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1. INTRODUCTION

The U.S. Department of Energy (DOE) is considering the possible recommendation of a site at
Yucca Mountain, Nevada, for development as a geologic repository for the disposal of high-level
radioactive waste and spent nuclear fuel. To facilitate public review and comment, in May 2001
the DOE released the Yucca Mountain Science and Engineering Report (S&ER) (DOE 2001
[DIRS 153849]), which presents technical information supporting the consideration of the
possible site recommendation. The report summarizes the results of more than 20 years of
scientific and engineering studies. A decision to recommend the site has not been made: the
DOE has provided the S&ER and its supporting documents as an aid to the public in formulating
comments on the possible recommendation.

When the S&ER (DOE 2001 [DIRS 153849]) was released, the DOE acknowledged that
technical and scientific analyses of the site were ongoing. Therefore, the DOE noted in the
Federal Register Notice accompanying the report (66 FR 23013 [DIRS 155009], p.2) that
additional technical information would be released before the dates, locations, and times for
public hearings on the possible recommendation were announced. This information
includes: (1) the results of additional technical studies of a potential repository at Yucca
Mountain, contained in this FY0I Supplemental Science and Performance Analyses: Vol. 1,
Scientific Bases and Analyses; and FYOl Supplemental Science and Performance
Analyses: Vol. 2, Performance Analyses (McNeish 2001 [DIRS 155023]) (collectively referred
to as the SSPA) and (2) a preliminary evaluation of the Yucca Mountain site’s preclosure and
postclosure performance against the DOE’s proposed site suitability guidelines (10 CFR Part 963
[64 FR 67054 [DIRS 124754]).

By making the large amount of information developed on Yucca Mountain available in stages,
the DOE intends to provide the public and interested parties with time to review the available
materials and to formulate and submit comments. Before determining whether to recommend
the Yucca Mountain site, the Secretary will consider public and stakeholder comments, as well
as the available technical information.

1.1 BACKGROUND

The FYOI Supplemental Science and Performance Analyses is intended to supplement
information contained in analysis and model reports supporting the S&ER (DOE 2001
[DIRS 153849]), which summarizes the extensive scientific and engineering analyses the DOE
has conducted to assess how a potential repository might perform in the future. The S&ER
describes the data collected during site characterization and the preliminary design of the
repository facilities and waste packages that would contribute to the safe disposal of waste.
Section 4 of the report explains the processes that could affect the ability of the site to isolate
waste. These include both natural processes and processes caused or affected by human
activities, such as the construction of the potential repository. Natural processes include the flow
of water through the unsaturated zone of rock above the water table, water flow in the saturated
zone of rock below the water table, and geochemical processes (such as dissolution or mineral
precipitation) that could result in the transport of radionuclides.
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Near the waste emplacement drifts, the natural system would be perturbed by the mechanical
excavation of the drifts and by the heat generated by radioactive decay in the emplaced waste.
The heat and the mechanical stresses could affect the natural processes in complex ways. The
coupling of these natural and man-made processes may introduce additional complexity into
models of repository performance. Therefore, the S&ER (DOE 2001 [DIRS 153849]) also
explains how these coupled thermal-hydrologic-geochemical-mechanical processes would be
likely to affect the long-term performance of the repository. These processes affect both the
natural and the engineered barriers, including the drip shields, the waste forms, the waste
packages, and the invert below the waste packages. In addition to the hydrologic and
geochemical processes that would act in and around the potential repository, disruptive events,
such as the possibility of volcanic eruptions, could affect the integrity of the repository. The
S&ER describes the likelihood and consequences of disruptive events at Yucca Mountain.

The S&ER (DOE 2001 [DIRS 153849], Section 4.4) summarizes the results of a comprehensive
quantitative analysis of the possible future behavior of a Yucca Mountain repository. This
analysis, known as the Total System Performance Assessment for the Site Recommendation
(TSPA-SR) (CRWMS M&O 2000 [DIRS 153246]), combines the results of detailed conceptual
and numerical models of each of the individual and coupled processes in a single probabilistic
model that can be used to assess how a repository might perform over long periods of time.

Despite the extensive scientific studies described in the S&ER (DOE 2001 [DIRS 153849])), the
DOE has always recognized that significant uncertainties will remain in any assessment of the
performance of a repository over thousands of years, as discussed in the S&ER (DOE 2001
[DIRS 153849], Sections 1.5, 4.1, and 4.4). These uncertainties are attributable to a variety of
causes, ranging from uncertainty regarding the fundamental processes that may affect
radionuclide migration to uncertainty related to the design and operation of the potential
repository. For this reason, one part of the DOE approach to dealing with uncertainty relies on
multiple lines of evidence that may contribute to the understanding of the performance of the
potential repository. Another part of the DOE approach is a commitment to continued testing,
monitoring, and analysis beyond the possible recommendation of the site.

This report has been prepared to address several specific aspects of the existing uncertainties
related to the performance of a potential Yucca Mountain repository. It describes new
information developed since the completion of the S&ER (DOE 2001 [DIRS 153849]) and its
key supporting references, the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) and the analysis
model reports and process model reports cited therein.
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1.2 GOALS AND SCOPE

Based on internal reviews of the S&ER (DOE 2001 [DIRS 153849]) and other documents, the
DOE has identified and performed several types of analyses to supplement the treatment of
uncertainty in support of the consideration of a possible site recommendation. The information
in this report is intended to supplement, not supplant, that contained in the analysis and model
reports and process model reports supporting the S&ER. In general, the studies and analyses
described in this document provide additional information of three types:

Unquantified Uncertainties Analysis—Specific uncertainties that were not treated explicitly in
the S&ER and the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) are quantified.
Unquantified uncertainties include parameter bounds, conceptual models, assumptions and, in
some cases, input parameters consisting of statistically biased or skewed distributions. The
primary goals of this effort were to provide insights into the significance of the unquantified
uncertainties and the degree of conservatism in the overall assessment of repository performance
in the TSPA-SR.

Updates in Scientific Information—New information has been developed for some of the
process models that are important to performance. This work includes new experimental results,
new conceptual models, and new analytical approaches, as well as the results of continued
research. It also includes the identification and discussion of multiple lines of evidence that have
been used directly, to support modeling, or indirectly, to develop confidence in modeling results.
The primary goals of this effort were to provide insights into the impacts of the new scientific
results and improved models (i.e., those updated since completion of the S&ER) and to develop
additional confidence in the models and parameters used for total system performance
assessment (TSPA). :

Lower-Temperature Operating Mode Analysis—Because some of the processes that can affect
performance are a function of the environment in the repository (e.g., temperature and humidity),
the uncertainties associated with models of these processes also depend on environmental
variables. In particular, operating the repository at temperatures above 96°C would result in
water boiling and condensing, which requires models of flow and transport that are more
complex—and possibly more uncertain—than models at lower temperatures. Therefore, the
effects of a range of thermal operating modes on projected system performance, including lower -
operating temperatures in the potential repository (e.g., below 96°C at the drift wall or below
85°C at the waste package surface), have been evaluated. The uncertainties associated with
various process models have been analyzed over a range of temperatures. The primary goals of
evaluating a range of thermal operating modes were to provide insights into the effect of thermal
parameters on predicted repository performance, including the uncertainty of those predictions,
and to increase confidence in the predicted repository performance over a range of thermal
conditions.

1.2.1 Outline of Report

This repbrt describes the supplemental analyses that have been performed and the results of
incorporating those analyses into a supplemental TSPA. It consists of two volumes: FY0!
Supplemental Science and Performance Analyses: Vol. I, Scientific Bases and Analyses and
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FYOI Supplemental Science and Performance Analyses: Vol. 2, Performance Analyses
(McNeish 2001 [DIRS 155023]). Volume 1 focuses on the technical work conducted within
each process model area, encompassing uncertainty quantification, updated science and models,
and lower-temperature operating mode analyses. Volume 2 describes the performance
assessment analyses conducted using the updated information documented in Volume 1.

Table 1-1 shows the supplemental analyses that have been produced, the rationale for obtaining
that supplemental information (i.e., unquantified uncertainties, updated scientific information, or
lower-temperature operating mode analyses), and the section in this report where the work is
documented. The last two columns of the table indicate how the supplemental information
described in this volume is evaluated in the performance assessment analyses described in
Volume 2 (McNeish 2001 [DIRS 1550231).

Section 2 of this volume describes the methodology used to define and conduct the updated
analyses described in this report. The remaining sections are organized around the major
processes that are expected to occur in Yucca Mountain and the proposed repository system.
The structure of this document generally follows that of the S&ER (DOE 2001 [DIRS 153849]).
Figure 1-1 illustrates the processes and their relationships.

Each of Sections 3 through 14 begins with a brief description of the conceptual basis for the
process model supporting the S&ER (DOE 2001 [DIRS 153849]) and the TSPA-SR (CRWMS
M&O 2000 [DIRS 153246]). Each section includes a description of new information and
analyses that have been conducted and the results obtained using that new information. The
specific content and the level of detail in Sections 3 through 14 vary, depending on the extent of
the analyses that have been performed. The discussion may range from a summary level to
detailed descriptions and analyses of the supplemental information. Depending on what specific
information has been collected, the discussions may include the quantification of uncertainties,
updated scientific information and models, and thermal sensitivity analyses. Where relevant,
each section includes a discussion of other lines of evidence that provide additional evidence for
and/or confidence in the process models. Finally, each section describes how the results of the
new information at the process level were carried through to the abstracted models used for the
supplemental TSPA analyses, which are documented in Volume2 (McNeish 2001
[DIRS 155023]).

1.3 RATIONALE
1.3.1 Quantification of Uncertainties

As described in the S&ER (DOE 2001 [DIRS 153849]), many uncertainties associated with
long-term repository performance were addressed quantitatively and probabilistically in the
process models and performance assessment analyses. However, some uncertainties in processes
and parameters were addressed through the use of bounding or conservative assumptions that
were intended to simplify the analysis and ensure that the results were technically defensible. In
a few cases, assumptions may have led to non-conservatisms when implemented in the model.
The use of bounding values and conservative assumptions generally yields model simulations
that predict poorer performance (i.e., higher projected doses) than analysts expect. However,
because the degree of conservatism for each process or parameter has not been quantified, it is
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difficult to assess the extent to which the total system results may also be conservative. This
report describes the quantification of some of the uncertainties that were unquantified in the
TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). Unquantified uncertainties include parameter
bounds, conceptual models, assumptions, point estimates, or input parameters that use
statistically biased or skewed distributions.

1.3.1.1  Types of Uncertainties

Accounting for, classifying, and understanding the implications of uncertainties is a critical part
of modeling any complex system. Managing those uncertainties is a critical part of designing
and operating any complex system. Uncertainties may arise from such aspects as incomplete
understanding, limited information, or lack of data, in addition to the uncertainties inherent in
developing any model of a natural or engineered system. The DOE considers uncertainties of
several different types, and incorporates them in several different ways, in evaluations and
estimates of repository performance. '

Scenario Uncertainty—Scenario uncertainty refers to uncertainty about how future states of the
world will evolve. It includes the uncertainty associated with the features, events, and processes
that may impact various components of the repository system. Scenarios of plausible future
states of the repository system, as well as their likelihood of occurrence, must be inferred from
direct and indirect field evidence; those scenarios that meet the criteria for likelihood of
occurrence and impact to annual dose should be incorporated into assessments of repository
performance.

Model Uncertainty—All models are simplifications of the real system being modeled, and
simplifications necessarily introduce uncertainties. Model uncertainty encompasses several
types: uncertainty in conceptual models, uncertainty in the mathematical descriptions of
conceptual models, and uncertainty in the numerical implementation of models in computer
codes.

Parameter Uncertainty and Variability~The parameters of the mathematical models used to
predict the performance of the repository system are subject to both uncertainty and variability.
Uncertainty in model parameters may arise from imperfect knowledge or limited data.
Variability may arise from the randomness or heterogeneity of physical characteristics in the
engineered system, natural system, or biosphere. In some cases, variability is modeled by
including it as uncertainty in model parameters.

Spatial and Temporal Variability—For large-scale (e.g.,igneous activity) and small-scale
(e.g., rock porosity) processes and properties, variability over time and over the area of the
repository may have an important impact on performance. Because variability is an intrinsic
property of a system, it cannot be reduced with additional information. Because it has an
important impact on performance, variability is included explicitly in some process and TSPA
models.

1.3.1.2  Quantified and Unquantified Uncertainties
In the process models and the TSPA-SR model supporting the S&ER (DOE 2001

[DIRS 153849]), some uncertainties are quantified and others are unquantified. Quantified
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uncertainties are those for which a detailed, unbiased, quantitative description of uncertainty
(e.g., a probability distribution) has been developed from available data. An unbiased estimate is
one that is neither deliberately conservative nor deliberately optimistic, that neither
underestimates nor overestimates performance. In some cases, unbiased quantitative estimates
of uncertainty were not feasible, for example, because of the limited availability of data or
process complexity. Some uncertainties were not quantified because the range of possible
scenarios, processes, models, hypotheses, and parameter values made little or no difference to
the overall model results, so computational efficiency was gained by choosing a single
representation of the uncertainty. Unquantified uncertainties in the TSPA-SR and supporting
models include alternative models, alternative hypotheses, particular assumptions, and single
point estimates used to represent an uncertain property value. Unquantified uncertainty may also
exist when model inputs are treated probabilistically if the range of inputs is chosen to be a
conservative bound on the range of all possible values.

1.3.1.3  Rationale for Quantifying Previously Unquantified Uncertainties

The DOE deliberately chose a mix of quantified, best estimate (realistic), and unquantified
(typically conservative) models and parameter values to develop a defensible, compliance-based
evaluation of the potential performance of the repository system. This evaluation is included in
the analysis and model reports supporting the S&ER (DOE 2001 [DIRS 153849]). However,
both the DOE and external reviewers of the Yucca Mountain Site Characterization Project
(YMP) (e.g., the Nuclear Waste Technical Review Board and Advisory Committee on Nuclear
Waste) recognize that additional insights into repository performance can be gained from
analyzing the assumptions underlying the process models. Also, further examination of the
sensitivity of the total system model to these assumptions and other uncertainties may provide
relevant information about the significance of the uncertainties (i.e., the importance of a specific
uncertainty to repository performance).

The mix of conservative, potentially nonconservative, and realistic inputs makes it difficult to
interpret the uncertainty in annual dose estimates over time produced by the TSPA-SR model.
Because some inputs are clearly conservative, the annual dose estimates do not represent a best
or most realistic estimate of actual performance. However, since some inputs may not be
conservative, it is not clear that the annual dose estimates are entirely conservative.

It is difficult to quantify the degree of conservatism among the different process models that
compose the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). In coupled models,
conservatisms and assumptions in one model can mask the importance of another. It is not
possible to quantify the relative conservatism in a model or its parameters without evaluating the
impact of the model or parameter on the output of the fully coupled model. It is also not possible
to say how conservative a specific process model is without looking at how that input affects the
annual dose estimates from the TSPA-SR model.

Finally, even if each model and input were conservative, the degree to which those conservative
inputs would result in a conservative annual dose estimate is not clear. The mixture of inputs
makes it difficult to ascertain the degree of conservatism in the overall TSPA-SR. The
quantification of uncertainties discussed in this report represents an effort to develop an
understanding of the degree of conservatism in the annual dose estimates from the TSPA-SR.
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1.3.2 Updated Scientific Bases and Analyses

In addition to quantifying specific uncertainties previously unquantified, the DOE has continued
to improve its scientific understanding of and the technical bases for the process and
performance assessment models. This document describes updates to the process models that
have occurred since the models supporting the S&ER (DOE 2001 [DIRS 153849]) were
developed and documented. These updates appear as discussions of new or more extensive data,
revised process models, and updated abstractions for the supplemental TSPA model. The
updates are an expected result of the ongoing scientific and engineering analyses supporting the
DOE, and they represent the progress that has been made over the period since the documents
supporting the S&ER (DOE 2001 [DIRS 153849]) were finalized. The SSPA report provides a
vehicle for documenting that additional information and evaluating its significance in
performance analyses.

1.3.3 Thermal Sensitivity Analyses

The third element of the new information and technical improvements since the analyses and
model reports supporting S&ER (DOE 2001 [DIRS 153849]) were completed is a set of analyses
designed to increase understanding of the effects of a range of operating modes and temperatures
on potential repository performance.

1.3.3.1  Thermally Driven Uncertainties

Two uncertainties related to thermal effects on potential repository performance are: (1) the way
Yucca Mountain will respond to the heat generated by emplaced waste, and (2) the long-term
performance of the materials used to package the waste when subjected to the expected
repository environment.

Coupled Processes—As the temperature of the host rock rises, the extent, magnitude, duration,
and significance of thermally induced coupled processes may also increase. These coupled
processes include such effects as:

e Thermal hydrology (heat influencing water movement)
¢ Changes in rock matrix and fracture flow properties
¢ Dissolution, movement, and precipitation of salts and minerals.

Materials Corrosion—A key component of the flexible design summarized in the S&ER
(DOE 2001 [DIRS 153849]) is the waste package, which is designed to isolate waste from the
environment for an extended period of time. The outer shell of the waste package consists of a
thick layer of corrosion-resistant Alloy 22, which forms a primary barrier to water contacting the
waste. As Summarized in the S&ER, process model results indicate that the outer barrier has an
extremely long lifetime, with a median time to first failure of 80,000 years (DOE 2001
[DIRS 153849], Section 4.2.4.4). Because of the key role the waste package plays in
performance assessments, it is important to understand the potential failure modes of Alloy 22,
particularly its susceptibility to localized corrosion.
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Findings about localized corrosion of Alloy 22 in highly aggressive environments suggest a
range of conditions under which the material may be more susceptible to localized corrosion.
These specifically include aggressive environments where the temperatures are high and the
relative humidity is such that an aqueous film containing salts can form on the surface of the
material.  Analyses summarized in the S&ER (DOE 2001 [DIRS 153849], Section 2.1.5)
indicate that the susceptibility of Alloy22 to corrosion can be significantly reduced by
maintaining waste package surface temperatures below about 85°C or relative humidity below
about 50 percent.

1.3.3.2  Rationale for Evaluating a Range of Thermal Operating Modes

The overall DOE strategy for handling uncertainties is to recognize and incorporate them to the
extent possible, and to take steps to reduce or mitigate those uncertainties that may have a major
impact on estimates of potential repository performance. Uncertainties can be reduced through
additional scientific and technical studies; the effect of uncertainties can be mitigated by
engineering design choices. Uncertainties that do not appear to have the potential to
significantly impact performance assessments, or uncertainties for which reduction and/or
mitigation measures are not available or effective, are typically accepted and incorporated into
the process models and total system analyses. For example, in the analyses and models
supporting the S&ER (DOE 2001 [DIRS 153849]), uncertainties related to the effect on process
models caused by different thermal operating modes (e.g., operating the repository at lower
temperatures) have been tested through sensitivity studies, but have otherwise not been
incorporated in the TSPA-SR model. The process models have been examined to assess the
possible impact of the uncertainties, but no additional measures have been taken to reduce or
mitigate the effects of those uncertainties. The DOE is currently considering options for
reducing or mitigating those uncertainties in the future.

This report presents several analyses performed to gain additional insight into the effect that
repository temperatures may have on the uncertainty associated with specific process models.
The goal of these analyses is to assess the extent to which the DOE’s and the public’s confidence
in performance assessments might be improved if thermal uncertainties were mitigated by
lowering the temperatures in the emplacement drifts and on the surface of the waste package. As
stated previously, maintaining the host rock temperature below the boiling point of water may
reduce uncertainties associated with coupled processes (Anderson et al. 1998 [DIRS 101656];
Cohon 1999 [DIRS 147531]). Similarly, uncertainties about localized corrosion rates may be
mitigated by avoiding operating temperatures and humidity levels that could lead to an increased
susceptibility of Alloy 22 to corrosion.

Refining the design and operating mode of the potential repository has been an ongoing, iterative
process involving scientists, engineers, and decision-makers. The design and mode of operations
of a potential repository have evolved as the DOE has learned more about the site and the
performance contribution of various design and operating attributes. Engineering and design
analyses demonstrate that there are a number of potential operational practices the DOE could
employ to manage the repository environment S&ER (DOE 2001 [DIRS 153849], Section 2.1.4)
and achieve lower operating temperatures. Because the physical processes judged to be most
sensitive to thermal effects (i.e., coupled processes and materials corrosion) are relatively
unaffected by the parameters that could be used to control operating temperatures, the DOE has
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chosen in this report to evaluate thermal effects through focused evaluations of specific process
models and system-level sensitivity analyses. Supplemental analyses look at a range of thermal
operating modes including total system level analyses for a higher-temperature operating mode
and lower-temperature operating mode and analyze their impact on specific processes and
performance, including uncertainty in performance. If a decision is ultimately made to operate
the repository to meet different thermal goals, a fully specified design and operating mode that
can be demonstrated to meet those goals will be developed.

1.4 OVERVIEW OF ANALYSIS PROCESS

For this evaluation, the DOE has identified, considered, and evaluated the most recent and
relevant information about Yucca Mountain and the potential repository system that is available
from all sources, inside and outside the YMP. This information has been used to quantify
uncertainties, update conceptual and numerical models, and provide additional lines of evidence
about the possible future behavior of a repository. To the extent possible, the information has
been incorporated in an updated supplemental TSPA model and evaluated for two thermal
operating modes: for a repository operated as described in the S&ER (DOE 2001
[DIRS 153849]) and for a repository operated at temperatures that do not exceed 85°C. The
sections below summarize the overall processes by which the new information discussed in this
document was generated, evaluated, and analyzed.

1.4.1 Quantifying Uncertainties

The process for evaluating unquantified uncertainties involved: (1) identifying unquantified
uncertainties to be evaluated; (2) developing more representative, quantified descriptions of
those uncertainties; and (3) evaluating the implications of those newly quantified uncertainties
for repository performance.

1.4.1.1 Identifying Unquantified Uncertainties

The first step in the process of quantifying uncertainties was to identify a set of process models
and parameter inputs to the TSPA model for which significant uncertainty has not been
quantified (i.e., where a conservative or nonconservative representation exists in the present
performance assessment). Recent studies have focused on identifying potentially important
unquantified uncertainties (CRWMS M&O 2000 [DIRS 153246], Appendix F; Cline 2000
[DIRS 153193]). From this set of models and parameters, a subset was identified that is
expected to include those most important to annual dose estimates—either annual dose during
the 10,000-year period covered by the proposed regulations or longer-term annual dose, out to
hundreds of thousands of years (see Section 2.1.1). The longer time period was considered
because annual doses over long time periods may produce insights about uncertainty in annual
dose that are relevant to all time periods. In selecting uncertainties to address in these
supplemental analyses, the DOE considered both the potential impact on TSPA results and the
feasibility of modifications to the model and parameter inputs to the TSPA.
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1.4.1.2  Quantifying Previously Unquantified Uncertainties

To quantify the uncertainties associated with the identified models and parameters, technical
investigators developed unbiased representations of the specified uncertainties. To assist them,
an iterative series of interviews were held with representatives from each of the main process
model areas affecting performance. The interviews were followed by supplemental calculations
and analyses. The emphasis in the discussions was on the physical realism of the models and
parameter estimates. The technical investigators used their knowledge of project-specific data,
literature data, analogue systems or processes, and the technical judgment of the broader
scientific and engineering community to develop these unbiased representations. Specific
implementation of the unbiased representations took a variety of forms, as described in
Sections 3 through 14. Those forms range from new or updated parameter distributions to new
or updated conceptual and mathematical models.

1.4.1.3  Evaluating Alternative Representations

The impacts of the new representations for previously unquantified uncertainties were evaluated
through updated process models, sensitivity analyses, and supplemental TSPA analyses using the
updated uncertainty treatment. The representations were implemented and the form and
rationale for them documented. The implications of these new representations for process-level
model results are discussed in Sections 3 through 14 of this document.

'For many of these newly quantified uncertainties, supplemental TSPA sensitivity analyses were
also conducted, as described in Volume 2 (McNeish 2001 [DIRS 155023]). These included
subsystem performance analyses, TSPAs, and analyses similar to those documented and
discussed in the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). The calculated annual doses
from the revised representations have been compared to the estimates from the TSPA-SR.

1.4.2 Updating Scientific Bases and Analyses

In addition to the newly quantified uncertainties, additional scientific data have been collected,
models have been revised, and analyses have been conducted since the TSPA-SR (CRWMS
M&O 2000 [DIRS 153246]). In many cases, technical investigators have summarized new
experimental data, updated process models to reflect an improved understanding, or abstracted
models that more completely propagate process knowledge into the performance analyses. The
incremental update to the scientific bases supporting the S&ER (DOE 2001 [DIRS 153849]) is
documented in Sections 3 through 14.

1.4.3 Evaluating a Range of Thermal Operating Modes

The repository design and operating mode described in the S&ER (DOE 2001 [DIRS 153849])
are flexible enough to meet a range of potential thermal conditions or goals. A series of analyses
has been conducted to determine feasible thermal ranges and the engineering and operating
changes that would allow the potential repository to achieve specified operating temperature
limits. For process models where thermal load potentially has an impact on the modeling and
model results, technical investigators evaluated repository performance under different thermal
loads. In some cases, this required updates to the technical models, which are indicated in
Table 1-1 and discussed in Sections 3 through 14.
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1.4.3.1  Selecting a Thermal Range

The first step in defining and conducting a thermal sensitivity analysis is to determine the
thermal range that should be considered. A number of different thermal goals and constraints
have been proposed, specifically focused on lower temperatures in the drift and on the surface of
the waste package. A range of operating temperatures was selected for these thermal sensitivity
analyses. The high end of the range corresponds to the flexible design and higher-temperature
operating mode described in the S&ER (DOE 2001 [DIRS 153849]). The low end corresponds
to an operating mode where the average maximum temperatures on the surface of the waste
package do not exceed 85°C following closure of the potential repository (Table 2-1).

1.4.3.2  Identifying Operational Changes to Achieve Thermal Goals

The DOE identified a variety of operational changes that would result in lower temperatures in
the potential repository. For a variety of thermal environments, the operating parameters that
could affect potential repository temperatures were specified, along with the types of changes to
those parameters that would be necessary to achieve various operating temperatures. This step
also identified other key performance parameters that could be affected by the changes necessary
to achieve lower operating temperatures, and is described more fully in Section 2.3 of this report.

1.4.3.3  Evaluating Performance

To evaluate performance over the thermal range being considered, the DOE conducted full
supplemental TSPAs for both ends of the thermal range (Table2-1). The results of the
supplemental TSPA evaluations are documented in Volume 2 (McNeish 2001 [DIRS 155023]).
In the process model analyses described in this volume, other parts of the thermal range were
also evaluated.

1.5 QUALITY ASSURANCE

An activity evaluation was performed for this work activity in accordance with AP-2.21Q,
Quality Determinations and Planning for Scientific, Engineering, and Regulatory Compliance
Activities [DIRS 1545341, and it was determined that activities supporting the development of
this work and activities documented in this technical product are quality-affecting activities.
This technical product and associated activities have been prepared subject to the requirements
of the Quality Assurance Requirements and Description (DOE 2000 [DIRS 149540]) and
implementing procedures. This document was prepared in accordance with the Technical Work
Plan for FY0I Supplemental Science and Performance Analyses: Volume I-Scientific Bases and
Analyses, Volume 2-Performance Analyses (BSC 2001 [DIRS 155055]). There are no deviations
from the technical work plan in this technical product.

The activity evaluation and a Process Control Evaluation for Supplement V, prepared in
accordance with AP-SV.1Q, Control of the Electronic Management of Information
[DIRS 153202)), are attached to the technical work plan. Section 10 of the technical work plan
describes the controls that will be used in the electronic management of information for this
work activity. The technical work plan provides important planning details and should be
consulted if questions or issues arise related to this document and the work activities it describes.
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As described in Section 1.2, the goal of the additional analyses presented in this technical report
is to provide insights into the effects of uncertainty and both conservatisms and optimisms that
were not evaluated in the family of analysis model reports that supported the S&ER (DOE 2001
[DIRS 153849]) and the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). Additional analyses
are presented to examine the potential performance-related effects associated with operating the
repository over a range of thermal operating modes. To provide these insights, the baselined
models and analyses used as the technical basis for the TSPA-SR and the S&ER have been
modified or extended beyond the bounds utilized in the TSPA-SR (CRWMS M&O 2000
[DIRS 153246]). These alternative representations are provided to evaluate the sensitivity of
model performance to these unquantified uncertainties and to incorporate appropriate thermal
dependencies into the conceptual representations used in the performance assessment. These
alternative representations do not replace those documented in the supporting references to the
TSPA-SR or the S&ER. While it may be necessary to modify a parameter distribution or model
to examine the effects of these alternative representations, the models used as a basis for the
TSPA-SR are not changed; these examinations are simply exploratory sensitivity analyses to
provide the necessary insights into system behavior. In many respects, these analyses are no
different than the types of sensitivity analyses, barrier importance analyses, and neutralization
analyses presented in the TSPA-SR and the Repository Safety Strategy: Plan to Prepare the
Safety Case to Support Yucca Mountain Site Recommendation and Licensing Considerations
(CRWMS M&O 2001 [DIRS 1549511). If any of the revised models or analyses documented in
this technical report are deemed to be more appropriate for the intended use of evaluating
repository performance, they will be validated and documented in accordance with the quality
assurance requirements for models and analyses in AP-3.10Q, Analyses and Models
[DIRS 154517]. Until such time, they are considered scoping in nature to provide insights into
the significance of uncertainty that was not explicitly evaluated in the TSPA-SR.

As a result of the special quality assurance controls applied as described in the Technical Work
Plan (BSC 2001 [DIRS 155055)), not all of the models, analyses, and data used in this study are
fully qualified. It has not yet been determined which, if any, of the models, analyses, and data
need to be fully qualified. Because of quality assurance requirements, the models, analyses, and
data used in this study are not intended to be used, as is, in a license application if the Yucca
Mountain site is found to be suitable for the development of a repository.

1.6 COMPUTER SOFTWARE USAGE

A number of software codes were used or discussed in this study (Table 1-2). All qualified
codes were appropriate for the intended use, and they were used only within the range of
validation. ~ All qualified codes were obtained from Software Configuration Management in
accordance with AP-SI.1Q, Software Management [DIRS 154886].

The software name and version, software tracking number, qualification status reference
information, location used, and computer type used are identified in Table 1-2. Reference to
software codes within the text will indicate the software name and version, and the reader can
use that information and this table to obtain other pertinent information.
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Some references within the text may be to families of codes (e.g.,the FEHM codes or the
ASHPLUME codes). These references are generic in nature and are not intended to identify
specific software or versions.

For each unqualified code, a software activity plan for use of unqualified software and a software
user request have been submitted to Software Configuration Management. Several commercial
software codes (e.g., THERMO-CALC, DICTRA, and FIDAP) were not submitted to Software
Configuration Management due to software licensing issues. As only one copy of each of these
codes exists on the Yucca Mountain Project, there is no technical issue regarding whether or not
the correct version of the code was used. These codes are documented as part of Deficiency
Report BSC-01-D-088 or Corrective Action Report BSC-01-C-002.

