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1. INTRODUCTION TO THE VIABILITY
ASSESSMENT

Since 1983, under the Nuclear Waste Policy Act of
1982, the U.S. Department of Energy (DOE) has
been investigating a site at Yucca Mountain, in
Nevada, to determine whether it is suitable for
development as the nation's first repository for
permanent geologic disposal of spent nuclear fuel
and high-level radioactive waste.

Based on the scientific study of Yucca Mountain,
DOE believes that the site remains promising for
development as a geologic repository. However,
uncertainties remain about key natural processes,
the preliminary design, and how the site and design
would interact. The Secretary of Energy has not
yet decided whether to recommend the site to the
President of the United States. That decision is
scheduled for 2001 after issuance of a final
environmental impact statement (EIS) and evalu-
ation of the suitability of the site for development
as a geologic repository.

DOE will continue to improve the repository
design to provide extra margins of safety and will
conduct additional research and testing to reduce
remaining uncertainties. The EIS, which will
accompany any site recommendation and license
application (LA), will be prepared, published for
public comment in 1999, and finalized in 2000.
DOE will evaluate the suitability of the site for
development as a repository in 2001. After consid-
ering the final EIS, the suitability evaluation, the
views and comments of any state or affected Indian
tribe, the comments of the U.S. Nuclear Regulatory
Commission (NRC), and other information, the
Secretary of Energy will decide whether or not to
recommend the site to the President. The President,
in turn, will decide whether or not to recommend
the site to the U.S. Congress.

If the President does recommend the site to
Congress, the State of Nevada may disapprove the
recommendation. A notice of disapproval may be
overruled by a joint resolution of Congress. If the
presidential recommendation stands and the site
designation is permitted to take effect, DOE plans
to submit an LA to NRC in 2002. The NRC

licensing proceeding is expected to take three to
four years, with construction beginning in 2005,
leading to the start of repository operations in
2010.

The schedule for repository development is shown
in Figure 1-1 and is discussed further in
Section 1.9.

1.1 PURPOSE AND SCOPE OF THE
VIABILITY ASSESSMENT

Since May 1996, under its draft Civilian Radio-
active Waste Management Program Plan
(DOE 1996), DOE has been carrying out a 5-year
program of work to support the decision in 2001 by
the Secretary of Energy on whether or not to
recommend the site to the President. Part of this
program was to address major unresolved technical
issues and to complete an assessment of the
viability of the Yucca Mountain site by 1998.
Affirming the DOE plans, Congress directed DOE
in the 1997 Energy and Water Development
Appropriations Act to provide a viability
assessment of the Yucca Mountain site to Congress
and the President. This Viability Assessment (VA)
document is the DOE report to Congress and the
President. They are expected to use the VA to
make an informed decision about program
direction and funding.

Drawing on 15 years of scientific investigation and
design work at Yucca Mountain, the VA summa-
rizes a large technical basis of field investigations,
laboratory tests, models, analyses, and engineering,
described in cited references. The VA identifies
the major uncertainties relevant to the technical
defensibility of DOE analyses and designs, the
DOE approach to managing these uncertainties,
and the status of work toward the site recommen-
dation and LA. The VA also identifies DOE plans
for the remaining work, and the estimated costs of
completing an LA and constructing and operating a
repository. The attention to uncertainties is
important because DOE must evaluate how the
repository will perform during the next
10,000 years or longer. Uncertainties exist because
of variability in the natural (geologic and hydro-

1-1
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logic) systems at Yucca Mountain and because of
imperfect scientific understanding of the natural
processes that might affect the repository system.

The VA is organized as follows:

*Volume 1, "Introduction and Site Character-
istics," includes a high-level summary of the
results of the VA and some additional
background information. (The overview is
bound separately.) Section 1 of Volume I
provides introductory information about the
types of waste that are destined for geologic
disposal, the challenges posed by geologic
disposal, a history of efforts to site a
geologic repository in the United States, a
brief description of how DOE manages the
repository program, a description of the key
technical components of the repository
program, and a summary of the DOE
approach to identifying and prioritizing the
remaining work required to complete an LA.
Section 2 of Volume I summarizes the DOE
understanding of the natural geologic and
hydrologic systems of the Yucca Mountain
site.

* Volume 2, "Preliminary Design Concept for
the Repository and Waste Package,"
describes DOE preliminary design concepts
for the repository surface facilities, under-
ground facilities, and waste packages.

* Volume 3, "Total System Performance
Assessment," describes how scientific and
engineering results are used in assessments
of repository performance. It presents
results from computer models of the
expected performance of a geologic repos-
itory at Yucca Mountain under a range of
conditions and various design options over
tens of thousands of years.

* Volume 4, "License Application Plan and
Costs," describes the remaining work that
DOE plans to perform to support the
Secretary's site recommendation decision
and submittal of an LA and provides an
estimate of the cost of this work. This

volume also describes the DOE approach to
identifying and prioritizing the remaining
work.

Volume 5, "Costs to Construct and Operate
the Repository," provides an estimate of the
costs to construct, operate, and permanently
close a repository, based on the preliminary
design concepts.

1.2 WASTE FORMS DESTINED FOR
GEOLOGIC DISPOSAL

By far the largest quantity of waste destined for
geologic disposal is spent nuclear fuel from 118
commercial nuclear power reactors at 74 sites
across the United States; 104 of these reactors are
still in operation and generate about 20 percent of
the country's electricity. Under standard contracts
that DOE executed with utilities, beginning in
1983, under the Nuclear Waste Policy Act of 1982,
DOE is to accept spent nuclear fuel from utilities
for disposal. Until that happens, utilities must
safely store their spent nuclear fuel in compliance
with NRC regulations. As of December 1998,
commercial spent nuclear fuel containing approxi-
mately 38,500 metric tons of heavy metal
(MTHM) was stored in 33 states at 72 commercial
power reactor sites and one storage site. If the
existing nuclear power plants complete their 40-
year license periods, they would generate approxi-
mately 87,000 MTHM of spent nuclear fuel, as
shown in Table 1-1. If the existing commercial
nuclear power plants were granted 10-year license
extensions by NRC, they could generate approxi-
mately 105,000 MTHM of spent nuclear fuel.

Commercial (light water) reactors in the United
States use uranium fuel that has been enriched
generally to between 3 and 5 percent, by weight, of
uranium-235, the fissionable isotope of uranium.
Naturally occurring uranium ore has approximately
0.7 percent uranium-235 and 99.3 percent
uranium-238. After the fuel has been irradiated in
a reactor and is "spent," it contains approximately
95 percent uranium-238, 1 percent uranium-235,
1 percent plutonium, and 3 percent other elements
that are products of the fission process. Thus,
about 95 percent of the MTHM in commercial

1-3



Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V1

Table 1-1. Approximate Inventories of Nuclear Waste Destined for Geologic Disposal and Quantities Planned for
Yucca Mountain

Categories of Nuclear Waste Approximate Total Inventory Planned for Yucca Mountain
Commercial spent nuclear fuel 87 ,0 00a-1 05 ,00 0 MTHMb 63,000 MTHMC

DOE spent nuclear fuel 2,500 MTHM 2,333 MTHMd

High-level radioactive waste 10,000 MTHM equivalent 4,667 MTHM equivalentet
a Based on 40-year reactor lifetimes
b Based on 1 0-year license extensions
c May include 32 MTHM or more of mixed uranium/plutonium-oxide spent nuclear fuel
d Includes 65 MTHM of naval spent nuclear fuel
e Includes 640 MTHM equivalent of commercial high-level radioactive waste and 4,027 MTHM equivalent of defense high-level
radioactive waste
f May include 18 MTHM or more of immobilized plutonium

spent nuclear fuel comes from uranium-238 that
was in the original uranium ore.

The balance of the wastes destined for disposal in a
geologic repository are DOE spent nuclear fuel and
high-level radioactive waste. Most of the wastes
result from defense activities; others are of
commercial origin but are now under DOE
management. DOE spent nuclear fuel includes
naval spent nuclear fuel and irradiated fuel from
weapons production, domestic research reactors,
and foreign research reactors. High-level radio-
active waste is the chemical byproduct of repro-
cessing spent nuclear fuel, mostly to extract
weapons-grade nuclear materials. For disposal in a
geologic repository, high-level radioactive waste
would be processed into a solid glass form and
placed into approximately 20,000 canisters. In
addition, DOE may dispose up to 50 MTHM of
surplus weapons plutonium. Some could be
immobilized in ceramic discs that would be
embedded in high-level radioactive waste. The
remainder could be formulated into a mixed
uranium/plutonium-oxide fuel and used in
commercial nuclear power reactors. The current
planning basis is 18 MTHM of immobilized
plutonium and 32 MTHM of mixed-oxide fuel, but
this split is subject to change. No liquid wastes or
hazardous wastes regulated under the Resource
Conservation and Recovery Act of 1976 would be
disposed of in a geologic repository. The approx-
imate total inventories of DOE spent nuclear fuel
and high-level radioactive waste and the quantities
planned for disposal at Yucca Mountain are shown
in Table 1-1.

Figure 1-2 shows 78 sites in 35 states where the
nuclear materials destined for geologic disposal are
currently stored.

Under the Nuclear Waste Policy Act of 1982, no
more than 70,000 MTHM may be emplaced in the
nation's first repository until a second repository is
in operation. As a matter of policy, DOE has deter-
mined that 63,000 MTHM of commercial spent
nuclear fuel, and 7,000 MTHM of DOE spent
nuclear fuel and high-level radioactive waste,
would be disposed of at Yucca Mountain, as shown
in Table 1-1. As this table shows, the projected
quantities of waste ultimately destined for geologic
disposal exceed 70,000 MTHM. As explained in
Volume 2, Section 7, the reference repository
design is based on 70,000 MTHM, but there
appears to be room for expansion.

1.3 TECHNICAL CHALLENGES POSED
BY PERMANENT GEOLOGIC
DISPOSAL

Hazards posed by spent nuclear fuel and high-level
radioactive waste are initially high, but they
decline dramatically with time (unlike toxic
materials like lead, mercury, and arsenic that
remain hazardous indefinitely). The cancer risk
from ingesting radioactive materials found in spent
nuclear fuel that has been removed from a reactor
for 10 years is about 1,000 times greater than that
from ingesting naturally occurring uranium ore.
After a thousand years, the hazard difference is
reduced by a factor of about 100 due to radioactive
decay (Murray 1994, Figure 17). Nonetheless,

1-4
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spent nuclear fuel and high-level radioactive waste
must be isolated from the human environment for
many thousands of years to protect public health
and safety.

