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EXECUTIVE SUMMARY

The Energy Policy Act of 1992, Section 801 (U.S. Congress, 1992) provides for the U. S. 
Environmental Protection Agency (EPA) to contract the National Academy of Sciences (NAS) 
to conduct a study and provide findings and recommendations on reasonable standards for the 
disposal of high-level wastes at the Yucca Mountain site. The NAS study is to provide findings 
and recommendations which include, among other things, whether a health-based standard based 
on dose to individual members of the public from releases to the accessible environment will 
provide a reasonable standard for the protection of the health and safety of the public. The EPA, 
based upon and consistent with the findings and recommendations of the NAS, is required to 
promulgate standards for protection of the public from releases from radioactive materials stored 
or disposed of in a repository at the Yucca Mountain site.

This document presents a number of different "simple" analyses of undisturbed repertory 
performance that are intended to provide input to those responsible for setting appropriate 
environmental standards for a potential repository at the Yucca Mountain site in Nevada. Each 
of the processes included in the analyses has been simplified to capture the primary significance 
of that process in containing or isolating the waste from the biosphere. In these simplified 
analyses, the complex waste package interactions were approximated by a simple waste package 
'failure” distribution which is defined by the initiation and rate of waste package "failures". 
Similarly, releases from the waste package and the engineered barrier system are controlled by 
the very near field environment and the presence and rate of advective and diffusive release 
processes. Release was approximated by either a simple alteration-controlled release for the high 
solubility radionuclides and either a diffusive or advective-controlled release for the solubility- 
limited radionuclides. In general, the term "simple” performance assessment implies that the 
complexities associated with process coupling and process interactions have been neglected. This 
allows the analyses to be more transparent so that the relative importance of a particular 
component of the system (whether the waste package, or engineered barrier, or geosphere) is 
highlighted.

The models used for the calculation of releases and doses from a geologic repository are based 
on assuming that conditions that are now believed to exist will continue loug into the future. 
Uncertainties over these periods stem from uncertainties in the conceptual models themselves, 
the boundary conditions that are applied, and the ranges of parameters that are used. Necessarily, 
there is a large amount of uncertainty in these calculations because of the discrepancy between 
the length of the knowledge base used for the model as compared to the geologic time over 
which the consequences occur. For this reason, the results of this study should not be viewed 
as predictions, but as calculations done in an attempt to gain some understanding of potential 
future repository behavior and its effects on humans. As such, these calculations may be useful 
in the societal process of setting environmental standards for a geologic repository at Yucca 
Mountain, Nevada.

In conducting the sensitivity analyses presented in this report, three models were selected each 
with different attributes that were useftil to conducting the analyses. The model UCBNE-41 is 
a transpon model capable of handling radionuclide chains that produces results that are readily 
related to input parameters. The model UCBNE-41 was selected for use in this report because
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it is the basis for previous NAS calculations. A second model, the Repository Integration 
Program (RIP), was selected because it has bad wide application to the total system performance 
assessment (TSPA) of Yucca Mountain by the Civilian Radioactive Waste Management System, 
Management and Operations Contractor in TSPA-1993 (Andrews, et al., 19У4). RIP is very 
versatile and is operated in a probabilistic mode so that parameter uncertainty can be incorporated 
into the analyses. A third model, NbFTRAN-S was selected because it is widely used by the 
waste management community including the Nuclear Regulatory Commission, and was used by 
the EPA in support of the recent re-prornulgation of 40 CFR 191 (EPA, 1993b). The application 
of UCBNE-41, RIP, and NEFTRAN-S to the baseline case produced analogous results in terms 
of the magnitude and time of arrival of the peak dose.

The following conclusions can be made based on the results of this study:

• Doses to an individual at die accessible, environment occur well beyond 10,000 years and 
do not decline significantly for hundreds-of-thousands of years;

• Peak doses and releases at the accessible environment over the 1,000,000 year period are 
generally unaffected by waste package lifetimes of up to 100,000  years;

• Dose and release are significantly affected by unsaturated-zone pore velocity;

• Dispersion in the unsaturated zone is more important than that in the saturated zone;

• The wide range of 231Np solubility has a significant effect on the magnitude of the peak 
dose at times approaching several hundred thousand years; and

• The effects of a diffusion path length formed by a capillary barrier has a significant 
effect on dose and release even at long times (of the order of hundreds-of thousands of 
years).

Numerous differences exist between the "simple" analyses reported in this document and the 
more complete analyses conducted as part of TSPA-1993 (see Andrews et al., 1994). A primary 
difference is that the TSPA-1993 analyses attempt to present representative analyses based on the 
best site-specific and design-specific information available at the time, accounting for the 
uncertainty in the parameters. In addition, the TSPA-1993 analyses attempt to incorporate as 
much realism in the individual processes potentially affecting the containment and isolation of 
radioactive wastes in a potential repository at Yucca Mountain, including the thermo-hydrologic 
regime in the vicinity of the repository as a function of repository loading, time, and location and 
the effects of the thermo-hydrologic regime on the initiation and rate of waste package 
degradation, waste form alteration, and release from the engineered barrier system. The TSPA- 
1993 analyses were performed with a range of possible thermal loads, a range of possible waste 
package designs, two possible criteria for the initiation of aqueous corrosion, and two conceptual 
representations of the aqueous corrosion rates. As a result of these differences, making direct 
comparisons of the results presented herein to the TSPA-1993 analyses is not possible. However, 
some useful insights as described below can be gained.



• The 10,000 year integrated release (the 10,000 cumulative release normalized to the values 
in Table 1 of 40 CFR 191) to the accessible environment determined in TSPA-1993 is 
totally determined by the release of gaseous l4C. As a result, these results are not at all 
comparable to the results in this document where it was assumed the l4C was transported 
in the aqueous phase.

• In TSPA-1993, for the baseline thermal load and waste package design, the normalized 
integrated aqueous *Tc release over 10,000 years (with the normalization to Table 1 of 40 
CFR 191) at the accessible environment varied from Iff16 to 10"4 for the range of possible 
percolation fluxes from Sx КГ* to 2 x Iff3 m/yr. This release is analogous to the results 
presented here. In addition the 100,000 year releases are very similar between TSPA-1993 
and the results presented in this report using "simple” analyses.

• The very long term peak doses from TSPA-1993 are analogous to the results presented here
for comparable waste package failure distributions.

The analyses of the potential populations that may be sustainable on the available ground water and 
analyses of repository equivalent uranium ore bodies provide information that is relevant to the 
setting of new environmental standards for Yucca Mountain. The sensitivity analyses of possible 
post-closure consequences (release or dose) associated with a potential repository at Yucca 
Mountain also provides insight into repository behavior that should be considered in setting 
standards.

• There is little ground water available to support large populations in the vicinity of Yucca
Mountain, and there is little water for dilution of releases from a potential repository. 
Calculations show that for a farming scenario in which all water for food production,
drinking, and household use are derived from ground water, the available water could
support a population that ranges from 14 to ISO persons. For a scenario where the available 
ground water is used for drinking and household use it could potentially support a 
population that ranges from 1,200 to 13,000 persons. Water for larger populations would 
dilute the concentration in water that could be potentially contaminated by the repository.

• The analysis of two representative repository equivalent uranium ore bodies, one in a 
chemically reducing environment the other in a oxidizing environment, indicates that doses 
to an individual from drinking water range from 30 to 400 mrem/yr, respectively. The 
health effects integrated over 10,000 years range from 2,000 to 17,000. These analyses 
suggest that if a uranium ore body were used as an analog to the high-level waste repository 
that the dose to an individual in a new standard could be 100 mrem/yr or higher, and that 
the integrated health effects could be considerably higher than the 1,000 used as the basis 
for 40 CFR 191.

• The sensitivity analyses show that the relative response of the repository system is virtually 
the same for integrated release to the accessible environment and peak dose to an individual 
at the accessible environment except at very long times.

• Releases to the accessible environment from a repository at Yucca Mountain may begin 
after a few tens of thousand years and extend to times over one million years;
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• Short-term releases (less than 10,000 yean) could be influenced by long-lived waste 
packages (i.e., lifetimes of several thousand years);

• Mid-term releases (10,000 to 100,000 years) are influenced by diffusion out o f the waste
package or very long-lived packages; and

• Long-term doses (beyond 500,000 years) from “’Np can be affected by an engineered
capillary barrier that creates a difhision-controlled release from the engineered barrier 
system or a highly sorptive low solubility near field geochemical environment.

Based on the results of this study, the following conclusions can be drawn related to
characterization activities that would aid performance assessment. In addition, the results have
implications for repository design.

• Additional study of the solubility of 237Np under anticipated near field thermo-hydrologic- 
geocbemical conditions would reduce the uncertainty of long-term performance assessment 
calculations, if the range of measured solubilities can be narrowed;

• The pore velocity in the unsaturated zone is an important parameter to performance
assessment (as was already known), and uncertainty in performance assessment calculations 
could be reduced if the range of percolation flux co»|d be reduced;

• Dispersivity in the unsaturated zone is far more important than dispersivity in the saturated 
zone, with the diapenivity being very important if the period being considered is on the 
order of about half of the retarded radionuclide travel time (for example, if the time 
considered is 10,000 years and the retarded travd time is about 20,000 years, then the 
dispersivity will control the arrival of the radior.u<.lide);

• Additional research on the coefficient of diffusion in capillary barriers could provide 
important information that would significantly lower die calculated doses at the accessible 
environment, even at very long times (beyond 1,000,000 years); and

• The waste package lifetime has little effect on dose and release over very long periods (on 
the order of a million years).

• Waste form alteration/dissolution rate information used in the analyses that were conducted 
have been based on the value used in the WISP study (NAS, 1983). This value has been 
substantiated by recent flow-through tests conducted by DOE contractors (see Andrews et 
al., 1994). This value may be very conservative given the possible limitation on dissolution 
caused by the lack of available chemical reactants at the waste form-water contact. More 
realistic (quasi-static) tests may yield substantially lower alteration/dissolution rates.
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1. INTRODUCTION

Standards and regulations are set taking into account in part predictions based on available 
technical knowledge about related systems. Setting these standards can be relatively simple if 
the period o f regulation is similar to the scale o f available observations, because widely accepted 
models commonly exist. J ' ¡he case o f a geologic repository for high-level radioactive wastes, 
the period in which consequences o f disposal may occur is more than a few thousand years, and 
may extend to millions o f  years. Knowledge o f ground-water flow, contaminant transport, and 
effects o f radioactivity in the biosphere is based on human observations that extend over no more 
than a few tens of years. Thus, the setting o f standards for such systems becomes extremely 
difficult.

The geologic record provides important constraints on potential long term behavior, through study 
o f natural analogs, and the stability o f the geosphere is a primary reason for favoring geologic 
disposal. However, large uncertainties remain because o f the short observational base and the 
sometimes imprecise or qualitative constraints o f the geologic record. The models constructed 
to predict the long-term consequences o f radioactive waste disposal are limited in their predictive 
capability by these uncertainties. For this reason, the results o f this study should not be viewed 
as accurate predictions o f consequence. They should be viewed as providing conceptual 
understanding o f a repository system based on realistic but conservative descriptions o f the Yucca 
Mountain site. As such, these calculations may be useful technical and scientific input to the 
societal process o f setting environmental standards for a geologic repository at Yucca Mountain.

Environmental regulations may be based on several fundamental premises o f protection. One 
may desire to protect the population as a whole or some potentially exposed individual o f  a 
critical portion o f the population. One may desire to protect members o f all future societies 
which may potentially be exposed to the hazard during the period when the hazard poses 
potential health consequences to members o f society, or to limit the period o f interest to some 
period when the environmental risks are greatest. A  regulation may be based on an assessment 
o f the risk associated with the potential exposure o f individuals or to population groups to the 
long-term hazard. Risk is generally defined as the probability that a particular consequence 
occurs times the actual consequences o f the activity or hazard, with the consequences either 
defined with respect to the number o f latent health effects (i.e., excess cancers associated with 
the activity or hazard), or doses, or some other measure o f consequence. The probability o f a 
particular consequence may include the probability that alternate futures occur, with these 
alternate futures including both future natural and anthropogenic environments; as well as the 
probability that the existing conditions are known precisely (i.e., incorporating the effects o f 
uncertain conceptual representations and the associated uncertain parameters that describe the fate 
o f the hazard in the natural setting and biosphere).

Addressing all potential measures of safety (whether health-based, dose-based, concentration- 
based, or mass release-based), all potential exposed groups and individuals, and all potential 
probabilities that may affect the release, transport, uptake, dose, and health effects associated with 
a particular environmental hazard such as radioactive wastes is a task well beyond the scope of 
this report.



1.1 BACKGROUND

The Energy Policy Act o f 1992, Section 801 (U.S. Congress, 1992) provides the following 
direction to the U. S. Environmental Protection Agency (EPA), the National Academy o f 
Sciences (NAS), and the U. S. Nuclear Regulatory Commission (NRC):

• The EPA is to contract the NAS to conduct a study and provide findings and 
recommendations on reasonable standards for the disposal o f  high-level wastes at the 
Yucca Mountain site;

• The NAS study is to provide findings and recommendations which include;

- Whether a health-based standard based on dose to individual members o f the public 
from releases to the accessible environment will provide a reasonable standard for 
protection o f the health and safety o f the public

- Whether it is reasonable to assume that a system for post-closure oversight o f the 
repository can be developed, based upon active institutional controls, that prevent an 
unreasonable risk o f  breaching the repository's engineered or geologic barriers or 
increasing the exposure o f individual members o f  the public to radiation beyond 
allowable limits

- Whether it is possible to make scientifically supportable predictions o f the 
probability that the repository’s engineered or geologic barriers will be breached as 
a result o f human intrusion over a period o f 10,000 years

• The EPA, based upon and consistent with the findings and recommendations o f the 
NAS, is required to promulgate standards for protection o f the public from releases 
from radioactive materials stored or disposed o f in a repository at the Yucca Mountain 
site; and

• The NRC is directed to modify 10 CFR 60 (NRC, 1991) to be consistent with the new 
EPA standards.

Based on Section 801, the NAS formed the Committee on Technical Bases for Yucca Mountain 
Standards, which is currently conducting periodic meetings to arrive at their findings and 
recommendations. This Committee will make recommendations, under the Energy Policy Act 
o f 1992, to the EPA, on Yucca Mountain Standards.

After passage o f the Energy Policy Act o f 1992, the Department o f Energy (DOE) recognized 
the need for a uniform position on issues related to standards for Yucca Mountain. In order to 
develop positions, a thorough understanding o f the generalized behavior o f repositories at arid 
sites is required. The analyses that follow provide technical input to the DOE in formulating 
positions on issues regarding new standards, and will accompany presentations o f  those positions 
to the NAS committee.
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1.2 SIMPLE PERFORMANCE ASSESSMENTS

Calculations o f the expected performance o f  any potential waste repository may be made with 
varying levels o f  detail/"reality” with the emphasis placed on various possible components 
controlling the containment and isolation o f the waste from the biosphere. In addition, these 
assessments may consider a range o f  possible measures o f  performance or "safety” and a range 
o f  possible times over which the performance is to be compared. Several assessments o f the 
post-closure performance o f the potential repository at Yucca Mountain have been published over 
the past decade. These range from simple assessments conducted in the mid 1980’s (NAS, 1983; 
Sinnoclc et a l„ 1984; EPA, 1985b; and DOE, 1986) to more complete and complex assessments 
published in the last five years (Doctor et al., 1992; NRC, 1990; McGuire et al., 1990; McGuire 
et al., 1992; МШег et al., 1992; Barnard et al., 1992; Eslinger et al.. 1993; INTERA, 1993; 
Wilson et al., 1994; and Andrews et al., 1994). The more complete analyses attempt to 
incorporate the significant processes affecting the containment and isolation o f the radionuclide 
wastes. With the exception o f the most recent analyses reported as part o f the total system 
performance assessment (TSPA) exercise called TSPA-1993 (Wilson et al., 1994 and Andrews 
et al., 1994) which investigated the performance over a range o f time up to 1,000,000 years and 
addressed both release and individual dose performance measures, most o f  the previous analyses 
have focused on the total system performance requirements specified in 40 CFR 191, namely the 
integrated release o f radionuclide activity for 10,000 years normalized to the values specified in 
Table 1 o f  40 CFR 191.

There is uncertainty in the regulatory requirements following the passage o f  Section 801 o f the 
Energy Policy Act o f  1992, and the evaluation o f  the importance o f various components o f the 
multi-barrier disposal system is difficult in the more complete assessments o f total system 
performance referenced above. Because o f  these two factors it is worthwhile to conduct some 
"simple" evaluations o f  the long-term undisturbed performance o f a potential repository in an 
unsaturated medium in an arid environment such as exists at Yucca Mountain. The aim o f these 
assessments is to extend the analyses conducted by the Waste Isolation System Panel (W ISP) 
members (NAS, 1983) by incorporating conditions more applicable to unsaturated media and 
potential waste repositories placed above the water table.

The “simple" assessments described in the following chapters differ from the more complete 
assessments in several ways. These differences include the following:

• The waste package lifetime in the "simple" assessments is considered to be a parameter 
with a starting time that is assumed to be uncertain and a duration o f "failures" that is 
assumed to be either rapid (i.e., all packages "fail" at once) or spread out over some 
uncertain duration. The waste package lifetime in the more complete analyses is 
considered to be a function o f time, the waste package design, the near field thermo
hydrologic environmental conditions, and the conceptual representation o f "failure” 
mechanisms.

• The waste form alteration in the "simple" assessments is considered to be a fixed 
parameter with no uncertainty. The waste form alteration in the more complete analyses 
is assumed to be a function o f the near field thermo-chemical environment around the 
waste form once the waste package has "failed”.
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• The releases from the waste package and engineered barrier system in the "simple” 
assessments is considered to be either advective or diffusive-controlled and may be 
alteration-rate- or solubility-limited depending on the value o f uncertain radionuclide 
solubilities, diffusion coefficients, and advective fluxes. The releases in the more 
complete total system performance assessments are also functions o f  the above 
parameters, but these parameters are dependent on the spatially and temporally varying 
hydrologie, thermal, and geochemical environment in which the waste packages reside.

• The transport o f  radionuclides in the geosphere (both the unsaturated and saturated 
zones) in the "simple” assessments consider the flux to be constant in space and time and 
that the conceptual model for flow can be represented as an equivalent porous medium 
with ь constant equivalent porosity and radionuclide retardation (i.e., distribution) 
coefficient. The "simple" assessments have assumed the “ C  is transported in the 
aqueous phase to be consistent with the W ISP analyses (NAS, 1983). In more complete 
analyses l4C is transported primarily in the gaseous phase and for this reason the l4C 
values presented in this study are not realistic. The aqueous flow and radionuclide 
transport in the more complete total system performance assessments have considered 
spatially varying transport properties (i.e., effective porosity, distribution coefficients, 
bulk density, degree o f saturation) depending on the rock type o f the different 
hydrostratigraphic units.

• The biosphere models used in both the "simple" and more complete assessments o f total 
system performance have been based on a constant dilution in the saturated zone and the 
same dose conversion factors to convert from concentration at the accessible environment 
(which is the form o f the result calculated by the release and transport model) to dose 
to a potential maximally exposed individual who uses the tuff aquifer for his or her 
domestic use, including irrigation o f  a small garden.

Another significant difference between the "simple" total system performance assessments 
presented in this document »nd the more complete analyses described, for example, in the TSPA- 
1993 reports (Andrews et al., 1994 and Wilson et al., 1994) is the incorporation o f  a wide range 
o f parameter values to determine the sensitivity o f the system response to some o f  the uncertain 
characteristics o f the system components. In the "simple" analyses, no presumption is made 
regarding the "best estimate" or "expected value" or mean o f the uncertain parameter distributions 
used in the analyses. In the more complete analyses, the range o f values used in the analyses 
is meant to capture the uncertainty and/or variability in the site and design-related parameters and 
processes as well as being substantially conservative.

The key components o f  the system which we have treated as being uncertain in these "simple" 
assessments o f post-closure performance include:

• The “lifetime" or time to "failure" o f the waste package containment (start and duration),

• The form o f the release from the "failed" waste packages (i.e., whether controlled by 
advective or diffusive processes, or both),

• The solubility o f the actinides (in particular neptunium),
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• The advective flux (or effective velocity) through the unsaturated zone,

• The effect o f dispersion in the unsaturated zone, and

• The effect o f a diffusive barrier caused by a low water saturation/low capillary pressure 
crushed rock backfill around or underneath the waste packages.

This is not to imply that other parameters are not potentially important to the total system 
performance (whether defined as a release or dose or some other measure o f "safety" such as 
health effects or risk). However, it is the above attributes o f the system which have been 
identified in the numerous performance assessments conducted to date as well as in the Site 
Characterization Plan (DOE, 1988b) as being the most significant.

It also warrants emphasizing that the "simple” assessments presented herein have made several 
conservative assumptions due generally to a lack o f any available information with which to 
conclude otherwise. For example, once the waste package has "failed" it is assumed that the 
entire waste matrix is exposed, i.e., no credit is taken for the cladding or for the fact that only 
a small portion o f the package may have been breached with the remaining portions still 
providing a very limited area for advective or diffusive release. In addition, once the package 
is breached, it is assumed that water is available to come into contact with the waste matrix in 
order for alteration o f the fuel to commence. Geochemical changes in the near-field environment 
which could alter the solubility and transport characteristics o f  the radionuclides are not 
considered. Finally, the potential near field and far field perturbations on the hydrology that 
would be caused by the thermal regime following the emplacement o f the waste are not 
incorporated in the analyses. Thermal effects were included in TSPA-1993 (Andrews et al., 
1994) and a comparison with those results is prsented in Chapter 5. A ll o f  these assumptions 
make the releases and doses calculated in Chapters 2 to 4 conservative, meaning that they are 
likely to be overestimated.

To  reiterate, the overall aim o f the "simple" analyses is to evaluate a range o f possible 
performance measures and a range o f possible performance times given a range o f uncertain 
properties which affect the long-term post-closure performance o f a potential repository at Yucca 
Mountain. The sensitivity analyses conducted as part o f this study aid in evaluating the 
robustness o f the system response to the major uncertainties. The results are purposely presented 
in terms o f either dose histories for specific parameter values or scatter plots illustrating the 
cumulative normalized release or peak dose for selected times versus a range o f  possible 
parameter values. The results are not presented in any probabilistic fashion [whether probability 
density functions (PDFs) or complementary cumulative distribution functions (CCDFs)] as any 
inference about the probability o f any particular consequence would be inappropriate. What is 
presented is a relatively detailed sensitivity analysis to illustrate the potential impact o f  uncertain 
parameters on varying measures o f "safety” . In that sense, the results should be evaluated in a 
relative mode rather than in any absolute sense o f comparison to a particular limit or standard.

1J  PURPOSE AND  OBJECTIVES

The purpose o f this report is to document the assumptions and describe the performance 
assessment analyses that were carried out on the behalf o f  the DOE, in support o f formulating
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DOE positions on issues related to new environmental standards for the Yucca Mountain site. 
This report was also written in order to provide the necessary documentation for the sensitivity 
and performance assessment analyses that will be presented by the DOE as information that may 
be useful to the NAS Committee on Technical Bases for Yucca Mountain Standards.

1.4 APPRO AC H

The approach to determining which calculations would be useful in support o f environmental 
standards for Yucca Mountain stems from several sources: the site is in an arid region which 
limits the population that can be potentially exposed (Appendix A ); the long period o f release 
from a repository which can be controlled in part by engineered barriers (Chapters 2 through 4); 
the desire not to pass undue risk to future generations makes studies o f  natural analogs desirable 
(Appendix B); and the belief that the NAS would rely heavily on their previous work on high- 
level waste repositories (Appendix С and Chapter 2).

The primary source o f release from a geologic repository is by the ground-water pathway. Water 
that reaches the waste containers may corrode the waste package to the point o f failure, dissolve 
the radionuclides from the waste form, and transport radionuclides to the accessible environment 
where it may be used by humans. In an arid region there are no streams, rivers, or surface water 
bodies to dilute the radionuclide concentration in the ground water prior to its use by humans. 
Also, in an arid region the population is largely controlled by the amount o f water available. 
This reasoning leads to the calculation o f  the potential population in the vicinity o f Yucca 
Mountain based on the amount o f  available ground water which is presented in Appendix A.

The premise that the risk from a repository should be no greater than that from the unmined 
uranium ore from which the spent fuel was derived satisfies the desire o f  not passing risk to 
future generations. Uranium ore bodies also provide a reasonable analog for a spent fuel 
repository in that both are subject to dissolution o f long-lived radionuclides that are transported 
by ground water that can be used by humans. This reasoning and the fact that early in the 
history o f the development o f the EPA Standard the analog o f uranium ore bodies was used 
(Klett, 1991), lead to the calculations that are presented in Appendix B.

The NAS report (NAS, 1990) entitled "Rethinking High-Level Radioactive Waste Disposal” 
provides a general philosophy for the approach that the Committee on Technical Bases for Yucca 
Mountain Standards may follow. However, the detailed calculations o f high-level waste 
repositories that were conducted by the NAS (NAS, 1983) Waste Isolation System Panel (W ISP) 
will likely be a starting point for technical input to the Committee. Based on these assumptions, 
the sensitivity analyses presented in Chapter 2 were preceded by a comparison to the WISP 
results (Appendix C) using UCBNE-41(the model used by the NAS for the WISP calculations). 
The calculations are then updated to Yucca Mountain parameters for a baseline case and 
parameter sensitivity analyses are conducted around this baseline.

The model UCBNE-41 was selected for use in this report because it is the basis for previous 
NAS calculations, it has been used by the NRC in some o f their analyses o f  geologic repositories, 
and is widely accepted by the technical community. A  second model, the Repository Integration 
Program (RIP), was selected because it has had wide application to total system performance 
assessment (TSPA ) o f Yucca Mountain by Golder Associates (Golder Associates Inc., 1993) and
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by the Civilian Radioactive Waste Management System, Management and Operations Contractor 
in TSPA-1993 (Andrews, et al., 1994). A  third model, NEFTRAN-S was selected because it is 
widely used by the waste management community including the Nuclear Regulatory Commission, 
and was used by the EPA in support o f  the recent re-promulgation o f  40 CFR 191 (EPA, 1993b). 
In support of their justification for extending the ground-water protection and individual 
protection standards from 1,000 to 10,000 years the EPA, in reference to NEFTRAN-S states:

"The Agency believes improvements in modeling capability since 1985 have facilitated 
demonstrating compliance with individual dose limits over periods longer than 1,000 
years."

An even stronger reason for selecting a group o f  models to use in this study stems from the fact 
that the models mentioned above have different features and characteristics that allow them to 
be applied more effectively to different parts o f the sensitivity analyses. For example, UCBNE- 
41 is a deterministic ground-water transport model in which a concentration at the waste package 
is input and a concentration at a down-gradient point is output. As such, it cannot incorporate 
a distribution o f  parameters in a probabilistic mode as can RIP and NEFTRAN-S. The 
characteristics and features o f each o f the models are presented in Table 1-1. Based on these 
characteristics and features, the types o f analyses conducted with each model were determined. 
The types o f analyses conducted using each o f these models are presented in Table 1-2, and the 
results using UCBNE-41, RIP, and NEFTRAN-S are presented in Chapter 2, 3, and 4, 
respectively. The results from each model are summarized at the end o f  each Chapter, and are 
compared in the Summary and Conclusions, Chapter 5. A  baseline case o f dose to an individual 
at the accessible environment was calculated as a comparison among the three models, and as 
a reference case for comparison with other calculations using the same model. The dose to an 
individual at the accessible environment in the three models uses the same dose conversion 
factors which represent an individual drinking, bathing, and deriving all subsistence from the use 
o f  ground water. Chapter 5 also includes a comparison with the results o f  TSPA-1993, and the 
significance o f  the sensitivity analyses discussed in this report to standards setting, and to site 
characterization and design.



Table 1-1. Characteristics and Features of the Models UCBNE-41, RIP, and NEFTRAN-S

FEATURE UCBNE-41 RIP NEFTRAN-S

Solution Mode Deterministic Probabilistic Probabilistic

Source Term Concentration from 
spreadsheet

Waste package with 
advective or 
diffusive release

Simple waste 
package with 
advective release

Radionuclide Decay One chain at a time A ll chains at once All chains ! once

Radionuclide
Solubility

Proportioned
dissolution Competing ions Competing ions

Waste Package 
Failure Time Discrete Distribution Distribution

Waste Package 
Failure Mode All at once

A ll at once or 
sequentially All at once

Transport Path One-D analytical 
solution/single leg

One-D analytical 
solution/multiple 
legs

Multi-D analytical 
or numerical 
solution/multiple 
legs

Chain Decay Chains Chains Chains

Biosphere Post processed using 
spreadsheet Internal Internal
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Table 1-2. Sensitivity Analyses Conducted Using UBCNE-41, RIP, and NEFTRAN-S

SENSITIV ITY
ANALYSES

UCBNE-41 RIP NEFTRAN-S J

Baseline Case X X X

¡ Percolation Flux Discrete values Distribution Distribution

I Waste Package 
1 Failure Times Discrete values Distribution Distribution

1 Waste Package 
Failure Modes

All at once All at once or 
sequentially

All at once

Np Solubility Discrete values Distribution Distribution 1

Advective Release 
From Waste 
Package X X X

Diffusive Release 
From Waste 
Package X X

Diffusive Release 
From EBS X X
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2. ANALYSES USING THE UCBNE-41 MODEL

The analyses in this chapter were conducted using the model UCBNE-41(Lung et al., 1987). 
This model was selected because it was the basis for the calculations conducted by the Waste 
Isolation System Panel (W ISP) in 1983 (NAS, 1983). Parameter ranges used in these analyses 
were selected to be representative o f Yucca Mountain, and then sensitivity analyses were 
conducted by varying these parameters over the expected range. Prior to beginning the sensitivity 
a comparison was made with the WISP results. The comparison with the WISP results provides 
a tie between this study and that o f the NAS (Appendix C).