Commercial off-the-shelf software Tecplot V7.0, GMT V3.3.6, mView V2.20, EarthVision 5.1,
SigmaPlot 4.0, and Microsoft Excel SR-1 were used to plot data documented within this report
and the references specified. This report and the references document the technical decisions
made by the analyst to arrive at the conclusions in this report. Where these plotting software
were used, the analyst used professional judgment to determine the best display of the data. All
of the technical decisions made regarding the use of the data displayed on the charts and plots in
this report are documented in the body of the report, in the references specified for each figure,
or both.
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Table 1-1. Summéry of Supplemental Models and Analyses

—~~

Reason For Supplementat Scientific

Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

(Discussed In Volume 2)

00 AFYd L00000-AN-dONW-ddL

Lower-
Topic of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Model Uncertainty Scientific Operating Mode | Section of | Sensitivity Supplemental
of System (Section of S&ER) or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model
Limited Water Climate (4.2.1) Post-10,000-year Climate Model X 3.3.1 X X
Entering ltration (4.2 - » i}
Emplacement Net Infiltration (4.2.1) I(?lfill’ll:I:ttéol\'} (f)c()jre [].)ost 0,000-year X 3.3.2 X X
Drifts
Unsaturated Zone Flowin PTn X 3.33
Flow (4.2.1) 3-D flow fields for cooler design;
flow fields for post-10,000 yr
climate, lateral flow; variable X X 3.34
thickness of PTn; fault property
uncertainty
Effects of lithophysal properties on
thermal properties X 835 X
Coupled Effects on Mountain-scale Thermal- X X 335
UZ Flow (4.2.2) Hydrologic effects "
Mountain-scale Thermal-
Hydrologic-Chemical effects X X 336
Mountain-scale Thermal-
Hydrologic-Mechanical effects X X 837
Seepage into Flow-focussing within 431
Emplacement Drifts heterogeneous permeability field; X X Py X X
P 432,435
4.2.1) episodic seepage
Effects rock bolts and drift
degradation on seepage X 4.33,4.34
Coupled Effects on Thermal effects on seepage X X 4.3.5 X X
Seepage (4.2.2) Thermal-Hydrologic-Chemical X X 436
effects on seepage -
Thermal-Hydrologic-Mechanical X X 437
effects on seepage
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Table 1-1. Summary of Supplemental Models and Analyses (Continued)

Reason For Supplemental Scientific

Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

(Discussed In Volume 2)

Lower-
Topic of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Modei Uncertainty Scientific Operating Mode | Section of Sensitivity | Suppiementai
of System (Section of S&ER or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model
Long-Lived Water Diversion Multiscale thermal-hydrologic
Waste Package | Performance of EBS model, including effects of rock X X 5.3.1 X
and Drip Shield | (4.2.3) dryout
Thermal property sets X X 5.3.1 X
Effect of in-drift convection on
temperatures, humidities, invert X X 5.3.2
saturations, and evaporation rates
Composition of liquid and gas
entering drift X X 6.3.1 X X
Evolution of in-drift chemical
environment X X 6.3.3 X X
Thermo-Hydro-Chemical model
comparison to plug-flow reactor X 6.3.1
and fracture plugging experiment
Rockfall X 6.3.4
In-Drift Moisture Environment on surface of drip X 532 7.3.4
Distribution (4.2.5) shields and waste packages e
Condensation under drip shields X 8.3.2 X
Evaporation of seepage X X 8.3.1 X X
5.3.2
Effect of breached drip shields or
waste package on seepage X X 833 X X
Waste package release flow
geometry (flow-through, bathtub) X 8.3.4 X
Drip Shield Local chemical environment on
Degradation and surface of drip shields (including X 734

Performance (4.2.4)

Mg, Pb) and potential for initiating
localized corrosion

P
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Table 1-1. Summary of Supplemental Models and Analyses (Continued)

Reason For Suppiemental Scientific

Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

(Discussed In Volume 2)

Lower-
Topic of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Model Uncertainty Scientific Operating Mode | Section of Sensitivity | Supplemental
of System (Section of S&ER or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model
Long-Lived Waste Package Local chemical environment on
Waste Package | Degradation and surface of waste packages X " 734
and Drip Shield | Performance (4.2.4) (including Mg, Pb) and potential ~
for initiating localized corrosion
Aging and phase stability effects
on A.22 X X 7.3.2 X
Uncer}ainty_ ip wgld stress state X 733 X X
following mitigation
Weld defects X 7.3.3 X X
Early failure due to improper heat X 736 X X
treatment
General corrosion rate of A-22:
Temperature dependency X X 735 X X
General corrosion rate of A-22:
Uncertainty/variability partition X 735 X X
Long-term stability of passive films
on A-22 X 7.3.4
Stress threshold for initiation of
stress corrosion cracking X X 7.3.3 X X
Probability of non-detection of
manufacturing defects X 733 X X
Number of defects X 735 X X
Distribution of crapk growth X X 737 X X
exponent (repassivation slope)
Limited Release | In-Package Effect of HLW glass degradation
of Environments (4.2.6) rate and steel degradation rate on X X 9.3.1 X X
Radionuclides in-package chemistry
from the Cladding Degradation | Effect of initial perforations, creep
Engineered and Performance rupture, stress corrosion cracking,
Barriers (4.2.6) localized corrosion, seismic % X 933 X X
failure, rock overburden failure, e
and unzipping velocity on cladding
degradation




00 A5d LO0000-AIN-IDIN-ddL

P-L1

100¢ sunf

Table 1-1. Summary of Supplemental Models and Analyses (Continued)

Reason For Supplemental Scientific
Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

(Discussed In Volume 2)

Lower-
Topic Of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Model Uncertainty Scientific Operating Mode | Section of Sensitivity | Suppiementai
of System (Section of S&ER or Analysis Analysis information Analysis Volume 1 Analysis TSPA Model
Limited Release | DHLW Degradation HLW glass degradation rates
of and Performance X X X 9.3.1
Radionuclides (4.2.6)
from the d Dissolved Solubility of neptunium, thorium,
Engineere Radionuclide plutonium, and technetium X X X 9.3.2 X X
Barriers Concentrations (4.2.6)
Colloid-Associated Colloid mass concentrations
Radionuclide X 9.34 X
Concentrations (4.2.6)
EBS (Invert) Diffusion inside waste package X X 10.3.1 X X
Degradation and Trans e
port pathway from inside
Irgr;s)port (426, waste package to invert X X 103.2
- Sorption inside waste package X X 10.3.4 X X
Sorption in invert X X 10.3.4 X X
Diffusion through invert X 10.3.3 X X
Colloid stability in the invert X 10.3.5
Microbial transport of colloids X X 10.3.6

—
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Table 1-1. Summary of Supplemental Models and Analyses (Continued)

Reason For Supplemental Scientific

Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

{Discussed In Volume 2)

Lower-
Topic of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Model Uncertainty Scientific Operating Mode | Section of Sensitivity | Supplemental
of System (Section of S&ER or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model
Delay and Unsaturated Zone Effect of drift shadow zone - X X 11.3.1 X X
Dilution of Radionuclide advection/diffusion splitting o
Radionuclide Transport (Advective Effect of drift shadow zone —
Concentrations Pathway_s; concentration boundary condition X 11.3.1
by the Natural Retardation; on EBS release rates -2
Barriers Dispersion; Dilution)
(4.2.8) Effect of matrix diffusion X 11.3.2,
11.3.3
3-D transport X 11.3.2
Effect of coupled Thermo-
Hydrologic, Thermo-Hydro-
Chemical, and Thermo-Hydro- X X 11.3.5
Mechanical processes on
transport -
Saturated Groundwater specific discharge X X 12.3.1 X
Zone Radionuclide : e ot §
Eff
Flow and Transport volgg::\ilft?xlf?:smn coefficient in X 1232 X
429
( ) Flowing interval spacing 12.3.2 X
Flowing interval (fracture) porosity X 12.3.2 X
Effective porosity in the alluvium X 12.3.2 X
Correlation of the effective
diffusion coefficient with matrix X 12.3.2 X
porosity
Bulk density of the alluvium X X 12.3.2 X X




Table 1-1. Summary of Supplemental Models and Analyses (Continued)
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Performance Assessment
Treatment of Supplemental
Reason For Supplemental Scientific Scientific Model or Analysis
Model or Analysis (Discussed In Volume 2)
Unquantifie Lower-
Key Topic of Supplemental d Update in Temperature TSPA Included in
Attributes of Process Model Scientific Model Uncertainty Scientific Operating Mede | Secticn of | Sensitivity | Supplemental
System (Section of S&ER or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model
Delay and Saturated Retardation for radionuclides irreversibly X X 12.3.2 X
Dilution of Zone Radionuclide sorbed on colloids in the alluvium e
Radionuclide | Transport No matrix diffusion in volcanic tuffs case 12.5.2 X
Concentratio | (4.2.9) -
ns by the Presence or absence of alluvium 12.5.2 X
Natural Sorption coefficient in alluvium for I, Te
Barriers X 12.3.2 X X
Sorption coefficient in alluvium for Np, U X X 12.3.2 X
Sorption coefficient for Np in volcanic X 1232 X
tuffs .
Kc model for groundwater colloid
concentrations Pu, Am X 125.2 X
Enhanced matrix diffusion in volcanic
tuffs 12.5.2 X
Effective longitudinal dispersivity X X 12.3.2 X
New dispersion tensor X 12.3.2
Flexible design X 12.3.2
Different conceptual models of the large
hydraulic gradient and their effects on X 12.3.1
the flow path and specific discharge
Hydraulic head and map of
potentiometric surface X 12.31
Biosphere Receptor of interest X 13.3.1
(4.2.10) Compari
parison of dose assessment
methods X 13.3.2
Radionuclide removal from soil by
leaching X 13.3.3
Uncertainties not captured by GENII-S X 13.34
Influence of climate change on X 13.3.5,
groundwater usage and BDCFs 13.3.7
BDCFs for groundwater and igneous 13.3.6,
releases X 13.3.8 X X
134
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Table 1-1. Summary of Supplemental Models and Analyses (Continued)

Reason For Supplemental Scientific
Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis

(Discussed In Volume 2)

Lower-
Topic of Supplemental Unquantified Update in Temperature TSPA Included in
Key Attributes Process Model Scientific Model Uncertainty Scientific Operating Mode | Section of Sensitivity | Supplemental
of System (Section of S&ER or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Model

Low Mean Volcanism/Igneous Probability of dike intersection of
Annual Dose Activity (4.3.2) repository for the operating mode X 14.3.3.1 X
Considering described in S&ER
Potentially Scaling factors to evaluate
Disruptive impacts of repository design X 14.3.3.2
Events changes

Contribution to release of Zones 1 X 14.3.3.3 X

and 2

Sensitivity to waste particle size

distribution X 14334

New wind speed data X 14.3.3.5 X X

Explanation of method for

handling ash/waste particle size X 14.3.3.6

and density

Volcanism inputs for Supplemental

TSPA Madel X 14.3.3.7 X

New aeromagnetic data X 14.3.3.8

NOTE: S&ER = Yucca Mountain Science and Engineering Report [DOE 2001 [DIRS 153849]).
2 performance assessment treatment of supplemental scientific model or analysis discussed in SSPA Volume 2 (McNeish 2001 [DIRS 155023]).
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Table 1-2. Computer Software

Software Tracking Number DIRS Reference Location Computer
Software Name Software Version (STN) Qualified Number Used Type Used
2kgrid8.for 1.0 10503-1.0-00 No 154787 LBNL 3
3DEC 2.0 10025-3.0-00 Yes 150512 LV, LLNL 3
add_repo_nodes.f 1.0 10548-1.0-00 No 155081 LANL 1
AddBound 1.0 10357-1.0-00 Yes 152823 LBNL 1
ANSYS 5.28GlI 30013-5.25GlI Yes 152788 LV 4
ANSYS 5.6.2 10145-5.6.2-00 Yes 154671 LV 2
ASHPLUME 1.4LV-dll 10022-1.4LV-dll Yes 154748 LV 3
AssignRock 1.0 10465-1.0-00 Yes 154321 LBNL 1
bot_sum.f 1.0 10349-1.0-00 . Yes 153471 LBNL 2
CalBT for 1.0 10504-1.0-00 No 154788 LBNL 3
CORPSCON 5.11.08 10647-5.11.08-00 No 155082 LANL 3
CutDrift 1.0 10375-1.0-00 Yes 152816 LBNL 1
CutNiche 1.3 10402-1.3-00 Yes 152828 LBNL 1
CwD 1.00 10363-1.0-00 Yes 152624 LV 3
DCPT 1.0 10078-1.0-00 Yes 132448 LBNL 3
DCPT 2.0 10078-2.0-00 No 154342 LBNL 3
Delb.dat 1.0 10507-1.0-00 No 154791 LBNL 3
DICTRA 2.0 10391-2.0-00 No 155083 LLNL 1
DRKBA 3.3 10071-3.3-00 Yes 149991 LV 3
EARTHVISION 5.1 10174-5.1-00 Yes 152614 LBNL 4
EQ3/6 7.2b UCRL-MA-110662 Yes 153964 SNL 3
EQ6 7.2bLV 10075-7.2bLV-00 Yes 127275 SNL 3
EXT 1.0 10047-1.0-00 Yes 134141 LBNL 1
FEHM 2.11 10086-2.11-00 No 155084 SNL 1and 3
FEHM 2.10 10086-2.10-00 Yes 132447 SNL 1and 3
FEHM 2.00 10031-2.00-00 Yes 146971 SNL 1
FIDAP 8.0 10549-8.0-00 No 155189 LLNL 3
FLAC3D 2.0 10502-2.0-00 No 154783 LBNL 3
FLAC3D 2.0 10502-2.0-00 Yes 154783 LV 3
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Table 1-2. Computer Software (Continued)

~ .

Software Tracking Number DIRS Reference Location Computer
Software Name Software Version {STN) Qualified Number Used Type Used

FLUENT 5.5 10550-5.5-00 No 155190 LLNL 1
GENII-S 1.4.8.5 30034 V1.4.8.5 Yes 117076 LV 3
get_a_layer_vO.f 1.0 10221-1.0-00 Yes 147025 LBNL 1
GoldSim 6.04.007 10344-6.04.007-00 Yes 151202 LV 3
Gpzones.dat 1.0 10509-1.0-00 No 154792 LBNL 3
GSLIB 1.0 Module SISIM V1.203 10001-1.0MSISIMV1.203-00 Yes 134136 LBNL 1
GSLIB 2.0 Module SISIM V2.0 10098-2.0MSISIMV2.0-00 Yes 146609 LBNL 1

GVP 1.02 10341-SRR-1.02-00 Yes 152496 LV 3
hsource_vO.f 1.0 10225-1.0-00 Yes 147031 LBNL 1
image Pro Plus 4.1 10422-4.1-00 No 155085 LLNL 1

INFIL 2.0 10307-2.0-00 No 139422 USGS 3
infil2grid 1.7 10077-1.7-00 No 164793 LBNL 3
ITOUGH2 3.2 10054-3.2-00 Yes 154337 LBNL 1
ITOUGH2 3.2_drift 10055-3.2_DRIFT-00 Yes 112757 LBNL 1
iTOUGH2 4.0 10003-4.0-00 Yes 139918 LBNL 1 and 2
iTOUGH2 4.4 10003-4.4-00 No 16564784 LBNL 1
mddf.f 2.0 10456-2.0-00 Yes 154347 LBNL 1
Meshbd.{ 1.0 10467-1.0-00 Yes 152871 LBNL 1
MINCgridv1 . 1.0 10469-1.0-00 Yes 154343 LBNL 2

MING 1.0 30018 V1.0 Yes 145225 SNL 3
mininipresf.f 1.0 10470-1.0-00 Yes 152872 LBNL 1
minrefine3df.f 1.0 10472-1.0-00 Yes 152880 LBNL 1
mk_generGL.f 1.0 10476-1.0-00 Yes 154349 LBNL 1
MkTable 1.00 10505-1.00-00 Yes 154921 LV 3
MoveMesh 1.0 10358-1.0-00 Yes 152824 LBNL 1
MSTHAC 6.4.2 10419-6.4.2-00 No 155324 LLNL 1
MULTIFLUX 1.0 10485-1.0-00 No 155087 SNL 1
MVIEW 2.20 10072-2.20-00 Yes 155201 LV 1,2, and 4
NUFT 3.0s 10088-3.0s-00 Yes 127906 SNL, LLNL, LV | 1
parallelf.java 1.0 10457-1.0-00 Yes 154346 LBNL 3
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Table 1-2. Computer Software (Continued)

Software Tracking Number DIRS Reference Location Computer
Software Name Software Version (STN) Qualified Number Used Type Used

Perm2Mesh 1.0 10359-1.0-00 Yes 152826 LBNL 1
RADPRO 3.22 10204-322-00 Yes 148637 LLNL 1
Routine Rick1 1.0 10474-1.0-00 Yes 154344 LBNL 1
SCCD 2.01 10343-SRR-2.01-00 Yes 152499 LV, SRR 3
SOLVEQ/CHILLER 1.0 10057-1.0-00 Yes 153217 LBNL 3
T2R3D 1.4 10006-1.4-00 Yes 113942 LBNL 1and 2
THERMO-CALC VM 10170-M-00 No 155088 LLNL 1
tin.dat 1.0 10512-1.0-00 No 154794 LBNL 3
TOUGH2 1.11MEOS9nTV1.0 10065-1.11MEOS9NTV1.0-00 Yes 113943 LBNL 1
TOUGH2 1.4 10007-1.4-01 Yes 146496 LBNL 1and 2
TOUGH2 1.5 10007-1.5-00 No 154322 LBNL 1 and 2
TOUGHREACT 2.3 10396-2.3-00 No 153101 LBNL 1 and 2
TOUGHREACT 2.2 10154-2.2-00 Yes 153219 LBNL 1and 2
vf_con.for 1.0 10466-1.0-00 Yes 154345 LBNL 3
WAPDEG 4.0 10000-4.0-2.0 Yes 155166 LV 3
Wingridder 2.0 10024-2.0-00 No 154785 LBNL 3
Wingridder 1.1 10024-1.1-00 Yes 154341 LBNL 3
XTOOL 10.1 10208-10.1-00 Yes 148638 SNL, LENL, LV | 1
YMESH 1.53 10172-1.53-00 Yes 147574 LLNL 1
NOTE: Computer type: (1) SUN UltraSparc, (2) DEC-Alpha, (3) PC, (4) SGI INDIGO.
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Figure 1-1. Components of the SSPA Analyses, showing the Relationship of Major Processes Expected
to Occur in the Mountain and the Potential Repository System

TDR-MGR-MD-000007 REV 00 1F-1 June 2001




INTENTIONALLY LEFT BLANK

TDR-MGR-MD-000007 REV 00 1F-2 June 2001



S

2. METHODS AND APPROACH
2.1 QUANTIFICATION OF UNCERTAINTIES

The U.S. Department of Energy (DOE) identified a variety of uncertainties, arising from
different sources, during its assessment of the performance of a potential repository at the Yucca
Mountain site. In general, the number and detail of process models developed for the Yucca
Mountain site, and the complex coupling among those models, make the direct incorporation of
all uncertainties difficult. The DOE has addressed these issues in a number of ways using an
uncertainty strategy that is focused on producing a defensible, compliance-based evaluation of
the performance of a potential repository. As part of that evaluation, many uncertainties have
been treated in a defensible (typically conservative) manner in the analyses and model reports
supporting the Yucca Mountain Science and Engineering Report (S&ER) (DOE 2001
[DIRS 153849]). Conservative assumptions and parameter bounds have been used to increase
defensibility or decrease modeling complexity.

The result is that the DOE has used a mix of probabilistic representations and single-valued
estimates to characterize parameters. There are also cases where more than one conceptual
model may be consistent with available data and observations. In the absence of definitive data
or compelling technical arguments for a specific conceptual, process, or abstracted model, a
conservative representation was chosen. This approach has been used in other projects to
demonstrate compliance with a regulatory standard (Goodwin et al. 1994 [DIRS 124152)), but it
does not permit quantification of the degree of conservatism associated with projected
performance relative to the regulatory standard. Mixing various degrees of conservatism in
models and parameter representations reduces the transparency of the analysis and makes the
development of coherent and consistent probability statements about projected repository
performance difficult.

Accompanying the recognition of inherent uncertainties and a need for transparency is the
responsibility to identify and communicate the uncertainties as clearly and meaningfully as
possible. The DOE initiated the assessment of the treatment of uncertainties described in this
volume to improve this identification and communication. Work has been done to quantify some
previously unquantified uncertainties and evaluate their implications for overall repository
performance. The approach used to evaluate these uncertainties is described below.

2.1.1 Identification of Unquantified Uncertainties
2.1.1.1  Preliminary Identification of Conservatisms

The evaluation began with the identification and definition of models and parameter inputs to
total system performance assessment (TSPA) for which uncertainty has not been quantified
(i.e.,a conservative or nonconservative representation exists in the present performance
assessment). Several recent studies focused on identifying potentially important unquantified
uncertainties (CRWMS M&O 2000 [DIRS 153246], Appendix F; Cline 2000 [DIRS 153193]).

The Total System Performance Assessment for the Site Recommendation (TSPA-SR) (CRWMS

M&O 2000 [DIRS 153246], Appendix F) identifies approximately 25 process model and
TSPA-SR components in which key system attributes were modeled in a conservative manner.
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The report also describes the rationale for these conservatisms. In a separate activity, other
project technical reviewers conducted a preliminary evaluation of how realistic the process
models are based on an assessment of model parameters and assumptions (Cline 2000
[DIRS 153193]). The reviewers selected 87 model components and evaluated them for
representativeness, importance to the process model, and importance to repository performance.
These evaluations were based on the professional judgment of the reviewers. The results of this
preliminary evaluation suggest that levels of conservatism are found throughout the models and
that the conservatisms were used as a way to address uncertainty. Many of these model
components can be modified, or alternative representations can be developed to more
realistically or fully capture uncertainties, and the impacts of those changes evaluated through
supplemental analyses.

The TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) and Cline (2000 [DIRS 153193])
provided a starting point for identifying the unquantified uncertainties to be addressed in the
analyses documented in this report.

2.1.1.2 Selection of Uncertainties to be Quantified

TSPA analyses and associated sensitivity analyses have been conducted to identify those inputs
to which the calculated annual dose estimates are most sensitive (e.g., CRWMS M&O 2000
[DIRS 153246]). However, sensitivity and uncertainty analyses can identify as contributors to
uncertainty only those inputs that have been treated as variable (e.g., those quantities represented
by a range of values). Uncertainties that were not represented in the models as uncertain inputs
(e.g., single-valued estimates) cannot be identified as important contributors in uncertainty
analyses. Therefore, the identification of unquantified uncertainties was extended beyond those
identified by the activities described in Section 2.1.1.1. The results of those activities provided a
starting point for discussions and consultations with Yucca Mountain Site Characterization
Project technical investigators to gain insights into which unquantified uncertainties are most
important to performance. Insights and suggestions from independent review groups (e.g., the
Nuclear Waste Technical Review Board) on important uncertainties were also considered as part
of the identification of unquantified uncertainties in the performance assessment modeling.
Technical experts directly involved in the TSPA-SR modeling (CRWMS M&O 2000
[DIRS 153246]) have the most comprehensive understanding of which inputs have the greatest
potential to affect the dose estimates. The project technical investigators have the most
comprehensive understanding of how uncertainties in their area of technical expertise were
treated and where conservatisms, nonconservatisms, and single-valued assessments may exist.
In selecting unquantified uncertainties to address in the near-term, technical experts considered
both the potential impact on TSPA results and the feasibility of modifications to the model and
parameter inputs to the TSPA. Based on these objectives, the uncertainties listed in Table 1-1
were selected for these supplemental evaluations.

2.1.2  Quantification of Unquantified Uncertainties

To quantify the uncertainties associated with the various models and parameters identified in
Table 1-1, technical investigators were asked to develop unbiased representations of the
identified uncertainties.  Unbiased estimates are neither deliberately conservative nor
deliberately optimistic. To assist in this effort, an iterative series of discussions, followed by
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supplemental calculations and analyses, were held with representatives from each of the process
model areas shown in Table 1-1. The emphasis in the discussions was on the physical realism of
the models and parameter estimates. The technical investigators used their knowledge of
project-specific data, literature data, analogue systems or processes, and the technical judgment
of the broader scientific and engineering community to develop these unbiased distributions.

In these discussions, a facilitator worked with the technical experts to develop complete
expressions of uncertainties. Each discussion included the technical investigators who initially
developed the process models abstracted for use in the TSPA and the performance assessment
modelers familiar with the TSPA model and the specific input parameters. At the beginning of
each discussion, facilitators provided an introduction to the use of expert judgment in quantifying
uncertainties. This introduction included a discussion of the motivational and cognitive biases
that can affect uncertainty assessments, as well as the responsibility of the technical investigators
to consider and evaluate alternative interpretations and represent the uncertainty that would be
expressed by the larger technical community.

During each discussion, the current treatment of each component in the TSPA-SR (CRWMS
M&O 2000 [DIRS 153246]) was described, including the technical bases for the assessment and
the manner in which the model has been abstracted for use in the performance assessment. This
was followed by a consideration and discussion of alternative, more representative modeling
approaches and parameter distributions. In some cases, the parameter/model uncertainty
identified was broken down into several parts for more efficient uncertainty quantification. For
example, for the waste form degradation topic, in-package chemistry (principally pH and the
partial pressure of carbon dioxide) is primarily related to the rate of degradation of the internal
components of the waste package. The components for which uncertainties were not quantified
in the TSPA-SR included the high-level waste glass and steel support structures. These
components include the high-level waste glass and steel internal support structures, so
representative degradation rates and their uncertainties were developed for these components, as
described in Section 9.3 The technical investigators were also asked to consider the
implications of a lower-temperature operating mode (LTOM) for the uncertainties being
evaluated. In this LTOM, waste package surface temperature does not exceed 85°C during the
postclosure period (see Section 2.3).

2.1.2.1 Development of New Information

The discussions were followed by a period of time during which the investigators could further
develop their models and consider how uncertainties could best be represented. In updating their
models and uncertainty treatment, the investigators considered the applicability of more
representative (e.g., less conservative) models, the probability distributions for input parameters,
and modeling uncertainties. Investigators compiled applicable data, conducted necessary
calculations, and developed updated uncertainty distributions. Often the original conservative
models and parameter assumptions were made because large uncertainties existed. Thus, the
revised estimates were expected to indicate a broad range for the uncertain quantity. The
objective was to quantify the uncertainties with probability distributions to the greatest extent
possible, based on the judgment of the investigators. In addition to parameter distributions, in
some cases alternative conceptual models were identified to provide a more representative
assessment of the processes that may affect repository performance. After each period of
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evaluation, the investigators met again and reviewed the models and parameters as a group until
a consensus was reached that the uncertainties have been properly characterized. The technical
bases (e.g., available data, modeling results, analogues, and professional judgment) and results of
the assessments are documented in Sections 3 through 14 of this volume.

2.1.2.2 Evaluation of Newly-Quantified Uncertainties

The new information related to the uncertainty quantification was abstracted for the TSPA
models, so the updated process model inputs and TSPA parameters capture the full range of
newly quantified uncertainties. The method, approach, and analyses of overall system
performance are described in Volume 2 (McNeish 2001 [DIRS 155023]).

2.2 UPDATED SCIENTIFIC BASES AND ANALYSES

The scientific analyses and models that provide the bases for the TSPA-SR (CRWMS
M&O 2000 [DIRS 153246]) process models are provided in the analysis model reports
supporting the S&ER (DOE 2001 [DIRS 153849]). These reports describe the key attributes of
the system and the process models at the time of their development. That understanding is
represented by observational and experimental data analyses, models of relevant processes, and
representations of conceptual model and parameter uncertainties. Abstractions of this technical
understanding are made to represent the essential elements of each process in the performance
analyses. Sections 3 through 14 describe supplemental analyses based on updates to these
scientific bases.

Modifications to the work presented in the S&ER (DOE 2001 [DIRS 153849]) include updates
based on the newly-quantified uncertainties, new or updated models and analyses, and analyses
to evaluate the effects of thermal operating modes. These assessments are summarized in
Table 1-1 and described in detail in subsequent sections of this volume. In many cases, an
assessment conducted to evaluate previously unquantified uncertainties is not easily
distinguishable from an updated model. For example, neptunium solubility is identified in
Table 1-1 as an unquantified uncertainty for which a bounding solubility was used (as a function
of pH). To quantify the uncertainty, applicable solubility data were compiled and a new
conceptual model was developed that draws on analogies to the dissolution of schoepite.
Application of this conceptual model and consideration of available experimental data resulted in
a revised solubility relationship that quantifies the associated uncertainties (see Section 9.3.4).
Clearly, this assessment would fall in the updated-model category, but it is also in the
unquantified uncertainty category.

In other cases, updates have focused on incorporating new data, using better model calibration,
or building more physically representative models, without an explicit focus on uncertainty
quantification. Finally, for some of the updates shown in Table 1-1, sensitivity analyses have
been conducted to determine the potential importance of a parameter or a model without a
concerted attempt to quantify the uncertainties in those parameters or models.

2.3 THERMAL SENSITIVITY ANALYSES

During development of the S&ER (DOE 2001 [DIRS 153849]), a systematic evaluation was
performed to determine design features and operational practices that could be used to manage
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the thermal environment in the repository, and particularly to produce a LTOM. This evaluation
was updated in a design analysis (BSC 2001 [DIRS 154554]). Volume 2 (McNeish 2001
[DIRS 155023]) describes the results of a TSPA conducted for one LTOM within the range of
potential options. This option, described in Section 2.3.4, was selected in part because it could
be analyzed with the same models used to analyze the higher-temperature operating mode.
Sensitivity studies at the process model level are used to explore the behavior of the system at
other points in the range of thermal operating modes considered. The evaluation of the options
identified in the S&ER (DOE 2001 [DIRS 153849]) and Low Temperature Subsurface Layout
and Ventilation Concepts (BSC 2001 [DIRS 154554]) will be considered during the selection of
the design and operating modes for the potential repository.

2.3.1 Design and Operating Mode Evolution

As discussed in Section 1.3.3 of this report, refining the design for the potential repository and
the mode in which the design is operated has been an ongoing, iterative process involving
scientists, engineers, and decision-makers. The repository design under consideration is flexible
in that it can be operated over a range of thermal conditions. The iterative design process has
focused on improving the understanding of the contribution of design features to the
performance of a potential repository and to uncertainty in that performance. The approach used
to evaluate performance over a thermal range examines the relationship of design features and
operational practices to the range of operating temperatures and environmental conditions and
evaluates the performance and uncertainties associated with the temperature variation. If an
operational parameter is shown to have a significant effect on the performance of the repository,
it is evaluated further to assess its impact.

Evaluations considering the performance of a design over a range of thermal operating modes
provide information to guide the future development of the repository design and operations.
The evolution of the design and operating mode will take advantage of insights gained through
performance analyses. The flexible design, which will continue to evolve for license application
if the Yucca Mountain site is recommended, will include a set of operational parameters that can
be managed to accommodate a waste stream with potentially evolving thermal characteristics.
Adjustments will continue during the emplacement period based on updated information
pertaining to the waste stream and other repository variables.

The evaluation of the performance characteristics of the potential repository design over a range
of operating conditions is an important step in the evolution of the design of a repository at
Yucca Mountain. While certain details of design have been defined to understand the
environmental conditions as input to the performance analyses, the focus of the evaluations
presented in this document is on quantification of uncertainty in performance, rather than on
verification of the functionality of specific design features or operational concepts. Thus, the
evaluations are based on the thermal performance implications of the design and accompanying
range of operating modes, rather than on the specific details of how the operating mode might be
implemented as an optimized design.
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2.3.2 Range of Thermal Operating Modes and Bases

The S&ER (DOE 2001 [DIRS 153849]) describes a flexible design that could be operated over a
range of temperatures. These alternative thermal operating modes would each have advantages
and disadvantages in analyses of potential repository performance.

Three possible operating strategies are discussed below. Total system performance assessments
for the first and third examples are presented in Volume 2 (McNeish 2001 [DIRS 155023)).
Other sensitivity studies are described in Sections 3 through 14 of this report to gain insights into
the effect that managing the thermal environment in the repository might have on repository
performance.

Manage Boiling Fronts within the Rock Pillars and Peak Cladding Temperatures—The
higher end of the thermal operating mode under consideration provides a moderate temperature
repository environment compared to the design described in the, Viability Assessment of a
Repository at Yucca Mountain (DOE 1998 [DIRS 101779]). This mode, which is the basis for
the evaluations in the S&ER (DOE 2001 [DIRS 153849]), is intended to keep the boiling fronts
from coalescing in the rock pillars between the emplacement drifts, preserving the capability of
the rock mass to drain percolation flux through the repository horizon at all times. The close
spacing of waste packages with thermally blended inventories in this higher-temperature
operating mode achieves a relatively uniform distribution of rock temperatures along the drift,
limiting potentially complex thermal-mechanical effects resulting from a varying thermal
gradient along the drift axis. This operating mode would also meet a design requirement
established to maintain the integrity of the cladding by not exceeding a spent nuclear fuel (SNF)
cladding temperature of 350°C. The higher-temperature operating mode described in Table 2-1
addresses this strategy.

Keeping Drift Wall Temperatures Below Boiling-In the operating mode described in the
S&ER (DOE 2001 [DIRS 153849]), the rock temperatures within the first several meters outside
the emplacement drifts exceed the boiling point of water for about a thousand years. One
possible lower-temperature objective is to keep all the rock in the repository below the boiling
point of water to reduce uncertainties associated with coupled thermal-hydrologic-chemical-
mechanical processes driven by the boiling of water. The lower-temperature operating mode in
Table 2-1 addresses this operating strategy.

Manage Waste Package Surface Temperatures to Reduce Uncertainty in Corrosion Rates—
The lower-temperature end of the range of thermal operating modes was defined by considering
the potential for reducing uncertainty in the rate of corrosion for Alloy 22. Evidence described
in the S&ER (DOE 2001 [DIRS 153849], Section 2.1.5) indicates that corrosion rates are
dependent on both temperature and humidity, and that at temperatures below about 85°C and
relative humidity (RH) below 50 percent, the susceptibility of Alloy 22 to crevice corrosion is
very low. Operating the repository so that the temperature and relative humidity are below this
window of crevice corrosion susceptibility may increase confidence that corrosion will not
significantly reduce waste package service life. Measurements to date in repository-relevant
water chemistries have shown very low general corrosion rates and no crevice corrosion of
Alloy 22 (DOE 2001 [DIRS 153849], Sections 4.2.4.1 and 4.2.4.2). However, extrapolating
measurements taken over short times (years) to the periods mandated in regulatory requirements
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(e.g., 10,000 years) introduces uncertainties. The lower-temperature operating mode described
in Table 2-1 addresses this strategy.

2.3.3  Operating Flexibility to Achieve a Range of Thermal Operating Modes

There are many ways of combining operational parameters to limit repository temperatures.
Some of the possible combinations are discussed in the S&ER (DOE 2001 [DIRS 153849],
Section 2.1.5) and several preliminary engineering evaluations, most notably Low Temperature
Subsurface Layout and Ventilation Concepts (BSC 2001 [DIRS 154554]), Operating a
Below-Boiling Repository: Demonstration of Concept (CRWMS M&O 2000 [DIRS 152146]),
and Natural Ventilation Study: Demonstration of Concept (CRWMS M&O 2000
[DIRS 152269)). Figure 2.3.4-1 illustrates the variables affecting the thermal performance of the
repository, from waste forms to emplacement drifts. Within the constraints imposed by the
physical system, the repository can be operated in lower-temperature modes while also meeting
other technical operational objectives. Drift wall and waste package temperatures and in-drift
relative humidity can be managed by altering three operational features of any specified
underground layout (CRWMS M&O 2000 [DIRS 152146], Section 3.2):

e Varying the thermal load to the repository by managing the thermal output of the waste
packages

e Managing the period and rate of drift ventilation prior to repository closure
e Varying the distance between waste packages in emplacement drifts.

These factors are described below. Other operational parameters, such as long-term
post-emplacement natural ventilation, could also be used to reduce peak repository temperatures
(CRWMS M&O0 2000 [DIRS 152269]). In addition, altering design features, such as
emplacement drift spacing, could be used in conjunction with variations in operational
parameters to achieve a lower-temperature repository environment.

Thermal Output of the Waste Packages-The major source of heat in the repository is
commercial SNF, which will likely have a wide range of thermal outputs. The thermal load of
the repository is directly related to the amount of thermal energy generated by radioactive decay
in the fuel emplaced in it. The thermal energy contained in the fuel, in turn, is directly related to
its age (time after removal from the reactor) and burnup (time and power level at which the fuel
was irradiated in the reactor). The age and burnup of SNF received for emplacement in a
repository will vary considerably, so the current operational plan for the repository specifies that
the DOE will manage the fuel inventory by one or more of the following approaches:

e Fuel blending (placing low heat output fuel with high heat output fuel within a waste
package)

e De-rating (limiting the number of SNF assemblies to less than the waste package design
capacity)
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e Placing high heat output fuel in smaller waste packages

* Aging (delaying emplacement of high heat output fuel until radioactive decay has
reduced its heat level).

Managing the average thermal output of waste packages through any of these means can reduce
peak temperatures in the repository (CRWMS M&O 2000 [DIRS 152146], Section 3.2).

Duration and Rate of Forced Ventilation-During active repository operations, some of the
heat generated by the emplaced waste and the moisture in the surrounding rock can be removed
from the repository by forced ventilation of the loaded emplacement drifts. The peak repository
temperatures can be reduced by increasing the duration and rate of emplacement drift ventilation
(CRWMS M&O 2000 [DIRS 152146], Section 3.2.3).

Distance Between Waste Packages-The distance between waste packages in emplacement
drifts is another operational feature that can be modified to manage repository temperature. As
waste packages are spaced farther apart, the average linear thermal density in the drift (measured
in kilowatts of heat output per meter of drift length) decreases, delivering less heat per unit
volume of the host rock when the drift-to-drift spacing remains fixed (CRWMS M&O 2000
[DIRS 152146], Section 3.2.2).

Natural Ventilation-Post-emplacement natural ventilation removes heat and water vapor
without the use of fans, using the natural buoyancy of air heated by the waste. The subsurface
ventilation system, described in the S&ER (DOE 2001 [DIRS 153849], Section 2.3), could
support both forced and natural ventilation. To facilitate natural ventilation, the ventilation
system would be enhanced through a combination of air balancing techniques, which involves
managing features such as size of ventilation shaft diameters, location and number of
intake/exhaust openings, and flow controls (CRWMS M&O 2000 [DIRS 152269]).

234  Assessing the Performance of a Range of Operating Modes

For the purpose of the FY0! Supplemental Science and Performance Analyses, a configuration
was selected that allowed focusing of resources on analyses of uncertainties in parameters and on
subsystem and total system performance. Should the Yucca Mountain site be determined
suitable and be recommended for development by the DOE and the President, engineering and
scientific analyses in support of the development of a license application may use other
configurations and operations concepts, considering other criteria in addition to performance and
uncertainty criteria.

The nominal case analyses for the evaluation of the high and low ends of the thermal operating
modes each use the same repository configuration. The footprint of the repository on three sides
was determined from proximity to faults, the water table, and the surface. The southern
boundary could be extended somewhat to emplace the waste in a larger area to achieve lower
temperatures (Figure 2.3.4-2). The waste packages, with a capacity of up to 21 pressurized water
reactor fuel assemblies and a peak output at emplacement not to exceed 11.8 kW, would be
placed on long-lived pallets within emplacement drifts with a 5.5-m diameter. The drifts would
be spaced 81 m apart, and temperatures would be limited during the preclosure period by forced
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ventilation. The higher-temperature operating mode would require about 50 years of ventilation
with a heat-removal efficiency of 70 percent. The LTOM is modeled as requiring about
300 years of ventilation with an efficiency of 80 percent. Analyses of each thermal operating
mode include uncertainty ranges for a number of important parameters, including infiltration
rates of water into the mountain. Table 2-1 compares the two cases evaluated in the SSPA with
the case used in the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]).

