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EXECUTIVE SUMMARY
A key question for the site recommendation and license application decisions is whether
a repository system at the Yucca Mountain site would protect the public from any
unreasonable long-term risk after permanent closure. The U.S. Department of Energy is
preparing a case regarding long-term safety to support those considerations. This
strategy guides the work to complete that safety case.
The safety case will focus on the two categories of radionuclides that would dominate
long-term performance. The first category includes those radionuclides sufficiently
insoluble that only trace amounts can dissolve into the water that might seep into the
repository. This category includes the vast majority of the radionuclides that would be in
the repository. In addition to their limited solubility, natural processes retard their
movement in the rock and dilute their concentration at the Yucca Mountain site.
Analyses in the safety case will focus on demonstrating that the solubility limits of these
radionuclides, dilution of their concentrations during migration, and retardation of
radionuclide migration in the unsaturated and saturated zone rocks limit risk to the public.
The second category includes the small fraction of radionuclides that are relatively
soluble (less than 0.004 percent of the total inventory) and those that might attach to
colloids. Some of these radionuclides could be mobilized and migrate through the rock if
exposed to liquid water. Risk from these radionuclides would be minimized if the waste
were not exposed to water. The safety case will, therefore, describe the role of the
natural and engineered barriers in preventing contact of the water with the waste. It will
describe the natural aridity of this desert site and the limited precipitation onto the
mountain; the effectiveness of runoff, evaporation, and transpiration in preventing all but
a fraction of the precipitation from infiltrating deep into the mountain; and the tendency
of water reaching the repository to be held in the small pores of the rock by capillary
forces. The safety case will assess the potential for limited seepage of this water into the
potential emplacement drifts. The safety case will also evaluate the effectiveness of
engineered barriers in diverting water. The repository system would utilize a robust
waste package made of highly corrosion-resistant material to prevent exposure of the
waste to water and a separate drip shield over the waste package to provide defense-indepth. Therefore, in addition to the considerations for the less mobile radionuclides, the
safety case will provide analyses of the characteristics limiting seepage into the
emplacement drifts and performance of the drip shield and waste package in those drifts.
Accordingly, the safety case will focus on the following principal factors:
* Limited seepage of water into the emplacement drifts
* Performance of the drip shield /
* Performance of the waste package 7
* Solubility limits of dissolved radionuclides in Yucca Mountain water
* Retardation of radionuclide migration in the unsaturated zone
* Retardation of radionuclide migration in the saturated zone
* Dilution of radionuclide concentrations during migration
TDR-WIS-RL-000001 REV 03
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The safety case will also address those features, processes, and events with potential to
disrupt the repository system. These have been a particular focus of the site
characterization program and the safety case will summarize the information collected to
date regarding the likelihood of seismic activity capable of disrupting the repository over
the next 10,000 years and the risk from scenarios for igneous activity. The safety case
will summarize the information regarding other potentially disruptive processes and
events including nuclear criticality and rise of the water table and will evaluate whether
these are likely to pose any significant risk to the public over the next 10,000 years. The
safety case will document this information to permit comprehensive consideration of the
potential for repository system disruptions in the site recommendation and licensing
considerations.
The safety case will address uncertainty in postclosure performance of the repository
system in two ways. First, the safety case will be robust in terms of design features and
appropriate conservatism in the analyses. The case will provide information from
multiple points of view including:
*
*
*
*
*

Performance assessment
Safety margin and defense-in-depth
Consideration of potentially disruptive processes and events
Insights from natural analogues
Long-term performance evaluation and confirmation.

Performance assessment includes quantitative estimates of postclosure performance using
appropriate models. The safety case will include estimates of annual dose to an average
member of the critical group, quantitative sensitivity and uncertainty analyses, and
analyses to identify the specific contributions of key barriers to system performance.
Safety margin means the system is designed to provide performance exceeding regulatory
requirements to increase confidence those requirements are met. Defense-in-depth means
utilization of multiple natural and engineered barriers to ensure system performance does
not rely unduly on any single element of the system. The safety case to support the site
recommendation and licensing decision-making will describe the measures taken to
ensure safety margin and defense-in-depth and will include analyses to support
assessment of the degree of margin and defense-in-depth provided by the potential
repository system.
Consideration of potentially disruptive processes and events includes their explicit
consideration in both quantitative performance assessments and qualitative analyses. The
safety case to support decision-making will explicitly address potential human intrusion,
postclosure criticality, seismic activity, and igneous activity.
Insights from natural analogues include information from other sites that have a bearing
on conclusions about the long-term performance of a repository system at this site. The
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safety case will include natural analogue information in the technical basis for
radionuclide migration models.
Long-term performance evaluation and confirmation is the program of testing and
analyses that would be conducted after license application. This program would continue
until permanent closure of the repository system. The safety case will provide a plan for
the specific long-term testing and analyses to evaluate performance of the system,
monitor whether conditions are as anticipated, and confirm components are performing as
expected.
In addition to mitigating impacts of uncertainties through robustness, the safety case will
explicitly address those uncertainties that can be characterized. These uncertainties arise
from known heterogeneity and variability in site characteristics and dispersion in
measured values of material degradation rates. These will be treated by incorporating
parameter uncertainty in the quantitative performance assessments in each of these areas
and analyzing alternate conceptual models for the key processes important to
performance.
This strategy guides the work to complete a postclosure safety case to support the
considerations for the site recommendation and license application decisions. The
strategy identifies the areas of work needed to answer the remaining questions regarding
the principal factors of that safety case. It also identifies the work remaining to complete
other aspects of the safety case (e.g., the performance confirmation plan). This work will
be completed in time to support the site recommendation and licensing considerations.
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1.
1.1

INTRODUCTION

BACKGROUND

A key issue for a potential repository system at the Yucca Mountain site is whether it would
provide long-term public safety, that is, adequately protect the public from risks associated with
emplaced spent nuclear fuel and high-level waste after permanent closure. This issue will be
central to the site recommendation (SR) and license application (LA) decisions regarding
development of such a system. The U.S. Department of Energy (DOE) is therefore developing a
postclosure safety case to document the basis for DOE's position on long-term safety of the
proposed repository. This strategy guides development of that safety case, focusing on the
factors of most importance to postclosure performance of a potential repository system at Yucca
Mountain and identifies the information yet needed for the considerations to support the SR and
LA decision-making. This strategy is a general plan and does not provide requirements for the
potential repository system. Factors in this strategy will be considered in developing those
requirements. (as well as criteria for acceptance of data and formal quality assurance
classification of systems and components); nevertheless, these requirements will be provided in
other documents.
This section summarizes important issues related to the development of this strategy. It
describes the evolution of the strategy, discusses specific changes for this revision, and
summarizes the general strategy for addressing uncertainties in the postclosure safety case.
Section 2 summarizes the current status of the postclosure safety case. Section 3 identifies the
principal factors of the safety case. Section 3 also addresses other factors, including those that
could present opportunities for enhanced performance of the system. Section 4 summarizes the
work needed to address issues regarding the principal factors and complete the postclosure safety
case to support the SR and LA.
This report also includes five appendices. Appendix A provides a summary description of the
potential repository system that provided the basis for this revision. Appendix B summarizes the
current regulatory framework under which this revision of the strategy was developed.
Appendix C summarizes the methods expected to be used for the safety assessment of this
system, including total system performance assessment, barriers importance analyses, and
assessment of inadvertent human intrusion. Appendix D summarizes the review conducted to
evaluate the current safety case, identify the principal factors of the safety case, and prioritize the
work yet needed to address remaining issues and complete the postclosure safety case. Finally,
Appendix E presents the results of preliminary performance assessments and barriers importance
analyses that were considered in the review discussed in Appendix D.
1.2

EVOLUTION OF THE REPOSITORY SAFETY STRATEGY

The sequence of decisions regarding the potential repository system is made in light of
increasing site information and design development. Accordingly, the safety case supporting
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those decisions also evolves. Likewise, the strategy for evolving that safety case changes as the
information increases and the design is developed.
The general process of updating the postclosure safety case to address the information needed to
support a future decision is shown in Figure 1-1. The process includes an assessment of the
information needed to support that decision. Those needs dictate the strategy for needed
measurements, design enhancement, and model development to update the technical basis. After
conducting the work defined in that strategy, a safety assessment is conducted to update the
safety case. This safety assessment includes performance assessments and other analyses needed
to provide the information needed to support the decision-making.

Decision

a)~~~~~~~~~~~
Safety
Case

Inforaton
NeedsSaeyCs
Repository
Safety Strategy

7S
Safety
£Assessment

:

r

Figure 1-1.

Updae

Role of the Repository Safety Strategy in Updating the Postclosure Safety Case to
Support a Future Decision

This process of updating the safety case and the repository safety strategy is iterative. Figure 1-2
shows the application of the process to the development from the safety case prepared for the
Viability Assessment (VA) (DOE 1998b), to the safety case considered in the evaluation of
enhanced design alternatives, to the safety case that is to be prepared to support the SR and LA
considerations. The initial version of the strategy presented in the original plan to characterize
the Yucca Mountain site (DOE 1988) was based on the preliminary site information available at
that time and provided the basis for the initial plans for site investigations, design, and
performance assessment model development. Periodically these plans have been revised
following the general process illustrated in Figure 1-2. The basis for the version of the strategy
herein includes the information obtained following the plans as they have evolved.
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Design
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Saety Assessment
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o

SI

SRILA
Safety Assessment

Figure 1-2. Iterative Development of the Safety Case to Support the SR and LA Decisions
1.3

CHANGES FOR THIS REVISION

The previous version of this strategy (DOE 1998a) provided the basis for the plans presented in
the VA (DOE 1998b) regarding the postclosure safety case. That revision was based on the VA
system design and the information available at that time and identified a set of principal factors
for that design and information base. Since then the system design has been enhanced and
additional information has been obtained. The current understanding is summarized in
Appendix A. These changes have resulted in adjustments to the understanding of the principal
factors; however, the fundamental understanding has not substantially changed. The information
continues to support a strategy relying on the advantages the Yucca Mountain site offers in terms
of natural waste isolation barriers and the features that favor performance of engineered barriers.
Thus, the strategy continues to focus on completing a safety case demonstrating that multiple
natural and engineered barriers combine to enhance postclosure performance and protection of
public health and safety.
The strategy has also changed in response to modifications to the regulatory framework for the
potential repository system. An important consideration in this regard has been a shift in
philosophy in the U.S. Nuclear Regulatory Commission's (NRC's) regulatory approach from one
using prescriptive subsystem performance objectives to one using a risk-informed, performancebased approach. Previous revisions of this strategy already incorporated principles associated
with this risk-informed, performance-based philosophy. In particular, the strategy already
advocates an integrated total system performance assessment supported by a sound foundation
that includes defense-in-depth and incorporation of safety margins.
The currently proposed regulations considered for this revision are summarized in Appendix B.
The final regulations may be different from these proposals. However, while details of the final
regulations may differ from those of these proposed regulations, the underlying concepts are not
TDR-WIS-RL-000001 REV 03
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expected to change dramatically. For example, the risk-informed, performance-based approach
implemented in the NRC's proposed rule is expected to remain intact. Likewise, the concepts
underlying the U.S. Environmental Protection Agency's (EPA's) proposed standards and DOE's
proposed siting guidelines are expected to remain unchanged. Because this strategy focuses on
these underlying concepts, changes in the regulations themselves are not expected to lead to
extensive changes in the strategy.
As in the previous version, this revision of the repository safety strategy points to both SR and
LA decisions. These decisions are different and the representations of the factors important to
postclosure safety may evolve from one decision to the next. The representation of a factor (see
Section 3) includes the process models relevant to that factor, any abstraction of those models for
the performance assessments, and the values of the parameters used in quantitative estimates of
postclosure performance.
For the SR considerations, the postclosure safety case must be sufficient to support the
determination of the suitability of the site for repository development. That safety case will
include representations of the important factors that are as realistic as possible. If the Yucca
Mountain site is determined to be suitable for repository development and a decision is made to
submit a license application to the NRC, the postclosure safety case must be sufficient to enable
the NRC to make a finding that there is reasonable assurance regarding postclosure public safety.
To facilitate the regulatory review of the safety case the focus will be on those factors most
important to postclosure safety. Where appropriate, technically defensible simplifications will
be considered for those factors that can be demonstrated to contribute little to the safety case.
The safety case will therefore evolve based on the sensitivity and uncertainty analyses conducted
to support the SR. This revision of the strategy describes the plans to complete the safety case to
support site recommendation and the plans to evolve that case for the LA should the site be
found suitable.
1.4

ADDRESSING UNCERTAINTY IN THE POSTCLOSURE SAFETY CASE

A key concern for the SR and LA considerations will be the treatment of uncertainties in the
postclosure safety case. These considerations must take into account the fact that knowledge
regarding many aspects of the system and performance thousands of years in the future will
necessarily be imperfect. Uncertainties associated with imperfect knowledge include those
arising from complexity of processes (e.g., the mechanism for flow in unsaturated, fractured
rock). They also arise from the potential for unanticipated failure mechanisms such as unknown
degradation modes or failures in manufacture and installation. They also occur in considerations
of long-term (thousands of years) evolution of the system such as alteration of system
characteristics due to heat produced by the emplaced waste.
The NRC's move to a risk-informed, performance-based regulation presumes that many, if not
most, of the significant uncertainties in postclosure performance can be explicitly addressed
within the safety case. However, because it is expected that not all uncertainties will be
explicitly included and because controversy could arise in areas not yet anticipated, the DOE's
approach to the safety case incorporates additional measures including safety margins and
defense-in-depth. Accordingly, uncertainties will be addressed through a combination of explicit
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treatment and robustness in the safety case.
information in five areas:
*
*
*
*
*

Robustness will be provided by developing

Performance assessment
Safety margin and defense-in-depth
Consideration of potentially disruptive processes and events
Insights from natural analogues
Long-term performance evaluation and confirmation.

The first area, performance assessment, includes the quantitative estimates of postclosure
performance specified as an element of the postclosure safety case in Revision 2 (DOE 1998a) of
this strategy. Development in this area also includes completing the technical basis required to
satisfy the requirements of NRC's proposed rule at 10 CFR 63.114 (64 FR 8640) and accounting
for uncertainties in that technical basis. Similar requirements are included in the DOE's
proposed site suitability guidelines at 10 CFR 963.16 (64 FR 67054).
Safety margin refers to excess capacity beyond safety criteria in order to compensate for
uncertainties not accounted for in the performance assessments. This margin includes
accounting for barriers and other measures not explicitly taken into account in those calculations.
It also includes consideration of the margin between quantitative estimates of postclosure
performance and the quantitative standards established for postclosure performance and
examination of performance beyond the regulatory period of interest to provide increased
confidence in meeting those standards. Defense-in-depth is the use of multiple natural and
engineered barriers to ensure safety does not unduly depend on any single element of the system.
Postclosure defense-in-depth will be addressed in terms of designs chosen to provide multiple
effective barriers and analyses to assess their specific contribution to postclosure performance.
These analyses will also serve to clarify the role of these barriers with regard to postclosure
safety and the importance of uncertainties in their performance.
Consideration of potentially disruptive processes and events ensures that factors potentially
adverse to performance are explicitly examined. These include specific processes of concern
(e.g., extreme adverse conditions at the site and deleterious changes to otherwise favorable
conditions) and disruptive events (e.g., potential seismic activity or inadvertent human intrusion).
This element includes incorporation of these processes and events into the performance
assessments, as appropriate.
Insights from natural analogues include the use of natural analogues to support the process
models and abstractions used for the performance assessment estimates. They also include the
understanding provided from those natural analogues (e.g., regarding the longevity of materials)
contributing to confidence in the safety case.
Long-term performance evaluation and confirmation is the program of testing and analyses that
would be conducted in the period after license application. The safety case will provide a plan
for the specific long-term testing and analyses to evaluate performance of the system, to monitor
whether conditions are as anticipated, and to confirm that components are performing as
expected.
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The preceding paragraphs summarize the general approach of the safety case in addressing
uncertainties associated with imperfect knowledge. The status of the efforts in each of these
areas is summarized in Section 2.
In addition to safety margin, defense-in-depth, and the other aspects of the safety case intended
to address uncertainties, uncertainties that can be characterized will be explicitly addressed
within the performance assessment.
These include uncertainties arising from known
heterogeneity in site properties, variation in system characteristics across the repository, and
dispersion in measurements of material properties. To the extent appropriate these uncertainties
are to be addressed by explicitly accounting for them within the analyses for each of the areas of
the safety case. The safety case will, for example, explicitly incorporate parameter uncertainty in
the quantitative performance assessments and analyze alternate conceptual models. In addition,
the performance assessment models and computer codes used in those analyses will be tested and
evaluated. The status of the efforts in these areas is summarized in Section 2.1.3.
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2. CURRENT STATUS OF THE POSTCLOSURE SAFETY CASE
This section summarizes the status of the current postclosure safety case. The safety case
prepared to support the VA is summarized in the previous revision of this strategy (DOE 1998a).
That case was sufficient for assessment of Yucca Mountain's viability for continued evaluation.
That repository safety strategy recommended consideration of design enhancements to provide
additional safety margin and defense-in-depth. Work has proceeded following that VA strategy.
Design enhancements were evaluated and an enhanced reference design was selected. Although
not all of the other work identified in the VA strategy has been completed, the design
enhancements and information already obtained justify changes to the safety case. In addition,
the safety case has been updated to provide consistency with proposed changes to the regulatory
framework (see Appendix B).
The postclosure safety case utilizes multiple lines of evidence regarding postclosure safety.
Consequently, this strategy includes development in five areas:
*
*
*
*
*

Performance assessment
Safety margin, and defense-in-depth
Consideration of potentially disruptive processes and events
Insights from natural analogues
Long-term performance evaluation and confirmation.

The current status of this development is summarized in the following discussions.
2.1

PERFORMANCE ASSESSMENT

Performance assessment serves a dual role for the postclosure safety case. First, it uses a
description of the system and models for the processes affecting the system to provide a
quantitative estimate of postclosure performance. This estimate is used for comparison with the
quantitative performance objective. The work also includes "barriers importance analysis," (i.e.,
quantitative assessment of the contribution of barriers of the system to system performance).
These quantitative estimates form a key component of the postclosure safety case itself.
Second, performance assessment serves as an integrator of information to help in the formulation
of the overall safety case. It includes sensitivity studies to examine the importance of the models
and parameters contributing to the quantitative estimates of performance. It includes
identification of features, events, and processes (FEPs) that might affect the performance of the
potential repository system and examination of their potential effects. In addition, safety margin
and defense-in-depth incorporated into the system design are evaluated in the context of overall
contribution in the performance assessment sensitivity studies and barriers importance analyses.
These analyses help assess whether changes are needed in the degree of safety margin and
defense-in-depth provided by the system. In this sense, performance assessment provides a key
element of the integrated safety assessment of the system.
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To distinguish these two performance assessment roles, the first is referred to as "total system
performance assessment (TSPA)" and the second is referred to as "contribution to the total
system safety assessment." The following discussions address the current status of each of these
aspects. In addition, the status of the treatment of uncertainties within the performance
assessments is discussed below.
2.1.1

Current Status of Total System Performance Assessment

Quantitative estimates of postclosure performance have been made for a potential repository
system at Yucca Mountain since 1991. The most recent set of such calculations was presented in
the VA (DOE 1998b, Volume 3). The method used for these estimates is outlined in
Appendix E.
To date, assessments have been made to guide site characterization, design development, and
improvement to the performance assessment methodology and to assess viability of future work.
These have not focused on determination of compliance with regulatory standards. The future
estimates will focus on compliance with those standards.
For site recommendation
considerations, the focus will be on the requirements for the postclosure suitability determination
in the DOE's site suitability guidelines, which require that the applicable radiation protection
standard be met. For the license application, the focus will be on the postclosure performance
objective of the NRC's licensing criteria, which must implement the EPA's final postclosure
standards for radiological protection. The DOE's quantitative performance estimates will focus
on the criteria appropriate to each decision point. The current status of proposed revisions to the
regulatory framework for site recommendation and licensing is discussed in Appendix B.
Preliminary quantitative estimates of total system performance for the enhanced system design
are presented in Appendix E.' Figure 2-1 summarizes a preliminary estimate of expected
performance based upon models similar to those used in the performance assessments for the
VA. This figure shows first the annual dose calculated to occur if the waste were not emplaced
in the repository but simply dissolved in the water ingested by individuals each year (see Figure
E-2 and associated discussion). Figure 2-1 also shows the calculated dose to an individual in
Amargosa Valley taking into account only the natural barriers between the waste and that
individual. This calculation does not include performance of the waste packages, drip shields, or
other engineered barriers. This curve illustrates the significant role of the natural barriers at the
Yucca Mountain site in potential repository performance, reducing the calculated dose rate by
more than eight orders of magnitude from the result that omits any repository system barriers.
The calculated annual dose for the natural-barriers-only curve arises almost entirely from the
relatively soluble and mobile radionuclides. These radionuclides include technetium-99 and
iodine-129 that compose less than 0.004 percent of the total radionuclide inventory (see
Section E.1). These analyses suggest that most of the radionuclides are sufficiently immobile
they would contribute no significant risk to an individual in Amargosa Valley.

Figure 2-1 and others herein include comparisons with the standard in the NRC's currently proposed rule.
However, these are intended only for perspective and do not reflect an opinion about what the final standards
implemented by the NRC might be.
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Figure 2-1. Preliminary Estimate of Performance of the Potential Repository System
Figure 2-1 also shows estimated system performance when the engineered barriers as well as the
natural barriers are taken into account with and without the drip shield (see Figure E-9 and
associated discussion). The combination of natural barriers and robust waste packages reduces
the calculated dose rate significantly in this estimate. The figure indicates that when both drip
shields and waste packages are taken into account, calculated annual dose is zero for more than
100,000 years (see discussion in Section E.7.2). Although the drip shield's primary function is
to protect the waste in the event of premature waste package failure, the figure suggests the drip
shield also enhances waste package lifetime and, as a result, system performance.
The longevity of the waste package and drip shield in this estimate reflects the favorable
conditions provided by the Yucca Mountain geologic setting in these analyses. The site provides
a thick unsaturated zone where the emplacement drifts can be located both far above the water
table and deep below the surface. The thick layer of rock between the potential repository and
the surface isolates the waste package and drip shield from changes in conditions at the surface
of the mountain and defines specific temperature, relative humidity, and chemistry ranges to
which the waste package and drip shield can be designed. Preliminary evaluation of waste
package and drip shield performance shows little sensitivity to the range of expected conditions
(see Appendix E) and no expected breaching of the waste packages due to general corrosion,
pitting, or crevice corrosion for more than 100,000 years.
These results are preliminary and do not take into account some corrosion mechanisms such as

stress corrosion cracking near welds or early failures due to improper manufacture or

emplacement. To address the possibility of early failure of these barriers, analyses have been
conducted assuming such failure (see Section E.5). Typical results are shown in Figure 2-2. The
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estimates arbitrarily assume early failure (within the first 1,000 years) of the waste package
located under the first drip shield to fail. Even with this imposed failure, the analysis shows no
significant release for 10,000 years and a calculated peak annual dose to an individual in
Amargosa Valley of less than 0.01 millirem/year for at least 100,000 years.
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Figure 2-2.

