 

dose conversion factor to calculate the dose commitment to organ .. k from radionuclide i via pathway j (rem/Ci} 
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Radionuclide 

·Am241 

Am243 

Cs135 

Csl37 

I129. 

Np239 

Pu239 

Pu240 

Pu242 

Sz:90 

Tc99. 

Snl26 

Table 2.2 

Distribution Coefficients (Kd) 
As.sumed by EPA 

Kd 

7 

3 
Value (cm /gm) 

2000 

2000 

200 

200 

0 

15 

2000 

2000 

2000 

20 

0 

250 

I. 



Table 2.3 

Radionuclide Concentrations in the Surface Water and 
Soil From the Pathways Analysis 

Radionuclide Surface Water Soil 
(Ci/!!.) . (Ci/kg) 

Am241 5.26E-18 l.13E-15 

Am243 5.26E-18 7.02E-15 

Csl35 5.26E-18 1. OSE-15 

Csl37 5.26E-18 7.66E-17 

I129 5.26E-18 9.57E-19 

NP237 5.26E-18 7.99E-17 

PU239 5.26E-18 9.lOE-15 

PU240 5.26E-18 6.54E-15 

PU242 5.26E-18 l.04E-14 

SR90 5.26E-18 4.56E-17 

TC99 5.26E-18 9.57E-19 

SN126 5.26E-18 l.31E-15 
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POP· J 

T 

= 

= 

;: 

health effects conversion factor to estimate the potential fatal cancers from the dose commitment to organ k.via pathway j(health effects) 
rem 

population exposed to the dose commitment from· pathway j (persons) 

'time interval of the calculation. For this analysis (and EPA) the time ~nterval was assumed to be 10,000 years. · 
The three ·pathways included in this analysis were the ingestion (includes several subpathways), inhalation and external exposute. The calculations of health effects pei curie release for each of these pathways are detailed in subsections 2.1. 2.2 and 2.3, iesp~ctively. 

2.1 Ingestion 

The ingestion pathway consists of' intake of radionuclides from.various subpathways including drinking water, fish, plants. milk and meat. The calculations for these subpathways used the following components: (1) dose factors and health estimates (2) population-at risk and (3) quantity intake. Each component is discussed below with reference to the various subpa thways. · 

2.l;l Dose Factors and Health Effects Estimates 
The dose conversion factors and the health effects esti~ mates per rem of exp~sure were taken from Table 2.4. For each radionuclide, the product of the ingestion dose commitment factors and health effects conversion factors were summed over all organs. The summation was used to calculate the health effects from all of the subpathways. The dose conversion fac.tors used by EPA represent a SO-year dose commitment (rem) to an individual which results from the initial intake of one curie of the radionuclide. 

2.1.2 Population at Risk 

EPA used the flow rate of the world's rivers and the world population to estimate the population that can be supported by a given river flow rate. This ratio. of the flow rate to the world population. was applied to the flow rate of the river considered in this analysis (1.9El31/yr) to define the population for the drinking water. A resulting population of 6.3E6 persons was used for the EPA/SANDIA calculations. EPA also related the world's average fish consumption rate· (lolO kg/yr) to the world's river flow rate {3El6 I/yr) to estimate the 
. 

. 
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Table 2.4 

HEAL TH EFFECTS COHVERSION FACTORS, HEAL TH EFFECTS/MAN REM (FATAL CANCERS FOR ALL ORGANS EXCEPT OVARIES AND TESTES. GENETIC EFFECTS TO FIRST GENERATION FOR OVARIES AND TESTES) BONE RED MARROW LUNGS LIVER GI-LLI 
WALL 

THYROID KIDNEYS OTHERORGAN OVARIES TESTES 
1.000E-05 4.000E-05 4,000E-05 1.000E-05 2.000E-05. 1.000E-06 1.000E-05 7.000E-05 2.000E-05 2.000E-05 

NLCLIDE DEPENDENT INPUT DATA 
NUCLIDE PATHWAY DOSE C(}lf.lITMENT FACTORS (INHALATION AND INGEST IQN:REM/CI INTAKE AIR SUBMERSIQN:REJ.1/Y PER CI/M**3 GROUND CONTAMINATIQN:REM/Y PER CI/M**2 l 

C-14 

NI-59 

SR-90 

ZR-93 

TC-99 

INHALl 
. INHAL2 

INGEST 
EXT AIR 
EXT GND 

INHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

INHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

INHALl 
HIHAL2 
INGEST 

EXT AIR 
EXT GND 

INHAU 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

ORGAN 

BONE RED HARROW LUNGS LIVER GI-LLI TH.YROID KIDNEYS OTHERORGAN OVARIES TESTES. WALL 

8.460E+o0 2.420E+Ol 6.l80E+o0 8.880E+o0 7.220E+o0 6.480E+o0 7.920E+o0 l.410E+01 5.290E+OO 5.420E+o0 8.460E+QO 2.420E+ol 6.l80E+OO 8.880E+OO 7.220E+OO 6.480E+OO 7.920E+OO 1.410E+01 5.290E+OO 5.420E+OO 1.170E+o3 3.380E+o3 8.490E+o2 1.230E+03 l.460E+o3 8.890E+02 1.060E+o3 1.920E+03 7.360E+02 7.230E+02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 O~O O~O o.o · o.o o.o o.o n.o o.o o.o o.o o.o o.o 
1.290E+o4 2.150E+o3 8.470E+o3 4.983£+03 7.120E+02 2.150E+o3 2.150E+03 2.150E+03 2.150E+03 2.150E+OJ 1.290E+04 2.150E+o3 8.470E+03 4.980£+03 3.560£+02 2.150E+03 2.150£+03 2.150E+03 2.150E+03 2.150E+o3 9.670E+03 1.610E+o3 1.610E+o3 3.320E+o3 9.700E+02 1.610E+o3 1.6H>E+o3 1.610E+o3 1.6.lOE+OJ 1.610E+o3 . o.o 0.0 o.o 0.0 0.0 0.0 o.o 0.0 o.o o.o 0.0 0.0 o.o o.o 0.0 o.o o.o 0.0 0.0 0.0 
3.210£+05 1.210E+05 8.540£+06 1.930£+04 9~310E+05 3.740E+o3 3.740E+03 1.510E+05 J.740E+03 3,730E+o3 3.000E+o6 1.lOOE+06·4.920E+04 1.490E+o4 5.SOOE+04 1.540E+o4 1.540E+04· 2.410E+05 1.540E+04 1.540E+04 1.200E+o6 4.300E+o5 1.570£-02 5.710E+o3 1.980E+05 5.99CJE+03 5.990E+o3 9.500E+04 5.990E+o3 5.990E+03 o.o 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 o.o o.o o.o o.o o.o o.o o.o. o.o o.o I o.o o.o 
1.470E+o3 1.750E+03 5.850E+04 2.930E+o3 7.160E+03 l.600E+o3 1.360E+o3 2,SOOE:+03 l.040E+03 1.~70E+02 4.120E+03 2.460E+o3 3.080E+o4 2.110E+o3 6.980E+03 1.320E+o3 1.320E+o3 2,1JOE+o3 l.460E+o3 4.950E+02 1.970E+o2 3.340E+o2 3.900E+o1 1.430E+02 1.750£+04 1.690E+o1 1.990E+o2 2.470E+o2 1.360E+o3 1,340E+o2 0.0 o.o o.o o.o . 0.0 0.0 . o.o 0.0 o.o o.o 1.7BOE+o4 1.780E+o4 1.780E+o4 1.780E+o4 1.780E+o4 1.780E+04 1.780E+o4 1.780E+04·1.780E+04 1.780E+04 
2 .• 420E+02 2.150E+o2 5.220E+04 4.210E+02 1.660E+o3 9.460E+o3 3.070E+02 8.870E+o2 2.120E+02 2.120E+02 2~420E+02 2.150E+02 5.220E+04 4.210E+02 1.660E+OJ 9.460E+03 3.070E+o2 8.870E+02 2.120E+02 2.120E+02 3.61 OE+o2 3.220E+02 0.0 6.280E+02 3.200£+03 1. 41 OE+04 4 .580E+02 2 .140E+o2 3.170£+02 3. 170£-+02 0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o ·o.o o.o 

Taken from Smith, et al., 1982 
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SN-126 INHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