In addition to the higher-temperature operating mode and lower-temperature operating mode
analyses, a number of sensitivity analyses were performed to investigate the sensitivity of
component, subsystem, and total system performance to conceptual model uncertainties, intrinsic
parameter uncertainties, and design operation concept parameters. Some of these sensitivity
analyses were performed at the process model level to explore the performance of the potential
repository. Process-level analyses and sensitivity studies provide an alternative line of evidence
to regression analyses of the (abstracted) total system performance analysis. Other independent
lines of evidence used to increase confidence in projections of repository performance include
laboratory and field measurements, natural and engineering analogues, and corroborating
information from the technical literature.

All of the base case and sensitivity analyses include some common elements. In addition to the
repository footprint, the common elements of these evaluations include the following.

Waste Package-The performance evaluations of thermal operating modes evaluated in this
report use a corrosion-resistant Alloy 22 outer shell and a structurally strong stainless steel inner
shell. In addition to the enhanced shell design, the waste package has a three lid design. A three
lid design is used to accommodate stress mitigation techniques in the closure weld area. The
additional length of this modified lid has been included in the supplemental analyses, which
accounts for the difference in linear thermal loading difference between the S&ER
higher-temperature operating mode and the SSPA higher-temperature operating mode.

Inventory—Ability to emplace at least 70,000 metric tons of heavy metal SNF and high-level
radioactive waste.

Emplacement Drift Diameter—Emplacement drifts have a 5.5-m diameter.

Drip Shields—Continuous drip shields of corrosion-resistant titanium are assumed to cover the
waste packages to divert seepage and limit advective transport of radionuclides from waste
packages that may fail earlier than their intended service lifetime.
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Table 2-1. Comparison of Higher-Temperature and Lower-Temperature Operating Modes
Evaluated in the Fiscal Year 2001 Supplemental Science and Performance Analyses
with the Design Analyzed in the Yucca Mountain Science and Engineering Report

Science and Engineering
Report Flexible Design SSPA SSPA
Higher-Temperature Higher-Temperature | Lower-Temperature
Parameters Operating Mode® Operating Mode Operating Mode
Waste package spacing 0.1m 01m Variable, with 1.2 m
(average)
Maximum waste package 11.8 kW 11.8 kW 11.8 kW
thermal loading
Linear thermal loading objective 1.45 kW/m 1.35 kW/m 1.13 kW/m
at emplacement
Years of forced ventilation after 50 50 300
start of the emplacement
Years of natural ventilation after 0 0 0
forced ventilation period
Number of waste packages ~11,000 ~11,000 ~11,000
Size of pressurized water reactor 21 PWR 21 PWR 21 PWR
waste packages
Required emplacement area ~1150 acres ~1,150 acres ~1,464 acres
Average waste package >96°C ~160°C <85°C
maximum temperature

Source: DOE 2001 [DIRS 153849].
NOTE: *CRWMS M&O 2000 [DIRS 153849].
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3. UNSATURATED ZONE FLOW
3.1 INTRODUCTION AND CONCEPTUAL BASIS

This section summarizes process modeling and uncertainty studies performed to refine our
current understanding of water movement through the unsaturated zone (UZ) under ambient and
thermal conditions, including the base-case thermal-loading scenario and the lower-temperature
design. The understanding of the unsaturated flow is evolved from decades of site
characterization and model calibration, with the bases described at length in the Unsaturated
Zone Flow and Transport Model Process Model Report (CRWMS M&O 2000 [DIRS 151940]),
which is supported by 24 detailed analysis and model reports. Figure 3.1-1 shows the
relationships between the main UZ processes, with those that have undergone substantial
revisions highlighted. The revisions extend previous evaluations to longer time frames, larger
areal extents, and more coupled processes, in the direction of more realistic representations of the
Yucca Mountain site to accommodate alternative thermal operating modes for a potential
repository.

The ambient and predicted three-dimensional UZ flow fields are based on different climate states
and infiltration scenarios, over large areas and alternative thermal-loading schemes needed to
satisfy the performance criteria for the potential repository. The UZ mountain-scale models
supply direct inputs to the drift-scale seepage models described in Section 4 and the UZ transport
models described in Section 11. All other models for engineered barriers and for saturated zone
and biosphere are also closely related to the unsaturated flow field. Modeling a realistic flow
field and quantification of its uncertainties improves our understanding of the performance of the
potential repository system.

The UZ models are representations of water movement affected by climate above the UZ, rock
hydrologic properties of tuff matrix, fractures, and faults above the water table, and thermal
impacts controllable by design of the potential repository. A dry climate and a deep water table
characterize the ambient condition at Yucca Mountain. The current dry climate is likely to be
replaced in the future by a wetter climate. Porous and fractured, welded and nonwelded,
fault-bounded tuff layers may be modified by prolonged thermal influences. However, the
conceptual basis developed over decades of investigations remains the same. The site
representation of alternating tuff layers bounded by faults is consistent with the known geology
of the site. Rock properties based on measurements in surface-based boreholes and cores are
confirmed and modified by additional testing and observations along underground drifts.
Long-term thermal tests continue to refine understanding of coupled processes.

3.2 TREATMENT OF UNSATURATED FLOW-RELATED ISSUES IN ANALYSIS
AND MODEL REPORTS

The schematic in Figure 3.1-1 illustrates some of the UZ flow-relevant models. The following is
a discussion of the key factors affecting unsaturated flow, how they were addressed in the
Analysis Model Reports, and more recent analyses and model developments. These sections
represent new work and extensions of existing work. Table 3-1 identifies the primary reason for
the development of each section and indicates which of these analyses have been included in
Total System Performance Assessment (TSPA) calculations.
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Table 3-1.

Summary of Supplemental Models and Analyses

Reason For Supplemental Scientific
Model or Analysis

Performance Assessment
Treatment of Supplemental
Scientific Model or Analysis®

Lower-
Key Process Model Topic of Supplemental Unquantified Update in Temperature Section TSPA Included in
Attributes of (Section of Scientific Model Uncertainty Scientific Operating Mode of Sensitivity | Supplemental
System S&ER) or Analysis Analysis Information Analysis Volume 1 Analysis TSPA Modet
Limite_'d Water | Climate (4.2.1) Post-10,000-year Climate X 33.1 X X
Entering Model
Emplacement | et Infiltration Infiltration for post-10,000-
Drifts (4.2.1) year Climate Model X 3.3.2 X X
Unsaturated Zone | Flowin PTn X 3.3.3
Flow (4.2.1) 3-D flow fields for cooler
design; flow fields for post-
10,000 yr climate, laterai
flow; variable thickness of X X 8.3.4
PTn; fault property
uncertainty
Effects of lithophysal
properties on thermal X 335
properties
Coupled Effects Mountain-scale Thermal- X X 335
on UZ Flow (4.2.2) | Hydrologic effects e
Mountain-scale Thermal-
Hydrologic-Chemical X X 3.3.6
effects
Mountain-scale Thermal-
Hydrologic-Mechanical X X 3.3.7

effects

NOTE: S&ER = Yucca Mountain Science and Engineering Report (DOE 2001 [DIRS 153849)).
# Performance assessment treatment of supplemental scientific model or analysis discussed in SSPA Volume 2 (McNeish 2001 [DIRS 155023)).




3.2.1 Climate

Process Description—Potential future climate conditions at Yucca Mountain were analyzed in
two analysis model reports (AMRs): Future Climate Analysis (USGS 2000 [DIRS 136368]) and
Documentation of Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038]). The future
climate at Yucca Mountain for the next 10,000 years is treated as a sequence of three climate
states: modern (interglacial) climate for 400 to 600 years, monsoon climate for 900 to
1,400 years, and glacial-transition (intermediate) climate for the balance of the 10,000-year
period. The glacial-transition climate occurs either preceding or following the colder or wetter
full glacial climate states. Three additional full-glacial climate states are specified within the
longer period of 1,000,000 years, with different climate stages timed with the earth orbital clock.
Full-glacial stages encompass about 21 percent over the next 1,000,000 years. The intermediate
climate is the dominant climate for the next 1,000,000 years, as described in Section 3.3.1.5.

Current Modeling Approach and Uncertainties-The interpretation of past climates is the
basis for potential future climate predictions. Both future climate reports used
paleoenvironmental and paleoclimate reconstructions based on microfossil evaluations in Owens
Lake cores and calcite isotope records from Devils Hole. The sequence and duration of past
climate periods are identified from the records and applied to the Yucca Mountain site with
similar climate setting. The precipitation and temperature records of present-day meteorological
stations at colder and wetter sites are selected to represent future climate states. Each of the
future climate states is identified with analogue sites that represent upper-bound, mean, and
lower-bounded precipitation scenarios.

The use of paleoecological and paleoclimatic records and analogue site data is the basis of future
climate predictions and for evaluation of associated data uncertainties. The climate is assumed
to be cyclical with 400,000-year periods and the climate changes are assumed to relate to earth
orbital precession and eccentricity parameters. Uncertainties are associated with these and other
issues for the timing, duration, and nature of climate changes over the next 1,000,000 years.
Tectonic changes and other climate forcing functions have remained relatively constant during
the past 1 million years and are expected to remain relatively constant for the next 500,000 years,
but may impact future climate at the 1-million-year time scale. Unanticipated, unknown, and
unmeasurable future events and human-induced (anthropogenic) changes can be considered, but
cannot be predicted. The modeling approach and uncertainties for climate in both AMR
revisions and recent evaluations are discussed in detail in Section 3.3.1.

3.2.2 Net Infiltration

Process Description—Net infiltration is the fraction of precipitation (including snowmelt and
surface water run-on) that moves through the ground surface and to a depth where the liquid
water can no longer be removed by evaporation or transpiration by plants. The approach to
simulate net infiltration is documented in Simulation of Net Infiltration for Modern and Potential
Future Climates (USGS 2001 [DIRS 154674]), for three climate states in the next 10,000 years
with associated upper-bound, mean, and lower-bound rates. The estimates of net infiltration are
based on the precipitation rates and temperatures predicted for the future climates, for different
locations and for each climate state. The net infiltration distributions are used as direct inputs at
the upper boundary of the UZ Flow and Transport Model. Relatively high net infiltration rates
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occur generally in the northern portion of the site at high elevations and along the ridge where
fractured bedrock is exposed. Additional predictions for 10,000 years to 1,000,000 years after
present are documented in Documentation of Million-Year TSPA (CRWMS M&O 2000
[DIRS 153038]).

Current Modeling Approach and Uncertainties—The infiltration model uses a distributed
parameter, water-balance approach for simulating net infiltration processes through the root zone
and run-off processes along the washes. The net infiltration model was calibrated with moisture
profiles along a network of neutron-logged boreholes, soil and bedrock hydrologic properties,
meteorological data, and flow measurements along washes. Vertical one-dimensional flow of
infiltrating water through the root zone is assumed and is supported by field data indicating the
absence of ponding of water, which would hydraulically facilitate lateral flow. The root-zone
parameters were adjusted to extrapolate from present day conditions at Yucca Mountain to those
anticipated to occur under future climate conditions.

Uncertainties from the future climate analysis contribute to the uncertainties in the net infiltration
model. The uncertainty in net infiltration from imperfect knowledge of input parameters has
been quantified for the intermediate (glacial-transition) climate, the dominant climate in the next
1,000,000 years. Extensive time series data of borehole water-contents, water-potential at
soil/bedrock contacts, and stream flow measurements caused by transient precipitation events
were collected to calibrate the modern (present day) models. Other uncertainties include the use
of a water balance approach, the parameter adjustments for future climate states, and the onset of
lateral flows at interfaces under episodic infiltration events and during wetter climates. The
modeling approach and uncertainties for infiltration in both the AMR revision and recent
evaluations are discussed in detail in Section 3.3.2.

3.2.3 Lateral Flow in Paintbrush Nonwelded Hydrogeologic Unit

Process Description—Net infiltration through the fractured bedrocks in the Tiva Canyon welded
tuff unit is dominated by significant fracture flow before entering the Paintbrush nonwelded
hydrogeological unit (PTn), as discussed in Conceptual and Numerical Models for UZ Flow and
Transport (CRWMS M&O 2000 [DIRS 141187], p. 21), Calibrated Properties Model (CRWMS
M&O 2000 [DIRS 144426], p. 28), and UZ Flow Models and Submodels (CRWMS M&O 2000
[DIRS 122797], p. 159 and Attachment II). With its characteristics of high matrix porosity and
low fracture frequency and the existence of tilted layers of nonwelded vitric and bedded tuff
units, PTn can effectively damp out episodic infiltration pulses and divert percolating water to
the intercepting faults and fault zones. The difference between infiltration distribution above the
PTn and percolation distribution below the PTn is substantiated by geochemical data collected in
the field. More significant lateral flow in PTn is shown in more recent development, based on
geochemical data.

Current Modeling Approach and Uncertainties—-Current modeling approach uses: pneumatic
data from sampling points above, within, and below the PTn to calibrate the effective vertical
permeability through the PTn and faults; saturation and water potential data to calibrate the
unsaturated characteristic parameters; and geochemical data to differentiate alternative
conceptual models. The PTn can be represented by fine grids determined by geological data or
by coarse grids with anisotropic permeability for the effects induced by multiple tuff layers. It is

TDR-MGR-MD-000007 REV 00 3-4 June 2001



also feasible to match the observed chloride spatial distribution in the potential repository
horizon by adjusting the infiltration distribution.

The development of alternative conceptual models is used to address uncertainties associated
with: lateral flows at PTn interfaces and within the PTn, the role of PTn in damping spatial and
temporal variabilities, and the sustainability of fast flow paths (fractures and faults) through
heterogeneous PTn units. The PTn tuffs have strong capillary and imbibition potentials.
Systematic collections of hydrologic and geochemical data, together with conduction of
controlled flow tests, are the bases to iteratively calibrate and validate the models and determine
the effective parameters. The chloride data, together with other geochemical and age data, will
continue to play an important role in determining the percolation distributions below the PTn to
the potential repository horizon in the fractured Topopah Spring welded tuff unit (TSw).
Significant lateral flow in the PTn leads to relatively uniform percolation distribution below PTn,
in comparison with infiltration distribution above the PTn near the ground surface. Relatively
uniform percolation could reduce the variability and associated uncertainties in assessment of
UZ waste-isolation capacities. The modeling approach and uncertainties for lateral flow in the
PTn in AMR revisions and recent evaluations are discussed in detail in Section 3.3.3.

3.24 Three-Dimensional Unsaturated Zone Flow Field

Process Description-The development of the three-dimensional flow field throughout the UZ,
from the ground surface to the water table, has evolved over a decade, as documented in UZ
Flow Models and Submodels (CRWMS M&O 2000 [DIRS 122797]) and in Unsaturated Zone
Flow and Transport Model Process Model Report (CRWMS M&O 2000 [DIRS 151940]). The
comprehensive UZ Flow and Transport Model and its submodels continue to evolve by
calibration and validation against all relevant hydrologic, geothermal, and geochemical data. Net
infiltration from the ground surface is redistributed by layers of welded and nonwelded tuff units,
by interactions between fracture and matrix flow, and by lateral flows along layer interfaces to
faults. Below the potential repository, significant lateral diversions are associated with perched
water bodies, especially in the northern part of the potential repository block, as a result of
zeolites immediately above and within the Calico Hills nonwelded tuff unit (CHn).

Current Modeling Approach and Uncertainties—The current basic model uses a steady-state
moisture flow assumption, a volume-averaged modeling approach with dual-permeability model
representation of fractures and tuff matrix, and a multilayer three-dimensional gridblock
approximation, with each hydrogeologic unit characterized by averaged and calibrated rock
properties. The calibrated property sets are developed for upper-bound, mean, and lower-bound
infiltration rates of the modern (present-day) climate, to match observed ambient conditions of
matrix liquid saturation, water potential and temperature data, perched water data, pneumatic
data, and geochemical data. Multiple three-dimensional flow fields were generated to evaluate
sensitivities to climate scenarios (including new simulations for the full-glacial stages), variable
infiltration maps, and different perched water conceptual models (flow-through and by-passing
the zeolitic CHn). The three-dimensional flow fields are direct inputs to TSPA calculations and
to other process models. Thermal effects from potential repository heating were evaluated with
the UZ Flow and Transport Model, taking the coupled processes into account.
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Uncertainties in boundary conditions (especially the infiltration rates and distributions) and in
rock properties contribute to uncertainties in the three-dimensional flow fields. Sensitivity and
bounding studies were used to identify and quantify uncertainties. Confidence in the current
understanding of the UZ system is built by comparing model and submodel results with
sufficient data and -evaluations to qualify/quantify sensitivity to processes, parameters,
conceptual models, and numerical approaches. In the complex UZ system at Yucca Mountain,
many aspects of flow and transport processes are not completely understood. These include
infiltration boundary conditions, spatial variability of rock properties (especially in CHn and in
faults), and the appropriateness of conceptual model assumptions (e.g., steady-state, fracture
flow characteristics, fracture-matrix interaction, gridblock averaging, and scaling). Uncertainties
are addressed by bounding and sensitivity studies as discussed in DOE 2001 ([DIRS 153849],
Sections 4.1.1.2 and 4.1.1.3).

The focus of the site characterization and the UZ flow model study in the past several years has
been on the primary potential repository block for the baseline (Enhanced Design Alternative
[EDA]II, higher-temperature) design (DTN: SN9907T0872799.001 [DIRS 111485]). The
primary block is accessible by surface-based boreholes and by two drifts of the Exploratory
Studies Facility (ESF). The most recent UZ flow analyses address the impact of a new siting
area for the potential repository, developed with the intent of creating cooler temperatures in the
drift environment, by emplacing nuclear wastes at a lower density over a larger area than the
primary area. Issues and uncertainties associated with the expanded potential repository include
high infiltration and high water table in the north, absence of PTn along some washes and faults,
and 1nsufficiency of subsurface data, especially in the new southern block. The modeling
approach and uncertainties for three-dimensional UZ flow field in both the AMR and process
model report revisions and recent evaluations are discussed in detail in Section 3.3.4.

3.2.5 Thermal-Hydrologic Effeéts on Unsaturated Mountain-Scale Flow

Process Description-The mountain-scale thermal-hydrologic (TH) models provide analyses of
temporal and spatial variability in the UZ conditions under thermal loads. The basic approach to
modeling the mountain-scale effects of heat released by the nuclear wastes in emplacement drifts
is documented in Mountain-Scale Coupled Processes (TH) Models (CRWMS M&O 2000
[DIRS 144454]). The original study used the EDA II design with an initial thermal load of
72.7 kW/acre (1.45 kW/m of drift) and a forced ventilation period of 50 years, during which
70 percent of the decay heat was assumed to be removed. To lower the drift wall temperature
below the boiling point, lower areal thermal load (67.7 kW/acre or 1.35 kW/m of drift), longer
forced-ventilation period (300 years), and higher heat-removal efficiency (80 percent) are
evaluated. Thermal conductivity and heat capacity of the rock mass are modified to account for
the lithophysal porosity in the tuff matrix properties. This lower-temperature operating mode
results in a maximum temperature of 85°C at the drift wall, and therefore no boiling within the
rock mass or fractures. For other sections of this report, the lower-temperature operating mode
may be defined differently.

Current Modeling Approach and Uncertainties-Three- and two-dimensional simulations
were conducted to address large-scale TH issues relating to climate and infiltration, interface of
the potential repository unit (TSw) with the upper PTn and lower CHn units, perched water
bodies, faults, and water table. The two-dimensional models contained local refinements to
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explicitly represent the 5-m diameter emplacement drifts and in the pillars between drifts spaced
81 m apart. Induced temperature changes have effects at drift walls, within the pillars, at
perched water bodies, at the water table, and throughout the UZ system. The coupled TH
processes can change the extent of two-phase and dryout zones around the drifts, induce large
liquid and gas flux in the near- and far-field environments, redistribute the moisture, and affect
the drainage potential through the pillars.

Uncertainties in the UZ flow system model contribute to uncertainties in the mountain-scale TH
processes. Additional uncertainties are associated with in-drift processes, including ventilation
effects and heat-transfer mechanisms, removal of moisture and heat, and uneven distributions of
heat loading. In the TH models, rock properties and boundary conditions are fixed. Some of the
coupled effects are further evaluated in mechanical and chemical coupled process models
(Sections 3.3.6 and 3.3.7). The uncertainties associated with spatial heterogeneity and scales are
also evaluated in the Sections 4 and 11 on TH effects on seepage and on transport. Small-scale
heater tests provide data near the drifts and enhance understanding of the coupled processes. For
the mountain scale, confidence in the TH models can be built by application of the same
modeling techniques for geothermal analogues, with extensive data on exploration and
production data history over wide ranges of multi-phase conditions, geologic settings, and
calibration experiences. The modeling approach and uncertainties for TH effects on
mountain-scale flow in the AMR revision and recent evaluations are discussed in detail in
Section 3.3.5.

3.2.6 Thermal-Hydrologic-Chemical Effects on Mountain-Scale Flow and Geochemistry

Process Description—The mountain-scale thermal-hydrologic-chemical (THC) model provides
analyses of thermal loading effects on flow and geochemistry in the UZ. This is a new model
developed from the models and data documented in two AMRs: the Mountain-Scale Coupled
Processes (TH) Models (CRWMS M&O 2000 [DIRS 144454]), and the Drift-Scale Coupled
Processes (DST and THC Seepage) Models (CRWMS M&O 2001 [DIRS 154426]). The
mountain-scale models focus on coupled THC processes related to variations in infiltration rate,
structure, lithology, rock properties, mineral dissolution and deposition, and flow processes at the
mountain or potential repository scale. Small scale effects such as mineral precipitation in the
boiling zone are captured in other sections of the drift-scale THC model.

Current Modeling Approach and Uncertainties—A two-dimensional grid was derived from the
mountain-scale TH model with the same geologic layering, hydrologic and thermal properties,
and thermal loading scenarios. The grid includes an extension of several hundred meters below
the water table to provide a far-field constant-temperature boundary. Thermodynamic and
kinetic parameters, calibrated against drift-scale heater tests, are used in the mountain-scale
evaluations. The initial and infiltrating water chemistry was taken from matrix pore water
collected near the ongoing drift-scale test (DST). Condensation and dryout/boiling can affect
concentration through dilution and evaporation. Elevated temperature can enhance reaction rates
and shift thermodynamic stabilities of coexisting minerals. Release of carbon dioxide out of
water and transport in the gas phase via advection and diffusion can have a large effect on pH,
mineral-water reactions, and reaction rates.
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Uncertainties in mountain-scale flow (including gas convection, liquid flow focusing, and
diversion) contribute to uncertainties in mountain-scale THC processes. Other uncertainties
include thermodynamic and kinetic data of vitric and zeolitic tuffs, precipitating mineral
assemblages, effective mineral-water reactive areas in heterogeneous unsaturated fracture rocks,
fracture and lithophysal hydrologic properties, and distributions of water and gas chemistry in
the UZ and in the infiltrating water. Sensitivity studies were conducted to understand the impact
of THC processes on the mineral changes during thermal periods in the zeolitic CHn, on matrix
porosity reduction in the TSw, on enhanced precipitation at the edges of the potential repository
block with gas convection, and on many other THC effects. The modeling approach and
uncertainties for THC effects on mountain-scale flow and geochemistry in both AMR revisions
and recent evaluations are discussed in detail in Section 3.3.6.

3.2.7 Thermal-Hydrologic-Mechanical Effects on Mountain-Scale Flow

Process Description—-A new coupled thermal-hydrologic-mechanical (THM) model is developed
to calculate the impact of THM processes on flow at the mountain scale. Two well-established
codes, TOUGH2 V1.5 for TH processes and FLAC 3D V2.0 for mechanical processes, are
coupled together through carefully designed linkage routines. Four types of conservation
equations are solved, including two mass-balance equations for the two fluid (liquid and gas)
components, one energy (heat) balance equation, and one momentum conservation equation for
the rock deformation forces. The mechanical behavior of porous and fractured media responds
to changes in temperature, in effective stress, and in strain, resulting in permeability, porosity,
and flow-field changes.

Current Modeling Approach and Uncertainties—A two-dimensional model is constructed with
vertical layering extended from the ground surface to the water table. Laterally, the model
extends from the centerline of the potential repository to a far-field outer boundary located at
distance of 5,000 m to the east, over twice the radius of waste emplacement area (2,160 m). The
thermal loading, ventilation period, and heat removal efficiency are the same as the values used
by the mountain-scale TH model.

Uncertainties in the TH model contribute to uncertainties in THM model. Similar to any newly
developed model, uncertainties are relatively large and require substantial input data to conduct
the calibration, validation, and thereby build confidence in the models. Calculated changes of
permeability depend on such factors as rock stiffness parameters and residual permeability
values, heterogeneity of hydrologic and mechanical properties, boundary conditions,
dimensionality of the model, and realistic geometries. Geotechnical engineering field and
laboratory studies are needed to quantify the uncertainties of THM impact. The modeling
approach and uncertainties for THM effects on mountain-scale flow in recent evaluations are
discussed in detail in Section 3.3.7.
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3.3 UNCERTAINTY ANALYSIS
3.3.1 Climate Model
3.3.1.1 Introduction

This section summarizes climate model developments since the Total System Performance
Assessment for the Site Recommendation (TSPA-SR) (CRWMS M&O 2000 [DIRS 153246]).
The initial release of the climate model, described in Future Climate Analysis (USGS 2000
[DIRS 136368]) and summarized in Section 3.3.1.3, addressed climate change for the next
10,000 years. The revision to the climate model focused on predicted precipitation rate and
temperature values for glacial climate states that may occur in the next 1 million years, as
discussed in Documentation of Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038]) and
summarized in Section 3.3.1.4. These preliminary climate predictions beyond 10,000 years were
included in the TSPA-SR (CRWMS M&O 2000 [DIRS 153246], Section 3.2.5) to support
transport sensitivity analyses. Associated uncertainties related to estimating the timing, duration,
and nature of climate change are discussed in Section 3.3.1.8. The climate analyses for the next
1 million years are used as input to the updated infiltration model (Section 3.3.2). The new net
infiltration results from the infiltration model, in turn, are used in the recent simulations of the
flow and transport model (Section 3.3.4) for predicting the flow and transport subject to future
climate states over the next 10,000 or 1 million years.

Uncertainties associated with the conceptual model, reliance on interpretation of past climatic
conditions as input, and bounding assumptions are inherent to any estimates derived from
predictions of future climates. Although the Environmental Protection Agency and U.S. Nuclear
Regulatory Commission regulations 40 CFR Part 197 (64 FR 46976 [DIRS 105065]) set a period
of 10,000 years for which the U.S. Department of Energy must demonstrate compliance with the
radiological protection standard, the U.S. Environmental Protection Agency regulations
contemplate post-10,000 year analysis of peak dose in the Environmental Impact Statement, and
the National Academy of Sciences has discussed estimating climate beyond 10,000 years as a
possible indicator of future repository performance (64 FR 46976 [DIRS 105065], pp. 46993 to
46995). The intent of examining disposal system performance beyond 10,000 years is to
estimate its long-term performance to see if dramatic changes can be anticipated. To address
uncertainties in system performance, it is necessary to derive estimates of mean annual
temperature and precipitation rate. The two analyses of potential future climate conditions for
Yucca Mountain, Future Climate Analysis (USGS 2000 [DIRS 136368]) and Documentation of
Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038]), used paleoenvironmental and
paleoclimate reconstructions based on evaluations of geological evidence from the Owens Lake
Basin, located on the eastern side of the Sierra Nevada mountain range approximately 160 km
west of Yucca Mountain, and Devils Hole, located approximately 50km south of Yucca
Mountain. These evaluations are used to estimate future climate conditions. The approach used
in both analyses:

¢ Identifies the sequence, duration, and impact of past climate states (glacial, interglacial,

monsoon, and intermediate) suggested by the Owens Lake and Devils Hole
paleoenvironmental records
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* Selects present-day meteorological stations (analogue stations) to represent these past
climate states and uses the record of daily temperature and precipitation from these
stations to represent future climate and precipitation

o Compares the relations of delta oxygen-18 Devils Hole reconstructed climate interval
(approximately 400,000 to 60,000 years before present) to orbital parameters from
celestial mechanics theory to identify a pattern of past climates

¢ Projects this pattern into the future to establish the nature and timing of future climate
change.

Microfossil records of diatoms and ostracodes from cores drilled at Owens Lake have been used
to interpret regional climate history from their implied paleoenvironments, provide insight into
glacial and interglacial climate change, and provide a means of comparing past climates with
each other. Devils Hole is an active extensional fracture in the Paleozoic limestone that
composes the regional Paleozoic aquifer. Calcite has precipitated on the walls of the fracture
during the last 500,000 or more years, leaving a delta oxygen-18 record of precipitation-derived
infiltrating water flowing through the fracture (CRWMS M&O 2000 [DIRS 153038],
Section 6.4.1).

3.3.1.2 Goal of Climate Model

The goal of the climate model is to provide precipitation and temperature input data, as well as
uncertainty in these data, for the infiltration model (USGS 2001 [DIRS 154674]) under future
climate states predicted to occur within the next 1 million years, as discussed in Section 3.3.2.
Therefore, predictions of climate and its influence on net infiltration are independent of
uncertainties in the thermal load within the repository.

3.3.1.3  Summary of Revision 00 Future Climate Analysis

The climate at Yucca Mountain over the next 10,000 years is treated as a sequence of three
climate states (interglacial, monsoon, and intermediate), the timing and characteristics of which
are described in Future Climate Analysis (USGS 2000 [DIRS 136368])." The present climate
state is interglacial. In Future Climate Analysis (USGS 2000 [DIRS 136368]), the interglacial
and intermediate are referred to as modern and glacial transition, respectively; however to
maintain consistency throughout this section, those names are not used. The intermediate
climate is a climate state either preceding or following a glacial climate state and is, therefore,
neither as cool nor as wet as a glacial climate state. Each climate state is defined by identifying
an analogue station, that is, a site whose modern climate approximates the predicted future
climate state for Yucca Mountain. The monsoon and intermediate climates are bounded by a
range of climate values that have wetter-than-modern upper-bound values and modern or
wetter-than-modern lower-bound values relative to the current climate at Yucca Mountain.
Tables 3.3.1-1 and 3.3.1-2 list the mean annual precipitation and temperature inferred from the
lower- and upper-bound analogue data, which are used as input to the infiltration model to
calculate infiltration over the area of the UZ flow and transport model domain. Note that lower
and upper bounds refer to precipitation in mm/yr, not temperature.
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The precipitation values for the monsoon and intermediate climates exceed those of the
present-day climate, indicating that the future climate will be wetter than the modern climate.
Temperature, however, also defines an important difference between the modern climate and
other climate states. The intermediate climate is cooler than the modern climate, so evaporation
is substantially lower than during modern times. A lower level of evaporation means that
precipitation can be more readily stored, and hence available for infiltration, than in the current
climate. These results are summarized in the Unsaturated Zone Flow and Transport Model
Process Model Report (CRWMS M&O 2000 [DIRS 151940], Section 3.5).

Uncertainty in climate impact for use in the TSPA is addressed by simulating flow and transport
for upper- and lower-bound precipitation and temperature values. The other uncertainty of
interest is in the timing of the climate change; durations of 400 to 600 years are expected for the
present interglacial climate and 900 to 1,400years for the monsoon climate, with the
intermediate climate extending for the balance of the 10,000-year period in each case (CRWMS
M&O 2000 [DIRS 151940], Section 3.5.1.5).

3.3.1.4  Model Development Since Revision 00

Documentation of Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038]) uses the
methodology established by and the assumptions set forth in Future Climate Analysis
(USGS 2000 [DIRS 136368], Sections 6 and 5, respectively) to provide quantified estimates of
temperature and precipitation and to estimate the timing of climate states in the Yucca Mountain,
Nevada, area for the period from 10,000 to 1 million years beyond the present. This report
identifies six potential future climates that alternate during the next 1 million years and proposes
minor changes in climate durations predicted for the first 10,000 years from those described in
Future Climate Analysis (USGS 2000 [DIRS 136368]). In addition to the three climate states
mentioned previously, three full glacial climate states are predicted to occur during the next
1 million years.

Based on the paleoclimate record of the full glacial periods recorded in the last 800,000 years,
these three full glacial scenarios were selected as representative of the range of severity of full
glacial climate stages that may be expected in the next 1 million years. Eight modern
meteorological stations were chosen as representative of the upper and lower temperature and
precipitation bounds of these three glacial scenarios, as shown in Documentation of Million-Year
TSPA (CRWMS M&O 2000 [DIRS 153038], Table 6-3). The temperature and precipitation
values for the intermediate, monsoon, and interglacial climate states predicted to occur during
the next 1 million years are identical to those shown in Tables 3.3.1-1 and 3.3.1-2.

3.3.1.5 Results of Analysis

Past and present climate states were identified based upon geological data (delta oxygen-18 and
ostracode fossil data), and the timing of these states was determined by comparison with climate
changes calculated from earth orbital parameters using the precession methodology. This
methodology assumes that a relationship exists between the timing of long-term past climates
and the timing of earth orbital parameters. Orbital parameters can be calculated from basic
celestial mechanics, which can be used to estimate the timing of future climates once established
(USGS 2000 [DIRS 136368], Section 6.4). Oxygen isotope stages (OISs), established from
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studies of marine carbonate delta oxygen-18 records, reflect changes in delta oxygen-18 value of
ocean water as continental ice sheets expanded and contracted. The timing and duration of these
stages were correlated to the Devils Hole delta oxygen-18 chronology from OIS 11 (the oldest in
the available Devils Hole record) through OIS 4 and into OIS 3 (the youngest in the available
Devils Hole record). This represents a time interval extending from approximately 400,000 to
60,000 years before the present. Data reported by Petit et al. (1999 [DIRS 109450], Figure 1,
p. 430) for Vostok Ice Core delta-deuterium samples were correlated to OIS 3 to 1, representing
a time interval of the last 60,000 years. The precession methodology used to time future climate
states was based on the past/present point of 399,000 years ago established in Future Climate
Analysis (USGS 2000 [DIRS 136368], pp. 62 to 63) using the Owens Lake ostracode taxa
record, which covers the last 800,000 years (CRWMS M&O 2000 [DIRS 151945],
Section 6.3.4.1.2). The past/present point is the point in the past climate series representing the
equivalent to the present-day climate. Chronological correlation between the Owens Lake
sedimentary record and the Devils Hole delta oxygen-18 record is based on a sediment
mass-accumulation curve that is a function of climate and is discussed in Future Climate
Analysis (USGS 2000 [DIRS 136368], Section 6.5.1).

Ostracode occurrences from the Owens Lake record were used to determine the sequence and
nature of past glacial climates in the last 400,000-year climate cycle because the hydrology of
Owens Lake is closely linked to climate. Based on the ostracode occurrences, three full glacial
climate states of different magnitudes were correlated to specific OISs: OIS 4, OIS 6, and
OIS 8/10 (OIS 8 and 10 are grouped together in this analysis because they are similar). The
OIS 6 glacial stage had the greatest effective moisture and coldest temperatures contained within
the Owens Lake record. However, OIS 16 (centered about 600,000 years before present and
outside the Owens Lake record) appears to have had greater effective moisture than OIS 6, based
on paleolake records (Reheis 1999 [DIRS 109454], pp. 196 to 205). Therefore, Stage 6/16 is
suggested to provide the most conservative effective-moisture estimates, yielding the greatest net
infiltration over the Yucca Mountain site. Glacial Stage 8/10 was warmer and wetter relative to
OIS 6/16, while glacial Stage 4 was drier and colder than OIS 8/10, but not as cold as OIS 6/16
(CRWMS M&O 2000 [DIRS 153038], Section 6.2).

The durations of each of the different climate states were estimated based on the timing of orbital
parameters. The earth-orbital precession methodology was used to time future climate states
from 10,000 to 1 million years based on the past/present match point of 399,000 years ago.
Future climate is predicted to occur in repeating subcycles of intermediate, interglacial,
alternating intermediate and monsoon, and one of three glacial stages. Eleven such four-stage
subcycles, ranging from 71,000 to 115,000 years, are predicted to occur during the period
between 10,000 and 1 million years, with intermediate, interglacial, monsoon, and glacial
accounting for 64, 12, 3, and 21 percent, respectively, of the time as shown on Table 3.3.1-3.

