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4.1.1.1 Total System Performance

Assessment Methods and Objectives

TSPA is a systematic analysis that synthesizes

information (data, analyses, and expert judgment)
about the site and region with the design attributes
of the engineered barriers of the repository system.
As defined in 10 CFR 63.2 (66 FR 55732),

Performance assessment means an analy-
sis that‘

(1) Identifies the features, events
and processes (except human
intrusion) and sequences .of
events and processes (except
human intrusion) that might
affect the Yucca Mountain dis-
posal system and their probabili-
ties of occurring during 10,000
years after disposal; -

Examines the effects of those
features, events, and processes
and sequence of events and pro-
cesses upon the performance of
the Yucca Mountain disposal
system; and

¢

Estimates the dose incurred by
the reasonably  maximally
exposed individual, including the
associated - uncertainties, as a
result of releases caused by all
significant features,. events, and
processes, and sequences of
events and processes weighted
by their probability of occur-
rence.

@

Features are the physical components of the total
repository system, including both the natural
system (e.g., the geologic setting) and the engi-
neered system (e.g., the waste package). Processes
typically act more or less continuously on the
features; for example, moisture flow through the
geologic materials and corrosion of the waste
package. Events also act on the features but at

volcanic events.

The TSPA approach and models are designed to
address the processes that could lead to release and
migration of radionuclides, and the radiological
consequences to potential human receptors. The
approach is intended to provide a transparent anal-
ysis of the geologic repository in terms of the
performance of the natural and enginecred barriers
over long periods of time. '

40 CFR Part 197 provides that the DOE and NRC -
should determine compliance with the radiation
protection standard of 40 CFR 197.20 based on the
mean of the distribution of the highest doses
resulting from the performance assessment. In the
background information accompanying their final
rule (66 FR 32074, p. 32125), the EPA noted that
they belicve that a thorough assessment of reposi-
tory performance should examine the full range of
reasonably foreseeable conditions and processes.
However, they also stated that quantitative esti-
mates of repository performance should not be
dominated by unrealistic or extreme situations or
assumptions. Therefore, the EPA believed the use
of the mean was reasonable but still conservative.

. They further noted that the use of the mean was

consistent with the literal mathematical interpreta-
tion of the term “reasonable expectation” and with

‘the approach used to certify Waste lsolatlon Pilot

Plant.

During their consideration of the appropriate
performance measure, the EPA evaluated other
possible measures, such as the median value of the
distribution, or more extreme measures, such as the
95t or 99t percentile. Their analysis showed that
the use of either the mean or the median was

‘reasonably conservative because both are influ-

enced by the high exposure estimates, without

" reflecting only the high dose results.

Although the EPA seclected the mean for the
compliance determination, both the EPA and NRC
provide that the DOE consider the uncertainties

_inherent in performance assessment results. One

discrete times. Examples mclude seismic and .
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way that the DOE’s method addresses this concern
is by presenting and analyzing the full range of

doses resulting from the performance assessment. '
In addition, the DOE has performed numerous
sensitivity and uncertainty analyses to characterize
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the properties and processes that are particularly
important to dose calculations.

The TSPA described briefly in Section 4.4 and in
more detail in Total System Performance Assess-
ment for the Site Recommendation (CRWMS
M&O 2000a), Volume 2 of FY0! Supplemental
Science and Performance Analyses (BSC 2001b),
and Total System Performance Assessment—Anal-
yses for Disposal of Commercial and DOE Waste
Inventories at Yucca Mountain—Inpwt to Final
Environmental Impact Statement and Site Suit-
ability Evaluation (Williams 2001a) examines the
performance of the potential repository for a broad
range of potential subsurface and surface condi-
tions (e.g., hydrologic, geologic, climatic, and
biosphere) and evaluates potential radiation doses
to future generations. The radiation protection
standards that would apply to the postclosure
performance of a Yucca Mountain repository are
found in regulations promulgated by the EPA (40
CFR 197.20, 197.25, and 197.30) and the NRC (10
CFR 63.113(b), (c), and (d) [66 FR 55732]).
Specific technical requirements for. a comprehen-
sive TSPA are prescribed in the NRC regulation,
10 CFR Part 63.

The TSPA method requires evaluation of postclo-
sure performance of the Yucca Mountain disposal
system where there is no human intrusion into the
repository. The final regulations also require evalu-
ation of the performance of the system where there
is human intrusion, in accordance with NRC regu-
lations. The TSPA evaluation method in both cases
is the same, except that the TSPA method for
human intrusion provides prescribed assumptions
about the human intrusion scenario (10 CFR
63.322 [66 FR 55732]).

Human intrusion refers to inadvertent intrusion
into the repository as a result of exploratory
drilling for groundwater. Limited intrusion means a
single borehole that penetrates the repository and
the underlying groundwater aquifer.

To present the assessment results transparently, the
first case (without human intrusion) is further
subdivided into:

* A nominal scenario composed of the likely
FEPs representing the most plausible evolu-
tion of the repository system, without the
occurrence of unlikely disruptive FEPs

» Disruptive scenarios that include unlikely
FEPs that could diminish the waste isolation
capability of the repository system (e.g.,
igneous activity).

The result of a TSPA analysis is a distribution
(range) of possible outcomes of future perfor-
mance. Because of the probabilistic nature of the
method, TSPA results can capture and display
much of the uncertainty associated with complex
models and unknown future conditions. For this
reason, however, the results should be regarded as
indicative of future performance, not as predictive
in a precise way.

The TSPA methodology (i.e., approach and
models) described in this report is the culmination
of research and development conducted over more
than a decade. Moreover, reviews of previous
TSPAs by internal and external professional orga-
nizations have been invaluable in enhancing the
rigor of the approach and guiding the improve-
ments. of the models. Most notably, important
advances in the TSPA methodology have been
made in response to review comments from:

e Nuclear Waste Technical Review Board
(NWTRB 1998; NWTRB 1999a; NWTRB
2000)

» Total System Performance Assessment Peer
Review Panel (Budnitz et al. 1999)

* NRC staff (Paperiello 1999)

* State of Nevada consultants and other inde-
pendent expert review groups.

The TSPA methodology used for this report is very
similar to that used in the compliance certification
application for the Waste Isolation Pilot Plant
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(DOE 1996a, Section 6.1; Helton, Anderson et al.
1999), a bedded salt repository in southern New

‘Mexico. The Waste Isolation Pilot Plant was certi- -

fied by the EPA in 1998 and began receiving and
disposing of transuranic nuclear waste in March
1999. The TSPA approach is also similar to
approaches adopted by other countries currently

conducting detailed siting studies for potential

geologic repositories (NEA 1991; Thompson
1999). In addition, the computer techniques used in

TSPAs to address uncertainties are rooted in the -

~ probabilistic risk assessment method applied in the

safety assessments for commercial nuclear reactors
(Rechard 1999). :

4112 Treatment of Uncertainty in the
Performance Assessment

Inherent uncertainties will exist in any projections
of the future performance of a deep geologic repos-
itory. These uncertainties must be addressed in a

.way that is both clear and understandable to ensure

technical credibility and sound decision-making
and must be reduced or eliminated if important.
Most, but not all, of those uncertainties can be
quantified and addressed in the TSPA; examples
include: :

» Potential changes in climate, seismicity, and
other processes, such as coupled thermal-
hydrologic-chemical processes, over the
compliance period for geologxc disposal (i.e.,
10,000 years)

regulations at 40 CFR 197.14 and NRC regulations
at 10 CFR 63.304 (66 FR 55732) have incorpo-
rated “reasonable expectation” as the standard for
the NRC to determine whether the DOE complies
with EPA and NRC regulations. Characteristics of
reasonable expectation include that it:

* Requires less than absolute proof because
absolute proof is impossible to attain for dis-
posal due to the uncertainty of projecting
long-term performance ‘

» Accounts for the inherently greater uncertain-
ties in making long-term projections of the
performance of the Yucca Mountain disposal
system

* Does not exclude important parameters from
assessments and analyses simply because
they are difficult to precisely quantify to a
high degree of confidence

* Focuses performance assessments and analy-
ses upon the full range of defensible and
reasonable parameter distributions rather
than only upon extreme physical situations
and parameter values.

There are a number of ways to accommodate or

- address uncertainty in analyses of performance.

* Variability and lack of knowledge of the -

properties of geologic media over large
spatial scales of the hydrogeologic setting

(c.g., the flow path from the repository to a

point of compliance)

* Incomplete knowledge about the long-term

material behavior of engineered components -

(e.g., corrosion of metals over many thou-
sands of years).

Both the EPA and the NRC have recognized that -

uncertainty about the future performance of the
repository will remain even after site characteriza-
tion is complete. In the licensing context, both EPA
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The methods employed for the TSPA models
include:

« Definition of parameter probability distribu-
tions :

* Representation of spatlal and temporal
vanablllty

. Det‘ nmon of data bounds or conservative
estimates

* Formulation and evaluation of alternative
~models permitted by current state of
knowledge -

» FEPs screening (screening out certain aspects
- from consideration because of low probabil-
ity or consequence).
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Whether uncertainties are incorporated quantita-
‘tively through probabilistic distributions, or by
developing “conservative” or “bounding” esti-
mates, it is important to define and document
assumptions on how uncertainties are treated in
performance analyses. Clear documentation of the
rationale for the assumptions in the models will
enable others to understand and evaluate their
adequacy. For the total system model to be trans-
parent and defensible, the selection of each
probability distribution must also be defensible. In
some instances, the insufficient information that
exists on the subsystem model is so complex thata
probability distribution cannot be defined defen-
sibly. In these instances, conservative or bounding
approaches are taken.

Individual sources of uncertaintics may be either
_ quantified or unquantified. Quantified uncertainty
consists of those sources of uncertainties that can
be and have been explicitly (i.e., mathematically)
represented and evaluated through a probabilistic
performance analysis. Unquantified uncertainties

are those that are recognized but are not well suited -

for direct evaluation through a probabilistic
analysis.

As described in Section 4.4.1.2, many uncertainties
have been quantified and incorporated directly into
the TSPA models. The analyses done to address
quantified uncertainties in the TSPA-SR model
include a variety of sensitivity studies that address
how total system performance might be affected if
individual or groups of processes or parameters
differed significantly from the way they were
represented in the TSPA-SR model. These are
described further in Section 4.4.5 and in Total
System Performance Assessment for the Site
Recommendation (CRWMS M&O 2000a). Addi-
tional uncertainties have been identified, analyzed,
and quantified in FY0! Supplemental Science and
Performance Analyses (BSC 2001a; BSC 2001b).
These analyses are described, as appropriate,
throughout Section 4.

. As noted by the National Research Council (1990,
p. 13) and others, there are residual uncertainties

with deep geologic disposal that cannot easily be

quantified and incorporated into performance anal-
yses. Nevertheless, their potential impact must be,

to the extent practicable, addressed and, if impor-
tant, mitigated to provide confidence in postclosure
performance. Examples of residual uncertainties
associated with geologic disposal that are difficuit
to quantify include:

» The potential for currently. unknown
processes to affect performance

» The possibility that incompletely character-
ized processes have been incorporated in the
TSPA in a manner that results in the underes-
timation of radionuclide releases; examples
of incompletely characterized processes
include thermal, chemical, hydrologic, and
mechanical processes that are coupled in
complex ways that cannot be completely
tested at the scale of a repository, as well as
processes that are difficult to observe and
test, such as colloidal transport of
radionuclides '

» Uncertainty associated with the projections
of engineered barrier performance over
10,000 years based on data from short-term
(e.g., several years) laboratory testing

« Uncertainty associated with the large spatial
scale of the three-dimensional groundwater
flow system, which makes it difficult to char-
acterize flow paths and processes.

The DOE has made a substantial effort to identify,
characterize, and mitigate the potential impacts of
residual uncertainties that could significantly affect
long-term performance. Where practicable, addi-
tional tests have been conducted to collect
information that would provide insight to analysts.
For example, the DOE, along with Nye County and
the National Park Service, is continuing research
on the regional groundwater system. The program
includes cooperative and joint analysis of soil,
rock, and water samples provided by Nye County,
which is drilling additional boreholes to charac-
terize the saturated zone as part of its review of the
project.

To address uncertainties associated with coupled
thermal-hydrologic-geochemical processes, the
DOE has performed numerous tests that were not
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envisioned when site characterization began.
Where additional testing was not feasible (e.g., it is
not possible to run tests over the same time period
as the repository must perform) or of limited
benefit (e.g., no amount of excavation or drilling
could completely characterize the natural system),
modelers used conservative assumptions to

“bound” their analyses of uncertain processes. To

do this, they have incorporated assumptions in
their models that represent the observed range of
properties and processes and that also include
parameter values or processes likely to result in
calculated dose assessments that are greater than
actual dose. The DOE has also used empirical
observations and qualitative lines of evidence from
natural analogues to address uncertainties (see
Section 4.1.2).

In some cases, more than one conceptual model
may be consistent with available data and observa-
tions; if so, the analysis of uncertainty includes the

identification of the basis for model selection. In -

the absence of definitive data sets or compelling
technical arguments for any specific conceptual

model, analyses or sensitivity studies may be

performed to test whether the sclection of a given
model is likely to substantially affect analyses of
system performance. When model uncertainty is
unavoidable, analysts may develop simplified
performance models for use in TSPA that reflect
the range of outcomes predicted by more detailed
and specific conceptual models. The selection of
models, model parameters, and scenarios of poten-

tial future behavior are described in Total System
Performance Assessment for the Site Recommen-

dation (CRWMS M&O 20002a) and its supporting
documents, as well as in FY0! Supplemental
Science and Performance Analyses (BSC 2001a;
BSC 2001b) and Tota! System Performance Assess-
ment—Analyses for Disposal of Commercial and
DOE Waste Inventories at Yucca Mountain—Input
to Final Environmental Impact Statement and Site
Suitability Evaluation (Williams 2001a).

In addition, consistent with the postclosure safety

case described in Section 4.1.3, the DOE has
implemented a safety margin/defense-in-depth
approach to the design of repository facilities. This
approach mitigates some of the residual uncertain-
ties by providing additional confidence in the
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performance of the total system. The iterative
approach to characterization and testing, design,
and performance analysis remains a fundamental
part of the DOE approach in evaluating whether

" Yucca Mountain is a safe site to host a repository.

One disadvantage of an approach that combines
both conservative and representative parameter
distributions is that it is difficult to assess the
extent to which the total system results are conser-
vative or recalistic. More realistic representations
may be drawn from literature data, analogue
systems or processes, and the technical judgment
of the broader scientific and engineering commu-
nity. In addition, the DOE initiated several

activities to improve the treatment of uncertainty in

current models. These are described in FYO0!
Supplemental Science and Performance Analyses
(BSC 2001a; BSC 2001b). These activities:

* Identified and evaluated the degree of conser-
_vatism introduced by current approaches,
quantified key unquantified uncertainties,
and characterized the effect of explicitly
quantifying ranges of possible parameters

‘s Developed alternative representations of key
unquantified uncertainties and evaluated the
impact on TSPA results

* Considered the uncertainties associated with
alternative models into which assumptions or
conservatisms were introduced when they
were abstracted for use in the TSPA, in addi-
tion to assumptions and conservatisms in the

- process model

» Developed more realistic representations of
models and parameters, based on all avail-
able information and the scientific judgment
of individuals who are experts in the appro-
priate disciplines

* Developed, for each mode! in the TSPA,
alternate lines of evidence, such as additional
analogues and defense in depth, that are less
dependent on the TSPA computational tool
than those given in Repository Safety Strat-
egy: Plan to Prepare the Safety Case to
Support Yucca Mountain Site Recommenda-
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 tion and Licensing Considerations (CRWMS
M&O 2001a).

This approach provides recommendations for

consistent treatment of uncertainties, which will .

lead to a more rigorous treatment of the different
types of uncertainty. It will also lead to a more

transparent description of uncertainties in the

process models and in the overall system models.

4.1.1.3 . Explicit Consideration of Disruptive
Processes and Events that Could
Affect Repository Performance

Most of this report, as well as the Total System
Performance Assessment for the Site Recommen-
dation (CRWMS M&O 2000a), the FY0I
Supplemental Science and Performance Analyses
(BSC 2001a; BSC 2001b), the Total System Perfor-
mance Assessment—Analyses for Disposal of
Commercial and DOE Waste Inventories at Yucca

Mountain—Input to Final Environmental Impact

Statement and Site Suitability Evaluation (Will-
iams 2001a),

operate in and near the repository over time (e.g.,
water flow, the effects of heat on conditions near
waste packages, and the slow degradation of the
engineered barrier system). Because of the time
frames involved, however, it is also important for
analysts to understand the safety consequences of
unexpected events or behavior. Consequently, the
performance analysis also describes explicitly how
disruptive events (i.e., possible but unlikely events
that could negatively affect performance) and alter-
native models of processes could affect the
performance of the total system. This thorough

consideration of what could go wrong, how wrong

the models could be, and what the effect of inaccu-
racy in the models would be is a key element of the
postclosure safety case.

A comprehensive set of potentially disruptive
events, ranging from meteor or comet impacts to
unexpected flooding of the repository, has been

identified and evaluated. Similarly, a wide variety .

of potentially harmful processes, such as unantici-
pated failure of the waste packages and damage to
repository systems by seismic activity, have been
identified and evaluated. Section 4.3 describes the

and associated documentation,
focuses on the processes that are expected to

identification and screening of these potentially
adverse processes and events. Depending on the
results of this analysis, the events and processes
have been treated in one of three ways:

1. Events or processes with very low proba-
bilities (e.g., less than 1 chance in 10,000
of occurring in 10,000 years, such as
meteor impacts) or very small conse-
quences (e.g., potential radionuclide
releases much lower than regulatory stan-
dards) have been screened out and not
analyzed further.

2. Events or processes that have probabili-
ties greater than 1 chance in 10,000 of
occurring in 10,000 years (e.g., intrusive
igneous activity), have been included in
the performance assessment probabilisti-
cally—that is, the consequence of each
event is weighted by its probability of
occurrence.

3. Events or processes expected to occur
during the period of regulatory compli-
ance, such as climate change or ground
shaking associated with ecarthquakes, are
included directly in models of the perfor-
mance of the repository.

The potential consequences of each event and
process considered in the performance assessment
models are analyzed. These analyses are summa-
rized in Section 4.2, which considbrs alternative
models of subsystem processes that could affect
performance, and Section 4.3, which considers
specific events or processes that are not part of
nominal site behavior. Section 4.4.5 also describes
a number of sensitivity studies that enable analysts
fo assess the importance of alternative models or
unexpected events on total system performance.

Many different events and processes have been
considered to assess whether they might have the
potential to disrupt repository performance. Exam-
ples of potential events considered include:

 The potential for future volcanism near the
repository
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* The potential for future seismic activity near
the repository

o The potential for future human intrusion into
the repository

» _The potential for climate change in the region
of the repository

* The potential for criticality to occur during

the postclosure period.

Climate change and cladding damage caused by
earthquake ground motion is directly incorporated
into the nominal case performance analyses
(CRWMS M&O 2000c) because climate change
and seismic activity are expected to occur during
the period of regulatory compliance.

- Many other events and processes have been |

considered but screened out because their impacts
are so inconsequential that inclusion in the

TSPA-SR is not warranted. Examples include the

potential for future rises in the water table that
could inundate the repository and the potential for
nuclear criticality in spent nuclear fucl afier reposi-
tory closure.” These examples are discussed in
Section 4.3.

It is not possible to foresee every event or process
that could affect the potential repository. However,
by recognizing and explicitly analyzing all identi-
fied events and processes that could affect
repository performance, the DOE has provided a
sound basis for evaluating the performance of the
_ repository system.
4.1.2 Observations from Natural and Man-
Made Analogues '

An zlternative means of analyzing the reliability of
repository performance models is by comparing

them with natural or anthropogenic (man-made)
analogues. As defined in this report, analogues are

systems in which processes similar to those that
could occur in a nuclear waste repository have
occurred over long time periods (decades to
millennia) and large spatial scales (up to tens of
kilometers) not suited to laboratory or ficld experi-
ments. The concept of geologic disposal is based
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on an analogue observation that certain geologic
environments have intrinsic properties that
contribute to the isolation of waste and will
continue to do so for & long time. Analogue studies
can also help scientists understand how specific
repository systems might behave by allowing them
to compare possible future behavior with the
known past behavior of an analogue system. A
variety of specific analogue sites are described

“throughout Section 4.2, including several in

settings that provide insight into the flow of water
in the unsaturated zone, as described in Section
4.2.1.2.13.

For example, observations of the hydrologic
behavior of ancient man-made tunnels and natural
caves can provide relevant information about water
seepage into mined openings in an unsaturated
zone over thousands of years. Similarly, observa-
tions of the past migration of radioactive
contaminants in groundwater in similar environ-
ments can provide insight into the possible future
transport of radionuclides away from a repository.
Such information can be obtained from both
natural analogues (e.g., natural deposits of uranium
and other minerals) or from anthropogenic
analogues (e.g., the Nevada Test Site, Hanford, or
the Idaho National Engineering and Environmental
Laboratory), where the movement of radionuclides
in groundwater caused by past releases is currently
being monitored. The archaeological and historical
record can also provide qualitative information on
the degradation of materials that may be relevant to
the performance of the repository (e.g., the preser-
vation of materials in Egyptian pyramids and
tombs more than 5,000 years old).

The value of natural analogues is not restricted to

_locations that may mimic aspects of repository

behavior. The study of natural analogues is an
intrinsic part of scientific studies, particularly in
the earth sciences. For example, in order to under-
take studies of basaltic volcanism in the vicinity of
the Yucca Mountain site, an investigator must be
versed in basaltic volcanism and ‘especially in
basaltic volcanism in the southern Great Basin. All
other known occurrences of basaltic volcanism

- become, to some degree, natural analogues for
- volcanism near Yucca Mountain. Each occurrence

can tell the investigator something about the mech-
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anisms and controls on volcanic episodes. The
overall understanding of volcanic processes gained
from regional studies provides a basis for
analyzing trends and patterns in the Yucca Moun-
tain area that are essential to evaluating the
possibility that future volcanic events could occur
and affect a repository. In fact, it would be impos-
sible to understand basaltic volcanism as a site
characterization issue without recourse to natural
analogues. One of the fundamental tasks for the
investigator is to recognize and appreciate the
value of the information offered by this kind of
analogue study.

The scientific community has endorsed the use of
analogues as a means of assessing the potential
future performance of systems, components, and
processes related ‘to nuclear waste disposal
(Chapman and Smellie 1986). The WNational
Academy of Sciences/National Research Council
(National Research Council 1990) and the NRC
(10 CFR 63.101(a)2) [66 FR 55732]) have also
encouraged analogue studies.

There are no close analogues to a total repository
system at Yucca Mountain. Nevertheless, studies of
a variety of analogues can and have been used to
assess how well repository models represent
processes known to be important to performance,
as well as the magnitude and duration of the
phenomena. Analogue information has also been
used (1) to evaluate the validity of extrapolating
from short-term field-scale experiments to longer
time scales in which field-scale experiments are
impractical and (2) to add confidence when
spatially extrapolating processes studied at labora-
tory and intermediate-scale experiments to tests at
larger spatial scales. Knowledge gained from

natural analogues has helped refine performance .

assessment model assumptions and parameter
ranges and has improved the robustness and
consistency of process models.

Given the imprecise nature of the information
gained from investigations of similar, but not iden-
tical, processes and sites, analogue studies alone
cannot prove that process or total system perfor-
mance models are valid in a strict sense. However,
natural analogue observations can confimm that a
model takes into account the relevant processes in

appropriate ways. In this way, the analogues can
build confidence in models of future behavior. This
is consistent with the expectations of NRC regula-
tions in 10 CFR 63.101(a)}2) (66 FR 55732),
which state: “Demonstrating compliance will
involve the use of complex predictive models that
are supported by limited data from field and labo-
ratory tests, site-specific monitoring, and natural
analog studies that may be supplemented by preva-
lent expert judgment.”

Throughout this report and its supporting docu-
ments, numerous analogues are analyzed to
provide information on processes that may affect
both engineered and natural system features of a
geologic repository at Yucca Mountain. Specific
examples of relevant analogues are presented in
Table 4-1. Additional discussion of analogues is -
provided as appropriate throughout Sections 4.2
and 4.3, which discuss in greater detail the under-
standing of the Yucca Mountain site. Although the
direct apphcabnhty of the analogues for each
process model varies, the analogue observations
generally suggest that the conceptual and numer-
ical models that form the basis for analyses of
repository performance are reasonable to conserva-
tive. For many of the analogues, a large body of
literature exists.

4.1.3  Use of Defense in Depth and Safety
Margin to Increase Confidence in
System Performance

The extensive testing program at Yucca Mountain
and the thorough assessments of the future perfor-
mance of the potential repository do not “prove,”
in the usual sense of the word, that the potential
repository will be safe. To provide additional assur-
ance of long-term safety, the third major element of
the postclosure safety case relies on a complemen-
tary, but less analytical, approach that is based on
engineering principles that have a proven track
record for safety. These principles are known as
“safety margin” (or design margm) and “defense in
depth.”

Safety margin refers to the standard engineering
practice of including safety factors on the perfor-
mance of engineered components to account for
uncertainty and variability in material, fabrication,
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Table 4-1. Process Models and Natural Analogues
. Process | Feature,Event,or
Modet! Process Mode! Parameter information from Analogues
Climat Range of climate Palesclimate studies in Great Basin provide bounds on precipitation
e conditions end temperature expecled under wetter future climate scenarios.
Infiltration Range of infiltration | Infiltration at Yucca Mountain, determined by models, is within range of
values measured infillration rates in Negev Deser, Israel.
Excavations worldwide in arid environments (e.g., Altamira, Spain;
. Amman, Jordan) show high seepage thresholds. At Rainier Mesa,
S into drifis 2:3; ::z?sg:mrgodel; Nevada, tunnel in welded tuff above perched water zone shows no
eepage into fractures seepage. Tunnel in zeolites below perched water experiences seepage.
Very limited seepage occurs at Hell's Harf Acre, Idaho, 1 m below 8
monitored overhang in fractured tuff. _
Magma intrusions, such as siii at Palute Ridge, Nevada, and Grants
Coupled Ridge, New Mexico, as well as lava flow contact at Banco Bonito, New
processes: efiects ;JHzgowr:;ds;r::spon. Mexico, show extent of alteration effects at temperatures greater than
on UZ flow P 100°C Is less than 1 m from contact; fracture sealing has occurred in
welded rhyolitic tuff in Yellowstone geothermal field.
Coupled :mﬂ&::: and Measuréd thermal-mechanical stress at Krasnoyarsk-26, Russia, is
processes: thermal- thermal-mechanical small over 50-year operation period of underground nuclear reactor
mechanical effects eflects (temperatures less than 100°C).
Moisture, . Geothermal fields (e.g., Wairakel, New Zealand; Yellowstone,
temperature, end :n:;e‘r:ls:er:g;o n smt:‘as Wyoming), and Yucca Mountain es self-analogue, predict mineral
UZ Flow and chemistry on drip near-field ge assemblage simitar to syngenetic alteration at Yucca Mountain; mineral
T_""‘P“‘ shield precipitation kinetics Is faster in fiekd than In laboratory tests.
Moisture, Same as for drip ,
:r:r‘:,eé:::{ :::gt e ;'r‘l‘:fl'\:::lh f:?d'tm of Potential drip shield analogue at Japanese archaeclogical site.
. package protection : '
. (1) Box Canyon (idaho Nationa! Engineering and Environmental
UZ fiow and o UZ flow eflects of | Laboratory) analogue in fractured basalt shows little effect from
|ransport: advective transient flow.
pathways {2) Effect of water (2) Records associated with historical earthquakes in Nevada show
table rise water table rise Is limited to about & m and is transient. .
|
Sorption of uranium takes place in fracture-coating minerals in rhyolitic
UZ flow and . tuff at Pefia Blanca, Mexico, where matrix diffusion is minor; Pefla
transport: sorption | UZ flow and transport | Blanca has experienced only minor transport of uranium daughter
and matrix diffusion products over 300,000 years. Trace metals at Santorini, Greece, were
transported less than § m in rhyolitic tuff over 3,000 years.
UZ flow and ;
transport: colloid- | UZ flow and transport ald:ﬁl}ggﬁ:ﬂ;r:ﬁ:&l::;eﬂr:f:’ :nd Environmental Laboratory may be an
facllitated transport .
Coupled Ctlay mineral alteration assemblages produced by THC processes in
processes: effects TUﬁgow and :::sm high-silica rocks at Oklo, Gabon, and Cigar Lake, Canada, are effective
on UZ transport proces: 1in sequestering radionuclides.
i - | Meteorites with high nickeliron content have higher rate of preservation
Wa Performance of than those with low nickeliiron ratio; meteorites, iron nalls, and other
ste waste package Degradation of stee! | iron artifacts are better preserved In the presence of & corrosion crust;
Package, barrie r:a g glloys and cladding | eskolaite for chromate (Cr,05); rare earth phosphates as analogue to
Waste Form, : gadolinium phosphate (GdPO,) (neutron absorber); stability of the
g:;lneere q mineral josephinite, a natural iron-nicke! afioy.
Barrier Commercial spent | Shemical 81er3ton o | ey inis aiteration st Nopat I in Penia Bianca, Mexico, produces the
Processes | nuclear fuel waste secondary mineral same mineral assemblage as in laboratory tests of spent fuel
form performance f " o:ly degradation.
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Table 4-1. Process Models and Natural Analogues (Continued)

Process | Featurs, Event, or ) :
Model Process Model Parameter Information from Analogues
DOE spent nuclear | Chemical alteration of i
fuel, plutonium uranium and Natural plutonium has remained unfractionated from uranium at Poges
disposilion wasts | secondary mineral de Cakias, Brazil, for mors than 100,000 years.
form performance | formation
High-level waste In the absence of radiation, devitrification of volcanic glasses (basaltic
glass waste form | Stability of glasses and rhyolitic) and manufactured uranium-bearing glasses is too slow to
performance be significant to a repository.
Wasts Dissolved
Package, radionuclide fsoo;::blllty of waste (Solubility limiting conditions not usually obsarved through analogues.)
Waste Form, | concentration limits
and In-package Radiolysis, At Oklo, Gabon, radiolysis caused reduction of iron and oxidation of
Engineered | adionuclide sequestration in uranium, followed by sequestrauon of uranium and fission products in
Bame;ses transport secondary minerals | clays and iron oxides.
: Magarin, Jordan, provides data on thermodynamic stability of natural
(continued) ‘ cement minerals and interaction with groundwater. Krasnoyarsk,
Performanca of Effects of materials on | Russia, provides data on stability of cement minerals under THC
cements performance conditions. Microbes ara instrumental in attacking cement at New
Zealand gecthermal sites. Roman concretes varied in stability with
dependenca on composition of contact material
Performance of Hect Clay minerals are instrumental in sequestering radionuclides at Cigar
getter (sorptive Eerfonnoa:n ;teﬁab on Laks, Canada, and have preserved ancient wood fiber at Dunarcbba
materials in backfil | P : Forest, ltaly.
::‘ nm::d Lr::iiudu e:::l and Contaminant plumes at DOE and EPA sites (e.9., Hanford) can be used
advective pathways | dispersion to determine the limits of dispersion in a particular substrate.
Sorption coefficient tested at Nevada Test Site. Matrix diffusion plays
SZ Flow and | 32 flow and orption Sorption coeMcient I | strong rols at Pogas de Caldas, Brazit Alligator Rivers, Australia; OKl,
Transport and 121 rix diffusion | of m atrix' diﬂz‘;lo n Gabon; Palmottu, Finland; Cigar Lake, Canada. Fracture pathways play
. : a role in transport at Palmotty; Pogos de Caklas; and Alligator Rivers.
e A ollokt. | Colloidalransportin | Firation of colci s effectva at E1 Berrocal, Spain: Pogos da Caldas,
" faciltated transport sZ Brazil; Alligator Rivers, Australia; and Cigar Lake, Canada.
Bicsphers Biosphere transport | Plant uptake of High uranium concentrations found in green plants near ore bodies at
' and uptake radionuclides Pogos de Caldas, Brazil, and Pefia Blanca, Mexico.
Volcanism Eruptive frequency, | Nevada—-California-Arizona provide eruptive histories of similar basau
location, and intensily | fields.
Frequency of event,
Seismicity extent and location of | Nevada-California historic earthquakes provids database for
fault rupture, intensity | predictions.
Potentlally of ground motion
Disruptive Probabilty and Occurred at Oklo 2 billion years ago and !asted several hundred
Events, Criticali consequence of thousand years; studies have determined which radionuclides
ity a’iﬁc:lq:ty . remained in the ore body which ones were transported, and to what
distances. .
Probability and
Travertine Point calcite and silica deposits provide lnsnght into the origin
Water table rise gt;:e'?s?"” ofwater of surficial deposits at Yucca Mountain.

NOTES: THC = thermal-hydrologic-chamical; UZ = unsaturated zone; SZ = saturated zone. Sources: CRWMS M&O 2000bp;
Stuckless 2000; CRWMS M&O 2000b, Section 13.
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‘and use. These safety factors are typically
expressed as a ratio of the calculated level of
performance to an allowable or laboratory
measured level of performance. They are devel-
oped to ensure that the component or system has
ample reserve performance capability. A simple
example of a safety factor would be the limiting of
the stress in a component to a fraction of what
would cause failure. The safety margin is then the
reserve strength over and above what would actu-
ally be applied. A Yucca Mountain-specific
example of safety margin is the design and selec-
tion of the waste package material. The assumed
corrosion resistance of Alloy 22, used in the outer
shell of the waste packages, was decreased (or the
corrosion rate was increased) over the laboratory
values to account for potential environmental
conditions. The corrosion rate of Alloy 22 was
increased by 2.5 times to address potential heat-
accelerated corrosion and an additional 2.0 times to
address potential microbial corrosion.

The defense-in-depth approach (or reliance on
~ multiple system attributes) complements design
margin in that it provides a method of ensuring
overall performance if one or more components of
the repository system fail to perform as expected.
Defense in depth is provided by having safety

components that do not share common failure
modes. In other words, the processes or conditions
(such as the geochemical environment) that might
cause a degradation of performance of one compo-
nent of the design will not similarly affect other
components. In a repository, defense in depth is

~ provided by the attributes of both the natural

barriers and the engineered barrier system.

The safety margin/defense-in-depth approach is
not specifically required by the regulations for a
repository. However, the NRC regulation (10 CFR

‘Part 63 [66 FR 55732]) does contain statements

that are based on a similar philosophy, adapted to
the long-term requirements for postclosure safety.
10CFR 63.113(a) provides that a repository
include multiple barriers, consisting of both natural

‘barriers and an engineered barrier system.

At Yucca Mountain, the potential geologic reposi-
tory system would contain several different
barriers. As defined in 10 CFR 63.2 (66 FR
§5732), a barrier is any material, structure, or
feature that prevents or substantially reduces the
rate of movement of water or radioactive material
from the Yucca Mountain repository to the acces-
sible environment. Table 4-2 presents a summary

Table 4-2. Identification of Natural and Engineered Barriers at Yucca Mountain

Barrier Barrier Function
Reduce the amount of water entering the unsaturated zone by surficial processes (e.g.,
Surficlal sols and topography . precipitation lost to runoff, evaporaticn, and plant transpiration).
Unsaturated rock layers overlying the Reduce the amount of water reaching the repository by subsurface processes (e.g.,
repository and host unit latera! diversion and flow around emplacement drifts).

Drip shicld above the waste packages

Prevent water contacting the waste package and waste form by diverting water flow
around the waste package.

Waste package

Prevent water from contacting the waste form for thousands of years.

Spent fue{ cladding degraded.

Delay and/or limit liquid water contacting spent nuclear fuel after waste packages have

Waste form

Prevent Equid water from contacting waste as a result of elevated temperatures in the
commercial spent nuclear fuel waste package; limit radionuclide release rates as &
result of intrinsic low leach rates of DOE high-leve! radicactive waste glass form.

Drift invert below the waste package

Limit transport into the host rock.

Unsaturated rock layers below the
repository

Delay radionuclide movement to the groundwater aquifer because of water residence
time, matrix diffusion, and/or sorption.

Volcanic tuff and alluvial deposits below the

the repository to point of compliance) mixing.

Delay radionuclide movement to the receptor location because of water residence
water table (flow path extending from below | time, matrix diffusion, and/or sorption; decrease radionuclide concentrations by passive
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of the natural and engineered barriers present at

Yucca Mountain, along with a brief description of -

their intrinsic and intended functions for the design
analyzed in this section. An analysis of each
barrier’s contribution to performance is presented
in Section 4.5.