1-129 INHALl 
UlllAL2 
HIGEST 

EXT AIR 
EXT GNo· 

CS-135 WHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

CS-137 IN11AL1 
IN11AL2 
INGEST 

EXT- AIR 
EXT GND 

SM-151 HIHALl 
UIIIAL2 
UIGE·ST 

EXT AIR 
EXT GND 

RA-226 I11HAL1 
INHAl.2 
ItlGEST 

EXT·AIR 
EXT GND 

U-234 INHALl 
IHHAL2 
INGEST 

EXT AIR 
EXT GND 

. NP-237 · JNIIALl 
INIIAL2 
INGEST 

EXT AIR 
EXT GND 

Table 2~4 (~ontinued) 

ORGAN 

BOIIE . RED MARROW LUNGS LIVER Gl-LLI THYROID KIDNEYS OTHERORGAN OVARIES TESTES 
WALL 

1.580E+o5.1.580E+o5 1.270E+o6 4.i90E+o3 7,600£+-04 1.230£+-03 6.160E+03 6.160E+-03 6.160E+03 6.160E+o3 1.580E+05 1.580E+o5 l.270E+o6 4.190£+03 7.600E+o4 1.230E+o3 6.160E+o3 6.160E+o3 6.l60E+03 6.160£+03 
8.570E+04 8.57DE+04 3.llOE+oJ 1.690E+o3 1.1SCE+o5 4.990E+o2 2.830E+o3 2;820E+o3 2.820£+03 2.820£+03 1.150E+o71.l50E+o7 l.150E+o71.150E+o7 1.150E+o7 t.150E+o7 l.150E+071.150E+-071.150E+o7 1.150E+-07 2.090E+o5 2.090E+o5 2.090E+-05 2.090E..05 2.090E+-05 2.090£+05 2.090£+o5 2.090E·•05 2.090£+-05 2.090E+o5 

5.790£+02 6.050E+o2 7.SSOE+-02 4.660E+o2 4,280E+-01 5.000E+06 4,490E+o2 2.050E-t03 3.780E+02 3;5]QE+02 5.790E+o2 6.05DE+o2 7.880E+-02 4.660E+-02 4.280E+01 5.000E+06 4,490E-t02 2.050E-t03 3.7BOH02 3.57C£-+02 9.020E..02 9.420E..02 1.790E+-02 7.240E+o2 6.700E+01 7.8COE+o5 7,020E+-02 3,180E+-03 5.920E+02 5.SSOE+-02 1,450E+05 1,310E+o5 4.850E+04 3,600E+-04 1.150E+04 1,010£+05 5.380E+04.9.540E+-04 3.400E+04 1,310E•05 8.730[+03 7,870E..03. 2.910E+o3 2,160£+03 6.900E+o2 6.0~0E-+03 3.2~0E+03 5.730E+o3)2.040E+03 7.880E-t03 

7.470E+03 7.470E+o3 6.400[+02 7.470E+03 8,51GE+01 7.480[+03 7.470E+03 4,400[+03 7.470::'.+03 7.4701:-l-03 7.470£+03 7.470£..03 6,400E+o2 7,470E+oJ· 8:510£-+01 7.40C£-t03 7.470E+03 4,400E+03 7,470E+03 7.4,CE+o3 .1.120E+041.120E+o4 O.O 1.120£+04 5.JSOE+021,130E-t041;120E+04 6,610E+o31.120E+04 1.120E+o4 o.o o.o . o.o o.o 0.0 0.0 0.0 o.o o.o 0.0 . o.o o.o o.6 o.o· o.o o.o o.o o.o o.o o.o 
4.540£+04 4.910E+o4 1,620E+o4 5.230E+o4 1.600E+04 4.4]0E+04 5.130E+04 J.260E+04 5.000E+04 4.440E+o'4 4.540£+04 4.910E+04 :t.620E+04 5,230E+o4 1.600£-+04 4.47GE+04 5.130E+04 3,260E+04 5.000E+o4 4.440£+04 6.820E+o4 7.380E+04 1.990£+04 7,87UE+04 2.590£+04 6.720E+o4 7.7JOE-t04 4,910E+04 7.540E+o4 6.680£+04 4;660E+o6 4.450E+o6 3,600E+o6 3.180E+06 2.750E+o6 4,020E+o6 3.380E+06 3,810£+06 1.390E+06 4.240£+06 8.290£-t-04 7.920E+o4 6.400E+04 5.650E+04 4.900E+o4 7.150£+04 6.030£+04 6.790£+04 2.490E+04 7.550C+o4 

5.100E+02 2.090E+o2 6. 780E+o4 1. 900E+03 3.040E+03 1.920E+01 5;540E+02 1.090£+03 1.470E+01 1.070E-+01 4.910E+03 1.940E+03 1,590E+o4 1,890E+o4 2.810E+Ol 1.040E+02 5.380E+03 1.190£+03 LOSOE+o2 1.030E+02 4.910E-l{)O 3.200E+OO 1,0SOE-01 1..730£+01 5.850E+o3 1.030£-01 5.520E+o0 2.340£+01 5.660E+OO 5.360E-01 2.440E+Ol 2.130E+o1 4,240E+OO 2.350E+OO 2.920£+00 9.060E+OO 7.020E+OO 3.070£+01 3.920E+OO 3.86uE+01 4.590E+o0 4.000E+OO 7.960£-01 4.410E-01 5.480£-01 1.700£+00 1.320E+OO 5.780E+o0 '7.360£-01 7.300E+o0 

1.100E+07 9,800E+05 2.810E+07 3.400E+o5 l.OOOE+o5 3 .• 400£+05 3.490E+o5 4,600E+o6 3 •. 400E+05 3.400£+05 1.100E+o7 9.800£+05 2.810E+o7 3.400E+05 1.000E+o5 3.400E+05 3;490£..05 4.600E+o6 3.400E+05 3.40DE+o5 6,320E+o7 2.140£+06 2,710£+02 1,870E+o6 8.160E+-05 8.010E+o5 5.790E+o6 7.790E+o6 8.060E+05 8.010E+05 1.500E+o7. 1.390E+o7 1.270E+o7 1, 120E+07 1.030E+07 l.280E+o7 1.060Ef{)7 1.180Eto7 9.900E+-06 1.130E+07 2~520E+o5 2~3.40E+o5 2.070£+05 1.850[-+05 1.ii90£+05 2 .• 120£-+05 1.750E+o5 2.210E+o5 1.630E+o5 1.890E+o5 

2.000E+07 8.100E+05 2.730E+o8 5.900£+05 5.480E+o4 5.900[+05 8.700E+o5 9.800£+06 5.900£+05 5.900E+05 5.900E+07 2.400E+o6 2.800E+o7 1.700E+o6 4.790£+04 1.700E+o6 2.500E+o6 5.500E+06 1.700E+o6 1.700£+06 2.000E+o7 8.000E+o5 8,230E+o2 5.800E-t05 8~860E+o4 5.800E+05 8.500E+05 1,700E+o6 5.800£+05 5.BOOE+05 2,940E+03 2.640E+03 1.030E+o3 7.640£+02 8.560E+o2 1.280E+03 8.130£+02 2.490E+03 6.640£+02 2.090E+03 5.630E+02 5.050£+02 1.970E+o2 1.460E-l-02 1.640£+02 2.460E+02 1.560E+02 4.780~-+02 1.270£+02 4.000E+02 

9.o~oE+o8 3.0lOE+oS 2.900E-t08 4.020£+08 1.JSOE-l-05 3.000£+06 5.200E+o7 8,500[+07 1.800[+06 5.800[+06 2.240E+09 7.470E+o8 3.000E+o7 9.910E+08 1.260E+05 7,400[+06 1.280E+o8 1.900E+o8 4.600£+06 1,§00E+o7 1.900E+o7 6.200E+o6 8,870E+o2 8.200E+o6 1,460E+o5 6.080E+o4 1.100E+o6 1.600£+06 3.900£+04 1.200E+o5 3.270Et06 3,0JOE+o6 1.790E+061.560E+06 1.130E..06 2.150£+06 1.500E+o6 2.050£+06 1.020E+06 2.410E+06 7 .250E *04 6, 720E+04 3.970£+04 3 .460E +o4 2. 50UE +04 4.470E f()4 3. 340E +04 4. 570E-+04 2.270E+04 5. 350E+o4 
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PU-238 ItlHALl 
INHAL2 
WGEST 

EXT AIR 
·EXT GND 

PU-239 INHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

PU-240 INHALl 
IUHAL2 
IllGEST 

EXT AIR 
EXT GIID 

. AM-241 IIIHALl 
Illl!AL2 
IHGEST 

EXT AIR 
EXT GHD 

PU-242 INHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

AM-243 IllHALl 
INHAL2 
INGEST 

EXT AIR 
EXT GND 

Table 2 .4 (continued)_ 

ORGAN. 

