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ABSTRACT

The Environmental Protection Agency (EPA) has prepared a draft

Standard (40CFR191, Draft 19)[1l] which, when finalized, will
provide the overall system requirements for the geologic
disposal of radioactive waste. This document (Vol. 1) prOV1des
an "Executive Summary" of the work performed at Sandia National
" Laboratories, Albuquerque, 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 to the requirements of the
draft Standard are addressed based on the detailed analyses

. presented in five companion volumes to this 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 system 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, NM (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.
"compliance with respect to the requirements of the draft
Standard. An analysis investigating the health effects associ-
ated with unit radionuclide releases (Vol. 5) was performed to
ascertain the release limits of the draft Standard and their
relationship to the assumed health effects. 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 risks 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
effects per 1,000 MTHM over 10,000 years. Using the sane
health effects constraint, SNLA calculated independently the
number of curies for each radionuclide as described in Volume S
of this report. The results are compared with the EPA release
limits in Table 1. The two sets of release limits are seen to
be very similar, with the except1on of 99Tc

The release limits shown in Table 1 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 (Rg), river dis-
charge, regional erosion rates, and exchange factor between the.




TABLE 1
A cOmpar1son of Cumulative Release Limits .
to the Accessible Environment
for 10,000 Years After Disposal-

Pkoposed'ReIease“ . Release Limit From

Half-Life LimitP (curies per Table 1-1€¢ (curies
Radionuclide (years)@ . 1000 MTHM) per 1000 MTHM)

Am241 458 . T 10 - - - 14
Am243 - 7370 R 4 4
Cla ‘ 5730 ' 200 - 218
Csl3s. 3.E6 ’ 2000 . 2625
Csl37 . 30.2 _ 500 ) 505
Np237 - 2.14E6 . 20 17
Pu238 . 86 4 400 _ 437
Pu239 - " 2.44E4 - 100 ‘ . 145
Pu240 6580 : . 100 'A ‘ : : 153
Pu24z 3.79E5 100 . . . la4s
Ra226 1600 - o3 . o NE
Sr9o ' 28.1 - 80 _ 83
Tc99 2.12ES . . 2000 : L 35,088
Snlz2e - 1.E5 - 80 - : 83
Any other alpha- emlttlng : .10

radlonucllde : '
Any other radionuclide which ‘ 500

does_ndt emit alpha particles

4 From Ref. 2
From Ref. 1
¢ From Volume &
NE no estimate




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 241pm, 243am. and 237Np may be overly conservative and

may warrant a re-examination by the EPA. Also, the EPA release
1imit 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 assumptlons 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
years 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" as 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 “-elease.
The 1nterpretat10n 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.
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Figure 1l: 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
probability of exceeding a given value of the
EPA Release Ratio 1nc1udes 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 hypothetical tuff
repository (Vol 3), compliance assessments were made u51ng a -
modified version of Interpretation 1 such that the scenario
probability (and not release probablllty) determined the
allowable release limit. In the analysis of a hypothetical
bedded salt repository (Vol. 4), the results of the direct-hit

- scenarios are presented individually in conformance with Inter-

pretatlon 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 1nterpretat10n. 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.

Achievabiiitx of the Requirements

simplified analyses of hypothetical repositories in basalt,
tuff, and bedded salt formations have been performed with the
intent of predicting integrated releases to the accessible
environment and comparing them to the release limits of the

~draft Standard. Each of the interpretations stated above has

been used in expressing the results of these analyses in terms

of the release limits of the draft Standard. An approprlate set '

of scenarios has been chosen for analys1s in each of the threée
media; i.e., the scenarios chosen for a given medium are, in
general, different from 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

N -

* 'Obtained 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.



Seonarios Analyzad.for Hypothotical Repositoriss in
Basalt, Tuff, and Bedded Salt

TABLE 2

Host
Nedium

Scenario Mumber and Description

Baselt

Scenario 1
Routine
release with
no disruption

Scenario 2
Fractures
in dense
basalt

Scenario 3A
Borehole
connection to
upper aquifer;
mizing cell
gource model

Scenario 3B
Borehole
connection to

upper aquifer;

leach limited:
10-9-10-7
per year

Scenario 3C
Borehole
connection to
upper aquifer;
leach linmited:
10~5-10-7

per year

o) Tuff

Scenarios 1 & 1B

1. No retardation
in any fractured
layers

1B. Rock matriz
diffusion
in fractured
layers

Scenaries 2 & 28
Both use rock
matcix diffusion
and the vertical
gradient is un-
affected by thermal
pulse in each.

2B uses the mixing
call source model

Scenario 3
Retardation in
some fractured
layers due to
zeolites

Scenario 4
Retardation In
porous vitrie or
devitrified tuff
in some fractured
layers

Scenarios 5 & 58

Both experlence

300 £t. rise in

water table

5. Retardation as
in Scenario 1

58. Retardation as
in Scenario 1B

Scenarfo 6
Retardation as

in Scenario 1;
accessible environ-
ment 8 miles from
repogitory

Bedded
Salt

Scenario 1

U-tube formed by
a falled shaft
seal and one or
more boreholes;
wator ocviginatas
from and returns
to primery aqulfer

Scenario 2
U-tube Formed by
two or more bore-
holes; water
or{ginates from
and returns to
primary aquifor

Scenerio 3

U-tube formed by

a Falled shaft

seal and one or
more boreholes;
water origlaates
from and retucns

to secondary aquifer

Scenario &
U-tube formed by
two or more bore-
holes; water
originates from
and retucrns to
gecondary aqulfer

Scenario S
Canister direct
hit; rapid and
direct movement
of radlonuclides
to surface

Scenario 6
Brine pocket
penetration




leach-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 to 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 known 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 radlonucllde transport.

~ A quantitative descrlptlon of the deqradation 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 This is a leach-limited source model. A

: o . different leach-rate range is chosen for each

medium. A range of 10-3 to 10-7/yr is used

for tuff and a maximum range of 10-4 to

. 10~ /yr is used for basalt and bedded salt.

~ The complete inventory of waste 1s assumed to be
ava11ab1e for leach1ng

" Source #2 This leach-limited source has the same range as

Source #1 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.

Source #3 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 regulatory period 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 years. This was done in order to assess the adequacy of

the 10,000-yr perlod of regulation.

An examination of the results from the basalt analyses indi-
cates that Scenario 1 does not violate the EPA release limits




'when using Interpretation 1, during the first 50,000 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 3A,
no violations occurred during the first, second, and fifth
10,000-yr period. 'In Scenarios 3B and 3C, large to very large
violations oc¢curred in each of the 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 1, 1B, 3, 4 and 5 show very slight
to slight violation of the draft Standard limits; Scenarios 5B
and 6 show 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 increase, 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 ground-water

transport scenarios (Scenarios 1-4) were repeated using three
different source models, and the results are evaluated using
Interpretation 2. Substantial variations in the results occur
when different source models are used. " Gross violations occur
when Source #1 is used. No violation occurs during the first
10,000 years for Source #2: violations during the subsequent
10,000-yr period are extremely minor. No violations occur
during any of the five 10,000-yr periods when Source #3 is
used. Interpretation 1 was used in presenting the results of
Scenarios 5 and 6. The direct hit scenario, Scenario 5, indi-
cates a slight violation during the first 10,000-yr period. ‘
The brine-pocket penetration scenario, Scenario 6, indicates a
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 of probability of
exceeding release ratio 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 dlfferent

Conclusions and Recommendatlons

Based on the results of the analyses performed by SNLA, the
following conclu31ons and recommendations are presented.

- * A vector, in the present context, represents a complete set

of input values selected by the sampling program to carry out
a transport calculation. Different vectors represent
different combinations of input parameter values..

-8~




TABLE 3

summary of Results of simplifiéd Analysis for

Hypothetical Repos;:o:xes in Basalt, Tuff,

(10,000-yr period)

and Bedded Salt

Host

Scenario Number and Description
Mediun ’
Interpretation #1
BASALT Scenario 1 - Scenario 2 Scenario 3A Scenario 3B Scenario 3C
percent No k13 No . ~20% ~10%
violations violations violations
maximum 1.3 "~1,000. ~100.
release
ratio
contrib. Cl4 Several Several
. radio-
nucliges
Interpretation_ #2
BASALT
' percent . No violations (Using Scenarios 1, 2 & 3A)
" violations : : :
Modified Interpretation #1
TUFF Scenstxos Scenarios Scenario 3  Scenario 4 Scenarios Scenario 6
1 _and 1B 2 and 2B ) S and 5B ]
percent 1% 1% 10% 8% 13 1% 3s none none
violations :
maximum 2.4 1.7 207 22 .9 1.9 N 7.9
release
ratio |
-contrib. Te99  Te99 U234 U234 Tc99 Tc99 cl4 |
radio- Np237 U236
nuclides U238 Np237
U236 |
Intecpretation #1
BEDDED Source # Scenario 1 Scenario 2 Scenario 3 Scenario 4
SALT - .
percent 1 61% 59% 27% 288
~wviolations 2 no - L1 <1% no }
. . wviolation vioclation ) ‘
3 no no no no . i
violation violation violation violation
maximum 1 © 44 43 25 . 25
release 2 : - 1.6 1.2 -
ratio
contrib. 1 U234 U234 U234 v234
radio- © Am243 Am243 U236 U236
nuclides U236 U236 uz23s U238
U238 u23is .
2 - Am243+ U234t -
U234+
Interpretation #1 Interpretation #2
BEDDED Scenario 5 . Scenario 6 Scenatios 1, 2, 3 & 4
SALT
percent Very Some Source 1: large viglations
violations slight violations Sburce 2: no violations
violation ‘Source 3; no violations

*The individual radionuclide qiveé release ratio <1.

-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 99rc.

In general, the health effects (per curie) calculated by
EPA for the ingestion pathways are higher than the ranges
calculated by SNLA. The exceptions are 126gn and

35Cs. The results of this analysis for 24lam, 243an
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

35¢s would appear not to be restrictive enough according
to the results of this ana1y31s and, again, may warrant
some reconsideration. .

: The results suggest that higher release 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 several thousand feet of
zeolitized tuff may limit the release of actinides below
the EPA release limits even 1n the absence of solubility
constralnts.

Viclations of the draft Standard for Scenarios 1. 1B,
3, 4, and 5 in tuff are due to discharges of 99Tc and
14¢c., 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 a 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 assumpt1on 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 dlfflculty in 1mp1ement1ng the draft Standard

is the lack of our ability to assign reliable numerical
values to the,scenarlo probabllltles. The methodology
to assess compliance with the Standard is, nevertheless,
available as has been demonstrated by this and other
51m11ar studies.

The predicted radionuclide releases over 10,000-yr inter-
vals, from 10,000 to 50,000 years, are not 51gn1f1cant1y
higher than for the first 10,000 years. The maximum
release ratio over the 50,000 years 1ncreases by a factorx
of two to three.

SNLA strongly recommends that detailed performance analyses
be carried out for repositories in basalt and tuff (similar
to the one performed for bedded salt in [3,4]) to assure
that 1mportant variables, processes, or events have not been
overlooked in the simplified analyses.

-15-
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ABSTRACT

An analysis of a hypothetical nuclear waste repo-
sitory in a basalt formation has been- performed to dem-
onstrate 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
repository 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 stan-
dard and its probabilistic nature are discussed. The re-
sults of the calculations presented indicate that compli-
-ance with the draft standard may be achieved depending on
how the - term "release" is interpreted; namely, is the re-

lease 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 radicactive wastes. A 180 day period is expected _
. for public comment on the standard. Other government agen-
cies, such as the NRC, are also expected to comment on the
standard. Sandia 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 standardl (Draft
#19). We have calculated integrated discharges of radio-
nuclides in plausible scenarios. 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 compllance w1th the draft standard,
it is necessary to normalize the predicted integrated dis-
charges to the release limits prescribed in the standard.
Two different interpretations of the standard, along with -
their respectlve methods of lmplementatlon are presented
in Chapter 2. Also presented is a short dlscusslon on the
'estlmatlon of scenarlo probabllltles.

The characteristics of the reference basalt site- in
this study were chosen to be consistent with our . current
understandlng of the proposed candidate repository site
in"order to determine the realism of the assumed 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 llthology of the reference site are presented

Chapter 4 describes the reference rep051tory and
the radiocactive wastes stored. This includes the waste
1nventory, the waste form, the waste canisters and the
leachlng behavior. o v

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 radlo-
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 mlnerals in the fractures.



Chapter 6 describes the groundwater transport model
used in these analyses. The flow is represented by a quasi-
two-dimensional Darcian model. Sandia's distributed velocity
-method (DVM)“4 was used to calculate radionuclide. transport.

Chapter 7 describes the scenarios analyzed in calcula-
ting the integrated releases of radionuclides for times up
to 50,000 years. A base case routine-release scenario and
two disruptive scenarios were analyzed. S

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

Chapter 9 states'the conclusion bésed‘on the results
-.0f our study. : -

It would be misleading to claim that the results of
these model calculations can provide a detailed description
of the performance of a real repository. A large amount '
of 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 for-
mations. In addition, it was impossible to provide exact
mathematical descriptions of fluid flow and radionuclide
migration due to the complexity of this system and the time
and budgetary constraints. However, with better in-situ
measurements or site characterization, and additional re-
sources, the readlism and accuracy of these calculations
could be greatly improved.

‘ It should be noted that the results presented here re-
present a first attempt at the type of analyses -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 numer-
ical predictions indicate the likelihood that the hypothe-
tical repository complies with the draft standard. It there-
fore 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 repos- -
'itory. Appendix A outlines and derives a new method for
approximation of the retardation factor for radionuclide




migration in fractured media. Appendix B describes our
conception of the geochemical environments along possible
nuclide migration paths and discusses the uncertainty
.related to choices of relevant values of radionuclide
distribution coefficient (Ry). In Appendix C, a method
to approximate the radionuc?ide retardation. caused by
matrix diffusion is discussed. 1In Appendix D, vertical
hydraulic gradients induced by thermal effects are cal-
culated. Appendix E describes an optional source model,
the mixing cell, used in some of the analyses. Appendix
F discusses the rationale for scenario selection. Appen-
dix G summarizes the data ranges for R3 and hydraulic
parameters in basalt, with appropriate references noted.



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 oubl}c health from the geologic
disposal of radioactive wastes. The standard is expressed
~in terms of the total integrated dlscharge of the radionu- !
clides comprising the wastes to the accessible environment.
In Table 1 a list is given of radionuclides expected in.the
radicactive waste inventory and the corresponding EPA release
limits. Since events and processes leadlng to radionuclide
release will generally result in the release of mixtures of

radionuclides, a sum rule is imposed on mixtures of radio-
nuclide dlscharges.

SN

1. for reasonably foreseeable
releases - :

.. : Q' .
EPA Sum = Z =

: . 1 EPA ‘
<  10. for very unlikely releases

- where Ql is the 1ntegrated discharge over 10,000 years of
radionuclide i and EPA, lS the release limit of radionuclide '
i in the draft standaré Q; and EPA; are scaled for the a-
mount of waste in the geologlc repository according to the
assumed 1000 metric tons of heavy metal (WTHM)

In the draft EPA Standard, a "reasonably foreseeable"
release is defined as any release expected to occur with
a probability of greater than 0.0l in the 10,000 year per—
iod addressed by the standard. A "very unllkely release"
is defined as any release expected to occur with a proba-
bility of less than 0.0l but greater than 0.0001 in the
10,000 year period. Any release with a probability of
occurrence of less than 0.0001 in the 10, OOO year period.
need not be considered in the analjves.

2.1 Interpretatlons of the Draft Standard ‘ o A -

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.




Table 1

Cunulatlve Releases to the Accessible
Env1ronnent for 10, 000 Years After Dlsposal1

EPA Release Limit

vRédionuélide ' o (Curies'petﬁ;OOO MTHM* ).
Americiuﬁ—24l. o 10
Améric&um—é43 _ 7 4
~ Carbon-14 . 200
Cesium-135 | 2000
Cesium-l37" S | 500_
Iodine-120 = g 500
Neptuniumf237 : ‘ '20-ﬂ
plutonium%238 | 400
Plutonium-239 a . 100,
| Plutoﬁ;um—24§’ ' o __ _. »16@
_plutbnium;zgz'- _ 100
vRaaium4226 o ‘ o 3
Strontium-90 - 80
Technetium-99 . 2000
Tin-126 . - 80
Anylothér alpha- - .10
emitting radio-
nuclide‘ o | L
.Aﬁy.ofﬁér radio- 500

nuclide which does’

not emit alpha par—
ticles

*MTHM denotes metric tons of heavy metal.




As a result of the uncertainties in .input data, computer
models, and the ablllty of models to represent the physical
system, there exist 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 conservative extreme of the ranges
assigned to those parameters. Clarification from EPA may
be necessary as .to how uncertalnty 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 event or scenario leading to radionuclide:.
release. The draft EPA Standard is applled inde-
pendently to each scenario. ‘

-

Interpretation 2: A ' release" involves all events

or processes that may result in discharges to the
environment during the regulatory period. The mag- -
nitude of the discharge is given by its correspondlng
EPA Sum. The standard could be rephrased as saying,
for example, “Values of 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’ glven value of EPA Sum includes contrlbutlons from
all scenarios. : A ,

We have performed analyses based on botn 1nterpreta—
tlons.

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.
Thus, there is a sampllng error in the -assessment of com= .
pllance.. ‘

*See page 27 for a definition of "vector".



The results of calculations are presented in the form
of a Complimentary Curmulative Distribution Function (CCDF)

as suggested by EPA”. Such a CCDF is illustrated in. the
following diagran. ' :

fraction

EPA

For N input vectors sampled for the scenario, the plotted

curve enables one to see what fraction (if any) of the N

vectors produce a value of the EPA Sum greater than some
value denoted by EPAy . 1In this example, the shaded area

indicates that a fraétion 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. However,




~with this interpretation, compllance is estlmated 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 lmportant

point should be made regarding the probabilities used in
the construction of the CCDF-‘nanely, that the probabil--
ity used is that of the scenario's occurrence and the
particular combination of the 1nput data used in the cal—
culation of the EPA Sum.

Construction of the CCDF then includes contributions
from all scenarios analyzed and expected to produce an
EPA Sum greater than a given value, }:.PA>> The probability, -
Pgs assoc1ated with EPA>>1s given by '

P> | é: ,pS l. P (#:PA ng > EPA>|S)

Pg Nunber of vectors with EPA
*° Sum >,EPA>’for scenario, s.

where pg is the probability of scenario s, and p, is the

conditional nrobablllty of the state of the reposxtory,
given scenario s. The last step, substitution for p

follows from the fact that the LHS method selects I 1n—

put vectors with equal orobablllty For simplicity, we

write

" Construction of the CCDF is illustrated3in'the fbllowing‘

diagram for the case of two scenarios where, for clarity,

the EPA limit is superimposed on the CCDF plot.

Lo
N

5 : CCDF - ,
':-.':" / EPA Limit
3 % / .
g A | . -
A ‘ . /,
0 .
- L o .
Py —X °xxx%°%x°%°%x X% &___x~} _
EPA Sum 1 1
EPA :
Py Py

oo




Compliarice with the draft EPA Standard is then deter-
mined 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 con-
structed CCDF outside of the EPA limit and indicates non-
compliance 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,, the scenario proba-
-bility, we have used fixed values in this analysis. The

acterized sufficiently to allow estimation of the proba-
bilities. Since the draft EPA Standard requires this in-
formation and, since it may introduce further uncertainty
into estimates of compliance, it is appropriate in this
work to discuss the likely sources of the probabilities.,

- Source 1. Of the scenarios to be analyzed, the analyst-
may have reason to believe that the brocesses
involved are stochastic in nature. In such a
case, methods may exist to estimate this pro-
bability with the final uncertainty in the
estimate resulting from uncertainty in input
data and the accuracy.of models used to per-
form the estimate. At least one attempt has
been made to address faulting in this manner
with input data describing existgng.fault den-
sity and stress states required.

Source 2. Historical data may be available that could
be extrapolated into the future to estimate
probabilities of some scenarios. An example
of ‘'use of such data is the estimation of ex-
Ploratory drilling for petroleum resources.

In the reference site analysis of a hypothe~
- tical nuclear waste repository in bedded salt,
drilling records for similar Sites were used
to estimate the probability of futurg explo-
ratory drilling into the repository.




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 1

and Source 2, since unquantifiable judgements must be made
as to the applicability of the data and models.

-10-



3. THE REFERENCE BASALT SITE

The reference basalt 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 mountain 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 of 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 tuffaceous siltstones and sandstone. Above agui-
fer. I-M lies a basalt formation (J) which, in turn, is over-
© lain by an unconfined aquifer (UA)-. = :

- Ranges of horizontal and vertical hydraulic conduct-
ivity (K +K,) and effective porosity for each layer are
preSenteg'in Table 2. These ranges are also summarized
in Table 4 -of Appendix G along with  the appropriate ref-
erences. 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 Ky data range.

S The sample population for K, that was used in this work

was determined by the following method. A lognormal dis-

‘ tribution was assigned to the K, data range in Table 2.

| Then using the Latin Hypercube gampling.Technique. (LHS),

| K, 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 systenm,
this procedure producées more conservative estimates of
discharge than those of the standard lognormal distribution.
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Figure 1.

Subsurtace
Facility -Site

General Geologic Features of the
Reference Basalt Repository Site
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SYMBOL |1 ckNESS
OF
LAYER (ft) . A
UA 200 UNCONFINED AQUIFER
J 850 BASALT FLOWS
I-M 150 ' INTERBED
H 150 BASALT FLOWS
G 200 - BASALT FLOWS
F 690 BASALT FLOWS
™Y 10 INTERBED
E 690 BASALT FLOWS
D 60 INTERFLOW
C 50 COL/ENT
B . 150 | INTERFLOW
A 300 "DENSE BASALT
UNDERGROUND FACILITY

Figure 2. Stratigraphic Crdss—Section of

Hypothetical Repository in Basalt
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Table 2

Reference Hydraulic Properties*

Horizontal
Hydraulic
o Conductivity
Layer (£t/4)
A (1078 - 1075
B (1073 - 1071
c (1078 = 1073
D (1073- 1071
E (1078 - 1073)
I-v (10~1 —'10)
F (1076 _ 1072)
¢ (1074 - 10)
H (1074 - 102)
I-M (L - 150)
J (1074 ~ 2000)

UA (1 - 10%)

'~ * The references for the
in Table 4 of Appendix

sent a "uniform" vertical

rock system.

Vertical
Hydraulic
Conductivity
(ft/4d)

(1077 - 107%)
(1073 - 1071
(1077 - 1072)
(1073- 1071)
(10~7 - 1072)
‘(10';2 - 1)
(1078 - 1072)
(104 - 10)
(1074 - 10?)
(107! _ 15)

(1074

2000)

Effective
Porosity

(Lo™3 - 0.625)
(1072 - o.izo)
(1073_"0.025)
(1072 - 0.120)

(1073 - 0.120)

(0.1 - 0.2)

(1073 - 0.120)

(1073 - 0.120)

(1073 - 0.120)
(Ool - 0-2)
(1073 - 0.120)

(0.1 -~ 0.3)

data in this table are included
G. Also, the ranges of the -
vertical conductivity of all the layers, except Layer
UA, have been combined into a single range to repre-

14—
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A 70 percent rank correlation? is assumed to exist between
porosity and hydraulic conductivity. This minimizes the

occurrence of physically unreasonable combinations of these
variables.

The horizontal hydraulic gradients in_I-V, I-M and UA
are assumed to have a range of 107 to 10”™%. The vertical
gradient is assumed to be upward and small in magnitude.




4. WASTE AND REPOSITORY DESCRIPTION

4.1 Wéste

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 tons of heavy metal
(MTHM). The criteria for selection of key radionuclides
are described in detail elsewhere’. ' 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 the waste form..

- The waste matrix is assumed to dissolve at an annual rate
of 104 to.10"7 of the original 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. | ' o

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,diﬁensions_-— 9,840 feet x 7,870 feet
Number of storage rooms —-- 120
Storage room dimensions -- length‘= 3,560 feet
| width = 100 feet
’ Aheight‘= 46 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 _ Curies
. (at time=0)

Pu240 - 2.1E7
U236 2.39E7 1.0E4
Th232 1.41E10 1.7E-5
Ra228 6.7 * 4,.7E~-6 -
Cm245 8.27E3 8.4E3
Pu241l 14.6 3.2E9
Am241 433, 7.5E7
Np237 2.14E6 '1.5E4
U233 1.62E5 1.8.
Th229 7300. 1.3E-3
Cm246 4710. 1.6E3
Pu242 3.79E5 7.5E4
. U238 4.51E9 1.5E4
Pu238 89. 9.4E7
U234 '2.47ES5 3.5E3

Th230 8.E4 0.19
Ra226 1600. - 3.5E-4
Pb210 21. 3.3E~5
Am243 7650. 6.6E5.
Pu239 - ' 2.44E4 1.4E7
. U235 7.1E8 7.5E2
Pa231 3.25E4 0.25
Ac227 21.6. , 5.2E-2
Tc99 2.14E5 6.1E5
1129 1.6E7 1.5E3°
Snl26 1.0E5 2.2E4
Sr90 28.9 2.4E9
Cl4 5730. 3.5E4
Csl35 2.0E6 . . 1.3E4
Csl37 30. 3.5E9

6.76E3
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5. GEOCHEMISTRY

5.1 Retardation Factors

One of the most important barriers to the movement
of dissolved radionuclides 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—-tenth the
velocity of the ground water. A general expression for

the retardation factor is given by:8, )

| R=1+Ry PP(1-Pore)/Pess (5.1)
where |
/] =.utilization factof

Rd = sorpt}on ratlo of radlonuclide
in- ml/

P = grain density of rock in g/cm3
Pogr .= effective porosity of rock matrix
The utilization factor (¥) 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, ¥ 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 ¥ .

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

-18-




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 ’ : '

b = £ ° fracture poroéity
1 - total porosity

-

If we assume

¢total ~ ¢éff .ﬂv Prracture
?hén
¥ = £ ¢eff/fi—¢eff)
Therefore:Eqﬁatioﬁ(S.l) becones
R=1+fRP (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+RyP  (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 R, and p for
the secondary minerals must be used in the équation. A
more detailed derivation of Equation (5.3) is given in
- Appendix A. ' :

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

_ hmass on solid phase per unit mass of solid (5.5)
Rd " mass in solution per unit volume_of solution

Calculations of radionuclide discharge from a re-
pository are sensitive to values of Rd.° The magnitude
Of'Rd is influenced by many factors including .solution
.composition, pH, Eh and temperature. Laboratory measure-
ments of R; have been made under a variety of physico-
chemical conditions. The geochemical environment along -
postulated groundwater flow paths must be characterized
in crder to choose the R, values that were obtained
under  the most relevant faboratory conditions. .

The geochemical environment that was postulated for
each stratigraphic layer shown in Figure 2 is described
in Table 4. Equation (5.1), with a utilization factor of
unity, was used to calculate the retardation factors 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 minerals
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 Ry in sandstone/siltstone for use in the unconfined
aquifer layer. Appendices B. and G contain a description
of the data set from which the R, values were selected
and a discussion of the Eh-pH conditions in each stratum.
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Type of Redox
Layer Medium Conditions Mineralogy

A Fractured Reducing Secéndary minerals
B Fréctured Reducing Seéondary minerals
C Fraétured Reducing Secondary minerals
D Fractured ﬁeducing Secohdary minerals
E. Fractured Reddcing Secopdafy minerals
I-v Poroué Oxidizing. Secondary minerals
F Fracturéd Reducihg Se;ondary minerals
IG Fractured 'Réduciﬁg Sécondafy minerals
‘H Fractured Rédﬁcing( Secoﬁdary:ﬁinerals
I-M Porous Oxidizing Seconaary mineralé
J - Ffactured Reducing - Secondary minerals

Porous Oxidizing Sandstoné/silt

UA

Table 4

Geochemical Environment of Stratigraphic

Layers in Basalt Repository

Densitylof sedqndary minerals = 2.3 g/cm3

'Dénsity'bf rock in layer I-V and I-M = 3.3 g/cm3
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Table 5 -

Rd Ranges¥* (mL/g)
Reducing Oxidizing Reducing Oxidizing
Element SH* * SM** Basalt Sandstone/Siltstone
Cm, Am (25., 2.0E6) (25., 2.0E6) (33., 300.) (L.0E-2, 1.0ES)
Pu '_(45;,_5.2E3) (37., 1.5E4) - (0.35, 4.24E4) (1.0E~2, 1.0E4)
Np (1.5, 2.8E4) (4.0, 430.) (1.7, 1.56E3) (1.0E-2, 50.)
U (4.0, 1.3E3) (2.4, 1.5C4) (34., 57.) (1.0E-2, 1.0E4)
Th (25., 2.0E6)  (25., 2.0E6) (33., 300.) (1.0E-2, 1.0E4)
Pa (25., 2.0E6)  (25., 2.0E6) (33., 300.) (1.0E-2, 1.0E4)
Ac (25., 2.0E6)  (25., 2.0E6) (33., 300.) (1.0E-2, 1.0E4)
Pb (17., 5.8E3)  (17., 5.8E3) (68., 320.) (1.0E-2, 1.0E4)
Ra (17., 5.8E3) (17., 5.8E3) (68., 320.) (1.0E-2, 500.)
Sn (17., 5.8E3)  (17., 5.8E3) (68., 320.) (1.0E-2, 500.)
Tc (0.2, 750.) (0.6, 10:0) (0.2, 4.1684) (1.0E-2,_i.oE3)
I (0.7, 6.0) (0.7, 6.0) 0 (1.0E-2, 100.)
Sr (0.8, 1.38E3) (185., 590.) (67., 600.) (1.0E-2, 500.)
Cs (97., 1.3E6) (97., 1.3E6) (51., 2.0E3) (1.0E-2, 1.0E4)
C 0. 0. 0. | .
Distribution.of Rys Lognbrmal

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

**SM =

Secondary Minerals
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5.2 Solubility

5.3 Matrix Diffusion

. The determination of solubilities of radionuclides
in ground water associated with a repository in basalt
requires a detailed knowledge of the agueous geochemistry
of these radionuclides. ‘Until detailed calculations can
be made, the solubility ranges ‘employed to characterize
the bedded salt reference site environment” 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
1on1c strength and hlgher pH of the water in the basalt.

In our calculations,. we have assumed that the ' :
radionuclide retardation caused by diffusion into the -

“basalt matrix is negligible. This assumption leads to S |

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.l 1In Appendix C,

a method to approximate the retardation due to matrix
diffusion is outllned.. It is shown that the retardation
calculated in this manner has the potential to reduce
all discharges to levels below the EPA staridard.
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Table 6

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

Element

*Data are calculated from the solubility data used in
a bedded salt repository analysis. Values are con-
fidence intervals for an assumed’ lognormal distribu-

tion.

Tc
I
Sn

Cs

Np

. Pu .
. Cm ‘
Pb
Pa

Sn

Ac

- Mas

1.

s Fraction (g/qg)

1E-9. - 9.4E-5

" No Limit

6.

8.
1.
1.
1.

1.

2-.

1.

2.

6E-17 - 1.5E-4
No Limiﬁ '
1E-12 - 1.2E-5
1E-9 - 5.7E-6
6E-8 - 2.6Ef2
3E-25 -. 4,7E-7
7E-16 - 3;8344
No Limit

No Limit
6E-11 - 3.9E-5
4E-7 - 7.1E-4
No Limiﬁ

2E-6 - 2.8E-3

‘No Limit
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. 6. GROUNDWATER TRANSPORT MODEL

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

q=0/A=Kl | (6.1)

where Q is the wvolumetric flow rate through an area A,
normal to the flow direction,. I is the hydraulic gradient,
K is the hydraulic -conductivity, and q is the Darcy wveloc- -
ity. When the flow passes through a series of layers with
different hydraulic properties, an "effective" hydraulic
conductivity may be .calculated by : '

2 Ly

K = | o (6.2)
L

I

Ky

with

e
0

i thickness of layer i

K; = hydraulic cohductivity of layer i

The total groundwater travel time is given by

L. .
Time = Z et _ (6.3)
i=1 V. '

1

where V; is the interstitial groundwater velocity in

layer i"and is equal to q/¢i, with ¢i'being the effective
porosity of layer i. :




When a radiqnuclide-(RN)'is'trgnsgorted by grognd water,
the radionuclide travel time (Tpy) is increased by its re-
tardation factor. This is given by

o RN

. : i ™ .

Teg = 2 N
) h R Vi - : :

where R, RN 5 tne retardation factor of radionuclide RN
in layer i. R : '

Ihe.Distributeg Velocity Method (DVM) has been-
developed.by Sandia“ to simulate long chains of radio-
nuclides transported by ground water. -In this study we
calculated the average velocity .of radionuclides using
Equation (6.4). Then the DVM code. was used. to calculate
the discharges of radionuclides. : Co :




7. SCENARIOS ANALYZED

Large uncertainties were associated w1th 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) technique™ was used to se-
lect the input variables. A sample of 100 vectors was
generated 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 the ith variable.

Radionuclide discharge rates for each vector were
calculated at some specified location. Discharge rates -
were integrated for 10,000 year periods from 0 to 50,000
years. - The integrated discharge for eachlradlonucllde
was then divided by its EPA release limit™ to assess com-
pliance of that vector with the draft EPA Standard.

Three<scemarios were analyzed for the basalt reference
repository. A "no-disruption" base case scenario and two
scenarios involving disruption of the rep031tory were con-
sidered. Both of the latter two scenarios are consistent
with the geological setting described in Chapter 3. The
disruptions involve the. introduction of a zone of high hy-
draulic conductivity and could be caused by either natural
" or artificial processes.

» Based on the inventory and toxicity of each radio-
nuclide, the following chains of radlonuclldes were
~con51dered-

240.1,‘1--_'»236U m— 232, w2287
245 241, 241, 237 w—-233; = 229

246 w242, w—_-233; m—- 234 === 230, =226 p

238 m— : . 210p,

243Am‘< 239Pu-‘ 235y I‘ 231Pa_’?‘2:7Ac
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The fission and activation'product radionuclides Tc99, 1129,
Snl26, Sro9o0, Cl4, Csl35, and Csl37 were also considered in
this work. o

... 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 contain-
ing the waste radionuclides (e.g., spent fuel elements or
borosilicate glass) breaks down at a constant rate. This is
the so called "leach-limited source model". Radionuciide re-
lease then occurs at a rate determined by the inventory in
each differential mass increment that is released. Solubil-
ity limits are not used at all with this source model. For
Simplicity, radionuclides 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, lOCFRGQ requires that release
rates not exceed a specified rate of 107°/year. The release

‘rate is equal to the reciprocal of the leach pericd.

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 nix with
water in the mixing cell. “Radionuclide release from the
backfilled regions is ‘sensitive to the radionuclide concen-
tration in the mixing cell. This model is discussed further
in Appendix E. Note that even when the mixing cell model
is chosen, it is possible that for certain radionuclides
(if their solubility limits are sufficiently high) the
transport 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 scenario was also analyzed with the leach-
limited source model imposed. :

7.1  Scenario 1 —- 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—sectional 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 gradienﬁl

in Scenarios 1 and 2

" Vertical upward gradlent
in Scenarlo 3

Dispersivity (ft)

Range
104 - 107 Log Uniform
1074 - 1072 Uniform
1 0.05 - 50 rLog Uniform
0.05 - 0.5 Normal
551073 - 3x10"2  Uniform
3x1073 - 2x10~2  yniform

50

-29-~
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of the repository, slowly transports leached and dissolved
radionuclides vertically through the basalt layers to the -
aquifer system I-M and 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 no natural vertical gradient. A temperature field
in the vicinity of the repository, due to the heat generated
from the decaying wastes, produces an upward hydraulic grad-
ient due to thermal buoyancy of the ground water. For our
base case, we estimated that this thermal buoyangg effect
generated a hydraulic gradient ranging from 5x10 to
3x1074. 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 assu-
med that the upward flow of ground water into aquifer I-M
does not alter the natural hydraulic gradient in that aqui-
fer. Figure 3 schematically shows the transport route in
this scenario. s ) ' '

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 inte-
grated discharges for each actinide radionuclide were all
zero for all vectors. For the fission product radionu-
clides, 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 vectors resulted in a leach-
limited source as determined by the automatic source sel-
. ection 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 ‘

IEMAQUIFER 0 o Lt e

A4 —}

H

G

E ' . FLOW

»~ CROSS SECTIONAL AREA
A : . OF FLOW COLUMN
UNDERGROUND FACILITY =9840’ x 7872’

Figure 3. Routine Release Scenario (Scénario 1)
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7.2 Scenario 2 -- Fractures .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 have been altered.
Specifically, this scenario assumes that the hydraullc
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 radionuclide releases, the
3 follow1ng assumptlons 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 immediately after closure of the
-subsurface fac111ty.

'3. The fractured zone has the same cross-
sect10na1 area as that of the subsurface
facility, i.e., 9840' x 7872', and it
extéends upward -through all of Layer A.

4. The hydraulic conductivity of the fractured
zone is arbitrarily increased by two orders
of magnitude and the por051ty is increased
by a factor of four. That is,

= 100 °

Keractured basalt Kjense basalt

¢fractured basalt = 4 ° ¢dense basalt

5. The vertical hydraullc gradlent is the §a
as thst used in Scenario 1, i. e, 5x107° to
3x10 :
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, DISCHARGE AT ONE MILE DOWN 1-M l
M _AQUIFER | - b o cu L cemtoe Lo U0 in pooe

H
G

1-v

OO

~

R AT
A~ s>, TV

FRACTURED ZONE

f

~~

A UNDERGROUND FACILITY

Figure 4. Fractured Dense Basalt Scenario (Scenario 2)
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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 .1lists 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 tcriteria 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 than»lo_s/year. Also, all vectors ex-
cept two (#4 and #71) have a groundwater travel time from
the repository to the discharge location greater than 1,000
years. ’ . : - . '

For Scenario 2, all 100. vectors used the leach-limited

source model as determined by the automatic source selection
algorithm of NWFT/DVHM. '

7.3 Scenario. 3 -- Boreholé

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 high 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
' stresses 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:

87

Vector # 14c
5 ©1.34
71 1.15
77 1.22
10, 000-20,000 years:
Vector # 99Tc
62 1.18
65 1.68
20, 000-30, 000 years:
Vector # 99¢
5 1.29
25 1.08
.. 62 3.43
65 2.00
87 2.04
30,000-40,000 years:. |
 Vector # 997¢ 234y 236; 238
5 4.21
15 1.27
20 2.27
25 . 4.09:
62 1.42
65 1.99

2.22




Table 8 (Continued)

40, 000-50, 000 years:

Vector # 99m¢ 234y 236y 238y
4 . 1.22
15 : 2.54
20 ~ 2.88 :
24 | . 3.6l 1.43 1.61

87 1.42

"*EPA Ratio is the ratio of integrated discharge of

radionuclide {(over 10,000 years) to the allowed EPA
Release Limit. ' .




SUBSURFACE FACILITY

Figure”_S. .Borehole Scenario (Scenario 3)
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 The follow1ng assumptions were used in the calculatlons
of this scenario:

1. Cross- sectlonal area of this dlsruptlve zone
' is 2 square feet.
2. Hydraullc conduct1v1ty ‘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. Por051tonf this zone has a range of 0.05 to
: 0.5. A normal distribution is a551gned to- -

this range.

4. The hydraulic‘gradient*ihrUA'is unperturbed
' ‘due to the smallness of this zone.

5. 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 I-M and UA
the vertical upward. gradient between the
- repository and aqulfer UA is reduced to the
range 3x10 =3 . 2x10 =2,

6. Layer UA is cdmposed mainly of séndétbné/
siltstone and is characterlzed by an oxi-
dizing environment.

7. The redox potential in the small disruptive
zone is reducing and the rock type is fresh
- basalt. e o e

8. The dlscharge 1ocat10n is 1 mile down gra-
dient in aqulfer UA.

9. The entire radionuclide inventory in the
repository is available for leachlng and.
transport.

Three variations of this scenario were analyzed. ' In
Scenario 3A, all 100 vectors chose the mixing cell source

model as determined by the automatlc source selection al-
gorlthm of NWFT/DVM.
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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 shows those radionu--
clides and vectors that produce EPA Ratios of magnitude
exceeding one. For each vector, the EPA Ratios were then

summed over all radlonuclldes, and the results are shown
in Table 10.

For comparison, Scenario 3B was also analyzed with the
"leach- llmlteg source model imposed. The range of leach
rate was 107" to 107/ 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
significant discharge. From this table, the main contribu-
ting radionuclides appear to be 243Am, 240Pu, 239Pu, and
234U. The third variation, Scenario 3C, was also analyzed

with the leach- llmgted sousce model; but the range of
leach rate was 107~ to 10 per year.
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" Table 9

: Scenario 3A ,
EPA Ratios of Radionuc¢lides

243

Am:
10%-2x10* 2x10%-3x10% 3x10%-4x10%
Vector # Years . Years . Years
13 o 71,30 . 1.15
36 2.3¢ - 1.93
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Table 10

Scenario 3A
EPA Ratios Summed Over All Radionuclides

)

' 104-2x104 2x10%-3x104 3x10%-4x10% " 4x10%4-5x10%
Vector # years years ' years - .years

13 ‘ - 1.4 . 1.20

36 2.49 2250 1.73 ©1.55




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 .05 . .02 02 .01 .01
237 Np .31 - .78 .97 .81 .99
233 U .01 S ¢ Iy .13 .25 . .31
229 Th .01 .08 . .21 .49 .78
242 Pu .06 .14 S .18 .16
238 U .15 - .35 .49 .66 .54
234 U T .34 . .82 - 1.15 l.52 1.22
230 Th . .01 ‘ .05 .10 . .22 - .30
226 Ra .02 .20, - .48 .91 1.24
210 Pb 0. - .03 .06 .13 S W19
243 Am - 1.35. 3.83- ° 2.60 l.84 ~l.16
239 Pu 9,02 "17.95 - 12.38 13.91- 10.19
235 U . - .01 .02 .03 ) .04 .04
23; Pa 0. 0. . .01 .01 .02
227 Ac - 0. .0 .03 .05 .08
99 Tc .05 .07 .06 06 .06
126 Sn 0. _ .04 .06 - 04 - 203

14 C .13 .04 +01 o. 0. -

* The Range of leach rate is 1Of'4 to 1077 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
characterization is in its early stages. The three scenarios
analyzed are assumed to form a complete set of mutually exclu-
sive scenarios describing the rep051tory over the 0-10,000 year
interval.