Implementation of the safety margin/defense-in-
depth approach has resulted in several improve-
ments in the repository design since the design
described in 1998 in the Viability Assessment (VA)
(DOE 1998). Examples include:

» Modification of the waste package design to
place the corrosion-resistant Alloy 22 layer
on the outside. Having the corrosion-resistant
layer outside provides sufficient margin that
performance assessments indicate complete
containment (in the absence of unlikely dis-
ruptive processes) of nuclear wastes
throughout the period of regulatory
compliance.

» Evaluating thermal loading strategies that

" may reduce the complexity of coupled pro-
cesses in the near-field zone and
simultaneously maximizes the redirection of
water away from the repository drifts.

 Adding drip shields to the engineered barrier
design to minimize the potential for dripping
water to contact the waste packages (and
waste form).

More detailed descriptions of the barriers and their
performance functions are summarized in Section
4.5. Additional information is available in Volume
. 2 of Repository Safety Strategy: Plan to Prepare
the Safety Case to Support Yucca Mountain Site
Recommendation and Licensing Considerations
(CRWMS M&O 2001a) and Total System Perfor-
mance Assessment for the Site Recommendation
(CRWMS M&O 2000a) as well as FY0I Supple-
mental Science and Performance Analyses (BSC
2001a; BSC 2001b) and Total System Performance
Assessment—Analyses for Disposal of Commercial
and DOE Waste Inventories at Yucca Mountain—
Input to Final Environmental Impact Statement
and Site Suitability Evaluation (Williams 2001a).

4.1.4  Mitigation of Uncertainties by
Selection of a Thermal Operating
Mode

One way of mitigating thve‘ uncertainties in
modeling long-term repository performance is to
operate the repository so the temperature of the

" host rock stays below the boiling point of water.

Uncertainties in thermally driven processes are of
special interest because of their complexity and
because the current modeling approach may mask
the importance of thermal effects on performance.
Two key uncertainties about thermal effects on
potential repository performance are (1) the way
coupled processes in the mountain will respond to
the heat generated by emplaced waste and (2) the
long-term performance of waste package materials
in the potential repository environment.

In the models and design described in this report,
uncertainties related to the higher-temperature
operating mode have been recognized and
addressed. Since the VA, the design has evolved to
include a thermal management strategy that limits
the region of rock with temperatures above the
boiling point of water, along with other features
(such as drip shields) that mitigates uncertainty.
Current models attempt to capture the remaining
uncertainties well enough to understand their
impacts; however, the DOE has considered addi-
tional options for mitigation. In particular, the
performance characteristics of lower-temperature
operating mode concepts such as those described in
Section 2.1 have been investigated in FY0I Supple-
mental Science and Performance Analyses (BSC
2001a; BSC 2001b) and Total System Performance
Assessment—Analyses for Disposal of Commercial
and DOE Waste Inventories at Yucca Mountain—
Input to Final Environmental Impact Statement
and Site Suitability Evaluation (Williams 2001a).

Because uncertainties due to thermally induced

-coupled processes cannot be eliminated through
additional testing, the DOE’s approach is to .

consider options for mitigating thermal uncertain-
ties by lowering temperatures in the emplacement
drifts and on the waste package surface. Keeping
the host rock temperature below boiling may

* reduce uncertainties associated with coupled

processes (Anderson et al. 1998, p. 18; Cohon
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1999). In addition, uncertainties in localized corro-
sion rates may be mitigated by avoiding the
conservatively defined window of increased
susceptibility by keeping the temperature of the
waste package below 85°C (185°F) or the relative
humidity in the emplacement drifts below
50 percent. Section 2.1 provides additional discus-
sions of lower-temperature operating modes.

415 Performance Confirmation,
‘ Postclosure Monitoring, and Site
Stewardship '

The EPA, NRC, and DOE have recognized that
some uncertainty about repository performance
cannot be eliminated. Furthermore, the DOE
understands that ensuring public safety requires
continued site stewardship, including a program
for evaluating new information discovered during
the construction and operation phases. Therefore,
the final component of the postclosure safety case
is a program of performance confirmation, moni-
toring, and site stewardship that accomplishes
several goals related to the DOE’s obligation to
protect public health and safety and the environ-
ment. The program addresses 10 CFR Part 63
(66 FR 55732) Subpart F provisions for perfor-
mance confirmation to ensure consistency with
license specifications after waste emplacement and
before permanent closure.  The program also
includes activities necessary for the DOE to
provide postclosure oversight, as specified by
Section 801(c) of the Energy Policy Act of 1992
(Public Law No. 102-486), and post-permanent
closure monitoring, consistent with 10 CFR
63.51(a)(2). Specifically, the DOE will continue to
observe and test the performance of the repository
during and after waste emplacement and will main-
tain the integrity and security of the repository
through a variety of institutional controls. The
DOE will also continue to participate in research
on geologic disposal, in cooperation with other
international programs. These activities will ensure
that any new information discovered at Yucca
Mountain (or elsewhere) that is relevant to future
repository decisions is considered appropriately.

The performance confirmation program is the most
important monitoring activity. NRC regulations
-provide for performance confirmation to continue

for at least 50 years after the initiation of waste
emplacement. The DOE will continue its perfor-
mance confirmation program until the repository is
permanently closed. The amount of information
collected during this period may be more relevant
for long-term analyses of the repository than any
experiment or test that could be conducted now or
in the near future. Any decision to close the reposi-
tory would be based on the increased
understanding and confidence derived from
decades of testing and observation.

The performancé confirmation program will
provide data on the actual performance of the key
natural and engineered systems and components of

the repository as conditions evolve. The program

will also provide data to confirm (after repository
construction and operation) that subsurface condi-

~ tions encountered, and any changes in those

conditions during repository construction and
waste emplacement, are consistent with the
expected performance of the repository. A primary
goal of the program will be to confirm, through
observation, monitoring, and analysis, that the
repository is performing in a manner that will
contain and isolate waste.

As described in Section 4.6, the performance
confirmation program will monitor the processes
important to future waste isolation in the reposi-
tory. Examples include the flow of water past and
near the repository, the geochemical environment
in and near emplaced waste, coupled thermal-
hydrologic-chemical-mechanical processes, and
the performance characteristics of engineered
materials in the repository environment (e.g., drip
shield and waste package degradation). In addition
to technical monitoring of the performance of the
site, the DOE will maintain the security and integ-
rity of the site throughout the performance
confirmation period and beyond es required by the
Energy Policy Act of 1992, Section 801(c) (Public
Law No. 102-486). A program will be developed to
prevent any human activity, including deliberate or -
inadvertent human intrusion, that could affect engi-
neered or geologic barriers.

Section 122 of the NWPA (42 U.S.C. 10142)
requires the DOE to maintain the ability to retrieve
any and all emplaced wastes “for any reason
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pertaining to the public health and safety, or the
environment, or for the purpose of permitting the
recovery of the economically valuable contents of
such spent fuel” prior to closure. For example, if it
were learned from the moniteoring program that an
engineered barrier had been damaged, the waste
packages could be removed and repairs could be
made, as necessary.

NRC regulations (10 CFR Part 63 (66 FR 55732])
anticipate that the repository could be closed as
early as 50 years after initial waste receipt. Closing
the repository would involve the sealing of shafts,
ramps, exploratory boreholes, and other under-
ground openings. These actions would discourage
any human intrusion into the repository and
prevent water from entering through these open-
ings. If a decision to close the repository were
made, the DOE would still be responsible for a
program of site stewardship under the Energy
Policy Act of 1992 (Public Law No. 102-486).

At the surface, all radiological areas would be
decontaminated, all structures removed, and all
wastes and debris disposed at approved sites. All
disturbed areas would be restored as close as prac-
ticable to their preconstruction condition.

NRC regulations (10 CFR Part 63 [66 FR 55732])
require the DOE to submit a plan for postclosure
monitoring with any application to close the repos-
itory. The DOE has also committed to maintain
security and continue monitoring at the Nevada
Test Site for the foreseeable future. A network of
permanent monuments and markers would be
erected around the site to warn future generations
of the presence and nature of the buried waste.
Detailed records of the repository would be placed
in the archives and land records of local, state, and
federal government agencies and archives else-
where in the world that future generations would
be likely to consult. These records would identify
the location and layout of the repository and the
nature and hazard of the waste it contains.

42 DESCRIPTION OF SITE
CHARACTERIZATION DATA AND
ANALYSES RELATEDTO
POSTCLOSURE SAFETY

This section discusses the data obtained during site
characterization activities, as well as analyses of
the safety of a potential Yucca Mountain reposi-
tory. The DOE planned and conducted its site
characterization program to collect data about the
site and about those physical and chemical
processes that would affect the ability of the repos-
itory system to isolate waste.

Section 1.3 presented a brief summary of the
geology of Yucca Mountain based on the results of
site investigations. It provided a framework for the
descriptions of the repository and waste package
designs contained in Sections 2 and 3. In this
section, the results of studies focused on the char-
acteristics and potential future behavior of the
repository system are presented in additional
detail. The discussion is organized to provide a

" description of the major processes that control the

waste isolation capability of the potential reposi-
tory. As shown schematically in Figure 4-2,
Section 4.2 describes in sequence the data and
analyses relevant to the processes that affect the
movement of water through Yucca Mountain and
relevant to the potential for that water to contact
and mobilize radionuclides. Disruptive events
could potentially affect these processes and, there-
fore, also need to be considered. The data and
analyses related to potential disruptive events are
presented in Section 4.3, and the combined anal-
ysis of the potential performance of the repository
is summarized in Section 4.4.

The processes pertinent to performance include
those physical processes that control the movement
of water, beginning with precipitation as rain and
snow at the surface, followed by infiltration into
the mountain, flow through the unsaturated zone to
the potential repository level, flow from the reposi-
tory level to the saturated zone, and from there to
the accessible environment. At the repository level,
water moving past the engineered barriers would
be affected by the physical and chemical processes
associated with the decay heat and could interact
with waste packages and waste forms. These
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processes could lead to the mobilization: of radio-
_.nuclides. Eventually, the water could move out. of
the repository ‘horizon and further downward
~ through: the unsaturated zone. Subsequently, it

could move into the saturated zone, where it could
be transported to the accessible environment where

- humans could be exposed.

The data collected during site chracterization have

been used to develop conceptual :and numerical

models of the hydrologic, geochemical, thermal,
~and mechanical processes that will determing how

a_repository. at Yucca'Moimtain;‘may behave over
the next 10,000 years. These process:models have,

_in tum, been used to develop - TSPA model that

has becn used to assess quantitatively the potential

for radionuclide releases.to'the public and, conse- -

quently, the safety of the Yucca Mouiitain site.

. DOERW-0539Rev.l
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Figure 4-2.  Schematic Hlustration of the Ten General Processes Considered and Modeled for Total System

, Performance Assessment’ , . _~ .
These ten highlighted processes roughly correspond to the ten sections in Section 4.2, as indicated.

“Attributes Tmportant to Long-Term Perfor-

mance—The. potential repository system can be

 described in terms of five Key attributes that would
be important to long-term performance: (1) limited
‘water entering waste emplacement drifts; (2) long-

lived waste package and drip shield; (3) limited
release -of - radionuclides. from the engincered

“barriers; (4) delay and dilution of ‘radionuclide

concentrations by the natural barriers: and () low:
peak mean ‘ainual .dose -considering potentially

_disruptive-events. These attributes aré summarized

below. The first four ‘reflect the -interactions of
natural barriers .and the engineered barriers ‘in

 prolonging the containment of radionuiclides within

the ‘repository and Jimiting their release. The fifih
attribute reflects the Tikelihood that. disruptive
events would not affect repository performance

“over 10,000 years.




Yucca Mountain Science and Engineering Report
DOE/RW-0539 Rev. 1

1.

Limited Water Entering Emplacement
Drifts—The climate at Yucca Mountain is
dry and arid, with precipitation averaging
about 190 mm (7.5 in.) per year. Little of
this precipitation percolates into the
mountain; nearly all of it (above 95 per-
cent) either runs off or is lost to evapora-
tion, limiting the amount of . water
available to seep into emplacement drifts.
For the higher-temperature operating
mode described in this report, a thermal
management strategy was developed that
would take advantage of the heat of the
emplaced wastes to drive water away
from the emplacement drifts. The heat
generated by the waste would dry out the
rock surrounding the drift and decrease
the amount of water available to contact
the waste packages until the wastes have
cooled substantially. Drainage of water in
the rock pillars between drifts would be
encouraged by keeping much of the pillar
rock between the drifts below the boiling
temperature of water. As long as the drift
walls remained at temperatures above the
boiling point of water, there would no
liquid water in the emplacement drifts and
very little in the nearby rock. Even after
the drift walls cooled below the boiling
point of water, the residual heat would
increase evaporation in and near emplace-
ment drifts, thereby continuing to limit
the amount of water present in the rocks
adjacent to waste packages. In lower-tem-
perature operating modes, the waste pack-
ages would be exposed to water earlier.
Because the rock would eventually cool in
any operating mode, there does not appear
to be a significant difference in the
amount of water to which the waste pack-
ages would eventually be exposed.

Over the range of operating modes, the

~ design also takes advantage of the
mechanical and hydrologic processes that

divert water around emplacement drift
openings in the unsaturated zone. Because
of capillary forces, water flowing in
narrow fractures tends to remain in the
fractures rather than flow into large open-

422

2,

‘. ings, such as drifts. If any water reaches

an emplacement drift, it cou!d flow down
the drift wall to the floor and drain
without contacting the drip shield or the
waste packages (however, in taking a
more conservative approach in modeling,
this potential process is not included in
the models). Thus, the natural and engi-
neered features of a repository in the
unsaturated zone will combine to limit the
potential for water to enter the emplace-
ment drifts.

Long-Lived Waste Package and Drip
Shield—To further reduce the possibility
of water contacting waste, the DOE has
designed a robust, dual-wall waste
package with an outer cylinder of corro-
sion-resistant material, Alloy 22. Alloy 22

- was selected because it will remain stable

in the geochemical environment that
would be expected in a repository at
Yucca Mountain. In the operating mode
described in this report, the repository
environment would be warm, with tem-
peratures at the waste package surface ini-
tially rising above the boiling point of
water. Waste package surface tempera-
tures are expected to gradually decrease to
below boiling after a period of hundreds
to thousands of years, depending on the
waste package’s Jocation within the repos-
itory layout, spatial variation in.the infil-
tration of water at the ground surface, and
variability in the heat output of individual
waste packages.

Chemically, the environment is expected
to be near-neutral pH (mildly acidic to
mildly alkaline) and mildly oxidizing.
Because most corrosion would occur only
in the presence of water and because
highly corrosive chemical conditions are
not expected, both the titanium drip shield
and the Alloy 22 outer barrier of the waste
package are expected to have long life-
times in an unsaturated zone repository. In
lower-temperature operating modes, the
waste packages would be exposed to
water earlier.
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3. Limited Release of Radionuclides from

the Engineered Barriers—Because of
the characteristics of the natural system,
the drip shields, and the waste packages,
scientists do not expect water to come into
contact with the waste forms- for over
10,000 years. Even if water were to pene-
trate a’ breached waste package before
10,000 years, several characteristics of the
waste form and the repository would limit
radionuclide releases. First, because of the
warm temperatures, much of the water
that penetrates the waste package will
evaporate before it can dissolve or trans-
port radionuclides. Neither spent nuclear
fuel nor glass waste forms will dissolve
rapidly in the expected repository envi-
ronment. Further, a large majority of the
radionuclide inventory is insoluble in the

- geochemical  environment  expected

within the repository. Although the per-
formance of the cladding (metallic outer
sheath of a fuel element) as a barrier may

vary because of possible degradation, it is .

expected to limit contact between water
and waste. The component of the engi-
neered barrier system below the waste
package, called the invert, contains
crushed ‘tuff that would also limit the

“transport of radionuclides into the host
~ sock. .

Delay and Dilution of Radionuclide

Concentrations by the Natural Barri-

ers—Eventually, the engincered barrier

- systems in the repository are expected to

degrade, and small amounts of water may
contact waste. Even then, features of the
geologic environment and the repository
system will help decrease radionuclide
migration to the accessible environment
and slow it by hundreds to thousands of

_ years. Processes that could be important

to the movement of radionuclides include
sorption, matrix diffusion, dispersion, and
dilution. Rock units in both the unsatur-

ated zone and the saturated zone at Yucca -

Mountain contain minerals that can
adsorb many types of radionuclides (i.e.,
radionuclides would attach to and collect

on the mineral surfaces). As water flows

_- through fractures, dissolved radionuclides
can diffuse into and out of the pores of the
rock matrix, increasing both the time it
takes for radionuclides to move from the
repository and the likelihood that radionu-
clides will be exposed. to sorbing miner-
als. Dispersion and dilution will occur
naturally as potentially contaminated
groundwater flows and mixes with other
groundwater and lowers the concentration
of contaminants.

5. Low Mean Annual Dose Considering
Potentially Disruptive Events—Yucca
Mountain provides an environment in
which hydrogeologic conditions impor-
tant to waste isolation (e.g., a thick unsat-
urated zone with low rates of water
movement) have not changed very much

“for at least hundreds of thousands of
years. Analysts have identified and evalu-
ated a wide variety of potentially disrup-
tive processes and events that could affect
the performance of the design and operat-
ing mode described in this report. These
range from extremely unlikely events,
such as meteor impacts, to events that are
likely to occur, such as regional climate
change. Although the probability of vol-
canic activity in or near the potential
repository is low, volcanic activity was a
consideration in TSPA in the disruptive
scenario case. Performance assessment
results to date show that potentially dis-
ruptive events are not likely to compro-
mise the performance of the repository,
and the probability-weighted mean dose
for an igneous disruption is low.

Table 4-3 shows the relationship between the key
attributes of the site and the physical barriers that
comprise the repository system, the processes
important to waste isolation, and the descriptions
presented in Sections 4.2.1 through 4.2.10 and in
Section 4.3. The table is based on similar informa-
tion developed and presented in Repository Safety

"Strategy: Plan to Prepare the Safety Case to

Support Yucca Mountain Site Recommendation and
Licensing Considerations (CRWMS M&O 2001a)
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Table 43. Correlation of Key Attributes of Yucca Mountain, Barriers to Radionuclide Release, and
Processes Important to Performance, with Reference to Where Descriptions of the Processes can
be Found in this Report and Process Model Reports

events; .

Probabiilty and consequences of other
distuptive events; :
Biosphere dose conversion factors

Key Attributes Processes Affecting Repository | S&ER
of System Barrier: Function pPerformance Section PMR
:sh:rnclal solls and topograptr'nty.: Reduce | Cimate Section UZ Flow and Transport
amount of water entering
unsaturated zone by surficial processes | Net infiltration 421 (CRWMS M&0 2000¢)
Limited VWatar R Unsaturaled zone flow Secon | UZ Flow and Transport
Emplae%ment Unsaturated rock layers overlylng the | Seepage into emplacement &rifts 421 (CRWMS M&0 2000¢)
Drifts repository: Reducs the amount of water " NearFiek Environment
reaching tne repository by subsurface | ¢o\,01ad thermal affects on unsaturated | Section | (CRWMS M3O 2000al);
process zone flow and seepage 422 Uz Flow and Transport
({CRWMS M20 2000c)
l‘éear—FleldMEnvlmment
| In-drir physical and chemical Soction . | {CRWMS MO 2000al);
Drip shield above the waste packages: | environments ' 423 EBS Degradation, Flow and
Prevent water from contacting the waste Transport
Long-Lived Wasts package and waste form by diverting (CRVWIS M&O 2000as)
pac:sg, and Drip | Water flow. Drip shield degradation and performance | Waste Package
Shi ection Degradation
Waste package: Prevent water rom Waste package degradation and 424
g'ontacting the waste form for thousands | performance (CRWMS MZ0 2000n)
rs :
yeal In-drit water movement and mol Section 1E_Emssl‘);%mdaﬂm. Flow and
disribution : 428 (CRWMS M2O 200023)
Spent fuel cladding: Delay and/or limit Section Wasts Form De tion
liquid water contacting spent nuclear fuel | Cladding degradation and performanca orm Degrada
aftar waste packages have degraded i 428 (CRWMS M&O 2000bm)
Radlonuciids inventory
In-package environments
| Limited Release of { Waste form: Limit fquid water contacting gggm: fr:fmm
Radionuclides waste during the period when Section Waste Form De gradation
from the temperatures are elevated and limit DOE HLW degradation and performance 428 (CRWMS M8O 2000bm)
Engineered radionuciide releass rates as a result of Dissolved radionuciide concentrations -
Baniers low solublities and leach rates
Collold-associatad radionuclide
concentrations
In-package radionuciide transport
invert below the waste packages: Limit Engineered barrier system 1 1, Section EBS Degradation, Flow and
transpost of radionuclides out of the system Iranspo Transport
engineered barrier system Inverts, degradation and performance | 4.2.7 (CRWMS MO 2000as)
Unsaturated rock layers below the
repository: Delay and reduce the :
concentration of radionuciides in the g%?&'::“ mﬂm xmdwioauluwdd;a:'ansgon Section | UZ Flow and Transport
Delay and Diution | 97OUNWatar aquifer because ofwater |20 rema’,;m dieporsion) ot 14238 {CRWMS M&0 2000c)
of Radionuclide residence time, matrix diffusion, and/or
lhc:memmm i et Satu dionuclide tra
Natural Volcani¢ tuft and alluvial deposits rated zone ra etranspot | soiion | 52 Fiow and Transport
Bamiers below the water table: Delay (advective pathways; collold transpot 1 459 (CRWMS MO 2050’:!:\)
radionuclide movement to the receptor | and retardation; dispersion; dilution)
location by water residsnce tims, matrix Diluton Section Biosphers
diftusion, and/or sorption u 42.10 (CRWMS M&0 2000b0)
Probability and consequences of
volcanic eruption (characteristics and
effects of eruption, atmospheric
transporl);
Low Mean Annual NA Probabillty and consequences of
Dose Considering (Disruptive and events act on igneous intrusion (characteristics and Section Disruptive Events
Potentially the barriers listed above) effects of igneous intrusion); 43 (CRWMS M30 2000f)
Disruptive Events : Probability and consequences of seismic :

NOTES: EBS = engineered barrier system; HLW = high-level radioactive waste; N/A = not applical
Mocuntain Science and Engineering Report, SNF = spent nuclear fuel; SZ = saturated zone;
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and the Total System Performance Assessment for
the Site Recommendation (CRWMS M&O 20002).
The table incorporates the results of lower-temper-
ature operating mode evaluations (BSC 2001b). In
.addition to the information presented in these
sources, Table 4-3 relates the key attributes and
processes to the natural and engineered barriers
that would contribute to waste isolation at Yucca
Mountain. The last column of the table also lists
process model reports that contain more detailed
descriptions of the processes summarized here and
included in the TSPA. The column showing the
processes important to repository performance is
not intended to be comprehensive: it is presented at
a summary level. More detailed definitions of the
proposed repository system and relevant specific
processes are included in the individual sections
that follow. :

Organization of Section 4.2—As organized
below, and shown in Figure 4-2, the total system
consists of numerous interdependent subsystems
that are described in ten subsections, as follows:

¢ Section 4.2.1 describes the data and analyses
relevant to the movement of water in the
unsaturated zone and describes the develop-
ment of process models related to the
potential movement of water into the

repository.

» Section 4.2.2 describes the data and analyses
related to the effects of decay heat on the
movement of water through the unsaturated
zone. .

» Section 4.2.3 describes information that pro-
vides the basis for the DOE’s understanding
of the physical and chemical environment
within the repository drifts, which influences
the expected lifetimes of the drip shields and
waste packages.

» Section 4.2.4 summarizes the data and evalu-.

ations that support models of the degradation
of drip shields and waste packages, which
will affect the lifetimes of the engincered
barrier system.

» Section 4.2.5 describes the information that
supports the analysis of the performance of
engineered barriers in diverting water away
from the waste package. After the eventual
degradation of the waste packages, and in the
presence of liquid water, it would be possible
for chemical reactions to occur to mobilize
radionuclides within the waste packages.

 Section 4.2.6 describes the experimental data
and analyses of the chemical and hydrologic
processes within the breached waste pack-
‘ages that would result in the release of
radionuclides from the waste form.

« Section 4.2.7 describes information related to
the potential transport of mobilized radionu-
clides through the engineered barriers.

* Section 4.2.8 describes the data and analyses
related to the potential flow and transport of
_ radionuclides through the unsaturated zone.

e Section 4.2.9 describes potential flow and
transport in the saturated zone.

* Section 4.2.10 describes the biosphere model
used to model the uptake and biological con-
sequences of released radionuclides that
eventually reach the human environment.

Within each of these sections, a similar internal

" organization is used to present the DOE’s under-

standing of the key processes and to present the
data and analyses that provide the basis for that
understanding. Each discussion includes:

1. A summary description of how each
process would operate in a potential

repository

2. A description of the investigations, tests,
and other data (including analogue infor-
mation) that provide the technical basis
for the DOE’s understanding

3. A description of the conceptual and
numerical models that have been devel-
oped to allow the DOE to assess potential
future performance, including specific
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information about the sources and treat-
~ ment of uncertainties, alternative models,
and model calibration and validation

4. A description of how the conceptual and
numerical models have been abstracted
(or represented) in the TSPA-SR
(CRWMS M&O 2000a).
42.1  Unsaturated Zone Flow
This section summarizes the current understanding
of water movement (i.e., percolation flux) through
the unsaturated zone and into a repository (i.e.,
seepage into drifts) at Yucca Mountain. Fluid flow
through the unsaturated zone at Yucca Mountain is
described at length in Unsaturated Zone Flow and
Transport Model Process Model Report (CRWMS
M&O 2000c, Sections 3.2 to 3.4 and 3.6 to 3.9),
which is supported by 24 detailed analysis model
reports. Yucca Mountain Site Description
(CRWMS M&O 2000b, Sections 8.2 to 8.10) also
provides a comprehensive summary of investiga-
tions performed to characterize flow and seepage
in the unsaturated zone. Figure 4-3 shows the rela-
tionships between the main unsaturated zone
processes, with those relevant to unsaturated zone
flow highlighted.

The primary purpose of Unsaturated Zone Flow
and Transport Model Process Model Report
(CRWMS M&O 2000c) is to develop models for
the TSPA that evaluate the postclosure perfor-
mance of the unsaturated zone. Unsaturated Zone
Flow and Transport Model Process Model Report
supplies to the TSPA (1) ambient and predicted
(i.e., future) three-dimensional flow fields based on
different climate states and infiltration scenarios
and (2) seepage rates into potential waste emplace-
ment drifts. The flow fields are used directly in
TSPA calculations of transport, while the seepage
rates are used to calculate distributions of the frac-
tion of waste packages in contact with seepage
water and the volumetric flow rate to a waste
package segment, taking into account possible
flow focusing effects from site scale to drift scale
(see Section 4.2.1.4).

As noted in Section 4.1.4, the DOE is evaluating
the possibility of mitigating uncertainties in

modeling- long-term repository performance by
operating the design described in this report at
lower temperatures. Some analyses described in
this section have been updated and expanded to
capture the features and processes relevant to oper-
ating the design at lower temperatures. The
updated analyses are described in Volume 2,
Section 4 of FYO0l Supplemental Science and
Performance Analyses (BSC 2001b).

42.1.1 Conceptual Basis

On the most fundamental level, the important
factors affecting unsaturated groundwater flow at
Yucca Mountain are climate and rock hydrologic
properties. Derived from these two basic compo-
nents are estimates of percolation flux and seepage
into potential waste emplacement drifts, both of
which are key unsaturated zone processes.

Located in southern Nevada, one of the most arid
regions of the United States, Yucca Mountain is
underlain by a thick unsaturated zone (CRWMS
M&O 2000c, Section 3.2.1). A dry climate and a
deep water table are considered favorable charac-
teristics for waste isolation. In a desert
environment, the total amount of available water is
small. The potential repository would be designed
to complement the hydrologic environment by
diverting the small flow of water that does occur
away from the waste packages. Multiple natural
and engineered barriers are expected to limit -
contact between water and waste forms, and retard
radionuclide migration. The climate data and
unsaturated zone characteristics are discussed in
Sections 4.2.1.2.1 and 4.2.1.2.2, respectively.

The major components of the unsaturated zone and
the emplacement drifts that affect water movement
are illustrated in Figure 4-4. Water movement starts
with rainfall in the arid environment, which is
subject to runoff, evaporation, and plant uptake,
such that much of the rainfall never reaches the
potential repository host rock units. The infiltration
of water that penetrates into the rock units of the
unsaturated zone is redistributed by flow processes

_in the fractured and faulted, welded and nonwelded

tuff layers. When percolating water encounters an
underground drift, much of it will be diverted by
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is first presented. Following this summary are
subsections that describe the data supporting the
conceptual understanding of flow in the unsatur-
ated zone (Section 4.2.1.2), the development and
integration of numerical process models based on
the conceptual interpretation of the available data
(Section 4.2.1.3), and how the results of unsatur-
ated zone numerical modeling studies have been
abstracted for the TSPA (Section 4.2.1.4).

42.1.1.1 Climate and Infiltration

Climate is defined by the variation of meteorolog-
ical conditions (such as temperature, pressure,
humidity, precipitation rate and prevailing winds)
over time. At Yucca Mountain, climate is important
because it provides the boundary conditions for the
hydrologic system—specifically, the amount of
water available at the surface. Estimates of the
precipitation rate end temperature taken from
climate models have been used as information to
determine the net infiltration of water into Yucca
Mountain and the percolation flux at the repository
horizon. Percolation flux within the unsaturated
zone, governed by climate and rock hydrogeologic
properties, is a key process affecting scepage in
waste emplacement drifts and transport of radioac-
tive particles below the repository. Three
representative climates are forecast to occur within
the next 10,000 years (i.e., the period of regulatory
compliance): the modern (present-day) climate, a
monsoon climate, and a glacial-transition climate
(USGS 2000a, Section 6.6). Beyond 10,000 years,

the TSPA-SR extends the glacial-transition climate -

for base-case simulations and includes & revised
long-term climate model in a sensitivity study, as
discussed in Section 4.4.24 (CRWMS M&O
2000a, Section 3.2.1.2) and Volume 1, Section
3.3.1 of FY0I Supplemental Science and Perfor-
mance Analyses (BSC 2001a).

Net infiltration refers to the penetration of liquid
water through the ground surface and to a depth
where it can no longer be removed by evaporation
or transpiration by plants. Net infiltration is the
source of groundwater recharge and water percola-
tion at the potential repository horizon; it provides
the water for flow and transport mechanisms that
could move radionuclides from the potential repos-
itory to the water table. The overall framework of

the conceptual model for net infiltration is based on
the hydrologic cycle. Important processes that
affect net infiltration include precipitation (rain and
snow), runoff and run-on (flow of surface water off
one place and onto another), evaporation, transpi-
ration, and moisture redistribution by flow in the
shallow subsurface (USGS 2000b, Section 6.1.3).
Infiltration is temporally and spatially variable
because of the nature of the storm events that
supply precipitation and because of variation in
soil cover and topography (CRWMS M&O
2000bq, Section 6.1.1). Surficial soils and topog-
raphy are considered part of the natural barrier
system because they reduce the amount of water
entering the unsaturated zone by surficial processes
(e.g., precipitation lost to runoff, evaporation, and

plant transpiration) (Table 4-2). Net infiltration

rates are believed to be high on sideslopes and
ridge tops where bedrock is exposed and fracture
flow in the bedrock is able to move liquid water
away from zones of active evaporation (Flint, L.E.
and Flint 1995, p. 15).

Within the limits of extant monitoring data, signifi-
cant net infiltration occurs only every few years
under the present climate (CRWMS M&O 2000bq,
Section 6.1.1). In these years, the amount of net
infiltration still varies greatly, depending on storm
amplitude, duration, and frequency. In very wet
years, net infiltration pulses into Yucca Mountain
may occur over a period of a few hours to a few
days. A detailed discussion of net infiltration
processes can be found in Simulation of Net Infil-
tration for Modern and Potential Future Climates
(USGS 2000b) &nd in Volume 1, Section 3.3.1 of
FY01 Supplemental Science and Performance
Analyses (BSC 2001a).

4.2.1.1.2 Fracture Flow and Matrix Flow
within Major Hydrogeologic Units

An early conceptual hydrologic model of unsatur-
ated flow at Yucca Mountain, developed by
Montazer and Wilson (1984), identified five major
hydrogeologic units within the unsaturated zone.
From the land surface to the water table, these units
are the Tiva Canyon welded (TCw), the Paintbrush
nonwelded (PTn), the Topopah Spring welded
(TSw), the Calico Hills nonwelded (CHn), and the
Crater Flat undifferentiated (CFu) units. Table 4-4
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Table 4-4. Major Hydrogeologic Unit, Lithostratigraphic Unit, Detailed Hydrogeologlc Unit, and Unsaturated

Zone Model Layer Nomenclatures : .
Unsaturated
: Detailed Hydrogeologle Zone Model
Major Hydrogeologic Unit Lithostratigraphic Unit ! Unit i Layer
. Topic CCR, CUC towll
Tiva Canyon welded (TCw) o Tocp CuL, CW ~ ewi2
Tiva Canyon Tulf Tpepvd - -
Tpepv2 :
. Tpepvt CNW . | pin21
Bedded Tuk Tpbis oT4 pn22
Yucca Mountain Tull Toy TPY ptn23
Paintbrush nonwelded (PTn)
873 4
Bedded Tult Tpbtd pin2
Pah Canycn Tult Tep PP pin2s
Bedded Tult Tpbt2 .
Tptrvd - |BT2 . 1ptn2s
Tebve |
Tptrvi TC tsw3t
Tetm TR tsw32
Tptd .
Tolpdl TUL tsw33
Topopah Spring Tult Tptpmn © | TMN w34
" weided (FSw) Totph L Bw3s
Totpin 11':‘:‘ (upper 2/3) tsw3s :
(ower 173) 1swa7?
Tpipvs PV3 tsw3s .
Tptpv2 . jpve2 . tsw39
Tptpvi :
Bedded TUF oot BT4 or BT1 (altered) chi (vit, ze0)
ch2 {vk, ze0)
' : ch3 (v, zeo)
I f
Calico Hills Formation Tac CHV (vitric) or CHZ (zeolltic) T
Catico Hills nonwelded (CHn) : chS {vit, ze0)
Bedded Tuff Tacht BT ch8
Tepuv PP4 (zeolitic) ppé
Prow Pass Tult Iqm PP3 (devitified) pp3
T PP2 (devitrified) pp2
Tepitv
Bedded Tult Tepbt PP1 (zeolitic) pp1
Tebuv
Tebue
Bultfrog TUR® Tebmd BF3 (welded) b3
Teble :
Tebiv ]
Crater Flat undiferantiated (CFu) Bedded Tulf Tebbt BF2 (nonwelded) bf2
Tetuv
7 Tetue .
Tram Tulf Teimd Not Avafiable -
. | Tete
. Tctiv & below Not Available tr2 .
Socurcs: CRWMS M&O 2000c, Tabls 3.2-2, ' . ‘
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correlates major hydrogeologic, lithostratigraphic,
and detailed hydrogeologic units with the layering
scheme used in unsaturated zone modeling activi-
ties. These units are described in greater detail in
the Development of Numerical Grids for UZ Flow
and Transport Modeling (CRWMS M&O 2000br,
“Section 6.4.1), in the Geologic Framework Model
(GFM3.1) (CRWMS M&O 2000bs, Section 6.4.1),
and by Flint, L.E. (1998).

The texture of Yucca Mountain tuffs ranges from
nonwelded to densely welded (CRWMS M&O
2000c, Section 3.2.1). Typically, the porosity and
permeability of the rock mass are inversely propor-
tional to the degree of welding, and the degree of
fracturing is directly proportional to the degree of
welding. The degree of welding observed in the
individua! tuff units is primarily controlled by their
cooling history. Generally speaking, the slower a
rock cools, the more densely welded the material
becomes. This densely welded material (matrix) is
usually quite brittle in nature and develops well-
connected fracture networks. These extensive,
well-connected fracture networks, in turn, provide
numerous pathways for the flow of liquids and
gases. Conversely, the nonwelded rocks, which
experienced rapid heat dissipation, display high
matrix porosity and possess few fractures. Flow
through these rocks is dominated by matrix flow
processes (CRWMS M&O 2000c, Section 3.3.3).

The partitioning of total flux between the fracture
flow component and the matrix flow component is

one of the most important processes to determine

in the unsaturated zone. Percolation distribution
determines the amount of water that could poten-
tially contact the waste packages and other
components of the engineered barrier system.
Determination of the flow components is also
important for chemical transport processes. Water
flow in fractures is typically much faster than flow
in the matrix, leading to much faster movements
for radionuclides and other chemicals in fractures
compared to the matrix (CRWMS M&O 2000c,
Section 3.3.3). The characteristic flow behavior in
each of the major hydrogeologic units is described
in the following paragraphs.