2.1 DESCRIPTION OF UCBNE-41

The Model UCBNE-41 is based on an analytical solution o f the transport equation in a one
dimensional space, where dispersion, retardation, and chain decay o f radionuclides are considered. 
The transport equation is written in terms o f concentration; it begins with an initial concentration 
near the waste and provides the concentration at a given distance from the waste over a selected 
period o f time. The evaluation requires the following initial conditions and parameters:

• The initial concentration o f each radionuclide at the source (waste);

• The radionuclides considered, their half-lives, and the decay chains;

• The retardation coefficient for each radionuclide;

• The ground-water pore velocity (or the flux and the effective porosity);

• The distance to the point where final concentrations are desired;

• The time increments at which final concentrations are desired, and the total time 
period considered; and

• The coefficient o f  dispersion along the transport pathway.

In order for a transport model to be used effectively, two additional models are required; one for 
calculating the initial concentration o f each radionuclide at the source (a source term model), and 
the other model for calculating the radiation dose to persons at the point being considered (a dose 
model). These two models are usually in the form o f computer spread sheets, although more 
elaborate source term and dose models are available.

The source term model used here is based on the following:

• The time o f failure o f the waste packages;

• The inventory o f each radionuclide in the waste package at the time o f  failure;

• The release mechanism for each radionuclide (alteration or solubility controlled);
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The alteration rate of the fuel;

• The solubility o f each solubility-controlled radionuclide;

• The ground-water flux past the waste package and the effective porosity;

• The dimensions o f the package;

• The number o f waste packages;

• The coefficient o f diffusion out o f the waste package; and

• The geometry o f the repository.

Given these parameters, the initial concentration o f each radionuclide can be calculated for input 
into the transport model. The output from the transport model is then used as input to the dose 
assessment model. The dose assessment model requires the following parameters:

• The concentration o f each radionuclide at the point o f water use over time;

• The calculated dilution factor based on mixing with the saturated zone flux prior to its
use;

• The water use scenario (drinking, household, farming, etc.);

• Dose conversion factors that convert radionuclide concentration in the water to dose for
the given water use scenario; and

• The number o f  persons using the water (individual or population dose).

Because there are a large number o f radionuclides in the initial inventory, a composite inventory 
is developed that contains only those radionuclides that are expected to be released or that 
produce daughters that are expected to be released in quantities sufficient to produce significant 
doses over the period o f repository release are used in the analyses. This inventory is composed 
o f those radionuclides that make up more than 99.9 percent o f the dose from the waste in the 
repository. Thus, the inventory consists o f those radionuclides that could produce significant 
dose or yield daughter radionuclides that could produce significant dose, and that can be 
transported over large distances before they decay.

For advective release, the fractional release for each radionuclide is determined by the following 
equation (NAS, 1983):
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(Eq. 2-1)

where:
is the fractional release rate o f radionuclide j  (y r1);

Nf is the radionuclide solubility (g/m’ );
Dj is the diffusion coefficient (mVyr); 
n, is the effective porosity;
U is the pore velocity (m/yr);
R is the package radius (m);
L  is the package length (m); and
n¡ is the bulk density o f the radionuclide in the waste (g/m3).

When U R / Dj is less than 4, the release is no longer advection controlled, but is controlled by
diffusion. The fractional release is then given by the following equation (NAS, 1983):

P is 3 / R,2; and
R, is the radius o f a sphere that has a surface area equal to that o f  the package.

The leach time is then calculated as:

Leach time =  1 / fj (either advection or diffusion controlled; f, =  fM or ijJ3)

For radionuclides that are released through alteration o f the waste (alteration limited) the leach 
time is simply the inverse o f the alteration rate.

2.2 BASELINE  CASE USING YU C C A  M O U N TAIN  PARAM ETERS

The Yucca Mountain baseline case is different from the case that was considered in the WISP 
report (Appendix C). Since 1983, a decision has been made by tb-. DOE that the repository at 
Yucca Mountain would be in the unsaturated zone, and the EPA regulation 40 CFR 191 (EPA, 
1985b) was promulgated which reduced the distance to the accessible environment by a factor 
o f two (5,000 m instead o f 10,000 m). In addition, the actual system performance measure 
adopted by the EPA was integrated release o f radionuclide activity over 10,000 years at the 
accessible environment, with the release normalized by radionuclide specific values to assure no 
more than 1,000 health effects over 10,000 years (0.1 per year) per 100,000 metric ton heavy 
metal (M THM ). The potential repository is assumed to be situated 200 m above the water table 
as shown in the schematic diagram o f the repository in Figure 2-1. (Although recent designs

(Eq. 2-2)

where:
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place the potential repository some 250 to 300 m above the water table, the 200 m value has 
been retained for the analyses presented in this report). The geometry o f the repository was taken 
from the Site Characterization Plan (DOF., 1988b) and from the 1991 total system performance 
assessment by Barnard et al. (1992). The waste packages were assumed to be placed in the drifts 
with their long axes perpendicular to the unsaturated ground-water flux. The repository was 
assumed to contain 63,000 M THM o f spent fuel, and the inventory was assumed to be 30 years 
old at the time o f repository closure. Although the repository is expected to also contain 7,000 
M THM  o f high-level defense waste in a glass waste form, for these calculations, this defense 
waste inventory was neglected. Had the defense waste been included the peak doses for ” Tc and 
237NP would be increased by, at most, 10%.

A  simplifying assumption was made that the release o f radionuclides was advection controlled, 
and the unsaturated zone flux continued through the horizontal waste packages which are 4.76 
m long and have a diameter o f 0.66 m. The flux dissolves the solubility-controlled radionuclides 
and transports those that are alteration controlled (with an assumed alteration rate o f 1.0 x 10"* 
yr '). The radionuclides that are alteration controlled are '‘C, ” Se, wNb, **Tc, l29I, and l35Cs, and 
the remaining radionuclides are assumed to have solubility-controlled release. The radionuclides 
are assumed to be diluted by the flux o f water through the area o f the repository less the area o f 
waste packages, and by the volume o f  the ground-water flow in the saturated zone [(saturated 
zone flux) x (thickness o f the saturated zone) x (repository width)]. Here the thickness o f  the 
saturated zone is assumed to be 2400 m, the value used for the EPA calculations (EPA, 1985a 
and 1993a). These later EPA calculations were done in support o f the new 40 CFk 191 (EPA, 
1993b) which no longer applies to Yucca Mountain.

The inventory was taken to be a mix o f 9.52 x 10* pressurized water reactor (PW R) assemblies 
which contain 0.428 metric ton uranium (M TU) each with a burn up o f 42.3 GWd and 1.25 x 
10s boiling water reactor (BW R) assemblies which contain 0.178 MTU each with a burn up o f 
32.25 GWd. This inventory was taken from the DOE Characteristics o f Potential Repository 
Wastes "Data Base", which is a computerized version o f  the DOE report (DOE, 1992). The age 
o f the waste was assumed to be 30 years at the time o f closure. Table 2-1 presents a listing o f 
the radionuclides considered, their inventory, half-lives, specific activities, and assumed 
solubilities.

For the baseline calculation the rate o f recharge from infiltration was assumed to be 1.0 mm/yr, 
the pore velocity in the saturated zone was assumed to be 1 m/yr, and the effective porosity in 
both the saturated and unsaturated zones was assumed to be 0.1. These values yield a ground
water travel time o f 25,000 years (20,000 years in the unsaturated zone and 5,000 years in the 
saturated zone), which is within the range o f  travel times expected at Yucca Mountain. These 
and other parameters required for the calculation o f the Yucca Mountain baseline case are 
presented in Table 2-2 for reference by the reader. These parameters were used to calculate leach 
times and initial concentrations for each o f  the 40 radionuclides shown in Table 2-1. The 
solubilities shown in Table 2-1 were taken from the 1991 TSPA (Barnard et. al., 1992) and from 
the W ISP study (NAS, 1983), and are proportioned on the basis o f the mass o f each isotope o f 
a particular element that is present in the inventory at 30 years.

The retardation factors that were assumed were taken largely from the WISP report (NAS, 1983), 
and were modified somewhat based on the parameters from the 1991 TSPA (Barnard et. al..
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1992). This resulted in lowering the retardation factors for selenium and neptunium, and raising 
those for tin, plutonium, and americium. Dose conversion factors were taken largely from the 
values used by Pacific Northwest Laboratories (PNL) in their 1991 TSPA (Eslinger et al., 1993). 
The retardation and dose conversion factors used in the Yucca Mountain baseline case are 
presented in Table 2-3. The initial concentrations and leach times from Table 2-1, the parameters 
from Table 2-2, and the retardation and dose conversion factors from Table 2-3 were used along 
with the model UCBNE-41 and a spread sheet dose model to determine the dose to an individual 
at the accessible environment (5,000 m down gradient from the repository). These doses are 
plotted as a function o f time in Figure 2-2. The dose to an individual peaks beyond 10,000 yrs, 
with the first arrival being composed o f l4C and l2*I. The early arrival (i.e., ahead o f the ground
water travel time o f 25,000 years) for l4C and IMI is caused by dispersion (which accounts for 
some transport pathways being faster). The estimated dose from >4C is too high because a 
significant portion o f it would have been transported in the gaseous phase, which cannot be 
analyzed using UCBNE-41. The dose to an individual peaks at about 1 x 10-3 Sv/yr (100 
mrem/yr) and drops below 1 x 10"* Sv/yr (10 mrem/yr) at about 4 x 106 yrs (with the exception 
o f two short periods o f time on either side o f the ’ ’ Tc peak (Figure 2-2). This case is referred 
to as the baseline case because it will serve as the basis for all o f the sensitivity analyses that 
follow.

The parameters used for the baseline case are within the range o f parameters expected for the 
Yucca Mountain site. However one could argue that the percolation flux is too large, the depth 
o f mixing in the saturated zone is too large, and the solubility o f the actinides is too small. The 
ranges o f the parameters percolation flux and solubility are addressed in the sensitivity analyses 
that follow. The depth o f  mixing o f  the radionuclides (2,400 m) over the entire saturated 
thickness is uncertain. The effect o f mixing to a depth o f 1,000 meters would increase the peak 
doses by a factor o f  2.4, and the effect o f  mixing only to a depth o f 100 meters in the saturated 
zone would increase doses by a factor o f 25. The variation o f the factor o f 25 from the expected 
value o f 24 is caused by the fact that the concentration is also diluted by the flux through the 
footprint o f the repository which does not directly pass through the waste packages.

There are two ways to calculate the initial concentration for input to the transport model. The 
first is that o f the WISP report, in which either Equation 2-1 or Equation 2-2 is used, and the 
second is to assume advection directly through the package as though it were a porous medium. 
In order to make a comparison between these two approaches, it must first be determined which 
equation for fractional release governs (Equation 2-1 or 2-2). This may be done as follows:

The R,2 o f the f) term o f Equation 2-2 is determined by equating the surface area o f a sphere to 
the surface area o f a cylinder,

4 l t R ,2 =  2 j t R L  +  2 n R 2 or

R,2 = 1/2 R (L+R)
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To compare the fractional release from advection with the fractional release from diffusion [to 
answer the question o f whether advective fractional release is greater than diffusive fractional 
release (?/> )], the expression for R,2 is substituted into Equation 2-2.

f  —  f  4 *  -, 4 d

3 n « D i N i

‘j

Immediately the terms N , , n*, and n¡ drop out. Then multiplying both sides by R/D° 5 yields

(Eq. 2-3)

>  l  +  R

Note that;

* The only dependencies are on the waste package dimensions (R  +  L ), the 
pore velocity (U), and the diffusion coefficient (Dj),

* For a given package, whether advection or diffusion dominates will be 
determined by the relative values of U and D¿; and

R = 0.33 m and L  = 4.76 m

Then:

8U M ( l + £ )  «

-------- \ ¿  = 2.67 U M and — l—  = 1.18 D.M
itw R M L  + R J

2.67 U  -  1.18D,
> 1

Using the parameters from Table 2-2 in Equation 2-3 above and a coefficient o f  diffusion o f 
10°  m2/yr (which is appropriate for partially saturated conditions), yields;

0.267 y r 1 > 0.0373 yr'1

or

fj Л > ijj>
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Thus, advection will always dominate in the fractional release assuming an advective flux o f lCT’  
m/yr and an effective porosity o f  0.1. Because o f the power o f 0.5 dépendance, either U would 
have to decrease by a factor o f 100, or D, would have to increase by a factor o f 100, before the 
mechanism o f diffusion would dominate the fractional release from the waste package. For 
recharge rates at Yucca Mountain in the range from 0.1 mm/yr to about 1.0 mm/yr, advective 
release will dominate (unless an engineered barrier is designed to limit advective flux and make 
the near field environment diffusion dominated).

Table 2-4 shows the leach times and the initial concentration o f  radionuclides based on Equation 
2-1. Because the radionuclides l4C, ” Se, **Nb, "Тс , 1Я1, and l35Cs are assumed to be alteration 
controlled, the initial concentrations o f  these radionuclides remain the same as in the baseline 
case shown in Table 2-1. The coefficient o f diffusion is assumed to be 1.0 x I f f3 m2/yr, and all 
other parameters remain the same as in the baseline case. The value for the diffusion coefficient 
was selected because it was the value used by the WISP. A  range o f  values for the diffusion 
coefficient ( 1.0 x 10"3 to 1.0 x 10~s mVyr) were used to obtain the doses to an individual at the 
accessible environment over the period o f  repository release that are presented in Figure 2-3 for 
solubility-limited radionuclides. The dose from и|Ра is nearly the same as for 221 Ac here and in 
the analyses presented in the Sections that follow. The doses from the alteration-limited 
radionuclides are not affected because they are released at the alteration rate. The doses from 
the solubility-controlled radionuclides are similar to those o f  the baseline case (Figure 2-2).

For the remaining analyses in this chapter the simplifying assumption o f advective release by flux 
through the waste package and dilution with recharge through the repository area was used.

23 SENSITIVITY TO GROUND-WATER TRAVEL TIME

The recharge to the unsaturated zone at Yucca mountain is uncertain. The translation o f  this 
recharge to the repository level percolation flux is also uncertain. Recharge may be as low as 
0.1 mm/yr (or lower) and may range to as high as a few millimeters per year. To investigate the 
effects o f recharge (infiltration, below the root zone), on dose to an individual, the percolation 
rates o f  4.0 mm/yr and 0.21 mm/yr were selected for analysis. This range o f percolation results 
in a ground-water travel time through the 200 m unsatuiated zone o f 5,000 and 95,000 years for
4.0 and 0.21 mm/yr percolation rate, respectively, assuming an effective porosity o f 0.1. The 
ground-water travel time to the accessible environment in the saturated zone remains at 5,000 
years, and all other parameters remain the same as in the baseline case. The dose to an 
individual at the accessible environment for 10,000 and 100,000 year total ground-water travel 
time are presented in Figures 2-4 and 2-5, respectively. For the 10,000 year travel time the peak 
doses occur earlier than in the baseline case (Figure 2-2) which has a travel time o f  25,000 years. 
The dose due to solubility-controlled radionuclides increases over the baseline case because there 
is more flux to dissolve more element mass. The alteration-controlled radionuclides increase 
somewhat because there is less time for decay and dispersion. The lower dispersion causes the 
“peaks" to be narrower. For these two cases the dispersion coefficient was assumed to be 50 
m2lyr which effectively implies increasing the dispersivity value for the lower pore velocity (high 
water travel time) case.

In the 100,000 yr travel time case (Figure 2-5) the peak doses are considerably lower because 
o f  radionuclide decay for the shorter half-life radionuclides. In this case, however, the
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assumption o f  d o  change o f dispersion coefficient has a considerable effect This is responsible
for the early arrival o f radionuclides especially ,4C and l2*I. Here it is interesting to note that in f
the case o f l4C, release occurred prior to significant decay because o f  the high dispersion even v
though the mean water travel time was 100,000 years. In order to investigate this, another
simulation o f  100,000 year travel time was conducted in which the dispersion was decreased to
12.5 mVyr. This simulation has the same dispersivity as the baseline case and the dispersion is
modified to be in agreement with the pore velocity. The coefficient o f dispersion is defined by:

D = a  V  (Eq. 2-4)

where D is the coefficient o f dispersion (mVyr), a  is the dispersivity (m), and V  is the pore 
velocity (m/yr). The result o f simulating the 100,000 yr travel time and the correct dispersion 
are shown in Figure 2-6. Note that the time to the first arrival o f all radionuclides is increased, 
and the peak doses o f  the shorter half-life radionuclides is decreased significantly because there 
is more time for radioactive decay. Decay is even apparent for l,5Cx, which has over a two 
million year half-life, because its arrival at the accessible environment is shifted a few million 
years out in time due the correct dispersion and to its high sorption.

2.4 SENSITIVITY TO WASTE PACKAGE LIFETIME

The waste package and the engineered barrier system o f a geologic repository are designed to 
contain radionuclides until the shorter half-life radionuclides have decayed. The requirement o f 
the Nuclear Regulatory Commission(NRC), 10 CFR 60 (NRC, 1991), o f a 300 year waste 
package would allow ten half-lives o f  decay o f  radionuclides such as “ Sr and IJ1Cs (which have f
approximately 30 yr half-lives). In die Yucca Mountain Project waste packages that could endure v
for thousands to tens o f  thousands o f  years are under consideration.

The baseline case considered a zero waste package lifetime, and additional simulations were 
conducted to examine the effect o f  package lifetime on dose to an individual at the accessible 
environment. Three additional simulations were conducted for package lifetimes o f 1,000,
10,000, and 100,000 years. A ll o f the parameters used in the baseline case remained the same 
in these simulations except the source term, which was decayed to simulate the package lifetime.
The results for the 10,000 and 100,000 year waste packages are shown in Figure 2-7 and Figure 
2-8, respectively. The results o f the 1,000 year waste package are not shown because they appear 
identical to the baseline case (i.e., there is not enough change from the baseline case to appear 
because o f the log scale o f  the plot).

It is interesting to note that the baseline case (Figure 2-2) and the 10,000 year waste package 
(Figure 2-7) are nearly identical except the peaks are moved out in time by 10,000 years. In 
addition, the peak i4C dose is reduced by about a factor o f four, corresponding to the two half- 
lives that have passed prior to the container being breached. For a 100,000 year package, the 
effect o f time is more dramatic for l4C (dose is reduced by more than four ordos o f  magnitude).
The small amount o f 227Ac is an artifact o f the modeling. The leach time o f 227Ac (about 103 yrs) 
was assigned to the entire chain. Had the chain been assigned the longer leach time o f  ^ u  
(about 10* yrs) the results for 227Ac would have been similar to those in Figure 2-7, but the dose 
would have been somewhat lower. With the exception o f these two radionuclides, the primary 
effect o f  a 100,000 year waste package is only to shift the doses farther out in time. The
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apparent narrowing o f  the peaks is due to the log plot. The integral under the curve for the long- 
lived radionuclides remains essentially unchanged. Thus the effects o f a long package lifetime

on dose to an individual at the accessible environment from the long-lived radionuclides such as 
l29I and a ,Np is small. It only occurs at a later time.

I S  SE N SIT IV ITY  T O  S O LU B IL ITY

In Section 2.3 the sensitivity o f individual dose to flux past the waste package (ground-water 
travel time) was shown. This sensitivity indicates that individual dose is sensitive to the behavior 
o f the source term. In addition, the solubilities o f  Np, Cm, Am, Pu, and U are low in 
comparison to the values used in TSPA-1993 (Andrews et al., 1994). The solubilities for Cm, 
Am, Pu, and U are low by a factor o f 100, and the solubility for Np is low by a factor o f as 
much as 100,000. To investigate the effects o f these increased solubilities on the baseline case, 
three additional simulations were conducted. The first simulation increased the solubility values 
o f all o f these radionuclides (Np, Cm, Am, Pu, and U ) by a factor o f 100. The results o f this 
simulation aie presented in Figure 2-9. This figure indicates that227Ac and “ ’ Np doses increased 
by a factor o f  100 over the baseline case (Figure 2-2), which would be expected. The width o f 
the “ ’Np peak decreases by about an order o f magnitude from the baseline case (compare Figure 
2-2 and 2-9).

The second simulation is the same as the first except the solubility o f Np was increased by a 
factor o f  1,000 (to 1.0 g/m1)  over the baseline case (e.g., Cm, Am, Pu, and U  are increased by 
a factor o f  100; and Np is increased by a factor o f  1,000). The results o f  this simulation are 
shown in Figure 2-10, and as expected the dose from “ ’Np increased by a factor o f  1,000 over 
the baseline case. The third simulation increased the solubility o f Np by a factor o f 100,000 (to 
100 g/m3) over the baseline case (e.g.. Cm, Am, Pu, and U are increased by a factor o f  100; and 
Np is increased by a factor o f  100,000). The results o f  this simulation are shown in Figure 2-11, 
and are somewhat unexpected. The dose to an individual did not increase by a factor o f  100,000 
over the baseline case, but remained similar to the case when the neptunium solubility was 
increased by 1,000 (to 1.0 g/m3. Figure 2-10). This behavior is caused by the release o f  Np over 
a relatively short period o f time (in approximately 4000 years as compared to 10* years. Table 
2-1). Another way o f viewing this result is that there is not enough Np to increase the Np dose 
by a factor o f 100,000 over that o f the baseline case. Doses from Cm, Am, Pu, and U  are not 
significant as compared to Np (see Section 3.2 and Section 4.2).

A  retardation factor o f 16 was used for “ ’Np in the baseline case and in the solubility sensitivity 
analyses. Because the long-term dose to an individual is dependent on “ ’ Np, it was selected for 
a sensitivity analysis to retardation factor. For this simulation the retardation factor for Np was 
reduced from 16 to 2 while all other parameters remained the same as in the baseline case. The 
results o f this simulation are presented in Figure 2-12. This reduction in retardation causes Np 
to arrive earlier and the peak to be broader than in the baseline case. In addition, the peak is 
slightly higher than in the baseline case. This is because the peak occurs earlier, in about 10s 
yrs (Figure 2-12) instead o f 106 years (Figure 2-2), which means that there is less time for decay.



2.6 THE NUCLEAR REGULATORY COMMISSION (NRC) RELEASE L IM IT

The Nuclear Regulatory Commission in 10 CFR 60 requires that the annual rate o f release o f any 
radionuclide not exceed one part in 100,000 o f the inventory o f  that radionuclide calculated to 
be present at 1,000 years after closure (NRC, 1991). To investigate how exactly meeting this 
requirement would affect the individual dose at the accessible environment, an alteration rate for 
all radionuclides o f  1<TS yr'1 was assumed and the inventory at 1,000 years was used. A ll other 
parameters o f the baseline case remained the same. The results o f this simulation are presented 
in Figure 2-13. Here the alteration-controlled radionuclides o f the baseline case ( l4C, "T c , l29I, 
” Se, and >35Cs) decreased in individual dose somewhat because their annual release rate was 
reduced from 104 to Iff5. Individual dose from the radionuclides U7Np and 221 Ac increased 
substantially over the baseline case (Figure 2-2), and their peaks became narrower (because they 
are behaving like alteration-controlled instead o f solubility-limited radionuclides). It is also 
interesting to note that the peak dose from “ Np in Figure 2-13 is somewhat higher than the peak 
dose when the a ,Np solubility was increased by a factor o f  100,000 (Figure 2-11). In the 
discussion in Section 2.S the case was made that the dose from 231Np could not increase because 
all o f it had been released rapidly over about 4,000 years. In this case (Figure 2-11) the parent 
o f  Np was released at a rate lower than lO-5. Thus, in the case o f the annual release rate o f lO'5 
(Figure 2-13) the higher release rate o f the parents o f neptunium (“ 'Am  and B7U) more than 
makes up for the lower release o f  U7Np to produce a higher individual dose rate. In considering 
Figure 2-13, it should be remembered that the doses calculated are unrealistic because Np, Ac, 
and their parents are generally solubility limited and would not be released as rapidly as the NRC 
limit.

Z7 SUMMARY

The results obtained by the NAS Waste Isolation System Panel for a saturated tuff site were first 
duplicated using the model UCBNE-41(See Appendix C). The model was then used to simulate 
a baseline case for a repository in the unsaturated zone at Yucca Mountain, and then to conduct 
sensitivity analyses around this baseline case. The sensitivity o f dose to an individual at the 
accessible environment was examined for the following: mode o f release from the package 
(advection through the package compared to diffusion out o f the package); dilution; ground-water 
travel time (percolation flux); waste package lifetime; and the solubility o f neptunium and other 
actinides. The effect o f exactly complying with the NRC annual release limit o f  10"s o f the 
inventory at 1,000 years was investigated. In addition, the effects o f neptunium retardation and 
o f dispersion were investigated to a limited extent.

The primary radionuclides responsible for dose to an individual at the accessible environment are 
l4C, ” Tc, 1J9I, and “ Np. For all o f the simulations l4C was assumed to be released by way o f 
the ground-water pathway when in fact it will largely be released by way o f the gaseous pathway 
at Yucca Mountain. This means that the l4C  releases shown aie higher than would actually occur 
by way o f the ground-water pathway, and for this reason they are not summarized here.

The peak doses to an individual from ” Tc, l29I, and ^ N p , and their time o f  occurrence, are 
presented in Table 2-5 for selected simulations. Simulations such as those with extremely high 
dispersion coefficients and those based on the NRC release limit are not included because the 
parameters and mechanisms o f release, respectively, are not realistic.



The effect o f dilution is also not shown in Table 2-5, but can be easily calculated for each o f the 
simulations . The simulations presented in Table 2-5 are based on dilution by mixing the release 
to a depth o f  2400 meters in the saturated zone. The effect o f mixing to a depth o f 1,000 meters

would increase the peak doses by a factor o f  2.4, and the effect o f mixing only to a depth o f  100 
meters in the saturated zone would increase doses by a factor o f 25.

The effects o f ground-water travel time on dose to an individual at the accessible environment 
are summarized in Figure 2-14. Doses for shorter travel times are higher because o f increased 
flux through the waste package and less radioactive decay. Over the rang? o f  ground-water travel 
times o f 10,000 to 100,000 years, dose to an individual from neptunium decreases by a factor o f 
2.5, iodine reduces by a factor o f 15, and technetium reduces by a factor o f 220.

The sensitivity to waste package lifetime o f dose to an individual from "T c , IBI, and 237Np is 
presented in Figure 2-15. Here the effect o f the waste package is only to allow for decay o f 
radionuclides before they are transported to the accessible environment. The doses from "T c , 
'” 1, and 131Np remain o f the same order o f magnitude for the range o f waste package lifetime o f 
zero to 100,000 years. This is because all o f these radionuclides have half-lives greater than
100,000 years (Table 2-1).

Figure 2-16 shows the effects o f  solubility and retardation factor on dose to an individual at the 
accessible environment from 257Np. The solubility o f neptunium for the baseline case is 0.001 
g/m3 and this value is increased by a factor o f 100,000 (to 100 g/m3). Here it should be noted 
that the last factor o f 100 increase in solubility does not produce a factor o f 100 increase in dose. 
This is because all o f the neptunium is released over a short period o f  time and thereafter there 
is not enough neptunium to cause a 100 fold increase in dose. Also, the solubility o f  the parents 
o f neptunium were only increased by a factor o f 100 over the baseline case, while neptunium was 
increased by a factor o f  100,000.