2.1.2

Preliminary Estimate of Annual Dose for Imposed Early Waste Package Failure
Scenario

Current Status of Total System Safety Assessment

The general approach to TSPA analyses conducted to date is summarized in Appendix C. These
methods have been applied to the enhanced repository system design in preliminary analyses
summarized in Appendix E. Typical results are shown in Figures 2-1 and 2-2. These
calculations have been made taking into account the processes affecting performance, but the
models for these processes are uncertain and the full range of this uncertainty has not yet been
considered. These uncertainties still need to be addressed in the estimates of postclosure
performance.
In spite of these limitations, the results suggest the following preliminary conclusions. First, two
categories of radionuclides appear to be important to the safety assessments. The first category
of radionuclides includes those that are sufficiently insoluble that only trace amounts can
dissolve into water that might seep into the repository. This category includes the vast majority
of the radionuclides in the repository. In addition to their limited solubility, natural processes in
the host rock both inhibit the movement of these radionuclides and dilute their concentration.
The analyses (see Section E.5) suggest this category of radionuclides presents no significant risk
to individuals in Amargosa Valley for tens of thousands of years.
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The second category includes the small fraction of radionuclides that are relatively soluble, less
than 0.004 percent of the total inventory (see Section E.1), and those that might attach to
colloids. These radionuclides apparently can be mobilized and migrate through the rock if
exposed to liquid water. The analyses (see Sections E.5 and E.7.2) in this case indicate some risk
to the public, but that risk is eliminated altogether if water does not reach the waste. The
analyses therefore indicate a key to postclosure safety is natural and engineered barriers to limit
contact of water with the waste. One of these barriers is the waste package, and the analyses
suggest the need for this engineered barrier to prevent exposure of the waste for long times,
10,000 years or longer. The analyses also indicate the need for an additional barrier or barriers
to provide defense-in-depth to address the potential for premature failure of the waste package.
The analyses considering an engineered drip shield (see Section E.5) show the enhancement of
system performance due to this additional barrier; however, the value of the drip shield is not
confined to this particular approach. The site itself limits the amount of water that can reach the
repository. The site is arid and precipitation onto the mountain is low. In addition, net
infiltration into the mountain is very low because of runoff, evaporation, and transpiration in the
surface layers of the mountain. Most of the net infiltration drains through the rock to the water
table and is not available to seep into the emplacement drifts and drip onto the waste packages.
Capillary forces in the rock limit the fraction of flow that can actually seep into the drifts.
Therefore, the rock also provides a natural "drip shield" that limits the amount of water that can
contact the waste.
2.1.3

Treatment of Uncertainties in Performance Assessment

The general approach to treatment of uncertainties in the total system safety assessment is
summarized in Section 1.4. In general, uncertainties such as those arising from imperfect
knowledge or possible long-term evolution of the system will be addressed through robustness in
the safety case, including appropriate design features and conservatism in analyses. The
approach therefore includes the use of safety margin, defense-in-depth, and information in other
areas to assure the safety case is robust. These aspects of the approach are discussed in later
sections (see Sections 2.2 though 2.5).
Uncertainties that can be feasibly characterized will be addressed explicitly in the TSPA
analyses. These uncertainties arise, for example, from known variability in characteristics across
the site, dispersion in measurement results, and alternate interpretations of data. The explicit
treatment of these uncertainties will be accomplished in two ways. First, parameter uncertainty
will be incorporated directly into the probabilistic calculations in terms of probability
distributions. The approach to doing so is summarized in Appendix C. Second, alternative
conceptual models will be addressed through sensitivity studies and, in some cases, probabilistic
treatment in which alternate models are weighted by their probability and incorporated into the
analysis.
Evaluation of the TSPA models will be accomplished through approaches appropriate for the
particular models at issue. These include comparing model results against outputs of more
detailed process-level models and empirical observations (including laboratory testing, field
investigations, and natural analogue information). They also include calibration of models to
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provide constraints on the models and expert elicitations and peer reviews regarding the models
and their application in the TSPA analyses.
These efforts are at an early stage. Preliminary efforts to treat some of the parameter and model
uncertainty were made in previous TSPA analyses including that for the VA, TSPA-VA
(CRWMS M&O 1998). That assessment included qualitative and quantitative evaluation of
alternate conceptual models and sensitivity studies to address some of the broader effects of
these models. A more comprehensive treatment of such uncertainty is now underway.
The models for several of the processes affecting performance have been tested against multiple
independent data sets. For example, the models for transport in the unsaturated zone and
degradation modes of waste package and drip shield materials have been tested. In addition, key
models (e.g., unsaturated zone flow and transport, saturated zone flow, and waste package
degradation) have been subjected to review by experts. An overview of the status of the VA
performance assessment models and the expert elicitations on them is provided in Whipple et al.
(1999). Improved representations are being developed for many of the factors of potential
importance to postclosure performance. The process model reports (PMRs) currently under
development (see Section 3.6) will summarize the models that will be used in the performance
assessments and their technical basis. These reports will be used to update the set of principal
factors and to guide additional technical activities. The need for further model evaluation will be
determined after the set of principal factors has been updated.
2.2 SAFETY MARGIN AND DEFENSE-IN-DEPTH
The postclosure safety case capitalizes on the use of multiple engineered and natural barriers to
inhibit the movement of water and mobilization and transport of radionuclides. The barriers will
be selected to ensure sufficient safety margin and defense-in-depth to mitigate the effects of
uncertainty in the estimates of performance of those barriers.
2.2.1

Safety Margin

Use of safety margin is a standard practice of specifying excess capacity of systems, structures,
and components to compensate for performance uncertainties. With respect to postclosure
safety, safety margin refers to excess capacity beyond the postclosure performance objective to
offset uncertainties in the analyses used to demonstrate compliance with that objective. This
includes an accounting of barriers or other contributory aspects of the system not taken into
explicit account in the quantitative estimates of postclosure performance. Safety margin also
includes the margin between the calculated peak annual dose in 10,000 years and the annual dose
standard of the regulatory performance objective. This strategy does not establish quantitative
goals for such margin. Although design goals may be set to ensure a minimum degree of such
margin (e.g., a factor of 10), none are set here. The concept of margin as applied here is to
examine robustness of calculated performance with regard to meeting the quantitative regulatory
standards that will eventually be established in the regulatory performance objective.
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Safety margin is to be considered in two senses. First, it applies to the degree of margin during
the regulatory period (10,000 years). Figures 2-1 and 2-2 suggest the possibility of substantial
margin in meeting either the limit in NRC's proposed rule or EPA's proposed standard.
The concept of margin also applies in a second sense. In order to address uncertainties in the
calculated radionuclide release time, performance for a period longer than that specified in the
proposed rule will be considered. Postclosure performance will be examined for a period of at
least 100,000 years to provide insights into the robustness of the system in meeting criteria set
for the 10,000-year regulatory period. Again, Figures 2-1 and 2-2 suggest the possibility of
substantial margin in terms of performance beyond the 10,000-year period of regulatory concern.
2.2.2

Defense-Ln-Depth

In the design and licensing of commercial nuclear facilities, defense-in-depth is a fundamental
safety philosophy that employs multiple protective measures to prevent accidents or to mitigate
damage and consequences if a malfunction or accident were to occur. The use of multiple
protective measures ensures safety is not unduly dependent on any single component of the
design, construction, maintenance, or operation of a nuclear facility and that failure of any one
barrier does not result in failure of the entire system. A characteristic statement about the design
of such a system is, "Even if XXX improbably occurs, the consequences will be acceptable
because YYY will prevent or mitigate..."
Application of defense-in-depth principles to postclosure performance of a repository system
must take into account the differences between a geologic repository and an operating nuclear
facility with active safety systems and the potential for active control and intervention. First, the
principal safety issues for the postclosure repository system are the potential exposure of waste
to water and potential migration of mobilized radionuclides to the biosphere. The focus of
defense-in-depth in this case is on multiple natural and engineered barriers against the movement
of water or radionuclides. Second, the evaluation of postclosure safety over thousands of years
is to be accomplished by means of theoretical predictions of long-term performance. These
predictions are based on reasonable assumptions, the geologic record for the site, measurements
of material properties, and characteristics of analogous systems. Nevertheless, there will be
uncertainties in these predictions arising from such sources as heterogeneity in repository system
characteristics, complexity of processes affecting system barriers, and limitations in numerical
models used to represent these barriers. The principle of defense-in-depth, along with safety
margin and other techniques, must therefore be extended to protect against the limitations in the
theoretical predictions of long-term performance.
The NRC has traditionally relied on independent, redundant barriers to provide assurance of
safety when quantitative estimates of system performance include significant uncertainties. This
reliance is reflected in NRC's proposed rule for a potential repository at the Yucca Mountain site
(64 FR 8640, p. 8647):
The defense-in-depth principle has served as a cornerstone of NRC's
deterministic regulatory framework for nuclear reactors, and it provides an
important tool for making regulatory decisions, with regard to complex facilities,
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in the face of significant uncertainties. NRC also has applied the concept of
defense-in-depth elsewhere in its regulations to ensure safety of licensed facilities
through requirements for multiple, independent barriers, and, where possible,
redundant safety systems and barriers.
Traditionally, the reliance on
independence and redundancy of barriers has been used to provide assurance of
safety when reliable, quantitative assessments of barrier reliability are
unavailable. The NRC maintains, as it has in the past, that the application of the
defense-in-depth concept to a geologic repository is appropriate and reasonable.
The NRC then notes that the requirements of the proposed rule for a system of multiple barriers
and an understanding of the resiliency of the geologic repository provided by those barriers are
intended to ensure defense-in-depth and increase confidence that the postclosure performance
objective will be achieved (64 FR 8640, p. 8650). To provide maximum flexibility in system
design, the proposed rule does not place specific requirements on the degree of defense-in-depth
provided by multiple barriers. Nevertheless, the NRC expectation is that DOE will rely on a
combination of natural and engineered barriers to enhance system performance and increase
confidence in demonstrating that performance.
The philosophy chosen by the DOE in this regard is consistent with the NRC's proposed rule.
The defense-in-depth concept is utilized by providing multiple natural and engineered barriers
and ensuring one or more barriers back up each barrier. In this way, failure of any single barrier
to perform as predicted would not result in failure of the system as a whole.
Results of preliminary barriers importance analyses have been considered to evaluate whether
the enhanced reference design in fact includes defense-in-depth (the analyses followed the
approach described in Appendix C and the results are presented in Appendix E). These results
suggest no undue reliance on any single barrier in the first 10,000 years. However, they do
indicate heavy reliance on waste package performance after this period because, in these
analyses, the drip shield begins to fail just under 10,000 years. These analyses therefore suggest
the need for a robust drip shield design to mitigate impacts of potential early waste package
failures.
2.3

CONSIDERATION
EVENTS

OF

POTENTIALLY

DISRUPTIVE

PROCESSES

AND

The third area for development of the postclosure safety case is explicit consideration of
potentially disruptive processes and events. These include specific processes of concern (e.g.,
extreme adverse conditions at the site and deleterious changes to otherwise favorable conditions)
and disruptive events (e.g., potential seismic activity or inadvertent human intrusion).
The proposed NRC rule requires that disruptive processes and events be considered in the overall
system performance assessment. The processes and events with significant consequences and a
probability of occurrence greater than 0.0001 in 10,000 years will be identified and appropriate
models developed for stylized scenarios representing them. The annual dose rate in 10,000 years
calculated using these models will be multiplied by their probability of occurrence and added to
the results for the nominal (undisrupted) scenario. The expected value of this sum will be used
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to compare overall performance to the performance objective of the proposed rule. Such
analyses are in a very preliminary stage and a full integration of the nominal scenario and the
scenarios for disruptive processes and events has not yet taken place. The specific approach is
described in the documentation of TSPA methods and assumptions (CRWMS M&O 1999d).
The proposed NRC rule also requires documenting the technical basis for concluding other
potentially disruptive events are either sufficiently unlikely or of sufficiently little consequence
they may be excluded from the quantitative performance estimates. For completeness,
performance assessment documentation will discuss treatment of all relevant processes and
events.
Some potentially disruptive processes and events are of special concern because of what is
known about the geologic setting, prominence in past technical reviews, public concern, and
interest in their effects. Therefore, in addition to their treatment within the context of
performance assessment, explicit separate consideration of these particular processes and events
will be provided as part of the postclosure safety case. The particular processes or events that
will receive such treatment have not yet been determined. Candidates fall into two categories:
*
*

Those leading to extreme environments or conditions that could affect any one of the
principal factors that determine postclosure performance
Those directly disrupting important repository system barriers, including
-

Inadvertent human intrusion
Rise of the water table
Seismic activity
Igneous activity
Waste-generated disruptions
Early failure of engineered barriers
Drift collapse.

The following discussions summarize the status of the treatment of these particular disruptive
processes and events in the postclosure safety case.
2.3.1

Extreme Conditions Affecting Principal Factors

Extreme conditions affecting any one of the principal factors may include for example
potentially high local flow conditions or extreme water chemistries that could affect waste
package performance beyond those explicitly taken into account in the analysis of the nominal
scenario. They could also include the production of degradation products (e.g., corrosion
products from iron in the potential repository or products of degraded cementitious materials or
grout) that could change water chemistry beyond the range considered in the analysis of expected
postclosure performance. The engineered components of the system will be designed for a broad
range of conditions that go beyond the range of ambient conditions expected at Yucca Mountain
and take into account both short-term and long-term perturbations resulting from heat produced
by the waste. The performance assessment calculations will take into account wide ranges in
these conditions in terms of probability distributions for associated parameters. In addition,
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conditions outside these ranges will be considered in sensitivity studies, including neutralization
analyses (see Appendix C).
2.3.2

Barrier Disruption Due to Inadvertent Human Intrusion

Because future human activity cannot be predicted, the possibility of inadvertent intrusion into
the repository in the future cannot be precluded. Accordingly, the potential for human intrusion
will be assessed in the performance assessments through quantitative evaluation of an
appropriate scenario. Both the proposed NRC rule and the proposed EPA standard specify a
particular exploratory drilling scenario to represent such activity. Analyses of this scenario are
in the early stages and estimates of the associated consequences are not yet available. The
scenario in the NRC's proposed rule and the approach to it are discussed in Appendix C. In
addition, studies have been conducted regarding the potential for future exploration at the site.
Natural resource assessments (DOE 1998b, Volume 1, Section 2.2.7.3) indicate the Yucca
Mountain site does not provide geologic signatures suggesting oil or mineral reserves, nor does it
provide particular advantages for drilling for water.
2.3.3

Barrier Disruption Due to Water Table Rise

The water table could rise above present levels for several reasons (e.g., seismic activity in the
region or increased precipitation and recharge of the groundwater system). Changes in the water
table occur daily, but observed water table rise associated with these effects is negligible (a few
meters or less). There is evidence of a higher water table rise in the past. The National
Academy of Sciences (1992) examined available evidence for water table rise and concluded
that, although seismic events could produce transient effects on the water table, the maximum
transient rise from this source was probably less than 20 m. The water table may have been as
much as 130 m higher in past wetter climates (DOE 1998b, Volume 1, Section 2.2.4.5). Future
changes of this magnitude are not expected to be significant because the proposed repository
horizon is well above this level. Effects of future climate changes on the water table will be
explicitly incorporated in the representation of the groundwater flow system to ensure these
changes are addressed. Another area of concern is potential changes to the water table associated
with geothermal activity. The possibility of ephemeral increases in the water table due to
hydrothermal activity will be investigated to ensure it is adequately addressed. If warranted by
the information, this possibility would be incorporated into the performance assessments to take
into account any impact on long-term risk to the public.
2.3.4

Barrier Disruption Due to Seismic Activity

Seismic activity is common throughout the southern Great Basin and therefore will be evaluated
with regard to potential impacts on repository performance. An important concern is seismic
activity of sufficient intensity to damage the drip shield or waste package or to displace the drip
shield with respect to the waste package. Neutralization analyses reported in Appendix E
indicate failure of either the waste package or the drip shield would not necessarily result in
failure of the system. Further, the design includes backfill to mitigate the effects of seismically
induced rockfall; however, the potential effects of seismic activity have not yet been fully
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addressed. These will be considered in terms of frequency, magnitude, and potential effect on
the underground facility.
2.3.5

Barrier Disruption Due to Igneous Activity

One estimate of the likelihood of volcanic activity at the Yucca Mountain site (CRWMS M&O
1996) indicates the probability of such activity is very low, less than one chance in 1,000 of
occurring in the next 10,000 years. Nevertheless, uncertainties are sufficiently large the
possibility cannot be precluded by current information. Consequently, future performance
assessments will address potential igneous activity; representations for associated scenarios are
also being developed. The NRC has considered a scenario for magma rising from depth,
entering an emplacement drift, and carrying waste to the surface (NRC 1999). The NRC's
direct-release scenario involves both direct discharge of radionuclides into the atmosphere and
deposition of ash on the ground with subsequent erosional release. To estimate upper bounds to
possible effects, the NRC considered the following representation:
*
*
*
*

Every instance of dike intrusion into the potential repository results in an eruption
through the repository.
Volcano eruption power, duration, time of eruption, wind velocity and direction, and ashparticle diameter are all uncorrelated variables. Eruption parameters are characteristic of
violent strombolian eruptions.
Of the waste packages exposed to the dike, the waste in one to ten of them is available for
magmatic transport.
The diameter of waste particles entrained in the magma is between 1 and 100 m icrons.

The NRC's analyses using this representation indicate a maximum risk to an individual in
Amargosa Valley of less than 8 millirem/year for events occurring in the next 10,000 years
(NRC 1999). The DOE's analyses of this scenario will examine each of these effects and will
consider the impact of the assumptions made for the scenario.
The DOE will also consider a second scenario for igneous activity: release by the groundwater
pathway. For example, a magmatic intrusion could disrupt the waste packages enhancing release
of radionuclides to this pathway. The representation for this scenario must address the exposure
of waste by the magma and the degree of enhancement to the source term. In addition, potential
effects of volcanic activity on the flow system in the unsaturated zone and saturated zone would
need to be addressed.
2.3.6

Barrier Disruption Due to Waste-Generated Changes

Waste-generated changes that could affect release of radionuclides and postclosure performance
of the potential repository system include repository-generated thermal effects on the
characteristics of the system. These are addressed in terms of coupled effects on the flow,
geochemistry, and transport characteristics of the system. They have been explicitly considered
in preliminary performance assessments and judged not to be principal factors determining
performance of the system (see Appendix D). The waste generated changes also include
radiolysis effects (e.g., changes to water chemistry and generation of hydrogen gas due to
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interaction of radiation with water), effects of pyrophoricity, and nuclear criticality. These
effects are expected to be of low significance as long as the waste package, the drip shield, and
other measures limit the presence of liquid water near the waste. To properly account for the
possibility that the waste package barriers could be penetrated and water could contact the waste,
the strategy is to demonstrate that the conditions required for disruption of the migration barriers
(e.g., a criticality event) are so unlikely their probability is less than the threshold for inclusion in
the quantitative estimates of postclosure performance. If the probability were determined to
exceed this threshold, the consequences would be evaluated in detailed analyses.
2.3.7

Early Failure of Engineered Barriers

Waste packages, drip shields, cladding and other engineered components could fail earlier than
determined from evaluation of corrosion potential. For example, these components could suffer
from manufacturing defects, damage during shipment to the repository, improper emplacement,
weakening during repository operations, or unknown failure mechanisms. Some of these effects
could be addressed through quality control measures. Nevertheless, it will be prudent to assess
the consequences of such early defects. Preliminary analyses of early waste package and
cladding failure are considered in Appendix E. Early failure of a single waste package is not
predicted to result in significant releases before 10,000 years and analyses neglecting cladding
altogether do not show releases approaching the proposed regulatory limit (see Section B.6.2).
These analyses suggest that the defense-in-depth provided by using both the waste package and
the drip shield might well mitigate the potential effects of early failure of these barriers. These
results are preliminary, and additional work is needed to assess the consequences and probability
of combined early failure of both the drip shield and waste package.
2.3.8

Barrier Disruption Due to Drift Collapse

The current expectation is that the emplacement drifts will eventually collapse because of
seismic effects or thermomechanical stresses and result in rock falling on the components in the
drifts. The waste packages will be designed to resist the largest rockfall that could occur.
Although that resistance would diminish as the waste package materials degrade, the design is
expected to be sufficient for at least 10,000 years. Rockfall could also damage the drip shield or
could result in displacement of the drip shield from its designed location. Again, the intention is
to design the drip shield to resist the largest rockfall that could occur. In addition, the system
design includes backfill intended to mitigate the effects of the rockfall. Not only would the
backfill take up space and diminish the distance the rock could fall, it would diminish stress on
the drip shield and waste package. Analyses are yet needed to determine details of the design
and demonstrate its effectiveness against drift collapse.
2.4

INSIGHTS FROM NATURAL ANALOGUES

The fourth area for development of the postclosure safety case is insight from natural analogues.
Information relevant to potential repository system performance may be obtainable from analysis
of natural processes at sites that share characteristics with the repository site. As a supplement to
site characterization and predictive repository performance modeling, natural analogues offer the
advantage of direct study of relevant processes over the long periods and extended spatial scales
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applicable to repository system performance. Data acquired from analogue studies are also
generally independent of the Yucca Mountain site-specific characterization and modeling
studies. These data provide a degree of independent validation of the selected aspects of the
performance assessments.
Analogue studies may be most useful in analyses of the transport and deposition of
radionuclides, the stability and transport characteristics of alteration minerals, and the conditions
in the shallow unsaturated zone. Some of this information could complement laboratory and
field tests conducted at Yucca Mountain.
Work has been conducted at a number of sites and is being reviewed for relevance to Yucca
Mountain. This review includes analogues for radionuclide solubility and geochemical processes
that affect transport. The Pefia Blanca site in northern Mexico will be evaluated as a natural
analogue to secondary precipitation of spent fuel radionuclides. In addition, potential analogue
sites where precipitation and infiltration conditions are similar to Yucca Mountain, and where
paleoclimatic information is available, will also be incorporated into the ongoing review process.
2.5

LONG-TERM PERFORMANCE EVALUATION AND CONFIRMATION

The final area of development of the postclosure safety case is the testing and analyses that
would be conducted in the period afsr license application up until permanent c sure to evaluate
performance of the system, monitoFhether conditions are as anticipated, and'onfirm whether
components are performing as expected. This testing and analysis includes the program of
performance confmation dictated by the requirements of Subpart F of the proposed NRC rule to
indicate whetherNubsurface conditions are within limits assumed in the licensing review and
(i) whether key barriers of the system are functioning as intended. Specific planning for such
testing and analysis (e.g., to support future decision-making regarding permanent closure of the
repository) is expected to provide increased confidence to decision-makers at the time of the site
recommendation and license application considerations.
A preliminary plan for this evaluation, focusing on the regulatory requirements for performance
confirmation has already been developed (CRWMS M&O 1997). This plan is general because
the specifics depend on design features that had not been selected and the principal factors of the
postclosure safety case that had not been identified at the time the preliminary plan was
developed. The preliminary plan outlines potential areas of testing during the period of
construction, waste emplacement, and long-term monitoring.
A plan specific to the system design still needs to be developed. This plan will focus on the
postclosure safety issues identified for this system design. With regard to postclosure safety
issues, the plan will describe the long-term testingand analysis needed to evaluate and confirm
the representations of the principal factors of the postclosure safety case. The plan will describe
the program of testing and monitoring to support the decision to close the repository and to
provide continuous confirmation of postclosure safety of the system before closure.
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3. PRINCIPAL FACTORS OF TIHE POSTCLOSURE SAFETY CASE
The principal factors of the postclosure safety case are those central to determining and
demonstrating long-term safety of the repository system. These factors will be the focus of
postclosure safety considerations for the SR and LA decision-making.
Revision 2 of the repository safety strategy identified factors potentially important to the
postclosure safety case (DOE 1998a). These factors provided the focus of planning in support of
the SR and LA decisions discussed in Volume 4 of the VA (DOE 1998b). Since the VA, work
has been underway following those plans. In particular, potential enhanced design alternatives
were considered and an enhanced design was selected for the SR and LA considerations. The
enhanced design and additional information obtained since the VA were considered in updating
the set of factors important to the postclosure safety case. Accordingly, the strategy has been
revised to focus on the updated set of factors.
Table 3-1 lists the set of factors identified in the VA and the updated list of factors for this
revision of the Repository Safety Strategy, grouped according to the key postclosure
performance attributes of the system. 2 Preliminary performance assessments and barriers
importance analyses have been conducted for the enhanced repository system to help identify the
principal factors of the postclosure safety case. The methodology used for these analyses and the
analyses themselves are presented in Appendices C and E. A broad review was conducted to
consider these analyses and ensure the identification of principal factors considered limitations in
the current TSPA models, uncertainties in the various factors, and their ultimate defensibility in
the SR and LA considerations. This review is summarized in Appendix D.
That review considered a broad range of factors potentially important to the postclosure safety
case and identified those that appear to contribute most strongly to that case. The review also
identified factors that might provide opportunities for enhanced performance of the repository
and that could be regarded as principal factors if certain conditions could be demonstrated to
occur. For example, the review considered the work needed to address current issues associated
with the factors and ways the representations of the less-important factors might be simplified.
The following discussions summarize the major findings of this review. First, the principal
factors of the postclosure safety case are identified and bases for that identification are
summarized. Second, other factors considered in the review are discussed. The section also
discusses factors for disruptive event scenarios. Finally, it discusses the PMRs that will provide
the technical basis for the principal and non-principal factors of the postclosure safety case.
2 The

key attributes are those encompassing the features, events, and processes (FEPs) important to postclosure
performance of a repository system at Yucca Mountain. These specifically refer to nominal performance of the
system in which the dominant FEPs are those related to mobilization of radionuclides by water followed by
migration of water-borne radionuclides away from the repository. Nomenclature for these key attributes has
changed slightly to address the more general considerations associated with the enhanced system concept. In
particular, the third key attribute has been changed to reflect rate of radionuclide release from the engineered barrier
system rather than from only the waste packages. In addition, the fourth key attribute has been generalized to
address delay of radionuclide migration as well as dilution of radionuclide concentrations during migration.
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Table 3-1. Factors Potentially Important to Postclosure Safety
Key Attributes of the
Repository System