There is a worldwide scientific consensus that deep
geologic disposal is the best available option for
disposing of high-level radioactive waste and spent
nuclear fuel. The United States is pursuing this
option, as are most other countries that use nuclear
power and have active waste management
programs. The DOE approach to disposal at Yucca
Mountain deploys a defense-in-depth strategy that
would rely on the natural features of a site working
in concert with engineered barriers, including
robust waste packages. First, deploying this
strategy would contain the waste within engineered
barriers for thousands of years and second, it
would limit the eventual migration of radionuclides
to the human environment. Containing and
isolating the waste would keep radiation doses to
exposed individuals below regulatory limits.

Although deep geologic disposal is the best
available option for disposing of spent nuclear fuel
and high-level radioactive waste, it poses unique
technical challenges:

* Designing a repository system that can be
expected to perform safely for many
thousands of years

* Conducting scientific investigations that are
carefully planned to characterize heteroge-
neous geologic formations in a manner that
does not damage the very properties of the
site that make it promising

* Answering questions about the future
climate conditions, the conditions that will
exist within the repository system, and the
disruptive events that might affect repository
system performance over many thousands of
years

* Designing waste packages that must contain
waste for tens of thousands of years

Uncertainty in evaluating long-term repository
performance does not necessarily mean that the
risks are significant; it does mean, however, that a
range of outcomes is possible. A successful repos-
itory development plan must accommodate
residual uncertainties and still provide reasonable
assurance of safety. The DOE approach to
managing the remaining uncertainties is to reduce
them through further testing and to mitigate them
with appropriate repository design features. This
approach is discussed in Volume 4.

1.4 HISTORICAL PERSPECTIVE

The effort that led to the formal adoption in law of
the United States policy of deep geologic disposal
for high-level radioactive waste and spent nuclear
fuel, and to the study of Yucca Mountain as a
possible site for such disposal, began in the mid-
1950s when the former U.S. Atomic Energy
Commission (AEC) began to research disposal
options. After efforts in the 1960s to test the
prospects for disposal in salt formations, a more
systematic search for possible disposal sites began
in the mid-1970s. In 1982, Congress enacted into
law the national policy that created the framework
of today's disposal program (Section 1.4.2). In
1987, Congress directed that Yucca Mountain
alone be studied as a possible disposal site
(Section 1.4.3). The following sections summarize
the key work and events that led to the study of
Yucca Mountain.

1.4.1 Geologic Disposal and the Early Search
for Sites in the United States: 1954-
1975

Attempts to permanently dispose of high-level
radioactive waste and spent nuclear fuel began
with the Atomic Energy Act of 1954. This Act
allowed private industry to build and operate
commercial reactors for generating electricity. The
Act also assigned responsibility to AEC for
managing the spent nuclear fuel discharged from
these reactors.

In 1955, AEC asked the National Academy of
Sciences for advice on shaping sound scientific
research into ways of managing and disposing of

1-6
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radioactive waste. Two years later, an Academy
committee reported that radioactive waste can be
disposed of safely underground in a variety of
ways and at a large number of sites in the United
States. The committee further reported that the
most promising method of underground disposal at
the time appeared to be in salt deposits (National
Research Council, Committee on Waste Disposal
1957, pp. 3-4).

Acting on the Academy's findings, AEC commis-
sioned the U.S. Geological Survey (USGS) to
prepare a detailed report on the salt deposits in the
United States. This report provided a starting basis
for the subsequent search for disposal sites in salt
formations. Between 1962 and 1972, AEC
continued to focus on investigating salt as a
potential host rock.

Technical problems encountered in a demon-
stration project in an abandoned salt mine in
Lyons, Kansas, and intense local political
opposition to developing the mine as a national
geologic repository led AEC to reevaluate its
strategy. AEC decided to make two fundamental
changes to broaden the scientific basis for the
program. First, AEC decided to greatly expand its
geologic program by exploring bedded salts and
salt domes in states other than Kansas and by
looking at other types of potential host rocks.
Second, AEC decided to evaluate disposal methods
other than deep geologic burial.

The objective of the expanded geologic program
was to identify sites where pilot repositories could
be constructed for demonstrations of perfor-
mance. In addition to investigating bedded salt
deposits and salt domes, background data on the
abundant and widespread deposits of shale,
mudstone, and claystone were collected.

An evaluation of alternative disposal methods,
begun in 1972, considered different concepts for
geologic disposal on land, disposal in the ocean
bed and in polar ice sheets, ejection into outer
space, and transmutation of radioactive elements.
When the evaluation was completed in 1974,
disposal in a geologic repository remained the
preferred alternative.

Through the Energy Reorganization Act of 1974,
Congress dissolved AEC and established two
agencies, NRC and the U.S. Energy Research and
Development Administration (ERDA). ERDA
carried on the program begun by AEC for siting
and developing geologic repositories. NRC was
established as an independent regulatory agency
and given the responsibility for licensing any
geologic repositories that might be developed.

1.4.2 Development of a National Policy and a
Broader Search for Disposal Sites:
1976-1982

In 1976, ERDA expanded the geologic disposal
evaluation program to study different host rocks
for repository sites and received authorization to
greatly increase funding for the program. Known
as the National Waste Terminal Storage Program,
this project was the direct predecessor of today's
geologic repository program.

The objective of the National Waste Terminal
Storage Program was to site and develop six
geologic repositories. The strategy was to site the
first two repositories in salt and start pilot opera-
tions in 1985. The other four repositories were to
be built in other host rocks such as shale, basalt, or
crystalline rock and were expected to start
receiving waste in the mid-1990s.

The number of repositories proposed depended on
two factors. One was the optimistic forecast, at
that time, for the future growth of commercial
nuclear power in the United States; the other was
the belief that developing multiple repositories
would distribute the burden of waste disposal
among several states and regions. Consistent with
this approach, ERDA decided to start investiga-
tions in 36 states. However, reaction by the
governors of these states when notified of ERDA
intentions, together with other factors, led ERDA
to scale back its plans and concentrate mainly on
salt sites.

At about the same time as the start of the
systematic screening program for salt sites, ERDA
started a search for potential repository sites on
federal land, especially land where radioactive
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materials were already present. The Comptroller
General of the United States and the U.S. House of
Representatives later recommended this approach.
ERDA soon narrowed its search to the Hanford
Reservation in the State of Washington and the
Nevada Test Site in southern Nevada. Within these
large sites, ERDA focused its search on smaller
land units after evaluating geologic and hydrologic
suitability for a repository.

In October 1977, ERDA became DOE, which was
elevated to a cabinet-level department within the
Executive Branch. Shortly thereafter, DOE formed
an internal task force to make recommendations
leading to formulating an administration policy.
Among other things, the internal task force
reported the following (draft report of Task Force
for Review of Nuclear Waste Management, DOE
Directorate of Energy Research, February 1978):

* A majority of independent technical experts
had concluded that safe disposal in geologic
repositories was feasible.

* Reprocessing was not required for safe
disposal.

* The National Environmental Policy Act
process should be an essential part of the
waste management program.

* Responsibility for waste management policy
should be raised to a higher level in DOE.

In March 1978, President Jimmy Carter established
another task force, composed of representatives of
DOE, NRC, and 12 other federal agencies that
came to be known as the Interagency Review
Group on Nuclear Waste Management. Its purpose
was to formulate recommendations for a national
policy for the long-term management of radio-
active waste. The group obtained a broad range of
views from many sources including state and local
governments, Indian tribes, environmental organi-
zations, and the nuclear industry. The group's most
important recommendations can be summarized as
follows (Interagency Review Group on Nuclear
Waste Management 1979):

* Research and siting programs should be
designed to provide candidate repository
sites in a variety of host rocks with different
geologic characteristics.

* The country should have at least two reposi-
tories operating before the end of the century
in different regions, recognizing that safety
and technical considerations must remain the
principal bases for site selection.

* The development and operation of a repos-
itory should proceed in a technically conser-
vative, step-by-step manner, and permit
waste retrievability for some period of time.

In February 1980, President Carter announced a
comprehensive program for managing radioactive
waste. The principal points addressed by the plan
included the following for geologic disposal:

* Providing an effective role for state and local
governments in the disposal program

* Adopting an interim planning strategy, based
on geologic disposal, pending completion of
the EIS on alternative disposal methods

In October 1980, following public review and
comment, DOE issued an EIS that evaluated the
various disposal methods under consideration
(DOE 1980). On May 14, 1981, DOE selected
mined geologic repositories as the preferred means
for the disposal of spent nuclear fuel and high-level
radioactive waste (46 FR 26677).

1.4.2.1 Early Studies Leading to Yucca
Mountain

As early as 1977, the Nevada Test Site was
considered as a possible repository site. In 1976,
USGS pointed out that the region offered a variety
of geologic media. Scientists who had been
studying the region since the late 1950s had
developed "a wealth of hydrological, geological,
and geophysical data and information which, in
many respects, is unequaled anywhere else in the
United States" (letter from Dr. Vincent McKelvey,
USGS Director, to Richard W. Roberts, ERDA
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Assistant Administrator for Nuclear Energy, July 9,
1976). The USGS cited a number of reasons for
considering the test site:

* Southern Nevada is characterized by closed
hydrologic basins. This means that ground-
water does not discharge into rivers that flow
to major bodies of surface water.

* Long flow paths occur between potential
repository locations and groundwater
discharge points.

* Many of the rocks found at the Nevada Test
Site have geochemical characteristics that
are favorable for waste isolation.

* The Nevada Test Site is located in an arid
region. With the very low rate of ground-
water recharge, the amount of moving
groundwater is also low especially in the
unsaturated rock above the water table.

As described in the DOE environmental
assessment of the Yucca Mountain site (DOE
1986a, pp. 2-14-2-15), the search of the Nevada
Test Site was eventually limited to the south-
western portion of the site and nearby government
owned and controlled land where no weapons
testing had been or would be conducted. One of
the more promising rock types in the area is tuff, a
rock composed of volcanic ash. DOE asked the
National Academy of Sciences for its views on tuff
as a possible host rock for a repository and
received a favorable response. At about the same
time, USGS recommended that attention be
focused on Yucca Mountain. In 1978, the first
exploratory hole drilled at Yucca Mountain
confirmed the presence of thick units of tuff.