Flow Above the Potential Repository—The TCw
‘is the most prevalent hydrogeologic unit exposed at
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the land surface (CRWMS M&O 2000c, Section
3.2.2.1). The unit is of variable thickness because
of erosion and is composed of moderately to
densely welded, highly fractured pyroclastic flow
deposits of the Tiva Canyon Tuff. The high density
of interconnected fractures and low matrix perme-
ability of the unit (CRWMS M&O 2000bt,
Sections 6.1 and 6.2) are considered to give rise to
significant water flow in fractures and limited
matrix imbibition (water flow from fractures to the
matrix). Therefore, episodic infiltration pulses are
expected to move rapidly through the fracture
system into the underlying PTn unit with little
attenuation by the matrix.

At the interface between hydrogeologic units TCw
and PTn, tuffs grade downward over a few tens of

- centimeters from densely welded to nonwelded,

accompanied by an increase in matrix porosity and
a decrease in fracture frequency (Figure 4-5a)
(CRWMS M&O 2000c, Section 3.2.2.1). The rela-
tively high matrix permeabilities and porosities,
and low fracture densities, of the PTn (CRWMS
M&O 2000bt, Sections 6.1 and 6.2) should convert
the predominant fracture flow in the TCw to domi-
nant matrix flow within the PTn unit (CRWMS
M&O 2000bq, Section 6.1). This, along with the
relatively large storage capacity of the matrix
resulting from its high porosity and low saturation,
is expected to give the PTh significant capability to
attenuate infiltration pulses and smooth areal

. differences in infiltration from the overlying

welded unit and result in approximately steady-
state water flow below the PTn. Through-going
fracture networks within the PTn unit are rare and
typically associated with faults (Rousseau,
Kwicklis et al. 1999, pp. 53 to 54), so only a small
amount of water is expected to pass through the
PTn by way of fast flow paths. Recent analyses
indicates that some lateral diversion on the PTn is
probable (BSC 20014, Section 3.3.3).

Conceptualization of the character of flow at the
interface between the PTn and the overlying TCw
for the TSPA-SR model was based on findings
from estimates of flux rates in the PTn from
geochemistry (Yang and Peterman 1999) and on
hydrogeological properties described by Flint, L.E.
(1998). The implication of that characterization
was that little or no lateral flow diversion of down-
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entiate alternative conceptual models (BSC 2001a,
Section 3.2.3). Using & fine grid spacing, calibrated
to match the chloride distributions and the esti-
mated percolation flux data in the unsaturated zone
below the PTn, supports the lateral diversion of
water around a potential repository and the rela-
tively uniform distribution of percolation flux in
the decp unsaturated zone (BSC 2001a, Section
3.3.3). The PTn exhibits inhomogeneous lithologic
character and distribution and some evidence, in
the form of inferred occurrences of bomb-pulse
chlorine-36 at depth, that fast flow paths for rela-
tively small volumes of water may exist along
faults and perhaps in zones of fracture flow
focusing. In most of the region of the potential
“repository footprint, the PTn is expected to damp
flow surges in the percolation flux rate and
smooths areal differences in flow, which originate
in the temporal and spatial patterns of infiltration at
the surface (CRWMS M&O 2000c, Section
3.3.3.2). Smoothing of flow is supported by evenly
distributed chloride mass balance data (BSC
2001a, Section 3.3.3). '

Although the PTn is predominantly nonwelded,
rock-hydrologic properties are highly heteroge-
neous because of differing depositional
environments, lateral variations in welding, and the
variable distribution of mineralogically altered
(e.g., smectitic and zeolitic) intervals within the
individual PTn subunits (CRWMS M&O 2000c,
Section 3.2.2.2). '

The transition from the lower PTn into the upper
TSw is marked by a decrease in matrix porosity
and an increase in fracture frequency (Figure 4-5b)
(CRWMS M&O 2000c, Section 3.2.2.2) as the
tuffs grade sharply downward from nonwelded to
densely welded. These changes in porosity and
fracture characteristics may create saturated condi-
tions above this contact that could initiate fracture
flow into the TSw.

Lithostratigraphic units within the TSw (including
the middle nonlithophysal, lower lithophysal, and
lower nonlithophysal potential repository host
units) are moderately to densely welded and are
primarily distinguished by the relative abundance

of lithophysae (cavities formed by bubbles of -

volcanic gases trapped in the tuff matrix during

cooling), crystal content, mineral composition,
pumice and rock fragment abundance, and fracture
characteristics (CRWMS M&O 2000c, Section
3.2.2.3). Differences in lithophysal abundance and
fracture characteristics are shown in Figure 4-6.

Unsaturated flow in the TSw is primarily through
the fractures because of the magnitude of matrix
hydraulic conductivity of the TSw relative to the
estimated average infiltration rate. If the hydraulic
gradient is assumed to be one (i.c., flow is verti-
cally downward and gravity driven), the maximum
matrix percolation rate is the same as the matrix
hydraulic conductivity. Because the estimated
matrix hydraulic conductivity of some TSw
subunits is much lower than the average estimated
infiltration rate (CRWMS M&O 2000bq, Section
6.1.2), the remainder of the flow must be distrib-
uted in the fracture network.

Flow Below the Potential Repository—Flow
behavior below the TSw is important for modeling
radionuclide transport from the repository horizon
to the water table because transport paths follow
the water flow pattern. The main hydrogeologic
units below the TSw are the CHn and CFu
(CRWMS M&O 2000c, Sections 3.2.2.4 and
3.2.2.5). The CHn contains primarily nonwelded
layers whose initial vitric composition has been
variably transformed by high and low temperature
alteration to clays and zeolites. A portion of the
lower half of the CHn (corresponding to the inte-
rior of the Prow Pass Tuff) is characterized by
moderately welded to densely welded layers that
have undergone devitrification (high-temperature
conversion of glass to crystalline material). Devit-
rified, welded rocks show greater fracture intensity
than the nonwelded layers and typically do not
contain alteration minerals (Flint, L.E. 1998, p. 9).
In the southern half of the potential repository foot-
print and to the south, a portion of the upper CHn
(corresponding principally to the Calico Hills
Formation, Tac) is largely unaltered (i.e., vitric).
This volume of vitric material is believed to repre-
sent the part of the CHn that remained above past
elevated saturated zone water levels (CRWMS
M&O 2000c, Section 3.2.4).

The CFu unit (consisting of poitions of the Bull-
frog and Tram tuffs that occur above the water
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_Figure: 4-8. Lithophysal Transitlons wﬂhin tht TSwinit :
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FIgure 27,

‘Lithostratigraphic Transitions and Flow Patterns at the TSw-CHn Interface

.(8): Schematic with minimal ‘alteration ‘at the TSw-CHn.contact. showing & lransition from fracture-dominated to
-matrix-dominated flow. (b} Sehematic with variable alteration at the TSw~CHn contact ‘showing flow diversion around
zeolites. {c). Schematic with prevalent alteration at’ the TSw-CHn contact showing lateral fiow within the perched--
‘water body, followed by fault-dominated flow. {d) Schematic defail of open fraciures, ‘which may represeni a fast fliow
: pathway {e) Schematic detall fusirating fractures ﬁﬂed by, deposns of a!temt:on minera!s. which eou!d create 8 flow

barriér. Source; CRWMS M&O 2000c, Figure 3 2-5..

fracturmg {(because: of increased wcldmg), yet fittle

‘or no alteration, gwmg them relanvely hngher

. permeabilities than the zeolitic tuffs (Flmt LE
1998, pp 29 and’ 32) ’ :

“The h:gh stomge capacnty of the: vutnc (unaltered)
~ CHn matrix will attenuate the rate of water move-
ment . through the unsatura!ed zone (Flgure 4-7a).
Where  extensive mineralogic alteration  has
OCc‘urred-—-for exam'ple 'at, tﬂc 'T SW-CHn

the rock’s tranSmlssxve capacny. leadmg 10
ponding abave the flow batier and the formation

:'of pcnched water (thure 4-7c). The presencc of a

low»penneab;llty ‘barrier to. vemcal flow can lead

- to ‘lateral. flow: dwersnon. cspeclally if the flow
‘barrier is dtppm& y and saturated moisture conditions
(i.c., perched watef bodxcs) exist above the barrier.
Therefore, ‘not all flow paths below the potentjal

" repository horizon: are expected to be vertical,

Lateral dwersion of waler- at. perching horizons

'-may kad {0, ﬂow focusmg 1f me vertical ﬂaw

' 'feature, such as a fmm, that cou!d channel ﬂow to

the water tablc (CRWMS M&O 2000c Secuons
33.3.4and 33, 5)
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42.1.13 Effects of Major Faults

Different kinds of faults with varying amounts of
displacement exist at Yucca Mountain (CRWMS
M&O 2000c, Section 3.3.5). Fault hydrologic
properties are variable and generally controlled by
rock type and stratigraphic displacement. Because
major faults have the potential to significantly
affect the flow processes at Yucca Mountain, they
are important features of the unsaturated zone.

A fault can act as a fast flow conduit for liquid
water (Figure 4-7d). In this case, transient water
flow may occur within a fault as a result of tempo-
rally variable infiltration. Major faults cut through
the PTn unit, possibly reducing the attenuating
effect of the PTn on transient water flow. However,
fast flow along major faults is expected to carry
only a small amount of water and may not
contribute significantly to the flow of water above
~ the potential repository horizon in the unsaturated
zone (see Section 4.2.1.3.1.1). Faults intercepting

the perched water bodies, however, can correspond

to significant vertical water flow if fault perme-
ability is relatively high because of the locally
saturated conditions existing in the surrounding
rock (see Figure 4-7c) (CRWMS M&O 2000c,
Sections 3.3.5 and 3.7.3.2).

If faults within the CHn are relatively permeable
features, they may provide a direct flow pathway to
the water table. This is particularly significant
because radionuclides released from the potential
repository could bypass zeolitic or vitric layers
within the CHn unit, where they could be retarded
by sorption. Conversely, faults might be considered
a positive feature of the site if they divert water
around waste emplacement drifts or prevent later-
ally flowing water from focusing at the area of
waste emplacement. -

Alternatively, a fault can act as a barrier for water
flow (CRWMS M&O 2000c, Section 3.3.5).
Where a fault zone is highly fractured, the corre-
sponding coarse openings will create a capillary
barrier for lateral flow. On the other hand, a fault
can displace the surrounding geologic units such

that a unit with low permeability abuts one with .

relatively high permeability within the fault zone.
In this case, the fault will act as a permeability

barrier to lateral flow within the units with rela-
tively high permeability. Montazer and Wilson
(1984, p. 20) hypothesized that permeability would
vary along faults, with higher permeability in the
brittle, welded units and lower permeability in the
nonwelded units where gouge or sealing material
may be produced. While a fault sealed with gouge
or other fine-grained material has much higher
capillary suction (i.e., driving imbibition), it also
has low permeability, retarding the movement of
water.

Large lateral flow to the faults and/or focusing of
infiltration near the fault zone on the ground
surface are required to generate significant water
flow in faults. Below the repository, low-perme-
ability (zeolitic) layers in the CHn may channel
some flow to faults that act as pathways to the
water table. However, it is also possible that alter-
ation of faulted rocks in the CHn and CFu causes
the faults to be of low permeability (Figure 4-7e¢),
slowing water movement from the TSw to the
water table, :

42.1.1.4 - Fracture-Matrix Interaction

Fracture—matrix interaction refers to flow and
transport between fractures and the rock matrix
(CRWMS M&O 2000c, Section 3.3.4). Owing to
their different hydrologic properties, distinct flow
and transport behavior occurs in each hydrogeo-
logic unit. The extent of fracture-matrix
interaction is therefore a key factor in assessing
flow and transport processes in the unsaturated
zone (BSC 2001a, Section 4.2.1).

42.1.1.5 Seepage into Drifts

Potential seepage of water into waste emplacement
drifts is important to the overall performance of the

_ potential repository system. The corrosion of drip

shields and waste packages, the mobilization of
radioactive contaminants from breached waste
packages, and the migration of radionuclides to a
receptor location all depend on the distribution of
water seepage into the emplacement drifts.

Seepage is defined as flow of liquid water into an
underground opening, such as a waste emplace-
ment drift or exploratory tunnel (CRWMS M&O
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3:‘ ;;: 20000, Secnon 39 !) Seepage does not mcludc
- 'waler vapor. movement into openings or condensa-
“tion of water vapor within openings Scepage flux

is the rate of secpagc flow per unit area. The
seepage percentage is the. ratio of seepage flux to
percolation flux in the ‘surrounding host rock unit:
Secpage threshiold is defined.as a critical perco!a—

tion flux ‘below which seepage into the opemng is

unlikely to occur. The seepage fraction is the
proportion of ‘waste packages- that are - Tocated
where drift seepage occurs. The drift shadow. zone
is:a zone of reduced water saturation beneath the

_emplacement drift as a result: of diversion ‘of
- seepage around the drift opcning by capillmy

forces.

E stimating seepage into undcrgmund -openings

excavated from an- unsaturated fractured formation
: requues an-understanding of processes on a. widé

range of scales (CRWMS M&O 2000c, Section

- 3.9.1). These scales range from the mountain-scale

distribution of percolation flux, -to the: interme-
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-~ drift wall, Moreover, the thermodynamic environ- " -+
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Flgure 4-8 iflustrates and summarizes seepage-

related processes. The factors. affecting drift
' seepage hvghhghted in. Figure 4-8 are outlined

below.

-Caplllary-Barrier Eﬂ‘ect, Flow Divers.lon, and

Scepage Threshold—For unsaturated conditions,
the seepage flix is expected to-be less than the
percolation flux because the drift opening acts as a
capillary barrier (Philip. et al. 1989). When perco-
lating water encounters the opening, capillary
forces retain the water in the rock, preventing it
from seeping into the drift. Water ‘accumulates: in
the rock around the opening, and if the rock permie-
ability is sufficient, the water flows around the drift

-opening. If the incident: percolation flux is very

high -or the rock permeability is insufficient,
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complete water saturation occurs in the rock above
the opening, and seepage occurs. The effectiveness
of the capillary barrier to secpage is determined by
the capillarity of fractures surrounding the drift and
by the permeability and connectivity of the fracture
network in the horizontal direction (BSC 2001a,
Section 4.2.2). Note that even if seepage occurs,
the seepage flux is generally less than the percola-
tion flux unless flow is focused by fractures or
other features. The seepage threshold indicates
whether or not water seeps into the opening for a
given average percolation flux in the surrounding
rock. Seepage threshold behavior is controlled by
drift geometry, fracture geometry, capillary proper-
ties of fractures, and the hydrologic properties of
the fracture network (BSC 2001a, Section 4.2.2).

Distribution of Percolation Flux, Flow Chan-
neling, and Episodic Flow—The magnitude and
spatial distribution of percolating water in the
potential repository host rock is the most important
factor affecting seepage. The distribution of flow
channels in the fracture network and the hydrologic
properties of individual flowing fractures deter-
mine how seepage occurs (CRWMS M&O 2000c,
Section 3.9.1). Depending on the flow of water
within an individual channel, the seepage threshold
may or may not be exceeded locally. This is impor-
tant because seepage is sensitive to the magnitude
of the percolation flux, which is moderated by flow
processes between the ground surface and the
potential repository - horizon. For repository
thermal loading conditions, the percolation flux
will include downward flow of condensed water, in
addition to water that infiltrates at the ground
surface,

Hierarchal Fracture Network—The characteris-
tics of the fracture network affect seepage because
they determine the spatial distribution of percola-
tion flux and the effectiveness of the capillary
barrier (CRWMS M&O 2000c, Section 3.9.1).
Intermediate-scale characteristics (between moun-
tain-scale and drift-scale) of the fracture network
control the potential focusing of flux in the unsat-
urated zone. Heterogeneity of the fracture network
affects local percolation flux and, therefore,
seepage. The capillary-barrier effect depends on
the connectivity of the fracture network near drift
openings and the capillary properties of individual

fractures. Small fractures and microfractures, if
interconnected, can decrease seepage because they
have sufficient capillarity to hold water, but (unlike
the rock matrix) sufficient permeability for flow
diversion around the openings.

Drift Opening Geometry and Rock Surface
Characteristics—The shape and size of under-
ground openings also affects the likelihood of
seepage. Partial collapse of the opening because of
rockfall can affect seepage. Analytical solutions
demonstrating the impact of drift geometry on
seepage were developed by Philip et al. (1989). In
addition, the geometry of the rock roof in drift
openings and the characteristics of the rock surface
control processes that could lead to dripping of
seepage onto the engineered barriers below.

Ventilation, Evaporation, and Condensation—
Until permanent closure of the potential repository,
the emplacement drifts will be ventilated.” The
resulting temperature and humidity conditions in
the drift will determine evaporation and condensa-
tion effects. Evaporation at the drift wall will
generally decrease droplet formation and dripping
(Ho 1997a) and create a dryout zone around the
drift. When relative humidity in the drift is kept
well below 100 percent by ventilation, seepage of
liquid water will decrease, while water vapor
movement into the drift will increase. Seepage flux
and the moisture from increased vapor influx will
be effectively removed by ventilation. After the
thermal period, the relative humidity in emplace-
ment drifts may be high enough to support
condensation within the drift and engineered
barrier system whose thermal properties are such
that their temperature may be below the dew point.
This would mostly occur after the diminution of all
or most of the waste heat and the cessation of drift
ventilation.

Excavation-Disturbed Zone and Dryout Zone
Effects—The capillary-barrier effect that produces
seepage diversion around openings occurs within a
limited region around the opening (CRWMS M&O
2000¢, Section 3.9.1). The extent of this zone is
approximately given by the height to which water
rises on account of capillarity. It is probably
smaller than the zone affected by the mechanical
effects of excavation; therefore, these effects may
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modify seepage behavior. Thermally induced stress
changes may also cause changes in fracture perme-
ability. These stress changes are currently under
investigation in field-scale thermal testing at Yucca
Mountain (BSC 2001a, Section 4.3.1.5). In addi-
tion, drift ventilation and heating will produce a
dryout zone with associated dissolution and precip-
itation of minerals (CRWMS M&O 2000c, Section
3.9.1). The consequent alteration of hydrologic
properties and its extent are also under investiga-
tion (BSC 20012, Section 4.3.5).

Design—The layout and design of the potential
repository and the engineered barrier system affect
the probability of scepage water contacting waste
packages. Orientation of the emplacement drifts
with respect to natural fracturing and in situ stress
directions affects the hydrologic behavior of the
fracture network around the openings and the
potential for rockfall that changes the drift geom-
etry (see Section 2.3.4.1). Thermal loading controls
‘temperatures, the duration and extent of dryout
associated with heating, and the potential for
coupled mechanical and chemical processes that
can impact hydrologic properties of the host rock.
42.1.2 Summary State of Knowledge

Site data characterizing the ambient unsaturated
system at Yucca Mountain have been collected
since the early 1980s (CRWMS M&O 2000c,

Section 2.1). The data are of numerous types (e.g.,

lithology, rock hydrologic propertics, mineralogy,
temperature, geochemistry, climate/infiltration)
collected from surface-based activities (e.g.,
geologic mapping, installation of vertical bore-

holes) as well as subsurface mapping, sampling,

and in situ testing in excavated tunnels.

Data collection has focused mainly on near-surface
units down to the potential repository horizon. Site
characterization data gathered from surface-based
studies (including vertical boreholes and mapped

pavements) represent the upper hydrogeologic
units (i.e., TCw, PTn, and TSw), which are more

readily accessible than the deeper units (i.e., the
CHn and CFu) in the unsaturated zone. Explor-
atory tunnels excavated within Yucca Mountain,
allowing scientists to collect large amounts of
many different types of data, transect those layers

above the lowest lithostratigraphic unit within
which a repository would be constructed (i.e., the
lower nonlithophysa! unit of the TSw).

The discussion that follows summarizes the results
of studies that collected many different types of
data, including:

Climate and infiltration data

Geologic data

Pneumatic data

Matrix properties

Fracture properties

Fault properties

Evidence for fracture flow

Evidence for flow attenuation in the matrix

Field observation of fracture-matrix inter-

action -

Mineralogic and perched water data

¢ Geochemical and isotopic field measure-
ments

» Seepage data information from studies of

natural analogues to Yucca Mountain.

4.2.1.2.1 Climate and Infiltration Data -

The southwestern United States is characterized by
dry climates with evaporation exceeding annual
precipitation. The dry climates are divided into an
arid (or desert) type and a semiarid (or steppe) type
from annual temperature and precipitation consid-
erations (Moran et al. 1997, pp. 438 to 443;
Trewartha and Homn 1980, pp. 221 to 229). For
Yucca Mountain’s mean annual air temperature of
approximately 17°C (63°F) (USGS 20000, Section
6.4.2), the climate is arid if the precipitation is less
than 243 mm (9.6 in.) per year and is semiarid if
the precipitation is between 243 mm (9.6 in.) and
486 mm (19.1 in.) per year, based on a modified
Kdppen climate classification scheme (Trewartha
and Horn 1980, p. 228). Seasonal variations and
atmospheric conditions can be used to further
modify and refine the classifications. The climate
boundary definition depends on the classification
scheme used and is best viewed as convenient
approximation only (Trewartha and Hom 1980,
p. 223). ' ' )

Present daj' climate data have been collected in and
around Yucca Mountain since 1988. The climate is
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dry and arid. The average annual potential evapo-
transpiration rate is approximately six times greater
than the average precipitation rate (USGS 2000b,
Section 6.1.4). On average over the unsaturated
zone flow and transport model area, Yucca Moun-
tain receives about 190 mm (7.5 in.) of rain and
snow per year; nearly all the precipitation (above
95 percent) either runs off or is lost to evaporation
(USGS 2000b, Table 6-9; CRWMS M&O 2000c,
Table 3.5-2). The precipitation increases with
elevation, so the higher portions of the mountain
receive more precipitation than adjacent valleys.
Over a larger area that includes valleys and flat
lands around the Yucca Mountain model area, the
average precipitation value can be lower (Hevesi et
al. 1994, p. 2520, Figure 1).

Yucca Mountain is located in the rain shadow

caused by the Sierra Nevada and other mountain
ranges, which limits the number of storms that can
generate precipitation throughout the Great Basin
(USGS 2000a, Section 6.1). During the winter,

regional precipitation comes from the occasional .

intrusion of frontal storms associated with polar
fronts; during the summer, precipitation comes
from the regular intrusion of hot, dry, subtropical
high-pressure weather systems. Local vegetation
on all but the highest mountains is limited by the
poor soils and the amount of available water. The
vegetation that grows there typically uses most of
the available precipitation that is not removed by
evaporation or runoff. Therefore, infiltration of
precipitation from the surface into the underlying
rock is modest and commonly associated with wet
years that may be linked to El Niflo cycles.

The climate study also evaluated the long-term
_records of analogue sites, such as calcite dating
data from Devils Hole (Winograd et al. 1992) and
microfossil records from Owens Lake (Forester
etal. 1999, pp. 14 to 18). Geological information
indicates that the regional climate has changed
over the past million years and that long-term
average precipitation (which reflects wetter glacial
and monsoonal cycles in the past) is greater than
modemn conditions. Future climate scenarios use
available climate data from wetter analogue sites in
western states (CRWMS M&O 2000b, Section 6.4;
USGS 2000a, Section 6.6.2). '

Studies of past climates indicate that the climate
oscillates between glacial and interglacial periods.
The current climate is typical of interglacial
periods, although paleoclimate records suggest that
the present interglacial period is hotter and drier
than some earlier interglacial periods. In contrast
with the current climate, periods of more extensive
glaciation have dominated the long-term climate
for most of the past 500,000 years. Glacial periods
characterized by wetter and colder conditions than
now exist have prevailed during approximately
80 percent of that time (USGS 2000a, Section 6.2).

No glaciation has occurred in the Yucca Mountain
region during these glacial periods; instead, the
region has experienced climates characterized by
increased rainfall and cooler temperatures (USGS
2000a). During glacial periods, winter storm
activity is more common because the polar front
moves far south of its average present-day posi-
tion. Subtropical high-pressure systems in the
summer are less frequent to nonexistent. Local
vegetation receives more water from the atmo-
sphere and average air temperatures are colder,
leading to lower plant uptake rates and higher soil
infiltration rates than today. The primary form of
annual precipitation shifts from summer rain to
winter precipitation (often snow). Wetlands are
common on the valley floors, and local streams are
active during all or most of the year. Large closed
basins, such as Owens Valley and Death Valley,
contain lakes. Although glacial climates are gener-
ally characterized by cooler temperatures and
higher precipitation, particular glacial periods vary.
Some are relatively warm and wet, whereas others
are cold and may be either wet or dry.

In Future Climate Analysis (USGS 2000a, Section
6.6), three climatic states are forecast: (1) the
current arid climate, (2) an interglacial monsoon
climate of warm but wetter conditions, and (3) a
cooler, wetter, glacial-transition climate typical of
glacial conditions over much of the past several
hundred thousand years. Within each of these
general categories, conditions may vary from year
to year and over decades and centuries. Monsoon
climates would vary from climates like present-day
Yucca Mountain to somewhat wetter climates like

" Nogales, Arizona, or Hobbs, New Mexico. Glacial-

transition climates would likely range from condi-
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tions like the present-day central Great Basin (in
central Nevada) to cooler conditions like the
climate near Spokane, Washington. None of the

likely future climates for Yucca Mountain is char- -

acterized by much larger annual precipitation rates
at least for times on the order of 10,000 years.
However, the cooler temperatures and decreased
plant uptake of water would allow more water to
infiltrate into Yucca Mountain during a glacial-
transition climate. ‘

The infiltration study at Yucca Mountain was initi-
ated in 1984. To date, the infiltration study has

used nearly 100 shallow boreholes located on

ridgetops, on sideslopes, on stream terraces, and
in/across stream channels to measure the changes
in water-content profiles in response to precipita-
tion and snowmelt events (Flint, L.E. and Flint
1995; Flint, A.L. et al. 1996, pp. 60 to 63; USGS
2000b, Sections 6.3.4 and 7.1). Weekly or monthly
measurements were collected from 1984 through
1995. Four washes were instrumented for run-on
and runoff measurements. Water-balance calcula-
tions from precipitation, evapotranspiration, run-
on, and runoff along washes are used to derive the
infiltration  flux values over the ridge top, side
slopes, and stream channels. Areas with exposed
bedrock and no soil cover promote greater infiltra-
tion compared to areas with soil covers that have
substantial storage capacity for excess water.

Deep soils and vegetation inhibit infiltration by
allowing evaporation and plant transpiration to
remove water. Steep slopes encourage rapid runoff,
also limiting infiltration (USGS 2000b, Section

6.1.2). For these reasons, most infiltration probably -

occurs in areas with low slopes and relatively
shallow soil cover, as is common at the higher
elevations on the northern part of Yucca Mountain.
Analyses of groundwater chemistry (especially
oxygen and hydrogen isotopic compositions) indi-
cate that much of the infiltration at Yucca
Mountain occurs during the winter. During the cool
rainy season, evaporation rates are low because of
low temperatures, and low-intensity but sustained
precipitation can saturate shallow soil or cover the
soil with snow. Summer storms are more intense
than winter rains, but higher runoff and evapora-
tion combine to limit summer infiltration.

The infiltration distributions for different climate
states are used as upper boundary conditions for
the unsaturated zone flow model and TSPA
models. A numerical, water-balance, infiltration
model was developed for the Yucca Mountain area,

“including the area of the three-dimensional, site-
-scale unsaturated zone flow model. The infiltration

model uses physiographic and hydrologic informa-
tion and a daily precipitation record to calculate
daily values of infiltration using a water-balance
approach. The infiltration model was calibrated
first by comparison to the total water-content
change in the soil profile in neutron boreholes
during 1984 to 1995 and then by comparison of
model-simulated streamflow to discharge measures
at stream-gauging sites on Yucca Mountain during
1994 to 1995 (USGS 20000, Section 6.8.2).

The numerical infiltration model was used to simu-
late lower-bound, mean, and upper-bound
infiltration associated with three climate scenarios
determined to be pertinent to performance of the
potential repository: modemn, monsoon, and
glacial-transition (USGS 2000b, Section 6.9). The
modern, or present-day, climate conditions are
expected to prevail for about the next 400 to 600
years. Monsoon climate conditions, with wetter
summers than the modern climate, are expected to

-prevail for the following 900 to 1,400 years.

Glacial-transition climate conditions, with cooler
air temperatures and higher annual precipitation
than the modern climate, are expected to begin in

~ about 2,000 years and continue throughout the

remainder of the 10,000-year period specified for
performance analyses.

Average precipitation and average infiltration rates
over the unsaturated zone flow model area are
presented in Section 4.2.1.3.3. The distributions of
mean present-day, monsoon, and glacial-transition
infiltration are also shown in Section 4.2.1.3.1.3 in
Figure 4-25.

42122 Geologic Data

Depth below ground surface to the water table
ranges from approximately 500 to 800 m (1,600 to
2,600 ft) within the potential repository area. The
higher-temperature repository layout has the waste
emplacement drifis at a depth ranging from about
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200 to 500 m (660 to 1,600 ft) below ground
surface and between about 210 and 390 m (690 and
1,300 ft) above the water table. These distances
were estimated using the Site Recommendation
Subsurface Layout (BSC 2001d, Table V-1), topo-

- graphic data from the Geologic Framework Model

(GFM 3.1) (CRWMS M&O-2000bs, Section 4.1),
and water table elevations (USGS 2000c, Table I-1;
CRWMS M&O 2000g, Table 3).

Some of the most important site characterization
data come from surface-based vertical boreholes.
The first deep boreholes at Yucca Mountain were
used to define site lithostratigraphy, to locate the
water table, to collect core for rock-property anal-
yses, and to test in situ borehole monitoring
techniques. The lithostratigraphic description “of
the tuff units has been refined with coring,
mapping, and geophysical logging data from addi-
tional surface-based borcholes and confirmed by
data collected in the underground drifts (i.e., the
Exploratory Studies Facility and Cross-Drift
tunnels). Figure 4-9 illustrates the locations of

selected deep boreholes, the underground Explor- -

atory Studies Facility, and the Enhanced
Characterization of the Repository Block (ECRB)
Cross-Drift. A summary of the geology of Yucca
Mountain is presented in Section 1.3.

The division of tuff units into members, zones, and
subzones is based on variations in degree of
welding (compaction and fusion at high tempera-
tures), abundance of lithophysae (cavities formed
by bubbles of volcanic gases trapped in the tuff

" matrix - during cooling), depositional features,

crystal content, mineral composition, pumice and
rock fragment abundance, and fracture characteris-
tics. These features of site lithostratigraphy are
described by Moyer et al. (1996, pp. 7 to 54) and
Buesch et al. (1996, pp. 4 to 16) and in the Unsat-
urated Zone Flow and Transport Model Process
Model Report (CRWMS M&O 2000c, Section
3.2).

Early geologic mapping of Yucca Mountain was
done by Scott and Bonk (1984) and was later
updated and refined by Day, Potter et al. (1998) to
include additional small faults at the land surface
(such as the Sundance fault in the potential reposi-
tory block) (Spengler et al. 1994, pp. 9 to 11). The

fracture patterns in the bedrock were also mapped
in pavement studies (i.e., with thin soil covers
removed) and in shallow-pit studies of fractures
exposed on the pit walls. Mapping and sampling
data along transects, especially along washes and
valleys, together with logs and core samples from -
deep boreholes and regional geophysical surveys,
were used to construct early stratigraphic and
structural models. Current three-dimensional
geologic models rely heavily on surface-based
vertical boreholes, as well as the Day, Potter et al.
(1998) geologic map (CRWMS M&O 2000bs,
Section 4). These geologic models are used as a
framework for development of numerical models
for simulating unsaturated zone flow and transport
processes (CRWMS M&O 2000br).

’ 4.2.12.3 Pneumatic Data

Several deep boreholes at Yucca Mountain have
been instrumented in the unsaturated zone and
continuously monitored to record changes in pneu-
matic pressure and gas flow with depth in response
to changes in barometric pressure of the atmo-
sphere (CRWMS M&O 2000b, Section 8.4.2).
Changes in atmospheric pressure are transmitted
very rapidly throughout the TCw because of its
high fracture permeability. In contrast, the PTn
significantly  attenuates the atmospheric-pressure
signal and imposes a time delay to signal arrival
because of higher porosity and water content and
much lower fracture density and bulk permeability
than the TCw. In general, attenuation of the atmo-
spheric-pressure  signal across the TSw is
negligible and pressure signals are transmitted
nearly instantaneously throughout most of the
entire vertical section of the TSw. Nearly all the
pressure data from the TSw indicate that the frac-
tures within the TSw apparently are very
permeable and highly interconnected within both
the lithophysal and nonlithophysal units. In situ
pressure records indicate that essentially all of the
remaining barometric signal is attenuated by the
CHn, primarily due to low permeability and the
presence of perched-water zones.

When the Exploratory Studies Facility was exca-
vated, the effects on in situ pneumatic pressure
were carefully monitored to determine how the
overall gaseous-phase system in the unsaturated
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zone was affected by direct exposure of deeply
buried rock units to atmospheric pressure by way
of the tunnel. Pneumatic monitoring data indicate
that some faults, such as the Drill Hole Wash fault,
transmit pneumatic-pressure signals over distances
of several hundred meters nearly instantaneously.
The data also indicate that gas-phase flow from the
atmosphere into the TSw was essentially short-
circuited when the Exploratory Studies Facility
penetrated the PTn, locally removing this pneu-
matic barrier (CRWMS M&O 2000b, Section
8.4.2).

4.2.1.24 ‘ Matrix Properties

Rock matrix hydrogeologic properties (including
porosity, bulk density, particle density, water
content, saturated hydraulic conductivity, moisture
retention characteristics, and saturation) have been
measured for several thousand core samples recov-
ered from 8 deep boreholes and over 30 relatively
shallow boreholes. The deep boreholes penetrate to
at least the bottom of the TSw, while the shallow
boreholes penetrate only to the top of the TSw.
Collection, processing, and preliminary analyses of
the core data are described by Flint, L.E. (1998).
Results show that nonwelded tuffs (i.e., PTn and
CHn) usually have large matrix porosities (typi-
- cally 30 to 50 percent), while the densely welded
tuffs (i.e.,, TCw and TSw) tend to have greatly
reduced pore space (generally less than 15 percent
matrix porosity). Because of variations in capillary

strength, liquid saturations are usually lower in the

nonwelded tuffs than in the welded tuffs, unless the
nonwelded tuffs contain significant amounts of
clay or zeolite. Mean matrix permeability ranges
from about 10°'3 to 10°12 m2 (10°*4 to 10°!! fi?) for
the unaltered nonwelded tuffs and from about
108 to 10°* m? (10"'7 to 10°" £i2) for the welded
and altered (i.e., zeolitized) nonwelded tuffs.

Numerical models of flow and transport use matrix
property data to estimate effective hydrogeologic
properties for each layer within the model.
Upscaling of rock properties (particularly perme-
ability) from core scale to mountain scale is
required for the larger, three-dimensional numer-
ical models. Upscaling is an adjustment to the
estimate of the effective property when the prop-
" erty data are collected on one scale but the estimate

is intended for use in simulations and predictions
on a much larger scale. Additional data from in situ

~water potential measurements are used to estimate

moisture-retention characteristics. Collection and
preliminary analysis of these data are described by
Rousseau, Loskot et al. (1997, Section 4.2) and
Rousseau, Kwicklis et al. (1999, pp. 143 to 151).

42,125 Fracture Properties

Fracture data are very important to the character-
ization of unsaturated flow at Yucca Mountain.
Fracture hydrologic properties are estimated using
(1) permeability data from in situ air-injection tests

conducted in four surface-based boreholes and

boreholes in alcoves of the Exploratory Studies
Facility; (2) porosity data from gas tracer tests in
boreholes in Alcove 5 of the Exploratory Studies
Facility; and (3) fracture mapping from the Explor-
atory Studies Facility, ECRB Cross-Drift, and
surface-based boreholes.

Air-injection testing is described by LeCain (1997,
pp. 2 to 9; 1998, pp. 5 to 11) and Rousseau,
Kwicklis et al. (1999, pp. 63 to 67) and in In Situ
Field Testing of Processes (CRWMS M&O
2000bu, Section 6.1). The data show the TCw unit
as having the highest mean fracture permeabilities
(as high as 10-'° m? or 107 %) and the CHn as
having the lowest mean fracture permeabilities (on

~ the order of 107" m? or 10-1? ft%). Mean values of

fracture permeability within PTn and TSw layers
are approximately 103 and 10" m? (102 and
10710 f12), respectively. As stated previously in this
section, most data available is from testing at the
upper hydrogeologic units. There are limited air-
permeability data for units below the TSw. Air-
permeability data for the CHn are available from a
single sampled interval in borehole UE-25 UZ#16.
This interval lies within a zeolitically altered
portion of the upper CHn.