2: Pg = 1

[]

The three scenarios analyzed have been discussed prev1ously.

- We assume the follow1ng probabllltles.

Scenario, s Description

1 -The undisturbed site - 0.33
2 . The large areal extent, ‘ 0.01
high conductivity zone,

e.g., fractures '

3 ~ The small areal extent, 0.66

high conductivity zone,
e.g., a borehole -

‘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 Scenarlos 1 and 2, the automatic source selectlon 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 1mposed. These results
are shown in Figures 26 through 30 '
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All five CCDFs for Scenario 1 (Figures 6 through 10) show
compliance with the EPA limit. Note that Interpretation 1l 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 Scenario 2. The dominating radlonuclldfz in- t8§ms of
their contrlbutlon +o the EPA Sum, appear to be Cc and

In the first of the three varlations of the borehole scen-
ario, Scenario 3A, 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 20,000 to 50,000-yr. period, none of the vectors exceed.
the EPA limit during the first 10, 000~yr. perlod, which is the
perlod of primary concern.

In an attempt to apply Interpretatlon 2 to the analy51s,
Scenarios 1, 2, and 3A were assigned probabilities such that
their sum was equal to 1. Composite CCDFs were then construc-

- ted and compared to. the EPA limit "envelope Recall that when
scenario probabllltles are inherent in predlctlng the probabil-
ity of a given release, two different EPA limits (EPA Sums.of

1 or 10) are in effect, depending on the range of release pro-
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 final set of CCDF results,.Flgures 26 through 30, ‘are
included to demonstrate. the effect of meeting the release ‘rate
11m1t criterion of the proposed Rule (10CFR60).

.The release rate and the leach rate are considered to be
synonymous for demonstration purposes of this study. A leach- .
- limited source model was imposed to obtain Scenario 3B (leach
ratg 10 3 -.107/ per year) and Scenario 3C (leach rate:

- 107 ‘ per year) responses. 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 frequent. This too is to be expected, since the mixing
~cell permits the solubility limit to be the controlling para-
meter lnstead of leach rate.
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9.  CONCLUSIONS

The analyses presented dernonstrate how the existing analy-
tical tools could be used to assess compliance with the draft

EPA Standard. a detailed development of Probabilities of scen~-
arios will be needed in order to perform a more realistic asses-
Sment. As site characterization proceeds, one may expect im—
pbrovements 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 pre-
sented which should be discussed further, especially in light
of the uncertainties in both the scenario probability and the
estimated EPA Sum. Interpretation 1l is computationally the sim-
Pler, since scenarios may be analyzed 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 ggnservaﬁ
tive assumption), between 10 and
10" ¢ (arguable if uncertainty in the

probability is large), or less than
10 (negligible).

2. Confidence that the consequénces 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 reactorss in that it consi-
ders all sources of a given consequence (EPA Sum). Another
difficulty in implementing this interpretation is the esti-
mation 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 ap-
pear that the quantity of interest, as far as the standarg 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_resolved°
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The results of analyses for this reference basalt site
performed under Interpretation 1 showed a small 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. ' : R
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APPENDIX A

RADIONUCLIDE RETARDATION

l. 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: :

velocity of ground water . - (L)
-velocity of radionuclide

‘The value of R can be calculated by:

(1 - @zg) (2)

Pors

R =.l_+ Rd P
where

.Rg3 = the radionuclide sorption raﬁio
in ml/gm

P = grain density of rock in gm/cmS

¢eff = effective .porosity that contribu-
tes to the flow path; in porous
media, @ gr = ¢tota1' o

A more general expression that is valid for porous as well
as fractured media for a unit volume of rock, may be de-
fined as follows: '

Mp total mass of radionuclide in rock-water system

R = = .
M, mass of radionuclide in water (3)



For porous media, it is shown below that this expression is
equivalent to Equation (2). :

Leﬁ:

CX = c¢oncentration of radionuclide in
solution in gm/ml’ :

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

Mp = mass of nuclide in rock in grams

Then for a unit volume of porous rock,

My = Cx " Pegs | - a
Mp = Cyx = (1-@egg)P (5)
 Mp = My + Mp . o (6)
Frbm'Equation (3),
- M, + M . B - (7)

substituting terms yields:

Cx " Pege + Cux (1= Bogg) o p

(8)

R =
’ CX-°'¢eff
C .l-¢f‘
R=1 —Dlx.l'pl——__i_f_

(9)

Cx - Pess




but : C ' .
Ry = MX . (see Equation 5.5)
Cx . | .

therefore, .
o (1 - Pose)

' _¢eff

o
1l

1 +Rgy " P

In general however, the fluid is not in contact with the

entire rock mass. We introduce the utilization factor, Y
in Equations (2) and (8), to correct R for this effect.

R = °x Pets +¢CMX'(1 = Pors) . p (10)
Cx ¢eff
RS LRy Pt (-8, 0/8,..  (11)

where Y is the volume fraction of the rock that interacts
" with the fluid. L o

2. Estimation of Utilization Factor

In the reference repository we have assumed that most
of the fractures are lined with secondary minerals.d Un~- .
der these conditions, we can derive an expression for ¥ ang
also simplify, the expression for R. If we assume that
the fluid in the fractures interacts only with secondary
minerals,'then ' ’ :

MR = Cgux * Vg ° Poy

where Pgpy and Vgm are' the density and volume of secondary
minerals in the“unit volume of rock, respectively, Com
"'is the concentration of radionuclide adsorbed by the sec- -
ondary minerals in gm/gm. . : _ :

c
- SMX
Rysm =

- Cx




Let

V.. = volume of solid\ " fraction of rock
sM rock in unit X . composed of
volume of rock ' "\ secondary minerals/
Vsu = (1 - ¢T) * ¥ + unit volume
Where o
¢T ‘= total porosity.

If we assume -that ¢T ¢ eff’ then Equatlon (10) becomes,

R =~ ¢eff + ¥ cgyi T (1 - Bape) T Pgn (12)
: r/Seff
Let - RdSM = CSMX/Cx': which giﬁos,
1 - ¢eff)

L ' eff -

Note that in thlS scenarlo, Rd q and p refer to the
sorptlon ratio and density.of secondary mlnerals, and
that ¢ refers to the basalt matrix. The utiliza-
tion factor Y is the volume fraction of the rock matrix
occupled by secondary minerals. '

Intuitively, we would expect that the amount of
"secondary mineralization in the basalt can be related
to the VO}Bme 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 percant of the fractures
were filled completely. . If we assume that the frac-
‘tures that. contribute to the effective porosity. are,
on the ‘average, one-half fllled, i.e., ‘

:"original" unfilled _ s
fracture porosity =~ 2° residual porosity



Then’

SM = residual porésity ~,¢eff
and .
' Vsm Pere
Y = —— ~ e
solid rock: (1 =- ¢eff) (14)
This expression can be used to Simplify Equation (13)
as follows:
3 o Perr (1 - g e
RO= 1+ Ry © A, TR —
eff) Qeff
or, .
Ro= 1+ Kygy - Psm

residual conne

‘ cted pore Space. Equa-
tions (14) and (15) become,
f-0
ef
¢ = St (14a)
. . (l - (beff)
. R =14+ £ KdSM : pSM . ‘ ' . (lSa)




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

-0f reliable values of radionuclide sorption ratios (Rxs)
relevant to this study. 1In this section we will descZibe

the assumptions we have made in characterizing the geo-

chemical environment and in choosing appropriate values
of Rsys for our calculations. :

1. 'Redox Cbnditions

The difficulties encountered in attempting to
predict the Eh-pH environment of natural systems from
either theoretical considerations, or  from direct mea-
surementh.i ?%v§3been discussed in detail by several
authors. - ~7+-<’ Discussions of the probable nature
of the geochemical environment within Ege Hanford Site
and subsurface.m}ges are. given by Sato ~, Smith~¥, and

- Guzowski, et al. 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 - 50°C). These Eh-pH conditions may be ex-
pected 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 intc the basalt during operation and

‘construction of the repository. The two interbeds I-V

and I-M are assumed to be relatively active aquifer -
systems, and are, therefore, assumed to.be oxidizing
and slightly alkaline. ' :

In the "base" (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.lO None of these




minerals ha¥e apprec1able oxidizing power. Althoug% nontronite
contains Fe 2, it forms under reduc1ng conditions. At low

pH, the dissolution of iron-bearing minerals in basalt and pre-
cipitation of ferric oxyhydroxides will proceed under reducing
conditions.ll TFor these reasons, we have assumed that the geo-
chemical environment of partially filled fractures in basalt is®
reducing.

2. Available Data for Values of Ry

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

The values for the ranges of radionuclide, R;s, 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 al.”” Histograms of the number of determinations
of R;is for each radionuclide for the substrates under several
geocﬂemical environments considered are shown in Figure B-1l.
It is clear that there are relatively few reliable detérmina-
tions of R;s for the geochemical conditions relevant to this
study. - The large majority of data has been obtained for ba-
salt under an ox1d1z1ng atmosphere, a condition that we do

not feel is relévant to the geologlcal system under consider-
ation.

In most cases, the: ranges of R; values reported 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 estimate the
ranges of R; for reducing environments and we have supplemented
these data with values obtained under oxidizing conditions where
necessary. No data are avallable for several elements: Cm, Pa,
Ac, Th, and Pb. Based on similarities in solubility, valence
and ionic radii, the following chemical homglogs have been assu-
med: (Am = Cm, Pa, Ac, Th) and (Pb = Ra). No values of the

Ris of Cs, I, Ra, or Am in contact with basalt under reducing -
conditions are available. The R.s of these elements are assu-
med to be insensitive to redox conditions; wvalues under oxidi-
zing conditions were used for our calculations.
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. contaminants into  the rock m

APPENDIXAC

AN APPROXIMATE TREATMENT OF MATRIX DIFFUSION
: : AS A RETARDATION MECHANISM

We have assumed that groundwater flow and radionuclide
migration occur predominantly through numerous narrow vertical
features in the basalt. We have also attempted to show. the
effect of such a flow assumption on the chemical sorption Dro-
cesses expected to retard radionuclide migration and enhance
the containment capability of the repository. In doing so, we

have given up the traditional porous medium expression for the
retardation factor of the form '

PR,
R = __4d (1L - @)
¢ s
in favor of the form

ds discussed in Appendix A.

A few radionuclides are essentially unfstardedggy chem-~
ical sorption, i.e., R.=~0. Specifically, C and Tc dom~
inate the EPA Sum for most. vectors. producing large values of
the EPA Sum. For scenarios involving major hydraulic con-

nections between the subsurface facility and overlying agui-
fers, e.g., boreholes, these radionuclides may be of most
concern in licensing considerations. In scenarios resulting
in enhancement of the repository hydraulic properties, e.q.,
fractures in dense basalt, transport may still be dominated

by "flow through narrow 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
atrix for cases similar to that
which we have assumed, namely transport §2rgggh'narrow'frac-¢
tures in relatively impermeable rock.23+ 24, The treatment

‘presented here is essentially that of Erickson and Fortneyzﬁ:

who have used this effect in the design of radionuclide mi-
gration experiments in non-welded tuffs. We would like to
estimate the potential importance of this mechanism in ra-
dionuclide retardation. The validity of the method, as ~
derived and implemented here, rests on a number of assump- '




tions which will be made.: Néverthelees, the results will ‘
demonstrate the potential importance of this retardation mech-—
anism and the importance of understandlng it better.

Consider the 1dea11zed fracture geometry depicted ln Fig-
ure C-1 below:

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, @ . At time t = 0 a constant
radlonucllde concentratlon, C.. is introduced at the fracture
‘ o!

inlet. An expression for the time dependéent 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, Cp(x, z), maintained at zero at x = + o0. In the
fracture, radlonucllde transport is assumed to be purely ad-
vective with the contaminant tranSported at a speed, vpu. Wlth
no variation of the concentration in the x-direction within
the fracture. 'Dispersion in the z-direction in the fracture
is neglected. 'In the rock, transport is assumed to be purely
- diffusive and in the x-direction. .. For this situation, trans-

port in the fracture is assumed to be described by




EE. + v 8C 4 2 8¢ = 0
ot oz H o6t
where
-}
Q = Jr' ql(x, z, t)dx

0

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

99  Degr oq
ot Rg - 0x2

where

Deff is the effective diffusion coefficient in the rock and
Rp 1s 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 con-
taminant at the fracture exit (z = L),

c(t) = c, erfc (n) E - (c1)

where

.meRL '_\/’Deff/RR

n =

A "breakthrough time", tp, may be defined as that value of
7, where.c(tB)/CO = 1/2.  The effect of the early tail of

the erfc function will be addressed below. This value of
N will be denoted by Nor .Which has a numerical value of




approximately

no = 0.48 B .

The expression for n may.bé solved for t, giving
2

L <¢mRRL > (éeff)
tg = — H— . .

In the absence of diffusion:into the rock matrix (D_s¢ = 0}, ‘
radionuclides would be expected to appear at the exit in ' .
high concentration at time L/vpy. Thus, we may define a ' ‘

‘retardation for this mechanism, Ryp

L RpL Dggf ¢m AN ~ . _
Ryp = tgf[—)=1+ ' - |
E VRN . Vry o

If there is some chemical retardatidn in the fracture, then
VN is retarded relative to the fluid velocity, vfl,»by the

chemical retardation factor, R, SO that

- RRR L D )
R = 1 + R™ch eff < I'ﬂ> ' .
. . H

MD P
Vel My

As will be shown, retardation factcrs resulting from use of
this form can be very large. Transport calculations have not
been performed for times long enough to demonstrate 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

ligplicablsgto.one—member radionuclide decay chains such as

C and Tc.




. Consider the following breakthrough curve (Figure C-2)
depicting the behavior of Equation C1, -

Cof ===~ e

FCof= = e e

r+ -—-—.-—4

un R 'ty TIAE‘

Figure C-2. Breékthrough Curve Depicting Behavior.
’ of Equation Cl: C(t)=Coerfc(n) '

maximunm discharge .rate

c'® = estimated bound of the discharge rate for times
. less than'TR in the absence of matrix diffusion
Tyn = time of transport in the absence of matrix dif-
fusion L/v L . 4 g '
TR'= - regulatory time limit, e.g., 107 years
tp = estimated breakthrough time with matrix diffusion

4s a retardation mechanisn

t

The shaded are represents the total integrated discharge,
TID, that we seek to bound. The only assumption~neces9ary
is that the shape of the discharge curve be curved upward,
as depicted, for times less than t.. This assumption has

- not, been investigated, but seems reasonable.

The shaded area is bounded by the area of the triangle
of base_(TR - Tun)‘and height, ¢',

1 1 Ty -1, )2
—R 7 Tun?

TID < =— C' (7. _ =
ST = ¢ (TR Tun) o




where the last step follows from similar trlangles. The
- maximum discharge rate is given from the transport calcu-
lation performed without matrix diffusion.

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

To implenent these results for the multi- layered
reference basalt system, we will assume the radionuclide
migration path to be made up of a series of idealized
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 fracture representa-
tion of the actual multi-layered system.

The fluid transport time is given by
. ° L. 1. l . .,

: i ,
e o= X =—2 Lify,1

i Vel, i 94 1
layers :

where q is the Darcy veloc1ty which is the same in each
layer, i, and L. is the thickness of the i th layer. h,i
is the effective porosity assumed to be donlnated by fréc-
tures. The transport time for the mlgratlng contamlnant,
tg, is given by

LJ_Rl(md) 5_,’ LlRl(md)Rl(Ch)
1

i - VRN, i VElL, i

So that



h
: tB ; L ¢h R (e )R (md)
fere = ol =T g

Here, we have assumed the Darcy ve1001ty and fluld vel—

‘ocity to be related by .

q
21

Vfl,i =

. Finally, to 1mplement these results, we w1ll make the -

following assumptions.
1. ¢ 3 = ¢ 4 an approximate relation-
m, hl :
» : ship consistent ‘with data ' : _
on basalt

1+ Ry P ‘ as in Appendlx A

3. Deff = .2 x 107 7cm?/sec .
4; -H = 405'cm

v

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 lntegrated dis~-
charges for these vectors are summarized in Table C-~1.
Applying the approx1mate treatment discussed above yields
results presented in Table C-2. Data used in these cal-
culations are presented in Tables C—3!_4, and. 5.

It should be noted from this summary of results that :
the estlmated contribution to the EPA Sum’'is the estimated a
integrated discharge from time zero to T Thus, for
Vector 15, for example, we estimate the. §ota1 discharges,
integrated to 50,000 years, divided by their EPA limits,
and summed over all radionuclides to give a value of less
than 0.140. Similarly, for Vector 62, the 50,000 year
upper bound estimated for the EPA-Sum is 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

c-7



Table C-1

SCENARIO 2 Discharges Without Rock Matrix Retardation .

Vector 15

Period . . ' N
(years) 0-104 10-20,000 20-30,000 30-40,000 '40-50,000

EPA Sum .68 .34 .079 1.27 - 2.55
Tc99 - - - | - C1.27  2.55
cl4 .68 .32 .05 - - - -

Vector 24

EPA Sum  .093 .044 .015 1.02 6.97

236U ' o : .19 1.42
238U . ' _ .25 1.61
234U o ' .55 ’ 3.61

Vector 62

EPA Sum .81 1.57  3.46 1.42 -
Tc99 0 1.18  3.43 1.42 -
c14 .81 . .39 - T -

c-8
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Table C-2

Summary of Effects of Diffusion Into Rock Matrix on TID*.
to the EPA Sum less than .00l are omitted. No corrections

SCENARIO 2

Reff

Tgy (yr)
Tg (yr)
Co (Ci/yr)

Contributions
to EPA Sum

TR = 1.E4

2.E4

for decay have been included.

Contributions

Vector 15 ' Vector 24 : Vector 62
Tc99 Cl4g 2340 236U 238U Tc99 Cl4
..6.4E11 2.1E4 2.3E9 2!3E9 2.3E9 2.0E9 1.8E4
1.2E3 1.2E3 1.1E3 1.1E3 i.iE3 1.1E3 1.1E3
7.4E14 2.5E7 "2.4E12 2.4E12 2.4E12 2.3Ei2 -2.1E7
22.3 1.15 .22 .10 .093 33.2 1.4
.005 .007
.021 .630
.049 .070
.088 .127
.40 .200

*Total integréted discharge
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SCENARIO 2

150.
150.
50.
60.
690.
10.
690.

o wmqambwww

a
b=

|

150.
150.
50"
60.
690.
* 10.
690.
200,
'150.

VWONOUDE WD M

200. -
150.

Table C-3

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

b

.0537
.0750
.0129

.0967

.0887

.1639 .

.625
.0587
.0600

0537

0750

.0129
.0967

- .0887

»1639
.0625

0587

.0600

Rhost

.5859E+05
" 4100E+05
.2552E+06

.3106E+05
+3416E+05°

33.91
.4988E+05
.5329E+05

«.5212E+05 -

1.000
1.000
1.000
1.000
1.000
1.000 -
1.000
1.000
1.000

*No matrix diffusion assumed in Layer 6. |

Rfracture

28.36
- 2B.36
28.36
28.36
28.36
33.91
28.36.
28.36
28.36

1.000
1.000°

1.000

1.000
1.000
1.000
1.000 .
1.000
1.000

Rmd

.3216E+10
.6132E+10
.6411E+08
.3981E+10
.3887E+11
1.000 A
.1984E+11
.5101E+10
.3984E+10

1936.
5273, . -
9.855
4520.
.4012E+05
1.000
.1402E+05
3375.

- 2696.
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Table C-4

SCENARIO 2

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 noted,)

L i . )

. £l - 4 ch -_ch .

. (ft) B 1 ~ Rhost Rfracture " Rpg
U234, U236, U238

1 150. .0484 . 2.619 2455. - 10.20° - .3678E+08

2 150. .0440 . 2.878 2711, . 10.20 ' .3058E+08

3 50. .0125 10.09 9817, 10.20 .8559E+06

4 60. .1017 1.246 1103. 10.20 .6139E+08

5 . 690. .0675 1.876 1724. -, 10.20 ".3231E+09

6* _.lo. © .1438 - .8808 1317. 1317. 1.000

7 690. .0639 1.981 . 1827. 10.20 .2907E+09

8 200. © .0552 2.297 2138. 10.20 .6329E+08

9

150. .0708 “1.790 1639. 106.20 - _ . 7687LE+08

*No matrix diffusion assumed in Layer 6.
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Table C-5

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

_ . £1 : ch | ch

oLy Pi vi Rhost Rfracture Rmg
Tc99 .

1 150. 0422 3.326 - 7215. : 5.348 .3391E+08

2 150. .0931 1.506 3095. 5.348 . .1565E+09

3 50. .0140 10.04 - ‘ .2242E+05 . 5.348 . . .1277E+07

4 60. .0694 2.021 4260. 5.348 -~ .3570E+08

5 690. .0786 1.784 3725. © 5.348 .5213E+09

6 10. .1694 .8276 . 76.98 . 76.98 1.000

7 690. .0753 . 1.861 3899. ' - 5.348 .4808E+09

8 200. .0735 1.907 4002. . 5.348 - .1330E+09

9 150. . .0742 1.890 - 3964. » 5.348 ~ .1015E+09
ci4

1 150. .0422 3.326 1.000 1.000 879.8

2 150. .0931 1.506 1.000 1.000 - 9460. -

3. 50. .0140 10.04 1.000 1.000 11.65

4 60. .0694 2.021 . 1.000 : 1.000 1568,

5 690. .0786 1.784 1.000 - 1.000 «2617E+05

6 10. . .1694 .8276 1.000 '1.000 1.000

7 690. .0753 " 1.861 1.000 » 1.000 , .2306E+05

8 200.  .0735 1.907 1.000 , 1.000 - 6216.

9 150. .0742 +1.890 1

.000 -1.000 4789.



decay chains. The effect of other chain nembers on these est-
imates has not been investigated quantitatively.

Other violating vectors for this scenario have been in-.
vestigated with this method and similar improvement observed.

The accuracy of the estimates would be improved by estimating_
discharges at times earlier than tp and correspondingly larger
values of no' However, the treatment given is sufficient to

demonstrate the potential importance of diffusion into the
rock matrix as a retardation mechanism.
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APPENDIX D

CALCULATION OF THERMAL BUOYANCY GRADIENT

Consider a cylindrical volume of £luid with length L
and average temperature T immersed in a medium of average
temperature TO (T>TO), (Figure D-~1). The difference in |
temperature produces an upward force on the volume of fluid. . , |

- The velocity 8; the fluid in the cylindrical volume can be L
|
|

described by:

v ~otATK | (D-1)
with
v = Darcy velocity of fluid
@ = average linear coefficient of thermal .

expansion of fluid A :

.A’.I' = T-T,

K =  Hydraulic conductivity of medium

L

_Fig?re D-1. Water Column Assumed for Thermal Buoyancy Calculation




Since Darcy velocity is equal to the product of hydrahlic
-gradient (I) and conductivity, the upward gradieént is given
By VL > | \ .

I = aAT | . (p-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 58000' 4,000, and 30,000
Years after repository closure. ' The upward gradient for
each time period is calculated as follows: the "disturbed
zone" is assumed to be 4 km wide and has a height of 400
meters above the repository. The average temperature T of.
this disturbed zone is calculated by’

1

-'To is the average background temperature of the disturbed
zone calculated from the natural geothermal field. The
hydrualic gradient is then obtained by using Equation (D-2),

i.?.,_ I = Q(T—To)- . . '

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

Table D-1

Hydraulic-Gradients'Produced by Thermal Effects -

' i_?gl» ' Eo(oc) (:t(i‘-)o.c—l Gradient
1,000 year 98.2°  53.2°  608x10~® = 0.027
4,000 year - 101.8° 53.2°  608x10°° 1 0.030

6 0.006

10,000 year  64.3°  53.2° - 513x10"
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Figure D-2. Isotherms Used in Calculating
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Thermal Buoyancy, from Reference 28
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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 cal- .

culated 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
o waste~form leaching,

Q = 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,.No,

The contaminant concentration in the mixing cell is-
described by ' : '

dac

V =—— = L -Qc o - (E1)
.If we let
Ao = Q/V°




the solution of Equation (El) is,

L “A t
C(t) . = —— (l-e ° )

(E2)
Q .

For small t, -

tL
c(t) = ——

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

_ The asymptotic release rate QC,, can be obtained
from Equation (E2) with t—oco : :

QC, = L

Thus, at 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 numerically in NWFT/DVM according to the compart-
ment model shown in Figure E-l1l. Radionuclides remaining in
the waste form are 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 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

o i
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where N. is the 1nventory of radionuclide i in the mixing
cell coipartment. :

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 filled.

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

The efféét of various source models can be illustrated
by con51der1ng the total 1ntegrated discharge of the contam-
_ 1nant,'Di :

For a leach or solubility limited source, §; is a constant.
For the mixing cell, S; 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 8;. versus t. Due to its low initial
value, the mixing cell always gives lower values of S; and Dy
at any finite time, than a leach or solubility limiteé 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 suff1c1ent time.



Leach Limited

Q //-—f

H o

& ~

' s

& 7

o //

D %
&

o -/ Mixing Cell

: v
: 3, y,

3 / |
s |,/

s /.

q

(a4

t

Time After Onset of Release

Figure E-2. Comparlson of Radlonucllde Releases
in the Mixing Cell and the Leach-
Limited Source Models




APPENDIX F

RATIONALE FOR THE SELECTIOﬁ'0F~
SCENARIOS ANALYZED IN BASALT

In these analyses, we have chosen scenarios which are both
credible and consistent with the characteristics of a real ba-

salt site currently being studied. It lS 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 downward, to an upper or lower aquifer,’ respectively.

‘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 aquifer 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 proper-
ties are very limited and 1ncon51stent.

3. Based on expert judgement, the groundwater
travel time from the underground facility
to the accessible environment via a lower
aqulfer is likely to be much longer than
via an upper aquifer. 1In other words, the
lower aquifer path would orobably be of much
~less radiological consequence than the upper
case. ‘

No Disruption Scenario

With an upward path chosen, a base case (no dlsruptlon)
Scenario 1, was selected with the fol‘ow1ng rationale:

1l. AThe“cross—sectlonallarea 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. . :




2. Little or no natural upward gradient is
- indicated by the data from the real site.
Therefore, an upward 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-
zag" path, to the upper aquifer was used
(see figures below). ,

’ l-milg 1 mile

i

Vertical Path Zig-Zag Path

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 l-mile distance within the aquifer in the

. "vertical path" case. "Therefore, a "vertical path" to the
- upper aquifer was chosen for our analyses. ’ :



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 underground facility. The same ratio-
nales as (1), (2), and (3) in the "no disruption" scenario
were applied 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
feel, 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 very small.



APPENDIX G

‘GEOCHEMICAL AND HYDRAULIC PARAMETER DATA

Table G—l

Ranges of R; Values for Basalt Host Rock
. ?Secondary Minerals)

. Element Rangeslnin TablexS , . Ranges Frog
. ' Literature

Am . 2.5E1, 2.0E6 ' 1.9E2, 2,51E5
Pu ~ 4.5E1, 5.2E3 . 1.1E2, 2.20E3
v 4.0E0, 1.3E3 - 1.2E1, 4.50E2

Np  1.5E0, 2.8E4 © 9.0E0, 4.60E3
Ra, Sn, Pb '1.7E1, 5.8E3 " 5.0El, 2.00E3

1 Ranges expanded’ to represent .001-.9299 quantilés

2

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



Table Gf2

R. Values for Basalt
(Secondary ﬂinerals, 0.05-0.95 quantiles)

Element Value Ref Comment!
Am 1.982 29 normal pO,, GR-1, interbed/altered
2.51E5 29 basalt, 2?3—60o C, ave. value
Pu 1.1E2 29 normal pO,, GR-1, interbed/altered
2.2E3 29 ‘low pO,, GR-1, fracture minerali-
zation, ave. value + s.d.
U 1.2E1 29 normal pO,, GR-1, interbed/alteréd
4.5E2 29 normal pO,, GR-1l, fracture miner-
alization, 60°C, median value + s.
d. for several temp., contact times,
etc. ' '
Np 9.0E0 29 normal pO,, GR—l,'intérbed/altered
4.65E3 30 hydrazine reducing agent, altered
’ basalt, GR~2 .
Ra, Sn, 5.0E1 29 normal pO,, GR-1, .interbed/altered
. Pb 2.0E3 29 normal pO, GR-1, interbed/altered
1 Experimental conditions are described including redox or at-

mospheric conditions, water used (see Ref. 31), type of rock
and nature of the value quoted: average or absolute value
+ standard deviation;(s.d.). '



Table G-3

R4 Ranges in Bésalt Aquifer (ml/g)

A R4 Ranges _ :
Radionuclide in Table 5 Ry Ranges Ref. Comment
of Rationale =~ 1in Ref.
. Am ' (1072 - 10%) 300-134,000 32  Aquifer of Salt
' ‘ ' ; dome, pH6-8
8-11. 35 Sandstone, pH6
Pu (1072 -10% 1,100-33,000 "32 R
: o . 20~-64 . 34 Sandstone,
u (1072 - 10%)  2.89-10,900 32 Aquifer of salt
. ‘ dome, pH6-8
7.45 - 65.3 33 Alluvium, pHS8.
Np (1072 - 50) 27 34 Argillite
44 '35 Argillite, pHS8.2
- sr . (1072 _ 500) . 7-500 32 . Aquifer of salt
dome, pH6-8

109-569 33 Alluvium, pH8.5




Table G-4

Basalt Hydraulic Parameters

Range of Data Reference
Parameter Range in Table 2 in Available Ref.
Conductivity in =~ 1.0EO - 1.0E4 - 9.9 36, Table 14
Aquifer (ft/day) - , 1 - 2E4 37
' Porosity in 0.1 - 0.3 " 0.1 - 0.15 36, Table 13
Aquifer | 0.2 ' 37

Conductivity in  1.0E-7 ~ 1.0E0 2.8E-8 - .0.28 36, Table 11
Host Rock(ft/day) : -

Porosity in 1.1E-3 - 2.0E-1 1.0E-3 - 1.0E-2 37,Table 3
Host Rock | . 1.0E-3 36,Table 13
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ABSTRACT

Potential radionuclide releases from a hypothetical tuff
repository have been 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-water 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 of compliance of the repository with the
'standard in each scenario was illustrated by the use of
Complementary Cumulative Distribution Functions (CCDF).

.Our calculations suggést the following conclusions for the

hypothetical tuff 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 l4c. Retardation 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, discharges of U and
Np under oxidizing 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 pre-
paring 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 number
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 repository 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

Energy. It must be stressed that we have not attempted to
accurately model any specific real site. At the pPresent time
the available data are not sufficient for this purpose. Large
uncertainties exist in the characterization of the solubilities
and sorption of radionuclides, in the description of the

ment 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 rela-
tive importance of the aforementioned areas of uncertainty to
the estimated radionuclide release. -

Appendices A through C describe in detail the assumptions and
mathematical approximations that we used in our analysis. 1In
Appendix A we discuss the data obtained 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 dis-
cussed. In Appendix B, the geochemical environment at Yucca
‘Mountain is described. The data which were used to estimate
realistic values of radionuclide sorption ratios (Rg's or.
Kq's) and solubilities are also discussed. In some of our
calculations we have used a retardation factor which includes
the effects of matrix diffusion for 99Tc, and ldc and

291.  Appendix C contains a derivation of the approximations
we have used to adapt our one-dimensional porous media trans-
port model to the analysis of transport in jointed porous rock..
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2. GEOLOGY AND HYDROLOGY OF THE REPOSITORY SITE

2.1 Reglonal Geology and Hydrology

A map of the topograph1c settlng and a regional cross-section
of the repos1t0ry site are shown in Flgures 1 and 2
respectively. ‘The repository (point R) is located in Mountain .
A on the flanks of a large volcanic caldera. The repository
‘horizon 1lies approximately 3000 feet below the surface within a
Tertlary volcanic tuff aquitard (Unit 3) in the saturated -

zone. In Mountain A, the water table is 1500 feet below the
surface and 1500 feet above the repository. The tuff aquitard
is composed of layers of moderately welded to nonwelded tuff
units and extends several thousands of feet belcw the
repository horizon. On a regional scale, the tuff aqultard is
underlain by a Paleodzoic clastic aquitard (Unit 2) and a
Paleozoic carbonate aquifer (Unit 1). The basal no- flow _
“boundary of the regional ground-water system lies at the base
of the carbonate aqulfer.

Above the tuff aquitard lies a densely welded and hlghly frac-
tured Tertiary tuff aquifer. This unit reaches a maximum
thickness of about 1000 feet at Mountain A. . In the washes
adjacent to the mounta1n, ‘the water table 11es within the tuff
aquifer. The plezometrlc surface approaches the land surface
gradually along the A-D section in Figures 1 and 2; at point. D
water flows freely in wells at the surface. SR

The lateral boundarles of the regional ground—water system are
approx1mate1y coincident: with the edges of Figure 1. The areas
north of Mesa A and Mesa B comprise the northern ‘border of the
system. The eastern and southeastern limits of the basin are
marked by a series of mountains and ridges. A mountain range
in the southwest marks another boundary of the system. The
"northwest border at the regional system is not well defined,
however, the area to the west of Mesa A 1s known to belong to
another hydrogeolegic system.

Recharge to the ground—water system -‘through prec1p1tat10n
occurs only above the 5000 foot contour marked in Figure 1.
Due to the high evaporation potential in this region, only
about 15 percent of 15 inches of rainfall infiltrates to the
water table in areas above this elevation. The ground-water
system is sluggish because of the small amount of recharge. '
The hydrau11c gradients are low to moderate (10‘ to 10~
except in reg1ons where the rocks in the saturated zone are
relatively impermeable. The regional ground-water flow is
south-southeast through the repository and south-southwest in
the southern portions of Figure l
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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 explanation of the petrological terms can
be found in the section on Geochemistry.

In the vicinity of the volcanic caldera, the tuff layers are
underlain only by granitic batholiths: all pre-existing rocks
have been destroyed by volcanic eruptions. The tuff units thin
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 cr1stoba11te., Layer B, directly above the
repository horizon, is a nonwelded zeolitized tuff composed
prlmarlly of c11noptllolite. 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 designated as "vitric" in Table
1.

The geochemical and hydrological characteristics of these

.. layers are determined primarily by the mineralogy and the
- degree of welding of the rocks. The local flow system and

radionuclide retardation will in turn be strongly influenced by

‘these characteristics. 1In Table 2, the ranges and types of

distribution for several hydrogeologic parameters are described
for the different types of tuff. Data from pump tests, labor-
atory measurements 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 encounter both sets of fractures. In
our calculations, therefore, we have assumed that values of
hydraulic conduct1vity 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 y
hydraulic properties are discussed in more detail in Appendix
A. The wide ranges of values for these parameters correspond
to the limits of values of published data obtained from the

different measurement.technlques described above. It will be
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STRATIGRAPHY OF HYPOTHETICAL TUFF SITE

DEGREE OF

WELDING

NA
DENSE
NONWELDED
DENSE

NONWELDED

MODERATE

MODERATE

NONWELDED
DENSE

. NONWELDED

- DENSE

ROCK TYPES

ALLUVIUM
DEVITRIFIED
"~ VITRIC
DEVITRIFIED

"ZEOLITIZED

DEVITRIFIED
~ VITRIC
ZEOLITIZED

DEVITRIFIED
ZEOLITIZED

"DEVITRIFIED

THICKNESS

(FT) COMMENT

' 60-425

145
150
900

475

270

180
150
250
300

400 -

{

WATER TABLE AT
DISTANCE=8 MILES

WATER TABLE AT
DISTANCE=0 MILES

REPOSITORY HORIZON




Parameter

Horizontal hydraulic
conductivity (ft/day)"''

Horizontal effective
porosity (%)'®

Horizontal hydraulic
‘gradient

Vertical hydraulic
gradient '

Grain density '1_” 
(g/cmd) |

Horizontal fracture
porosity''(%)

Total Porosity (%)

Table 2

RANGES: OF HYDROGEOLOGIC PARAMETERS

Densely Welded
-~ Tuff

2x10-3-30
(Lu)'

4.4x10-%4-0.32

- (LN)
1x10-3-1x10-!

(LU)

1x10-2-4x10-2 -

(u)

2.3
4.4x10-4-0.32

- -3-10 .

Moderately Welded - Nonwelded
— Tuff Tuff. .

3x10-5-5 10-5-2
(LN) (LN)
0.03-25 . 20-48
(L) o
1x10-3--1x10-1 - 1x10-3-1x10-1
(Lu) - (LV)
1x10-2-4x10-2 1x10-2-4x10-2
(v) (v)
2.2 1.7

.~ 0.0-0.06 e

" 10-38 2050

' Type of distribution is indicated in parenthesis for variable sampled by
Latin Hypercube Sample: (LU)-log uniform; (LN)-lognormal; (U)-uniform.

''* Values of these properties in the vertical direction are 2x the values
in the horizontal direction.




shown in Chapter 6 that this uncertainty in the input data can
be related to the uncertainty in the results by the Latin
Hypercube sampling technique.(18) and the Complementary

Cumulative Distribution Function (6).

The repository site is extensively block faulted, 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 10-1 to 10-3, Approximately 2 miles from the B
repository, the water table enters the tuff aquifer (in Layer
G)) and the gradient decreases to .a range of 102 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. 1In our .
calculations, however, we have sampled the horizontal gradient
over a range of 10-1 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 sur-

- face at all points along section ARBC. ‘Local changes in the
water table will not substantially affect radionuclide trans-

. Port on the scale of our model; the water table, therefore, is
- represented by straight lines in Figure 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 ground-
water flow through the repository is not large enough to ‘appre-
‘ciably perturb the regional flow system. Supply of ground

- water to the repository will be sufficient to saturate the

repository at all times- during the 50,000 year period of inter- -

est. This assumption adds another element of conservatism to
- our calculations and will be discussed further in Appendix A,




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
tons of heavy metal (MTHM). All radlonuclldes spec1f1ed in the
Release Limit Table of the EPA Standard are 1nc1uded in this
inventory 1list.

Based on the 1nventory and tox1c1ty of each radlonucllde the
following chains of radlonuclldes were considered:

(1) 240 236 232 228

PuQ —> U ey Th o Ra
(2) 245Cm 241Pu 241Am 237Np ' 233U ‘zzsih
(3) 246 242 238 : 234 . 230

Cm —> Pu —> U e U = Th-Q—» Ra :
2385, ——J | 210,

(4) 243Am .239Pu 23$U 231Pa 227Ac

(AN}

The fission and ac¢tivation product radionuclides 99Tc,
1297, 126gy, 90gr, l4g, 135Cg, and 137cs 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 dlrectly
proportional to the matrix d1ssolutlon rate.

3.2 subsurface Fac111ty
The reference subsurface facillty is a m1ned fac111ty at a.

depth of 3, 000 feet below the surface. A descr1pt1on of the
fac111ty is summarized as. follows: : .
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Areal dimensions -- 2,000 acres (8.71x107ft2)
(Reference 3, Table C1)

Height = 23 ft. | | |
Rep. Volume - 8.71x107 £tZ x 23 £t = 2.0x10%¢t3

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

Porosity volume'of depository = 8.0x107ft3

-11-




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

Radionuclide -

Pu240
U236
‘Th232
Ra228
Cm245
Puz41i
Am241
Np237
U233
Th229 -
Cm246
Puz242
U238
Pu238
. U234
Th230
Ra226
Pb210
Am243
Pu239.
U235
Pa231
- Ac227
Tc99
- 1129
Snl26
Sr90
Cl4
Csl35
Csl37

Table 3

'Half Life

6.76E3
2.39E7
1.41El0
6.7
8.27E3
14.6
433,
2.14E6
1.62E5
7300
4710.
3.79ES
4,51E9
89.
2.47ES
8.E4
1600.
21.
7650.
2.44E4
7.1E8
3.25E4
21.6
2.14E5
1.6E7
1.0ES
28.9
5730. -
2.0E6
30.

~12-

Curies

2.1E7
1.0E4
1.7E-5
4.7E-6
8.4E3
3.2E9
7.5E7

1.5E4

1.8

1.3E-3
" 1.6E3

7.5E4
1.5E4

" 9.4E7

3.5E3
0.19
3.5E-4
3.3E-5
6.6ES
1.4E7

" 7.SE2

0.25
5.2E-2
6.1E5

-1.5E3

2.2E4
2.4E9
3.5E4
1.3E4
3.5E9



4. SITE GEOCHEMISTRY AND RADIONUCLIDE RETARDATION

4.1 Geochemical Environment of the Hypothetical Tuff Site

in the'liquid_phase. _Impdrtant'geochemical parameters which
must be characterized include the major and minor element com-
pPosition, 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 more detailed discussion of the min-
eralogy 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 oxi-
dizing and the PH is between 7.2 and 8.3. The chemical com-
position of water from the vicinity of Yuceca 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 30°C and

40°C. This range is based on the geothermal gradient at Yucca
Mountain (3). ‘

4.2 Sorption Ratios

The sorption ratio (Rg) is an experimentally determined ratio
of the amount of radionuclide bound to a solid phase to the

‘amount of nuclide in a volume of liquid in contact with the
solid. - _

R, (ml/g) = rams radionuclides per ram rock
d - grams radionuclide per ml water

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 R3q values of chemical homologs for which data are avail-
able (11). To our knowledge, there are no -acceptable data for




Table 4

'RANGES OF Ry (m1/g) VALUES SAMPLED BY LATIN HYPERCUBE

Zeolittzed
‘ Vitric Devitrified . Tuff with
- Element . _Tuff Tuff ~Clinoptilolite
sr, [Ra, Pb, Sn] 117-300  50-450 290-213,000
s 429-8600 1202000  615-33,000
P © 70-450 80-1400 2502000
Am, [Cm, Pa, Th, Ac]  85-360 190-4600 ~ 600-9500
Np o 5-71 57 | 4.5-3)
U - 0-11 N B R 5-15
1, 4 0 o0 0

T¢ , . 0-2 | 0.3-1.2 0.2-2

~— 14..