As described in Section 3.3.1.3, the nature of future climate is forecast in terms of upper-, mean,
and lower-bound precipitation rates and temperatures based upon meteorological stations at
locations that currently have climate conditions similar to past climates observed in the Owens
Lake chronological record. Meteorological stations for the interglacial, intermediate (referred to
as glacial transition in Section 3.3.1.3), and monsoon climate states are identical to those used in
Future Climate Analysis (USGS 2000 [DIRS 136368]). Additional meteorological stations were
chosen to represent the upper and lower bounds of the glacial climate scenario under Stages 8/10,
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6/16, and 4. These glacial stages (OISs) are discussed below: each is briefly described and the
analog stations representing their upper and lower bounds are identified (CRWMS M&O 2000
[DIRS 153038], Table 6-3).

Glacial Stage 8/10-Glacial Stage (OIS) 8/10 represents the warmest and wettest of the glacial
stages identified in the Owens Lake record, as indicated by the presence of Candona caudata and
Limnocythere ceriotuberosa and the absence of Cytherissa lacustris. This combination of
ostracodes indicates that the climate was dominated by the mean seasonal or annual latitude of
the polar front, with winter-dominated precipitation but without periods of extended dominance
by high-pressure, anti-cyclonic circulation.

The area east of the Cascade mountain range in Washington was chosen as a lower bound of the
Stage 8/10 analogue (as well as the intermediate climate stage upper-bound analogue) because
the region (1) is east of a high mountain range in a rain shadow similar to the Yucca Mountain
region; (2) is winter-precipitation dominated; (3) is under the influence of the polar front during
the winter; (4) is situated near the average position of the polar front throughout the year; and
(5) does not experience extended dominance by cold Arctic high-pressure air. Additionally,
ostracodes recovered from glacial stages 8 and 10 in the Owens Lake core occur presently in
eastern Washington, supporting the link between distribution and climate. Because the
Stage 8/10 upper bound needed to be wetter and slightly cooler than the lower bound, Chewelah,
Washington, was selected based on geographic criteria and the fact that it has a mean annual
precipitation of approximately 538 mm and a mean annual temperature of approximately 8°C.

Glacial Stage 6/16—Glacial Stage (OIS) 6 appears to have had the greatest effective moisture and
the coolest glacial temperatures in the last 400,000-year cycle contained within the Owens Lake
fossil record. The presence of the ostracode Cytherissa lacustris, which was recovered during
much of the OIS 6 time, implies that the climate was dominated by polar and Arctic air masses;
the modern distribution of this species is in the Canadian boreal forest and above the Arctic
Circle.

Meteorological stations chosen to represent the upper and lower bounds were constrained by the
limited distribution of Cytherissa lacustris within the United States. It has been collected at
Lake Yellowstone, Wyoming, which is a fresh and cold lake. Because this region is dominated
by polar air masses, Lake Yellowstone was chosen as the upper bound for the full glacial 6/16
climate state. The annual temperature at this station is cold (0.8°C) because of its high elevation
and latitude. Therefore, it may be a conservative analogue. The lower-bound stations
(Browning and Simpson, Montana) are in closer agreement with estimated OIS 6 temperatures
(5.5°C), even though Cytherissa lacustris has not been reported in this locality (CRWMS M&O
2000 [DIRS 153038], Section 6.3.2).

Glacial Stage 4-Glacial Stage (OIS) 4 was drier and colder than Stage 8/10, but not as cold as
Stage 6/16; this is inferred from the combined presence of Cytherissa lacustris, Candona
caudata, and Limnocythere ceriotuberosa in the Owens Lake record (CRWMS M&O 2000
[DIRS 153038], Section 6.2). Furthermore, analysis of flora in packrat middens suggests a mean
annual precipitation between 266 mm and 321 mm and a mean annual temperature between
7.9°C and 8.5°C (Thompson et al. 1999 [DIRS 109464], Table 4, p. 24).
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Meteorological stations chosen to represent the upper bound for the Stage 4 climate were
identical to those used to represent the lower bound of the Stage 6/16 climate (CRWMS M&O
2000 [DIRS 153038], Table 6-3). The lower bound for Stage 4 is represented by Elko, Nevada,
because it experiences cold, wet, snowy winters influenced by either polar lows or Arctic highs
and cold, dry summers resulting from both the presence of cool, westerly flows and the absence
of subtropical highs in the region. In addition, Candona caudata inhabit locations in the Ruby
Mountains in northwest Nevada, representative of similar climate conditions measured at the
Elko station.

3.3.1.6  Abstraction for Total System Performance Assessment

The 10,000-year proposed regulatory period has been divided into three climate regimes for
TSPA calculations: interglacial (present-day), monsoon, and intermediate. In the TSPA-SR
(CRWMS M&O 2000 [DIRS 153246], Section 3.2.1) the interglacial and intermediate are
referred to as modern and glacial transition, respectively. The ranges of time periods for each
climate are 0 to 600 years for the modern climate, 600 to 2,000 years for the monsoon climate,
and 2,000 to 10,000 years for the glacial-transition climate. The climate change times are the
only climate information used directly by the TSPA model. The other information is used
indirectly, through its effects on infiltration. Additional climate effects are imposed by
climate-induced changes in the water table and in saturated-zone recharge (Section 12).

For time periods greater than 10,000 years, it is appropriate to use a climate model that includes
full-glacial and future interglacial climates in addition to the present-day interglacial, monsoon,
and intermediate climates. For this reason, the previous climate model was extended for times
up to 1 million years (Section 3.3.1.4). It is based on paleoclimate data in the same way as the
10,000-year climate model. Details of the climate sequence and analogues for the million-year
climate are presented in the TSPA-SR (CRWMS M&O 2000 [DIRS 153246], Section 3.2.5) and
Documentation of Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038], Tables 6-3 and
6-6). A summary of this discussion is provided below.

Six climate states are specified for the post-10,000-year climate sequence: interglacial,
monsoon, intermediate, and three different full-glacial climates. The present-day climate is an
interglacial climate, used as an analogue for future interglacials as well. The intermediate
climate is the same as the glacial-transition climate. Preceding each glacial state in the climate
sequence is a period called intermediate/monsoon, when the climate is alternating between those
two states. For TSPA simulations, the climate sequence was simplified by combining the
alternating intermediate and monsoon climates into a single intermediate climate state. This
approximation is acceptable for TSPA because monsoon climate is estimated to occur for less
than 7 percent of the intermediate/monsoon climate state.

Temperature and precipitation data from the analogue stations were used in the infiltration model
described in Section 3.3.2 to predict infiltration maps. These infiltration maps were then used as
input for flow and transport simulations. Mountain-scale UZ flow fields were generated for four
new cases for this extended climate analysis: Glacial Stage 6/16 low-infiltration case; Glacial
Stage 6/16 medium-infiltration case; Glacial Stage 6/16 high-infiltration case; and Glacial
Stage 4 low-infiltration case. All other cases are represented either by these or by a
glacial-transition case that was already available. For calculation of UZ transport within the
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TSPA simulation, UZ flow is approximated as a sequence of steady-state flow fields controlled
by net infiltration rates calculated for each climate state. The UZ flow fields are used
sequentially according to the predicted timing (starting time, ending time, duration) of each
climate state.

3.3.1.7  Multiple Lines of Evidence

This analysis is based on meteorological data collected at natural analogue sites (the
meteorological stations listed in CRWMS M&O 2000 [DIRS 153038], Table 6.3) for the
climates expected to occur at Yucca Mountain over the next 10,000 and 1 million years. The
prediction of future climates involves multiple lines of evidence: delta oxygen-18 data, fossil
ostracode data, and earth-orbital data. The earth-orbital data are determined by celestial
mechanics and have a high degree of certainty; they control the timing of climate states.
However, the response of climate to the orbital parameters is not known with a high degree of
certainty. The other data sets provide corroborative evidence of temperature and salinity
changes, from which precipitation is estimated. Analogue stations that presently experience
climate similar to that predicted for the future at Yucca Mountain are chosen to have either the
indicator ostracode species or conditions favorable for their survival. Precipitation and
temperature records for these analogue stations can be used to estimate future year-to-year
variability.

3.3.1.8  Summary of Uncertainties and Their Treatment

Uncertainties in estimated future climate states consist of conceptual, data, and parameter
uncertainties, which are tabulated below. These uncertainties affect the goal of the report, which
is to provide temperature and precipitation values for different climate states. There is no simple
or objective way of assessing the nature of uncertainty as it may apply to future climate change
over the next 1 million years. If these uncertainties are not accepted, then the future climate
bounding estimates would depend on a conservative estimate of climate based on the extreme
temperature (cold) and precipitation (wet) values from the previous 400,000-year cycle instead
of values estimated herein within the extremes. In general, these uncertainties were considered
acceptable, given the intended purpose of the report and the use of its results in the downstream
model.

Table 3.3.1-4 summarizes the key conceptual and parametric uncertainties regarding the
development of the future climate analysis. Uncertainties are grouped according to category
(i.e., conceptual, data, or parameter). Next, the primary uncertainty issue associated with each
category is described, followed by possible methods for treating or addressing the uncertainty.
Finally, the affected modeling goals are presented.

3.3.1.9  Summary and Conclusions

The future climate over the next 1 million years at Yucca Mountain is treated as a sequence of
stages whose timing and characteristics are described in detail in Documentation of Million-Year
TSPA (CRWMS M&O 2000 [DIRS 153038]). The alternating climate stages include
intermediate, monsoon, interglacial, and three glacial stages (OIS 6/16, OIS 8/10, and OIS 4).
Each stage is defined by mean annual precipitation rates and temperatures. Tables 3.3.1-5
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and 3.3.1-6 list mean annual precipitation and temperature values used as input to the infiltration
model discussed in Section 3.3.2 to calculate net infiltration for possible future glacial climate
states over the next 1 million years. Precipitation and temperature data for the analog stations
(CRWMS M&O 2000 [DIRS 153038], Table 6-3), are presented in DTN:
GS000100001221.001 [DIRS 146816]. However, the values in Tables 3.3.1-5 and 3.3.1-6 do not
necessarily represent the same analog stations, because the net infiltration model makes
adjustments to account for the topography of the UZ flow and transport model area, as described
in USGS (2001 [DIRS 154674], Section 6.4.2).

Because of the uncertainties identified in Table 3.3.1-4, only the Glacial Stage 6/16 climate
(which would result in the most net infiltration) was used to estimate mean annual precipitation
and mean annual temperature for the purposes of calculating net infiltration (BSC 2001
[DIRS 154873]) Selection of this stage is therefore the most conservative approach. To reduce
the number of infiltration model simulations required in Section 3.3.2, specific combinations of
mean annual temperature and mean annual precipitation from Stage 6/16 meteorological stations
were used to infer upper-, mean, and lower-bound values for Stages 8/10 and 4, with the
exception that the lower-bound Stage 8/10 is given by the upper-bound intermediate climate
shown in Tables 3.3.1-1 and 3.3.1-2. An alternate Stage 6/16 meteorological station is used in
Section 3.3.4.4 to represent the lower-bound Stage 8/10 and is provided in parentheses in
Tables 3.3.1-5 and 3.3.1-6. Note that lower- and upper-bound refer to precipitation or net
infiltration (see lower-bound glacial stage 8/10 in Table 3.3.2-3) in mm/yr, not temperature.

The upper-bound precipitation values for the full glacial climate exceed the upper bound of the
present-day interglacial (modern) climate for the region by at least 160 mm/yr, while the lower
bound of the Glacial Stage 4 climate is almost identical in value to the interglacial (modern)
upper bound. Therefore, all glacial climate stages are wetter than the modern interglacial
climate. Temperatures during the glacial climates are cooler than the modern interglacial
climate, leading to substantially lower evaporation than presently occurs at Yucca Mountain.
A lower level of evaporation means that precipitation will be more readily stored in the root zone
(shallow subsurface soil and rocks), and hence available for infiltration, than in the current
climate.

3.3.2 Net Infiltration Model
3.3.2.1 Introduction

New predictions of precipitation and temperature for future climates extending to the next
1 million years, described in Section 3.3.1, have resulted in extension of the initial release of the
net infiltration model documented in Simulation of Net Infiltration for Modern and Potential
Future Climate (USGS 2001 [DIRS 154674]) and summarized in Section 3.3.2.3. Preliminary
infiltration scenarios for the extended climate regime were conducted for the TSPA-SR
(CRWMS M&O 2000 [DIRS 153246]) to conduct transport sensitivity analyses. The new
modeling discussed in Sections 3.3.2.4 and 3.3.2.5 encompasses a larger area, reflecting the UZ
flow and transport model documented in UZ Flow Models and Submodels (CRWMS M&O 2000
[DIRS 122797]). The uncertainty of the infiltration scenario for the glacial-transition climate
was assessed using the Monte Carlo method, as reported in the TSPA-SR (CRWMS M&O 2000
[DIRS 153246], Section 3.2.2.3) and summarized in Section 3.3.2.6.
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Net infiltration is the fraction of precipitation, snowmelt, or surface water run-on that infiltrates
and percolates below the zone of evapotranspiration. Predicted net infiltration varying with
location constitutes the upper-boundary condition for flow-field simulations. Estimates of net
infiltration presented here are based on the precipitation rates and temperatures for the
interglacial/modern, monsoon, intermediate/glacial-transition, and full glacial climates predicted
to occur over the next 1 million years, as presented in Future Climate Analysis (USGS 2000
[DIRS 136368]) and in Documentation of Million-Year TSPA (CRWMS M&O 2000
[DIRS 153038]). Each of these climate states has been identified with three analogue sites that
represent upper-bound, mean, and lower-bound precipitation scenarios. These future climate
scenarios, in turn, are based on past climates inferred from microfossil and oxygen-isotope data
and on earth-orbital parameters, as described in Section 3.3.1 (USGS 2000 [DIRS 136368];
CRWMS M&O 2000 [DIRS 153038]). The approach used to simulate net infiltration using the
net infiltration model is documented in Simulation of Net Infiltration for Modern and Potential
Future Climates (USGS 2001 [DIRS 154674]). The net infiltration model is a quasi
three-dimensional numerical model used to simulate surface flow and subsequent percolation of
water through the root zone due to the effects of precipitation and temperature at the Yucca
Mountain site.  The resulting net infiltration estimates are spatially distributed and
time-averaged. Uncertainty in net infiltration has been quantified for the intermediate climate,
which is the dominant climate for the next 1 million years (as described in Section 3.3.1.5).
Unquantified uncertainties in the net infiltration model broadly consist of conceptualization of
the processes significant to the hydrologic cycle, numerical representation of the processes, and
calibration and validation of the model, as described in detail in Section 3.3.2.8.

3.3.2.2 Goal of the Net Infiltration Model

The goal of the net infiltration model is to use precipitation and temperature data from analogue
sites that represent future climate states (USGS 2000 [DIRS 136368]; CRWMS M&O 2000
[DIRS 153038]) to predict net infiltration rates for use as direct input to the UZ flow and
transport model. Net infiltration, as calculated by the net infiltration model, is assumed to
depend only upon surface processes. Therefore, it is assumed to be independent of the repository
thermal regime even though surface temperatures (in the root zone) may become slightly
elevated, as shown in Figure 3.3.5-2 or Figure 3.3.5-3. Therefore, the scope of the net
infiltration model is limited to surficial hydrologic processes occurring only to the depth of the
root zone. In the context of the UZ flow model, the surface (bottom of the root zone) is
considered to be a perfectly insulated thermal boundary preventing heat loss to the atmosphere
with a constant net infiltration rate as prescribed by the net infiltration model.

3.3.2.3  Discussion of Analysis Model Report Revision 00 Results

The predictions of future climate and precipitation, and the resulting infiltration rates, are
documented in Future Climate Analysis (USGS 2000 [DIRS 136368]) and Simulation of Net
Infiltration for Modern and Potential Future Climates (USGS 2001 [DIRS 154674]),
respectively. These predictions show that as the climate changes from interglacial to monsoon to
intermediate, the mean precipitation and site-average infiltration rates also increase, as shown in
Tables 3.3.1-1 and 3.3.2-1, respectively. The highest net infiltration rates occur on the steep
north-northeast facing slope of the Prow, the upper channel locations of Solitario Canyon, Drill
Hole Wash, Pagany Wash, and Abandoned Wash, and generally in the northern portion of the
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site. These results are summarized in Unsaturated Zone Flow and Transport Model Process
Model Report (CRWMS M&O 2000 [DIRS 151940], Section 3.5.2).

3.3.2.4  Model Development Since Revision 00 of Analysis Model Reports

Additional climate prediction for 10,000 years to 1 million years after present have been
documented in Documentation of Million-Year TSPA (CRWMS M&O 2000 [DIRS 153038]) and
were used to calculate net infiltration rates for full glacial climates expected to occur within the
next 1 million years (BSC 2001 [DIRS 154873]). Although the net infiltration model was not
initially developed in Revision 00 for a full glacial state, no change has been made to the net
infiltration model for its application to the full glacial state in the work described here. In
summary, the net infiltration model was used to predict net infiltration at Yucca Mountain for six
potential future climates: intermediate, monsoon, interglacial, and three different full-glacial
states.

3.3.2.5  Results of Analysis

The net infiltration estimates presented in this section are for the 38.7 km® area used as the
modeling domain for the UZ flow and transport model (CRWMS M&O 2000 [DIRS 122797)).
Net infiltration rates estimated by the net infiltration model for the UZ flow and transport model
domain differ slightly from those actually implemented in the model. This difference results
from plan-view discretization effects in the model and the need to spatially average net
infiltration rates over each node in the model domain (Bodvarsson 2001 [DIRS 154669],
Attachment 12, pp. 203 to 211). Model results from the net infiltration model for the three
different full-glacial climates are discussed below and summarized in Table 3.3.2-3.

Glacial Stage 6/16-Figure 3.3.2-1 illustrates net infiltration for the lower, mean, and upper
bound for the glacial-climate scenario. Analogue-site data for the mean Glacial Stage 6/16
climate include an average precipitation rate of 429 mm/yr, which for the area of the UZ flow
and transport model domain results in an average net infiltration of 87.9 mm/yr. For the
lower- and upper-bound Stage 6/16 scenarios, the average net infiltration rate is estimated to be
24.4 mm/yr and 151.0 mm/yr, respectively.

The lower-bound net infiltration rate for this Stage 6/16 climate is therefore 9 mm/yr less than
the upper-bound intermediate infiltration rate, while the upper-bound Stage 6/16-infiltration rate
i1s 118.0 mm/yr greater. Therefore, net infiltration rates are significantly higher for the
Stage 6/16 climate than for the intermediate, monsoon, or interglacial climates because of the
combined influence of high mean annual precipitation rates and lower mean annual
temperatures.

Glacial Stage 8/10-To simplify the net infiltration analysis, mean annual precipitation rates and
temperatures used to represent the upper, mean, and lower bounds of the Stage 8/10 climate were
chosen from meteorological stations, as described in Section 3.3.1.5. These stations are listed in
Tables 3.3.1-5 and 3.3.1-6. Given this approximation, the mean and upper-bound net infiltration
rates for the Stage 8/10 climate are identical to those for the Stage 6/16 climate. The
lower-bound mean annual net infiltration rate for Stage 8/10 is identical to the upper-bound
intermediate climate described in Section 3.3.1.3 (Table 3.3.2-1):  33.0 mm/yr, which is
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8.6 mm/yr higher than the lower-bound Stage 6/16 rate. Therefore, the Stage 8/10 climate
generates the most conservative estimate of net infiltration over the area of the UZ flow and
transport model, as indicated by the choice of upper-, mean, and lower-bound mean annual
precipitation rates and temperatures from analogue meteorological stations.

Glacial Stage 4-The mean and upper-bound net infiltration rates for Stage 4 are identical to the
lower-bound and mean values of the Stage 6/16 climate, respectively. The lower-bound mean
annual net infiltration rate for Stage 4 is estimated to be 12.9 mm/yr, which is slightly higher
than the upper-bound interglacial (modern, Table 3.3.2-1), mean monsoon, and average of the
lower-bound and mean intermediate (glacial transition, Table 3.3.2-1). Therefore, despite the
fact that Stage 4 caused the least net infiltration of the three glacial climate stages and hence is
least conservative, the Stage 4 climate does on average result in greater net infiltration than the
intermediate, interglacial, and monsoon climate scenarios.

3.3.2.6  Abstraction for Total System Performance Assessment

A detailed analysis of infiltration uncertainty was conducted for the intermediate climate
(glacial-transition climate in Section 3.3.2.3) using the Monte Carlo method, as documented in
the TSPA-SR (CRWMS M&O 2000 [DIRS 1532461, Section 3.2.2). The uncertainty in net
infiltration (as considered in the TSPA analysis) is considered to result from imperfect
knowledge of input parameters used by the net infiltration model. The uncertainty analysis with
the intermediate climate focused on twelve key input parameters (Table 3.3.2-2, last entry) for
which uncertainty distributions were developed. These distributions were then sampled
stochastically for 100 Monte Carlo realizations, yielding 100 estimates of net infiltration rates.
The result of the Monte Carlo analysis was an approximately lognormal histogram of net
infiltration rates (CRWMS M&O 2000 [DIRS 143244], p. 23 to 27). Specifically, for the
intermediate (glacial-transition) climate state, the mean *1 standard deviation of the logarithm of
net infiltration, in logjo (mm/yr), is 1.25 £0.42. Converted, this means that annual net infiltration
will be less than 7 mm in 16 percent of years, less than 17 mm in 50 percent of years, and less
than 47 mm in 84 percent of years (numbers approximate). This analysis shows that the
lower-bound and upper-bound infiltration rates derived using only analogue meteorological
station temperature and precipitation data as shown in Table 3.3.2-1 are not truly bounds when
all uncertainties in net infiltration model input parameters for the future climate states are taken
into account (see last entry in Table 3.3.2-2). Also, the mean infiltration rate given in
Table 3.3.2-1 (derived using only analogue meteorological station temperature and precipitation
data) is not the statistical mean when the appropriate probabilistic weighting factors are applied
to the net infiltration distribution generated by the Monte Carlo analysis.

The Monte Carlo analysis was constructed to quantify uncertainty in net infiltration rates for the
intermediate (glacial transition) climate because that climate is dominant within the 10,000-year
regulatory period. The intermediate climate is also the dominant climate state over the next
I million years in the extended climate model (CRWMS M&O 2000 [DIRS 153038],
Section 6.5.3). The uncertainty for the other climate states, and in particular for the full-glacial
climates, has not yet been analyzed. Therefore, uncertainty in net infiltration over the next
1 million years is taken to be identical to that of the intermediate (glacial-transition) climate.
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3.3.2.7  Multiple Lines of Evidence

Analogue studies that estimated groundwater recharge rates from hydrologic modeling studies
provide an indication of infiltration under future glacial climate conditions. The analogue studies
were conducted for two small basins in central Nevada (Lichty and McKinley 1995
[DIRS 100589], p. 3). Their purpose was to aid in estimating recharge to the paleohydrologic
regime associated with Yucca Mountain under wetter climate conditions. Thus, the two selected
sites, 3-Springs and East Stewart basins, are located north of and at a higher elevation than
Yucca Mountain, where prevailing climatic conditions are thought to be representative of the
range of paleoclimatic conditions near Yucca Mountain during the Quaternary. Both study sites
are characterized by high relief and rough terrain, with elevations ranging from about 2,150 to
2,900 m above sea level for 3-Springs Basin and 2,950 to 3,320 m for East Stewart Basin (Lichty
and McKinley 1995 [DIRS 1005891, p. 3). The climate at 3-Springs Basin is semiarid, with
annual precipitation generally in the range of 250 to 350 mm, most of which occurs as snow
during winter months. The East Stewart Creek site is a subalpine drainage basin where annual
precipitation ranges from 500 to 700 mm, again occurring predominantly as snow.

Two independent modeling approaches were conducted for each site, using observed hydrologic
data for a six-year study period (October 1986 through September 1992). One approach used a
traditional watershed hydrology method through a precipitation-runoff system that accounts for
spatial variability of data. The other approach was based on the conservative nature of the
chloride ion in certain geologic environments, using it as a natural tracer to compute a coupled
water and chloride-ion mass-balance system of equations to estimate available water for net
infiltration.

Results of the modeling approaches support the conclusion that reasonable estimates of average
annual recharge to groundwater range from about 10 to 30 mm per year for 3-Springs Basin and
from about 300 to 320 mm per year for East Stewart Basin (Lichty and McKinley 1995
[DIRS 100589], p. 26). The semiarid 3-Springs Basin provides net infiltration rates that are in
the range between the upper-bound modern and upper-bound glacial-transition climates. The
subalpine East Stewart Creek site provides net infiltration rates that are twice as large as the
upper-bound Glacial Stage 6/16 climate. Therefore, the 3-Springs site provides a conservative
estimate of net infiltration that is expected to occur over the next 10,000 years, while the East
Stewart Creek site provides a conservative estimate of net infiltration that is expected to occur
over the next 1 million years, as predicted by the net infiltration model.

Multiple lines of evidence for net infiltration under modern climate conditions are reviewed in
the Unsaturated Zone Flow and Transport Model Process Model Report (CRWMS M&O 2000
[DIRS 151940], Section 3.5.2.8).

3.3.28  Summary of Remaining Uncertainties

Uncertainties in the net infiltration model broadly consist of conceptualization of the processes
significant to the hydrologic cycle, numerical representation of the processes, and calibration of
the model. Table 3.3.2-2 summarizes the key conceptual and parametric uncertainties regarding
the development of the net infiltration model. Uncertainties are grouped according to category
(i.e., conceptual, data, or parameter). Next, the primary uncertainty issue associated with each
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category is described, followed by methods used for treating or addressing the uncertainty.
Finally, the affected modeling goals are presented.

3.3.29 Summary and Conclusions

The predictions of future climate, precipitation, and resulting infiltration rates show that as
climate changes from interglacial (modern) to monsoon to intermediate (glacial-transition) to
glacial, the mean precipitation and infiltration rates also increase, as shown in Tables 3.3.1-1,
3.3.1-5, 3.3.2-1, and 3.3.2-3. The glacial climate scenario was subdivided into three stages (6/16,
8/10, and 4) with upper-, mean, and lower-bound mean annual precipitation and temperature data
derived primarily from Stage 6/16 meteorological stations. This simplification was made to
reduce the number of net infiltration model simulations required to calculate the impact of the
glacial climate scenarios and because Stage 6/16 was anticipated to result in the greatest effective
moisture and coolest glacial temperatures, and therefore the most conservative net infiltration
scenario. Using the meteorological data presented in Tables 3.3.1-5 and 3.3.1-6, the Stage 8/10
glacial climate generated the most conservative estimate for net infiltration over the UZ flow and
transport model area (Table 3.3.2-3). These values represent infiltration rates averaged over the
model area, and are up to 37 percent higher than those in the TSPA-SR (CRWMS M&O 2000
[DIRS 153246], Table 3.2-6), which are rates averaged over the footprint of the potential
repository.

3.3.3 Percolation Redistribution and Flow in the Paintbrush Nonwelded Hydrogeologic
Units

3.3.3.1 Introduction

This section summarizes the modeling and uncertainty studies performed to evaluate percolation
flux distribution and flow in the Paintbrush nonwelded (PTn) hydrogeologic units. Since the
TSPA-SR (CRWMS M&O 2000 [DIRS 153246]), new field geochemical data have been used to
calibrate the spatial distribution of net infiltration (see Section 3.3.3.4.1) and the anisotropy of
permeability of the PTn (see Section 3.3.3.4.3) in UZ flow model simulations. Detailed PTn
flow models have been constructed to evaluate lateral flow within the PTn caused by capillary
barrier effects (see Section 3.3.3.4.2).

Flow in the PTn is important because the new flow simulation results from this study suggest
that water flow within and through the PTn likely will be matrix dominated except, possibly, in
the vicinity of major through-going fault zones that may create fracture-dominated preferential
flow pathways through the unit. The PTn acted as a buffer, damping out variations in the
transient net infiltration, so that flow beneath the PTn was essentially steady-state. The PTn
redistributed percolation flux in space as well as in time Lateral flow diverted net infiltration
above the potential repository area eastward to the Ghost Dance and Drill Hole Wash faults.
Flow thus diverted bypassed the potential repository block.
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3.3.3.2 Modeling Goals
The goals of the models used to study percolation distribution and flow in the PTn are:

e Evaluate the effects of the spatial distribution of net infiltration on percolation
distribution and flow in the PTn

e Assess bounds on net infiltration rates, spatial distribution patterns, net infiltration rate
variability, and associated uncertainties

e Evaluate the effects of lateral flow within the PTn on percolation and chloride
redistribution

¢ Provide a methodological and conceptual basis for modeling percolation flux and lateral
flow within the PTn

¢ Develop calibration procedures using natural and anthropogenic environmental tracers

o Identify conceptual uncertainties and estimate the uncertainty and variability of
model-relevant parameters.

3.3.3.3  Discussion of Analysis Model Report Revision 00 Results

The PTn consists of nonwelded and vitric horizons and bedded tuffs intersected by faults and
fault zones. The percolation distribution in the potential repository level below the PTn
determines the degree of seepage into drifts, which in turn affects the performance of waste
packages and engineered barrier systems. Uncertainties in the conceptual model, the data used
for calibration, and flow and transport parameters in the current model were discussed in detail in
Calibrated Properties Model (CRWMS M&O 2000 [DIRS 144426]) and UZ Flow Models and
Submodels (CRWMS M&O 2000 [DIRS 122797]).

In addition to geologic and hydrologic information, geochemical data provide information on
flow patterns within the UZ, including the PTn. Distribution of chemical constituents depends
on the hydrologic and geochemical processes associated with surface precipitation,
evapotranspiration, fracture-matrix interactions of flow and transport, large-scale mixing via
lateral transport, and the history of climate changes and recharge. Natural and anthropogenic
environmental tracers provide useful data for evaluating the processes over various time and
space scales. By synthesizing geochemical, geologic, and hydrologic data, the model results
enhance the understanding of flow and transport processes and the development of hydrologic
parameter sets and conceptual models.

The initial issue of UZ Flow Models and Submodels (CRWMS M&O 2000 [DIRS 122797])
focused on the formulation of methodologies and the conceptual bases of using matrix
pore-water geochemical data for flow model calibration. Analysis and modeling of pore-water
geochemical data are documented in that AMR. Pore-water chemical concentration data were
analyzed and modeled using three-dimensional chemical transport simulations and analytical
methods. Water net infiltration-rate calibrations were performed using the pore-water chloride
concentrations. Model results of chloride distributions match the observed data better using the
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calibrated present-day-mean net infiltration rates than using the present day mean net infiltration
rates without calibration (CRWMS M&O 2000 [DIRS 122797], Section 6.4). In addition, an
analytical method was developed to analyze the transient transport of chemicals. This method
was compared against the results of three-dimensional simulations under the same flow
conditions and was able to capture major chloride and chlorine-36 transient behavior and trends
predicted by the simulations (CRWMS M&O 2000 [DIRS 122797], Section 6.4.3.2).

3.3.34 Model Development Since Total System Performance Assessment for Site
Recommendation

The following sections describe three developments in the evaluation of three-dimensional flow
within the PTn since the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). These studies were
done to test simulation models by comparing their results to all available qualified data, and
revising where appropriate. Such revision, termed model calibration, increases confidence in the
model and reduces associated uncertainties. Section 3.3.3.4.1 describes the use of chloride data
to evaluate distribution of net infiltration with isotropic permeability within the PTn.
Section 3.3.3.4.2 describes the use of a detailed two-dimensional model of the PTn to evaluate -
the importance of lateral flow due to capillary barrier diversion within the unit. Finally, in
Section 3.3.3.4.3, the present-day mean net infiltration map developed by the infiltration model
(Figure 3.3.3-1) was left unchanged, but the chloride data were matched by adjusting the
anisotropy of the PTn. Thus, both of these conceptual models match the chloride data better than
the initial models. A three-dimensional dual-permeability model and the T2R3D V1.4 and
TOUGH2 V1.4 codes were employed for the simulations.

3.3.34.1 Chloride-Based Net Infiltration Rate

Net infiltration is defined as the penetration of surface water below the root zone to a depth from
which it can no longer be removed by evapotranspiration. The infiltration model (USGS 2001
[DIRS 154674]) described in Section 3.3.2 provides net infiltration flux values (mm/yr), which
are applied (as a boundary condition) to top-layer gridblock cells (Figure 3.3.3-1). By water
balance, net infiltration flux is the sum of precipitation and run-on minus the sum of runoff and
evapotranspiration, all of which vary spatially. As precipitation falls, it acquires chloride by
uptake of aerosols from the atmosphere. As a result, precipitation, run-on, and runoff contain a
known concentration of chloride. Infiltrating water has a higher chloride concentration than
precipitation because some water, but no chloride, is lost to evapotranspiration. The net
infiltration maps that are output by the infiltration model can therefore be used to calculate the
chloride concentration of infiltrating water. The net infiltration flux and associated chloride
concentration vary spatially over the site (Figure 3.3.3-1). When these are used as boundary
conditions, the flow and transport model simulates chloride concentration everywhere in the UZ.
Essentially no chloride is contributed by dissolution of UZ minerals. These simulated chloride
concentrations can be compared with measurements on pore water samples to calibrate the
model.

A systematic study incorporating new data from borehole SD-6 (DTN: GS981008312272.004
[DIRS 153677]) and calibration procedures has been conducted since the initial release of the
infiltration model (USGS 2000 [DIRS 123650]). This study is documented in Bodvarsson (2001
[DIRS 154669], Attachment 11, pp. 72 to 83). As in that report, the available chloride data were
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used to calibrate the net infiltration distribution without changing the hydrologic properties of the
PTn. Measurements of pore water chloride concentrations offer a spatially distributed data set
for assessing UZ flow and transport processes and for testing conceptual models. Calibration
was done by dividing the surface infiltration area into nine regions (Figure 3.3.3-2) according to
the availability and range of chloride data, the range of present-day mean net infiltration data
(shown in Figure 3.3.3-1), and hydrogeologic and hydrostructural features. The chloride field
data were assigned to corresponding simulation cells based on pore water sample locations. The
revised water net infiltration flux for each simulation cell was computed using the chloride net
infiltration flux and the assigned chloride concentration data from the cell. For cells where
chloride data were not available, the net infiltration flux was interpolated based on the calculated
net infiltration flux in nearby cells within the same region and the surface area of the cell. The
map of chloride-based calibrated net infiltration is shown in Figure 3.3.3-2.  Averaged
present-day mean net infiltration was applied to regions where regional chloride data is
unavailable (Regions I, II, and VIII). The overall and regional net infiltration volume and rates
for the net infiltration schemes before and after the calibration are given in Table 3.3.3-1. In this
table, before-calibration flow rates and fluxes (Figure 3.3.3-1) are the output from the infiltration
model (DTN: GS000399991221.002 [DIRS 147022]), and after-calibration flow rates and fluxes
(shown also in Figure 3.3.3-2) are the values after calibrating against chloride data. The result of
calibrating the net infiltration map against chloride data was to increase the overall net
infiltration by 9 percent but to decrease it in Region III, so net infiltration over the potential
repository footprint is decreased. Three-dimensional flow and chloride transport simulations
were conducted using both the present-day mean net infiltration from the infiltration model
(Figure 3.3.3-1) and the chloride-based calibrated present-day mean net infiltration
(Figure 3.3.3-2) to assess the two net infiltration schemes.