1.4.2.2 Studying the Unsaturated Zone

In the 1970s, a USGS scientist, Dr. Isaac
J. Winograd, advanced the concept of disposing of
waste in the thick, unsaturated zones of the
semiarid regions of the southwestern United States.
In February 1982, USGS sent a letter to DOE
pointing out that there were considerable advan-
tages that might be offered by the unsaturated zone

at Yucca Mountain (letter from John B. Robertson,
Chief, Office of Hazardous Waste Hydrology;
Gary Dixon, Acting USGS Program Coordinator,
Nevada Nuclear Waste Site Investigation Program;
and William E. Wilson, Chief, Nuclear Hydrology
Program to Mitchell Kunich, DOE Nevada Opera-
tions Office, February 5, 1982). According to the
letter, the strategy of unsaturated zone disposal at
Yucca Mountain "rests on the argument that the
amount of water reaching the repository will be
very small" and that a repository can be designed
that will allow such water to pass through the
repository into the permeable rocks below with
minimal contact with the canisters of waste.

Disposing of waste in the unsaturated zone also
offers the possibility of far easier access for
monitoring during the operational period of a
repository and for waste retrieval, should that
become necessary.

1.4.3 Establishing National Policy: The
Nuclear Waste Policy Act of 1982

In 1982, the 97th Congress passed the Nuclear
Waste Policy Act of 1982, which for the first time
established in law a comprehensive national policy
for the management and final disposal of spent
nuclear fuel and high-level radioactive waste.
Among other things, the Act specified a process
and schedule for siting two repositories. The U.S.
Environmental Protection Agency (EPA) was
charged with issuing generally applicable
standards for limits on releases of radioactive
materials from repositories to the environment.
NRC was directed to develop the requirements and
criteria that it would apply in authorizing
construction, operation, and closure of a geologic
repository. The Act directed DOE to issue general
guidelines for recommending sites for repositories.
The Act established within DOE the Office of
Civilian Radioactive Waste Management
(OCRWM). The OCRWM director, who conducts
the program, reports directly to the Secretary of
Energy.

Shortly after the Act was passed, DOE identified
nine sites that were then under consideration for
the first repository. This identification was
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consistent with congressional direction. These
nine sites included the following:

* Four sites in bedded salt (Deaf Smith County
and Swisher County in the Texas panhandle
and Davis Canyon and Lavender Canyon
in Utah)

* Three salt domes (Richton and Cypress
Creek in Mississippi and Vacherie in
Louisiana)

* A site in tuff (Yucca Mountain in Nevada)

* A site in basalt (Hanford in Washington)

In December 1984, following the required concur-
rence by NRC, DOE issued the siting guidelines
that were prescribed in the Act. The guidelines
(1O CFR 960) contained provisions that required
evaluating repository system performance against
the standards that were to be established by EPA
and the performance objectives established by
NRC in its 1983 rule governing the licensing of
geologic repositories (10 CFR 60).

The Act envisioned that DOE would use its siting
guidelines to screen, identify, and nominate
multiple sites in different geologic media as
suitable for characterization. A subset of these
sites was then to be recommended to and approved
by the President for characterization to determine
suitability for development as a repository. In
support of this process, DOE was to issue an
environmental assessment for each site that was
nominated. Each environmental assessment was
required to present an evaluation of the site
according to the guidelines. This assessment also
was to evaluate the impact on public health and
safety and on the environment as a result of charac-
terization and repository development.

In December 1984, DOE issued for public
comment the draft environmental assessments for
the nine potentially acceptable sites for the first
repository. After accommodating comments,
especially a recommendation by the National
Academy of Sciences to develop and use an
improved decision-aiding method for site

selection, in May 1986 DOE issued final environ-
mental assessments for the Yucca Mountain site
and four other nominated sites. Also in May 1986,
DOE submitted to the President its recommen-
dation of three sites to be characterized for
selection of the first repository site (DOE 1986b),
and the President approved the recommendation on
May 28, 1986. The three sites approved for
characterization were the Deaf Smith County site
in Texas (salt), the Hanford site in Washington
(basalt), and the Yucca Mountain site in Nevada
(tuff).

While DOE was developing its assessments of the
potentially acceptable sites for the first repository,
DOE also began the Nuclear Waste Policy Act
process of identifying sites for a second repository.
The DOE search for these sites centered on granite
formations in 17 eastern, southern, and midwestern
states. In February 1986, DOE issued draft area
recommendation reports and held hearings on these
reports in all 17 states. In May 1986, the Secretary
of Energy decided to indefinitely defer all work to
seek a second site. As stated in the Mission Plan
Amendmentfor the Office of Civilian Radioactive
Waste Management (DOE 1987), this decision was
made for the following reasons:

* Progress in siting the first repository and
confidence in the suitability of the three sites
approved by the President for site character-
ization

* Generally declining forecasts of the quanti-
ties and rates at which spent nuclear fuel
would be discharged from reactors

* Later estimates of the time when the second
repository would be needed

* Prudent fiscal management and responsi-
bility

* The expectation of receiving congressional
approval for developing a monitored retriev-
able storage facility

Once the President approved the three sites for
characterization in 1986, preparation for character-
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ization began. It soon became clear that more time
would be needed to prepare for site character-
ization and to develop the plans required by the
Act. In addition, it became apparent that more time
than previously planned would be needed to obtain
the environmental permits and other approvals
necessary to gain access to the sites selected for
characterization. These factors prompted DOE to
announce a 5-year delay in the repository schedule
with waste acceptance for geologic disposal to start
in 2003 (DOE 1987).

1.4.4 The Nuclear Waste Policy Amend-
ments Act of 1987

Faced with the delay in the repository schedule, the
escalating estimates of costs for characterizing
three sites, and growing public concerns about the
siting of geologic repositories, the 100th Congress
devoted considerable attention to the waste
management program. On December 21, 1987,
Congress approved legislation amending the
Nuclear Waste Policy Act of 1982. Known as the
Nuclear Waste Policy Amendments Act of 1987,
this legislation was signed into law by President
Ronald W. Reagan on December 22, 1987.

The Amendments Act substantially revised the
federal policy established in 1982 for development
of geologic repositories. It directed that only Yucca
Mountain be characterized to evaluate its
suitability for development as a geologic repos-
itory. The Amendments Act also prohibited site-
specific work directed toward siting a second
repository and nullified the DOE proposal to locate
a monitored retrievable storage facility at a site at
the Clinch River in Oak Ridge, Tennessee.

1.4.5 The Site Characterization Program

The Nuclear Waste Policy Act of 1982 requires
that a general plan be prepared for characterizing a
candidate repository site. Each site character-
ization plan must be submitted for review and
comment to NRC. It must also be submitted to
either the state in which a repository is proposed to
be located or to the governing body of any Indian
tribe on whose reservation the repository is
proposed to be located.

In 1988, DOE produced the site characterization
plan called for in the Act (DOE 1988c). This plan
described a comprehensive program to provide the
information needed to evaluate the suitability of
the Yucca Mountain site against criteria in DOE
siting guidelines and to satisfy NRC requirements
for licensing. Implementation of this plan was
intended to provide the information needed to
design a repository that would work in concert with
the site and to evaluate the performance of the
repository and site as a system. DOE released the
plan in draft form for review by NRC, the State of
Nevada, and other interested parties. After consid-
ering the comments received, DOE issued the final
plan in December 1988.

In 1989, after enactment of the Amendments Act
and issuance of the site characterization plan, the
Secretary of Energy reassessed DOE plans and
schedules for repository development. Conse-
quently, the Secretary of Energy directed the
program to focus on scientific investigations
without pressures from unrealistic schedules.
Implementation of the Secretary of Energy's
direction required extending the schedule for the
start of repository operations from 2003 to 2010.

The site characterization program included
surface-based testing and investigations, under-
ground testing as required by NRC regulations, and
laboratory studies and modeling activities for
evaluation of repository performance. The single
largest effort of the planned site characterization
program was constructing the Exploratory Studies
Facility to gain access to the subsurface for explo-
ration and testing at the depth of the proposed
repository. Work began on construction of this
facility in late 1992 and excavation with a tunnel
boring machine began in September 1994. The
4.9-mile-long underground tunnel that comprises
the main part of the Exploratory Studies Facility
was completed in April 1997. Testing of this
facility has led to substantially increased
knowledge and understanding of the rock
properties and hydrologic characteristics of the
geologic formation in which the repository would
be constructed. Future work in the Exploratory
Studies Facility will focus primarily on thermal
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and hydrologic testing and confirmation of the rock
properties.

1.4.6 The Energy Policy Act of 1992

Title VIII of the Energy Policy Act of 1992 revised
the regulatory framework for geologic disposal at
Yucca Mountain. This legislation nullified, for
application at the Yucca Mountain site, the general
environmental standards promulgated by EPA
under the Nuclear Waste Policy Act of 1982.
These standards had established limits for the
amount of each radionuclide in spent nuclear fuel
and high-level radioactive waste that could be
released to the environment. For application to
Yucca Mountain, the Energy Policy Act of 1992
directed EPA to establish a limit on annual
radiation doses to individual members of the
public. Further, the Energy Policy Act of 1992
stipulated that the new EPA site-specific standards
be based on, and consistent with, findings and
recommendations of the National Academy of
Sciences regarding development of such standards.
NRC was directed to conform its regulations as
necessary to be consistent with revised EPA
standards.

On August 1, 1995, the Committee on Technical
Bases for Yucca Mountain Standards, of the
Academy's National Research Council, issued its
report Technical Bases for Yucca Mountain
Standards (National Research Council 1995). EPA
is currently engaged in a rulemaking process to
establish standards for a repository at the Yucca
Mountain site. NRC is considering how to revise
its licensing criteria for geologic repositories to
implement EPA standards, when issued, and to be
consistent with the Academy's recommendations
(NRC 1997b).

The Energy Policy Act of 1992 also created a
requirement for postclosure oversight of Yucca
Mountain if the site is developed as a geologic
repository. Following repository closure, the
Secretary of Energy must continue to oversee the
site to prevent any activity at the site that poses an
unreasonable risk of breaching the repository's
engineered or geologic barriers or of increasing the

exposure of individual members of the public to
radiation beyond allowable limits.