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
thlsvtlme,_the values in the table are approxlmate 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-

o tions. The theoretical calculations are not within the scope

- - of this contract and to our knowledge have not been carried

| out. - Few experimental data describing radionuclide solubility
in tuff are available at this time. Due to the time con-
straints 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 conservatlsm of these data
may be found in Appendix B.

4.4 Radlonucllde Retardation

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

R=1+R, ' P+ —2SEE (4.1)

Where @Po¢¢ 1is the effective porosity of the rock
p is the grain density of the rock
Rg is the radionuclide sorption ratio (ml/g)

The calculation of retardation in moderately and densely welded
tuff layers was different in each scenario. 1In 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, 5, and 6. 1In
.scenarios 1, 5, and 6 it was assumed that all radionuclides
were unretarded in moderately welded tuff layers also.

Detailed descriptions of the scenarios and rationales for these
representations of retardation are found in the next section.

-165-




Table §

ELEMENT SOLUBILITIES USED IN
MIXING CELL CALCULATIONS

Solubility S
Element - q/q . ~ Reference
Pu 2.4x10-4 - *
U o 2.4x10°5 = 15
Th - '2.3x10-7 .13
Ra - 2.3x10-8 L 16
cm 2.5x10-11 . *
Am '2.4x10-12 _ 15
Np ' . 2.4x10-8 15
Pb 2.1x10-6 | L
Pa , : 2.3x10-2 ' 13
Ac 3 , no limit ' *
Tc o no limit = ' *
I : " no limit , A *
Sn , . 1x10-3 ) 13
Sr , - - 2x10-6 S 13,16
Cs , ' - no limit : *

C : 3x10-5 _ *

K See discussion in Appendix B




In scenarios 1B, 2, 2B, and 5B matrix diffusion for Tc, léc,
and I was included explicitly in .the calculations of radio-
nuclide retardation: a o

772

- 1- ¢ | (1=, .
R o I R )
Where - ¢ = matrix potosity
o € = f:acture-pdrosity-
p: = grain density of rock matrix
Rq = radionuclide-sorption ratio~(m1/g)_

The derivation of thisg expression and constraints on its use
are discussed in Appendix c. '

_l 7._




5. GROUNDWATER TRANSPORT MODEL-

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

q = O/A = KI A (5.1)

where Q is the volumetric flow rate through an area A, normal
to the flow direction, I is the hydraulic 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 : - C : “.

> L o
1 -
K = — (5.2)
> M |
with
Lj = thickness of layer i
Ki =,hydraﬁlic conductivity of layer i
The total ground-water travel time is given by
. . L. o '
Time = 2, —— o (5.3)

‘where V3 is the interstitial ground-water velocity in layer'i
and is equal to q/ ¢ 3. Where ¢i is the effective poros-

ity of layer .i. We have assumed that -¢; and K; are
correlated and r2 = 0.70. The geometry of the flow path is
described for each scenario in Section 6. _

When a radionuclide (RN) is transported by ground water, the-
radionuclide travel time (Tgy) is increased by its retarda-
tion factor. This is given by '

: < L. « R,
1 1 ' .
Tan = Z — . (5.4)
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where R;RN ig the retardation factor of .radionuclide RN in
layer i.

The Distributed Velocity Method (DVM) (17) has been developed
by Sandia to simulate long chains of radionuclides transported
by ground water. 1In this study we calculated the average velo-
city 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 Introduction

The conceptual model of our hypothetical repository site is
consistent with our current understanding of the characteris-
tics of volcanic 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 for this purpose. -Large uncer-
tainties 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 in the 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 assumptlons.

A. Release rate of radlonuclldes from the englneered fac111ty
1. 1limited by leach rate -
2. solublllty 11m1ted

B Representatlon of retardation of radlonuclldes 1n
moderately welded units
1. no retardation
2. porous media approx1mat10ns with zeollte Rd s
3. porous media approximations with Rg's for vitric or
' devitrified.tuff

C. Matrix diffusion
1. no credit given for’ retardatlon by matrix dlffu31on
2. calculation of retardation of 997¢, 129I andléc
in welded unlts ‘

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

E. Flow path :
1. vertical path and gradlent ﬂontrolled by thermal effect

2. horizontal migration only

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

The characteristics of each scenario are summarized 'in

Table 6. The release rate of radionuclides from the engineered
facility was set equal to the leach rate (10-3 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 hydtogeological 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 for five successive 10,000 year periods were calculated
as described in Section 5. A release ratio was calculated for
each vector by dividing 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 curve indicates ‘the ability of the
‘repository site. to limit the 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. 4 ‘ .

-/

We have not made quantitative estimates of the probability of
occurrence of any of the scenarios. We have assumed only that
each of the scenarios is an "anticipated event® (corresponding
to a “reasonably foreseeable release” in the EPA Draft Standard
(19)). We feel that the scenarios have a reasonable .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 scenarios require that a well be drilled
at least to the depth of the water table and that the radio-
nuclides are withdrawn continuously for 10,000 years or lon-
ger. We have based our subjective estimate 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 concerning past climatic
changes at NTS (22).

*EPA release ratio = X Qj/EPAj, where Q; is the
integrated release of radionuclide i and EPA; 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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Table 6
DESCRIPTIONS OF SCENARIOS

~

_.Zz_.

: S ' - VERTICAL. CLIMATIC -
DISTANCE BETWEEN | REPRESENTATION OF RETARDATION IN WELDED UNITS | GRADIENT CHANGE CAUSES
DEPOSITORY AND DENSELY AND “MODERATELY WELDED | CONTROLLED BY | 300 FT RISE IN
POINT OF DISCHARGE| MODERATELY WELDED ' ONLY | THERMAL PULSE | WATER TABLE
1 ~ FRACTURED | _POROUS POROUS ~ <
' | MATRIX MEDIUM MEDIUM | MEDIUM WITH
1 MILE | 8°MILE |DIFFUSION| WITH NO. | WITH |DEVITRIFIED TUFF ‘ -
SCENARIO| Puip | pumMp MUDEL | RETARDATION| ZEOLITES| OR VITRIC TUFF | YES { NO YES | NO
# X | X 1 N X | x
#B | X X . - | X j X
#2 X 1 x o o K ol x X
pB ] X X | o x X
#3 x | . | X X el X
#4 x| o | X 1 X | X
#5 X ] X | X X
#58 X 1 x| | X | X
#6 ‘ x| X ' x | X

* Scenarios 2 and 2B differ from each other in their treatment of the source term. Scenario 2 was a leach
-~ limited source term with no solubility limits. In scenario 28 we used the mixing cell option of NWFT/DVM
which allows solubility limits to constrain the rate of radionuclide release from the repository.




6.2 Scenéiios 1. 3, 4, and 1B: Alternate representations of
. retardation in welded tuff layers

Scenario 1 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 the vertical 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 (see 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 calcula-
tions. Layers of moderately or densely welded tuff are treated
as porous media in the transport calculations but it is assumed

that no retardation occurs in these layers. Since no credit is

‘'given to retardation in the welded units, the calculated dis-

charge may be an upper bound for release associated with the
fluid transport path described above. )

Scenarios 3 and -Porous media approximations for moderately

welded tuff layers

Scenarios 3 and 4 differ from scenario 1 only in the treatment
of retardation in the moderately welded tuff layers (Figures &
and 6). In both scenarios these layers are treated as porous
media. - Moderately welded tuffs are characterized by physical
and chemical properties that ‘are intermediate between densely
welded devitrified tuffs and nonwelded zeolitized tuffs. In
scenario 3, Rgq 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. Ry 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 corresponding vectors of scenario 1.
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Scenarlo 1B (Figure 7) differs from scenario 1 only by the
inclusion of matrix diffusion in calculations of radionucligde
retardation in moderately and densely welded‘tuff layers.  The
calculation of a retardation factor which includes the effects
of matrix diffusion has been described in Equation 4.2 and in -

. Appendlx C. At present, it can only be shown that this expres-

sion is valid for radionuclides with Rg = 0 (K. Erickson,
personal communication). For scenarlo 1B, therefore, retarda-
tion due to matrix diffusion was considered only for 1291

9Tc ana léc (see Table 4).

Results

Radionuclide discharge rates for each vector were calculated.
Discharge rates were integrated for 10,000 year periods from O

. to 50,000 years. The results of the calculations are presented.

as Complementary Cumulative Distribution Functions for each
10,000 year period in Figures 8A-8E. (20) The number of vec-
tors that violate the EPA Standard, the maximum violation and-
the sum of the release ratlo over all vectors are presented in
Table 7. For these scenarios, all violations of the EPA Stan-
dard. are due to discharges of 997¢ and l4c. 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 correspondlng values for scenario 1. It can be seen
that dlscharge is decreased for the first 40,000 years and
increased in the period from 40,000 to' 50,000 years relative to
scenario - 1. CompariSon of the results for scenario 1B with
those for scenario 1 shows that although discharge of the
radionuclides is decreased significantly by matrix dlffu51on.
v1olat10ns of the EPA release limit st111 occur.

The characterlstlcs of the three vectors whose radionuclide
discharges violate the EPA Standard are 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 are due primarily to large ground-water. fluxes. These

annual ground-water discharges rarnge from 2 percent to 7
percent of the present day recharge of the Pahute Mesa
ground-water system at the Nevada Test Site (21, 22). 1In
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 scenarlo 1B is very unlikely.
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1 mile well; moderate = fraqtured:-thermal buoyancy: no pluvial

LEG LAYERS

1

2

A

@ M M U A w

SCENARIO 1

WELDING - ﬁETARDATION
dense - no retardation
nonwelded - porous - zeolites
dense - no retardation |
nonwelded - porous - zeolites
moderate - no retérﬁation
moderaté'— no retardation.
nonwelded - pbrous-— zeolites

FLOW PATH

1 WELL TO SURFACE

G ' . NONWELDED
F . “MODERATE
E : : MODERATE
: ‘) . C
D 4 _ NONWELDED
c . DENSE
e ’
B ? NONWELDED
A * DENSE
_LAYER . WELDING
" KEY

DEPOSITORY
[[] LAYERS WITH NO RETARDATION

[}] LAYERS WITH RETARDATION
Fiqure 4
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SCENARIO 3

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

LEG LAYERS . WELDING - RETARDAT ION . LENGTH (ft)
1 A " Qdense —Ano retardation : | 200
2 B honwelded'—vporous - zeolites ‘ 3OQv
3 ~C dense - no retardation 250
4 D nonwelded - porous - zeolites . . 150
5 E . moderate:— porous - zeolites . ; 180
6 ‘E' ‘moderate ; porous -_zeolites : 270
7. G nonwelded - pocoué - zeolites | © 5280

FLOW PATH
- t | WELL TO SURFACE

e ’Vb/\/\/”v“J NONWELDED |
F S | MODERATE

E : M:ODERA_TE}

D $ 7 “ NONWELDED

c | DENSE

B % ‘ NONWELDED

A ﬁ ‘ D'ENSE

LAYER | | . WELDING

Figure 5
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SCENARIO 4

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

LEG LAYERS

1

2

A

© "M ©M U O w

thermal buoyancy

WELDING - RETARDATION LE&GTH (fr)
dénse - no retardation | . 200
ﬁonwelded - porous - zedliteé 300

. dense - no retardation , o 250.
nonwelded - porous - zeolites 150
moderate - porous - vitric - . 180
moderate - porous - devitrified 270
nonwelded - porous.— zeolites ' 5280

FLOW PATH

f WELL TO SURFACE

-G : M/\/\/\NV\/\J NONWELDED
F o < ' 'MODERATE-DV
E g " MODERATE - VITRIC
D . 2 | NONWELDED
c DENSE
B ' 3 NONWELDED:-
A ﬁ DENSE
LAYER : B WELDING

Figure 6
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SCENARIO 1B

1 mile well; matrix diffﬁsion, thermal buoyancy: no pluvial

LEG LAYERS . . WELDING - RETARDATION = LENGTH (ft)
1 A 'dense - matrix diffhsiénv - 200
2 B nonwéldeq - porous - zeolites . 300

C dense - matrix diffusion - _ . 250

D nonwelded - porbus - zeqlites_ 150

E moderate - matrix diffusion 180

F .mdderate - matrix diffusion 270

G - nonwelded - pofous~— zeolites , 5280

FLOW PATH

: T WELL TO SURFACE
s M  NONWELDED
R éz ‘ A'  MODERATE
E : e ‘ . MODERATE
D 3 NONWELDED
c é _  DENSE
B % - NONWELDED
A’ & ‘ DENSE .-

LAYER " WELDING

" KEY
DEPOSITORY

LAYERS WITH MATRIX DIFF-l_.ISION

[3] LavERS WiTH RETARDATION (POROUS MEDIA)

Figure 7
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Complementéry Cumulative Distribution Functions for Scenarios 1, 1B, 3, and 4:
Alternate Representations of Retardation in Welded Tuff Units. "
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Table 7

NUMBER OF VIOLATING VECTORS, MAXIMUM OF RELEASE RATIOS AND SUM OF RELEASE. RATIOS -
OVER.ALL VECTORS FOR EACH 10,000 YEAR PERIOD

Scenario »0—10;000yr 10,000-20,000yr 20,000-30,000yr 30,000-40,000yr 40,000-50,000yr

1 BEE 4 7 | 8 4
2.4%+ 5.9 | 3.1 2.9 2.0
2. 5% 12.1 16.5 7.0 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 6.1 1.4 1.5 . 3.4
2.1 10.1 4.6 106 - 15.6
18 1 1 2 1 2
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

k% sum of re1ease ratios for a]] 106 vectors



Table. 8

.PROPERTIES OF VECTORS WHICH VIOLATE EPA STANDARD
' IN SCENARIO 1B

*R = retardation factor

. VECTOR : '3 ' - 24 51
PARAMETER

~ Maximum R* for Tc . ~10827 K - 1570 14364
Average vertical ' _ 0.32 . 0.13 0.41
Darcy velocity (ft/yr) : '

“Vertical hydraulic - 0.04 L 0.03 0.03
gradient ‘ . ' : o
Average horizontal - ‘ 0.17 R - 0.88 - 0.36
Darcy velocity (ft/yr) . '
Horizontal hydraulic - 0.02 | 0.08 0.02
gradient ‘ ' . -
Total ground-water i _. 10197 ‘ , 3781 . 6069
travel time (yr) ' ' - '
Discharge** (ft3/yr) | - 2.1x107 1.1x107 3.6x107

- Maximum release 1.2 . | 3.9 1.5
ratiokkx : - - : ‘ :

**annual recharge of regional ground-water system 1s approximately 5x108 ft3/yr

***maximum during 50,000 year period
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6.3 Scenaiio 5: Effects of chaﬁges in the water tabie

In scenario 5, the water table has risen 300 feet during a plu-
wvial period and is located in-the densely welded tuff of layer
H. Radionuclides migrate from the repository to this layer
under the influence of the vertical hydraulic gradient (Figure
9). The zeolitized tuff of layer G is not a barrier to ,
horizontal radionuclide mlqratlon in this scenario. In this
calculation we have assumed. that no retardation occurs in layer
"H. Ground water and dissolved radionuclides are pumped from
the aquifer from a well located one mile from the repository.

In all other respects, this scenario is equivalent to scenario
1. : :

Scenario SB (Flgu:e 10) differs from scenario 5 by the inclu-
sion of matrix diffusion in calculations of radlonucllde retar-
dation in the moderately -and densely welded layers A, C, E, F,
and H. As 1in scenario 1B, retardation by matrix. dlffu51on was
considered only for 1297, 99Tc and l4c.

‘Results.

. The results of the calculations for scenario 5 are presented in
Figqures 11A-11E 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 of 236y, 233y, 238y, 234y, 237yNp, 99Tc, and

4c. In the first 10,000 year Eerlod violations are due pri-
‘marily to releases of 99Tc and After 30,000 years, -
.releases of other radionuclides comprlse the maJor part of the
dlscharge »

Results from scenario 5B are summarlzed in Figures 11A-11E and
in Table 9. Matrix diffusion decreases the discharges of" 997c
and 14C to levels below the EPA  release limit during the

first 10,000 years. After 20,000 years, the release of :
236y, 237yp, 233y, 238y, ana 234y may exceed the EPA Standard.

- The properties of the vectors which violate the EPA Standard in
scenario 5B are described in Table 10. - The large radionuclide
.releases associated with vectors 3, 24, and 51 are due to their
large ground—water discharge rates and short travel times. In
vectors 72 and 85, the high horizontal Darcy velocity is
indicative of the short travel time associated with the ‘
horizqntal legs (0.03-0.6 yr). Although the retardation factors:
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'LEG LAYERS

1

2

3

1 mile well; moderate = fractured; thermal buoyancy: pluvial

S

QMW E Y QW

SCENARIO 5

WELDING - RETARDATION

dense - no retardation

nonwelded - porous - zeolites '

dense - no retardation

nonwelded - porous - zeolites

moderate - no retardation

moderate - no retardation

nonwelded - porous - zeolites

dense - no retardation

FLOW PATH

LENGTH (ft)

200

300

250

150

180

- 270
475 -

5280
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=
3
A ria

LAYER

Figure 9
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SCENARIO 5B

1 mile well; matrix diffusion, thermal buoyancy:; pluvial

LEG LAYERS WELDING - RETARDATION LENGTH (ft)

| 1 a .dehse_—'matrix diffusion : 200 -

‘2 B ﬁonwelded - porous - zeolites , A 300
3 c dense - matrix diffusion , ' - 250
4 D nonwelded - porous - zeolites 150
5 E . moderate - matrik diffusion o 180

| 6 F moderate - maﬁrix difosion’ ' 270 ‘ :‘”

7 G nonwelded - porous - zeolites : 475%

“8 ‘H dense - matrix diffusion - 5280

'FLOW PATH

T WELL TO SURFACE -
DENSE

NONWELDED

MODERATE
MODERATE

NONWELDED

| » N DENSE
3 _
;& _

NONWELDED
DENSE

> W O o mMm e x

LAYER WELDING

Figure 10
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Table 9

NUMBER OF VIOLATING VECTORS, MAXIMUM OF RELEASE RATIOS AND SUM OF RELEASE RATIOS

Scenario 0-10,000yr

OVER ALL VECTORS FOR EACH 10,000 YEAR PERIOD

20,000-30,000yr

30,000-40,000yr

5 3*
7.9%*
13 4%k
58 0
0.90
1.7
6 0
0.1
0.1
2 1
207
667
2B 8
22
62

10,000-20,000yr

6
6.2
29.6 -

—

]
2.
5

]

anat

.5
2.5
14
85
392

10
24
114

- N
20.9
54.2

16
21
176

* number of v1o]at1ng vectors out of 106 vectors ana]yzed

**  maximum release ratio

***  sum of release ratios fpr all 106 vectors

14
43.7
102.1

424

17
20
123

40,000-50,000yr

16
54.0
178.8

4
53.4
153.0

~N N W
o e
oON

19
434
19

21
130
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- Figure 11. Complementary Cumulative Distribution Functions for Sc¢enarios 1, 5 and 5B:

Effects of Changes in the Water Table on Discharge.

1 = base casé: 5 = water table rise; 5B = water table rise with matrix
: diffusion. :
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SCENARIO 1, 5, 58 CCDF=5TH 10000 YEARS
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PROPERTIES OF VEC

Table 10

TORS WHICH VIOLATE EPA STANDARD
IN SCENARIO 5B -

48.7

VECTOR - 3 24 51 72 85
PARAMETER
Maximum R for U 32 27 23 47 © 35
Maximun R for Np 41 37 39 52 68
Maximum R for Ic 10827 20063 26659 13866 14888
" Average vertical 0.3 0.16 0.43 0.04 0.07
Darcy velocity (ft/yr) ‘
Vertical gradient . - 0.04 0.03 0.03 0.03 0.04
jAvefage horizontal 0.03 0.002 2x10~4 1.5" 169
Darcy velocity (ft/yr) ' . :
Horizontal gradient 0.02 0.08 0.02 0.02 0.03
' Total ground-water 1024 2585 2203 7877 4939
travel time (yr) . '
Discharge (£t3/yr) 2.7x107 1.4x107 3.8x107 3.5x106 6.1x107
Maximum release ratios
U234 16 26 19 0 0o
Np237 8.1 7x10-3 12 0 0.
Tc99 -0 0 0 2.6 3.5
~ TOTAL 44.4 $3.4 2.6 3.5




for Tc in leg 8 are high for these vectors (5076 and 2569
-respectively), the high Darcy velocity indicates that this leg
is not a barrie; 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 zeolitized aquitard (layer G) into the over-
lying densely welded aquifer (layer H) at a distance of approx-
imately two miles from the depository. - In scenario 6., we have
‘postulated that a well eight miles from the repository with-
draws ground water and radionuclides from this aquifer. ' This
scenario differs from scenario 1 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 are presented in Figures 13A-13E
and in Table 9. It can be seen that the additional seven miles
of travel through layers G and H reduce the discharge during
the first 10,000 years to levels below the EPA release 1limit.
Discharges of the unretarded radionuclides 99T¢ and l4¢ in
vectors 12, 76, 77, and 105, however, exceed the EPA limit
after 10,000 years. Due to time constraints, the effect of
matrix diffusion on discharge was- not calculated for the flow
‘path of scenario 6. It was shown previously 'in scenario 1B
that matrix diffusion in 900 feet of welded tuff decreased the
discharge of 99Tc and l4C 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 similar to scenario 6.
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SCENARIO 6

8 mile well; moderate = fractured; thermal buoyancy: no pluvial

LEG LAYERS

1

2

A

Q@ "M omEm U a w

WELDING - RETARDATION

‘dense - no retardation 200
-nonwelded - porous - zeolites 300
densé'—_no retardation 250
nonwelded - porous - zeolites v.iso
moderate - no retardation 180
moderate - no retardation 270
nonwelded - porous - zédliteé 11000
dense - no getérdation. 31000
‘FLOW PATH
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T T
0 2 a 6 J}a

G - NONWELDED MAAAAN/ o ———
. . e
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_ o >
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. -
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Figure 12
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SCENARIO 1, 8 CCDF-1ST 10000 YEARS
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Complementary Cumulative Distribution Functlons for Scenarlos 1l and 6:

Acce331b1e environment at eight miles.

1

base case;

6

8 miles




_S b-..

FREQUENCY

SCENARIO 1, 8 CCDF-3RD 10000 YEARS

100 1 LB IIHII T | L jl'lll T LI lTr"l ] ] l‘ l'l"_;;
j0-1 |- _
1072 |- 3

- s

}. -
1073 |- -
1On-4 --1 1111111-' Lt aannl L 1 2l 1 (MUY _

10-3 10~2 101 100 101

RELEASE RATIO

'Figure 13.c

SCENARIO 1, 8 CCDF-4TH 10000 YEARS

100

CIT TTTTIT

101

10

10™3

S LEAELL LN A NIt xuu_nl!

LI ‘Irlll LI Illlll' T 1 lll‘l1|l

LEBLBRLILALR R

Cooogpnl et gyl

1

[ 1xnnl 1 1111_1111 ity

1 lllllll

1

5

1074 -
10

3

10~2 10-1
RELEASE RATIO

'Figure 13.4d

100

101



 FREQUENCY'

(o) SCENARIO 1, 8 'CCDF-5TH 10000 YEARS

107 ¢

| LI llllll

T T 7 Voo I R Y oo ¥

TITITH

3
-
-
—

Ll

1072 ~

1073 =

= 1w -

- /6 :
10-4 Lt anal Lt ool L1 “““lox 1yl
103 1072 1071 10°  10°

RELEASE RATIO |

. Figure 13.e-

-46-

1




6.5 Scenarios 2 and 2B: Importance of solubility limits to
discharge :

We consider scenario -2 (Figure 14) our "worst case" scenario.

The source term is entirely leach-limited; the solubility
-limits of radionuclides are not specified. Ground water

migrates laterally from the dep051tory Due to the block
faulting and dip of the tuff units in the .repository site, the

. lateral fluid flow path cuts across several stratigraphlc

layers. At a distance of one mile from the repository, water
and radionuclides are. pumped bg a well that extends to a depth
of 3,000 feet. Technetlum I and 14cC are retarded by
matrix d1ffu51on in the densely welded layers A and C. Layer B
is highly sorbent ze011t1c tuff which retards the movement of
the other isotopes. This scenario has a shorter path length
and thinner sequence of zeolltlzed tuff than the other sce-
narios.

Scenario 2B differs from scenario 2 only in the 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 that is consistent with
a user- spec1f1ed solubility limit. The solublllty limits are
listed in Table 5 and are discussed in detail in section 4.3
and in Appendix B. The smaller 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 Fiqures 15A-15E and in Table 9. Discharges in scenario 2

are the highest calculated in this study and lead to large .vio-

lations of.the'EPA Standard. Durlng the first.10,000 years,
releases of 234y, 237np, 238y ang 236y account for 94
percent of the sum of the EPA release ratios. During the flfth

©10,000 year interval ‘they continue to dominate discharge and

account for 85 percent of the violation of the EPA Standard.

- The 1mportance of solub111ty limits in controlling’ dlscharge in

scenario 2B can be seen in the’ flgures and table. The sum of
the release ratios for all uranium spec1es is reduced by an
order of magnitude and Np discharge is decreased by a factor of

-30 for the first 10,000 year interval. Discharges of these

radionuclides, however, still are in excess of the EPA stan-
dard. The solubilities 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




SCENARIOS 2 and 2B

1 mile borehole; matrix diffusioh;
no thermal buoyancy or pluvial

'LEG LAYERS  WELDING - RETARDATION . | LENGTH (ft)
1 A . dense - matrix diffusion | 2600
2 B ndnweided - zeolitized | 300
3. C dense - matrix diffusibn‘ 2600
FLOW PATH 1
c
B WELL TO SURFACE
A .
~— DENSE
<= NONWELDED .
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LAYER ' : '

WELDING

Figure 14
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Importance. of Solublllty Limits to Dlscharge

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 described in the other
scenarios. The calculated violations of the EPA Standard,
“therefore, should not be interpreted as an indication that
releases from a repository in tuff are likely.
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7. _CONCLUSIONS AND RECOMMENDATIONS

Estimates of potential radibnuclide releases from HLW storage

-facilities in geologic formations are an integral part of the
‘technical basis for the regulation of nuclear waste disposal.

At present, the available data is insufficient to accurately
model any real repository sites. Large uncertainties exist in
the characterization of the solubilities and sorption of radio-
nuclides, in the description of the regional and local hydro-
geology and in the mathematical treatment of contaminant trans-
port in the presence of fracture flow and matrix [diffusion. We

feel, however, that it is possible to place realistic upper

limits on radionuclide discharge for a generic hypothetical
tuff repository. We have also attempted to assess the import-
ance of the variation of several variables and model assump-
tions to the calculations of radionuclide release from a repos-
itory in the saturated zone of a .volcanic tuff site.

Our calculations suggest the following conclusions for the
hypothetical tuff repository described in this paper:

1) Sorption of radionuclides by several thousand feet of
-.2eolitized tuff may limit the release of actinides below
the EPA release limits even in the absence of solubility
‘constraints. ' -

2) All violations 6f the EPA Draft Standard_in the "base
case" are due to discharges of I97¢ and l4c. Retarda-
tion due to matrix diffusion, however, could eliminate
discharge of these nuclides under realistic ground-water
flow rates.

3)  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. Under
reducing conditions, however, the low solubilities of

‘these elements may reduce their discharges to levels below
the EPA limit. '

4) The radionuclide release limits set by Draft 19 of the EPA
Standard are probably achievable 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. 1In 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)

2)

3)

1)

Detailed calculations of limiting solubilities of uranium,
neptunium and radium under geochemical conditions expected
at the tuff 51te

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

.Calculations of the sensitivify of radionuclide discharges

to assumptions about radionuclide speciation

A study of the frequency of 0il and water drilling and
mineral explo:atlon in areas like Yucca Mountain. All of
the scenarics examined in this involve 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'HYPOTHETICAL TUFF REPOSITORY
SITE AND ITS RELATIONSHIP TO DATA FROM THE NEVADA TEST SITE

A major objective in the program of simplified repository
analyses performed at Sandia is the definition of a hypothe-
tical site which exhibits hydrogeological characteristics which
might be found at real potential repository sites. We have .
defined our reference 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
properties 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 modeled a hypothe-
tical site which is internally self-consistent. _ '

A.l PhysicalAproperties of welded tuff

‘The tuff units at the reference tuff 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 model-
ling fluid flow. We have used data from the UE25a-1 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 lithologies are shown in Table A-1.

We have represented the fracture system as two sets of perpen-

dicular vertical fractures. Values of horizontal fracture.
porosity (€n) are calculated by ‘

Gh.-_—- NaH / sin (900 -9)

where N, is the observed fracture density in the core, 6 is

an estimate of the average inclination of the fractures from
the horizontal plane, and H is the fracture aperture width
observed under a petrographic microscope. Horizontal hydraulic
conductivity for a parallel array of Planar fractures is given
(24) by:- : ' ’ :

K, = r9 ‘ NaH3
H™ (5] (5=
# /] (12 sin (90 -6 ))
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where:

‘ density of water = 1.0 gm/cm3
9.81x102 cm/sec? ' A
viscosity of water = 1.0 centipoise

rQa®
oo

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
hydraulic conductivity and fracture porosity in the vertical
direction are twice the horizontal values. :

The hydraulic conductivity is very sensitive to changes in
fracture aperture. In welded zones, the majority of fractures
are 5-20 microns wide; the maximum observed width was 150
microns (1, 2). Fractures in nonwelded zones were generally’
filled with secondary minerals. For these units, aperture
widths of 0-5 microns are probably realistic and were used to
estimate the hydraulic properties in Table A-1. .Results of

- calculations using a 150-micron aperture width are 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, the ranges of values of matrix hydraulic conduc-

tivity of unfractured cores of tuff measured 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 S
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 porous rock matrix dominates the properties

‘of nonwelded units. Both fractureé 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 hydraulic conductivity for the Latin
Hypercube Sample Program (18). The data ranges and the shape
of their distributions are tabulated in Table 2 of the main
text. References for similar values in the literature are
described in Table A-2.. The shapes of the frequency
distributions were estimated by comparing the median values to _
the upper and lower limits of the data ranges of the different
types of hydraulic conductivity and porosity.. ' :

‘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

Denéer Welded Moderately Nonwelded

Tuff . Welded Tuff - Tuff
*Fracture Apertﬁre '
H (microns) ' :
min - .5 o 5 0
- median - 12 ‘ 12 , 5
max - _ g 150 . 150 - 5 (150)*
*Apparent Fractufe .
Density -Ng (£t-1y
min 0.2 0 0o
median 1.2 0.4 0.1
‘max 4.8 . 0.8 0.3
*Inclination of Fractures o o o
from Horizontal — 6 42 ' 45 : 80°

Horizontal Fracture
Porosity - €p(%) o
min B 4.4x10-4 0 :

(0.09)*

(4.5)+

o . .
median - 6.4x10"3 2.2x10-3 . 9.5x10-4%
max . ' 0.32 0.06 “2.8x10°3

Horizontal Fracture

. Hydraulic Conductivity

- (Kyg) - (ftr/day) ' ) :

‘ min . 2.6x10°3 0 0
median ‘ 2.1x10-3 7.5x10-4  5.5%x10-5
max = 0 16.7 | 2.9 1.7x104

Total Porosity (%) . 3-10 10-38 20-50

*References (1, 2) - : .
- +Values corresponding to aperture width of 150 microns.

-
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FRACTURES MATRIX BULK

DENSELY MODERATELY ZEOLITIZED
WELDED  WELDED NONWELDED
TUFF TUFF TUFF

RANGES OF VALUES OF HYDRAULIC CONDUCTIVITY
' DETERMINED BY DIFFERENT METHODS |

K

MAX VALUES USED IN
MEDIAN  CALCULATIONS

O MIN AND LHS
‘Figure A-1
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Table A-2

SOURCES OF DATA FOR RANGES* OF
HYDROGEOLOGIC PARAMETER VALUES

"Similar Value

Parameter Value From Literature Reference Comment
Hydraulic conductivity . 2 x 105_5 - - Calculated from data in
of densely welded tuff Table A-1 in this report.
(£t/day) 30 19 22 Table 3 (Tiva Canyon)
Hydraulic conductivity 3x 10_5 3 x 10"5 22 Table 2 (Topopah Springs)
of moderately welded s
tuff (ft/day) 4.4 x 10 10 PP. 38 - 39
5 2.9 - Calculated from data in
’ Tabie A-1 rounded up to
A value of 5 :
) 2.1 22 Table 3 (Topopah Springs)
Hydraulic conductivity. 10 73 1.7 x 10 =3 10 pp. 38 - 39
of nonwelded tuff ' :
(ft/day) , 2 B 2.3 .25 Table A-1 |
Effective porosity of ‘ 4 , ' o
densely welded tuff 4.4 x 10 -— - Calculated from data in ‘
(%) ' ~Table A-1 in this report.
0.32 - - Calculated from data in
Table A-1 in this report,
Effective porosity of 0.03 - - Maximum fracture porosity
moderately welded tuff calculated from data in
(%) ' ' Table A-1 in this report
) for moderately welded tuff
25 25 22 Table 3 (Tiva Canyon)




_09_ .

Tabie A-2 (Continued)

Effective porosity of

20 -

19.8 Table 5, p. C45, minimum
nonwelded tuff (%) ' for zeolitized tuff
48 48.3° Table 5, p. C45, maximum
‘ for zeolitized tuff
‘Total pordsity of _3 5 " p. C32
densely welded tuff : _
(%) 10 10 p. €32
Totai porosity of 10 10 .p. C32
moderately welded '
tuff (%) 38 - 35 p. C32
Total porosity of 20 35 p. C32
nonwelded tuff S
(%) 50 S0 p. C32

*Ranges for Table 2. Values tabulated here are for hydraulic properties iﬁ the horizoﬁtal direction.
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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 cylindrical volume of fluid with length L and
average temperature T immersed in a medium of average tempera-
ture Ty (T >T,)., (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: ' ’

V ~aATK o o (a-1)
with
Vv = Darcy velocity of fluid
@ = average coefficient of thermal
~expansion of fluid
AT = T - T,
K = hydraulic conductivity of medium

Figure (A-2)

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

I =@AT ' (A—z)
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. The temperature field around a repository in tuff for
spent fuel at 75 kW/Acre thermal loading has been calculated
(3).

200+

- 400
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\\ /500 yr
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Temperature
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Temperature (°C)

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

Figure A-3 shows the temperature proflle along the vertical
centerline of the re9031tory as a function of depth and time
after closure. The "disturbed zone" is assumed to extend from -
the repository to 470 meters below surface where the water
table lies. The average temperature of this disturbed zone is

?:Lfr‘dt.

calculated by:




where L is the distance from the repository to the water table
and is equal to 330 meters. T_ is the average 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 (vr) - T (°C) _ o) (fC) a(l/fC) :Gradient
500 73 . 50 6.01x10~4 © 1.4x10-2
5,000 8s ’ 50 - 6.68x10-%  2.3x10-2
50,000 65.4 50 5.54x10-%  8.5x10-3

~More recent field work indicates that the ambient rock tem-

perature at the repository horizon will be 35°C (27). This
temperature corresponds to an average ambient temperature of - .
30°C. Table A-4 shows the calcula ed upward gradient when this
temperature is assumed. : .

| Table A-4
Time-(?t) T (°C) Tov(°C)‘ ' a(i/°C)' Gradient
500 73 30 ~~ 6.01x10-4 .2.6¥10'2
5,000 = g5 ' 30 - '_ 6.68x10-4 3.7x10-2

50,000 - ' 65.4 30 5.54x107% . 1.9x10-2

Thermal histories at 307 and 711 meters below the surface for a
repository with a 100 kW/Acre thermal loading have been calcu-
lated and are presented in Figure A-4 (27). From these curves,
it is apparent that the peak temperature occurs before 10,000
Years after closure of the facility. The hydraulic gradient at
500 years for an average ambient temperature of 50°C was selec
ted as a lower bound for our calculations. The gradient at
5.000 years with the average ambient temperature of 30°C was
used as the upper bound ‘for the vertical hydraulic gradient. A
range of wvertical hydraulic gradients ofi1x10'2 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 through 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/YI (vector #51). This is.approximately 7
- percent of the volume of ground water moving. through the
. Pahute Mesa ground-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
system 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, 5, 6, 1B, and 5B 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 estimate
-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 regional
hydraulic gradients was set to span the highest and lowest
values [that could be calculated from these data. The LHS - rou-
tine, therefore, sampled a range of 10-1 to 10‘3.

'Thevsecond 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 (AZ ) by assuming that the heated water in the cylinder-
described in Figure A-2 is constrained to expand only in the
upward (Z ) direction. By applying Archimedes' Principle, we -
can show that the height of the heated cylinder can be related
to the height of a cylinder of water of equal weight at the

background temperature T . Since the height of the cylinder of

‘water at temperature To quals the distance from the repository
to the water table we can calculate AZ as follows:

W = nr2gp(L+ AZ)

AZ = L(P/P - 1) ~ (A-4)
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3

where -

PP = average density of water at T, and T, respectlvely
L = height of cylinder of water at temperature T .

r = radius of cylinder of water

AZ - rise of water table

w =

welght of water in both cyllnders

IfV equals the volume of the cyllnder of water at temperature T .
then v

W =PV =B+ AV) - B (A-5)
AV - avaAr R : (A-6)
J' P = w/VL 4 a AT) = P/(L + aAT) o (A-7)

“where AT and AV refer to dlfferences in temperature and volume

between the two cylinders and « is the average coefficient of

thermal expansion of the fluid. Substituting (A-7 into A-4) we
obtaln. v : o v

AZ = L(IAT ' o (A-8)

We have shown that a AT is equal to Iy. the vertlcal hydraullc
gradient (equatlon A-2). We'can therefore calculateAZ for each
inpuit vector in our calculations by using the value of Iy sampled
by the LHS technlque. The horizontal hydraulic gradient (Ig)
used in our transport calculations is set equal to the sum of the
reglonal gradlent and the local grad1ent° '

_IH.= IHS + IvL/x » (A—9)‘_

where:
| Ing = value of regional horizontal hydraulic gradient
: sampled by the LHS
Iy = value of'verticai gradieut sampled by LHS
L = sum bt vertical leg lengths in tiansuort path
X = sum of horizontal leg. lengths in transport path_.
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APPENDIX B
GEOCHEMISTRY AND RADIONUCLIDE RETARDATION

B.1 - 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 composi-

tion of a tuff unit depend in part upon its cooling history and -

degree of post-depositional alteration. Vitric tuffs are por-
ous tuffs which are composed of pumice or fragments of glass
shards which have undergone a moderate to slight degree of
welding. Their chemical composition is simple; the sum SiO,

+ Rl03 + K0 + Nay0 is greater than 95 weight percent.

Minor elements include Ca, Mg, Cl, F and transition metals.
Alteration of the glass to clay is ubiquitous in minor amounts
and locally may be nearly complete. Devitrified tuffs are
chemically very similar to vitric tuffs but are quite dif-
ferent in their mineralogy and physical properties. They are
composed primarily of fine-grained aggregates of sanadine and
cristobalite. They may contain phenocrysts of amphiboles,
clinopyroxene and feldspar as well as lithic clasts. Low-tem-
perature 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 sodium-
-potassium-bicarbonate water by Winograd et al. (4). Locally
the composition of ground water is dependent upon lithology.
Water associated with vitric tuffs is highest in silica,
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 hori-
zon is unknown. Dissolved OoXygen 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 units ,
indicate that oxidizing conditions prevailed at one time below
the water table (9). Negative 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 ground-
water and the occurrence of pyrite (FeS3) 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/1l)

Well Species g-131 usw-H12 USW-VH1
Na* , 47.00 74.90 97.10
K+ : 4.70 5.10 4.30
Cast 13.00 7.20 _ 10.30
Mgl+ ' 2.00 0.40 1.90
Bal+ 0.20 0.01 0.04
sri+ 0.06 0.02 0.08
Hco; + cog’ 130.00

. Cl1- - 7.70
'soi' 21.00
Nog' | 5.60
F- : 1.70 B
$i0y 61.00 11.00 53.40
pH 7.1-8.3 ' - -
TDS _ >294.00 }

1 LA-7480-MS - reference 6
2 LA-8847-PR - reference 8

uncertainty and must be confirmed by further investigations. 1In
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 Ry values for the radio-
nuclides that were considered in our calculatlons will be dis-
cussed below.

B.2 Radionuclide Solubilities

-As dlscussed in Section 4.3, we have attempted to estlmate
upper bounds for the radionuclide solubilities at the tuff
repository. These limits were set after a limited review of
available experimental data and theoretical calculations. Most
of the redox-sensitive elements are least soluble under reduc-
ing conditions. 1In light of the uncertalnty 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 condltlons in our
calculatlons

“
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The estimated solubility limit for each element is dis-
cussed below. 1In this discussion, a PH = 8 and a ground-water
composition similar to J-13 water (Table B-1) are assumed.

Pu: = Experimental studies reviewed by Wood and Rai (15)
Suggest that Pu solubility is relatively insensitive
to redox conditions. They suggested ‘a value of
4x10710 M from their data. A more conservative
value of 1073 M (2.4x10%g/g) was used in order to
account for the possible dominance of a Pu-carbonate
complex (12).

o

Uranium solgbility could be very high if considerable
(>10‘2M) CO%§  1is 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 1limit at
2.4x107% g/g. Under reducing conditions the .
solubility would be several orders of magnitude lower.