BONE RED MARROW LUNGS LIVER GI-LLI . THYROID KIDNEYS OTHERORGAN OVARIES TESTES 
UALL. 

·7.910E+o8 2.640E+o8 3.090E+o8 3.550E+o8 6,200E+04 2.600E+o6 4.600E+07 7.600E+o7 1.600E+06 5.000E+o6 
2.030E+o9 6.770E+o8 3.200E+07 9.070E+08 5.510E+o4 6.600E+06 1.170Et08 1.730E+08 4.100E+06 1.300E+07 
5.000E+o5 1.700E+05 7.890E-02 2.200E+05 1,lOOE+05 l.640E+03 2.910E+04 4.320E+04 1.03DE+o3 3.200E+03 
1.260E+03 1.090E+03 3.020E+02 l.33DE+02 4.45CE+02 2.460E+02 1.770E+02 l.660E+03 1.B60E+02 l.320E+03 
2.470E+o2 2.140E+o2 5.920E+Ol 2.600E+Ol 8.710E+01 4,810E+01 3.460E+Ol 3.250E+02· 3.640E+Ol 2.580E+02 

9.120E+08 3.040E+08 2.940E+08 4.040Et08 5.7BOE+o4 3.000E+06 5.200E+o7 8.600E+o7 l.8QOE+06 5.800E+06 · 
2.280E+o9 7.610E+08 3.000E+07 l.OOOE+09 5,130E+o4 7.400E+o6 l.300E+OB l,920E+08 4.600E+06 l.500E+07 
5.700E+05 1~900E+05 6.090£--02 2.500E+o5 9,850E+o4 1.850E+OJ 3.220E+o4 4.820E+o4 1.l50E+03 3.600E+03 
6.410E+o2 5.610E+02 l.710E+02 9.JBOE+Ol 1.900E+o2 1.890E+02 l.230E+02 7.220E+02 1,170E+02 6.110E+02 
1.220E+o2 1.070E+02 3.240£+01 1.7BOE+o1 3.600E+ol 3.590E+ol 2.330E+o1 1.370E+o2 2.210E+01 1,160E+02 

9.130E+08 3.040E+OB 2.950E+08 4.050E+OB 5.820E+o4 3.000E+06 5.200E+07 8.600E+07 1.800E+05 5.800E+06 
2.280E+09 7,600E+08 3.100E+07 1.010E+Q9.5.170E+04 7.400E+06 l.300E+OB l.940E+08 4.600£+06 l.500E+07 
5.700E+05 l.900E+05 8.32CE-02 2:SOOE+05 9.9JOE+04 l.84GE+03 3.220E+04 4.830E+04 1.150E+03 3.600E·•03· 
l.160E+03 1.000£+03 2.890E+02 1.400E+o2 J.9SOE+02 2.530E+02 1.7SOE+02 l.460E+o3 1.60DE+02 1.170E+03 
2.250£+02 1.960£+02 5.640E+01 2.720E+Ol 7.790£+01 4.930E+Ol 3.470E+01 2.S50E+o2·3.520E+01 2.280E+o2 

. 9.430E+08 3.l40E+08 3.1JOE+08 4.l90E+-08 6.520E+04 3.lOOE+06 5.400E+07 8.900E+07 1.900E+06 6.000E+o6 
2.35GE+09 7.830E+08 3.200E+07 1.040E+09 6,110E+04 7.700E+06.1.340E+08 l.990E+08 4.800E+06 1.500£+07 
1. 900E+07 6.400E +06 1. 270E+02 8. 500E+06 1.100E+o5 6. 320E+04 1. 1 OOE+06 1. 600E+06 3. 940E;-04 1. 2COE+05 
2.720E+05 2.4SOE+05 1.010E+05 8.300E+04 5.6SOE+04 l.J80E+o5 8.800E+04 1.440E+05 8.510E+04 1.250E+05 

. ~ 420E+04 1.300£+04 5.JOOE+o3 4.330E+Ol 2,960E+-03 7.210E+OJ 4.590£+03 7.500E+oJ 4o440El-03 5.570Er03 

8.690£+08 2.890£+08 2.800£+08 3.850£+08 5.51DE+o4 2.S00E+o6 5.000£+07 .8.200£+07 1.800£+06 5.500£+06 
2,170E+09 7.220£+08 2.900E+07 9.56DE+D8 4.900E+04 7.100E+D6 1.23DE+OB .1.840E+08 4.40DE+D6 1.400£+07 
5.400E+o5 1.800E+05 1.600E-01 2.400£+05 9.400E+04 1.760E+03 3.060E+D4 4.600E+04 1.090E+03 J.42GE+03 
1.0~0E+03 8.9JOE+D2 2~360E+D2 9.J70E+01 J.650E+02 1.770E+o2 1.32CE+02 1.390E+03 l.Sl,E102 l,100E+03 
2.030E+o2 1. 750£+02 4.630E+Ol 1 ~840E+01 7. 160E+01 J.470E,+01 2. 590E+01 2. 72DE +02 2. 9i.iC:+01 2. 170E+-02 

9.430E+D8 1~560E+09 3.0JOE+08 4.210£+08 3,220E+05 3~ 100E~06 5.400E+07 8.900E+07 1.9DOE+06 6:0GOE+06 · 
2.340£+09 3.870E+09 3.lOOE+07 1.040E+09 1.5DOE+-05 7.70DE+06 1.3~ul+OB 1.990E+08 4.800£+06 1.500E+07 
1.900E+07 3.200E+07 9.640£+02 8.500E+06 1.490£+05 6.340E+04 1.100E+o5 1.600E+o6 4.d70E+04 1.200E+o5 2.170E+06 2,010£+06 1.060E+06 9.140£+05 6.490E+OS 1.3JOE+o6 8.970E+05 1.290E+o6 6,760E+05 1.410E+06 
5.290E+04 4.880E+04 2.630E+04 2.260£+04 1.610E+04 3.2EOE+o4 2.210£+04 3.150£+04 1.650£+04 3.480E+o4 
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I 

' 

populatio~ intake of fish (3.3E-7 kg per person/!)~ The EPA estimate of 3.3E-7 kg per person/! is the s~me as assuming a l kg/ye fish intake. Therefore. for the EPA/SANDIA calculations a 1 kg/yr consumption of fish and the same population· us~d for the drinking water calculations ·{6~3E6 persons) were assumed. · 

The population for the land-based ingestion in'takes was calculated by multiplying the density (persons/m2 ) provided by EPA for the three subpathways by the area considered in the hypothetical reference· site analysis ( 160 km2) (Cranwel 1. . et al., 1982). The populations used in these subpathway calcu-lations were · 

CROP 

160 km 2 *· l.OE- 3person 1. 6ES = persons . 2· 
m 

MILK 

.. 
2 160 km * l.SE- 3pecson 2.4ES m2 - persons 

BEEF 

160 km 2 
* 2 . 1E_ 4pecson 3·. 4E4 .Pe·rsons = .. m2 

2.1.3 Quantity Intake of Radionucl ides· 

The quantity iritake of a radionuclide is dep~ndent upon the ~oncentration of the radionuclide in.the food source and the rate of intake or consumption. The EPA/SANDIA calculations utilized th·e equations. for each subpathway available .in the Pathways Model and substi'tuted the appropriate EPA parameter values. In some cases, the modeling approaches differed between EPA and the Pathways Model, and in these cases, the input parameters were selected from those used in the reference site analysis (Cranwell. et al.', 1982). The EPA point values used in the analisis are given with each equation and are summarized in Tables 2.s and 2.6. The radionuclide dependent concentration ratios were taken from a computer output provided by J.M. Smith. EPA. and are given in Table 2.7 (recently published in Smith. et. al., 1982). The equations ·for the various ingestion subpathways are defined in Sections .2.l.3~l to 2.1.3.5. 
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·Table 2.5 

Ingestion. Inhalation and External Exposure iates 
Assume(J by EPA 

Ingestion Rates 

Water Consumption by Humans 

Plant Consumption by Humans 

Milk Consumption by Humans 

Beef Consumption by Humans 

Fish Consumption by Humans 

Inhalation Rate 

Average Air Consumption by Humans 

Annual External Exposure 

Submersion in Air 

Groundshine from Soil* 

6.03E02 1/yr. 