1.4.7 Program Redirection and the Viability
Assessment

At the direction of the Secretary of Energy, DOE
conducted extensive internal and external reviews
of the program during 1994. As a result of these
reviews, DOE identified cost-cutting measures that
reduced by approximately $1 billion the projected
cost to complete site characterization and submit
an LA to NRC. The revised DOE plans were
documented in the 1994 Civilian Radioactive
Waste Management Program Plan (DOE 1994)
and were endorsed by Congress as a basis for
increased funding for fiscal year 1995. However,
the fiscal year 1996 appropriation to the program
did not support the continuation of the approach
outlined in the 1994 program plan. In response to
the 1996 appropriation and the outlook for future
funding, DOE prepared a new program plan (DOE
1996) that retains the objective of submitting an
LA within a reasonable time, but that requires only
moderately increased funding in future years.

The revised program strategy is designed to
maintain the momentum that has been achieved in
the scientific investigation of the Yucca Mountain
site and to regain target dates for determining the
site's suitability for a geologic repository and for
submitting an LA. Part of the revised program
strategy was to redirect project efforts to address
the major unresolved technical questions and to
complete an assessment of the viability of licensing
and constructing a repository at the Yucca
Mountain site. In the 1996 program plan, DOE
stated its intention to complete the VA by 1998. In
the 1997 Energy and Water Development Appro-
priations Act, Congress directed DOE to provide
the VA to the President and to the Congress.

The VA is a DOE management tool as well as a
report to the President and the Congress on
progress and prospects. The VA describes the
strategies that DOE has developed to deal with
uncertainties associated with estimates of long-
term repository performance and to ensure that
public health and safety will be protected before
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and after the repository is permanently closed
(Section 1.8, and Volume 4, Section 2). DOE has
used these strategies to guide identification and
prioritization of the remaining work required to
recommend the site and, if the site is recommended
and the recommendation is accepted, to complete
an LA (Volume 4, Section 3). The results of the VA
also will be useful in developing the EIS that must
accompany the site recommendation and LA.

1.5 UPDATING THE REGULATORY
FRAMEWORK

The Nuclear Waste Policy Amendments Act of
1987 and the Energy Policy Act of 1992 changed
the statutory requirements that apply to the siting
and licensing of a geologic repository at Yucca
Mountain. DOE, EPA, and NRC are engaged in
activities to update their respective implementing
regulations. The following sections briefly
describe the status of these updates.

1.5.1 U.S. Department of Energy Siting
Guidelines

One of the key elements of the DOE revised
program plan (DOE 1996) was to update the
regulatory framework for a repository at Yucca
Mountain. In December 1996, DOE published a
Notice of Proposed Rulemaking (61 FR 66158) on
its siting guidelines in 10 CFR 960 and proposed to
add a new, site-specific Subpart E for evaluation of
the suitability of the Yucca Mountain site for devel-
opment as a repository. The proposed revisions
take into consideration the changes in law and
national policy regarding geologic disposal since
the guidelines were issued in 1984, and the results
of DOE site characterization activities. The pro-
posed Subpart E would not require an evaluation of
how individual subsystems of the repository must
perform. Rather, it would assess how the total
repository system would perform and compare that
performance to the limits on the radiation doses
that could be received by members of the public
living near Yucca Mountain. DOE has concluded a
lengthy public comment period on the proposed
rule but has not published a final rule. The
regulatory limit on doses will be established by
EPA, as discussed next.

1.5.2 U.S. Environmental Protection Agency
Public Health and Safety Standards

As described in Section 1.4.6, the Energy Policy
Act of 1992 directed EPA to issue new public
health and safety standards that will establish limits
on annual radiation doses to individual members of
the public; these standards are to be based on and
consistent with findings and recommendations of
the National Academy of Sciences. EPA contracted
with the Academy for these findings and recom-
mendations, and the Academy issued its report in
1995 (National Research Council 1995). EPA is
expected to publish a proposed rule for site-
specific health and safety standards in a new
regulation.

1.5.3 Nuclear Regulatory Commission
Requirements and Criteria

The Nuclear Waste Policy Act of 1982 directed
NRC to establish technical requirements and
criteria for the approval or disapproval of applica-
tions to construct repositories, licenses to receive
and possess spent nuclear fuel and high-level
radioactive waste, and authorizations to perma-
nently close repositories. Under the Energy Policy
Act of 1992, NRC will modify its current require-
ments and criteria, as necessary, to be consistent
with EPA Yucca Mountain-specific standards when
issued. NRC has approved development of a new
regulation, 10 CFR 63, to contain site-specific
requirements for a possible Yucca Mountain repos-
itory (NRC 1998). Until NRC issues 10 CFR 63,
DOE will comply with existing requirements in
10 CFR 60.

1.6 HOW THE U.S. DEPARTMENT OF
ENERGY MANAGES THE REPOS-
ITORY PROGRAM

DOE work at Yucca Mountain is directed by
OCRWM, an office within DOE that was created
by the Nuclear Waste Policy Act of 1982.
Headquartered in Washington, D.C., OCRWM
implements the federal policy for permanent
disposal of high-level radioactive waste and spent
nuclear fuel. OCRWM has delegated to the Yucca
Mountain Site Characterization Office the author-
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ity, responsibility, and accountability for technical
and quality performance, cost, and schedule of the
Yucca Mountain Site Characterization Project
(YMP). The Yucca Mountain Site Characterization
Office directs and manages the YMP to accomplish
successfully the project's goals and objectives in
compliance with the program objectives estab-
lished by OCRWM.

1.6.1 Project Management

Carrying out the repository program involves
conducting and integrating a wide variety of scien-
tific and engineering work. Since its inception in
1982, OCRWM has employed a number of
contractors with specific technical and
management expertise to assist in this endeavor.
Figure 1-3 shows the organizations assisting
OCRWM in conducting the repository program.

A management and technical support services
contractor provides specialized expertise in estab-
lishing and monitoring overall program require-
ments, reviewing and analyzing requirements for
implementing plans and baselines, supporting
policy analyses and planning activities, and
preparing and maintaining program technical
guidance and program management plans.

The management and technical support services
contractor also assists OCRWM in the technical
oversight of program activities by conducting
independent assessments of contractor compliance
with statutory requirements and best business
practices in areas such as environmental, safety,
and health, and proposed construction methodol-
ogies. The management and technical services
contractor also provides technical support for
reviewing design analyses, design basis
documents, materials and waste form testing, and
process models. Further, the contractor provides
specialized scientific support for independently
evaluating the accuracy and appropriateness of
scientific tests, data, and models being developed
for the program.

The majority of the technical work and product
development is performed by the Civilian Radio-
active Waste Management System management

and operating contractor (CRWMS M&O). TRW
Environmental Safety Systems Inc. is the prime
contractor. Teamed with TRW, with unique
technical expertise in science and engineering, are
13 other private firms, 7 DOE national labora-
tories, and USGS. Together, this team performs
the site characterization studies, engineering
design, and performance assessment work that
forms the core of the VA and that will be the basis
for future decisions on site recommendation and
the LA. The M&O also provides training, security,
and procurement; oversees facilities management
and motor pool operations, records management
and technical document control; and conducts
public information and outreach programs.

As described in Section 1.4.2.1, USGS has been
directly involved in the study of Yucca Mountain
since the late 1970s. USGS operates independently
of the CRWMS M&O but receives technical
direction and integration support through the
CRWMS M&O organization.

OCRWM employs other contractors for specialized
tasks. The quality assurance technical support
contractor helps OCRWM manage the quality
assurance program; comply with NRC require-
ments; conduct audits, surveillances, and onsite
inspections; and maintain quality assurance
documents. The communications network and
computer systems support services contractor
provides information technology and telecommu-
nications. Office services are provided by the
administrative support services contractor. The
repository environmental impact statement con-
tractor is writing the EIS using technical infor-
mation developed by M&O scientists and
engineers.

OCRWM also has a cooperative agreement with
the Nevada university system for technical investi-
gations. OCRWM purchases site facility services,
such as security, from the Nevada Test Site
management and operating contractor through a
memorandum of understanding with the DOE
Nevada Operations Office.

OCRWM reviews all contractor deliverables
before acceptance and implements processes for
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planning, scheduling, budgeting, and performance
measurement of all repository program activities.

In the future, if the site is approved for repository
development, OCRWM may hire additional
contractors with expertise in transportation of
nuclear waste.

1.6.2 Systems Engineering

In a geologic repository, multiple engineered
barriers (collectively, the engineered barrier
system) and natural geologic barriers must work in
concert to contain and isolate waste for many
thousands of years. The integration of natural and
engineered barrier systems is facilitated through a
systems engineering approach.

In systems engineering, all requirements for the
system being designed are first identified. In the
case of a geologic repository, the engineered
components of the repository system must be
designed to work together with the preexisting
natural system to meet the overall system require-
ments. Next, the system requirements are trans-
lated into design criteria for the waste packages
and other engineered components of the repository.
Particular attention is paid to evaluating how the
components of the repository work together so that
the ultimate configuration of components enhances
overall system performance. As the design
progresses from the conceptual through the prelim-
inary stages, and on to the design to be included in
the LA, the design is reviewed to ensure that it
continues to meet all regulatory requirements and
is properly integrated. This activity is referred to
as requirements and design verification. Changes
to the design and specifications are documented
and controlled in accordance with the approved
quality assurance program.

Development of the repository design is part of an
iterative process of testing, design, and perfor-
mance assessment. As new information about the
natural systems has become available through the
scientific investigations, analysts have reevaluated
the expected performance of the repository and
waste package designs, and, as appropriate, the
engineers have modified the designs. This iteration

of testing, design, and performance assessment is
discussed further in Section 1.7.3.

1.6.3 Quality Assurance of Information and
Materials

The DOE quality assurance program serves to
ensure the quality of data, analyses, and materials
that are related to quality-affecting structures,
systems, or components; that is, those structures,
systems, or components that are important to radio-
logical safety or waste isolation. The quality
assurance program satisfies NRC requirements and
has been approved by NRC. This program requires
that all quality-affecting work be performed
according to written and approved procedures. It
prescribes requirements for documentation of
quality-affecting work and employs audits and
surveillances to ensure the quality of such work.