A  summary o f the peak doses from ” Tc, ‘” 1, and “ ’ Np for all o f the simulations listed in Table 
2-5 is presented in Figure 2-17. This figure indicates that for realistic values o f parameters, 
doses from ’ *Tc, 12*I, and “ ’ Np occur from 10,000 to 1,000,000 years after repository closure and 
range from millirems to tens o f rems per year. Higher doses could be calculated by considering 
less dilution, as discussed above.
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Table 2-1. Source Term Information Used for the Yucca Mountain Baseline Case

RADIO- 
NU CLIDE

HALF-
LIFE
yrs

INVEN
TORY
Ci/MTHM

s P E cm c -
A C n V ITY
Bq/g

SOLU
BILITY
g/m3

LEACH
TIME
yra

INIT. 1
CONC.
g/mJ

“ C 5.73 xlO3 1.48 xlOP 1.65 xlO " 1.00 xlff* 2.22 x l f f2
” Se 6.50 xlO* 4.80 x lf f ' 2.58 xlO9 1.00 xlO4 4.60 x l f f1
**Nb 2.03 xlO* 8.91 x ia 1 6.94 xlO9 1.00 xlO4 3.18 x lf f '

” Tc 2.13 xlO5 1.51 xlO' 6.28 xlO* 1.00 xlO4 5.95 xlO1
'“ Sn 1.00 xlO5 9.25 x lf f ' 1.05 xlO* 1.00 x l f f3 2.18 xlO7 1.00 x l f f3
'” l 1.57 xlO7 3.72 x ia 2 6.54 xlO6 1.00 xlO4 1.41 xlO1
,BCs 2.30 xlO" 5.67 x ia 1 4.26 xlO7 1.00 xlO4 3.29 xlO'

143 Am 7.38 xlO5 2.82 xlO1 7.38 xlO» 1.10 x l f f5 8.59 xlO’ 1.10 x l f f5
“ Cm 2.85 xlO1 1.70 xlO1 1.91 xlO12 1.64 x lf f5 1.34 xlO7 1.64 x l f f5
"•Np 6.45 xlO-3 2.82 x l0‘ 8.58 xlO15 1.76 x l f f10 4.61 xlO* 1.76xlff10

JMPu 2.41 xlO4 3.75 xlO2 2.30 xlO* 6.25 x lff4 6.45 xlO’ 6.25 x lff*

asu 7.04 x lt f 1.68 x lff2 8.00 xlO* 8.21 x lff* 6.32 x lO " 8.21 x lf f6
“ 'Tli 2.91 x l f f3 1.68 x l f f2 1.97 xlO“ 1.37 x lff9 1.54 xlO4 1.37 x lf f9
a iPa 3.28 xlO* 3.59 x lff5 1.75 xlO9 9.70 x lff4 5.23 xlO2 9.70 x lff4
227Ac 2.18 xlO1 1.97 x lff5 2.68 xlO12 1.00 x lff4 1.82 xlO° 1.00 x lff*

“ «Cm 1.76 x l0 ‘ 1.41 xlO3 3.08 xlO12 8.44 x lff4 1.34 xlO7 8.44 xlO4
“ °Pu 6.54 xlO5 5.73 xlO? 8.44 xlO* 2.60 xHT* 6.45 xlOP 2.60 x lff*

* U 2.34 xlO7 2.93 x l f f1 2.40 xlO6 4.78 x lff6 6.32 xlO11 4.78 x lff6
OJTh 1.41 xlO10 4.71xlff'° 4.06 xlO3 1.86 x lff* 1.54 xlO4 1.86 x lff*  I

“ Cm 8.50 xlO3 4.27 x l f f1 6.36 xlO’ 1.24 x l f f4 1.34 xlO7 1.24 x lff4
“ 'Pu 1.44 xlO1 3.56 xlO* 3.81 xlO12 3.58 x lf f5 6.45 xlO’ 3.58 x l f f5
“ 'Am 4.32 xlO2 3.92 xlO3 1.27 xlO11 8.88 x l f f5 8.59 xlO9 8.88 x l f f5
I37U 1.85 x l f f2 8.73 x l f f1 3.02 xlO15 1.13xlff14 6.32 x lO " 1.13x10

w Conversion factors: 3.7 x 1010 Bq/Ci, flux past waste is 94.3 т 3/уг, and 63,000 MTHM.

2-12



Table 2-1. Source Term Information Used for the Yucca 
Mountain Baseline Case (Continued)

RADIO
NUCLIDE

HALF-
LIFE
yrs

INVEN
TORY
Ci/MTHM

SPECIF1C-
A C n V IT Y
B«|/g

SOLU
BILITY
g/m1

LEACH
TIME
yrs

IN IT .
CONC.
g/m3

H7Np 2.14 xlO6 4.87 xlff* 2.61 xlO7 1.00 xl 0° 4.61 xlO* 1.00 x lff5
m Pa 7.40x1 Or1 4.87 x lf f ' 7.68 x lO 14 3.00 x lff5 5.23 xlO1 3.00 x lff5

I 233U 1.59 xlO5 7.82 x lff5 3.58 xlO* 8.53 x lff12 6.32 x lO " 8.53x1012

“ *ni 7.34 xlO5 4.32 x lff1 7.88 xlC ’ 8.80 xlO4 1.54 xlO 4 8.80 xlff*

“ Ra 4.05 x ia 2 4.33 x lff7 1.45 x lO 15 6.96 x lff’ 1.06 x lt f3 6.96x10” I

i*Cm 4.73 xlO3 9.38 x lf f2 1.14 x lO 10 1.52 x lff5 1.34 xlO7 1.52x1 ff5 I

M2-Am 1.52 xlO2 2.34 xlO1 3.60 x lO " 1.87 x lff7 8.59 xlO9 1.87 x lff7 1

“ Am 1.83 x lf f3 2.33 xlO1 2.99 xlO “ 2.24 x lff12 8.59 xlO9 2.24xl012 J
M2Cm 4.46 x l f f1 1.93 xlO1 1.23 xlO 14 2.90 x lff7 1.34 xlO7 2.90 x lff7
“ Pu ^ 3.76 xlO5 2.18 xlO" 1.45 xlO* 5.75 x lff5 6.45 xlO9 5.75 x lff5
23*Pu 8.77 xlO1 3.57 xlO3 6.34 x lO " 2.16 x lff3 6.45 xlO’ 2.16 x lff5
2” U 4.47 xlO* 3.14 x Iff* 1.24 xlO 4 9.87 x lff4 6.32 x lO " 9.87 xlO4
234Th 6.60 x lff2 3.15 x l f f1 8.57 xlO14 5.90 x lff7 1.54 xlO4 5.90 x lff7
2* u 2.45 xlO5 1.43 xlO0 2.31 xlO* 2.42 x lff7 6.32 x lO " 2.42 x lff7
2WTh 7.70 xlO4 3.79 x l f f4 7.47 x l t f 8.13 xlff4 1.54 xlO4 8.13 xlff4
“ “Ra 1.60 xIO3 2.64 x lf f4 3.66 xlO “ 1.00 x lff2 1.78 x I0 ‘* 1.00 x lff2
2,0Pb 2.23 x !0 ‘ 7.15 x lf f7 2.83 xlO12 1.00 x lff1 6.25 x l f f 5 1 1.00 x lff1

<2’ See EPA (1985a)
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Table 2-2. Parameters Used for the Yucca Mountain Baseline Case

PAR AM ETE R V A L U E  I

Recharge Rate (Percolation flux) 1.0 mm/yr 1
Pore velocity saturated zone 1.0 m/yr

Distance to accessible environment 5,000 m

Distance to saturated zone 200 m

Thickness o f saturated zone 2,400 m

Effective porosity 0.10
Repository area 5.75 x 106 m:

Repository width 3,400 m

Number o f  waste packages 30,000

Repository capacity 63,000 M THM

Age o f  spent fuel 30 yrs

Waste package length 4.76 m

Waste package diameter 0.66 m

Total flux past waste packages 9.43 x 10' mVyr

Dilution factor 1.15 x 104
Dispersion coefficient 50 mVyr

Alteration rate o f release 1.0 x 104 yr"'
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Table 2-3. Retardation Factors and Dose Conversion Factors Used 
for the Yucca Mountain Baseline Case

RADIONUCLIDE R E TAR D ATIO N
FA C TO R

DOSE CONVERSION I  

FA C TO R  I  

(Sv-m3 / Bq-yr)

14C 1 1.04 x 107
™Se 25 4.25 x 10-7
**Nb 50 3.49 x I f f7
” Tc 5 1.23 x Iff*

c
l

9 1500 5.79 x 10'7
,29i 1 3.13 x 10-7
135Cs 150 2.89 x I f f7
143 Am 1500 2.20 x 10*

M3Cm 500 1.53 x I f f6
“ ’ Np 16 3.69 x Iff*

“ V u 1820 5.40 x Iff*

И5и 40 1.85 x Iff*

u,Th 5000 1.98 x I f f10
и,Ра 1500 6.43 x Iff4
07 Ac 1500 8.54 x I f f6
w Cm 500 1.22 x Iff6
"°Pu 1820 9.80 x I f f9
236U 40 1.87 x Iff*

232Th 5000 4.00 x I f f7
M5Cm 500 2.27 x Iff6

I 24,PU 1820 1.04 x I f f9
241 Am 1500 2.21 x 10*

И7и 40 2.18 x I f f10
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Table 2-4. Leach Times and Initial Concentrations for the Baseline Case Modified by 
Assuming Advective-Diffusive Releases from the Waste Package

RADIO
NUCLIDE

LEACH
TIME
(yrs)

IN ITIAL
CONC.
(«Ли3)

RADIO
NUCLIDE

LEACH
TIME
(y«)

INITIAL
CONC.
(«Ля1)

“C 1.00 x 10* 2.22 x Iff1 wPu 1.21 x 10’ 1.90 x Iff4

"Se 1.00 x IO4 4.60 x Iff' "'Am 1.62 x 10* 4.72 x Iff4

*Nb 1.00 x 10* 3.18 x Iff1 “7U 1.19 x 10" S.01 x Iff14

*Tc 1.00 x 104 5.95 x 10' ^Np 8.68 x 10’ 5.31 x Iff3

‘“Sn 1.00 x 104 1.00 x Iff3 изРа 9.84 x 10* 1.59 x Iff*

“ ï 1.00 x 104 1.41 x 10' взи 1.19 x 10" 4.53 x lff1’

luCs 1.00 x 104 3.29 x 10' 2MTh 2.90 x 103 4.68 x Iff7

1,5 Am 1.62 x 10’ 5.95 x Iff5 225Ra 2.00 x Iff1 3.70 x Iff*

“ Cm 2.52 x 10* 8.72 x Iff5 “ Cm 2.52 x 10* 8.08 x Iff5

“ ’Np 8.68 x 10’ 9.35 xlff10 “ “Am 1.62 x 10’ 1.19 xlff"

“ Pu 1.21 x 10’ 3.32 x Iff3 “ Am 1.62 x 10’ 9.95 x Iff7

“ U 1.19 x 10" 4.36 x Iff5 “^m 2.52 x IO6 1.54 xlff*
О'П, 2.90 x 103 7.28 x Iff» M2Pu 1.21 x 10’ 3.06 xlff4

°'Pa 9.84 x 10' 5.15 x 10 3 “Vu 1.21 x 10’ 1.15 xlff4

“ Ac 3.42 x 10' 5.31 x Iff* “ U 1.19 x 10" 5.24 x Iff3

“ Cm 2.52 x 106 4.49 x Iff3 “♦Th 2.90 x 103 3.13 xlff4

“°Pu U 1 x 10’ 1.38 x Iff3 1.19 x 10" 1.28 xlff6

°n j 1.19 x 10" 2.54 x Iff5 “‘Th 2.90 x 103 4.32 x Iff3

“ Th 2.90 x 103 9.68 x Iff* “Va 3.36 x Iff3 5.31 x Iff1

“ Cm 2.52 x 106 6.59 x Iff* 2l0Pb 1.18 x Iff5 5.31 x Iff1
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Table 2-3. Retardation Factors and Dose Conversion Factors Used 
for the Yucca Mountain Baseline Case (Continued) С

RADIONUCLIDE RETARD ATIO N
FACTO R

DOSE CONVERSION
FACTO R
(Sv-m5 / Bq-yr)

n7Np 16 5.02 x i f f5
235Pa 1500 2.20 x Iff*

2nU 40 3.80 x Iff*

“*111 5000 5.56 x I f f7
ffiRa 500 1.40 x Iff*

“ Cm 500 2.25 x I f f6
MJ"A m 1500 2.13 x Iff*

“ Am 1500 8.56 x I f f10
“ 'em 500 6.97 x Iff*

M2Pu 1820 9.50 x Iff ’

“ Pu 1820 4.89 x Iff*

“ U 40 2.91 x Iff*

2MTh 5000 2.00 x I f f ’

JJ4U 40 1.97 x Iff*

2X>Th 5000 8.03 x Iff*

“ Ra 500 2.40 x Iff6
2,0Pb 50 3.07 x l f fs
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Figure 2-2. Dose to an Individual at the Accessible Environment for the Baseline Case.

>1

Tune (yean)

Figure 2-3. Dose to an Individual at the Accessible Environment Modifying the Baseline Case by 
Assuming Advective-Diffusive Releases from the Waste Package.
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Figure 2-4. Dose to an Individual at the Accessible Environment for a Ground-Water Travel Time 
o f 10,000 Years (4.0 mm/yr percolation flux).
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Figure 2-5. Dose to an Individual at the Accessible Environment for a Ground-Water Travel Timei' 
o f 100,000 Yeats (0.21 mm/yr percolation flux).
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Figure 2-6. Dose to an Individual at the Accessible Environment for a Ground-Water Travel Time 
o f  100,000 Years (0.21 mm/yr percolation flux), and a Dispersion Coefficient o f 12.S 
mVyr.
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Figure 2-7. Dose to an Individual at the Accessible Environment for a 25,000 Year 
Ground-Water Travel Time and a 10,000 Year Waste Package.
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Figure 2-8. Dose to an Individual at the Accessible Environment for a 25,000 Year 
Ground-Water Travel Time and a 100,000 Year Waste Package.
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Figure 2-9. Dose to an Individual at the Accessible Environment with Solubilities o f Np, Cm, Am, 
Pu, and U Increased by Factor o f  100.

Figure 2-10. Dose to an Individual at the Accessible Environment with Solubilities of Cm, Am, Pu,
and U Increased by a Factor of 100 and that of Np Increased by a Factor of 1,000.
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Figure 2-11. Dose to an Individual at the Accessible Environment with Solubilities o f Cm, Am, Pu, 
and U Increased by a Factor o f  100 and that o f Np Increased uy a Factor o f 100,000.
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Figure 2-12. Dose to an Individual at the Accessible Environment with a Reduced Retardation
Factor for Neptunium.

2-26



Dow
 

Ra
te 

(S
v/ÿ

ea
r)

Figure 2-13. Release of all Radionuclides at a Rate of 10"5 yr'1 o f the 1,000 Year Inventory
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Figure 2-14. Sensitivity to Ground-Water Travel Time o f Dose to an Individual at the Accessible 
Environment from "T c , IWI, and И7Ыр.
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Figure 2-15. Sensitivity to Waste Package Lifetime o f Dose to an Individual at the Accessible (  
Environment from ” Tc, IBI, and “ ’Np.
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3. ANALYSES USING THE REPOSITORY INTEGRATION PROGRAM (RIP)

3.1 GENERAL DESCRIPTION OF RIP

The Repository Integration Program (RIP) is a model for conducting probabilistic total system 
performance assessments o f a geologic repository. It is not a model in the normal sense in that 
it does not explain the behavior of the repository system or its components but it attempts to 
describe the behavior. The description o f the system is left entirely for the user to define by the 
use o f  simple algebraic functional relationships. In a sense, RIP is similar to a spreadsheet. The 
current version o f RIP contains a large amount o f built-in logic and calculational capabilities, but 
the problem solved must be entirely defined by the user. The theory and capability o f RIP are 
described by Miller et al. (1993) and a user’ s guide is also available (Kossik and Hachey, 1993). 
RIP has been applied to evaluate a potential repository at Yucca Mountain by INTERA Inc. 
(1993), Miller et al. (1992), and Andrews et al (1994).

RIP consists o f  a front-end, a back-end, and a post-processor. The front-end is where the 
parameter values and functional relationships are defined and sampled using a Monte Carlo-type 
sampling algorithm. The back-end is where the actual computation occurs. The back-end is run 
for each sampled realization created in the front end. The post-processor is used to display the 
results [whether time histories or complementary cumulative distribution functions (CCDFs)] and 
to conduct simple sensitivity analyses (one- and two-dimensional scatter plots and simple 
parameter correlations). The CCDFs can be plotted in terms o f either dose or release. The 
computational part o f RIP presented in this report is divided into two domains (models): the 
waste package/engineered barrier system radionuclide release model and the near and far field 
(geosphere) radionuclide transport model. RIP also has the capability o f disruptive events 
simulations, which are beyond the scope o f this report.

The waste package/engineered barrier component o f RIP is used to describe several processes 
which, i f  they occur, lead to radionuclide releases to the geosphere. These processes include 
container failure, exposure o f radionuclides, and the mass transfer o f radionuclides from the waste 
package to the host rock. Each process can be dependent on environmental parameters in the 
near field; in particular the temperature, geochemistry, and hydrology. The primary and 
secondary (cladding or pour canister) containers may fail either sequentially or simultaneously.

Once the container fails, the radionuclide inventory is exposed. There are three inventories 
within RIP, the free inventory which is released instantaneously once the primary container fails, 
a gap inventory which is released instantaneously once the secondary container fails, and a matrix 
(bound) inventory which is released as the matrix is altered and dissolved. The exposure o f the 
bound radionuclides in the fuel or glass matrix is a function o f  the dissolution rate, the surface 
area exposed, and the percent o f the surface area that is in contact with water.

Once radionuclides have been dissolved, they may be transferred to the host rock by advective 
transport, diffusive transport, or a combination o f advective and diffusive transport. Aqueous- 
phase advective teleases are a function o f the radionuclide concentration in contact with the waste 
(which may or may not be solubility limited) and the flux past each waste package. Diffusive 
releases are a function o f the radionuclide concentration, the effective diffusion coefficient, and 
a geometric factor that embodies the cross-sectional area o f the container surface through which
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diffusive releases occur and the length o f the diffusive path. Only steady-state diffusive releases 
can be modeled within RIP. The release from the waste package is not dependent on the ability 
o f the geosphere to transport the radionuclides.

The geosphere may be discretized into multiple pathways that are combined either in parallel or 
in series. These pathways represent different flow regimes (aqueous or gaseous), different flow 
domains (saturated or unsaturated zone), or different cross-sections o f the repository, dependent 
on user specifications. In addition, different flow modes may be applied to each pathway. A 
single-flow mode may be used to represent an equivalent porous medium, while a multiple mode 
pathway may be used to describe fracture-mauix coupling in a dual porosity-dual permeability 
medium. For single mode pathways, RIP uses an analytical solution to the one-dimensional 
advection-dispersion equation. For multiple mode pathways, it uses a modified Markovian 
process to predict the transition between the two modes ( Miller et al., 1993).

The source term model within RIP calculates the amount and the rat: o f waste available for 
transfer between the waste package and the geosphere. The waste inventory input within RIP 
requires the number o f different types o f waste streams, the number o f waste canisters per waste 
stream, the waste-stream burnup, the amount o f MTHM per container, and the inventory, in 
Ci/container, for each specific radionuclide present in the waste containers. The location and 
fraction o f the waste within the containers can be specified at three different locations. First is 
the fraction o f the waste located between the inner and outer container and instantaneously 
exposed once the outer container has failed. The second is the fraction o f waste located within 
the inner container that is instantaneously exposed once the inner container has failed. These two 
fractions are important when considering the gaseous transport o f radionuclides away from the 
waste package. In this analysis, no gaseous transport was considered. The remaining waste is 
bound within the waste matrix, with the waste matrix available for alteration once the inner 
container has failed. The waste container failure rates must be specified within RIP and can be 
included as either instantaneous, constant over a specified period, or as a distribution versus time. 
These container failure rates can be specified for both the outer container and inner container.

Once the waste matrix is exposed, the source term model determines the mass o f each 
radionuclide available for release due to alteration o f  the waste matrix. The amount o f waste 
available for release is limited by the solubility o f the individual radionuclides. The alteration 
o f the waste matrix is calculated using (Miller et al„ 1993)

кш . й л  S  f .  (Eq. 3-1)

where к ., is the aqueous alteration rate (yr'1), R*, is the matrix dissolution rate (g/mVyr), S is 
the effective surface area o f the waste matrix per unit mass (m2/g) and f ,  is the fraction o f the 
effective surface area that is wet.

Once the rate o f exposed mass is determined, the amount o f this mass that can be transferred 
away from the matrix and into solution, under steady state conditions, is determined based on 
both advective and diffusive mechanisms. For aqueous advective mass transfer, the transfer rate 
is calculated using (Miller et al„ 1993)



к, -  F  А С, (Eq. 3-2)

where к, is the advective mass transfer rate (g/yr), F is the ground-water flow rate through the 
repository (m/yr), A  is the waste-package cross-sectional catchment area (m2), and C, is the 
saturation concentration o f the radionuclide in the water at the waste package (g/m3). This 
saturation concentration is the maximum amount o f mass that can be transferred into solution 
based on either the amount o f waste that has been exposed (alteration limited) or the amount o f 
exposed waste that can be transferred into solution based on the radionuclide solubility (solubility 
limited).

The diffusive mass transfer away from the exposed waste matrix is determined using (Miller et 
al., 1993)

kd «  D— u C, (Eq. 3-3)

where k* is the diffusive mass transfer rate (g/yr), D*, is the effective diffusion coefficient 
(m2/yr), and ш is the geometric factor for diffusion (m). Assuming a spherical waste form, <o 
is calculated using (Chambre et al., 1985)

Г Л
u * 4 x r i i , (Eq. 3-4)

where r is the radius (m) and is the effective porosity through which the diffusion wiil occur. 
These equations ate equivalent to the diffusive controlled fractional release rate used in NAS 
(1983) and presented in Eq. 2-2.

The mass transfer mechanisms within RIP move the mass from the waste package and into the 
first geosphere transport pathway. This first pathway, and all subsequent pathways, is completely 
defined by the user and can be specified to represent transport mechanisms through an 
unsaturated zone, a saturated zone, or a gravel backfilled zone around the waste package (Miller 
et al„ 1993). At the end o f the system, the mass is discharged to the accessible environment. 
The mass discharge into the accessible environment can be determined as either a discharge rate 
or as a cumulative discharge over a specified period using isotope specific activities. The mass 
released to the accessible environment can also be converted to a dose using a user specified, 
simple linear dose conversion factor.

ЗЛ  CO M PARISO N  W IT H  T H E  BASELINE CASE

f  The baseline case presented in Section 2.2 using UCBNE-41 was also simulated using RIP. Here
V the baseline case can be more closely approximated because RIP is capable o f  treating both the

unsaturated and saturated flow as sequential portions o f the flow path. As discussed earlier, the
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model UCBNE-41 had to assume an average pore velocity over the 5,200 m flow path. Using 
RIP, the individual flow regimes through the 200 m unsaturated zone and the 5,000 m saturated 
zone can be simulated. In addition, RIP can handle competing isotopes of the same element in 
the dissolution process which could not be handled using UCBNE-41 except by perportioning 
on a mass basis.

The waste inventory for the baseline simulation consisted of 63,000 MTHM of 30 year old waste 
in 30,000 containers. The 30,000 containers were composed of approximately 35 percent boiling 
water reactor (BWR) waste and 65 percent pressure water reactor (PWR) waste. The waste 
package containers were assumed to be placed horizontally within the underground drifts with 
the direction of ground-water flow occurring perpendicular to the long axis of the containers. 
This orientation resulted in a cross-sectional area perpendicular to flow of 3.14 m2 per waste 
container assuming a 4.76-m container with a diameter of 0.66 m . Tables 3-1 and 3-2 present 
a listing of the waste package inventories along with the element solubility, isotopic specific 
activities, half-life, EPA Table 1 limits (EPA.1985), and daughter products. These tables differ 
from Tables 2-1 and 2-2 only in the units that are used as input to the RIP model. Table 3-3 
presents the parameters that are necessary to define the release of radionuclides from the waste 
packages, liie  calculated waste alteration rate (k.*) of 1 x 10"* yr'1 (Table 3-3) is maintained 
throughout the analyses presented in Chapter 3. The mass release from the waste package occurs 
at the alteration limit or the solubility limit, depending on which is limiting. The waste package 
lifetime for the baseline simulation was specified such that the containers failed instantaneously 
at time zero.

For the baseline simulation, the mass released from the waste package is transferred into the 
unsaturated zone domain simulated within RIP. The 200-m unsaturated zone is discretized into 
four 50-m pathways connected in series. Table 3-4 presents the specified parameters that 
describe the transport of mass through the unsaturated zone. The average linear velocity was 
assumed to be 1 x 10-2 m/yr with an effective porosity of ten percent. The area perpendicular 
to flow was specified to be 5.75 x 106 m2, which is in effect setting the domain boundary equal 
to the areal footprint of the repository (DOE, 1988b).

The simulated mass release from the base of the unsaturated zone was discharged into the start 
of the saturated-zone domain simulated within RIP. The 5000-m path length in the saturated 
zone is discretized into five 1000-m pathways, also connected in series. The accessible 
environment was specified to be located at the end of the saturated zone, 5000 m down gradient 
from the repository. Table 3-5 presents the specified parameters that describe the transport of 
mass through the saturated zone. The average linear velocity was assumed to be 1.0 m/yr with 
an effective porosity specified at ten percent. The area perpendicular to flow was specified to 
be 8.16 x lcf5 m2, assuming a width of 3400 m (DOE, 1988b) and a mixing depth of 2400 m 
(EPA, 1985a and 1993a). The release of mass to the accessible environment is converted into 
an activity release rate (Ci/yr) based on the specific activity values listed in Table 3-2.

The release of mass has been converted into a dose based on specified dose conversion factors. 
To accurately track mass for dose calculations, an additional pathway or biocell was attached to 
the end of the saturated zone. This pathway has no spatial dimensions, but is used only as an 
accumulation and mixing stage, given the mixing volumetric flow rate of the saturated zone (area 
x flux). The amount of mass that is discharged into the biocell is mixed with the corresponding



volumetric flow in each time step, and then converted to a dose during the same túne step. 
Table 3-2 presents the dose conversion factor for each isotope. The dose received by the receptor 
is considered to be a dose for that of a maximally exposed individual in a farming scenario where 
all crops are produced by irrigation with contaminated ground water and ground water is used 
for livestock, drinking water, and household use (the dose conversion factors used in UCBNE-41, 
RIP, and NEFTRAN-S were the same).

Figure 3-1 presents the baseline time-history plot showing the dose exposure (Sv/yr) to an 
individual over a 1,000,000 year period. The baseline simulation parameters are summarized in 
Table 3-6. The plot consists of all isotopes that yield dose results higher that 10'10 Sv/yr. Figure
3-2 presents the same results as Figure 3-1, but extending the analyses to only 100,000 years to 
better illustrate the early arrival portion of the unretarded radionuclides. [The 100,000 year 
simulations are conducted with a 100 year time step to better capture these early arrivals, while 
the 1,000,000 year simulations are conducted with a 1,000 year time step. This difference can 
cause slight differences in the first arrivals as well as the peak height because there is more 
numerical dispersion when the larger time steps are used.] The diffusion coefficient was lowered 
to 1.0 x 101 m2/yr so that the release from the waste package would be advection controlled. 
These figures can be compared to Figure 2-2 which shows the baseline case using UCBNE-41. 
As indicated by the comparison of these two figures, RIP and UCBNE-41, give analogous results.

The above baseline simulation assumed that the releases from the waste package were controlled 
by advective transport. The sensitivity of the dose to only diffusive waste package releases was 
investigated by specifying the ground-water flux through the repository as zero, while maintaining 
ground-water flow through the unsaturated zone. This would be analogous to the expected case 
where the aqueous flux preferentially stays in the more negative capillary pressure rock as 
opposed to the drift and any associated backfill materials. The effective diffusion coefficient out 
of the waste package was also modified to a value of 1.0 x Iff3 m2/yr from the value of 1.0 x 
10'7 m2/yr which was used for Figures 3-1 and 3-2 (to assure that only advective releases from 
the package occurred in order to allow a comparison with the UCBNE-41 assumptions). The 
dose versus time plots generated from this run are presented in Figure 3-3 and 3-4 for 1,000,000 
and 100,000 years, respectively. The alteration-limited radionuclides such as 14C, l29I, "Tc, and 
l35Cs show no noticeable change in the time-history curves. However, the solubility-limited 
radionuclides show a slightly longer time to breakthrough and a lower peak dose. For example, 
the peak U7Np dose decreased from approximately 1 x Iff4 Sv/yr to approximately 5 x 10 s Sv/yr. 
This decrease is due to the slower transport of radionuclides away from the waste package 
surface.

The simulations presented above incorporated the neptunium solubility of 1.0 x 10 ’ g/m3 used 
in the WISP analysis (NAS, 1983) and many of the analyses in Chapter 2. The neptunium 
solubility was increased to 1.0 g/m3 and the simulation was repeated (Figure 3-5). TTie dose 
versus time results presented in Figure 3-5 are equivalent to Figure 3-1 except for the peak dose 
of u,Np and related daughter products. As specified in Tables 3-1 and 3-2, 233U and “’Th are 
the daughter and grand-daughter products, respectively, of 237Np. Figure 3-5 shows that an 
increase in the neptunium solubility by three orders of magnitude resulted in an increase in the 
peak dose of 237Np, 233U, and 2MTh by an equivalent three orders of magnitude. For example, the 
237Np peak dose exposure increased from approximately 5 x 10'5 Sv/yr to approximately 5 x 10'2 
Sv/yr.
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3.3 CUMULATIVE RELEASE PERFORMANCE MEASURE

СThe three simulations in Section 3.1 presented dose time-history plots generated from 
deterministic simulations (i.e., based on a single realization). To obtain a better understanding 
of the sensitivity of mass release and dose to certain parameters, stochastic simulations were 
generated that incorporated multiple realizations. The mass release and dose results generated 
from multiple realization simulations could be presented in the form of complimentary cumulative 
density functions (CCDFs), with the CCDFs representing the probability of a certain magnitude, 
or greater, of cumulative mass release or peak dose. Because such a probability plot would 
imply expected values rather than simply the sensitivity of the results to the uncertain parameters, 
no CCDFs will be presented in the analyses below. When considering cumulative mass release, 
the values are normalized to the EPA Table 1 limits (EPA, 1985) for release to the accessible 
environment at 104 years. Even though the Table 1 release limits are not applicable to larger 
times, the normalization values are maintained at the 10* year limit for simulations that consider 
releases over 10s and 106 years. Scatter plots have been generated from multiple realizations. 
These plot normalized cumulative release or peak dose and the sampled value of an uncertain 
parameter. The plots are useful in showing the sensitivity of the normalized cumulative release 
or peak dose to parameter value ranges.