Detailed line surveys and full peripheral mapping
of fracture networks have been conducted along
the Exploratory Studies Facility and ECRB Cross-
Drift by Barr et al. (1996, pp. 133 to 135) and
Albin et al. (1997, Appendix 1) (also see data
sources listed in CRWMS M&O 2000c, Attach-
ment 1, Table I-4). Additional features have been
mapped, including the observations of an intensely
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fractured zone in the southern part of the Explor-
atory Studies Facility main drift (Buesch and
Spengler 1998, p. 19) and several recently discov-
ered faults that show no surface expression in the
western part of the ECRB Cross-Drift (see data
sources listed in CRWMS M&O 2000c,
Attachment I, Table I-4). The fracture density
distributions from geologic mapping and geophys-
jcal imaging are illustrated in Figure 4-10.
Nonwelded tuffs typically have few fractures (less
than 1 per meter), while the densely welded tuffs
generally have abundant fractures (approximately
1 to 4 per meter) (CRWMS M&O 2000bt, Section
6.1.2.3). Each lithostratigraphic unit generally has
its own fracture network characteristics (fracture
spacing, intensity, and connectivity) that are
controlled by variations in lithology and degree of
welding (Rousseau, Kwicklis et al. 1999, p. 23).
Fracture characteristic data are used to estimate the
potential for, and distribution and amount of, frac-
ture flow within the welded and nonwelded layers
in the unsaturated zone. It is important to reiterate
that the exploratory tunnels do not penetrate units
below the TSw; therefore, fracture characteristics
below the TSw are available only from deep bore-
holes. There are limited fracture data from units
below the TSw. For the CHn, vitric and zeolitic
fracture frequencies are available from two bore-
holes (USW SD-12 and USW NRG-7a). Fracture
frequencies and properties have not been deter-
mined for the CFu unit, which underlies the CHn
and is present in the unsaturated zone only along
the western margin and in the southwestern part of
the repository area (CRWMS M&O 2000c, Section
3.2.2.5, Figure 3.2-3).

Some fracture property data were considered but
not used in unsaturated zone flow modeling
(CRWMS M&O 2000c, Section 3.6.3.2). In partic-
ular, fracture frequency data from the surface of the
mountain, measured on outcrops and at the Large
Block Test area, are not considered representative
of fracture frequencies in the deep subsurface
because unloading, or the absence of overburden at
the surface, is likely to produce enhanced frac-
turing. Permeability data from air-injection testing
in four Exploratory Studies Facility niches were
not used because the scale on which the measure-
ments were made was 0.3 m (1 ft); thus, the data
may not be representative of the fracture perme-

ability at the scale of interest. The scale of the air-
injection test data that are used for flow modeling
is from 1 to 12 m (3 to 40 ft) (CRWMS M&O
2000bt, Section 6.1.1.1).

42.12.6 Fault Properties

Fault permeability measurements are described by
LeCain (1998, pp. 19 to 22). Direct measurements
of fault-specific properties have been conducted
using air-injection tests in Exploratory Studies
Facility Alcoves 2 and 6 (the Bow Ridge Fault
Alcove and the North Ghost Dance Fault Access
Drift, respectively). Analyses of cross-hole tests
run in the Bow Ridge Fault Alcove (LeCain 1998,
p- 21) and the North Ghost Dance Fault Access
Drift (LeCain et al. 2000, Table 8) give estimates
of fracture permeability in the TCw and TSw fault
layers, respectively. These data indicate that,
within the welded units, the fractures in the faults
are more permeable and porous than the fractures
in the formation (or nonfaulted rock).

42.1.2.7 Evidence for Fracture Flow

Currently, the estimates of percolation flux at
Yucca Mountain range from 1 to 10 mm/fyr (0.04 to
0.4 in./yr). Given the low matrix permeabilities of
the welded tuffs (i.e., TCw and TSw), a large frac-
tion of the percolation flux in the welded units
must travel through fracture networks. This
conceptual model is supported by the presence of
relatively high fractional abundances of chlo-
rine-36 measured in TCw samples from boreholes
(CRWMS M&O 2000bv, Section 6.6.3). The
source of the elevated (bomb-pulse) chlorine-36
has been attributed primarily to nuclear testing in
the Pacific Ocean conducted in the 1950s, and its
occurrence in the TCw indicates the presence of
fast pathways for water flow within the unit
(CRWMS M&O 2000bq, Section 6.1.2).

Episodic infiltration pulses are expected to move
rapidly through the fracture system of the TCw unit
with little attenuation by the rock matrix. This
conceptual model of minimal flow attenuation by
the densely welded matrix is partially supported by
pneumatic data for the TCw unit (CRWMS M&O
2000bq, Section 6.1.2), which show little attenua-
tion of the barometric signal in monitoring
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boreholes relative to the barometric signal
observed at the land surface (Rousseau, Kwicklis

et al. 1999, p. 89).

Other evidence for fracture flow comes from
calcite-coating data, which are signatures of water
flow history and indicate that most of the deposi-
tion is found within the fractures in the welded
units (Paces, Neymark, Marshall et al. 1998, p. 37).
As discussed in Conceptual and Numerical Models
Jor UZ Flow and Transport (CRWMS M&O
2000bq, Section 6.1.2), carbon-14 ages of the
perched water bodies below the TSw unit ako
suggest fracture-dominant flow within the TSw.
These ages range from epproximately 3,500 to
11,000 years (Yang, Rattray et al. 1996, p. 34),
which is much younger than if the major path for
water flow within the TSw was through the matrix
(CRWMS M&O 2000bq, Section 6.1.2).

Ficld testing within Exploratory Studies Facility
alcoves and niches also supports prevailing frac-
ture flow within welded units. Figure 4-11, for
example, summarizes the results of liquid release
testing in Alcove 6, located within the fractured,
densely welded, middle nonlithophysal unit of the
- TSw.

42.1.2.8 Evidence for Flow Attenuation in
the Matrix :

Liquid release tests conducted in Alcove 4 of the
Exploratory Studies Facility, situated in nonwelded
tuffs of the lower PTn, support the matrix flow-
damping conceptual model of the PTn (CRWMS
Mé&O 2000bu, Section 6.7). The Alcove 4 test bed
includes a small fault within which tracer-tagged
water was released, as illustrated in Figure 4-12. A
mass-balance approach involving recovery of
outflow in a slot was adopted. The matrix of the
PTn effectively damped flow pulses along the fault.
The data in Figure 4-12 show a slow decline in
water intake rates with time. One explanation for
the slow decline is the possible swelling of clays in
the PTn layers and subsequent reduction of fault
permeability. Another observation made during
liquid release testing was that, with sequential
wetting, detection of downgradient increases in
saturation occurred faster (i.e., the wetting front
moved faster with each liquid release test).

Geochemical data from the Exploratory Studies
Facility also support the conceptual model of
predominantly matrix flow through the PTn by
showing a lack of widespread, elevated (bomb-
pulse) chlorine-36 signatures at the base of the PTn
(Fabryka-Martin, Wolfsberg, Levy et al. 1998).

4.2.1.2.9 Fracture-Matrix Interaction

Field observations show limited fracture—matrix
interaction within welded units at Yucca Mountain.
The chloride concentration data indicate that
perched water is recharged mainly from fracture
water, with a small degree of interaction with
matrix water (CRWMS M&O 2000bq, Section
6.1.3). The small degree of interaction between
fractures and the matrix at locations associated
with geologic features is also suggested by the
presence of bomb-pulse chlorine-36 (CRWMS
M&O 2000bv, Section 6.6.3) at the potential repos-
itory level in the Exploratory Studies Facility.
Studies by Ho (19970, pp. 407 and 409) show that
the match between simulations and observed
matrix saturation data is improved by reducing the
fracture—matrix interaction significantly.

The concept of limited fracture-matrix interaction
in welded tuff at the Yucca Mountain site is also
supported by many other independent laboratory
tests, as well as theoretical and numerical studies
(CRWMS M&O 2000bq, Section 6.1.3). In a

. number of laboratory experiments without consid-

ering matrix imbibition, Glass et al. (1996, pp. 6
and 7) and Nicholl et al. (1994) demonstrated that
gravity-driven fingering flow is 2 common flow
mechanism in individual fractures. This can reduce
the wetted area in a single fracture to fractions as
low as 0.01 to 0.001 of the total fracture area

(Glass et al. 1996, pp. 6 and 7), although the matrix

imbibition can increase wetted areas of fingering
flow patterns in individual fractures (Abdel-Salam
and Chrysikopoulos 1996, pp. 1537 to 1538). A
theoretical study by Wang and Narasimhan (1993,
pp. 329 to 335) indicated that the wetted area in a
fracture under unsaturated flow conditions is
generally smaller than the geometric interface area
between fractures and the matrix, even in the
absence of fingering flow. This results from the
consideration that liquid water in an unsaturated
fracture occurs as saturated segments that cover
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only a portion of the fracture—matrix interface area.
" Liu et al. (1998, p. 2645) suggested that in unsatur-
ated, fractured rocks, fingering flow occurs at both
a single fracture scale and a connected fracture-
network scale, which is supported by the field
observations from the Rainier Mesa site (see
Section 4.2.1.2.13) and by a numerical study of
Kwicklis and Healy (1993). They found that a large
portion of the connected fracture network played
no role in conducting the flow. Studies have also
shown that fracture coatings can either reduce or
increase the extent of fracture—matrix interaction.
Thoma et al. (1992) performed experiments on
coated and uncoated tuff fractures and observed
that the low-permeability coatings inhibited matrix
imbibition considerably. In contrast, fracture coat-
ings may in some cases increase the fracture—
matrix interaction when microfractures develop in
the coatings (Sharp et al. 1996, p. 1331).

4.2.1.2.10 Mineralogic and Perched Water
Data ’

The spatial distributions of vitric and zeolitic mate-
rial within the CHn, along with the characterization
of the basal vitrophyre (Tptpv3) of the TSw, are
important for understanding the distribution of
perched water and for determining potential flow
paths for radionuclides.

Perched water has been encountered in a number of

boreholes (e.g,, USW UZ-14, USW NRG-7a,
USW SD-7, USW SD-9, USW SD-12, and
USW G-2) at the base of the TSw and above uaits
of zeolitic tuff within the CHn (CRWMS M&O
2000bw, Sections 5.2.1 and 6.2.2).

The spatial distribution of low-permeability
zeolites has been modeled using mineralogic and
petrologic .data from several boreholes and is
presented in the Integrated Site Model (ISM3.1) of
Yucca Mountain (CRWMS M&O 2000i, Section
3.4). Figure 4-13 shows the modeled distribution of
zeolites for layers within the lower TSw (Tptpv3
and Tptpv2) and the upper CHn (Tptpv1 through
Tcpuv). Areas with less than or equal to 3 percent
zeolite by weight are considered vitric, or unal-
tered. The figure shows that zeolites within the
CHn are prevalent in the northern and eastern
portion of the model domain. The areal extent of

the vitric region diminishes with depth and is
considered to be largely confined to the fault block

. bounded in the north and east by the Sundance and

Ghost Dance fauits, respectively, and in the west
by the Solitario Canyon fault. The northern half of
the potential repository area is underlain by
predominantly zeolitic CHn, while the southern
half is underlain by the predominantly vitric upper
portion of the CHn. However, below the vitric CHn
(yet occurring above the water table) are
nonwelded portions of the Prow Pass, Bullfrog,
and Tram tuffs that are pervasively altered to
zeolites. Thus, there is no evidence to suppost a
model that includes a direct vertical pathway from

- the potential repository horizon to the water table

that does not intersect zeolitic units, except,
perhaps, within fault zones.

42.1.2.11 Geochemical and Isotopic Field
Measurements

Samples have been collected in boreholes and
along the Exploratory Studies Facility for
geochemical and isotopic measurements. Pore
water is obtained by physical extraction from
samples of tuff and used for chemical analyses and
age dating. Measurements of total dissolved solids
and chloride concentration in pore waters are
mainly available for nonwelded tuff samples,
which generally yield sufficient amounts of water
by compression for chemical analyses (Yang, Yu
et al. 1998, pp. 6 to 7). These pore waters tend to
be more concentrated in dissclved solids than

~ water flowing in fractures, which indicate that the

percolation flux in the rock matrix is limited.

Chemical composition, including the total
dissolved carbon dioxide concentration, is
measured in pore water samples to determine the
origin of calcite and amorphous silica solids found
in the unsaturated zone and to characterize the
evolution of carbonate as waters percolated down-
ward. Ion-exchange reactions along flow paths
generally increase the abundance of cations like
calcium and strontium with depth in the tuff units,
Deviation from the general trend of geochemical
evolution with depth provides information about
the effects of fauits and other structural features.
Strontium participates in ion-exchange with
zeolites, and concentrations can be significantly
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depleted in the zeolitically altered CHn unit, signi-
fying effectiveness of hydrogeochemical processes
(Sonnenthal and Bodvarsson 1999, pp. 143 to 147).
The calcite and opal deposits found on fracture
surfaces (Paces, Neymark, Marshall et al. 1998)
and within lithophysal cavities (CRWMS M&O
2000bv, Section 6.10.1.1; CRWMS M&O 2000c,
Section 3.9.7.1) are analyzed to evaluate flow in
fractures and seepage into cavities over millions of
years. Figure 4-14 shows examples of geochemical
studies of tuff samples. ’

Environmental isotope data are used to infer the
presence of fast flows from the ground surface
through the unsaturated zone. Elevated chlorine-36
isotopic ratios well above background levels are
related to global fallout from thermonuclear tests
conducted in the Pacific Ocean within the last
50 years. The presence of such elevated concentra-
tions (referred to as “bomb-pulse”) of chlorine-36
in the unsaturated zone therefore suggests transport
from the ground surface in 50 years or less. The

bomb-pulse chlorine-36 signals, first observed in

surface-based boreholes and later in the Explor-

atory Studies Facility at faults and other features,

have received much attention and continue to be
analyzed (Fabryka-Martin, Wightman et al. 1993;
Fabryka-Martin, Wolfsberg, Dixon et al. 1996,
Section 5.3; CRWMS M&O 2000bv, Section
6.6.3).

Other environmental isotopes have also been
analyzed (CRWMS M&O 2000c, Section 3.8.1).
Bomb-pulse tritium concentrations are present at
depth in several locations and are associated with
pathways for liquid and gas flow. The carbon-14
apparent age of the gas phase in the unsaturated
zone increases with depth in borehole USW UZ-1,
with less obvious trends in other boreholes. Deute-
rium and oxygen-13 data reflect climatic
conditions at the time of groundwater recharge.
Based on the analysis of these two isotopes, pore
water in the CHn unit is inferred to have originated
either during winter precipitation or during a time
of colder climate. Perched water appears to be up
to 11,000 years old, based on apparent carbon-14
and chlorine-36 ages. The perched water does not

appear to have equilibrated with matrix water, -

based on major constituent concentrations and
uranium isotope data (Paces, Ludwig et al. 1998;

CRWMS M&O 2000bv, Section 6.6). Figure 4-15
illustrates examples of isotopic studies of tuff
samples.

42.1.2.12 Seepage Data

Diversion of flow around underground openings in
the potential repository host rock units at Yucca
Mountain has been investigated through a series of
tests conducted in “niche” openings constructed off
the exploratory tunnels. More detailed descriptions
of these tests and the associated modeling are
provided in supporting documentation (Wang,
Trautz et al. 1999; CRWMS M&O 2000bu, Section
6.2; CRWMS M&O 2000c, Sections 2.2.2 and
3.9).

Four niches were excavated along the Exploratory
Studies Facility main drift to test drift seepage
processes. The seepage tests were motivated by the
observed absence of continuous seepage in the
Exploratory Studies Facility drifts following their

-excavation. For each niche test, pretest character-

ization of the rock was performed and the openings
were excavated using a boom-cutter excavating
machine (Figure 4-16). The use of water during
excavation was controlled so that it did not spread
into the rock above the openings. Seepage into the
niche openings was monitored while pulses of
water were infused at very low injection pressure
into the rock above. Staining dyes were used to
monitor the presence of seepage and the extent of

- seepage water movement within fractures and

openings.

Pre- and Post-Excavation Permeability Distri-
bution—Air-injection tests were performed in
horizontal boreholes drilled at niches, and air-
permeability values were determined before and
after excavations (CRWMS M&O 2000bu, Section
6.1). The average excavation-induced increases in
permeability are in the range of one to two orders
of magnitude (i.e., increases by factors of ten to a
hundred). The permeability enhancements could be
interpreted as the opening of preexisting fractures
induced by stress releases associated with niche
excavation (Wang and Elsworth 1999; Bidaux and
Tsang 1991). A geostatistical analysis of these
postexcavation air permeabilities provided a
measure of statistical variability and spatial corre-
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lation. The air-permeability field at Niche 2
(located at Station 36+50) was found to be largely
random, with fairly weak spatial correlation.

Seepage Threshold Tests—A series of short-dura-
tion liquid release tests was performed at Niche 2
(Wang, Trautz et al. 1999; CRWMS M&O 2000bu,
Section 6.2). Any water that migrated from the
injection boreholes and dripped into the niche
opening was captured and weighed. The seepage
percentage, defined as the mass of water that
dripped into the capture system divided by the total
mass of water injected, was used to quantify
seepage into the drift from a localized water source
of known duration and flow rate. The scepage
threshold was estimated for each location from a

series of injection tests with decreasing flow rates,

continuing until no seepage occurred.

Dye tracers were injected as pulses designed to

represent repeated, episodic percolation events, as

illustrated in Figure 4-17, for the seepage tests at

Niche 2. Secpage flow paths indicated by dye.

tracers were used to observe wetting-front move-
ment through the fractures. Seepage threshold data
and wetting-front movement data were used to esti-
mate the unsaturated hydrologic properties for the
fractures (Wang, Trautz et al. 1999; CRWMS
M&O 2000bu, Section 6.2).

Drift seepage tests were also conducted at Niche 3
(located at Station 31+07), near the crossover point
between the Exploratory Studies Facility Main
Drift and the ECRB Cross-Drift, and at Niche 4
(located at Station 47+88), which is in an intensely
fractured zone. All the niche studies were
conducted behind bulkheads to isolate them from
ventilation, so that high-humidity conditions were
maintained.

Flow Path Associated with Fault—In the excava-
tion of Niche 1 (located at Station 35+66) in the
vicinity of the Sundance fault (Figure 4-18a), a
damp feature was observed, as illustrated in Figure
4-18b (Wang, Trautz et al. 1999, pp. 331 to 332).
The feature was nearly vertical and approximately
0.3 m (1 f) wide by over 3 m (10 ft) long. It dried

out before the bulkhead could be installed to -

prevent contact by ventilation air. Full rewetting of
this feature was not observed after more than

2 years of observation with the bulkhead closed.
Figure 4-18c shows that the Sundance fault is one
of several faults and features with bomb-pulse
signals detected from chlorine-36 isotopic
measurements along the Exploratory Studies
Facility, as discussed previously.

Moisture Monitoﬁng—Venﬁlation needed for

_underground operations and construction activities -

may explain the lack of observed seepage in the
exploratory tunnels. Ventilation can remove a large
amount of moisture, producing a dryout zone
around the openings, thereby suppressing seepage.
Ventilation would be used during repository opera-
tions to remove heat during thermal periods
(CRWMS M&O 2000c, Section 2.2.2.2.1). To
further investigate seepage processes without the
influence of ventilation, two additional bulkhead

~ sealing studies are ongoing. The first is at Alcove 7

in an over 100-m (330-ft) long drift segment that
intersects the Ghost Dance fault. The second is at
the furthest extent of the ECRB Cross-Drift, in an
over 1,000-m (3,300-ft) long drift segment that
intersects the Solitario Canyon fault. Both studies
use double bulkheads for isolation from ventilation
effects. To date, no continuous seeps have been
observed in either of these two drift segments
(CRWMS M&O. 2000c, Section 2.2.2). Results
will be documented following the completion of
the tests. There have, however, been as yet undocu-
mented reports of observations of the effects of
liquid water, including organic growths, in the
closed section. The closed sections were selected
based on inferences from the unsaturated zone
models of areas most likely to show seepage under
ambient conditions. The lack of observable
seepage could be due to incomplete rewetting of
the rock following the period of ventilation. The
observed effects of liquid water could be due to
processes other than seepage. Condensation related
to the effects of heat sources or leakage of moist air
through fractured rock around the bulkheads could
also lead to these effects. Studics to address this
issue’ are continuing, and results will be docu-
mented following the completion of these studies.

42.1.2.13 Natural Analogues

Natural and man-made analogues with geological
or archaeological records can be used to support
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long-term predictions of future performance of a
repository at Yucca Mountain. Short-term. field
experiments cannot predict long-term performance,
but many examples from the geologic record can
be used qualitatively to evaluate aspects of reposi-
tory performance for tens of thousands of years or
more. The Yucca Mountain Site Characterization
Project has used analogue studies for testing
conceptual models and evaluating coupled
processes as both quantitative and qualitative tools.
An analogue relates a process or set of properties to
a similar process or set of properties, either in
another place or another time. Natural and man-
made analogues offer direct comparisons for some
of the actual long-term processes and functions of a
repository. The confidence in the safe emplacement
of nuclear wastes in the unsaturated zone may be
greatly enhanced with natural analogue studies to
supplement field testing and modeling (CRWMS
M&O 2000bp; CRWMS M&O 2000b, Section 13;
Stuckless 2000). Figure 4-19 illustrates examples
of analogue sites for unsaturated flow, transport,
and seepage process evaluations.

Climate and Infiliration—A set of natural
analogues related to climate and infiltration is
listed in Table 4-5. The current climate and paleo-
climate records of several sites in the southwestern
and western United States were used to derive the
climate and infiltration fluxes for future periods.
Infiltration at Yucca Mountain under wetter condi-
tions cannot be measured directly, but infiltration
under wetter conditions at a geologically similar
location can be measured, and the results can be
~ used quantitatively. Monsoonal climates have been
studied at Nogales, Arizona, and Hobbs, New
Mexico. Beowawe, Nevada currently has a climate

similar to that expected at Yucca Mountain during
a glacial-transition period (USGS 2000a, Section
6.6.2).

Future climates can be modeled based on determi-
nations of past climates because climates
worldwide have been cyclical for the past 2 million
years and are expected to remain cyclical in
response to astronomical cycles. There is a calcite
deposit at Devils Hole, Nevada, that has been
precipitated continuously for the last 500,000 years
(Winograd et al. 1992). Minute changes in the
composition of this calcite provide an accurate
record of the climate in southern Nevada for that
time. In a similar fashion, sedimentary deposits at
Owens Lake, California (Forester et al. 1999)
provide a nearly 425,000-year record of past
climates in the region (USGS. 20002, Section
6.5.1). These two records can be used to model
likely future climates at Yucca Mountain.

Unsaturated Flow and Fracture-Matrix Inter-
action—The series of mnatural analogues for
unsaturated flow and seepage processes is listed in
Table 4-6. The conceptual and numerical modeling
methodologies for the unsaturated zone at Yucca
Mountzin are applicable to other sites, including
Rainier Mesa, Apache Leap, Box Canyon, and
other arid and semiarid sites where there is frac-
tured rock. The Pefia Blanca site evaluation of
uranium migration and the Box Canyon, ldaho,
infiltration test modeling are two examples of
analogue studies presented in Natural Analogs for
the Unsaturated Zone (CRWMS M&O 2000bp).
Field sampling of borehole cores, evaluation of
migration from veins, and assessment of secpage
into mine adits was conducted at the Nopal I mine

Table 4-5. Natural Analogues for Climate and Infiltration Process Evaluation

Analogue

Data and/or Process

Devils Hole, Nevada

Palecclimate, calcite depostt (Winograd et al. 1892)

Beowawe, Nevada

Climate-gtaciak-transition period lower bound analogue (USGS 2000a)

Spokane, Rosalia, and St. John,
Washington

Climate-glacial-transition period upper bound analogue (USGS 2000a)

Nogales, Arizona

Climate-monsoon period upper bound analogue (USGS 2000a)

Owens Lake, Californla

Paleoclimate (Forester et sl. 1899)

Hobbs, New Mexico

Climate-monsocn period upper bound analogue (USGS 2000a) -

Source: Adapted from CRWMS M&O 2000c, Table 2:3-1.
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Table 4-6. Natura! Analogues for Unsaturated Flow and Seepage Process Evaluation

Analogue

Data and/or Process

Rainier Mesa, Nevada Test Site, Nevada

Seepage Into drifis, discrete fractures, percolation, perched
water (Thordarson 1965; Russell et al. 1987; Wang, Cook et a!.
1893) :

Caves end rock shetters, Nevada Test Site and vicinlly

Packrat midden preservation (Spaulding 1885)

Archaeological finds: preservation of cave aris in France and
Germany; preserved seeds and Dead Sea scrolls in Israel;
wood, textiles, and plants in Peruvian cave; mummies in Chilean
pits; manuscripts in Gobl desert; Chinese cave temples, etc.

Demonstrating the efficacy of an unsaturated environment in
Isolating nuclear wastes (Winograd 1986)

Caves, western North America

Biotic remains preservation (Davis 1990)

Apache Leap, Arizona

" | etal. 1887)

Seepage into drifis, discrete fractures, transient flow (Bassett

Mitchell Caverns, California

infiltration, dripping water deposits (CRWMS M&0 2000b,
Section 134.2.2.3) .

Idaho National Engineering and Environmental Laboratory, Box
Canyon, Idaho

Seepage, discrete fractures, transient flow, colloid-facilitated
transport (Faybishenko et al. 1998; CRWMS M&0 2000bp)

Negev Desert, Israel

Infillration (Nativ et al. 1995)

Cappadocia, Turkey

Drift stability and insulation (Aydan et al. 1899)

Altamira, Spain Cave seepage (Villar et al. 1985)
Chauvet, Cosquer, and Lascaux, France Cave painting preservation (Stuckless 2000)
Angola . Rock shefter painting preservation (Stuckless 2000)

Source: Adapted from CRWMS M&O 2000c, Table 2.3-1.

at Pefia Blanca, Mexico (Figure 4-19b). For the
Box Canyon site, the modeling approach used in
the unsaturated zone model for Yucca Mountain is
used to interpret ponded-infiltration results through
fractured rock (Figure 4-19c¢). '

The calculated rate and amount of radionuclides
that could be transported away from a repository is,
in part, dependent upon the interaction between
fracture flow and pore water in the matrix. The
amount of naturally occurring fracture water at
Yucca Mountain has been too small to allow direct
observations of these important processes.
However, Rainier Mesa (Figure 4-19a), located
about 40 km (25 mi) northeast of Yucca Mountain,
is also composed of alternating welded and
nonwelded tuffs, and both pore and fracture water
can be collected due to the higher moisture content.

With the matrix close to saturation at Rainier Mesa, -

there should be limited fracture-matrix interaction.
Thordarson (1965, pp. 6, 7, end 75 to 80) noted that
typically only portions of fractures carried water,
and that the chemical composition of water
obtained from fractures was substantially different
from that of water samples extracted from the

nearby rock matrix at that site, which supports the

concept of limited fracture—matrix interaction

under conditions of near saturation. Further
support for this concept can be found at e field site
in the Negev Desert, Israel, where man-made
tracers were observed to migrate with velocities of
several meters per year across a 20- to 60-m (66- to
200-ft) thick unsaturated zone of fractured chalk
(Nativ et al. 1995). Such high velogities could only
occur for conditions of limited fracture—matrix
interaction.

' Seepage—Hydrologic models indicate that much
of the water moving through the unsatirated zone

* will preferentially move around openings such as

waste emplacement drifts. This modeling result is
‘supported by the natural preservation of paintings,
artifacts, and other remains in caves, man-made
openings, and rock shelters (Stuckless 2000). Well
known examples of this phenomenon include the
Paleolithic caves of France and Spain, which
‘contain paintings as old as 30,000 years in an envi-
ronment 3 to 4 times wetter than that of Yucca
Mountain. Figure 4-19¢ shows a painting made
with charcoal from Chauvet cave in southern
France that has been dated by the carbon-14
method to be approximately 32,000 years old
' (Stuckless 2000, p. 4). In addition to the remark-
able preservation of these fragile paintings, the
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figure shows a common phenomenon for seepage
in underground openings: much of the seepage
flows down the walls. Current models do not take
credit for seepage that would be diverted around
waste canisters by this mechanism, and the models
are, therefore, conservative in their estimates of the
effects of seepage.

Spirit Cave, about 75 miles east of Reno, Nevada,
is another example of a natural analogue to a repos-
itory. In this cave, several small burial pits were
discovered. In one of these pits was found an
almost completely intact human body, mummified
by the dryness of the climate. Subsequent analyses,
including carbon-14 testing, have shown the body
to be that of a 45- to 55-year-old male who died
- around 9,400 years ago. His scalp was complete
with a small tuft of hair. He wore a breechcloth of
fiber and was wrapped in mats woven of fibers
from tule leaves, all highly preserved (Barker et al.
2000).

Spirit Cave Man is not alone in being preserved by
the dry air that circulates in the caves and rock
shelters of the desert Southwest. Among other
preserved biologic remains are numerous packrat
middens. These middens consist of twigs, fecal
droppings, and other debris cemented together by
‘dried urine. Some of the packrat middens analyzed
have been preserved for over 50,000 years
- (Stuckless 2000, pp. 2 to 4). '

Elsewhere, in the western United States, caves and
rock shelters have preserved fragile biologic
remains for tens of thousands of years (Spaulding
1985; Davis 1990). These examples of natural
preservation, plus archaeological artifact preserva-
tion (Winograd 1986; Stuckless 2000), support the
results of mathematical models that predict waste
isolation at Yucca Mountain over similar time
periods. In addition to flow and transport data and
geological records from analogue sites, archaeo-
logical records can be more comprehensible to the
public than hydrologic-geochemical data and
mathematical-numerical models. Paintings and
tools preserved in caves, man-made openings and
rock shelters (partial openings), structure integrity
of underground dwellings (Figure 4-19f), and arti-
facts found in underground chambers can be used
to demonstrate the possibility of preserving man-

made materials surrounded by dry air over geolog-
ical time scales. o

Man-made structures include the subterranean
tombs of Egypt that are 3 to 4 thousand years old
and contain perfectly preserved wood, fabric, and
murals. Although this example. is from a drier
climate than that of Southern Nevada, similar pres-
ervations of murals carved into volcanic rock as
much as 2,200 years ago can be found in Buddhist
temples carved into volcanic rock in India. In this
area of India, the climate is monsoonal, with over
four times as much precipitation in just four
months as occurs annually in the Yucca Mountain
region (Stuckless 2000, p. 19).

A particularly well-studied analogue is the pale-
olithic cave near Altamira, Spain, which is located
in the unsaturated zone of a fractured limestone
formation that contains clay-rich layers (Villar
etal. 1985). Annual precipitation at this site is
approximately six times greater than at Yucca
Mountain. Nevertheless, seepage rates into the
caves are observed to be a small fraction—about

"1 percent—of the calculated percolation flux

(Stuckless 2000, p. 6). Also, there is virtually no
fluctuation in the observed seepage rate despite
monthly changes in the amount of precipitation,
even though the unsaturated zone is only about 7 m
(23 ft) thick (CRWMS M&O 2000c, Section
3.9.7.3), which supports the hydrologic modeling
prediction of the buffering effect of the unsaturated
zone. o

Seepage was also measured in the tunnels at
Rainier Mesa. Most of the tunnels excavated for
nuclear testing are in a sequence of zeolitized and
fractured tunnel bed units within or below perched
water zones. When intersected by tunnels or bore-
holes, a fraction of fractures and faults yielded
significant amounts of water, with the total
discharge from one tunnel complex equal to
8 percent of the measured precipitation (320 mm or
12.6 in. per year) (Russell et al. 1987; Wang, Cook
et al. 1993). In a tunnel excavated above the
perched water bodies in the Paintbrush nonwelded
unit, no measurable seepage was observed. While
this analogue is not ideal because of the near-satu-
ration of the tuffs and because most of the tunnel
penetrations are through the lower nonwelded
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zeolitic tuff with perched water bodies, it provides

a conservative example because of the high precip-

itation relative to that at Yucca Mountain. The
potential waste emplacement drifts would be
located in welded tuff above the perched water
bodies.

42.13 Process Model Developmént and
Integration
42.13.1 Unsaturated Zone Flow Model

The unsaturated zone flow model simulates present
and future hydrologic conditions between the
ground surface and the water table (CRWMS
M&O 2000c, Section 3.7). The flow model inte-
grates site characterization data into a single,
calibrated three-dimensional model. It captures
infiltration at the ground surface and estimates the
distribution of percolating water in the unsaturated

zone. It quantifies the movement of water through

fractures and through the porous tuff’ matrix at the
site. The model includes the occurrence of perched
water, which has implications for lateral diversion
of flow along interfaces between rock layers. The
flow model incorporates the damping of infiltration
pulses from the surface as water percolates down-
ward through the rock layers and also includes the
effects of faults on water movement.

The unsaturated zone flow model is a tool used to

(1) quantify the movement of moisture as liquid

and vapor through -the unsaturated zone for
present-day and future climate scenarios;
(2) develop hydrologic properties and other model
inputs for predicting seepage into drifts and radio-
nuclide transport; and (3) provide the scientific
basis for representing unsaturated zone flow
processes in TSPA. Output from the unsaturated
zone flow model that is used by other models
consists primarily of infiltration and percolation
flux distributions and hydrologic properties for
hydrogeologic units and fault zones. The flow
model supports these outputs with extensive anal-
ysis and interpretation of the flow regime, perched-
water occurrence, and chemical and isotopic data
from the site.

Input to the flow model includes Yucca Mountain
- geologic and rock properties data in addition to site

characterization data from surface hydrology -
investigations, borehole testing, field tests
performed underground in exploratory tunnels,
geochemical sampling, and isotopic sampling of
the unsaturated zone. These inputs are among the
input data represented in Figure 4-20. Section 3.7.2
of Unsaturated Zone Flow and Transport Model

Process Model Report (CRWMS M&O 2000c)

describes the development of the component
models shown in the figure based on site character-
ization .data. Modeling changes associated with
such issues as ventilation and transportation in the
drift shadow, thermally coupled processes, with a
change of the proposed repository footprint for
analysis of a lower-temperature operating mode

_case are discussed in Volume 1, Section 11.3.4 of

FY01 Supplemental Science and Performance
Analyses (BSC 2001a). Output from the flow
model directly feeds the assessments of drift
seepage, thermal-hydrology, and radionuclide
transport, which ultimately support the TSPA.

4.2.13.1.1 Modeling Assumptions

Numerous methods exist for mathematically repre-
senting the unsaturated flow processes occurring at
Yucca Mountain. These representations range from
the relatively simple to the extremely complex.
The existing site characterization data for Yucca
Mountain suggest that flow between the land
surface and the water table is complex. Even
though large amounts of site characterization data
exist for certain areas of the mountain, for other
areas information is based on natural analogues
and other sources. Therefore, any mathematical -
representation of the unsaturated zone at Yucca
Mountain must avoid any unjustified complexity,

. as well as oversimplifications of the flow behavior

beneath the mountain.

Mathematical representations of complex, actual
phenomena will always require some simplifica-
tion. Assumptions are made, with justification
provided to lend confidence to the model. Some of
the important assumptions made in the develop-
ment of the unsaturated zone flow model of Yucca
Mountain are summarized below.

Selection of Continuum Models——Estimates of
the number of potentially water-conducting frac-
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depending on the flux of water moving through the
fracture network. For such media, the active frac-
ture model describes the relationship between
fracture saturation and the flow interaction
between the fracture and matrix continua (Liu et al.
1998; CRWMS M&O 2000bq, Section 6.4.5).