The Office of Quality Assurance is headquartered
in Las Vegas, Nevada, to facilitate oversight of
quality-affecting tasks in the day-to-day work of
site characterization. However, the director of the
Office of Quality Assurance reports directly to the
OCRWM director in Washington, D.C. To further
increase the organizational independence of quality
assurance personnel and provide for greater consis-
tency in interpretation and application of require-
ments across the program, the quality assurance
organizations formerly maintained by the CRWMS
M&O and USGS have been consolidated into a
single organizational unit reporting to the director
of the Office of Quality Assurance.

The quality assurance program applies to data
collection in the field, laboratory testing, model
development, and design processes. It requires
documentation that individuals are educated,
experienced, and qualified to perform assigned
work; it also requires that they be trained in appli-
cable procedures. The quality assurance program
requires documentation of this work so that an
independent reviewer can trace how, where, and
when the work was performed.

The quality assurance program applies to all
organizations that do quality-affecting work,
including DOE, contractors, and vendors who
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supply goods and services. All quality-affecting
work is subject to audits and surveillances by the
Office of Quality Assurance. The objective of the
audits and surveillances is to verify that all quality
assurance requirements are being met, to allow
early identification and correction of problems, and
to provide information that managers can use to
improve management processes.

1.6.4 Quality Assurance and the Viability
Assessment

DOE considered project-generated and outside
information in developing the VA to ensure that a
broad range of pertinent information and scientific
interpretations was considered. Some of these data
are qualified, that is, obtained or validated under
the NRC-approved quality assurance program that
DOE has had in place since 1990, and some are not
fully qualified. There is no requirement under the
OCRWM quality assurance program that all infor-
mation used in the VA be qualified. However, all
data directly relied on to demonstrate radiological
safety or waste containment in an LA must be
qualified. DOE is preparing plans for LA data
qualification consistent with quality assurance pro-
gram requirements. Additional nonqualified data
or information may be used to corroborate the
conclusions in the LA.

1.6.5 Controlling Samples from Field Studies

Tests on rock, water, and gas collected during site
characterization are the foundation of the
conceptual and computer models DOE uses to
assess the expected performance of a monitored
geologic repository at Yucca Mountain. The results
of testing geologic samples are also a fundamental
input to the design of the repository and waste
packages. Therefore, DOE carefully documents
and controls these samples.

Samples taken from boreholes, rock outcrops,
trenches, and the underground Exploratory Studies
Facility are stored in the onsite Sample
Management Facility. This facility houses over
75,000 feet of rock core samples from boreholes.
Approximately 18,000 noncore samples of bulk
rock, soil, water, gas, and other materials are also

stored in the facility. Special storage (e.g., temper-
ature-controlled, hermetically sealed storage) is
provided for certain kinds of materials to meet
scientific and quality assurance requirements.

DOE maintains chain-of-custody documentation
for geologic samples. This documentation includes
information on where, when, and under what
conditions samples were obtained; where, how, and
under what conditions they have been stored; who
has had custody of samples if they have been
checked out; and the tests that have been conducted
on samples, and by whom.

Because geologic samples are a valuable resource,
a sample overview committee composed of repre-
sentatives of each major project organization,
including the participating national laboratories,
approves the release of sample specimens for
analysis by project scientists. To date, more than
28,000 specimens have been created for analysis.

1.6.6 Independent Regulation, Oversight,
and Review, and Scientific Collabo-
ration

To enhance public confidence, Congress provided
for independent regulation and oversight of the
DOE effort to site and construct a geologic repos-
itory for the nation's high-level radioactive waste.
The Nuclear Waste Policy Act of 1982 gave
licensing authority to NRC and provided for the
participation of affected parties in the siting
process. The 1987 Nuclear Waste Policy Amend-
ments Act provided additional oversight through
the creation of the Nuclear Waste Technical
Review Board, which reports its findings, conclu-
sions, and recommendations to Congress and the
Secretary of Energy.

Independent peer review is an important part of the
DOE quality assurance program. The quality
assurance program requires documents that specify
technical and quality requirements, design output
documents, design analyses, procurement
documents, procedures, technical reports, and data
to be reviewed internally by qualified personnel
who did not perform the work being reviewed. In
addition, project scientists publish papers reporting
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their findings in peer-reviewed scientific journals
and present their findings at conferences and
meetings of professional societies and industry
organizations. On occasion, the National Academy
of Sciences provides independent reviews for
issues of concern.

DOE also collaborates formally with other coun-
tries and international organizations to exchange
information and develop consensus on common
issues related to geologic disposal. Canada,
Sweden, Switzerland, France, Japan, and Spain are
bilateral partners with DOE. DOE also participates
in the activities of the International Atomic Energy
Agency and the Nuclear Energy Agency, which
represent about 30 countries. The focus of these
interactions is interpretation of site characterization
data and assessment of the likely performance of a
monitored geologic repository.

Interest in the Yucca Mountain project runs high
among other nations that are developing their own
nuclear waste management programs, and repre-
sentatives from these nations frequently visit the
Yucca Mountain site and meet with project scien-
tists to learn about their work and exchange infor-
mation.

1.6.7 Interactions with the Nuclear
Regulatory Commission

If DOE submits an application to NRC for authori-
zation to construct a monitored geologic repository
at Yucca Mountain, the ensuing licensing
proceeding will entail large volumes of infor-
mation. Much of this information will be highly
technical, including analyses of issues without
precedent in a licensing proceeding. Continuing
interactions with NRC-both formal briefings and
informal interactions at the staff level-help
develop shared expectations about licensing.

NRC has identified 10 key technical issues it
considers to be most important to the performance
of the proposed repository at Yucca Mountain
(NRC 1997a). Nine of these issues address features
and processes that are relevant to the long-term, or
postclosure, performance of the repository. A tenth
issue concerns the new performance standard for

Yucca Mountain to be issued by EPA (Section
1.5.2). Work has been planned to address these key
technical issues. Linkages between the issues and
work already conducted are noted in the descrip-
tions of the site (Volume 1, Section 2), VA
reference design (Volume 2), and total system
performance assessment (TSPA) (Volume 3).
Volume 4, Section 4.3.3, summarizes the res-
olution status of each key technical issue, provides
a table that shows where each issue is addressed in
the VA document, and describes the protocol and
process for addressing the key technical issues
before submittal of the LA.

1.7 TECHNICAL COMPONENTS OF THE
REPOSITORY PROGRAM

This section describes the three key technical
components of site characterization-testing,
design, and TSPA-and some concepts important
to understanding them, particularly TSPA. It
describes how DOE iterates testing, design, and
TSPA to reduce uncertainties in assessments of
repository performance, to advance the repository
and waste package designs, and to identify and
prioritize testing needs.

1.7.1 Components and Concepts of Site
Characterization

Site characterization is designed to yield infor-
mation to support a determination of whether or
not there is reasonable assurance that a monitored
geologic repository constructed at Yucca Mountain
would not pose an unreasonable risk to public
health and safety. As noted in the previous section,
the three main components of site characterization
are testing, design, and performance assessment.
These three components comprise:

* Investigation of natural features and pro-
cesses, through field testing conducted above
and below ground and laboratory tests of
rock and water samples

* Design of a repository and waste packages
tailored to the site features, supported by
laboratory testing of candidate materials for
waste packages and design-related testing in
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the underground tunnels where waste would
be emplaced

* Quantitative estimates of the performance of
the total repository system, over a range of
possible conditions and for different repos-
itory configurations, by means of computer
modeling techniques that are based onsite
and materials testing data and accepted
principles of physics and chemistry

Some key concepts involved in site character-
ization follow:

* Biosphere is the portion of the environment
inhabited by living organisms. Aspects of
the biosphere that are of interest in
estimating doses include the location of
water wells, how much well water people
drink, how much well water people use to
irrigate crops, the types of crops grown, and
how people and animals consume the crops.

* Dose is a measure of radiation exposure
received by an individual. The objective of
repository siting and design is to keep
radiation doses to persons who may be near
the repository to levels below regulatory
standards.

* Engineered barriers are man-made features
that work in conjunction with natural
barriers to contain waste and isolate it from
the biosphere. Engineered barriers include
the waste packages into which waste forms
would be placed, and the waste forms
themselves. An example of a waste form is
the glass form of vitrified high-level radio-
active waste. The glass, in which the radio-
nuclides are encapsulated, is a barrier to
waste migration as are the container in which
the vitrified waste is poured and the waste
package in which the canister is placed.

* Natural barriers are natural features of the
site that would help contain and isolate the
waste and retard the migration of radionu-
clides to the biosphere. One example of a
natural barrier at Yucca Mountain is the

approximately 1,000 ft of volcanic tuff
between the water table and the geologic
formation in which waste would be
emplaced.

*Performance assessment is the use of
computer models of natural processes to
evaluate the potential performance of both
natural and man-made components of the
repository. The process models are based on
data from field investigations and laboratory
studies and on accepted principles of physics
and chemistry. In a TSPA, analysts link the
results of individual process models to
construct a computer model of aspects of the
repository system and the biosphere that are
important to the assessment of overall
performance. The TSPA model is used to
estimate releases of radionuclides from a
repository under a range of conditions over
thousands of years and the consequent
possible doses to persons.

* Radionuclides are radioactive elements.
Spent nuclear fuel and high-level radioactive
waste contain a number of different radionu-
clides with decay times ranging from a few
years to millions of years.

* Repository system means the engineered
barriers and those natural features of the site
that together act to contain waste and isolate
it from the biosphere.

1.7.2 Total System Performance Assessment

The basis of TSPA is data from field investigations
and laboratory studies, interpretations of data by
recognized experts, relevant information from
other documented sources, and information about
design attributes of the engineered barriers. This
information is used to develop models of the
biosphere and of local and regional natural
processes that might affect the performance of
natural and engineered barriers. These process
models are used to enhance understanding of
important geologic processes, such as water
movement in the unsaturated zone, and to provide
estimates of parameter values, such as the rate at
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which downwardly percolating water enters the
rock at the depth at which waste would be
emplaced (the repository horizon). The results of
such process models are then input to other
models, such as models of waste package
corrosion, to estimate the rate at which radionu-
clides could be released under the range of possible
site conditions. Models of the biosphere are used
to evaluate processes by which radionuclides in
groundwater could come into contact with humans.
Analysts then synthesize the information gained
from field and laboratory studies and from process
models to create conceptual models of the total
repository system. These conceptual models are
represented as mathematical equations and
algorithms within a computer program that can be
used to assess the long-term performance of the
repository system.