=

The dominant sbecies at Th is_probablvah(OH)g at. pH.
values;above_s (13.31,32). We used the reaction:

Th(OH)4 === ThO(s) + 2H,0

to estimate the solubility limit at 2.3x10-7g/g at
PH=8. The solubility is not sensitive to redox.

Ra: . Radium is another element whose solubility is rela-
tively insensitive to redox. 1Its solubility is con-
trolled primarily by RaSO4(s) or RaCO3(s). The
value from (16) is a vVery conservative upper bound for
Ra solubility at the tuff site. '

. Cm: Few data are available to estimate Cm solubility in
natural waters. 1In a_0.1M NaCl solution at pPH=3, the
Cm solubility was 10-11M., The solubility decreases
at lower pH (14). A conservative value of 10-10 p
(2.5x10"11g/g) was used in the calculations.

Am: Am solubility has been studied by Wood and Rai (15).
- They 'suggest that a value of 7x10-12 § is reasonable
over a gide range of redox conditions. Complexing by
€17, S0F , or NOj will not be significant. ‘

Neptunium is least soluble under reducing conditions
(L0~10M) (15). At an Eh = +0.26 and pPH=7 the solu-
bility of NpOz (c) 1is approximately 2.4x10'8g/g.
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Pb: ' PbCO3 or PbSO, will limit the solubility of lead
in an oxic tuff environment to less than 10-6 M. 1If
any sulfide is present, PbS will precipitate and fur-.

: - ther decrease the solubility.

Pa: Little data are available for protactinium solUbiiitY

in natural waters. We use the reactions:
Pa4* 4+ 40H-==Pa(OH)}Q
PaOy + 2H,0s=Pald+ + 40H-

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

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

Te: Tc is least soluble under reducing conditions and

precipitates as TcO,. Under oxidizing conditions it
is probably present as TcOy . and is very soluble. -
We have assumed that it has no solubility 1limit in our
calculations (13, 16).

I, Cs: These elements probably have no limiting:solubilities
under repository conditions (13, 16). : ‘

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

'snd* + 4HZ0 = Sn(OH)g + 4H*: log K = -57
Sn(OH)4(s) = Sn4+ + 40H-: log K = -0.87
§;§ , The solubility of Sr is probably set by stroﬂtianite

SrCo, (13.216). At pH=8, the reported 130 ppm of
HCO3 + CO5  (Table B-1) is dominantly bicar-
‘bonate and [Cog“ ] is about 10-5M. Log Kgp of
SrCO3 is -9.6 which means the solubility of Sr is’
about 2x10-6g/q. ‘

We set the~Solubility limit of C at a level cohe
sistent with the concentration of HCO3 in J-13
water (~26 ppm carbon in a solution of 130 ppm HCO3).

0




B.3 Radionuclide Sorpfion Ratios

The ranges of radionuclide distribution coefficients

(Rgq) use
values w
studies

(LANL) through June, 1981,

d in our calculati

Rq values from batch

lowing conditions were inc

ere chosen after a review of the
that were conducted at Los Alamo

ons are listed in Table 4. The
published experimental
s National Laboratory

(5-10).

experiments obtained under ‘the fol-
luded in the ranges shown in Table 4.

temperature = 22°C

solid: solution ratio = 1:20

atmosphere = oxidizing L

particle size = 106-500 microns .
water = J-13 water pre-equilibrated with the

rocks

- drill holes

Parametric studies by
the measured Ry values are
‘parameters listed above.
lected under these experim
natural conditions expecte
described in Table B-2.

For several elements,
- experimental conditions ca
between samples of the sam
value are strongly depende
erals such as montmorillon
and upon the method used t
sorbed radionuclide. Valu
ments are almost always si
tained from sorption exper
bracket the hi
desorption experiments and
value. The references for
described in Tables B-3 to

rock sample
samples from UE25

a-1, G-1 and J-13

LANL scientists (5-10) suggest that
dependent upon all of the -
The conservatism of the data col-
ental conditions with respect to
d at the tuff repository site is

Ry values obtained under these
vary up to 3 orders of magnitude
bulk mineralogy.  The measured Rg
upon the abundance of minor min-
ite, the duration of the experiment
© measure the concentration of the
es obtained from desorption experi-
gnificantly higher than those ob-
iments. .The data ranges in Table 4

n
e.
nt

ghest average Rq values obtained from

the lowe
similar
B-5.

st average sorption R .
values in the literature are
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CONSERVATISM! OF LABORATORY

TABLE B-2

. DETERMINATIONS OF R4 (LANL)

ELEMENT
.PARAHETER Pu Am ﬁ Sr Cs ég Ce lEQ _Tc
Radion@clide Concentration *0 ND ND - - - .ND 0 ND v
Solid/Solution Ratio | Nb ND ND -0 -0 - - - mD
Ionic Strength ND ND ND % x x x - ND
Temperature ND O + + O+ + x * ND
Particle Size -0 40 50 4o 4% 40X 0 0  ND
TYPE‘EXPERquqT:
‘Batch vs. Column'  Nb ND -* - - - _x ND ND
" Eh (Atmoépggré)‘ + O + l‘O (Ol 0 o (4]

KEY: + ‘ConServative
' — Not conservative
0O Little effect

* Inconclusive or interactionm effects

ND Not determined

T = 22°C

Assuming the following.experimental conditions:

Atmospheric conditions (in air)

Solid : Solution = 1:20 106-500 micron particle size range
Batch experiment
-,J‘l3 water

Element-specific concentration



Table B-3

SOURCES OF DATA FOR RANGESl oF Rg
VALUES FOR VITRIC TUFF

' Element Value Reference? Comment 3
Am 85 6(27) JA-18, nminimum sorption value
360 6(27) JA-18, maximum sorption value
Pu 70 6(27) JA-18, minémum sorption value {
450 6(27) JA-18, maximum sorption value '
u 0.01 conservative lower 1limit

11 9(8) . YM-54, YM-22 (devitrified)
. max. or ave. desorption value

Np 5 10(12)  YM-49, G1-1883 (devitrified),
_ - (ave. sorption value - s.d.)
7 10(12) G1-1883 (devitrified)., (ave.
sorption value + s.d.)
Sr 117 8(10) G1-1292, sorption average
- 300 9(1) YM-5, desorption average
Cs 429 8(10) Gl-1292, sorption average
8600 9(1) YM-5, Cs desorption average
Tc . 0.01 conservative lower limit

2 7(16) YM-48, desorption average
' ! (glass + zeolites)

I 0 6(25) ‘conservative value

2Réferences are numbered in bibliography: number in parantheses
is table number in the reference.

3Information 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. _

i
\
|
\
\
|
|
|
|
1 s e A g ' :
Ranges in Table 4.
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Table B-4

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

Element Value Reference? . Comment3
Am 600 6(32) JA-37, sorption average
9500 9(6) YM-38, desorption average
Pu 250 9(6) YM-38, sorption average
2000 9(6) YM-38, desorption average
U 5 ' - 9(8) "YM-38, éorption average
15 9(8) . YM-38, desorption average
Np 4.5 10(12) YM-49, (average sorption
: value - s.d.) ‘
31 10(12) . Ul2G-RNM9, single sorption
o value for 3 wk. contact time
. St 290 o 6(21) JA-37, sorption average
213,000 - 8(10) Gl-2698, desorption average
Cs 615 - 6(21) JA-37, sorption average
33,000 3(Al) YM-49, desorption average
Tc 0.2 _ 3(Al) YM-49, sorption average
2 . 3(Aal) YM-49, desorption average
I o o 6(25) conservative value

lRanges in Table 4.
2See note 2, Table B-3.

3See note 3, Table B-3.
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Table B-5

SOURCES OF DATA FOR RANGES! OF Rgq VALUES
" FOR DEVITRIFIED TUFF

Element Value ~ Reference? - Comment3 '
Am 180 9(4)  Y¥M-54, minimum sorption value
: 4600 5(6) YM-22, desorption average
Pu 84 . 9(6) YM-54, sorption average
- 1400 9(6) YM-22, desorption average
U , 1.2 v9(7) 'YM-22, sorption averagé
, o (106-500 um)
14.3 . 9(7) YM-54, desorption average
. (<106 um)
Np 5 10(12)  YM-49, G1-1883 (dev1tr1f1ed)
- (ave. sorption value - s.d.)
7 10(12) G1-1883 (devitrified), (ave.
. sorption value + s.d.)
Sr ' 53 6(19) 'JA—32. desorption average
: ' 450 - 8(10) Gl-1982, maximum sorption
» ' : ' value o
Cs 123 ) 6(19)  'JA-32, sorption average
2020 . 8(10)  Gl1-1982, desorption average
Tc 0.3 3(al) sorption average
1.2 . 3(Al) desorption average

1 o "6(25) conservative value

1Ranges. in Table 4.
2 ,
See note 2, Table B-3.

3Informatlon includes: rock sample number, type of value,
partlcle 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 egquivalent porous 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 porous rock can be approximated as

. occurring in equivalent porous media having effective

porosities defined by joint aperture, orientation and
spacing. An expression for the retardation factor in the
‘equivalent porous media transport equations is derived. 'Next
numerical criteria for use of the porous media transport
~equations are derived. . Then numerical criteria for use of the
porous media approximation are derived for a specific flow
system. The equations describing flow through a system of
joints which form pPlate-like regions of 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 ir Porous and in Jointed Porous
Media o ' ' :

Porous Media

Consider a reasonably homogeneous porous medium, shown
schematically in Fig. C-1, which has average effective .
porosity ¢ and grain density Pg. Assume that the physical _
and chemical properties of the rock can be considered uniform
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 reversible processes such as adsorption or ion




Table C-1
DEFINITION OF TERMS

Symbol Definition

e métrix pordsity (*)

Pg grain density (g/cc)

C radionuclide concentration in floﬁihg fluid (g/ml)

q' radionuclide concentration on solid phase (g/q)

Kg sorption equlllbrlum dlstrlbutlon coeff1c1ent ='q'/C‘

, (ml/qg) '

dg rad10nuc11de concentration on surface of solid phase
(g/cc)

q3 local radionuclide concentratlon in soliaqd phase (g/cc)

q ‘bulk radionuclide concentratlon in porous matrlx

- (g/cc) :

v bulk-mass average veloc1ty of fluld (cm/sec),
(1nterst1t1a1 or joint fluid velocity)

v average velocity of fluid in x direction (cm/sec)

X direction of fluid flow (cm) | | w

x/v mean re51dence t1me of fluid (sec) 3

R retardatlon factor for radlonucllde transport in
porous media (*)

€ porosity of rock associated with joints (*)

m void volume (associated with joints) per unit volume
of porous matrix = e/(l €) (*)

Vp volume of plate-like regions of porous matrix (cm3)

H joint aperture (cm) |

2b

joint spac1ng or width of plate- 1like regions  of
porous matrix, (cm) .
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Table C-1 (continued)

Symbo1l - Definition’

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

D molecular diffusion coefflclent of radlonucllde
(cm? /sec)

a tortuosity (*)

De effective diffusion coefficient of radionuclide in

porous matrix = D¢/aZ?K (cmz/sec)

Re effective interfacial resistance to mass transfer
(sec-1)
Rj ‘ ‘ retardation factor for equivalent porous media

approximation = 1+K/m (*)

2 direction of diffusion. perpendicular to rock-fluid
einterface (cm) : :

Mp mass of radionuclide on rock matrix per unit control
volume (g9)
Mp mass of radionuclide in pore water per unit control
‘volume (g)
M¢ mass of radlonucllde in flowing fluid in joint per
: unit control volume (g)-
A radionuclide decay constant (sec‘l)
A .
.C solution to transport equations for A =
a . interfacial area per unit volume of bulk rock = 1/b =

2m/H (cm—1)

to;s » elapsed time requlred for C/Co to reach a value of
0.5 .
g De/b2 (sec-l)
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Table C-1 (continued)

'§ymbdl' ' Definition
2] _ th/v (sec) |
y DeK/b2 (sec-1)
w x/mv  (sec)

7? effective bed length (cm)

g YR (cm)

* = dimensionless variables
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_08_

(A) POROUS ROCK | X (B) JOINTED POROUS ROCK

POROUS MATRIX

(B)

POROUS MATRIX
- Matrix porosity = ¢ o . -Matrix porosity = ¢
Grain Density = g ' Fracture porosity= €

Grain density = p

Volume of plate-— S
like regions of = V_ -
porous matrix p

Plate thickness = 2b

Joint aperture = H

Figure C-1. Schematic Diagrams of Porous (A) and Jointed Porous Rock (B) .

Coordinate system is same for both diagrams. Origin for z
coordinate is at center of block.



exchange, and let fluid-phase concentrations be sufficiently
diluté so that sorption can be represented by linear isotherms
of the form q' = KqC. where C, Kg., and q' are the

radionuclide concentration in the flowing fluid, the sorption
equilibrium distribution coeff1c1en; 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: The interstitial fluid velocity profile can
be approximated by the bulk mass- -average
_ pore fluid velocity V.

Assumption B: The cross section of the pores is
R sufficiently small so that the radionuclide
concentration in the pores can be
considered cross-sectionally uniform.

Assumption C: . Local sorption equilibrium exists between
' pore water and mineral phases. '
f
When these conditions obtain, then for constant-valued
parameters,. the basic equation describing radionuclide
transport. is the material balance for the flowing fluid

= . decay : _
%% % VC = terms for {_reaction ‘ (C-1)
: dispersion

where R is the retardation factor given by -
R =1+ (1L -¢)PsKg/¢, and it is assumed that essentlally
all pore space is available to fluid flow.

Jointed media.

Now consider a jointed. but otherwise reasonably
homogeneous, porous medium which has porosity ¢ and graln
density PS associated with the bulk porous matrix and has
porosity € associated with the joints, as determined from
joint aperture H, orientation, and spacing 2b (Figure C-1b).
. Let fluid flow occur primarily in the joints, and convective
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radionuclide transport in the bulk porous rock be'negiigible.

Let the joints be linear, have rectangular cross-sections. of
approximately uniform dimensions, and have constant and

' continuous physical and chemical properties. Furthermore,

assume 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 V.
Again assume that the radionuclide concentration @ only ‘

‘results from dissolved species. Also assume that radionuclide

retardation, relative to convective transport in the joints,
is due to molecular diffusion in the pore water and
simultaneous sorption by the solid phases of the bulk rock.
Again let sorption of radionuclides by the rock 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'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 to 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 the 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: Joint apeitures are sufficiently small so

that in the joints., diffusion of
radionuclides in the fluiad phase can be
approximated as a quasi-steady state
process which is represented by a linear
driving force expression. '

Assumption Cl: Local sorption equilibria exist at the
- interface between flowing fluid and bulk
rock and between pore water and solid
phases of the porous matrix.



When these conditions obtain, then for. constant-valued _
parameters, radionuclide transport can be described by the
follow1ng equations: ‘ '

(material balance for the fluid in the joint)

: decay
0 —1 q .
—as .vcC + % gt = terms for {reactlpn (C-2)
' - ' dispersion '

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

09 _ 1 - _/K) = te -{decay |
ot Rf (C ﬁqs/K) = terms for - -.reactionl (C-3)

(material balance for the bulk roek)-

'. aqi-

2 _ decay
"ot " PVig; = terme for {reaction . ‘C_q)
where .
- v—l [ | - (C-5)
P V '

The terms in these expre831ons are defined in Table C-1' and
‘Figure C-1. .Da is the effective radionuclide diffusion
coefficient for the bulk porous rock: K is the bulk sorption
distribution coefficient between porous matrix and external
solution: m is the void volume (based on joint aperture,
orlentatlon, and spacing per unit volume of porous matrix;

- Rg is an effective interfacial resistance to mass transfer;
4j is the local concentration in the' porous rock: dg is

the value of g3 at the 1nterface between matrix and flowing .
f1u1d -and the Laplacian V is defined in a coordinate
system convenient for describing diffusion in porous rock.
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C.3 Egquivalent 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 aperture H, joint spac1ng
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 Assumptlons B and C respectively. These
equivalent porous media assumptions can be stated as

Aésumption‘BZ: . Radionuclide concentrations in the‘fiowing,
: : C ‘ fluid can be considered approximately
cross-sectionally uniformn.

Assumption C2: The bulk rock can be considered
' .~ approximately-to be in local sorption
equilibrium 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 R; to be used in the equivalent porous '
media.equation is also developed.

"Criteria fOI equ1va1ent DOL’OUS medla approx1mat10n

Flow1ng fluid

Let x denote a spatial coordinate in the direction of
bulk- fluid motion, and let D be the radionuclide diffusion
coefficient (assumed constant) for dilute aqueous solutions of
the nuclide. A criterion for. approximately uniform radionu-
clide concentrations in the flowing fluid is that the average
‘residence time x/v for the flowing fluid is much greater than
the relaxation time for a concentration gradient. The equi-
libration time for a plane sheet which has thickness H/2 and
one face maintained at a constant concentration is approxi-
mately H2/4D (37) and should be a reasonably general esti-
mate of the relaxation time for a concentratlon gradlent. The
desired criterion is then x/v >> HZ/4D or x/v 2 A HZ/4D, '
where Ay is an appropriate constant, on the order of 10 to
100. In previous analyses (34, 35) of specific cases in
jointed porous rock, the precedlng criterion was derived using
the solutions to the transport equatlons for porous rock




The value of the ‘constant A; so obtained varied between 23
and 24. Therefore, a reasonable criterion for approximately
cross-sectionally uniform radionuclide concentrations in

the flowing fluid should be - :

X/V > 6H/D . (C-6)

For the bulk rock to be approximately in local sorption
equilibrium with the fluig flowing in the joints, radionuclide
concentrations in the plate-like regions must be nearly cross-
sectionally 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 > blee. However,
diffusion of radionuclides into the 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 concentrations in the bulk rock

‘are indeed nearly uniform, then the radionuclide residence

time would be greater than the fluid residence. time by a
factor of Rs;, the retardation factor defined below for
jointed media. Then the preceding criterion can be stated in
less restrictive form as - :

Rj -x/v>>b2/De or X/v > AzbZ2/RjDa.

where A, again is an appropriate‘constant,‘on the order of 10
to 100. It is shown later that - ‘

RjDe = KD¢/m = ¢D/a?m =¢D(1 - € )/aZ3e,

and that a typical value for Az would be about 50. There-
fore. a reasonable criterion for approximate local sorption

equilibrium should be

2 2 2 : o
X mb~ o € . b~ .
v 250 g— = 50 p ( ) D - (c-7) .

-85~




Retardation factor for‘equivalent porous media approximation

By definition, the interfacial resistance Rg¢ to mass
transfer (Eq.C-3) is proportional to the fluid phase
concentration gradient perpendicular to the interface between
bulk rock and flowing fluid. As that concentration gradient
decreases, the resistance Rf¢ decreases correspondingly, and
for sufficiently small gradients, that is, nearly cross-
sectionally uniform concentrations in the joints, Eq. C-3
reduces to dg = KC. Furthermore, for approximately cross-
sectionally uniform radionuclide concentrations in the bulk
rock, Eq. C-4 reduces to dj ~ a constant, which implies
9s ~_4j. and Eq. C-5 reduces to g ~ qj. which implies
9.~ KC. Then, Eqs. C-2 to C-5 reduce to '

decay
C = terms for ‘'reaction V (C-8)
) I dispersion

+

m,w
ile
<)

—
-
s

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

, An expression for the retardation factor-Rj for jointed
- - porous media can now be derived in terms of measurable
fundamental parameters. In general, a retardation factor can
be defined as the ratio of the mass of solute in the :
rock-water system to the mass of solute in the fluid in a unit .
control volume. In a jointed porous media this definition can

be expressed as: ‘ \

5= m f =r p f S T (C-9)
| Me Me |
where:
Mg = mass of radionuclide in water in fractures in a
o unit control volume o
My = mass of radionuclide in the porous matrix bound
by fractures in a unit control volume '
My = mass of radionuclide éo:bed onto solid phases of
' porous matrix in unit volume -
Mp = mass of radionuclide in pore water of porous

matrix in unit volume




When the 1local equilibrium assumptions defined above obtain,
then: . .

-
m .
[}

€ C . unit volume
Mp-= ¢C- (1 -€) . unit volume
My = (L - @)PzKaC - (1 - €) - unit volume

therefore:

‘R, = €C+ [(1 -9)PK.C +®C] (1 -¢)

R. =1 + (1 - e).. [qb(l + p (L ;¢) Kd)} . (C-10)

which is the desired expression.
The griterion in Equation C-7 can now be derived.

By definitidn:

K=9¢R = ¢+ (1 - ¢>)9st
m=¢€/(1 -¢€)
therefore, Ry = 1 + K/m . S (C-11)

Now, if most of the porosity of the bulk rock is avail-
able to radionuclide diffusion, and if surface diffusion
at the mineral surfaces is negligible, the effective diffusion
coefficient Dy for porous rock often is defined by
De = D/@?R or Dg = D/a2[1 + (1 - @)PgKq/Pl.
where a2 is a tortuosity factor for the porous matrix.
Furthermore, for most jointed media, the porosity ¢ associated
with the joints will be relatively small and much less
than ¢ . Sincem =€/(1 -€). K/m > 1, and Rj = K/n.
From the definitions of K and D, it then follows that
RjDe =¢D(1l - €)/€0?,as mentioned in the preceding
section. Since x/v.> 50b2/R;Dg, Equation C-7 can be
easily derived by substitution:
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c.4. Cr1ter1a and Retardation Factor Derlved from Solution of
the Transport Equations

A In this section the precedlng principles are illustrated
‘using the transport equations for a specific flow system.
Consider transport of a radionuclide through a uniform,-
jointed porous medium illustrated in Figure C-1b. TLet the
nuclide be initially present in the inventory but not
, subsequently generated as a daughter product. Let flow in the
joints and diffusion into 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 convective transport.
Let x, Y. and z be rectangular Cartesian coordinates where X
is again parallel to flow and z is perpendicular to the
" interface between flow1ng fluid and bulk rock. For relatlvely
- uniform joint spacing, Egs. C-2 to C-4 then become

ac 8C 1 8q L‘ | |
ot " Vox *mot - "X -q4d (C-12)
- ‘6 1 SBY - aa |
P 2 4
9 _p 995 . _yq. , . : (C-14)
e i )
at 2 : o
oz

where q = 1/b J.hqidz: A is the radionuclide decay constant;
and appropriate®initial and‘boundary conditions are as
follows: C(z,0) = O for z 20; C(O,t) = 0 for t < 0, and
c(o, t) = coe'>‘rt for t > 0: ql(x 2,0) = 0 for 0 <z < b

and X 2 0; 595(x,0,t)/0z = 0 for x 20 .and t 2 0.

Solution of transport equations

If, for the above initial and boundary conditions, C q,
and 61 are the solutions to Egs./c-12 to C-14 for A= 0, it '
can be verified by direct substitution that for A >0, the
solutions to Egs. C-12 to C-14 using the above initial and
boundary conditions are given by C = Ce-At, g .= §e—At, and
qi = ﬁie‘Xt. For A= 0, details of the method of
solution are given by Rosen (38, 39) for the analogous
equatlons for flow around spherlcal 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 perpendicular to the
fracture was limited to a finite penetratiocn depth. By
substituting the appropriate expression for m, that is
" €/(l1 - €), 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-1b. The resulting solution is in the form of an
infinite integral which requires numerical evaluation.
‘However, for sufficiently large values of x/v, the integral
approaches -a relatively 31mp1e asympototic expression. In
particular, if x/v > 50 mb? /KDg. then

W ' (C-15)

whére' 0= Dg/2b2; @=t - X/V: ¥= DgK/b2; W = x/mv; _
g YRf It should be noted that the expre351on x/v 2 SOmbz/KDe
is equlvalent to yw 2 50.

Derivation of numerical criteria for assumption B2

For g/yw = a constant >0 and sufficiently large Yw, the
argument of the error function in Eq. C-15 becomes A
- [(206/7w) - 11/2(g/yw)1/2, and at a given value of g/yw, C
"depends only on 'the ratio 06/¥Yw. It then can be seen by -
- analogy with Rosen's discussion (39) that for Yw 2> 50, the:
‘'shape of the breakthrough curve C(6,w) is relatively
unaffected by values of g/¥Yw <0.0l. This implies that a
criterion for approxlmately cross-sectionally uniform
concentrations in the flowing fluid would be
g/yw = Reg/w £ 0.01, or x/v 2 100 mRe.

"We can now obtain the criterion in terms of fundamental
properties of the bulk rock from Equation (C-13). In general,
at the interface between flow1ng .fluid and bulk rock,

8q/6t = -aDdCj/9z. The term a is the interfacial area per
unit volume of bulk rock; C; the local radionuclide.
concentration, and C in Egqs. C-2 and C-3 should be defined
more precisely here as the average value of C; for the cross
section of the joints. The ternm 8C3/08z generally
monotonically decreases nonllnearly from its value at the
fluid-rock interface to a value of zero at distance H/2 from
the interface. The value of 8C3/6z at the interface then
would be at least twice the average value. We can obtain
expressions for m and a in terms of b and H by referring to




'Figure C-1b. For the bulk rock:

me—€ =HCEN? B - (c-16)
1l -¢ (2b§ 2b - 4
_ interfacial area = 2-(2b)2 -1 _ 2m (C-17)
" unit volume (2p)3 " b H

If the average of -3C. /52 is,apprdximated by (C—qS/E)/(H/4).
~then at the interface? ' ‘

8Cy/0z 2 2(C - qs/E)/(H/q) - . (c-18)

99/6t 2 8aD(C - q /K)/H = l6mD(C - q_/K)/B?  (C-19)

From Eq. C-13, if j = g

| 89/0t = (1/Rg)(C - q /K) 2 16mD(C - q_ /&) /u> (C-20)
therefo;e
mR. < H°/16D. | -~ (c-21)

The criterion for approximately,Cross—sectionally uniform .
concentration in the flowing fluid can now be written as
X/Vv > 100H2/16D or x/v 2 6H2/D, which is identical to Eq.
C-6. _ .

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

The right side of Eq. C-15 is symmetrical about the value
of C/Cq = 0.5. For a given value,of t, tg_g; is defined
as the elapsed time required for C/C, to reach a value of
0.01, and to.s5¢ tpo.99. and 90.5 are defined :
analogously. For sufficiently small radionuclide
concentrations gradients in the joints (i.e. Assumption C2),
RfF— 0 and g = YR¢ = 0. From Eq. C-15 and appropriate -
values of the error function, therefore :
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0.99 . 0.0l = _ 6.6 (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 é/Co = 0.01 precedes the value of é/C0 = 0.5,
and the interval by which the value of &/Cy, = 0.99 trails,

become small relative to 6o g5 or (tg.g - x/v). For

example, when Yw > 50, the intervals are about twenty-five
percent or less of 63 g. Furthermore, from Eq. C-15 when
C/C0 = 0.5, the argument of the error function is equal to
zero and 200g ,5/Yw = 1. Using the definitions in Table C-1
we obtain: A :

to 5 = (1 + E/m)x/v : " (C-23)
and 1f-vo.5‘= X/to,s' then:
- 1 s ; ; i -
VO.S = v/(l + K/m). | (C 24)
and '
R. - v .14+ K/m \ (C-25)
] v :

0.5




bwhlch is equivalent to Eq, C- 11  Therefore. as YW becomes

large, é(x t) approaches é(O t - ij/v) and C(z.t)

" approaches e Até(o t - R, x/v) which is the solution to
the corresponding form of_Eq. C-1.

v o€ . _ 2 . . (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 tg_g probably is not serious, and values. of
Yw 2 50 should be sufficiently large for Egs. C-12 to C-14 to
be approximated by Eq. C 26. Furthermore, the criterion

YW 2 50, or x/v > 50mb2/KDg, is the same as that given by
Eq. C-7 for approxlmate local sorptlon equ111br1um between:
bulk phases.

.C.5. Discussion

Application of equivalent porous medium criteria to the

hxpothetical tuff site.

The criteria described for Assumptions B2 and C1 .
(Equations C-6 and C-7 respectively) were evaluated for the
welded tuff units of the‘hypothetical repository site.
Equatlon C-7 can be written in terms of the parameters 11sted
in Tables 2 and A-1 as

X/v > 50°(1/N?D)- (a2/¢)- (e/l €) = Ay - (C-27)
’where' |

ionic diffusion constant
tortuosity _ _
- path length in fractured media
Darcy velocity + fracture porosity
= matrix porosity of unfractured blocks
.grain density of rock
fracture porosity = 2NH for our system where
N = fracture density:; H = fracture aperture

"D H <K QD
| N | A [ I | S | IO | S |
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" The crlterlon was evaluated for densely and moderately welded
tuff units, for individual 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 (A3). The results are presented in Table

c-2. |
' Table C_2
Az _max | Az _min : A;ymedian-
x 200 £t 200 ft _ 100 £t
€ 6.4x10-3 g.8x10-6 . . 1.3x10-4
¢ o;osv ' 0.10 . . 0.06
N 6.5 ft-1 ',ou27 £ft.-1 1.6 ft.-1
K 60 ft/day ~  4x10-5 ft/day‘ 4.2 ft/day
i o 4x107Z Jlxlo 2 : 2x10-2 |
v o ~' 375 ft/day © 0.045 ft/day:' '~ 0.646 ft/day
X/v 6.533 day = 4.4x103 day 155 day
_A3 ‘ ' 0;19.day : - 0.045 day | '0.d3ljday
where:

i = vertical hydraulic gradient
D = 10-5 em2/sec = 3.39x10-1 ft2/yr
a=1.0

K = hydraullc conauct1v1ty 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 2R3 holds for the conditions encountered at the tuff
site. : -

The criterion in equation C-6 can_also. be evaluated from
the above data. The condition x/v 26H2/D is equivalent to

 X/v Z0.6 sec., when an average -aperture with H of 10 microns

and D=10"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 and C-7, for
approximately cross-sectionally uniform radionuclide
concentrations 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 Kgq for sorption equilibrium between
-pore water and mineral phases, the tortuosity factor a. grain

density pg, 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 ¥, and
porosity € associated with the joints. The last parameter is
determined from joint aperture, orientation, and spacing.

In terms of parameters evaluated from laboratory data,
the distribution coefficient K3 and the ratio D/a2
generally dominate Eqs. C-7 and C-10 and also involve the
greatest uncertainties. For very porous rock and for
chemically-simple radionuclides, evaluation of Kq and D/a2’
is not difficult. However, for rock having very “tight®
porosity and (or) for chemically-complicated radionuclides,
much laboratory and analytical work is required to determine
appropriate "effective" values. 1In 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 uncertainty,
which correspondingly affects evaluation of €. Evaluation of
the average fluid velocity Vv involves many uncertainties which
can substantially affect use of Eqs. C-6 and C-7.
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ABSTRACT

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 demonstra-

ted. Other sources of uncertainty resulting from inter-
pretation 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 poten-

tially serious consequences; however,.these could be miti-
gated 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 radiocactive 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 [1]. The Nuclear
Regulatory Commission (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 support NRC, 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 applica-
tions for license to construct actual repositories.

" The Department of Energy (DOE) is also involved in
that it selects actual sites for geologic repositories
and submits applications to construct them. - To determine
their suitability for waste disposal, the DOE is investi-
gating basalt and tuff flows, bedded salt and granite for-
mations, and salt domes. Some of these geologic forma-
tions are being characterized, 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
. requirements 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 detailed analysis, we used
the results of risk analysis methods development programs
at SNL [5]. 1In .that work a number of scenarios were iden-
tified that may be important in understanding risks from
real repositories. Most of those scenarios 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
mlgratlng radlonuclldes.

After conslderlng ‘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 an
extended 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 accessible
environment over a short period.

II. The Draft EPA Standard

The EPA assumes that natural or man-induced disruptions

will cause the repository to release some radionuclides
and 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)):

' Q. .
EPA Sum = 3, —— (1)
where: - .Q; = total integrated release of radionuclide i
EPA- =

release limit for radionuclide i.

-The sum over i includes all radlonuclldes present 1n

- the waste. .The proposed release llmlts are listed in

Table 1.

A more detailed discussion of the draft EPA Standard,

its - 1nterpretatlons 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 aqulfer that may
be contaminated by radionuclides at a distance of 1 mile
from the perimeter of the underground fac111ty."




Table'l

Release Limits in the Draft EPA Standard.

'Radionuélide : ' : ‘ Release @imit
Americium;24l.— - - = - e e m oo o | 10
Americium-243 - - - - - - - - - - - - - - 4
Carbon-14 - ; i ,-— 200}‘
Cesium-135 - - - - - e - - - - 2000
Cesium-137 e T 500"
Neptunium-237 e T .20
Plutonium-238 oo -~ == - - 400
Plutonium-239 - - - - - - _ - _ - - - - lObl
Plutonium-240 - = - - - - - _ _ _ .5 - - 100
Plutonium=-242 = - = -~ = = — - _ _ _ _ _ 100
Radium-226 - = - - = — - - _ _ -——--- 3
Strontium=90 - - - = - _ _ - _ _ ---- 80
'Tecﬁﬁetium—99 e e e oo 2000

Tin-126 - - - - - - - s - o - - .- . o 80
Any othér alpha—eﬁitting |

radionuclide - = = = - ~ = — _ S 10
Any other radionuclide which'déés

not emit alphé.pafticles - - = - === 500




III. Sequence of Discussion

Below we will discuss our ‘findings as follows:

1.

5.

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,

Scenarios ~- such situations or potential states
of the repository that may lead to release of
radionuclides -- and their probabilities of
occurrence, ' ‘

Models -- description and details of their
application to this analysis,

Required geochemical data,

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

As we discﬁss our findings, we are assﬁming that the
reader is familiar with the problems of disposal of radio-
active wastes and the methods developed. at SNL to address

them.



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 geolodic, 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 south 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 0.0%g,
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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Site (Plan View)



(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 Precambrian 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 PSA, which ranges in thickness
from 550 to 850 feet and consists of siltstone, sandstone,
salt and anhydrite. Unit PSA 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 0,

. which overlays Unit D, is between 50 to 300 feet thick
‘and ‘is the major unconfined aquifer in the area. The
ma jor constituents of Unit O are 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 takes 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 total 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 potential
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 D), are recharged at a rate of between 0.2 and
1.0 inch/year, but discharge along the eastern margin
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 .0 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 % Thickneés_
0 . 50 - 300 silt 45
. , clay :
‘sand . :" . 50
grave;
caliche . <5
‘D 300 - 900 ' shale 30
‘ Clay
siltstone 7
sandstone 60
conglomerate
limestone <3
psa - ss0 - 850 dnhydrite T
| clayétone | 8
salt | 23
mudstone 22
siltstone ‘ 28
sandstone: lé
(Cont‘dY




Table 2 (Cont'd})

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

Unit Thickness (Ft) Lithology % Thickness
sA 1000 - 1200 dolomite 13
'anhyd:ite 22
) ciaystone ' 5
salt - 59
—mudstone
siltstone <1
- sandstone
CF 1750 - 2050 dolomite <5
anhydrite ' 20
| ‘ T ' E - » claystone 'iS
i o . |  salt . 50
‘ mudstone s
siltstone ‘ 5
sandstone <1l
wp 2300 - 4200 limestone 55
sandstone k 9
claystonel | 36

shale




" driving horizontal flow within Units O and D. Vertical

per mile. This results in a head gradient of 2 to 10 x 1073

gradients in Units O and D are downward and small in magni-
tude. The dispersivity of Units O and D is small, less than
100 feet, and typically tens of feet.

Unit WP recharges very slowly —-— much slower than the

~shallow aquifers -- a few hundred miles west 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 ver year.

Its hydraulic gradient garies between 10 and 30 feet/mile,
i.e., from 2 to 6 x 10”2, 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 o \

The DOE has conceived a design for a subsurface
facility where nuclear wastes can be emplaced [8-10].
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 corridors, which are

18.5 feet (wide) by 19 feet (high), will also be calculated

as being 15 feet (high).
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Table 3

HYdraulic Properties of Geologic Units,
Bedded Salt Site*

Horizontal Vertical .

Hydraulic Hydraulic

. Conductivity Conductivity Porosity
Unit (£ft/4) ' (ft/4) - (dimensionless)
0 425 . 0.4 -3 0.1 - 0.2
D 0.4 - 2.5 | 0.04 - 0.25 0.05 - 0.1
PSA 1072 - 10~2 1076 -~ 1073 0.01 - 0.05
sa 1077 - 1073 1078 - 1074 0.001 - 0.01
CF 107% - 1073 10-7 - 1004~ 0.005 - 0.05
WP 1075 - 102 1076 - 1073 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 waste 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 (Table 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 = 0).
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 T i
inventory: -1/204,000, that is, 4.9 x 107©. ‘
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Table 4

Radionuclide Inventories* (Ci) at Time of Closure’(t

Half-
Life
Radioisotope (years) A Ci at t=0
Pu240 6.76E3 ' 4.6E7
U236 2,39E7 3.2E4
Th232 - s 1.41E10 , 3.2E-5
Ra228 6.7 9.0E-6
Cm245 » 8.27E3 3.3E4
Pu241 - 14.6 4.4E9
Am241 . 433. ' 2.0ES8
Np237 2.14E6 | 4.0E4
U233 ' 1.62E5 ' 8.0
Th229 7300. . _ 1.2E=-2
Cm246 . 4710. 6.6E3
Pu242 3.79E5 ' - 1.3E5 .
U238 ‘ - 4.51E9 - 3.0E4
Pu238 - '89. . 3.1E8
U234 2.47E5 1.0E5
Th230 ) 8.E4 . 16.8
Ra226 - 1600. 8.1E-2
Pb210 21. 1.8E-2
Am243 ] 7650. . ' l1.7E6:
Pu239- 2.44FE4 3.2E7 .
U235 7.1E8 - 1.6E3
Pa23l 3.25E4 : 3.4
Ac227 . 21.6 : . , 1.4
Tc99 2.14E5 _ . 1.3Eé6
I129 ' 1.6E7 3.0E3"
Snl26 1.0E5 : 5.2E4
Sr90 28.9 . 4.8E9
Cl4 5730. : 4.8E4
Csl1l35 2.0E6 ' ' 3.3E4

Cs137 o 30. o 6.7E9

*Inventories correspond to 86,000 metric tons
of heavy metal

0)




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 penetratlon.

In all cases, the sealed repository is v1olated either
‘"because mineshaft seals fail 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
. 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 slowly —-- a few inches per

year -- we will ignore it as a source of groundwater or a
migration path. -

Wells sunk into Unit WP could shorten the path of
radionuclides 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 of 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—mechanlstlc probablllty
of thelr failure. Thus, we assume that:

~16~-



Probability of 1

shaft seal failure = 0.001
‘at 1000 years s

For ourvcalculations, 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 D) 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 (Flgure 4).

- The vertlcal conduits could be formed along former
mine shafts leading to the repository whose seals had
failed. Another possibility would be an inadvertant 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 repository. The difference is
caused by the water flow1ng horlzontally through Units O
and D. ‘

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 D is 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~ /year. This rate is relatively low for
drllllng into strata containing bedded salt [4]. However,
it is a reasonable value con51der1ng 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

-17-
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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 radionuclides, there is a
minirmum 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 Unit O, 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

4 (arT)Pe ~ AT
P(n) = X . (5)
' n.

where: NT'=<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 value of AT by the ratio of

the target area to 3,000 acres.
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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
types of vertical conduits (Figure 4) will be considered.
In all the U-tube scenarios analyzed, the vertical conduit at
the rlght in Figure 4 will be assumed to be formed by one
or more 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 more boreholes in the other. 1In the
discussion that follows, probabilities for these scenarios
will be given. In order to describe the hydraulic
properties of the vertical legs, conditional probabilities
will also be needed to describe the number of boreholes
that 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 are separated by at
least. 11,500 feet. The. 51ze of the target area (Flgure 3) is
approximated as: : .

Area = (17,000 - 11,500) x 8,600 feet2 = 1,086 acres.
Thus, we scale AT appropriateiy to get ( AT)':

S 1,086 Acres ,
(AT)' = AT = 1.09 (6)
-3,000 Acres '

. Using Equation (5), P(0) = 0.34 and the probablllty
‘0of one or more holes penetratlng the target is

Py, = 1-0.34 = o0.66.

Therefore, the probability that Scenario 1 will occur L -
is: - . - ' _ |

_ | ' | . =4
.Pl-— Pshage * P >3 = 0.001 4 0.66 = 6.6x10 (7

=20-




We can now use Equation (5)Ito.generate a conditional
brobability, Pc(n) distribution on the number of bore-—
holes in the 1,086 x 15 percert target area:

n 1 2 .3 4 5 6 7. >8

Pc(n) 0.56 0.30 0711 0.03 0.0l 0.0011 l.7x10—4v 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 separa-
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 for thefboreholes.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 AT gives us, ' '

533

TY' = . :
(AT)' = AT 3500

- =0.53. ' (8)

The probability that there will be no boreholes in
a target area that is 15 percent of 533 acres is 0.59
[Equation (5)], so that the probability of one or more
borehole at each end is: ' '

P, = (1 - .59)% = 0.17. o (9)
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. However, in order to perform our calculaticns, 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

P.(n) .7549 .2031 .0364 .0049 .0005 .00005 nil.

Scenario 3 -- Water originates in and returns to
Unit D. One Ieg 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 1 and 2.
However, we do not adjust for target area and instead use
AT = 3. Using Equation (5), we calculate the probability
of one or more boreholes penetrating the target area as
P>; = 0.95 so that the probability of this scenario
occurring is:

. _ - -4
P3 = Pgrape % P> = 0.001 « 0.95 = 9.5x10 (10)

Thus, the conditional probability distribution on the number
of boreholes is: :

n P.(n) » n . Pofn)

1 0.16 6 0.05

2. 0.24 7 0.02

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 AT is needed and we use
AT = 3. By using Equation (5), we cdlculate the prob-
ability of two or more boreholes penetrating the target

area as.P,, = 0.80 = P,. The conditional probability of
distribution is ‘

a Pe(n) | 'n | Po(n)

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 nii.
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: Since we cannot assume Unit O to 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 seal 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, P.'