Principal Factors in the Viability
Assessment

Factors for the Enhanced Repository
System

Precipitation and Infiltration into the Mountain
__ _ __ __ _ __ __ _

Limited Water Contacting
Waste Package

_

_

_ _

_

_

_

_ _

Inilati

_

_

_ _

_

~~~~Infiltrattion

Percolation to Depth

Unsaturated Zone (UZ) Flow above Repository

Seepage into Drifts

Seepage into Drifts *
Coupled Processes-Effects on UZ Flow

Effects of Heat and Excavation on Flow
Coupled Processes-Effects on Seepage

Long Waste Package

NIA

Environments on Drip Shield

N/A

Performance of Drip Shield *

Dripping onto the Waste Package
Humidity and Temperature at the Waste Package
Chemistry on the Waste Package

Environments on Waste Package

lifetime
Integrity of Outer Waste Package Barrier
Integrity of Inner Wast
e

Performarce of Waste Package Barriers
Package Barrier

Seepage into Waste Package

Environments within Waste Package

Integrity of Commercial Spent Nuclear Fuel (CSNF)
Cladding

Low Rate of Radionuclide

DOE-Owned Spent Nuclear Fuel (DSNF), Navy Fuel,
and Plutonium Disposition Waste Form Performance

Dissolution of U0 and Glass Waste Forms

Release from the EBS
.___ _

_

_

_

_

_

_

_

Commercial Spent Nuclear Fuel (CSNF) Waste Form
Performance

_

_

_

_

Defense Higb-Level Waste (DHLW) Waste Form
Performance

Solubility of Neptunium-237

Solubility Limits of Dissolved Radionuclides

Formation of Radionuclide Bearing Colloids
Transport within and out of the Waste Package

Colloid Associated Radionuclide Concentrations
In-Package Radionudide Transport

EBS Radionuclide
Invert

Migration-Transport

Through

Tranpo

through Invert

Advective Pathways in the UZ
Retardation of Radionuclide Migration in the UZ *

Transport through Unsaturated Zone (UZ)CoidFaitteTrnptinheU
Colloid Facilitated Transport in the UZ
Delay and Dilution of
Radionudlide
Concentrations During
Transport Away from the
EBSColloid

* Principal

3.1

Coupled Processes-Effects on UZ TranspOrt
Advective Pathways in the Saturated Zone (SZ)
Transport in the Saturated Zone (SZ)

Retardation of Radionuclide Migration in the SZ *
Facilitated Transport in the SZ

Dilution from Pumping

Dilution of
Migration *

Radionuclide

Concentrations

Biosphere Transport and Uptake

Biosphere Transport and Uptake

during

factors of the postclosure safety case

PRELIMINARY IDENTIFICATION OF THE PRINCIPAL FACTORS

The current information suggests the principal factors of the repository system concept for SR
and LA considerations are:
*

Seepage into drifts
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*
*
*
*
*
*

Performance of the drip shield
Performance of the waste package barriers
Solubility limits of dissolved radionuclides
Retardation of radionuclide migration in the unsaturated zone
Retardation of radionuclide migration in the saturated zone
Dilution of radionuclide concentrations during migration.

These factors were identified in a general review of all factors determined to be potentially
important to postclosure performance. The review involved (1) persons familiar with previous
and current performance assessment methods, bases, and results, (2) engineering staff familiar
with the system design that will be used for the SR and LA considerations, (3) principal
investigators responsible for past and current site characterization, including laboratory and field
work, and (4) analysts familiar with past TSPA analyses and the insights these assessments
provide. These Project personnel brought to bear the range of technical knowledge and insight
needed to identify the principal factors.
The reviewers began by considering the factors identified in the TSPA analyses leading up to the
VA. They then considered modifications to the set of factors appropriate for the enhanced
design for SR and LA. The result was the set of factors in Table 3-1. The reviewers continued
by considering the results of previous performance assessment analyses and new barriers
importance analyses conducted for the enhanced design. In particular, the reviewers focused on
the role of the barriers and the importance of the factors affecting them as revealed in these
analyses. The analyses utilized barrier "neutralizations"--specialized sensitivity studies in which
a base-case calculation is prepared and then a calculation is conducted omitting an individual
factor to determine its importance to the base-case calculation. The approach is summarized in
Appendix C and the results of preliminary neutralization analyses are presented in Appendix E.
These results are preliminary in that the models used in the analyses are not yet complete and the
full range of uncertainties in them was not considered. In addition to the preliminary analyses,
the limitations in these analyses and uncertainties in describing the role of the factors in
postclosure performance were considered subjectively in the review. The review is summarized
in Appendix D.
As discussed in Section 2.1.1, the preliminary base-case calculation including all factors in Table
3-1 gives zero release for at least 100,000 years. The neutralization analyses for all but two
barriers also give zero release for this period. These results indicate the natural barriers,
Commercial Spend Nuclear Fuel (CSNF) cladding, and the drift invert either are each backed up
by one or more of the other barriers or otherwise do not contribute significantly to performance
in the base-case calculation.
On the other hand, the neutralization analyses indicate the waste package and drip shield
contribute strongly to the performance estimates in the first 100,000 years. As shown in
Figure 3-1, neutralization of the drip shield performance results in a non-zero change to the
estimate. These analyses for the nominal scenario are explained in Section E.5 of Appendix E.
The change is negligible until the waste packages begin to degrade. Likewise, neutralization of
waste package performance shows small effect for the first 10,000 years and then increased
contribution when the drip shields begin to fail. The simultaneous neutralization of both of these
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barriers shows a significant change in the first 10,000 years. The calculated magnitudes in the
neutralization analyses of Figure 3-1 are not to be interpreted to indicate actual performance,
because neutralization of a barrier results in a system that is not physically realistic, removing an
important contributor to performance. However, they do suggest these two barriers would be
important to system performance and that uncertainties in their representations will be an
important focus for the safety case.

Neutralize both water diversion by drip
shield and containment by waste package
1.E+5
1.E+4
.-.
1.E+3

t.E+3

-'

a/

N~~~~~~eutralize containment

>t1.E+2

by/waste packagteopa

Dose limit of the proposed ruele

t .E+1
.E+
(U
0

Neutralize water diversion

a I.E-1
I1.E-2
1.E-3

Base Case gives
zero release for at
least 100,000 years

~~~~~~by
drip shield only

.

nly

r

1 .E-4
I.E-5
1,000

10,000

100,000

Time (year after closure)

Figure 3-1. Barriers Importance Analysis to Assess Principal Barriers of the Repository System

On the basis of these analyses alone, the reviewers determined waste package performance and
drip shield performance are principal factors of the system. However, they concluded it would
be incorrect to conclude these are the only factors important to performance-under conditions in
which these barriers fail to perform as anticipated, other factors could come into play. Because
of the waste package and drip shield performance calculated in this analysis, the role of other
factors is masked. In order to examine the other factors, a different base case was also
considered in the review. The situation analyzed is the early waste package failure scenario
described in Section 2.1.1. In this analysis, the CSNF waste package located under the first drip
shield to fail is arbitrarily assumed to be breached before 1,000 years. The probability of this
scenario is very small; nevertheless, this scenario was chosen to provide insight into the
contributions of the factors associated with the natural barriers.
The base-case results for this scenario are discussed in Section 2.1.1. They do not show any
significant release until about 10,000 years (the time when the drip shield over the failed waste
package fails). The calculated annual dose has an early peak just after 10,000 years of about
0.001 millirem/year from mobile radionuclides and a much later peak of about 0.005
millirem/year from less mobile radionuclides. These calculated releases are associated only with
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the assumed early waste package failure--releases from the other waste packages do not begin
until after 100,000 years.
Results of neutralization analyses for this early waste package failure scenario are shown in
Figures 3-2 and 3-3. These analyses are also explained in Section E.5 of Appendix E.
Figure 3-2 shows the neutralizations for individual natural barriers. These include the flow
barrier function of the overlying rock and the radionuclide transport barriers function of the
unsaturated and saturated zone rocks. Neutralization of each of these natural barriers in turn
produces only minor changes from the base case. These analyses suggest the factors associated
with these natural barriers do not influence performance strongly, whether or not the
performance of the engineered barriers is taken into account.

1 .E+3

1 .E+2

Proposed Annual Dose LimitI

ul .E+1
>5

Neutralize

E+0

barrier

El
.E+O
U)

Neutralize transport barrier
function of unsaturated zone

E
(0

0
1.E-2

Neutralize flow barrier
function of overlying rock

c 1t.E-3
41
1 .E-4

1.E-5

I

1,000

10,000

100,000

Time (year after closure)

Figure 3-2. Barriers Importance Analysis to Assess Natural Barriers of the Repository
System-Early Waste Package Failure Scenario

The analyses in Figure 3-2 do not preclude the possibility that combinations of the natural
barriers might contribute significantly. Figure 3-3 shows the effect of neutralization of the
retardation of radionuclide migration in both the unsaturated and saturated zones at the same
time. The effect in this case is significant. The review concluded retardation of radionuclide
migration is a principal factor for the scenario in which engineered barriers fail earlier than
10,000 years.
Figure 3-3 also presents the neutralization of the radionuclide concentration limits. While the
calculated contribution is modest, the review concluded it sufficient to suggest that factors
associated with these concentration limits could be important to the postclosure safety case,
particularly if a large number of waste packages were to fail prematurely. These factors include
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the radionuclide solubility limits, the amount of seepage into the emplacement drifts into which
the radionuclides could dissolve, and the dilution of radionuclide concentrations during
migration away from the engineered barrier system.

1.E+6
1 .E+5

Neutralize retardation
in UZ and SZ

1 .E+4
*1 .E+3

F
Proposed Annual Dose Limit

E1.E+2

_________________

E1 .E+1

Neutralize solubility limits

4)

'Al .E+O
0

- 1.E-1
C 1 .E-2
C
1 .E-3
1 .E-4
1.E-5

.

1,000

10,000

100,000

Time (year after closure)

Figure 3-3. Barriers Importance Analysis to Assess the Role of Retardation and Solubility Limits
in the Repository System-Early Waste Package Failure Scenario

On the basis of these considerations, the principal factors for this system were determined:
*
*
*
*
*
*
*

Seepage into drifts
Performance of the drip shield
Performance of the waste package barriers
Solubility limits of dissolved radionuclides
Retardation of radionuclide migration in the unsaturated zone
Retardation of radionuclide migration in the saturated zone
Dilution of radionuclide concentrations during migration.

The reviewers considered the importance of other factors, including those directly affecting the
principal factors, such as those that determine the seepage (e.g., precipitation on the mountain,
infiltration of water into the mountain, and flow in the unsaturated zone above the repository).
While these factors and the properties of the host rock play a role in defining the seepage,
seepage is not a direct function of them (i.e., greater precipitation, infiltration, or percolation
does not necessarily imply greater seepage into the emplacement drifts) and they do not
necessarily have a strong effect on performance. Seepage captures all aspects of these other
factors important in this regard.
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Likewise, the reviewers considered the environments in the drift affecting the waste package and
drip shield performance. Current information suggests the performance of these barriers depends
weakly on these environments over their expected ranges. Therefore, their environments were
not considered to be principal factors. In this same light, coupled effects that might impact these
environments (e.g., thermohydrologic effects) or the unsaturated zone flow system are expected
to play only a minor role in determining expected postclosure system performance.
As a result of these and other considerations (see Appendix D), the reviewers identified the seven
principal factors as likely to provide sufficient confidence for the SR and LA safety cases. The
remaining 20 factors in Table 3-1 were determined to be less important to those safety cases,
nevertheless requiring representation in the current methodology.
The reviewers also concluded that additional work (e.g., additional testing, improved models,
sensitivity analyses) could modify these conclusions. Several factors were judged to provide
opportunities for enhanced performance if warranted by additional information. Factors
identified as non-principal factors on the basis of current information could well be determined
to contribute significantly after modest effort. Consequently, additional work will be conducted
to refine or expand the set of principal factors as new site, design, and performance assessment
information dictates.
3.2

DESCRIPTIONS OF THE PRINCIPAL FACTORS OF THE POSTCLOSURE
SAFETY CASE

The review of the principal factors of the postclosure safety case also resulted in conclusions
about the nature of the representations for these factors (see Appendix D). In general, the
approach contemplated for both the SR and LA is to represent these factors realistically, taking
into account the full range of uncertainty in the current information. Where information is
lacking, appropriate conservatism (e.g., models or parameter values yielding higher calculated
dose rate than expected) will be applied. The following discussion addresses each principal
factor. These considerations are preliminary; conclusions regarding the representations that will
be used in the safety case for the SR and LA considerations must await additional information
(see Section 4).
3.2.1

Seepage into Drifts

Seepage into the emplacement drifts provides the source of water for corrosion-related failure of
waste packages, mobilization of radionuclides in breached waste packages, and transport of
radionuclides away from the package.
Analyses of system performance using estimates of seepage such as those considered in
Appendix E suggest the postclosure performance objective would be met with a wide margin.
These estimates are believed to be conservative. Even more favorable performance would be
shown if additional work were able to demonstrate that seepage into the emplacement drifts
would actually be less than these estimates or even negligible altogether. Capillary forces in the
rock may in fact define a threshold below which seepage into large openings could not occur.
Preliminary results of testing of the Topopah Spring welded unit suggest there may be a seepage
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threshold and that this threshold might be much higher than current percolation rates at the
repository horizon. If this indication is verified, then significant constraints on the seepage might
be demonstrated.
The seepage threshold concept will be pursued through field and laboratory testing, improved
models, and sensitivity analyses. If the seepage threshold concept becomes sufficiently
defensible, seepage will be specified to be zero except when and where extreme flow conditions
or adverse conditions (e.g., significant changes in drift geometry that could affect the seepage
threshold) are present. Otherwise, the amount of seepage into the drifts will be estimated using
the current seepage model and values of input parameters.
3.2.2 Performance of the Drip Shield
This factor represents the diversion of seepage from the waste package by the titanium drip
shield. The factor describes the timing and amount of water transmitted through the drip shield.
Preliminary design, testing, and modeling results indicate that general corrosion,
microbiologically influenced corrosion, pitting, crevice corrosion, and galvanic coupling would
not limit drip shield performance. Accordingly, it is expected that the representation of these
mechanisms in the postclosure safety case need not be detailed. Simplification of the treatment
of factors that can be demonstrated to be of minor importance could help in the licensing review
of the safety case. Other aspects of the representation are expected to include the following:
* A titanium drip shield would serve as a bound for all designs (i.e., any other design would
have to perform as well as or better than this one).
* Breaching of the drip shield (formation of openings for dripping water to reach the waste
package) would be modeled using appropriate representations of displacement of drip shield
sections at installation or because of ground motion and stress corrosion cracking. Analyses
will have to be conducted to determine the sensitivity to interactions with other metals that
might come in contact with the drip shield.
* The timing of water transmitted through the drip shield would correspond to the time of drip
shield breaching. The nature of the flow through the breaches would be determined by
modeling that takes into account the size of the breaches, corrosion products, and displaced
backfill material in the openings.
3.2.3

Performance of the Waste Package Barriers

This factor represents the diversion of water from the waste and the containment of radionuclides
provided by the waste package. This factor defines the timing and amount of water transmitted
into the waste package and the rate of release of radionuclides from the waste package.
Preliminary design, testing, and modeling results indicate that general corrosion,
microbiologically influenced corrosion, crevice corrosion, and pitting will not limit performance
of the outer waste package barrier. Accordingly, it is possible these mechanisms would be
treated simply in the representation of this factor in the postclosure safety case.
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In addition, it is expected this representation would include the following:
Breaching of the outer Alloy 22 waste package barrier would be modeled using appropriate
representations of stress corrosion cracking and phase transformations near welds.
* No degradation of the inner stainless steel barrier until the outer Alloy 22 barrier fails.
* The water incident on the waste package would be the water transmitted through the drip
shield (see Section 3.2.2). The timing of water transmitted into the waste package would
correspond to the time of failure of the waste package. The nature of the flow would be
determined by modeling that takes into account the size of the breaches in the waste package
outer barrier, corrosion products, and displaced backfill material in the breaches. Reasonably
conservative input parameters would be used.
*

3.2.4

Solubility Limits of Dissolved Radionuclides

This factor describes the limitation to the mobilization of the relatively immobile radionuclides
arising from their limited solubility in the water at Yucca Mountain. Some of these
radionuclides present significant risk potential because of long half-life and large dose
conversion factor. In many cases, the solubilities of these radionuclides are so low they present
no significant issue for the repository system. However, there are a few cases, notably
neptunium, plutonium, and uranium isotopes, for which solubility limits could be very important
to the postclosure safety case.
The representation for the postclosure safety case will be based on estimates of the solubility
limits for the key relatively immobile radionuclides. In particular, estimates based on
experimental data and theoretical modeling will be provided for the neptunium, plutonium, and
uranium isotopes. These estimates will be based on appropriate water chemistries (see
Section 3.3.6).
3.2.5

Retardation of Radionuclide Migration in the Unsaturated Zone

This factor describes the effect of processes that could delay migration of dissolved
radionuclides though the rocks of the unsaturated zone below the repository. Sorption onto
minerals is the principal mechanism by which the relatively immobile radionuclides will be
retarded. This factor focuses on those radionuclides important to repository performance whose
migration in the unsaturated zone could be substantially retarded.
For the postclosure safety case, retardation in the unsaturated zone will be estimated using the
unsaturated zone flow and transport model and conservative values of input parameters. The
focus will be on the key relatively immobile radionuclides (i.e., neptunium, plutonium, and
uranium). It is expected that retardation would be neglected for the more mobile radionuclides.
3.2.6

Retardation of Radionuclide Migration in the Saturated Zone

This factor describes the effect of processes that delay the transport of dissolved radionuclides by
water moving through the volcanic aquifers and alluvial valley fill of the saturated zone. This
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factor focuses on those radionuclides important to system performance whose migration in the
saturated zone could be substantially retarded.
The current information suggests the representation of this factor for the postclosure safety case
could include the following:
* The three-dimensional saturated zone flow model would be used to estimate advective
pathways below the water table; in particular, the pathways in the alluvium below the water
table will be emphasized.
* Retardation in the saturated zone would be estimated using the saturated zone flow and
transport model and appropriate input parameters for the key relatively immobile
radionuclides (i.e., neptunium, plutonium, and uranium).
3.2.7 Dilution of Radionuclide Concentrations during Migration
This factor describes the reduction of any radionuclide concentrations in groundwater occurring
during transport in the unsaturated and saturated zone flow systems. The dominant processes in
this regard are dispersion of the contaminant plume during migration through these
heterogeneous media, mixing of groundwater from different sources, and the dilution during
pumping. The last of these is expected to be the most important for this site. The dose rate is
expected to be estimated assuming a pumping volume based on the water usage of the
hypothetical community defined in the applicable regulations.
3.3 DESCRIPTIONS OF OTHER FACTORS OF THE POSTCLOSURE SAFETY
CASE
Other factors must be specified in the postclosure safety case. The preliminary performance
assessment analyses do not indicate strong sensitivity to the particular representation of these
factors nor do they contribute strongly to the calculated performance (see Section 3.1 and
additional details in Appendix E). Nevertheless, they must be specified to complete the TSPA
analyses using the current methodology (see Appendix C).
These factors include:
*
*
*
*
*
*
*
*
*
*
*
*

Climate, net infiltration into the mountain, and unsaturated zone flow above the repository
Coupled processes-effects on unsaturated zone flow
Coupled processes-effects on seepage
Environments on the drip shield
Environments on the waste package
Environments within the waste package
Commercial spent nuclear fuel (CSNF) waste form performance
Defense high-level waste (DHLW) glass waste form performance
DOE spent nuclear fuel (DSNF), Navy fuel, Plutonium disposition waste form performance
Colloid-associated radionuclide concentrations
In-package radionuclide transport
Transport through the drift invert
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*
*
*
*
*
*

Advective pathways in the unsaturated zone
Colloid-facilitated transport in the unsaturated zone
Coupled processes-effects on unsaturated zone transport
Advective pathways in the saturated zone
Colloid-facilitated transport in the saturated zone
Biosphere transport and uptake.

This section describes each of these factors. The representation in each case is expected to be as
realistic as feasible to provide an adequate basis for the SR considerations. However, because
these factors appear to be of low importance in the safety case, simplification of the
representations in some cases could be helpful for the licensing considerations. Consequently,
efforts will be made to determine appropriate, defensible simplifications. Such simplification
would be made only for the factors that can be demonstrated to contribute little to the safety case
and only for the purpose of focusing the postclosure safety issues on those factors critical to the
demonstration of safety in the license application. Areas for potential simplification that will be
investigated are summarized in the following discussions.
3.3.1

Climate, Net Infiltration into Yucca Mountain, and Unsaturated Zone Flow above
the Repository

These factors describe the ambient flow fields in the unsaturated zone, in particular, the
percolation flux at the repository horizon. This flux provides the boundary condition for seepage
and for flow and transport below the repository horizon.
Possible simplifications of the safety case regarding these factors include:
*
*
*

Assumptions favoring a climate wetter than present-day
Infiltration estimated with the bounding precipitation rate for this climate representation
Conservative simplifications of the model for unsaturated flow from the surface down to the

repository horizon consistent with calibrations with water potential measurements, pneumatic
data, isotopic data (including chlorine-36 measurements) and temperature data to estimate
percolation at depth
*

Use of conservative values for fracture/matrix interactions, van Genuchten parameters, and
fracture porosity.

3.3.2 Coupled Processes-Effects on Unsaturated Zone Flow
This factor addresses modifications of the unsaturated zone flow field arising from the heat
generated by the waste. These include potential thermohydrologic changes, enhanced mineral
alteration that could affect flow properties, and thermomechanical changes to fracture
permreabilities. The enhanced design permits a range of possible thermal conditions. The design
objective for closure at 125 years is to provide sufficient heat removal by ventilation over that
period to prevent boiling of water in the pores of the rock. For earlier closure, boiling could
occur in the rock, the spatial extent depending on how early ventilation heat removal is
terminated. The safety case must consider a range of possible thermal conditions. The
preliminary performance assessment analyses in Appendix E do not show significant dependence

TDR-WIS-RL-OOOoo1 REV 03

3-11

January 2000

of postclosure performance on details of the flow in the unsaturated zone. This insensitivity
arises because the highly mobile radionuclides dominating the calculated performance depend
little on these details; the less mobile radionuclides that would be more strongly affected
contribute little.
Possible simplifications for this factor include:
*
*

Conservative bounds for the unperturbed flow system (discussed in Section 3.2.1)
A conservative bound to represent thermohydrologic perturbations to the flow system.