The simulation parameters were modified to incorporate the uncertainty of key parameters, with 
log-uniform distributions being applied to the effective diffusion coefficient out of the waste 
package, the solubility of neptunium, and .the unsaturated-zone average linear velocity. Figure 
3-6 presents a scatter plot of unsaturated-zone average linear velocity versus normalized 
cumulative release for each realization. This figure shows a strong correlation between the value 
of the average linear velocity and the normalized cumulative release. The normalized releases 
over the 10,000 year period are primarily composed of the dispersive fronts of l4C and 129I. The 
scatter plot in Figure 3-6 shows that as the average linear velocity is increased from 1 x 10"’ m/yr 
to 1 x 10* m/yr, the normalized cumulative release is increased approximately 11 orders of 
magnitude. The large dependence on the average linear velocity is due to the different degree 
to which the dispersive fronts of l4C and 1MI have reached the accessible environment by 104 
years. The effect of neptunium solubility is not seen in Figure 3-6 because it anives at the 
accessible environment beyond 100,000 years. The relatively smooth curve is caused by the 
limited effect of the range of the diffusion coefficient. Also, at such low normalized cumulative 
release values, some numerical dispersion within RIP should be expected.

The simulation time was extended to 10s years and the normalized cumulative release to the 
accessible environment calculated. Figure 3-7 presents a scatter plot of the unsaturated-zone 
average linear velocity and normalized cumulative release for each realization. This figure shows 
a strong correlation between the value of the average linear velocity versus the normalized 
cumulative release. The normalized releases over 100,000 years are primarily composed of UC, 
'”1, and "Tc. The sensitivity of the normalized cumulative release to the unsaturated-zone 
average linear velocity is similar to the 10* year simulation, but the magnitude of change in the 
release is not as large. Still, the normalized cumulative release is veiy sensitive to the value of 
the average linear velocity in the unsaturated zone. The normalized release over 100,000 years 
is not sensitive to the effective diffusion coefficient.
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The simulation time was also extended from 10* years to 10s years and the normalized 
cumulative release to the accessible environment calculated. As the simulation time increased, 
some of the radionuclides that were solubility limited and not highly retarded were discharged 
prior to 106 years, thereby increasing the normalized cumulative release to approximately 0.2 for 
all 100 realizations. Also, eight realizations generated normalized releases greater than 10. 
Figures 3-8,3-9, and 3-10 present scatter plots of effective diffusion coefficient, unsaturated-zone 
average linear velocity, and the solubility of neptunium, respectively, versus normalized 
cumulative release for each realization. "П»е normalized cumulative release shows a strong 
sensitivity to the average linear velocity in the unsaturated zone (Figure 3-9). However, the 
variation in the magnitude of the normalized cumulative release is not as great as in the 10* year 
or 10s year simulations. This is due to the relatively constant release, after an initial buildup, of 
the solubility-limited radionuclides (especially “’Np) after 10s years. This general behavior was 
seen in the time-histoiy dose plots presented in Section 3.2. The normalized cumulative release 
at 10* years shows slight sensitivity to the effective diffusion coefficient (Figure 3-8) and the 
solubility of neptunium (Figure 3-10), at the higher values, but the variance in the magnitude of 
the release is dominated by the average linear velocity in the unsaturated zone. It is interesting 
to note that the high normalized release realizations (those lying above the generally linear 
response illustrated in Figure 3-9) require both a high neptunium solubility and a high diffusion 
coefficient. If  either the neptunium solubility is less than 1 g/m3 or the diffusion coefficient is 
less than 10"* mVyr, then the response is totally controlled by the unsaturated zone velocity.

To further investigate the effect of the neptunium solubility on the 10* year normalized 
cumulative releases, the neptunium solubility was maintained at a constant value of 1.0 g/m3 and 
the simulation conducted again. With all other parameters remaining the same, the variation in 
the two analyses should be due solely to the sampled distribution of the neptunium solubility. 
At a simulation time of 104 years, the normalized cumulative release is not very sensitive to the 
uncertainty in the neptunium solubility because the release is dominated by the release of 
technetium and iodine. Figures 3-11 and 3-12 present scatter plots showing the sensitivity of the 
normalized cumulative release to the effective diffusion coefficient and the unsaturated-zone 
average linear velocity. With the removal of the uncertainty in the neptunium solubility, the 
scatter plots show that the normalized cumulative release at 106 years is sensitive to both the 
effective diffusion coefficient and the unsaturated-zone average linear velocity.

3.4 PEAK DOSE PERFORMANCE MEASURE

Section 3.3 presented the normalized cumulative release to the accessible environment at 
simulation times of 10*, 101, and \<f years. The maximally exposed, whole body dose to an 
individual located at the accessible environment was determined for the four simulations 
discussed in Section 3.3. The peak dose (Sv/yr) was determined for each realization, resulting 
in 100 independent peak dose values. The analyses and comparisons presented in Section 3.3 
will be repeated with the peak dose exposure used as the performance measure.

The scatter plot of the 10,000 year peak dose versus the sampled value of the unsaturated-zone 
average linear velocity is presented in Figure 3-13. The strong sensitivity of the peak dose 
exposure to the value of the unsaturated-zone average linear velocity is similar to the sensitivity 
of the normalized cumulative release (Figure 3-6). The dose exposure within 10* years is
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dominated by l4C and '”1, which are both alteration-limited, non-retarded isotopes. The peak 
dose exposure within 104 years shows virtually no sensitivity to the effective diffusion coefficient.

For a simulation period of 105 years, all 100 realizations resulted in peak dose exposures of at 
least 2 x 10fS Sv/yr, with two realizations having peak dose exposures of about 0.07 Sv/yr. 
Figure 3-14 presents a scatter plot of the unsaturated-zone average linear velocity versus the peak 
dose for 100 realizations of 10s years. The peak dose exposure is very sensitive to the 
unsaturated-zone average linear velocity. Within 105 years, the dose exposure to l4C and li9I has 
already peaked and the dose exposure to ^Tc is continuing to increase (see Figures 3-1 and 3-2, 
for example). The bimodal shape of the data plotted in Figure 3-14 is attributed to the 1WI peak 
dose at lower unsaturated-zone average linear velocities, and to the ”Tc maximum dose exposure, 
within 10s years, at higher velocities. As the average linear velocity is increased, the maximum 
dose exposure of ”Tc becomes greater than the peak dose exposure of '" I at an average linear 
velocity value of approximately 6 x Iff3 m/yr. As in the 104 year simulation, the peak dose 
exposure was not sensitive to the effective diffusion coefficient. The two realizations with peak 
doses of about 0.07 Sv/yr correspond to very high neptunium solubilities and high unsaturated 
zone velocities.

For a simulation period of lt f  years, all 100 realizations resulted in peak dose exposures of at 
least 8 x 10’i  Sv/yr, with at least 20% o f the realizations baring peak dose exposures greater 
than 1 x Iff2 Sv/yr, and 10 % of the realizations having peak dose exposures greater than 1 x Iff' 
Sv/yr. Figures 3-15 through 3-17 present scatter plots of the effective diffusion coefficient, the 
unsaturated-zone average linear velocity, and the neptunium solubility, respectively, versus the
1.000.000 year peak dose for 100 realizations. O f the three scatter plots, the peak dose exposure 
is most sensitive to the unsaturated-zone average linear velocity over the entire distribution range, 
and is also slightly sensitive to the larger values of both the effective diffusion coefficient and 
the neptunium solubility.

The neptunium solubility range of Iff5 to 102 g/m1 was modified to maintain a constant value of
1.0 g/m3. The analyses gave similar results, demonstrating that the peak dose exposure for
1.000.000 years is more sensitive to the unsaturated zone velocity and effective diffusion 
coefficient than to the neptunium solubility. Scatter plots showing the sensitivity of the peak 
dose exposure to the unsaturated-zone average linear velocity and the effective diffusion 
coefficient are presented in Figures 3-18 and 3-19, respectively. The peak dose 1,000,000 years 
is sensitive to the unsaturated-zone average linear velocity over the entire distribution of values 
of velocity evaluated (Figure 3-19). The peak dose exposure also shows some sensitivity to the 
effective diffusion coefficient values above approximately 1 x Iff4 m2/yr (Figure 3-18).

3.5 EFFECT OF WASTE PACKAGE FAILURE ON PEAK DOSE

The simulation results presented in Sections 3.3 and 3.4 assumed that the failure of the waste 
package containers occurred instantaneously at the start of the simulation. Therefore, the entire 
waste matrix was instantly available for alteration. This assumption of instantaneous waste 
package failure was selected due to its conservative nature. Additional sensitivity simulations 
have been conducted which demonstrate the predicted dose exposure over 10̂  years for various 
waste package container failure initiation times and failure rates. The dose exposure results are



presented as time-history plots (dose versus tine) generated by conducting one realization per 
simulation data set.

Figure 3-20 presents the time-history plot for the case when the waste package failure rate is one 
percent every 103 years starting at time zero. This results in a uniform distribution of failures 
where all the containers have failed by 105 years. Figure 3-20 can be compared directly to the 
dose time-history curve presented in Figure 3-5. The only variation in the two data sets is the 
waste package container failure distributions. The results illustrated in Figure 3-20 show a slight 
lowering and broadening of the peak for the alteration-limited radionuclides, such as l4C ,129I, and 
”Tc. However, there is no change in the solubility limited release of radionuclides such as 
neptunium. The slower failure rate of waste packages creates a limiting effect on the rate of 
mass exposure and thus on the rate of mass transfer out of the waste package.

Figure 3-21 presents the 106 year time-history dose exposure plot for the case when the waste- 
package failure rate was maintained at one percent per 103 years, but the failure initiation time 
was extended from zero to 10* years. The results for the two simulations are almost identical 
except for the decrease in l4C, due to its short half-life, and a shift of the curves approximately 
10* years on the time axis. Figure 3-22 presents the 106 year time-history dose exposure plot for 
the case when the waste-package failure rate was maintained at one percent per 103 years, but 
the failure initiation time was extended to 105 years. This results in a uniform failure of the 
waste packages between 1 x 10s and 2 x 10s years. The peak dose curves for this simulation are 
almost identical to the earlier results except for the lack of l4C due to decay and a shift of the 
curves by 10s years on the time axis.

The waste-package failure rate was modified so that one percent of the waste packages would 
fail every 104 years. Specifying a failure initiation time of zero years results in a uniform failure 
of all the waste packages over 106 years. The resulting simulation results are presented in Figure 
3-23 as a dose exposure time-history curve. This waste-package failure rate results in the 
alteration of a constant fraction of each radionuclide per year over the entire 106 year simulation. 
Once the dispersive front of each radionuclide breaks through to the accessible environment, the 
dose exposure should remain constant over the entire simulation period of interest until the 
inventory is depleted or decayed away. It is interesting to note that there is virtually no change 
in the neptunium dose even for the very slow failure rate of 1% per 10,000 years. This is 
because the solubility-limited release rate is equivalent to this rate of container failures. Had a 
larger solubility been used, then a more pronounced effect would have been observed. This holds 
true as long as the radionuclide half-life is sufficiently large to maintain the constant source 
strength. This is seen in Figure 3-23 where there is a slight lowering of the peak dose exposure 
value for most radionuclides, as compared to Figure 3-20, but the release to the receptor for the 
alteration-limited radionuclides has been extended out to 106 years. The one exception is the 
decrease in >4C because of its short half-life.

3.4! EFFECT OF DIFFUSIVE RELEASE FROM THE ENGINEERED BARRIER 
SYSTEM

The sensitivity analyses presented above assumed the waste packages were in direct contact with 
the host rock, where advective or diffusive releases from the waste package were immediately 
available for advective transport into and through the unsaturated zone. The remaining sensitivity
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analyses presented in this section will present the predicted response in the normalized 
cumulative release and the peak dose exposure due to the inclusion of a 1.0-m capillary barrier 
around the waste package. The capillary barrier was assumed to be a 1.0-m thick gravel layer 
between the waste package and the host rock. Radionuclide transfer was assumed to be diffusive 
out of the waste package with transport across the barrier assumed to be by diffusive transport, 
with the velocity or travel time through the 1.0-m barrier being a function of the specified 
effective diffusion coefficient. [See Section 4.6 for a discussion of the relationship between the 
transport velocity and the effective diffusion coefficient], A continuous thin water film was 
assumed to envelop the gravel particles, and no advective radionuclide transport was assumed to 
occur within this 1.0-m pathway (i.e., the advective flow would be limited to the fine-grained 
material because of capillary forces). Table 3-6 presents a listing of the simulation parameters 
for the analyses presented in this section.

Figure 3-24 presents a time-history plot of the dose exposure over 10* years for an effective 
diffusion coefficient of 1.0 x 1СГ* m2/yr. The average linear velocity through the diffusive 
pathway was specified as 1.0 x 10'3 m/yr, with a resulting travel time of 103 years. Figure 3-24 
can be compared to Figure 3-5 with the principal difference being a slightly higher effective 
diffusion coefficient and the 1.0-m diffusive pathway. The addition of the 1.0-m diffusive 
pathway, with the assumed effective diffusion coefficient, resulted in a slight lowering of the 
peak-dose exposure for the alteration-limited radionuclides. The addition of the 103 year travel 
time through the diffusive pathway is almost imperceivable within a simulation period of 106 
years. Figures 3-25 and 3-26 present dose exposure time-history plots with the effective diffusion 
coefficients lowered to 1.0 x ICC5 mVyr and 1.0 x 10"6 mVyr, respectively. As the effective 
diffusion coefficient is lowered by one order of magnitude, the travel time through the 1.0-m 
diffusive pathway is correspondingly increased by one order of magnitude. This decrease in the 
effective diffusion coefficient results in a delay in mass breakthrough and a decrease in the peak 
dose exposures, especially for the solubility-limited radionuclides.

The constant parameter values used in the single realization simulations were modified and 
specified as distributions (Table 3-6) to show the sensitivity of the normalized cumulative release 
and the peak-dose exposure for a set of 100 realizations. For the range of diffusion coefficients 
investigated (10* to Iff2 m2/yr), there is only a limited sensitivity to the actual diffusion 
coefficient sampled, except at the lowest values. [Note that a 10* m2/yr diffusion coefficient 
corresponds to a mean travel time of 1,000,000 years through the 1 m diffusive barrier.] Scatter 
plots showing the sensitivity of the normalized cumulative release value to the unsaturated-zone 
average linear velocity and the effective diffusion coefficient are presented in Figures 3-27 and
3-28, respectively. Tlie normalized cumulative release shows more sensitivity to the effective 
diffusion coefficient than in previous analyses. The normalized cumulative release still shows 
sensitivity to the unsaturated-zone average linear velocity.

Figures 3-29 and 3-30 present scatter plots showing the sensitivity of the peak-dose exposure for
1,000,000 years to the unsaturated-zone average linear velocity and the effective diffusion 
coefficient, respectively. The peak-dose exposure is more sensitive to the effective diffusion 
coefficient, especially at high values (Figure 3-29). This is due to greater diffusive releases from 
the waste package, and lesser retention times in the diffusive pathway. The sensitivity to the 
unsaturated-zone average linear velocity (Figure 3-30) is slightly less than in the cases without 
the 1.0-m diffusive pathway.
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3.7 SUMMARY

The performance assessment code RIP was used to simulate the baseline case defined in Chapter 2, 
to show the general agreement with UCBNE-41 calculations. The RIP was then used to demonstrate 
the sensitivity of the normalized cumulative release and the dose exposure calculated at the accessible 
environment to the variation in certain waste package/engineered barrier system and geosphere 
parameters. These included variations in the effective diffusion coefficient, the solubility of 
neptunium, the unsaturated-zone average linear velocity, the waste package failure time and rate, and 
the existence of a capillary barrier. The results demonstrating the simulated sensitivity to these 
parameters were presented as time-history plots, and scatter plots. The generalized results for the 
dose exposure and the normalized cumulative release are sufficiently similar so as to allow the 
discussion below to mention only the dose exposure summaries and conclusions.

By comparing the scatter plots for each of the 100 realization runs, it can be seen that for this 
system, the unsaturated-zone average linear velocity is the dominant factor controlling the magnitude 
of the dose exposure. This is especially true in cases where the dispersive fronts of some of the 
significant dose contributors are estimated to reach the accessible environment for simulation times 
of 10* and 10s years. The dose exposures are so sensitive to the uncertainty in the unsaturated-zone 
average linear velocity that it tends to obscure the possible sensitivity of the releases from the waste 
package to the effective diffusion coefficient and the neptunium solubility.

The time-history plots of peak dose indicate that, as the parameters and engineered barrier system 
configurations were modified in the sensitivity analysis over the 10,000 to 100,000 year period, the 
alteration-limited radionuclides and the early breakthrough portions of the solubility-limited 
radionuclide curves were modified. However, at larger times, the solubility-limited and retarded 
radionuclides, especially 231Np, were released to the accessible environment at approximately the 
same concentrations. This is to say that the inclusion of the 1.0-m diffusive pathway and the delay 
in the waste-package failures had an effect on the early time release of J37Np, but they had no 
significant effect on the late time releases, especially approaching 106 years.

The single realization time-history plots have demonstrated that the peak "Tc and 231Np dose 
exposures remained fairly constant between the various sensitivity runs for a 106 year simulation 
period. The only significant decrease in the peak dose exposure of "Tc and other alteration-limited, 
low radionuclide retardation, radionuclides occurred by significantly decreasing the waste-package 
failure rate to one percent per 10* years. The most significant decrease in the “7Np peak dose 
exposure occurred by the inclusion of the 1-m capillary barrier between the waste package and the 
host rock, and by specifying the effective diffusion coefficient at the lower bound in the log-uniform 
distribution.

The sensitivity analyses conducted using RIP demonstrated that the peak dose exposures and the 
normalized cumulative release at the accessible environment over a 106 year period were not that 
sensitive to the change in the engineered barrier system configurations considered. When considering 
a shorter simulation time of 104 or 10s years, the sensitivity to the engineered barrier system 
configurations can be significant This is especially true for the decrease in the waste-package failure 
rates and for the system with the 1-m diffusive pathway and low effective diffusion coefficient.



Table 3-1. R j ''onuclide Inventories and SolubUities Used in RIP Analyses

Radio
nuclide

Ток
Inventory
Ci/MTHM

Total
Inventory

Ci/container

BWR
Inventory

Ci/container

PWR
Inventory

Ci/container

Solubility

g/m3

221 Ac 1.97 x 10 s 4.14 x Iff5 1.46 x Iff5 2.68 x Iff5 1.00 x lO*1

“ ‘Am 3.92 x 103 8.23 x 103 2.91 x 103 5.32 x 103 1.00 x iff4

H2Am 2.33 x 10' 4.89 x 10' 1.73 x 10' 3.17 x 10' 1.00 x Iff4

!<2niAm 2.34 x W 4.91 x 10' 1.74 x 101 3.18 x 10' 1.00 x Iff4

2,3 Am 2.82 x 101 5.92 x 10' 2.09 x 101 3.83 x 101 1.00 x 10"1

'4C 1.48 x 10° 3.11 x 10° 1.10 x 10° 2.01 x 10° n/a

M2Cm 1.93 x 10' 4.05 x 10' 1.43 x 101 2.62 x 10' 1.00 x Iff3

M3Cm 1.70 x 101 3.57 x 10' 1.26 x 101 2.31 x 10' 1.00 x Iff3

244Cm 1.41 x 103 2.96 x 103 1.05 x 103 1.92 x 103 1.00 x Iff3

245Cm 4.27 x Iff1 8.97 x 10 ' 3.17 x Iff1 5.80 x If f1 1.00 x 103

“ Cm 9.38 x Iff2 1.97 x Iff' 6.96 x Iff2 1.27 x Iff' 1.00 x 103

l35Cs 5.67 x Iff' 1.91 x 10° 4.21 x Iff1 7.70 x Iff' n/a
» , 3.72 x 10'2 7.81 x Iff2 2.76 x Iff2 5.05 x 10 * n/a

MNb 8.91 x Iff' 1.87 x 10° 6.61 x Iff1 1.21 x 10° n/a

237Np 4.87 x Iff1 1.02 x 10° 3.61 x Iff1 6.62 x If f1 1.00 x Iff3

I  “ ’Np 2.82 x 10' 5.92 x 10' 2.09 x JO1 3.83 x 10' 1.00 x 103

n'Pa 3.59 x 10 5 7.54 x 10 s 2.66 x 10-5 4.88 x 105 1.00 x 103

H3Pa 4.87 x Iff1 1.02 x 10° 3.61 x Iff1 6.62 x Iff' 1.00 x Iff3

2l0Pb 7.15 x Iff7 1.50 x Iff6 5.30 x 10'7 9.71 x 10'7 1.00 x 10 '

“ Pu 3.57 x 103 7.50 x 103 2.65 x 103 4.85 x 10* 1.00 x IQ'3
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Table 3-1. Radionuclide Inventories and Solubilities Used in RIP Analyses (Continued)

Radio
nuclide

Total
Inventory
Ci/MTHM

Total
Inventory

Ci/container

BWR
Inventory

Ci/container

PWR
Inventory

Ci/container

Solubility 1 

g/m3

239Pu 3.75 x 102 7.88 x 102 2.78 x 102 5.09 x 102 1.00 x 103
MOpu 5.73 x 102 1.20 x 103 4.25 x 102 7.78 x 102 1.00 x 103

24,Pu 3.56 x 104 7.48 x 104 2.64 x 104 4.84 x 10* 1.00 x 103

242Pu 2.18 x 10° 4.58 x 10° 1.62 x 10° 2.96 x 10° 1.00 x Iff5

“ Ra 4.33 x 10-7 9.09 x 10-7 3.21 x Iff7 5.88 x Iff7 1.00 x 10-2

“ Ra 2.64 x 10-6 5.54 x 10* 1.96 x 10̂ 3.59 x Iff6 1.00 x Iff2

™Se 4.80 x 101 1.01 x 10° 3.56 x Iff1 6.52 x Iff1 n/a

l26Sn 9.25 x 10'1 1.94 x 10° 6.86 x Iff1 1.26 x 10° 1.00 x 10'3

"Tc 1.51 x 10' 3.17 x 101 1.12 x 10' 2.05 x 101 n/a

2MTh 4.32 x 10-7 9.07 x 10-7 3.20 x Iff7 5.87 x 10 7 1.00 x 10 3

230Th 3.79 x 10-4 7.96 x Iff4 2.81 x 10-* 5.15 x 10-* 1.00 x lO 3

23,Yh 1.68 x Iff2 3.53 x 10"2 1.25 x 10-2 2.28 x 10 2 1.00 x Iff5

232Th 4.71 x Iff10 9.89 x Iff10 3.49 x Iff10 6.40 x Iff10 1.00 x 103

234Th 3.15 x Iff1 6.62 x 10'' 2.34 x Iff1 4.28 x Iff1 1.00 x Iff3

233U 7.82 x 10 s 1.64 x 10 s 5.80 x 10 5 1.06 x 10-* 1.00 x Iff3

234u 1.43 x 10° 3.00 x 10° 1.06 x 10° 1.94 x 10° 1.00 x 10'3

235u 1.68 x 10 2 3.53 x 102 1.25 x 10 2 2.28 x Iff2 1.00 x 10 3
236u 2.93 x 10'1 6.15 x Iff1 2.17 x Iff1 3.98 x Iff1 1.00 x 10 3

И7и 8.73 x 10'1 1.83 x 10° 6.48 x Iff1 1.19 x 10° 1.00 x Iff3

™U 3.14 x Iff1 6.59 x 101 2.33 x 10'1 4.27 x Iff1 1.00 x 103
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Table 3-2. Specific Activities, Retardation Factors, EPA Limits, and 
Dose Conversion Factors Used in RIP Analyses

Radionuclide Specific
Activity

Cl/g

Retardation
Factor

EPA Table I  
Limit 

Ci/M THM

Dose
Conversion

Factor
Sv-m3/g-yr

Principal
Dose

Producing

227Ac 7.24 x 10' 1,500 2.00 x Iff' 2.29 x 107 -

“ 'Am 3.43 x 10" 1,500 1.00 x If f1 2.81 x 105 :37Np

242 Am 8.08 x 105 1,500 1.00 x Iff1 2.56 x 107 “ Pu

“ ■Am 9.73 x 10° 1,500 1.00 x Iff1 7.67 x 105 “ Pu

M3Am 1.99 x Iff1 1,500 1.00 x Iff1 1.62 x 10* 2WPu

l4C 4.46 x 10° 1 1.00 x Iff1 1.72 x 10* -

M2Cm 3.32 x 103 500 1.00 x 10° 8.57 x 106 B«u

M3Cm 5.16 x 101 500 1.00 x ltf1 2.92 x 106 239Pu

“ Cm 8.32 x 101 500 2.00 x Iff1 3.76 x 106 “"Pu

MCm 1.72 x Iff1 500 1.00 x If f1 1.44 x 10* M1Am

“ Cm 3.08 x Iff1 500 1.00 x Iff1 2.57 x 10* 2*2Pu

l55Cs 1.15 x Iff3 150 1.00 x 101 1.23 x 101 -

1.77 x Iff* 1 1.00 x Iff1 2.05 x U? -

**Nb 1.88 x Iff1 50 1.00 x 10° 2.42 x 103 -

U7Np 7.05 x Iff* 16 1.00 x Iff' 1.31 x 103 233u

2WNp 2.32 x 10s 16 1.00 x Iff' 3.17 x 10* 2WPu

23lPa 4.73 x Iff2 1,500 1.00 x Iff1 1.13 x 10* шАс

U3Pa 2.08 x 10* 1,500 1.00 x Iff1 1.69 x 106 изи

2I0Pb 7.65 x 10‘ 50 1.00 x 10“ 2.17 x 107 -

23*Pu 1.71 x 10' 1,820 1.00 x Iff1 3.10 x 10*
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л

J
Table 3-2. Specific Activities, Retardation Factors, EPA Limits, and Dose 

Conversion Factors Used in RIP Analyses (Continued)

Radionuclide Spedflc
Activity

Ci/g

Retardation
Factor

EPA Table 1 
Limit 

CU MTHM

Doee
Conversion

Factor
Sv-m3/g-yr

Principal I 
Dose 1 

Producing 1

2WPu 6.22 x 10-2 1,820 1.00 x Iff1 1.24 x 102 235U

"“Pu 2.28 x 10-' 1,820 1.00 x Iff1 4.56 x 102 234U

M'Pu 1.03 x 102 1,820 2.00 x Iff1 3.96 x 103 "'Am

M2Pu 3.92 x Iff3 1,820 1.00 x Iff1 7.44 x 10° “ U

“ Ra 3.92 x 10* 500 1.00 x 101 2.03 x 10’ -

“ Ra 9.89 x Iff1 500 1.00 x Iff1 8.78 x 10* 2l0Pb

™Se 6.97 x 102 25 1.00 x 10° 1.10 x 103 -

126Sn 2.84 x 102 1500 1.00 x 10° 6.08 x 102 -

”Tc 1.70 x Iff2 5 1.00 x 101 7.72 x 10° -

“ПЪ 2.13 x 10-' 5,000 1.00 x Iff1 4.38 x 103 -

2*Th 2.02 x Iff2 5,000 1.00 x Iff2 6.00 x 101 “ Ra
23'Th 5.32 x 105 5,000 1.00 x Iff2 3.90 x 106 B'Pa

H2Th 1.10 x Iff7 5,000 1.00 x Iff2 1.62 x Iff3 -

2MTh 2.32 x 10* 5,000 1.00 x Iff2 1.71 x 104 23*u

233u 9.68 x Iff3 40 1.00 x Iff1 1.36 x 10' 2MTh

254u 6.24 x Iff3 40 1.00 x Iff1 4.55 x 10° 23<Th
235Ц 2.16 x Iff4 40 1.00 x Iff1 1.48 x Iff3 23lPa
236u 6.49 x 10 s 40 1.00 x Iff1 4.49 x 102 232Th

B7u 8.16 x 10* 40 j 1.00 x Iff1 6.58 x 105 -N p

I3*u 3.35 x Iff7 40 j 1.00 x lf f1 3.61 x Iff*
- ,  1
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Table 3-3. Waste Package Release Parameters Used in RIP Analyses

Matrix
Dissolution

Rate
(g/mVyr)

Matrix
Surface

Area
(mVg)

Fraction 
of Waste 
Wetted

Package
Area
(m1)

Diffusion
Coefficient

(mVyr)

Geometric 
Factor for 
Diffusion

(m)

1.0 x Iff4 1.0 1.0 3.14 LUm 
1.0 x 10* 

to 1.0 x 102

1.0

LU = Log Uniform

Table 3-4. Unsaturated-Zone Transport Properties Used in RIP Analyses

Unsaturated »
Zone Longitudinal Pore Effective I

Thickness Dispersivity Velocity Porosity 1
(m) (m) (m/yr) 1
200 15 LU^l.O x 103 

to 1.0 x Iff1
0.1 I

01 LU = Log Uniform

Table 3-5. Saturated-Zone Transport Properties Used in RIP Analyses

Saturated
Zone Longitudinal Pore Effective

Length Dispersivity Velodty Porosity
(m) (m) (m/yr)

5,000 50 1.0 0.1

3-16



Ta
ble

 
3-

6. 
Pa

ram
ete

rs 
Us

ed
 

in 
the

 
RIP

 
An

aly
se

s

Fi
gu

re

Fig
. 

3-1
 & 

3-2
 

1

*П

en
rñ
ce
£ Fig

. 
3-5

 
1

Fig
. 

3-6
, 

3-
7, 

3-
8,

 
3-9

, 
3-

10
. 

3-
13

, 
3-

14
, 

3-
15

, 
3-

16
, 

&3
-1

7

Fig
. 

3-
11

, 
3-

12
, 

3-
18

, 
& 

3-
19

Fa
ilu

re
 

1 
Ti

m
e

(y
rs

) О
o'

О
о

о
о

О
О .