To be meaningful, the assessment must capture all
important components of the engineered and
natural barriers and the processes that could affect
their performance. This entails a characterization
of how relevant geologic, climatic, hydrologic,
geochemical, and geomechanical processes behave
over time. The assessment also must capture uncer-
tainties in understanding of the relevant processes
and uncertainties in characteristics of the site and
properties of man-made components of the repos-
itory. Typically, these uncertainties are expressed
by specifying the relative likelihood that model
parameters have a value within a range of possible
values.

1.7.3 Iteration of Testing, Design, and Total
System Performance Assessment

An important function of TSPA is to evaluate the
significance of uncertainties in properties and
processes by evaluating the sensitivity of calcu-
lated doses to different assumptions regarding
these properties and processes. DOE uses the
results of such sensitivity studies to identify and
prioritize needed site characterization work, inves-
tigation of materials properties, or other design-
related investigations. DOE also uses TSPA sensi-
tivity studies to evaluate repository and waste
package design options. This process proceeds
iteratively: new data and design changes are incor-

porated into updated TSPA models, and updated
TSPA sensitivity studies suggest where new data
and design enhancements might be valuable. Over
time, this iterative process reduces uncertainty in
the performance of the repository design.

As illustrated in Figure 1-4, the testing, design, and
TSPA results that are presented in this VA reflect
the next-to-last cycle of iteration in the DOE
characterization of the Yucca Mountain site. The
first cycle began with information obtained from
studies of the Nevada Test Site and the idea to
dispose of high-level radioactive waste in the
unsaturated zone, as described in Section 1.4.2.
This cycle produced the first conceptual design for
a geologic repository at Yucca Mountain (Sandia
National Laboratories 1984), the DOE site charac-
terization plan (DOE 1988c), and numerous,
detailed study plans to implement the overall site
characterization plan. Continuing the site charac-
terization process, DOE began to build perfor-
mance assessment models and conducted
benchmark performance assessments of the total
repository system in 1991, 1993, and 1995
(Barnard et al. 1992; Wilson et al. 1994; CRWMS
M&O 1994a; CRWMS M&O 1995). Between
these benchmark assessments, DOE conducted
many performance assessments to evaluate
selected features of the site and the evolving
design. DOE used these total system and
subsystem performance assessments to evaluate
design options and to determine further data
needed from site investigations. This work culmi-
nated in the advanced conceptual design that was
published in 1996 (CRWMS M&O 1996a).

DOE has now begun the last cycle of site charac-
terization at Yucca Mountain. With input based on
the repository design and TSPA results, the
Secretary of Energy will decide in 2001 whether to
recommend the site to the President. If the
Secretary of Energy recommends the site and the
recommendation is accepted according to the
process described in Section 1.9, DOE will develop
the LA and submit it in 2002 to NRC for authori-
zation to construct a monitored geologic repository.

NRC regulations in 10 CFR 60 require DOE to
initiate a performance confirmation program
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during the site characterization phase and to
continue the performance confirmation program
until the repository is permanently closed. This
activity also is shown in Figure 1-4 and is
discussed in Section 1.8.1.5.

1.8 PREPARING FOR THE LICENSE
APPLICATION

Volume 4 provides the plan and describes the
remaining work required to complete an LA.
Volume 4 describes both the remaining technical
(science and engineering) work and the related
statutory and support activities that are necessary
to complete a site recommendation and an LA.

The technical work DOE has planned includes that
work needed to complete a postclosure safety case,
preclosure safety case, and other work needed for a
complete LA. Because these three technical work
elements are important themes that run throughout
the VA, they are summarized in the following
sections.

1.8.1 Formulation of the Postclosure Safety
Case

To obtain a license from NRC to construct a
monitored geologic repository at Yucca Mountain,
DOE must demonstrate reasonable assurance that
waste can be disposed of without unreasonable risk
to the health and safety of the public
[10 CFR 60.31(a)]. The challenge in licensing a
monitored geologic repository is that compliance
with this safety standard must be ensured for many
thousands of years. DOE is addressing the uncer-
tainties that are associated with such long-term
assessments of repository performance by devel-
oping a set of data and analyses that, collectively,
are intended to provide the reasonable assurance
that a successful LA will require. DOE refers to
this set of data and analyses as the postclosure
safety case. As planned, the postclosure safety
case will consist of the following five elements:

1. Assessment of expected postclosure per-
formance and supporting evidence

2. Design margin and defense in depth

3. Consideration of disruptive processes and
events

4. Insights from natural and man-made
analogs

5. A performance confirmation plan

The scope of each element of the postclosure safety
case is summarized below.

DOE is developing the elements of the postclosure
safety case within the framework of a repository
safety strategy (DOE 1998). The repository safety
strategy describes how a repository at Yucca
Mountain is expected to contain radioactive wastes
for thousands of years and ensure that radiation
doses to persons living near Yucca Mountain
would not exceed regulatory limits. By providing
a conceptual model of how the natural and
engineered barrier systems would work together to
meet the postclosure performance objectives, the
repository safety strategy provides a framework for
integrating site information, repository design
information, and performance assessment results.
This, thereby, provides a framework for identifying
the information needed to complete the postclosure
safety case.

The repository safety strategy identifies four key
attributes of an unsaturated repository system that
are important to meeting postclosure performance
objectives. From performance assessment studies
(Volume 3, Section 6.4), DOE has identified 19
principal factors of greatest importance to
postclosure performance, which are associated
with the four key attributes. The key system
attributes of the repository safety strategy and the
associated 19 principal factors are listed in
Table 1-2.

DOE uses the repository safety strategy to identify
information needs and to prioritize planned work
by considering the relative importance of each
principal factor to estimated repository perfor-
mance, what is known now about each principal
factor, and what more can be learned about each
principal factor. Volume 4, Section 2.2.4, details
the application of this approach. As the 19
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Table 1-2. Key Attributes of the Repository Safety Strategy and Principal Factors Affecting Postclosure
Performance for the Reference Repository Design

Key Attributes of the Repository Safety Strategy Principal Factors
Limited water contacting waste packages Precipitation and infiltration of water into the mountain

Percolation of water to depth
Seepage of water into drifts
Effects of heat and excavation on water flow
Dripping of water onto waste packages
Humidity and temperature at waste packages

Long waste package lifetime Chemistry of water on waste packages
Integrity of outer waste package barrier
Integrity of inner waste package barrier

Low rate of release of radionuclides from breached waste packages Seepage of water into waste packages
Integrity of spent nuclear fuel cladding
Dissolution of uranium oxide and glass waste forms
Solubility of neptunium
Formation and transport of radionuclide-bearing colloids
Transport through and out of engineered barrier system

Radionuclide concentration reduction during transport from the Transport through unsaturated zone
waste packages Flow and transport in saturated zone

Dilution from pumping
Biosphere transport and uptake

principal factors reflect, in part, the VA reference
design, and as DOE is still evaluating design
options and alternative designs, the repository
safety strategy includes the identification and
performance of the additional work needed to
select the repository design for the site recommen-
dation and LA.

Implementation of the repository safety strategy
and the resultant repository system is intended to
provide the basis for each element of the
postclosure safety case. That is, implementation of
the repository safety strategy will result in a repos-
itory system that has acceptable expected
postclosure performance, accounts for potential
disruptive processes and events, and includes
engineered features that enhance performance and
reduce the importance of uncertainties of the
natural system by employing design margin and
defense in depth. The last two elements of the
postclosure safety case-insights from natural and
man-made analogs and a performance confir-
mation plan-will serve to provide additional
assurance that the natural and engineered features
of the repository system will function as intended
and anticipated.

The five elements of the postclosure safety case,
listed in the previous section, are briefly described
in the following sections.

1.8.1.1 Element 1: Assessment of Expected
Postclosure Performance and
Supporting Evidence

The current assessment of expected performance is
summarized in Volume 3. That assessment reveals
that the vast majority of the radionuclides in the
repository are not mobile at the Yucca Mountain
site; they are insoluble or they sorb strongly to
minerals and materials in the repository and cannot
move out of the repository. However, a very small
fraction is relatively mobile and could be trans-
ported away from the repository if contacted by
water, subject to attenuation and retardation by the
various barriers incorporated into the repository.
This issue is mitigated for this small fraction if
water is kept from contacting the waste in the first
place.

Current data and analyses indicate that the Yucca
Mountain site provides favorable features for limit-
ing the contact of water with the waste. Its location
in an semiarid region, and the nature of the site,
limit the amount of water that can reach the reposi-
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tory level to a small fraction of the precipitation at
the ground surface (approximately percent for
current climate conditions) (Section 2.2.3.2). The
site provides a thick unsaturated zone (Section
2.2.3.2) where the waste can be placed deep below
the surface and yet well above the water table.
Because of the thickness of the unsaturated zone,
the waste packages would be protected from
changes in conditions at the surface while still
being kept well away from groundwater. The site
would, therefore, provide predictable and stable
environments for design of engineered barriers that
can further limit the exposure of waste to water.

Performance assessment studies show that, in
addition to the natural barriers, engineered barriers
would keep water away from the waste for
thousands of years. They indicate, for example,
that the highly corrosion-resistant inner container
and the thick steel outer container (as specified in
the reference design of this VA) will provide
effective barriers against water for different condi-
tions that will occur during the postclosure perfor-
mance period (see Section 5.1.2 of Volume 2).
Although some issues must still be addressed, the
estimates indicate that robust waste packages could
be designed to remain intact for thousands of years
in the repository environments. The studies also
indicate that the spent nuclear fuel cladding would
likely provide an additional barrier to water
contacting the waste, even if both the outer and
inner waste package barriers were to be breached.

These conclusions follow in part from performance
assessment analyses of expected future behavior of
the repository system and sensitivity studies of the
factors contributing to this behavior. Volume 3
presents the most recent set of DOE performance
assessment analyses. These are based on
assessment of all available data on processes and
conditions that might occur and on the likelihood
of occurrence. Models of these processes and
conditions are used to estimate the performance of
the system in numerical simulations. These
simulations provide one important method of
assessing the site's ability to contain and isolate
waste for many thousands of years and are useful
as a means to assess the relative contributions of

various factors. However, the results of the
computational models should not be interpreted as
a precise prediction of the actual performance of
the repository. As described in Volume 3, signif-
icant uncertainty in the detailed results of perfor-
mance assessment is inevitable because of spatial
and temporal variability of both site conditions and
the complexity of coupled physical processes that
will operate in the repository environment.