1. 94E02 'kg/yr 

l.12E02 1/yr 

8.SEOl kg/yr 

l.OEOO kg/yr 

8.40E03m3/y 

1/3 year 

1/3 year 

*An effective depth of O.lSm was assumed for soil by EPA. 

14 

. i 

J 



Table 2.6 

Crop and Animal Parameters 
Assumed by EPA 

Animal Consumption Rates 

Plant Consumption by Dairy Cows 

Plant Consumption by Beef Cows 

Sprinkler Irrigation for Crops 

Ir_rigation Rate 

Retention· Fraction 

Standing Crop_ 

Rate Constant for Weathering (kc.,) 

Irrigation Time(~) 

e-1'.c.>~ 

Sprinkler Irrigation for Pasture 

Irrigation Rate 

Retention Fraction 

Standil).g Crop 

Rate Constant for Weathering (~c.,) 

Irrigation Time (~) 

e-1'.c.>~ 

5.0EOl kg/day 

5.0EOl kg/day 

3. OE02 9../m2/y* 

2.5E-Ol* 

7.16E-Ol kg/m2 

l.8E01y-l 
(13.75 day half-life) 

l.7E-l y 

4.65E-2 

3.0E02 9../m2/y* 

2.5E-Ol* 

2.8E-Ol kg/m2 

1. 8E01 y-1 
(13.75 day half-life) 

l.7E-l y 

4.65E-2 

*These parameters were not defined in the EPA Analysis: therefore the values used in reference site analysis to demonstrate the SNL Risk Assessment Methodology w~re substituted for the calculation. 
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Table 2.7 

Concentration Ratios Assumed by EPA 

FISH/WATER PASTURE MILK/FEED BEEF/FEED 
(Ci/kg per CROP/SOIL (FEED)/SOIL (dar • kg_) (da}". • kg) Ci/ll) (dimensionless) (dimensionless) kg. ll kg. kg 

Am241 2.5El O.llE-2. 0.74E-2 0.36E-4 O.l6E-5 

Am243 2.5El 0.22E-3 O.lSE-2 0.36E-4 0.16E-5 

CS135 4.0E2 O.lOE-5 0.17E-4 0.56E-2 0.14E-l 

CS137 4.0E2 0.85E-2 ·. 0.14EO 0.56E-2 0.14E-l 

1129 l.5El 0.19E-7 0.68E-7 0.99E-2 0.70E-2 

NP237 l.OEl 0.16E-7 0.65E-7 0. SOE:-.5 0.20E-3 

Pu239 3.5E2 0.59E-4 0.36E-3 0. 5_3E-7 0.19E-7 

PU240 3.5E2 0.19E-3 0.12E-2 O.SJE-7 0.19E-7 

Pu242 3.5E2 0.40E-5 0.24E-4 0.45E-7 0.41E-6 

SR90 5.0EO 0.21EO 0.86EO 0.24E-2 0.30E-3 

TC99 1. 5El O.l4E-5 0.28E-3 0.99E-2 0.87E-2 

SN126 3.0E3 0.77E-5 0.31E-4 0.12E-2 0.80E-1 
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2.1.3.l Drinking Water 

amt of nuclide 
intake per year= 

2.1.3.2 Fish 

( 
nuclide cone ) 

in surface water (ra~e of ~ater) 
* 1ngest1on 

Ci/y = (Ci/1) * (6031/y) 

amt of nuclide 
intake per year= (

nuclide cone in) (cone ) 
surface water . * ratio (r~te of.fish) 

* 1ngest1on 

Ci/y 

where 

cone ratio 

2.1.3.3 CroQs 

·amt of nuclide 
intake per year= 

= (Ci/2.) * (1/kg) ·* (l. 0 kg/y) 

cone of nuciide in fish = 
cone of nuclide in water 

(
nu~lide cone) 

1n crops (
r~ te of. crop) 

* 1ngest1on 

Ci/y = (Ci/kg) * (194 kg/y) 

nuclide cone 
in crops = (

nu~lide.conc) (cone) ( cone due to ) 1n soil * ratio + sprinkler irrigation 

where 

Ci/kg= (Ci/kg) * {dimensionless) + (Ci/kg) 

cone ratio = cone of nuclide in crops 
cone of nuclide in soil 

nuclide 
cone due· 

retention 
fraction 

nuclide 
cone in 

*surface* 
water 

irrigation 
rate 

to = 
sprinkler 
irrigation· 

l 
rate constant 
for weathering standing crop 

ciJkg -( 1 ) (0~2s * (Ci/1) * JOO 1/m2/y~ - 18.05 .y-1 0.716 kg/m2 J 
2 • l. 3 • 4 Mi 1 k 

amt of nuclide 
intake per year= (

nuclide cone) 
in milk * 
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Ci/y = (Ci/l) * (1121/y) 

nucliae cone 
in milk (nuclide cone ) (cone J (· consumption rate ·) = in dairy feed * ratio *. of contaminated feed 

Ci/l = (Ci/kg).* /day • kg) * /50 ·M_) 
~kg• l \ day 

· where 

cone ratio= cone of nuclide in milk 
intake of nuclide per day 

nuclide cone in 
dairy and beef feed (

nuclide cone) ·(cone) =. in soil * ratio (
co~~c ~!~e to) 

+ sprinkling . 
pasture. 

Ci 
kg 

= (Ci/kg) * (dimensionless) + (Ci/kg) 

where 

cone: ratio= cone of nuclide in pasture 
cone of nuclide in soil 

nuclide 
retention cohc in 
fraction *surface* 

irrigation 
rate 

nuclide 
cone due 

to 
sprinkling 
pasture 

= 1 water. 
rate constant 
for ~eathering standing crop 

Ci/kg I- 1 

=,18.05 

2 . 1. 3 . 5 Beef 

amt of nuclide 
intake per year= 

* (Ci/l) * 300 

0.28 kg/m2 

(
nu~lide·conc) 

in beef * (r?te of. beef) 
ingestion 

Ci/y = (Ci/kg) * (85 kg/y) 

nuclide·conc 
in beef = (

nuclide cone) 
in beef feed 

·(consumption ) rate ·of 
* contaminated · 

feed 
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Ci/kg= 

where 

cone ratio 

( ckgi) 

= 

.* ·(day • kg) kg. kg 

.cone of nuclide 
intake of nuclide 

in 
per 

nuclide cone calculated the same as dairy in beef feed - ' (See 2.1.3.4) 

2.2 Inhalation 

* (50 kg/day) 

beef 
day 

feed 

The inhaiation pathway considers inhaled radionuclides that are resuspended from the soil. The EPA obtained suspended radionuclide concentrations through multiplication of surface radionuclides concentration (expressed in Ci/m2) by a resuspension factor of 10-9m-l (Smith. et al.. 1982). In contrast, in this analysis the susp~nded-radionuclide ~oricentra·tion was obtained by muitiplying .the soil concentration (Ci/kg) by an as~umed ·concentration of s~spended material in air of 3.SE-9 kg/m3 . The latter concentration of suspended material was taken from the· listing of various soil types in the CRC Handbook of Environm~ntal Control. ·V9lume 1 (Bond and straud. 1973). 

2.2.1 Dose Factors and He~lth Effects Estimates 

The dose conversion factors .(rem/Ci) for the inhalation pathway were taken from Table 2.4.and were multiplied by the appropri~te health effects estimates for the or~ans considered. INHALl dose factors are for insoluble CY class) material retained in the lung for long biological half-times, while INHAL2 dose factors are for more soluble CW class) inhaled material and resul.t in more dose to the other body organs. .For this comparative calculation. the INHAL2 dose commitment .factors were multiplied by the health effects estimators and summed over all organs for each radionuclide con-sidered. · ~ 

2.2~2 Population at Risk 

The population at risk for the inhalation pathway was calculated by multiplying the population density (6.7F,:-5 persons/m2) provided by EPA and the area considered in the ·reference site analysis (160 km2). The area dependent population of l.1E4 persons was used for these calculations. 
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2.2.3 Quant~ty Intake of Radionuclides 

amt of nuclide 
intake per year= (nu7l ide. cone) 

1n soil * 
suspe~ded 

(: 

cone of J 
material 

in air 
* 

·( average~ breathing 
rate 

Ci/y =(Ci/kg)'* (3.SE-9 kg/m3) * (8400m3/y). 
2.3 External Exposure 

EPA considered external exposure trom contaminated soil and air in their analysis. The. sofl concentrations calculated by the Pathways Model (see Table 2.3) were used to estimate the external exposure for. this comparison analysis. The approach . detailed in Subsection 2~2 for calculating the radi6nuclide concentration in the air was used to estimate the air concentrations for the air submersion exposure calculations. An assumed exposure time of 1/3 year was multiplied by the soil concentration and the ~ir concentra~ion to estimate the exposure level. 