1
Py' = 1/2 Py (1L - 1/2 P,)
Py' = 1/2 P, (1 - 1/2 Py)
Py' = 1/2 Py (1 - 1/2 By)
Pyt = 1/2 Py (1 - 1/2 Py)

In summary, the probability assigned to each scenario,

Pi', is:
Scengrio . P; S ‘Bi;
1 .00066 .00030
2 .17 .0850
2 .00095 .00029
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 sur-
face. ' -

.In the scenarios previously 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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" waste canisters with that of the facility.

this penetration scenario. Each borehole will have a fixed
pProbability of making a "direct hit" on a canister. The
probability is determined by comparing the area of the

. Since there are 204,000 canisters, each with an end
area of 1.15 foot?, any drill bit penetrating the back-~
filled repository has a probability of hitting a canister
of B ' -

, 2.04 ; 105 canisters 4 1.15 foot2/canister
: 15,370 feet , 8,600 feet

1.8 , 1073

For n boreholes, the pfobability of W direct hits will

be given by a binomial distribution, o

n!

o . . o
P(N,n) = - Ppit (1-P i)™ 0< N < n. (12)
N! (n-N)! hl\ Lt . T T oo
Thus, the probability of N hits is:
e - : _
P(N) = ZN p(n) * B(N,n) a3
n= . N ; .
X (am)t - T ni’ |
- 2 — . — Pyt (1= Ppy)™N
n=u n! N!(n-N)! SR
)
where AT = 19
and P, ., = 1.8E-3

hit

: A more detailed analysis of this scenario might‘include
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 penetration

We have not had time during this study to 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 1 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, A . Each brine pocket is spherical with a
cross-sectional area, a, projecting to the surface. Ve
assume that the ratio of total brine pocket area, Ma, to

Am is a constant, a, i.e.,

Ma = aAm.

The constant @ then gives the probability that a randomn
drill bit will penetrate 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 laver, we will assume that

@ =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. Reference Area, A§' Containing M Spherical
Brine Pockets. (Each brine pocket has a -
projected area, a, at the surface.)
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VI. ComputefAModels (HWFT/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 WFT/DVM

model [14] developed at SNL for the NRC. For the pen-
etration scenarios, we used more simplistic models.

A. The Groundwater Transport Scenarios (NWFT/DVM)

This model is used to calculate time-depeéndent
discharge rates of radionuclides into the accessible
environment for the four groundwater transport scenar-
ios. Figure 7 shows the simple network of points and
distances used in the calculations. In the figure, "/"
indicates the length between junctions at elevations,
"d"; and "p" .is the hydraulic pressure of the aquifer.
The numerical values assigned to the /'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 leg, f, represents 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 correlation 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
and has an 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 circuit".
‘Depending on the source model (see below),Swe Bssign an
end-viéew, 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.

Index, i:  1° 2 3 4 5 6

lengthé, 1y (feet)

1 100,000 17,370 5,280 2,000 1,878. 17,370

a

jel o0

E.G' . S

& o 2 102,000 15,370. 5,280 1,986 1,878 15,370

N O ’ ’ .

Q0 ; ; -

K . : _ .

s 3 100,000 17,370 5,280 1,500 = 1,378 17,370

g L . . ' s

£ 0 A _ :

3 : ’

0 4 102,000 15,370 5,280 1,486 1,378 15,370
8 _ T |

Elevations, d; (feet)

& 1 85 . 159 37 0 . -1,841 -1,841

83 -

H 4 3 _ _-
B3 2. 859 145 37 0  -1,841 -1,841

g0 ' — " '

136 L o |

o 3 359 =341 -463 -500  ~1,841 -1,841

g9 — A ' ' _

a ~ _ _ T -
2 4 359 -355 -463 =500 -1,841 -1,841
O , ‘
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Table 6
Hydraulic Properties and Sampled Distributions*
Conductivities are assumed- to-be lognormally distributed.
Porosities are assumed to be normally distributed. ' The

given ranges specify the 0.001 and O. 999 quantlles
of the assumed dlstrlbutlons.

0.001 0.999

Property '~ Quantile: " Quantile
1. Hydraﬁlic Conductivity N o
- (ft/day) of unit O _ 0.15 . 680.
2. Porosity of Unit O 0.1 , 0.2
| ) S :
3.. Hydraulic Conductivity. o
(ft/day) of Unit D . '~ 0.015 - 68
4. Porosity of Unit‘D . 0.05 0.1
5. 'Hydraullc Conduct1v1ty : . , _
._(ft/day) of Falled Shaft 0.05 50.0
6. Por051ty of Failed Shaft 0.05 _ 0.5
7. Hydraulic Conductivity v o
(ft/day) of Boreholes 0.05 25.0
8. Porosity of Boreholes 0.05 . A 0.5

*The references and data ranges supportlng 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 boreholes multiplied by the crosg-
sectional area of the penetrated storage room (262.5 ftz)
Actually, since leg 6 is a "short-circuit" anyway, these
assignments are of little practlcal value, but are a551qned
because the model requires them.

Note that we have con51stently assumed the max1—

mum lateral separatlon 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 makximum
lateral separation is falrly representatlve for those sce-
narios.  For the remaining two U-tube scenarios, the actual
separation between legs 4 and 5 could be smaller. However,
due to the assumptlon of a "short circuit” through leg 6,
the separation defined in the computer model 'is immaterial.

The cross-sectional area of the U-tube legs (142,2 )
" depends on whether the legs are mineshafts (2,000 £t¢) or
boreholes (0.8 foot? /hole) We also assume that the inlet

and outlet pressures (pl and p,) are zero since the aqui-
fers are unconfined. - -

We have neglected dispersivity in our NWFT/DVM cal-
culations. We. feel this is justified since the dispersi-
vity is small for the assumed repository. More import-
antly, the effect of dlsoer51v1ty is to make the leading
edge of the discharge curve more diffuse. Since we are
- calculating time-integrated discharges, we expect little
error from the neglect of dispersion. - The error is lar-.
gest 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 perlod.

In our calculations, we have assumed three models
for NWFT/DVM, each describing a different source of nu-
clide release (Table 7). We Adid not perform detailed
‘modeling of each source; the sources are simply assump-.
tions chosen to demonstrate their efficacy. :

Source #1 -- This source complles_w1th5the release
rate limit imposed by NRC [2], that is /year of the
entire radionuclide’ inventory at. 1,000 years. We have
assumed that the inventory is homogeneously dispersed
throughout the wasteform so that if Nl(t) denotes the ith
radionuclide in the 1nventory at time™ ‘t, in the absence:
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of release, the release rate of that radionuclide is (lO_5

" to 1077) x M, (t). We assume that the entire waste inventory
is available for transport.’

Source #2 -- This source has the same range as Source -
#1 in terms of release rate, but the amount of waste avail-
able for transport is reduced. Each 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 are 106 storage rooms) . :

Source #3 -- This source resembles Source #2 but. allows
the backfilled rooms to be modeled as a mixing cell where
wasteforms are leached uniformly (Appendix A). The range
of leach rate 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 units (O and D) of the transport
path. The retardation factor, R, is thus given by

(1-9)

14
3 ( ‘)

R = % + Ry P
‘where
P = the assumed rock density (2.7 g/cﬁ3)

¢= the unit's porosity (see Table 6)

_Rd'= the\sorption ratio* (Table 8)

*We use the symbol R; to signify an experimentally-determined
radionuclide distribution coefficient 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 term Kq in its classical sense, i.e., ideal ion ex—
change'equilibrium‘involving'trace constituents.
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Table 7

NWFT/DVM Source Models .

Available
.Praction of
~Inventory

Leach Rate” '

(Release) Leach Rate.

Range (yr"l) Distribution

Leach Limited

Leach Limited .

Mixing Cell

-1.00

# of boreholes’

TOo*

# of boreholes

106%

-34-

1073 to 10_7 Log Uniform

1072 to 1077 Log Uniform

-7

10"3 to - 10 Log Uniform

*106 denotes the number of storage rooms in the repository



Table 8

Sorption Data,
Bedded Salt Site®*

Percentiles of assumed

Element lognormal distribution
0.001 | 0.999
Cm S . 102 103
Am 50 - 104
Pu .30 104
Np 2 ,: . 400
U .01 A 270
Th 103 : _ 10°
Ac 102 ‘ | 103
Pb ' 100 500
Ra . 100 ) 500
Pa 0.01 | 104
Sr o 1.0 A : 2000
Cs 0.01 o 3000
I | 0.00 100
Sn ' 0.01 - 500
Tc | 0.01 o 3

14c i assumed to be completed unretarded, i.e., R;=0.

*Supporting data and references are summarized in Appendix B.
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The LHS method is used to sélect values from the dlstrl—
butions for. each input vector accordlng to the distributions .
given in Table 8. Data appearing in Table 8 are taken

from Reference [16] .and the supplemental information from
the cpen llterature

Solublllty limits are needed for Source #3 to treat
concentration limits on each radionuclide. These data
are presented in Table 9. Elements not appedaring 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 Appendlx B.
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Table 9

Solubility Limits of Various Radionuclides

- The given ranges specify the 0.001 and 0. 999 quantlles of
.an assumed lognormal distribution.

Range of Solubility Limit (gm/gm)

Element | © 0.001 quantile 0.999 guantile-
Pu | 1.68-16 . 4.0E-4
U ' . 1.6E-8 | 3.0E-2
Th S 1.1-9 ' 5.8E-6
Ra V 7.98-12 ' 1.3E-5
Np | o 1.3E-25 " 5.0E-7

_ Pb R 2.58-11 |  4.08-5 -
Pa | 1.48-7 7.2E-4
Sn - 6.3E-17  1.6E-4
Tc . 1.9E-9 . 9.5E-5
sr . 2.2E-6  2.8E-3

- o
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B. Penetration Scenarios

"The penetraticn 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 limits. We obtained the table by
evaluating Equation (1) for the entire inventory. .

Table 10

Repository Hazard Index

- Time (yr) . EPA Sum (Eq. (1))
1,000 . ) 8.3E7"
1,500 R ~ 4.3E6 -
2,000 . : 2.5E6
5,000 - . . 8.9ES5
10,000 ' : 6.4E5

In the direct hit scenario, for example, to use Table 10
to find .the hazard on a per-canister basis, divide 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
scenarios, each is assumed to occur at a time, t

3 where
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. -=< | | - : | | _ - (15) 4

In the "direct hit" case, we assume that a fractlon,

f, = 1/4 of the canlster contents are removed.

Thus, a l—borehole, direct hit occurs at 5050 years w1th

a consequence (Table lO) of approximately,

“Majrect nie = /4 =——— = 1.1 - e)

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 becone

resaturated before the waste. packages fail at 1000 years.
When a waste package fails, its conternts are assumed to be
released uniformly to the entire volume of water in the
backfilled regions, at a constant rate over a period, 7 .
Thus, at time ty, the fraction of wastes that have been

released is £,

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 borehcle No modellng 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,

| N g \/tj = 1000 EPA Sum(t )
C(N) )3 (40>< S ) ( ; ) (17)

brine pocket =1 106

We will assume T = 100,000 years. For example, a one
brine-pocket scenario occurs at tj = 5,500 years and has
a consequence of approximately,

. 5 )
c(1) . _ {1 )/ 4500 OO X 0N 5us
brine pocket | 40/\100,000 106 '

Since both penetration scenarios involve a relatively
small fraction of the waste inventory, we do not consider
them as competing with the groundwater transport scenariocs.
The boreholes that cause them, however, 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 discussed 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. We
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, t., =
for each of the N ‘direct hits. Values from Table 10 were
interpolated at t. to give values of the EPA Sum, as illu-
strated in Equatign (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 é.82E—l 0
1 3.33E-2 ~1.09
2 5.59E-4 3.65
3 6.2GE-6 6.18
4 6.275-8 © 40.40

need

*Contributions with probabilities of less than 10-%
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 pocﬁet penetrations that
release radionuclides. Equation (15) was used to evaluate
ts and the EPA Sum was evaluated according to Equation
(27).  Table 10 values were interpolated to give values

‘at t,. These results are tabulated in Table 12 and the

resufting CCDF is presented in Figure 9. As can be seen
from Figure 9, this scenario, when considered- 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: fractional release of 107° to 10_7/year
S of eéntire inventory, - o

Source #2: fractional release of 1077 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 release rate from the waste
form of 1073 to 10™7 with the waste-

" fraction assumption of Source #2. 1In
addition, we considered solubility 1li-
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
chose 50 combinations of input and calculated an EPA Sum -
(Equation.1) for each. - Also, we chose two additional in-
dependent samples of 50 vectors each to estimate the effects
of sampling error.

. We calculated radionuclide discharge rates for 50,000
years following waste emplacement. - We integrated these
discharge rates over each of the five 10,000-year periods-
and evaluated Equation (1). 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

N P(N)
0 : .942
1 , . .0565
2 .0017
3 . 3.39E=5

~44~

Consequence
(EPA Sum)
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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 repre-
sents an estimate of sampling error associated with the
LHS method. As.can be seen, the sampling error is small
over 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. - ‘ ' ' : o :

The scenarios evaluated with Source #2 (Figure 11) '
result in much lower discharges, and it appears that com-
Pliance is achieved during the first 10,000—year_period.
The results indicate that the magnitude of ‘the violation
is very small. x ' ‘ E '

All scenarios, when evaluated with Source #3, indi-
‘cate ‘that compliance nay be achieved, provided that the
mixing cell assumption can be “justified. As shown in
Appendix A, the release rate with this type of source
assumption should asymptotically 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 release 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. . '

~55=




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 1) [17]1.°

- The results of this analysis indicate the relative
importance of the various data used in the transport :
calculations (Tables 6 through 9). The important variables
determined by this analysis are tabulated here:

Scenario - Source
#1 and #2 __#3
. 1 Ry s (w7
2 | Ry (0),7 BERCIES !
3 o Rg (.7, Ky S (U),7 ‘
4 | Ry (), 7T, Ky S (U), 7

In this £able,
'.Rd(U) = Uranium sorption ratio (Table 8},
T - = Leach period (reciprocal of Table 7).,
'S(U)'='Uranium solubility liﬁit_(Tab;e é),

Kﬁa = Hydraglic_cbnductivity of the upper aquifer,
Unit O or D (Table 6). - ‘L :

The variables appearing in 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 Breakthrough
. % T -
Discharge [ Rate " Time

14

where T denotes the end of the period of interest, e.g.,
T = 10,000 years. : :

~-56-




‘ 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, 7%, 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 break-
through 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., 7, Kus+- The appearance of element-

' specific variables indicates the dominance of the element(s)
in the mixture. '
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VII. Cohcldsions

From the analyses presented here, we can draw several
¢onclusions and make recommendatlons-

® Drilling—related direct—hit scenarios in sedimentary
basins .indicate only slight v1olatlons 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 pockets and low
drllllng 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 de31gns serving to
limit the amount of waste that may mix with the flowing
brine. Refining the description of this scenario
is clearly needed. For example, we assumed that
(1/40) x (1/106) of the entire waste inventory came
into contact with the flowing brine. This fraction .
représents 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 analysis.
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 groundwater 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 1mportance of their centribution.
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 - important assumptlon 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 keep the conduit

- open. We have not investigated this assumption in detail.
The capability to address it with the DNET Model [12]
is currently belng developed.

It should be noted that, in general, we have not
addressed the entire set of scenarios developed in Reference
[5]. 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 rep051tory
. similar to the one we have assumed.

A practlcal difficulty in 1mplement1ng the draft EPA
:Standard is the lack of our ablllty 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.




APPENDIX A

The 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 volume of the
mixing cell. The concentration of radionuclides released
from the backfilled regions is then given by the uniforn
concentration in the mixing cell.. This model can be
calculated analytically for a single stable species.

- Let
vV = mixing cell volume,

C = radionuclide’ concentration in water in the mixing
cell, } o ‘ : '

L = rate of radionuclide input into V' from waste form

leaching, ‘
and, Q = rate of water flow thrOugh V.

‘In the miiing cell model we assume the leach rate, L, to

be given as a constant fractional rate, Ar,» of ‘the initialv

inventory in the waste forn, NS,

L =7, Ny

The contaminant concentration in the mixing cell is
described by : :

v L - qc
it
If we let
)\o = Q/V

(A.1)



the solution of A.1 is
' - At ' . o ‘
c(t)‘=_1;.<1—,e - > : (A.2)
Q S : :
For small t, .
tL
C t = —_— -
(t) v

.Thus the'cdncentration of the radionuclide increases
linearly from zero.

The asymptotic release rate QC can be obtained from
Equation (A.2) with t-— oo: : ' ‘

OCoo = L

ot

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 rate.

For decaying radionuclide chains, this model is
implemented numerically in NWFT/DVM according to the
compartment model shown in Figure A-1. -
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Figure A-1.

Implementation of the Mixing Cell
Source Model for NWFT/DVM '
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Radionuclides remaining 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. Then, transfer to Compartments
N may occur directly along the dotted paths of Figure A-1. -

Horizontal transfer between radionuclides compartment,

i, and compartments i + 1 or i - 1l represents decay and
production. :




APPENDIX B

Geohydrologic Data for Bedded Salt
Table B-1

Ry Ranges in Aquifer* (Bedded Salt)

Radionuclide Média** 'Rd Range (ml/g) References
a 50-1,000 40,41,59,60,74,77
Am : .
b 700-10% 20,21,28,33,34,37,
40,41,53,69,74
a 300-3,000 24,40,48,55,56,58
' 60-63,76,77
Pu
b 30-104 ~ 20,21,24,28-32,37
41,53,54,69,76,77
a 0 I 57
U
b 1-270 26, 27, 33, 34, 41
a - 2-40 ‘ 41,58,60,61,74
Np :
b 2-400 20,21,41,59~-61,74
a -~ 0-100 19,22,34,51,52,59,60,
Fission ‘ : 64
Products (Cs) ' .
b 70‘3,000 20121124128130,33,34,

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) ‘

-Quartz and clean sediments;

b-dirty and clayey sediments.

**a
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TABLE B-2

Bedded Salt Hydraulic Parameters

Range of Data

Parameter Range in Table 6 Reference Explanation
and/or Main Text in Available
Ref. ;
Condhctivity in . 0.15-680 9.4-37 - 81 A range of 4-25'(0.25-0.75
Aguifer (ft/day) 8 ’ 82 quantiles) was expanded to
0.15-680 to represent
0.001-0.999 guantiles
Porosity in 0.1-0.2 0.1-0.2 83,84 NA

Aquifer

Gradient in
Aquifer (ft/ft).

loE_4 - l.E—Z

2.E~-3
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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 Protection
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 models are simple, it is felt that
they can be used in preliminary investigations of topics
“in hlgh 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 Env1ronnental Protection
Agency Standard is based.
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1.1 Preliminary Comments

1. Overview

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

(SmB1). Table 1-1 contains a synopsis of the population

. 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 fatal-
ities) 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 limit per 1000 MTHM

-over a 10,000 year period was obtained by dividing 10

Releases to surface water are probably the most
likely, tended to dominate nealth effects in the Environ-
mental Protection Agency calculations shown in Table 1-1,
and were used in the derivation of the broposed standard
given in Table 1-2. For these reasons, it was decided
to examine the calculations related to the surface-water
exposure pathway. Specifically, it was decided t0o examine
the Environmental Protection Agency calculations by

'developing simple models of the same type that they
- used and then using these models to predict individuail

and population exposures and health effects. 1In this_

- development, the dose and risk factors presented in

Runkle ot al. (Ru8l) are used.

1.2 Computational Approach

The compﬁtational results pPresented are obtained'with
the use of simple linear models to represent radionuclide
movement. Specifically, the models considered are of the
form

dx/dat = R - AX , , (1.‘1)




. Table 1-1. Health Effects per Curie Released
for Different Release Modes*

__»- .'%. Releases to . .Releases to .. Releases fo . Releases to
Nuclide ... .. a-River :- - .an Ocean. . -Land Surface :: .. the Air

17 ASBESZ L2 T U 258E-S
Sr2 90 L2TE-1 C LOVELS 0 975ES4 U LbdE-2
Te- 99 2.85E-4° 7/
Sn-126- . - - 1.20 E="1 -
1129 ° 11082,
Cs-135 - R 3 8 E-3
ol dsmEz 1
Sm-151 '
Ra‘ZZQ: TR P
Np-237 . . 5.96E- 1. :. 2004 E-
Pu-238 ° " ©2:29 E-2'7 11 T2.38ES 5
An-243 2.68E O  8.81:E=2-: : -1.03

2.04 £- 4

. UTEM3E-8 [ "3.67E-5
Cre13EsR2 es 1012 E- )
L 231E25 . L3BE-3

AOLES4TC 736E-4

- 898 E-2




Table 1-2. “Gumualative. Releases to’ the Accessmle Envifonment
“ ol * for 10,000 Years After Disposal Proposed by the

Env:l.romnental Protectlon Agency

| Prcposed Release Release Limit From
| Half-Life®  Limit®(curies per Table 1-1%(curies
Radicnuclide . ) (years) 1000 MmrHM) - - per 1000 MTHM)

knencmm—241 ' 458. o ' 10 13.9%

JﬂmerlCJ.um-243 ES .::‘ ’. .7370.. . S 4

Carbon-14 5730 200
‘Cesium-135 . 3.6 ¢ ¢ Y 2000

Cesium-137 30.2 ' 500

' Iodme-l29 NP ' 1 7E7 o SO00 vt

Nepumm-za’l_ - 2 14}5}6 20

_ Plutm:.um—238.?: T

Pluton;tmr.—239 L

_ Plutcnium-240 eS80, 100

Plutonium-242

: Radlum—zzs e i

nuc11de wh:.ch
cbes mt an:.t

a From .(We74) ' _
b Fram (En80) . ,
¢ Derived from “Releases to.a River" in Table 1-1.




where X is 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“l).
The solution of the preceding equation is given by

X(t) = ey, + (r/A)(1. - e-At), (1.2)

where X(0) = - Further, when A is positive as is the
case for situations considered in this presentation, the
asymptotic or steady state solution to.(1.1) is given by

sx.= R/A . _ t(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.l) 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/Vd , '(1.4)A

where TD(I) eQuals total release for radionuclide I
(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 of the
water body (units: ). 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
small relative to F/VW for the radionuclides commonly con-—

sidered in the geologic disposal of high-level waste, it
is omitted. 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




of water. Additional discussion of R and A can be
obtained in Chapter 3.

The second situation is a'radionuclide release to
soil. Here, for each radionuclide considered, R is
defined as in (1.4) and A is defined by

_ S({I)*ER (1. - S(I))*RO  ALOG(2.) 4
B = DP*(1. - POY*DE * DP*PG¥SA*1000. * ALIFE(L) , (1.5)

where S(I) represents radionuclide partitioning between’
the liquid and solid phases 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 represents porosity of soil (units:
unitless), DE represen{s mean particle density of soil .
material (units: kg/m’), RO represents runoff rate per
unit area (units: L/m® 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: vyr). Due to the slower processes
associated with radionuclide movement in soil, radioactive -
decay is incorporated into the expression appearing in
(L.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 - (1.6)
and

A ALOG(Z.)/wﬁRHL . - , (1.7) .

where TD(I), T and ALOG(2.) are already-defined, FRET is




the fractlon of deposited radionuclides in. sprlnkler
irrigation 1n1t1ally retained on plants’ (unlts.< C e
unitless), FRIV is the fraction of the river recéiv-"" "
ing the radionuclide release used for sprinkler irri-
-gatlon (unlts-p_unltless) and WHRHL is the_ weather-' A
ing half life  for radlonuclldes depos1ted by sprlnkler -
irrigation (units: yrs) ‘The variables R and A are .~
derived from the assumption that the radionuclides
retained on plants due to sprinkler irrigation:can be
treated as being in a unlformly—mlxed cell-such -that .
‘'radionuclides can enter this cell only by dep051t10n
on plants and can leave the cell only by weathering.
Due to the generally short weathering half lives. whlch i}
are considered, lradloactlve decay is omltted in the B
deflnltlon of A.* Addltlonal dlSCUSSlon on. the L
derlvatlon of R'and A 1s prov1ded in Chapter 5-5h

'For each of the 51tuat10ns 1nd1cated 1n the three
resented by a dlfferentlal equatlon of the form glven l
-in. (171). 'As indicated in. (1:3), each of theése egua-. °
_L.tlons w1ll “have’ an. asymptotlc solution’ of the form- R/A |
" 'which represents the’ amount of radlonucllde 1n the SYS-— :? : |
“tem at steady state. | F N ;_ Ye ‘.“‘ mm_:] : |
concentratlons can be " thé appro-..

of

"ﬁ(i€9§;

Similar calculations will yiela steady-state concentra-
tions for release to soil and deposition on plants due
to sprinkler irrigation.

Once the concentrations indicated in the preceding
paragraph are known, they can be. used_to calculate indi-
vidual exposure rates. 'In turn,“multlpllcatlon of these
exposure rates by appropriate dose factors will yield
individual dose rates, ..Then,, multiplication-by. risk .. ...
factors will yleld individual cancer risk. Finall¥y,
multiplication of individual dose and risk by popula-

1-6;



///‘

tion size will yleld populatlon dose and population
risk. Tables 1-4, 1-5and l-6 contain selected formulas
for individual dose (units: rem/lnd) and associated popu-.
lation-size -(units: - ind). —Table 1«3 contains definitions
for variables used in Tables 1-4, 1-5 and 1-6. Detailed
derivations for all relations are given later in the pre-
. sentation. - However; -all’ were -derived--as-already indi=" -
cated. That is, an.asymptotic concentration was ‘obtained
in each substrate 6f interést. Next, these concentrations
were used 'in conjunction with individual usage rates and
‘dose factors to obtain individual dose.. Then, multipli- .
cation by the appropriate risk factor yields individual"“_
risk, and multiplication by the indicated population size
yields population dose and risk. Dué to the assumed lin-
"earity of many of the relations, multlpllcatlon by popu--
lation size often results in considerable’ Simplification
of the algebraic expressions for pooulatlon dose and risk.
. The appearance of the factor 70. in many of the expres—
sions results from the fact that dose factors for a 70.
year dose’ commitment from a'70. year "ehionie exposure are
belng used for .ingestion and inhalation. -Multiplication.-
of "a’ one ‘year chronlc i, £., assumed to be the same over
an entire lifetime) exposire rateé By thése factors yields
the indicated dose commitment. . _ .. . .

1.3 Computational Results.

This section presentS'Sooulétioﬁ health effects
obtalned with the relations given.in .Tables-1-4, 1-5:and-
126" "Thess results are. presented'i "ab. eé 1-7, 1-8 and
1-9 and were calculatéd for a total"dlscharge of 1. curle
per radlonuclld.o(l e., TD(I) =.1.). .. The dose factors-.
uséd-in thHese caletlations are'given in’ Tables 2.1, 2. 2 :
and 2.3 of Runkle et al. (Ru8l). The dancers and associ- -
Jated risk factors used are ligted.in Table 1-10. For each
-exposure” mode, the" indicated” oopulatlon health effect is
. .the sum of the health effects for . the. 1nd1v1dual cancers..:
“AYTYwater “treatment” factdrs” are“assumed to be 1. (i e.,
 WT(I) = 1.), and concentration ratios (i.e., CRDM(I),
CRDMT(I), CRSP(I), CRWE(I)) are taken, from Tables A-8 and
“C=5"0f Nuclear” Requlatory’ Colmiss on. Uuld .109 (Nu786).

“THe “distribution coeffifients employed for surface water
and soil are the same as those glven in the Environmental -
Protectlon Agency analy51s for se Table 5 5)

“however; dll distribution ¢sei : Beinc
zero in the precedirng table were“ass1gned'the value of 1.
for our analysis. The Environment lﬁProtectlon Agency. .may
have used ditfferent” dlstrlbutlon coefflclents for §o11l &al-
culations but their documentatidrn does not make this clear




Table 1-3. Variables Appearing in Tables 1-4,

1-5 and 1-6
Variable Definition

" ATROON ncentration of suspended solids in air (units: kg/

ALOG(2.) Natural logaritim of 2.

AR Area of soil (units: n|2)

CMIK Individual milk consunptlon (units: L/fyr)

cMr Individual meat consumption (units: kg/yr)

CPLT Individual plant consumption (units: kg/yr)

CRDM(I) Concentration ratio for radiomuclide I from diet to

- milk (units: Ci/L per Ci/day)

CRDMT(T) Concentration ratio for radionuclide I from diet to
meat (units: Ci/kg per Ci/day)

CRSP(I) Concentration ratio for radionuclide I from soil to

, plant (units: unitless)

CRWF(I) Concentration ratio for radionuclide I fram water to
fish (units: Ci/kg per Ci/L)

DCOEF(I) Distribution coefficient for radionuclide I (units:

: Ci/kg per Ci/L)

DE Mean particle density of soil material (units: kg/m3)

" DENSITY Mean particle density for external exposure calculations
' (units: kg/m3)

DEPTH Depth to which radionuclides are assumed to be concen—
trated on surface for external exposure calculations
(units: m) '

DFEXT(I,1,J) Dose factor for ground exposure to organ J from radio-
nuclide I (units: rem/hr per Ci/m?)

DFEXT(I,2,J) Same as DFBﬂ‘(I.laJ) but for water immersion (units:

rem/hr per Ci/m?)
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Table 1-3. (continued)

Variable

' Definition : .
DFEXT(I,3,J)  Same as DFEXT(I,1,J) but for air immersion funits:

DFING(I,.J)

DFINH(I,J)

DFSH
DMLK
DMT

Dp

DPLT
DPOP
DSL

ER
FMLK
T

FPLT

rem/hr per Ci/mg)

Dose factor for exposure to ©rgan J from ingestion of
radionuclide I (units: rem per Ci/yr)

Same as DFING(I,J) but for inhalation

Constant relating fish production to river flow (units:
kg/yr per L/yr) ‘

Ind%viduals Supported by milk production (units: indg/
m?) ' | _

Ind%viduals_supported by rmeat production (units: ind/
m<) : ' '

Depth of soil (units: m)

Ind%viduals supported by plant production (units: ind/
m<) : :

Constant relating population size to river flow (units:»
ind per L/yr)

Population dehsity for inhalation ang external exposure
calculations (units: ind/m<)

Erosion.rate (units: kg/m? per yr)

River flow rate (units: L/yr) - (

Fraction of lang used for meat production (units:
unitless)

Fraction of iand used to grow plants for hurman

consumption (unitss unitless)
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Table 1-3. (continued)

Variable Definition

FRET Fraétion.of radionuclides in sprinkler irrigation
initially retained on plants (units: unitless)

FRIV Fraction of river used for sprirkler 1rrlgat10n
(units: unitless)

HLIFE(I) Half-life for radiouclide I (units: yr)

PDEN . Plant density (units: kg/mz)

PMLK Plant consunpﬁion by dairy cattle (units: kg/day)

PMT Plant consumption by beef cattle (units: kg/day)

PO Porosity of soil (units: unitless) |

POROSIT Porosity for éxternal.exposure calculations (units:
unitlgss):

REXARSD Exposure to suspended sédiment (units: hr/yr)

REXARSL ExposureAto suspended'éqil (units: hr/yr)

REXTSD Exposure to sediment (units: hr/yr)

REXTSL Exposure to soil (units: hr/yr)

REXTVAT Exposure water (units- hr/yr)

' RINGWAT Water ingestion rate (unlts- L/yr)

RINHAIR Inhalation rate (units: n@/yr)

RO Runoff rate (units: L/m? per yr)

‘SA Percent saturation of pore space in 5011 (unlts.
unitless)

T Length of radionuclide disdharge (units: yr)'

TD(I) Total discharge of radionuclide I (units: \Ci)
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Table 1-3. (continued)

Variable

Definition

TMINSL

Wr(I1)

70.

- Fraction of year that irdividual is exposed to

suspended sediment (units; unitless)

Fraction of year that individual is exposed to
suspended s80il (units: unltless)

WEatherlng half life for radlonuclldes deposited by
sprinkler 1rrlgatlon (units: yr) ,

Water consumpticn by dalry cattle (units: I/day)
Water consumption by beef cattle (units: 1/day)

Water treatment factor: for radiomuelide I (units:
wmitless)

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

Exposure From Water .Consumption

. Individual : RINGWAT*TD(I)*WT(I)*DFING(I,J)/(F*T)
(rem/ind)

Pop. Size : DPOP*F*T/70.
{ind) '

Exposure From Fish Consumption

Individual : TD(I)*CRWF(I)*DFSH*DFING(I,J)/(DPOP?F*T)
{rem/ind) :

Pop. Size : DPOP*F*T/70.
(ind)

Exposure From Inhalation of Suspended Sediment

Individual : DCOEF(I)*TD(i)*AIRCON*RINHAIR*TMINSD*DFINH(I,J)/(F*T)
(rem/ind) ‘ : : :

Pop. Size : DPOP*F*T/70.
(ind)

Exposure From Water Immersion

Individual : TD(I)*REXTWAT*DF(I,2,J)*7.E4/(F*T)
- {rem/ind) '

Pop. Size : DPOP*F*T/70.
(ind)

Exposure From Shoreline Sediment

Individual : DCOEF(I)*”D( )} *DEPTH*DENSITY*(1l.- POROSIT)*REXTSD
{rem/ind) *DFEXT(I 1,J3)*70. /(F*T)

Pop. Size : DPOP*F*T/70.
{(ind) '

Exposure From Suspended Sediment

Individual : DCOEF(I)*TD(I)*AIRCON'REXARSD'DFEXT(I,3,J)*70./(F'T)
(rem/ind) . '

Pop. Size : DPOP*F*T/70.
{ind) ' ‘




Table 1-5. Exposure to Organ Associated With Cancer J Due
to Radicnuclide I for Releases to Soil

Expressions Introduced to Simplify Notation .

S(I) = DOOEF(I)*(1. - PO)*DE/ (DCCEF(I)*(1. — PO)*DE + PC*1000.)

(units: unitless)

A(1) S(I)*ER/(DP*(1. - PO)*DE) + (1. - s(I))*Ro/(DP*poflooo.)

+mo¢(.z.)/mm - (units: yr1)
FAC(I) = i./(A(I)*DP*(,l. - PO)*DE) (units: m2 yr/kg)

Exnosure Fran Plant Consunoticn

Individual : CPLT*TD(I)*FAC(I)*CRSP(I)*DFDK‘;(I,J)/(T*AR)
(rem/ind) A "

Pop. Size  AR*FPLT*DPLI™T/70.
(ind) -

Exposure From Milx Consumotion

Iﬁdividual : m(I)*FAc(I)*CRSP(I)*PMK*CRW(I)*@!IK*DFDI;(I,J)/(T*AR)
(z_,'en/ind)l A : : :

Pop. Size : AR*FMLK*DMLK*T/70.
(ird) |

Exposure From Meat Consumption

Individual : 'ID(I)*FAC(I)*CRSP(I)*M*CRM(I)*Cm"'DFI..\I;(I,J)/(T*AR)
(rem/ind) ‘ A -

Pop. Size : AR*FMI*LMT*T/70.
(im’)
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Table 1-5. "(continued)

Exoosuie From Inhalation of Susvended Soil

Individual : TD(I)*FAC(I)(AIRCON*RINHAIR*TMINSL*DFINH(I,J)/(T*AR)
(rem/ind) o ’

- Pop. Size : AR*DSL*T/70.
(ind)_ :

<

Exposure From Soil

Individual : TD(I)*FAC(I)'DEPTH*DENSITY*(l. - POROSIT)*REXTSL
(rem/ind) ’ : '

*DFEXT(I,I,J)*?O./(T*AR)

Pop. Size : AR*DSL*T/70.
{(ind) '

Exposure From Suspended Soil

)

Individual : TD(I) *FAC(T) *ATRCON*REXARSL*DFEXT(I,3,J)*70./(T*AR)
{rem/ind) : )

Pop. Size : AR*DSL*T/70.
(ind.) o




Table 1-6. PExposure 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 '

- EXposure From Plant Consumption

Individual : FRET'TD(I)*FRIV*WHRHL*CPLT*DFING(I,J)/(T*AR*PDEN*ALOG(2.))
(rem/ind) : ’

Pop. Size : AR*FPLT*DPLT*T/70.
(ind)

Exposure From Milk Consumption

Individual?: FRET’TD(I)*FRIV'WHRHL'PMLK’CRDM(I)*CMLK*DFING(I,J)
(rem/ind) . ’
/(T*AR*PDEN*ALOG(Z.))

Individualb: TD(1)*WMLK*CRDM(I)*CMLK*DFING(I,J)/(F*T)
(rem/ind) :

Pop. Size : AR*FMLK'DMLK’T/70-
(ind.) :

Exposure From Meat Consumption

Individuald; FRET*TD(I) *FRIV*WHRHL* PMT*CRDMT (1) *CMT*DFING(I,J)
(rem/ind)

/(T*AR*PDEN*ALOG (2. ))

Individualb: TD(I)*WMT*CRDMT(I)*CMT’DFING(I;J)/(F*T)
(rem/ind) . ' - .

Pop. Size : AR*FMT*DMT*T/70.,
(ind) ‘

 @Exposure from radionuclides déposited‘py sprinkler irrigétion on plants
which are subsequently used as animal feed.

bzxposure from radionuclides in water used for livestock.




NUCLIDE

' C14
NI59
SR90
ZR93
TC99

SN126
1129
CS135

- CS137
SM151
RA226
U234

NP237
PU238
PU239
PU240
AM241
PU242

AM243

@YRHETOT ~ Total health effects from

Table 1-7.

. WRHETOT®

2.08E-05
5.75E-05
3.91E-02
5.89E-06
2.00E-06
4.68E-04
8.87E-05
1.60E-04
9.72E-04
1.26E-05
2.34E+00
4.39E-03

5.04E~-03

1.73E-04
2.87E-03
2.87E-03
3.21E-03
2.68E-03

Population Health Effects for 1. Curie
Radionuclide Releases to Surface Water

FHHETOTP

2.58E-04
1.55E-05
3.17E-03
5.25E-08
8.10E-08
3.79E-03
3.60E-06
8.65E~04
5.255-03
8.53E-07
3.17E-01
2.37E-05
1.36E-04

- 1.64E-06

2.72E-05
2.72E-05
2.17E-04
2.53E-05

2.18E-04

INSDTOTC

9.95E-16
5.34E-14
2.15E-11
7.24E-11
2.22E-14
3.55E-13
4.35E-15
4.89E-13
2.95E-12
1.90E-11
2.07E-09

5.3GE-09 -

7.90E-10
7.69E~-08
3.04E-06
3.04E-06
5.14E-07
2.83E-06
5.11E-07

EXWRTOTS

0.
0.
2.18E-10
1.61E-11
5.24E~11

7.26E-09 |

6.86E-09

. 2.66E=11"

4.03E-07

1.05E-10"

1.31E-06
4.76E-10
1.45E-07
6.05E-11

4.84E-11

5.65E-11
1.57E-08

4.44E-11
1.25E-07 -

'bFHHETOT ~ Total health effects from eating fish

CINSDTOT ~ Total health effects from inhalation of

_dEXWRTOT ~ Total health effects from water imersion

. sediment

- EXSDTOT®

0.
o.
0.
3.42E-08
0.

1.27E-07

6.35E-09
0.

1.19E-06
2.03E-07
1.81E-06
3.10E-08
1.98E-08
3.67E-08
2.23E-08
3.67E-08
2.54E-06
3.11E-08

1.84E=05

drinking water .

€EXSDTOT ~ Total health effects from external exposure
to sediment

fEXARSDT ~ Total health effects from
o to suspended sediment

externai exposure

EXARSDTE

1.98E-20
o.