1.8.1.2 Element 2: Design Margin and
Defense in Depth

Because there will always be uncertainties in
estimates of repository performance over many
thousands of years, DOE is not relying solely on
these estimates to demonstrate reasonable assur-
ance that the postclosure performance standards
will be met. Design margin and defense in depth
provide important additional assurance.

Design margin refers to the standard engineering
practice of including margins of safety in specifica-
tions for engineered components to account for
uncertainty in the conditions to which the compo-
nents will be subjected and for variability in the
properties of component materials. Defense in
depth is the term used to describe the property of a
system of multiple barriers to mitigate uncer-
tainties in conditions, processes, and events by
employing barriers that are redundant and
independent: failure in any one of them does not
result in failure of the system. A specific feature of
the reference design that provides defense in depth
is the use of two waste package containment
barriers with different corrosion modes.

Defense in depth will be accomplished though the
use of multiple engineered barriers in conjunction
with the natural barriers. The environments in
which the engineered barriers will perform have
been investigated during years of site character-
ization, so that comprehensive evaluation of design
alternatives, including design features that would
provide defense in depth, can be conducted. DOE
will evaluate these to ensure that alternatives to the
design have been considered before finalizing the
reference design.
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1.8.1.3 Element 3: Consideration of
Disruptive Processes and Events

To demonstrate reasonable assurance that public
health and safety will be protected, estimates of
repository performance under expected conditions
must be accompanied by analyses of disruptive
processes and events that could affect the site. At
Yucca Mountain, these include tectonics and
seismicity, volcanism, inadvertent human
intrusion, and nuclear criticality (Volume 3,
Section 4.4).

1.8.1.4 Element 4: Insights from Natural
and Man-Made Analogs

Natural analogs refer to geologic systems that
exhibit evidence of natural processes that could be
relevant to long-term repository performance. A
direct analog for a Yucca Mountain repository does
not exist; however there are sites that can provide
information on processes and conditions relevant
to a repository system at the site. Natural analog
studies may provide information that bears on the
transport of radionuclides over extended periods
and distances that cannot be duplicated in
laboratory or field experiments. Natural analogs
can also provide information on the effect of
various environmental conditions on materials that
are intended to have a long life.

Man-made analogs, similarly, may provide infor-
mation regarding relevant processes or materials
over time scales and distances that are not repro-
ducible in a laboratory or in limited-duration field
studies. For example, examination of ancient
ceramic human artifacts might provide useful
information about the stability of candidate
ceramic materials for drip shields or waste package
coatings.

Natural analogs have significant limitations,
including the incomplete and heterogeneous
geologic record, uncertainty in characterizing the
past conditions under which the processes took
place, partial or imperfect analogy to repository
conditions, and divergent interpretations of
geologic data. However, as a supplement to site
characterization and predictive modeling of repos-

itory performance, natural analogs offer the
advantage of direct study of relevant processes
over long time periods and extended spatial scales
applicable to repository performance. Furthermore,
data acquired from analog studies, which may
provide independent verification of the reason-
ableness of the assessments of repository perfor-
mance, are generally independent of site character-
ization and modeling studies conducted for Yucca
Mountain.

1.8.1.5 Element 5: A Performance Confir-
mation Plan

NRC regulations (10 CFR 60, Subpart F) require
that a performance confirmation program be
started during site characterization and continue
until permanent closure of the repository. The
DOE performance confirmation program is
documented in the Performance Confirmation
Plan (CRWMS M&O 1997b). This plan will be
updated as needed and is intended to contribute to
reasonable assurance at the time of LA submittal
by defining, in advance, the tests that will be
conducted during the preclosure period to accom-
plish the following:

* Confirm that subsurface conditions encoun-
tered during construction, waste emplace-
ment operations, and monitoring are within
the ranges assumed in the LA.

* Confirm that natural and engineered systems
and components are functioning as intended
and anticipated.

* Evaluate compliance with NRC postclosure
performance requirements.

* Evaluate readiness for permanent closure.

The parameters and concepts identified for perfor-
mance confirmation will be based on the under-
standing of natural and engineered barrier
processes available when the LA is submitted.
Uncertainties regarding many of these processes
will remain at the time of submittal. Therefore, the
plan will describe the process to integrate new
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information that will be gained during the
construction, operation, and monitoring periods.

1.8.2 Formulation of the Preclosure Safety
Case

A monitored geologic repository must be designed
to protect public health and safety during the
preclosure waste emplacement and monitoring
phase, as well as during the long-term, postclosure
phase. However, unlike the case for the
postclosure period of performance-for which
there is no NRC licensing precedent and for which
there are unique systems and unique issues-there
are many applicable codes, standards, and NRC
regulatory guidance documents and many years of
industry experience in the operation of nuclear
facilities that can be applied directly to preclosure
repository design and operations.

The preclosure safety case (Volume 4, Section
2.3.1) will demonstrate compliance with the
requirements of 10 CFR 60.21(c)(3), 10 CFR
60.135, and 10 CFR 60.136 for the performance of
the monitored geologic repository during
preclosure operations. Elements of this case will
be based on a comprehensive safety analysis that
identifies facility operations and waste
emplacement scenarios from which design basis
events; safety classification of structures, systems,
and components; and system safety criteria are
developed. The strategy for developing the
preclosure radiological safety case enables the
development of the repository system design and
subsystem performance requirements to focus on
those high priority features that are important to
radiological safety. The preclosure radiological
safety case will include an evaluation of the radio-
logical exposure consequences at the site boundary
and the occupational worker consequences of the
examined design basis events as mandated by
10 CFR 60.

Preclosure radiological safety will be provided by a
combination of prevention and mitigation of events
that could cause exposure to radiation in excess of
regulatory limits. Prevention is the use of features
to ensure that the frequency of such events is
minimized or eliminated. Mitigation is the use of

features to ensure that public and occupational
worker exposures are held within 10 CFR 60 and
10 CFR 20 limits for a given design basis event.
The risk (combination of frequency and conse-
quences) of a radiological release can be reduced
by decreasing the occurrence frequency of an event
sequence (i.e., prevention) and/or by decreasing
the consequences of the event sequence (i.e.,
mitigation). Some design and operating features
provide measures of both prevention and
mitigation to reduce the risk of an event.

The preclosure radiological safety strategy for each
operational function will include primary safety
and defense-in-depth features. Primary radio-
logical safety features are those that are determined
by design basis event analyses to be required to
meet 10 CFR 60 and 10 CFR 20 requirements.
Defense-in-depth features are those that are present
or included to provide additional safety margins to
reduce the overall safety risk of the facility.

The preclosure radiological safety case will
allocate event and consequence prevention and
mitigation functions to the facility based on its
operational functions. The primary safety features
(either prevention or mitigation) to satisfy the
preclosure radiological safety functions will be
augmented by diverse and independent defense-in-
depth features. The selection and reliance upon
primary and defense-in-depth features will be
determined by the design basis event analyses.

1.8.3 Other Work Needed to Complete a
License Application

An important component of the program that
remains to be completed is selection of the repos-
itory design to support the site recommendation
and LA. This effort is related to the formulation of
both the postclosure and preclosure safety cases.
DOE will examine an appropriate and compre-
hensive range of alternative design features and
concepts before selecting the reference design to
support site recommendation and the subsequent
LA. Such an evaluation is an appropriate precursor
to submittal of the LA to ensure that reasonably
different approaches have been considered and
because NRC regulations require a comparative
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evaluation of alternatives to major design features
that are important to waste isolation. Design
features and alternative design concepts have been
developed to identify design studies needed to
support the selection of the initial site recommen-
dation and subsequent LA design.

Design studies supporting the development and
evaluation of design options, design features, and
alternative design concepts will allow DOE to
select a design to be carried forward to support site
recommendation and LA. This selection will be
based on strategies for licensing approach, design
margin, and defense in depth, as well as a strategy
for addressing uncertainty. In work that is
underway and will continue into fiscal year 1999,
these options, design features, and alternatives will
be more fully developed and their performance and
projected cost will be evaluated.

While formulation of the postclosure and
preclosure safety cases and selection of the
reference repository design are the main focus of
the remaining testing, design, and performance
assessment work, there is a substantial body of
other work that also is required to support the site
recommendation and, if the site is recommended
and the recommendation is accepted, submittal of
an LA. This other work includes development of
the draft and final EISs, as shown in Figure 1-1,
and an evaluation of the suitability of the site under
DOE siting guidelines. There are many required
prelicensing activities including interactions with
NRC staff to resolve issues, preparation of topical
reports and other licensing documents, technical
data management, records management, and devel-
opment of an integrated electronic information
system that will use internet technology to allow
NRC to access DOE records and data. The
remaining site characterization work requires
continuation of construction and operation activ-
ities in the field and maintenance of the existing
field infrastructure. Other support activities
include information management, quality
assurance, project management, institutional inter-
actions, administrative services, and training
support. These activities are detailed in Volume 4
along with the work related to developing the
postclosure and preclosure safety cases.

1.9 REPOSITORY MILESTONES AFTER
THE VIABILITY ASSESSMENT

The key repository milestones that follow the VA
are shown in Figure 1-1.

DOE plans to submit a draft EIS in 1999 and a final
EIS in 2000 to support the site recommendation
decision in 2001. Section 114 of the Nuclear
Waste Policy Act of 1982 requires DOE to prepare
a final EIS to accompany any recommendation to
the President to approve the Yucca Mountain site.
The EIS is to be prepared in accordance with the
requirements of the National Environmental Policy
Act of 1969, except where the Nuclear Waste
Policy Act of 1982 specifies exemptions to those
requirements. DOE will prepare the EIS by
following its National Environmental Policy Act
implementing procedures in 10 CFR 1021.

The Nuclear Waste Policy Act of 1982 requires
that the Secretary initiate the site recommendation
by holding public hearings near the Yucca
Mountain site for the purpose of informing
residents of the area of such consideration and
receiving their comments regarding the possible
recommendation of the site. The Secretary must
then decide whether or not to recommend the site
to the President. If the Secretary decides to
recommend the site, this recommendation must be
accompanied by preliminary NRC comments
concerning the extent to which the site character-
ization analysis and the waste form proposal seem
to be sufficient for inclusion in the LA. DOE must
also submit the views and comments of the
governor and legislature of any state, or the
governing body of any affected Indian tribe,
together with the Secretary's response to such
views.