3.3.34.2 Lateral Flows Induced by Capillary Barriers within the Paintbrush
Nonwelded Hydrogeologic Units

In unsaturated flow, water movement is generally, but not always, downward. One cause of
lateral flow is the capillary barrier effect. This is caused by differences in moisture tension
across an interface between adjacent hydrologic units. If moisture tension is greater in the upper
unit (negative capillary pressure gradient), water will tend to flow laterally along the interface
rather than downward. The PTn unit primarily consists of non- to partially welded tuffs and
extends from the base of the densely to moderately welded, crystal-poor vitric subzones of the
Tiva Canyon Tuff to the top of the densely welded, crystal-rich vitric subzone of the Topopah
Spring welded tuff (TSw) (Bueschetal. 1995 [DIRS 145631], Table 4). Thus, the PTn
encompasses the nonwelded, crystal-poor vitric subzone of the lower Tiva Canyon Tuff (Tpcpv),
the pre-Tiva Canyon Tuff bedded tuff (Tpbt4), the Yucca Mountain Tuff (Tpy), the pre-Yucca
Mountain Tuff bedded tuff (Tpbt3), the Pah Canyon Tuff (Tpp), the pre-Pah Canyon Tuff
bedded tuff (Tpbt2), and the non- to partially and moderately welded, crystal-rich vitric subzones
of the upper Topopah Spring Tuff (Tptrv). The dip of these layers is generally to the east at
about ten degrees or lower. Within the PTn, several layers (Tpcpvl, Tpbt4, Tpbt2, Tptrv3, and
Tptrv2) are less than 10 m thick within the potential repository footprint while other layers (Tpy,
Tpbt3, and Tpp) show considerable variation in thickness across the potential repository area,
with each showing a thinning trend to the south.
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In the site-scale UZ flow model, the PTn unit is represented by six model layers (PTn21 through
PTn26) (CRWMS M&O 2000 [DIRS 122797]). In the PTn lateral-flow modeling study, refined
grids of these layers are used within the PTn to capture detailed flow behavior associated with
capillary barriers. Six x-z grids in three vertical cross sections, with discretization as fine as
Ax = Az =1m, are used to evaluate the sensitivities to boundary conditions, net infiltration
distributions, fracture/matrix properties, and fault properties.

Typical of the model results is the plot of vertical capillary gradients at Easting 171200,
Northing 235119 (Figure 3.3.3-3). This figure shows that the simulated capillary-barrier effect is
especially strong in layers PTn21 and PTn23 (Wu et al. 2001 [DIRS 154918], pp. 23 to 27). In
the figure, negative capillary pressure gradients are defined for upward flow and positive for
downward flow. The upward matrix capillary gradients within layers PTn21 and PTn23 are
about 0.1 (bar/m), equal to the gravity gradient (py, X g = 0.1 bar/m), thus allowing lateral flow of
water to occur. Negative matrix capillary pressure gradients also occur below 1,260 m above sea
level, but these are too weak to offset gravity except at an elevation of 1,240 m, where they are
opposed by an opposite gradient in the fracture network. Another negative matrix capillary
pressure gradient occurs at an elevation of about 1,400 m, in the Tiva Canyon welded
hydrogeologic unit where TCwll overlies TCw12, but this interface is interrupted by
topography and is not present everywhere. Matrix flow can therefore occur only in the
horizontal direction within these layers. Fracture capillary barriers develop within layer PTn23,
but not within layer PTn21. Figure 3.3.3-3 shows that near the bottom of layer PTn21, fracture
capillary gradients are downward. The strong spikes shown in the figure signify the permeability
and capillary contrast between layers.

The significant lateral (i.e., near-horizontal) flow implied by the model results within the PTn
diverts a'large amount of the percolation flux to a very narrow zone near the down-slope fault
boundaries. Lateral flow modeled within the PTn is so strong that net infiltration patterns on the
ground surface have little effect on flow within the PTn. In two-dimensional flow simulations of
a 100-m long east-west cross section at Northing 235119 m, the percolation flux at the PTn-TSw
interface was found to be very similar for three top-boundary conditions: net infiltration
uniformly distributed, net infiltration concentrated at the west end (up-dip) of the model, and net
infiltration concentrated at the east end (down-dip) of the model (Wu et al. 2001 [DIRS 154918],
Section 4.1).

The simulation results with refined grids indicate that net infiltration values have more overall
impact on capillary barriers or lateral flow than detailed spatial distributions of net infiltration
along the model’s top boundary. Figure 3.3.3-4 compares the impact of net infiltration rates on
percentage of flow through faults and fault zones. In the figure, faults include the Solitario
Canyon, Drill Hole Wash, Pagany Wash, and Toe (eastern boundary) faults. Fault properties are
defined in Calibrated Properties Model (CRWMS M&O 2000 [DIRS 144426], p. 60 to 63). The
figure shows that at the present-day mean net infiltration rate of 5 mm/yr (USGS 2001
[DIRS 154674]), about 25 percent of the percolation flux is laterally diverted into faults within
the PTn. The fault zone is defined as the fault column with an additional 20-m wide zone west
(up-slope) of each fault; as shown in Figure 3.3.3-4, the fault zone carries about 40 percent of the
total flow at this net infiltration rate. As net infiltration increases, the percentage of fault flow
decreases. This happens because, under the simulated conditions, both fractures and rock matrix
in areas between faults become wetter with increased net infiltration, leading to generally weaker
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capillary barriers between rock layers and, consequently, less lateral diversion of water to fault
ZOnes.

3.3.3.4.3  Percolation Redistribution by Anisotropic Paintbrush Nonwelded
Hydrogeologic Unit Representations

This third set of model studies was performed to resolve the difference between the net
infiltration distribution above the PTn and the calibrated net infiltration distribution (developed
to match the chloride data below the PTn, as described in Section 3.3.3.4.1) below the PTn.
With  net infiltration  distribution, the  present-day mean net infiltration
(DTN: GS000399991221.002 [DIRS 147022]), and the TSPA-SR (CRWMS M&O 2000
[DIRS 153246])  site-scale  flow model parameters (DTN: LB991121233129.002
[DIRS 147334]), the simulated chloride concentrations are higher at the ESF north ramp, ESF
south ramp, northeast Enhanced Characterization of the Repository Block (ECRB), and borehole
UZ#16, and lower at the southwest ECRB, than the corresponding sample data
(DTN: LAOO02JF12213U.001 [DIRS 154760]; DTN: GS961108312261.006 [DIRS 107293];
DTN: LA9909JF831222.004 [DIRS 145598]; DTN: LA9909JF831222.010 [DIRS 122733];
DTN: LA9909JF831222.012 [DIRS 122736]). Low net infiltration rates lead to the higher
simulated chloride concentrations at the northeast ECRB, while extreme higher net infiltration
rates lead to the lower simulated chloride concentrations at the southwest ECRB. The chloride
concentrations in infiltrated water (calculated from water net infiltration flux and chloride
infiltration flux at the surface) along the ECRB vary significantly compared to the rather smooth
measured concentration data at depth. This difference between surface and deep water chemistry
is not expected for a system dominated by vertical flow.

The chloride data (which were matched in Section 3.3.3.4.1 by adjusting the net infiltration map)
can also be matched by adjusting the horizontal permeability values, while not changing either
present-day net infiltration map input or the vertical permeability values (which were determined
by calibration against pneumatic damping and responses over the PTn (CRWMS M&O 2000
[DIRS 144426]). That is, either of these two conceptual models, calibrating the net infiltration
map or introducing anisotropy, can be used.

In Section 3.3.3.4.1, chloride data were reconciled with the net infiltration map by adjusting the
net infiltration map, while leaving rock properties unchanged. This resulted in less net
infiltration over the potential repository footprint. In this Section, the chloride data are
reconciled with the net infiltration map by adjusting the rock properties, leaving the net
infiltration map unchanged. This has the effect of increasing lateral diversion. Both the new
alternatives result in less transport than the original uncalibrated model.

To study the effect of PTn lateral flow on the degree of damping and the chloride distribution,
three-dimensional simulations were conducted with increased PTn horizontal permeability (i.e.,
ratios of horizontal permeability to vertical permeability 10 and 100, respectively).

Figures 3.3.3-5 through 3.3.3-7 compare field data with the model results of chloride
concentrations in the ESF and the ECRB, and in borehole UZ#16. The “kh/kv=1" case shown in
the figures is the one without changing the PTn permeability field as in the original model. The
damping effects vary in different locations and are visible in the figures. As horizontal
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permeability is increased, the simulated chloride concentrations in borehole UZ#16 below the
PTn hydrogeologic units are decreased and closer to the measured chloride data from pore-water
samples. Decreased simulated chloride concentrations were also observed at boreholes NRG-6,
NRG-7A, SD-7, SD-12, and UZ#4 as the PTn permeability was increased. Few changes were
found, however, at boreholes SD-9 and UZ-14. The increased PTn lateral flow does have effects
on the percolation and chemical distributions but the degree of. the effects varies. In general the
cases with increased PTn lateral flow match the chloride data better than the case with the
original PTn permeability field. In order to achieve a more realistic and physically meaningful
model, however, further studies are needed to conduct detailed calibrations to the PTn
permeability field based on the available chemical distribution data.

3.3.3.5  Abstraction for Total System Performance Assessment

The work reported in this section is devoted to evaluating process model sensitivities and
uncertainties. Consequently, simulation results from this study are not used to support any
abstraction model that directly supports TSPA. The results found here indicate that the process
modeling and associated model abstractions used to represent this component in the total system
performance assessment baseline are conservative in that no credit is taken for the effects of this
lateral flow component on total system performance. Therefore, any future changes in model
abstractions for this component will not diminish the performance as represented in the total
system performance baseline. -

3.3.3.6  Multiple Lines of Evidence

The average percolation flux rate within the Topopah Spring Tuff of 4.5 mm/yr used in the UZ
flow and transport model is based on surface infiltration data and hydrologic properties of the
tuff. This rate can be checked against alternative lines of evidence to verify its reasonableness.
Furthermore, Montazer and Wilson (1984 [DIRS 100161], pp. 47, 50, and 51) hypothesized that
the PTn could cause significant lateral flow such that the flux within the TSw would be smaller
than that in the PTn; this hypothesis also can be checked.

The carbon-14 content of UZ gas (after equilibration with pore water), together with water
content data, can be used to calculate long-term average percolation fluxes in the TSw. This
method is based on residence time of pore waters (Yang et al. 1996 [DIRS 100194], pp. 49 to 55;
Yang et al. 1998 [DIRS 101441], p. 16) and water content measured for drill core in the
laboratory (Rautman and Engstrom 1996 [DIRS 100642], pp.26 to 32, and Appendix G;
Rautman and Engstrom 1996 [DIRS 101008], pp. 27 to 32, and Appendix G; Engstrom and
Rautman 1996 [DIRS 100670], pp. 23 to 28, and Appendix G). The flux is calculated from the
total amount of water in the UZ between two elevations and the difference in apparent carbon-14
ages at the top and bottom of the zone in question.

The percolation flux calculated using carbon-14 data from borehole USW UZ-1 and water
content data from USW UZ-14 (3 meters away) is 2.5 mm/yr (Yang 2001 [DIRS 154613],
Table 2), based on carbon-14 values at the top and bottom of the TSw and total water content for
the full thickness. This implies a transport velocity of 2.9 cm/yr. Carbon-14 data are not
available from other boreholes, but the carbon-14 data from borehole USW UZ-1 can be
regressed against depth to obtain values for percent modern carbon as a function of depth. This
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relationship can then be used with water content data for borehole USW UZ-14, UE-25 UZ#16,
USW SD-7, USW SD-9, and USW SD-12 to calculate average percolation fluxes of 2.4, 2.7, 1.8,
2.0, and 1.9 mm/yr, respectively, in the TSw (Yang 2001 [DIRS 154613], Table 3). All of these
values are smaller than that used in the UZ flow and transport model, and thus, relative to this
data set, the model provides a conservative estimate for repository performance.

The carbon-14 method described above was also used by Yang (2001 [DIRS 154613]) to
calculate fluxes in the PTn in six boreholes for comparison with fluxes in the TSw. For
boreholes USW UZ-14, UE-25UZ#16, USW NRG-7a, USW SD-7, USW SD-9, and
USW SD-12, the calculated average fluxes are 2.8, 2.1, 1.4, 1.1, 1.9, and 1.7 mm/yr (Yang 2001
[DIRS 154613], Table 3). The values for the PTn and TSw are subject to large uncertainties
because of error in the analysis for carbon-14 and error propagation in the calculations. For
example, the average percolation flux for six boreholes in the PTn by this method is 1.8 + 2.2/
-0.9 mm/yr (Yang 2001 [DIRS 154613], p. 12). As a result, the carbon-14 method is not
sensitive enough to detect a lateral diversion of approximately 30 percent of the percolation flux
as predicted in simulations discussed in Section 3.3.3.4.2,

3.3.3.7  Summary of Uncertainties and Their Treatment

Table 3.3.3-2 summarizes the key conceptual and parametric uncertainties in the modeling of
percolation distribution and flow in PTn.

3.3.3.8 Summary and Conclusions

In previous simulations (CRWMS M&O 2000 [DIRS 122797]), the mean net infiltration value
had a large impact on the percolation flux and chloride distributions in the potential repository
horizon. The results of the refined models suggest that lateral flow within the PTn
hydrogeologic unit may cause significant difference between the net infiltration distribution
above the PTn and to the predicted percolation distribution below the PTn. The resulting
detailed percolation distribution is fairly uniform, with the damping and lateral flow mechanisms
in PTn greatly reducing the spatial heterogeneity of percolation flux compared to the net
infiltration predicted by the infiltration model (USGS 2001 [DIRS 154674]). The percolation
distribution is more important than the net infiltration distribution to assess the impact of the
ambient flow field on the overall system behavior.

Percolation flux affects both waste-canister performance and solute travel times to the accessible
environment. The present-day mean net infiltration was calibrated and the percolation
distribution was analyzed using pore-water chloride concentration data. Modeled chloride
results from three-dimensional simulation using the chloride-based net infiltration map are more
uniform and match the chloride data better than the original net infiltration map developed for
use in the Revision 00 study. PTn lateral-flow effects on percolation and chloride distribution
were also studied by three-dimensional simulation with increased horizontal permeability. The
degree of the effect varies by location. As expected, a more uniform chloride distribution under
the PTn was observed in most places when lateral-flow effects increased. The combined results
provide the means to test the appropriateness of the conceptual model, reduce uncertainties, and
quantify parametric uncertainties. Unquantified conceptual uncertainties were assessed in
analogue studies and other corroborating observations.
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The spatial distribution of chloride concentration suggests a relatively uniform percolation flux
beneath the PTn. A uniform percolation flux at the repository horizon could potentially reduce
seepage into waste emplacement drifts. In previous interpretations, chloride data was matched
by invoking a more uniform distribution of net infiltration at the surface (CRWMS M&O 2000
[DIRS 122797], Figure 6-24). In those simulations lateral flow within the PTn was less
significant than vertical flow, resulting in a predominately one-dimensional downward flow
pattern. The present interpretation for the uniform percolation flux is that the PTn is more
anisotropic than has been described and acts to damp extreme episodic infiltration pulses.
Another possible interpretation is the smaller degree of spatial variability for net infiltration at
the surface and the smaller lateral movement of percolation between the surface and the potential
repository horizon, with a nearly one-dimensional flow pattern.

3.3.4 Three Dimensional Flow Fields

This section summarizes the three-dimensional, steady-state, UZ flow fields generated using
TOUGH?2 V1.4 and the flow model of Yucca Mountain. These flow fields are used in various
analyses, including TSPA calculations. Results must be considered in light of the uncertainty
associated with input parameters, conceptual models, and the numerical modeling approach;
consequently, the information in this section is presented in the context of uncertainties
associated with UZ flow.

Following a brief introduction (see Section3.3.4.1) and a list of model goals (see
Section 3.3.4.2), this section presents the flow field results in three parts: the flow fields for
TSPA-SR calculations (see Section 3.3.4.3), the new three-dimensional flow fields for
performance assessment calculations to assess post-10,000 year climates using the four new
infiltration maps corresponding to the full glacial climate (see Section 3.3.4.4), and the new flow
fields related to an extended UZ model domain that would result from a new design for a cooler
repository (see Section 3.3.4.5). Modeling abstractions performed for the TSPA were evaluated
using the newly developed flow fields (see Section 3.3.4.6), and multiple lines of evidence, such
as natural analogues, were examined in support of UZ flow studies at Yucca Mountain (see
Section 3.3.4.7). The section on flow fields concludes with a tabulation and discussion of
remaining uncertainties (see Section 3.3.4.8), followed by a brief synopsis (see Section 3.3.4.9).

3.34.1 Introduction

The UZ flow model, as described in UZ Flow Models and Submodels (CRWMS M&O 2000
[DIRS 1227971), simulated ambient conditions and performed predictive studies of changes in
the mountain. These changes were caused by climate-related, thermal, and geochemical
perturbations. More specifically, the flow model generated three-dimensional flow fields for
TSPA calculations and provided input for other process models.

Data collected at Yucca Mountain over the last decade have been used to develop conceptual and
numerical models of the hydrologic, geothermal, and geochemical behavior of the site. These
data are used to calibrate and validate the flow model and its submodels, building confidence in
the flow model description of ambient and future conditions in the UZ system. The
comprehensive model calibration and validation studies have been carried out using borehole or
tunnel measured saturation, water potential and temperature data, perched water data, pneumatic
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data, and geochemical data (CRWMS M&O 2000 [DIRS 122797], Section 6.2; CRWMS
M&O 2000 [DIRS 144426], Section 4). In addition, the flow model has been further calibrated
and validated using the results of the water infiltration test at Alcove 1 in the ESF (CRWMS
M&O 2000 [DIRS 122797], Section 6.8.1). All the three-dimensional flow fields documented in
this section have been calibrated against observed field data, including matrix liquid saturations,
water potentials, and perched water data.

The flow model and its submodels are relied on for characterizing flow and transport processes
at Yucca Mountain. Such a comprehensive goal, which includes all relevant data, makes the
models complex. Limitations and uncertainties associated with these models should be
recognized to ensure successful application. The accuracy and reliability of the flow model
predictions are critically dependent on the accuracy of hydrogeological conceptual models,
estimated model properties, other types of input data (e.g., output from the infiltration model),
and applied numerical modeling techniques. These models are limited mainly by the current
characterization of the mountain system, including the geological and conceptual models
(e.g., steady-state moisture flow assumption), the volume-average modeling approach, and
available field and laboratory data.

Site investigations have shown that large variability exists in flow and transport properties over
the spatial and temporal scales of the mountain. Despite the considerable progress made toward
quantifying variability over spatial and temporal scales, the major remaining uncertainties of
model parameters are: accuracy of estimated past, present, and future net infiltration rates over
the mountain; quantitative descriptions of welded and nonwelded tuff heterogeneity, flow
properties, and detailed spatial distributions of the properties within the mountain, especially
below the potential repository; sufficiency of field studies, especially for fracture properties of
zeolitic units and faults; alternative conceptual models of major fault water-flow transmission;
and evidence of lateral diversion as a result of layer heterogeneity within the PTn unit and, as a
result of zeolites, immediately above and within the CHn unit. These uncertainties affect the
distribution of percolation flux and groundwater travel times in the UZ, as discussed in detail in
Section 3.3.4.8.

3.34.2 Goals of the Flow Model

The fundamental goal of the flow model is to conceptually represent the UZ system of Yucca
Mountain using a numerical model.  Yucca Mountain is a complex, heterogeneous
hydrogeologic system that is subject to many physical and geochemical processes. The flow
model and its submodels are designed to capture these processes. The development of the flow
model and its submodels has the following primary objectives:

* To integrate the available data from the UZ system into a single, comprehensive,
calibrated three-dimensional model that simulates the ambient hydrologic, thermal, and
geochemical conditions and predicts system response to future climate conditions

® To develop a number of submodels with representative boundary and initial conditions
specifically for detailed studies of perched water, percolation through the PTn, flow
through zeolitic CHn layers, and thermal effects from potential repository heating after
waste emplacement
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e To quantify the flow of moisture, heat, and gas through the UZ under the present-day
and estimated future climate scenarios

e To predict groundwater flow patterns from the potential repository to the water table

e To contribute model parameters and model conditions for other specific studies, such as
seepage into drifts

¢ To provide a defensible and credible model that accounts for relevant UZ flow processes
for performance assessment and repository design.

More specifically, the flow model and its submodels provide estimates of important processes
relevant to UZ flow regarding the performance of the potential repository, including:

e Spatially variable and temporally averaged values for percolation flux at the potential
repository horizon

e The components of fracture and matrix flow and their interaction within and below the
potential repository horizon

e The effects of observed perched water zones, associated flow barriers, and lateral flow
diversion

¢ Probable flow paths from the potential repository to the water table
e The effects of faults on flow and transport processes

e The role played by the PTn unit in percolation redistribution, lateral flow diversion, and
damping infiltration pulses

e Groundwater flow paths from the land surface to the repository horizon, groundwater
and potential radionuclide migration paths from the potential repository to the water
table, and breakthrough curves and collection areas at the water table.

3.3.4.3  Discussion of Three Dimensional Flow Fields Used in Initial Reports

As documented in UZ Flow Models and Submodels (CRWMS M&O 2000 [DIRS 122797]),
28 three-dimensional steady-state UZ flow fields were generated using the flow model. The
purpose of developing multiple flow fields is to help constrain uncertainties, such as those
surrounding the distribution and magnitude of net infiltration and the conceptualization of
fracture flow in zeolitic rocks (i.e., perched water conceptual models) below the potential
repository horizon. Eighteen of the flow fields have been submitted to the TSPA-SR for
performance analyses. These 18 simulations were performed using the TSPA numerical grid;
2 perched water conceptual models (flow-through and by-passing); 9 infiltration maps
representing 3 climate scenarios; and 3 calibrated fluid and rock parameter sets (CRWMS
M&O 2000 [DIRS 122797], Section 7.5).
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In the flow model (CRWMS M&O 2000 [DIRS 122797]), the UZ system is represented by a
multilayer sequence of hydrogeologic units, approximated by layers of three-dimensional
gridblocks. For each hydrogeologic layer within the model, a set of averaged (calibrated) rock
properties is developed, as documented in the Calibrated Properties Model (CRWMS
M&O 2000 [DIRS 144426]). The UZ model domain and the present-day, mean infiltration map
with the TSPA grid are shown in Figure 3.3.4-1; the model domain covers a total area of
approximately 40 km®. Net surface infiltration of water from precipitation that penetrates the
evapotranspiration zone is considered one of the most important factors affecting overall
hydrologic behavior (as well as radionuclide transport) within the UZ system. The nine
infiltration scenarios used for the flow simulations consist of present-day, monsoonal, and
glacial-transition climates, each of which has lower-, mean, and upper-bound maps. The
statistics of the nine infiltration rates are summarized in Table 3.3.2-1 for average values over the
mode!l domain.

Figure 3.3.4-2 illustrates percolation flux at the potential repository horizon, simulated using the
present-day mean infiltration scenario with the flow-through perched water conceptual model
(CRWMS M&O 2000 [DIRS 122797], Section 6.2.2). The figure shows that the simulated total
(matrix plus fracture) percolation flux at the repository level has a nonuniform distribution,
which was expected given the nonuniform distribution of net infiltration.

Figure 3.3.4-3 shows the simulated percolation flux at the water table with the same infiltration
and perched water model scenarios. Compared to the distributed percolation flux at the potential
repository horizon (Figure 3.3.4-2), the water table plot (Figure 3.3.4-3) indicates that significant
lateral diversion occurs in the northern part of the model domain where thick zeolitic layers are
located, leading to flow focusing along faults. In the southern part of the model domain, where
the upper part of the CHn is vitric, flow appears to remain predominantly vertical between the
potential repository horizon and the water table. In addition, the statistics of the
three-dimensional, steady-state flow fields show that fracture flow makes up more than
80 percent of the total flow at the potential repository horizon and 70 to 90 percent of the total
flow at the water table.

3.3.44  Three-Dimensional Flow Field Development with Post-10,000 Year Climate
Scenarios

To assess post-10,000 year climates and their effects on repository performance, four new
three-dimensional steady-state flow fields have been generated since the initial issue of UZ Flow
Models and Submodels (CRWMS M&O 2000 [DIRS 122797]). These new flow fields have
been used in the TSPA-SR. Table3.3.4-1 lists the information for estimating average
percolation fluxes simulated within the potential repository footprint for 13 infiltration scenarios,
including four new infiltration maps, which correspond to the full glacial climate, used for
simulation of the four new flow fields (see Section 3.3.2.5 and Table 3.3.2-3). These new
infiltration scenarios are: (1) “full-glacial, lower bound #1,” corresponding to the lower-bound
average of Glacial Stage 4, the driest of the three glacial states described in Section 3.3.1;
(2) “full-glacial, lower bound #2,” corresponding to the “alternate” lower-bound average of net
infiltration for Glacial Stage 8/10 (see Section 3.3.1.9); (3) “full-glacial, upper bound #1,”
corresponding to the upper-bound average of net infiltration for Glacial Stages 8/10 and 6/16, the
wettest glacial stages; and (4) “full-glacial, mean #2,” corresponding to the mean net infiltration
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for Glacial Stages 8/10 and 6/16, as well as the upper bound for Glacial Stage 4. Precipitation,
temperature, and net-infiltration for these new infiltration scenarios are summarized in Tables
3.3.1-5, 3.3.1-6, and 3.3.2-3. These new infiltration maps have, on average, much higher net
infiltration rates within the UZ model domain than the nine rates listed in Table 3.3.2-1 for the
modern, monsoonal, and glacial-transition climate states. Figure 3.3.4-4 shows the “full-glacial,
mean #2” infiltration scenario.

The simulations using the four new infiltration maps and TOUGH2 Version 1.4 were conducted
using the TSPA grid, the flow-through perched water conceptual model, and three sets of
calibrated parameters corresponding to the lower-, mean, and upper-bound present-day
infiltration maps. The simulated three-dimensional steady-state flow fields with the higher
infiltration rates show larger percolation fluxes through the entire model, with dominant vertical
flow in the southern part of the model domain and more focusing of flow into faults in the
northern part.

Figures 3.3.4-5 and 3.3.4-6 show examples of the simulated percolation flux at the potential
repository horizon and at the water table, respectively, for the “full-glacial, mean #2” infiltration
scenario. The percolation pattern at the potential repository horizon (Figure 3.3.4-5) is similar to
the surface infiltration map (Figure 3.3.4-4), which indicates little lateral flow within the PTn for
this high-infiltration case. However, Figure 3.3.4-6 suggests that large-scale lateral flow to
vertical faults occurs within the CHn unit, particularly in the northern part of the model domain,
where the unit is extensively altered due to zeolites.

3.34.5 Conceptual and Numerical Evaluation of a Lower-Temperature Operating
Mode _

The most recent UZ flow analyses addressed the impact of an extended repository footprint
(BSC 2001 [DIRS 154548]). This potential repository, developed with the intent of creating
cooler temperatures in the drift environment, encompasses a larger area than earlier designs
(Figure 3.3.4-7). The domain of the flow model as described above does not capture the
southern extension of this potential repository; therefore, a new flow model has been developed
to evaluate the ambient hydrologic conditions within this larger siting volume. This section
describes the general hydrogeologic implications for repository design and presents the modeling
setup and the preliminary results calculated using the extended model grid.

3.34.5.1 Hydrogeologic Implications for Repository Design

Characterization of the volume of rock at Yucca Mountain within which a potential repository
could be constructed has been the focus of numerous geologic, hydrogeologic, and thermal
studies. Lithologic layers comprising the potential repository horizon include the following
Topopah Spring Tuff subunits: the lower part of the upper lithophysal zone (Tptpul), the middle
nonlithophysal zone (Tptpmn), the lower lithophysal zone (Tptpll), and the lower nonlithophysal
zone (Tptpln). This geologic volume, considered for hosting a repository, is identified in the
Subsurface Facility System Description Document (CRWMS M&O 2000 [DIRS 151467],
Section 1.2.2.1.8, p. 16).
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A number of potential repository design strategies have been proposed over the past several
years. Investigative studies to determine the hydrologic, transport, and thermal processes
occurring within the repository horizon have often been closely tied to the prevailing draft
repository design at the time of the study. The goal of this section is to decouple the details of
design from a general understanding of the hydrogeologic implications of waste emplacement
within the host rock. However, one principal factor that cannot be completely decoupled from
design is seepage of water into waste emplacement drifts. Estimates of seepage depend upon
predicted percolation. Additionally, the hydrologic characteristics within a lithologic layer will
determine the flux rate at which seepage will occur in an emplacement drift. Since hydrologic
characteristics are different within each of the host rock subunits, percentage estimates of
seepage for each layer are also expected to differ. Modeling studies described in Seepage Model
Jor PA Including Drift Collapse (CRWMS M&O 2000 [DIRS 153314], Section 6.6 and
Attachment III, Figures AIII-1 and AIIl-2) have shown that the percent of predicted seepage for
the Tptpll is much lower than that for the Tptpmn (i.e., much higher percolation rates are needed
in the Tptpll to cause seepage). Consequently, information about repository design (e.g., the
number of drifts located in each lithologic unit) is essential for estimating the overall potential
for seepage.

Data Characterizing the Potential Repository Host Horizon-An understanding of the
relationship between repository design and hydrogeologic implications requires an assessment of
available data. Types of data collected pertaining to the repository host rock include geologic,
rock properties, mineralogic, and geochemical data. Figure 3.3.4-8 shows the location of data
collection points used to characterize the potential repository horizon. Characterization data are
relatively dense in the vicinity of the ESF (which includes the ECRB Cross Drift); however,
north of N 235,100 m, south of N 229,000 m, and west of Solitario Canyon fault lie fewer
well-characterized areas. In particular, boreholes from which qualified rock hydrogeologic
properties have been obtained (indicated by triangular symbols) are not present in the northern,
southern, and western areas of the potential repository horizon, with the exception of borehole
USW WT-24. This paucity of data contributes to uncertainty to the understanding of geologic
conditions and hydrogeologic flow and transport characteristics in areas surrounding central
Yucca Mountain. Furthermore, even at borehole and ESF locations, data are biased vertically, or
stratigraphically, to the near-surface rocks. Of the more than 70 surface-based vertical boreholes
used in the development of the Geologic Framework Model (GFM3.1) (CRWMS M&O 2000
[DIRS 138860]), fewer than half penetrate the rocks below the TSw. Only ten boreholes provide
data below the TSw (CRWMS M&O 2000 [DIRS 145771], Section 6.2), necessary for
assessment of rock hydrologic properties of the potential repository host horizon.

Data available to characterize the spatial extent and volume of the potential repository horizon
include a bedrock geologic map, borehole lithologic contacts, measured stratigraphic sections,
and geologic data from the ESF. These data sources are identified in the Geologic Framework
Model (GFM3.1) (CRWMS M&O 2000 [DIRS 1388601, Section 4, p. 19). Each of the lithologic
layers of the horizon is continuous beneath Yucca Mountain, except where displaced by large
offset faults (e.g., the Solitario Canyon, Bow Ridge, and Dune Wash faults). The total thickness
of the repository horizon ranges from about 50to 230m.  Figure 3.3.4-9 shows a
three-dimensional representation and cross-sectional view of the spatial distribution and
thickness of the site lithology. The upper surface of the horizon has been clipped to maintain an
overburden thickness of 200 m, while the lower surface has been clipped to maintain a water
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table standoff distance of 160 m. The overburden and standoff requirements are prescribed in
the Subsurface Facility System Description Document (CRWMS M&O 2000 [DIRS 151467],
Sections 1.2.2.1.9 and 1.2.2.1.4, respectively). Note that in the north-south cross section, the
elevation of the host rock units is higher in the south than in the north. This establishes a greater
distance between the repository horizon and the water table, which may result in longer
groundwater travel times in the UZ beneath southern Yucca Mountain. Figure 3.3.4-10 shows a
plan view of the repository siting area for the lower-temperature operating mode (BSC 2001
[DIRS 154548]).

Significance of the PTn and CHn Units—Additional geologic information relevant to the
assessment of potential repository performance includes the thickness and continuity of units
lying above and below the repository horizon. The PTn and CHn major hydrogeologic units are
believed to play an important role in UZ flow and transport (Section 3.3.3). The high matrix
porosity and large storage capacity of the PTn may enable this unit to damp and distribute
infiltration pulses above the horizon (CRWMS M&O 2000 [DIRS 151940], Section 3.3.3.2),
while the occurrence of alteration minerals within the CHn below the potential repository may
significantly retard radionuclide migration (CRWMS M&O 2000 [DIRS 1389601, Section 6.3.2).
Geologic data (BSC 2001 [DIRS 154622], Figure 19) indicate that the PTn ranges in thickness
from greater than 165 m beneath northern Yucca Mountain to about 15 m in the south, with
breaks in areal coverage along the Solitario Canyon, Iron Ridge, and Dune Wash fault systems
(Figure 3.3.4-11). Where the PTn is thin or absent as the result of fault displacement, episodic
infiltration/percolation events may perpetuate into the TSw rather than be attenuated and more
evenly redistributed within the matrix of the PTn. The assumption that the PTn buffers episodic
percolation flux may not always be true, because the role of faults and fractures and the potential
for lateral diversion in these thin or absent areas of the PTn are uncertain.

The CHn, defined here as the combination of the Topopah Spring Tuff crystal-poor vitric
nonwelded subzone (Tptpvl), the pre-Topopah Spring bedded tuff (Tpbtl), the Calico Hills
Formation (Tac), and the pre-Calico Hills Formation bedded tuff (Tacbt), ranges in thickness
from greater than 300 m in the northeast to less than 50 m in the southwest (Figure 3.3.4-12).
Rock properties and mineralogy data suggest that much of the CHn is altered (primarily to
sorptive zeolites) beneath Yucca Mountain, except for an area below the southern part of the
mountain that remains predominantly vitric (CRWMS M&O 2000 [DIRS 154863],
Section 6.5.3; CRWMS M&O 2000 [DIRS 138960], Section 6.3.2). The presence of
low-permeability zeolites within the CHn will reduce percolation flux through the rock matrix
and divert water to a more permeable pathway (e.g., fracture, fault, unaltered rock), thus limiting
sorption and decreasing radionuclide travel times to the water table. The unaltered (vitric),
nonwelded portion of the CHn accounts for only a small volume of the entire CHn, and its areal
extent diminishes with depth (CRWMS M&O 2000 [DIRS 154863], Section 6.5.3). Although
matrix permeabilities are much higher for the vitric CHn than for the zeolitic CHn, the presence
of nonwelded vitric material may damp and distribute percolation flux, much like the matrix of
the PTn. In light of these characteristics, the existence of the vitric CHn beneath the potential
repository horizon is favorable to repository performance.

The presence of fractures within the CHn and their potential to serve as pathways for flow and
transport is not well understood, and thus adds significant uncertainty to the modeling studies.
Fracture networks occurring within the zeolitic CHn may enable groundwater carrying
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radionuclides to bypass the sorptive zeolitic matrix, resulting in decreased travel times to the
water table (CRWMS M&O 2000 [DIRS 144331], Section 6.1.1). Currently, this uncertainty is
unconstrained, given that the only fracture hydrogeologic data available for the zeolitic CHn are
from a single tested interval of borehole UE-25 UZ#16 (CRWMS M&O 2000 [DIRS 145771],
Section 6.1.1). Liquid-release testing at Busted Butte, as described in Unsaturated Zone and
Saturated Zone Transport Properties (U0100) (CRWMS M&O 2000 [DIRS 154024], Section 7),
suggests that fractures within the vitric CHn may not play a significant role in flow and transport.