6.78E-19
4.71E-17
8.192E-20 -
1.86E-14 "
2.54E-17

1.332-14
1.14E-12
2.13E-14
2.19E-16

' 2.05E-16
" 1.92E-16

1.58E-16

- 1.84E-16

2.54E~14
1.98E-13



Population Health Effects. for 1. Curie

Table 1-8.
' Radionuclide Release to Soil

1.23E-04

aPLHETOT" Total health effects from plant ingestion due
S to radionuclide uptake by plants from sojl

bMKHETOT.“-Tota'l 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

dINSLTOT~ Total health effects fro

m inhalation of sug-

pended soil

®EXSLTOT ~ Total health effects from external exposure
to soil ‘

fEXARSLT"--Total health effects from external eprsuré
to suspended soil
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NUCLIDE  PLHETOT®  MKHETOT®  MTHETOTC INSLTOTd  EXSLTOT®  EXARSLTE
Cl4 2.05E-04  5.35E-05  1.67E-05 4.89E~13 0. 9.74E~18
NI59 1.36E-05  1.97E~06 1.89E-07 2.278-11 0. 0. }
SRI0 . 2.16E-03  3.75E-05  3.40E~06 9.56E5-09 0. 3.02E~16
ZR93 1.29E-06  1.40E-10  1.15E~07 1.27E-08  6.02E-06 8.31E-15
TC99 8.97E-07  4.87E-07  9.42E-07 1.09E-11 o. 4 .03E~17
SN126 2.10E-06  1.14E-07  4.41E-07 1.74E-10  6.26E-05 9.18E~12
1129 3.19E~06  4.15E-07  2.43E-08 2.14E-12 . 3.13E-06  1.25E-14
CS135 4.86E-05  1.27E-05 5.10E-07 2.03E~10 0. - 3.29E~16
CS137 .2.48E-04  6.47E-05  2.61E-06 1.03E~09 4.15E-04 - 4.65E-12
SM151 6.80E-06  7.38E-10 - 8.92E-08  3.72F-09 4.00E-05  2.25E-10
'RA226 1.12E-02  1.94E-03  9.99E~04  8.71E-07  7.63E-04 9.00E-12
U234 4.17E~03  4.52E~05  3.72E-06 1.86E-06 1.08E-05 7.61E-14
NP237 2.26E~05  2.46E-09  1.19E-08  3.88E-07 9.74E-06  1.01E-13
PU238 L-47E-05  6.37E-10  5.39E-10  3.56E-06 1.70E-0¢ 8.91E-15
PU239 9.15E-04  3.97E-08  3.36E-08  S5.30E-04 3.89E-06 2.76E-14
PU240 8.91E-04  3.87E-08  3.28E-08  5.1585-04 6.24E-06  3.12E-14
AM241 2.30E~04  5.75E~08  2.78E~07  9.28E~05  4.60E-04 4.60E-12
PU242 8.60E-04  3.73E-08  3.16E-08  4.978-04  5.47E-0¢ 2.54E-14
AM243 7-13E-04  7.74E~08  3.74E-07 4.45E=03  4.79E-11




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

NUCLIDE IPLRHETA PLHETOTD IRPLHETC
Cl4 1.12E-04 2.05E~04 3.17E-04
NI59 3.10E~04 1.36E~05 3.23E~04
SR90 - 2.10E-01 2.16E-03 © 2.13E~-01
ZR93 3.17E-05 1.29E-06 3.30E-05
TC99 - 1.08E~05 8.97E-07 1.17E-05
SN126 2.52E-03 2.10E~06 2.52E-03
1129 4 .78E~04 3.195-06 4,81E~-04
CS135 8.62E-04 4 .86E-05 9.11E-04
CS137 5.24E~03 2.48F-04 5.48E~03
SM151 6.80E-05 6.80E-06 7.48E-05
RA226 1.26E+01 1.12E-02 1.26E+01
U234 2.36E-02 4.17E-03 2.78E-02
NP237 2.71E~-02 2.26E-05 2.72E~02
PU238 9.34E-04 1.47E~05 9.48E-04
- PU239 1.55E-02 9.15E-04 1.64E-02
PU240 1.55E-02 8.91E~04 1.64E-02
AM241 1.73E-02 5.30E~04 1.78E-02
PU242 1.44E-02 8.60E~04 - 1.53E-02
AM243 -74E-02 ~ 1.81E-02

7.13E-04

3IPLRHET ~ 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

IRPLHET ~ IPLREET + PLEETOT
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NUCLI

Cl4
NI59
SRY0
ZR93
TC99

SN126
1129
CS135
cs137
SM151
RA226
U234

- NP237

PU238 -
PU239 -
PU240

AM241
PU242
AM243

DE IMKRHETA

2.92E-05
4.51E-05
3.66E-03
- 3.44E-09
5.84E-06
1.37E-04
6.23E-05
2.25E-04
1.36E-03
7.38E-09
2.19E+00
2.57E~04
2.94E-06
4.05E-08
6.73E-07
6.72E-07

6.26E~07
1.88E-06

Table 1-9. (continued)

IMKWHET®

1.69E-05
2.60E~05
2.11E-03
1.99E-09
3.37E~06
7.91E-05
3.60E-05
1.30E-04
7.88E-04

4.27E-03

1.27E-00
1.48E-04
1.70E-06
2.34E-08
.3.88E-07
3.88E-07
1.08E-06
3.625-07
1.09E-08

MKHETOTE

5.35E-05
1.97E~06
3.75E-05
1.40E~10
4.87E~07
1.14E-07
4.15E-07
1.27E-05
6.47E-05
7.38E-10

© 1.94E-03
4 .52E~-05

2.46E-09
6.37E-10
3.97E-08
3.87E-08
5.75E-08

3.73E-08

7.74E-08

dIMKRHET ~ Total health effects from foliar deposition
and subsequent plant use in-milk production

. cattle

©IMKWHET ~ Total health effects from water used for milk

EMKHETOT ~ Total health effects from milk ingestion due
to radionuclide uptake by plants from soil

SIRMKHET ~ IMKRHET + IMKWHET + MKHETOT
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IRMKHETSE

9.95E~-05
7.30E-05
5.81E-03
5.57E-09
9.70E-06
2.16E-04
9.86E-05
3.67E-04
2.22E-03
1.24E-08
3.46E+00
4.50E-04
4.65E~06
6.46E-08
1.10E-06
1.10E-06
3.02E-06
1.02E-06
3/05E-06




h

i

NUCLIDE IMTRHETH
Cl4 9.11E-06
N159 4.31E-06
SR90 3.32E-04
ZR93 2.83E-06
TC99 1.13E-05
SN126 5.30E-04
1129 3.64E-06
CS135 9.05E-06
CS137 5.50E-05
SM151. 8.93E~-07
RA226 1.13E+00
U234 2.11E-05
_NP237 1.42E-05
PU238 3.43E~-08
PU239 5.69E-07
PU240 5.69E~-07
AM241 9.07E-06
PU242 5.30E~-07
AM243 - 9.12E-06

IMTRHET ~

IMTWHET ~ .

IMTHETOT ~

k

IRMTHET ~

Table 1-9.

INTWHET1

4 .39E-06
2.07E-06
1.60E~04
1.36E~06
5.44E-06
2.55E-04
1.75E-06
4.36E~06
2.65E-05
4 .30E-07
5.43E-01
1.02E-05
6.86E-06
1.65E-08
2.74E-07
2.74E-07
4.37E-06
2.55E-07
4 .39E-06

(Continued)

MTHETOTJ

1.67E-05
1.89E-07
3.40E~06
1.15E-0Q7

9.42E~07.
4.41E-07

2.43E-08
5.10E-07
2.61E-06
8.92E-08
9.99E-04

3.72E~06

1.19E~08
5.39E-10
3.36E-08
3.28E-08
2.78E~07
3.16E-08

'3.74E~07

To health effects from»fbliar deposition

and subsequent plant use in meat production

Total health effects

production

Total health effects from meat ingestion due

from water used for meat

to radionuclide uptake by plants from soil

IMTRHET + IMTWHET + MTHETOT
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IRMTHETK

3.02E-05
6.57E-06
4 .94E-04
4 .31E-06
1.77E-05
7.85E~04
5.41E-06
1.39E-05
8 .41E-05
1.41E-06
1.67E4+00
3.50E-05
2.11E-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 EPA%

Risk Factor Sandia

b

Organ/Cancer (cancer/ind-rem) (cancer/ind-rem)
Bone 1.00E-5 9.75E-6
Red Marrow/

Leukemia 4.00E-5 2.853—5?
Lung ‘4.00E—5 2.5E-5
Liver 1.00E-5

GI-LLI 2.00E-5

- Stomach | 1.15g-59
Pancreas ‘3.85E-6d
Other GI 3.858-64
Thyroid 1.00E;6 

Kidney .l.OOE—S

Breast 2.88E-5¢
Other 7.00E-5 3.60E-5%

9From Table 4.3+1 of (Sm81)

bFrom Table 3.4 of (Ru8l)

CDhose factor for bone used

- dpose factor for GI-LLI used

€pose factor for total body used

[}



(see Sm81, p. 93). The values used for all other
variables are indicqted.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? 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

‘geoclogic disposal for high-level waste:; these numbers

were obtained by summing the numbers in the other col-
umns and represent total population health effects. The
population health effects in columns labeled "p = 1"
through "p = 8" 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 = 1 of Table 1-12 and column WRHETOT of
Table 1-7 were calculated with models that are essen-
tially identical. This similarity tends to be obscured
by the differences in notation and derivation technigue
used in this report and in (sm81), Therefore, the com-
putational approach used in the two developments will be
compared. Much of the apparent difference arises from
the nature of the dose factors used. 1In this regard,
the reader is reminded that the dose factors in (Sm81)
for ingestion and inhalation yield a 50. year dose com-
mitment 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 dose 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.




Table 1-11.

Presented in Tables 1-7,

variables Used in Calculation of Results
1-8 and 1-9

FRIV

1.

Variable Definition Variable Definition
AIRCON 3.5E-9 kg/m3 (Bon73, Table 1.4-5) PDEN 2. kg/m?* (Nu76, p. 1.109-55)
- CMLK 110. L/yr (Nu76, Table D—-i) PMLK 50. kg/day {Nu76, Table A-10)
CMT ,95.‘kg/yr (Nu76, Table D-1) PMT 50. kg/day (Nu76, Table A-10)
CPLT 190. kg/yr (Nu76, Table D-1) PO .5 (To70, Table 4-25)
DE 2800. kg/m® (Cu73, Table 34-20) POROSIT .5 (To70, Table 4-25)
DENSITY 2800. kg/m® (Cu73, Table 34-20) REXARSD' 8.3 hr/yr (Nu76, Table D-1)
DEPTH .025 m REXARSL 8760. hr/yr (Nujﬁ, Table D-1)
DFSH 3.3E-7 kg/L (Sm81, p. 87) REXTSD 8.3 hr/yr (Nu76, Table D-1)
' DMLK 1.5E-3 ind/m® (Sm8l, p. 91) REXTSL 8760 hr/yr (Nu76, Table D-1)
DMT 2.1E-4 ind/m? (Sm81,.p. 91) REXTWAT 8.3 hr/yr (Nu76é, Table D-1)
pP .15m (Sm8l, p. 85) RINGWAT 370, L/yr (Nu76, Table D-1)
DPLT 1.0E-3 ind/m® (Sm81, p. 91) RINHAIR 7300 m’/yr (Nu76, Table D-1)
DPOP 3.3E-7 ind-yr/L (sm81, p. 86) RO 510 L/mz-yr (To70, Table 2-22)
DSL 6.67E-5 ind/m? (Sm81, p. 91) sa .5 {To70, Figure 4-2)
ER .35,kg—yf/m2.(To7o, Table 2-33) TMINSD 9.5E-4 (Nu76, Table D-1)
FMLK .25 (sM81, p. 89) TMINSL 1. (Nu76, Table D-1)
FMT .25 (Sm8l, p. 89) WHRHL .038 yr (Boo81)
FPLT .5 (sm81, p._89) WMLK 60 L/day (Nu76, Table A-10)
FRET .25 (aoosi) WNT

50 L/day (Nu76, Table A-10)




Table 1-12.

Health Effects

for Releases to

per Curie Released
a Rivera

Inhalation Externail Externa)

Drinking Freshwater Sﬁ?g::e of Dose ~ Dose -
Hater Fish Crops Hilk Beef Resuspended Ground Atr
Buclide TOTAL Engestion Ingestion [Iagestion Ingestion jngestion Haterial fontam. Submersion
| =l (=2 (=3 (o4 (. lb=6) (p=7) (p-ag

C- 14 4.58E-2 7.40E-5 5.50 ¢ 4 2.99E-2 10162 4.10E- 3 1.46 £-12 0.0 0.0

Hi- 59 _ L '

Sf- 90 1.2 E~- 1 4.03E-3 6.66 €~ 5 1.056-1 7.79E-3 1.04€-4 7.87 ¢ 7 0.0 0.0

Ir- 93 . -

Tc- 99 2.85E-4 2.42€-5 6.02 £ 7 1.92E-4 6.256-5 5.82E-6 4.92 £-10 0.0 0.0
$a-126 120 €- 1 1.416-3 7,01 ¢- 3 6.66 E- 3 2.95E-4 2.096-3 3.7] E-6 1.02E-1 5.6 (-9

I-129 1.08€-2 1.636-3 4.05¢-5 6.43E-3 2.446~-3 1.84€-4 1.22¢- 8 9.19€- 5 1.5 g_12
Cs-135 3.8 E-3 2.556-4 }.69 (. 4 2.13E-3 9.996-8 2.65(-4 yyog 0.0 0.0
(s-137 1.98E-2 2.01E-3 1.33¢- 3 7-B3E-3 2.08E-3 5.556-4 7.5 5 g 5.96 E- 3 3.35 £-]0
S=-151 ' : '

Ra-226

v-234 : , ‘

Mp-237 5.96 E- 1 1.30 E- 1 2,15 - 3 4.60E-1 9.20 E-5 3.90E-4 1.03f- 4.95E-1 2.20¢-8
Pu-238  2.29E-2 3.92E-3 2.28 f- 3 1.426-2 3.036-8 1.066-9 2.40¢- 3 5.16 E- 5 2.53 £-13
Pu-239 6.52E-2 4.32(-3 2.50 £ 3 2.51E- 2 5.39E-8 2.05€6-9 3.59 £ 2 326 E~- 4 1.71 E-12
Pu-240 6.53E-2 4.32E-3 2.51 - 3 2.37E-2 5.6 E~-8 1.976-9 3.4 £- 2 5.86 £~ 4 3.00 £-)2
fa-24l TA9E-1 1326~ 1 5.476-3 5.4 E-1 8.326-4 3.90E-6 1.106-2 g.6) £ 3 1.64 €-10.
Pu-202 676 E- 2 410 E-3 2.38 -3 2.47 f. 2 Q.44 E-8 4.29E-8 3.62E-2 6.0j £ 4 3.10 £-12
bo-243° 2.68E O 3.38 E--1 }.40 E- 2 2.13FE 0 3.286-3 1.55 -5 8.93E-2 10363 4.4 E- 9

8This table is a reprint of Table D-2 of (sm81},




From (3.1.2-6) in (Sm81), the pbpulation'expdsure
from a release to a river is given by

Ianoanp/R, - (1.8)

S =P

nop R

where S op Yfepresents population exposure to organ o
from raglgnuclide n for path'p (in this case, p = 1),
Pp represents the size of the population exposed each
Year to drinking water, I,; represents individual water
consumption per year, Dhop represents the dose factor
to organ o from radionuclide n for path p, Q,, 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*TD(I)*WT(I)*DFING(I,J)*DPOP/70. (1.9)

The expressions for population exposure in (1.8) and
(1.9) are essentially the same as the following
correspondences exist: ' -

Pp/R = DPOP = 3.,3E-7 ind-yr/L in both analyses

, . (603 L/yr in EPA analysis
I,; = RINGWAT = |
1370 L/yr in present analysis

Qpp = 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 the dose
factors; this is best seen by first calculating an
individual dose commitment and then converting to
a population dose commitment.




. ' From (3.1.2-1) in (sm81), the 50. year dose
commitment to an individual from the radionuclides
;n water ingested during 1. year is given by

For the precedlng relatlon, DIpop and Qpp are being
considered functions of time DInop(t) an% Qnp(t) such
.that DI o ,(t) is the total dose commitment t6 an indi-
vidual from birth to time t and Qnp(t) is the total
radionuclide release from.time 0 to time t. -Then, -
DInop(t) and Qp,(t) represent the derivatives of

‘these functions w1th respect to time and thus corre-
spond to annual individual dose commitment rate at time
t and annual discharge rate at time t. Multiplication-
of the expression in (1.10) by population size Py ylelds
- the population dose commitment rate

Snop = PIhopPR = QfpIwPnopPr/R- K (1.11)

Now, integration can be used to recover Snop for a time -
period of length T in the’ follow1ng manner: - :

‘ AT - '
snoP(T)‘=‘ JC nop(t)dt

an(T):WDnopPR/R:

which yields the relétion in (1.8).
In comparlson, Table 1-4 prcv1des the follow1ng

expression for a 70. year dose commitment to an indi-
vidual from a chronic 70. year exposure: '

RINGWAT*TD(I)*WT(;)*DFING(I,J)/(F*T)- (1.13)




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 expectancy is 70. years.. Thus, if T is significant-

ly larger than 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). B

The use of derivatives 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 Qno(t),
Specifically, with the assumption that a total dischaggeﬁ
of size Q takes place over ‘a time period of length T, .

n . :
“ the expresgion for 50. year dose commitment to an

individual from 1. year of exposure in (1.10) becomes

OnpIwPnop/ (R*T), | (1.15)

-and ‘'so the dose commitment to an individual from 50. years

of . exposure can be estimated as

anlwnndp*so./(R#T). - (:.1e)

The expression for lifetime dose commitment in (1.16) from
the Environmental 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 period considered will yield
population dose. The population for (1.16) 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 (1.17)
will yield (1.8). Similarly, multiplication of the
expressions in (1.13) and (1.14) will yield (1.9).
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OveralI,,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 due to. the Water ingestion rates assumed, the can-
cers 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 d4if-
ferences 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. However, in
some cases, the difference is closer to two orders of
magnitude. As for water ingestion, differences are intro-
duced by the cancetrs, 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 (Sm81) 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 sub-
model for radionuclide build-up on plants due to sprinkler
“irrigation and a submodel for radionuclide build-up in
.80il. 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 irriga-
tion with 50 percent of the soil being used to grow
plant material for direct human consumption. In the
Environmental Protection Agency study (Sm8l), 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 indi-
.cated 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 submodel



used in determining IPLRHET); however, some of the
barameters used within the model were different (e.qg.,
+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). 1In
the Environmental Protection Agency analysis, radionu-
clide removal is by water 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 con-
sidered and.to the different values used for the same
or similar parameters. Also, the inclusion of soil.
removal (i.e., erosion) in the calculation of PLHETOT -
may have an effect. ' ' .

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. 1In both analyses, it is assumed that 25 -
percent of the available land is used to grow plant mate-
rial for use in milk production. The values for IMKRHET
result from the radionuclides 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.l. curie
release was ‘considered in the generation .of the results
contained in Table 1-9, the proper comparison is between
- the ‘values ‘in Table 1-12 and one-half of the sum of
IMKRHET and MKHETOT. As radicnuclide concentration in
plants for animal feed was determined in the same manner
as radionuclide concentration in plants for human con-
sumption, 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
difference 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 IMKWHET of Table 1-9.

This path is not included in the calculation of the results
presented in Table ‘1.12.

The results for beef 1ngest10n appearlng in column

P = 5 of Table 1-12 can be compared with the sum of

values appearlng in columns IMTRHET and MTHETOT of

Table 1-9. As the calculations for beef ingestion

are the same as those for milk: 1ngest10n except for the

use of appropriate concentration ratios and ingestion

rates, the discussion for milk ingestion also pertains

to beef ingestion. Overall, the results for beef 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 health effects that result

from radionuclides in livestock water for beef cattle

are indicated in column IMTWHET of Table 1-9. As for : :
milk consumption, this path is not included in the : :
calculation of the results presented in Table 1-12. ' o

Results in. the Env1ronmenta1 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 pPp=6,p=17,

‘and p = 8, respectlvely, of Table 1-12. Similar results

for our analysis are presented in columns INSLTOT,
EXSLTOT, and EXARSLT, respectively, of Table 1-8. As
our ana1y51s was for a total release of 1. curie, the

- values in Table 1-12 should be compared with one-half

the correspondlng values in Takle 1-8. Generally, the
results in our analysis are one to two orders of magni-
tude below corresponding results in Table 1-12. In the .
Environmental Protection Agency analysis, 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 (Sm8l)). This alone is sufficient to

cause discernable differences between the results.




To determine inhalation exposure, the Environmental
Protection Agency obtained Suspended radionuclide con-
centration through multiplication of surface radionuclide
concentration (units: Ci/m?2) by a resuspension factor of _
1079 p~1 (Sm81, p. 92). 1In contrast, we obtained suspended
radionuclide concentration by multiplication of soil radio-
nuclide concentration (units: Ci/m9) by an assumed concen-
tration of suspended material in air of 3.5E-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)*107° = x*107%/aR ci/md® - (1.18)

while our approach yields a suspended radionuclidé concen-
tration of o : ' '

(X/(AR*.15%2800.*%.5))*3.55-9
= (X/AR)*1.7E-11 ci/m3. . (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 soil 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 were -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, -dose 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 used similar models, these differ-
ences are due primarily to the cancers, dose factors,
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and risk factors used and to the parameters actually
used within the models. If desired, the exact cause of
the differences can be determined for individual radio-
nuclides and spe01flc exposure pathways from a parameter
by parameter comparison. of the two calculatlons.

1.5 Discussion

. Overall, it is felt that the computational
relatlonshlps 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 relationships
has a great deal of control on the conservatism of the
final calculated results through the selection of inges-

tiomn: rates, concentration ratios, risk factors, constants .~

used in the definition of populatlon size, and other
parameters.

The relationships presented in Tables 1-4, 1-5.and
1-6 provide a convenient way to obseérve the differences
between exposures to individuals 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-
A51dered._ Thus, whlle length of release and size of river
- receiving the release will affect individual exposure,
these properties will not affect populatlon exposure '
obtained w1th the models in use.

Computatlonal relatlonshlps of the form glven 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 art1f1c1ally and naturally
occurring radloact1v1ty Also, there is nothing in the

models which is inherently tied to radioactive materials. -

Therefore, provided ‘appropriate dose and risk factors
were defined, they could be used to calculate the con-
sequences associated with nonradioactive pollutants. In
turn, such values could be used in the comparison of the.
risks associated with waste disposal and the risks asso-
ciated with other activities.. In making such comparisons,
it is essential that the compared risks be calculated in

the same manner and with’ the same degree of conservatism. -

- Otherwise, the comparisons ‘are meaningless. Hopefully,
with relatively simple models such as those in Tables
1-4, 1-5 and 1-6, it would be possible to treat all the
substances con51dered in the same manner. :
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provides one way to select_the
regulatoryvconsideration,

Unfortunately, many»of the variables used in Tables
1-4, 1-5 .ang 1-6 will pe 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 variables. 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 Several (pos-

‘individual Parameters used in the associated calculations
.are indicated in Section 1.3. It is often Possible to
: investigate the effects of Oother barameters without

reproducing an entirevcalculation. For example, the health
effects for a water ingestion rate of 603. L/yr (sm81,

of values in Tables 1-7, 1-38 and 1-9. For example, the
bopulation health effects for each radionuclide due to
water and plant ingestion resulting from a release to 3
river with 10 percent of the river used for flood
irrigation,are given by -

e



This discussion ends with a caveat. The models
presented are very simple and probably tend to over-
estimate health effects. They will certainly do so
if one is sufficiently 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 egquivalent level of complexity.




2. Mixed—Cell Models

. The exposure calculations presented in later chapters
are based on radionuclide concentrations obtained by using
one compartment mixed-cell models. For releases to sur-
face water, no radionuclide partitioning within the cell
is considered. However, for releasés 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 and 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 situa-
tion under consideration is indicated in Figure 2-1. The
cell is assumed to have a constant volume VW (units: L).

- Further, it is assumed that water enters and leaves the
cell at a rate RW (units: L/yr) and that a radionuclide

‘'with decay constant A(units: yr-l) 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 t is 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

“1lim X(t +At) - X(t)

At—»0 At (2.2)

and represents the rate at which X(t) is changing.  1In
turn, this rate is equal to the‘difference between the
rate Ry (units: Ci/yr) at which the radionuclide is
enterifig the cell and the rate Ry (units: Ci/yr) at
which the radionuclide is leaving the cell. The rate



‘!’ 1A
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R: .rate at which radionuclide enters cell
- (units: Ci/yr) ' '

" RW: rate at which water enters and leaves cell
o (units: . L/yr)

Aﬁ decay-constantifor-radionuclide
(units: yr™*)

VW: volume of water in cell (units: L)
X(t):‘ amount of radionuclide in cell at time t

(units: 'Ci)

Al

Figure 2-1. Flows Associated With a Single Uniformly-
Mixed Cell With no Radionuclide Partitioning
Between a Liquid and a Solid Phase.




R; is given by R.. The rate R, is the sum of two ‘

. components: a rate due to physical flow out of the cell,
and a rate due to radicactive decay. The rate due to

physical 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, .

R} = R and Ry = [(RW/VW) + A] X(t), (2.3)
and hence, the desired equation is given by

dx(t)/dt = Ry - R,

It

R - [(RW/VIW) + 1] X(t). (2.4)

Also associated with the'preceding'equation is an initial
value condition X(0) = Xg: which represents the amount of
radionuclide present at time t = 0.

Thus, determination of X(t) reduces to the solution
of an initial value problem of the form :

dX(t)/dt = R - AX(t), X(0) = X5,  (2.5)
‘where |

A ‘(RW/VW) + A ' ) o (2.8)

Such problems are relatively easy to solve and applica-
ble solution techniques include separation of variables,
introduction of integration factors, and application of
Laplace transforms. The preceding techniques are dis-
cussed in introductory texts on differential equations
and lead to the following unique solution for the initial
value problem in (2.5): ' -

X(£). = et X0 + (r/a)(1 - e7BY), (2.7)




If the initial wvalue c¢ondition is X(0) = 0, then the
preceding solution becomes

X(t) = (R/R)(1 - e7B%). (2.8)

Further, regardless of the initial value condition, the ‘
steady state or asymptotic solution SX to which any solu- S
tion of (2.5) converges is given by |

lim

sXx = T o

X(t)

_ lim ___at _ _-At,-
= t—*“[ Xg + (R/A)(l e )]

= ‘R/‘A’ - ‘. . | (2-9)

provided A > Q.-

The differential equation for a single uniformly-
mixed cell with radionuclide partitioning between a
liquid and a solid phase is presented 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"l) 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

conc. of radionuclide sorbed to solids 3 AW/MS
conc. of radionuclide dissolved in water = AW/VW ,

KD

(2.10) .



' er ' . rw : v

| .
\ \\ | _‘\
Mvw 'ms \ x(t)

I

R: rate at which radionuclide enters cell.
- (units: cCi/yr) ‘ :

RW: rate at which water enters and ‘leaves cell
(units: L/yr)

RS: 'ratéAat which solid material enters and
leaves cell (units: kg/yr)

A: decay constant_ for radionuclide
(units: yr—1) ’

VW: volume-of_wéter in cell (units: L)
MS: mass of sclids in cell {units: kg)

X(t): amount of radionuclide in cell at time t
: {units: i) :

‘Figure 2-2. Flows Associated With a Single Uniformly-
: Mixed Cell With Radionuclide Partitioning
-Between a Liquid and a Solig Phase.




where AS (units: cCi) 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
paragraph. Second, it is assumed that the flow of water
and solid material out of the cell is the only 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 coeffi-
cient 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

A derivation for the partitioning of a radio-

nuclide 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 radionuclideé in system sorbed to
' solids (units: ci),

XW = amount of radionuclide in system dissolved in
water (units: cCi), ‘ o

MS = mass of solid in system (units: Xkg),

VW = .volume of water in system (units: L).




N

Assume X, MS, VW, and KD are known for the System under

‘consideration. Now, XS and XW are determined.‘ Since

KD = (Xs/Ms) (xW/Vw)~l and X = XS + xW, - (2.11)
we have that

(KDY (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

(KD) (MS) (XS) = (XS) (VW) (2.14)

(KD){(Ms) (X)) -
or>
(KD) (MS) (X) = [(D)(MS) + VW] XS, . (2.15)
and hence
Xs = [(Kng?gégMi)vw] X. )  (2.16)
Further, since XW = Q'; XS,
‘XW.=»[1- - (Kng?ggng)Vw] X. (2.175

The relations ih-(2.16) and (2.17) represent the desireqd
partitioning. ' .




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 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 Ry} at which the radionuclide is entering the cell
and the rate Ry at which the radionuclide is leaving the
cell. The rate R; is given by R. The rate Ry 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 radionuclide in the cell sorbed to solid mate-
rial and XW(t) represents the amount of radionuclide in
the cell 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 product of the decay constant
and the amount X(t) of radionuclide present. Thus,

Ry = R _ (2°18)

and

Ry ‘[XS(t)/MS][RS] + [xw(e)/vwl [RW] + A X(t)

[(KngﬁﬁégMi)vw] [X(t)] [§§]

+ [1 B (Klgt;?»)agsi vw] [X(»][%ww‘] + ?\FX(t)

'[From (2.16)_and (2.17)]

"S(RS) (1. - S)(RW) | -
[ MS + W + *] X(t) (2.19)
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where

_(KD) (MS) . . '
S = (KD) (MS) + vw . . | (2.20)

Hence, the deéiredﬂequation is given by

dX(t)/4dt = Ry = Ry

[S(RS) | (1. - s)(RW) ]
=R- I + VW : +A| X(z).

(2.21)

Also associated with the preceding equation is an initial
value condition X(0) = Xp. .

Thus, determination of X(t) reduces to the solution:
of an initial value problem of the form -

WL)/at = r - AX(t), X(0) = Xg,  (2.22)

where
S(Rs) -{1. - S)(RW) _ , »
A= "Ms . o+ - 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 (2,9). . : .
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3. .Release to Surface Water

3.1  Preliminary Comments

Population @xposures and resultant health effects are

now calculated for radionuclide release to a surface-water

beody. 1In particular, WRDS(I1,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, '

b WRHE(I,J) = number of occurrences of cancer J in

population due to radionuclide I,

WRHETOT(I) = total number of cancers in population
: due to radionuclide I.

Similarly, FHDS(I,J), FHHE(I,J) and FHHETOT(I) are deter-
mined for fish ingestion; INSDDS(I,J), INSDHE(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(1I,J)

-and EXSDTOT(I) are determined for external exposure from

shoreline sediments;.and EXARSDD(I,J), EXARSDH(I,J) and.
EXARSDT(I) are determined for external exposure from 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 with 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 selected organs and
cancers. Further, as many algebraic simplifications as
possible are carried out; due to the nature of the mod-
els used, this results in relatively simple expressions
for population dose and risk which are. independent of |
the population size, river size, and time period con-
sidered. Finally, population risk from the various
cancers is summed to give an overall population risk
estimate.. ‘ ' -




It is assumed that the surface-water body under.
consideration can be represented as a single uniformly-
mixed 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 (units:
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- (Sm81), it is assumed that
population size and fish production are linear, homoge- 3
neous functions of river flow F. That is, it is assumed

that

POP = DPOP*F o - (3.2)
and

FSH = DFSH*F , ‘ (3.3)
where

POP = population'(Units: ind¥) suppofted_by river -
'DPOP = constant (units: ind per L/yr)

FSH = fish production (units: kg/yr) supported'byi
- river o
DFSH = conétant (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 '

*x . . :
individuals




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 follows from
(3.1) that the amount of radionuclide I ingested by an
1nd1v1dual (units: Ci/yr) is given by

CW(I)*RINGWAT*WT(I) = RINGWAT*TD(I)*WT(I)/F*T ,  (3.5)

where’

RINGWAT 1nd1v1dual water ingestion rate (unlts.

L/yr)

water treatment removal factor for radio-
nuclide . I (units: unitless).

i

WT(I)

Thus, the dose, (units: rem/lnd) to the organ associated
with cancer J due to radionuclide I and the resultant can-
cer rlsk (units: cancer/lnd) are glven by

N

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.

Populatlon 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)




and
WRHE(I,J) = [RINGWAT*TD(I)*WT(I)fDFING(I,J)fRISK(J)/F*T]
* [DPOP*F*T/70. ]
= RINGWAT*TD(I) *WT(I)*DFING( I,J) *RISK(J)
*DPOP/70. | ' ' '(3,9)
Thus, the total cancers from radionuclide I are given by
WRHETOT(I) = £ WRHE(I,J) . | (3.10)

3.3 Exposufe from Fish Consumption

The population éxposures 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 by an individual from fish consumption (units:
Ci/yr) is given by

CW(I)*CRWF(I)*(DFSH/DPOP)

= TD(I)*CRWF(I)*DFSH/ (DBOE*F*T) , ' (3.12)
where
CRWF(I) = concentration ratio for radionuclide I
from water to fish (units: Ci/kg per

ci/L). - ‘ :




Thus, the dose (units: rem/ind) to the ofgan‘associated
With cancer J due to radionuclide T and the resultant
cancer risk (units: cancer/ind) are given by ‘

(TD(I)*CRWF(I)fDFSH*bFING(I,J))/(DPQP*F*T) (3.13)
and |

(TD(:j*CRWF(I)*DPSH*DF;NG(I,J)*RISK(J))

/(DPOP*F*7) | | | | ‘ (3.14)

respectively.

Population €Xposure and risk now follow from the
eéXpressions in (3.13) ang (3.14). Specifically, with yse
of the relation in (3.4), '

FHDS(I,J) = {[TD(I)*CRWF(I)*DFSH*DFING(I,J)]

/EDPQP*F*T]}*;DPOP*F*T/704

TD(I)*CRWF(I)*DFSH*DFING(I,J)/7O (3.15)

"and

FHHE(I,J) {[TD(I)*CRWF(I)*DFsH*DFING(I,J)*RISK(J)]

/[DPOP*F*T]}*{DPOP*F*T/?O}

)]

TD(I)*CRWF(I)*DFSH*DEING(I,J)*RISK(J)/70.




FHHETOT(I) =X ; FHHE(I,J) . ' (3.17)

3.4 Exposure From Inhalation of Suspended Sediment

The population exposures and resultant health 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 I1th radionuclide
is given by '

CSED(I)

= DCOEF(I)*CW(I)
= DCOEF(I)*TD(I)/F*T , » (3.18)
[From (3.1)]
where
DCOEF(I) = distribution coefficient for radionuclide

I (units: Ci/kg per Ci/L).

Hence, the amount of radionuclide Irinhaled by an individ-
uval (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 suspnnded sedlnent in the
air (units:’ kg/m ),‘

. RINHAIR

rate of inhalation (units: m3/yr),,~

fraction of year that individual is exposed
to suspended sediment (units: unitless).

TMINSD

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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tDCOEF(I)*TD(I)*AIRCON*RINHAIR*TMINSD*DFINH(I,J)]/[F*T]

(3.20)
-and
[DCOEF(I)*fp(z)*AIRCO&*RIﬁHAIﬁ*TMINSD*DFINH(I,J)
*RISK(J)1/[F*T] , - | - (3.21)
respgctiQely. |

Population exposure and risk now follow from the
expressions in (3.20) and (3.21). Specifically, with the
use of the relation in (3.4), v ‘

INSDDS(I1I,J) = {[DCOEF(I)*TD(I)*AIRCON*RINHAIR*TMINSD

*DFINH(I,J)]/[FET]}*{Dpop*F*T/7o.}

[DCOEF(I)*TD(I)*AIRCON*RINSAIR*TMINSD
*DFINH(I,J)*DPOP]/70. ©(3.22)

and

INSDHE(I,J) = {[DCOEF(I)*TD(I)*AiRCON*RINHAIR*TMINSD
.*DFINH(I,J)*RISK{J)]/[F*T]}*{bPOP*F*T/?O} '
. = TDCOEF (1) *TD(I)*AIRCON*RINHAIR*TMINSD

*DFINH(I,J)*RISK(J)*DPOP]/70. (3.23)

Thus, the total cancers from radionuclide I are given by




3.5 Exposure From Water Immersion

INSDTOT(I) = X, INSDHE(I,J) . ©(3.24)

The population exposures and resultant health effects
are now calculated for water immersion. The external expo-
rem/ind) to the organ associated with can-
cer J due to radionuclide I and the resultant cancer risk

sure (units:

(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 o (3.25)

and

[From (3.1)]

TD(I)*REXTWAT*DFﬁXT(i,z,J)*7.E4*RISK(J)/F*T . (3.26)

where
REXTWAT =

70. =

1000. =

exposure rate to contaminated water

(units: hr/yr),

aVerage life expectancy.(unitg: yr/ind)

‘liters per cubic meter (units: L/m3).

' The factors 70. yr/ind and 1000. L/m3 appear in (3;25)

to produce necessary unit conversions.

Population exposure and risk now follow from the

‘expressions in

(3.25) and (3.26).

use of ‘the relation in (3.4),

Specifically, with




e

EXWRDS(I,J) =v[TD(I)*REXTWAT*DFEXT(I,Z,J)*7.E4/F*T]

*[DPOP*F*T/70., ]

= TD(I)*REXTWAT*DFEXT(I,2,J)*DPOP*l.E3_ (3527)
and

EXWRHE(I,J)

[TD(I)*REXTWAT*DFEXT(I,2,J)*7.E4*RISK(J).
/F*T]*[DPOP*F+*T /70, ]

= TD(I)%REXTWAT*DFEXT(I,z,J)*RISK(J)

*DPOP*1.E3. (3.28)

Thus, the total cancers from radionuclide I are given by

EXWRTOT(I)==EJ-EXWRHE(I,J) . (3.29)

3.6 Exposure From Shoreline Sediment

The’ population €Xposures and resultant health effects
are now calculated for external exposure to shoreline sedi-
ment. For these calculations, it is first necessary to
.determine a surface radionuclide concentration, To do

ment surface._ Then, the surface concentration CSURF(T)
(units: Ci/m“) for r

adionuclide T is given by

CSURF(I) = CSED(I)*DEPTH*DENSITY*(l. - POROSIT)
= DCOEF(I)*TD(I)*DEPTH*DENSITY*(l; - POROSIT)'
/E*T

(3.30)
[From (3.18)]



where

DEPTH = depth to which radionuclides afe assumed
to be concentrated on surface (units: m),

DENSITY = mean_particle density of sediment (units:
kg/m?), =

POROSIT = porosity of sediments (units: unitless).

Hence, the external exposure (units: rem/ind) to the
organ associated with cancer J due to -radionuclide T and

the resultant cancer risk (units: cancer/ind) are given
by '

CSURF(I)*REXTSD*DFEXT(Irl,J)*70.
= [DCOEF(I)*TD(I)*DEPTH*DENSITY*(l. - POROSIT)/F*T]

*LREXTSD*DFEXT(I,1,J)*70.]. ‘ (3.31)

[From (3.30)]
and |
.[DCOEé(I)*TD(I)*DEPTH*DENSITY*(l. - POROSIT)/F*T]
*[REXTSD*DFEXT(I,1,3)*70. J*RISK(J) , (3.32)
respéctiveiy, Whefe

. 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), :



EXSDDS(I,J) [DCOEF(I)*TD(I)*DEPTH*DENSITY
*(1. - POROSIT)/F*T]*[REXTSD*DFEXT(I,l,J)
*70.1*[DPOP*F*T/70.7 .

= DCOEF(I)*TD(I)*DEPTH*DENSITY

*(1., - POROSIT)*REXTSD*DFEXT(I,l,J)*DPOR
(3.33)

}'and
EXSDHE(I,J) = [DCOEF(I)*TD(I)*DEPTH*DENSITY
*(1, - POROSIT)/F*T]*[REXTSD*DFEXT(I)l,J)
;70.]*RISK(J)*[DPOP*F*f/70.]'
l.= DCOEF(I)*TD(I)*DEPTH*DENSITY*(l. ~ POROSIT)
*REXTSD*DFEXT}I,I,J)*RISK(J)*DPOP .- (3.34)
Thus, the total cancers fromAradiqnuclide I are given 5Y.

EXSDHET(I)=?Z%-EXSDHE(I,J) _— . (3.35)

3.7 Exposure From Suspénded Sediment

The population exvosures and resultant health effects
are now calculated for external 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

" by . : o : '




CSED(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70.
= [DCOEF(I)*TD(I)*AIRCON*REXARSD*DFEXT(I,3,J)*70.]

/LE*T] . S (3:36)

[From (3;18)]

and
[DCOEF( I)‘ *TD(I)*AIRCON* REXARSD*DFEXT(I,3,J)*70. *RISK( J) ]
JLF*T] , ' , o ' (3.37)

respectively, where

REXARSD = exposure rate to suspended sediment (units;
hr/yr), : '

70. = average 1life expectancy (units:  yr/inda).

Population exposure and risk now follow from the
-expressions in (3.36) and (3.37). Specifically, with use
of the relation in (3.4),

. : )

EXARSDD(I,J) {[DCOEF(I)*TD(I)*AIRCON*REXARSD
*DFEXT(I,3,J)*70.]/[F*T]}*{DPOP*F*T/?O}
= DCOEF(I)*TD(I)*AIRCON*REXARSD

 *DFEXT(I, 3, J)*DPOP - (3.38)

and




EXARSDH(I,J) = {[DCOEF(I)*TD(I)*AIRCON*REXARSD

*DFEXT(I,3,J)*70.*RISK(J)]

'/[F*Tﬂ}*{DPOP*F*T/70}

DCOEF(I)*TD(I)*AIRCON*REXARSD

*DFEXT(I,3,J)*DPOP*RISK(J) . (3.39)
Thus, the total cancers from radionuclide I are given by
EXARSDT(I) = <; EXARSDH(I,J) . ' (3.40)

3-13




4. Release to Soil

4.1 Preliminary Comments A

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 eéxposure from plant 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,

total number of cancers in popula-
tion due to radionuclide TI.

PLHETOT(T)

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 consumption:

INSLDS(I,J),,INSLHE(I,J) and INSLTOT(I) are determined for

inhalation of. suspended soil: 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 deter-
mined for extéernal exposure from suspended soil. The
preceding quantities are determined. in a manner similar

“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 (units: ci),

JXS(I) = amount of radionuclide I in soil sorbed to
solid material (units: ci), .

i

amount of radionuclide I in soil dissolved

XW(I)
in water (units: . ci),

'DP = depth of-soil (units: m),

AR = area of soil (units: mz);



- ER = erosion rate per unit area (units: kg/m2
.per yr),

RO = runoff rate pef unit area (units: ‘L/mz
per yr), :

DCOEF(I) = dietribution coefficient for radionu-
' clide I (units: Ci/kg per Ci/L),

MS = mass of SOlld materlal in soil (unlts.
kg), ~

VW = volume of water in soil (units: L),

3
]

porosity of soil (units: unitless),

DE = mean particle den51ty of 5011 material
(units: kg/m ),

SA = percent saturation of pore space in soil
. (units: unitless).

Radlonucllde partitioning is considered first. The
s0lid mass MS and the water volume VW in the soil are
given by

MS = AR*DP*(1l. - PO)*DE (4.1)

and ‘ |
VW = AR*Dp*po*sa*1000 . - (4.2)
:Thus, the factor S(1I) used in the. determlnatlon of radio-

nuclide partltlonlng between the lquld and solid phases
of a system 1s alven by

DCOEF( 1) *MS | o L
S(I) = DCOEF(T)*MS + VW - [From (2.20)]

- DCOEF(I)*AR*DP*(1l. — PO)*DE
DCOEF(I)*AR*DP*(1. - PO)*DE + AR*DDP*PO*SAX1000

= DCOEF(I)*(1. -~ PO)*DE
DCOEF(I)*(1. - PO)*DE + PO*SAFI000 (4.3)




'Hence, it follows from_(2.16) and (2.17),. that the
_partitioning of radionuclide I between the liquid and
solid phases of the system is given by

XS (1) =:S(I)*X(I) and .XW(I) =[1, - S(I)]*X(I) . (4.4)

The desired equation can now be constructed. 1In
particular, it follows from (2.21) that

dX(I)/dt = R(I) - [Xs(I)/MSJ*AR*Eé 
- [XW(I)/VWI*AR*RO - A*X(I)

S(I)*X(1) o
R(I) - \ER¥DP*(I. - POY*DE( *AR*ER

[1. - s(I)I*x(1))
= \AR*DP*PO*SA*1000f *AR*RO - A*X(I)

[From (4-1): (4-2): (4-4):!