2.3.l Dose Factors and Health Effects Estimates 

The dose conversion factors for the air exposure pathway and for the soil exposure pathway were multiplied by the appropriate heal th effects estimates (Table 2. 4) and were sum.med over all organs for e~ch iadibnuclide. 

2.3~2 Population at Risk 

The popuiation density of (6.7E-5 persons/m2) provided by EPA was multiplied by the area of 160 km2 considered in the reference site analysis. Again. the area dependent population of l.1E4 per~ons· was used for the calculation of air and soil exposure. 

2.3.3 Exposure Level 

2.3.3.1 contaminated soil 

Exposure Level= '(nu~lide. cone) 
· 1n SOll 

(exp~sure) 
time 

. ' 

= (Ci) 
. kg 

* 

20 
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* 

(
effective\* 
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2.3.3.2 ~ontaminated Air 

Exposure Level= (
nu7lide. cone) 

in soil 

= (~:) * 

* 

3.0 Description of the SANDIA Analysis 

(
exp?sure) 

time 

The SANDIA health effects per curie release values were 
calculated using the modeling appro.aches and input parameters 
presented in the Pathways Model (Helton and Kaestner, 1981) and 
the Dosimetry and Health Effects Model (Runkle, et al., 1981). 
The two compartment system of the Pathways Model, described in 
Chapter 2, was used in this analysis. The input parameters 
(distribution coefficients (Kd) and variables to vary flo_w 
between subzones) to·the Pathways Model were assumed to be the 
point values presented in Table 2.1. The dose conversion fac
tors (70 year intake/70 year dose commitment), concentration 
ratios, environmental parameters and health effects estimates 
from the Risk Assessment Methodology (Cranwell, et al., 1982) 
were used to calculate the SANDIA health effects per curie 
values. The average individual risk estimates were converted. 
to population risk by multiplying the density values assumed by 
EPA (in persohs/m2) and the area considered in the reference 
site analysis for the land-based pathways. The population 
estimates for drinking water and fish intake -were based on a 

· linear relationshi~ of world population to the river flow rate 
of the world's rivers and the flow rate of the .river considered 
in the· reference site analysis. The equations used in the 
calculations for the ingestion, inhalation and external expo
sures ar~ given in Table 3. l. The input parameters that were 
used in the calcul~tions are gi~en in Tables 3.2-3~8. The dose 
conversion factors used in the Risk Assessment Methodology 
consider a 70 year chronic intake and estimate a 70 year dose 
commitment. The 70 year dose comrni tment is essentially equi va.
lent to the so year dose commitment (considered by EPA), how
ever, the 70 year chronic intake. must be adjusted to account 
for the -143 generation that can occur in 10,000 years. 
Therefore. the health effects estimates were divided by a fac
tor of 70 for estimating the health effects per curie release 
values. 

Ma·ny of the parameters used in the SANDIA Analysis are 
.different from thoQe preesented in the EPA analysis and may be 
the source of some of the differences between the SANDIA and 
EPA health effects per curie values. For example, in ·the' · 
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Table 3.1 

Basic Eguatiqns for Calculating Radionuclide 
· Concentrations for Various Pathways 

WATER BASED 

(1) Drinking Water Intake (Ci/yr)=Water Consumption (370 2./yr) 
*Water Treatment Factor (1.0) * Water Cone. (Ci/2.) 

(2) Fish (kg/yr)= Fish Consumption (6.9 kg/yr) 
*Water/Fish Cone. Factor (CF)a *Water Cone. (Ci/1) 

LAND WITHOUT IRRIGATION 

(3) Plant Cone. (Ci/kg) = Soil/Plant cFa *Soil cone.· (Ci/kg) 
\ 

(4) Plant Intake (Ci/yr) = Plant C6nsumption (190.0 kg/yr) 
* Plant Cone. (Ci/kg) 

(5) Milk Intake (Ci/yr)= [Dairy Cow Consumption of Plants 
(50 kg/day) * Plant ~one. (Ci/kg) 
+ Dairy Cow Drinking Rat~ Per Day (60.0 2./day) 
* Water Cone. (Ci/1)) * Milk/Diet CFa 
* Milk Consumption Rate {110.0 l/yr) 

(6) Meat Intake (Ci/yr)= [Beef Cattle Consumption of Plants 
(50 kg/d~y) * Plant Cone. (Ci/kg) 
+ Beef Cattle Drinking Rate Per Day (500 l/day) 
* Water Cone. (Ci/1)] * Beef /Diet cFa 
* M~at Consumption Rate (95.0 kg/yr) 

LAND WITH IRRIGATION 

(7) Deposition Rate (Ci/kg-yr)=Retained Fraction on Plant (~25) 
* -wate.r Cone. (Ci/l) · 
* [Rate Irrigation (300 1/m2-yr)/Plant Density (5.2 kg/m2)] 

(8) Rate Constant for Weathering (yr-1) ~ 1n2/.0384 yr (14 
Day Halt· Life) 

(9) Plant Cone. ·(Ci/kg) = [Soil/Plant CFa *Soil Cone. 
(Ci/kg)] 
+ [(Deposition Rate (Ci/kg)/Weathering Rate (yr-1)) 
* {l ~ [Exp -ln2/.0384 * Irrigatio~ Time (.17 yr)]} 

Plant. Beef. Milk Consumptions with Irrigation are 
Calculated Using Formulas 4-6 and the Plant Cone. (9). 

asee Table 3.2 These.concentration factors are radionuclide 
dependent. 
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Table 3.1 (Continued) 

INHALATION 

(10) Air Cone. (Ci/m3) = Soil Cone. (Ci/kg) * Concentration of ·suspended Material in the Air ( 3. SE-9 kg/m3 ). 

(11) Inhalation (Ci/yr) = Air Cone. (Ci/m3) 

* Breathing Rate (8000 m3/yr) 

EXTERNAL 

(12) Air Submersion= (6.llES hrs (Lifetime E~posure)) * Air Cone. (C1/m3) 

(13) Soil Exposure= [2.04ES hrs (1/3 year Exposure for 70 years) 

* Soil Cone. (Ci/kg)~ Soil Density (2.8E3 kg/m3) 

* soil Depth (.02Sm)] 

(14) Sediment Ex~ostire = [l.OSE3 hrs (15 hrs/yr- fo~ 70 years) 

* Sediment Cone. (Ci/kg)* Sediment Density (2.6E3kg/m3) 

* Sediment Depth (.02Sm)] 

(15) Water Immersion~ (1.06E3 hrs (15 hrs/yr for 70 years) 

* Water Cone. (Ci/1) * 1000 l/m3) 
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Radionuclide 

AM 

cs 

I 

NP 

Pu 

SR 

TC 

SN 

Table 3.2 

Concentration Ratios for Human and Animal Food Sources 
(Used in Reference Site Analysis) · 

CROP/SOIL 
FISH/WATER PASTURE/SOIL MILK/FEED 
(Ci/kg eer Ci/1!.2 {dimensionless) {day . kg/k~ . 2.) 

2.SEOl 2.SE-04 5.0E-06 

2.0E03 l.OE-02 l.2E-02 

1. SEOL 2.0E-02 6.0E-03 

l.OEOl 2.SE-03 5.0E-06 

3.SEOO 2.SE-04 2.0E-06 

3.0EOl l.7E-02 B.OE-04 

1. SEOl 2.SE-01 2.SE-02 

3.0E03 2.SE-03 2.SE-03 

•Taken from USNRC (1977) 
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BEEF/FEED 
(day• kg/kg• kg) 

2.0E-04 -4.0E-03 

2.9E-03 

2.0E-04 

1. 4E-05 . 

6.0E-04 

4.0E-01 

8.0E-02 



Table 3.3 

Ingestion. Inhalation and External Exposure Rates 
for an Average Individual 

(Used in Sandia Reference Site Analysis) 

Ingestion Rates 

Water Consumption by Humans 

Plant Consumption by Humans 

Milk Consumption by Humans 

Beef Consumption by Humans 

Fish Consumption by Humans 

Inhalation Rate 

Average Air Consumption by Humans 

External Exposure Rates 

Submersion in Air 

Groundshine from Soil 

3 . 7 E02 2./yr 

1.9 E02 kg/yr 

1.1 E02 1/yr 

9. 5 EOl k·g/yr 

6.9 EOO kg/yr 

8.0 E03 m3 /yr 

8.7 E03 hr/yr 

2.9 E03 hr/yr* 

*An effective depth of 0.025 m was assumed for soil and 
sediment. 