U
ns

at
-Z

on
e

Ve
lo

ci
ty

(m
/y

r) t o

к
©

Nо
X
о

N
ь
к
о

2  to 
к к 
S  о

3  s

b"b 
к К
S о

3  2

Re
po

si
to

ry
Fl

ux
(m

/y
r) to

H
О

о
о

о
о о

о
О
о

I p

b
к
о

Ъ
к
о

Q
Ь ъ
*  к
q  о  
D о

©

D
iff

us
io

n
Co

ef
fic

ie
nt

(m
Vy

r) ъ
к

о

ь
к

о

Ь
и

о

LU
"’ 

1.0 
х 

10
"*  

to 
1.0 

х 
If

f2 
(ou

t 
of 

wa
st

e 
pa

ck
ag

e)

LU 
1.0 

х 
Iff

* 
to 

1.0 
x 

10
'2 

(ou
t 

of 
wa

ste
 

pa
ck

ag
e)

3-17



Ta
ble

 
3-

6. 
Pa

ram
ete

rs 
Us

ed
 

in 
the

 
RIP

 
An

aly
se

s 
(C

on
tin

ue
d)

t

1
f a

Fig
. 

3-
20

 
1

Fig
. 

3-
21

 
J

CN
(S
«А

оЬ
£ Fig

. 
3-

23
 

\

Fig
. 

3-
24

 
J

Fig
. 

3-
25

 
1

Fig
. 

3-
26

 
1

Fig
. 

3
-2

7
, 

3
-2

8
, 

I 

3
-2

9
, 

&
 

3-
30

 
j

'a
llu

re
Ti

m
e

(y
rs

)

O
o

ъ

к

Ъ

к
О
г>

0
0

0
0

0
0 О

о
о о

Ь г
t o ъ о Ь ь ь t o

Ь ъ

*  к

o о о о О о о 2  о

3 2

| « | E o о о о О о о о
o о о о О о о о

ас

i  ^
l a r 1

3  2  E o о о о О о о О  1

| P

I b
ъ ь Ъ Ь

S

ь

в

Ь 1

b s

к  ь  1

i  1 " e o о
к
о о к к к Т  о

“ ü w
о О о

B s
r

3-18



1  E

1

О
О

■в С Ь

В *

к
О

l ï
Ь

f *

к
О

os

* ЛX  &

Ь

к
о

Ч ъ *

Î ' e
к

=?
-

3-19

Fig
ure

 
3-

1.
 

Do
se

 
to 

an 
In

di
vid

ua
l 

at 
the

 
Ac

ce
ss

ibl
e 

En
vir

on
m

en
t 

for
 t

be 
Ba

se
lin

e 
Ca

se



3-20

Fig
ure

 
3-

2. 
Do

se
 

to 
an 

In
di

vid
ua

l 
at 

the
 

Ac
ce

ss
ibl

e 
En

vir
on

m
en

t 
for

 t
he 

Ba
se

lin
e 

Ca
se 

for
 t

he 
Fir

st 
10

0,0
00

 
Ye

ar
s



I

I

(iX/AS) acoa

I t 0

!3 *
0

tfa

I t

n
b

к
q

I s 0

I 1

0

b

¿ 5 ®

к
q

h

b

к
t í  E 0

3-21

Fig
ure

 
3-

3. 
Do

se 
to 

an 
In

di
vid

ua
l 

at 
the

 
Ac

ce
ss

ibl
e 

En
vir

on
m

en
t 

wit
h 

Di
ffu

siv
e 

Re
lea

se
 

from
 

the
 

Wa
ste

 
Pa

ck
ag

e



J ~
o

1

S
К

O

3 _

E fc °  1
é ï

O 1
et

b

o

b
к

te 1  
S

o

SЯ Ш Ш Ш Ш U

3-22

Fig
ur

e 
3-

4. 
Do

se
 

to 
an 

In
di

vid
ua

l 
at 

the
 

Ac
ce

ss
ibl

e 
En

vir
on

m
en

t 
for

 t
he 

Fi
rs

t 
10

0,0
00

 
Ye

ars
 

wit
h 

Di
ffu

siv
e 

Re
lea

se
 

from
 

the
 

Wa
ste

 
Pa

ck
ag

e



h
it o

I 
0

0

С

a t

(Ч
ь

к
О

h

I t

0
0

I I

О

S í

I s

О

к
о

3-23

Fig
ure

 
3-S

. 
Ef

fec
ts 

of 
Inc

rea
se

d 
257

Np
 

So
lub

ilit
y 

on 
Do

se
 

to 
an 

In
di

vid
ua

l 
at 

the
 

Ac
ce

ss
ibl

e 
En

vir
on

m
en

t



Diff. Coef. Np Sol. Rep. Flux 172 Vel. Fail Time
(mVyr) (g/m3) (m/yr) (m/yr) (yrs)

Iff4 to 101 10 5 to 102 0.0 Iff’ to Iff1 0.0

Figure 3-6. Scatter Plot of Normalized Cumulative Release at 10,000
Years as a Function of Unsaturated-Zone Velocity
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Diff. Coef. Np Sol. Rep. Flux UZVel. Fail Time
(mVyr) (g/m3) (m/yr) (m/yr) (yrs)

P  10* to ia 2 Iff3 to 102 0.0 10 3 to Iff1 0.0

Figure 3-9. Scatter Plot of Normalized Cumulative Release at 1,000,000
Years as a Function of Unsaturated-Zone Velocity
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Neptunium Solubility (g/m3)

1
Diff. Coef. Np Sol. Rep. Flux UZ Vel. Fail Time

(m2/yr) (g/m5) (ш/уг) (m/yr) (yrs)

Iff6 to 10'2 103 to 102 0.0 10-’ to Iff1 0.0

Figure 3-10. Scatter Plot of Normalized Cumulative Release at 1,000,000
Years as a Function of 237Np Solubility
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Figure 3-11. Scatter Plot of Normalized Cumulative Release at 1,000,000
Years as a Function of Diffusion Coefficient in the Waste
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Unsaturated-Zone Velocity (m/yr)

Diff. Coef. Np Sol. Rep. Flux UZ Vel. Fail Time
(mVyr) (g/m3) (m/yr) (m/yr) (yrs)

lO* to ia 2 1.0

Оо Iff3 to 101 0.0

Figure 3-12. Scatter Plot of Normalized Cumulative Release at 1,000,000
Years as a Function of Unsaturated-Zone Velocity
with 231Np Solubility Fixed at 1.0 g/m3
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Figure 3-15. Scatter Plot of Peak Dose to an Individual Over 1,000,000 Years as a
Function of Diffusion Coefficient in the Waste Package
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Figure 3-16. Scatter Plot Peak Dose to an Individual Over 1,000,000 Years
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Figure 3-18. Scatter Plot of Peak Dose to an Individual Over 1,000,000 Years
as a Function of Diffusion Coefficient in the Waste
Package with “ ’Np Solubility Fixed at 1.0 g/m3
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Unsaturated-Zone Velocity (rn/yr)

DUT. СоеГ. Np Sol. Rep. Flux UZ Vel. Fail Time
(mVyr) (g/m1) (m/yr) (m/yr) (yrs)

Iff6 to 102 1.0 0.0 10-’ to Iff1 0.0

Figure 3-27. Scatter Plot of Normalized Cumulative Release to the Accessible Environment
Over 1,000,000 Years for a Range of Diffusion Coefficients through
the Engineered Barrier as a Function of Unsaturated-Zone Velocity



Effective Diffusion Coefficient (m2/yr)

DUT. Coef. 
(mVyr)

Np Sol.
(¿Ли3)

Rep. Flux
(m/yr)

UZVeL
(m/yr)

Fall Time 
(yrs)

10* to Iff2 1.0 0.0 Iff3 to Iff1 0.0

Figure 3-28. Scatter Plot of Normalized Cumulative Release to the Accessible Environment 
Over 1,000,000 Years for a Range of Unsaturated-Zone Velocity as a 
Function of Diffusion Coefficient through the Engineered Barrier
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Unsaturated-Zone Velocity (m/yr)

I Diff. Coef. Np Sol. Rep. Flux UZ VeL Fail Time
I (mVyr) (g/m3) (m/yr) (m/yr) (УИ)
1 10* to Iff2 1.0 0.0 Iff3 to 10-' 0.0 1

Figure 3-29. Scatter Plot of Peak Dose to an Individual at the Accessible Environment Over
1,000,000 Years as a Function of Unsaturated-Zone Velocity for a 
Range of Diffusion Coefficients through the Engineered Barrier
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Effective Diffusion Coefficient (m2/yr)

Diff. Coef. Np SoL Rep. Flux UZ Vel. Fall Time 1
(mVyr (g/m1) (m/yr) (m/yr) (yrs) I

10* to 1(TJ 1.0 0.0 10° to 10-' o.o 1

Figure 3-30. Scatter Plot of Peak Dose to an Individual at the Accessible Environment Over
1,000,000 Years as a Function of Diffusion Coefficient through the 
Engineered Barrier for a Range of Unsaturated-Zone Velocities
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4.1 GENERAL DESCRIPTION OF NEFTRAN-S

The model NEFTRAN-S (Campbell et al„ 1991) incorporates the use of a statistical driver (using 
either Latin-Hypercube or Monte-Carlo sampling) to conduct sensitivity/uncertainty analyses. 
The NEFTRAN structure assumes that the physical system may be characterized by a network 
of one-dimensional "legs" (segments). With appropriate boundary conditions prescribed both at 
the external boundaries and at the leg interfaces, the code simulates both flow and transport 
processes. Assuming steady state and a single-porosity medium throughout, the code solves the 
appropriate Darcy conservation equation or the fluid velocity may be specified in each leg. The 
transport analysis uses a pseudo-steady state dual-porosity formulation. Under transient 
conditions the code solves the appropriate advection-dispersion equations for either single- or 
dual-porosity media. These solutions incorporate radionuclide decay chains of arbitrary length.

Because the flow and transport models are embedded within a statistical driver, either 
deterministic or probabilistic calculations can be performed. In either case, the user must choose 
the dependent variables to be calculated. Up to 15 different dependent variables may be selected, 
each of which represents one of the seven types presented in Table 4-1. The first four dependent 
variables are appropriate for probabilistic calculations, and the last three are appropriate for 
deterministic calculations (Table 4-1). For deterministic calculations, time is always the 
independent variable. For probabilistic calculations, time is either fixed or at specified values, 

^ a n d  the uncertain parameters become the independent variables. The analysis overrides the fixed 
^  parameter values of a deterministic analysis with values sampled from distribution functions. The

model places these overrides in one of four categories which are the leg properties, the rock 
properties, the element properties, and the source term. Leg properties include dispersivity and 
length; rock properties include hydraulic conductivity, type of medium (porosity), and mass 
transfer rate; and element properties include radionuclide solubilities and retardation factors. The 
source term is characterized by seven source variables that are described in Table 4-2.

When the user defines the dependent variables, "output blocks" are also defined. For 
deterministic calculations, the output blocks contain values of the independent variable, time, 
and values of the selected dependent variables. Output blocks for probabilistic calculations 
contain values of variable parameters which have been sampled from the input distribution and 
calculated results based on those input parameters. The output blocks may be rewritten to allow 
post-processing of the results. The results can be plotted as x-y plots for deterministic analyses 
or as CDFs, CCDFs, histograms, or scatter plots for probabilistic analyses. Typically x-y plots 
would present concentration, dose, or release as a function of time, and CDFs and CCDFs are 
plotted in terms of dose or release.

4.2 COMPARISON W ITH THE BASELINE CASE

The baseline problem is defined in the schematic diagram of a geologic repository at Yucca 
Mountain (Figure 2-1). Beginning at the repository, the flow path to the accessible environment 

Л is 200 m through the unsaturated zone and 5,000 m in the saturated zone. The percolation flux
V у is assumed to be 1 mm/yr and the pore velocity in the saturated zone is assumed to be 1.0 m/yr.

The effective porosity was assumed to be 0.1. This yields a ground-water travel time of 25,000

4. ANALYSES USING THE NEFTRAN-S MODEL
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years (20,000 yrs in the unsaturated zone and 5,000 yrs in the saturated zone). The modeler has 
a choice of running this problem as a single leg problem with an average velocity and uniform 
dispersivity (240 m) or as a two leg problem with paired velocity and dispersivity of0.0001 m/yr 
and 15 m and 1.0 m/yr and 50 m for the unsaturated and saturated legs, respectively. The model 
UCBNE-41 can only be used to simulate the baseline case as a single leg problem, but with KIP 
and NEFTRAN-S the user has a choice of assuming one or multiple legs.

Prior to simulation of the baseline case the inventory of radionuclides shown in Table 2-1 was 
simplified. This was done because for many of the radionuclides, simulations are unnecessary 
because they never appear in the release and subsequent dose calculations. Also, including all 
of the inventory introduces a wide variation in the numerical criteria for time and space 
increments in the numerical solution algorithm in NEFTRAN. As a result, the inclusion of short
lived parents along with longer half-life daughters can seriously degrade the results of the 
transport calculation. It is beneficial to identify these radionuclides and to account for their 
presence through increased daughter activity. The criterion used to identify the radionuclides in 
question was the retarded transport distance during one half life. If, for a given radionuclide, the 
transport distance was only a few meters or less, then the parent activity was adjusted and added 
to that of the daughter. Here it is assumed that N parent atoms are instantly transformed into N 
daughter radionuclei. Since the activity A is approximately equal to the product of the decay 
constant X and N, the additional daughter activity may be written as follows:

Д А *  — Xa A p A j

Where the subscripts d and p refer to the daughter and parent respectively.

After simplification, the inventory chosen for analysis consists of seven fission products (>4C, 
155Cs, 129I, **Nb, ’’Se, '“Sn, and ” Tc) and fourteen actinides (*“Pu, “ U, “ ’Np, "U , a5U, 2UU, 
a5U, a2Th, И1Ра, “"Th, “ "lb,221 Ac, 226Ra, and 210Pb). The fourteen actinides are included in the 
following four chains:

Thorium Cham

“ U ^ “ T h

Neptunium Chain

“ Np -> “5U -> “ lb

Uranium Chain

™Pu _> -♦ “ U -> 2X>Th -> '“Ra -> ’.opt,

™U -» ° ‘Pa -> “ Ac

Actinium Chain
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The simplified inventory for the seven fission products and the fourteen actinides is presented 
к  in Table 4-3.

The baseline case was simulated using NEFTRAN-S with the same parameters (including dose 
conversion factors) that were used for simulations using UCBNE-41 and RIP. As was the case 
for these other analyses, UC was restricted to the aqueous pathway, thereby exaggerating the UC 
doses. The baseline case was conducte A as a single leg problem, a dispersivity of 240 m, and 
the parameters shown in Tables 2-2 through 2-4. This approach produced the dose results that 
are presented in Figure 4-1 for the major dose radionuclides and in Figures 4-2 and Figure 4-3 
for the actinide chains. Figures 4-2 and 4-3 show the relatively low doses for the actinides in 
comparison with “ ’Np. These results are directly comparable to those using UCBNE-41 (Figure
2-2) and are equivalent to those using RIP (Figure 3-1) which were conducted assuming a two 
leg problem. The difference between assuming a one leg or a two leg problem are discussed 
below in Section 4.3.

4 J  EFFECT OF DISPERSIVITY ON DOSE

The effect of different values of dispcisivity is significant on the radionuclide first arrival time 
and on the peak height of the dose curve. The dose to an individual at the accessible 
enviroament for a range of dispersivities (alpha) for ”Tc is presented in Figure 4-4 where the 
transport path is assumed as an equivalent single leg. Both the first arrival and the peak height 
of the dose curve change by about an order of magnitude for a range of dispersivities of nearly 
two orders of magnitude (alpha = IS to 1,000 m). Figure 4-4 also shows the difference in 
solving the single leg transport problem using the analytical or numerical options that art. 
included in NEFTRAN-S.

As discussed above, NEFTRAN-S has the capability to approximate multi-dimensional problems 
with a series of one-dimensional legs. The conceptual Yucca Mountain problem (shown in 
Figure 2-1) can be approached as a two leg problem, one leg for the 200 m unsaturated zone and 
a second leg for the 5,000 m saturated zone. The effects of assuming two legs as compared to 
assuming one equivalent leg on dose to an individual at the accessible environment for ”Tc and 

are presented in Figure 4-5. These results show that the peak doses are identical and the 
arrival time for the single leg problem is slightly ahead of that of the double leg problem. From 
these results the conclusion can be drawn that for the porous media assumption of flow the 
results are equally good from the single and double leg assumptions.

The effect of varying dispersivity in the unsaturated zone on the dose to an individual at the 
accessible environment from ”Tc for the two leg problem is presented in F;gure 4-6. Here the 
dispersivity (alpha) is varied over a factor of about four with an equivalent change in peak dose 
and arrival time. A change in dispersivity in the unsaturated zone has a large effect because a 
significant portion of the ground-water travel time is in the unsaturated zone (20,000 yrs of the
25,000 yr ground-water travel time). Figure 4-7 presents the effects of varying the dispersivity 
in the saturated zone on **Гс dose to an individual at the accessible environment. As would be 
expected, a change in dispersivity of more than an order of magnitude has little effect on either
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the peak dose or the first arrival. Based on the results shown in Figures 4-6 and 4-7 the 
difference between the dose from a one leg and a two leg problem in Figure 4-5 can be attributed 
to dispersion in the unsaturated zone (i.e., a dispersivity of 15 m for the two ¿g problem as 
compared to 240 m for a one leg problem).

4.4 EFFECT OF WASTE PACKAGE LIFETIME ON RELEASE AND DOSE

The effect of waste package lifetime can be simulated by using a source-release time in 
NEFTRAN-S, the time at which all packages fail. The discharge to the accessible environment 
(for each assumed release time) can be plotted as a weighted (i.e., normalized to the Table 1 
values of 40 CFR 191) discharge (release) or a peak dose over the time of the simulation. If  the 
weighted discharge is equal to 1.0 for a 10,000 year simulation the discharge to the accessible 
environment integrated over 10,000 years (cumulative release over 10,000 years) is equal to the 
EPA Standard (Table 1, Appendix A, Subpart В of 40 CFR 191, EPA, 1993b). For these 
calculations, a dispersivity of 0.2 m was used for advection in the waste package, 15 m was used 
in the unsaturated zone, and 50 m was used in the saturated zone. The remaining parameters 
remain the same as the baseline case. Here it should be noted that NEFTRAN-S only has the 
capability of assuming advective release from the waste package (i.e., the case of diffusion- 
controlled release from the waste package could not be investigated as was done using RIP in 
Chapter 3). However, as will be seen in Section 4.6, diffusion through an engineered barrier can 
be approximated through manipulation of the advection-dispersion parameters.

The weighted discharge over a simulation period of 10,000 years as a function of the source- 
release time is presented in Figure 4-8. Only l4C and 119I are shown in Figure 4-8 because 
significant quantities of ”Tc have not yet arrived at the accessible environment and all other 
radionuclides are retarded more than ”Tc. The solid dots on Figure 4-8 represent the cumulative 
release normalized to the Table 1 values of 40 CFR 191 (l4C and l29I in this case). Figure 4-8 
illustrates that the waste package lifetime must be on the order of 1,000 years to have any 
appreciable effect on the 10,000 year integrated normalized release. When the time of the 
simulation (and integration) is increased by an order of magnitude to 100,000 years, *Tc appears 
along with MC and ‘”1 (Figure 4-9). Figure 4-9 illustrates that the waste package lifetime must 
be on the order of 80,000 years to have any appreciable effect on the 100,000 year integrated 
normalized release. It bears noting that in the 100,000 year simulation, the normalized releases 
were normalized to the Table 1 values in 40 CFR 191, and these Table 1 values were not 
multiplied by a factor of 10 which would seem appropriate. Had a factor of 10 been applied to 
the EPA Table 1 release limits on Figure 4-9 (the normalized releases) would have bisen Iff1. 
The radionuclides “ Np,227Ac, lî5Cs, and ”Se all anive at the accessible environment beyond
100,000 years.

The peak dose over a 10,000 year period is shown as a function of source-term release time on 
Figure 4-10. This figure shows the dose to an individual at the accessible environment for >4C 
and ,Î9I  and the total dose (indicated by the solid dots). The maximum total peak dose is 3 x Iff7 
Sv/yr which indicates that there is little release over the 10,000 years because of the 25,000 year 
ground-water travel time (the release which does occur is caused by dispersion).
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When the simulation period is extended by an order of magnitude to 100,000 years, the total peak 
doses increase significantly to about 4 x 10"3 Sv/yr and ”Тс now appears as the largest 
component of the total dose (Figure 4-11). As discussed earlier, the radionuclides —Np, “ Ac, 
135Cs, and ”Se have not reached the accessible environment because of retardation. In examining 
Figure 4-11 (and subsequent figures of peak dose) it should be remembered that the plot 
represents the peak dose associated with each radionuclide and is plotted independently of the 
time the peak occurs. However, the summed dose of all radionuclides is first calculated as a 
function of time, and then the peak of the sum is plotted. Therefore, one shouldn’t sum the 
values on Figure 4-11, because they may occur at different times.

4.5 EFFECT OF UNSATURATED ZONE VELOCITY ON RELEASE AND DOSE

The effect of the unsaturated zone pore velocity on the cumulative release of radionuclides to the 
accessible environment was determined for a pore velocity range of 10"3 to 10"1 m/yr which is 
equivalent to 10"4 to 10"2 m/yr (0.1 to 10 mm/yr) percolation flux. This range in pore velocities 
corresponds to a water travel time range of 200,000 tu 2,000 years through the 200 m thick 
unsaturuted zone. For these calculations the wait* package lifetime (the source-release time) was 
assumed to be zero. The weighted discharge (weighted cumulative release) for 10,000 years, 
plotted as a function of imsaturarcd zone pore velocity is presented in Figure 4-12. This figure 
indicates that the EPA cumulative release limits are only exceeded as pore velocities approach 
10"' m/yr (travel times through the iinsaturated zone approach 2,000 yrs.). Figure 4-12 also 
shows Oat only l4C and ll9I reach the accessible environment in significant quantities even at the 
higher pere velocities. The l4C dose in these analyses is unrealistically high because it was 
included in the aqueous phase when in reality much of it would be released as a gas. When the 
period is increased to 100,000 years, *Tc is added to the radionuclides released (Figure 4-13). 
This figure indicates that the EPA release limit is exceeded at pore velocities above 10*2 (travel 
times below 2,000 yrs). As discussed above for Figure 4-13, die EPA integrated release limit 
for 10,000 years was not increased by a factor of ten. Had it been, then the release limit would 
not have been exceeded even at a travel time of 2,000 years through the unsaturated zone.

The effect of unsaturated zone pore velocity on the peak dose to an individual at the accessible 
environment for 10,000 years is significant in that doses of about 10'2 Sv/yr are calculated for 
unsaturated-zone velocities on the order of 3 x Iff2 m/yr (Figure 4-14), although the peak dose 
decreases to about 2 x 10"1 Sv/yr at unsaturated zone pore velocities of 10'2 m/yr. When the 
simulation time is increased to 100,000 years, the peak dose to an individual also increases 
(Figure 4-15). This increase is due almost entirely to the arrival of "Tc over the longer period 
(Figure 4-15).

4.6 EFFECT OF DIFFUSIVE RELEASE FROM THE ENGINEERED BARRIER 
SYSTEM ON RELEASE AND DOSE

For analyses of the potential effects of a diffusive near field barrier, the waste packages are 
assumed to be placed horizontally in the drift and are surrounded by an engineered capillary 
barrier, consisting of coarse-grained material overlain by fine-grained material. The porosity 
contrast between the two materials (as well as between the engineered material and the rock 
matrix) causes the advective flow to go around the waste package in the fine-grained material 
or the still finer grained welded tuff rock matrix. The advective flow in the coarse grained
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material is negligibly small and diffusion becomes (be only mechanism for transporting 
radionuclides from the waste package through the coarse grained barrier to the advective flow 
in the fine-grained material and the host rock. The length of the diffusion path (thickness of the 
coarse grained material) is assumed to be one meter.

Implementation of the diffusion barrier in NEFTRAN-S presents a problem because the code does 
not offer a diffusive transport option. This means that the effects of diffusion must be 
approximated by the advection and dispersion options. The diffusion model assumes two 
constant-concentration boundary conditions, one at each end of the diffusion path. The relatively 
small amount of water available inside the coarse grained material suggests that solubility limited 
concentrations (CJ will govern releases for most radionuclides. At the point of contact with the 
fine-grained material, the contact between the capillary barrier and flowing ground water, the 
diffusion model assumes that dilution would reduce concentrations to relatively small levels.

Subject to these boundary conditions and an initial condition C(0<x<L, t=0) = 0, the steady-state 
flux across the barrier becomes F = DC/L. Defining the diffusive velocity v = D/L, the diffusive 
flux is approximated by the advective flux F = vC,. It should be noted here that D = f)D0 
denotes the net coefficient of diffusion. As such, it contains both the free-water diffusion D„ and 
the tortuosity p. Since capillary barriers contain near-residual levels of liquid saturation, 
tortuosity values are expected to be quite small relative to the values P -  Iff1 which would apply 
to the same medium if it were completely saturated. This report assumes that, because of its 
dependence on liquid saturation, the net coefficient of diffusion D is an uncertain parameter.

The transient effects of linear diffusion between two constant-concentration boundary conditions 
are characterized by an infinite sum 1 S n S »  over terms of the form A, exp(-t/T,)sin(nrcx/L) 
(Carslaw and Jaeger, 1959, p. 99ff). Each term of the series thus subdivides into three additional 
terms. The first (A,) is a constant determined by boundary and initial conditions, and the third 
is a variable depending only on spatial location x. The approximate treatment, however, focuses 
on the second term. This term depends only on time t, and contains a time constant x„ = 
LVin^D). Comparing the values for various values of n, it is observed that T, > т, > t,... . 
This means that i, controls the final approach to equilibrium. Recognizing that, like flux 
reduction, time delay represents an important effect of the diffusion barrier, the approximate 
treatment seeks to approximate t, wife a combination of advection and dispersion.

During the period 0 S t £ x,, the advective velocity defined above would advance a concentration 
front by a distance x„ = (D/Lyc,. In order to define the dispersion process, the model used here 
assumes that, during this same period, dispersion would advance the front to the full length of 
the capillary barrier L, i.e., L = x„ + цо. Here the dispersion process is characterized by the 
standard deviation а  =(2otx0)m, where a is the dispersivity. The value у depends on the 
concentration level used to define the time of arrival of the front at the boundary between the two 
materials at x = L. For simplicity, у  is taken as 1.0, corresponding to a concentration level of 
approximately 0.16 C,. These assumptions yield an expression for the dispersivity, a = (к-1)2
un.

Based on this analysis, the model in NEFTRAN-S approximates diffusion within the engineered
capiliary-diffusion barrier as a combined advective-dispersive process with interstitial velocity
v = D/L and dispersivity a  = (it-l)*L/2.



The weighted (normalized to EPA Table 1 release limits) release to the accessible environment 
as a fraction of diffusion coefficient through a 1.0 meter capillary-diffusion barrier over a 10,000 
year period is presented in Figure 4-16. The effect of the diffusion barrier can be seen by 
comparing Figure 4-16 with Figure 4-12. This comparison indicates that the barrier provides a 
several order of magnitude reduction in the releases over advective flux through the waste 
package. The advective velocity in the unsaturated zone beyond the diffusion barrier was a 
constant 1.0 x Iff2 m/yr (i.e., the value of the baseline case) for this and the calculations that 
follow. When the period is extended to 100,000 years the release limit is approached at the 
higher values of diffusion (Figure 4-17). In Figure 4-17 it should be noted that the EPA release 
limits were not multiplied by a factor of ten which could be justified by the louger period.

The effect of the coefficient of diffusion through the diffusion barrier on dose to an individual 
at the accessible environment from ,29I is presented in Figure 4-18 which appears only as a time 
delay in the arrival and peak dose because of the relatively long half-life of ,3*I. Here it should 
be noted that because the release of '”1 is alteration controlled, too much of the radionuclide may 
be dissolved in a very small amount of water within the capillary barrier. In order to produce 
more realistic results, solubilities for the alteration-controlled radionuclides should be used. This 
approach would reduce the releases and doses tb— appear in Figure 4-16 through 4-20 for these 
radionuclides.

Figure 4-19 shows the peak dose to an individual at the accessible environment over a 10,000 
year period as a function of the coefficient of diffusion through a capillary barrier. The doses 
that occur in the fust 10,000 years are low even for the higher values of diffusion primarily 
because the assumed unsaturated-zone velocity of Iff2 m/yr implies that only the initial 
dispersion-controlled arrivals occur over the first 10,000 years. For a longer period (100,000 
yrs), the doses increase (Figure 4-20), but are considerably lower than those for advective flow 
through the waste package (Figure 4-15). Based on these analyses it appears that a capillary 
barrier could be very effective in reducing the peak doses over long periods of time.

4.7 SUMMARY

The model NEFTRAN-S was used to simulate the baseline case of dose to an individual at the 
accessible environment as a comparison to the same simulation using UCBNE-41 and RIP. 
These simulations were conducted using a single transport leg (pathway) with an appropriate 
dispersivity (240 m). The comparison with the results of UCBNE-41 is good (compare Figure
4-1 with Figure 2-2), and the comparison with RIP is acceptable (compare Figure 4-1 with Figure
3-1). The difference in the shape of the 237Np peak between NEFl KAN-S and UCBNE-41 is 
caused by the approximate way in which competing isotopes and fractional releases are handled 
in the UCBNE-41 model. Both RIP and NEFTRAN-S have this capability and the shape of the 
251Np peaks from both models are the same.

The effect of simulating the baseline case using one average leg to represent both the unsaturated 
zone and saturated zone was compared to a two leg solution where both the unsaturated zone and 
the saturated zone were explicitly represented. The results were nearly identical (Figure 4-5) 
which indicates that the more complex model (the two-leg representation) can be simplified to 
a one leg problem with no loss in accuracy. This result gives more credibility to the results using 
UCBNE-41 which only accommodates a single leg simulation.