3.3.3 Coupled Processes-Effects on Seepage
This factor addresses the modifications of the seepage due to heat generated-by the waste and
mechanical stresses associated with rock heating and rock fall. PossibleE simplifications
regarding this factor include the following:
*
*
*

Neglect advantages of thermal effects (e.g., dryout).
Specify potential increases of seepage flux during the thermal period in terms of bounds.
Use appropriate conservatism to represent changes due to alteration of drift geometry.

3.3.4 Environments on the Drip Shield
This factor describes the mechanical stresses, moisture, temperature and chemistry on the surface
of the drip shield. Possible simplifications to safety-case representation for this factor include
the following:
*
*
*

Address mechanical stress on the drip shield through conservative representation of rockfall,
taking into account the effects of backfill.
Provide bounds to moisture, temperature, and chemistry.
De-emphasize couplings among the environments that result in favorable conditions to
simplify the discussion (couplings leading to deleterious effects would not be neglected).

3.3.5

Environments on the Waste Package

This factor describes the mechanical stresses, moisture, temperature and chemistry on the surface

of the waste package. This factor may present an opportunity for significantly enhanced
performance if the chemistry can be demonstrated to be particularly favorable (e.g., essentially
neutral pH of condensate under the drip shield). However, until this contribution of the waste
package environments can be demonstrated, the following simplifications could be considered:
*

*
*

Address mechanical stress on the waste package through conservative representation of
rockfall, taking into account the effects of backfill and the drip shield.
Provide bounds to moisture, temperature, and chemistry under the drip shield.

De-emphasize couplings among the environments that result in favorable conditions to
simplify the discussion (deleterious couplings would not be neglected).
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3.3.6 Environments within the Waste Package
This factor describes the mechanical stress, moisture, temperature, and chemistry within the
waste package. These influence the performance of the waste form, mobilization of
radionuclides, and transport of those radionuclides within the waste package. The TSPA
analyses in Appendix E suggest limited sensitivity to this factor. The safety case may therefore
consider the following simplifications for this factor:
*
*
*

Address mechanical stress within the waste package through a conservative representation of
rockfall, taking into account the effects of backfill, the drip shield, and the waste package
barriers.
Provide bounds to moisture, temperature, and chemistry within the waste package.
De-emphasize couplings among the environments that result in favorable conditions to
simplify the discussion (deleterious couplings would not be neglected).

3.3.7

CSNF Waste Form Performance

This factor describes the control on the rate of mobilization of radionuclides provided by the
CSNF waste form. It includes the role of cladding or the canister in limiting wetting of the
waste, the rate of dissolution of the waste form, and the limitation in the mobilization rate
provided by degraded cladding or canister material.
This factor includes the performance of the CSNF cladding. The cladding is corrosion resistant
Zircaloy for about 99 percent of the CSNF and stainless steel or other material for the remainder.
Consequently, the cladding could protect a large fraction of the CSNF. The analyses to evaluate
the relative importance of the factors (see Appendix E) considered the possibility of 0.1 percent
initial cladding failure with degradation following expected rates over time and showed a
possible contribution of the cladding in this case. At the same time, it is possible that a
significant percentage of the cladding could be breached initially and that less reliance could be
placed on the cladding. For this reason cladding was not identified as a principal factor for the
safety case. At the same time, these analyses were simplified by assuming even a small breach
of the cladding resulted in complete exposure of the waste. It is possible that cladding with a
small breach could offer substantial protection if the exposed area of the pin were small.
Therefore, cladding could provide an important opportunity for enhanced performance if this
protection could be demonstrated. Additional work may warrant consideration of this factor as a
principal factor of the postclosure safety case. Until information is provided to demonstrate the
contribution, the following simplifications to the representation may be utilized in the
postclosure safety case:
*
*

Bound the CSNF dissolution rate with a model based on empirical data from flow-through
tests, drip tests, batch tests, and electrochemical tests.
Provide bounds to cladding performance.
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3.3.8 DHLW Glass Waste Form Performance
This factor describes the control on the rate of mobilization of radionuclides provided by the
DHLW glass waste form. It includes the role of the canister role in limiting wetting of the waste,
the rate of dissolution of the waste form, and the limitation in the mobilization rate provided by
the degraded canister. In the current representation, this factor does not contribute significantly
to the postclosure safety case. If these results bear out, this factor could be represented simply
(e.g., in terms of conservative estimates of the glass dissolution rate to bound the rate of release
of radionuclides from the DHLW waste form).
Note that this factor does provide an important opportunity for enhanced performance if the
canister is determined to provide substantial corrosion resistance. Additional evaluation of the
canister may therefore warrant consideration of this factor as a principal factor of the postclosure
safety case.
3.3.9 DOE Spent Nuclear Fuel (, Navy Fuel, Plutonium Disposition Waste Form
Performance
This factor describes the control on the rate of mobilization of radionuclides provided by the
waste forrns. It includes the limitations of the wetting of the waste by cladding or canister, the
rate of dissolution of the waste form, and the limitation in the mobilization rate provided by
degraded cladding or canister material. Analyses indicate negligible contribution to postclosure
performance from this factor and little sensitivity of the calculated releases to estimates of the
waste form performance (CRWMS M&O 1999b, Appendix E, p. E-4). The postclosure safety
case representation of this factor is expected to be relatively simple; for example, it may be
expressed in terms of bounding dissolution rates for the waste form.
3.3.10 Colloid-Associated Radionuclide Concentrations
This factor describes the concentrations of radionuclides arising from the formation of
radiocolloids, radionuclide-bearing waste-form-generated colloids, and sorption of mobilized
radionuclides onto colloids in the water. Colloid-associated radionuclides may be relatively
mobile. The fraction of the radionuclides carried by colloids may be very small, and the analyses
conducted for the VA did not show a significant contribution to calculated performance.
Additional work in this area is underway. In the event this factor continues to be a minor
contributor to annual dose, simplification in its representation may be warranted. Possible
simplifications include the following:
* Lower bounds to natural colloids in the water
* Upper bounds to sorption/desorption factors onto these colloids
* Lower bounds to generation of colloids in the repository.
3.3.11 In-Package Radionuclide Transport
This factor describes limitations to release of mobilized radionuclides from the waste package. It
includes diffusive and advective transport of radionuclides within the waste package. This factor
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has not yet been explicitly incorporated into TSPA modeling. However, analyses neglecting this
effect still show substantial margin in meeting proposed standards. Further, crude estimates
assuming diffusion in a mixing tank model suggest only a very minor contribution to
performance. Accordingly, there does not appear to be a significant disadvantage in continuing
to neglect this factor in the TSPA analyses.
3.3.12 Transport through the Drift Invert

This factor describes diffusive and advective transport of radionuclides through the drift invert.
For the range of invert properties investigated so far, TSPA analyses indicate only moderate
sensitivity of performance to transport through the invert. This information suggests
simplifications to the safety-case representation for this factor might include:
* Neglect of advection as long as the drip shield remains intact
* A simple one-dimensional diffusion model to bound diffusive transport
* Ignore retardation (e.g., due to sorption) of transport through the invert.
3.3.13 Advective Pathways in the Unsaturated Zone
This factor describes the pathways for water flow in the unsaturated zone rocks that might carry
radionuclides from the repository horizon to the water table. The representation for the
postclosure safety case is expected to be the same as that considered for the unsaturated zone
flow system. This representation is summarized in Section 3.3.1.
3.3.14 Colloid-Facilitated Transport in the Unsaturated Zone
This factor describes the transport of radiocolloids and radionuclides sorbed to colloids in water
moving down through the unsaturated zone rocks. The preliminary analyses for the VA that took
colloidally assisted transport of plutonium into account did not indicate a significant contribution
from this factor. Additional work in this area is underway. In the event this factor continues to
be a minor contributor to annual dose, simplification in its representation may be warranted.
Possible simplifications include the following:
*
*

Use of conservative models of colloidal transport based on the characteristics of plutonium
and americium, the expected bounding radionuclides
Utilize conservative bounds to sorptionldesorption, filtration, and clogging/declogging.

3.3.15 Coupled Processes-Effects on Unsaturated Zone Transport
This factor includes all the effects of temperature increases on the transport pathways and
processes in the unsaturated zone. In particular, the effects of coupled processes on the flow in
the unsaturated zone are those indicated in Section 3.3.2. It is expected that the effects would be
most important for the relatively immobile radionuclides that might become more mobile as a

result of thermal effects on transport properties. Accordingly, appropriate simplifications for this
factor in the postclosure safety case could include the following:
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*
*

Neglect of beneficial effects of coupled processes
Evaluation of coupled processes in terms of their effects on decreasing sorption properties of
the key immobile radionuclides in the formations below the repository.

3.3.16 Advective Pathways in the Saturated Zone
This factor describes the pathways for water that might transport radionuclides in the saturated
zone rocks. It includes the pathways through the volcanic aquifers and the valley fill alluvium in
Amargosa Valley. In general, the three-dimensional saturated zone flow model would be used to
estimate the advective pathways below the water table. For the postclosure safety case, this
evaluation would be conducted using conservative input parameters to determine an appropriate
bounding representation.
3.3.17 Colloid-Facilitated Transport in the Saturated Zone
This factor describes the transport of radiocolloids and radionuclides sorbed to colloids in
moving groundwater. The preliminary analyses for the VA that took colloidally assisted
transport of plutonium into account did not indicate a significant contribution from this factor.
Additional work in this area is underway. In the event this factor continues to be a minor
contributor to annual dose, simplification in its representation may be warranted.
Possible simplifications include the following:
*
*

Conservative models of colloidal transport based on the characteristics of plutonium and
americium, the expected bounding radionuclides
Conservative bounds to sorption/desorption, filtration, and clogging/declogging.

3.3.18 Biosphere Transport and Uptake
This factor describes the movement of radionuclides through the surface environment to humans
and the biosphere-specific dose conversion factors that permit calculation of the dose received
per unit of activity present in groundwater. Potential simplifications for this factor in the
postclosure safety case include the following:
*

Assume that the receptor of interest is a member of a subsistence farming community that
eats only locally grown food and drinks only water from a local groundwater well.
* Determine average food consumption from federal and/or state sources and site-specific
surveys.

3.4

OPPORTUNITIES FOR DEMONSTRATING ENHANCED POSTCLOSURE
PERFORMANCE OF THE REPOSITORY SYSTEM

The process to identify the factors potentially important to postclosure performance and to
prioritize them to identify the principal factors is summarized in Appendix D. That prioritization
process also noted several factors that could provide significant opportunities for enhancement of
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system performance. Several such areas were identified in the discussion in Section 3.2. Areas
that appear to provide particular opportunities include the following:
Seepage-further studies may demonstrate the percolation flux at this site is below the
threshold for seepage into the emplacement drifts, even for a conservative representation of
the precipitation at the surface, significantly reducing the likelihood of water contacting the
_

waste.

*

Environments on the waste package-additional analyses may show the environments under
the drip shield provide substantial enhancements both to waste package performance and
confidence in that performance.
* CSNF waste form performance-additional work may show the waste form limits
mobilization of radionuclides substantially more than current conservative models indicate,
even considering potential breaches of the cladding.
* DHLW glass waste form performance-additional design efforts could result in an enhanced
canister capable of substantially increasing system performance.
* Retardation of relatively mobile radionuclides in the saturated zone-additional work may
support a position that even the relatively mobile radionuclides could be significantly
retarded in the valley fill alluvium.

-

Additional work for these factors may warrant expanding the list of principal factors. In general,
this strategy maintains the options for enhancing the postclosure safety case. Similarly, if
additional information leads to the conclusion that one or more of the factors currently identified
as principal factors of the safety case should be relegated to a less important role, the strategy
would be changed to be consistent with this conclusion.
3.5 FACTORS FOR DISRUPTIVE EVENT SCENARIOS
The review of the factors in Table 3-1 focused primarily on the nominal scenario. Scenario
development and evaluation for potential disruptive processes and events is very preliminary and
the information so far is not sufficient to allow definitive identification of the principal factors
for scenarios designed to address them. Preliminary considerations however have identified

candidate factors in two areas: potential igneous activity and potential seismic activity. Many of
the factors affecting nominal performance (see Table 3-1) will come into play in the scenarios
for these disruptive events. These scenarios however involve additional considerations.
Candidates for additional factors for igneous activity scenarios include:
*
*

Igneous intrusion into emplacement drifts
Contact of waste packages by magma

* Waste package behavior in the presence of magma

-

-

*

Waste form behavior in the presence of magma

*

Entrainment of radionuclides by magma

*
*
*

Eruption and dispersal of magma-entrained waste
Ash deposition and subsequent release
Biosphere transport and uptake for igneous activity scenarios.
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Candidates for additional factors for seismic activity scenarios include:
*
*
*
*
*
*
*

Drift effects from ground motion
Drip shield damage from seismically induced rockfall
Waste package damage from seismically induced rockfall
Waste form effects from seismically induced rockfall
Repository effects from fault displacement
Hydrologic effects of fault displacement
Biosphere transport and uptake for seismic activity scenarios.

Evaluation of potentially disruptive processes and events will continue as part of the effort to
screen FEPs. In addition, development of the disruptive event scenarios will continue in order to
determine which of these and other factors might be important to the postclosure safety case.
3.6 PROCESS MODEL REPORTS
Information relevant to the principal factors of the postclosure safety case to support the SR and
LA considerations will be provided in process model reports. These reports will summarize the
data, assumptions, and analyses supporng the representations of the principal and other factors
of the safety case. In addition, these reports will
sciEd provide the basis for theabstracted
models associated with these factors that will be used for the TSPA analyses. The initial version
of these reports will support preliminary considerations for the SR decision. A second version
will support the final considerations in this regard. A later version will be developed to support
licensing considerations if the site is approved. The development of the process model reports
will therefore be iterative. To the extent changes are made, the principal factors and postclosure
safety case will be adjusted as necessary (see Section 1.2 for an explanation of this process).
A process model report will be completed for each of the major process models of the repository
system
*
*
*
*
*
*
*
*
*

Integrated site model
Unsaturated zone flow and transport model
Near field environment model
Engineered barrier system degradation, flow, and transport model
Waste package degradation model
Waste form degradation model
Saturated zone flow and transport model
Biosphere model
Disruptive events model.

Table 3-2 summarizes the scope of each of these reports. In addition to describing these major
process models, these reports will summarize the applicable measurements, data, models, and
analyses that will be reported in detail in subsidiary analysis and model reports. Table 3-3
identifies the particular process model report summarizing this information for each factor.
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The iterative development of a process model report could lead to new insights and, as explained
above, could trigger re-evaluation of the postclosure safety case. The expectation is that from
this point forward these iterations will result in relatively minor adjustments to this case, a
focusing of the safety case, not wholesale changes in emphasis or content. Thus, the initial
version of these reports will support a safety case for LA considerations that is substantially the
same as that for the SR considerations, with some focusing and possible simplification in areas
of lesser importance to postclosure safety.
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Table 3-2. Process Model Reports

Process Model
Report (PMR)

Scope

Integrated Site
Model (Initial
Site Model)

The Integrated Site Model PMR describes the framework for the geologic properties of the ambient site (e g., stratigraphy,
structural characteristics, geohydrologic rock properties, and mineralogy). The PMR describes bow information about the
site has been used to characterize the geologic properties of the site.

Unsaturated
Flow and
Zone Zone
Transport

Near Field
Environment

Engineered
Barrier System

The Unsaturated Zone Flow and Transport PMR describes the processes affecting (1) the amount of water entering the
unsaturated zone above the repository that could contact wastes in the repository and (2) the movement of water through
the unsaturated zone below the repository and potential transport of radionuclides in that water. The model describes the
spatial and temporal disaibution of water flow through the unsaturated zone, the spatial and temporal distribution of water
seepage into the underground openings of the repository, and the spatial and temporal distribution of potential
concentrations of released radionuclides in the unsaturated zone.

The Near Field Environment PMR describes processes important to limiting the amount of water that could contact waste.
Processes include the effects of beat from the waste on water flow through the unsaturated zone at the emplacement drift
wall, seepage, temperature and humidity (thermodynamic environment) on the engineered barriers, and the chemical
reactions and products and mechanical interactions in the near-field host rock surrounding the emplacement drifts. In-drift
water chemistry and gas compositions are also described.

The Engineered Barrier System Degradation,

Flow and Transport PMR describes processes that would lead to degradation
De adati~of
the engineered barriers and affect movement of radionudides through those barriers. This PMR provides information
about the thermal, hydrologic, and geochemical processes acing od engineered barriers relevant to these factors.

Degradation,

Flow, and
Transport
Waste Package
Degradation

Waste Form
Degradation

Saturated Zone
Flow and
Flow and
Transport

Biosphere

The Waste Package Degradation PMR describes processes that could lead to drip shield and waste package degradation
(e.g., the corrosion of the waste package materials in the near-field environments).
The Waste Form PMR describes the waste characteristics that limit the rate of release of radionuclides. Processes include
waste canister degradation, cladding degradation, and waste form dissolution. The Waste Form PMR describes the manner
in which the waste forms will degrade and how such degradation is expected to affect the release of radionuclides to the
immediately surrounding environment

The Saturated Zone Flow and Transport PMR describes the processes that control the movement of water through the
saturated zone below the repository and the distribution of dissolved radionuclides or colloidal particles that might be
released from the repository and migrate to the saturated zone. The PMR describes the dilution of radionuclide
concentrations during migration in the saturated zone.

The Biosphere PMR addresses the characteristics of the biosphere that influence the transport of radionuclides to humans
It includes a description of the lifestyle and habits of individuals who could be exposed to radioactive material at some
time during the postclosure performance period. The PMR describes the reference biosphere, associated pathways and the
characteristics of the critical group including location and behavior representative of current conditions, and biosphere
transport and uptake parameters used.

The Disruptive Events PMR summarizes tectonic processes that could disrupt the repository system. Other disruptive
events, including potential human intrusion and effects of nuclear criticality, are to be discussed elsewhere. This PMR
focuses on the consequences of volcanic and seismic events that potentially could affect the repository system The

Disruptive
Events

consequence analyses will rely on inputs from the probabilistic volcanic hazards and probabilistic seismic hazard analyses
to describe the frequency of disruptive events. Effects of igneous activity on drifts, waste packages, and waste forms will
beaddressed. Modes of radionuclide rlease resulting from igneous events will also be characterized. Effects of seismic
ground motion on rockfall and engineered components will be described. The consequences of fault displacement for the
engineered barrier system and waste packages will be summarized. Finally, the potential effects of volcanic and seismic
activity on the hydrologic system will be discussed.
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Table 3-3.

Process Model Reports Summarizing the Technical Bases for Principal and Other
Factors of the Postclosure Safety Case

Process Model Report

Factor

Principal
Factors
(Nominal
Scenario)

Seepage into drifts

Unsaturated Zone Flow and Transport

Performance of the drip shield

Waste Package Degradation

forance of the waste package barrers
Solubility limits of dissolved radionuclides
Retardation of radionuclide migration in the unsaturated
zone

Waste Package Degradation
Waste Form Degradation

Retardation of radionuclide migration in the saturated zone

Saturated Zone Flow and Transport

Dilution of radionuclide concentrations during migration

Saturated Zone Flow and Transport

Climate

Unsaturated Zone Flow and Transport

Net infiltration into the mountain

Unsaturated Zone Flow and Transport

Unsaturated zone flow above the repository

Unsaturated Zone Flow and Transport

Coupled processes - effects on unsaturated zone flow

Unsaturated Zone Flow and Transport

Coupled processes - effects on seepage

Near-Field Environment

Environments on the drip shield

Other
Factors
SceNaino)

Unsaturated Zone Flow and Transport

Engineered Barrier System Degradation, Flow and

Transport

Environments on the waste package

Engineered Barrier System Degradation, Flow, and
Transport

Environments within the waste package

Waste Form Degradation

CSNF waste form performance
DHLW glass waste form perfonnance

Waste Form Degradation
Waste Form Degradation

DSNF, Navy fuel, Pu disposition waste form performance
Colloid-associated radionuclide concentrations

Waste Form Degradation
Waste Form Degradation

In-package radionuclide transport

Waste Form Degradation

Transport
through the ___ghthedriftinvertTransport
drift invert
Transportth

Engineered Barrier System Degradation, Flow, and

Advective pathways in the unsaturated zone

Unsaturated Zone Flow and Transport

Colloid-facilitated transport in the unsaturated zone

Unsaturated Zone Flow and Transport

Coupled processes - effects on unsaturated zone transport

Unsaturated Zone Flow and Transport

Advective pathways in the saturated zone

Saturated Zone Flow and Transport

Colloid-facilitated transport in the saturated zone

Saturated Zone Flow and Transport

Biosphere transport and uptake

Biosphere

Factors for
Disruptive
Event

To be determined. See Section 3.5 for preliminary
considerations

Disruptive Events

Scenarios
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4. UPDATING THE POSTCLOSURE SAFETY CASE
The Repository Safety Strategy has evolved as site information has increased, repository system
design has evolved, and performance assessment models have become more sophisticated. The
strategy in the DOE's original plan for characterization of the Yucca Mountain site (DOE 1988)
addressed many issues for each of hundreds of factors potentially important to postclosure
performance. The strategy now focuses on the few remaining issues in the postclosure safety
case. That work includes screening of FEPs potentially important to postclosure performance
both to refine the representations for the nominal case and to define scenarios for disruptive
processes and events. It also includes the TSPA sensitivity and uncertainty studies. Based upon
this information, the representations of the principal and other factors will be determined for the
case to support the SR considerations. Sensitivity and uncertainty analyses will also help
determine appropriate simplifications to these representations for the licensing considerations.
For each set of considerations, total system performance assessment and barriers importance
assessment analyses will be completed. Further, the case for safety margin and defense-in-depth
will be prepared for each set of considerations. The information regarding natural analogues will
be compiled, and the plans for performance confirmation, including additional natural analogue
studies will be completed. This strategy provides the general guidance for this work.
Section 1.2 stresses the point that the safety case to be developed focuses on the needs for the
decision at hand. Beyond SR and LA, there could be other decisions (e.g., updates to the license
application). Consequently, re-evaluation of principal factors, the entire safety case, and the
safety strategy is expected to be a continuing activity as new information and insight warrant.
The following discussions however focus only on the information needed for the immediate SR
and LA considerations. The strategy here contemplates that all work described would be
completed before a decision regarding SR is made. Analyses conducted as part of this work may
indicate that some of this work need not be completed or that additional work is needed.
Changes in plans for work will be documented as needed in the future.
4.1

COMPLETE SCREENING OF FEATURES, EVENTS, AND PROCESSES AND
SCENARIO DEVELOPMENT

Efforts are needed to complete development of the scenarios for the nominal (undisturbed) case
and for the potentially disruptive processes and events. Efforts to review FEPs and screen them
on the basis of probability of occurrence and consequences are underway but not yet complete.
These efforts will be consistent with the approach outlined in the Site Characterization Plan
(DOE 1988, Section 8.3.5.13). These efforts include:
* Identifying and classifying FEPs potentially relevant to the long-term performance of the
disposal system
* Screening the FEPs using well-defined criteria to distinguish between those that can be
excluded from the TSPA and those that should be included in the analysis
* Using the retained FEPs to construct scenarios and scenario classes, as appropriate
* Screening the scenarios and scenario classes using the same criteria applied to the FEPs to
identify any scenarios that can be excluded from the TSPA
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*

Specifying the implementation of the scenarios and scenario classes in the computational
modeling for the TSPA, and documenting the treatment of included FEPs.