Taken from USNRC (1977) and USDOE (1979) 
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Table 3.4 

Crop and Animal Parameters . (Used in Sandia Reference Si~e An~lysis) 

Animal Consumption Rates 
'-

Plant Consumption by Dairy cows 

Water Consumption by Dairy Cows 

Plant Consumption by Beef cows 

Water Consumption by Beef- Cows 

Sprinkler Irrigation of Crops and-Pasture 
Irrigation Rate 

Retention Fraction 

Stariding Crop (Plant Density) 

Constant Rate of Weathering <~w> 

Irrig'~tion· Time (,) 

e-AwT 
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5.0EOl kg/day 

6.0EOl 1/day 

5.0EOl kg/day 

5.0EOl ll./day 

3.0E02 l/m2 

2. SE--01 

5.2EOO kg/m2 

. l.8EQ1 yr-1 
(14 day half life) 

l.7E-01 yr 

4.65E-02 

I 
! 
I 

[, 



Table 3.5 

Dose Conversion Factors - Ingestion 
(rem/Ci) 

(70-year intake/70-year dose commitment) 

TOTAL BODY BONE LUNG GI TRACT 

SR90 1. 01E8 4.07E8 o.o l.53E7 

TC99 3.51E3 8.76E3 l.11E3 2.89E4 

SN126 1. 68E5 5.88E6 0.0 1. 70E6 

!129 6.41E5 2.29E5 0.0 3.11E4 

CS135 5. 55E5. 1. 35E6 1. 42ES 2.9SE4 

CS137 4.96E6 \5.53E6 8. 5 lES · l.48E5 

NP237 . 2.77E6 6.80E7 0. 0 :. S.56E6 

Pu239 9.SlES 3.91E7 0.0 4.66E6 

Pu240 9.SOES 3.91E7 0.0 4.7SE6 

Pu242 9~16ES 3.63E7 0.0 4.57E6 

AM241 2. 75E.6 4 .·OBE7 0.0. 5.19E6 

AM243 2.68E6 4.07E7 o.o 6.09E6 

Taken from Runkle. et al .• 1981. 
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Table 3.6 

Dose C.onversion Factors - Inhalation 
(rem/Ci) 

(70-year ·intake/70-year dose commitment) 
I 

TOTAL BODY BONE LUNG .. GI TRACT I 

SR90 l.35E8 2~17E9 8.67E7 6. 31E6 

TC99 3.51E3 8.76E3 7.32E6 S.28ES 

SN126 9.39ES 2~35E7 8.47E7 l.11E6 

il29 4.80ES 1.73~5 0.0 l.·SSE4 

CS135 4.17ES l.01E6 S.91E6 1. 48E4 

CS137 3.72E6 4~15E6 3.SSE7 7.3SE4 

NP237 6.93E9 1. 66Ell 3.78E9 3.44E6 

Pu239 7.93E9 3.26Ell 1. 22El0 2.89E6 

Pu240 7.91E9 3.26Ell 1. 22El0 2.9SE6 

Pu242 7.63E9 3.02Ell l.18El0 2.83E6 

AM241 6.86E9 · 1. 03Ell 4.39E9 3.22E6 

AM243 6.70E9 l.03Ell 4.16E9 3.78E6 

Taken from Runkle. et al .• 1981. 
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Table 3.7 

Dose Conversion Factors - External 

SR90 

TC99 

SN126 

Il29 

CS135 

CS137 

NP237 

Pu239 

Pu240 

Pu242 

AM241 

·AM243 

SOIL 
(rem/hr/Ci/m2l 

0.0 

0.0 

9.00EO 

4
1

• SOE-1 

o.b 

4.20EO 

l.40EO 

7.90E-4 

1. 30E~3 

l.10E~3 

1. BOE-1 

1. 30EO 

Taken f~om Runkle. et al .• 1981. 

29, 

TOTAL BODY 
AIR 

. Crem/hr/Ci/m31 

2.40E-l 

S.BOE-2 

l.32E4 

l.80El 

2.BOE-2 

4.70E2 

1. 45E2 

S.60E-2· 

6.SOE-2 

5.lOE-2 

l.BOE-1 

1. 40E2 



Table 3.8 

Cancer Risk Estimates Used in the SANDIA Analysis 

Type of Cance·r 

Leukemia 

Lung 

GI Tract 

B,reast 

Bone 

All Other 

Individual Risk 
per rem* 

2.9E-05 

2. SE-0.5 

1. 9E-:-05 

2.9E-05 

9. 8.E-06 

3.6E-05 

Organ Dose 
Commitment Associated 
With This Cancer Type 

Bone 

Lung 

GI Tract 

Total Body 

Bone 

Total Body 

* . Based on a lifetime J?lateau period for the solid tumor 
cancers . 

. Taken from Runkle et al·., 1981. 
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ingestion calculations for land-based. food sources. the. . contribbtions from crop irrigation wete taken into account in the SANDIA Analysis. Also. the intake of co.ntaminat.ed drinking water by the animals that provide milk and beef was considered. In contrast. the EPA considered only the intake of contaminated forage by the milk and b~ef producin~ animals. 
4.0 Description of SAMPLED SANDIA Analysis 

This set of calculations was performed.to coi;isider some of the uncertainty that results from variability in the input parameters. However. only a few of the parameters were varied_ and the uncertainti~s in many other aspedts of the modeling effort were not addressed. In this analysis. the Pathways Model utilized a set of sampled input parameters sel~cted by the Litiri Hypercube sampling t~chnique (Iman. et al .• 1980). The distribution coefficietiti (Kd) and variables to adjust the flow rates between various subzones were sampled and the range. description and assigned distribution of each input parameter ·are defined in Table 4 .1 ~ The res.ul ts of the analysis re pre-. sent a 3a variation in the input data for those variables with a log-normal or normal distribution assigned to their ranges~ Those variabl~s with a uniform or log-uniform distribution assigned w~re sampled'over the entire range. Variables 1 to 4. thai adjus~ the flow rates. are further described in Table· 4.2. Fifteen runs of the computer code were made. each with a different sampled set of input variables. The output of each computer run (in the form of radionuclide con~ centration in the soil.and surface water) was processed by the ·Dosimetry and Health Effect• Computer Code. ~nd h~alth ~tfects (cancer deaths) per curie relea·se were calculated. The concentration ratios. dose conversion factors and risk estimates used in this analysis are described in Chapter 3. 

The population for the water based pathways was based on the linear relationship between river flow rate and population described above. ·To estimate the population at risk for this calculation. the· flow rate of. the river was varied by the sampled variable (R1 )'.and the population was adjusted fpr each. of the fifteen computer runs. The population for the land based and-external pathways was based on the density defined by EPA and the area of the reference site ·of 160 kma~. These populat~ons~ which are area dependent,.were kept constant for the fifteen computer runs for land· bas.ea and external p·athways. · 
As discussed in Chapter 3. the health effects per curie relea~e were divided by 70 to account for the - 143 generations that can occur in a 10,000 year period. 