Using the dual-permeability approach, one-, two-,
and three-dimensional numerical grids of the
unsaturated zone were developed. Figure 4-21
illustrates the flow of information associated with
the gridding process, summarizing key input and
output. Hydrogeologic data, mainly from the
Integrated Site Model (ISM3.1) of Yucca Mountain
(CRWMS M&O 2000i), are used to develop
numerical grids of the unsaturated zone mountain-
scale domain. These grids include layering of

hydrogeologic rock units, faults, and different.
types of rock where the geology is laterally hetero- -

geneous. Fracture propertiecs (CRWMS M&O
2000br, Table S) are used to formulate the dual-
permeability grids. Figure 4-22 - illustrates the
structural and stratigraphic framework established
in the numerical grids of the unsaturated zone
domain. :

Fracture-Matrix Interaction—An active fracture
model was developed by Liu et al. (1998) to
account for the portion of fracture surfaces inter-
acting with the matrix. Limited fracture—matrix
interaction occurs for & variety of reasons, such as
fingering flow (gravity-dominated, nonequilib-
rium, flow channeling within fractures) and
fracture surface coatings. The active fracture
model is documented in Conceptual and Numer-
ical Models for UZ Flow and Transport (CRWMS
M&O 2000bq, Section 6.4.5). In the model, only a
portion of connected fractures are considered to
actively conduct liquid water at a fracture network
scale. : :

Transient Versus Steady'-State Flow—Temporal
variation in the infiltration rate drives the time-
dependent or transient nature of flow in the unsat-
urated zone. The temporal veriation of infiltration
may be short-term due to weather fluctuations that
drive episodic flow or occur over much longer time
periods corresponding to climate change. As

discussed previously, the PTn is believed to greatly -

attenuate episodic infiltration pulses such that

water flow below the PTn is approximately steady.
However, water flow in & relatively small area near
the Solitario Canyon fault may be transient because
the PTn is not present in that area. Some transience

‘is also expected for liquid flow through isolated

fast flow paths that cut through the PTn because of
the lack of a significant attenuation mechanism.
However, these isolated flow paths are believed to
carry only a small amount of water because
(1) inferred bomb-pulse chlorine-36 isotopic ratios
have been found in only a few locations in the
Exploratory Studies Facility; (2) no significant
correlation between high matrix saturation and
elevated chlorine-36 isotopic ratios has been
reported; (3) these discrete fast paths are not asso-
ciated with large catchment areas involving large
volumes of infiltrating water; (4) bomb-pulse
signatures of chlorine-36 were not found in the
perched water bodies (CRWMS M&O 2000bv,
Section 6.6.3); and (5) post-bomb tritium was
detected only in one sample from the perched
water (in Borehole NRG-7a) but not in any of the
other samples (CRWMS M&O 2000bv, Section
6.6.2).

The PTn is expected to damp episodic flow in the
unsaturated zone resulting from the temporally
occasional nature of storms in the site area and the
local nature and wide scattering of storm tracks.
Individual locations may receive significant rain-
fall only once in several years, even in the casc of
focused runoff along arroyos. Geomorphic char-
acter, such as conditions of soil cover and slope,
further contribute to the variability of infiltration
from storms. Larger-scale variation in infiltration is
the result of altitude, which controls seasonal rain-
fall quantity by influencing storm frequency. In
general, the northemmost part of the site area is
highest, the central part is intermediate in eleva-
tion, and the southern part is lowest. The site-scale
pattern of infiltration magnitude as well as that of
percolation flux at the proposed repository level
reflects the site altitude (Figure 4-23). The percola-
tion flux patterns in the unsaturated zone below the
PTn (Figure 4-24) do not reflect differences in
infiltration magnitude resulting from local storm
tracks or surface conditions in regions of the site
that are about at equal altitude because of the
damping influence of the PTn.
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3.7.3.1); (2) the occurrence of perched water and
the effect of alteration within the CHn unit on flow

(CRWMS. M&O 2000c, Section 3.7.3.3); and.

(3) the role of major faults as potential conduits or
as barriers to flow (CRWMS M&O 2000c, Section
3.7.3.2). Each of these topics is summarized below.

Flow through the PTn and at the Potential
Repository Horizon—Flow behavior within the
predominantly nonwelded PTn unit was evaluated
using the mountain-scale flow model with the three
climate states (i.e., present day, monsoonal, and
glacial-transition). Table 4-7 compares the propor-
tions of vertical fracture flow and matrix flow at
the middle of the PTn unit and at the potential
repository horizon. The model results support the
hypothesis that matrix flow is dominant in the PTn,
taking nearly 90 percent of the total flow, with little
variation among the three climate scenarios. This is
consistent with observed pneumatic responses to
barometric pressure fluctuations, which showed
attenuated response within the PTn unit (Ahlers et
al. 1999). As indicated in Table 4-7, the conditions
change to fracture-dominated flow at the interface
between the PTn and the underlying TSw unit
(potential repository host rock).

Table 4-7. Comparison of the Water Flux through
Matrix and Fractures as a Percentage of
the Total Flux at the Middle PTn and at
the Potential Repository Horizon

. . Flux at Potential
Flux at middle PTn Repository
(%) (%)
Climato Fracturs § Matrix | Fracture | Matrix
Present-Day 18 884 83.3 18.3
Monsoonal 12.1 879 89.5 10.5
Glaclal- 13 83.2 91.4 88
Transition
Sources: CRWMS M&O 2000bw, Section 6.6.3; CRWMS

M&O 2000¢, Table 3.7-2.

More recent studies with new geochemical field
data (BSC 2001a, Section 3.3.3) showed that the
PTn acted as a buffer, damping out variations in the
transient net infiltration, so that flow beneath the
PTn was essentially steady-state. Lateral flow
diverted net infiltration above the potential reposi-
tory area eastward to the Ghost Dance and Drill
Hole Wash faults, Flow thus diverted bypassed the
potential repository block.

Effects of Major Faults—The effect of faults is
important for site characterization because faults

_could provide direct flow pathways from the poten-

tial repository to the water table, which could
bypass sorptive layers within the CHn unit that
have the capacity to retard migration of radionu-
clides. Consequently, radionuclides could enter the
saturated zone where such faults intersect the water
table. Alternatively, faults could benefit potential
repository performance if they cause water to be
diverted away from emplacement drifts.

Based on the represehtatioh of faults in the unsatur-
ated zone flow model, the model simulations
indicate that the fraction of flow occurring through

. the modeled faults, as a percentage of the total flow

(through fractures, matrix, and faults), increases
with depth. Table 4-8 lists these predicted percent-
ages at four different depth horizons for the three
climate scenarios and for the northern and southemn
parts of the model domain. A recent analysis with a
refined model indicates that flow through faults at
the PTn-TSw interface may be slightly higher than
shown here (BSC 2001a, Section 3.3.3.4.2). The
table shows that flow percentages through faults at
the water table would be very different in the
southern part (where the CHn unit is thinner and
highly porous) than in the northern part (where the
CHn unit is thicker and altered to zeolites). This
indicates that more lateral flow diversion on or
within the CHn unit would occur in the northem
part of the site area.

The simulations predict that percolation flow in the
unsaturated zone will converge into the faults as
water flows downward through the geologic units,
and that lateral diversion of water into faults occurs
mainly in the CHn unit below the potential reposi-
tory horizon. Some lateral diversion into faults is
also predicted to occur in the PTn unit above the
potential repository horizon, as indicated in Table
4-8. In addition, although the percentage of fault
flow at the water table below the potential reposi-
tory is predicted to increase as the aVerage
infiltration increases, the percentage of fault flow
above and at the level of the potential repository
horizon is predicted to decrease as infiltration
increases.
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Table 4-8. Comparison of Water Flux through Faults as a Percénhge of the Total Flux at Four Different
Horizons for the Three Mean Infiltration Scenarios

Climate
Scenarios Fraction of Tota! Flow through Faults (%)
Average Potential Repository
Infiltration Ground Surface PTn-TSw Interface Leve! Water Table
{mmlyr) Total | South | North | Total | South | North | Total | South | North | Total | South | North
z{g‘““"a’ 38 | 36 | 39 | 143 | 188 | 127 | 146 | 198 | 127 | 340 | 159 | 420
::gf)”“" 41 | 38 | 42 | 105 | 130 ] 96 | 105 | 133 | o5 | 424 | 218 | 513
Glacial-
Transition 40 | 37 | 41 | 81 | 108 | 84 | 91 | 110 | 82 | 444 | 243 | 842
(17.8) A

NOTES: "Total denotes flow over the entire mode! domain, "South® denotes fiow over the southemn part/half of the model domain,
and "North” denotes fiow over the northem part/half of the mode! domain. Sources: CRWMS M&O 2000c. Tables 3.7-3
and 3.5-4; data from CRWMS M&O 2000bw, Section 6.6.3.

Studies of the CHn and Perched Water Occur-
rence—The CHn unit lies between the potential
repository horizon and the saturated zone; thus, for

~ groundwater flow and radionuclide transport from
the potential repository, the CHn unit has an impor-

tant role in site performance. Prolonged rock-
water interaction in the geologic past has produced
low-permeability clays and zeolites within the
CHn, particularly in the northern part of the site
area. This alteration has important implications for
occurrence of perched water, for groundwater flow
paths, and for radionuclide transport.

Model simulations have been performed using the
three climate states (i.e., modem, monsoonal, and
glacial transition) (CRWMS M&O 2000c, Section
3.7). The results generally match the observed
perched water table elevations from Yucca Moun-
tain boreholes, provided that percolation flux
greater than 1 mm/yr (0.04 in./yr) exists at the site.
All modeling results indicate significant lateral
flow diversion (40 to 50 percent of the total flow)
just above or within the CHn where Iow-permc-
ability zeolites occur.

The effect of perched water zones on flow through
the CHn is best explained by comparing percola-
tion fluxes simulated at the repository level and the
water table. Figure 4-24 presents map views of the

simulated vertical percolation flux distributions at

the potential repository horizon and at the water

table. Comparison of these views shows large
differences in the percolation flux distributions at
the potential repository horizon and at the water
table, a result that is consistent with the expectation
of significant lateral flow diversion occurring just
above or within the CHn unit. Simulated results for
the northern part of the site area show that percola-
tion flux at the water table tends to be focused
along faults. Simulated results for the southern part
of the site area show that percolation tends to flow
vertically through the .CHn unit as matrix-domi-
nated flow in relatively high-permeability vitric
zones. Below these vitric zones, however, are
zeolitic layers (above the water table) that laterally
divert some of the flow eastward, where it is inter-
cepted by faults (Figure 4-24).

4.2.1.3.1.3 Percolation Flux at the Potential
Repository Horizon

Percolation flux through the unsaturated zone is
important to performance of the potential reposi-
tory because it directly controls drift seepage and
radionuclide transport and also influences the
evolution of temperature and humidity in the
emplacement drifts (CRWMS M&O 2000c,
Section 3.7.4.1). Because the low percolation flux
through the unsaturated zone at Yucca Mountain
cannot be readily measured, results from the unsat-
urated zone flow model are used to estimate the
flux.
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" is somewhat higher for the future climate scenarios

compared to the present-day climate scenario
because the total flux is greater. The results from
fracture-matrix interaction tests at Alcove 6 in the
Exploratory Studies Facility (shown in Figure
4-11) illustrate the dommance of fracture flow for
high fluxes.

' 4.2.13.1.5 Supporting Geochemical Analysis

Geochemical processes are useful for estimating
and bounding infiltration rates and percolation flux
in the potential repository host rock (CRWMS

M&O 2000bv, Section 6.9). Upper-bound limits on -

infiltration rates and percolation flux at the poten-
tial repository horizon have been estimated from
geochemical data, using several analyses and
models (CRWMS M&O 2000c, Section 3.8).
Collectively, these conceptual models and analyses
- are referred to in supporting documentation as the

ambient geochemistry model. The primary data

used for calibration and validation in this overview

- are pore water chloride concentrations, relative
abundance of chlorine-36 in pore water (or
extracted salts), and calcite abundance. -

Calcite Deposition - Analysis—CaIcite and
carbon-14 ages in the unsaturated zone have been
used as a tool for estimating percolation fluxes
(CRWMS M&O 2000bv, Sections 6.6.4.3, 6.7.2.2,
6.10.1.1, and 6.10.3.9). Modeling studies incorpo-
rating reactive transport in unsaturated zone flow
simulations were used to investigate the relation-
“ ship of calcite deposition to infiltration rate, water
and gas compositions, and reactive surface area
. (CRWMS M&O 2000bw, Section 6.5). Model
results for borehole USW WT-24 indicated that the
infiltration rate ranges from about 2 mm/fyr to
20 mm/yr (0.08 to 0.8 in./yr), which bounds the
observed range of calcite abundance. An infiltra-
tion rate of approximately 6 mm/yr (0.2 in./yr) can
account for the average abundance of calclte in the
. TSw unit (Figure 4-l4b)

Chloride Mass Balance—Small concentrations of o

chloride occur in rainfall at Yucca Mountain, aver-

aging approximately 1 mg/L (CRWMS M&O

2000bv, Section 6.3.2). The chloride becomes

more concentrated as evaporation occurs. The -

water that does not run off or evaporate infiltrates

into the unsaturated zone, carrying the dissolved
chloride. The resulting concentration of chloride in
unsaturated zone pore waters indicates the extent
of evaporative concentration relative to rainwater,
and the infiltration flux is inferred using the
average annual precipitation and runoff.

Chloride concentrations in unsaturated zone pore
waters can be used to evaluate the unsaturated zone
flow model. The comparison of concentrations for
the present-day climate state and mean infiltration
(CRWMS M&O 2000c, Section 3.8) are shown in
Figure 4-14. The modeled concentrations were
higher than measured concentrations toward the
northeast end (left side of Figure 4-14a) and lower
at the southwest end of the Exploratory Studies

Facility (right side). The northeast end of the drift

corresponds to an area of very low infiltration
rates, whereas the southwest end is beneath the
crest of Yucca Mountain, where infiltration is
greater. Measured chloride concentrations exhibit a
smaller range of variation than is predicted using
the present-day, steady-state infiltration rates. The
general agreement among these results indicates
that the average of present-day infiltration over the
model domain for the mean infiltration distribu-
tion, 4.6 mm/yr (0.18 in./yr), is accurate.

As an alternative interpretation of the observed
chloride data, infiltration rates were adjusted in the
UZ flow and transport models to match with the
measured pore water chloride concentration data.
The match can be achieved by adjusting infiltration
rates in those areas where the match can be
improved, while maintaining the average infiltra-
tion the same as the current model (USGS 2000b,
Section 6.11; CRWMS M&O 2000bw, Section
6.4.3.1). The modified percolation flux map is
shown in Figure 4-23. The domain was divided
into 9 regions, and for those regions where pore
water chloride data were unavailable (Regions I, II,
and VIII), the map was filled in using average infil-
tration values from the unsaturated zone flow
model.

The modified model has a more uniform spatlal
distribution of infiltration rates. However, it-is

possible to have an alternative interpretation if the
PTn, between the shallow infiltration zone in TCw
and the potential repository unit in TSw, has strong
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damping capacity and the large lateral diversion of
flow occurs in the PTn. The spatial variation of
infiltration can remain the same as the current

model while flow redistribution occurs in the PTn.

* Significant damping and lateral diversion of flow

by the PTn is strongly supported by the recent

analyses (Section 4.2.1.1.2). It is therefore demon-
strated that alternative models can be formulated to
maintain both the heterogeneous distribution of
infiltration near the surface and more uniform
distribution of chloride content along the under-
ground drifts in the potential repository unit.

Applying the chloride mass balance approach to
estimating percolation (using measured pore water
chloride concentration data), a modified percola-
tion flux map was developed (Figure 4-23). The
domain was divided into 9 regions, and for those
regions where pore water chloride data were
unavailable (Regions I, II, and VIil), the map was
filled in using average infiltration values from the
unsaturated zone flow model. The percolation flux
values estimated in this manner were then evalu-
ated as estimates of the infiltration rates (USGS
2000b, Section 6.11). The infiltration rates esti-
mated by chloride mass balance are similar to the
mean infiltration rates obtained by averaging the
rates over the same area (CRWMS M&O 2000bw,
Section 6.4.3.1). This provides confirmation that
the infiltration data used in the unsaturated zone
flow model represent the present-day climate state.

As an alternative interpretation of these data, chlo-
ride concentrations modeled from the mean
infiltration rates were compared to the measured
chloride concentrations (Figure 4-14). The
modeled concentrations were higher toward the
northeast end (left side of Figure 4-14a) and lower
at the southwest end of the exploratory drift (right
side). The northeast end of the drift corresponds to
an area of very low infiltration rates, whereas the
southwest end is beneath the crest of Yucca Moun-
tain, where infiltration is greater. Measured
chloride concentrations exhibit a smaller range of
variation than is predicted using the present-day,
steady-state infiltration rates. However, the general
agreement among these results indicates that the
average of present-day infiltration over the model
domain for the mean infiltration distribution,
4.6 mm/yr (0.18 in/yr), is accurate.

Chlorine-36 Isotopic Analysis—Measured back-
ground chlorine-36 isotopic ratios in extracted pore
waters, while highly variable, are uniformly lower
over much of the south ramp compared to the north
ramp of the Exploratory Studies Facility. Modeled
results indicate that chlorine-36 isotopic ratios in
the south ramp should be much lower than in the
north ramp, even though the PTn unit is thinner,
because the infiltration flux is less. The greater
background chlorine-36 isotopic ratios in the north
ramp could also be the result of mixing of bomb-
pulse water with older matrix pore water. Bomb-
pulse chlorine-36 isotopic ratios, indicating fast
flow paths, are found in several locations in the
vicinity of some fault zones in the exploratory
tunnels, Elevated chlorine-36 signatures are
confined to the immediate vicinity of faults and
other structural features, fast flow zones are local-
ized, and large areas of the potential repository
appear to be unaffected by  fast-path flow
(CRWMS M&O 2000bv, Section 6.6). With regard
to perched water, the lack of bomb-pulse chlo-
rine-36 is difficult to interpret because of potential
mixing with older water. However, low tritium
signatures in perched waters below the potential
repository horizon are consistent with the interpre-
tation of limited fast flow at this depth.

Because of the important implications of the occur-
rence of bomb-pulse chlorine-36 to the site-scale
unsaturated zone- flow and transport model, the
project has undertaken a study to confirm the
occurrence of bomb-pulse chlorine-36 at two loca-
tions in the Exploratory Studies Facility (the Drill
Hole Wash fault zone and the Sundance fault
zone). Preliminary results from this ongoing study
have not confirmed the presence of chlorine-36,
and the analyses of the validation samples at two
different laboratories are not consistent. The
project has defined a path forward to understand
the reasons for the differences: a common set of
protocols will be developed, and analyses of the
validation samples will continue. However, the
unsaturated zone flow and transport model and the
TSPA are based on the original data set used in the
conceptualization of unsaturated zone behavior.
Hence, the project approach conservatively bases
the model on the presence of bomb-pulse
chlorine-36.
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onclustons from"

d Zone Mountain-Seale

. Results from:the phsaturated zone flow model and;
““from ‘analysis ‘of supporting géochemical data are:
*summan,zed in Figures 4-28 and 4:29, respectively.
;ln summary, ava'lable sne datn have been used to

prov:ded mﬁltmt:on and: permlatnon ﬂux dxstnbu- '
tions: and. hydrolog:c propertics, ‘s intended. The

model accounts for the .occurrence of perched
water and etshances ‘the- un‘d‘erstandmg of the
effects of the PTn-unit and fault zanes on flow in
the unsaturated ‘zone at the snte The ﬂow model

has been: interpreted for compamon with chemical

‘and -isotopic data, confirming lhe flow model

results in an average sense.:

isatoptc ratlos, calcnte deposinon, and: the occur-: :

rence of perched water. The analysis of chloride?ﬁ‘
“data indicates that the average percolation rate over -
the- model domam at Yucca Mountain' is - about;
A6 mmlyr (0 18 mJyr) Analysxs of‘ calcite deposn-

tion gives infi ltration estimates of 210 20, mmiyr

{0.08 to 0.8 infyr) in the vicinity of borehole USW
‘WT-24. To match perched ‘water -occurrences,
'three-dunens;ona! ‘mode! calibrations' require that

the present-day - average infiltration rate be greater
than ). mmlyr (0 04 in fyr) with an upper limit of

Figure 4-28. . Summary of the Unsawra!:ed Zone Flow Model Results

‘Bource: CRWMS M&O 2000c Figure 3.7-10,
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4.2.1.32 Drift Seepage Model

A quahtaxwe dcscnption of drift seepage processes
was. provided in Secnon 4. 2 1. l 5. The chametere

the secpage’ calnbmtxon model focuses on obtammg :

effective hydmlogic properties based on relevant

seepage test data (CRWMS M&O "0000 Sectcon' _

well as data mput and the exchange of mf’ormanon.
ﬁeepage test’ data, such as those from the: niche
studaes, are. used for deve!ppmg the seepage cah—-

performance. assessment; This' model supports the=
abstraction: of dr:ﬁ seepage for use  directly in
TSPA calculations.

data (CRWMS M&O 2000c Sectxon 3 9.4 4) and

is_calibrated to' the test data from Niche 2 in the : V
Exploraloxy Stud:es Facxhty (CRWMS M&O :

Sxmuiaho‘: :_wnth'mult:b!c reahzanons of the hetcr.-i:

ogeneous propc v field were perfonned to account
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much of the potential repository host rock because
of the moderating influence of the overlying PTn
unit. Under steady flow conditions, the flow inter-
action between the fractures and the matrix in the
vicinity of the emplacement drifts will be negli-
gible because of the low permeability of the rock
matrix relative to that of the fractures (CRWMS
M&O 2000c, Sections 3.3.13 and 3.6.3.2).

The continuum approach is valid for simulating
drift seepage, as well as percolation flux, based on
the observation that the fracture network in the
middle nonlithophysal unit of the Topopah Spring
Tuff is well connected (CRWMS M&O 2000bx,
Section 6.7). The appropriateness of using the

continuum approach to simulate flow through frac-

tured rock was also studied by Jackson et al. (2000)
using synthetic and actual field data. They
concluded that heterogeneous continuum represen-
tations of fractured media are self-consistent (i.e.,
appropriately  estimated  effective-continuum
parameters can represent the underlying fracture
network characteristics). o

Adopti‘ng the continuum approach, unsaturated
flow of liquid water is governed by Richards’

equation, the governing equation of water content

or capillary pressure based on mass conservation
law (Richards 1931). Relative permeability and
capillary pressure are described according to the
van Genuchten—-Mualem model (Luckner et al
1989, pp. 2191 to 2192). Within the heterogeneous
property distribution, capillarity of the effective
medium is correlated to absolute permeability
according to the Leverett scaling rule, with capil-
lary strength inversely proportional to the square
root of permeability (Leverett 1941, p. 159).

Since percolation fiux cannot be directly measured
in the field, the average percolation flux in the host
rock is estimated by the unsaturated zone flow
model and multiplied by flow-focusing  factors
derived using the active-fracture concept (CRWMS
M&O 2000by, Section 6.3.3).

In-drift evaporation and ventilation effects are not
included in the current seepage model, but
neglecting them is conservative because it

produces greater estimates of predicted seepage.

The evaporation reduces drop formation and drip-

ping (Ho 1997a) and enhances the vapor diffusion
into the drift. Neglecting evaporation effects
increases predicted seepage of liquid water
(CRWMS M&O 2000c, Section 3.9.3.3).

Seepage Threshold Prediction—Steady-state
seepage simulations were performed with the
seepage calibration. model (CRWMS M&O
2000bz, Section 6.6). In this application, percola-
tion flux was applied at the top of the model,
instead of from a borehole as in the niche tests. The
ambient percolation flux was varied over a wide
range, starting from a small value yielding zero
seecpage, increasing stepwise until secepage was
predicted to occur, and increasing further to esti-
mate seepage percentage. Using this procedure, a
seepage threshold of approximately 200 mm/yr

" (7.8 in./yr) was obtained for the middle nonlitho-

physal unit of the Topopah Spring Tuff. The
seepage-threshold prediction obtained for Niche 2
suggests that diversion of flow around the
emplacement drift openings is an effective barrier
to water that could otherwise contact waste pack-
ages (BSC 20014, Sections 4.2.2 and 11.3.1.1.1).

42.133 Model Calibration and Validation

'An important objective for the unsaturated zone
- flow model is to produce a model consistent with
- the available site characterization data. This is

accomplished through an iterative process of
model calibration to the data, adjusting the hydro-
logic propertics that represent the rock units
(CRWMS M&O 2000c, Section 3.9.4.5). A combi-
nation of one-, two-, and three-dimensional
numerical models is used to represent the lateral
variation of hydrologic conditions in the unsatur-
ated zone, for example, from the northern to the
southern ends of the potential repository layout
area. The data that constrain the calibration process

* include borehole-measured matrix saturation,
~ water potential, temperature, the presence of
- perched water, pneumatic-pressure measurements,

and geochemical data. The model calibrations

: require specification of the water infiltration at the

ground surface and its variation throughout the site
grea (USGS 2000b, Section 6.11). To represent
uncertainty in the infiltration estimates, separate
infiltration distributions are used, representing
upper-bound, mean, and lower-bound conditions.
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Separate model calibrations (i.e., hydrologic prop-
erty sets) are developed for the three infiltration
distributions. The distributions of infiltration for
future monsoonal and glacial-transition climate
conditions were developed using the infiltration
model (CRWMS M&O 2000c, Section 3.5.2),
which was calibrated using data for present-day
infiltration rates. Table 4-11 summarizes average
precipitation and infiltration rates. Figure 4-25
shows mean infiltration distributions over the
model domain for cach climate state.

Model calibrations were performed using one-

dimensional numerical grids to estimate mountain- . « . 5 )
‘ g  mountain-scale formation properties are calibrated

scale hydrologic properties for the hydrogeologic
units. The one-dimensional calibration model
consists of 11 vertical columns, shown schemati-
cally in Figure 4-32, representing the
hydrostratigraphy at 11 boreholes for which suit-
able site characterization data are available. The
use of a one-dimensional vertical model implicitly
assumes that flow is adequately approximated as
one-dimensional and vertical (i.e., that lateral flow
is not important). In the TCw, PTn, and TSw rock
units, this assumption is supported by the absence
of perched water (CRWMS M&O 2000c, Sections
3.6.4.1). At the bottom of the TSw unit and below,
perched water does exist in some areas, especially
to the north. Perched water is investigated using
the three-dimensional model (CRWMS M&O
2000c, Section 3.7.3.3). '

The one-dimensional calibrated mountain-scale
formation properties are then used as input to a

two-dimensional model, which is used to calibrate
the fault properties. The two-dimensional model

_ consists of an east—-west cross section, shown sche-

matically in Figure 4-33. This cross section is
located where there are borehole data available for
the ambient hydrologic conditions in a fault at
Yucca Mountain. Use of a two-dimensional model
implies that flow constrained to the vertical and
east-west directions adequately represents ambient
conditions. The dip of the bedding and the strike of
the fault are approximately parallel to the cross
section; therefore, the assumption is reasonable.
The same types of properties calibrated for the

for the faults. Figure 4-33 also shows the match
between the calibrated simulation and the satura-
tion, water potential, and pneumatic data for
present-day ambient conditions (mean infiltration).

The resulting calibrated hydrologic properties
(including fracture and matrix permeability, frac-
ture and matrix van Genuchten parameters, and
active-fracture parameters) are then used as input
to mountgin-scale and drift-scale hydrologic
models. Calibration activities in three dimensions
(involving hydrologic measurements, perched
water, temperature, and ambient geochemical data)
are carried out for additional refinement of moun-
tain-scale properties. Figure 4-34 shows an
example of the results from the three-dimensional
calibration. This figure compares the observed and
simulated matrix saturation and perched water

Table 4-11. Average Precipitation and Average Infiltration Rates over the Unsaturated Zone Flow Model and

Transport Model Domain
Present-Day Climats Monsoon Climate Glaclal-Transition Climate
{to 600 years) {600 to 2,000 years) {beyond 2,000 years)
Upper Lower Upper Lower | Upper : Lower
bound Mean bound bound Mean bound bound | Mean bound
Averags Precipitation 2688 190.8 188.8 41438 3027 190.8 4335 317.8 2022
Rate,® mmiyr (indyr) (10.58) (7.50) (7.35) (18.33) {11.92) (7.50) (17.07) (12.51) (7.98)
Averags Infiltration 1.1 48 13 122 48 330 . 178 25
Rats,® mm/yr (inyr) {0.44) {0.18) {0.05) {0.78) {0.48) (0.18) (1.30) (0.70) - (0.10)
" Sourcs: "CRWMS M&O 2000c, Table 3.5-2.
BCRWMS M&O0 2000Cc, Table 3.5-4.
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Saturation
ooosobc'.nﬁ,zm‘z 18401 '
Figure4-34. Comparison...of Simulated and
‘Observed Matrlx Liquid Saturatlons.
‘Showing Perched Water Elevations
Data from - Borehole "USW :UZ-14 ‘and ' “simulation
results ‘for -the ‘present-day -mean Infilration rate:
Source: ‘Data from CRWMS M&0 2000bw, Settion
6.6.3; Figure 6-41; figure adapted from CRWMS N8O
2000c, Figure 3.7-14.

elevanon at ‘borehole . USW UZ-14, using the

presem—day.ambrent conditions (mean infi itration).

Overall, the slmulauon results for this borehole: .
(and others uscd in the calibration activity) are .

generally: consastent with' the observed samtamu
and perched water data.

Model Validation and - Conﬁdencc Buﬂding»-!

Validation of the calibrated hydrolognc property
scts “constituting the calibrated -properties ‘model.
was performed using.the three-dlmens:onal model’
(CRWMS M&O -2000bw, Section 6.8) In situ
water potential - data mcasured from - the ECRB’

Cross-Drifl ‘compare. ‘well with ‘predicted water

potentials,-as shown in Figure 4-35. ‘Although the

- predicted water potentials are: gencral!y fower; the

difference is only-a few fenths of & bar (I bar = 10°

'Pa) Preumatic pmssure data also compare well to.
the predicted pneumatic pressures shown n Figure

4-35. These and other resuits presented in- Unsatur-

aled Zone' Flow and ﬁammrf Model Process
Moxdel Report (CRWMS ‘M&O :2000c, Section
3 6 5: 3) show that, the' calibrated- propcrties are

vahd for pni tctmg ambnent condmo, ¥ iand that
the: assumpnons ‘of one-dimensional and ‘two-

dimensional flow are su ltable for use in the calibsa-
~ fion process. ‘

Pore water chemical :composition data have been

- usedto vahdate ﬂzc unsaturnted zone ﬂow model o

transpon time. through the unsaturated zone. Tnfil-
tration. rate calibrations are performed using the

 pore water chloridé concentration data. Agreement

between the. predicted. chloride  distributions - and
observed: data-are improved when the calibrated
infiltration: rates are. used. ‘Similar analyses have
been performed using. calcite deposition to further
constrain hydrologic parameters, such as infiltra-
tion :flux. These. geochemical studies provide

_additional 'support for validation of flow and trans-
- pori models (CRWMS M&O 2000bw, Sections 6.4

and 6.5; CRWMS M&O 20000 Sections 3 7 and.

3.8).

Seepage Mode! Cahbratmn—l)nta from:five tests
(CRWMS M&O 2000bz, Table 6) were selected

for calibration of the seepage. model, The five tests.

were conducfed in.a 03-m-(1-R) long: ‘borehole
interval at various mjectnon rates to ‘sample the
dependence of seepage -On. flux. Approx:mately
1 liter of water was injected in-each test. Seepage
percentages - from the 1lest -serics demonstrate
storage effects and seepage rates above and below
a seepage threshold, Analysis of all five tests

provided a match between model resulis and .

observed secpage. As shown  in Figure 4-36, the
heterogeneous three-dimensional seepage calibra-

“tion model” matches - the. observed seepage data

betfer than the: two-dxmensxonal or homogeneous
alxematlves

Secpage Model Va!ldation-——-'r‘he scepage calibra-
tion ‘model was. used -to make: predictions of
observed seepage percentages from Tiquid injection
tests that . were petformed in & ‘different: borehole

interval using differcnt injection rates and varying

other test condmom ‘The uncertaimy of the model

: pﬁ:dlctlons was evaluated using linéar error propa-
gation analysis and Monte Carlo simulation, {This .
approach reflects the mtended use- of the resulting -

seepage models; in which seepage is treated statis-
tlcally) Observed seepage pertcntages Iay withm
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_Figure 4-36. Comparisbn between the Measured Seepage Mass and Seegage ‘Mass Calculated with Two-

" Dimensionat and Three-Dimenslonal Homogeneous and Heterogenebus Models

‘Measured seepage mass s plotted with black dots. The model predictions ere plotted with squares. The four models
‘are visualized pn the left end fabeled by color, as indicated Inside the plot. The uncemamty of the mode! predicﬁons s

. 'ghown as ervor bars on the 85 percent confidence level. The three-dimensional heterogeneous seepage calibration
‘fnode! matches the data best. Source: CRWMS M0 2000c, Figuw 396,

: thc unccrlam(y range -of thc modcl preduchans
' This favorable result provides confidence in the
validity ‘of the scepage model. More: details about

“the seepage calibration ‘model ‘can’ be found fin
Seepage Calibration Model and Seepage Tealmg _

'Daia (CRWMS M&O 2000112}
4.2.—1.'3._4 o Altcrnative Cbncepthal-!"i*&eﬁiéé

“In dcvclopmg modcl:, of water movément through -

the ‘unsaturated zone at Yucca Moumain, altema-

| five conceptual processcs were xdennﬁed and
" cousldered (CRWMS M&O 20000 Scchon l 2 4)

conccpts for processes govemmg water movement

.,through the unsaturated zone.

«'PTn Lateml Flon»—ln an eaily- conceptual mode!
~of Yucca:Moun n,

‘Montazer and Wilson (1984

© pp. 4510 47y hypmhesized that significant. taterat
"ﬂow occurs wnthm and above thc PTn umt bccausc.
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between the TCw and PTn units. They also showed
that vertical heterogeneities within the PTn may
result in a much larger effective permeability of the
unit in the direction of dip, compared with the
effective permeability in the direction normal to
the bedding plane. Montazer and Wilson (1934,
p. 47) argued that the combination of this factor
and capillary barrier effects might introduce
considerable lateral flow within the unit. Recent
modeling of the potential for diversion on or in the
PTn supports the Montazer and Wilson conceptual
model of lateral flow and diversion. Pneumatic
measurement of permeability on, in, and below the
PTn, geochemical data, and saturation and water
potential data were used to calibrate unsaturated
zone parameters and to differentiate alternative
conceptual models. Modeling based on the capil-

lary barrier effect using a fine grid spacing

supports the concept of diversion of flow above the
potential repository horizon (BSC 2001a, Section
3.3.3.4.2). Diversion of flow above the repository
would be beneficial to the performance of the
repository. It is not necessary for diversion large
enough to result in diversion to faults to occur for
the PTn to damp episodic flow in the unsaturated
zone, but diversion might be an additional mecha-
nism for uniformly distributing the areal variation
of infiltration.

PTn Fracture Flow—An alternative conceptual
model for water flow through the PTn is one that
assumes pervasive fracture flow through this unit
(CRWMS M&O 2000c, Section 3.3.3). However,
the available data, which show high matrix
porosity and storage capacity combined with rela-
tively high matrix permeability and limited
fracturing (see to Sections 4.2.1.2.3 through
42.1.2.5)—in addition to geochemical data that
indicate a lack of widespread bomb-pulse chlo-
rine-36 signatures in the PTn (see Section
4.2.1.2.8)—support the preferred conceptual model
of predominantly matrix flow through the PTn.

Episodic Flow Within the TSw—In the

prevailing conceptual model, episodic flow into the
TSw unit is considered to be damped by the PTn to

the extent that flow can be regarded as steady-state

when it enters the TSw. The exception is that at or .

near major faults, episodic flow may still persist
through the PTn, though these isolated fast flow

-

paths are considered to carry only a small amount
of water. An alternative view to this conceptual
process is one in which episodic flow is pervasive
through the TSw unit (CRWMS M&O 2000c,
Section 3.7.3.1). This alternative may be a more
conservative conceptualization because a greater
amount of episodic flow could lead to greater
seepage into potential waste emplacement drifts.
However, for the reasons presented in Section
4.2.1.3.1.1 (in the discussion of transient versus
steady-state flow), flow and transport in the unsat-
urated zone has been found to have low
consequence; thus, the approach that is regarded as
more plausible has been taken.