The implementation in the final step includes development of the performance assessment
models for the nominal scenario and for the scenarios for disruptive processes and events. In
particular, model development will be conducted to complete the scenarios for human intrusion
and igneous activity (direct magmatic release and release by groundwater pathways).
4.2 CONDUCTING TSPA SENSITIVITY AND UNCERTAINTY ANALYSES
Once FEP screening has been completed, the sensitivity analyses to support re-evaluation of the
principal factors and their representations can be conducted. In addition, sensitivity analyses will
serve to identify the areas where appropriate simplifications can be made in the representations
of the factors determined to be of minor importance to the safety case.
The preliminary analyses for the enhanced design have not yet addressed the full range of
uncertainties. Efforts are therefore still needed to address known uncertainties in the parameters
and models and to incorporate these uncertainties into the TSPA. These uncertainties include
those that address variability in properties, conditions, and performance. They also include those
arising from incomplete data. These uncertainties will be addressed by developing probability
distributions for the parameters. Assessment of performance will incorporate these probability
distributions directly into the probabilistic analyses or will consider them in establishing
reasonable bounds for the parameters.
Efforts are also needed to address conceptual model uncertainty beyond that addressed within the
set of parameters for a specific modeL In these cases, efforts are needed to develop alternative
models. Again, the approach will be to address these uncertainties either directly, in terms of
calculations for each of the alternative models, or indirectly, by estimating a reasonable bound to
the conceptual model uncertainty and conducting analyses for that bound.
4.3

UPDATING THE REPRESENTATIONS OF THE PRINCIPAL FACTORS

Additional work is needed to complete the representations for the principal factors that would be
considered in the safety case to support both SR and LA considerations. This work is
summarized here. The work for the SR considerations includes sensitivity studies (see
Section 4.2). In addition to the perspective these studies give for the SR considerations, they will
be used in considering possible simplifications for the LA considerations. Consequently, the
representation development summarized here, based largely on work to be completed before the
SR decision, addresses needs for both the SR and LA considerations.
4.3.1 Seepage into Drifts
The representation currently contemplated for this principal factor is summarized in
Section 3.2.1.
Activities to complete development for the SR considerations include
specifications of the representation of the flow at the repository horizon and seepage into the
drifts through exercising the seepage model for this conservative representation of the flow
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system. Additional activities to complete development for licensing considerations include
evaluation to determine possible simplifications of the aspects of this factor that contribute little
to postclosure performance.
In addition, work will be conducted to investigate the possibility that the percolation flux at the
repository horizon would be less than the threshold for any seepage. Specific activities in this
regard include seepage testing to determine and bound seepage thresholds for the primary
lithostratigraphic units of the potential repository horizon. This includes testing in various
locations at the potential repository horizon to develop a defensible range of seepage threshold
values. In addition, work is needed to verify the fundamental processes, investigate the effects of
different drift geometries, and quantify the magnitude of the seepage thresholds. If the seepage
threshold concept becomes sufficiently defensible, seepage could then be specified to be zero
except when and where extreme adverse conditions to seepage are present.
4.3.2 Performance of the Drip Shield
The representation contemplated for this factor is given in Section 3.2.2. Information needed to
complete this representation includes:
*
*
*
*
*
*
*
*
*

Selection of backfill material and evaluation of mechanical and chemical interactions with
the backfill
The representation for the drip shield surface environment (see Section 3.3.4)
Parametric studies of effects of manufacturing defects and misalignment of drip shield
segments at emplacement to evaluate needed quality control measures
Data and analyses on general and local corrosion, including general corrosion rates and
thresholds for localized aqueous phase corrosion and data on impact of radiolysis and
microbial growth on rates and thresholds
Residual weld stress
Threshold stress intensity factor for stress corrosion cracking
Threshold for hydrogen induced cracking
Crack propagation rates
Evaluation of performance of breached drip shields.

4.3.3 Performance of Waste Package Barriers
The representation contemplated for this factor is summarized in Section 3.2.3. Information
needed to complete this representation includes:
*

Ground motion analysis of the waste package

*
*
*
*
*
*

The representation for the waste package environments (see Section 3.3.5)
Evaluation of general and local corrosion rates and thresholds
Assessment of impacts of phase stability issues for Alloy 22
Residual weld stress
Threshold stress intensity factor for stress corrosion cracking
Crack propagation rates
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* Evaluation of interactions of the waste package with its metal support structure.
4.3.4

Solubility Limits of Dissolved Radionuclides

The representation currently contemplated for this factor is given in Section 3.2.4. Additional
information needed to complete development of this representation includes specification of the
range of potential chemistries and estimation of the neptunium, plutonium, and uranium
solubility limits for this range.
4.3.5 Retardation of Radionuclide Migration in the Unsaturated Zone
The representation contemplated for this principal factor is given in Section 3.2.5. Additional
information needed to support this representation includes results of short-term tests verifying
sorption coefficients for the key (relatively immobile) radionuclides.
4.3.6 Retardation of RadionucLide Migration in the Saturated Zone
The representation for this factor is given in Section 3.2.6. Information still needed to support
this representation includes:
* Information about the alluvium pathways (to be produced in the alluvium testing complex)
* Verification of sorption coefficients in the alluvium.
4.3.7 Dilution of Radionuclide Concentrations during Migration
The representation of this factor is summarized in Section 3.2.7. All of the information needed
to develop this particular representation is currently available. The currently planned approach is
to focus on the pumping volume defined for the receptor group or individual, consistent with the
requirements specified by the NRC for implementation of the applicable postclosure radiation
protection standard. Under the NRC's proposed rule, 10 CFR 63.115, the receptor group is
defined as a small farming community located at a distance of 20 km from the repository, whose
behavior and characteristics are consistent with the current residents of Amargosa Valley. The
approach to this factor may need to be modified if the final standard and implementation
requirements are substantially different from those proposed.
4.4

UPDATING THE REPRESENTATIONS OF OTHER FACTORS

In some cases, additional information is also needed to support the representations for other
factors that will be considered in the safety case. This information includes data and analyses to
evaluate possible simplifications that might be made to these representations for the licensing
considerations, presuming,these factors continue to be of less importance to the safety case. It
also includes information to investigate the potential of some of these factors contributing to
performance more than warranted by current information. The summaries that follow focus
largely on the work to be done in this regard; consequently, although this work is planned to be
completed before the SR decision, it focuses primarily on the needs for the LA considerations.
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4A.1

Climate, Net Infiltration into the Mountain, and Unsaturated Zone Flow above the
Repository

This factor is discussed in Section 3.3.1. Data and analyses needed to evaluate possible
simplifications include modeling to determine the appropriate simplifications to these factors for
the safety case.
4A.2 Coupled Processes-Effects on Unsaturated Zone Flow
This factor is discussed in Section 3.3.2. Information needed to address possible simplifications
includes the results of analyses to demonstrate that the thermal/hydrologiclchemical and
thernalfhydrologic/mechanical coupled processes can be bounded or neglected.
4.4.3 Coupled Processes-Effects on Seepage
This factor is discussed in Section 3.3.3.
simplification include:
*
*
*

Additional activities needed to evaluate possible

Continuation of the Drift Scale Test to provide the basis for judgements regarding the extent
of coupled effects on seepage
Results of analyses to determine the impact on hydrologic properties due to thermal loading
Modeling to estimate the bound to refluxing, the fraction that flows down through the pillars,
and the amount that is available to increase the seepage.

4.4A Environments on the Drip Shield
This factor is discussed in Section 3.3.4. Information needed to evaluate possible simplifications
includes:

*
*
*
*

Bounding rockfall parameters
Tests and analyses to verify water removal from the drifts is adequate
Results of thermohydrologic tests and modeling to determine moisture on the drip shield
Estimates of chemistry on the surface of the drift shield.

4A.5 Environments on the Waste Package
This factor is discussed in Section 3.3.5. Information needed to evaluate possible simplifications
includes:
*
*
*

Bounding rockfall parameters
Analyses to verify water removal from the drifts is adequate
Effects of chemistry on the surface of the waste package.
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4.4.6 Environments within the Waste Package
This factor is discussed in Section 3.3.6. Information needed to evaluate possible simplifications
includes:
*
*

Thermal analysis to deternine bounding temperatures
Analyses to estimate bounds to the chemistry within the waste package.

4.4.7

CSNF Waste Form Performance

This factor is discussed in Section 3.3.7. Additional data and analyses needed to evaluate
possible simplifications include the following:
*
*
*

Design evaluation of the merits of an enhanced waste package (corrosion-resistant inner
barrier or canister) for CSNF with initially breached or unreliable cladding
Evaluation of the performance of cladding in limiting mobilization of radionuclides, even if
breached
Assessment of the potential for wet unzipping of the cladding.

4.4.8 DHLW Glass Waste Form Performance
This factor is discussed in Section 3.3.8. No measurements are needed to support this
representation. Additional design work is needed to evaluate the value of an enhanced waste
package for the DHLW. This work involves analysis of a corrosion-resistant inner waste
package barrier or a corrosion-resistant canister.
4.4.9 DOE Spent Nuclear Fuel, Navy Fuel, Plutonium Disposition Waste Form
Performance
This factor is discussed in Section 3.3.9. Additional data needed to evaluate possible
simplifications for the licensing considerations are the bounds on the radionuclide inventories for
each type of waste. In addition, if the decision is made to give credit to canister performance,
information will be needed to support this credit.
4.4.10 Colloid-Associated Radionuclide Concentrations
This factor is discussed in Section 3.3.10. Additional information needed to evaluate possible
simplifications includes confirmation of current estimates of bounding values.
4.4.11 In-Package Radionuclide Transport
As indicated in Section 3.3.11, this factor will either be represented very simply or be ignored in
the safety case. No additional information is needed.
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4.4.12 Transport through the Drift Invert
This factor is discussed in Section 3.3.12. Additional information needed to evaluate possible
simplifications includes selection of invert material and results of testing of the dependence of
invert water potential and diffusion behavior on temperature.
4.4.13 Advective Pathways in the Unsaturated Zone
This factor is discussed in Section 3.3.13. Possible simplifications would be similar to those
considered for the unsaturated zone flow system. The additional information needed to evaluate
them is summarized in Section 4.4.1.
4.4.14 Colloid-Facilitated Transport in the Unsaturated Zone
This factor is discussed in Section 3.3.14. Data and analyses needed to evaluate possible
simplifications include:
*
!

Completion of the ongoing testing utilizing microspheres at the Busted Butte site
Development of bounding models for colloidal transport of plutonium and americium.

4.4.15 Coupled Processes-Effects on Unsaturated Zone Transport
This factor is discussed in Section 3.3.15. Additional information needed to evaluate possible
simplifications includes the results of modeling studies to determine the effects of
thermohydrologic processes on the transport processes.
4A.16 Advective Pathways in the Saturated Zone
This factor is discussed in Section 3.3.16. No further testing is required to support this
representation. Additional analyses needed to evaluate possible simplifications include
simulations with the saturated zone flow and transport model to determine the advective
pathways from below the potential repository to the compliance boundary.
4.4.17 Colloid-Facilitated Transport in the Saturated Zone
This factor is discussed in Section 3.3.17. Data and analyses needed to evaluate possible
simplifications include specification of bounding models for colloidal transport of plutonium and
americium in the saturated zone.
4.4.18 Biosphere Transport and Uptake
This factor is discussed in Section 3.3.18. All information needed to support this representation
is currently available.
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4.5

CONDUCT TSPA ANALYSES

Once the representations of the principal and other factors are defined, quantitative analyses of
postclosure performance and barriers importance analyses will be completed. The expected
approach to these analyses is summarized in Appendix C.
The representations for the principal and other factors may be different for the SR and LA
considerations, and two different sets of TSPA analyses are planned. The first, TSPA for the SR
considerations (TSPA-SR) will take into account the recommendations of the principal and other
factors that will be developed for this decision. In most cases, these representations will be as
realistic as possible to provide an adequate basis for the consideration of site suitability. The
second, TSPA for the license application considerations (TSPA-LA) will take into account
appropriate simplifications to the factors that have minor importance to postclosure safety.
4.6

COMPLETING THE CASE FOR SAFETY MARGIN AND DEFENSE IN DEPTH

Section 2.2.2 gives the current status of the postclosure safety case regarding safety margin and
defense-in-depth. The preliminary analyses of the enhanced system design indicate quantitative
estimates of performance out to 100,000 years are expected to lie orders of magnitude below the
proposed regulatory criterion for 10,000 years. Therefore, it is expected that the margin would
be adequate. Because the performance assessments so far are preliminary, additional work is
still needed, but fundamental changes to the design concept are not expected.
Likewise, the efforts to enhance the design to improve the degree of defense-in-depth provided
by the system led to the adoption of a drip shield. This feature substantially improves the
defense-in-depth provided by the system; the preliminary analyses suggest the design does not
rely on any single barrier to meet the 10,000-year performance standard. Again, although work
is needed to provide the technical basis for the TSPA models, it does not appear that additional
design enhancements are needed in this regard.
Design development must continue in terms of design detail for the waste package and drip
shield and for other purposes (e.g., work to address waste package closure and management of
thermal conditions). The work is to complete the details of the design pertaining to the waste
package and drip shield and provide the quantitative assessments of the effectiveness of the
system of natural and engineered barriers in providing safety margin and defense-in-depth.
These assessments will be completed as part of the TSPA and barriers importance analyses (see
Section 4.5 and Appendix C).
At the same time, the strategy acknowledges that additional information could change the
strategy. For example, additional corrosion testing could indicate that less reliance can be placed
on the drip shield (or the waste package barriers) than indicated by the preliminary work and
additional features or measures would need to be employed. If so, this strategy will be revised as
needed.
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4.7

COMPILING NATURAL ANALOGUE INFORMATION

As discussed in Section 2.4, a review of natural analogue studies is in progress and relevant
information from that review will be summarized for the postclosure safety case. This summary
will specify those cases where analogue studies are used in evaluating portions of the process
The summary will also provide
models relied on for the postclosure safety case.
recommendations for analogue studies that could be conducted as part of the performance
confirmation program to provide independent long-term validation of processes relevant to the
safety case.
Work has been conducted at a number of sites and will be reviewed for relevance to Yucca
Mountain. This review will include analogues for radionuclide solubility and geochemical
processes that affect transport. The Pefia Blanca site in northern Mexico will be evaluated in the
field as a natural analogue to uranium mobilization and migration associated with spent nuclear
fuel. In addition, potential analogue sites where precipitation and infiltration conditions are
similar to Yucca Mountain, and where paleocimatic information is available, will also be
included in the review.
4.8

COMPLETING THE PLAN FOR LONG-TERM PERFORMANCE EVALUATION

AND CONFIRMATION
The plan for long-term performance evaluation and confirmation is not complete. Design for the
repository system, including the engineered barriers and waste package, is at the conceptual
stage and the plan will be completed after a more detailed design is developed. Once sufficient
design detail has been developed, plans will be finalized that focus on confirming the postclosure
safety case. As currently constructed, the safety case dictates that performance confirmation
testing will focus on confirming performance of the waste package and drip shield and estimates
of seepage into the emplacement drifts. It is unlikely that waste packages will release any
radionuclides before permanent closure. Consequently, performance confirmation testing of
retardation of radionuclide migration, solubility limits to radionuclide concentrations, and
dilution of radionuclide concentrations, which are also specified as principal factors, is not
considered to be practical. The only testing in this regard will be the evaluation of natural
analogues (see Section 4.7).
Development of the plan may determine that monitoring should be conducted regarding other
aspects of the system beyond these currently identified principal factors. In this case, additional
principal factors will be defined to provide the focus for such performance confirmation testing.
The plan will therefore identify the plans to:
*
*

Monitor subsurface conditions essential to confirming the principal factors
Measure and compare against estimates for these factors in the license application.

The plans will delineate the duration and extent of these tests. In addition, the plans will address
other requirements of the performance confirmation program, including those to monitor
parameters associated with preclosure safety considerations.
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The plan for long-term testing and analysis will also address the question of early closure of the
repository system. The design currently focuses on closure 125 years after initial waste
emplacement in order to provide ample time for ventilation heat removal and to minimize
thermally induced changes in the host rock. Long-term testing may demonstrate that earlier
closure would not result in deleterious conditions in the repository. Accordingly, the plan for
long-term testing will include a requirement to monitor actual conditions resulting from the
emplacement of the waste and evaluate the effects of early closure. Specifying the plan for such
testing at this early stage will provide a basis for judging the adequacy of the program for such a
determination, and is intended to contribute to the ability to make a reasonable assurance finding
regarding postclosure safety.

TDR-WIS-RL-000001 REV 03

4-10

January 2000-

5. CONCLUSION AND PROSPECTUS
The repository safety strategy has been revised to reflect significant enhancement in the
repository system design, improved technical data and models, and changes in the regulatory
framework applicable to considerations of a repository system at the Yucca Mountain site. The
changes have resulted from increased understanding of what is important to postclosure
performance for the enhanced system design. That understanding has led to a focus on what
appear to be the most important factors affecting performance, the principal factors of the
postclosure safety case:
*
*
*
*
*
*
*

Seepage into drifts
Solubility limits of dissolved radionuclides
Dilution of radionuclide concentrations
Retardation of radionuclide migration in the unsaturated zone
Retardation of radionuclide migration in the saturated zone
Performance of the drip shield
Performance of the waste package barriers.