The effects of dispersivity on dose to an individual at the accessible environment was 
investigated in both the unsaturated zone and the saturated zone. This woric indicated that the 
range of results for a range of dispersivities in the saturated zone is small as compared to the 
range of results for a range of dispersivities in the unsalurated zone. This is caused by the fact 
that the majority of the transport time is in the unsaturated zone.

The effect of various waste package lifetimes was investigated using NEFTRAN-S and the results 
for dose at the accessible environment were similar to those produced by both UCBNE-41 and 
RIP. Package lifetimes of up to 10,000 years have little effect on peak doses at the accessible 
environment, the peaks only arrive 10,000 yean later for the longer lived waste packages. 
Longer lived packages (100,000 yrs) reduce the dose from UC because there has been significant 
time for decay. Doses from longer lived radionuclides are not affected significantly, only delayed 
in arrival. The effects cm cumulative release are similar.

The effect of a distribution of waste package failures was not investigated because NEFTRAN-S 
only has the capability of failing the waste packages all at the same time. Likewise the effects 
of diffusion within the waste package was not investigated because NEFTRAN-S only has the 
capability for advective release from the waste package. However, the diffusion through an 
engineered barrier was approximated using an appropriate relationship treating the diffusive flux 
as an advective velocity. The effects of a diffusion barrier, an engineered capillary barrier with 
a diffusion path length of 1.0 m, are significant to both cumulative release and to dose to an 
individual at the accessible environment Cumulative release to the accessible environment is 
decreased significantly and peak doses for l4C and ”Tc are significantly reduced because of the 
time delay provided by diffusion through the 1.0 m barrier. At the lower diffusion coefficients 
(10* mVyr) a one meter barrier can provide about a one million year delay. This delay provides 
significant decay time for l4C and *Tc and delays the arrival of —Np and ‘”1 by the travel time 
through the diffiision barrier.



Table 4-1. Description of NEFTRAN Output Options

OPTION DESCRIPTION

Weighted discharge Radionuclide discharge rates are integrated 
over the problem time then summed after 
being divided by weighting factors entered 
in the radionuclide inventory array.

1 Peak dose The peak dose is determined for each trial.

Dose at specified time Dose is determined at each time specified 
by the user.

Concentration at specified time Radionuclide concentrations in ground 
water at the discharge point are determined 
at the time specified.

Discharge rate versus time This option provides radionuclide time 
dependent discharge rates (breakthrough 
curves).

Concentration versus time This option provides radionuclide 
concentration in ground water at the 
discharge point as a function of time.

Dose versus time This option provides dose from ingestion as 
a function of time.
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Table 4-2. Description of Source Term Options for NEFTRAN

OPTION DESCRIPTION

Inventory access fraction The fraction of the radionuclide inventoiy 
that is to be released in the calculation.
The ranges must be specified so that 
sampled values will be within the limits of 
zero and one.

Mixing cell The pore volume at the source area. This 
entry is used only if the mixing-cell source 
option is applied.

Source flow rate The fluid flow rate through the source area. 
This entry is needed if the flow network is 
not solved and solubilities are used or the 
mixing cell model is used.

Discharge flow The fluid flow rate at the radionuclide 
discharge point. This quantity is used to 
calculate radionuclide concentrations and is 
needed only if the flow network is not 
solved and concentrations are desired or 
required for dose calculations.

Leach rate If the constant-leach-rate option is chosen, 
this entry is the reciprocal of the leach 
time. If  the exponential leach rate option is 
chosen, this entiy is the reciprocal of the 
time required to reduce the waste matrix 
mass to 1/e of the original mass. This is 
required only if leaching is modeled and 
ranges must be established so that sampled 
values will be greater than zero.

Onset of leaching The time at which waste matrix leaching 
begins. Leaching may begin earlier but no 
later than the release time.

Time of release The time at which radionuclide migration 
begins. This entry must be coordinated 
with onset of leaching because nothing can 
be transported before the onset of leaching.
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Table 4-3. Simplified Inventory Used for Analyses Using the Model NEFTRAN-S

RADIONUCLIDE INVENTORY
(Cl)

RADIONUCLIDE INVENTORY
(Cl)

”C 9.32 x 104 nîTh 2.97 x Iff5

74 Se 3.02 x 10* “ Np 7.57 x 104

"Nb 5.61 x iO4 ° 4 J 4.93 x 10°

" Т с 9.51 x 105 “m i 2.72 x Iff2

lí6Sn 5.83 x 104 “2Pu 1.37 x 105

,Я1 2.34 x 103 “ U 1.99 x 104

1MCs 3.57 x 104 »nj 1.72 x 105

1.88 x ¡03 2SftTb 2.39 x IO1

23‘Ра 2.26 x 10° “ Ra 1.66 x Iff1

227 Ac 1.24 x ltf1 2!0Pb 4.51 x Iff2

и*и 2.86 x 104
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Figure 4-5. Comparison of Dose lo an Individual at the Accessible Environment from **Tc 
and 1MI Assuming a Single Leg and a Double Leg Transport Path

4-16



Тс 
-99

 
Do

s© 
( S

v/y
J

T t m© ( y )

Figure 4-6. Effect of Variation of Unsaturated Zone Dispersivity on ^ c  Dose to an
Individual at the Accessible Environment

4-17



T  i  m e  С у )

Figure 4-7. Effect o f  Variation o f Saturated Zone Dispersivity on **Tc Dose to an Individual
at the Accessible Environnent



W©
 

l g 
h 
t e 

d 
D
i
s
c
h
a
r
g
e

1 0

10

10

1 0

1 0

eWe Ig h t  tng: ,4 Чв
r ( EPA ТеЫ  e 1 )

63 ,000  MTHM

T---1 I I m I I r I I Г! M I ■ I “  I— !—I ! M |-|-------- 1---- Г Г ' I I ITU

ïta 
«в

.в ев see е в ввв е в ев е вв
у 1 4 г d . a r f  - 

Total Release NElFTRAN

О О О  ООО о о о о о □ о о о
в
в

129^
в
в

D is p e rs  tv 11 у : 0 .2 ,1 5 ,5 0  m п
Leech r e t e :  1 .0e-4/у ®
Un se t-zone  ve I : 1.0B-2 m/y °
S I mu lo t io n  t im e : 1 . 0e 4 y

_____I___ ■ ■ i i i i il______ I___ I__ I I l.l 1 il I___ I__ I ■ I M i l l ______ 1 J__ i l i n i

1 10  1 0 *  1 0 3 1 0 4 

S o  u г c e - R ©  I © o s e T i m e  (y)

Figure 4-8. Normalized Release to the Accessible Environment as a Function 
o f Source-Term Release Over 10,000 Years

4-19



Ule
 

i. g 
h 
t e 

d 
D
i
s
c
h
a
r
g
e

С

10

10

10

1 0

— i— I I I I I I I  I---------- 1— I— г

Ule I g h L i n g :
( ЕРА TobI в 1) 
x 63.000 MTHli

-i— i м н и ) I I M i l ) --------- 1-----1 ~T~T-| I I

NEFTRAN 
y L 5r d . g г f

Total Release

о  о  о  о
о  о  о  о

р р t> t»

ООО
ООО

ООО
о  о о

р р р р

Ç) 5 оОО ОО о л __
О □ GO 8 во й о и о о в в ш .

о ,Z9J
► н и  °  I

- Т с  ' - I  I
*  I

D isp e rs  tv i t y : 0 . 2 , 15»Б0 m
Leech re t© :  1.0e-4/y
Unset-zone v e l :  1 .0e-2 m/y
Simu lo t io n  t im e : 1 . 0 e B y

« I I » » M i l * ■ I I I M i l ............ ml ■ i i i i nit

1 10  1 0 2 1 0 3 1 0 “

S o u г с e - R e  Ie o se T i m e  (y)
Figure 4-9. Normalized Release to the Accessible Environment as a Function

of Source-Term Release Over 100,000 Years

1 0 '

С

с
4-20



Ре
 

о 
I: 

Do
se

 
( 
Sv
 
/у
 
)

10

10

10

10

10

— 1----1-- r i l l  ITI-------1----1--1 I I I I I I------- 1----1--1 I I I I I I------- 1----1--1 I I I I L
. _ y t 4 r p . g r f : Total Peak Dose NEFTRAN 

• • • • • •  • • • • •  • • • • _ #
О OO ООО О О ООО о о ОО ° Q O  о 2  ■«

- о  о о  О О О  о  о  О О О  о  о  о о  о

Т о

129то о
I о •

D is p e rs  tv t t y :  0 .2 »1 5 ,5 0  m
Leech r e t e :  1.0e-4/y
Unset-zone ve I ; 1•0e~2 m/y
S i mu lo t io n  t i  me : 1 . 0e A y

* ■ * » i « 1 —  I -t -  1 1 I I . . I_________ I o  1 . i I . n

10  1 0 *  1 0 3 

S o  u r c e - R e  l e a s e  T i m e  (  y  )

10  4

Figure 4-10. Peak Dose to  an Individual Over 10,000 Years as a
Function of Source-Release Time

4-21



Total Pea* °°яе 
► •>*>• t> *> • t> ъ*> • *•*> m t> »  t> •»■»% •> ия » m»« •>&••&

“i—i i i 11 ii|---r 1111 ГТГ|" ’ "i—i n  г TlTj-r—i—i i 11111-1—i 1 11 ГТ1
NEFTRAN :

y 15r p . g r f

%
1 _  q  д а  О О * 1 > в вB o a  о о о о о о о o œ  o o o o o o  o m о о □ oao °  “  ^

i2 00  O O O O O O  OO GD O O O O O O  О Ш  ООО ООО о о ф  с*  \О %

1
*
»

; D i s p e r s i v i t y :  0 .2 ,1 5 ,5 0  m
- Leach r e t e :  1 .0e -A/y

Un se t-zone  ve! : 1 .0e-2 m/y 
S l mu I o t l o  n I I me : 1. 0e 5 y
1—ln.l.i.Lllll---1_I I I I ml___■ i i 1 I ml

1 10  1 0 2 1 0 3 1 0 '  10 

S o  u r c e -  R e  I e o s e T  l me ( y )

Figure 4-11. Peak Dose to an Individual Over 100,000 Years as
a Function of Source-Release Time



W
e

i
g

h
t

e
d

 
D

i
s

c
h

a
r

g
e

1

1 0  ■'

1 0  2 

1 0  3 

10  

10  -6 

1 0 “

1 0 ‘ 7 

10  •*
1 0 - 3 1 0 ' *  1 0 - ’ 

U n  s e  t u r e  t e d - Z o  n e  P o  r e  V e l o c i t y  C m / y )

Figure 4-12. Normalized Release to the Accessible Environment Over 10,000 Years 
as a Function o f Unsaturated Zone Pore Velocity

: D i s p e r s i v i t y :  0 . 2 ,  1 6 , 5 0  m T o ta l R e lea s e  л 
- L e e c h  r o l e :  1 . 0 e - 4 / y
Г Re le a se  t I me : 0  у #  С
: SImu lo t io n  t i me: 1 . 0 e  4 y • D

t
• D 

•  О

i  
•  ,

f а 
I  .

»
• с- Ule l g h t l n g :

r ( E P A  T o b I e  1)  S  g  N E FTR A N  1
: x 63.000 МТНГ1 * B y t 4 v d .g r f  E

i ■___ 1__J I 1—L

4-23



N
e 

I
g

h
t

e
d

 
D

i
s

c
h

a
r

g
e

1 0

10

W

10

• I _  I T Г I f" I -j    F--------— I--------------T

We l 9 h t, l n g :
( E P A  T o b l e l )  . . . • • •  - я
x 63 .000  MTHM . „ « o » 10 0000

Total Release
.«■ 0 C ^

■>«*

• 0  t ?  J0 f i  о  ш  o o  00 o a o B d  o d o  o q d o  о  o d d  о о  o d d  о  о o cx jа  о  1

° °  ,29i 
#* NEFTRAN

t  о о У t5v d . g г f
► " Т с

С 0°  * D u p e r s  tv i ty : 0 .2 ,1 5 ,5 0  m
Leech r o t e :  1 .0e-4/y
R e lease  Lime: 0 y
Slmu lo t i o n  time : 1 .0e 5 y

1 1  i l -  - »  * > _ l l _ l . i l

1 0 ' 3 1 0 - *  1 0 -  

U n  s  o  t u r  e  t e  d  -  Z o n  e  P o r e  V e l o c i t y  (  m / y )

Figure 4-13. Normalized Release to the Accessible Environment Over 100,000 Years 
as a Function o f Unsaturated Zone Pore Velocity

4-24



P
e

a
k

 
D

o
s

e
 

( 
S

v
/

у
)

1

1 0  "

10  2 

10  -3 

1 0  -  

1 0  -5 

1 0  “

1 0  7 

1 0  '•

1 0 ' 3 1 0 ' *  1 0 - '

U n s в  t u r  в t в d -  Z o  n e  P o r e  V e l o c i t y  ( m / y )

Figure 4-14. Peak Dose to an Individual at the Accessible Environment Over 10,000 Years 
as a Function o f Pore Velocity in the Unsaturated Zone

------------ 1—------1----—Г t —1— 1—1—Г-]---------------r—-------1------г--- — T“ 1—i—Г1

D i s p e r s  I v  U l e s  : 0 . 2 ,  1 5 ,  5 0  m :
Leech r a t e : 1 . 0 e - 4 / y

г R e l e a s e  t i me : 0  у I
S I mu l e t t o n  t I m e 1 . 0 e ♦ 4  у -

r Total Peale Dose «  * 
<

в в i
м с  1

Q (3 в

r
■ o

Ж ® CP ' г ° 1 1

: 8 0 ;
• &

£  n*
■

: .8 1
I * o° :
r # = ° t

в :

*  *
-

г
/ *

ч

i ta
j

NEFTRAN l o°
y t 4 v p . g r  f

i i i i eVi1 1 . 1 ... -i— 1 1 l i l i

4-25



P
e

e
k

 
D

o
s

e
 

( 
S

v
/

у
)

10

10

10

10

D ls p e re  W I t  les : 0 .2 .  15. 50 m 
Leech  r o t e :  1.0e-4/y
R e le e s e  t ime : 0 y
S i mu l e i  Ion t im e: 1 .0e♦5 y

----------------------- Г  1 "I----------1 I I I — Г Т —J------------------  ------ \— — ------\---------- 1 !

Total Peak Dose _,

А ООО °  °  m DO D œ □ 0 1
в®8 129T

<P
/ О

,4c
" T , *  °

tT / °  NEFTRAN
J  < ¿ y t 5 v p . gr f

щ i ■ 1 i i i . I i ,

1 0 ’ 3 1 0 ' *  1 0 - ’ 

U n  s e  L u r e  t e d - Z o n  e  Р о г  e  V e l o c i t y  ( m / y )

Figure 4 . 1 5 . peak Dose to an Individual at the Accessible Environment Over 100,000 Years
as a Function of Pore Velocity in the Unsaturated Zone

4-26



1 0

Ф
О)

' ' ' г
; UZ . SZ d i s p ' g : 15, 50 m

Leech r a t e :  1.0e-4/y
Re Ie  o s e IIme : 0 y
S  l mu l o t i o n  t l me : 1 . 0e 4 y

_C
O
t»

Q
X I
ф

JZ
en

Ф
3

10

10

10

NEFTRAN 
y t4 o d . g r f

■ ■ t

10 10

Ule Igh t ln g : 
( EPA Teb Ie  1) 
x 63 .000 MTHM

T o ta l R e le a s e  •

Чс

10

E B S  C o e f f i c i e n t  o f  D i f f u s i o n  (  m  / y  )

Figure 4-16. Normalized Release to the Accessible Environment Over 10,000 Years as a 
Function o f  Diffusive Release from the Engineered Barrier System

4-27



Ul
e 

l 
g 

h 
L e 

d 
D

i
s

c
h

a
r

g
e

10 ----------- 1-------- 1------1 Г' I I I I I
; UZ. SZ d t s p ' s : 15. 50 m
-Leech  r o t e :  1 . 0e-4/y

R e le a s e  t im e : 0 у
S t mu lo t io n  tIme : 1 . 0e 5 у

10

10

10

-i-------- 1------1---- 1— i— i—i—г
We l g h t l n g :
( EPA TobIe 1) 
x 63.000 MTHM

Total Release 

. B8

: y L5od. gг f  
: NEFTRAN

Tc

_J_______I____ L- -1__■ ■ 1 I -I______ I_____I— I___* i l l

10 10 10

E B S  C o e f f  I c l e n t  o f  D i f f u s i o n  ( m / y )

Figure 4-17. Normalized Release to the Accessible Environment Over 100,000 Years as a 
Function o f  Diffusive Release from the Engineered Barrier System

4-28



- 
1

2
9

 
D

o 
se

 
( 

Sv
 

/у
 

)

1 0 3 \<д" 1 0 е 1 0 ‘

Т  I  т е  (  у )

Figure 4-18. Dose to an Individual at the Accessible Environment from II9l  as a Function o f 
Time for a Range o f  Values o f Diffusion Through the Engineered Barrier System



P
e

o
к 

D
o

s
e

 
( 

S
v

/
у

)

1 0

10

10 •'*

10  •”

 ̂g  - * * ---------------1-------- 1------1_i— i— i i i i------------------------------------------------------ 1___________i__________ i i i ' ■ »

1 0  1 0  1 0  -4 

E B S  C o e f f  l e  l e n  t  o f  D i f f u s  I o n  (  m 2 / y )

Figure 4-19. Peak Dose to an Individual at the Accessible Environment Over 10,000 Years
as a Function of Diffusive Release from the Engineered Barrier System

4-30

-T— I I I I ;

U Z , SZ d i s p ' s : 15, 50 m
Leech  r o l e :  1 .0e-4/y
Re I e o s e t ime : 0 у
SImu l e t t on  t im e : 1 . 0e♦4 y

Total Peak Dose щ

e

e

e

Mc

n e f t r a n

y t4op. gr f
» ■ I 1 I I t I



E B S  C o e f f i c i e n t  o f  D i f f u s i o n  (  m 2 / y )

Figure 4-20. Peak Dose to an Individual at the Accessible Environment Over 100,000 Years
as a Function of Diffusive Release from the Engineered Barrier System

4-31



5. SUMMARY AND CONCLUSIONS

This document has presented a number o f different analyses that should be useful to those 
responsible for setting appropriate environmental standards for the Yucca Mountain site in 
Nevada. In addition, in Appendix A, analyses are presented to quantify the range o f  the number 
o f people possible to be supported on the available ground-water resources in the vicinity of 
Yucca Mountain. These populations are useful to bear in mind when selecting the critical 
population group which may be exposed to any aqueous release from the repository under the 
current climatological conditions. That is not to say that this critical population group will be 
exposed, because that depends on the long-term performance o f the site and engineered barriers, 
which is the focus o f the analyses presented in Chapters 2 to 4, as well as the probability that 
the population exists and uses ground water pumped from the tuff aquifer for the its individual 
use.

The authors have conducted some calculations o f the possible performance o f  a potential 
repository at the Yucca Mountain site considering some o f the key uncertainties affecting the 
release o f  radionuclides to the accessible environment. The performance measures addressed are 
the integrated release o f radionuclides at the accessible environment normalized by the Table 1 
values presented in 40 CFR 191, and the individual dose associated with a maximally exposed 
individual who extracts water for personal use and irrigation for a small farm from the saturated 
zone tuff aquifer at the accessible environment The authors did not extend the calculations to 
the next level o f  performance (i.e., the individual or cumulative health effects associated with the 
release or dose, or the corresponding risk(s) that the individual or population may be subject to 
at the time o f release, several tens to hundreds o f thousands o f years in the future). This 
extension was not made because o f  the subjectivity related to determining the probability that the 
individual or population actually exists at the location defined as the "accessible environment” 
as well as the consumption habits o f those individuals at the time when any release may 
potentially be ingested. It should also be noted that even the translation from concentration to 
dose is fraught with considerable uncertainty which is not addressed in the analyses presented 
in Chapters 2 to 4.

A ll potential environmental standards have not been evaluated that could be applied to assure the 
protection o f  individuals and population groups that may be exposed to radionuclides that may 
be released over the millennia after closure o f a potential repository at Yucca Mountain. A  
comprehensive evaluation would need to examine alternative assumptions about the future o f the 
biosphere, as well as considering the full range o f possible conversion factors from dose to risk 
(i.e., health effects), in order to ascertain the likely ranges o f possible performance. The authors 
stress their belief that if dose, health effects, or risk are stipulated as performance measure(s) to 
be regulated, the future states o f  the biosphere must be specified explicitly by the regulatory 
bodies, or compliance will not be demonstrable. That is, the individuals or populations that our 
society chooses to protect (whose actual number, habits, and locations are unknowable) will have 
to be stipulated in order to allow a determination o f  the consequences and risks associated with 
the potential repository that is defensible as a regulatory compliance calculation.

5.1 INTRODUCTION
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The "simple" post-closure total system performance assessments that were conducted and 
described in this document are useful in assisting those responsible in determining an appropriate 
measure o f post-closure performance as well as those who have to evaluate site and design 
information needs. Each o f the processes included in the analyses has been simplified to capture 
the primary significance o f  that process in containing or isolating the waste from the biosphere. 
For example, the primary role o f the waste package is to delay the initial exposure and the rate 
o f exposure o f the waste form and spent fuel matrix to water. The degradation o f the waste 
package is a very complex function o f the very near field thermal-hydrologic-chemical- 
mechanical environment and the behavior o f the different engineered materials comprising the 
package and any backfill. In these simplified analyses, these complex interactions were 
approximated by a simple waste package "failure" distribution which is defined by the initiation 
and rate o f waste package "failures". Similarly, releases from the waste package and the 
engineered barrier system are controlled by the very near field environment and the presence and 
rate o f  advective and diffusive release processes. Release was approximated by either a simple 
alteration-controlled release for the high solubility radionuclides and either a diffusive or 
advective-controlled release for the solubility-limited radionuclides. In general, the term "simple" 
performance assessment implies that the complexities associated with process coupling and 
process interactions have been neglected. This allows the analyses to be more transparent so that 
the relative importance o f  a particular component o f the system (whether the waste package, or 
engineered barrier, or geosphere) is more illustrated. In Section 5.4 the results o f the "simple" 
total system performance assessments presented in this document are compared with the more 
representative (in that more process interactions and dependencies are incorporated) performance 
assessment results conducted as part o f the total system performance assessment (TSPA-1993) 
documented in Andrews et al. (1994).

5.2 CO M PARISO N O F RESULTS FRO M  UCBNE-41, R IP, AND  NEFTRAN-S

In addition to addressing alternate performance measures and the effects o f alternate parameter 
distributions, three different computational tools have been used, UCBNE-41, RIP, and 
NEFTRAN-S. These tools have different strengths that were exploited in the analyses. The 
model UCBNE-41 has an excellent transport module which has been widely used to evaluate the 
transport o f  radionuclide chains in the geosphere, in particular during the course o f  the WISP 
analyses documented in NAS (1983). Using UCBNE-41, the results were first compared to those 
presented in NAS (1983) to check for consistency (see Appendix C). The disadvantage of the 
UCBNE-41 model is that the source term and biosphere had to be treated by the use o f 
spreadsheets external to the model itself, which made data manipulation cumbersome and did not 
readily allow the use o f  stochastic sampling to evaluate the uncertainty in the predicted 
performance. The effect o f  assuming advective flow through the waste package was also 
compared to the assumption that the release was through diffusion out to the boundary o f an 
equivalent spherical package where it enters the advective flow system as was the case in the 
W ISP analyses. This assumption yields the same peak doses for the alteration-controlled 
radionuclides and produces similar peak doses for U7Np and 227Ac.

The R IP  model has been used in TSPA-1993 and allows for a very flexible definition o f the 
relevant processes according to the objectives o f the analyses. In the present use o f RIP, none 
o f the process dependencies were incorporated. An advantage o f  using RIP or NEFTRAN-S is 
that the geosphere can be approximated using multiple one-dimensional legs or segments



connected in parallel or in series. In the present analyses, two legs are used, one leg for the 
unsaturated zone and one for the saturated zone instead o f the one leg used in the UCBNE-41 
analyses. The primary advantage o f using RIP is that it can be operated in the probabilistic mode 
with distributions o f parameters over the range o f their uncertainty. This allowed for the use o f 
parameter distributions to capture the effects o f a range o f pore velocities in the unsaturated zone, 
neptunium solubilities, and waste package lifetimes. The RIP model has the capability o f 
incorporating a relatively sophisticated waste package with the package release being either 
through advection or diffusion or a combination o f both. For most o f the simulation runs, 
advection through the waste package was held to zero and the release was assumed to be through 
diffusion either as a fixed value or as a distribution o f values. This approach can be thought o f 
as the failed packages being surrounded by a capillary barrier which allows no advective flux but 
can have a thin water film through which radionuclides can diffuse to the rock once the packages 
have been breached. No attempt was made to relate the range o f diffusion coefficients to the 
saturation o f the capilla^ barrier (which would relate to the continuity o f the water film layer 
for continuous diffusion). The results using RIP can be plotted as dose or release as a function 
o f time, as scatter plots o f either dose or release as a function o f a variable over its range (pore 
velocity, solubility, release time, or diffusion), or as CCDFs o f  release or peak dose. This 
flexibility allows the user a series o f plots from a given analysis for interpretation o f the effects 
o f specific variables.

The attributes o f NEFTRAN-S are similar in many aspects to RIP with the exception o f the 
versatility o f  the waste package. Advection from  the waste package is the only mechanism o f  
release and all packages fail instantaneously at a given time. This limits the investigation o f 
waste package failure that can be done using NEFTRAN-S. One major advantage o f NEFTRAN- 
S is that it is designed to approximate a multi-dimensional problem using a series o f  one
dimensional legs, allowing the user to simulate barriers to release as independent legs (i.e., a 
capillary diffusion banier). The difficulty with doing this in the case o f a diffusion barrier is that 
diffusion mechanisms were not incorporated explicitly and had to be approximated as an 
advective flow with appropriate parameters. The multiple-leg capability was used to investigate 
the effects o f  a single leg conceptualization o f  the Yucca Mountain geosphere as compared to 
the two leg unsaturated-/saturated-zone representation. The results indicated that there is very 
little difference between the two representations when appropriate values o f dispersivity are used.

A  disadvantage o f  both RIP and NEFTRAN-S is a conceptual difficulty for alteration-controlled 
radionuclides when a diffusion barrier is present. The alteration allows a large amount o f a 
particular radionuclide to be dissolved in the very small amount o f water that is in the diffusion 
barrier when physically there should be a limit (some rather high solubility limit) to how much 
o f the radionuclide the water film can hold. This conceptual problem produces higher releases 
o f alteration-controlled radionuclides than might be expected to occur. A  correction to this 
problem would require data for the solubility o f radionuclides that have previously been 
considered to be alteration controlled.

The application o f  UCBNE-41, RIP, and NEFTRAN-S to the baseline case produced very similar 
results. The magnitude o f the peak doses to an individual for the key radionuclides (UC, 1MI, 
” Tc, and “ 7Np) from the three models aie close enough that the differences are indistinguishable 
on the plots. In addition to the peak doses being analogous, the time o f  arrival o f the peaks was 
also the same. These observations indicate that these models, as implemented in these analyses.
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are each applicable to assessing the relative performance o f  a conceptually simplified potential 
repository at Yucca Mountain.

5.3 SU M M ARY O F SE N SIT IV ITY  ANALYSES

The sensitivity analyses were conducted using a source term that contained 39 radionuclides for 
simulations using UCBNE-41 and RIP. The source term was reduced to 21 radionuclides in 
simulations using NEFTRAN-S with no loss in the applicability o f the results. In all o f the 
simulations conducted in this study, the primary radionuclides responsible for dose to an 
individual at the accessible environment are MC, ” Tc, l” l, and I3,Np. A ll o f the simulations 
assumed that >4C was released by way o f the ground-water pathway when in fact it is expected 
to be released by way o f the gaseous pathway at an unsaturated site such as Yucca Mountain.

In the baseline case, a ground-water travel time o f  25,000 years was assumed, with 20,000 years 
in the unsaturated zone and 5,000 years in the saturated zone. This is equivalent to a 1.0 mm/yr 
percolation flux in the unsaturated zone. The waste packages were assumed to fail immediately 
(at time zero), the release from the waste package was assumed to be from advection 'through the 
package and the release to the saturated zone was assumed to be mixed to a depth o f 2400 m. 
For these assumptions, the dose peaks from UC and l29I are in the I f f3 Sv/yr range and arrive 
at about 25,000 yrs because they are not retarded. The *T c  peak arrives just beyond 100,000 
years and is somewhat greater than the l2*I peak. The peak des: from *” Np arrives between
200.000 and 500,000 years at about 104 Sv/yr (assuming a solubility o f I f f3 g/m3). Had the 
assumption been made that the mixing depth in the saturated zone was 1,000 m or 100 m the 
peak doses in the baseline case would have been increased by a factor o f  2.4 or 25, respectively.

Dose to an individual at the accessible environment was found to be relatively insensitive to 
waste package lifetime for the radionuclides IMI, "T c , and “ ’Np because o f  their long half lives. 
The time o f occurrence o f  the peak doses for waste package lifetimes varying from 1,000 to
100.000 years are only shifted in i^ne by the lifetime o f the package. This is also true when a 
linear rate o f  package failures (1% per 1,000 years) is assumed. As the time for the initial waste 
package failure increases from zero to 10,000 to 100,000 years, the time for the peak doses to 
occur at the accessible environment also increases from 160,000 to 180,000 to 260,000 years; 
while the peak dose (due to ” Tc) changes from about 1.5 x 10° to 1.1 x I f f3 to 1.0 x I f f3 Sv/yr. 
The slight decrease in peak dose is due to the relatively long half life o f ” Tc (about 200,000 
years). For slower failure rates (1.0 % per 10,000 years), the effect o f decay is more pronounced, 
reducing the peak dose to about 10-4 Sv/yr.