Two types of calculations were performed depending on whether or not adsorption was allowed to influence the solid phase {particulates) of the surface water. For the first set 
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.Table 4.1 

Latin ·Hypercube Sample 

TITLE-LHS PATH EPA 

-RANDOM SEED= Sll46S26750425l7 

NUMBER OF VARIABLES= 12 SAMPLE SIZE= 15 

DISTRIBUTION AND RANGE ASSUMED FOR EACH VARIABLE 

Variable Distribution Assumed Range 

l Uniform .250 to 2.00 Scale Factor Rivr Disch_rg 

2 Log Uniform l.OOOE-02 to 1.00 Scale Factor Water Xchng 

3 Log uniform l. OOOE-04 to l.OOOE-02 .Scale .Factor Solid Xchng 

4 Uniform 3.00 to 15.0 Regional Erosion Rate 

5 .Log Normal l. OOOE-02 to 2.500E+0S KD for CM(AM) 

6 Log Normal l.OOOE-02 to l.OOOE+04 KD for Pu 

7 Log Normal l.OOOE-02 to 50.0 KD for NP 

8 Log Normal L OOOE-02 to l.OOOE+03 KD for TC 

9 Log Normal l.OOOE-02 to 3.000E+03 · KD for SR 

10 Log Normal l.OOOE-02 to l.OOOE+04 KD for cs 

11 Log Normal l.OOOE-02 to l.OOOE+03 KD for I 

12 Log Normal l.OOOE-02 to l.OOOE+03 KD for SN 
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Table 4.2 

Variables Which Affect the Physical Description 
, of the Surf ace Environment 

scale factor used to introduce variation in hydrologic 
properties. New values for water flow from the soil 
compartment to the ground-water compartment are obtained 
by multiplication with this factor. As the reference 
site was defined with an annual rainfall of l m. use of 
R1 amounts. in a crude way. to varying the rainfall 
from .25 m to 2 m. This is only approximate. as the 
indicated rates do not. move in a strictly linear manner 
with rainfall: however. it is felt that thi~ provides a 
way of varying between wet and dry conditions. (Units: 
Unitless: Range: .25. 2.: .Sampling Dist.: Uniform.) 

scale factor used to introduce variation in water move
ment between the s6il compartment and the surface water 
compartment. New values for such movements are obtained 
by multiplication of the pore volume of the soil com
partment by R2 . This variable is introduced to allow 
for variation in water movements which might result from 
runoff. irrigation or overbank flooding. (Units: 
yr-1: Range: 10-2. 100: Sampling Dist.: Log 
Uniform.) 

scale factor used to introduce variation in solid move
ment between the.soil compartment and the surface water 
compartment. New values for such movements are obtained 
by multiplication of the mass of solids contained in a 
soil compartment by·R3 . This variable is introduced 
to allow for variation in solid movements which might 
result .from runoff. irrigation or overbank floodirig. 
(Units: yr-1; Range: 10-4. 10-2: sampling , 
Dist.: Log Uniform.) 

regional erosion rate. (Units: 
15.: Sampling Dist.: Uniform.) 
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of calculations. the radionuclides were input into the surface 
water with no adsorption onto the solid phase (particulates) of 
the water (i.e .• Kd = O for all radionuclides in the water). 
However.·the Kd influence in the.soil compartment was consid-· 
ered. This technique is similar to the procedures used by EPA 
in their analysis and in the EPA/SANDIA and SANDIA calculations. 

When flooding of a river occurs. the particulates sus
pended in the·surface water may carry the adsorbed radionu
clides onto the surrounding land mass. If adsorptio~ of radio~ 
nuclides onto solid phase of the surface water is ignored. 
there is a .much. smaller quantity. of a radionuclide carried to 
the soil compartme~t by the surface water. In the second set 
of c·a1culations. the radionuclides were allowed to adsorb onto 
the solid phase of the surface water as well as the liquid 
phase. The exchange to.the soii compartment was influenced by 
the particulates suspended in the water. and the distribution 
cioefficients-(Kd) determined the partition of~ radionuclide 
between the solid and liquid phase-s. The results of this anal
ysis ItJ.aY simulate exchange that could occur with flooding and 
erosion or with irrigation and erosion. 

s.o Results and Discussion 

The health effects per cutie release for the indiiidual 
pathways are given in Table 5.1. The EPA values were taken 
from· the Health Effects per Curie Release Model and Subpathway 
Table provided to the author by the EPA. A slightly revised 
version of this table was published in-Smith~ et al .• 1982. 
These values represent the health effects (deaths) per curie 
release. The EPA/SANDIA values were calculated using the pro
cedures outlined in Chapter 2. This procedure utilized the 
Pathways Model and point Kd values provided by EPA to calc_ulate 
the radionuclide concentrations in the s·oil and surface water. 
Other parameters .(e.g .• dose conversion factors. heal th effects 
estimates. etc~) from EPA were also used. 'l'he SANDIA values 
were calculated with Pathways Model and Dosimetry and Health 
Effects ~odel rising th• 70-ye~r intake/ 70-year dose commitment 
factors. environmental parameters and risk estimates used in 
the reference site analtsis. However. the same point· Kd v~lues 
from EPA (and used in the EPA/SANDIA calculations·) were used in 
the analysis. 

There is good agreement between t'he EPA and .the EPA/SANDIA 
results ·for the drinking water and the fish pathways for most 
of the radionuclides.. Marked differences are noted for the 
crop. milk and meat subpathways. EPA assumed that o.s curies 
were released to the soil over the 10.000-year interval and 
further assumed that 50% of the contaminated land was used for 
crop production for ditect human consumption. 25% for milk· 
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Table 5.1 

Individual Pathways and Dosimetry and Health Effects Comparison Table 
Expressed as Deaths Per Curie 

Drinking Inhala- External External Water_ Fish CCOI! Milk Meat tion Soil Air 
Ani241 EPA 1.29E-l 3.7E-3 5.SE-1 8.2E-4 2.7E-6 2.2E-5 1.4E-5 2.9E-13 EPA/Sandia 1. 32E-l 5.45E-3 6.lBE-3 2.62E-'-5 l.24E-7 ·3.03E-7 2.72E-5 4.34E-15 Sandia 3.23E-3 l.SlE-3 3.42E-5 l.84E-8 8.00E-8 2.27E-7 6.84E-7 1. 02E-14. 
Am243 EPA 3.4E-l l.2E-2 2.lEO 3.2E-3 1. SE-5 5 .. 7E-5 7.3E-5 3.0E-12 EPA/Sandia l.06E-l 4. 4E-.3 S.03E-3 2.17E-5 l.03E-7 4.74E-6 7 .O.lE-4 2.43E-13 Sandia 3.25E-3 l.52E-3 4.62E-5 2.lOE-8 9.28E-8 1 .• 40E-6 3.0SE-5 4.97E-13 
Csl35 EPA .. 2.6E-4 1. 7E-4 2.lE-3 9. 9E..:.4 2. 6E-4. 2.4E-10 () 0 EPA/Sandia· 1.113E-4 1. 21E..:.4 . 8.24E-6 5. llE-6 1. 3E-6 3.0lE-12 o.o 0.0 Sandia :)..62E-4 6.02E-3 5.79E-6 4,33E-6 1. 66E-7 1.0lE-11 o.o 1. 49E-17 
Csl37 EPA 2.lE-3 1. 3E-3 · 7; SE-3 2.11f.:.3· 5.SE-4 1. 9E-9 1. SE-4 8.4E-12 EPA/Sand,ia 2.0E-3 1. 33E-3 9.25E-5 6.42E-5 1. 71E-5 1. 71E-12 1. 6E-5 7.53E-15 Sandia 9. 79E.-4 3.65E-2 l. lSE-5 l.40E-5 S.09E-7 . 4. 42E-12 1. 09E-6 ·1. 82E:_f4 
Il29 EPA 1. 6E-3 4.0E-5 6.4E-3 2.4E-3 . 1. BE-4 1. 5E-9 .l. lE-5 1. SE-13 EPA/Sandia 1. 63E-3 4.04E-5 7.32E-s 8.02E-5 6.03E-6 l.64E-14 1. 48E-8 2.0SE-18 Sandia 8.95E-5 2.SOE-5 8.89E-7 5.95E-7 3.12E-8 1. 63E-15 1. 45E-9 8.70E-18 

v.> Np23'.7 EPA l.3E-l 2.2E-3 4.6E-l 9.2E-5 3.9E-4 2.2E~S 1. OE-4 4. 7E-12 VI EPA/Sandia 1. 3E-l 2.lSE-3 5.84E-3 3.23E-6 1. 38E-5 1. 87E-8 3.76E-8 2.03E-8 Sandia 5.0SE-3 9.48E-4 S.28E-5 2.86E-8 l.25E-7 2.47E-8 3.77E-7 5.SSE-15 
Pu239 EPA 4.3E-3 2.SE-3 2.SE-2 S.4E-8 2.lE-9 3.lE-2· 1. 9E.-7 1.0E-15 EPA/Sandia 4.31E-3 2 ,·SE-3 1. 97E-4 1.19E-9 4.52E-11 2.37E-6 2.47E-6 · l.09E-16 Sandia 2. 90E-3 · 1. 89E-4 4.SOE-5 7.83E-9 6.07E-9 S.42E-6 2.43E-8 2.SSE-16 
Pu240 EPA 4.3E-3 2.SE-3 2.4E-2 5.2E-8 2.0E-9 2.2E-5 3.SE-7 2.0E-15 EPA/Sandia 3. 31E-3 1. 92E-3 l,SSE-4 9.67E-10 3.70E-11 1. 71E-6 3.48E-6 l.48E-16 Sandia 2.90E-3 l.89E-4 4.03E-5 7,42E-9 5.73E-9 3.89E-6 2.87E-8 2.lSE-16 
PU242 EPA· 4.lE-3 2.4E-3 2.4E-2 4.4E-8 4.3E-8 2.lE-5 3.SE-7 l.SE-15 El;'A/Sandia 4.lOE-3 2;38E-3 1. SSE-4 9.22E-10 8.92E-10 2.SBE-6 5.17E-6 2.lBE-16 Sandia 2.70E-3 1. 76E-4 4.41E-5 7.48E-9 5.81E-9 5.76E-6 3. 87E-8' 2.69E-16 
Sr90 EPA 8.0E-3 6.0E-5 l.OE-1 7.BE-3 l.OE-4 2.6E-8 0 0 EPA/Sandia 7.99E-3 6. 63E..:5 4.78E-4 1. 46E-4 1. 95E-6 1.42E-ll 0.0 o.o Sandi~ 3.94E-2 2. 20E-2. 4. 6-SE-4 3.74E-5 3.07E-6 1. 92E-10 o.o 5.53E,-18 
Tc99 EPA 2.4E-5 6.0E-7 l.9E-4 6.3E-5 5.SE-6 6.2E-10 0 - 0 EPA/Sandia 2.39E-5 5.95E-7 