R(I) = A(I)*X(I) , . (4.5) .
where

L S(I)*ER = [1. - S(I)]*RO o
A(I) = Dp¥(1. - Po)*DE * “DP*PO¥5A*1000 * A. (4.6)

Fof radionuclide I, the decay'constant A is given by
A= ALOG(2.)/HLIFE(I) , | (4.7)

where

HLIFE(I) = half—life'of‘radionuclide I (units: yr).




As indicated in (2.9), the asymptotic solution to
the equation in (4.5) is given by '

R/A(I) = TD(I)/T*A(1) , - (4.8)
Ci/yr) for radionuclide T is given by TD(I)/T. Thus, .

for each radionuclide, the asymptotic concentration
(units: Ci/kg) in the soil is given by :

i

CSL(1I) [TD(I)/T*A(I)]/MS

Il

[TD(I)J/ET*A(I)*AR*Dp*(lQ - PO)*DE]

[From-(4.l)]

TD(I)*FAC(I)/T*aR , . | (4.9) . |

where the factor FAC(I) is introduced for notational econ-
venierice and is defined by '

FAC(I) = [A(1)*DP*(1. - PO)*DE]‘; . (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 barameters are assumed to be known
for the region under consideraticn: . :

FPLT = fraction of landg used to grow plants for
human consumption (units: _unitless),

fraction of land used for milk production
(units: unitless),

FMLK

FMT = fraction of land used for meat production
(units: unitless),




DPLT

It

number of people supported per m2
Production (units: ind/m<),

DMLK

number of people supported per m?
- production (units: ind/m2),

DMT = number of people supported per m?
production (units: ind/m<)

DSL = population density for inhalation
: nal exposure calculations (units:

The preceding variables lead to the following
for use in later exposure calculations:

TPPLT = AR*FPLT*DPLT*T/70,

TPMLK = AR*FMLK*DMLK%T/70.
TPMT = AR*FMT*DMT*T/70.
TPSL = AR*DSL*T/70. '

where

by plant

by milk

by meat

and exter-

ind/m?) .

populations
(4.11)
(4.12)

(4.13)

(4.14)

TPPLT = total.population'exposed,to plant ingestion

. (units: ind),

TPMLK = total population exposed to milk
(units: ind),

| . ‘ (units: ind),

consumption

TPMT = total population exposed to meat consumption

TPSL = total population for inhalation and external
: - eXposure calculations (units: ind),

4.2 Exposure From Plant Consumption

70. = average life expectancy (units: vyr),

The population expoéures and resultant health effects
are now calculated for plant ingestion. It follows from

(4.9) that the amount of radionuclide I ingested by an indi-

vidual (units: - Ci/yr) is given by 3
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CPLT*CSL(I)*CRSP(I)

= CPLT*TD(I)*FAC(I)*CRSP(I)/T*AR , . (4.15)
where
CPLT = individual plant consumption (units: kg/
Yr)~:
'CRSP(I)‘= concentration ratio from soil to plant for

radionuclide I (units: Cl/kg per Cl/kg)

Thus, the dose (units: rem/ind) to the organ assoc1ated
with cancer J due to radionuclide I and the resultant can-
cer risk (unlts. cancer/ind) are given by

CPZT*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.

Popﬁlation exposure‘and risk now follow from the
expressions in (4.16) and (4.17). Specifically, with use

-of the relation in (4.11),

PLDS(I,J)

[CPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)/T*AR] .
*[ AR*FPLT*DPLT*T/70. ]
CPLT*TD(I)*FAC(I)*CRSP(I)DFING(I,J)*FPLT

*DPLT/70. ' _ ' (4.18)




PLHE(I,J) [CPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)

*RISK(J)/T*AR]*[AR*FPLT*DPLT*T/70. ]

tCPLT*TD(I)*FAC(I)*CRSP(I)*DFING(I,J)
*RISK(J)*FPLT*DPLTJ/7Q. B  (4.19)

Thus, the total cancers from radionuclide I are given by

PLHETOT(IY:=EJ PLHE(I,J) . (4.20) -

4.3 Exposure From Milk Consumption

N

The population'exposures and resultant heal*h 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

’

= TD(I)*FAC(i)*CRSP(I)*PMLK*CRDM(I)*CMLK/T*AR

where
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

(4i21)




TD(I)*FAC(I)*CRSP(I)*PMLK*CRDM(I)*CMLK*DFING(I,J)/T*AR

(4.22)
and '
[TD(I)*FAC(I)*CRSP(I)*éMLK*CRDM(i)*CMLK*DFiﬁc(I,J)
*RISK(J)]/[T*aR] , _ (4.23)
respectively.

Population exposure and risk now follow from the
expressions in (4.22) and (4.23). Specifically, with use
of the relation in (4.12),

MKDS (I,J) = {[TD(I)*FAC(I)*CRSP(I)*PMLK*CRDM(i);CWLK.
fDFING(i;J)]/[T*AR]}*{AR*EMLK*DMLK;T/70.}
= [TD(I)*FAC(I)*CRSP (I)*PMLK*CROM(I)*CHLK
_*DFING(I,J)*FMLK*DMLKj/7o} | (4.24)
and

MKHE(I,J) = {[TD(I)*FAc(I)*CRsp(x)*PMLK*CRDM(I)*CMLK
*DEING(I,J)*RISK(&)]/[T*AR]}*{AR*EMLK*DMLK
| *T/7o.}
= ETD(I)*FAc(I)*CRsp(I)§pMLx*c3?M(I)*cMLK

*DFING(I,J)*RISK(J)*FMLK*DMLK]/70. (4.25)




Thus, the total cancers from radionuclide I are givén by

MKHETOT (1) ==Z% MKHEE(I,J) . : (4.26)

4.4 Exposure From Meat Consunption

. PMT = plant éonsumption by beef cattle (units:
' kg/day),

‘concentration ratio from diet to meat for
- radionuclide I (units: Ci/kg per Ci/day),

CRDMT(I)
CMT = individual meat'consumption,(units: kg/
yr)
and the remaining two variables are defined after (4.14).
Thus, :
MTDS(I,J) = DTD(I)*FAC(I)*CRSP(I)*PMT*CRDMT(I)*CMT
*DFING(I,J) *FMT*DHT]/70. , | (4.27)

fMTHE(I.J)-= ETD(I)*FAC(I)*CRSP(I)*PMT*CRDMT(I)*CMTf‘

*DFING(I,J)*RISK(J)*FMT*DMT]/70. (4.28)

and

MTHETOT(I) =2 . MTHE(1,J) . C (4.29)

4.5 Exposure From Inhalation of Suspended Soil

same manner as those for inhalation of suspended sediment
with the exceptions that CSL(I), TPSL ang TMINSL are used
instead of CSED(I), TP and TMINSD, respectively, where

4-9




TMINSL

fraction of year that individual is exposed
to suspended soil (units: unitless).

Specifically, the amount of radionuclide inhaled by an

individual (units: Ci/yr) is given by

CSL(I)*AIRCON*RINHAIR*TMINSL

(4.30)

TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL/T*AR .

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

TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL*DFINH(I,J)/T*AR (4.31)

and

[TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL*DFINH(I,J)*RISK(J)]

/[T*AR] ,

respectively.

(4.32)

- 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)

*DFINH(I,J)]/[T*AR]} * {AR*DSL*T/70.}

*DFINH(I,J)*DSL/70. (4.33)

i[TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL

TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL

T TR
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and
INSLHE(I,J) = {[TD(I)*FAC(I)*AIRCON*RINHAIR*TMINSL

*DFINH(I,J)*RISK(J)]/[T*AR]} * {AR*DSL*T/70} .

[TD(I)*FAC(I)*AIRCON*RI&HAIR*TMINSL

*DFI&H(I,J)*RISK(J)*bSL]/?O. | (4.34)
Thus, the total cancefs from‘radipnuclide I are given by
INSLTOT(I) =25 INSLHE(I,J) . (4.35)

4.6 Exposure From Soil

The population exposures and resultant health
effects for external exposure from soil are detérmined

in the same manner as those for external exposure from
sediment with the exceptions that CSL(I), TPSL and REXTSL

are used instead of CSED(I), TP and REXTSED, respectively,
where ' ' : ‘ .

REXTSL = exposure rate to soil (units: hr/yr).

First, as was done in (3.30), it is neceésary to convert

the soil concentration CSL(I) (units: Ciékg)‘to a sur-
face concentration CSURF(I) (units: Ci/m?), where

CSURF(I) = CSL(I)*DEPTH*DENSITY*(1. - POROSIT)

TD(I)*FAC(I)*DEPTH*DENSITY* (1. - 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




CSURF(I)*REXTSL*DFEXT(I,1,J)*70.
= [TD(I)*FAC(I)*DEPTH*DENSITY*(1. - POROSIT)/T*AR]
*tREXTS;*DFEXT(I,l,J)*70.] .(4.37)
;nd
[TD(I)*FAC(I)*DEPTH*DENSITY*(l. - POROSIT)/TfAR]
*[ REXTSL*DFEXT(I,1,J)*70.]1*RISK(J) , ' (4.38
respectively. i
Population exposure and risk now follow from the

expressions in (4.37) and (4.38). Specifically, with use
of the relation in (4.14), v

EXSLDS(I,J) = [TD(I)*FAC(I)*DﬁPTH*DENSITf*(l; - POROSIT)
/T*ARI*[ REXTSL*DFEXT(I,1,J)*70. ]
*[AR*DSL*T/70.] \

"= TD(I)*FAC(I)*DEPTH*DENSITY* (1. — POROSIT)

*REXTSL*DFEXT(I,1,J)*DSL ~ (4.39)

and




EXSLHE(I,J) [TD(I)*FAC(I)*DEPTH*DENSITY*(1l. - POROSIT
/T*AR]*[REXTSL*DFEXT(I,1,J)*70.]*RISK(J).

*[AR*DSL*T/70.]

D(I)*FAC(I)*DEPTH*bEﬁSITY*(l;i— POROSIT) -
 '*REXTSL?DFEXT(I,l,J)*RISK(J)*DSL . (4{40)

Thus, the total cancers'from radionuclide I are given by

EXSLfOT(I) '2 EXSLHE(I,J). | (4741)

4.7 Exposure From Susnended‘Soil‘

‘The population exposures and resultant health effects
for external exposure from suspended soil are determined
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,
respectlvely, where

REXARSL = exposure rate to suspended soil (units:
hr/yr).

The external exposure (units: rem/lnd) 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)*7o.]

JLT*AR] | (4.42)




and
[TD(I)*FAc(1) *AIRéON*RﬁxaﬁsL*DFEXT( I,3,3)*70.*RISK ()]
/[T*AR]., . | A | | | (4.43)
respectively. -

| Population exposure and risk now follow from the

expressions in (4.42) and (4.43). Specifically, with use
of the relation in (4.14),

EXARSLD(I,J) = {[TD(I)*FAC(I)*AIRCON*REXARSL*DFEXT(I,3,J)

*70.1/LT*AR]} *{AR*DSL*T/70.}

‘B

(4.44)

and

EXARSLH(I,J) ='{[TD(I)*FAc(I)*AIRCON*REXARSL*DEEXT(I,3,J)

*70.*RISK(J)j/[T*ARj}*{AR*DSL*T/?O.}

= TD(I)*FAC(I)*AIRCON*REXARSL*DFEXT(I,3,J)

*RISK(J)*DSL . - ' (4.45)

Thué, the total cancers from radionuclide I are given by

EXARSLT(I) = Zy EXARSLH(I,J) . . (4.46)

TD(I)*FAC(I)*AIRCON*REXARSL*DFEXT(I,3,J)*DSL



5. Irrigation After Release to Surface Water

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 radlonuclldes depos-
1ted by sprinkler 1rrlgatlon, where

IPLRDS(I,J) = population dose (units: rems) to -
' ' organ associated with cancer J due
to radionuclide I,

"IPLRHE(I,J) number of occurrences of cancer J
-~ >  ° in population due to radionuclide I,

total number of cancers in popula-
tion due to radionuclide I.

IPLRHET(T)

' Further, IMKRDS(I,J), IMKRHE(I,J) and IMKRHET(I) are

determined for that part of the dose from milk ingestion
which results from milk cattle ingesting radionuclides
dep051ted on feed due to sprinkler 1rrlgat10n, where

population dose (units: rems) to
organ associated with cancer J due -
to radionuclide I,

IMKRDS(I,J)

IMKRHE(I,J) = number of occurrences of cancer J
' in population due to radionuclide I,
IMKRHET(I) = total number of cancers in populatlon

due to radlonucllde I.

.Similarly, IMKWDS(I,J), IMKWHE(I,J) and. IMKWHET(I) are

determined for that part of the dose 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.




The preceding quantities are determined in a manner
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 concentration 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

dc(t)/dat = p(t) = a(t) ; (5.1)
where
C(t) = concentration of radionuclide on rlant mate-
rial- (in Cl/kg) ’
D(t)'=.rate of radionuclide debosition (in ci/kg/
yr), and :
Mg = ratf constant for removal by weathering (in
. yr ).
With the initial condition C(0) = 0 and the assumption

that D(t) has a constant value D, the preceding equation
has the solution :

c(t) = A, (1-e%, . (5.2)

~which provides the concentration due to foliar deposition.

The weathering half-life is oft=an taken to be 14 days.’
This yields a value for Ay of lB.l'yr_l. It is pointed out

that 1 - e Ayt 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 given by

D = FRET*CWAT*IRAT/PDEN , (5.3)



.wWwhere

FRET = fraction of deposited radionuclides retained
: on crops, often taken to be 0.25 (dimension-
less),

concentration of radionuclide in irrigation
water (in Ci/L),

CWAT

IRAT =_irrigatioﬁ rate (in L/m2/yr);'and
PDEN = standing crop (in kg/mz)g

The values indicated for Xw and FRET are widely used and
appear to come from a study by Milbqurn,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

€ = D/), = FRET*CUAT*IRAT/\ *PDEN . (5.4)

. ' \ ’ .
Values for the variables in (5.4) are now obtained for
radionuclide I in the context of the situation under con-
sideration. From (3.1),

CWAT(I) = TD(I)/F*T . _ (5.5)
Further,
IRAT.= FRIV*F/AR , - (5.6)
where

FRIV = fraction of river used for sprinkler irriga-
tion (units: wunitless). ' '

Also,

Ay = ALOG(2.)/WHRHL , (5.7)



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
- ¢(1) = [FRET*TD(I)*FRIV*WHRHL]

/[ T*AR*PDEN*ALOG(2.) ] (5.8)

5.2 Exposure From Plant Consumption

' The population exposures and resultant health effects
are now determined for human ingestion of plants contain-
ing radionuclides deposited by sprinkler irrigation. It
follows from (5.8) that the amount of radionuclide I
ingested by an individual (units: Ci/yr) is given by

C(I)*CPLT = [FRET*TD(I)*FRIV*WHRHL¥CPLT]
- /LT*AR*PDEN*ALOG(2.)] . (5.9)

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 giyen'by

[FRET*TD(I)*FRIV*WHRHL*CPLT*DFING(I,J)]

/[T*AR*éDEN*ALCG(é:fI o (5.10)
and |
' EFRET*TD(I)*FRIV*WHR&L*CPLT*DFING(I53)*RISK(J)]‘
/[ T*AR*PDEN*ALOG(2.)] ,' , (5.11)
respectively..




Population exposure-and risk now follow from the
expressions in (5.10) and (5.11). Specifically, with use:
of the relation in (4.11) for total populatlon avallable
for plant consumption, . ‘ .

IPLRDS(I,J)

= {tFRET*TD(Ii*FRIV¥WHRHL¥CPLT¥DFING(I,J)]
/[é*AR*PDEN*ALoG(z.)]}%{AR*FPLT*DPLT*T/?O.}
' =‘tFRET*TD(;)*FRIV%WHRHL*CPLT*DFING(I,J)
*FPLT*DPLT]/EEDEN*ALOG(2,)*7o.j (s.lg)
and | | |

IPLRHE(I,J) = {[FRET*TD(I)*FRIV*WHRHL*CPLT*DFING(I,J).
*RISK(J)]/[T*AR*PDEN*ALOG(2.)1}

*{ AR*FPLT*DPLT*T/70.} |
=" [FRET*TD(I)*FRIV*WHRHL*CPLT*DFING(I,J)

[y

*RISK(J)*FPLT*DPLT]/[ PDEN*ALOG(2.)*70.]

(5.13)
Thus, ﬁhe total cancers from radionuclide I are given by
IPLREET(I) =2.; IPLRHE(I,J) . (5.14)

5.3 Exposure From Mllk Consumptlon

The population exposures and resultant health effects
are now determined for milk ingestion. Two sets -of deter-

minations are made. -The ‘first is for that part of. exposure
- and health effects which results from foliar 'deposition of
radionuclides -due €o "sprinkler 1rr1gat10n.._The second is

-




for that part of exposure and heaith effects which results

from radionuclides in water given to livestock.

It follows from (5.8) that the amount of ‘radionuclide
I ingested by an individual (units: Ci/yr) due to foliar
deposition and subsequent plant use in milk producticn is
given by :

C(I)*PMLK*CRDM(I)*CMLK

{[FRET*TD(I)*FRIV*WHRHL]/[T*AR*PDEN*ALOG(2.)]}

*{PMLK*CRDM(I)*CMLK}.

[FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM(I)*CMLK]
/LT*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 can-
cer risk (units: cancer/ind) are given by :

[FRET*TD(I) *FRIV*WHRHL*PMLK*CRDM( 1) *CMLK

,i*DFING(I,J)]/[T*AR*PDEN*ALOG(Z.)] - | (5.16)
and
[FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM(I)*CMLK
*DFING(I,J)*RISK(J)J/[T*AR*PﬁEN*ALOG(z.)] ' (5.17)r
regpectively.

Population exposure and risk now follow from the
expressions-in (5.16) and (5.17). Specifically, with use
of the relation in (4.12) for total population available
for milk consumption,




IMKRDS(I,J) .= {[FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM(I)
*CMLK*DFING(I,J)]/[T*AR*PDEN*ALOG(Z.)]}
*_{AR*FMLK*DMLK#T/70}.

= [FRET*TD(I)*FRIV*WHRHL*PMLK*CRDM (I ) *CMLK

" *DFING(I,J)*FMLK*DMLK]/[PDEN*ALOG(2.)*70.]
| | . (5.18)

and
IMgRgE(I,J).= {[FRET*TD(I)*FRfV*ﬁHRHL*PMLK*CRPM(I)~
‘}*CMLK*DFING(I,J)*RISK(#)]/[T*AR*PDEN
*ALOG(z.)]}*{AR*FMLK*DMLK*T/70};
='EFRET*Tb(;)*FRIv*wﬁéﬁL*pMLK*cgnm(1)*CMLK
*DFING(I,J)*RISK(J)*FMLK*DMLK]
/[PDEN*ALOG(2.)*70.7 . | o ‘5.19)

Thus,. the total cancers from radionuclide I are-given by

IMKRHET(I) =§:J IMKRHE(I,J) . | - (5.20)

' It follows from (3.1) that the amount of radionuclide .
I ingested by an individual (units: Ci/yr) due to water
used for milk cattle is given by

CW(I)*WMLK*CRDM(I)*CMLK = TD(I)*WMLK*CRDM(I)*CMLK/F*T, (5.21)




where

WMLK = water consumption by dairy cattle (units:
L/day).

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)*WMLK*CRDM(I)*CMLKfDFING(I,J)/F*T o (5.22)
and
TD(I)*WMLK*CRDM(I)*CMLK*DFING(I,J)*R$SK(J)/F*T ' (5.23)
respeétively;'

Population exposure and risk now follow from the
expressions in (5.22) ang (5.23). Specifically, with use

of the relation in (4.12) for total population available
for milk consumption, :

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*?O.] o (5.24)

and

IMKWHE(I,J) vtTD(I)*WMLK*CRDM(i)*CMLK*DFING(I.J)*RISK(J)

/F*T]1*[ AR*FMLK*DMLK*T/70. ]

[TD (1) *WMLK*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) =§:J'IMKWHE(I,J) . | (5.26)

Unlike all earlier calculations. for population effects,
the variables F and AR did not drop out of the expreéessions
in (5.24) and (5.25). However, if one assumes that the
irrigation rate IRAT (units: L/m? per yr) is known, it

is possible to remove F and AR. Specifically,
F*FRIV = AR*IRAT - (5.27)
and so -

FRIV/IRAT .  (5.28)

AR/F

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*70.7 . ' (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]/[PDEN*ALOG(Z.)*70.]

!’

.(5.31)
IMTRHE(I,J) = [FRET*TD(I)*FRIV*WHRHL*PMT#CRDMT(i)*CM
*DFING(I,J)*RISK(J)*?MT*QMT]
'/[PDEN*ALOQ(Z.)*?O;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

IMTWHE(I,J) [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)*RISK(J)
*AR*FMT*DMT]/[F*70. ]

= [TD(I)*WMT*CRDMT(I)*CMT*DFING(I,J)?RISK(J)

*FRIV*FMT*DMT/[IRAT*70.] . = (5.34).




The total cancers from radionuclide I are given by

IMTRHET ==§:J IMTRHE(I,J) (5.35)
and

IMTWHET = Z

J IMTWHE(I,J). (5.36)
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ABSTRACT

The Environmental Protection Agency (EPA) is déveloping 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 Assessment 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

Three sets of calculations of health effects (cancer deaths)
per curie release were performed in this analysis. The A
calculational methods, the results of the analysis. and the
-potential implication of these results upon the curie release
limits of the EPA.are discussed in this report. -
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1.0 Introduction

The Environmental Protection Agency (EPA) is developing a
-standard for geologic disposal of high-level radioactive wastes
that would 1limit the curie releases to the accessible environ-
ment 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 of calculated health effects per curie
released into the environment for all the radionuclides
considered in the EPA analysis was established to estimate the

potential health hazard. The EPA analyses of the various media

were used to select the limit of 1,000 health effects 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 radionuclides. The Nuclear 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 conver-
sion factors and health effects estimates. The calculations
presented in this report were designed to flag potential prob-
leps with the EPA release limits that may warrant further anal-
"ysis. . ‘ .

_ Three sets of calculations were performed in this work.
The first 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 and Kaestner, 1981) and the




Dosimetry -and Health Effects Model (Runkle, et al., 1981). 1In
these calculations the input parameters to the Pathways Model
were selected from those used in demonstrating the Risk Assess-
ment Methodology (described in Cranwell, et al., 1982). The
reference site used in this demonstration was based on a hypo-
thetical 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 statistical

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
input a unit curie source over 10,000 years (i.e., 10-% '
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 soil compartment over 10,000 vyears (i.e.,
5 x 10~2 Ci/yr) to estimate 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) pre-
sented in this report, a unit curie source was input to the
liquid phase of the surface water over 10,000 years (i.e.,
104 Ci/yr) and the interchange between the surface water and
the soil compartments of the Pathways Model determined the soil
concentration. 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. 1In addition, the fractional partitioning
of land use (assumed by EPA) was not incorporated in this '
analysis. _ o '

Second. the EPA analysis considered a population detrimenf
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




‘that the area (A) cahceled out of the equation for the land
- based ingestion calculation, which eliminated the linear rela-

tionship 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 popu-
lation density (persons/%) assumed by EPA to estimate the
population for the water based gathways.' For the land based
Pathways the density (persons/m ) defined by EPA was multi-
plied 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 kmz). 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
parameters included concentration ratios, human and animal
consumption rates, dose conversion factors and risk estimates.
These calculations were designed to estimate the health effects
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 sim-

-1 £

plified analysis presented in this report, a systen consisting
of two compartments, soil and surface water, was used. For
this situation, the mathematical formulation for each radionu-
clide considered is a system of two differential equations of
the following form: :

dx-]_/dt hl - (N + k21) Xy +.klz X2

‘de/dt

hz + k21 xl - (K + k02,+ klZ) x2

where x; is the amount (units: Ci) of radionuclide in com-
partment i (1 ~ soili, 2 ~ surface water), h; is the rate
of radionuclide input (units: Ci/yr) to compartment i, and \ -

(1)




is the decay constant (units:. yr-1) for the radionuclide

under consideration. The kjj is the rate constant for move-
ment from compartment ] to compartment i, where i = 0 denotes a
flow from compartment j to an area outside the modeled system.
Each coefficient, li. is of the follow1ng form: "

kig = (1 —_vgg)_nwij + s]- stij - ' (2)

where VWi denotes the volume of water in compartment j
(units: "), MS3; denotes the mass of solids in compartment

j (units: kgq),. RWjj denotes the rate at which water flows
from compartment j to compartment i (units: 2/yr),,and

RSIJ denotes the rate at which solid material flows from
compartment j to compartment i (units: - kg/yr). Further, the

-unitless quantity sj represents the effects of radionuclides

partitioning in compartment j and is defined by
5 Sy )
3 ) : A |

where KdJ is the dlstrlbutlon coefficient in- compartment j
for the radionuclide under consideration (units: - 2/kg). The.
nonzero values for the VWj, MSj, RW;jj and RS;jj for the :
site described in this section are given in Table 2.1.

The system of equatlons in (1) can be reformulated in
matrix notatlon as’ 4

dx/dt = h + Kx, _ (4)
Where , .
- . ' ' .
Ix3 h]_]_ -\ + k21) Ki2 :
= [Xz] . = Lhz and K = [}k21 ‘ —(hikgp + klz)J(S)

For this analysis hj was assumed to be 10-4 curies/Yr and

ho was assumed to be 0. As the system under -consideration is-
completely open, the equations represented in (1) and (2) have.
a unique asymptotlc solutlon. sXx, .where _ .

8X = —K‘l.h. - : (6)

For the ana1y51s presented in this report, the asymptotic solu—
tions indicated in (6) were used instead of time-dependent
solutions. Variables R; 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.




Table 2.1

-Environmental Transport Input Parameters
(Helton and Kaestner, 1981)

Surface Water:

VW2 = Volume of Water - '2.2x1010¢
MS; = Mass of Solid h _ 6.8x105 <§i> kg
- \R1

RS12 = Rate of mass outflow to 1.1x101l (R3) kg/y
Ssoil subzone : ‘ '

RWp2 = Rate of water outflow to - ~ 1.9x1013 (R1) */y

- surface water in next zone

RSg2 = Rate of solid outflow to 5.9x108 (Rg) kg/y
surface in next zone :

RW;2 = Rate of water outflow to ~ 4.0x1010 (ry) /vy
soll subzone

Soil:

VW; = Volume of water . _ ~ 2.0x1010¢

MS, = Mass of solid . 1.1x101l1 kg

RWy; = Rate of water outflow to 4.0x1010 (R;) /vy
surface water ' S

RS53 = Rate of mass outflow to 0.0 (kg/y)

surface water

Assumed Values:

R;= 1.0 A Variables to introduce variation
in the subzones indicated above.
Rz= 1.0 Variations were not considered
: F in the EPA/SANDIA or the SANDIA
R3= 10-3 - analyses, therefore these varia-
- bles were assigned the point val-
Rg= 9.0

ues given in this table.




\

Also for this analysis., the radionuclides were assumed to
be released to the liquid Phase of the surface water. Further,
no adsorption onto the solid particulate phase of the surface .
water was considered. This would represent a situation where
there are no Kd effects in the water. 1In 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 subzone. 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 Smith, et al., 1982. v

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

- s0il compartments of the Pathways Model 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 (cancer deaths) per curie release. The calcu-

lations of the cumulative health effects over time, T, may be
summarized by the following general equation -

_>'_* % v * * |
R?Kij = Qij (E DFijk HEjk) POPj‘ T . ‘(7)
where ﬁ
RSKjj = health effects (cancer deaths) per curie release
, of radionuclide i via pathway j (ingestion,‘
inhalation or external) '
Qi3 = quantity intake‘per.year (via ingeStibn_or_
' inhalation) or exposure (external) to
radionuclide i via pathway j (Ci/y)
.DF-- = dose conversion factor to daiculate the dose
1jk =

commitment to organ k from radionuciide i via
Pathway j (rem/Ci) '




Table 2.2

Distribution Coefficients (Kd)
Assumed by EPA

Radionuclide ‘ Kd Value (cm3/qm)

 An241 | 2000
Am243 2000
Cs135 200
Cs137 200
1129 0
Np239 15
Pu239 2000
Pu240 2000
Pu242 2000
Sr90 20
Tc99. o
Sn126 250




Table 2.3

Radionuclide Concentratlons in the Surface Water and

Radionuclide

Am241
Am243
Cs135
Cs137
I129

NP237
PUZ239
PUé4O
PU242
SRY90
TC99

SN126

Soil From the Pathways Analysis

surface Water

Soil

(Ci/%)
5.26E-18

5.26E-18

5.26E-18

5.26E-18

5.26E-18

5.26E-18
5.26E-18
5.26E-18
5.26E-18
5.26E-18
5.26E-18

5.26E-18

. (Ci/kg)

1.13E-15

7.02E-15

1.05E-15
7.66E-17
9.57E-19

7.99E-17

9.10E-15%

6.54E-15
1.04E-14
4.56E-17
9.57E-19

1.31E-15



HEjk = health effects conversion factor to estimate the
o " Potential fatal cancers from the dose commitment
to organ k via Pathway j/health effects
' rem
POPj = Population exposed to the dose commitment from
: pathway j (persons) N
T = time interval of the calculation. For this

analysis (and EPA) the time interval was assumed
‘to be 10,000 Years. '

The three pathways included in this analysis were the ingestion, 
(includes several subpathways), inhalation and external expo-
sure. The calculations of health effects per curie release for
each of these Pathways are detailed in subsections 2.1, 2.2 and-
2.3, respectively. o :

2.1 Ingestion

2;1;1 Dose Factors and Health Effects Estimates

A The dose conversion factors and the health effects esti-
mates per fem of exposure 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 50-year dose commitment (rem) to
an individual which results from the initial intake of one
curie of the radionucligde, ' '

2.1.2 Population at Risk

. EPA used the flow Late of the world's rivers ang the world
population to estimate the population that can be Supported'by
a given river flow Late. This ratio, of the flow rate to the
. world population, was aprlied to the flow rate of the river
considered in this analysis (1,9E13%/yr) to define the popu-
lation for the drinking water. & resulting population of 6.3E6
bersons was used for the EPA/SANDIA calculations. EPA also
related the world's average fisp consumption rate (1010 kg yr)
to the world's river flow Late (3El6 2/yr) to estimate the




BONE

1.000E-05  4.000E-05 4.000E-05 1.000E-05

NUCLIDE PATHWAY .
(INHALATION AND INGESTION=REM/CI INTAKE

NI-59

SR-90

ZR-93

- TC-99

Table 2.4

HEALTH EFFECTS CONVERSION FACTORS, HEALTH EFFECTS/MAN REM
(FATAL CANCERS FOR ALL ORGANS EXCEPT OVARIES AND TESTES. GENETIC EFFECTS TO FIRST GENERATION FOR OVARIES AND TESTES)

. RED MARROW LUNGS LIVER GI-LLI
HALL

" THYROID KIDNEYS ~ OTHERORGAN  QVARIES TESTES

Z.OOOE-OS', 1.000E-06  1.000E-05  7.000E-05 - 2.000E-05 2.000E-05

NUCLIDE DEPENDENT INPUT DATA

ORGAN

BONE  RED MARROW LUNGS LIVER

INHAL]  8.460E+00 2.420E+01 6.180E+00 8.880E+00 7.

- INHAL2  8.460E+00 2.420E+01 6.180E+00 8.880E+00 7.

INGEST  1.170E+03 3.3B0F+03 8.490E+02 1.230E+03 1.0
0 .

Taken from Smith, et al., 1982

EXT AIR 0.0 0.0 0.0 0. 0
EXT GND 0.0 0.0 0.0 0. 0
INHALY  1.290:+04 2.150E+03 8.470E403 4.983E403 7
INHALZ  1.290E+04 2.150E+03 8.470E+03 4.980E+03 3
INGEST ~ 9.670E+03 1.610E+03 1.610E+03 3.320E403 9
EXT AIR 0.0 0.0 0.0 - 0.0 0
EXT GND 0.0 6.0 0.0 0.0 0.
INHAL1  3.210E+05 1,210E+05 8.540F+06 1.930E+04 9.
INHAL2 ~ 3.000E+06 1.100E+06°4.920E+04 1.490E404 §
INGEST  1.200E+06 4.300E+05 1.570E-02 § 7T10E+03 1
EXT AIR 0.0 0.0 ‘0.0 - 0.0 0
EXT GND 0.0 0.0 0.0 0.0 0
INHALY  1.470E+03 1.750E+03 5.850E+04 2.930E+03 7
" iNHAL2  4,120E403 2.460E+03 3.080E+04 2.110E+03 6
INGEST  1.970E+02 3.340E+02 3.900E+01 1.430E402 |
EXT AIR 0.0 0.0 0.0 0.0 0
EXT GND  1.780E+04 1.780E+04 1.780E+04 1.780E+04 1
INHALT  2.420E+02 2.150E+02 5.220E+04 4 210E+02 1
INHAL2  2.420E+02 2.150E+02 5.220E+04 4.210E+02 1
INGEST  3.610£+02 3.220E+02 0.0 6.280E+02 3.
EXT AIR 0.0 0.0 0.0 0.0 0
EXT GND 0.0 0.0 0.0 0.0 0

10

-160£+03 1.600E+03 1.3
-980E+03 1.320£+03 1.3

- 750E+04 1.690E+01 1.990E+02
0 0.0 . 0.0
-780E+04 1.780E+04 1

-660E+03 9.460E+03
-660E+03 9.460£+03

- DOSE COMWITMENT FACTORS : .
AIR SUBMERSION=REM/Y PER CI/M**3 GROUND CONTAMINATION=REM/Y PER CIM**2)

GI-LLI  -THYROID KIDNEYS OTHERORGAN OVARIES TESTES
HALL , .

220E+00 6.480E+00 7.920£+00 1.410E+01 5.290F+00 5.420F+0¢
220E400 6.480E+00 7.920E+00 1.410E+01 5.290E+00 5.420E+00
460E+03 B.890E+02 1.060E+03 1.920E+03 7.360E+02 7.230E+02

0.0 0.0 0.0 ., o0.0 0.0 ,

0 0.0 0.0 0.0 0.0 0.0

-120E+02 2.150E+03 2.150E+03 2.150E+03 2.150E+03 2.150E+03
-560E+02 2.150E+03 2.7150E403 2.150E+03 2.150E+403 2.150£+03 o
-700E+02 1.610E+03 1.610E+03 1.610E+03 1.610£+03 1.610E+03
.0 0.0 - .0
.0 0.0 0.0 .

- 310E405 3.740E+03 3.740£403 1
-SO0E+04 1.540E+04 1.540F+04 2
-980E+05 5.990£+03 5.990E+03 9
.0 0.0 0.0
.0 0.0 0.0

0.0
0.0

40E+03 3.730E+03
40E+04 1.540E+04
90E+03 5.990E+403 -
0.0
0.0

00E+03 1.040E+03 1.470E+02
30E+03 1.460E+03 4.950E402
70E402 1.360E+03 1.340E+02
. 0.0 0.0

80E+04 1.780E+04-1.780E+04 1. 780E+04

(=]
(=X =)

o0
(=]
(=N~}

10E+05
10E+05
00E+04

QOoOwmam
POO‘I—'W o
) .
cCouwvurwy

0
0
+J60E+03 2
2
2
0

QP —n

70E402 8.870E+02 2.120E+02 2.120E402
70E+02 B8.870E+02 2.120E+02 2.120E+02

0O

3
3
200E+03 1.410E+04 4.
0
0

S80E+02 2.140E+02 3.170E402 3.170£+02
0 0.0 .0 0.0 0.0 0.0
0 0.0 .0 0.0 0.0 0.0




Table 2.4 (continued)

ORGAN
BONE . RED MARROW  LUKGS LIVER Gl-ttl THYROID  KIDNEYS OTHERORGAN OVARIES TESTES
i o WA . . .
SN-126  INHALY  1.580E+05 1.58CGE+05 1.270E+06 4.190E+03 7.60CE+04 1.23CE+03 6.160E403 6.160E+03 6.160E+03 6.160E+03
INHAL2  1.580E+05 1.580E+05 1.270E+06 4.190E+03 7.600E+04 1.230E403 6.160E+03 6.160E+03 6.160E+03 6.160£+403
INGEST' 8.570E+404 8.570E+04 3.110E+03 1.690E+03 1.18CE+05 4.990E+02 2.830E+03 2.820E+03 2.820E+03 2.820£+03
EXT AIR  1.150E+07 1.150E+07 1.150E+07 1.150€+07 1.150E+07 1.150E+07 1.150E+07 1.150E+07 V.150E+07 1.150E+07
EXT GND  2.090E+05 2.090E+05 2.090E+05 2.090E+05 2.090E+05 2.C90E+05 2.090£+05 2.0S0E+05 2.090E+05 2.090E+05
1-129 INHALY -~ 5.790E+02 6.050E+02 7.880E+02 4.660E+02 4.280E+01 5.000E+06 4.490E+02 2.050E+03 3.730E402 3.570E+02
INHALZ  5.790E+02 6.050E+02 7.880E+02 4.660E+02 4.280E+01 5.000E+06 4,490E402 2.050£+03 3.780c+02 -3.57CE402
INGEST  9.020E+02 9.420E+02 1.790E+02 7.240E+02 6.700E+01 7.BCOE+05 7.020E4+02 3.180E+03 5.920£+02 5.530E+02 |
EXT AIR  1.45GE+05 1.310E+05 4.850E+04 3.600E+04 1.150E+04 1.010:+05 5.380E+04. 9.540E+04 3.400E+04 1.31GE4CS |
- EXT GND"  8.730E+03 7.870E+03 2.910E+03 2.160£+03 6.900E+02 6.040F+03 3.230E+03 5.73OE+03)2.040E+03 7.8B80E+03 !
CS-135  INHAL)  7.470E+03 7.470E+03 6.400E+02 7.470E+03 8.51C:+01 7.48CE+03 7.470E+03 4.400E+03 7.4705403 7.470C+03 |
INHAL2  7.470E+03 7.470E+03 6.40CE+02 7.470E+03 8.510E401 7.480E+03 7.470E+03 4.400E+03 7.470E+03 7.47CE+03 |
INGEST . V.12C0E+04 1.120E+404 0.0 1.120E+04 5,350E+02 1.130E+04 1.120F+04 6.610E+03 1.120E+04 1.1202+04
EXT AIR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
EXT GND 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 - 0.0
€S-137 _ INHALY  4,540E+04 4.910E+04 1.620E+04 5.230E+04 1.600E+04 4.470E+04 §.130E404 3.260E+04 5.G00E+04 4.440E+07%
: INHALZ  4.530E+04 4.910E+04 :1.620E+04 5.230E+04 1.600E+04 4.47CE+04 §.130E+04 3.260E+04 5.000E+04 4.44CE+04
INGEST  6.820E+04 7.3B0E+04 1.950E+04 '7.870E+04 2.590E+04 6.720E+04 7.730E+04 4.910E+04 7.540E+04 6.680F+04
EXT AIR 4.660E+06 4.450E+06 3.600E+06 3.180E+06 2.750E+06 4.020E+06 3.380E+06 3.810E+06 1.39CE+06 4.240E+406
] EXT GND  8.290E+04 7.920E+04 6.400£+04 5.650E+04 4.900E+04 7.150E+04 6.030E+04 6.790E+04 2.490E+04 7.550C+04
SM-151 INHALY  5.T00E+02 2.090E+02 6.780E+04 1.900E+03 3.04CE+03 1.920E+01 5.540£+02 1.090E+03 1.470E+01 1.070E+01
INHAL2  4.910E+03 1.940E+03 1.590E+04 1.890E+H04 2.810E+03 1.040E+02 5.380E+03 1.190E+03 1.0S0E+02 1.030E+02
INGEST  4.910E+00 3.20CE+00 1.050E-01 1.730E+01 5.850E+03 1.03GE-0) 5.520E+00 2.340E+01 5.660£+00 5.360E-01
- EXT AIR  2.440E+01 2.130E+01 4.240E+00 2.35CE+00 2.920E+00 9.060E+00 7.020E+00 3.070E+01 3.9Z0E+00 3.860E+0]
EXT GND  4.590E+00 4.000E+00 7,960E-01 4.410E-01 5.4B0E-0F 1.700€+00 1.320£400 5.780E+00 7.360E-01 7.300E+00
RA-226  INHAL1: 1.100E+07 9.800E+05 2.810E+07 3.400E+05 1.000E+05 3.400E+05 3.490E+05 4.600E+06 3.400E+05 ‘3.400E+05
© . INHALZ  1.700E+07 9.800E+05 2.810E+07 3.400E+05 1.000E405 3.J00E+05 3.490E+05 4.600E+06 3.400E+05 3.400E+405
INGEST  6.320E+07 2.140E+06 2.710E+02 1.870E+06 8.160E+05 8.010E+05 5.790E+06 7.790E+06 8.060E+05 8.010£405
EXT-AIR  1.S00E+07 1.390E+07 1.270E+07 1.120E+07 1.030E+07 1.28CE+07 1.060E+07 1.180F+07 9.900E+06 1.130E+07 .
EXT GND  2.520E+05 2.340E+05 2.070E+05 1.850E+05 1.690E+05 2.120E+05 1.750E+05 2.210E+05 1.630E+05 1.890E+405
U-234 INHALY  2.000E+07 8.100E+05 2.730E+08 5.900E+05 5.480£+04 5.900£+05 8.700E+05 9.800E+06 5.900E+05 5.900E+05
INHALZ  5.900E+07 2.400E+06 2.800E+07 1.700E+06 4.7S0E+04 1.700E+06 2.500E+06 5.500E+06 1.700E+06 1.700E+06
- INGEST  2.000E+07 8.000E+05 8.230F+02 5.800E+05 8.860E+04 5.800E+05 8.500E+05 1.700E+06 5.800£+05 5.B00F+05
EXT AIR  2.940E+03 2.640E+03 1.030E+03 7.640E402 8.560E+02 1.280E+03 8.130E+02 2.490E+03 6.640E+02 2.090E+)3
EXT GND  5.630E+02 5.U050E+02 1.970E402 1.460E+02 1.640E+02 2.460E+02 1.560E+02 4.780E+02 1.270E+02 4.000E+02
NP-237 - INHAL1  9.0.0E+08 3.010E+08 2.900E+08 4.020E+08 1.380E+05 3.000E+06 5.200E+07 8.500E+07 1.800E+06 5.800E+06
INHALZ  2.240E+09 7.470E408 3.000E+07 9.910E+08 1.260E+05 7,400E+06 1.280E+08 1.900E+08 4.600E+06 1.400£+07
INGEST  1.900E+07 6.200E+06 B.870F+02 8.200E+06 1.460E+05 6.080E+04 1.100E+06 1.600E+06 3.300E+04 - 1.200E+05
EXT AIR '3.270£+06 3.030E+06 1.790E406 1.560E+06 1.130E+06 2.150E+06 1.500E+06 2.0S0E+06 1.020E+06 2.410E+06
7.250E+04 6.720E+04 3.970E+04 3.460E+04 3.340E+04 4.570£+404 2.270E+04 5.350E+04