Faults—Faults are another aspect of the site that may have important hydrogeological
implications. At the land surface, the infiltration focus may occur along fault zones lying
beneath drainages. At depth, permeable faults may serve as conduits for flow where they
intersect layers that laterally divert significant amounts of percolation. Faults with low
permeability, those that juxtapose permeable rocks against low-permeability rocks, or those with
high permeability and low capillary suction may form barriers to lateral flow. Though many
different conceptualizations exist, several of which are summarized in Unsaturated Zone Flow
and Transport Model Process Model Report (CRWMS M&O 2000 [DIRS 151940],
Section 3.3.5), sparse data have been collected to surmise the hydrogeologic significance of
faults, thus creating uncertainty in modeling studies. Nonetheless, it is reasonable to expect that
fault properties vary both with depth and horizontally along an individual fault, as well as from
fault to fault. A pattern of predominantly north-trending normal faults has been observed at
Yucca Mountain (Figure 3.3.4-8) (BSC 2001 [DIRS 154622], Section 6.4.2). Major faults
crosscutting the volume of repository host rock include the Solitario Canyon, Bow Ridge, Iron
Ridge, and Dune Wash fault systems. As portrayed in the Geologic Framework Model
(GFM3.1) (CRWMS M&O 2000 [DIRS 138860]), these faults show large (greater than 100 m)
down-to-the-west displacement. The largest of these faults is the Solitario Canyon fault, which
exhibits more than 400 m of displacement. Several northwest-trending faults have been
observed in the northern part of the site. These faults have small vertical displacements, but
coincide with prominent drainages (e.g., Drill Hole Wash, Pagany Wash, Sever Wash).
According to the Geologic Framework Model (GFM3.1) (CRWMS M&O 2000 [DIRS 138860]),
smaller mapped normal faults within the host rock volume include the Ghost Dance, Sundance,
“Imbricate,” “SolWest,” Boomerang, and “SolJFat” faults. These faults typically show much
less than 100 m of vertical displacement. Although repository design criteria may impose a
standoff distance between faults and emplacement drifts, faults may still remain significant
features of the flow domain as a result of lateral flow, particularly within the CHn, where zeolites
are known to create water perching conditions. If faults are permeable features below the
potential repository and transect rock layers with low permeability, then the fully saturated
conditions associated with water perched above a low permeability layer may focus water into
fault zones in that layer, resulting in reduced travel times to the water table.

Infiltration and Water Table Configuration-Additional uncertainties pertaining to the
hydrogeologic implications of repository design are associated with infiltration and water table
configuration. The spatial and temporal distribution of net infiltration provides an important
upper boundary condition in the UZ flow and transport models. Regardless of design layout, the
potential repository would most likely be located below areas of high infiltration as well as areas
of low infiltration. The expected consequence of siting a repository below a high-infiltration
source is greater percolation flux, compared with siting a repository below low-infiltration areas.
Based on current infiltration maps (CRWMS M&O 2000 [DIRS 151940}, Section 3.5.2), higher
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infiltration rates correlate with higher elevations, such as in the northern part of Yucca Mountain
and along the crest of the mountain. Higher infiltration rates are also modeled in Solitario
Canyon and in the upper reaches of drainages east of Yucca Crest as a result of surface run-on.
Infiltration rates are typically lower in the southern part of Yucca Mountain and beneath thick
alluvium to the east. Percolation flux at the repository horizon may therefore be lower, in
general, beneath the southern part of Yucca Mountain. This may promote longer groundwater
travel times between the potential repository and the water table, and thus enhance repository
performance. Uncertainties in percolation flux at the repository horizon arise, in part, out of
uncertainties in the distribution of net infiltration.

Because groundwater travel times in the UZ are largely dependent on the distance between the
potential repository and the saturated zone, it is important to establish the position of the water
table. In general, water table elevations measured in the vicinity of the ESF and below southern
Yucca Mountain, east of the Solitario Canyon fault, are consistent with a flat potentiometric
surface at an elevation of about 730 m above mean sea level (Tucci et al. 1996 [DIRS 101303],
p. 3). West of the Solitario Canyon fault, water levels show consistency at approximately 776 m
above mean sea level. It is uncertain whether the 46-m water level transition across the Solitario
Canyon fault is abrupt or gradual. Nevertheless, the effect of a gradual versus an abrupt
transition, by itself, is not likely to be significant to modeling studies of flow and transport. It is
more important to understand the water table configuration beneath northern Yucca Mountain.
There has been much debate whether the high water levels observed in boreholes USW WT-24
and USW G-2 represent the regional potentiometric surface or indicate the presence of perched
water. If the former hypothesis is true, it would suggest the presence of a large hydraulic
gradient beneath northern Yucca Mountain, with water elevations in the north being
approximately 300 m higher than those below central and southern Yucca Mountain. The
existence of a large hydraulic gradient means a shorter distance exists between the repository
horizon and the water table beneath northern Yucca Mountain. This limits the available siting
volume for the potential repository, since a standoff distance of 160 m must be maintained
between emplacement drifts and the current water table (CRWMS M&O 2000 [DIRS 151467],
Section 1.2.2.1.4, p. 15).

Another important aspect of the elevation of the potentiometric surface is the potential for
climate induced rises in the water table in the future. The Yucca Mountain Science and
Engineering Report (DOE 2001 [DIRS 153849], Section 4.3.3.1) describes evidence of past
fluctuations in the elevation of the water table near Yucca Mountain. Multiple lines of evidence
suggest that a 120-m rise in water table elevation is the maximum potential increase due to a
wetter future climate (CRWMS M&O 2000 [DIRS 151940], Section 3.7.5.2). Based on
evidence obtained from recent boreholes in the Nye County Early Warning Drilling Program,
Paces and Whelan (2001 [DIRS 154724]) concluded that water table fluctuations during the
Pleistocene (the past 2 million years) at the sites examined may be limited to 17 to 30 m, rather
than the 80 to 120 m range previously suggested. This new data is not consistent with large
Pleistocene water table fluctuations at the sites examined, or by inference, beneath Yucca
Mountain. Zeolitization of the tuffs, attributed to prolonged contact with water, is interpreted as
an indicator of past elevations of the water table (DOE 2001 [DIRS 153849], p. 4-405). At
Yucca-Mountain, evidence of zeolitization indicates that the water table must have remained
about 100 m higher than at present over the thousands of years required for zeolitization of the
glassy tuffs. However, the upper boundary of the zeolitic zone is not parallel to the water table,
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suggesting that it formed (at least in part) before the tectonic tilting of the tuffs, which occurred
more than 12 million years ago, rather than during Pleistocene glacial stages.

In the event of a future climate-induced rise in the water table of 120 m, the northernmost
emplacement drifts of the repository layout presented in the Yucca Mountain Science and
Engineering Report would remain more than about 90 m above the higher water table level
(DOE 2001 [DIRS 153849], Figure 1-13; see also Figure 3.3.4-13a). A smaller climate induced
water table rise, consistent with recent data (Paces and Whelan 2001 [DIRS 154724]), would
result in a minimum distance of about 180 m between the northernmost (closest) emplacement
drifts and the water table.

In the TSPA-SR, the effects of a water table rise were incorporated conservatively by including a
uniform maximum rise of approximately 120 m of the nearly level potentiometric surface below
most of the potential repository (from 730 to 850 m). In the model, the rise in the water table is
included for all climate states that are wetter than the modern climate; therefore, the water table
rise occurs after 600 yrs (at the transition from modern to monsoonal climate) and persists
beyond 10,000 yrs. The effects of the water table rise on the hydraulic gradient beneath the
northernmost emplacement drifts were not explicitly included. Therefore, the performance
implications of a water table rise on the gradient have not been examined directly. However,
conclusions about the performance implications can be drawn from other information related to
the Yucca Mountain site. For example, the values of total percolation flux at the water table are
generally among the lowest in the area of the northernmost emplacement drifts because extensive
zeolitization of the Calico Hills Formation in this area serves to laterally divert flow above the
water table (CRWMS M&O 2000 [DIRS 153246], Figure 3.2-8). Similarly, the fraction of the
total number of radionuclide particles released from the repository that reached the water table
under the medium infiltration case and the glacial transition climate case is generally lowest in
the area of the northernmost emplacement drifts (CRWMS M&O 2000 [DIRS 153246],
Figure 3.7-11). This information suggests that any errors introduced by the simplified model of
a uniform climate induced water table rise in the performance assessments are likely to be small.
Furthermore, incorporating the higher water table elevations in the TSPA analyses conducted
over longer time frames allows DOE to evaluate the robustness of repository performance
beyond the regulatory time period.

The flexible design approach adopted by the DOE includes the ability to continue to enhance the
design to best achieve performance-related benefits identified through ongoing analyses (DOE
2001 [DIRS 153849], Executive Summary, p. xxxv). The evolution of the design will be based
on a process that includes enhancing components of the design to best achieve the performance-
related benefits (DOE 2001 [DIRS 153849], Executive Summary, p. 1). As the design evolves to

_that to be used to support a license application, should the site designation become effective, the
performance related implications of water table rise on the northernmost drifts of the layout will
be considered as appropriate. Specifically, the eventual layout will reflect performance
considerations.

3.3.4.5.2 Three-Dimensional Flow Field Development with an Extended Model Domain

Model Domain and Numerical Grid-To consider a potential lower-temperature operating
mode, a new model domain has been established and a new three-dimensional numerical grid
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developed. Figure 3.3.4-7 shows the expanded model domain with the extended repository
design, and Figure 3.3.4-13 shows a plan view of the numerical grid created for this model
domain. This three-dimensional grid adds refinement in the footprint of the potential repository;
as before, gridblocks are aligned along potential emplacement drifts. Note that drift alignment
has changed; compare Figures 3.3.4-1 and 3.3.4-13 for the change. The new grid has
1,708 columns of gridblocks and, on average, 47 layers per column. Both the fracture and matrix
continua are represented in a dual-permeability grid, which has 164,100 gridblocks and
671,958 connections. As presented below, modeling studies performed with the expanded
numerical grid investigate the effects of the present-day mean infiltration scenario on moisture
flow at and below the potential repository horizon.

Infiltration Map and Model Parameters-The present-day mean infiltration map used for flow
simulations has an average value of 4.4 mm/yr, which is slightly less than the average value in
Table 3.3.2-1. The reason for this difference is the consideration of a larger model domain with
the extended grid, which captures a southern area with relatively low infiltration. The spatial
distribution of the present-day mean infiltration is shown in Figure 3.3.4-14. Higher surface
recharge rates occur principally in the northern part of the model domain and along Yucca Crest,
east of the Solitario Canyon fault. ’

Additional modeling input used in the following flow simulations includes the calibrated base
case rock hydrologic parameters described in UZ Flow Models and Submodels (CRWMS
M&O 2000 [DIRS 122797], Table II-1).

Percolation Flux-The total (matrix plus fracture) percolation flux distribution at the repository
horizon and at the water table, simulated using the present-day mean infiltration scenario, is
shown in Figures 3.3.4-15 and 3.3.4-16, respectively. Compared with the surface infiltration
pattern used for the top boundary condition (Figure 3.3.4-14), Figure 3.3.4-15 shows that lateral
diversion of flow occurs between the land surface and the repository level. This effect is
particularly pronounced in the northern part of the model domain, but is evidenced elsewhere by
the increase in flux along fault zones. The lateral flow observed in the simulation results is
attributed to the PTn, whose thickness beneath Yucca Mountain increases to the north. Vertical
variations in the modeled hydrologic properties of the nonwelded PTn layers, better captured
with the refined vertical grid resolution applied within the PTn, create sufficient contrast under
the present-day mean infiltration rates to divert flow laterally down-dip. Faults are treated as
structural pathways for flow, intercepting the lateral flow and focusing it downward. Previous
modeling studies using the same infiltration conditions and base case hydrologic parameters with
the TSPA grid, which has coarser vertical resolution within the PTn (Figure 3.3.4-2), show
considerably less lateral flow associated with the PTn unit in the northern part of the model
domain. Thus, the increased lateral flow seen in the extended model is a reflection of the
numerical resolution applied. Greater resolution of intra-layer capillary gradients allows for
better resolution of the potential for capillary barrier-driven lateral flow.

Figure 3.3.4-16 presents the simulated percolation flux at the water table. Compared with the
surface infiltration map and the distributed percolation flux at the repository horizon
(Figures 3.3.4-14 and 3.3.4-15, respectively), Figure 3.3.4-16 shows a much different flow
pattern. As a result of extensive zeolitization in the upper CHn, large lateral flow occurs in the
northern half of the northern repository block (north of N 234,000 m). This lateral flow is
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mainly intercepted by the Drill Hole Wash, Pagany Wash, and Sever Wash faults. Lateral flow
also occurs in the southern half of the potential repository domain, where it becomes intercepted
by the Sundance and Ghost Dance faults. A relatively high simulated percolation flux not
associated with fault zones in the central part of the potential repository footprint reflects the
presence of vitric CHn, which does not divert flow laterally to the faults, but funnels it to the
bottom of the vitric zone. The distribution of percolation flux simulated with the extended model
grid is similar to the distribution of percolation flux simulated with the TSPA grid
(Figure 3.3.4-3) for the same infiltration scenario and hydrologic parameter set.

3.34.6 Abstraction for Total System Performance Assessment

The work reported in this section is devoted to evaluating process-model sensitivities and
uncertainties beyond those associated with the flow fields originally abstracted for the TSPA,
which are documented in Abstraction of Flow Fields for TSPA (CRWMS M&O 2000
[DIRS 153104}, Section 6). Simulation results from the study with the extended repository
footprint model are not used to support any abstraction model that directly supports the TSPA.
The results found here indicate that the process modeling and associated model abstractions used
to represent this component (i.e., three-dimensional flow fields) in the TSPA baseline are
representative (or conservative) with respect to the effects of this component on total system
performance. Therefore, any future changes in model abstractions for this component will not
diminish the potential repository’s performance as represented in the total system performance
baseline.

3.3.4.7 Multiple Lines of Evidence

Natural analogue studies of fluid flow processes for similar geologic and hydrologic settings
provide multiple lines of evidence that support the three-dimensional flow models constructed
for Yucca Mountain. These studies help constrain estimates of groundwater flow paths and
percolation fluxes, and provide insights into processes controlling fracture and matrix flow under
unsaturated conditions. Studies at Yucca Mountain and nearby Rainier Mesa provide the best
insights into past and present flow conditions, and they can be used to help constrain models to
predict future flow behavior.

Groundwater Travel Times and Fast Flow Regimes—Rainier Mesa, approximately 20 miles
northeast of Yucca Mountain, has been the site of extensive underground observations of fluid
flow (Wang 1991 [DIRS 109736]). About eight percent of the measured mean precipitation was
observed to be infiltrating into one of the tunnels constructed in zeolitic tuffs at Rainier Mesa.
This seepage was associated with a small number of faults and fractures (Wang 1991
[DIRS 109736], p. 79). These structural features are thought to be a pathway for flow from
perched water above the zeolitic horizon (Wang 1991 [DIRS 109736], p. 82). The seepage is
geochemically similar to meteoric water (Wang et al. 1993 [DIRS 108839], p. 677). Tracer tests
and tritium samples indicate that the likely rate of fast pathway flow is from one to six years to
travel from the surface to the water table, at a depth of 1,000 m. This travel time is orders of
magnitude less than the matrix travel time calculated using measured matrix conductivities, but
is supported by measurements of bomb-pulse chlorine-36 in several samples from one of the
tunnels (Wang et al. 1993 [DIRS 108839], p. 677).
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Bomb-pulse chlorine-36 isotope ratios have been found in several locations in the vicinity of
some fault zones in the ESF, and indicate fast flow from the ground surface to the depth of the
ESF that results in fluid travel times of less than 50 years. Elevated chlorine-36 signatures are
confined to the immediate vicinity of faults and other features, suggesting that fast flow zones
are localized, and large areas of the potential repository appear to be unaffected by fast path flow
(CRWMS M&O 2000 [DIRS 141187]).

Percolation Flux Studies—Several dating methods have been used to constrain percolation
fluxes at Yucca Mountain. The ages of calcites in the UZ have been used as a tool for estimating
percolation fluxes (Marshall and Whelan 2000 [DIRS 154415]). Chloride content of pore waters
and carbon-14 content of UZ gas, together with water content data, can be used to calculate
long-term average percolation fluxes in the TSw. The carbon-14 method is based on residence
time of pore waters (Yang et al. 1996 [DIRS 100194]; Yang et al. 1998 [DIRS 101441}, p. 16)
and water content measured for drill core in the laboratory (Engstrom and Rautman 1996
[DIRS 100670], pp. 23 to 28, and Appendix G; Rautman and Engstrom 1996 [DIRS 100642],
pp. 26 to 32, and Appendix G; Rautman and Engstrom 1996 [DIRS 101008], pp. 27 to 32, and
Appendix G). The flux is calculated from the total amount of water in the UZ between two
points and the difference in apparent carbon-14 ages at the top and bottom of the zone in
question. The use of relative ages eliminates the effect of any inherited carbon-14 ages that the
groundwater may have acquired from surficial materials or soil gases.

The percolation flux calculated using the carbon-14 data from borehole USW UZ-1 and the
water content data from borehole USW UZ-14 (3m away) is 2.5mm/yr (Yang 2001
[DIRS 154613], Table 2, and pp. 7 and 11), based on carbon-14 values at the top and bottom of
the TSw and total water content for the full thickness of the unit. This equates to a transport
velocity of only 2.9 cm/yr. Similar data sets are not available from other boreholes, but the
carbon-14 data from borehole USW UZ-1 can be regressed against depth to obtain values for
percent modern carbon as a function of depth. This relationship can then be used with water
content data for boreholes USW UZ-14, UE-25 UZ#16, USW SD-7, USW SD-9, and USW
SD-12 to calculate average percolation fluxes of 2.4, 2.7, 1.8, 2.0, and 1.9 mm/yr, respectively
(Yang 2001 [DIRS 154613], Table 3). All of these values are significantly smaller than those
used in the UZ flow and transport model (4.5 mm/yr) (CRWMS M&O 2000 [DIRS 151940],
Table 3.7-4); thus, relative to this data set, the model provides a conservative estimate of
repository performance.

3.3.4.8 Summary of Uncertainties Related to Three-Dimensional Unsaturated Zone
Flow Fields

Establishing confidence in model simulations of the three-dimensional flow processes occurring
at Yucca Mountain requires sufficient input data regarding model boundary conditions and
spatial variability of the hydrologic characteristics of the system, in addition to appropriately
defined conceptual models and numerical modeling techniques. Given the complexity of the UZ
system at Yucca Mountain, none of these aspects can be completely understood. However,
through sensitivity and bounding studies, a model can be used to identify and quantify
uncertainty. Major uncertainties in the calculated UZ flow fields are discussed in this section
and summarized in Table 3.3.4-2.
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3.34.8.1 Conceptual Uncertainties

Steady-State Ambient Moisture Flow Assumption-Use of steady-state conditions for flow
field development is a simplifying assumption supported by pneumatic and isotopic data that
suggest the PTn unit, where present, effectively damps episodic infiltration pulses such that
water flow below the PTn is approximately steady. If, alternatively, significant transient flow
persists below the PTn, it may affect the simulation of percolation flux and estimated
groundwater travel times in the UZ.

Applicability of van Genuchten Model to Unsaturated Fracture Flow-Because better
alternatives are lacking, it is assumed that the van Genuchten relationships (van Genuchten 1980
[DIRS 100610}, pp. 892 to 893), originally developed for porous media, can be used for liquid
flow in the active fracture continuum. However, the physics of water flow in fracture networks
is not exactly the same as in porous media. Uncertainties arising from the use of the
van Genuchten approach include the predicted moisture conditions within fractures and the rock
matrix. This affects capillary strength or, more specifically, capillary-barrier effects, which in
turn affect predictions of seepage. Modeling studies using alternative methods, such as discrete
fracture networks, or alternative moisture functions, such as Brooks-Corey relations (Brooks and
-Corey 1966 [DIRS 119392]), may prove useful in treating this uncertainty. However, these
alternatives may have greater uncertainty than the methods currently used. More laboratory
testing and field data collection could reduce uncertainty.

Model Used to Calculate Fracture/Matrix Flow Components—As discussed in Conceptual
and Numerical Models for UZ Flow and Transport (CRWMS M&O 2000 [DIRS 141187],
Section 6.4), a dual-permeability model (DKM) has been used in the UZ flow and transport
model as the baseline approach for calculating flow and transport between fractures and the
matrix. Capillary pressure and concentration gradients between fractures and the matrix are
presented using a single-matrix-node approximation that cannot accurately describe the steep
fronts near fracture-matrix interfaces because the matrix is treated as a single continuum in the
DKM. This issue is especially important for modeling matrix diffusion and radionuclide
transport in the UZ. Therefore, using the DKM may introduce some uncertainties into
simulations of UZ flow and transport, which can be reduced by using more accurate matrix
discretization schemes. A more detailed discussion of these schemes is provided in
Section 11.3.2.

Effect of Large Gridblock Averaging and Vertical Resolution on Flow Fields—The
distribution of simulated percolation flux and flow focusing is affected by the averaging of
relatively detailed net infiltration data (available at 30 m spacing) onto large gridblocks of the
flow model. Within the flow model, local peaks in the net infiltration map are typically averaged
with nearby values that are much lower in magnitude. Though the total mass flux is conserved,
loss of detail with regard to spatial variability can limit the ability of the flow model to capture
areas of focused or fast path flow. Adding detailed numerical resolution to the repository
footprint and along fault zones helps to reduce these averaging effects in critical areas. In
addition to lateral resolution, model results are influenced by vertical grid resolution. Studies
from the flow model have shown that enhanced vertical grid resolution within the PTn unit leads
to more lateral flow. The representativeness of these results is uncertain given the assumed
lateral continuity of rock properties. Comparing the modeling results against the observed data
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helps determine optimal gridblock size. Moreover, this indicates the importance of maintaining
consistent discretization throughout model development (i.e., calibration and flow field
prediction).

Layer-Averaged Rock Properties-Because lateral variability in rock characteristics exists at
Yucca Mountain, the use of spatially uniform parameters assigned within each model layer is a
simplifying assumption that creates uncertainty in the model results. Sensitivity analyses with
laterally heterogeneous rock properties could identify and quantify uncertainty associated with
the layered approach. A model incorporating lateral heterogeneity is expected to show less
lateral flow and more flow focusing.

Conceptual Model of Flow Within and Below Perched Water Zones-Zeolitically altered
layers at the base of the TSw and within the CHn are believed to reduce percolation flux, lead to
the development of perched water, and create lateral diversion. The extent to which these flow
phenomena are affected by fractures and faults within zeolitic rocks is largely unknown, creating
uncertainty in model results. Different perched water conceptual models have been developed in
an attempt to bound uncertainty associated with the role of fractures in zeolitic rocks below the
potential repository horizon. One conceptual model for perched water (the flow-through model)
assumes that there are no large-scale, vertically connected fractures within the zeolitic rocks.
However, fractures within zeolites are theorized to have greater permeability than the altered
matrix; therefore, in this model some of the percolation flux passes vertically through the zeolitic
CHn, while the rest is laterally diverted within perched water zones toward faults. Another
conceptual model for perched water (the by-passing or unfractured zeolite model) assumes that
fractures contribute no secondary permeability to the zeolitic rocks, which means the water
perching mechanism is controlled only by the low-permeability matrix. This conceptual model
creates more lateral flow diversion. As with fractures, alternative fault parameters have been
used in simulations to evaluate model sensitivity.

3.34.8.2 Data and Parameter Uncertainties

Upstream Models—-Net surface infiltration of water from precipitation that penetrates the
evapotranspiration zone of the mountain is considered the most important factor affecting overall
hydrologic behavior, in addition to radionuclide transport, within the UZ system. Uncertainties
surrounding the distribution and magnitude of net infiltration are constrained by the development
of upper-, mean, and lower-bound models for the present-day, monsoonal, glacial-transition, and
full glacial climates. Flow fields are simulated for each of these scenarios. In addition, the
location and nature of the vitric—zeolitic transition within the CHn is uncertain as modeled in the
rock properties model of Yucca Mountain, which has implications for simulated percolation flux
distributions, preferential flow paths, and radionuclide transport.

Rock Hydrologic Parameters Used for Model Calibration and Validation-The lack of data
with which to characterize the hydrologic properties of fractures and major faults within and
below the CHn makes estimation of fracture and fault flow components highly uncertain.
A reevaluation of fracture parameters of the CHn using the Busted Butte test data and additional
sensitivity analyses are needed to reduce this uncertainty.
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3.34.9 Summary and Conclusions

A number of three-dimensional steady-state flow fields have been developed, as documented in
UZ Flow Models and Submodels (CRWMS M&O 2000 [DIRS 122797]). Since the preparation
of initial reports, additional flow fields have been generated to investigate the effects of a
post-10,000 year climate (i.e., full glacial) and an expanded repository footprint.

Using - different climate scenarios and conceptual models for flow, the simulated flow fields
predict percolation distribution within the UZ system, components of fracture and matrix flow,
probable flow paths below the potential repository, and groundwater travel times in the UZ. The
flow model used to generate the three-dimensional steady-state flow fields provides parameters
and bounding conditions for subsequent modeling studies and analyses, such as seepage into
drifts and the TSPA.

Uncertainties associated with the three-dimensional flow fields are largely attributable to the
limited data available to characterize the spatial and temporal distribution of net infiltration and
the spatial variability of rock hydrologic properties. This also imparts uncertainty in conceptual
models used to describe flow behavior, since these models are developed primarily from site
data. The assumption of steady-state flow and the use of layer-averaged rock parameters are
among these conceptual uncertainties. An additional source of uncertainty stems from the
numerical techniques employed to simulate flow conditions, such as grid resolution, and the
applicability of the van Genuchten relationships and the DKM approach. However, the impact
of uncertainties associated with available data on model results for performance analysis is
different depending on the type of data. For example, the net infiltration rate at Yucca Mountain
has perhaps the most significant effect on repository performance (CRWMS M&O 2000
[DIRS 122797], Figure 6-57). For the current climate, this model boundary condition is believed
to be well constrained as a result of decades of field and model calibration studies using
measured data. Uncertainties associated with other data inputs will have a lesser impact on
modeling results used for performance assessment because they affect only fluid distribution and
flow paths, rather than net flow rates.

Through bounding and sensitivity studies, uncertainties in the three-dimensional flow fields can
be identified, constrained, and perhaps quantified. Numerical simulations with the flow model
have used 13 different infiltration maps to examine the effects of different climate scenarios on
UZ flow. This helps bound model predictions of system response during potential future
conditions. Different conceptual models, in particular those related to perched water below the
potential repository horizon, have been developed and modeled to assess the sensitivity of model

results to changes in fracture parameters (which are poorly constrained by site data) within the
CHn.

Overall, the simulated flow-field results show the greatest sensitivity to the magnitude of net
infiltration. Model results are also sensitive to grid resolution, seen particularly within the PTn
unit (i.e., finer vertical resolution leads to greater lateral flow). Assumptions regarding the
conceptualization and parameterization of fractures within the CHn unit and fault zones have
large uncertainties as a result of limited or no data, yet these UZ features appear to have a
significant impact on flow behavior below the repository. Additional sensitivity studies, using
different conceptual models and a range of hydrologic parameters for fractures and faults, are
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needed to assess the potential range of variability in flow behavior between the repository
horizon and the water table. Furthermore, continual data collection from the existing
underground tunnels and boreholes, and incorporation of these data into the modeling studies
will significantly reduce the uncertainties associated with the model predictions. :

3.3.5 Thermal-Hydrologic Effects on Unsaturated Zone Mountain-Scale Flow
3.3.5.1 Introduction

UZ flow (Sections 3.3.4 and 4.3) and transport (Section 11.0) will be affected by heat released
from the decay of radioactive waste within emplacement drifts in the potential repository at
Yucca Mountain. The effects of heat on UZ flow can be analyzed on different spatial and
temporal scales. Mountain-scale TH response requires a model that includes the spatial
variability of thermal and flow properties, infiltration, and physical features (such as faults) that
may promote heterogeneous behavior.

This section summarizes the modeling and uncertainty studies performed to determine the effects
of heat on mountain-scale UZ flow, liquid saturation, and temperature. Specifically this section
summarizes work conducted since TSPA-SR to examine TH effects over a range of thermal
loading by addressing both higher and lower-temperature operating modes for the repository.
Section 4.3.5 will present an investigation of the evolution of near-drift TH conditions, on a
much smaller scale, than the mountain-scale TH model, to more accurately determine the
likelihood of seepage into an individual drift for a given set of thermal-loading conditions. The
mountain-scale TH model presented in this section provides an analysis of temporal and spatial
variability in UZ conditions under thermal load. Such variability may result from the temporal
and spatial distribution of UZ thermal and flow properties, variation in infiltration, changes in
lithology, and the presence of faults. In this analysis, the focus is on how the thermal-hydrologic
coupled processes affect the magnitude and spatial distribution of mountain-scale liquid
saturation, temperature, and the liquid flux at the repository horizon and the rest of the UZ.

Like any model, mountain-scale TH models are subject to uncertainties associated with the
conceptual model, parameter selections, and data. These will be addressed in the following
subsections and summarized in Section 3.3.5.8. Modeling studies discussed here include
alternative thermal operating modes for below-boiling and above-boiling temperatures within the
rock mass adjacent to the repository drift.

3.3.5.2  Goal of the Mountain-Scale Thermal Hydrologic Models

The mountain-scale TH simulations provide predictions for thermally affected liquid saturation,
gas- and liquid-phase flux (together referred to as flow fields), and the distribution of
temperature and saturation in the UZ. Of particular interest is the impact of thermal loading
imposed by waste emplacement on water percolation at and near the repository host rock
(e.g., drainage between pillars), and the potential flow barrier effects in the basal vitrophyre of
the Topopah Spring Tuff and zeolites of the Calico Hills Formation underlying the repository
horizon. These rock units impede the transportation of radionuclides from the repository to the
water table because of their low permeability and/or high sorptivity.
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The TH model therefore provides for qualitative and quantitative evaluation of repository-heat
impact on the UZ and includes prediction of the following:

e Extent of the two-phase zone

e Liquid and gas flux in near and far field

¢ Moisture redistribution in the UZ

¢ Temperature near drifts and within pillars
e Drainage potential of the pillars

¢ Potential for flow and transport property changes in the PTn and CHn hydrogeologic
units

e TH effects on the water table and perched water bodies
¢ Influence of climate and forced ventilation.
3.3.5.3  Discussion of Analysis Model Report Revision 00 Results

The Mountain-Scale Coupled Processes (TH) Models report (CRWMS M&O 2000
[DIRS 144454]) documents the development of the mountain-scale TH model used to support
the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]). The study reported in the above
documents used the EDA II operating mode with an initial thermal load of 72.7 kW/acre
(1.45 kW/m of drift) and a forced ventilation period of 50 years, during which 70 percent of the
decay heat was assumed to be removed. The model evaluates the effects of heat on UZ flow and
the distribution of liquid and temperature over a period of 100,000 years, and provides the
necessary framework to test conceptual hypotheses of coupled heat and fluid flow in the UZ.
The simulations were conducted using TOUGH2 V1.4,

The mountain-scale TH model (CRWMS M&O 2000 [DIRS 144454]) was developed from the
UZ flow model and therefore retains geological and hydrologic properties of that model. The
thermal and flow parameters used as input to the model were based on the calibrated property set
(CRWMS M&O 2000 [DIRS 144426]) developed for the UZ flow model. The simulations were
performed using a spatially varying mean-infiltration rate, which was altered according to the
infiltration model climatic variation over the thermal-loading period.

Two-dimensional and three-dimensional simulations were conducted in the TH model (CRWMS
M&O 2000 [DIRS 144454]). The two-dimensional simulations were based on two cross
sections, NS#1 and NS#2, which contained local refinements to explicitly represent the 5-m
diameter emplacement drifts. Figure 3.3.5-1 shows a plot of the two-dimensional cross section
NS#2 with the location of the repository and the UZ hydrogeologic model units.

Sensitivity studies were performed to assess the model and parameter uncertainties. For the

thermal input, two operation modes were defined: forced ventilation for the first 50 years
(during which 70 percent of the decay heat generated by the emplaced waste was removed) and
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no forced ventilation. To assess the effect of climate, simulations were also carried out with the
present-day infiltration in effect for the entire 100,000 years and, alternatively, with present-day
infiltration applied only for the first 600 years. This period was followed by monsoon infiltration
from 600 to 2,000 years, after which glacial-transition infiltration was applied.

The primary objective of Mountain-Scale Coupled Processes (TH) Models (CRWMS
M&O 2000 [DIRS 144454]) was to evaluate the effects of heat on mountain-scale flow. The
simulations were therefore designed specifically to address large-scale flow issues such as the
effects of faults, perched water bodies, the interface of the repository unit (TSw) with the
overlying PTn and the underlying CHn hydrogeologic units. Because discretization for both the
three-dimensional model and the NS#1 cross sections are coarse, the sensitivity studies were
conducted only on the two-dimensional NS#2 cross section. In the local refinement of the
two-dimensional NS#2 cross section, there are five lateral gridblocks between drifts spaced 81 m
apart. This north-south section includes potential emplacement drifts located in the middle
nonlithophysal and the lower lithophysal units of the Topopah Spring welded tuff.

As expected, simulation results predicted that at the repository horizon maximum temperatures
occurred in the drift walls, and less elevated temperatures occurred in the pillars between
adjacent drifts. For the operation mode with 50 years of forced ventilation, the temperatures in
the pillars were predicted to rise to an average of 80° to 85°C. In the immediate vicinity of the
drifts, the predicted temperature rose above boiling and reached 110°C at drifts with locally low
ambient percolation flux (caused by spatially variable infiltration). The dryout in the fracture
and matrix around the drifts was maintained for hundreds of years. Zones of increased liquid
saturation appeared above the dryout zone, and liquid flow rates one to two orders of magnitude
higher than the ambient flux, primarily through the fractures, were predicted for the first
100 years of emplacement. The liquid fluxes toward the emplacement drift are driven by
capillary pressure gradients resulting from the drying around the drifts. However, the decay heat
from the potential emplacement drifts easily vaporizes this enhanced liquid flux, so that in fact
no liquid flux was predicted to reach the emplacement drift wall. That is, the coupled process
models predict no flux crossing the drift during the thermal period when the rock mass
temperatures are at or above boiling. As for the drainage of thermally induced liquid flux away
from the emplacement drift, the simulations predicted that liquid flow through the pillars
between the emplacement drifts mostly continued at a rate close to the ambient percolation flux
for most of the thermal period. -

For the operating mode with no provision for forced ventilation, simulated results pertaining to
flux changes were qualitatively similar to those discussed above. Quantitatively, this case gave
rise to higher temperatures, a larger degree of drying in the rock mass surrounding the drifts, and
larger dryout zones that also persisted longer. For example, in the absence of forced ventilation
for the first 50 years of waste emplacement, temperatures in the completely dry rock mass at the
drifts were predicted to rise to 250°C, and temperatures within the pillars may rise to boiling
(about 96°C) after 1,000 years of heating.

In the absence of ventilation, the two-phase boiling zone was predicted to extend 200 m above
the drift, to the base of the PTn (about 1,270 masl at the center of the cross-section)
(Figure 3.3.5-1). At the top of the CHn unit (about 910 masl), the predicted maximum
temperature rose to 75° to 80°C. With ventilation, the models predicted a boiling zone that
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extends to about 50 m above the drifts. Both models predicted little influence of perched water
on UZ TH conditions at or above the drifts, because most perched water bodies are located 100
to 150 m below the potential repository, where temperatures did not rise to boiling conditions.