Flow Through Faults—As discussed in Section
4.2.1.2.6, limited fault permeability measurements
are only available for the welded units, TCw and
TSw. From these data, it is inferred that faults
within the PTn and CHn/CFu units have relatively
higher permeabilities than the adjacent nonfaulted
rock. An alternative view is one in which faults
within the PTn and CHn/CFu units have low
permeabilities and retard the movement of water
because of the occurrence of low-permeability
alteration minerals within the fault zones (CRWMS

"M&O 2000c, Section 3.3.5). This conceptual

model would result in slow transport from the TSw
to the water table. Available measured data are
insufficient to confirm either conceptual model.
However, the conceptualization of faults as higher-
permeability structures in the PTn and CHn/CFu
units is adopted because it is the conservative
approach, providing fast flow pathways to the
water table and allowing discharge from perched
water bodies. :

Discrete Fracture Network Model for
Seepage—A discrete fracture network model is an
alternative conceptual model to the heterogeneous
fracture continuum model (CRWMS M&O
2000bz, Secction 6.7). A high-resolution discrete
fracture network model, in principle, should be
capable of simulating channelized flow and
discrete seepage events. However, the development
of a defensible discrete fracture network model for
the unsaturated zone at Yucca Mountain would
require the collection of geometric and hydrologic
property data on billions of fractures, While some

- of the required geometric information could be

4-38
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obtained from fracture mappings, the detailed
description of the fracture network would be
incomplete and highly uncertain. Moreover,
~ measurement of unsaturated hydrologic parameters

on the scale of individual fractures would be
- required, which would be largely impractical. The
development of a discrete fracture network model
at the mountain scale is therefore impractical
(CRWMS M&O 2000bz, Section 6.7), so an equiv-
glent fracture continuum model is used to represent

the fracture system for the prediction of effective

seepage quantities. The appropriateness of this
model is demonstrated by Finsterle (2000).

42.1.3.5 Limitations and Uncertainties .
The assessment of the current understanding of

flow through the unsaturated zone needs to take
into account the limitations and uncertainties in the

unsaturated zone flow model. The model is limited

mainly by the current characterization of the unsat-

urated zone flow system within Yucca Mountain, -

including geologic and conceptual models; by the

applicability of the volume-averaging modeling -

approach; by the assumption of steady-state mois-
ture flow; and by the available field and laboratory
data (CRWMS M&O 2000c, Section 3.7.4.5).
Remaining uncertainties in the model parameters
include (1) accuracy in the estimated present-day,
past, and future net infiltration rates over the
mountain; (2) quantitative descriptions of hetero-

geneity within the welded and nonwelded tuff
units, the flow properties associated with these ..

units, and the detailed spatial distribution of these
units within the mountain, especially below the
potential repository horizon; (3) sufficiency of
field studies and data, especially for characterizing
hydrologic properties of faults and fractures within

the zeolitic units; (4) alternative conceptual models

quantifying the fluid transmissive properties of
faults; and (5) evidence for lateral diversion above
or within the zeolitic portions of the Calico Hills
nonwelded hydrogeologic unit beneath the poten-
. tial repository horizon (CRWMS M&O 2000c,
Section 3.7.4.5).

As noted in Section 4.1.1.2, the DOE has initiated
several activities to improve the treatment of

uncertainty in current models (BSC 2001, Section

2.1). Some of the unsaturated zone models will be

updated as a result of those activities. Those
updates will be documented in future reports.

The identification and propagation of uncertainties
is important for the appropriate treatment of the
models used in TSPA-SR ‘calculations. Uncertain-
ties associated with the major unsaturated zone
model components are described in detail in the
Unsaturated Zone Flow and Transport Model
Process Model Report (CRWMS M&O 2000c,
Section 3.13).

The uncertainty and variability in the model

- parameters are due, in part, to the natural, vari-

ability and heterogeneity in the geological,
hydrologic, chemical, and mechanical systems that
are difficult to characterize in situ, such as the
precisc fracture network in the unsaturated zone.
Uncertainties in models may also be due to condi-
tions that are difficult to predlct, such as future
chmatc states.

Uncertainﬂes Associated with Climate—As
described in Future Climate Analysis (USGS
2000a, Section 6.5), future climates cannot be
predicted in any precise way. Uncertainty arises
because of the complexity of global climate
systems and because climate changes can be trlg-
gered by unforeseen circumstances, such as major
tectonic events (e.g., volcanic eruptions) or human
activity. However, studies of past climates (paleo-
climate studies) demonstrate that changes can be
corrclated with cyclical variations in the earth’s
orbit and the tilt of the earth’s axis of rotation, both

“of which affect the amount of solar radiation the

atmosphere receives. The earth’s orbit changes in &
regular and predictable manner over a cycle of

‘about 400,000 years. Paleoclimate studies, which

include geochemical analyses of sediments depos-
ited in lakes, minerals deposited in springs, fossils
of microorganisms that lived in both lakes and
springs, and plant and animal remains preserved in

* caves, suggest that the sequence of climate changes

in the 400,000-year cycle is not random, and that
future climate conditions will evolve systemati-
cally. The variability of the glacial-transition
period has large impacts to the model predictions

 as the results of long duration and high precipita-

tion values. In the TSPA-SR, a conservative
approach is adopted, with the glacial-transition
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climate extending beyond 10,000 years and the

shorter and drier interim periods not taken into -

account (CRWMS M&O 2000a, Section 3.2.1.2).

Although future climate conditions cannot be
precisely predicted and climate varies considerably
even within glacial and interglacial periods, studies
provide a reasonable basis for forecasting the range
of climates Yucca Mountain will probably experi-
ence in the future (USGS 2000a). This forecast,
which incorporates the variability observed in
studies of the past climate, has been used as input
. to models that assess the future performance of a
repository at Yucca Mountain. The present warm,
dry interglacial period will probably end in the next
400 to 600 years, and may be followed by a transi-
tion to a warm, wet monsoon climate for
approximately 900 to 1,400 years. The climate
would then shift to a glacial-transition period. The
variability of the climate conditions is quantified
by upper bounds for wetter climates and lower
bounds for drier climates, as presented in Section
42.13.1.

Uncertainties Associated with Lower Tuff

Units—The relatively high density of data in the
potential repository area, particularly within and
above the TSw, helps to reduce uncertainty in the
understanding of flow behavior between the land
surface and potential repository horizon. Greater
uncertainty exists, however, below the TSw (i.e,
within the CHn and CFu) because rock hydrologic
properties are highly variable and few data are
available to capture the spatial variability.
Modeling uncertainties also increase rapidly with
lateral distance away from the potential repository
area as the density of data points is greatly reduced.

As a result, many of the hydrologic properties used
_in unsaturated zone modeling studies of Yucca

Mountain for layers within the CHn and CFu have
been estimated using analogue data from the PTn,
the TSw, and portions of the CHn for which data
are available. Despite similar welding characteris-
tics, the PTn data (specifically, fracture

permeability) used as an analogue to the CHn tend

to be conservative because of many inherent differ-
ences in the depositional and postdepositional
history of these tuffs.. Fault properties were esti-

mated for the CHn/CFu, derived from in situ fault
testing in the TSw; however, there are different
welding textures associated with each major unit.
For example, faults may be more permeable within
the TSw because the brittle nature of the densely
welded tuffs can lead to the development of well-
connected fracture networks. Within the CHn,
however, the predominantly nonwelded tuffs are
likely to exhibit more plastic deformation
(producing fewer well-connected fractures) and are
much more susceptible to alteration (producing
low-permeability clays and zeolites that hinder
vertical flow) when exposed to percolating water.

Uncertainties Associated with Calibrated Prop-
erty Values—Calibrated rock hydrologic property
values derived from core-sample measurements,
fracture mapping, and in situ field data provide
important input to the unsaturated zone model in
that they define the hydrologic characteristics of
each cell within the numerical grid. Uncertainties
related to calibrated hydrologic properties include
(1) variability in measured properties of rock core
samples and uncertainty in cross-correlations
between measured properties; (2) spatial variability

in rock properties; (3) uncertainty in the initial esti-

mates of rock properties and in upscaling of
measured data to model grid blocks; and (4) nonu-
niqueness of results generated by the estimation
procedure (CRWMS M&O 2000¢, Table 3.13-1).
With a total of 194 calibrated properties (all the
calibrated hydrogeologic unit and fault properties),
the quantitative estimation of uncertainty is
complex. Cross correlations between some of the
properties tend to compound the uncertainties
assigned to individual properties. Furthermore, the
statistical assumptions that underlie the uncertainty

. analysis implemented in the estimation procedure

are not justified if the estimation uncertainties
become very large because of cross correlations.
However, the calibrated property values generally
do not vary much from the initial values input to
the estimation procedure, and the initial values are
chosen to be plausible. Because the initial and cali-
brated properties are generally similar, the
uncertainties of the initial property estimates can
be used as surrogates for the uncertainties of the
calibrated property values (CRWMS M&O 2000c,
Section 3.6.5.2).
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Where the calibrated properties change signifi-
cantly with respect to the initial values, the
numerical model produces results that differ from
the initial interpretation. For example, the transi-
tions between matrix-dominated and fracture-
dominated flow, at interfaces between nonwelded
and welded tuff, depend on processes that occur at
scales smaller than the numerical grid spacing.
Consequently, the calibrated property values at
these interfaces reflect the response of the numer-
ical model, which uses coarser spacing.

Uncertainties Associated with the Numerical

Approach—An additional uncertainty in unsatur--

ated zone modeling is the mathematical
representation of complex flow phenomena. The
volume-averaging approach used, and the model
assumption of steady-state moisture flow (used in
interpreting ambient conditions), simplify the
representation of water flow through the site,
adding uncertainty to the model results.

Uncertainties Associated with Geochemical

Analyses—The amount of calcite precipitated over -

time is sensitive to the water and gas composition,
the reactive surface area, and the thermodynamic
and kinetic parameters used in the model (CRWMS
M&O 2000bw, Section 6.5). Because calcite abun-
dances are highly variable at the different locations
sampled (CRWMS M&O 2000bv, Section
6.10.1.1; see also Figure 4-14 in Section
4.2.1.2.12), the calcite analysis approach is suitable
for estimating a range of percolation fluxes, as
discussed in Section 4.2.1.3.

. The use of chloride to estimate percolation fluxes
or infiltration rates is directly related to the initial
estimate of the effective chloride concentration in
precipitation, the spatial variation, and changes
over time (Ginn and Murphy .1997, pp. 2065 to
2066). The long-term projection of spatial and
temporal patterns of precipitation is uncertain
because the patterns have been measured for less
than 100 years, which is short compared to the time
_ period over which the chloride concentrations have

developed in the unsaturated zone (tens of thou-

sands of years) (Sonnenthal and Bodvarsson 1999,
pp. 107 to 111). Given these uncertainties, the chlo-
ride mass balance approach is used to estimate
ranges in the infiltration rate for comparison to the

flow model. The distribution of chloride in the
unsaturated zone is also influenced by lateral flow
diversion, as well as diffusion and dispersion
processes, and thus may not accurately represent
local infiltration conditions. However, the average
chloride concentration for pore water in the unsat-
urated zone is a better indicator of the average
infiltration flux.

Bomb-pulse chlorine-36 signatures can be clearly
identified in isotopic data. However, the chlo-
rine-36 background analysis is more uncertain
because of the possibility for contamination of
older chlorine by bomb-pulse chlorine-36. Accord-
ingly, the chlorine-36 method is used to detect
clear indications of modern fast pathways and to
identify regions of the unsaturated zone with faster

_ transport to the repository horizon (which may also
~ be associated with fast pathways). Bomb-pulse

tritium signatures can be attributed to liquid or
vapor movement, both of which are prevalent in
the unsaturated zone. The presence of bomb-pulse
tritium can indicate fast liquid flow from the
surface or redistribution of moder infiltration by
evaporation and gas-phase movement of water

. vapor.

Uncertainties Associated with Seepage—
Seepage threshold predictions are expected to vary
with location. The seepage threshold value of
200 mm/yr (7.8 inJyr) applies to Niche 2
(CRWMS M&O 2000c, Section 3.9.4.7). Further
abstraction analysis is used to extend the seepage
calibration model to the repository area (CRWMS
M&O 2000c, Section 3.9.6.4). Much of the poten-
tial repository area is located in the lower
lithophysal zone of the Topopah Spring Tuff,
which is more permeable than the middle nonlitho-
physal zone, with shorter fractures and pervasive
lithophysal cavities. Some of the frames of Figure
4-18 for Niche 5 in the ECRB Cross-Drift show an
example of a large lithophysal cavity and a bore-
hole image of lithophysal cavities.

'The greater permeability of the lower lithophysal

unit of the Topopah Spring Tuff may enhance the
capillary barrier effect (i.e., reduce seepage), either
by the presence of more permeable fractures or by
higher porosity and permeability in the rock matrix
that can absorb more water. Geologic mapping
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along the ECRB Cross-Drift indicates that the

lower lithophysal zone is very heterogeneous; -
investigations of the hydrologic properties of this

rock unit are ongoing.

42.13.6 Summary of the Current

Understanding of Unsaturated Zone »

Flow and Seepage into Drifts

Current understanding of unsaturated flow at
Yucca Mountain has been gained through collec-
tion of site data and modeling of the relevant
~ processes. Table 4-12 summarizes the .current

understanding of flow parameters and processes.
The table identifies features, events, and processes
that are important to unsaturated zone flow
processes and could affect the waste isolation
performance of a repository. The statements listed
under the “Current Understanding™ column are a

mixture of observations, hypotheses, and insights -
that constitute only abridged, summary informa-"

tion. Additional detail is provided in - the
Unsaturated Zone Flow and Transport Model
Process Model Report (CRWMS M&O 2000c).
Note that Table 4-12 summarizes current under-
standing only for flow processes occurring in the
unsaturated zone hydrogeologic units and for
seepage. A discussion of issues related to flow and
transport processes occurring below the potential
repository is presented in Section 4.2.8.

42.1.4  Total System Performance
Assessment Abstraction
42.1.4.1 Unsaturated Zone Flow
~ Abstractions for Total System
Performance Assessment

A total of nine flow fields are used in the TSPA
base case calculations. These consist of three infil-
tration cases (lower, mean, and upper) within each
of the three climate states (present-day, monsoon,
and glacial-transition).

Abstraction of Water Table Rise—The two
future climate states (monsoon and glacial-transi-
tion) are expected to be wetter than the present-day
~_climate, and, as a result, the water table is expected
to rise. However, uncertainty exists regarding the
amount of water table rise for each climate state.

Therefore, as discussed in Section 4.3.3.1 and in
Abstraction of Flow Fields for RIP (ID: U0125)

- (CRWMS M&O 2000ca, Section 6.2), a conserva-

tive water table rise of 120 m (390 ft) is used for all
flow fields using future climate states. Recent anal-
yses described in Section 4.3.3.1.3 indicate that the
maximum rise in the last 2 million years has been
about 17 to 30 m (56 to 98 fi).

The impact of the water table rise on transport
beneath the potential repository was evaluated in
Analysis of Base-Case Particle Tracking Results of
the Base-Case Flow Fields (ID: U0160) (CRWMS
M&O 2000cb, Section 6.2.4). Results showed that
the elevated water table reduces transport times
beneath the repository (the median breakthrough
for a sorbing tracker, neptunium, decreased by
nearly a thousand years for the mean infiltration
case). .

Abstraction of Groundwater Breakthrough—
The breakthrough time to the water table of a
nonsorbing tracer (technetium) released uniformly
in the repository region is simulated for TSPA to
gain insight into the range of possible radionuclide
transport times that can result based on the
different possible infiltration cases for the present-
day climate. Breakthrough for future climates is
presented in Analysis of Base-Case Particle
Tracking Results of the Base-Case Flow Fields
(ID: U0160) (CRWMS M&O 2000cb, Section

' 6.2.6).

Breakthrough curves for technetium using the
present-day climate and three infiltration cases
show that median breakthrough times are approxi-
mately 400 years, 2,000 years, and 600,000 years
for the upper, mean, and lower infiltration cases,
respectively. As expected, the higher infiltration
rates yield shorter breakthrough times relative to
lower infiltration rates.

More recent modeling of unsaturated zone trans-
port is presented in Volume 1, Section 11 of FY0/
Supplemental Science and Performance Analyses
(BSC 2001a). Influence of model refinements of
five issues in the travel of radionuclides between
the potential repository horizon and the saturated
zone is treated (BSC 2001a, Table 11-1). These
issues are the degree of advection—diffusion split-
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Table 4-12. Summary of Current Understanding Used to Develop Conceptual.and Numerical Models for
Unsaturated Zone Flow and Seepage Into Drifts

Feature, Event, Sections of UZ PMR
or Process . Current Undemianding Where Addressed
Rainfall for the modem mean climate is about 180 mm/yr (7.5 in./yr) tesulung in 3.5.1.8,35210
average steady-state net infiltration of 4.6 mmiyr (0.2 In.fyr).
Afer 600 years, the average rainfall is forecast to increase to about 300 mm/yr 3.5.18;35.210
{11.8 inJyr) for a monscon climate; in response, the average net infiltration is
Climatefinfilration | o yicted o increase to 12.2 mmiyr (0.5 Iny).
After 2,000 years, the average rainfall is predicted to increase to about 320 mmyyr 3.5.1.8;35.2.10
(12.6 in.Jyr) for & glacial-transition climate; in response the average net infiltration is .
predicted to increase to 17.8 mn/ year (0.7 inAyr).
The net infiltration is episodic, with a significant amount infilrating only every few 332
Infiltration years.
There is large spatia! variability of infiltration, with most water infitrating on ridgetops |3.3.2; 3.5.2.5; Figures
and in the upper reaches of washes where there is little afluvial cover. 3.54c,3.55zand b
) Flow through the Tiva Canyon welded hydrogeclogic unit (TCw) is episodic as 333.1,3.73.1
Flow through TCw | controlied by infiltration. :
Fracture fiow dominates in the TCw, h‘ansmiﬂing waler rapidly through the TCw. 333.1,3.7.31
Flow through the Paintbrush tuff nonwelded hydrogeclogic unit (PTn) is primarily 3.3.3.2;3.7.31
matrix flow.
The PTn consists of up to nine stratigraphic units with different degrees of welding 3222
Flow through PTn | and alteraticn and different hydrologic properties. .
Lateral fiow occurs in the PTn. 3332,3.73.1;3.732
Most of the fast flow through the PTn occurs via faults, though this represents only a [3.3.7; 3.11.8
very small fraction of the total flow.
Episodic flow Into the Topopah Spring welded hydrogeologic unit (T Sw) Is damped by |3.3.3.2;3.3.3.3;3.35;
the PTn to the extent that fiow can be considered steady-state when it énters the 336;373.1;373.2
TSw. The exception Is that at or near major faults episodic flow may stilf persist
through the PTn.
Fracture fiow dominates in the TSw because this unit is densely welded and highly  {3.3.3.3; 3.7.4.3
fractured; additionally, within some subunits of the TSw, the bw-permeabillity matrix Is
incapable of transmitting the percolation flux estimated to be moving through the unit.
Fracture flow In the potential repository horizon, which intersects the Topopah Spring |3.7.4.2, 3.74.3
middle nonlithophysal, lower lithophysal, and lower nonlithophysal stratigraphic units,
Is estimated to range from 84 to 94 percent of the total water flow for the three :
| present-day climate scenarios.
Elow through TSw | Vater drainage in the potential repostiory units, Topopah Spring middle 3.6.5.1, Figure 3.6-6
u " | nonkithophysal, lower kithophysal, and lower nonlithophysat stratigraphic units, Is
expected to be good due 1o the generally high fracture permeabﬂuty
(~10" 10 10-'9m? [10-1° {0 10-°17)).
Current average percolation flux in the potential repository horizon Is estimated tobe | 3.7.4.1; 3.7.4.2; 3.74.5
about & mmiyr (0.2 In.fys), with spatial variability between 0 and €0 mmiyr (0 and
24 inhr).
Long-term average percolation flux at the potential reposilory horizon, averaged over | 3.8.4.2
the last 1,000 to 10,000 years, is estimated to be about 6 mm/yr (0.2 in./yr) based on
calcite abundances, with a range of 2 to 20 mm#yr (0.1 to 0.8 in.fyr). -
Evidence for fast/preferential flow is seen &t the potential repository horizon, primarily | 2.2.3.3; 3.3.7; 3.8.3;
near major faults. (t is estimated that the fast component of flow is less than a few 3118
percent of the fotal fiow. )
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Table 4-12. Summary of Current Understanding Used to Develop Conceptual and Numerical Models for
Unsaturated Zone Flow and Seepage into Drifts (Continued)

hydrogeologic unit (CFu), provids a fast flow path from the TSw to the water tabls,
and allow dischargs from perched water bodies.

Feature, Event, Sections of UZ PMR
or Process Current Understanding Where Addressed -

Open emplacement drifts act as capiltary barriers, impeding water from seeping into |3.3.9;3.9.1:3.9.9;
the drifts and dwerting soma fraction of the prevailing percolation flux around the 3935
drifts. .
A critical percolanon flux (seepage threshold) exists below which no seepage occurs. |3.9.35
The distribution of seepage threshokis depends on the hydrologic characteristics and
variability of the unit, especially the fracture penneabilily and the van Ganuchtcn
alpha values.

Seepage Seepage flux Is always smaller than the percolation flux as a result of partial flow 39.4;398.1
diversion around the drift.
Ventilation reduces seepage of liquid water. Neglecting ventilation effects in seepaga 3933
models is conservative.
Seepage percentages are expected to ba similar for all potential repository units 3982
because permeabilty and capillary strangth are inversely related, canceling their
respectivs effects on seepage. :
Several perched water bodies have been found below the potential repository 113.3.34;3.2.8,3.7.33
horizon, with the perching layer generally being the basal vitrophyre of the TSw or the
zeolitic part of the Calico Hills nonwelded hydrogeoclogic unit (CHn). )
The largest perched water body is found in the vicinity of Borehols UZ-14, north of the }3.7.3.3
potential repository region; this perched water body may be connected to those found
in Boreholes WT-24, SD-9 and SD-12,
A very small perched water body Is found in tha southern part of the potential 3733
repository region at Borehole SD-7. This perched water body Is expected to have littls
impact on the performanca of the potential repository.

Perched water The perched water bodles contain a mixture of Pleistocens and Holocene water, with |2.2.3.3; 3.3.3.3; 3.0.3;
average ages ranging from 3,500 to 11,000 ysars old. 3.10.3.4
Infiltration rates needed to form perched water bodies are higher than presam-day 382,383
values.
The minuts fractions of bomb-pulse 3C! and tritlum in perched water suggest thatthe |3.8.3
fast flow fraction over the past 50 years is very small.
Perched water is formed because the ambient percolation flux exceeds the capacity |3.7.3.2; 3.7.3.3
of the geologic media to transmit the flux vertically through the undertying low-
permeabllity units. Water may flow either through the units or !aterally to major fauits
or other vertical conduits for flow.
The CHn consists of unaltered vitric zones, primarily in the south, and altered zeolitic {3.7.3.3; 3.3.3.4
zones, primarily In the north. Water flow through the zsolitic units is primarily in the

) fractures, whils flow through the vitric units is mostly or all in the matrix.

Flow through CHn | Lateral flow in perched water bodies toward faults and other major permeabla 37323733
features causes partial bypassing of the low permeability zeclitic units of the CHn. ‘
Water entering the CHn vitric unit from the TSw transitions from dlserete fracture flow | 3.11.4
to heterogeneous matrix flow.
Fault properties are variable and generally controlled by rock typs and siratigraphic  |3.2.3;3.35
displacement.
Faulting enhances fracturing in the fault zones, contributing to increased permeability. |3.7.3.2; 3.8.5.1

Flow through Permeability in the TCw and TSw fault zone is 8 to 9 10" m? (3 x 1077 #2). In the

faults PTn faul zone It is ~2 x 101 m?(2x 107 #2).
Faults are high permeability features through the CHn and Crater Flat undifferentiated | 3.3.5

NOTES: UZ PMR = Unsaturated Zons Flow and Transport Modal Process Model Repod {CRWMS M&O 2000c). Source: Adapted
from CRWMS M&O 2000c, Table 1.2-3.
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ting in the drift shadow zone; the effects of the drift
shadow concentration boundary on engineered

- barrier system release rates; the effect of matrix
- diffusion; the significance of three-dimensional

transport modeling; and the effects of coupling of
thermal-hydrologic, thermal-hydrologic-chemical
and thermal-hydrologic-mechanical processes on
transport. Results of model refinement of break-
through time are presented in Volume 1, Section 11
of FY0! Supplemental Science and Performance
Analyses (BSC 2001a, Flgures 11.3. 1-7 ll 3.1-8,
and 11.3.2-8).

42.14.2 Seepage Model for Performance
Assessment :

*Abstraction of seepage models for the TSPA, as

documented in Abstraction of Drift Seepage

- (CRWMS M&O 2000by), focuses on providing

conservative seepage estimates for a wide range of
hydrologic conditions.

Selection of Parameter Ranges and Case

Studies—Table 4-13 shows four parameters identi-
fied for prediction of seepage into the potential
repository drifts. Ranges of values are shown for
each parameter, which were used as the basis for an
extensive sensitivity analysis. The maximum and
minimum values for each parameter were selected
based on field data and modeling studies. For
example, seepage is evaluated for percolation flux
as small as S mm/yr (0.2 in./yr) and as great as
500 mm/fyr (20 in./yr) (CRWMS M&O 2000bx,
Section 6.3.6). The higher value accounts for a
hypothetical future climate scenario with spatial
and temporal focusing ‘effects (CRWMS M&O

2000c, Sections 3.9.3.1, 3.9.3.2, and 3.9.6.4). The
rationale for selecting the parameter ranges shown
in Table 4-13 is further discussed in supporting
documentation (CRWMS M&O 2000bx, Section
6.3). The results of this sensitivity analysis are used
in seepage abstraction for the TSPA (CRWMS
M&O 2000c, Section 3.9.6) to account for uncer-

N tainty in the seepage calibration model.

Results from Modeling of Seepage for Perfor-
mance Assessment—The seepage percentage is
defined as the seepage flux into a drift opening
divided by the average percolation flux over the

~ drift footprint (CRWMS M&O 2000c, Section
~ 3.9.1). The seepage model was implemented to

evaluate seepage percentage for multiple statistical

- realizations of the hydrologic property field repre-

senting fractured host rock and for many
combinations of parameters in Table 4-13
(CRWMS M&O 2000c, Section 3.9.5.3). The
results confirm the seepage behavior observed in
testing: seepage increases with decreasing perme-
ability, decreasing capillarity, and increasing
percolation flux. For most of the realizations exam-
ined, the capillary barrier effect resulted in seepage
flux that was substantially less than the percolation
flux (i.e., seepage percentage much less than
100 percent). Zero scepage was obtained for a
significant portion of the realizations calculated.

i

Abstraction of the Seepage Model for Perfor-
mance Assessment—The seepage model for
performance assessment was used to simulate
seepage for a large number of realizations
(CRWMS M&O 2000c, Section 3.9.5). Examina-
tion of the results revealed that seepage percentage

Table 4-13. Parameter Ranges for Which Seepage is Evaluated Using the Seepage Model for Performance

Assessment
Parameter Minimum Maximum Parameter Description
14 Bl .
"(-ﬂ';;’ ' (g: : :g,,) (g: : :g-w) Mean permeability of fracture-continuum
1&; a ‘4 ::(01 09 (162050) van Genuchten's capillary-strength parameter
oln(k) - 1.66 2.50 Standard deviation of log-permeability field
Q,, mmAr 5 500
‘(’i'n A1) ©.2) 20) Percotation fiux

Source: CRWMS M&0O 2000c, Table 3.9-1.
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is most sensitive to a combination of parameters
(Ko): the product of fracture permeability, &, and
the capillary strength parameter, 1/o.. With this
simplification, seepage can be treated as a function
of just two variables (i.c., percolation flux and
kio).

The abstraction for TSPA focuses on two quanti-
ties: (1) the seepage fraction, which is the fraction
of waste package locations (i.e.,, model realiza-
tions) for which seepage is predicted and (2) the
seepage flow rate, which is the volumetric flow
rate of seepage in a drift segment of specified
length. Details of the abstraction procedure are
provided in supporting documentation (CRWMS
M&O 2000by, Sections 6.2.2 and 6.4). Table 4-14
summarizes the abstracted seepage distributions as
they vary with percolation flux for ambient condi-
tions (not the nearly dry conditions expected
during repository heating). Seepage threshold
values of approximately 200 mm/yr (7.8 in./yr),
15 mm/yr (0.6 in./yr), and 5 mm/yr (0.2 in./yr) are
estimated for the minimum, expected (i.c., most
likely), and maximum seepage conditions, respec-
tively. Note that these values are diiferent from the
previously discussed seepage  threshold of
200 mm/yr (7.8 inJyr) (CRWMS M&O 2000c,
Section 3.9.4.7) for a single location in Niche 2 in
the middle nonlithophysal zone.

Summary and Conclusions for the Drift
Seepage Model—Seepage into waste emplace-

‘ment drifs is important to the performance of a

repository at Yucca Mountain. Numerical
modeling, field - testing, and observations at
analogue sites suggest that seepage into repository
emplacement drift openings would be substantially
less than the local percolation flux. This perfor-
mance results mainly from capillarity retaining the
water in the rock and diverting the flow around the
openings. The effectiveness of this capillary barrier
principle depends on the percolation flux magni-
tude, the hydrologic properties of the rock, and the
drift opening geometry. . C

A sequence of models was developed to predict the
seepage percentage, seepage threshold, and
seepage flow rate for waste emplacement drifts.
The seepage model was calibrated against relevant
data from liquid injection tests in the Exploratory
Studies Facility. Seepage percentages and flow
rates were then calculated for a wide range of
parameter values representing uncertainty in the
model and summarized in a probabilistic abstrac-
tion model for TSPA. The results indicate that only

" 13 percent of waste packages are likely to be

. Table 4-14. Uncertainty in Seepags Parameters as a Function of Percolation

Minimum Value of k/o. Peak Value of ka Maximum Value of k/ox
Mean : ) S
Q, |Std.Dev. Mean Q,, | Std.Dev.Q,, Mean Q,, |Std.Dev.Q,,
q, mmlyr mye | Q,, m3yr milyr mlyr m¥yr mlyr
{indyr) (A (fyr) | (RSyr) 1 {®yn) (lyr) fe (fetyr) (flyr) -
5 0 0 0 0 0 0 1.97x10° | 321x10°% | 3.18x103
{0.2) : : {0.113) (0.112)
148 0 [+] 0 245x10° | 7.95%x 103 | 7.09x 103 | 5.75x 102 | 2.28x 102 | 2.45x 107
{0.8) ) - {0.28) (0.25) (0.798) |- (0.865)
73.2 0 0 0 0.250 0.108 0.198 - 0.744 0.404 0.408
(2.9) (3.74) (6.99) (14.3) (14.4)
213 4381x103 | 0.284 | 0.188 0.487 1.51 1.15 0.944 a3 224
(8.9) (10) (6.84) (53.3) (40.6) (17 (79.1)
500 8.01x 102 | 0.992 1.05 0.925 5.50. 448 0.939 13.0 5.74
(20) . (35) (37.1) (194) (158) (459) (203)
NOTES:

g = percolation flux; f, = seepage fraction; Q, = seep flow rate. Source: Modified from CRWMS M&0 200Cby, Tabls 11. -
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boiling or below-boiling). The analytical and
experimental studies conducted to date have exam-
ined these heat effects in detail but with emphasis
on environmental conditions associated with the
higher-temperature operating mode described in
Section 2.1.2.3 of this report. The data and analyt-
ical results presented in this section - mainly
describe the effects of higher-temperature condi-
tions on water movement and, specifically, the
process models and abstractions employed in the
TSPA-SR model, as reported in Toftal System
Performance Assessment for the Site Recommen-
dation (CRWMS M&O 2000a).

" As noted in Section 4.1.4, the DOE is evaluating
operating the repository at lower temperatures,
‘which may reduce the magnitude and duration of
the effects of decay heat on water movement
described in this section. Alternative thermal oper-
ating modes and supplemental uncertainty
evaluation results related to thermal hydrology and
thermally coupled models are documented or
summarized in FY0! Supplemental Science and
Performance Analyses (BSC 20014, Sections 4.3.5,
43.6., 43.7, 53, 54, and 6.3; BSC 2001b,
Sections 3.2, 4.2.2, 4.2.3, and 4.2.4).

This section explains the scientific understanding
of how the decay heat from radioactive waste will
affect natural water movement into and through the
repository and water flow in the surrounding unsat-
urated rock layers. During the period in which
decay heat strongly influences fluid flow, the
potential sources of water seeping into emplace-
ment drifts are heat-driven condensate flow
(thermal seepage), as opposed to ambient percola-
tion and drift seepage, as discussed in Section
4.2.1. Because of the thermal inertia of the heated
rock and the continuing (though declining) heat
source, the return to near-ambient temperatures
may take many thousands of years (CRWMS
M&O 2000al). The goals of the near-field thermal
hydrology and thermally coupled process models
are to assess the effects of the initial thermal pulse
(and longer thermal period) on key environmental
conditions, such as temperature and relative

humidity in the emplacement drifts. These condi-

tions, in turn, may affect the performance of the
engineered barriers and the transport of radionu-

clides -(CRWMS M&O 2000al; éRWMS M&O
2000as). '

The abstraction of thermal-hydrologic data for use
in TSPA represents the potential variability and
uncertainty in thermal-hydrologic conditions. It °
provides a quantitative description of thermal-
hydrologic variability (i.e., from variability in the
host rock unit, edge proximity, waste package type,
infiltration rate, and climate state) and also incor-
porates uncertainty associated with the infiltration
(i.e, lower, mean, and upper). Multiscale model
results that are used directly in the TSPA include
waste package temperature, relative humidity at
the waste package surface, and the percolation flux
in the host rock 5 m (16 ft) above the emplacement
drift. Temperature and relative humidity are used
for the corrosion model, and percolation flux is
used for the seepage model. Time-histories of
waste package temperature, percolation flux, evap-
oration rates, and maximum and minimum waste
package surface temperatures are also provided
(CRWMS M&O 20Q0cc, Section 6.3).

4221 Conceptual Basis

Decay heat generated by radioactive waste may
affect the movement of water in the host rock units
(CRWMS M&O 2000al, Section 1.1). The concep-
tual processes described in this section assume
thermal loading high enough to result in conditions
above the boiling point of water. Under these
conditions, decay heat directly affects thermal-
hydrologic processes (i.e., movement of water).
Heat-driven thermal-chemical processes and
thermal-mechanical processes may also affect the
movement of water. The conceptual basis for each
of these processes is discussed in this section.
42211 Conceptual Basis of Thermal-
Hydrologic Process

Evaporation will occur in the drifts and in the rock
immediately surrounding the drift openings. A
region of elevated temperature and rock dryout will
form around each drift (Pruess, Wang et al. 1990,
p. 1241). Heating can change the flow properties of
the rock, and the chemical composition of water
and minerals in the-affected region. These changes
can also occur within the drifts in the engineered
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the potential repository host rock accounts for
different rates of transport in the very permeable
fractures, compared to the less permeable rock
matrix (Steefel and Lichtner 1998, pp. 186 to 187).

One important aspect of the system is release of
carbon dioxide from the liquid phase as tempera-
ture increases. The release of carbon dioxide and
its transport out of the boiling zone will cause pH
to increase in the boiling zone and decrease in the
condensation zone. Because gases are more mobile
than liquids, the region of gas-phase carbon
dioxide transport could be much larger than the
region affected by thermally driven water move-
ment (CRWMS M&O 2000al, Section 3.3.1.2).

Conservative species (i.e., those that are unreactive
and nonvolatile), such as chloride, will become
increasingly concentrated in waters undergoing
evaporation or boiling but will be more dilute in
the condensate zone. The concentrations of chlo-
ride and other constituents in condensate waters
will be determined mainly by interaction of frac-
ture waters with matrix pore waters via diffusion.
Concentrations of aqueous species, such as
calcium, will also be affected by mineral dissolu-
tion or precipitation and by reactions involving
zeolites, clays, and plagioclase feldspar. Calcite
may precipitate in fractures over a broad zone of
elevated temperature. Silica precipitation will be
confined to a narrower zone where evaporative
concentration from boiling causes the silica
concentration to exceed solubility limits. Alter-
ation of feldspars to clays and zeolites will be most
rapid in the boiling zone. As waters drain away
from the emplacement drifts, mineral dissolution
and precipitation may occur in fractures or in the
adjacent rock matrix (CRWMS M&O 2000zl,
Section 3.3.1.2).

The composition of the percolating waters above
the potential repositery (before mixing with
condensate) may be similar to matrix pore water, or
it may reflect more dilute water that has traveled
through fractures (CRWMS M&O 2000at, Section
3.3.1.3). The chemical composition selected for
input to the thermal-hydrologic-chemical model is
-described in Sections 4.2.2.2.1.3, 4.2.2.3.3, and
4.2.3.3.1 of this report.

Changes in the percolation flux can affect the
extent of mineral deposition and dissolution

because of changes in the fluxes of dissolved

species. For example, with more calcium trans-
ported toward the emplacement drifts, more calcite
would tend to be precipitated. Also, a greater
percolation flux will tend to increase the dissolu-
tion of minerals that are undersaturated in the fluid
(CRWMS M&O 2000al, Section 3.3.1.3).