' 
1. OSE-6 . l. lBE-6 l.lOE-7 6.96E-15 0.0 0.0 Sandia 2.02E-6 5.64E-7 2. llE-8 5.70E-8 9.93E-8 8.30E-15 o.o 2.SOE-20 

· Snl26 EPA l.4E-3 7.0E-3 6.7E-3 2.9E-4 2.lE-3 1. 7E-8 4.6E-4. 2. 6E-ll EPA/Sandia . 1. 38E-3 6.83E-3 6.19E-'S 8.22E-6 ·s.82E-5 2.62E-10 8.54E-4 3.91E-13 Sandia 4. 72E-4 2.64E-2 · B.49E-6 1. 72E-6 6 .14E-6 l.82E-10 3.98E-5 8.74E-12 



production and 25\ for beef production. The soil concentrations calculated by the Pathways Model used an asymptotic solution. dependent upon the flow rates between the soil and surface water subzones. and were based on a different input rate r than the EPA analysis. The calculations performed by the Pathways Model resulted in an input of 2.3E-3 Ci to the soil over the 10.000 year p~riod. Another contributor to .the difference between the EPA and EPA/ SANDIA values is the different rate of inpu~ to the plants via sprinkler irrigation. For the calculations presented in this report.· the input to pl~nts by irriga.tion was 2.SE-7 Ci/yr. while EPA assumed a value of 5.0E-5 Ci/yr. This difference of greater than two orders of magnitude in the input rate is reflected in the results. 
Generally. the SANDIA health effects per curie values are· smaller than the EPA values for most of the paths and this difference appears to be due to difterences in the input rates. concentration factors. dose conversion factors and exposure times used in the calculations. · Again. the land based pathways are affected by differences in the input .rates. 
When the health effects per curie values from EPA and SANDIA are summed over subpathways 1-5 (includes drinking water. fish. crop. milk and meat) and 6-B (includes inhalation. external soil and external air) the SANDIA values are lower in all cases (Table 5. 2). Some values -differ by factors of · greater than 102; however. pathways 1-5 do not show as much variation as pathways 6-8. The risk of adverse health effects from paihways 6-8 is lower than the risk from pathways 1-5: therefore. the difference noted in pathways 6-8 is less significant. We have not attempted to account· for all the differ-· ences; but the in~ut rates •. dose factors, and concentration tatios used irt the two analyses appear to account for the major differences. 

The results. of the SANDIA SAMPLED calculations (described in Chapter 4) are presented graphically in Figures 5.1 to 5.4. The Kd ranges and the R1 to R4 variables were s~mpled using the Latin Hypercube Sampling technique for this analysis. The populations for the various subpathways. defined in Sections 2.1~2; 2.2.2: and 2.3.2. were used in this analysis. The population for the drinking ·water and fish intakes were adjusted by the sampled variable, Rl, to accriunt for changes .in the iiver flow. ~he population for land based pathways was held constant for all 15 calculations. · 

In Figures 5.1 and 5.2 the results are given ior the case when. there was no adsorption of the radionuclid.e onto the solid phase of the surface water. The subpathways 1 to 5 (Figure 5.1) and 6 to 8 (Figure 5.2} were summed and the mean, maximum and minimum values of the fifteen computer runs are present.ea 
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Table 5.2 

Pathway and Dosimetry and Health Effects 
Comparison Table 

Health Effects Per Curie 

Radionuclide EPA Pathways.1-5 EPA Pathways 6-8 

Am241 EPA 7.0E-1 2.0E-2 
Sandia · 4.8E-3 9.lE-7 

Am243 · EPA 2.SEOO 2.0E-1 
Sandia 4.8E-3 3.2E-5 

Csl35 EPA· 3.8E-3 l. lE-7 
Sandia 6. 2E-_3 l.OE-11 

Csl37 EPA L4E-2 6.0E-3 
Sandia 3.BE-2 l. lE-6 · 

1129 EPA l. lE-2 9.2E-5 
Sandia l.2E-4 l. SE-9 

Np237 'EPA S.9E-l 2.SE-3 
Sandia 6.lE-3 4.0E-7 

Pu239 EPA 3.2E-2 3.7E-2 
Sandia 3.lE-3 5.4E-6 

Pu240 EPA .3. lE-2 3.SE-2 
Sandia 3.lE-3 3.9E-6 

Pu242 EPA 3.lE-2 3.7E-2 
Sandia 2.9E-3 S.8E-6 

Sr90 EPA l. 2E-l 7.9E-7 
Sandia 6.2E-2 l.9E-10 

Tc99 EPA .2. 9E-4 4.9E-10 
Sandia 2.BE:-6 8.3E-15 

Snl26 EPA· l. 7E-2 l.OE-1 · 
Sandia 2.7E-2 

·, 

. 4. OE-:-5 
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Figure 5. l. 

Deaths per curie calculated with sampled Kd ranges 
and no adsorption· onto solid phase of the surface water 

for Pathways 1-5. 
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Figure 5. 2. 

Deaths per curie calculated with sampled Kd ranges 
and no adsorption onto solid phase of the s-urface water 

for Pathways 6-8. 
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along with the point values from EPA. In general, the EPA 
values for pathways· 1-5 are higher than the results calculated. 
with the sampled values. The exceptions are 126sn, 135cs 
and 137cs. The sum of pathways 1-5 is dominated by the water 
based pathways and, since the populations are adjusted by the 
sampled variable Rl, the results are clustered. If a constant 
population were assumed for the calculation and the flow rate 
were varied, the results would vary in an approximately linear 
fashion. That is, a one order of magnitude variation in the 
flow rate would result in a one ~rder variaiion in the 
response. In pathways -6-8, there is more variability than in 
Paths 1-5; however the EPA values are always higher than the 
deaths per curie values calculated by the sampled values~ 

In Figures 5.3 and 5.4 the results are presented for the 
case when adsorption of the. radionuclide .. onto the· solid phase 
was assumed. The partitioning was determined by the distribu.
tion coefficients (td). · This approach significantly atfects 
the soil concentration and the resu,,lting risk to the human 
population .. For the analysis that considers adsorption, th~ 
EPA values for both the 1-5 and 6-8 pathways are generally 
within the range or·only slightly higher than the results using 
the sampled ranges, for most radionuclides .. 

Of note are the EPA values for 241Am, 243Am and 237Np 
for pathways l_.5 (Figure 5.3). The results of this analysis 
for 241Am·and 243Am·indicate that the release limits for 
these radionuclides may be overly conservative and may warrant 
a reexamination .by·the EPA. Also, the EPA release limit for 
135cs would appear not.to be restrictive enough from the 
results·of this analysis and again may warrant some recon-
sideration. 

Although these results certainly do not establish that the 
EPA release limits proposed in the .Standard are overly conser
vative, generally they do suggest that the allowed release lim
its might be higher if the h~alth effects per cu~ie calculated 
in this analysis were used. · · 
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Figure 5.3. 

Deat~s_per curie calculated with sampled K~ ranges 
and ad~orption ~hto solid pha~~ of the surface wat~t 

for Pathways 1-5. 
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Deaths per curie calculated with sampled Kd ranges 
and adsorption onto s9lid phase of the surface water 

for Pathways 6-8. 
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