3354 Model Development since Revision 00 of the Analysis Model Reports

Model development since the initial issue of Mountain-Scale Coupled Processes (TH) Models
(CRWMS M&O 2000 [DIRS 144454]), which was based on the EDA II repository operating
mode, involves studies of coupled processes for a range of operating modes (Section 2.3.2). The
models use both the three-dimensional numerical model and the NS#2 cross-section model
documented in the initial TH model. The models also use boundary and ambient conditions, and
infiltration rates documented in the initial TH model. Even with forced ventilation, the initial
TH models with the EDA II thermal load predicted above-boiling temperatures in the rock near
the emplacement drifts for hundreds of years. TH simulations described in this study therefore
focus on the lower-temperature options in which the rock temperatures are not expected to rise
above boiling anywhere in the repository. To arrive at the lower-temperature case, a lower initial
thermal load of 67.7kW/acre (1.35kW/m of drift, Section?2.3.2) is used with a
forced-ventilation period of 300 years (during which 80 percent of the heat is removed). This
areal thermal load is obtained by scaling the EDA II thermal-load of 72.7 kW/acre, with a drift
lineal thermal-load of 1.45 kW/m, to the proposed drift loading of 1.35 kW/m. In this new TH
analysis the 50-year, 70 percent forced ventilation operating mode is referred to as the
higher-temperature case and the 300-year, 80 percent forced ventilation operating mode is
referred to as the lower-temperature case. The initial study documented in Mountain-Scale
Coupled Processes (TH) Models (CRWMS M&O 2000 [DIRS 144454]) is hereafter referred to
as the EDA 1II Case.

These model developments focus on assessing uncertainties pertaining to thermally induced flux
caused by a range of thermal load conditions. In this section, studies carried out to investigate
TH conditions in both the higher-temperature (above boiling) and the lower-temperature (below
boiling) repository are described using the new initial thermal load. Specifically, these model
developments include:

¢ TH models for the higher-temperature (above boiling) case, in which 70 percent of the
heat is removed for 50 years, using an effective drift thermal Ioad of 1.35 kW/m. The
equivalent three-dimensional areal load for this drift thermal load is then 67.7 kW/acre.

e TH models for lower-temperature (below boiling) operating mode, in which the
effective drift thermal load is 1.35 kW/m and forced ventilation removes 80 percent of
the heat for a 300-year period.

¢ TH models using a modified thermal conductivity and heat capacity of the rock mass, to
account for the lithophysal porosity of the upper and lower lithophysal units in the
matrix properties for both the lower-temperature and higher-temperature operating
modes. Lithophysal cavities reduce the effective thermal conductivity and the thermal
capacity of the matrix continuum in the upper-lithophysal (tsw33) and lower-lithophysal
(tsw35) units. The justification and approach for incorporating the effect of lithophysal
cavities in the TH models is presented in Section 4.3.5.4.
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e Assessment of the impact of increased infiltration (resulting from uncertainty in the
climate scenario) on seepage, particularly for the lower-temperature case.

Except for the modified thermal properties described above, the simulations presented in this
study use the thermal and flow properties of the initial TH model. The revised PTn flow
properties described in Section 3.3.3 are not used.

3.3.5.5 Mountain-Scale Thermal Hydrologic Results and Analysis

Table 3.3.5-1 summarizes the numerical model cases (cases 1 through7) simulated to
characterize the mountain-scale TH processes under thermal loading. All these simulations
subsequent to the EDA II Case use a thermal load of 1.35 kW/m (67.7 kW/acre) as the initial
thermal load. These simulations were conducted to evaluate the extent of the thermally disturbed
zone and the mountain-scale predicted changes in temperature, saturation, and percolation flux.
In particular, the TH model results that bound the uncertainty in performance issues are of
interest. Therefore, several simulation cases are conducted to ascertain the effect of grid
resolution, the emplaced thermal load, the period of forced ventilation, thermal properties, and
the effect of uncertainty in effective net-infiltration rates. All the simulations use numerical
grids, boundary and ambient conditions, and infiltration rates documented in Mountain-Scale
Coupled Processes (TH) Models (CRWMS M&O 2000 [DIRS 144454]) and briefly discussed in
Section 3.3.5.3.

Cases 1 and 2 in Table 3.3.5-1 provide the base-case UZ three-dimensional TH conditions for the
lower-temperature repository operating mode, using the thermal properties for the EDA II Case
and a set of the thermal properties modified to include lithophysal cavities associated with the
upper-lithophysal (tsw33) and lower-lithophysal (tsw35) units (Figure 3.3.5-1). The three- -
dimensional model provides direct assessment of the application of UZ three-dimensional grid to
model TH processes, so that changes in temperature and flux can be directly compared to the
ambient-condition UZ flow-fields used in TSPA transport abstractions. However, the coarse grid
and the planar (continuous heat-source) model used in the three-dimensional models prevent
near-drift processes from being adequately resolved because temperature, saturation, and liquid
flux are averaged over the large gridblocks that represent the repository. The coarse grids give
rise to smaller changes in temperature, saturation, and flux than those given by the refined grid
models. Cases 1 and 2 show no boiling and little change in liquid flux and liquid saturation,
even near drifts. The predicted maximum temperature at the repository horizon is about 72°C for
these coarse grids (Bodvarsson 2001 [DIRS 154669], Attachment 6, pp. 69 to 70). This was
expected, because even the EDA II Case thermal load with ventilation showed no substantial
changes in flux and liquid saturation (CRWMS M&O 2000 [DIRS 144454]).

Several two-dimensional refined grid (NS#2) TH simulations were conducted to give a more
realistic estimation of expected mountain-scale and near-drift changes in temperature, saturation,
and flux. Cases3 and 4 provide predictions of two-dimensional TH conditions for the
higher-temperature repository (including the effects of lithophysal cavities). Cases5 and 6
provide similar predictions for the lower-temperature (below boiling) repository thermal load, in
which forced ventilation removes 80 percent of the heat for 300 years. Case 7 provides an
upper-bound scenario of the effect of a higher net infiltration on the lower-temperature operating
mode. The results of TH simulations were evaluated using temperature and liquid saturation
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contours for entire cross-section at selected times during thermal period. The results were also
evaluated using temperature and liquid flux profiles at location #1 (Figure 3.3.5-1) at the center
of the cross-section and by using temperature and flux distribution above the drifts
(Bodvarsson 2001 [DIRS 154669], Attachment 6, pp. 83 to 103).

Temperature-Figures 3.3.5-2 and 3.3.5-3 show the distribution of temperature along the refined
cross section NS#2 after 1,000 years. The results are for the higher-temperature case (Case #3,
70 percent forced ventilation for 50 years, Figure 3.3.5-2), and the lower-temperature case
(Case #5, 80 percent forced ventilation first 300 years, Figure 3.3.5-3). The figures show that at
lateral distances of 100 m or more from the potential repository, no substantial increases in
temperature are predicted. This response suggests that the ambient percolation flux
(predominantly vertical) controls the temperature changes outside the potential repository
boundaries. In the lower-temperature case, modification of thermal properties to include
lithophysal cavities (Case #6) has little effect on the mountain-scale TH conditions because
boiling does not occur. In the higher-temperature case (Case #4), lithophysal cavities may lead
to higher temperatures in the drift and in the UZ above the drift (Bodvarsson 2001
[DIRS 154669], Attachment 6, pp. 71 to 76, 99 to 101).

Figures 3.3.5-4 and 3.3.5-5 show the temperature profiles at location #1 at the center of the
repository for the higher-temperature refined grid NS#2 case, without and with lithophysal
cavities (Case #3 and Case #4 respectively). In these figures, the initial inclination of the
temperature profile indicates the ambient temperature gradient with present day infiltration. The
drift is at an elevation of about 1,070 meters above sea level where ambient temperature is about
24°C and the water table is at 730 masl where ambient temperature is about 32°C.

In both cases, the TH model predicts completely dry drifts with temperatures rising
above-boiling to about 115°C for Case#3 and 118°C for Case #4 after 500 years. With
lithophysal cavities (Figure 3.3.5-5, Case #4), a 50-m heat-pipe zone develops above the drift at
500 years. The heat pipe condition is represented by a near vertical temperature profile above
the drift at this time. Vapor convection flow from the heat pipe raises temperatures 4°C to 5°C
up to 150 m above the drift compared to the model with thermal properties of the initial TH
model (Figure 3.3.5-4, Case #3). In both cases, the water table temperature rises from ambient
(32°C) to 67° to 68°C after 10,000 years of thermal loading; the temperature at the top of the
CHn (910 masl), on the other hand, rises to about 73° to 74°C after 5,000 years, and then declines
to about 65°C by 10,000 years. Lithophysal cavities have little effect on temperature conditions
below the repository. Units with lithophysal cavities predominantly occur at or above the
elevation of the potential repository. Without lithophysal cavities, maximum temperature at the
base of the PTn (Figure 3.3.5-4) is about 57°C after 1,000 years. With lithophysal cavities
(Figure 3.3.5-5), the predicted maximum temperature at the base of the PTn rises to 70°C, due to
increased vapor convection above the drifts. Similar to the model results documented for the
EDA I case in Mountain-Scale Coupled Processes (TH) Models (CRWMS M&O 2000
[DIRS 144454]), the maximum temperature in the drift pillars is about 85° to 90°C in these
higher-temperature cases (Bodvarsson 2001 [DIRS 154669], Attachment 6).

Figure 3.3.5-6 shows the predicted temperature profiles at the same location for the lower-

temperature case without lithophysal cavities (Case#5). The predicted maximum drift
temperature is about 90°C after 500 years. Lithophysal cavities raise maximum drift-wall
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temperature to 95°C, with little impact on the rest of the profiles (Bodvarsson 2001
[DIRS 154669], Attachment 6, p. 74, Case #6). In both cases, the temperatures at the base of the
PTn are predicted to rise by a maximum of about 24° to 27°C, to 44° to 47°C after 2,000 years.
At the water table the predicted maximum temperature is 60° to 63°C after 10,000 years and at
the top of the CHn, the maximum temperature is 65° to 67°C after 5,000 years. For these lower
temperature cases, the maximum temperature in the drift pillars is about 70° to 75°C. The higher
predicted temperatures above are for the TH model with lithophysal cavities. Much lower
temperatures are predicted when five times the ambient infiltration rate is considered
(Bodvarsson 2001 [DIRS 154669], Attachment 6, pp. 75 to 76, 102 to 103, Case #7).

Liquid Saturation and Flux—Figure 3.3.5-7 shows a contour plot of fracture liquid saturation at
1,000 years for the higher-temperature case using the nonlithophysal thermal properties
(Case #3). After 100 years (Bodvarsson 2001 [DIRS 154669], Attachment 6), completely dry
fracture conditions are predicted near the drifts and in a few isolated locations with low ambient
percolation flux, and the fractures remain dry for nearly 1,000 years. At 2,000 years, the fracture
saturation in most drifts recovers to above 90 percent of ambient saturation. After 5,000 years,
the liquid saturation is primarily controlled by the prevailing climate, with little influence from
repository heat. Saturation within the pillars remains at or above ambient levels throughout the
simulated period. In the lateral direction, the liquid saturation more than 50 m away from the
repository stays at near-ambient conditions.

Figures 3.3.5-8 and 3.3.5-9 show the predicted fracture liquid flux profiles at location #1 for the
models without and with lithophysal cavities, respectively, for the higher-temperature operating
mode (Table 3.3.5-1, Cases 3 and 4). The analysis presents only fracture flux, because for the
UZ flow properties used in the TH models, more than 95 percent of the flow within the TSw
units is through the fractures. Under ambient conditions fracture flux at drift elevation is about
4.5 mm/yr.

Qualitatively, the predicted flux is similar to the results presented for the EDA II Case (i.e., high
flux above the drift), but zero or small below the drift. Most or all of the predicted enhanced
liquid flux above the drift is vaporized by the repository heat and does not cross the drift
boundary for up to 2,000 years. Without lithophysal cavities (Figure 3.3.5-8, Case #3), the
predicted maximum liquid flux above the drift rises to about 120 mm/yr after 100 years, but
drops to 40 mm/yr after 500 years. At 1,000 years, the liquid flux above the drift is 25 to
40 mm/yr (enhanced by climate), but again declines to less than 1 mm/yr below the drift. At
2,000 years, the flux above the drift is about 20 mm/yr, but drops to about 10 mm/yr below the
drift. With lithophysal cavities (Case #4, Figure 3.3.5-9), the flux above the drift at 1,000 years
is about 35 mm/yr, but declines to 0 mm/yr below the drift. In this case, at 2,000 years, the flux
above the drift is about 15 mm/yr, but declines to about 8 mm/yr below the drift.

For the lower-temperature cases, the heat perturbation is not large enough, to completely dry up
the fractures near the drifts. As a consequence, the model predicts reduced (but nonzero)
fracture liquid flux through the drift at all times. Figures 3.3.5-10 and 3.3.5-11 show the
predicted fracture liquid flux in the models without and with lithophysal cavities (Cases 5 and 6,
respectively). Up to 500 years, average liquid flux above the drift is about 5 mm/yr, but rises to
about 15 mm/yr immediately above the drift and declines to less than 2 mm/yr below the drift for
Case #6 and to about 2-3 mm/yr for Case #5. In both cases, at 1,000 years, average liquid flux
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above the drift is 20 mm/yr, declines to 7 mm/yr at the drift horizon and rises to 20 mm/yr below
the drift. From 1,000 to 2,000 years, the flux above and below the drift is primarily controlled by
the climate because the fracture network above and below the drift is almost completely
resaturated. Results using the refined drift-scale TH model (see Section 4.3.5) show a complete
drying up more than 5 m below the drift during this period. Thus, although the refined-grid
mountain-scale model does not predict complete drying of the fracture network below the drift
(because the grid is still too coarse), it is expected that the near-field drift environment will be
dry, and little or no liquid will seep below the drift for 1,000 to 2,000 years.

Figure 3.3.5-12 shows the flux profiles for the upper-bound infiltration case (Case #7, that is,
five times the mean of present-day ambient, monsoon, and glacial-infiltration flux), for the
lower-temperature operating mode without lithophysal cavities. In this case, the model shows
(as expected) that the impact of heat on flow is minimal under conditions of high-infiltration
flux, except in the immediate vicinity of the drift where minor drying is predicted. The flux in
this case is primarily controlled by the prevailing climate used in the model (0 to 600 years,
5 times present-day mean infiltration; 600 to 2,000 years, 5 times mean monsoon infiltration; and
2,000 to 10,000 years, 5 times mean glacial transition infiltration).

3.3.5.6  Abstraction for Total System Performance Assessment

Previous subsections describe the two-dimensional and three-dimensional TH process models
that explore the effects of heat on mountain-scale temperature, liquid saturation, and percolation
flux for the higher- and lower-temperature repository operating mode over 100,000 years of
thermal loading. The three-dimensional model provides mountain-scale TH conditions that
could be abstracted by the TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) for direct
comparison with UZ ambient flow-field data. However, because the 5-m diameter drifts are
much smaller than the 81-m wide gridblocks used in the three-dimensional ambient and TH
model, the results of the mountain-scale TH models based on the three-dimensional grid are
averaged out (smeared) and show little change in flux due to heat, as similarly predicted in the
TH models developed to support the TSPA-SR. The two-dimensional refined grid model, which
traverses all 53 drifts, gives a more realistic prediction of temperature, saturation, and fluxes on
the mountain scale, as well as near the drifts and within the drift pillars at the repository horizon.
The ambient and thermally affected two-dimensional model will therefore give a more realistic
indication of the effect of heat flux at the mountain-scale. A more detailed investigation of the
near-drift changes in flux, temperature, and saturation is discussed in the drift-scale TH model
(see Section4.3.5). The drift-scale model predicted increased saturation and flux due to
condensation above the drift. The models also predict reduced liquid saturation and flux in the
drift shadow below each drift lasting 1,000 to 2,000 years, during which most of the drainage
occurs within the pillars. TSPA-SR models that assume the enhanced liquid flux above drifts
represents expected percolation flux through the drifts during the thermal period use a very
conservative approach, because flux out of the drifts, as predicted in Section 3.3.5.5, is much
smaller than flux above the drifts. A less conservative approach would use flux below the drifts
to predict the effects of heat on transport. Although not used for TSPA-SR, this less
conservative approach will be used in TSPA-LA analysis for license application.
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3.3.5.7  Multiple Lines of Evidence

Numerical modeling of mountain-scale thermal hydrology provides insight into the performance
of the potential repository under thermal loading. Approaches for development of the numerical
model and the simulation of thermal-hydrologic processes are generally based on geothermal-
and petroleum-reservoir simulation methods. Nonisothermal heat and fluid flow in unsaturated
fractured geological media such as Yucca Mountain can be modeled in a similar manner. The
justification for model approaches employed here, and the validity of the results, depends on the
successful modeling of fluid and heat transport in large geothermal systems, for which an
extensive volume of field data is available to provide model validation. A detailed literature
survey of the application of the TOUGH?2 family of codes to model coupled heat and fluid
transport in geological media is presented in initial Mountain-Scale Coupled Processes (TH)
Models report (CRWMS M&O 2000 [DIRS 144454]). This document discusses the similarity
between these natural-analogue applications and the TH processes modeled here. Table 3.3.5-2
documents recent applications of TOUGH2 in modeling geothermal systems. These systems are
supported by extensive data collected during exploration and production, which allow for
development of a calibrated natural-state model. The natural-state model is then used for
prediction of future performance based on production history. A similar approach is used to
develop the UZ natural-state (ambient) model (CRWMS M&O 2000 [DIRS 144454}), which is
then used to predict TH conditions discussed in this Section.

In modeling the impact of heat on the UZ, the only available validation data are from small-scale
heating experiments that mostly provide near-field response (within a few meters of the drift
wall) over a couple of months to a few years. These experiments include, for example, the
Single Heater Test (a 9-month heating period) and the larger Drift Scale Test (a 4-year heating .
period). These tests give temporal and spatial variation in temperature and liquid saturation in
the UZ near the drift when heat is applied. The small spatial and temporal scales of these tests
limit their use for validation of the mountain-scale TH processes that are expected to last
thousands of years and provide UZ response to heat over hundreds of meters.

Therefore, numerical modeling of mountain-scale TH will play a crucial role in understanding
the impact of heat on the performance of the UZ. The validity of the mathematical and
numerical approaches in modeling UZ isothermal (ambient) and nonisothermal processes has
been demonstrated by field data and natural-analogue models and is extensively discussed in
Unsaturated Zone Flow and Transport Model Process Model Report (CRWMS M&O 2000
[DIRS 151940]). Although the TH model incorporates the results of the small-scale heating
experiments, it relies mainly on the conceptual and mathematical validity of the modeling
approach for flow, selection of thermal properties, and construction of the numerical grids.
Performance assessment TH models, based on numerical simulation of fluid and heat flow,
include important physical processes affecting repository and host rock behavior.

3.3.5.8 Summary of Uncertainties and Their Treatment

The uncertainties in model parameters associated with the mountain-scale TH model
development were considered and the impact on mountain-scale UZ flow evaluated. A key
uncertainty results from using limited data to perform mountain-scale predictions in a fractured
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heterogeneous system where the impacts of heterogeneity on the mountain-scale processes are
uncertain.

Table 3.3.5-3 summarizes uncertainties by category (i.e., conceptual, data, or parameter). The
primary uncertainty issue associated with each category is described, followed by possible
methods for treating or addressing that uncertainty. Each of the uncertainties is representative of
decisions that may impact the model goals.

3.3.5.9 Summary and Conclusions

This TH modeling study investigates the effects of higher- and lower-temperature thermal loads
on the UZ of Yucca Mountain. This study uses two-dimensional and three-dimensional dual-
permeability submodels of the three-dimensional UZ flow model and incorporates the calibrated
model properties of the UZ flow model. The study also investigates the effect of UZ lithophysal
cavities on TH response. Detailed investigation of the UZ response to thermal loading, using
both the higher-temperature operating mode (thermal load 1.35 kW/m, ventilation 70 percent for
50 years) and the lower-temperature operating mode (thermal load 1.35 kW/m, ventilation
80 percent for 300 years) is conducted using refined two-dimensional cross-sectional models that
include explicit representation of the drifts of the repository. The models include expected future
climatic changes in infiltration rate. The numerical grids are sufficiently refined to depict
mountain-scale, long-term TH behavior resulting from thermal load within the drifts, but do not
explicitly include detailed heat-transfer processes within the drifts.

This study indicates that the heat source and its distribution, the thermal and flow properties of
the rock, and the infiltration rates control boiling and rewetting TH processes at the repository.
In the higher-temperature cases (1.35 kW/m 70 percent ventilation for 50 years), temperatures
are predicted to rise to boiling conditions only within the immediate area of the drifts. The
temperatures may rise above 110°C at some drifts. Temperatures in the pillars are predicted to
rise to an average of 85° to 90°C. The higher temperature is likely when the effects of
lithophysal cavities on thermal properties are modeled. For the lower-temperature cases,
(1.35 kW/m 80 percent ventilation for 300 years) predicted maximum temperature at the drifts is
90°C without lithophysal cavities and 95°C with lithophysal cavities. Therefore, no boiling is
predicted even when the effects of lithophysal cavities on thermal properties are included. The
lower-temperature operating mode also predicts little potential for temperature-induced property
changes in the PTn (1270 masl), CHn (910 masl), and the water table (730 masl) where predicted
maximum temperatures are 44° to 47°C, 65° to 67°C, and 60° to 63°C, respectively.

For the higher-temperature cases, thermal loading at the repository results in significant changes
in temperature, moisture distribution, and flux at the repository and in zones directly above and
below the repository. The increase in liquid flow occurs only at early times (less than
100 years). This liquid does not enter the drifts because the heat within the potential repository
drifts easily vaporizes this liquid flux. The model predicts that vertical liquid flow in the pillars
between the drifts continues at a rate close to the ambient percolation flux for most of the
thermal-loading period. In some locations, the flow may be enhanced by condensate drainage
lasting for several hundred years. For these higher-temperature cases, localized dryout of the
fracture and matrix continua at the repository is predicted, particularly below areas with low
infiltration. This dryout zone may extend tens of meters into the drift shadow below each
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potential repository drift. The temperature of the repository drifts rises to above boiling
conditions. The temperature of the pillars rises to a maximum of 85° to 90°C. With lithophysal
cavities, temperatures are predicted to rise to 70°C at the base of the PTn, and to 73°C at the top
of the CHn and 67°C at the water table, again showing little potential for temperature-induced
property changes. Without lithophysal cavities predicted maximum temperature is 57°C at base
of the PTn, 73°C at the top of the CHn and 67°C at the water table. Lithophysal cavities
therefore, primarily influence temperatures at or above the drifts.

For the lower-temperature cases, the TH models predict little change in UZ liquid flux except in
the immediate vicinity of the potential repository drift (Section 3.3.5.5). Because boiling
conditions do not occur, and the fractures are not completely dry, the mountain-scale TH model
predicts reduced (but nonzero) flow crossing the repository horizon throughout the
thermal-loading period. Within the first 2,000 years, average liquid flow crossing the drifts is
less than 25 percent of the prevailing ambient flux, because repository heat is not large enough to
vaporize all the percolation flux. In the lower-temperature case, the TH model still predicts
substantial drying of the fractures in the drift shadow below the drifts, drying that lasts up to
2,000 years. The low fracture saturation in the drift shadow implies reduced potential for flow
and transport below the drift for up to 2,000 years. The drying of the fractures below the drift is
better resolved by TH simulations using a refined (about 1-m grid spacing) drift-scale grid
(Section 4.3.5).

Lithophysal cavities reduce the effective thermal conductivity and the thermal capacity of the
matrix continuum in the upper-lithophysal (tsw33) and lower-lithophysal (tsw35) units. For the
same thermal load, explicitly accounting for the effects of lithophysal cavities leads to an
increase in temperature caused by heat released over the same period. The three-dimensional
model predicts a maximum increase of 1° to 2°C. In the refined model, the maximum
temperature at the drift increases from 115° to 118°C for the higher-temperature cases. The
models predict that at 1,000 years, temperatures up to 150 m above the drift are 1° to 5°C higher
when thermal effects of lithophysal cavities are included. For the lower-temperature operating
mode, the model still predicts a below-boiling-temperature scenario, even when the effects of
lithophysal cavities are included. In this case, the predicted maximum temperature increases
from about 90°C to about 95°C at the drift after 500 years. This increased temperature results in
more drying of fractures near the drifts and the development of drier fractures in the drift shadow
below. Therefore, lithophysal cavities, although not contributing to boiling at the drifts for this
lower-temperature operating mode, may lead to further lowering of liquid flux below the drift
and enhanced drainage flux through the drift pillars.

When a higher infiltration flux (5times mean) is applied, the TH model for the
lower-temperature case predicts little or no drying of the fracture network, even near drifts.
Therefore, heating in the lower-temperature case may have a minimal effect on percolation flux
throughout the thermal cycle.

The mountain-scale TH model is designed to predict the scale of thermal disturbance to the
hydrologic setting of the emplacement drifts outside the near-field, which is considered in
Section 4.3.7. The initial TH model is based on the EDA II design with a thermal loading of
72.7 k/W acre and a 70 percent heat removal by ventilation for 50 years. Subsequent modeling
considers seven cases, using the same thermal load (67.7 kW/acre) in all cases. The temperature
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profile is varied in the latter modeling by changing the rate of heat removal and the duration of
ventilation (two sets of rates). In addition, rock thermal properties are varied
(lithophysal/non-lithophysal). Percolation flux is varied spatially and temporally. The results of
modeling are predictions of change of temperature at key locations such as the top of the CHn
and at the water table, the extent and process of two-phase flow due to boiling and the impact of
drying on fracture flow around the drift. Liquid and gas flux and local temperature histories are
important intermediate steps. In the higher-temperature case of the initial TH modeling,
completely dry drift wall temperatures reach 250°C, and pillar temperatures may locally rise to
97°C. In the lower temperature case the drift wall temperatures may exceed 110°C with
maximum temperatures in the pillars averaging 85° to 90°C. Percolation flux is found to be the
primary control, at the mountain scale, of the boundary of the two-phase flow region, boiling
front position, and the rate of recovery of flow to ambient flow conditions. Heat flow above the
repository is. by heat pipes, which do not significantly alter the ambient flow around the
repository and little effect is expected on cooling and post cooling percolation flux.

The more recent modeling was not strictly based on the EDAII repository design. Thermal
loading has been adjusted, rock properties and ventilation rates varied so that none of the drift
rock temperatures are expected to rise above boiling for the lower temperature cases
(Table 3.3.5-1). Infiltration rates and resulting percolation fluxes are varied in accord with
predicted climatic variation from the Climate Model (Section 3.3.1). None of the cases predicts
temperatures in the CHn high enough to alter the hydrologic or sorptive properties of this unit.

None of the expected effects of waste heat predicted by the mountain-scale TH model
permanently change the hydrologic character of the site. The predicted short-term changes are
over (in 1,000-2,000 years) before any releases are expected from the emplacement drifts and all
of the short-term hydrologic changes at the mountain scale are conservative in their influence on
UZ flow and transport. At higher percolation fluxes associated with wetter climates modeling
implies there may be no significant TH effects. The consideration of seven cases with varying
heat input (two thermal loads, two ventilation scenarios), variation of rock properties and
changes in recharge/percolation flux, is more than adequate to identify any heat driven anomalies
in the site and repository hydrologic behavior over a very wide range of temperatures. However
even with the coarse grids, predicted drift wall temperatures may rise up 10°C above the desired
goal of 85°C for “waste-package” surface at some locations. Additional ventilation may be
required to meet “waste-package” surface temperature goals.

3.3.6 Thermal-Hydrologic-Chemical Effects on Unsaturated Zone Flow and
Geochemistry

3.3.6.1 Introduction

This section summarizes the modeling and uncertainty studies performed for the evaluation of
THC effects on flow and geochemistry in the UZ at the mountain scale. The major THC
processes important for the UZ are (1) mineral precipitation/dissolution affecting flow and
transport to and from the potential repository and (2) effects on the compositions of gas and
liquid that may seep or flow into drifts. THC processes at the mountain scale affect the flow and
sorption properties of rock units within the UZ. Modification of these properties through
hydrothermal alteration of zeolitic and vitric tuffs and mineralization of fractures may influence
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the amount of lateral flow that may divert water, thus reducing the percolation flux to the
potential repository and the transport time to the saturated zone. Alteration may also affect the
transport of radionuclides from the repository to the saturated zone. Uncertainties in the
TSPA-SR (CRWMS M&O 2000 [DIRS 153246]) that the work in this section addresses are:
(1) mountain-scale effects of THC processes on flow and transport, (2) mountain-scale THC
effects on the variability of water chemistry entering drifts under thermal loading conditions.
Natural analogue studies can be utilized to constrain the potential impact of THC processes on
total repository performance and validate predictive models for Yucca Mountain.

The mountain-scale THC model is a new two-dimensional model developed after the TSPA-SR
(CRWMS M&O 2000 [DIRS 153246]) that is based on the mountain-scale TH model
documented in Mountain-Scale Coupled Processes (TH) Models (CRWMS M&O 2000
[DIRS 144454]), and the conceptual models and data for THC processes documented in
Drift-Scale Coupled Processes (DST and THC Seepage) Models (BSC 2001 [DIRS 154677]).
Many of the uncertainties in the conceptual models and data used for input and model validation
are identical to those discussed in the latter AMRs. However, the drift-scale THC models are
focused primarily on processes that affect seepage (and the chemistry of potential seepage) into
drifts. Therefore, the effect of THC processes on flow in the Paintbrush hydrogeologic unit
(PTn), the basal vitrophyre of the Topopah Spring Tuff, and the vitric and zeolitic zones in the
Calico Hills hydrogeologic unit below the potential repository are not of particular concern for
the drift-scale THC models.

The purpose of the mountain-scale THC model is to reduce the uncertainties associated with
coupled THC processes that are caused by variations in geology (structure and lithology),
infiltration rate, and temperature at a mountain or repository scale. Because these variations are
larger than that of mineralogical variations in the welded units they are the most important to
capture. These are processes that affect the percolation flux at the potential repository horizon
(relevant to seepage) and flow below the potential repository (relevant to radionuclide transport
in the UZ). Small-scale and localized processes, such as mineral precipitation in the boiling
zone, can only be captured in finely gridded drift-scale models. Thus, the mountain-scale THC
model is focused on larger-scale changes in chemistry and flow that are not localized to very
small regions adjacent to the drift. Large-scale gas-phase convection and lateral flow are not
represented in the THC Seepage models, and therefore, the mountain-scale THC model can
address uncertainties in phenomena that may not arise in the drift-scale “chimney” models.
However, these effects are prominent on the edges of the repository and do not invalidate the
results of the THC Seepage models because they do consider local gas convection effects. The
Mountain-Scale THC model provides a more heterogeneous set of results for a given time but is
essentially is modeling the same processes as the THC Seepage models.

Three main types of uncertainty are discussed in the section: data uncertainties, uncertainties
arising out of features, events, and processes, and conceptual uncertainties. Because the results
in this section are from a new model, with limited analyses performed, the results should be
considered as preliminary. In addition, long-term impacts have not yet been assessed.

The methods used to evaluate THC effects on flow and geochemistry include the estimation of
thermodynamic and kinetic parameters, model development, testing and model validation using
large-scale thermal test and laboratory experiments, and predictive process modeling. This
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approach was chosen because it provides the means to test the appropriateness of the conceptual
model, to evaluate uncertainties in different conceptual models, and to provide predictions of
potential effects on water and gas chemistry, as well as changes in hydrologic properties that
result in changes in flow. Uncertainties in some thermodynamic and kinetic parameters were
evaluated using sensitivity studies and comparisons to data from the Drift Scale Test and
laboratory experiments, which are discussed in Section4.3.6. Remaining unquantified
uncertainties were addressed in Features, Events, and Processes in UZ Flow and Transport
(BSC 2001 [DIRS 154826]). Unquantified conceptual uncertainties were assessed in analogue
studies and other corroborating observations (CRWMS M&O 2000 [DIRS 141407)).

The conceptual model for THC processes provides a framework for modeling the pertinent
mineral-water-gas reactions in the host rock, under thermal loading conditions, as they influence
the chemistry of water and gas in the mountain and associated changes in mineralogy. The data
incorporated in the model include hydrologic and thermal properties from the calibrated property
sets, geologic layering from the UZ three-dimensional flow and transport model, geochemical
data (fracture and matrix mineralogy, aqueous geochemistry, and gas chemistry) derived from
various sources, thermodynamic data (minerals, gases, and aqueous species), data for
mineral-water reaction kinetics, and transport data. Simulations of THC processes included
coupling among heat, water, and vapor flow; aqueous and gaseous species transport; kinetic and
equilibrium mineral-water reactions; and feedback of mineral precipitation/dissolution on
porosity, permeability, and capillary pressure for a dual-permeability (fracture-matrix) system.

The effect of coupled THC processes on the evolution of flow fields and water and gas chemistry
in the UZ is evaluated in this section for a higher-temperature thermal operating mode based on
the thermal loading and properties used in Mountain-Scale Coupled Processes (TH) Models
(CRWMS M&O 2000 [DIRS 144454]). Because this is a new model, a higher-temperature
baseline analysis was performed first, which may bound the upper limit of THC effects on
mountain-scale flow and chemistry that may be expected under above-boiling conditions.
Effects of THC processes at the drift scale under the lower-temperature operating mode are
evaluated in Sections 4.3.6 and 6.3.1.5.

3.3.6.2  Goal of the Mountain-Scale Thermal-Hydrologic-Chemical Model

The goals of the model used for prediction of mountain-scale THC processes are:
¢ Provide a conceptual basis and methodology for developing a mountain-scale THC
model to assess uncertainties in the modeling results. Use the results to assess
uncertainties in the drift-scale THC models (as well as other UZ flow and transport

models)

o Predict large-scale changes in hydrologic properties resulting from mineral
precipitation/dissolution and associated THC effects on UZ flow

* Predict large-scale mineralogic changes that could impact UZ transport (i.e., effects on
glassy and zeolitic units below the potential repository) (see Section 11.3.5)
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e Predict large-scale changes in water and gas chemistry that can be used to extend the
variability predicted by drift-scale models.

 The important mountain-scale coupled THC processes are illustrated schematically in
Figure 3.3.6-1. Some UZ processes, such as the distribution of net infiltration, may strongly
affect THC processes by modifying the fluxes and concentrations of components in waters that
migrate to the repository horizon. The effect of THC processes on UZ flow may include
modification of the percolation flux beneath the nonwelded tuffs in the Paintbrush hydrogeologic
unit (PTn) and alteration of flow paths (lateral flow) below the potential repository in the vitric
and zeolitic layers of the Calico Hills hydrogeologic unit (CHn) and on the basal vitrophyre of
the Topopah Spring Tuff. In addition, small-scale hydrologic processes, such as fracture-matrix
interaction, have a strong effect on the chemical evolution of the system and the distribution of
mineral precipitation in fractures and the matrix.

3.3.6.3  Basis of Mountain-Scale Thermal-Hydrologic-Chemical Model and Simulation
Results

3.3.6.3.1 Description of the Mountain-Scale Thermal-Hydrologic-Chemical Model

A cross section was chosen from the UZ three-dimensional flow and transport model grid that
follows a roughly north-south trend through the potential repository and runs perpendicular to
the trend of the potential waste emplacement drifts (Figure 3.3.6-2). This orientation allows for
the effects of THC processes on flow between drifts to be evaluated. The two-dimensional grid,
geological layering, infiltration rates, and hydrologic and thermal properties were derived from
Mountain-Scale Coupled Processes (TH) Models (CRWMS M&O 2000 [DIRS 144454]). Each
drift is represented as an individual grid block. The purpose of the model is to evaluate
processes in the UZ; however, the grid includes an extension of several hundred meters below
the water table to provide a far-field constant-temperature boundary, but without any flow into or
within this saturated region.