The strategy identifies the questions that remain for these factors and the technical work needed
to complete the postclosure safety case. The information from this future work along with the
current information will be assembled into a complete safety case. Current information strongly
suggests this safety case will provide an adequate basis for judging the postclosure safety of the
system.
This version of the strategy focuses on the development of the postclosure safety case needed for
the SR and LA considerations and is based on the best information available at the present time.
Additional work may dictate the advisability of changes in the safety case. For example, the
principal factors could change, either in terms of the representations of those identified here or
modifications to this set, as a consequence of the results of the TSPA sensitivity and uncertainty
analyses now underway. Likewise, the strategy for development of the safety case might be
further revised because of new information or insights. However, the expectation is that from
this point forward such changes in the case of this repository safety strategy would be minor, a
focusing of the safety case, not wholesale changes in emphasis or content.
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APPENDIX A
YUCCA MOUNTAIN REPOSITORY SYSTEM CONSIDERED FOR THIS REVISION
A.1 THE NATURAL SYSTEM
The description of the Yucca Mountain site considered for this strategy is not significantly
different from that given in the VA. Yucca Mountain is a ridge located about 160 km (100
miles) northwest of Las Vegas, Nevada. The nearest populated area is Amargosa Valley more
than 20 km to the south. The mountain is composed of a sequence of tilted layers of variably
welded and fractured tuffs. In descending order from the surface, these include the Tiva Canyon
welded (TCw) unit, the Paintbrush nonwelded (PTn) unit, the Topopah Spring welded (TSw)
unit, the Calico Hills nonwelded (CHn) unit, and other underlying welded and nonwelded units.
The host rock proposed for the repository is included in the TSw unit at a height averaging about
300 m above the water table and a depth averaging about 300 m below the surface.
These rock units are expected to perform several functions with respect to postclosure
performance of the repository. First, they define a specific range of ambient thermal, moisture,
and chemical environments for the waste and the engineered components of the system. Second,
they determine the flux of water at the repository horizon and limit seepage into the repository.
Seepage into the emplacement drifts depends on the percolation flux intersecting those drifts.
This percolation flux in turn depends on the amount of infiltration into the mountain and the way
in which the water moves downward through the rock. The present-day annual precipitation at
Yucca Mountain averages about 170 mm, less than 7 in., and results from infrequent storms in
the spring and late summer (DOE 1998b, Volume 1, Section 2.2.2.2). More than 90 percent of
this precipitation runs off the mountain or is evaporated and transpired back into the atmosphere
(DOE 1998b, Volume 1, Section 2.2.3.1). The net infiltration into the mountain is distributed
unevenly because of the local variation in the precipitation at the surface, the spatial distribution
of surface soils, and the varying density of fractures in the rock immediately underlying these
soils.
The rocks in the upper part of the mountain in the TCw unit are highly fractured and the
percolation in them is dominated by downward flow in these fractures. The percolation is
transmitted from these rocks to the PTn tuffs and then to the TSw unit. The contrast of fracture
densities and hydraulic properties among these units may foster redistribution of the flow. The
downward percolation flow may also be affected by the faults and fractures that cut the units and
which may provide barriers or preferential pathways for flow.
Water that reaches the TSw unit is distributed among the fractures and matrix of this unit, with
most of the flow expected to occur in the fractures. The percolation flux in the TSw unit is too
low to be measured directly. Indirect evidence suggests the average present-day annual flux is
on the order of 7 mm (DOE 1998b, Volume 1, Section 2.2.3.2). The average percolation flux
may have been as high as 100 mm/year in the past (DOE 1998b, Volume 1, Section 2.2.3.2).
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The flow in the fractures and the matrix of the host rock determines the seepage potential. To
date no seepage of liquid water into the ESF at the proposed repository horizon has been
observed (DOE 1998b, Volume 1, Section 2.2.3.2). Although ventilation is sufficient to remove
water from the rock and could be obscuring seepage, no seepage is seen even when the
ventilation is turned off. The flux of water percolating through the rock has been sufficiently
low since the ESF has been open that capillary forces are able to retain water in the fractures and
pores of the surrounding rock matrix. Although the possibility of some seepage into the
emplacement drifts in the future cannot be precluded, this information indicates the rocks play an
important role in limiting the water from contacting the waste.
In addition to limiting seepage into the repository, the unsaturated zone rocks are expected to
provide barriers to radionuclide migration away from the repository. This migration will be
constrained by the rate of flow in the rock and by sorption of the radionuclides on the rock and
other retarding processes along the flow path. The migration may also be affected by the
heterogeneity of the flow and transport properties of these rocks, resulting in dispersion and
dilution of radionuclide concentrations (DOE 1998b, Volume 1, Section 2.2.5.1). Further,
concentrations of some radionuclides could be reduced by depletion of radionuclides during
transport either by matrix diffusion or sorption (DOE 1998b, Volume 1, Section 2.2.5.1).
Colloidal particles in the water may provide a means for enhanced radionuclide migration
because they can furnish a transport vehicle for sorbed ions (DOE 1998b, Volume 1,
Section 2.2.5.1).
Radionuclides reaching the water table could be transported away from Yucca Mountain by the
saturated zone flow below the water table. Present-day flow in the saturated zone near Yucca
Mountain is to the south and east (DOE 1998b, Volume 1, Section 2.2.4.2) and could reach
pumping wells in Amargosa Valley (DOE 1998b, Volume 1, Section 2.2.4.1). This flow occurs
in fractured volcanic rocks and, more than 10 km from the site, alluvial sediments (DOE 1998b,
Volume 1, Section 2.2.4.1). Measurements indicate the relevant flow mainly occurs in discrete
zones (DOE 1998b, Volume 1, Section 2.2.4.3) and radionuclides transmitted from the overlying
unsaturated zone would be expected to remain predominantly in the uppermost of these.
Faulting and tilting of the volcanic rocks complicates the flow within these zones (DOE 1998b,
Volume 1, Section 2.2.4.3). Likewise, the specific nature of the flow paths within the alluvial
sediments in Amargosa Valley is not known. Although present information is insufficient to
define the potential radionuclide migration pathways in detail, simple conservative models
indicate significant retardation of migration and dilution of concentrations would occur for most
of the radionuclides that would be in the repository (DOE 1998b, Section 5.2).
A.2 THE ENGINEERED SYSTEM
The enhanced repository is illustrated in Figure A-1. This figure shows the general location of
the underground facility about 300 m below the surface and about 300 m above the water table.
The figure also illustrates schematically one of the emplacement drifts of this facility and waste
packages emplaced in these drifts. The inset figure shows a drip shield over the waste package
and backfill over the drip shield intended to protect it and the waste package against possible
rockfall.
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Figure A-1. Schematic of a Yucca Mountain Repository showing the Enhanced Repository Design
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As considered in the VA (DOE 1998b, Volume 2, Section 3.1), the enhanced repository will be
designed to accommodate at least 70,000 metric tons of CSNF, DHLW, and other wastes. These
wastes would be contained in large waste packages emplaced in drifts mined in the TSw unit.
The waste packages would each consist of two concentric, cylindrical metal barriers with
accompanying lids (a closed cylinder within a closed cylinder). The waste packages would
typically contain 21 pressurized-water reactor CSNF assemblies (about 9.7 metric tons of waste),
44 boiling-water reactor CSNF assemblies (about 8 metric tons of waste), or 5 DHLW glass logs.
The amounts of other wastes are very small and would also be contained in these waste
packages, with a few dedicated waste packages for U.S. Navy spent nuclear fuel. There would
be about 10,000 waste packages in this design.
This design includes enhancements to the VA design (CRWMS M&O 1999a). The outer barrier
of the waste package would be robust (e.g., at least 2 cm of highly corrosion-resistant nickel
Alloy 22). The inner barrier would provide structural support (e.g., at least 5 cm of nuclear
grade 316 stainless steel). In addition, the engineered barrier system would include a drip shield
over the waste package to provide defense-in-depth in preventing water from dripping onto the
waste. The drip shield would be made of long-lasting material different from that used in the
waste package (e.g., 2 cm of corrosion-resistant titanium alloy) to limit common-mode failures.
Backfill material (e.g., sand or tuff gravel) placed over the drip shield would protect it and the
waste package against possible rockfall.
In addition, the backfill would insulate these
components and provide favorable thermal conditions. For example, the higher temperatures
would enhance waste package and drip shield lifetimes by keeping their surfaces dry during the
thermal period. In addition to providing redundancy to the waste package in preventing
exposure of waste to water, the drip shield would limit advective flow through the barriers
directly underneath the waste package, thereby increasing their effectiveness.
A.3 THERMAL LOADING CONSIDERATIONS
The design is also enhanced to provide a more flexible system with respect to thermal conditions.
An important consideration for the design of the repository system is the heat generated by the
emplaced waste. Radioactive decay of the waste produces heat, and temperatures in the rock
close to the drifts could exceed the boiling point of water for hundreds to thousands of years.
The design will have an areal density of waste of about 60 metric tons of waste per acre,
providing a lower areal thermal loading than the VA design. The repository area will be about
1,100 acres, enough to accommodate the 10,000 waste packages; however, additional area is
available to accommodate more packages as needed.
The waste packages in the design will be emplaced end-to-end in the emplacement drifts to
provide a line thermal loading. The drifts would then be spaced sufficiently far apart (more than
80 m separation) that a portion of each pillar between them could remain below boiling. The
actual temperature increases in the host rock would depend upon management of waste
emplacement in the repository (choosing whether to delay emplacement of the hotter waste or
blending hotter spent fuel assemblies with cooler assemblies in a single package) and by
ventilating the emplacement drifts.
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The current concept is to keep the repository open for 50-125 years after initial waste
emplacement to allow consideration of a range of thermal conditions. For example, the upper
end of this range could provide sufficient time for the ventilation system to remove enough heat
to limit boiling in the rock if that is determined to be necessary. The design actually provides for
the repository to remain open for as long as 300 years after initial waste emplacement if
necessary.
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APPENDIX B
REGULATORY FRAMEWORK CONSIDERED FOR THIS REVISION OF THE
STRATEGY
Since the VA was completed, the regulatory framework for approval of repository development
has changed substantially. The NRC has proposed its licensing criteria for a repository at the
Yucca Mountain site in 10 CFR Part 63 (64 FR 8640). The DOE has proposed its revised site
suitability guidelines for evaluating geological and other aspects of the Yucca Mountain site in
10 CFR Part 963 (64 FR 67054). The DOE's proposed criteria and proposed methodology for
determining the suitability of the Yucca Mountain site are based on and consistent with the
NRC's proposed licensing criteria and, therefore, require an evaluation of compliance with the
applicable environmental standards.
The EPA has proposed environmental standards for the Yucca Mountain repository system in 40
CFR Part 197 (64 FR 46976). The final version of these standards must eventually be
implemented through the NRC licensing criteria. There are differences between the postclosure
performance criteria proposed by the NRC as a placeholder for the final EPA standards and the
standards currently proposed by the EPA. Both proposals establish limits on the annual dose to
an individual; however, the NRC's limit of 25 mrem/year is slightly higher than the 15
mrem/year standard proposed by the EPA. In both cases the proposed limits apply to an
individual living in Amargosa Valley and both limits apply for 10,000 years following
permanent closure. Both proposals establish requirements for the evaluation of inadvertent
human intrusion. The EPA proposal specifies a separate groundwater protection standard in
addition to its individual protection standard. This standard would also apply for 10,000 years.
The risk-informed, performance-based approach in the NRC's proposed regulations requires
demonstration of compliance with the postclosure performance objective through performance
assessment. The results of this performance assessment are intended to be the sole quantitative
measure used to demonstrate compliance with that performance objective. The proposed rule
defines what is meant by performance assessment and provides the requirements for the content
of that assessment.
The repository safety strategy has been updated to consider all of these proposed regulations and
standards. It is consistent with the requirements of the proposed rule regarding the information
needed to demonstrate compliance with the quantitative criterion of the postclosure performance
objective of the NRC's proposed rule and considers the possible changes to this criterion in the
EPA's proposed standards. The strategy also considers additional information beyond that
required for the quantitative assessment to address uncertainties in the quantitative assessments.
The strategy will need to be updated to reflect the final regulations. The discussions of
quantitative estimates of postclosure performance herein include comparisons with the standard
in the NRC's currently proposed rule. However, these are intended only for perspective and do
not imply an opinion about what the final standards implemented by the NRC might be.
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APPENDIX C
METHODOLOGY FOR TOTAL SYSTEM PERFORMANCE ASSESSMENT
This appendix describes the current status of the methods contemplated for the postclosure safety
case. These methods include those for quantitative estimates of postclosure performance without
inadvertent human intrusion, barriers importance analyses, and assessment of inadvertent human
intrusion.
These methods provide information to show the postclosure performance objective for the
geologic repository is met. This objective is specified in NRC's proposed rule (64 FR 8640) at
10 CFR 63.113:
(a) The geologic repository shall include multiple barriers, consisting of both
natural barriers and an engineered barrier system.
(b) The engineered barrier system shall be designed so that, working in
combination with natural barriers, the expected annual dose to the average
member of the critical group shall not exceed 25 mrem at any time during the
first 10,000 years after permanent closure, as a result of radioactive materials
released from the geologic repository.
(c) The ability of the geologic repository to limit radiological exposures to those
specified shall be demonstrated through a performance assessment that
excludes the effects of human intrusion.
(d) The ability of the geologic repository to limit radiological exposure in the
event of limited human intrusion into the engineered barrier system shall be
demonstrated through a separate performance assessment for a scenario
defined in the proposed rule.
The proposed rule also identifies requirements regarding methods used to demonstrate
compliance with this objective in NRC's proposed rule at 10 CFR 63.114. These requirements
state that the method shall:
(a) Include data related to the geology, hydrology, and geochemistry (including
disruptive processes and events) of the Yucca Mountain site, and the
surrounding region to the extent necessary, and information on the design of
the engineered barrier system, used to define parameters and conceptual
models used in the assessment.
(b) Account for uncertainties and variabilities in parameter values and provide
the technical basis for parameter ranges, probability distributions, or
bounding values used in the performance assessment.
(c) Consider alternative conceptual models of features and processes that are
consistent with available data and current scientific understanding, and
evaluate the effects that alternative conceptual models have on the
performance of the geologic repository.
(d) Consider only events that have at least one chance in 10,000 of occurring
over 10,000 years.
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(e) Provide the technical basis for either inclusion or exclusion of specific
features, events, and processes of the geologic setting in the performance
assessment. Specific features, events, and processes of the geologic setting
must be evaluated in detail if the magnitude and time of the resulting
expected annual dose would be significantly changed by their omission.
(f) Provide the technical basis for either inclusion or exclusion of degradation,
deterioration, or alteration processes of engineered barriers in the
performance assessment, including those processes that would adversely
affect the performance of natural barriers. Degradation, deterioration, or
alteration processes of engineered barriers must be evaluated in detail if the
magnitude and time of the resulting expected annual dose would be
significantly changed by their omission.
(g) Provide the technical basis for models used in the performance assessment
such as comparisons made with outputs of detailed process-level models
and/or empirical observations (e.g., laboratory testing, field investigations,
and natural analog).
(h) Identify those design features of the engineered barrier system and natural
features of the geologic setting that are considered barriers important to waste
isolation.
(i) Describe the capability of barriers identified as important to waste isolation to
isolate waste, taking into account uncertainties in characterizing and
modeling the barriers.
(1) Provide the technical basis for the description of the capability of the barriers,
identified as important to waste isolation, to isolate waste.
TSPA includes two types of quantitative analyses. The first is quantitative estimates of total
system postclosure performance for the purpose of comparing expected system performance to
the quantitative standard of the postclosure performance objective. These estimates focus on
items (a) through (g) above. Section A.1 describes the method for these estimates, excluding the
consideration of inadvertent human intrusion. The second is barriers importance analysis,
quantitative assessment of the contribution of system barriers to total system performance. This
analysis focuses on items (h) through (j) above. Section C.2 describes the method for this
analysis. Section C.3 focuses on the quantitative estimates of postclosure performance
addressing inadvertent human intrusion.
C.1 METHOD
FOR
PERFORMANCE

QUANTITATIVE

ESTIMATES

OF

POSTCLOSURE

This section describes the method being developed to make the estimates of expected postclosure
performance and to evaluate compliance with the numerical criteria embodied in the NRC's
postclosure performance objective. Such analyses have been conducted for the repository
system since 1991. These analyses have steadily improved due to improvement in site and
design information and increased sophistication of the model abstractions and methodology. The
most recent of these analyses was presented in the VA (DOE 1998b, Volume 3). The reference
system design considered in the VA performance assessment has been updated and this enhanced
system design will be the subject of the site recommendation and license application

TDR-WIS-RL-000001 REV 03

C-2

January 2000

considerations. Consequently, the methodology is being improved in preparation for analyses to
support those considerations.
In addition to satisfying the specific requirements at proposed 10 CFR 63.114 (64 FR 8640), the
TSPA method for these considerations will be consistent with the definition provided at 10 CFR
63.2:
Performance assessment means a probabilistic analysis that: (1) Identifies the
features, events, and processes that might affect the performance of the geologic
repository; and (2) Examines the effects of such features, events, and processes on
the performance of the geologic repository; and (3) Estimates the expected annual
dose to the average member of the critical group as a result of releases from the
geologic repository.
That is, the method will be probabilistic. This probabilistic treatment will apply to all process
and component models and their linkage into a tool to estimate overall repository system
performance. The performance measure computed will be the annual dose to an average
member of a critical group over the period of interest and the method will permit an estimate of
the expected, or mean, annual dose and consideration of the uncertainty in that estimate.
The general approach to these estimates has five major steps:
*
*
*
*
*

Develop and screen scenarios
Develop models
Estimate parameter ranges and uncertainties
Perform calculations
Interpret results.

C.1.1 Step 1-Develop and Screen Scenarios
The first step is to decide what future repository system conditions are sufficiently important to
warrant inclusion in the TSPA estimates. Performance assessments can analyze only relatively
few combinations of processes and events that could affect the system. The scenarios chosen
must therefore focus on the conditions most important to regulatory requirements and the longterm safety of the public and the environment. The screening addresses two categories of
scenarios: nominal and disruptive event. The nominal scenario is that representing the
conditions reasonably likely to occur. The disruptive event scenarios include unanticipated,

potentially disruptive FEPs sufficiently credible to warrant consideration.

Estimates of the

probability that these scenarios will occur must also be provided.
In the TSPA-VA analyses the nominal scenario included specification of certain extreme
situations to provide conservatism in lieu of full disruptive event scenario development. One
situation was the treatment of juvenile failures. In this case a waste package was assumed to fail
within 1,000 years after emplacement to represent waste package juvenile failures. In the future,
juvenile failures will be addressed through parametric sensitivity studies (see Section C.1.5) and
barriers importance analyses (see Section C.2).
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C.1.2 Step 2-Develop Models
In the second step, models are developed to represent system components potentially important
in the chosen scenarios. These models are first developed as detailed process models. The
models are then abstracted as mathematical models to provide performance calculations that
include the significant features, events, and processes and are of practical size and complexity for
probabilistic evaluation (see Step 4, Section C.1.4). In some areas, details of the process models
are simplified as appropriate in the abstraction process. Then the abstracted models are
implemented in computer codes. A major aspect of this step is the documented technical basis
for the abstracted models in terms of comparisons with detailed process-level models and
empirical observations (e.g., laboratory testing, field investigations, and natural analogs).
C.1.3 Step 3-Estimate Parameter Ranges and Uncertainties
Many parameters used in the TSPA models, such as those describing common rock properties
(e.g., porosity and permeability) have natural variability. Uncertainty in parameter values also
arises from incomplete knowledge resulting in a parameter estimated in part or in total from
reasonable assumptions rather than from measurements. Uncertainty associated with the
selection of values is accounted for by developing distributions for the important, although
imprecisely known, parameters rather than using single values. Each distribution describes a
range within which the true value is believed to fall, with a mean or median value corresponding
to the best estimate of the true value. Not all parameters in the performance assessment require
uncertainty distributions. Single values are used to represent well-known properties or those for
which uncertainty has been shown to have little or no effect on overall performance. Where
appropriate, single values may be used to bound uncertainty in selected parameters.
C.1.4 Step 4-Perform Calculations
Computer models are linked to allow calculation of the overall system behavior. Uncertainty
associated with the selection of scenarios is addressed by conducting separate analyses for each
scenario. Uncertainty associated with the model parameters is included in the TSPA by
conducting multiple calculations for each scenario, using values sampled from ranges of possible
values. Each individual calculation uses a different set of sampled input values. In a statistical
sense, the result of each individual TSPA calculation represents a different possible "realization"
of future system performance consistent with the uncertainty in the input parameters. The
expected behavior of the system for each scenario is indicated by the mean of the set of
calculations, and the range of calculated behaviors indicates the uncertainty associated with that
mean. An overall expected annual dose estimate could be made by summing the expected
annual dose calculated for each scenario, weighted by the probability the scenario will occur.
The TSPA is therefore a probabilistic analysis consistent with the requirements of NRC's
proposed 10 CFR Part 63, in that it takes into account both the estimates of the probability of
different scenarios and the uncertainty associated with input parameters.
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C.1.5 Step 5-Interpret Results
Results of performance assessments can be analyzed at both the system and subsystem levels to
identify the models and parameters with the greatest effect on system behavior. These analyses
include sensitivity studies that evaluate performance over the entire range for the parameters.
They also include parametric studies to examine the importance of model assumptions,
simplifications, and limitations.
Other analyses will address the contribution of the barriers of the system important to waste
isolation. These analyses also provide insight into the degree of defense-in-depth included in the
system. These analyses are described in Section C.2.
C.1.6 TSPA Modeling
The representations for the various factors to be addressed in the TSPA for the postclosure safety
case are summarized in Section 3. Computer codes will link these representations to provide the
associated quantitative estimates of system performance. Because these representations may be
conservative and, in some cases, bounding, the estimates will not necessarily represent actual
performance predictions. However, they should be adequate to determine whether expected
performance meets the postclosure performance objective. At the same time, sensitivities could
be obscured in using bounding representations; this limitation will be considered in performing
and interpreting the results of any sensitivity analyses.

C.2 METHOD FOR BARRIERS IMPORTANCE ANALYSIS
NRC's proposed rule requires identification of key system barriers and a description of their
contribution to postclosure performance assessment. In addition, the postclosure safety case
will include an evaluation of the degree of defense-in-depth provided in the repository system.
The proposed rule addresses defense-in-depth by requiring the geologic repository to include
multiple barriers consisting of both natural barriers and an engineered barrier system at proposed
10 CFR 63.113(a) (64 FR 8640). The rule does not specify how that contribution is to be
evaluated nor the degree of defense provided by these barriers.
The specific approach for the barriers importance assessment has not yet been determined.
Particular sensitivity studies indicated in Section C.1.5 may be specified for this purpose.
Alternatively, analyses that examine intermediate performance measures (e.g., calculations of
release from the engineered system to the host rock and from the unsaturated zone to the
saturated zone) could be used for this purpose.
Still another approach is that proposed recently by the NRC staff (NRC 1998), which identifies
the key system barriers. It evaluates individual contributions of the key barriers to system
performance as required by the proposed rule. That evaluation effectively unravels the
performance assessment and enables insight into importance of individual models and barrier
representations. The result is a better understanding of the impact of model uncertainties and
assumptions and simplifications in the performance assessment. At the same time, the approach
indicates the degree to which various barriers compensate for one another in terms of
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independence, redundancy, and effectiveness. It provides an overall indication of the degree of
defense-in-depth provided by the system. The approach satisfies the specific requirements
regarding multiple barriers assessment, enables evaluations of defense-in-depth, and provides
transparency regarding the role of models in the quantitative estimates of postclosure
performance.
This approach was used to evaluate the contribution and importance of barriers in the VA design
(CRWMS M&O 1999b). In addition the approach was used in the evaluation of enhanced
design alternatives and to evaluate the contribution and importance of barriers in the enhanced
design selected for site recommendation and licensing considerations. The summary of this
application of the approach is presented in Appendix E.

C.3 METHOD FOR ASSESSMENT OF HUMAN INTRUSION
Future human activity that might interfere with the repository cannot be precluded because such
activity thousands of years into the future cannot be predicted. It is not practical to examine
every possible way human activity could interfere with a repository. The NRC's proposed rule
specifies a particular scenario for evaluation to indicate the risk associated with such activity.
The approach that will be taken by DOE to address the human intrusion scenario is the
following:
*
*
*

The event would occur 100 years after permanent closure.
The event would involve a nearly vertical borehole through a single waste package to the
water table.
The borehole would not be sealed but would include cuttings and other material.

The intersection of the borehole with the waste package will be represented as two (top and
bottom) waste package breaches. Transport of the mobilized radionuclides would then be
represented by diffusion from the waste package to the water table through the material in the
borehole. Transport in the water table would be represented by the advection in the saturated
zone flow system.
Most models for this assessment would be the same as, or closely related to, those used for the
nominal estimates of postclosure performance. These include the models for mobilization of
radionuclides in the intersected waste package and transport of the radionuclides in the saturated
zone flow system. Models for transport of radionuclides away from the waste package will be
developed to address the borehole configuration and properties. All of these models will be
linked just as for the nominal TSPA analyses. The performance measures will be calculated in
similar fashion. The results will not be integrated with those for nominal or other disruptive
event scenarios but will be considered separately.
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APPENDIX D
SUMMARY OF PROCESS TO PRIORITIZE FACTORS OF THE
POSTCLOSURE SAFETY CASE
Revision 2 of this repository safety strategy (DOE 1998a) focused on the repository system
design considered in the VA (DOE 1998b). Performance assessments for that design pointed to
19 factors potentially important to the postclosure safety case. Revision 2 discussed the need to
revisit these factors after evaluating design enhancements and selecting the design for SR and
LA considerations. The factors were reviewed during design selection to identify principal
factors associated with the enhanced design and to propose strategies for each of them.
The first step in this process was to identify the factors potentially important to the postclosure
safety case. The process began with the 19 principal factors in Revision 2 of this strategy, which
are listed in Table D-1. The list was augmented to account for design enhancements. The
factors were also reviewed to determine consistency with the various process model
representations. In some cases it was convenient to break down or slightly redefine the factors to
provide more ready correspondence with the sections planned for the PMRs. The result was a
list of 31 potentially important factors for the enhanced design. The resulting list of candidate
factors from this step is also shown in Table D-1.
The second step was to rank the factors according to their importance to quantitative estimates of
postclosure performance and to evaluate current uncertainties. In this step, the relative
importance of the factors to total TSPA was evaluated. Preliminary TSPA and barriers
importance analyses reviewed for this purpose are summarized in Appendix E. These analyses
display significant waste package and drip shield contribution and suggest one or the other would
need to perform (e.g., prevent exposure of waste to water) for 10,000 years to ensure meeting the
proposed annual dose limit for that period. The analyses also indicate that other factors could be
important to address the potential for premature failure of these two barriers.
In addition to importance to the TSPA estimates, confidence in the representation of the factors
was evaluated in Step 2. The evaluation only considered the status of information available
during the course of design selection and the limitations in the versions of the TSPA models
available at that time. However, the importance of these uncertainties and limitations in the
overall assessment of system performance was not formally considered (see the discussion of
Step 3). During this review, some factors from Step 1 were subdivided to provide additional
detail about their particular role. The result was an expanded list of 38 potential factors,
covering the same information as the 31 factors of Step 1. These results are summarized in
Table D-2.
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Table D-1. Factors Potentially Important to Safety Case (Step 1)
Key
Attributes

Principal Factors - Viability Assessment

ten

Factors

-

Enhanced System Design

RepositorySsemDsa
System

_

Precipitation and infiltration into the mountain
Limitd
.Percolation

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

_

1. Climate
2. Infiltration

to depth

3. UZ flow above repository

Water
Contacting

Seepage into drifts
Effects on heat and excavation on -scale flow

4. Seepage into drifts
5. Coupled processes- effects on UZ flow and seepage

wage
Package

NA
N

6. Water distribution and removal-moistre on drip shield

NA

7. Physical and chemical enviromment-environment on drip

NA
Dripping onto waste package

8. EBS degradation-degradation of drip shield
9. Water distribution and removal-moisture on waste package

Humidity and temperature at waste package
Chemistry of water on waste package
Integrity of WP outer barrier

I0. Physical and chemical environment-environments on waste
paage

Long Waste
Package
Lifetime

Low Rate of
Relea
From EBS

Integrity of WP inner barrier
Seepage into waste package

12. Flow in waste package

NA
NA
Integrity of SNF cladding

13. In-package chemistry
14. Radionuclide inventory
15. CSNF cladding degradation

Dissolution of SNF and glass waste forms

16. CSNF waste form degradation
17. DSNF, Navy fuel, Pa disposition waste forms degradation
I8. DHLW glass waste degradation

Neptunium solubility

Delay and
Dilution
MiDration
Away From
1ihe
Engineered

Formation of radionucide-bearing colloids

19. Dissolved radionuclide concentration limits
20. Colloid-associated radionuclide concentration limits

Transport through and out of the engineered
barrier system

21. In-package radionuclide transport and source term
22. EBS radionucide migration-transport through invert

Transport through the unsaturated zone

23. UZtransport
24. Coupled processes-effects on UZ transport
25. SZ Advection
26. SZ matrix diffusion
27. SZ sorption
28. SZ colloid-facilitated transport

Flow and transport in the saturated zone

Barrier
System

29. SZ hydrodynamic dispersion

Dilution from pumping

30. Dilution in water supply

Biosphere transport and uptake

31. Biosphere transport and uptake
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Table D-2. Ranking of Factors and Evaluation of Current Confidence (Step 2)
Key Attributes

Potential Factors

Rankin

Confudence

I

Climate

I

A

2

Infiltration

I

B

3

UZ flow above repository

I

B

4a

Seepage into drifts

2

C

4b

Seepage into drifts-effects on major fracture zones/fault features

I

C

4c

Seepage into drifts-effects of partial drift collapse

I

B

5a

Coupled processes-effects on UZ flow

I

B

Sb

Coupled processes-effects on seepage

I

C

6

Water distribution and removal-moisture on drip shield

I

C

7

Physical and chemical environment-environments on drip shield

I

C

8

EBS degradation-degradation of drip shield

2

C

9
10
11

Water distribution and removal-moisture on waste package
Physical and chemical environment-environments on waste package
Degradation of WP barriers

2
2
2

C
C
C

12

Flow in waste package

I

B

13

In-package chemistry

1

C

14
15

Radionuclide inventory
CSNF cladding degradation

0
2

NA
C

Low Rate of

16

CSNF waste form degradation

I

B

Release From

17
18

0
I

NA

EBS

DSNF, Navy fuel, Pu disposition waste forms degradation
HLW glass waste degradation