The effect o f waste package lifetime on release to the accessible environment is largely a 
function o f the period over which the cumulative release is integrated. I f  one determines the
10.000 year integrated release, then the package lifetime would have to be on the order o f several 
thousand years to have an effect; while for the 100,000 year release, the package lifetime would 
have to be on the order o f 80,000 years to have an appreciable effect.

The effects o f  percolation flux (or interstitial velocity) in the unsaturated zone on dose to an 
individual at the accessible environment is dependent on the model for release from the waste 
package. For advective flow through the failed waste package, the doses for higher fluxes 
(shorter travel times) are higher because o f increased flux through the waste package and less
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radioactive decay prior to the release at the accessible environment. For a range o f unsaturated 
zone pore velocities from I f f3 to I f f 1 m/yr ( percolation fluxes from 0.1 to 10 mm/yr) the 
normalized cumulative release over 10,000 years approaches the EPA Table 1 release limit as the 
pore velocity approaches I f f1 m/yr (which is much higher than the estimated pore velocity at the 
Yucca Mountain site). The peak dose over 10,000 years approaches I f f2 Sv/yr at the higher end 
o f the pore velocity range. The doses are from MC and lwI because **Tc has not arrived at 
significant concentrations in this period, even at the highest pore velocities. When the time is 
increased to 100,000 years, the normalized cumulative release increases to more than one, but 
less than a factor o f ten times the EPA release limit specified in 40 CFR 191. The peak dose 
to an individual increases due to the arrival o f  "T c  and the increased release o f UC and '” 1, The 
unsaturated-zone average linear velocity is still the dominant controlling factor in the magnitude 
o f the dose exposure. This is especially true for the cases where only the dispersive fronts of 
some o f  the significant dose contributors are estimated to reach the accessible environment for 
simulation times o f 104 and 105 years. For these cases the dose exposures are so sensitive to the 
uncertainty in the unsaturated-zone average linear velocity that it tends to obscure the possible 
sensitivity o f the releases from the waste package due to the effective diffusion coefficient and 
the neptunium solubility.

The effects o f diffusion from the waste package is most easily observed in the few runs 
conducted using UCBNE-41 with an advective/diffusive release from an approximate sphere. 
The diffusion does not effect the release rate o f  alteration-controlled radionuclides and only 
effects the solubility-controlled radionuclides. Scatter plots of peak dose for a range o f diffusion 
coefficients within the waste package show that the dose rate to an individual is reduced 
significantly at the lower values o f diffusion (dose is reduced about three orders o f magnitude 
over a range o f four orders o f  magnitude in diffusion). The results o f  diffusive release from the 
waste package appear to indicate that a significant dose reduction could be achieved for IWI and 
*T c  as long as it can be assured that no advection through the waste package can occur.

Using UCBNE-41 it was shown that the very-long-term doses to an individual at the accessible 
environment are strongly related to the solubility o f “ ’ Np which may range from 0.001 to 100 
g/m3 depending on the geochemical environment in the vicinity o f the waste package, in particular 
the degree o f oxidation. In fact, neptunium releases become alteration controlled at the higher 
values o f solubility. Scatter plots o f 100,000 to 1,000,000 year normalized release and peak dose 
as a function o f neptunium solubility indicate that peak doses and releases increase as solubility 
increases. However, at times less than 100,000 years, the releases and doses are insensitive to 
neptunium solubility due to the relatively long transport time o f  this radionuclide due to its 
sorption in the sphere. For this reason, for many o f the runs the H7Np solubility was fixed 
at 1.0 g/m3, th> fj jint where it appears the release becomes essentially alteration limited.

The effects ol a capillary barrier that produces a 1.0 m diffusion path length was investigated 
using both RIP and NEFTRAN-S. The results indicate that providing a diffusive-release barrier 
significantly reduces the doses and releases. I f  the diffusion coefficient could be shown to be 
lower than 1.0 x Iff* mVyr it would allow time for significant decay o f " ’Np which has a half- 
life o f  2.14 x KPyrs.
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Based on the results o f  this study the following conclusions can be made:

• Doses to an individual at the accessible environment occur well beyond 10,000 years and 
do not decline significantly for hundreds-of-thousands o f years;

• Peak doses and releases at the accessible environment over the 1,000,000 year period are 
generally unaffected by waste package lifetimes o f up to 100,000 years;

• Dose and release are significantly affected by unsaturated-zone pore velocity;

* Dispersion in the unsaturated zone is more important than that in the saturated zone;

* The wide range o f  M,Np solubility has a significant effect on the magnitude o f the peak 
dose at times approaching several hundred thousand years; and

* The effects o f  a diffusion path length formed by a capillary barrier has a significant 
effect on dose and release even at long times (o f the order o f  hundreds-of thousands o f 
years).

5.4 C O M PARISO N  OF RESULTS T O  TSPA-1993

Numerous differences exist between the "simple" analyses reported in this document and the 
more complete analyses conducted as part o f TSPA-1993 (see Andrews et al., 1994). A  primary 
difference is that the TSPA-1993 analyses attempt to present representative analyses based on the 
best site-specific and design-specific information available at the time, accounting for the 
uncertainty in the parameters. In addition, the TSPA-1993 analyses attempt to incorporate as 
much realism in the individual processes potentially affecting the containment and isolation o f 
radioactive wastes in a potential repository at Yucca Mountain, including the thermo-hydrologie 
regime in the vicinity o f the repository as a function o f repository loading, time, and location and 
the effects o f the thermo-hydrologic regime on the initiation and rate o f waste package 
degradation, waste form alteration, and release from the engineered barrier system. The TSPA- 
1993 analyses were performed with a range o f possible thermal loads, a range o f possible waste 
package designs, two possible criteria for the initiation o f aqueous corrosion, and two conceptual 
representations o f  the aqueous corrosion rates. As a result o f these differences, making direct 
comparisons o f the results presented herein to the TSPA-1993 analyses is not possible. However, 
some useful insights as described below can be gained.

The 10,000 year integrated release to the accessible environment determined in TSPA-1993 is 
totally determined by the release o f gaseous >4C. As a result, these results are not at all 
comparable to the results in this document where it was assumed the l4C was transported in the 
aqueous phase, ta TSPA-1993, for the baseline thermal load and waste package design, the 
normalized integrated aqueous ” Tc release at the accessible environment varied from 10'6to IO-4 
for the range o f possible percolation fluxes from 5 x 10"* to 2 x 10'3 m/yr. This is analogous to 
the results presented here although the dominant radionuclide over this period is the aqueous >4C 
(because the technetium is retarded by a factor o f five). The 100,000 year integrated normalized 
releases determined in TSPA-1993 range from 10-4 to 1 for percolation fluxes which range from
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10* to 2 x 10'3 m/yr, which is again very similar to the range o f normalized releases determined 
in the "simple" assessment o f  post-closure performance presented herein.

The peak doses over a 1,000,000 year period determined in the TSPA-1993 analyses ranged from 
10* to 10 Sv/yr for a range o f  percolation fluxes from 10* to 2 x 10'3 m/yr. The low doses 
correspond to low advective velocities in which the peak dose becomes controlled by technetium 
rather than neptunium. The peak doses calculated in the present "simple" analyses over this same 
period are on the order o f between 0.1 to 0.S Sv/yr even for the highest neptunium solubilities 
and advective velocities. These relatively high doses correspond to advective velocities in the 
unsaturated zone o f greater than 0.01 m/yr, neptunium solubilities greater than about 1 g/m3, and 
effective diffusion coefficients greater than about 10* m2/yr (with or without the presence o f  a 
diffusive near field barrier). The difference in the peak doses determined in the two sets o f 
analyses is due to the difference in the mixing depth assumed for the saturated zone transport. 
In TSPA-1993, SO m o f mixing was assumed to occur, while in the present analyses a 2400 m 
mixing depth was assumed (corresponding to the entire thickness o f the saturated zone aquifer). 
This factor o f 50 difference in the mixing depth relates to a factor o f 50 difference in 
concentration and dose. For low neptunium solubilities or low advective velocities in the 
unsaturated zone or diffusion releases through the engineered barrier, the peak doses in the
1,000,000 year period become controlled by technetium rather than neptunium.

In summary, although significant differences exist in these two sets o f analyses, for the closest 
comparable thermal load and waste package design, the results are very similar. Even for the 
more robust packages assumed in the TSPA-1993 analyses (such as the 45 cm overpack of 
corrosion allowance material), the very long term peak doses are analogous to the results 
presented herein for comparable alternate waste package failure distributions.

5.5 S IG N IF IC AN C E  O F RESULTS T O  STAND ARD  SETTING

The results o f the calculations o f potential population in the vicinity o f Yucca Mountain based 
on available ground-water supplies in the sub-basins that encompass the site indicate that 
populations may be small (Appendix A ). When it is assumed that the available ground water is 
used for household use only, the size o f the population ranges from about 1,200 to 13,000 
persons. When a farming scenario is assumed (i.e., a farm family that uses ground water for 
household use and for raising all their food supply) the population ranges from about 14 to 150 
persons. It is unlikely that such a farm family exists in the vicinity o f  Yucca Mountain (the 
maximally exposed individual). Under other scenarios, such as importing water for household 
use or farming, the population could be larger, but the imported water would dilute the local 
ground water so individual doses would be lower, and population doses would be about the same.

The results o f analyses o f  two representative uranium ore bodies, in oxidizing and reducing 
environments, indicates that doses from drinking water 5,000 m down gradient from the ore 
bodies range from 400 to 30 mrem/yr (Appendix B). The number o f  health effects integrated 
over 10,000 years from drinking water for the two repository equivalent (100,000 M TH M ) ore 
bodies ranges from about 17,000 to 2,000 for oxidizing and reducing conditions, respectively. 
This can be compared to the basis for the EPA Standard which is 1,000 health effects integrated 
over 10,000 years for 100,000 MTHM. The study also found that the integrated releases from 
the ore bodies is lower than the EPA release limit. In evaluating this apparently contradictory
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result, the scenario upon which the EPA Standard is based must be considered (i.e., ground-water 
flow to an average world river which flows to the ocean). I f  a new standard were to be based 
on the premise that a repository should produce no more risk than that from the unmined uranium 
from which the waste was derived it appears that dose to an individual could be 100 mrem/yr 
or higher and that integrated health effects over 10,000 years could be considerably higher than 
the 1,000 used by the EPA as the basis for 40 CFR 191.

One o f the important observations that can be drawn from the sensitivity analyses presented in 
Chapters 3 and 4, is that the relative response o f the repository system appears to be the same 
whether one is comparing integrated releases or individual peak doses. This can best be observed 
by examining the sensitivity o f both the integrated release and peak dose performance measures 
to the unsaturated zone interstitial velocity (or percolation flux) for the different periods. In the 
RIP analyses, the 10,000 year integrated release varies by 12 orders o f magnitude (from 10'12 to 
10° normalized to the Table 1 values in 40 CFR 191) for unsaturated zone velocities which vary 
by two orders o f magnitude (from I f f3 to I f f1 m/yr). In addition, the peak individual dose at
10,000 years varies by 12 orders o f  magnitude (from I f f14 to I f f2 Sv/yr) for the same two order 
o f magnitude variation in unsaturated zone velocity. Similarly, the 100,000 year normalized 
integrated release varies by two orders o f magnitude (from Iff2 to ltf1)  as does the peak dose for 
this same period (from Iff4 to I f f2 Sv/yr) for the same variation in the unsaturated-zone velocity. 
The same trend generally holds for the 1,000,000 year period (with the normalized integrated 
release varying by a factor o f 10 and the peak dose by a factor o f  100 over the range o f sampled 
unsaturated-zone velocities), although the results are complicated by the addition o f the near-field 
diffusion and neptunium solubility which also affect the range in the calculated performance 
measures. Similar observations are made with the NEFTRAN-S model, with the 100,000 year 
normalized integrated release varying by three orders o f magnitude (from 5 x I f f3 to S) and the 
peak dose over this same period varying almost three orders o f magnitude (from less that Iff4 
to 3 x I f f2 Sv/yr) for the two order o f magnitude range o f sampled unsaturated-zone velocities.

It is not intuitively obvious that the above relationships should have been observed. The 
integrated release performance measure (based on the desire to protect potentially exposed 
populations over extended periods o f time) effectively averages the release over time, while the 
peak individual dose (based on the desire to protect the potentially maximally exposed individual 
or some average individual o f a potentially exposed "critical" group) effectively looks at the peak 
dose or concentration no matter when it occurs in the period o f  interest. It is certainly 
conceivable to imagine cases where there is little correlation between the desires to protect 
populations versus individuals. One excellent example would be the difference between the 
releases o f 14C in the gaseous phase versus the individual doses due to drinking water 
consumption along potential aqueous radionuclide transport pathways. Another example would 
be the very-long term (about 1,000,000 year) peak dose potentially associated with high solubility 
neptunium releases versus the integrated release prior to the arrival o f this peak. In other words 
the correlation between these two performance measures observed in the analyses presented in 
Chapters 3 and 4 may more reflect the integration period rather than be a general relationship that 
bolds under all conceivable periods o f  potential concern.

In order to test the hypothesis that there is a very high correlation between the peak dose and 
normalized cumulative release performance measures, cross plots o f the two performance 
measures have been prepared for the three RIP analyses corresponding to the 10,000, 100,000,

5-8



and 1,000,000 year simulations where the unsaturated zone velocity, the waste package diffusion 
coefficient, and neptunium solubility are sampled for 100 realizations. The three cross plots are 
illustrated in Figures 5-1 to 5-3, for 10,000 years, 100,000 years and 1,000,000 years, 
respectively. Figure 5-1 shows a remarkable correlation between the two performance measures 
over the entire range o f possible releases and peak doses for the 10,000 year period. The degree 
o f  correlation shown in Figure 5-1 appears to indicate that a standard could be written either in 
terms o f individual dose or cumulative release. Figure 5-2 shows a very high correlation between 
the two performance measures for the 100,000 year period, except for the slight dip in the middle 
o f the plot (probably due to the fact that the cumulative release can continue to increase after the 
peaks have passed, i.e., mass continues to be released at the accessible environment even after 
the peak concentration has passed the same point) and the two high dose outliers associated with 
very high neptunium solubilities and high unsaturated zone velocities. Figure 5-3 also shows a 
high correlation between the two performance measures with the few points o ff  the log-log linear 
trend being the result o f both a high diffusion coefficient and a high neptunium solubility. The 
steepness o f the slope in Figure 5-3 represents the significance o f the neptunium solubility and 
the fact that the cumulative release is dominated by releases o f all radionuclides over the
1,000,000 year period, while the peak dose is controlled by the neptunium dose which generally 
occurs between 200,000 and 500,000 years.

It is important to remember that the above correlation between integrated release and peak dose 
may only hold in a relative sense, as the absolute relationship will depend entirely on the 
definition o f the biosphere conditions, including the primary pathways by which the radionuclides 
are ingested and the definition o f the exposed population and the maximally exposed individual 
or average individual o f the "critical" portion o f the exposed population. I f  the population o f 
concern in an integrated release performance measure is the same as the "critical" population and 
the dose is applied to the average individual o f  the same "critical" population, then the results 
should be analogous, with the caution that the actual period selected may lead to different release 
integrals than dose peaks.

From the analyses o f the potential populations that may be sustainable on the available ground 
water (Appendix A ) and the sensitivity analyses of possible post-closure consequences (release 
or dose. Chapters 2 through 4) associated with a potential repository at Yucca Mountain, the 
following conclusions may be useful in the development o f standards can be made:

• There is little ground-water available to support large populations in the vicinity o f  Yucca 
Mountain, and there is little water for dilution o f releases from a potential repository;

• Releases from a repository at Yucca Mountain may begin after a few tens o f thousand 
years and extend to times over one million years;

• Short-term releases (less than 10,000 years) could be influenced by long-lived waste 
packages (i.e., lifetimes o f several thousand years);

• Mid-term releases (10,000 to 100,000 yrs) are influenced by diffusion out o f the waste 
package or very long-lived packages; and



• Long-term doses (beyond 500,000 yrs) from “ Np can only be affected by an engineered 
capillary barrier that creates a diffusion-controlled release from the engineered barrier 
system or a highly sorptive low solubility near field geochemical environment.

5.6 S IG NIF ICANCE  O F  RESULTS T O  SITE C H A R A C TE R IZA T IO N  AN D  DESIGN

Based on the results o f this study, the following conclusions can be related to characterization
activities that would aid performance assessment. In addition, the results have implications for
repository design.

• Additional research concerning the solubility o f  “ ’ Np under anticipated near field thermo- 
hydrologic-geochemical conditions would reduce the uncertainty o f  performance 
assessment calculations, i f  the range o f  measured solubilities can be narrowed;

• The pore velocity in die unsaturated zone is an important parameter to performance 
assessment (as was already known), and uncertainty in performance assessment 
calculations could be reduced i f  die range o f percolation flux could be reduced;

• Dispersivity in the unsatnrated zone is far more important than dispersivity in the 
saturated zooe, with the dispersivity being very important i f  the period being considered 
is on the order o f  about half o f  the retarded radionuclide travel time (for example, i f  the 
time considered is 10,000 yean and the retarded travel time is about 20,000 years, then 
the dispersivity will control the arrival o f the radionuclide);

• Additional research on the coefficient o f diffusion in capillary barriers could provide 
important information that would significantly lower die calculated doses at the accessible 
environment, even at very long times (beyond 1,000,000 years);

• The waste package lifetime has little effect on dose and release over very long periods 
(on the order o f  a million years).

• Waste form alteration/dissolution rase information used in the analyses that were 
conducted have been based on the value used in the WISP study (NAS, 1983). This 
value has been substantiated by recent flow-through tests conducted by DOE contractors 
(see Andrews et al., 1994). This value may be very conservative given the possible 
limitation on dissolution caused by the lack o f  available chemical reactants at the waste 
form-water contact More realistic (quasi-static) tests rosy yield substantially lower 
alteration/dissolution rates.
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APPENDIX A

P O TE N T IA L  PO PU LAT IO N  IN  TH E  V IC IN IT Y  OF YU C C A  M O U N TAIN



INTRODUCTION

The population basis for a repository standard should be the group o f people who could 
reasonably be exposed to a radioactive release from the repository. The population exposed is 
directly related to site specific features that in part control the number and the location o f people 
that are exposed to a potential release o f radionuclides. For example, i f  the release is to a large 
river that discharges into the ocean the release could be to the entire world population. At a site 
in an arid region the population exposed is those people using ground water for household use 
and/or crop production. Thus, the type o f  site and its proximity to surface water bodies could 
control the number o f people that can be exposed. The approximate number of people who could 
be exposed at a site should be a consideration in the process o f standard development.

PO PU LAT IO N  BASED O N A V A IL A B L E  W ATER

In arid regions there aie few surface water bodies and the primary source o f  water for household 
use and fanning is from ground water. The exceptions to this are surface streams such as the 
Colorado River which originate in areas o f  higher precipitation, fa the vicinity o f  the Yucca 
Mountain site there are only ephemeral streams and playa lakes, and these only have water after 
significant storm events. These surface water features could not be regarded as a source of 
domestic water because o f their sporadic nature. Thus, the only source o f water is from 
infiltration o f precipitation that recharges the basin aquifers in the vicinity o f Yucca Mountain. 
The amount o f ground water available on a continuous basis can be used as a basis for estimating 
the size o f a population that could exist in the vicinity o f the Yucca Mountain site at a future 
time. This ground water in the down-gradient flow direction from the potential repository would 
be the primary source o f dose to the population using this water i f  radionuclides are released to 
the aquifer.

The hydrologie subbasins in the vicinity o f  the Yucca Mountain site are shown in Figure A-1. 
The recharge to the Buckboard Mesa subbasin enters the ground-water flow system where it 
flows southward and could potentially receive radionuclides released from the potential repository 
which lies on the boundary between the Crater Flat and Jackass Flats subbasins (Figure A-1). 
The ground-water recharge to the three subbasins is presented in Table A-1. The annual recharge 
o f the three subbasins is approximately 2200 acie-feet (Czarnecki, 1985). The southward flow 
from Buckboard Mesa and Jackass Bats o f 8000 acre-feet (outflow. Table A-1) is thought to be 
due to over-pumping in support o f agriculture in the Amargosa Desert which lies to the south o f 
the two subbasins. It can be argued that the safe yield o f the three subbasins (Crater Flat, 
Buckboard Mesa, and Jackass Flat) is approximately 200 acre-feet [lateral inflow +  recharge - 
lateral outflow =  safe yield (6000 +  2200 - 8000 =  200, see Table A - l)].  This means that the 
amount o f  water that is currently available without permanently lowering the ground-water table 
(depleting the resource) is 200 acre-feet, with the remaining 2000 acre-feet o f recharge already 
being used farther to the south in the Amargosa Desert. Thus, in the vicinity o f Yucca Mountain 
the amount o f ground water available lies between the annual safe yield (200 acre-feet, 2.5 x 10® 
1) and the annual recharge (2200 acre-feet, 2.7 x 10* 1). The latter value would be appropriate 
if  the over-pumping in the Amargosa Desert were neglected. The higher value o f available water 
could be tapped up-gradient from its location o f current use at a location nearer the Yucca 
Mountain site.
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Water use by a population is dependent on the type o f use and the climate. In and climates the 
per capita water use for domestic purposes tends to be higher than in a more temperate climate. 
For example, for daily household use the cities o f  Tucson and Phoenix report 160 gal/person and 
267 gal/person, respectively. A  conservative value, maximizing the potential population, o f 150 
gal/person/day (2.1 x 10s 1/person/yr) for household use will be assumed. Fanning requires about
20,000 mVperson in an arid climate (similar to Richland, Washington), the irrigation rate is about 
150 l/mJ/mo, and the growing season is assumed to be 6 mo in the Richland area (Eslinger et. 
al., 1993). This yields a water use o f 1.8 x 1011/person/yr. This value is conservative for Yucca 
Mountain in that it w ill yield a higher population (e.g., irrigated farming near Yucca Mountain 
would require somewhat more water).

The number o f persons in the population that could potentially receive doses from releases of 
radioactivity from the repository can be estimated by assuming the type o f ground-water use that 
exists, either household or household plus irrigated farming and then dividing the volumetric use 
rate into the annua] water available. This approach produces a range o f populations for each o f 
the two use scenarios because the volume o f water available ranges from the annual safe yield 
to the annual recharge. These ranges in population are shown in Table A-2.

A N  A LT E R N A T IV E  M ETHOD BASED O N CURRENT PO PU LAT IO N

Another way to approach a determination o f  the population would be to base it on the population 
that currently exists near Yucca Mountain. The population would be made up o f only those 
individuals who could potentially be affected by the repository, that is, those living in the 
immediate vicinity o f  the repository and those that use the tuff aquifer for their major source o f 
domestic water supply. The "vicinity" o f the repository can be defined by several different 
approaches. One means would be to define "vicinity” by a circle with a radius equal to the 
expected transport pathway length from the repository to either the point o f  ground-water 
discharge or to the point where radionuclides decay to levels below regulatory concern. This 
approach recognizes that the primary mechanism for radionuclide release from a geologic 
repository is by way o f the ground-water pathway. The population could then be defined as the 
number o f people that could subsist within the "vicinity" o f the repository based on land use 
patterns that currently exist in the defined area. The dose calculations for this population would 
be based on today’ s society; with the standard individual conducting the normal activities o f 
today’ s society (i.e., showering, gardening, farming, eating habits, water consumption, etc.). This 
produces a hypothetical individual living in the population who may receive doses in the rem 
range (i.e., an individual subsisting entirely on ground water for household use and food 
production) at long periods o f time after repository closure. This is a worst case scenario for a 
maximally exposed individual, it yields high calculated doses because the hypothetical scenario 
o f water use is unrealistic. In order to be more realistic, a critical group within the population 
could be defined based on current human activities within the "vicinity" o f the repository. The 
representative individual for regulatory purposes, would live within this population, and would 
be a member o f  this critical group.

SU M M ARY

The results o f the calculations o f potential population in the vicinity o f Yucca Mountain based 
on available ground-water supplies in the sub-basins that encompass the site indicate that



populations may be small. When it is assumed that the available ground water is used for 
household use, the size o f the population ranges from about 1,200 to 13,000 persons. When a 
farming scenario is assumed (i.e., a farm family that uses ground water for household use and 
for raising all their food supply) the population ranges from about 14 to ISO persons. It is 
unlikely that such a farm family exists or will exist in the vicinity o f  Yucca Mountain (the 
maximally exposed individual). Under other scenarios, such as importing water for household 
use or for farming the population could be larger, but the imported water would dilute the local 
ground water and population doses would be about the same.
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Table A-1. Annual Recharge to Hydrologie Subbasins in the 
Vicinity o f the Yucca Mountain Site

SUBBASIN L A T E R A L
IN FLO W
(Acre-Feet)

L A T E R A L
O U TFLO W
(Acre-Feet)

V E R T IC A L  
RECH ARG E (l> 
(Acre-Feet)

V E R T IC A L  \ 
R E C H A R G E ®  
(Acre-Feet) |

Buckboard
Mesa 1400

Jackass Hats ) 6000 } 8000 } 2000 580

Crater Flat 2000 2000 0 220

(1) Harrill et al. (1988)
(2) Czamecki (1985)

Note: Conversion factor one acre-foot = 1234 m3

Table A-2. Size o f Population Based on Use o f Available Ground Water

T Y P E  OF 
W A T E R  USE

V O LU M E  
(Liter/Year/Person)

W A TE R
A V A IL A B L E

(Acre-Feet)

POSSIBLE
PO PU LATIO NS

(Persons)

Household Use 2.07 x 10s 200 - 2200 1,200 - 13,000

Household & 
Fanning Use

1.80 x 107 200 - 2200 14 - 150

Note: Conversion factor one acre-foot =  1234 m3

A-4



Figure A - l.  Location o f Hydrologie Subbasins in the Vicinity 
o f the Yucca Mountain Repository.



APPENDIX В 

P O TE N T IA L  EFFECTS OF U R AN IU M  ORE BODIES



INTRODUCTION

The development o f regulations by the EPA for the management and disposal o f high-level 
radioactive wastes has had a long history which extends over nearly two decades. The standard 
which was first promulgated in 1985 (EPA, 1985b) was begun in the late 1970’ s based on the 
premise that a geologic repository should pose no more risk to the public than that from an 
equivalent unmined uranium ote body. For this purpose an equivalent uranium ore body was 
defined as the amount o f uranium ore necessary to produce the reactor fuel that would be placed 
in a 100,000 metric ton heavy metal (M THM ) repository (EPA, 1980). By the time the standard 
was promulgated, the EPA bad decided not to rely on the comparison between spent fuel and the 
unmined uranium ore from which the spent fuel was derived, although the comparison was cited 
in the supporting documentation (EPA, 1985a). As a result, the Standard promulgated was more 
restrictive than one based on unmined ore by more than an order o f magnitude (Klett, 1991).

The basic EPA premise that a geologic repository should produce no more risk than the uranium 
ore from which the waste came is a valid premise. For example, i f  the standard is more 
restrictive than this basis, then the repository could be viewed as a means o f remediation o f the 
effects o f natural ore bodies. Therefore, it would seem prudent that the risk from the repository 
should be no more restrictive than that o f the unmined uranium ore. This approach to the 
development o f environmental standards would also follow the concept o f not passing increased 
risk from the present generation to future generations.

D EVELO PM ENT O F A  REPRESENTATIVE  O RE B O D Y

For the purposes o f this study, two representative uranium ore bodies o f equal size were 
developed. One was assumed to be in an oxidizing environment and the other was assumed to 
be in a reducing environment. Uranium and its daughter products were assumed to be in 
equilibrium in the ground water o f both ore bodies. The concentration o f dissolved uranium in 
each environment was derived from the literature discussed below.

Concentrations o f natural radionuclides in ground water have long been recognized as a source 
o f  dose to humans. The EPA has set limits on the concentrations o f natural radionuclides in 
public water supplies, 40 CFR 141 (EPA, 1986). The EPA states, in the preamble o f this 
proposed rule, that the data base o f the U. S. Geological Survey National Uranium Resource 
Evaluation (NURE) Program lists concentrations of uranium up to 600 pCi/l (approximately 1,800 
ppb) in ground water with only a few samples o f the 34,000 analyzed exceeding 50 pCi/l (150 
ppb) (EPA, 1986). The NURE Program was conducted by sampling waters across the United 
States on an approximate grid system in an attempt to quantify the national uranium reserves. 
The higher concentrations were generally associated with uranium ore bodies.

Samples o f  standing water in the open pit o f the Jackpile mine in New Mexico were found to 
contain concentrations o f uranium o f about 560 ppb (Kaufmann et. al., 1975). In shallow ground 
water and seeps Judson and Osmond (1955) reported concentrations o f 100 to 460 ppb near ore 
deposits in Colorado. In Wyoming, Murphy (1956) reports concentrations o f uranium that are 
up to 340 ppb in spring discharge. The target cleanup concentrations for uranium in ground 
water at the Irigaray solution mine in Wyoming is 1.0 ppm (1,000 ppb) (Wyoming Minerals 
Corporation, 1977). A ll o f the these values for uranium concentrations are assumed to be for



oxidizing conditions because o f the proximity of the waters to the land surface. In addition, the 
high concentration o f 1,800 ppb from the NURE Program could only have been under oxidizing 
conditions.