Mineral dissolution and precipitation in fractures
and in the rock matrix can modify the porosity,
permeability, and unsaturated hydrologic proper-
ties of the potential repository host rock in the
vicinity of the emplacement drifts. The extent of
mineral-water reactions will be controlled by the
surface area of each mineral phase that is exposed -
to the liquid water. Other factors that may control
property changes are the distribution of liquid satu-
ration in fractures, the proportion of fractures with
actively flowing water, and the rate of evaporation
or boiling, which can control crystal growth and
nucleation (CRWMS M&O 2000al, Section
3.3.1.4). Rock—water interactions will affect the
chemistry of the water that may seep into the
emplacement drifts. The effect of rock—water inter-
actions on hydrologic properties and seepage is
evaluated in Section 4.2.2.3.3.

42.2.1.3 Conceptual Basis of Thermal-
- Mechanical Process

The stress field in the rock mass surrounding
emplacement drifts would be altered by excavation
of drifts and by the heating/cooling cycle associ-
ated with emplacement of radioactive waste. The
diréction and magnitude of principal stresses will
change significantly because of thermal loading
and then will return to near-ambient values during
cooldown—but not completely, since the rock
mass will be changed permanently from deforma-
tions occurring from stress redistribution; however,
the magnitude of changes in hydrologic properties
will be limited (CRWMS M&O 2000al, Section
3.5). Compressive stress will build up rapidly in
the host rock, especially after the end of the venti-
lation period. The stress field generally will
gradually decay as the temperature in the rock
decreases. Potential seismic effects on the reposi-
tory system are discussed in Drift Degradation
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Analysis (CRWMS M&O 2000c, Sections 6.3.4
and 7.1); potential effects of fault displacement on

the repository system are discussed in Disruptive -
Events Process Model Report (CRWMS M&O

2000f).

The potential repository host rock is a fractured,

densely welded, ash-flow tuff. These fractures are
expected to deform as stress conditions evolve.
Two types of fracture deformations will contribute
to thermal-hydrologic-mechanical coupling: nor-
mal displacement perpendicular to a fracture plane

and shear displacement parallel to a fracture plane. -

Rock-mass permeability is an important thermal-
hydrologic property for assessment of repository
performance. Because the rock has low matrix
permeability, the rock mass permeability is mainly
associated with fractures, and large changes in rock

mass perineability may result from - fracture -

- deformation.

The potential effect of fracture deformation on
fracture permeability is discussed in Section
42.2.3.4. The potential for drift degradation to

affect the drip shicld (i.c., rockfall on the drip

shicld) is discussed in Section 4.2.3. The basisL for
screening these potential processes from the
TSPA-SR model is referenced in the process and
model and/or the TSPA abstraction sections.

4222  Summary State of Kndwledge

This section presents a summary of the ‘state of
knowledge of properties (rock and fluid) and
processes tested in the laboratory and in the field.

Much of the information presented in this section is
extracted from Hardin and Chesnut (1997).

State of Knowlédge of Laboratory
Measured Properties

4.2.22.1

This section describes the available laboratory data
for assessing matrix contributions to thermally
coupled processes. Laboratory data for assessing
fracture contributions are relatively limited and are
described to a lesser extent. Because sample sizes
are typically much smaller than the in situ fracture
spacing,
‘provide properties of the rock matrix only and do

laboratory measurements generally

- not directly show the effects of thermally coupled

processes on rock-mass behavior. Laboratory data
therefore provide only part of the input data
required to investigate coupled processes. The
properties of fracture networks are also needed and
have been inferred from observations and measure-
ments in the field.

42.22.11 Thermal-Mechanical Pmperdu

Variation of matrix thermal and thermal-mechan-
ical properties with temperature is relatively well
understood, and data are available. The depen-
dence of matrix and fracture rheology on
temperature, including deformation modulus and

-creep properties, is less well known, but some data

at elevated temperature are available. These data
do not indicate that rheology is important for
prediction of long-term repository performance.

-Rock Creep—Laboratory testing of the rock

matrix showed that significant creep occurs only

‘when samples are stressed to at least 50 percent,

and in some cases more than 90 percent, of their
ultimate strength (Martin et al. 1995). Such stress
conditions may be uncommon in the host rock,
occurring only at fracture asperity contacts. These
results also indicate a tendency for fractures in the
host rock to close in response to heating and open
in response to cooling.

Physical Properties (Porosity and Grain
. Density)—For the TSw2 welded tuff, these proper-

ties change little from ambient temperature up to at

~ least 180°C (356°F). Change in the welded tuff

matrix near the emplacement drifis is expected to

‘be minor and will probably be caused mainly by

mineral phase transitions (e.g., a—b cristobalite)
and dehydration of hydrous phases, such as clinop-
tilolite end smectites. Of these, dehydration of
hydrous fracture-lining minerals has a greater
potential to affect host rock performance (Hardin

-and Chesnut 1997, Section2.2). -

Thermal Conductivity—Laboratory measure-
ments of thermal conductivity have been
performed on samples from the Exploratory
Studies Facility, in conjunction with field-scale
thermal testing (Brodsky et al. 1997). There is &
slight increase of thermal conductivity with
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temperature for the Topopah Spring welded tuff.
‘Water saturation apparently increases thermal
conductivity of the TSw2 welded tuff by approxi-
mately 50 percent. A small pressure effect in other
rock types, whereby conductivity increases with
_ confining stress, has been observed and is probably
caused by closing of microcracks. Pressure effects
on thermal conductivity have not been examined

for Yucca Mountain tuffs but are likely to be small

or highly localized in the host rock.

Heat Capacitance—When measured on dried
samples, the heat capacitance of the TSw2 welded
tuff increases about 20 percent from ambient
temperature to 200°C (392°F) (SNL 1996).
Behavior at temperatures greater than 150°C
(302°F) is affected by mineral phase transitions,
notably that of cristobalite, which occurs at
temperatures greater than 200°C (392°F). In poly-
crystalline rocks, the cristobalite . transition

apparently occurs over a temperature range of 20to

50 C° (36 to 90 F°).

Thermal Expansion—The coefficient of thermal
expansion for TSw2 welded tuff increases with
temperature because of mineral-phase transitions
and dilatancy caused by heterogeneous thermal
expansion of different minerals. Linear unconfined
expansion measurements have been reported for
ambient pressure, temperatures to 300°C (572°F),
and several saturation states (Brodsky et al. 1997,
Table B-5) determined from samples that are some-
what heterogeneous and exhibit some variability
- between samples. Measured thermal expansion for
samples of TSw2 welded tuff varies by a factor of
about five. Thermal expansion is relatively insensi-
tive to saturation. Hysteresis becomes apparent at
temperatures greater than 200°C (392°F), probably
because expansion produces irreversible changes
in rock fabric.

Mechanical Properties—For the Topopah Spring
welded tuff, long-term (3.5- to §-month) changes
in the mechanical properties of three samples were
investigated at temperatures of 80°, 120°, and

180°C (176°, 248°, and 356°F) (Hardin and
Chesnut 1997, Section 2.5.1). The results indicate
that temperature effects on mechanical properties
are smaller than the differences between the
samples. More recently, a 0.5-m (1.6-ft) scale
block of Topopah Spring welded tuff was subjected
to uniaxial loading at temperatures as great as 85°C
(185°F) (Hardin and Chesnut 1997, Section 3.8.1).
The apparent Young's modulus for the tuff matrix
at several locations in the block decreased signifi-
cantly as temperature increased. -

Compressive Strength Versus Saturation—It has
been reported that a significant decrease in
compressive strength could be associated with
increased saturation (Nimick and Schwartz 1987,
Section 3.4.2.2.1). This observation was based on
early studies that may have been affected by
different methods used to contro] sample saturation

(Boyd et al. 1994, Section 4.3).

4.2.2.2.1.2 Hydrologic Properties

Thermal-hydrologic processes in fractured rock
have been investigated theoretically and experi-
mentally since the early 1980s (Pruess, Tsang et al.
1984; Pruess, Wang et al. 1990; Buscheck and
Nitao 1993; Pruess 1997; Tsang and Birkholzer
1999; Kneafsey and Pruess 1998). The laboratory
work and early field studies are reported in
Synthesis Report on. Thermally-Driven- Coupled
Processes (Hardin and Chestnut 1997) and Near-
Field Environment Process Model Report
(CRWMS M&O 2000al, Sections 2.2 and 3). See
also Section 4.2.1.2.5 of this document for hydro-
logic properties of fractures.

For matrix hydrologic properties, there are funda-
mental temperature-dependent responses that may
be important to understanding the thermal-hydro-
logic process. These include the temperature effect
on hysteresis of wetting and drying characteristic
curves, Knudsen diffusion, and enhancement of

* vapor diffusion (CRWMS M&O 2000al, Section

3.63.1).
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Matrix Permeability—Variations in matrix
permeability of the Topopah Spring welded tuff
that are associated with temperature changes have
been found to be much less than natural variations
between samples (CRWMS M&O 2000al, Section
3.6.3.1).

Unsaturated Hydraulic Conductivity—A limited

number of measurements have been made of unsat-
urated matrix conductivity in Yucca Mountain
tuffs. Changes in the properties of water at elevated
temperature (viscosity and surface tension) suggest
_ that unsaturated conductivity may increase by as
much as an order of magnitude from 20° to 100°C
(68° to 212°F). The viscosity effect is taken into
account in current thermal-hydrologic simulations,
but the surface-tension effect is not. In addition,
changes in the water—rock-air contact angle at
elevated temperature can also influence unsatur-
ated conductivity (Hardin and Chesnut 1997,
Section 2.10).

Enhanced Vapor Diffusion—No enhancement in

vapor diffusion was observed in a limited investi-
gation of the Topopah Spring welded tuff matrix
(Wildenschild and Roberts 1999).

Knudsen Diffusion—Knudsen diffusion and its

variation with temperature are possible mecha- .

nisms for transport of moisture in the host rock
(Hardin and Chesnut 1997, Section 2.7.4). This is
likely to be of little sngmﬁcance and has not becn
mvestlgated experimentally. -

4.2.2.2.1.3 Chemical and Transport Properties

Chemical reactions are strongly temperature-
dependent, and laboratory measurements of reac-

tion rates and surface areas under ‘controlled -

conditions are sparse. However, experimental
kinetic data are not generally needed for reactions
that can be modeled satisfactorily using qualified

thermodynamic equilibrium and reaction-path

models, such as EQ3/6 and its associated chemical
databases.

modeled in this manner rely on results from labora-
tory and field-scale testing.

" (212°F)

Determination of which chemical
processes in the potential repository can be

Thermodynamic  equilibrium data for many
aqueous and mineral species have been measured
or estimated, and reviewed for accuracy and
consistency in preparation for use with qualified
analyses. For certain other types of reactions (e.g.,
surface complexation), equilibrium conditions at
elevated temperatures are relatively unknown.

Secepage Water Compositions—Two water
compositions have been considered for use in
TSPA-SR modeling for various purposes. One is
referred to as chloride-sulfate-type water that is
based on the chemical analyses of matrix pore
waters from near the Drift Scale Test (CRWMS
M&O 2000cg, Sections 6.5 and 6.7.4; BSC 20010,
Section 6.1.2). Another is referred to as bicar-
bonate-type water, based on the composition of
J-13 well water (CRWMS M&O 2000cg, Section
6.5; see also Section 4.2.4). The chloride-sulfate-
type water is more concentrated in total dissolved
mincrals and is selected for calculations that eval-
uate potential changes in fracture properties from
precipitation of minerals and salts. The source of
water and gas chemistry for use in the thermal-
hydrologic-chemical model is based on the chem-
ical composition of matrix pore water collected
from Alcove 5 (BSC 20010, Sections 4.1.3 and

 6.12).

Behavior of Radionuclides in J-13 Water—
Experimental data on the speciation and solubility
of important radionuclides at elevated temperature
are limited. However, the investigation of spiked
J-13 water at temperatures as great as 100°C
indicates that plutonium solubility
decreases, but uranium, neptunium, and americium
remain soluble or become increasingly soluble at
elevated temperatures (Nitsche 1991). Carbonate
complexes appear to be important to the solubility
of uranium, neptunium, and americium at elevated

* temperatures. Knowledge about complexation and

solubility of nickel, zirconium, technetium,
uranium, neptunium, plutonium, and americium in

~J-13 water at elevated temperatures was published

in a recent review (Wruck and Palmer 1997).

Hydrothermal Tuff Alteration—Batch studies of
hydrothermal alteration of wafers of Topopah
Spring welded, devitrified tuff have been
performed at temperatures from 90° to 250°C
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(194° to 482°F) and for durations to 120 days

(Knauss 1987; Knauss and Beiriger 1984; Knauss, -

Beiriger et al. 1987; Knauss, Delany et al. 1985;
Knauss and Peifer 1986; Oversby 1984a; Oversby
1984b; Oversby 1985). They show that changes in
the composition of water in contact with the tuff
are moderate at temperatures as great as 150°C
(302°F), with slight alteration of the tuff over a few
months. At higher temperatures, similar alteration
products are produced, but reaction rates increase
significantly. Accelerated experiments on crushed
tuff at temperatures greater than 150°C (302°F)
have produced more extensive alteration, including
metastable phases.

Energetics of Zeolite Dehydration—Zeolites
could have a significant effect on the heat and
water balance where they are abundant because
zeolite dehydration is more energetic than evapora-
tion of water on a molar basis (Bish 1995; Wilder
1996, Section 3.4.3; Hardin and Chesnut 1997,
Section 2.6.2.1). Zeolite hydration is apparently
reversible at dehydration temperatures as great as
215°C (419°F) for clinoptilolite, so complementary
effects will occur during repository cooldown.
Altered units above and below the repository
horizon contain a large fraction of zeolites; the data
produced by these studies indicate that dehydration
will cause some amount of shrinkage, increasing
porosity and probably also increasing permeability.
“This could affect the water-perching behavior at
altered zones associated with the upper and lower
Topopah Spring vitrophyres.

Effect of Hydrothermal Alteration on Flow
Paths—Plug-flow reactor studies involving flow-
through reaction of J-13 water with crushed tuff at
240°C (464°F) resulted in significant dissolution of
alkali feldspar and cristobalite (DeLoach et al.

1997, p. 5). This experiment produced significantly
. different results from those of batch reactor studies
at similar temperatures (i.e., predominantly disso-
lution instead of alteration). The two approaches
span the range of conditions likely to exist in the
host rock: stagnant vs. flowing water in the tuff
matrix or along fractures. Dissolution and alter-
ation behavior of the major minerals constituting
the host rock are temperature-dependent and much
slower at temperatures near the boiling point of
water.

Limitations of Available Kinetic Data—The
available kinetic data for dissolution of mineral
phases that may be important to repository perfor-
mance are limited reflecting the general sparseness
of laboratory data on kinetic interactions involving
rock. Different investigators have used various
investigation and measurement strategies, and test
results are sensitive to methodology (e.g., batch
methods versus flow-through methods).

Kinetles of Silica Dissolution and Precipita-
tion—Reaction rates for dissolution of quartz and
silica polymorphs, and precipitation of amorphous
silica, are key parameters in estimating the extent
and magnitude of thermal-hydrologic-chemical
coupled effects in the host rock. Dissolution will be
expressed in heat pipe zones where refluxing water
is at approximately 100°C (212°F).. Mineral
species like silica will then be deposited where the
reflux water evaporates or boils. A boiling front
will expand outward from each emplacement drift,
but eventually reverse because of less heat genera-
tion. Depending on how fracture properties and
connectivity are affected by precipitated minerals,
seepage into the drift openings may become more
or less likely during cooldown.

Experimental Dam for Silica Kinetics—Dissolu-
tion rates are key parameters for estimating the
extent and magnitude of thermal-hydrologic-chem-
ical coupled effects in the host rock. In a classic
study, the dissolution rate for silica polymorphs
increased by 2 orders of magnitude for each 100 C°
(180 F°) temperature increase, with a factor of 300
increase in the dissolution rate between 25° and
70°C (77° and 158°F) (Rimstidt and Barnes 1980,
Figure 9). In addition, upon cooling a saturated
silica solution, decreasing solubility caused super-
saturation, while the rate constant for precipitation
decreased, producing a maximum precipitation rate
at a temperature 25 to 50 C° (45 to 90 F°) less than
the saturation temperature. A more recent investi-
gation of quartz dissolution kinetics at 70°C
(158°F) (Knauss and Wolery 1988) produced
dissolution rate data that were similar, at neutral to
mildly alkaline pH, to rates predicted for quartz by
the classic model. :

Interaction of Radionnclides‘ with Alteration
Products of Introduced Materials—Surface
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complexation reactions will be important for retar-
dation of actinides, and possibly pertechnetate, in
the host rock. Introduced materials, including
structural steel, could be a source for potential
high-affinity sorbents for radionuclides. If the
sorbents are colloidal, the sorbed radionuclides

may be transported. Limited test data for radionu- -

clide sorption on these materials (e.g., goethite,
clays, or silica polymorphs) are available, mainly
for ambient temperature and simplified chemical
systems (see, for example, Section 6.6 of Engi-
neered Barrier System: Physical and Chemical
Environment Model [CRWMS M&O 2000cg]).

Matrix Diffusion Effects—Diffusion of radionu-

“¢clides into minerals and into the tuff matrix is an

important  temperature-dependent  retardation
mechanism. The tuff matrix has been shown to
contain ubiquitous nanopores that support slow
diffusion, plus a few connected paths through
which diffusion is much faster but limited in
‘overall effect. Effective diffusion coefficients have
been estimated for uranium migration into polished
wafers of Topopah Spring Tuff at ambient tempera-
ture (Wilder 1996, Section 7.4.1). Relative
diffusivities of actinide and technetium species
have been compared at 90°C (194°F) using “tuff
cup” experiments (Hardin and Chesnut 1997,
Section 2.10). Effective diffusion parameters for
migration of strontium and cesium ions in clinop-
tilolite have been estimated (Hardin and Chesnut
1997, Section 2.6.5.1). These data generally indi-
cate that the rate of diffusion in the tuff matrix and
sorbent minerals is enhanced at elevated
temperature.

42.2.2.1.4 Other Properties

Self-Potential—Naturally occurring electrical
potentials were observed in the Single Heater Test
and in the Drift Scale Test and were large enough
to be considered as a factor in waste package corro-
sion analyses, but the source of these potentials and
the amount of current genérated have not been
investigated (Hardin and Chesnut 1997, Section
2.10).

Microbial Activity—Investigations have estab-
lished that the natural microbes present in the
unsaturated zone, plus those introduced by excava-

tion, include species that can survive exposure to

desiccation and elevated temperature. Some
species produce metabolic products that could be

. important in determining rates of corrosion and

radionuclide transport in the near-field environ-
ment. There are few data that can be used to
describe microbial activity at elevated tempera-
tures (Hardin and Chesnut 1997, Section 2.10).

422.22 Laboratory-Scale Process
Investigations

Laboratory experiments have included comparison
of vapor-phase and liquid-phase rewetting, fracture
healing, fracture—matrix coupling with flow into

_heated tuff, fracture flow visualization, heat pipe

formation, and rock—water interaction studies.
These physical simulations of thermally coupled
processes have advanced conceptual understanding
and provided data for testing mathematical models.

Rewetting Behavior—Testing of wafers of
welded tuff has indicated (Wilder 1996, Section
2.1.1) that water-retention hysteresis varies at
elevated temperatures. Typical wetting/drying
hysteresis at ambient temperature was nearly zero
at 78°C (172°F) and reversed at 94°C (201°F).
Rewetting behavior at elevated temperature is also
summarized by Hardin and Chesnut (1997, Section
2.7.5). The effect is probably related to changes in
surface tension and the rock—water—-air contact
angle at elevated temperatures. Hysteresis behavior
is generally ignored, for computational expediency,
in thermal-hydrologic models, and this appears to
be defensible. The possible effects of negative
hysteresis have not been considered.

Vapor Resaturation—Tuff matrix rewetting due
to the presence of saturated water vapor (100
percent relative humidity) has a different result
than rewetting by liquid at the same zero potential.
Experimental data (Buscheck et al. 1992) show
that rewetting of dry tuff in the presence of water
vapor occurs much more slowly than does rewet-
ting by imbibition of liquid water. This effect is
incorporated in thermal-hydrologic models by
adjusting the matric ‘potential versus saturation
relationship so that matrix saturation of 30 to
40 percent or greater corresponds to a relative
humidity of nearly 100 percent. The vapor resatu-
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ration effect strongly influences the timing of
rewetting in the repository (Wilder 1996, Section
10.1) and tends to increase the relative humidity
calculated at waste packages during cooldown.

Fracture Healing—An understanding of fracture-
permeability reduction has been developed, and
observations reported in the literature can be
explained by three mechanisms (CRWMS M&O
2000al, Section 3.6.3.3):

1. Dissolution of fracture asperities by
flowing water and consequent aperture
reduction under the influence of confining
stress

2. Dissolution/precipitation reactions that

clog porosity by redistributing silica or by
creating alteration products with greater
molar volume

3. Migration of heated pore water from the

rock matrix, toward fractures, where the
pressure is lower and evaporation or
boiling occurs, clogging fractures or the

matrix porosity.
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Experiments have shown that flowing water or
steam promotes permeability reduction, and the
effect is strongest at temperatures greater than
90°C (194°F) (Hardin and Chesnut 1997, Section
3.10) (Figure 4-41). All these mechanisms can lead
to changes in fracture porosity and permeability in
the host rock where there is sufficient water.

Fracture—Matrix Coupled-Flow . Visualiza-
tion— Fracture flow studies in the laboratory
(Hardin and Chesnut 1997, Section 3.3.1) have
physically . demonstrated fracture-matrix flow
coupling in welded tuff, using x-ray imaging to
visualize the flow (Figure 4-42). By varying the
water injection pressure and the resulting flow
velocity, the nonequilibrium nature of flow
coupling was demonstrated. When the experiment
was repeated with a thermal gradient, a different
flow regime resulted, with localized precipitation
of the solute tracer (Figure 4-42).

Flow Channelization—Visualization experiments
(Hardin and Chesnut 1997, Section 3.4) showed,
among other findings, that fracture transport in
response to constant boundary conditions can be
unsteady and produce intermittent rivulets that
“snap off” and reform episodically. The authors
related the average repetition rate for episodic flow

- 60
{s0 2
. @
.mg
.20.5'
{10 §
o

0 1000 2000 3000 4000 5000
Elapsed Time, hr

Figure 4-41. Permeability of a Single Fractura in a Core Sample of Topopah Spring Welded Tuff as a
Function of Time and Exposure to Flowing Water
Temperature (left) and confining pressura (right) durmg the test series ara plotted for comparison. Source: CRWMS

M&O 20002, Figura 3-101.
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Figure 442. . Difference X-Ray Radiography Images of 7.2 Hours (left) and 0.67 Hours (right) after Flow was

Initiated

Left image 7.2 hours and right image 0.67 hours after flow was Initiated. Therma! gradient is indicated between the
figures. The difference between these two experiments was the height of the water column: 0.26 m (left) and 0.46 m
(right), respectively. The difference in head was large encugh to force flow through the boiling region in the right

image. Source; CRWMS M&O 2000al, Figure 3-102.

with fracture aperture and wetting properties and
the inclination of the models to gravity. These
ambient-temperature experiments demonstrated
that simple, simulated fractures can produce
unsteady fracture flow in response to constant
boundary conditions. Similar flow can be expected
in the fractures of a heat pipe zone. These data
have important implications for fracture-matrix
interaction (i.e., there is limited contact time avail-
able for fracture-matrix interaction).

Physical Models of Heat Pipes—Fracture

thermal-hydrology  visualization studies by -

Kneafsey and Pruess (1997) examined conditions

(c.g., fracture saturation, temperature difference,
and fracture dimensions) that support heat pipe
development. Heat pipes were observed in parallel
plate fractures containing obstacles, heat sources,
and vents. Film flow as well as meniscal flow were
observed to produce heat pipes (Figure 4-43).
Unsteady rivulet-flow behavior, analogous to
episodic fracture flow at ambient temperature, was
observed (Hardin and Chesnut 1997, Section
3.5.1).-Rapid evaporation events occurred when
“islands” of fluid became superheated and
suddenly boiled, constituting another mechanism
for unsteady flow with the potential to rapidly
disperse solute. A few of these observations were
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Experiment 9‘ T,,,, i
conducted by injecting
{shown in tha left Smage) was:

Figure 3-104.

repeated with a halt’—cast modcl mcorporatmg
welded tuff'as one fracture wall,

Water-Rock Interaction—Chemical analyses:of
effluent water from matrix. ﬂow and fracture flow
expenments have iridicated’ “aler—rock interaction.

When J-13 water was ﬂowed through an intact core
sample, the concentrauon of most major anions

influent concentrations (Hardin and Chesnuf 1997,
Sectiont -3.6.2.2). Anions  such' as: chloride and

sulfate were leached in quantities that may be

significant to the in-drift’ chemical .epvironment.
Other reported data for similar tests (Hardin and
Chesnut: 1997, Séction 3.6.2

_analyses of water that flowed: through a healed,
- natural fracture at ¢levated temperatures

z6ns was maintained at nearly the'boﬂing point of pentane by thermat reflux activity, Source: CRWMS M&0 2000al,

.1) included chemical -

pera peratures shown in then'ghl imagein ‘G The expefiment was

. iquid between panes of glass. The lowet half of the apparatus

rsed ina tamperam bath sufficiently warm to boil pentane. The upper part of

the apparatus was warmed by mngra!non and eondensabon of pentane: vapor. as seen in the green region in the right
The iy

Fracture Flow in'a Heated ami Stressed B!ack—-»
Laboratom tests were conducted on. 0.5-m (1.6-ft)
scale blocks to monitor fracture flow and mechan-
ical deformation properties under conditions. that
approx:mated the:near-field environment expected

" in_a repository af Yuccs  Mountain (Costaitino
! et ai. 1998). tn this test, a rectaﬂg’ular block was

the fabric ofihe tuff, Water was supplied at a point
“and cations first mmeased,\ then approachedv pp poa

‘source at the center of the' fracture unidér various

“pressures, Both fivid flow and mechanical proper-

ties. were. found to. be anisotropic -and strongly

- correlated with the ash-flow - fabric of the sample. ,

Fluid flow-measuréments revealed that only minor
imbibition of water occutred through the fracture
surfaccs, and that ﬂow ratcs \m-e mdepcndcn f
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the fracture occurred largely through uncorrelated
porosity that intersected the fracture plane.

4.2.2.2.3 - Ficld-Scale Processes

This section briefly describes selected results from
a number of field-scale tests and natural processes
having some features in common with processes
expected at Yucca Mountain. Emphasis is given to
thermally driven coupled processes. The field-
scale tests include those presented by Hardin and
Chesnut (1997) and those presented in the Near-
Field Environment Process Model Report
(CRWMS M&O 2000al, Section 3.6.1). These tests
are grouped into three groups: non-Yucca Moun-
tain tests,” Yucca Mountain tests, and natural
analogues.

4.2.2.2.3.1 Non-Yucca Mountain Tests

Climax Spent Fuel Test (Hardin and Chesnut
1997, Section 4.1.1; Wilder and Yow 1987)—
Acoustic emissions responded to the rate of
thermal energy production and may be useful for
monitoring the stability of a repository. No signifi-
cant changes in mincralogy or microfracturing
occurred, as a result of heat or irradiation, near the
electrical heaters or spent nuclear fuel canisters.
Nitric acid formed by radiolysis of atmospheric
nitrogen accelerated corrosion of the carbon steel
emplacement hole liners. Corrosion was also
observed in alloys such as stainless steel, Inconel
600, and super-Invar.

Edgar Mine, Colorado School of Mines (Hardin
et al. 1982)—Heating of a fractured gneiss caused
significant reductions in the loading and unloading
moduli and reductions in the permeability of a test
fracture. The largest permeability change occurred
during excavation. Compressive loading reduced
the permeability, but the permeability did not
return to the preexcavation condition. Permeability
reduction at elevated temperatures was smaller in
magnitude than the effect of excavation.

G-Tunnel Small-Diameter Heater Tests
(Zimmerman and Finley 1987)—For the first
month of heating in the horizontal heater test in
welded tuff, small amounts of water collected in
the heater borehole and wetted a sensor located

immediately under the heater. Relative humidity
approached saturation within hours afier the start.
Total pressures remained at ambient. Neutron-
probe measurements of moisture content in the *
heated rock showed that significant changes
occurred in the temperature range 70° to 120°C
(158° to 248°F). Dewatering apparently began at
temperatures less than boiling.

G-Tunnel Heated Block Test (Zimmerman et al.
1986)—A slight dependence of modulus on stress
was indicated, but there was no significant temper-
ature effect. Thermal expansion behavior of the
heated block was well represeated by measure-

‘ments on intact rock samples. The largest changes

in permeability of & test fracture were associated
with excavation. Subsequent compressive loading
and increased temperature lowered the apparent
permeability of a test fracture. Saturation declined,
in steps corresponding to successive cycles, from
60 to 80 percent and down to approximately
15 percent as a result of heating. Rehydration upon
cooling was not significant on a time scale of
weeks.

G-Tunnel Prototype Engineered Barrier System
Field Test (Hardin and Chesnut 1997, Section
4.1.3; Ramirez et al. 1991; Lee and Ueng 1991)—
The drying front penetrated most rapidly along
fractures, and rewetting occurred most rapidly near
fractures during the ramping down and cooling
phases. Water vapor that condensed below the
heater drained away from the boiling zone, and
rock below the heater dried out more quickly than
it did above the heater. During cooling, rewetting
above the heater occurred slightly more quickly
than it did below the heater. Afier heating and
cooling back to ambient temperature, measured
permeability in the heater borehole increased by
10 to 1,800 percent. The increase was greatest in
intervals with the smaller values of preheating
permeability. The boiling zone acted as an
“umbrella,” shielding rock below the heater from
drainage of condensate generated above the heater.

Underground Tests at Stripa, Sweden—Fracture
closure in response to heating was confirmed by
observation of diminished water inflow to heater
and instrument boreholes (Nelson et al. 1981).
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4.2.2.232 Yucca Mountain Tests

Large Block Test—The Large Block Test was
described by Wilder et al, (1997). Figure 4-44

~ shows the Large Block Test during its construction,
~ and a schematié of the test showing the instrument
~ borcholes is given in Figure 4-45. One-diren-

sional heating geometry and moisture movement in
the block were achieved as planned Boiling of the
pore water was indicated by temperatures
measured near the heaters. Figure 4-46 shows the
temperature measured at ‘the TT1-14 and TT2-14
temperature sensors. Note that the boiling tempera-
tures apparent from these two figures are slightly
different, indicating heterogeneity in the pore pres-
sure and/or concentration of chemicals in the pore
water. Heat pipe activity was observed along the
two vertical temperature holes in the block. Figure

4-47 illustrates one aspect of that heat pipe activity,

whereby condensate drainage: toward the heaters

“was most evident during the two thermal refluxing

episodes of the Large Block Test, Figure 4-48 illus-
trates one of those refluxing episodes _and the

mmcmzasam.

Figure 4-44 Photograph of the Large Block Test

Site: :
Thss photograph’ shows the Large Block Test dumg
construction, with the block  itself exposed as the
exteriof insulation is belng consmxcted from the
bottomlothetop : N

episodic water movement that followed its onset.
Cooler liquid water apparently: pcnctmted the
heated mterval causing the temperature in a wider
zone cxtending above and below -the heaters to
converge to near the boiling point. This was
followed by episodic thermal refluxing, . which
caused the 1emperature o ﬁuctuate The redistribu-
tion of ‘moisture was monitored by _electrical

resistivity tomography and neutron logging, as -

shown in Figure 4-19 and Figure 4-50, respec-
tively. These refluxing events are believed to have
been caused by rainstorms, whlch introduced water
into the test.

Drying of the Large Block Test was also nearly
one-dimensional. Neutron Ioggmg shows that
localized dryout reached its maximum afier about
334 days of heating. Subsequent heating extended
the dryout zone but did not dry out the rock further.
Mechanical. displacement measurements on the
block indicate that during. the June 1997 thermal
refluxing episode, a major near-horizontal fracture
near the top of-the block opened approximately
0.0094 10 0,011 cm (0.0037 10 0.0043: in.) at the
northen .and -eastern: sides, with: a .0.0058 c¢m
(0.0023 _in.) shear displacement. on: ‘the: western
side, Dc.formauon data also indicate that during
healing the block experienced horizontal expansion

. that mcreased linearly with height above the basc.

These. defnrmatmns may. have affected the hydro-
logic properties of the block. Simulation of the

‘Large Block Test using the thermal-hydrology

modeling code NUFT' was -used to capture the
major characteristics of the measured temperatures
of the Large Block Test (CRWMS M&O 2000al,
Sccnon 3.6. 1 l)(scc addmona) dtscmsnon bclow)

Singlc Heatcr Tcst (CRWMS M&O 2000al
Scction 3.6.1.2)—The  Single Heater - Test  was

described - in - Single Heater Test Final: Report

(CRWMS M&O !999m) A schematic - of the
Single . Healer Test' is shown in Flg,urc 4.51.
Measurement of mechanical d:splacemmts in the
Single Heater Test showed expansion along the
heater hole, with compressive movement at the
beginning of the heating, followed by expansion

perpendicular to the heater. These ' results: were
simulated by calculations using thc continuum
- mechanical modehng -code FLAC Simulation

using - the “ thermal-hydrology modeling  code
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Figure 4-45. Schematic of the Large Block Test instrument Boreholes

Borehole diameter is significantly exaggerated in the illustration. Only the heater borehales and the instrument
boreholes discussed in this section (i e.. TE1, TN3, TT1, and TT2) are labeled. Source: Modified from CRWMS M&0O
2000al, Figure 3-49.
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a Temperature of RTD at TT1-14 : (b) Ternperature of RTD at TT2-14
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Figure 448 Temperaturea Measured at(a) TT‘I-M and {b) TT2-14 of the Large B!ock Test as a Function of
Elapsed Time -
See Figure 4-45 for the locations of Boreholes TT1 and TT2. RTD = resistance temperature detector. Source:
CRWMS M&O 2000al, Figures 3-50 and 3-51.
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Figure 4-47. Vertical Temperamra Profiles through the Large Block foc June 4 and June 25 1897, s:-;.:mringtE
Dovelopment of a Heat Pips Zone-

The heat pipe zone is indicated by the “flattening” of the temperature curve for TT4 on June 25 1897, which shows:

boifing temperatures distributed over a greater length of the borehole. See I‘-”gure 4-45 for the locations of Boreho!es
TTtand TT2,1BT = Large Block Test: Souroe Modified from Hardin and Chesnui 1997, Figura 4-7. '
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Flgure 4-48. Temperatures at Several Resistance Temperature Detectors in TT4, Showing the Fluctuations
Due to a Thermal-Hydrologic Event en September 2, 1887

See Figure 4-45 for the location of Borehole TT1. The beginning of thermat refiux (heat pipe) activity is clearly

indicated by the abrupt change in temperature at about 4.475 hours after the start of heating (i.e.. September 2,

1997). Saurce: CRWIMS MEO 2000al, Figure 3-55.

TOUGH2 was used to represent the evolution of
measured temperatures. Modeling of this test
provided important insights into the hydrologic
properties and responses of the fractured tuff. The
test confirmed that water moves away from heat
sources as vapor, condenses where it is cooler, and
tends to drain downward. Condensate was
collected in a borehole, where it intersected a frac-
ture drainage pathway. The apparent rapidity of
drainage. through fractures indicates that rock-
waler infcraction between condensate and fracture
surfaces .is limited to relatively short residence
times. The chemistry of sampled water was similar

to, but more dilute than, J-13 water. Solution equi-
librium modeling indicates that the gas-phase
carbon dioxide fugacity during the heated portion
of the test was about two orders of magnitude
greater than atmospheric. ~

Drift Scale Test—The Drift Scale Test, the largest
thermal test conducted by the project to date,
involves heating a drift that is approximately 48 m
(157 fi) long. The rock mass being heated in this
test will experience a thermal environment some-
what hotter than the repository design, with rock
surface temperatures reaching a maximum of about
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Figure 4.49. Electrical Resistance Tomographs of an East-West Vertical Cross Section of the Large Block
Test, Showing the Variation of the Moisture Distribution within the imaging Plane

The resistivity ratioc and saturation ratio results for 2/24/98 and 3/19/98 are of lesser quality than the ratios for the

previous dales because fewer measurements met the acceptance criteria for interpretive processing. This probably

occurred because dryout of the block surface affected the electrical signal strangth. The interpretation of the

apparent rewetting in the central region of the block is, therefore, less reliable than the interpretation of dryout from

the earlier resulls. Source: CRWMS M&O 2000al, Figure 3-56. .
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Figure 4-50. Ditference Fraction Volume Water in Large Block Test Borehole TN3 as @ Function of Depth,
from 103 to 56§ Days of Heating

See Figure 4-45 for the location of Borehole TN3. Difference fraction volume water is the change in volumetric water

content. As shown by the measurements plotted here, decreased water content resulted from heating. Source:

CRWMS M&0 2000al. Figure 3-58. ‘
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Figure 4-31. Schematic llustration of the Single Heater Test in the Exploratory Studies Facility

Borehole diameter is significantly exaggerated in the illustration. The Single Heater Test is located near the Drift
Scale Test (see Figure 2-78) at the Thermal Test Facility at Alcove 5. TMA = Thermomechanical Alcove. Source:
CRWMS M&O0 2000c, Figure 2.2-13; modified from CRWMS M&O 1999m, Figure 3-2 and Table 3-1.