Mineral abundances were assigned to each hydrogeologic unit based on data from the
three-dimensional mineralogical model V3.0 (DTN: LA9908JC831321.001 [DIRS 113495])
(for a single column taken near the center of the potential repository footprint) and from fracture
data as described in Drift-Scale Coupled Processes (DST and THC Seepage) Models (BSC 2001
[DIRS 1546771, p. 32, Section 4.1.2.1). Therefore, each model layer is characterized by uniform
mineralogical abundances, although some layers may change from zeolitic to vitric along strike.
Fault mineralogy was approximated by the average of the mineral abundances for each major
hydrogeologic unit. The minerals, aqueous and gaseous species in the model geochemical
system are listed in Table 3.3.6-1, and are the same as those in the extended-case geochemical
system described in Drift-Scale Coupled Processes (DST and THC Seepage) Models (BSC 2001
[DIRS 1546771, pp. 67 to 69, Section 6.1.7). Although the base case geochemical system
captured more closely the pH and gaseous carbon dioxide concentrations in samples collected
from the DST, silica concentrations were better in the extended case system simulations and
therefore effects on flow owing to mineral precipitation may be more realistic. The initial and
infiltrating water chemistry was set to that from the matrix pore water collected from the
Topopah Spring middle nonlithophysal unit (Tptpmn) in Alcove 5, near the ongoing Drift Scale
Test, as documented in Drift-Scale Coupled Processes (DST and THC Seepage) Models (BSC
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2001 [DIRS 154677], Table 3). All other geochemical input data are derived from the latter
report. Although this water may not be characteristic of all pore waters in the UZ, it has been
used successfully in validation studies with the Drift Scale Test, as described in the AMR and
also summarized in Section 4.3.6. Side boundaries taken far from the repository edges (see
Figure 3.3.6-2) were set to be no-flux for flow, heat, and chemical transport. Details of the
model simulations and parameters are described in Bodvarsson (2001 [DIRS 154669],
Attachment 10, pp. 8 to 20)

Simulations were run under the higher-temperature design option using the mean infiltration rate
for the modern climate. TOUGHREACT V2.3 was used for the simulations. Although the
effects of other climate states imposed at later times have not been evaluated, the range in
infiltration rates in this cross section is from nearly O to almost 50 mm/year. The simulations
investigated the main thermal period up to the early post-thermal period (about 7,000 years). In
addition to investigating the effects of above-boiling temperatures on THC processes, the
higher-temperature option was chosen for consistency with the majority of the THC Seepage
simulations, as discussed in Drift-Scale Coupled Processes (DST and THC Seepage) Models
(BSC 2001 [DIRS 154677]). Climate effects were evaluated in this AMR and showed
qualitatively the same behavior, with somewhat greater amounts of mineral precipitation under
higher infiltration rates.

To assess uncertainties associated with mineral reaction rates, some of which were shown to
have a strong effect on water and gas chemistry in the drift-scale THC simulations (BSC 2001
[DIRS 154677], p. 97), two simulations were performed that used alternative values for the
reaction rate of anorthite. Anorthite (an endmember in the plagioclase feldspar solid solution
series) has a strong effect on pH through its dissolution to form calcic zeolites. The lower rate
(by three orders of magnitude) resulted in a smaller deviation in the chemical evolution of the
initial water under ambient temperatures (corroborating evidence for effective reaction rates),
with the model infiltration rate and initial and boundary gas-phase carbon dioxide
concentrations. This simulation will be referred to as “Extended Case 1” and that with the higher
rate for anorthite as “Extended Case 2.” Some additional parameters were modified that have a
less substantive effect on the simulation results, such as the initial precipitation rate of new
secondary phases.

3.3.6.3.2 Effects of Thermal-Hydrologic-Chemical Processes on Hydrologic Properties
and Mineralogy

Some of the more important indicators for the effect of THC processes on hydrologic properties
and mineralogy are shown in Figure 3.3.6-3 after about 1,400 years of heating (Extended Case 1)
and in Figure 3.3.6-4 after 5,000 years (Extended Case 2). The main difference in the results for
the two cases was in the gas-phase carbon dioxide concentrations and pH. The differences were
not great enough to markedly change the mineral abundances and distributions. Longer time
periods were not considered in these simulations; however, two-dimensional drift-scale THC
simulations have shown that amorphous silica precipitation during the boiling period occurs in
the first few thousand years (BSC 2001 [DIRS 154677], p. 168). Later changes occurred slowly
over the next several tens of thousands of years as a result of calcite precipitation. For reference,
Figure 3.3.6-3a shows the distribution of net infiltration imposed along the top model boundary.
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After 1,400 years, the temperatures around the repository are below boiling everywhere
(Figure 3.3.6-3b), and the isotherms show some slight localized depression owing to focusing of
the percolation flux near the center of the region having higher infiltration. These zones of
focused flow are also the areas where there is a small fracture porosity reduction, in contrast to
the majority of the area above the potential repository (where porosity increased in the large
condensation zone). TH effects on the percolation fluxes at the mountain scale are discussed in
Section 3.3.5. The porosity reductions are generally much less than 1 percent, similar to that
seen in areas where the temperatures are still at their ambient value. Porosity reductions in the
Tiva Canyon Tuff (TCw) are elevated relative to the ambient system as a result of increased
calcite precipitation (Figure 3.3.6-3c). As can be seen in the latter figure, areas of calcite
dissolution above and below the plane of the drifts is responsible for much of the porosity
increase observed in Figure 3.3.6-3b. The distribution of amorphous silica is generally confined
to boiling areas very close to the drifts, but larger regions are evident below the edges of the
potential repository (Figure 3.3.6-3d). These areas are characterized by very low fracture
saturation that developed in part from gas convection at the edges. At the northern edge, there is
also a fault acting as a conduit for gas flow out of the heated zone.

Effects of THC processes below the repository are strongest in the zeolitic Calico Hills unit,
where the zeolite minerals clinoptilolite, heulandite, and mordenite are initially stable and
precipitating in the ambient system. They are also dissolving as the heat pulse migrates into the
zeolitic units (Figure 3.3.6-3¢). In this model simulation, the zeolites are being replaced by
feldspars in the heated region, whereas the reverse reaction is taking place slowly in the unheated
parts of the zeolitic zones. The effect on glassy units is notably small (Figure 3.3.6-3f), with
very slow dissolution in the Paintbrush nonwelded unit (PTn) occurring equally in heated and
unheated regions.

After 5,000 years, most of the region above and directly below the repository (in the TSw) shows
a small net reduction in fracture porosity of less than 1 percent (Figure 3.3.6-4a). Above the
northern edge, there persists a region of small porosity increase related to enhanced convection
and condensation. Temperatures become more irregular as a result of diversion of water into the
approximate center of the potential repository, combined with topographic effects (the deepest
part of the potential repository that is also away from edges is warmest). Precipitation of fracture
calcite is ubiquitous, with increases in both heated and unheated areas (Figure 3.3.6-4b). The
areas that show the most effect as a result of heating are in the TCw and below in the zeolitic
units, where calcic zeolites (clinoptilolite, heulandite, and mordenite predominantly) are
dissolving to produce Na- and K- feldspars and increasing the calcium in the associated waters.
A small increase in amorphous silica is evident below the northern edge of the potential
repository (Figure 3.3.6-4c), where gas convection has kept this area very dry. However,
amorphous silica has generally stopped precipitating and is slowly dissolving into the percolating
cooler waters.

The distribution of precipitation and dissolution of clinoptilolite (Figure 3.3.6-4d) shows
dissolution in the heated region of the Calico Hills Unit, with dissolution also progressing into
zeolitized regions of the TCw, above the PTn. In general, the ambient temperature zeolitic units
show precipitation, driven by the dissolution of remaining feldspars in these rocks. It is not
known how rapidly such reactions are currently taking place in the mountain under the present
conditions, but it is likely that changes on the order of 1 percent (volume of the rock) over
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5,000 years are too large because the minerals are still present after several million years. Thus,
it can be expected that the reverse reactions in the heated zone are also taking place more rapidly
in the simulation than would occur in the actual system. The causes of the increased reaction
rates can be due to several model parameters and processes, such as the effective reactive surface
area, kinetic rate laws and parameters, inhibition caused by mineral coatings, thermodynamic
stabilities of aluminosilicates, local initial water and gas chemistry, and rates of transport via
diffusion and fracture-matrix interaction (matrix imbibition). Because the major precipitating
zeolite is clinoptilolite, which is the major zeolite mineral seen in these rocks, the
thermodynamic relations for the minerals appear to give the observed mineral paragenesis.
Therefore the effective surface areas of the feldspars in the altered rocks may be much lower due
to the alteration that has already taken place. Some of these uncertainties are discussed further in
Sections 3.3.6.6, 4.3.6.8, and 6.1.3.8.

Changes in UZ flow due solely to mineral precipitation/dissolution above the potential repository
are small, but qualitatively show diminishing fracture porosity over time with slight but
increased flow diversion and focusing. Below the potential repository, the increased porosity in
the zeolitic units could lead to somewhat higher percolation fluxes through these units and the
interbedded vitric units. The result of this would be reduced lateral flow, and it could lead to
increased travel times for radionuclide transport because of sorption in the zeolitic units and
matrix diffusion in the vitric units. However, there are uncertainties regarding alteration rates of
the basal vitrophyre so that if the rates were higher, the result could be increased lateral diversion
below the potential repository.

The higher-temperature operating mode simulations cover a range of thermal conditions that
bracket the expected response for a lower-temperature operating mode. For example, in
mountain-scale simulations, temperatures are at a maximum near the center of the potential
repository, with cooler regions at the margins due to enhanced heat loss, and grading into regions
at the ambient geothermal gradient. Temperature-dependent reactions such as the breakdown of
clinoptilolite are greatest where maximum temperatures persist for the longest period of time
near the center of the potential repository and decline toward the margins. Simulations
employing a lower-temperature design option would exhibit maximum changes in zeolite
alteration similar to those at equivalent temperatures near the repository edges. A lack of boiling
temperatures and reduced gas convection also would result in less precipitation of amorphous
silica around the potential repository.

3.3.6.3.3 Effects of Thermal-Hydrologic-Chemical Processes on Water and Gas
Chemistry

Effects on water chemistry are most pronounced during the early thermal period, when
condensation and dryout/boiling are driving dilution and evaporative concentration. Also, at this
time, elevated temperatures result in greatly enhanced reaction rates and shifts in the
thermodynamic stabilities of coexisting minerals. Another important process is the exsolution of
carbon dioxide out of the water and transport in the gas via diffusion and advection. The latter
process, in turn, has a large effect on pH, and therefore on mineral-water reactions and reaction
rates. The effect of these varied coupled processes on pH after 1,400 years of heating is shown
in Figure 3.3.6-5a. The initial ambient pH in the model is about 8.3 at the repository horizon and
7.8 in the surface infiltrating water. The area in the center of the potential repository shows a
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distribution similar to that observed in the drift-scale THC models (CRWMS M&O 2001
[DIRS 154677]), with somewhat higher pH waters (up to about 8.8) forming above and around
the drifts owing to carbon dioxide loss and reactions with aluminosilicates. However, at the
edges of the repository, the strong gas convection effects and the migration of carbon dioxide
from the central region outward (Figure 3.3.6-5b) have resulted in lower near-neutral pH waters
(down to about 7). Areas of enhanced dilution as a result of condensation and subsequent
drainage in fractures are evident in the distribution of chloride shown in Figure 3.3.6-5¢. Areas
of very high chloride below the potential repository edges and in a fault at the northern edge are
the result of strong convection of gas drying out these areas and condensing in areas above. The
fracture liquid saturations in these high concentration areas are nearly zero.

Under a lower-temperature operating mode, the edge effects seen in higher-temperature
operating mode simulations would be reduced because of smaller temperature gradients and the
absence of boiling, thus leading to smaller spatial differences in gas and water chemistry. A lack
of boiling temperatures and reduced gas convection also would result in less precipitation of
amorphous silica around the repository.

3.3.64 Abstraction for Total System Performance Assessment

Although the results are based on a very limited analysis of possible scenarios (e.g., climate,
geochemical conceptual models, thermodynamic data, and kinetic data), the small changes in
porosity are a basis for not performing TSPA abstraction of the THC effects on flow. Therefore,
results described in this section reduce uncertainties associated with assumptions made for model
abstractions supporting the TSPA, since the effects of mountain-scale THC processes on flow
were assumed to be negligible in the TSPA-SR. However, as discussed in Section 3.3.6.6, there
are many unquantified uncertainties associated with mountain-scale THC processes. Therefore,
conditions, parameter ranges, or both, may exist such that there are significant effects of THC
processes on flow and transport that may make TSPA assumptions non-conservative.

3.3.6.5  Multiple Lines of Evidence
3.3.6.5.1 Yucca Mountain Self-Analogue

A good analogue for understanding future THC reactions at the mountain scale is the fossil
hydrothermal system at Yucca Mountain itself (Bish and Aronson 1993 [DIRS 100006]).
Detailed mineralogical examination of Yucca Mountain Tuffs showed that most zeolitic
alteration occurred from 13 to 11.6 Ma, shortly after tuff emplacement. After formation of the
major zeolitic horizons, deep-seated hydrothermal activity persisted until about 10 Ma. The
preservation of low-temperature zeolites (clinoptilolite and mordenite) suggests that this activity
was limited to temperatures of up to 90 to 100°C.

Conceptual models for mineral evolution at Yucca Mountain (Carey et al. 1997 [DIRS 101323])
suggest that the most likely mineralogical reactions caused by repository heating would include
dissolution of volcanic glass and precipitation of clinoptilolite, clay, and opal-CT (i.e., opal with
cristobalite- and tridymite-type stacking); dissolution and precipitation of silica polymorphs
(cristobalite, opal-CT, tridymite, and quartz); alteration of feldspars to clays; and reactions
involving calcite and zeolites. Present-day temperatures in drill hole G-3 compare closely to
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paleotemperatures inferred from mineralogical data. In contrast, an increasing abundance of
clays and zeolites, along with a decreased abundance of glass, indicate higher paleotemperatures
for drill holes G-1 and G-2, which are closer to the center of the Timber Mountain caldera source
of eruption (G-2 being the farthest north).

In addition to temperature, the water saturation also has a strong impact on water-rock reactions,
as kinetically controlled reactions proceed much more rapidly under saturated conditions.
Zeolite reactions are likely to proceed more slowly in the Yucca Mountain UZ (excluding
perched water zones) than below the water table (Carey etal. 1997 [DIRS 101323]). The
persistence of opal-CT below the water table indicates that kinetically controlled silica reactions
at Yucca Mountain are slower than suggested by laboratory studies.

Thin coatings of calcite and silica polymorphs found on fractures and lithophysal cavities in the
ESF record chemical and isotopic changes in the UZ over the past 10 million years (Marshall and

Whelan 2000 [DIRS 154415]). In the Topopah Spring Tuff, uranium-lead ages of opal and °

chalcedony coatings can be used to constrain the ages of associated calcite. Strontium isotope
ratios in calcite increase from the base to the outermost surface of the coatings, recording a
systematic change in pore water isotopic composition due to water-rock interaction (Marshall
and Whelan 2000 [DIRS 154415]). Marshall and Whelan (2000 [DIRS 154415]) constructed a
one-dimensional advection-reaction model to predict the evolution of strontium isotope ratios in
the water, which can be used to estimate approximate ages for precipitated calcite. The §'%0
values of the calcite samples gradually increase with decreasing model strontium age, suggesting
a cooling trend with time, with elevated temperatures restricted to prior to 6 Ma.

3.3.6.5.2  Geothermal Systems

Many processes that are expected to take place under repository conditions are the same as those
that occur in geothermal fields. These include evaporation, boiling, condensation, single- and
two-phase fluid flow, mineral reaction, precipitation and dissolution, and consequent potential
changes in fracture-matrix interaction. Coupled processes related to geothermal systems have
been observed, measured, and simulated for more than two decades in the geothermal industry.
Geothermal analogues are one of the major ways of building confidence in understanding the
thermal-hydrologic behavior of the repository system as it is coupled to chemical processes over
long time periods. Data from geothermal fields can be used to test coupled process modeling
codes used by the project to match observations (e.g., chemical reactions and occurrence of heat
pipes) in geothermal fields with those predicted by the code.

The versatility of geothermal reservoir simulators has made possible their application to a wide
range of fluid and heat flow problems. To produce an adequate model, numerical codes must be
able to handle processes of heat transfer; two-phase flow under nonisothermal conditions in one,
two, and three dimensions with varying degrees of non-linearity; coupling of fluid and heat
flows; and complex boundary conditions. Modeling of geothermal systems has provided major
advances toward this goal, which adds confidence in numerical models for Yucca Mountain. For
a detailed discussion of geothermal analogues and modeling, see Section4.3.6.7. A brief
discussion follows.
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Bruton et al. (1995 [DIRS 117033]) reviewed literature and data for many geothermal fields as a
means of selecting a field-analogue site for THC studies. Some of these fields were considered
unsuitable because they occurred in rock types dissimilar to Yucca Mountain, a few lacked
sufficient data or had access problems, and others were entirely liquid- or vapor-dominated
fields. The geothermal system at Wairakei was selected as the site most amenable to study of
THC processes because it possessed the greatest number of features similar to Yucca Mountain
(Bruton et al. 1995 [DIRS 117033], p. 8).

Mineral-fluid relations in Wairakei and other New Zealand geothermal fields were simulated
(Glassley and Christenson 1992 [DIRS 109923]; Bruton et al. 1993 [DIRS 109901]). The goal
of these simulations was to validate the thermodynamic database used for Yucca Mountain THC
models through comparisons between observed mineral assemblages and model simulations of
equilibria for the Wairakei system. The Wairakei geothermal system provided the opportunity to
demonstrate that the Yucca Mountain Project EQ3/6 thermodynamic database and associated
model could simulate observed mineral-water compositions for a specific example within the
possible range of temperatures and water conditions anticipated in a Yucca Mountain repository
system. The results of these modeling studies were generally consistent with observed vein and
matrix mineral equilibria at Wairakei for fluids at temperatures greater than 240°C. Field data
and model results indicated that stable mineral assemblages could be significantly impacted by
small differences in fluid chemistry, temperature, or pressure. Comparison of laboratory data
with field data from natural hydrothermal waters at Wairakei for amorphous silica precipitation
showed that significant discrepancies exist between results obtained with different test conditions
(Carroll et al. 1998 [DIRS 124275]). Silica precipitation rates measured in the field were
400 times faster than those obtained in laboratory measurements. Silica precipitation under
repository conditions at Yucca Mountain could exhibit rate behavior somewhere in the range
between the laboratory and field experiments.

3.3.6.6  Summary of Uncertainties and Their Treatment

As is the case for all coupled process models, there are many uncertainties in the results of the’
Mountain-Scale THC model. However, the model results address the goals outlined (see Section
3.3.6.2) and are therefore considered acceptable, given the intended purpose of the model and the
use of its results for downstream users. It is important to note that the primary conceptual
models and data for coupled THC processes are derived from the drift-scale THC models (BSC
2001 [DIRS 154677]), which have undergone extensive validation to measured data from the
DST and from laboratory experiments. To further reduce the uncertainty in the predictions of
large-scale THC effects on mountain-scale flow and transport (if such a reduction were required
by downstream users of the THC model results), the following sources of uncertainty could be
examined:

e Uncertainties in three-dimensional TH processes at a mountain scale and their effect on
THC processes (i.e., gas convection, focused flow)

o Uncertainties in thermodynamic data (i.e., relative stabilities of feldspars, clays, and
zeolites) that relate specifically to vitric and zeolitic horizons
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e Uncertainties in kinetic data (i.e., aluminosilicate rate laws and parameters and rates of
nucleation) also related specifically to vitric and zeolitic horizons

e Uncertainties in geochemical conceptual models (e.g., mineral solid solutions,
precipitating mineral assemblages, reactive surface area estimation)

¢ Uncertainties in the effective mineral-water reactive surface areas in heterogeneous
unsaturated fractured rock, which is being addressed through continuing and new
laboratory studies, the planned Cross-Drift Thermal Test, and sensitivity studies

¢ Uncertainties in fracture and lithophysal hydrologic parameters (i.e., fracture and
lithophysal porosity and unsaturated hydrologic properties)

e Uncertainties in the distribution of water and gas chemistry in the UZ and in infiltrating
water.

Table 3.3.6-2 summarizes the key conceptual and parametric uncertainties that are specific to the
prediction of mountain-scale THC processes. Many general THC issues, and those related to
seepage chemistry or localized mineral precipitation adjacent to drifts, are discussed in
Sections 4.3.6 and 6.3.1.5.

3.3.6.7 Summary and Conclusions

The uncertainties associated with the effects of THC processes on flow and chemistry in the UZ
at the mountain scale were outlined in this section. This new work involved two-dimensional
simulations to address uncertainties that relate to the modification of UZ flow paths and fluxes,
water and gas chemistry in the UZ, and the transport of radionuclides in the UZ. The results of
these simulations, based on a limited range of input parameters, indicate that mineral
precipitation/dissolution will not significantly affect the hydrologic properties and, therefore, the
percolation flux compared to TH changes above the potential repository in the thermal and early
post-thermal period. For comparison, TH effects on the percolation flux at the mountain scale
are discussed in Section 3.3.5. Edge effects owing to gas convection produce mineral
precipitation below the drifts (as a result of enhanced dryout) at the potential repository edge that
is not observed in drift-scale THC simulations, as presented in Drift-Scale Coupled Processes
(DST and THC Seepage) Models (BSC 2001 [DIRS 154677]). The ranges in water and gas
compositions are wider than those predicted by the drift-scale THC models at a given time as a
direct result of the edge effects. Whereas the range may be greater at a given time, the overall
range in chemistry is comparable to that observed in the different drift-scale THC simulations
over a longer time period. The range in pH of about 7 to 9 is strongly linked to changes in
gas-phase carbon dioxide concentrations (relative to the ambient system away from the
repository) that are much smaller in the higher-temperature potential repository center (and pH is
higher) compared to the edges (which have somewhat elevated values and pH values down to
approximately 7).

The important issues associated with the prediction of mountain-scale coupled THC processes
have been summarized and their status assessed in this section; however, many uncertainties at
the mountain-scale over extended time periods have yet to be addressed in a systematic fashion.
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THC model validation, discussed in Section 4.3.6, encompasses some of the uncertainty issues,
but large-scale issues related to conceptual model and data uncertainties (i.e., climate,
infiltration, saturated zone effects, fault properties and conceptual models, and mineralogical and
water chemistry variations) must be treated by simulating a range of possible conditions and by
analysis and validation through study of natural analogues. THC processes at the drift-scale and
at the laboratory-scale have been validated as discussed in Section 4.3.6. This work validates
many aspects of the Mountain-Scale THC Model, but does not address the latter-mentioned
parameters and processes. Uncertainties that arise out of ranges in parameters that have not been
assessed can be further reduced through additional field thermal testing, laboratory experiments,
and modeling. It should also be noted that the incorporation of new features or processes, such
as heterogeneity, carry additional uncertainty to the simulations, even if they reduce other
aspects of the uncertainty.

3.3.7 Thermal-Hydrologic-Mechanical Effects on Mountain-Scale Permeability
3.3.7.1 Introduction

This section presents a scoping simulation of the impact of THM processes on permeability at
the mountain scale. This scoping work is documented in Bodvarsson (2001 [DIRS 154669],
Attachment 9, pp. 1 to 78). The THM effect around the potential repository has largely been
ignored in simulations of mountain-scale flow and was not included in the TSPA-SR (CRWMS
M&O 2000 [DIRS 153246]). The uncertainty introduced by the assumption that THM processes
have little impact on mountain-scale flow is addressed in this section.

3.3.7.2  Goal of Thermal-Hydrologic-Mechanical Model for Flow on the Mountain Scale

THM model studies are being conducted to provide insight into how mechanical stresses arising
from the decay heat of the repository will affect rock mass permeability. These studies are
intended to allow an assessment of how the permeability changes caused by THM coupled
processes will affect the flow on the mountain scale from the land surface to the water table.

3.3.7.3 Model Development

The coupled THM study was performed using a joining of two codes: TOUGH2 V1.5 and
FLAC 3D V2.0. This joint code is referred to as the “TOUGH-FLAC” code (Bodvarsson 2001
[DIRS 154669], Attachment 9, pp. 1 to 43). The two well-established codes were joined through
three carefully designed linkage routines (Delb.dat V1.0, Gpzones.dat V1.0, and tin.dat V1.0).
The first code is TOUGH2 V1.5, which incorporates the dual-permeability (fracture and matrix
continua) approach. It has been proven successful in predicting the temperature and moisture
distribution of field experiments at Yucca Mountain, including the Single Heater Test (CRWMS
M&O 1999 [DIRS 129261], Section 12) and the Drift Scale Test (CRWMS M&O 2000
[DIRS 151964], Section 7). The second code is the industry-standard FLAC3D V2.0, which
calculates fractured rock and soil mechanical processes in a continuum model.

The general conceptual model for THM processes may be described as a multiphase,
non-isothermal and deformable medium where voids of the rock skeleton are filled partially with
liquid water and partially with gas. Thus, it is a three-phase system (gas, liquid, and solid) where
each of the fluid phases has two components (water and air). The gas phase is modeled as an
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ideal gas mixture composed of dry air and water vapor, and the liquid phase consists of water
and dissolved air. The mechanical behavior of the porous and fractured media responses to
changes in temperature, skeletal effective stress, and strain is modeled with accompanying
porosity and permeability changes. Coexisting fluid and solid components are assumed to be in
local thermal equilibrium (i.e., locally they are at the same temperature). While a few main
fractures may be discretely defined within a rock matrix, the main part of the fractured porous
rock is treated as a single continuum or dual continuum (fracture system and matrix blocks). In a
dual-continuum model, the temperature and pressure may be different in the matrix and
fractures, while the total stress (as opposed to the effective stress) is assumed to be same in both
continua. Four types of conservation equations are needed to fully describe such systems,
including two mass-balance equations for the two fluid components, one energy-balance
equation, and one momentum-conservation equation of rock deformation forces.

The fluid mass-balance equation of a coupled hydraulic and mechanical system can be rigorously
derived by combining the fluid mass-conservation equation with the solid mass-conservation
equation, considering the relative motion of the fluid to the moving solid, according to Rutqvist
et al. (2001 [DIRS 154587]). In such a case, the volumetric strain in the mass-balance equation
is coupled to the force-balance equation through Biot’s storage and effective stress parameters
(Biot 1941 [DIRS 121082]), and the final equations are solved simultaneously in a fully coupled
model. In general, a reservoir engineering approach can be used by accounting for rock
deformation changing the porosity. However, in the current application, a simpler approach of
estimating change in porosity, and hence permeability, from a change in stress is used by
adopting an empirical nonlinear relationship. Such an approach implies that the TOUGH2 V1.5
and FLAC3D V2.0 codes can be used in their standard versions, but linked together through
numerically calculated porosity, permeability, and effective stress changes. The codes are
executed iteratively, with transfer of data through external linking modules. Through various
iterative schemes, either explicit or implicit sequentially coupled solutions can be achieved.

The model has been calibrated and partly validated against hydromechanical and
thermomechanical data from the niche tests, and the Drift Scale Test. The thermomechanical
responses (displacements caused by thermal expansion of rock) in the early time of the drift scale
models simulation are within the range of measurements at the drift scale heater test
(Bodvarsson 2001 [DIRS 154669], Attachment 9, p.64). A calibration of the relationship
between stress and permeability for the drift scale calibrated hydrogeological properties is
described in Section4.3.7.43. A similar calibration of the stress-permeability relation was
conducted for this mountain scale model as described in the next section.

3.3.74  Application and Results on Mountain-Scale Flow

The model domain is designed by first taking a multiple-layered column extending vertically
from the ground surface down to the water table. The vertical layering for the model is chosen to
correspond to the vertical contacts at the Nevada State Plane Coordinates 170572.39 m (Easting)
and 233194.536 m (Northing) used in Development of Numerical Grids for UZ Flow and
Transport Modeling (CRWMS M&O 2000 [DIRS 114277], Attachment VI,
DTN: LB990701233129.001 [DIRS 106785]). These coordinates represent an interior point
near the center of the potential repository location. The layers are extended horizontally to form
a two-dimensional section that runs along the northwest direction exactly normal to the
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emplacement drifts in the TSPA-SR UZ site-scale model (CRWMS M&O 2000 [DIRS 114277]).
The cross-sectional length of the repository along this section is approximately 4.2 km, and the
section contains 53 emplacement drifts. The left boundary of the two-dimensional model
domain is at the center of the repository, which has a half-symmetric length of 2,106 m
(26.5 canisters spaced 81 m apart). This left boundary is closed to heat and fluid flow by
symmetry and is allowed zero normal displacement mechanically (i.., on rollers). The right
boundary is set at a distance of 3,000 m from the right edge of the repository. At this boundary,
a constant stress is maintained with a gradient according to Table 3.3.7-1, and no heat or fluid
flow can cross it. The top boundary is the land surface at constant temperature and free to move
mechanically, while the bottom boundary is at the water table, which is at constant temperature
and on rollers mechanically.

The input hydraulic and thermal parameters for the layers are based on the mountain-scale
calibrated property set presented in Calibrated Properties Model (CRWMS M&O 2000
[DIRS 144426], Section 6.1.4). The model input thermal parameters are modified to include
effects of lithophysal cavities in the tsw33 and tsw35 hydrogeologic units, as shown in
Table 4.3.5-1. Mechanical and thermal-mechanical (TM) parameters for TM rock mass units are
extracted from TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock Properties
(CRWMS M&O 1999 [DIRS 126475], Section 7.2.3). In the present simulation, the
below-boiling thermal operation mode is studied (Bodvarsson2001 [DIRS 154669],
Attachment 9, pp. 1 to 78). This is effected by imposing an initial thermal load of 67.7 kW/acre
(1.35 kW/m of drift) with a forced ventilation period of 300 years, during which 80 percent of
the heat is assumed to be removed. The thermal load is imposed on 26.5 drift elements located
81 m apart along the 2,106-m long repository at level 1080.3 m in the tsw35 hydrogeologic unit
(the lower lithophysal unit of the Topopah Spring welded tuff). The half drift is located at the
mid-symmetry line on the left side of the model.

THM-related parameter data used and their sources are shown in Table 3.3.7-1. These
parameters are the same as those used for the drift scale model in Section 4.3.7, except that the
parameters by, and o have been re-calibrated for a higher mountain scale rock mass
permeability. In this simulation conservative values of by, and o were assumed corresponding
to the strongest permeability increases observed at the niche experiment and to the strongest
permeability decreases observed at the Drift Scale Test (Bodvarsson 2001 [DIRS 1546691,
Attachment 9, pp. 45 to 49). Thus, this model simulation does not cover the entire uncertainty
range of hydromechanical properties, but is a conservative one.

Results of this simulation show that temperatures peak at about 800 to 1,600 years after
emplacement, depending on locations and input conditions. The temperature distribution at
1,000 years is shown in Figure 3.3.7-1. As expected, temperature contours center around the
repository. Figure 3.3.7-2 shows the horizontal stress distribution at 1,000 years. In this figure,
a contour line marked by an arrow, separates a region of thermal compression (negative values)
near the repository and a region of tension (positive values) near the land surface. The result is
caused by the interaction between the horizontal stress imposed on the right boundary at 5,000 m
and the mechanically free boundary at the land surface. Vertical stress distribution, which is not
shown, has horizontal contours indicating stress variation due to the thickness of overburden.

TDR-MGR-MD-000007 REV 00 3-69 June 2001



Corresponding to the calculated stress distributions, Figures 3.3.7-3 and 3.3.7-4 show the
changes in vertical and horizontal permeabilities caused by the THM effects. There is a decrease
in permeability near the repository by a factor of about four and an increase in permeability in
the layers near the land surface. Table 3.3.7-2 shows the changes in permeability for the various
hydrostratigraphic layers. They are different for the different layers because the permeability
change is a function of the initial permeability of each layer. The percentage change is larger for
a layer with lower initial permeability. A calibration study related to this behavior using ESF
niche test data is discussed in Section 4.3.7.4.3.

Overall, the permeability changes (Table 3.3.7-2) are moderate, ranging from a factor of 0.28 to
2.75 except for part of the most shallow layer near the land surface, where a factor of 38 was
found. This latter value may be highly uncertain due to the vicinity of the free land surface.
However, layers near the land surface do not play a critical role in the flow pattern at the
mountain scale.

The modeled changes in permeability in the far field are due to elastic deformation and therefore
are reversible upon cooling. Inelastic deformation and permanent changes in permeability may
occur near the drifts as discussed in Section 4.3.7.5. Permeability changes due to rockfall are
discussed in Section 4.3.7.4.

3.3.7.5  Abstraction of Total System Performance Assessment

The work reported in this section is devoted to evaluating process model simulations and
uncertainties. Simulation results for this study are not yet used to support any abstraction models
for the TSPA. The resuits obtained so far show changes of permeability resulting from THM
processes below one order of magnitude, and are different for different hydrostratigraphic layers.

3.3.7.6  Multiple Lines of Evidence

The 1mpact of THM processes on the performance of a potential high-level radioactive waste
repository has been assessed through field studies at a variety of underground sites. At the
Nevada Test Site, a series of TM/THM experiments were conducted in the G-tunnel in Rainer
Mesa. Results show a direct relationship between thermal input and fracture permeability
changes. Thus, increasing temperature on a rock block under triaxial confinement lowered the
apparent permeability of a single fracture from 234 to 89 microdarcies (Hardin and Chesnut 1997
[DIRS 100534], pp. 4 to 6). Further, THM effects were also observed in experiments at the
Stripa mines in Sweden. Fracture closure and reduction in permeability were confirmed by
observation of diminished water inflow to heater and instrument boreholes (Nelson et al. 1981
[DIRS 150092]).

In addition to these experiments, corroborative results on coupled THM effects may be found in
the geothermal literature. A survey of geothermal reservoir properties worldwide (Bjornsson and
Bodvarsson 1990 [DIRS 154606]) showed a correlation between permeability and temperature
for various geothermal systems (Figure 3.3.7-5). The values are scattered, but they indicate a
trend of decreasing permeability with increasing temperature. The low permeability at
temperatures around 300°C and above is more likely caused by geochemical effects. The THM
effects may be present at lower temperature. The straight-line fit through the points has a
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regression coefficient of 0.5 (Bodvarsson 2001 [DIRS 154669], Attachment 4, p. 36) and shows
a half-an-order decrease of permeability with a 100°C rise in temperature.

3.3.7.7 Summary of Uncertainties and Their Treatment

Table 3.3.7-3 provides a summary of the uncertainty issues related to THM effects on
mountain-scale flow and their treatment.

3.3.78 Summary and Conclusions

A coupled THM continua code, which is a linkage of the TOUGH2 V1.5 and FLAC3D V2.0
codes through carefully designed interface routines, has been applied to the simulation of
permeability changes in a region around a potential repository from the ground surface to the
water table. Prior to this set of calculations, no fully coupled THM modeling had been done for
the conditions at Yucca Mountain (i.e., unsaturated, highly fractured rock with heat input).
Therefore, the uncertainty is unbounded. The results of the present study indicate compression
near the repository and expansion from the land surface above the repository down to an
elevation of 1,290 m. These cause corresponding changes in permeability. Table 3.3.7-2 shows
the calculated changes in vertical and horizontal permeability values for the lower-temperature
operating mode. The calculation was conducted with hydromechanical properties,
conservatively calibrated against the geologic layers near the land surface that do not play a
critical role in the flow pattern at the mountain scale. These changes are moderate, probably
without significant impact on the TSPA for the potential repository. However, uncertainties
remain for the higher-temperature operation mode and for more realistic geometries, as indicated
in Table 3.3.7-3. The uncertainties will be further bounded as new heater test data become
available and the model is updated.
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