19

Dissolved radionuclide concentration limits

2

B

20

Colloid-associated radionuclide concentration limits
In-package radionuclide transport and source term
EBS radionuclide migration - transport through invert

2

C
B
NA

Limited Water

Contacting
Waste Package

Long Waste
Package
Lifetime

-_____

21
22

I

0

_

Ranking based on potential importance to TSPA importance to current TSPA and assessment of limitations in current TSPA models.
0
Not important to postclosure performance.
I
Potentially of moderate importance to postclosure performance.
2
Potentially of high importance to postclosure performance.
bCuurent confidence based on assessment of information (data, analyses) needed.
A
No additional information needed.
B
Current data adequate, need additional analyses.
C
Need additional data andlor analyses.
NA
Factor not important to postclosure performance, no assessment of confidence .
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Table D-3. Ranking of Factors and Evaluation of Current Confidence (Step 2) (continued)

Key Attributes

Potential Factors

Delay and
Dilution of
Concentrations
During
Migration Away
From EBS

-

Ranking

Current

23a

UZ flow and transport-advective transport

I

B

23b

UZ flow and transport-matrix diffusion
UZ flow and transport-sorption

I

B

23c

2

B

23d
23e
24

UZ transport-cofloid-facilitated transport
UZ transpor-effects of peraced water
Coupled processes-effects on UZ transport

1
1
I

C
B
B

25
26

SZ flow and transport-advective transport
SZ flow and transport-matrix diffusion

I
I

C
B

27

SZ flow and transport-sorption

2

C

28

SZ transport-colloid-facilitated

I

C

29

SZ flow and tbnsport-hydrodynamic dispersion

0

NA

30

Dilution in water supply

2

A

31

Biosphere transport and uptake

I

B

*Ranking based on potential importance to TSPA - importance to current TSPA and assessment of limitations in current TSPA
models.
Not important to postclosure performance.
0
Potentially of moderate importance to postclosure performance.
2
Potentially of high importance to postclosure performance.
bCurrent confidence based on assessment of information (data, analyses) needed.
A
No additional information needed.
B
Current data adequate, need additional analyses.
C
Need additional data and/or analyses.
NA
Factor not important to postclosure performance, no assessment of confidence.
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The third step identified the role of each factor in the postclosure safety case, the relative
importance of these roles, and whether confidence in the representations of the principal factors
could be adequate to suppoAt the SR and LA considerations.' This review took into account the
nature of the uncertainties in the relevant process models and the work needed to address these
uncertainties either through additional information or by mitigating them through design
features. The question in this regard was whether the uncertainties in the principal factors could
be resolved in time to support the SR and LA considerations. The discussion involved grouping
of factors according to common roles in the safety case and common sources of uncertainty. The
38 potential factors from Step 2 were redefined into a set of 27. In addition, one potential factor
(radionuclide inventories) was determined to be a specified input for the problem, not subject to
the prioritization, and dropped from further consideration.
The determinations of importance of the factors were based on subjective judgment of the
experts participating in this step. At the same time, the numerical results from the preliminary
barriers importance analyses (see Appendix E) were considered. The evaluation concluded that
even accounting for- limitations in these preliminary analyses, they appear to suggest the
combination of natural barriers, waste package, and drip shield potentially provide safety margin
and defense-in-depth. The important role played by the waste package and drip shield in these
analyses was' noted. However, because the role of natural barriers may be masked by the
engineered barriers, the evaluation also considered analyses that discounted effectiveness of
engineered barriers to identify natural factors that would contribute significantly to performance.
Seven principal factors were identified, including those for retardation and dilution
characteristics of the natural barriers, as well as waste package and drip shield performance. The
basis for this identification is provided in Section 3.1. The review concluded these factors would
provide sufficient confidence for the SR and LA safety cases.
The remaining 20 factors, determined to be less important to those safety cases, nevertheless
require representation in the current methodology. Many of the 20 should be considered as
potential candidates for simplifying (e.g., bounding representation) of the safety case prepared
for the license application. At the same time, the review identified several factors that could
provide enhanced performance opportunities if warranted by additional information (i.e., factors
identified as non-principal factors on the basis of current information could well be determined
with modest effort to contribute significantly). These factors were therefore tentatively
identified as potential principal factors. Table D-3 summarizes the results of Step 3 '(ie.,
identification of principal factors, other factors, and potential principal factors). -Descriptons of
these factors are provided in Section 3 of this document.
The fourth step was to prioritize the technical work needed to address remaining issues and
identify process model report lead for each factor. This lead provided brief work statements to
describe work yet needed to support the representations identified in Step 3. These statements
included sensitivity analyses to determine appropriate simplifications. This step also identified
studies -and other information needed to complete the safety case representations for the SR and
LA considerations. These studies and work are summarized in Section 4.
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Table D-4 Role of Factors In Postclosure Safety Case (Step 3)
Key
Attributes of

system

_

I

Fact_

__o_

Other Factr

_Clizote

2

Infltration

Other Factor

3

UZ flow above repository

Other Factor

4

Seepage into drifts

5a

Coupled processes-effects on UZ flow

Ptincipal
for the
relatively Factor
immobile
radionucides and Potential
Principal Factor for the
relatively mobile radionuclides
Other Factor

Coupled processseffects on seepage

Other Factor

Ents

Other Factor

Limited
Water
Contacting

Waste
Package

Sb
6+7

Pefomance of drip shield

Principal Factor

Envonmensoan waste pckage

Potental Picipal Factor

Perfoance of waste package banfiers

Principal Factor

12+13

Environents within waste package

Other Factor

15+16

CSNF waste form (with cdadding or canister) performance

Potential Principal Factor

17

DSNF. Navy fud, Pu disposition waste form performance

Other Factor

18

DHLW waste form (including canister) performance

Potential Principal Factor

19

Solubility limits of dissolved radionuclides

imncile radionuclides

20

Colloid-associated radionudide concentrations

21

Inpackage radiomuclide transport

Other Factor

22

EBS radionudide migration-ransport through invert

Other Factor

UZ flow and transpcet-advective pathways

Other Factor

8

Long Waste

On drip shield

9+10

Package
Lifetite

11

Low Rate of
Release

From EBS

23a+23e

imbl aincie
Other Factor

Principal Factor for relatively
23b+23c

Reardation of radionudide migration in UZ
.___._

Delay and

Away From
EBS
~

Pobil rinuides

Poetal Prindipal Factor for
relatively mobile radionuclides

23d
24

UZ flow and tbansport-colloid facilitated transport
Coupled processes-effects on UZ transport

Other Factor
Other Factor

25

SZ flow and transport-advective pathways

Other Factor
Principal Factor for relatively

Dilution
During
Migration

iimmobie madionuclides

26+27

~

28
29+30
31

Retardation of radionuclide migration in SZ

immobile radionudides

i
radoalFaof
Potential Principal Factor for
relatively mobile radionuclides

SZ transpot-colloid-fadlitated transport

Other Factor

Dilution of radionudide concentrations in the geologic setting

Principal Factor

Biosphere transport and uptake

Other Factor
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These factors will be revisited when TSPA sensitivity studies have been conducted. These
studies include those that will be done before the TSPA models have been updated and after.
The screening of FEPs with respect to likelihood of occurrence and potential consequences will
be considered in refining these factors. In addition, the performance assessments and barriers
importance analyses will be updated to explicitly consider parameter and model uncertainty. The
results of these analyses will also be considered in refining the set of principal factors.
These principal factors refer only to the nominal scenario and the scenario for early waste
package failure-the scenarios that do not include extreme disruptive processes or events. Other
scenarios for such events as igneous activity or seismic activity were considered, and possible
principal factors for them were discussed. The general conclusion of the review was that it is
premature to consider these scenarios because FEPs screening is not yet complete and scenario
development for disruptive processes and events has only recently begun. An important step in
safety case development will be to delineate these scenarios and to identify the associated
principal factors. This step will be addressed in future reviews of the safety case.

TDR-WIS-oooooI REV 03

D7

January 2000

INTENTIONALLY LEFT BLANK

TDR-WIS-RLeOOOOO1 REV 03

D8

January 2000

APPENDIX E
PRELIMINARY TOTAL SYSTEM PERFORMANCE AND
BARRIERS IMPORTANCE ANALYSIS OF THE ENHANCED SYSTEM DESIGN
This appendix summarizes preliminary analyses (CR WMS M&O 1999c) to assess the
effectiveness of various barriers of the design selected for SR and LA considerations. Such
analyses also served to prioritize the factors affecting these barriers and to evaluate the
importance of uncertainties in the representations of the various barriers of the system.
The effectiveness of a system barrier manifests itself in two ways: (1) a barrier directly inhibits
the movement of water toward or into the repository or the migration of radionuclides away from
the repository or (2) a barrier may serve to back up other barriers, increasing confidence in
overall system performance. In the first case, barrier effectiveness can be evaluated through
performance assessment sensitivity studies that examine dependence of the mobilization and
release of radionuclides from the repository system (as measured in terms of the potential annual
dose to an individual in the critical group). In the second case, the characteristics of barrier
effectiveness cannot be readily evaluated in this way, because a barrier's effectiveness comes
into play only when others decrease in effectiveness.
A special technique is needed to ensure both effects are captured. The approach used here is to
examine the system through comprehensive barrier neutralization analyses, where specific
barrier functions are ignored in evaluating system performance. This approach was applied to
the system design considered in the Yucca Mountain site VA (DOE 1998) and was used in
enhancing the VA design in terms of both the degree of defense-in-depth provided by the
barriers and the contribution of principal system barriers to overall system performance
(CRWMS M&O 1999b). The same approach has been applied to the enhanced design
summarized in Section 1.3. The results of this application are summarized here.
As in the case of the VA system design evaluation, the approach used here for the enhanced
system design closely follows that for barriers importance analysis developed by the NRC
(1998). This approach is summarized in Appendix C. The approach is consistent with the
requirement in the proposed rule of 10 CFR Part 63 (64 FR 8640) to describe the effectiveness of
the barriers important to waste isolation. The analyses of this approach effectively unravel the
quantitative estimate of overall system performance. In particular, the approach allows an
assessment of the relative importance of the individual barriers and helps identify the principal
factors affecting system performance.
E.1 KEY RADIONUCIDES
The hazard from the wastes arises from the radioactive nuclides (or radionuclides) in them. For
geologic disposal, the radionuclides that are a potential risk to postclosure public health and
safety are those with sufficient hazard and long enough half-life to be dangerous for more than a
few hundred years. Radionuclides in this category include about 50 actinides and their
daughters, about 70 fission products, and about 20 activation products. The total inventory of
these radionuclides is about 1,000 kgIMTU yielding about 130,000 Ci/M.U
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(Appendix 6C, Civilian Radioactive Waste Management System (CRWMS) Management &
Operating Contractor (M&O) 1998). Only a few of these are sufficiently soluble in Yucca
Mountain waters to dissolve in amounts that could pose a risk. These include:
*

Carbon-14

*

Chlorine-36

*
*
*
*
*
*
*
*

Nickel-59 and -63
Selenium-79
Niobium-93m and -94
Technetium-99
Palladium-107
Tin-126
Iodine-129
Cesium-135

*

Samnarium-151

*
*
*
*
*
*
*
*
*
*

Lead-210
Radium-226
Actinium-227
Thorium-229 and -230
Protactinium-231
Uranium-234 and -236

-

Neptunium-237
Americium-241 and -243
Curium-245 and -246
Plutonium-239, -240, and -242.

The total inventory of these radionuclides at emplacement in the repository would be about
19,000 Ci/MTU (CRWMS M&O 1998 Appendix 6C). The potential hazard of these
radionuclides is indicated by weighting the individual radionuclide inventories by their dose
conversion factors. Using the dose conversion factors assumed for TSPA-VA (CRWMS M&O
1998 Chapter 9), the potential hazard of these radionuclides at emplacement would be about 1.3
x 1013 nrem/MTU. Because of radioactive decay, the potential hazard decreases to about 6.8 x
1012 nrem/MTU at 10,000 years after emplacement. If these radionuclides were released from
the waste packages and other engineered barriers, the natural barriers would limit migration and
dilute concentrations of most of them. Only the relatively mobile radionuclides could be
released at non-negligible levels in less than 10,000 years. These radionuclides include
technetium-99 and iodine-129 and those radionuclides that might be transported colloidally
(CRWMS M&O 1998 Chapter II). The total inventory of technetium-99 and iodine-129 in the
repository would be about 10 Ci/MTU (CRWMS M&O 1998 Appendix 6C) and the potential
hazard would be less than 2.6 x 108 mrem/MTU, less than 0.004 percent of the total. Thus, the
vast majority of the radionuclides (more than 99.996 percent) is expected to provide no
unreasonable risk to safety at Yucca Mountain for at least 10,000 years because of the
effectiveness of the natural barriers.
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Some of the less mobile radionuclides, including neptunium-237 and plutonium-237, could
eventually contribute (CRWMS M&O 1998 Chapter 11) and are considered in the 100,000-year
neutralization analyses repcirted here. In addition, the nediraiization analyses must take into
account other radionuclides. For example, neutralization of a barrier capable of limiting
migration of a particular radionuclide could result in increased contribution from that
radionuclide over the case where the barrier is not neutralized. Analyses (CRWMS M&O
1999b) indicate the most important radionuclides for the neutralization analyses of a Yucca
Mountain repository system are carbon-14, technetium-99, iodine-129, cesium-135, lead-210,
actinium-227, protactinium-231, neptunium-237, amiericium-243, and plutonium-239, -240,
and -242. These radionuclides were explicitly included in the neutralization analyses for the
preliminary assessment reported here.
As indicated, it is possible that colloidally facilitated radionuclide transport could be important to
performance because of the potential increased concentration and mobility of some
radionuclides. Although colloids are not explicitly considered in this analysis, effects similar to
those introduced by colloids are investigated through the neutralization of retardation and
solubility limits.
E.2 KEY BARRIERS
Performance assessment sensitivity studies and barriers importance analyses (CRWMS M&O
1998 Chapter 11) suggest the overlying rock units, the waste package and other engineered
barriers, and the unsaturated and saturated zone transport barriers are likely to play an important
role in the repository's postclosure performance. For the purpose of this analysis, the key
barriers are assumed to be those with the potential to inhibit water or radionuclide. movement
such that the fractional rate of transmission through the barrier is less than 10'4 per year or delay
through it is 1,000 years or more. Those likely to satisfy these criteria include:
*
*
*
*
*
*
*

Overlying unsaturated zone hydrologic units
Drip shield
Waste package barriers
CSNF cladding
Drift invert
Underlying unsaturated zone hydrologic units
Saturated zone.

These barriers are considered in the following paragraphs.
E.2.1 Overlying Unsaturated Zone Hydrologic Units
A number of independent lines of evidence suggest the Tiva Canyon welded, Paintbrush
nonwelded, and Topopah Spring welded tuff units overlying the repository together provide an
important barrier limiting the flux of water to the underground facility to a small fraction (5
percent or less) of the precipitation flux incident on Yucca Mountain (CRWMS M&O 1998
Chapter 2).. The current information about the flow properties of these units and the information
about the infiltration into the mountain. and percolation to depth are integrated into a
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comprehensive unsaturated zone flow model that suggests the mean travel time from the surface
to the repository horizon is several thousand years, mostly due to the delaying action of the
Paintbrush nonwelded tuff unit (CRWMS M&O 1998 Chapter 2). This information suggests one
or more of these unsaturated zone hydrologic units satisfy the definition for a key barrier.
E.2.2 Drip Shield
Some water reaching the repository horizon may seep into the emplacement drifts and drip onto
the backfill and drip shield overlying the waste package. The water will not contact the waste
package as long as the drip shield remains intact. Because the mean lifetime of the drip shield is
estimated to be much greater than 1,000 years (see Section B.4), this element is key barrier.
E.23 Waste Package Barriers
Water dripping onto the waste package will not contact the waste as long as the waste package
remains intact. The mean lifetime of the waste package is estimated to be much more than 1,000
years (see Section B.4) and, thus, represents a key barrier. The waste package is composed of
two layers and the largest contributor to the lifetime is the corrosion resistant outer barrier. The
inner barrier is stainless steel and may provide a barrier to water; however, its specific
effectiveness has not yet been evaluated and its potential role as a barrier is not taken into
account in this evaluation.
E.2.4 Spent Fuel Cladding
Even if the waste package were breached, exposure of radionuclides in the CSNF waste
packages requires breaching of the cladding covering the surface of the CSNF pins. Cladding
not breached at emplacement is estimated to remain intact for more than 100,000 years
(CRWMS M&O 1998 Chapter 6). Although about 10 percent of the waste (e.g., the reprocessed
defense high-level waste and the fraction of CSNF that is initially breached) cannot be given
credit for cladding, this barrier is still considered to be a key barrier of the system.
E.2

Drift Invert

The invert forming the emplacement drift floor provides a barrier against movement of
radionuclides from the waste package to the host rock. Measurements suggest the diffusion
coefficient of the invert, assuming tuff gravel as the material, is less than 10.11 cm per second
(Conca 1990). Such a low diffusion coefficient suggests the fractional transmission rate through
the invert could be much less than 104 per year and this component is therefore considered to be
a key barrier of the system.
E.2.6 Underlying Unsaturated Zone Hydrologic Units
Radionuclides migrating through the invert encounter the rock units of the unsaturated zone.
These rock units include the Topopah Springs welded unit, the Calico Hills nonwelded unit, and
the portion of the undifferentiated welded units below the Calico Hills unit that are above the
water table. Radionuclide migration through the rock would be constrained by the limited