Under reducing conditions. Baker and Scott ( 19S8) report concentrations o f uranium up to 46 ppb 
in Texas, and Harshmann (1968) reports concentrations in ground waters in Wyoming that range 
from 10 to 20 ppb. Judson and Osmond (1955) report concentrations in Texas of 2 to 10 ppb.

From these literature values it would appear that the higher concentrations o f uranium occur 
under oxidizing conditions at or near the ground surface in ponds and streams, in shallow ground 
water, and in seeps and springs. Higher concentrations are also observed on the up-gradient side 
o f ore bodies where dissolution is occurring under oxidizing conditions (Wyoming Minerals 
Corporation, 1977; Baker and Scott, 1958; Harshmann, 1968; and Capuano, 1978). Lower 
concentrations occur within the ore body and down-gradient from it where conditions are 
reducing.

In the EPA analysis o f actual ore bodies, Williams et al. (EPA, 1980) show concentrations of 
uranium in ground water at mines in Wyoming that range from 100 to 200 ppb. However, 
Williams only considers the dose from radium in his analysis o f health effects, and the generic 
ore body that he used had a uranium concentration that was significantly lower than that o f the 
actual ore bodies (1.0 ppb). Wick and Cloninger (1980), in their comparison o f geologic 
repositories to natural uranium ore bodies, report uranium concentrations for creeks and springs 
near ore deposits that range from 150 to 800 ppb. These concentrations are considered to be 
under oxidizing conditions. Wick and Cloninger (1980) provide an excellent review o f uranium 
concentrations in surface and ground waters o f the United States. They also provide calculations 
o f dose to an individual from these uranium ore deposits.

Based on this review o f the literature, the concentrations o f uranium dissolved in the ground 
water under oxidizing conditions ranges from about 100 ppb to 1,800 ppb with several high 
occurrences that range from 800 to 1,000 ppb. The concentration o f  uranium under reducing 
conditions is more difficult to determine because it grades into values that are truly oxidizing. 
The range o f concentrations o f uranium in ground water o f ore bodies under reducing conditions 
was found to be 2 ppb to 46 ppb. The values for dissolved “ U in the ground watei l'or 
oxidizing and reducing conditions selected for this study are 500 ppb and 20 ppb, respectively. 
These values are near the middle o f the range o f concentrations observed in each environment 
(oxidizing and reducing).

The size and hydrogeologic characteristics o f the two representative uranium ore bodies were 
assumed to be identical. The hydrogeologic and geometric parameters as well as the uranium 
concentration in the ore were taken from the study by Williams et al. (EPA, 1980), because his 
choice o f these parameters appears to be appropriate based on the literature. Williams analyzed 
four ore bodies located in Wyoming, which had ground-water velocities that were somewhat 
higher than his generic ore body. The velocity he selected was based on the analyses for 
developing the EPA standard. The characteristics o f the ore bodies are presented in Table B -l. 
The pore velocity o f  2.1 m/yr is similar to that in the saturated zone at Yucca Mountain which 
is o f the order o f 1.0 m/yr. The dimensions o f the ore body were selected by Williams based 
on the four actual ore bodies he examined. The concentration o f 0.09% U ,0 , compares favorably
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with the average o f 0.07% for uranium ore reserves. Williams goes on to show that 620,000 
metric tons o f U,Ot are required to produce the fuel that will be disposed o f in a 100,000 metric 
ton repository. Therefore, the factor necessary to convert the representative ore body depicted 
in Table B -l to an ore body that is equivalent to a high-level waste repository is 62.

The radionuclides in the uranium decay chain are “ U, WU, attTh. “ ‘ Ra, and 2l0Pb. The 
retardation factors for these radionuclides along the ground-water transport pathway under 
reducing conditions were taken from the NAS WISP report (NAS, 1983). For oxidizing 
conditions the retardation factor for the isotopes o f uranium was reduced by a factor to 
approximate the difference between ore body and spring discharge concentrations (approximately 
a factor of eight based on the higher end o f the concentrations under reducing conditions). The 
retardation factors for the radionuclides in the uranium decay chain are presented in Table B-2. 
In HPA’ s study o f uranium ore bodies (EPA, 1980) higher values o f retardation coefficients for 
uranium and thorium are used, and the dose from lead was not considered (Table B-2). These 
high retardation values allowed the EPA to neglect doses from all radionuclides except radium. 
These assumptions cause the calculated doses to be considerably lower than i f  all o f the 
radionuclides were considered (see the discussion that follows).

DOSE T O  A N  IN D IV ID U AL  FRO M  D R IN K IN G  W ATE R

For the uranium ore body calculations, the radionuclides o f the uranium decay chain that are 
dissolved in ground water were assumed to be in equilibrium with ” U (500 ppb and 20 ppb for 
oxidizing and reducing environments, respectively). Based on this assumption the concentration 
o f radionuclides in the ore body were calculated. These concentrations are shown in Table B-3.

The concentration in the direction o f ground-water flow down-gradient from the uranium ore 
body was determined using the transport model UCBNE-41 (Lung et al, 1987). This model is 
based on the analytical solution o f the transport equation where dispersion, retardation, and chain 
decay o f radionuclides is considered. The concentrations presented in Table B-3 and the flow 
parameters presented in Table B-l were used to calculate down-gradient concentrations o f the 
five radionuclides in two separate model runs; one for oxidizing conditions and one for reducing 
conditions. The radionuclide concentrations were calculated for a point 5,000 meters down- 
gradient from the two ore bodies in order to yield results that can be compared to the releases 
from a geologic repository (e.g., the accessible environment is assumed to be 5,000 meters from 
a geologic repository). The concentrations o f dissolved radionuclides at this point were 
calculated after the releases had reached steady state in order to be comparable to a natural ore 
body o f considerable age (in which releases have taken place over geologic time scales). The 
concentrations in ground water 5,000 meters down-gradient in the direction o f ground-water flow 
for oxidizing and reducing conditions are presented in Table B-4. The doses to an individual 
drinking 700 liters o f ground water from a well (located 5,000 meters down the flow gradient 
from the ore deposit) are presented in Table B-5. The dose conversion factors used in the 
calculation and presented in Table B-5 are the highest values from among those used by the EPA 
(EPA, 1988), the DOE (DOE, 1988), and the NRC (NRC, 1981). These calculations indicate that 
the annual dose to an individual from drinking ground water at a location 5,000 meters down- 
gradient from a uranium ore body is 320 and 39 millirems for ore bodies located in oxidizing and 
reducing environments, respectively.



DOSE ГО MAXIMALL EXPOSED INDIVIDUAL

The worst case dose to an in. : <ual, as described in Appendix A, is that o f a person liv ing 5,000 
meters in the direction o f ground-water flow from the uranium ore body who uses well water for 
household use and farming. The dose to this maximally exposed individual can be obtained by 
multiplying the radionuclide concentrations in the well water at this location by an appropriate 
dose conversion factor that accounts for the household use/farming scenario. The dose 
conversion factors were taken from the W ISP report (NAS, 1983), and were converted to the 
units shown in Table B-6. The dose to an individual that arise from household use and food 
production uUng ground water at a point 5,000 meters down-gradient from the ore body range 
form approximately 560 to 170 mrem/yr for oxidizing and reducing conditions, respectively 
(Table B-6).

DOSE T O  A  P O PU LA T IO N  FROM  D R IN K IN G  W ATER AND F A R M IN G

The dose to a population from drinking water can be estimated once the population has been 
determined. The population can be calculated using two approaches. The first approach assumes 
that the population that could receive dose from drinking water is assumed to be the number of 
persons that could use all of the ground water flowing through the repository-equivalent ore body 
for household use. The second approach assumes that all o f the ground water flow ing  through 
the repository-equivalent ore body is used for drinking water only. The second approach will 
yield a larger population but, it is thought to be unrealistic and the first approach w ill be used.

The first approach (ground water used for household use and dose from drinking water) neglects 
doses that would be received through bathing, inhalation, etc. The volume o f  water flowing 
through the ore body is 3.50 x 104 m3/yr (2.1 x 0.15 x 30 x 3700), and the volume o f  water 
flowing through the repository-equivalent ore body is 2.17 x 106 m3/yr (3.50 x 10* x 62). 
Assuming that the average person uses 150 gal/day (2.07 x 102 m3/yr) the population can be 
estimated to be 1.05 x 10* persons. The dose to the population is calculated to be 3.36 x 103 and 
4.10 x 102 person-rem/yr for oxidizing and reducing conditions, respectively.

I f  a farming scenario had been assumed for water use the population would have been 
approximately 120 persons (water use o f 1.8 x 10* m3/yr/person, Appendix A ). The total dose 
to the farming population from household use and food production (Table B-6) is calculated as 
66 and 20 person-rem/yr for oxidizing and reducing conditions, respectively.

H EALTH  E F F E C TS  AND CO M PARISO N W IT H  THE EPA STANDARD

The EPA Standard was based on the number o f  health effects (1,000) that were allowed to occur 
over a 10,000 year period from a 100,000 M TH M  repository. The release limits were derived 
assuming release to an average world river that transported the radionuclides to  the world 
population. In this section the number o f health effects from a uranium ore body is compared 
to the basis for the EPA Standard. The discharge from the ore body is assumed to be released 
into the E PA  river scenario and the health effects are calculated. In addition the releases from 
the ore body are compared to the EPA release limits.



The number o f health effects can be estimated using the conversion factor developed by EPA 
which is 500 health effects for 106 person-rem. In order to be comparable to a repository, the 
health effects are integrated over 10,000 years. For this calculation the dose is from drinking 
water to the population that could use all o f the water flowing through the ore body for 
household use (a population o f  10,500 persons and total dose from Table B-5). This calculation 
yields 1.68 x 10* and 2.05 x 103 health effects from drinking water over the 10,000 year period 
for oxidizing and reducing conditions, respectively. For the fanning scenario the number o f 
health effects are greatly reduced because o f the significantly lower population. Had the 
population been calculated assuming that all o f the water was consumed by drinking only, the 
number o f  health effects would have been considerably higher (as discussed earlier, this appears 
to be an unrealistic scenario).

The E PA  assumed that the release from the repository flows into a large river (5,000 meters 
down-gradient from the repository) which distributes the dose to a much larger population. Using 
the E PA  conversion factors for health effects for the EPA river scenario the number o f health 
effects can be determined. Table B-7 shows that the approximate number o f  health effects for 
the EPA river scenario, from a repository-equivalent uranium ore body is 208 and 24 over 10,000 
years for oxidizing and reducing conditions, respectively [integrated release over 10,000 years 
(Table B-8) x EPA dose conversion factor]. This low value o f health effects is a direct result 
o f  dilution in the river.

The integrated release from a repository-equivalent uranium ore body is calculated by multiplying 
the radionuclide concentration (Ci/m3) by the volume o f ground water flowing through the 
repository-equivalent ore body over a 10,000 year period (2.17 x 10<0 m3). This calculation is 
presented in Table B-8 where the concentration o f the uranium decay chain radionuclides at a 
point 5,000 meters down-gradient from the ore body are expressed in units o f  Ci/m3. These 
releases can be compared to the EPA Standard Table 1 release limits from a repository (40 CFR 
191) (EPA, 1985b), which are expressed per 1,000 MTHM. Thus, the values in Table B-8 must 
be divided by a factor o f 100 because they are for a repository-equivalent uranium ore body 
(100,000 M THM). The EPA limits for total uranium are 100 Ci; for 230Th, 10 Ci; and for “ “Ra,
100 Ci for each 1,000 MTHM. These values are compared to 74 Ci total uranium, 0.04 Ci 23<>ГЬ, 
and 0.4 C i226 Ra released from an equivalent uranium ore body under oxidizing conditions. This 
indicates that the equivalent uranium ore body is releasing radionuclides slightly below the EPA 
limit, yet the dose to an individual is in the 300 to 500 mrem/yr range (see Tables B-5 and B-6). 
This difference stems from the release standard having been derived through dilution in an 
average world river and the uranium ore body having an assumed hydrology similar to typical 
ore bodies o f  the arid western United States.

Had the population been based on drinking water only by assuming an annual consumption o f 
700 liters per person, the population would be calculated to be 3.1 x 106 persons. The health 
effects integrated over 10,000 years from the equivalent ore body under oxidizing conditions 
would have been 4.96 x 106. This value is 49,600 health effects over 10,000 years as compared 
to the basis for 40 CFR 191 which is 1,000 health effects over 10,000 years. This is very 
unrealistic because it is unlikely that a population would drink all o f  the water flowing through 
the ore body. When the dose is assumed to be from drinking water and the population is based 
on a household use scenario (150 gal/day/person) the estimated number o f  health effects for the
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equivalent ore body under oxidizing conditions is 16,800 over 10,000 years (2,050 for reducing 
conditions). This is believed to be a more realistic value than that based on drinking water only.

SU M M A R Y

Two representative uranium ore bodies were developed based on a review o f the literature They 
were located in chemically oxidizing and reducing environments with 500 and 20 ppb 23,U 
dissolved in the ground water o f the ore body, respectively. The daughter products o f 23*U were 
assumed to be in equilibrium with the parent within the ore body. Dose to an individual was 
calculated and a comparison o f the effects o f the ore body with the EPA Standard was made for 
a point 5,000 m down the ground-water gradient from the ore body. This point is equivalent in 
position to the accessible environment defined for a geologic repository. These analyses 
produced the following results:

• The dose to an individual from drinking water ranges from 320 to 39 mrem/yr for 
oxidizing and reducing conditions, respectively.

• The dose to an individual from household use and farming ranges from 560 to 170 
mrem/yr.

• I f  all o f the ground water flowing through the ore body is used for household use 
and the dose is considered to be from drinking water only; the number o f  health 
effects integrated over 10,000 years ranges from 16,800 to 2,050 for oxidizing and 
reducing conditions, respectively. This is compared to the basis for the EPA 
Standard o f 1,000 health effects.

• The releases integrated over 10,000 years from the repository-equivalent uranium 
ore body per 1,000 MTHM, for oxidizing conditions, are 74 Ci total uranium, 0.04 
Ci î*vTh, and 0.4 Ci “ “Ra. The EPA release limits are 100 Ci total uranium; 10 
Ci 2WTh; and 100 Ci “ “Ra.

• This indicates that the EPA Standard is mote stringent in terms o f health effects 
and less stringent in terms o f release than the analog o f a natural uranium ore 
body.

The scenario upon which the EPA Standard is based must be considered when viewing these 
results (i.e., ground-water flow to an average world river which flows to the ocean), this scenario 
is in contrast to the uranium ore bodies with assumed hydrology typical o f the arid west where 
they occur. However even with these differences, i f  a new standard were to be based on the 
premise that a repository should produce no more risk than that from the unmined uranium from 
which the waste was derived it appears that dose to an individual could be 100 mrem/yr or 
higher, and that integrated health effects over 10,000 years could be considerably higher than the
1,000 used by the EPA for the basis for 40 CFR 191.
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Table B-l. Geohydrologic and Size Characteristics of a Representative Uranium Ore Body

Hydraulic conductivity 1.0 x 10"* cm/sec |

Gradient 0.01 I

Porosity 0.15

Pore velocity 2.1 m/yr

Thickness 30 m

Width 3,700 m

Length 50 m (in the direction o f flow)

U ,0 , concentration 0.09%

Host rock density 2.0 g/cm1

1 Reserve 10,000 metric tons U ,0 ,

1 Repository conversion factor 62

Table B-2. Retardation Factors (RJ for Radionuclides in the Uranium 
Decay Chain for Oxidizing and Reducing Conditions

1 RAD IO NU CLID E R , (EPA , W illiam» 
e t  Л ® )

R j (Oxidizing, by 
ratio using spring 
concentrations)

R j (Reducing, 1 
W ISP01)

°*u 14,300 5 40

I34U 14,300 5 40

50,000 5000 5000

226Ra 500 500 500

2.°pb N/A 50 50

(l) See EPA (1980) 
®  See NAS (1983)
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Table B-3. Concentration of Radionuclides Dissolved in Ground Water within the Ore Body

I RADIO- 
I NUCLIDE

H ALF-LIFE
(YEARS)

SPECIFIC
A C T IV IT Y

(Ci/g)

CONCEN-
T R A T IO N

(вЛп3)
(Oxidizing)

CONCEN
T R A T IO N

(g/m3)
(Reducing)

I 2“ U 4.47 x 10* 3.37 x 10 7 5.0 x I f f1 2.0 x I f f2

1 “ U 2.45 x 105 6.26 x I f f3 2.7 x I f f5 1.1 x lO*

I 2WTh 7.70 x 10* 2.02 x 10 ! 8.4 x I f f6 3.4 x I f f7

I “ Ra 1.60 x 103 9.90 x 101 1.7 x I f f7 6.8 x lO'9

I 210Pb 2.23 x 10' 7.64 x 10* 2.2 x I f f9 8.8 x I f f11

Table B-4. Concentration o f  Radionuclides 5,000 Meters 
Down-Gradient From a Uranium Ore Body

R AD IO NU CLID E CONCENTRATIO N ,
O X ID IZ IN G

(pCl/1)

CO NCENTRATIO N,
REDUCING

(pCi/1)

“ U 1.7 x 102 6.7 x 10°

234U 1.7 x 102 6.9 x 10°

“ n i l 1.8 x I f f1 5.7 x 10'2

“ ‘ Ra 1.8 x 10° 5.6 x I f f 1

2l0Pb 1.8 x 101 5.7 x 10°
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Table B-5. Dose to an Individual From Drinking Ground Water 5,000 Meters
Down-Gradient From a Uranium Ore Body

RADIONUCLIDE DOSE
CONVERSION

(rem/Ci)

DOSE, Oxidizing 
(rem/yr)

DOSE, Reducing 
(rem/yr)

“ U 8.57 x 105 0.10 4.0 x 103

“ U 9.86 x 105 0.12 4.8 x 103

“ Th 6.29 x 10s 7.9 x 10‘3 2.5 x 10 5

“ Ra 1.38 x 106 1.7 x 10-3 5.4 x lO-1

I 2,0Pb 7.43 x 10* 9.4 x 1СГ1 3.0 x 102

I Total 0.32 3.9 x 10'2
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Table В-6. Dose lo an Individual From Household Use sod F arm ing  U sing G round
Water 5,000 Meters Down-Gradient From a Uranium Ore Body О

RAD IO NU CLID E
DOSE 

CO NVERSIO N <" 
(rem mVC! yr)

DOSE, Oxidizing 
(rem/yr)

DOSE, Reducing 
(rem/ÿr)

2MU 1.08 x 105 1.83 x 10 2 7.28 x IO"4

23*u 1.41 x 105 2.43 x 10* 9.71 x 10"4

2.97 x 105 5.32 x IO'5 1.70 x 10'5

a6Ra 8.88 x 106 1.55 x 10 2 4.99 x I f f ’

2,0Pb 2.84 x 107 5.06 x I f f ' 1.62 x 10 '

Total 5.64 x 10-' 1.69 x 101 j
(1) See NAS (1983)
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Table B-7. Health Effects From a Repository-Equivalent Uranium Ore Body 
Over 10,000 Years for the EPA River Scenario

RAD IO NU CLID E DOSE 
CONVERSION™ 

(Health effects/a)

H E ALTH
EFFECTS
(Oxidizing)

H E ALTH  S 
EFFECTS I 
(Reducing) 1

“ U 2.08 x I f f1 76.3 3.04 !

2MU 1.98 x I f f2 73.9 2.97 I

“ “Th 7.25 x 101 2.81 0.91 I

^ R a 1.68 x I f f ' 6.38 2.05

2l0Pb 1.25 x I f f1 48.3

J Total 208 (207.69) 24 (24.37)

(1) See EPA (1985a)
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Table B-8. Integrated Release o f Radionuclides Over 10,000 Years at a Point 5,000 Meters 
Down-Gradient From a Repository-Equivalent Uranium Ore Body

1 RAD IO 
NUCLIDE

CONCEN
T R A T IO N

O X ID IZ IN G
(Cl/m3)

CONCEN
TR A T IO N

REDUCING
(Ci/m3)

INTEG RATED
RELEASE

O XID IZ IN G
(C i)

IN TE G RATE D
RELEASE

REDUCING
(C i)

“*U 1.69 x I f f ’ 6.74 x 10-" 3670 146

°*u 1.72 x 10-’ 6.89 x 10-’ 3730 150

2X>Th 1.79 x 1010 5.74 x 10 " 3.88 1.25

“ Ra 1.75 x lO* 5.62 x 1010 38.0 12.2

2l°pb 1.78 x 10-* 5.69 x I f f9 386 123

B-14



APPENDIX С

CO M PARISO N W IT H  TH E RESULTS OF THE 

W ASTE  ISO LAT IO N  SYSTEM  PAN E L



C O M PARISO N  W IT H  TH E  RESULTS O F TH E W ASTE  IS O LA T IO N  SYSTEM  PAN E L 
(W ISP)

The analyses conducted by the WISP (NAS, 1983) were done prior to the decision to use the 
unsaturated zone at Yucca Mountain and before the distance to the accessible environment had 
changed from 10,000 to 5,000 meters (EPA, 1985). Also, to avoid making assumptions regarding 
the pore velocity for the generic sites (because that parameter was poorly known at the time), the 
W ISP plotted their dose results as a function o f ground-water travel time. In order to assure 
ourselves that wr were producing similar results with the UBCNE-41 model (Lung et al„ 1987) 
our first task was to compare our results with tbe results o f  the WISP.

This comparison was begun by examining the source term used in the WISP calculations. This 
source term is presented in Table C -l, along with the retardation and dose conversion factors. 
The transport model requires an initial concentration o f each radionuclide (which is a function 
o f the solubility and the flux past the waste package or the alteration rate and the flux past the 
package), and the radionuclide chains considered. When competing isotopes o f  the same element 
are present, the solubility must be proportioned among the isotopes. This was done on the basis 
o f the mass o f each isotope present in the inventory. For advective release the fractional release 
for each radionuclide was determined by the following equation (NAS, 1983):

fjA is the fractional release rate o f  radionuclide j (у г1);
Nj is the radionuclide solubility (g/m1);
Dj is the diffusion coefficient (mVyr); 
ne is the effective porosity;
U is the pore velocity (m/yr);
R  is the package radius (m);
L  is the package length (m); and
nj is the bulk density o f the radionuclide in tbe waste (g/m3).

When U  R / Dj is less than 4 tbe release is no longer advection controlled, but is controlled by
diffusion. The fractional release is then given by the following equation (NAS, 1983):

when — > 4 
R

where:

(Eq. C-2)

where:

P is 3 / R,2; and
R, is the radius o f a sphere that has a surface area equal to that o f the package.
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The leach time is then calculated as:

Leach time =  1 / f¡ (either advection or diffusion controlled; = f| A or fjj>)

For radionuclides that are released through alteration o f the waste (alteration limited) the leach 
time is simply the inverse o f the alteration rate.

The WISP used the following parameters:

Porosity, n., =  0.01;
fj = 2 x 10-* yr'1 for “ ’ Np, 4 x 10 7 yr'1 for WC;
L  = 2.46 m;
R = 0.152 m;
Ц  = 3.15 x I f f2 m2/yr,
U = 1.00 m /yr;
Dispersion Coeff. = 50 mVyr,
Ground-water flow 9.90 x 10* m3/yr, and
Distance to the accessible environment =  10,000 meters.

For each radionuclide, the parameters and equations shown above and the source term 
components shown in Table C -l were used :o calculate the initial concentrations and leach times 
for various fluxes o f  ground-water flow through a repository in the saturated zone.

The initial concentration o f each radionuclide was calculated as follows:

^  mass o f radionuclide in inventory at t^ x  (fractional release or alteration rate)

0 (ground-water flow rate)

where tg is the time o f waste package failure.

These concentrations and leach times were then used as input to UCBNE-41, which was used to 
calculate concentrations at the accessible environment. The dose to an individual from each 
radionuclide was calcu’ . led and plotted against its corresponding ground-water travel time. This 
process was used to produce the curves shown in Figure C -l, which were taken directly from 
Figure 9-12 o f the WISP report (NAS, 1983). This approach was followed to produce the plots 
for a7Np and 14C which are shown in Figure C-2, and compare favorably with the results o f the 
WISP (Figure C -l). The time that the peak dose occurs is a function o f the retardation o f each 
radionuclide.
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Table C - l.  Source Term Information, Retardation Factors, and Dose Conversion 
Factors Used by the Waste Isolation System Panel (W ISP) (l)

1 RADIO
NUCLIDE

H ALF -
L IFE

(yrs)

INVEN
TORY

(Bq)

SOLU
B ILITY

(g/m3)

RETARD
ATION
FACTOR

DOSE
CON
VERSION
(Sv-m1/
Bq-yr)

DOSE I 
R ATIO  D
(Drinking/ I 
Total) j

l4C 5.73 x  105 5.73 xlO15 1 9.21 x lf f7 1.22 x l f f4 !

j ™Se 6.50 x 104 1.46 xlO15 1.0 x I f f3 50 1.60 x lff1 4.27 x lf f4 1

1 ” Zr 1.50 x  106 6.68 xlO15 1.0 x I f f4 5000 4.83 x l f f13 3.00 x l f f 1 I

Г *Г с 2.12 x  10s 4.84 xlO“ 1.0 x I f f3 5 7.03 x l f f10 1.00 x l f f2

‘“ Sn 1.00 x 10s 2.88 xlO15 1.0 x I f f3 1000 2.77 x lff* 1.20 x l f f2

‘*1 1.70 x 10’ 1.16 xlO14 1 2.04 x lff* 7.07 x l f f2

,îsCs 3.00 x 10* 1.28 xlO15 500 5.26 xlO* 2.67 x l f f2

* u 2.47 x  10s 4.16 xlO13 1.0 x I f f3 40 3.80 x lff* 1.88 x l f f 1

1 4.51 x  109 1.16 xlO13 1.0 x 103 40 2.91 x lff* 2.15 x l f f 1

“ ’Np 2.14 x 106 1.16 xlO15 1.0 x I f f3 100 1.29 x lff5 8.41 x l f f2

“ Pu 8.60 x 101 4.26 xlO16 1.0 x I f f3 200

“ Pu 2.44 x 104 1.16 xlO16 1.0 x I f f3 200 9.80 x l f f9 1.94 x l f f 1 I

“ "Pu 6.58 x 103 1.95 xlO,e 1.0 x 10’3 200 9.80 x lf f9 1.94x10-'

MIPu 1.32 x  10' 4.57 xlO1* 1.0 x I f f5 200

“ Pu 3.79 x  103 6.50 xlO13 1.0 x I f f3 200 9.50 x l f f9 1.85 x l f f 1

241 Am 4.58 x 102 7.03 xlO17 1.0 x I f f4 1000 1.26 xlO'7 4.30 x l f f2

M3Am 7.95 x 103 6.31 xlO16 1.0 x 10-4 1000 1.23 xlO'1 4.29 x l f f2

M Cm 4.46 x I f f1 7.29 xlO19 1.0 x 10 3 500

^ C m 1.76 x 101 5.55 x l0 “ 1.0 x I f f3 500

M5Cm 9.30 x 103 7.68 xlO13 1.0 x I f f3 500

[ M Cm 5.50 x 103 1.06 xlO’4 1.0 x 10 ‘3 500 1

(1) See NAS (1983)



Figure C -l. Peak Individual Dose as a Function o f Ground-Water Travel Time (Taken 
from Figure 9-12 o f  the WISP Report, Reference NAS, 1983).

Distance *  10,000 meters

Water Travel Tune (yean)

Figure C-2. Peak Individual Dose as a Function of Ground-Water Travel Time
for “ ’Np and 14C for Comparison with the WISP Results.
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101 Convention Center Drive, Suite PI 10
Las Vegas. Nevada 89109-2006

[1] Richard Memory 
Systems Analysis
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] Srikanta Mishra
Performance Assessment
Civilian Radioactive Waste Management System
Management and Operating Contractor
101 Convention Center Drive, Suite PI 10
Las Vegas, Nevada 89109-2006

II] S. P. Nesbit
Regulatory and Licensing
Civilian Radioactive Waste Management System
Management and Operating Contractor
101 Convention Center Drive, Suite PI 10
Las Vegas, Nevada 89109-2006
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[1] M. W. Pendleton
Technical Evaluation
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] L. D. Ramspott 
Senior Staff
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] R. M. Sandifer
Deputy for MGDS Operations
Civilian Radioactive Waste Management System
Management and Operating Contractor
101 Convention Center Drive, Suite PI 10 i ^
Las Vegas, Nevada 89109-2006

[1] S. F. Saterlie
Systems Analysis
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas. Nevada 89109-2006

[1] Scott Sinnock 
Senior Staff
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] A. J. Smith
Performance Assessment
Civilian Radioactive Waste Management System
Management and Operating Contractor
101 Convention Center Drive, Suite PI 10
Las Vegas, Nevada 89109-2006 )



Yucca Mountain Site Characterization Project 29 of 30
Publication Distribution List- April, 1994 

(Square-bracketed numbers following names 
indicate number of copies to be sent.)

[1] R. K. St. Clair
Regulatory Management and Integration 
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] David Stahl
Waste Package Design
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas. Nevada 89109-2006

[1] С. T. Statton
Site Characterization
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] В. H. Thompson 
Systems Analysis
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] A. E. Van Luik
Performance Assessment Management &  Integration 
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] R.G. Vawter
Deputy for Management and Integration 
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006
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[1] E. M. Weaver
Regulatory Management and Integration 
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006

[1] J. L. Younker
Regulatory and Technical Evaluation 
Civilian Radioactive Waste Management System 
Management and Operating Contractor 
101 Convention Center Drive, Suite PI 10 
Las Vegas, Nevada 89109-2006
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