200°C (390°F). This test is designed to produce
above-boiling temperatures in about 10,000 m® of
rock. The Drift Scale Test was described in Near
Field Environmemt  Process Model Report
(CRWMS M&O 2000al. Section 3.6.1.3). A sche-
matic of the Drift Scale Test is shown in Figure
4-52. After 4 years of heating, the Drift Scale Test
is to begin a 4-year cooling phase beginning in
early 2002 (CRWMS M&O 2000ch Section 1;
CRWMS M&O 2000al, Section 3.6.1.3). The test
results have provided and will continue to provide
important insights into analyses of coupled
processes, as described in this and. following
sections, Figure 4-53 shows the effect of boiling, as
indicated by the temperature history at a single
location. Boiling of pore water is represented by a

relatively flat region at about the boiling point of
pore water in the temperature-time curves. Varia-
tions in heating rates are due to different distances
between the sensors and the heaters, The duration
of boiling is apparently affected by the availability
of pore water to evaporate and the extent to which
condensate flows back toward the heaters at each
location.

Drying in regions near the heated drift and the
wing heaters has been measured by electrical resis-
tivity tomography, neatron logging, and ground-
penetrating radar. Results obtained using these
methods arc shown in Figures 4-54, 4-55, and
4-56, respectively.
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Figure 4-52. Schematic lllustration of the Drift Scale Test in the Exploratory Studies Facility

Borehole diameler is significantly exaggerated in the #lustration. For simplified identification of the boreholes
discussed in this section, the top figure shows only those boreholes; the lower figure shows all the Drift Scale Test
boreholes. See Figure 2-78 for the location of the Drift Scale Test at the Thermal Test Facility at Alcove 5.
ERT = electrical resistance tomograph. Source: modified from CRWIMS M80:2000c, Figure 2.2-14, and CRWMS
M20 1998c, Table 4-1 and Figures 4-2 through 4-4.

4-119



Yucca Monntain Science and Engineering Report

DOE/RW-03539 Rev. |

200 T T

150

Temperature (°C)
=
o

50

0 ] |

C

182
| | i

- O

oD

181

0 100 200

000300C_ATP_ 21542 1178

300 400 500 600
Days

Figure 4-53. Temperature Measured at 2.m (5.6 it} from the Collar of Boreholes 158 to 162 in tho Drift Scale
Test as a Function of Time, Showing the Spatial Variation of the Boiling of the Pore Water

inset shows the location of the heated drift (HD) and Boreholes 158 to 162, where temperature measurements were

taken, in relation to the observation drift (OD).. See Figure 4-52 for the location of these boreholes. Source: CRWMS:

M8 2000al, Figure 3-79.

Heat pipe activity caused by thermal refluxing of
condensate water has been observed at some
temperature measurement locations, as shown in
Figure 4-57.

Thermal  Tests  Thermal-Hydrological Analyses
Model Report (CRWMS M&O 2000c¢h) reports
that both the TOUGH2 and NUFT modeling codes
have predicted the temperature evolution and the
dryout (liquid saturation) for the rock around the
heated drift. consistently and with reasonable
success. These thermal-hydrologic simulations
support high confidence  in - using the. thermal
conductivity of rock mass to predict average
temperature distributions. In addition, Drifi-Scale

Coupled Processes (DST and THC  Seepage)
Muodels (BSC 20010, Section 6.2.7) shows that the
TOUGHREACT modeling code was able to
produce reasonable predictions of the evolution of
carbon dioxide and composition of collected water
samples as affected by heating.

4.2.2.2.3.3 Natural Analogues

Natural analogues related to the effects of heating
on water movement and rock mass response were
discussed by Hardin and Chesnut (1997) and in
Near Field Environment Process Model Report

(CRWMS M&O 2000al, Section 3.6.2). Additional -
information on natural analogues is provided in =
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Figure 4.54. Comparison of Distributions of Drift Scale Test Water Saturation Mcasured by Electrica!
Resistivity Tomography and Simulated by NUFT at 547 Days

Measured saturation ratio was derived from elecirical resistivity tomography after 558 days of heating. The top pair

show the longitudinal cross section through the heated drift (HD) axis; the bottom pair show the transverse cross

section at the plane of Boreholes 62 and 63. See Figure 4-52 for the location of these boreholes. OD = observation

drift. Source: CRWMS M&0 2000ch, Figure 56,
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These measurements show the cnange in volumetric water content in the rock in comparison to ambient
measurements taken in Febmaxy 1998 See Figure 4-52 for the location of Borehole 67. Source: CRWMS M&O

20003! Figure 3-85.

Natural Analogs for the Unsatrated Zone
(CRWMS M&O 2000bp) and in Yecca Mountain
Site Description (CRWMS M&QO 2000b, Section
13). Figure 4-58 illustrates selected examples of
analogue information for heat induced and coupled
processes. The information ‘from = geothermal
studies can be used fo demonstrate that the effects
of decay heat on water movemént: can be evalu-
ated. The available information’ ranges from core-

scale and outcrop evaluations of fossil thermal-
hydrologic-chemical coupled processes, under-
standing of efficient heat transfer mechanism with
vapor-liquid counter flow phenomena (heat pipe),
induced changes in operating geothermal fields, to
dynamic or ecven disruptive processes with
mechanical changes. Some of these phcnomcna are
described in th:s section.

Geothermal Fields—Heat pipes in the repository
will be short-lived, transient features compared to
geothermal systems. Thermal-hydrologic charac-
teristics of the repository host rock are similar to
vapor-dominated geothermal systems (Hardin and

~Chesnut 1997; Simmons and Bodvarsson I997)

and similar modeling methods are apphcable
Geothermal systems are apparently self-sealing,
but conditions for devclopment of a mincral cap
above the emplacement drifts in a repository are
different and less likely to result in sealing.

Table 4-15 lists selected geothermal systems evalu-
ated in many countries. A photograph of a tuff core
with indication of fracture sealing and opening
from the Yellowstone geothermal field and a
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Measurements taken January 14, 1999, from & cross-

hole radar survey in the plane of Drift Scale Test

Boreholes 64 to 88. See Figure 4-52 for the location of

these boreholes. Source; CRWMS MS&O 2000ch,

Figure 33.

photograph of topographic deformations associated
with the high-temperature geothermal field at
Krafla, Iceland. are examples illustrated in Figure
4-58. Also included in Figure 4-58 is a photograph
of the concrete-lined tunnel, subjected to heating
by nuclear reactor processes, at the Kransno-
yarsk-26 site in Russia. This is one example of the
different kinds of site studies of anthropogenic
(human-induced) analogues (CRWMS M&O
2000b, Section 13.3.6.3). Additional information
on natural analogues and model calibration and
validation for thermal-hydrologic applications is
provided below in Section 4.2.2.3.6.

The Geysers—The Geysers is & geothermal field
located about 65 km (45 miles) north of Santa
Rosa, California. The pressure and temperature of

the vapor-dominated geothermal system at The
Geysers  plot  along the liquid-vapor phase
boundary for water, whereas the repository host
rock will be free-draining, and the pressure of
refluxing water will be constrained at.about 1 atm
{(Hardin and Chesnut 1997, Section 4.3.1: Wilder
1996, Chapter 1). The maximum heat flux from the
repository will be 50 to 70 times that calculated for
The Geysers. Therefore, the calculated reflux
magaitude at The Geysers, 4 to 5 mm/yr, does nol
imply .that there will be no dryout zone above the
repository. However, heat pipe activity is likely in
the repository host rock and may be important for
an extended period during cooldown.

Taupo Volcanic Zone and Geothermal Ficlds,
New Zealand—The Taupo volcanic zone analogue
was used to compare observed water composition
and mineral occurrence in a geothermal well with
chemical modeling calculations. In accordance
with observations, major phases such as quartz and
calcite were calculated to be at near-equilibrium.
Other phases . were predicted less accurately for
several  reasons: (1)  uncertain  Kinetics,
(2) completeness of thermodynamic data, (3) solid-
solution effects (such as heterogeneity), and (4) the
influence of boiling on precipitation (Glassley and
Christenson 1992; Bruton et al. 1994). Differences
were observed between precipitation  rates
measured in the laboratory and those measured in
the field. Earlier studies by Rimstidt and Bames
(1980, p. 169)) argued that precipitation rates for
silica polymorphs are the same, but this approach
does not explain certain natural analogue observa-
tions (Carroll et al. 1995, pp. 710 13).

Figure 4-58 includes an example of geothermal
ficlds in New Zealand. At the Wairakei geothcrmal
ficld illustrated in Figure 4-58, rates of amorphous
silica precipitation measured in the ficld were
400 times faster than those obtained in the labora-
tory measurements. Similar rates are found at the
Broadlands field. Both ficld data and mode! results

‘indicate that stable mineral assemblages are sensi-

tive to small differences in fluid chemistry,
temperature, and pressore.  Silica  precipitation
under potential repository conditions at Yucca
Mountain could exhibit rate behavior somewhere
in a range between the laboratory and field experi-
ments (CRWMS M&O 2000b, Section 13.4.1.3).
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Borshole Collars after 18 Months of Heating

Data shown from resistance temperature detectors (RTDs) in Drift Scale Test Boreholes 137 to 144, See Figure 4-52

for the location of thesa boreholes. Source: CRWMS MO 2000ch, Figure 24,

Grants Ridge, New Mexico—Despite the high-
temperature  basaltic intrusion, there was no
evidence of pervasive hydrothermal circulation and
alteration in the country rock that could have
resulted from thermally driven liquid-phase
convection (CRWMS M&O 2000al, Section
3.6.2.1).

Yucca Mountain—Conceptual models for mineral
evolution at Yucca Mountain (Carey et al. 1997)
suggest that the most likely mineralogical reactions
caused by repository heating would include disso-
lution of wolcanic glass and ' precipitation of
clinoptilolite, ¢lay, and opal-CT;:dissolution and
. precipitation of silica polymorphs (cristobalite,
opal-CT, tridymite, and quartz); alteration of feld-
spars to clays; and finally, reactions involving
calcite and zeolites. - Thermodynamic modeling
results indicate that the stability of various zeolites

is a function of silica activity, temperature,
aqueous sodium concentration, and the mineralogy
of silica polymorphs. Increasing temperature or
sodium concentration causes the alteration of
zeolites to other phases. Kinetic data suggest that
water saturation conditions are necessary for
significant progress in these reactions. Therefore,
under ambient conditions the reactions are likely to
proceed more slowly in the Yucca Mountain unsat-
urated zone (excluding perched water zones) than
below the water table. However, if prolonged
boiling occurs in water-saturated tuffs, significant
progress in such reactions can occur (CRWMS
M&O 2000al, Section 3.6.2.2).

Valles Caldera, New Mexico—The contact
between the Banco Bonito obsidian flow and
underlying Battleship'Rock tuff on the southwest

rim of the caldera was studicd by Krumhans! and
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Table 4-15. Geothermal Analogues for Process Evaluation

Analogue
Yucca Mountain as self-analogue

Papoose Lake sill, Paiute Ridge, Nevada Test
Site, Nevada

Dixie Valley, Nevada

Data and/or Process
Mineral reaction rates (Bish and Aronson 1933; Carey et al. 1997)

Magma intrusion, coupled thermal-hydrologic-chemical processes
(Crowe, Self ef al. 1983; Matyskiela 1997; Lichtner et al. 1999)

Gecthermal, coupled thermak-hydrologic-chemical processes, preferential
flow, fracture~matrix interaction, mineral precipitation and dissclution,
mineral alteration

Geothamal, preferential flow, fracture network permeability, mineral
reaction rates, self-sealing

Geothermal, preferential flow, mineral reaction rates

Geothermal (Lippmann and Bodvarsson 1985)

Geothermal, fracture—matrix interaction, mineral precipitation and
dissolution

Geothermal, preferential flow, fracture network permeability, heat pipes,
boiling and condensation, self-sealing

Magma intrusion (Stockman et al. 1994, Sections 1.2 and 1.3)
Magma intrusion (WoldeGabriel et al. 1999)

Geothermal, mineral precipitation and dissolution

Newberry Voleano, Oregon Geothermal (Samme! et al. 1988)

Yellowstons, Wyoming Geothermal, fracture-matrix interaction, mineral alteration

Eldora stock and Alamesa River stock, Colorado | Deep hydrothermal intrusions {Brookins 1988; Wollenberg and Flexser
1988)

Geothermal, hydrologic properties, preferential flow, fracture network
permeability, mineral precipitation and dissolution, mineral alteration,
thermal-hydrologic-mechanical subsidence (Mercer and Faust 1979;
Bruton et al. 1993; Glassley and Christenson 1992)

Geothermal, mineral precipitation and dissolution, mineral alteration
Geothermal, hydrologic properties, fracturs network permeability, heat
pipes, bolling and condensation, self-sealing

Geothermal, thermal-hydrologic-mechanical subsidence

Cerro Prieto, Mexico

East Mesa, California
Heber, Califomia
Long Valley, California

The Geysers, Califomia

Valles Caldera, New Mexico
Grants Ridge, New Mexico
Fenton Hill, New Mexico

Wairakel, New Zealand

Broadlands, New Zealand
Kamojang, Indonesia

Bulalo, Philippines

Tianjin, China Geothermal, hydrologic properties
Sumikawa, Japan Geothermal, hydrologic properties, fracture network permeability
Matsukawa, Japan Geothermal, fracturs network permeability, heat pipes, boiling and
condensation, self-sealing
Larderello, italy Geothermal, fraclure network permeability, heat pipes, boiling and
' condensation, mineral precipitation and dissolution, self-sealing
Krafla, Iceland Geothermal, fracture network permeabllity, thermak-hydrologic-mechanical

subsidenca (Bodvarsson, Benson et al. 1984)
Geothermal, self-sealing

Geothermal, fracture network permeabliity, fracture~-matrix interaction
(Bodvarsson, Pruess et al. 1987)

Sources: Adapted from CRWMS M20O 2000¢, Table 2.3-1; CRWMS M&O 2000bp, Table 6-13.

Reykjanes, lceland
Olkaria, Kenya

Stockman (1938) and Stockman et al. (1994). No
evidence of hydrothermal alteration was noted,
suggesting that the area was unsaturated at the time
of contact. The effects of heating in this unsatur-
ated environment appeared to have been slight and
were limited to the tuff nearest the contact. The
principal mineralogic change in tuff near the
contact was the development of feldspar-silica

linings on voids in the pumiceous tuff matrix; no
significant development of zeolites was found.

Paiute Ridge, Nevada Test Site—This character-
ization has been further developed as a distribution
of “key blocks” that are defined by the fractures.
An example of a sill observed on the outcrop of
Paiute Ridge is illustrated in Figure 4-58.
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- Matyskiela’s (1997) study of alteration
surrounding one intrusion, the S50-m-wide
(160-ft-wide) Papoose Lake sill, found alteration
of glass shards to cristobalite and clinoptilolite
within 60 m (200 ft) of the intrusion. He observed
complete filling of pore spaces with silica at frac-
ture—matrix interfaces, thus enhancing flow along
fractures by inhibiting fracture—matrix interaction.
Matyskiela (1997) estimated enhanced fracture
flow to be as much as five times ambient condi-
tions. A different kind of response to heating in the
repository host rock (i.e., formation of a silica cap)
. was predicted by Nitao (reported in Hardin 1998,
Section 5.6). Those simulations show that both the
fractures and the adjacent matrix (at the fracture—-
matrix interface) could be plugged by dissolved
solids transported into the boiling zone by fracture
flow. This result depends on the total quantity of
dissolved solids (e.g., silica) transported to the
boiling zone and on the value of the fracture
porosity (a smaller value of the fracture porosity
makes plugging more likely). Another set of calcu-
lations reported in Near Field Environment
Process Model Report (CRWMS M&O 2000al,
Section 3.2.5) indicates that only minor changes in
fracture permeability would result from mineral
precipitation during the thermal pulse, based on a
larger estimate for fracture porosity and consider-
ation of more complete ranges of minerals and
chemical species.

Scoping analyses by Lichtner et al. (1999) provide
additional perspective on the potential for plugging
of porosity in the fractures and matrix. The
approach considers the dissolved silica in the pore
water present initially (before heating) in the tuff

matrix. During heating, the matrix pore water will

evaporate in a region proximal to the drift open-
ings. If the silica contained in the pore water
migrates to the fractures as evaporation occurs
(ignoring evaporation in the matrix), then the
degree of fracture plugging depends on the initial
fracture porosity, as well as the particular silica
polymorph produced. Based on this analysis, the
fracture porosity used in Nitao’s models (reported
in Hardin 1998, Section 5.6) would be completely
filled with amorphous silica for tsw33 and tsw34
units and about 50 percent filled in the tsw35 unit
(CRWMS M&O 2000al, Section 3.6.2.2).

4223 Process Model Development and

Integration

Two models, namely the mountain-scale thermal-
hydrologic model and multiscale thermal-hydro-
logic model, differing primarily in the spatial
scales of interest, are used to mode! the effects of
decay heat on water movement (CRWMS M&O
2000al, Section 3.2.2). Both models solve heat and
mass balance equations written for a fracture
continuum interacting with a matrix continuum.
The mountain-scale model evaluates changes in
temperature and water movement at greater
distance from the potential repository and is used
for comparison to analogous geothermal sites. The
multiscale  thermal-hydrologic model provides
detailed output describing temperature and mois-
ture movement in the emplacement drifts and is
abstracted directly for use in performance assess-
ment. Both models rely on hydrogeologic
properties developed for the unsaturated zone flow
model.

Another model is used to calculate the drift-scale
thermal-hydrologic-chemical processes and to
address the change of chemistry of water entering
drifts and the flow properties of the surrounding
rock that control the seepage flux (CRWMS M&O
2000al, Section 3.3). A final model is used to
calculate the normal and shear displacement of
distinct blocks of rock surrounding the heated
emplacement drift and to address the consequent
change in flow properties of the near-field rock that
control the seepage flux (CRWMS M&O 2000al,
Section 3.5). :
42.23.1 Mountain-Scale Thermal-
Hydrologic Model

The mountain-scale thermal-hydrologic model
simulates the effects of repository heating on the
unsaturated zome, including a representation of
thermally driven processes occurring in regions far
away from the potential repository (CRWMS
M&O 2000ci, Section 7, CRWMS M&O 2000c,
Section 3.12). This model is used to understand the
mountain-scale effects of repository heating on
water movement and to conclude that the moun-
tain-scale effects of heating on water movement
would not degrade the function of the host rock to
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divert water from the engineered barriers and the
waste form. Thus, the assessment of environmental
conditions within the emplacement drifts can be
focused on the drift-scale effects of heating on
water movement.

The simulations provide predictions for thermally
driven flow of liquid water and water vapor, and
distributions for temperature and moisture in the
unsaturated zone, for a period of 100,000 years.
Approaches for simulation of the two-phase heat
and mass transport processes in fractured systems
are generally based on geothermal and petroleum
reservoir simulation methods. Early multiphase
modeling studies identified the importance of heat
pipe effects in models that include heat sources.
The heat pipe phenomenon is associated with
boiling conditions and can occur if sufficient liquid
is transported back toward the heat source (by
gravity or capillarity) to sustain the boiling (Pruess,
Wang et al. 1990, p. 1241). In the dryout zone,
temperature variation is controlled by heat conduc-
tion and the thermal output of the heat source. In
previous  mountain-scale  thermal-hydrology
models, planar heat sources were used to represent
closely spaced emplacement drifts, with the result
that thick heat pipes and condensate zones were
predicted (Buscheck and Nitao 1992). In the moun-
tain-scale model, heat sources are more discrete,
and drainage can occur through the pillars between
emplacement drifts,

The mountain-scale thermal-hydrologic model
uses the mathematical formulation employed in
previous models (Pruess 1987, pp. 2 to 11; Pruess
1991, pp. 5 to 26). The approach involves volume
averaging, the dual-permeability, continuum
approach for modeling coupled fluid and heat flow,
and fracture-matrix interaction (CRWMS M&O
2000br, Section 6.7; Liu et al. 1998). The model
was developed from the unsaturated zone flow
model and uses the mathematical formulations
employed in the TOUGH2 code to describe flow
under thermal-loading conditions (CRWMS M&O
2000c, Section 3.12.1). For the flow model, predic-
tions of the three-dimensional ambient temperature
distribution were calibrated against measured
temperature profiles in boreholes (CRWMS M&O
2000ci, Section 6.1). The same thermal properties

are used in the mountain-scale thermal-hydrology
model, and the ambient temperature distribution is
used as the initial condition for modeling thermal
effects.

Several numerical models were developed,
including a three-dimensional mountain-scale
model and two cross-sectional models. Plan views
of the three-dimensional grid and the two-dimen-
sional cross-sectional grids are shown in Figures
4-59 and 4-60, respectively. The three-dimensional
model represents each emplacement drift and the
adjacent pillars as one element, which does not
resolve thermal-hydrologic processes in the
vicinity of the potential repository. The two-dimen-
sional models are more detailed and therefore
allow drainage of condensed water through the
pillars between drifts. The two-dimensional cross-
sectional models are finer than the three-dimen-
sional model but coarser than the drift-scale
models described in Section 4.2.2.3 (see Figure
4-72 in Section 4.2.2.3.6 for a comparison).
Accordingly, only the elements outside the drift
elements are evaluated in - the- mountain-scale
studies. More detailed discussion of these numer-
ical models is presented in supporting
documentation (CRWMS M&O 2000br, Section 6;
CRWMS M&O 2000ci, Sections 6.2 and 6.3).

The mountain-scale thermal-hydrologic model
uses input parameters that are fully consistent with
the unsaturated zone flow model (CRWMS M&O
2000c, Section 3.6; CRWMS M&O 2000cj,
Section 6), including hydrologic properties, the
mean infiltration distribution, and the evolution of
future climate states (CRWMS M&O 2000c,
Section 3.5; USGS 2000b, Section 6). The simula-
tions use an average initial thermal loading of 72.7
kW/acre (18.0 W/m?, equivalent to average areal
mass loading of 60 MTHM per acre), based on a
potential repository area of 1,050 acres
(4,250,000 m?) (CRWMS M&O 2000c, Section
3.12.2.3; CRWMS M&O 2000ci, Section 5.1). The
thermal load is scaled down by the natural decay
curve over a total simulation period of 100,000
years. To account for ventilation, only 30 percent
of this heat is used during the first 50 years
(CRWMS M&O 2000c, Section 3.12; CRWMS
M&O 2000ci, Sections 6.10 and 6.11). Figure 4-61
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Figure 4-59. Plan View of the Three-Dimensional Grid Used for the Unsaturated Zone Flow Model and the
Mountain-Scale Thermal-Hydrologic Model .
Locations #1 and #2 are used for detail plots. Large solid circles represent borehole focations; smali circles represent
grid column centers. The thick gray lines show the locations of cross sections NS#1 and NS#2. Source: CRWMS
MEO 2000c, Figure 3.12-3. '
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Figure 4-60. Lateral and Vertical Discretization at the NS#2 Cross Section Based on the Refined Numerical

Grid

Piot shows the location of the potential repository and the unsaturated zone model layering. The figure has
approximately 4%::1 vertical exaggeration. The location of this cross section is indicated on the plan view grid in

Figure 4-59. Source: CRWMS M&O 2000¢, Figure 3.12-4,

depicts the relationship between the thermal-
hydrologic model, the input data, and supporting
models.

Presented below are some of the results obtained
for the two-dimensional cross-sectional models,
focusing on the case with ventilation. Discussion
of the other two-dimensional and three-dimen-
sional  cases s presented in supporting
documentation (CRWMS M&OQ 2000c¢i, Sections
6.10 and 6.11). The results presented below are
based on the higher-temperature operating mode.

Temperature—Figure 4-62 shows the distribution
of temperature along cross section NS#2 after

1,000 years of thermal load (a) without ventilation

and (b) with ventilation for the first 30 yvears. The
variations in net infiltration across the mode! influ-
ence the evolution of temperature in both cases,
Higher temperatures are predicted to occur in arcas
with less infiltration. The plots show dryout only in

the immediate vicinity of the potential repository.
At a lateral distance of 100 m (330 ft) or morc from
the potential repository, no substantial increases in
femperature are predicted, which suggests that
buoyani, mountain-scale convection of the gas-
phase. driven by production of water vapor and the
heating of the gas-phase. will be important within
or near the poteatial repository,

With or without ventilation, the predicied
maximum lemperatures at the centers of the pillars
between emplacement drifts do not exceed boiling.
Results also show that the long-term temperature
response anvwhere in the unsaturated zone is unaf-
fected by 30 vears of ventilation. Temperatures at
the base of the PEn unit may increase 1o boiling
conditions if the potential repository is not venti-
lated. Such temperatures could induce property
changes in the PTn unit from smiveral alteration,
particularly in areas with less infiltration. With 50
years of ventilation as planned, temperatures in the
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Figure 461. Schematic Showing Input Data and the Unsaturated Zone Models that Support the
Development of the Thermal-Hydrologic Mode!

Source; CRWMS M&O 2000¢, Figure 3.12-2.

PTun unit are predicted to increase to an average of
40° 10 45°C (104° 10 113°F). At the top of the CHn
unit, below the potential repository, the models
predict a maximum temperature of 70° to 75°C
(158° to 167°F), which will occur after 2,000 and
7,000 years, depending on location, This tempera-
ture range suggests minimal potential for thermally
induced mineralogical degradation of zeolites in
the CHn unit. At the water table, the models predict
a maximum temperature of 65° to 70°C (149° to
158°F). compared to the average ambient tempera-
tute of 30°C (R6°F).

Saturation—With or without ventilation, all frac-
tures in the drifis at the potential repository horizon

are completely dry within the first few years of
thermal loading. The dryout zone expands and
reaches & maximum thickness between 600 to
1,000 years after thermal loading (CRWMS M&O
2000¢, Sections 3.10.5.2 and 3.12.3.2). Therecafier,
the dryout zone contracts and persists for several
thousand years (i.e.. 1.000 to 3.000 years), well
after cessation of above-boiling conditions (BSC
20010, Scction 6.3.5.1).

Figure 4-63 shows contour plots of matrix liquid
saturation at 1,000 years (a) without ventilation
and (b) with veniilation (CRWMS M&O 2000,
Section 3.12.3.2). The plots show large decreases
in matrix liquid ‘saturation only near the drifts.
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Figure 4-52. Tempcratura Distribution at 1 000 Years along NS#2 Cross Saction from the Mountain-Scale
Thermal-Hydrologic Model
{a) No ventilation. (b) With ventilation, removing 70 percent of heat during the 50-year preclosure period. The figure
has approximately 8: 1 vertical exaggefatton The lateral and ventical cross section used here is shown in Figure 4-60;
_the location of this cross section is indicated on the plan view grid in Figure 4-58. Source: CRWMS M&0 2000c,
“Figure 3. 12-5 S
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Figure 4-63, Matnx Liquid Saturation at 1,000 Years along Ns#z Cross Section from the Mountaln-Scale
Thermal-Hydrologic Model

* {a) No ventilation. {b) With ventlilation, removing 70 percent of heat during the 50-year preclosure period. The figure

has approximately 8.1 vertical exaggeration. The lateral and vertical cross section used here is shown in Figure 4-60,

the location of this cross section is indicated on the plan view grid in Frgure 4.59. Source: CRWMS M80 2000c¢,

Figure 3.12-8.
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Liquid saturation at a lateral distance of more than
50 m (160 ft) away from the potential repository is
predicted to remain at near-ambient conditions. A
zone of decreased saturation extends to about 50 m
(160 ft) above and below the emplacement drifts.
After 5,000 years, the matrix liquid saturation is
almost fully recovered to ambient conditions. The
fracture and matrix liquid saturation within the
pillars remain at near-ambient levels and are
controlled  primarily by changes in the climate
state.

Thermally Driven Changes in Percolation
Flux—Although ventilation lasts only 50 years, it
results in changes in flux patterns that persist for
hundreds of years. This is because the heat
removed by ventilation will delay the onset of
boiling conditions. The model results show that
ventilation leads to lower thermally driven liquid
and gas fluxes because the effective thermal load is
only 30 percent of the total heat output during the
early period in which the heat output of the
emplaced waste is greatest. Figure 4-64 shows the
calculated liquid flux through the potential reposi-
tory horizon with ventilation.

With ventilation, thermal evolution is delayed
because the temperature of the rock must rise to
boiling conditions to maximize evaporation and
heat pipe activity. At 100 years (50 years after clo-
sure), the liquid flux is 10 mm/yr (0.4 in./yr). How-
ever, flux recovers to more than 150 mm/yr
(6 in./yr) at 500 years as a result of higher tempera-
tures. Because of the decay in thermal output, and
the increased infiltration imposed by climate
change, the liquid flux in the fracture continuum at
the potential repository horizon recovers to the
ambient percolation flux after approximately 5,000
years. With ventilation, the fracture flux through
the pillars between the drifts remains at or above
ambient conditions and temperatures remain below
boiling throughout the thermal pulse. Beyond
approximately 500 years, the fracture liquid flux in
the pillars returns to the ambient percolation levels,
though these levels change in response to changes
in climate state. The liquid saturation within the
pillars remains at or above the ambient liquid satu-

ration because of vapor condensation and liquid
flux being channeled through the pillars. This flux
may be increased by condensate drainage for sev-
eral hundred years.

Liquid flux through the pillars is the direct result of
the counter-current vaporization and condensation
(reflux) cycle associated with the development of
heat pipe conditions predicted by the mountain-
scale thermal-hydrologic model (CRWMS M&O
2000c, Section 3.12.3.3). At early times (less than
100 years), thermally induced liquid fluxes above
the drift are up to two orders of magnitude larger
than the ambient percolation flux. At around
1,000 years, model results show fracture liquid
flux at several locations to be 20 to 50 mm/yr
(0.8 to 2.0 in./yr). At around this time, mountain-
scale thermal model results suggest liquid flux may
occur downward into the drifts (CRWMS M&O
2000c, Section 3.12.3.3).

Mountain-scale thermal-hydrologic = modeling
shows that temperature increases at the base of the
PTn unit and the top of the CHn unit are moderate
(much less than boiling) and are not expected to
cause mineralogical alteration of these units.
Temperatures at a lateral distance of more than 100
m (330 ft) outside the potential repository are
expected to remain near ambient conditions. The
mountain-scale model predicts little impact on
thermal-hydrologic conditions outside the potential
repository layout, possibly because large-scale gas-
phase buoyant convection promotes upward mass
and heat transfer.

42232 Multiscale Thermal-Hydrologic
Model

The multiscale thermal-hydrologic = mode}
(CRWMS M&O 2000cf) is used to model the

effects of decay heat on water movement at the -

drift scale and within the emplacement drifts.
Simulation results are used either directly or indi-
rectly as input to other process models or
abstractions for TSPA. The model uses the noniso-
thermal unsaturated—saturated flow and transport
computer code to solve coupled heat and mass-
transfer equations (CRWMS M&O 2000cf, Section
6).
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Figure 4-64. Fracture Liquid Flux along NS#2 Cross Section from the Mountain-Scale Thermal-Hydrologic

Model

Case with ventilation, removing 70 percent of heat during the 50-year preclosure period. This figure shows the
vertical lhiquid flux along & horizontal profile at the potential repository horizon in a two-dimensional model
representing a north-south vertical cross section through the repository. The model is somewhat coarse. but it
captures the behavior over multiple drifts at large scale. The maximum fluxes are located at the drifts in eatly time.
This is caused by thermal reflux activity, whereby water evaporates, condenses above the drifis, and flows back

down. As the thermal output declines with time, this type

of activity diminishes. At later times (e.g., 1,000 years), the

flux profile is much more uniform. At 10,000 years, the natura! varigbility of fiux conditions at Yucca Mountain,
corresponding to predicted future climate conditions, controls the distribution of liquid flux. APD = areal power
density. Source; based on CRWMS M&O 2000¢i, Figure 69.

This model estimates thermal-hydrologic condi-

tions within the emplacement drifts and the .

surrounding rock as functions of time, waste
package type, and location in the potential reposi-
tory. The multiscale thermal-hydrologic model is
based on drifi-scale thermal-hydrologic models of
the types used to analyze the ficld-scale thermal
tests, combined with three-dimensional thermal
models  that incorporate thermal  interactions

between waste packages and mountain-scale heat
transfer. The resulting multiscale mode! predicts
fine-scale behavior within the emplacement drifts
- while including the effects of repository-scale heat
transfer (CRWMS M&O 2000cf, Section 6).

The muliiscale thermal-hydrofogic ‘model relates
the results from different types of smaller modcls
to capture the effects of key factors that can affect
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thermal-hydrologic conditions in the emplacement
drits and surrounding rock (CRWMS M&O
2000cf, Section 6):

* Variability of the percolation flux on the scale
of the potential repository

» Temporal variability of percolation flux (as
influenced by climate change)

¢ Uncertainty in percolation flux (as repre-
sented by the mean, high, and low infiltration
flux conditions described in Section
42.1.33)

« Variability in hydrologic properties (e.g.,
those properties which control fracture~
matrix interaction and capillarity of fractures)
on the scale of the potential repository

» Edge-cooling effect (cooling increases with
proximity to the edge of the potential
repository)

* Dimensions and propertics of the engineered
barrier system components, such as the drip
shield and invert

» Waste-package-to-waste-package variability
in heat generation rate

¢ Variability in overburden thickness on the
scale of the potential repository

e Variability in rock thermal conductivity
(emphasizing the host rock units) on the scale
of the potential repository.

Table 4-16 lists the specific performance measures
that are predicted using the multiscale thermal-
hydrologic model. This model simulates time-
varying thermodynamic conditions such as temper-
ature, relative humidity, and evaporation and
condensation. Thermal-hydrologic conditions are
also predicted, such as liquid saturation, liquid-flux
(percolation flux), gas-phase flux, and capitlary
pressure. These results are used in coupled models,
in engineered barrier system performance analyses,
and to describe the overall evolution of the thermo-
dynamic and thermal-hydrologic environments in

the emplacement drifts and surrounding rock for
TSPA (CRWMS M&O 2000al, Sections 2.2.1 and
3.2; CRWMS M&O 2000cf, Sections 6.11 and
6.12).

The need for a multiscale modeling approach stems
from the fact that the performance measures
depend on thermal-hydrologic behavior within a
few meters of the emplacement drifts and also on
thermal and thermal-hydrologic behavior at the
mountain scale. A single, explicit numerical model
would require a large number (many millions) of
grid blocks. The multiscale model is used to esti-
mate results that would be obtained if such a single
model were feasible. The multiscale thermal-
hydrologic model also predicts the effects of
different waste package types (e.g., different
commercial spent nuclear fuel waste packages,
codisposal of DOE high-level radioactive waste)
on the various performance measures (CRWMS
M&O 2000cf, Section 6.1).

The multiscale thermal-hydrologic  model
comprises four major models and includes multiple
scales (mountain and drift), multiple dimensions
(one-dimensional, two-dimensional, and three-
dimensional), and different assumptions regarding
the coupling of heat transfer to fluid flow (conduc-
tion-only and fully coupled thermal-hydrologic).
The four types of models are (CRWMS M&O
2000cf, Section 6.1):

¢ Line-averaged-heat-source, drift-scale, ther-
mal-hydrologic model

. Smeared—heat—soixrce, mountain-scale, ther-
mal-conduction model

¢ Smeared-heat-source, drift-scale, thermal-
conduction model

* Discrete-heat-source, drift-scale thermal-

conduction model.

It is useful to think of the line-averaged-heat-
source, drift-scale, thermal-hydrologic model as
the basis model. These two-dimensional drift-scale
thermal-hydrologic models use hydrologic proper-
ties and other input data that are fully consistent
with the unsaturated zone flow model. The models
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