TDR-WLS-RL-OOO01 REV 03

E4

January 200

movement of the water in which they are contained and sorption onto the minerals.
Radionuclide travel time through the matrix of unsaturated rock units will be slow, much longer
than the 1,000-year definition for a key barrier (CRWMS M&O 1998 Chapter 7). A fraction of
radionuclides is likely to migrate through fractures in the unsaturated rock. Migration may be
through fractures even in the Calico Hills nonwelded unit because of extensive zeolitization of
this nonwelded unit. Travel time for a fraction of the radionuclides may be less than 1,000 years.
Even in this case, the criterion for a key barrier may be met: fracture-matrix interactions could
provide a significant dispersive mechanism for the transport (CRWMS M&O 1998 Chapter 7).
Performance assessment analyses indicate the potential for sufficient dispersion that the
fractional transmission rate is much less than 104 per year (CRWMS M&O 1998 Chapter 11).
Accordingly, the underlying unsaturated zone hydrologic units below the repository horizon are
considered to be key barriers for this assessment.
E.2.7 Saturated Zone
Radionuclides that eventually reach the water table could enter the saturated zone flow system.
Travel times for the retarded radionuclides through the volcanic aquifers and valley fill alluvium
of the saturated zone exceed 1,000 years (CRWMS M&O 1998 Chapter 8). Therefore, these
elements are considered to be key barriers for this analysis.
E.3 MODELS FOR THE PRELIMINARY ASSESSMENT
The preliminary assessment relies on the models used in the TSPA analyses for the VA (TSPAVA). These models are described in the TSPA-VA Technical Basis Document (CRWMS M&O
1998). The following discussions summarize the models used for the preliminary assessment.
These discussions indicate certain assumptions are made for the calculations; all of these
assumptions are based upon testing and modeling.
E3.1 Climate
The model for climate is described in Chapter 2 of the TSPA-VA Technical Basis Document
(CRWMS M&O 1998). The current conditions (170 mm/year average precipitation) are
assumed to persist for the next 5,000 years. Wetter conditions (averaging 300 mmlyear) are
assumed beyond this time.
E.3.2 Percolation
The model for percolation in the unsaturated zone is described in Chapter 2 of the TSPA-VA
Technical Basis Document (CRWMS M&O 1998). Percolation in the host rock is variable in
time and space, and the repository area is divided into six different regions to capture some of
this spatial variation. Temporal variation is addressed by assuming dry conditions (percolation
flux of 7.7 mm/year) apply for the next 5,000 years and wetter conditions with a long-term
average of about 41 mm/year after this time.
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3.33 Seepage into Emplacement Drifts
The model for seepage into the emplacement drifts is described in Chapter 2 of the TSPA-VA
Technical Basis Document (CRWMS M&O 1998). The fraction of waste packages encountering
seepage is assumed to be 0.047 of the total during dry conditions over the next 5,000 years and
0.25 after this time. The seepage flux is assumed to be the same as the percolation flux. The
seepage into corroded patches in the waste packages is proportional to the area of the patches but
is assumed to be enhanced by a factor of 5.5 to account for possible focusing of flow.
E.3A Drip Shield Performance
The VA design does not include a drip shield and no model explicitly representing a drip shield
was developed for the TSPA-VA analyses. The model for drip shield degradation used here is
based on the TSPA-VA model for waste package degradation. This model is described in
Chapter 5 of the TSPA-VA Technical Basis Document (CRWWMS M&O 1998). To
accommodate the two-barrier waste package design, this model includes two layers. For
application to the single-barrier drip shield, the thickness of the outer layer of the model is
selected to be negligible. Material properties of titanium alloy are assumed for the other layer of
the model. Performance assessments indicate a mean drip-shield lifetime of more than 50,000
years under expected conditions (e.g., see Section B.4).
E3.5 Waste Package Performance
The general model for waste package degradation considered for the TSPA-VA analysis is used
for the enhanced design. This model is described in Chapter 5 of the TSPA-VA Technical Basis
Document (CRWMS M&O 1998). The model includes both inner and outer waste package
bariers. The outer barrier for the TSPA-VA analysis was carbon steel, but the outer layer for the
enhanced design is 2 cm of nickel-based Alloy 22. The inner barrier for the TSPA-VA analyses
was Alloy 22, but the inner barrier of this design is 316 stainless steel. The degradation rate
assumed for the latter material is so high the inner barrier does not contribute significantly to
calculated waste package lifetime. Performance assessments for the waste package model
indicate a lifetime of the outer barrier exceeding 100,000 years under expected conditions (see
Section B.4). The model for release from the waste package assumes the area for diffusion out
of the package corresponds to the entire area of the breach. Analyses are conducted for both
expected behavior and unanticipated early failure of a waste package. The model for the latter
case posits a single failure of a waste package 1,000 years after closure. This waste package is
assumed to be located under the drip shield that fails earliest.
E3.6 Backfill Performance
The TSPA-VA analyses did not consider backfill of the emplacement drifts. Flow and transport
characteristics of the backfill were not taken into account in the analyses for this enhanced
design. However, the role of backfill in insulating the drip shield and waste package system,
increasing their temperature, was taken into account.
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E3.7 Spent Fuel Cladding Performance
The model for cladding degradation is described in Chapter 6 of the TSPA-VA Technical Basis
Document (CRWMS M&O 1998). Initial breach of the cladding is represented in the analyses
herein as complete failure of 0.1 percent of the pins in each CSNF waste package. Data for the
CSNF with Zircaloy cladding suggest the initial failure fraction would be less than 0.03 percent.
About one percent of the CSNF will have stainless steel or other cladding. Data for this cladding
indicate a higher probability of failure before receipt at the repository. Consequently, the initial
failure of cladding is increased by a factor of 3 to account for these other cladding types. The
analyses for TSPA-VA conservatively assumed more than 1 percent of the pins in each CSNF
waste package failed at receipt, an order of magnitude greater than the percentage of initial
cladding failure assumed in the base-case analyses here. However, this percentage is arbitrary
and, because Zircaloy degradation is negligible in the period of interest (CRWMS M&O 1998
Chapter 5), the analyses can be scaled to see the sensitivity of performance to the assumed
fraction of CSNF with initial cladding failures.
E.3.8 Radionuclide Solubility
The model for-radionuclide solubility is described in Chapter 6 of the TSPA-VA Technical Basis
Document (CRWMS M&01998). Radionuclides are assumed to dissolve at their solubility
limit or at a rate congruent with the waste form dissolution rate, whichever is lowest.
E.3.9 Drift Invert Performance
The model for transport through the drift invert for TSPA-VA is described in Chapter 7 of the
TSPA-VA Technical Basis Document (CRWMS M&O 1998). The model for these analyses is
closely related, but also takes into account the effect of the drip shield. In this case, as long as
the drip shield is intact and prevents advective flow into the invert, the diffusion coefficient
corresponds to the values indicated from the measurements (Conca 1990). Those measurements
suggest an upper bound of the diffusion coefficient of 10"1 cm 2 per second. After the drip shield
is breached, the drift invert properties are assumed to be the same as those in the absence of the
drip shield, that is, those used for TSPA-VA.
E.3.10 Unsaturated Zone
The model for transport in the unsaturated zone is described in Chapter 7 of the TSPA-VA
Technical Basis Document (CRWMS M&O 1998). . The average groundwater travel time
through the unsaturated rock matrix is on the order of 20,000 years, while the groundwater travel
time down through the fractures is much less. The travel time of radionuclides is retarded
relative to the groundwater travel time. Retardation of radionuclide travel in fracture flow is
neglected, and retardation of radionuclide travel through the rock matrix is estimated from the
average properties of the volcanic rocks.
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E3.11 Saturated Zone
The model for flow and transport in the saturated zone is described in Chapter 8 of the TSPAVA Technical Basis Document (CRWMS M&) 1998). The estimate of average groundwater
travel time in the saturated zone from the boundary of the repository to Amargosa Valley in this
model is about 500 years. The travel time of the radionuclides is retarded relative to the
groundwater travel time. The retardation factors reflect the characteristics of both the volcanic
aquifers and the alluvial valley fill in Amargosa Valley, because the radionuclides would have to
travel through both to reach a well. The analysis assumes a dilution factor of 10 due to
transverse dispersion during transport in the saturated zone (CRWMS M&O 1998 Chapter 8).
EA ASSUMPTIONS FOR NEUTRALIZATION ANALYSES
The focus of the assessment is neutralization analyses. These analyses have two objectives: (1)
determine barrier contributions to total system performance and (2) address the importance of
uncertainties in representing a particular aspect of barrier. These objectives are addressed
through analyses in which particular barrier functions are neutralized (i.e., ignored) to determine
their importance to overall system performance. The neutralization analyses are specialized
sensitivity analyses that artificially represent the system to examine the various contributions to
system performance. An example is an analysis that omits CSNF from the considerations to
determine the contribution of DHLW. This analysis is not intended to represent actual system
performance but rather to decompose the analysis and examine individual contributions of
specific effects to reveal system attributes by suppressing others that may obscure them.
The neutralization analyses begin with a quantitative estimate of postclosure performance of the
system. This calculation assumes all barriers perform as expected. The quantity calculated is the
annual dose to an average member of the critical group, the same quantity used to measure
expected system performance. This calculation provides the base case for the neutralization
analyses.
A set of calculations, each analogous to the base-case calculation, is then conducted to determine
each barrier's importance to the base-case performance estimate. In each case, only the
functions at issue are neutralized; all others are maintained as in the base case. For example, if
the issue is the radionuclide transport function, other functions such as those that define system
environments are maintained as in the base-case analysis. This approach does not focus on the
range of performance over the range of known uncertainty; rather, the approach focuses on the
limited objective of examining a particular function's total contribution to system performance.
For this reason, the function at issue is fully neutralized rather than sampled from the probability
distribution estimated for it.
The general assessment herein considers neutralization of four different functions of a barrier
inhibiting movement of water or radionuclides, modifying thermal conditions in the repository,
limiting radionuclide solubility limits, and retarding radionuclide transport. The rationale for and
approach to neutralizing the functions in each of these categories is summarized in the following.
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E.4.1 Neutralizing the Effectiveness of a Barrier In Limiting the Movement of Water or
Radionuclides
Unsaturated Zone Overlying Hydrologic Units. The heterogeneity of the overlying
Uncertainties in
hydrologic units limits the ability to characterize them precisely.
characterization are considered to apply to the collection of overlying rock units. These are
consequently considered as a single barrier for the neutralization of the movement of water down
to and into the emplacement drifts. The approach to the neutralization of these units is to assume
the overlying rock units provide no barrier to flow. The volumetric flow rate of seepage
potentially available to contact waste is assumed to be equal to the precipitation flux at the
surface of Yucca Mountain multiplied by the cross-sectional area of the waste package. No other
aspects of the system are changed (e.g., temperatures are assumed to be the same as for the base
case where flow is limited by the overlying rock units).
Drip Shield. In order to assess the uncertainties associated with potential manufacturing defects,
incorrect emplacement, or ground motion due to tectonic activity that could shift the drip shield
so that it does not entirely cover the waste package, the drip shield neutralization assumes the
drip shield ceases to have any effectiveness in diverting water immediately at emplacement.
Although most other functions of the system are maintained as in the base-case calculation,
effectiveness of the drift invert is assumed to be modified as described below.
Waste Package Barriers. In order to assess the importance of premature failure of the waste
package (e.g., due to manufacturing defects in the waste packages, stress corrosion cracking, or
phase transitions in the closure welds), the neutralization assumes all waste packages are
breached at emplacement. The area for transport of radionuclides out of the waste package in
this case is assumed to be the lower half-surface area of the waste package.
Spent Fuel Cladding. To address the importance of uncertainties in the condition of the
cladding on the CSNF pins at the time of receipt at the repository, defects arising during
repository handling and emplacement operations, and creep of the Zircaloy due to internal fuel
rod pressure buildup, the neutralization analysis for cladding assumes complete failure of all
CSNF cladding at emplacement.
Drift Invert. In order to assess the effects of uncertainties in invert properties, the neutralization
analyses in this case assume the contribution of the invert to repository performance is
completely neutralized. In addition, for the neutralization of the drip shield, it is assumed that
advection through the invert is sufficient that the diffusion coefficient is correlated with total
water content as given in Chapter 7 of the TSPA-VA Technical Basis Document (CRWMS
M&O 1998)..
Unsaturated Zone Underlying Hydrologic Units. The unsaturated zone transport barrier is a
complex set of heterogeneous, faulted, and displaced units including the Topopah Spring welded
units, the Calico Hills nonwelded units, and underlying undifferentiated tuff units. The
nonwelded units within 100 m of the water table may be zeolitized across much of the
repository, but vitric tuffs still play an important role. The heterogeneity of the unsaturated zone
barrier limits the ability to characterize transport properties across it with precision. To assess
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the importance of the unsaturated zone as a barrier to the transport of dissolved and colloidal
species, all of the saturated zone units are represented together as a single barrier for the
neutralization analyses, the flow is chosen to be high enough that virtually all the flow is in the
fractures, and retardation factors are assumed to be equal to unity in the unsaturated zone rocks.

_

Saturated Zone. Uncertainties in saturated zone flow paths and in the properties affecting
transport are addressed by neutralizing the contribution of the saturated zone transport barriers to
performance. While the volcanic aquifers and the valley fill alluvium have distinctly different
characters, the uncertainties in the transport pathways and properties are intimately related. To
assess the effect of those uncertainties, these elements are combined into a single barrier and
neutralized together in these particular neutralization analyses. For the neutralization analyses,
delay, dilution, and plume dispersion in the saturated zone are neglected altogether. The
maximum concentration at the water table directly below the repository is used to calculate the
dose rate.
E.4.2 Neutralization of Thermal Effects

-

Because many of the properties of the system depend on' temperature, heat generated by the
waste may influence the performance of the system. The effects of heat on the corrosion rates
and other factors influenced by temperature increases within the emplacement drifts are
addressed by evaluating the system at the ambient temperature (i.e., the temperature at repository
depth without any transfer of heat from the waste).
There are limits to the understanding provided from this neutralization. First, heat may be either
beneficial or detrimental depending on the impact on corrosion rates and other conditions in the
repository. Consequently, neutralization may not result in a conservative analysis. Second, the
base case does not include all effects of heat. Heat can also perturb the flow system. The base
case does not consider such perturbations, and no neutralization of such effects is considered
here. Consequently, this neutralization cannot be considered to be comprehensive.
E.43 Neutralization of Radionuclide Solubility Limits
The solubility limits for the radionuclides play a key role for most of the radionuclide inventory.
For example, the solubility limit of plutonium is expected to be an important limit to the release
of its isotopes. The effect of solubility limits is evaluated here by setting the solubility limits
sufficiently high that the rate of release of all radionuclides is controlled by the waste form
dissolution rate rather than the solubility limits.
EA4

Neutralization of Retardation in the Natural Barriers

Retardation factors play a key role in the ability of the natural barriers to limit migration of
actinides and other radionuclides. The importance of these factors can be investigated simply by
setting the retardation factors in the unsaturated zone and saturated zone units to one.
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E.5 NEUTRALIZATION ANALYSES
The neutralization analyses for the enhanced design are summarized here. These analyses are
deterministic, that is, all parameters are single values. For parameters whose probability
distribution is known, the expected value of the distribution is used. The exception is that the
model for waste package performance takes the probability distribution for the corrosion rate
into account to develop an estimate of the expected failure rate for the waste package.
Initial orientation to these analyses is shown in Figure E-1. This figure shows calculations for an
early waste package failure scenario. The base case here is a deterministic analysis of the
repository system with a single waste package assumed to fail in less than 1,000 years after
emplacement. All other waste packages are assumed to fail over time due to slow corrosion
processes. In addition to the assumption of an unanticipated early waste package failure, this
calculation assumes the imposed early waste package failure occurs under the drip shield that
fails first. The probability of this coincidence is extremely low, less than the threshold for events
to be considered in the evaluations. Sensitivity studies to explore the importance of this
assumption, which are discussed later, show that the entire release for the base case in the first
100,000 years arises from this particular waste package and results specifically from the
combination of waste package imposed early failure and drip shield failure. The particular
judgments regarding release magnitude and timing should be viewed with some caution. Section
E.6 discusses the sensitivity studies to investigate these effects in more detail.
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Figure E-1. Barriers Importance Analysis-Early Waste Package Failure Scenario
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This base-case calculation in Figure E-1 shows no annual dose in the first 10,000 years and a
peak dose of 0.005 mrem/year in the first 100,000 years after permanent closure. The calculation
shows two distinct peaks. The first occurs soon after 10,000 years and reaches about 0.001
mrem/year. This peak arises from the mobile radionuclides, iodine-129 and technetium-99. The
long-term peak is predominantly due to neptunium-237 whose migration to the accessible
environment is much slower. For this base case, the other radionuclides are either contained by
system barriers, are insoluble, or are delayed until they decay.
Figure E-1 shows other calculations that further help orient the analysis by showing the results
due to the separate contributions of the natural and engineered barriers. The effect of the natural
barriers is approximated by computing the annual dose with the water diversion and radionuclide
transport barrier functions of all engineered barriers (i.e., the drip shield, waste package, spent
fuel cladding, and drift invert) neutralized. Neutralizing the radionuclide transport barrier
function of natural barriers approximates the contribution of engineered barriers. The natural
and engineered barriers combine to eliminate the risk in the first 10,000 years and provide longterm safety, even in this early waste package failure scenario.
An additional orientation is provided in Figure E-2. This figure shows the results of the barriers
importance analyses for the nominal scenario, in which all waste packages degrade as expected
and no early artificial failure is assumed. As discussed in Section 2.1, the calculations including
all factors give zero release for 100,000 years. The neutralization analyses for all but two
barriers also give zero release for this period. These results indicate that for this system, the
natural barriers, CSNF cladding, and drift invert either are each backed up by one or more of the
other barriers or simply do not contribute to performance significantly in the base-case
calculation. In either case, the calculation does not appear to be sensitive to unresolved issues
for these barriers.
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Figure E-2. Barriers Importance Analysis-Nominal Scenario
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The only individual neutralization analyses to contribute any release at the accessible
environment in 100,000 years are those for the waste package and for the drip shield. The
contribution for neutralization of the drip shield alone is still very small. The contribution for
neutralization of the waste package alone is small in the first 10,000 years, but becomes more
important after the drip shields begin to fail at about 10,000 years. The contribution for
neutralization of both the drip shield and waste package together appears to be very important
even in the first 10,000 years.
The results in Figure E-2 alone are insufficient to imply that natural barriers are not important or
that the waste package and drip shield are the only important engineered barriers. The
calculation does not include early failures of the waste package due to either corrosion
mechanisms not included in the models or improper manufacture or emplacement. To assess the
importance of individual engineered and natural barriers under such conditions, additional
analyses for the early waste package failure scenario are shown in Figures E-3 and E-4. Each of
these figures compares the result of neutralizing one of these barriers with the base results for the
early waste package failure scenario shown in Figure E-1.
The results of neutralizing the flow and transport barrier functions of various natural barriers are
shown in Figure E-3. These results show only minor changes from the base-case result. In each
case the release arises from the waste package with imposed early failure. Neutralizing the
functions of the natural barriers affects this release in only minor ways because of the
effectiveness of the other (non-neutralized) barriers in each case. Apparently, there is
considerable redundancy among these barriers.
The effects of these neutralizations for the engineered barriers are shown in Figure E4. The
results show slightly different results than those in Figure E-3. Neutralization of the drift invert
and drip shield functions shows a shift of the early pulse associated with the mobile
radionuclides forward in time. This shift occurs because of the reduced travel time of the
radionuclides through the invert. The increases in magnitude in these cases are not significant.
Neutralizing the CSNF cladding functions increases the magnitude of the initial peak because
this peak is controlled by the amount of waste exposed to water. The base case assumes the
fraction of cladding failed in each waste package is 0.001, while the neutralization assumes all of
the CSNF is exposed.
The neutralization of the waste package functions results in a significant change from the basecase in which only a single waste package is assumed to have failed early. The results show
some release in the first 10,000 years associated with diffusion of mobile radionuclides away
from the neutralized waste packages, even while the drip shield remains intact. The release
increases dramatically after the drip shield is calculated to fail, the first failure occurring at about
9,800 years in this analysis. This result suggests the important role of the drip shield, providing
protection when it is intact even when the waste packages are neutralized. The effect would be
even more pronounced if the analyses assumed early failure of the drip shield (e.g., because of
manufacturing defects). Those analyses could show significant releases in less than 10,000 years
in the nominal case unless the early failures in the waste package and drip shield are
uncorrelated. The probability of failure of each barrier in less than 10,000 years is sufficiently
small that simultaneous failure of both barriers is unlikely.
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The annual dose estimated for the waste package neutralization has two sources. Part of this
annual dose arises from the CSNF waste packages. This component is an increase from the
single waste package failure in the base case to early failures of all 7,700 CSNF waste packages
in the neutralization analysis. An additional component arises from the 1,800 DBLW packages.
This contribution is, in fact, larger than that for the CSNF waste package neutralization because
the CSNF cladding is still protecting the waste in these packages while the DBLW does not have
such protection and is fully exposed when the DHLW waste packages are neutralized.
The minor changes from neutralizing each of the other barriers are due to the redundancy among
them, that is, neutralizing any one of them is compensated by the performance of the remaining
(not neutralized) barriers. This suggests that the use of multiple barriers mitigates many of the
uncertainties in the barrier models. System performance does not appear to be sensitive to flow
and transport barriers provided by the overlying rock units, drift invert, unsaturated zone, and
saturated zone. In a sense, this is misleading because it suggests these factors do not play a role
in isolating the waste. In fact, each factor does play a role in isolating the largest fraction of the
radionuclides, those that are relatively immobile at this site. However, these factors apparently
do not play a major role with respect to the mobile radionuclides. It is these radionuclides that
contribute to the curves shown in the figure.
The exception is neutralization of the waste package functions. The large difference in this case,
arising from the small fraction of mobile radionuclides not held up by the natural barriers,
indicates uncertainties in waste package performance are not completely compensated for by the
other barriers. In the VA analysis, neutralization of the waste package functions resulted in a
peak annual dose in the first 10,000 years of 770 mrem/year (CRWMS M&O 1999), much
greater than the change shown for this design. The drip shield design assumed for this particular
analyses reduces that result. The analyses show the annual dose for the waste package
neutralization remains very small until the drip shield begins to degrade.
Care is needed in considering the results of this neutralization analysis. While the waste package
is clearly an important barrier, its importance relates to the small fraction of mobile
radionuclides. For example, the initial peak arises from iodine-129 and technetium-99. The
barriers of the -system effectively isolate the vast majority of radionuclides, including the
plutonium and uranium isotopes, even when waste packages are completely breached. These
radionuclides are held up in the system's natural barriers (and also by the engineered barriers)
because of their limited solubility in Yucca Mountain groundwater and their high degree of
sorption on the minerals of the rock.
The contribution of these effects is shown in the neutralization analyses displayed in Figures E-5
and E-6. Figure E-5 shows the effect of neutralizing the solubility limits of all radionuclides.
The results in this case correspond to those determined by scaling the source term for all
solubility-limited radionuclides by the ratio of the waste-form-dissolution source term to the
solubility-limited source term. Thus, the only constraint on the source term for all radionuclides
in the calculation is the waste form dissolution rate. The annual dose in this case is significantly
increased over that for the base case where radionuclide solubility limits are specified at their
expected values. Thus, the solubility limit in Yucca Mountain waters is an important contributor
to system performance.
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Early Waste Package Failure Scenario-Neutralization of Solubility Limits and
Radionuclide Retardation in the Natural Barriers
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Early Waste Package Failure Scenario-Neutralization of Thermal Effects in the
Emplacement Drifts
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Figure E-5 also indicates the contribution of the saturated and unsaturated zone retardation. In
the analysis radionuclides are retarded in their migration in two ways: (1) sorption onto the
minerals of the rock and (2) diffusion from the fracture flow paths into much slower pathways in
the rock matrix. Both of these effects are neutralized in the second curve in Figure E-5. The
results in this case correspond to those for the engineered barriers alone (natural barriers
neutralized), except that dilution is taken into account (Figure E-1 shows the results of
neutralizing all transport functions of the natural barriers, including dilution). This neutralization
calculation does not include the smoothing of the dose rate due to longitudinal dispersion;
however, it is sufficient to show the large magnitude of dose rate and the significant contribution
of retardation to performance. These two effects, solubility limits to radionuclide concentration
and retardation of their transport in the natural system, provide significant redundancy to system
performance. Even when other functions are neutralized, these two factors effectively isolate the
vast majority of radionuclides. However, the contribution of these two factors is not apparent if
the waste packages or drip shields are completely effective.
Finally, the analyses examine the contribution of the thermal conditions within the emplacement
drifts. The neutralization in this case removes the temperature increase arising from heat
generated by the waste, that is, the temperatures in the drifts are assumed to be the same as the
ambient rock temperature. The results are shown in Figure E-6. The initial peak occurs sooner.
The lower (i.e., ambient) temperatures permit initiation of corrosion of the drip shield sooner.
Neutralizing the temperature increase results in earlier failure of the drip shield, permitting
increased release from the waste package with the early imposed failure. The magnitude of the
peak is not significantly affected. This neutralization clearly illustrates the drip shield's
important role. Under expected conditions, releases only occur when the same location is
degraded in both the waste package and the drip shield. Performance depends critically on the
durability of at least one of these barriers.
E.6 SENSITIVITY STUDIES
Sensitivity studies have been conducted to examine a number of different effects. First, analyses
were conducted to show the specific contributions of releases from the CSNF and DHLW waste
packages. Then, the sensitivity studies considered alternatives to the base case. These
alternatives include analysis of the early waste package failure scenario, the nominal scenario
(unanticipated early failure of the waste package is not imposed), a base case with no cladding
credit, the model for diffusive release from the engineered barrier system, and the role of backfill
in the system design. The results are shown in Figures E-7 through E-12.
E.6.1 Contributions of CSNF and DHLW
The release calculated for the base case arises solely from the waste package with an imposed
early failure. The analyses do not show a breach of other waste packages in the first 100,000
years. The waste package with the imposed early failure is assumed to contain CSNF.
Figure E-7 shows the result assuming that the failed waste package contains DHLW.
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Although the radionuclide inventory of a CSNF waste package is greater than that of a DHLW
waste package, the peak annual dose for the early failure of a DHLW waste package is greater
than for the CSNF package, because most of the of the CSNF is protected by cladding, while the
DHLW does not have such protection. The results in this case have not been calculated directly
but are the result of neutralization of all DHLW waste packages (see Figure E-8) scaled by the
number of DHLW waste packages. In spite of this approximate approach, results are sufficient
to illustrate the relative importance of the DHLW waste packages when credit for CSNF
cladding is taken.
Figure E-8 indicates the relative contributions of the CSNF waste packages and DHLW waste
packages for the drip shield and waste package neutralizations; the imposed early failure for the
base case is in the CSNF waste package. The only contributors to the natural barrier.
neutralizations are the releases from the CSNF waste package with the imposed early failure;
these are not shown because they provide no new information. The analysis for the waste
package neutralization in Figure E-8 reinforces the conclusions from Figure E-7: the dominant
contributor to the release is from the (neutralized) DHLW waste packages because the CSNF
cladding has not been neutralized and prevents release from much of the CSNF even when the
CSNF waste packages are neutralized. These results suggest the cladding provides some
protection but, in itself, is unable to prevent significant releases because the DHLW release is
potentially so great.
Analysis for the drip shield neutralization in Figure E-8 shows no contribution from the DHLW
waste packages in the first 50,000 years. The only contribution in this case is from the single
CSNF waste package chosen to have been failed early in this scenario. After 50,000 years the
other CSNF and DHLW waste packages begin to fail in this analysis and the DHLW
contribution dominates the release, again because of the role played by the CSNF cladding.
E.6.2 Sensitivity to Cladding Credit
The case calculated above (no imposed early failures) is recalculated by not including
containment credit for the CSNF cladding. Again, because of the long-lived waste package
under the drip shield, the base case and most of the neutralizations yield zero for 100,000 years.
The results for the drip shield and waste package neutralizations are shown in Figure E-9. The
results in each case are greater than the case with cladding credit because the amount of waste
exposed to water in breached CSNF waste packages is a factor of 1,000 greater. The curves do
not scale up by this factor of 1,000 because of the important contribution from the DHLW waste
packages, which are not affected by neutralization of the cladding. However, the results are
qualitatively the same, and the conclusions drawn with regard to the importance of the barriers
are the same.
E.6.3

Sensitivity to Diffusion Barrier Properties

The principal contributor to release from breached waste packages while the drip shield remains
intact is diffusive release through the invert. The importance of the model for this diffusive
release is evaluated here in terms of analysis of the sensitivity to the diffusion coefficient for the
invert.
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Figure E-10 shows the results for the neutralization of the waste package for two different
representations of the drift invert diffusion coefficient. The first is the case in which the
diffusion coefficient is assumed to be 10"1 cm2 per second while the drip shield remains intact.
The second is for a diffusion coefficient assumed to be 10-13 cm 2 per second while the drip shield
remains intact. The curves differ in the early period before degradation of the drip shield begins
at about 10,000 years. The diffusive release of iodine-129 and technetium-99 is substantially
reduced for the lower diffusion coefficient. After this period, there is no discernible difference
between the curves because the release from the engineered barrier system is dominated by
advective transport processes.
E.6.4 Sensitivity to Backfll Thermal Properties
The original base case includes backfill in the drifts. The backfill serves to protect the drip
shield and waste package against rockfall and to insulate these barriers, increasing temperatures
during the thermal period. The case was recalculated without backfilL Effects of rockfall are not
taken into account and only the thermal insulation is considered. In all other respects this case is
analogous to the base case.
Figure E-6 shows the general effect of modifying the thermal conditions. The drip shield does
not last as long because corrosion can be initiated sooner in the cooler and wetter conditions.
This effect applies to this situation as well; the results are shown here in Figures E-I1 and E-12
for the natural and engineered barrier neutralizations respectively. The neutralization for the
natural barriers shows a generally earlier release arising from the earlier failure of the drip shield
under the lower-temperature conditions. The peak release in this case is not significantly
changed. The neutralization of the engineered barriers shows the same effect. However, the
neutralization for the drip shield does not depart significantly from the original case because the
precise drip shield's degradation-the main difference between these analyses-is not an issue in
this case.
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