'EXT GND

2.500E+04 4.470E+04




Table 2.4 (continued)

ORGAN’

BONE  RED MARROW  LUNGS LIVER GI-LLI . THYROID KIDNEYS OTHERORGAN OVARIES . TESTES
WALL : ) .
PU-238  INHAL1 '7.910E+408 2.640E+08 3.090E+08 3.550E+08 6.200E+04 2.600E+06 4.600E+07 7.600E+07 1.600E+06 5.000E+06
INHAL2  2.030E+09 6.770E+08 3.200£+07 9.070E+08 5.510E+04 6.600E+06 1.170E+08 1.730E+08 4.100E+06 1.300E+07
INGEST  5.000E+05 1.700E+05 7.890E-02 2.200E+05 1.100E+05 1.640E+03 2.910E+04 4.320E+04 1.030E+03 3.200£+03
EXT-AIR  1.260E+03 1.090E+03 3.020E+02 1.330E+02 4.45CS+02 2.460E+02 1.770E+02 1.660E+03 1.B860E+02 1.320E+03
"EXT GND  2.470E+02 2.140E+02 5.920E+01 2.600E+01 8.710E+01 4.810E+0) 3.460E+01 3.250E+02 3.640E+01 2.580E+02
PU-239  IKHAL]  9.120E+08 3.040E+08 2.940E+08 4.040E+08 5.780E+04 3.000E+06 5.200E+07 8.600E+07 1.800E+06 5.800E+06 -
INHALZ  2.280E+09 7.610E+08 3.000E+07 1.C00E+09 5.130E+04 7.400E+06 1.300E+08 1.920F+08 4.600E+06 1.500E+07
INGEST  5.700E+05 1.900E+05 6.090E-02 2.500E+05 9.860E+04 1.850E+03 .3.220E+04 4.820E+04 1.150E+03 3.600E+03
EXT-AIR  6.410E402 5.610E+02 1.710E+02 9.380E+01 1.900E+02 1.890E+02 1.230E+02 7.220E+02 1.170E+02 6.110E+02
EXT GND  1.220E+02 1.070E+02 3.240E+01 1.780E+01 3.600E+01 3.590E+01 2.330E+01 1.370E+02 2.210£401 1.160E+02
PU-240  INHAL}  9.130E+08 3.040E+08 2.950E+08 4.050E+08 5.820E+04 3.000E+06 5.200£+07 8.600E+07 1.800E+05 5.800E+06
INHAL2  2.280E+09 7.600E+08 3.100E+07 1.010E+09.5.170E+04 7.400E+06 1.300E+08 1.940E+08 4.600E+06 1.5G0E+407
- INGEST ~ 5.700E+05 1.900E+05 8.32CE-02 2.500E+05 9.930E+04 1.84CE+03 3.220E+04 4.830E+04 1.150E+03 3.600E+03
EXT AIR  1.160E+03 1.000E+03 2.890E+02 1.400E+02 3.950E402 2.530E+02 1.780E+02 1.460E+03 1.5C0E+02 1.170E+03
EXT_GND  2.250E+02 1.960E+02 5.640E+01 2.720E+01 7.790£+01 4.930E+01 3.470E+01 2.850E+02 3.520£+01 2.280E+02
AM-241  INHALY  9.430E+08 3.140E+08 3.130E+08 4.190E+08 6.520E+04 3.100E+06 5.400E+07 8.900E+07 1.900E+06 6.000E+06
: INHALZ ~ 2.350E+09 7.330E+08 3.200E+07 1.040E+09 6.110E+04 7.700E+06.1.340E+08 1.990E+08 4.80CE+06 1.500€+07
INGEST ~ 1.900E+07 6.400E+06 1.270E+02 8.500E+06 1.100E+05 6.320E+04 1.100E+06 1.600E+06 3.940E+04 1.200E+05 .
EXT AIR  2.720E+05 2.480E+05 1.010E+05 8.300E+04 5.6B0E+04 1.380E+05 8.800E+04 1.440E+05 8.510E+04 1.2SCE+05
EXT GND 1 420E+04 1.300E+04 5.300E+03 4.330E+03 2.960E+03 7.210E+03 4.590E+03 7.500E+03 4.440E+03 5.570£+03
PU-232  INHAL]  8.630E+08 2.850E+08 2.800E+08 3.850E+08 5.510E+04 2.800E+06 5.000E+07 8.200E+07 1.80CE+06 5.500E+06
’ INHALZ2  2.170£+09 7.220E+08 2.900E+07 9.560E+08 4.900E+04 7.100E+06 1.230E+08 1.840E+08 4.400E+06 1.4CO0E+07
INGEST =~ 5.400E+05 1.800E+05 1.600E-01 2.400E+05 9.400E+04 1.76CE+03 3.06CE+04 4.600E+04 1.03CE+03 3.42CE+03
EXT AIR  1.040E+03 8.930E+02 2.360E+02 9,370E+01 3.650E+02 1.770E+02 1.32CE+02 1.390E+03 1.517:£402 1.100E+03
EXT GND  2.030E+02 1.750E402 4.630E+01 1.840E+01 7.160E+01 3.470E+01 2.590E+01 2.720E+02 2.97u£+01 2.170E+02
AM-243  IMHAL]  9.430E+08 1.560E+09 3.030E+08 4.210E+08 3.220E405 3.100£+06 5.400E+07 8.900E+07 1.90CE+06 6.0COE+06 -
INHAL2  2.340E+09 3.870E+09 3.100E+07 1.040E+09 1.500E+05 7.700£+06 1.3402+08 1.990E+08 4.800E+06 1.500E+07
INGEST  1.900E+07 3.200E+07 9.640E+02 8.500E+06 1.490E405 6.340E+04 1.100E+05 }.600E+06 4.070E+04 1.200E+05
EXT AIR  2.170E+06 2.010E+06 1.060E+06 9.140E+05 6.490E+05 1.330E+06 8.970E+05 1.290E+06 6.760E+05 1.410E+06
EXT GND 3.2€0E+04

5.290E+04 4.880E+04 2.630E+04 2.260E+04 1.610E+04 2.210E+04 3.150E+04 1.650E+04 3.480E+04
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population intake of fish (3.3E-7 kg per person/%). The EPA
estimate of 3.3E-7 kg per person/% is the same as assuming a
1 kg/yr fish intake. Therefore, for the EPA/SANDIA calcula-
tions a 1 kg/yr consumption of fish and the same population
used for the drinkKing water calculations (6.3E6 persons) were
assumed. o - '

The population for the land-based ingestion intakes was
calculated by multiplying the density (persons/m?) provided
by EPA for the three subpathways by the area considered in the
hypothetical reference site analysis (160 kmz) (Cranwell,
et al., 1982). The populations used in these subpathway calcu- -
lations were : ‘

CROP
160 km2 *'1,0E—32§£§gﬂ = l.6E5 persons
m ‘
MILK
160 km2 *_1.5E-3E§£§92‘=;2.4E5‘persons
. _ -

BEEF

160 km? = 2.1g-¢ReES00
m

3ﬂ4E4vpersons -

2.1.3 Quantity Intake of Radionuclides-

‘The quantity intake of a radionuclide is dependent upon
- the concentration of the radionuclide in .the food source and
.the rate of intake or consumption. The EPA/SANDIA calculations
utilized the equations. for each subpathway available in the
Pathways Model and substituted 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 analysis are given with each equation and are sum- -
marized in Tables 2.5 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 pub-
lished in Smith, et. al., 1982). The equations for the various:
ingestion_subpathways are defined in Sections_2ﬂ1.3;l to
2.1.3.5. :
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‘Table 2.5

Ingestion, Inhalatlon and External Exposure Rates
: Assumed by EPA :

Ingestion Rgtes'

Water Cbhsumption by Humans ' s, 03E02 R/yr
Plant Consumptioh by_Humané o o ~ 1.94E02 kg/yr
Milk Consumption by Humans | ‘ ~1.12E02 R%/yr
‘Beef Consumption by-Humans : . 8.5E01 kg/yr

Fish Consumption by Humans - -~ 1.0E00 kg/yr

Inhalation Rate

Average Air Consumption by Humans . 8.40E03m3/y

Annual External Exposure

Submersion in Air - o ' 1/3 year

G:oundsh}ne from Soilx* ' , 1/3 year

*An effective depth of 0.15m was assumed for soil by EPA.
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Table 2.6

Crop and Animal Parameters
Assumed by EPA

Animal Consumption Rates

Plant Consumption by Dairy Cows

Plant Consumption by Beef Cows .

Sprinkler Irriqation for Crops

Irrigation Rate
‘Retention Fraction
Standing Crop

Rate Constant for Weathering (Xo)

Irrigation Time (t).

e~-NOT

Sprinkler-Irgiggxion forAPasture
Irrigation Rate

Retention Fraction

Standing Crop

Rate Constant for Weathering {(he)

Irrigation Time (<)

e-hot

*These parameters were not defined in the EPA Analysis;
therefore the values used in reference site analysis to
demonstrate the SNL Risk Assessment Methodology were

substituted for the calculation.
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5.0E01 kg/day

5.0E01 kg/day

3.0E02 2/m2/y~
2.5E-01* ‘
7.16E-0O1 kg/m2

1.8E01y-1

(13.75 day half-life)

1.7E-1 y
4.65E-2

3.0E02 R/m2/y*
2.5E-01*
2.8E-01 kg/m2

1.8E01 y-1

(13.75 day half-life)

4.65E-2




Table 2.7

Concentration Ratios Assumed by EPA

PASTURE MILK/FEED BEEF/FEED

FISH/WATER '
(Ci/kg per CROP/SOIL (FEED) /SOIL day e kg  [day e kg
Ci/%) (dimensionless) (dimensionless) ( kg ¢ 2 ) kg * kg
Am241 2.5E1 . 0.11E-2 ~ 0.74E-2 0.36E-4 ~ 0.16E-5
Am243 2.SE1 . 0.22E-3 0.15E-2 0.36E-4 0.16E-5
Cs135 4.0E2 0.10E-5 . 0.17B-4 0.56E-2 0.14E-1
€5137 4.0E2 0.85E-2 . 0.14E0 . 0.56E-2  0.14E-1
1129 1.5E1 0.19E-7 0.68E-7 0.99E-2 0.70E-2
NP237 1.0E1 0.16E-7 0.65E-7 0.50E-§ 0.20E-3
Pu239 3.5E2 : 0.59E-4 ' 0.36E-3 0.53E-7 0.19E-7
Pu240 3.5E2 0.198-3 0.12E-2 0;533-7 0.19E-7
Pu242 . 3.5E2 0.40E-S 0.24E-4 0.45E-7  0.41E-6
SR90 5.0E0 - 6;21E0 _ " 0.86E0 0.24E-2 0.30E-3
TC99 1.5E1 0.14E-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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2.1.3.1 Drinking Water

amt of nuclide ( nuclide conc ) (rate of water
intake per year = in surface water * ingestion
Ci/y = (Ci/%) * (603%/y)
2.1.3.2 Fish ’
amt of nuclide nuclide conc in\ (conc (rate of fish
intake per year = surface water * \ratio * ingestion

Ci/y = (Ci/2) * (%/kg) * (1.0 kg/y)

where

. conc of nuclide in fish
conc ratio = ‘

conc of nuclide in water

2.1.3.3 Crops

‘amt of nuclide nuclide conc rate of crop
intake per year = in crops * ingestion

Ci/y = (Ci/kg) * (194 kg/y)

nuclide conc nuclide conc conc conc due to )
in crops = in soil * \ratio/ + \sprinkler irrigation

Ci/kg = (Ci/kg). * (dimensionless) + (Ci/kg)

where : A

. conc of nuclide in crops
conc ratio = °°B nu P

conc of nuclide in soil

nuclide

~nuclide retention conc in irrigation
conc due- - fraction * surface * rate

to = 1 water (1 -e ‘kwt)
sprinkler rate constant ‘ -
irrigation for weathering standing crop

. Ci/kg =( 1 ) (0.25 * (Ci/%) * 300 &/m27y\ - -
18.05 y-1/ \ ™ 0.716 kg/m2 ) (0'9535)

2.1.3.4 Milk

amt of nuclide nuclide conc rate of milk
intake per year = in milk * ingestion

17




Ci/y = (Ci/R) * (1128/y)

nuclide conc nuclide conc conc (- consumption rate '>
in milk = \in dairy feed/ * \ratio] * \of contaminated feed

Ci/f% = (Ci/kg). * GE&L:_EQ) * @o'ﬁg—)

kg o 2 day
- where
cone ratio = ¢°B¢ of nuclide in milk
intake of nucliderper day
_ o : o -nuélide
nuclide conc in nuclide conc) ' [conc conc due to)
dairy and beef feed = in soil * \ratio/ + \sprinkling
_ - pasture.
Ci . : .. . l ; .
— = (Ci/kg) * (dimensionless) + (Ci/kqg)
kg
where
conc ratio = con¢ of nuclide in pasture
conc of nuclide in soil
_ - , nuclide o
nuclide retention . conc. in irrigation
conc due Jfraction * surface * rate ,
to = 1 ' : water. v @se"x
sprinkling rate constant.
pasture for weathering standing crop
4 : . . ' 2 Y
. x. -/ *
Ci/kg =:/ 1 0.25 _(Ci/Q) 300 4/m~/y (0.9535)
| \1a.os y ! . 0.28 kg/m?
2.1.3.5 Beef | |
‘amt of nuclide " (nuclide“conc rate of beef
intake per year = in beef * ingestion

Ci/y = (Ci/kg) * (85 kg/y)

/consumption

nuclide  conc nuclide conc conc rate of
in beef = \in beef feed * ‘\ratio * contaminated

feed

18
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kg - (S [day e kq) .
Ci/kg = (ﬁ) * -(;}Y.—'EQ) * (50 kg/day)
where '

- . - .conc of nuclide in beef
conc ratio = . _ 1
: ' ' intake of nuclide per day

nuclide conc -calculated_the‘samé as dairy'feed
in beef feed =. (See 2.1.3.4) -

‘ 2;2 Inhalation

, . The inhalation 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/mz) by a resus-
pension factor of 10~-9m-1 (Smith, et al., 1982). In con-
trast, in this analysis the suspended. radionuclide concentra-
tion was obtained by multiplying the soil concentration (Ci/kg)
by an assumed concentration of suspended material in air of
3.5E-9 kg/m3. The latter concentration of suspended material
was taken from the listing of various soil types in the CRC

Handbook of Environmentaerontrol,-Volume 1 (Bond and Straud,
1973). , : _ .

2.2.1 Dose'Factors_and Health Effects Estimates

The dose conversion factors (rem/Ci) for the inhalation
pathway were taken from Table 2.4 and were multiplied by the
appropriate health effects estimates for the organs con-
sidered. INHAL1 dose factors are for insoluble (Y class)
material retained in the lung for long biological half-times,
while INHAL2 dose factors are for more soluble (W class)
inhaled material and result in more dose to the other body
- -organs. For this comparative calculation, the INHALZ2 dose

commitment factors were multiplied by the -health effects esti-

mators and summed over all organs for each radionuclide con-
sidered. ' g ' S

+ 2.2.2  Population at Risk

The population at risk for the inhalation pathway was
calculated by multiplying the population density (6.7E-5 per-
sons/m?) provided by EPA and_the area considered in the ref-
- erence site analysis (160 kmz). The area dependent popula-

tion of 1.1E4 persons was used for these calculations.
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2.2.3 Quantity Intake of Rédioﬁuclides

~conc of

amt of nuclide nuclide conc suspended] [ average
intake per year = in soil * [Imaterial * [breathing
: in air rate

Ci/y = (Ci/kg) * (3.5E-9 kg/m3) * (8400m3/y).
2.3 External Exposure

EPA considered external exposure from contaminated soil
~and air in their analysis. The. soil 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 radionuclide
concentration in the air was used to estimate the air concen-
trations for the air submersion exposure calculations. An
assumed exposure time of 1/3 Year was multiplied by the soil
concentration and the air concentration to estimate the

exposure level. : o :

2.3.1 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 health effects estimates (Table 2.4) and were sum-
med over all organs for each radionuclide. B

1 2.3.2 Population at Risk

The population 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 popula-
" tion of 1.1E4 persons was used for the calculation of air and
- 80il exposure. '

2.3.3 ‘Exposure Level

2.3.3.1 Contaminated Soil

Exposure Levgl in soil densit depth

(nuclide coné)‘ . ( soil‘) " ,(effeCtivﬂ *

(expoSur:e
time

(o)

|~

3
m

47)

) - ) - (1
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2.3.3.2 Contaminated Air

conc of
: nuclide conc suspended exposure
Exposure Level = ( in soil ) * mgter?al * ( time )
in air
e B v I o I
3 - . 3 . :
m kg m 3

3.0 Description of the SANDIA Analysis

: The SANDIA health effects per curie release values were
calculated using the modeling approaches 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 flow
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 pe:sons/mz) 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 relationship 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 are2 given in Table 3.1. The input parameters that were
used in the calculations are given 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 commitment is essentially equiva-
lent to the 50 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. : : . '

Many of the parameters used in the SANDIA Analysis are
.different from those 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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(2)

(3)

(4)

(5)

(6)

A7)

(8)

(9)

Table 3.1 |

Basic Equations for Calcﬁlating Radionuclide
- Concentrations for Various Pathways

WATER BASED

Dr1nk1ng Water Intake (Cl/yr)-Water Consumptlon (370 &/yr)
*Water - Treatment Factor (1 0) * Water Conc. (Cis%)

Fish (kg/yr) Fish . Consumptlon (6.9 kg/yr)
*Water/Fish Conc. Factor (CF)2@ *Water Conc. (CisQ)

LAND WITHOUT IRRIGATION
Plant Conc. (Ci/kg) = Soil/Plant CF3 *Soil Conc. (Ci/kg)

\ S : )
Plant Intake (Ci/yr) = Plant Consumption (190.0 kg/yr)
* Plant Conc. (Ci/kg) ‘

Milk Intake (Ci/yr) = [Dairy Cow Consumptlon of Plants
(50 kg/day) * Plant Conc. (Ci/kg)

+ Dairy Cow Drinking Rate Per Day (60.0 %/day)

* Water Conc. (Ci/f)] * Milk/Diet CFa :

* Milk Consumption Rate (110.0 %/yr)

Meat Intake (Ci/yr) = [Beef Cattle cOnsumptlon of Plants
(50 kg/day) * Plant Conc. (Ci/kg)

+ Beef Cattle Drinking Rate Per Day (500 L/day)

* Water Conc. (Ci/R)] * Beef/Diet CF2

* Meat Consumption Rate (95.0 kg/yr)

LAND WITH IRRIGATION

.Dep051t1on Rate (Cl/kg yr) =Retained Fractlon on Plant (. 25)

* Water Conc. (Ci/Q)
* [Rate Irrigation (300 l/mz—vr)/Plant Dens;ty (S,r kg/m2\1

‘Rate Constant for Weather1ng (yr-1) = ln2/. 0384 ve (14

Day Half Life)

Plant Conc.‘(Ci/kg) = [Soil/Plant CF2 *g50il Conc.
(Ci/kg)]

+ [(Deposition Rate (Ci/kg)/Weathering Rate (yr-1)3
* {1 - [Exp —ln2/ 0384 * Irr1gat1on Time (.17 yr)l}

Plant Beef, M11k cOnsumpt1ons with Irrigation are

Calculated Using Formulas 4-6 and the Plant Conc. (9).

agee - Table 3.2 These. concentration factors are radlonucllde

dependent.

22




(10j

1)

(12)

(13)

(14)

(15)

Table 3.1 (Continued)

INHALATION

Air Conc. (Ci/m3) = Soil Conc. (Ci/kg)
* cOncentratlon of Suspended Material in the Air ,

(3.5E-9 kg/m3)

‘Inhalation (Ci/yr) = Air Conc. (Ci/m3)

* Breathing Rate (8000 m3/yr)
| EXTERNAL

Aif Submersion = (6 13E5 hrs (Llfetlme Exposure))
* Air Conc. (Ci/m3)

Soil Equsure-= [2.04E5 hrs (1/3_year Exposure for 70 yeafé)

* Soil Conc. (Ci/kg) * Soil Density (2.8E3 kq/m3)

_* So0il Depth (.025m)]

Sediment Exposure = {1.05E3 hrs (15 hrs/yr for 70 years)

4*‘Sediment Conc. (C1/kg) * Sediment Dens1ty (2. 6E3kg/m3)

* Sediment Depth (. 025m)]
Water Immers1on <« (L.06E3 hrs (15 hrs/yr for 70 years)

* Water Conc. (cl/n) * 1000 2/m3)
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Table 3.2

Concentration Ratios for. Human and Animal Food Sources

(Used in Reference Site Analysis)

CROP/SOIL _ :
FISH/WATER . PASTURE/SOIL MILK/FEED
Radionuc}ide (Ci/kg per Ci/Q) {dimensionless) (day -« kq/kq e 9)

| AM 2.5E01 2.5E-04  5.0E-06
cs 2.0E03 1.0E-02 1.2E-02
I 1.5E01 2.0E-02 © 6.0E-03
NP 1.0E01 - 2.5E-03 5.0E-06
Pu 3.5800 . 2.5B-04 2.0E-06
SR © 3.0E01° 1.7E-02 8.0E-04
TC 1.5E01 2.5E-01 2.5E-02
SN 2.5E-03

3.0E03 - ° 2.5E-03

*Taken from USNRC (1977)
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BEEF/FEED
(day » kg/kg e kq)

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
Ingestlon. Inhalatlon and External EXxposure Rates

for an Average Individual
(Used in Sandia Reference Site Ana1y51s)

‘Ingestion Rates
Water Consumption by Humans 3.7 EO2 %/yr

Plant:Consumption by Humans A ' 1.9 EO2 kg/yr
"Milk Consumptidn by Humans 1.1 EOZ l/yr

Beef Consuﬁption by Humans | 3 9:5 EOllkg/yf
' Fish Consumption by Humans o 6.9 EOO kg/yr

Inhalation Rate:

Average Air Consumption by Humans 8.0 EO3 m3/yr

External Exposure Rates

Submersion in Air - ' | 8.7 EO3 hr/yr

‘Groundshine from Soil » : ' : 2.9 EO3 hr/ybf

*An effectlve depth of 0.025 m was assumed for soil and
sediment.

Taken from USNRC (1977) and USDOE (1979)
25 '




Table 3.4

Crop and Animal Parameters
(Used in Sandla Reference Site Analys1s)

Animal Consumption Rates
- X N

Plant Consumption by Dairy Cows - . 5.0EOl kg/day

Water Cohsumption by Dairy Cows . "6.0EO1 2/day
Plant.Conéumption by Beef Cows - - 5.0EO1 kg/day
Water Consﬁmbtion by Beef Cows . 5.0EO1 2/day

Sprinkler Irrigation of Crops and Pasture

Irrigation Rate ] 3.0E02 2/m2
Retentlon Fractlon A ' _ 2.5EQ01
Standlng Crop (Plant Density) ' | 5".2E(')0-kg/m2
COnstant Rate of Weathering'(kw) ' 1.8E01 yr-l .
(14 day half 11fe)
Irrlgatlon T1me (1) . .  1.7E-01 yr
e-lwr‘ S | ' 4.65E-02
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~ Table 3.5

Dose Conversion Factors - Ingestion
(rem/Ci)

(70-year intake/?O—year dose commitment)

TOTAL BODY BONE _LUNG _ 'g;fzgggz
" SR90 1.01E8 4.07B8 0.0 | 1.53E7
TC99 3.51E3 8.76E3 1.11E3 © 2.89E4
SN126 © 1.68ES . 5.88E6 - 0.0 N 1.70E6
1129 6.41E5 2.29E5 0.0  3.11E4
5135 . 5.55E6 1.35E6 - 1.42ES 2.95E4
cs137 4.96E6 Fé.sass  8.51E5. 1.48ES
NP237 . 2.77E6 . 6.80E7 0.0 5.56E6
Pu239. ~ 9.51E5 3.91E7 0.0 . 4.66E6
Pu240 . 9.50ES .~ 3.91E7 0.0 4.75E6 -
Puzd4z  9.16E5 . 3.63E7 0.0 4.57E6
AM241 2.75E6 ' 4.08E7 0.0, 5.19E6

AM243 : 2.68E6 - . ' 4,07E7. 0.0 6.09E6

Taken from Runkle. et al;, 1981.



Table 3.6

Dose Conversion Factors - Inhalation
(rem/Ci)

(70—year‘intake/7b—year dose qommitment)

TOTAL BODY BONE  _LUNG._ GI_TRACT
SR90 1.3588 2.17E9 8.67E7  6.31E6
TC99 3.51E3 8.76E3 7.32E6  5.28ES
SN126 9.39E5 2.3587 . 8.47E7 1.11E6
129 4.80ES - 1.73E5 0.0 1.55E4
Cs135 _ 4.17Es5 " 1.01Es 5.91E6 1.48E4
cs137 3.72E6 4.15E6 3.55E7 7.35E4
NP237 ~°  6.93E9 1.66E1L 3.78E9 3.44E6
Pu239  7.93E9  3.26El1 1.22E10 . 2.89E6
Pu240 7.91E9 3.26E1l  1.22E10  2.95E6
Pu242 © 7.63E9 3.02E11 1.18E10 2.83E6
AM241 6.86E9 '1.03E11 4.39E9 3.22E6
AM243 - 6.70E9 ©1.03E11 4.16E9 3.78E6

Taken from Runkle,“et al., 1981,
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Table 3.7

Dose Conversion Factors - External

1.30E0

‘Taken from Runkle, et al., 1981.
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TOTAL BODY .
' SOIL : AIR
| (rem/hr/Ci/m?) - (rem/hr/ci/m3)
SR90 | 0.0 | 2.40E-1
TC99 0.0 5.80E-2
 sN126 9.00EO ;.3234'
I129 4.50E-1 1.80E1
Cs135 0.0 2.80E-2
CS137 4.20E0 4.70E2 -
NP237 1.40E0 1.45E2
Pu239 7.90E-4 5.60E-2
Pu240 1,30&43" 6.50E-2
Pu242 1.10E-3 5.10E-2
AM241 1.80E-1 1.80E-1
AM243 1}4OE2



Table 3.8

Cancer Risk Estimates Used in the SANDIA Analysis

organ Dose

o Individual Risk Commitment Associated
Type of Cancer per rem* ' With This Cancer Type
Leukemia  2.98-05 | ~~ Bone
Lung Z.SE—OS _ : Lung
GI Tract 1.9E-05 | ' ' @I Tract
Breast S 2.9E-05 .7'T§ta1 Body
‘Bone - , 9.8E-06 .  Bone |
All Other ~ 3.6E-05 |  Total Body

*Based on a lifetime plateau period for the solid tumor
" cancers. : : A :

. Taken from Runkle et al., 1981.




ingestion calculations for land-based. food sources., the. '
contributions from crop irrigation were taken into account in

the SANDIA Analysis. Also, the intake of contaminated 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 beef producing animals.

4.0 Description of SAMPLED SANDIA Analysis

This set of calculations was performed to consider some of
the uncertainty that results from variability in the input
parameters. However, only a few of the parameters were varied
and the uncertainties in many other aspects of the modeling
effort were not addressed. In this analysis, the Pathways .
Model utilized a set of sampled input parameters selected by -
the Latin Hypercube sampling technique (Iman, et al., 1980).

The distribution coefficients (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 results of the analysis repre-

- §ént a 30 variation in the input data for those variables

with a log-normal or normal distribution assigned to their

~ranges. Those variables with a uniform or log-uniform dis-

tribution assigned were sampled'over.the entire range. Vari-
ables 1 to 4, that adjust 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 Effects Computer Code, and health effects

(cancer deaths) per curie release were calculated. " The concen-
tration 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 sam-
pled variable (Ry) 'and the population was adjusted for each

~of the fifteen computer runs. The population for the 1land

based and external pathways was based on the dengity defined by
EPA and the area of the reference site of 160 kmza.‘These
populations, which are area dependent, . were kept constant for

the fifteen computer runs for land -based and external pathways.

As discussed in Chapter 3, the health effects per curie

-release were divided by 70 to account for the ~ 143 genera-

tions that can occur in a 10,000 year period.

Two typés 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‘Hybercube

TITLE-LHS PATH EPA
RANDOM SEED = 5114652675042517
NUMBER OF VARIABLES = 12 SAMPLE SIZE = 15

DISTRIBUTION AND RANGE ASSUMED FOR EACH VARIABLE

v

Sample

2.00

1.00

1.000E-02
15.0

2.500E+05

1.060E+04
50.0

1.000E+03

3.000E+03 "

1.000E+04

-Vériable . Distribution Assumed | Range
1 - Uniform ) ..250 to
2 Log Uniform -1.0003_02~t°
3 . Lég Uniform 1.000E-04 to
4 . Uniform 3.00 to
5 o ' Log Normal 1.000E-02 to
6 . Log Normal 1.000E-02 to
7 Log Norma} ' 1.000E-02.to
' 8 Log Normal - 1.0063-02 to

9 - Log Normal 1.600E—02 to
10 A Log No:mal_. g 1.000E-02 to
11 ‘ Log Normal 1.000E-02 to

12 Log Normal 1.000E-02 to

32

1.000E+03

1.000E+03

Scale Factor Rivr Dischrg

Scale Factor Water Xchng

.Scale Factor SO;id Xchng

Regional Erosion Rate

KD

KD
KD

" KD
KD

KD

KD

KD

for
for
for
for
for
for

for

for

CM(AM)
Pu

NP

TC

SR

cs

1

SN



Table 4.2

Variables Which Affect the Physical Description
. of the Surface 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 1 m, use of
Ry 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 this 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 soil 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 R,. This variable is introduced to allow
for variation in water movements which might result from
runoff, irrigation or overbank flooding. (Units:

yr“l: 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 flooding.

(Units: yr-l; Range: 10-%, 10-2; Sampling N
Dist.: Log Uniform.) :

regional erosion rate. (Units: cm/1000 yr; Range: 3., .

15.; Sampling Dist.: Uniform.)




of calculations, the radlonuclldes were 1nput into the surface
water with no adsorption onto the solid phase (part1cu1ates) of
the water (i.e., Kd = 0 for all radionuclides in the water).
However, the Kd influence in the soil compartment was consid--
ered. This technique 1s similar to the procedures used by EPA
in their ana1y51s 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. 1If adsorptlon 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 compartment by the surface water. 1In the second set
of calculations, the radionuclides were allowed to adsorb onto
the solid phase of the surface water as well as the liquid
phase. The exchange to the soil compartment was influenced by
the particulates suspended in the water, and the distribution
coefficients. (Kd) determined the partition of a radionuclide
between the solid and liquid phases. The results of this anal-
ysis may simulate exchange that could occur with flooding and
erosion or with irrigation and erosion. :

5.0 Results and Discussion

: The health effects per curie release for the individual
pathways are given in Table S5.1. 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 prov1ded by EPA to calculate
the radionuclide concentrations in the soil and surface water.
Other parameters (e.g., dose conversion factors, health effects
estimates, etc.) from EPA were also used. The SANDIA values
were calculated with Pathways Model and Dosimetry and Health
Effects Model using the 70-year intake/ 70-year dose commitment
factors, environmental parameters and risk estimates used in
the reference site anale1s. However, the same point Kd values
from EPA (and used in the EPA/SANDIA calculatlons) were used in
the analysis.

There is good agreement between the 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 0.5 curies
were released to the soil over the 10,000-vear interval and
further assumed that 50% of the contaminated land was used for
.CLop productlon for dlrect human consumptlon, 25% for milk
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Table 5.1

Individual Pathways and Dosimetry and Health Effects Comparison Table
Expressed as Deaths Per Curie

Prinking Inhala-~ External External
Water Fish Crop Milk Meat -_tion Soil Air
1.29E-1 3.7E-3 . 5.5E-1 8.2E-4 2.7E-6 2.2E-5 1.4E-5 2.9E-13
1.32E-1 $.45E-3 6.18E-3 2.62E=5 1.24E-7 3.03E-7 2.72E-S 4.34E-15
3.23E-3 1.51E-3 3.42E-5 1.84E-8 8.00E-8 2.27E-7 6.84E-7 1.02E-14"
3.4E-1 1.2E-2 2.1E0 3.2E-3 1.5E-5 5.7E-5 7.3E-5 3.0E-12
1.06E-1 4.4E-3 5.03E-3 . 2,17E-5 1.03E-7 4.74E-6 7.01E-4 2.43E-13
3.25E-3 1.52E-3 4.62E-5 2.10E-8 9.28E-8 1.40E-6 3.08E-5 4.97E-13
2.6E-4 1.7E-4 2.1E-3 9.9E-4 2.6E-4. 2.4E-10 0 o
1,83E-4 1.21E-4 . B.24E~§ 5.11E-6. 1.3E-6 3.01E-12 0.0 0.0
1.62E-4 6.02E-3 5.79E-6 4.33E-6 1.66E-7 1.01E-11 0.0 1.49E-17
2.1E-3 1.3E-3 ©7.8E-3 ' 2.1E-3° 5.5E-4 1.9E-9 1.5E-4 8.4E-12
2.0E-3 1,33E-3  9.25E-5 6.42E-5 1.71E-5 1.71E-12 1.6E-5 7.53E-15
9.79E-4 3.65E-2 1.1SE-5 - 1.40E-5 5.09E-7 ~ 4.42E-12 1.09E-6 1.82E-14
1.6E-3 4.0E-5 6.4E-3 2.4E-3 . 1.8E-4 1.5E-9  1.1E-5 1.8E-13
1.63E-3 4.04E-§ 7.32E-5 8.02E-5 6.03E-6 1.64E-14 1.48E-8 2.05E-18
8.95E-5 2.50E-S 8.89E-7 5.95E-7 3.12E-8 1.63E-15 1.45E-9 8.70E-18
1.3E-1 2,2E-3 4,6E-1 9.2E-5 3.9E-4 2.2E.5 1.0E-4 4.7E-12
1.3E-1 2.15E-3 5.84E-3 3.23E-6 1.38E-5 1.87E-8 3.76E-8 2.03E-8
5.08E-3 -. 9,48E-4 5.2BE-5 2.86E-8 1.25E-7 2.47E-8 3,77E-7 5,85E-1§
4.3E-3 . 2.5E-3 2.5E-2 5.4E-8 2.1E-9 3.1E-2- 1.9E-7 1.0E-15
4.31E-3 2.5E-3. 1.97E-4 1.19E-9 4.52E-11 2.37E-6 2.47E-6°  1.09E-16
2.90E-3 -  1.89E-~4 4.50E-5 7.83E-9 6.07E-9 5.42E-6 2.43E-8 2.58E-16
4,3E-3 2.5E-3 2.4E-2 5.2E-8 2.0E-9 2.2E-5 3.8E-7 2.0E-15
3.31E-3 1.92E-3 1.55E-4 9.67E-10 3.70E-11 1.71E-6 3.48E-6 1.48E-16
2.90E-3 1.89E-4 4.03E-5  7.42E-9 5.73E-9 3.89E-6 . 2.87E-8 2.15E-16
4.1E-3 2.4E-3 2.4E-2 © 4,4E-8 4.3E-8 2.1E-5 3.5E-7 1.8E-15
4.10E-3 2.38E-3 1.85E-4 9.22E-10 8.92E-10 2.58E-6 5.17E-6 2.18BE-16
2.70E-3 1.76E-4 4.41E-5 7.48E-9 5.81E-9 5.76E-6 3.87E-8 2.69E-16
8.0E-3 6.0E-5 .  1.0E-1 7.8E-3 1.0E-4 2.6E-8 o . 0
7.99E-3 6.63E-5 4.78E-4 1.46E-4 1.95E-6 1.42E-11 0.0 0.0
3.94E-2 2.20E-2 4.65E-4 3.74E-5 3.07E-6 1.92E-10 0.0 5.53E-18
2.4E-5 6.0E-7 1.9E-4 6.3E-5 " 5.8E-6 6.2E-10 0 - 0

© 2.39E-5 5.95E-7 1.0BE-6 . 1.18E-6 1.10E-7 6.96E-15 0.0 0.0
2.02E-6 5.64E-7 2.11E-8  5.70E-8 9.953E-8 8.30E-15 0.0 2.B80E-20
1.4E-3 7.0E-3 6.7E-3 2.9E-4 2.1E-3 1.7E-8 4.6E-4 . 2.6E-11
1.38E-3 6.83E-3 6.19E=5 8.22E-6 5.B2E-5 2.62E-10 6§.54E-4 3.91E-13
4.72E-4 -B.49E-6 1.72E-6 - - 6.14E-6 3.98E-5§ 8.74E-12

2.64E-2"

1.82E-10



production and 25% for beef production. The soil concentra-
tions calculated by the Pathways Model used an asymptotic solu-
"tion, dependent upon the flow rates between the soil and sur-

face water subzones, and were based on a different input rate -

than the EPA analysis. The calculations performed by the Path-
ways Model resulted in an input of 2.3E-3 Ci to the soil over

the 10,000 year period. Another contributor to the difference
between the EPA and EPA/ SANDIA values is the different rate of

‘input to the plants via sprinkler irrigation. For the calcula--

tions presented in this report, the input to plants by irriga-
tion was 2.5E-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 differences 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 6-8 (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 pathways 6-8 is lower than the risk from pathways 1-5:
therefore, the differencé noted in pathways 6-8 is less signif-
icant. We have not attempted to account for all the differ- -
ences; but the input rates, dose factors, and concentration
ratios used in 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 K4 ranges and the Ry to Rq variables were sampled 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 popu-

“lation for the drinking water and fish intakes were adjusted by

the sampled variable, R1l, to account for changes .in the river
‘flow. The population for land based pathways was held constant
for all 15 calculations. :

In Figures 5.1 and 5.2 the results are given for the case
when there was no adsorption of the radionuclide 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 presented

*
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Table 5.2

Pathway and Dosimetry and Health Effects
Comparison Table

Health Effects Per Curie

Radionuclide EPA Pathways.l-5 . EPA Pathways 6-8
Am241 EPA 7.0E-1 2.0E-2
Sandia 4.8E-3 9.1E-7
Am243 EPA 2.5E00 2.0E-1
- Sandia 4.8E-3 : 3.2E-5
Cs135 EPA - ~ 3.8E-3 1.1E-7.
Sandia ' 6.2E-3 1.0E-11
Cs137 EPA- 1.4E-2 - 6.0E-3
| Sandia 3.8E-2 : 1.1E-6 -
1129 -~ EPA "~ 1.1E-2 | 9.2E-5
Sandia 1.2E-4 1.5E-9
Np237 "EPA . 5.9E-1 2.5E-3
»Sandia 6.1E-3 : 4,.0E-7
Pu239 EPA - 3.2E-2 - 3.7E-2
‘Sandia .. 3.1E-3 A 5.4E-6
Pu240  EPA . 3.1E-2 . 3.85E-2
Sandia 3.1E-3 : 3.9E-6
Pu242 "EPA . 3.1E-2 © 3.7E-2
Sandia 2.9E-3 . 5.8E-6
SIS0 . EPA . 1.2E-1 ' 7.9E-7
: Sandia 6.2E-2 1.9E-10
Tc99 EPA | 2.9E-4 | ~ 4.9E-10
Sandia  2.8E-6 _ 8.3E-15
Sn1l26 EPA - . 1.7E-2 o 1.0E-1 -

Sandia = = 2.7E-2 : . 4,0E-5

37




DEATHS PER CURIE
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Figure 5.1.
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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DEATHS PER CURIE
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Figure §5.2.
Deaths per curie calculated with sampled Kd ranges

and no adsorption onto solid phase of the surface 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 126gp, 135¢g

and 137Ccs. The sum of pathways 1-5 is dominated by the water
based pathways and, since the populations are adjusted by the -
sampled variable R1l, 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 approxlmately linear
fashion. That is, a one order of magnitude variation in the
flow rate would result in a one order variation 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.s 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 (Kd). This approach significantly affects
the soil concentration and the resulting risk to the human
population. For the analysis that considers adsorption, the
EPA values for both the 1-5 and 6-8 pathways are generally
within the range or only slightly higher than the results u51ng
the sampled ranges, for most radionuclides.

Of note are the EPA values for 241Am 243pm ana 237Np

for Bathways 1- 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

5Cs would appear not. to be restrictive -enough from the
results of this analysis and again may. warrant some recon-
-s1derat10n.

Although these results certalnly do not establlsh 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 health effects per curie calculated
in this ana1y31s were used. :

40




DEATHS PER CURIE .
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Figuress.3._
Deaths per curie calculated with sampled Kd ranges

and adsorptlon pnto solid phase of.the surface ‘water
for Pathways 1 S. l"
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DEATHS PER CURIE
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Figure 5.4. (

Deaths per curie calculated w1th sampled Kd ranges
and adsorption onto solid phase of the surface water
for Pathways 6-8.
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