As noted earlier, if the President accepts the recom-
mendation, the President will submit the recom-
mendation to Congress. The Nuclear Waste Policy
Act of 1982 provides for a process whereby the
recommendation then can be disapproved by
Congress or by the State of Nevada. If the State of
Nevada disapproves the recommendation, the
disapproval can be overridden by a joint resolution
of Congress. If the President recommends the site
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and the recommendation is permitted to take effect,
DOE will submit an LA to NRC for authorization
to construct the repository.

The Nuclear Waste Policy Act of 1982 directs
NRC to adopt, to the extent practicable, the final
DOE EIS in connection with the issuance by NRC
of a construction authorization and license for a
repository. Compliance with procedures of the Act
is deemed adequate consideration of the need for a
repository, the time when a repository is available,
and all alternatives to the isolation of high-level
radioactive waste and spent nuclear fuel in a repos-
itory. Further, DOE need not consider alternate
sites for a repository.

As shown in Figure 1-1, the site recommendation
decision is scheduled for 2001 and submittal of an
LA for 2002. The NRC decision to authorize
construction is scheduled for 2005, at the earliest,
consistent with the direction in the Act that NRC
issue its decision on construction authorization
within three years of submittal of an LA. Repos-
itory construction would begin upon receipt of this
authorization. DOE must update its LA and submit
it to NRC before NRC will issue a license to
receive and possess nuclear waste. This update is
scheduled for 2008. Assuming repository
construction sufficient to begin waste emplacement
will take 5 years, the first waste emplacement at
Yucca Mountain could occur in the year 2010.

The Nuclear Waste Policy Act of 1982 requires a
geologic repository to be designed and constructed
to permit retrieval of the spent nuclear fuel
emplaced in the repository, during-an appropriate
period of operation, for any reason pertaining to
public health and safety or to the environment, or
to permit recovery of economically valuable

contents of the spent nuclear fuel. The NRC repos-
itory licensing regulation (10 CFR 60) requires that
a geologic repository be designed for waste
retrieval starting any time up to 50 years after initi-
ation of waste emplacement operations, unless a
different time period is approved or specified by
NRC. Compliance with these requirements means
that the repository must be designed to be kept
open for some number of years after the last waste
has been emplaced.

Future generations will decide how long to
maintain the repository in an open, monitored
condition, whether to retrieve the waste, and when
to permanently close the repository. These
decisions will be based on scientific and societal
considerations and will be made by local and
national governments, including representatives of
the State of Nevada and other areas or groups that
may be affected by the repository. To ensure that
future decision makers have flexibility regarding
these decisions, DOE is designing the repository
with the capability to be closed as early as approxi-
mately 10 years after emplacement of the last
waste package or to be kept open for at least
100 years after initiation of waste emplacement,
with a reasonable expectation that the repository
could actually be kept open, with appropriate
maintenance, for 300 years after initiation of waste
emplacement. To reflect this decision to design the
repository to accommodate an extended period of
monitoring, DOE has adopted the phrase
monitored geologic repository to refer to the
prospective nuclear waste disposal facility at Yucca
Mountain. The VA assumes a reference case in
which closure of the monitored geologic repository
is initiated in 2110, one hundred years after initi-
ation of waste emplacement operations.
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2. CHARACTERISTICS OF THE YUCCA
MOUNTAIN SITE

Characteristics of the natural system at Yucca
Mountain, such as its semiarid climate and deep
water table, led in part to its current consideration
as the setting for a geologic repository for
high-level radioactive waste. These characteristics
provide an environment that potentially could iso-
late the waste from the effects of water for long
periods. Capitalizing on those characteristics,
DOE has identified several lines of evidence to
show that a repository at Yucca Mountain would
protect the health and safety of the public over the
long term. These lines of evidence, described in
Section 1.8.1, form the postclosure safety case.

The postclosure safety case depends on limiting the
amount of water that comes in contact with waste,
using waste package materials with long lifetimes,
retarding the movement of any radionuclides that
are eventually released, and reducing radionuclide
concentration as they move away from the reposi-
tory. In addition, the postclosure safety case
requires that disruptive events, such as volcanic
eruptions, earthquakes, criticality, and human
intrusion, have either a low likelihood of occurring
or that their effects will not compromise the safety
of a repository. Because of these dependencies, an
adequate understanding of the natural system is
needed to demonstrate the validity of the safety
case through assessments of repository long-term
performance. An understanding is also needed to
design engineered barriers that work in concert
with the natural system and to show that a reposi-
tory can be operated safely during the preclosure
period.

This section describes the current understanding of
the natural system at Yucca Mountain and provides
a basis for identifying the work that still needs to
be carried out. It supports the technical basis
underlying the preliminary design concept for a
repository and waste package (see Volume 2, "Pre-
liminary Design Concept for the Repository and
Waste Package"). It also supports a quantitative
assessment of long-term repository performance
(see Volume 3, "Total System Performance Assess-
ment"). While much is known about Yucca Moun-
tain's natural features, DOE plans to continue con-

ducting characterization studies to reduce key
uncertainties and to provide additional information
needed to support the preclosure and postclosure
safety cases. Volume 4, "License Application Plan
and Costs," describes the additional work planned
to support a decision on the site recommendation
and prepare a license application should the recom-
mendation be approved.

In addition to supporting the preliminary design
concept and assessment of long-term performance,
information presented in this section also shows
the degree to which the NRC key technical issues
(NRC 1997a) can be addressed (see also Volume 4,
Section 4.3.3). NRC factors each key technical
issue into subissues that more narrowly focus the
technical points to be addressed. Issue resolution
status reports prepared by NRC indicate that, for a
number of subissues related to the natural environ-
ment, there are no outstanding questions at this
time. For the remaining issues, work planned over
the next several years will build on current knowl-
edge to provide the additional information needed
to address them, support a site recommendation,
and, if the recommendation is approved, demon-
strate compliance with NRC requirements for a
geologic repository.

Information on Yucca Mountain site characteristics
is summarized from the Yucca Mountain Site
Description (CRWMS M&O 1998d), which com-
prehensively reports current knowledge about the
site and its surrounding region. Details and back-
ground on the current findings for Yucca Moun-
tain, which are beyond the scope of this document,
are found in the Yucca Mountain Site Description.

Mineral exploration studies of the Yucca Mountain
region date back to the early 1900s. In the 1950s,
investigations supporting nuclear weapons testing
at the Nevada Test Site provided information on
the region's geologic, hydrologic, and geophysical
characteristics. In the late 1970s, as interest grew
in Yucca Mountain as a possible site for a geologic
repository, additional studies were initiated focus-
ing on the site hydrogeology and geology. With
the enactment of the Nuclear Waste Policy Act in
1982, and its amendment in 1987, Yucca Mountain
characterization studies gained additional momen-
tum.
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In accordance with the Nuclear Waste Policy Act,
as amended, DOE prepared the site characteriza-
tion plan (DOE 1988c) for Yucca Mountain. This
comprehensive plan identified studies that DOE
intended to carry out to determine whether a geo-
logic repository at the Yucca Mountain site should
be recommended. Over the years, investigation
results, the availability of new scientific methods,
and reductions in annual funding beginning in fis-
cal year 1996 have led to modifications of the orig-
inal plan. Changes to the original plan are docu-
mented in semiannual progress reports that DOE
submits to NRC and to the governor and legislature
of the State of Nevada, as required by the Nuclear
Waste Policy Act. This plan, with the changes
noted in the progress reports, has served as the
basis for Yucca Mountain investigations over the
past 10 years.

Both surface-based and underground investigations
have been used to characterize the Yucca Mountain
site. Surface-based studies have included the fol-
lowing:

* Mapping geologic structures, including rock
units, faults, fractures, and volcanic features

* Monitoring earthquake activity

* Using gravitational, magnetic, electrical, and
seismic methods to infer the distribution and
properties of geologic units and structures at
depth

* Heating a large block of rock to observe the
subsequent effects of heat on its hydrologic
and chemical properties

* Drilling boreholes into the mountain to
identify the geologic units present at depth,
measuring the depth of the water table and
properties of the hydrologic system,
observing the rate at which water moves
from the surface into the rock below, and
determining air and water movement
properties above the water table

As an example of work that has been carried out,
Figure 2-1 shows the distribution of boreholes that

have been drilled to support Yucca Mountain char-
acterization studies.

Underground testing has also helped characterize
the Yucca Mountain site. Excavating a 7.9-km
(4.9-mile) tunnel (Exploratory Studies Facility
Main Loop) that dips down into the mountain,
extends along its length, and then rises back up to
the surface (see Figure 2-2) facilitated this testing.
Seven alcoves were constructed off the tunnel to
implement tests, including those examining the
hydrologic behavior of various geologic features
and units. Mapping the excavations provides data
on the distribution of geologic units and on the
character of faults and fractures. One of the under-
ground alcoves is also the site of in situ thermal
tests investigating how heat affects the mechanical
behavior of the local rock, the movement and
chemistry of water, and the geochemical makeup
of the rock and minerals deposited along frac-
tures. These experiments also provide data to
understand how thermal, mechanical, hydrologic,
and geochemical processes are coupled. A new
cross-drift tunnel is currently being excavated to
allow additional characterization of the mountain.

Laboratory testing has augmented the surface and
underground tests carried out at the site. Studies at
laboratories allow properties and processes to be
investigated under controlled conditions. Labora-
tory tests include those to determine mechanical,
chemical, and hydrologic properties of rock sam-
ples in support of repository design and develop-
ment of process models. Tests also provide proper-
ties of radionuclides that affect their transport if
released from a repository. Additional laboratory
tests include those to examine the chemical proper-
ties of ambient water samples and the effects of
heat on behavior and chemical properties of water
in the host rock.

Investigations conducted to date provide informa-
tion allowing the preliminary design of a repository
and waste package that will work in concert with
Yucca Mountain's natural system to enhance waste
isolation. Current results also permit analyses of
the long-term performance of a potential repository
to evaluate its ability to protect the public's health
and safety. Uncertainties remain, however, and
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additional studies are needed to support a decision
on whether a repository system at the site should be
recommended and to prepare the LA. These addi-
tional investigations are discussed in Volume 4.

2.1 OVERVIEW OF SITE INVESTI-
GATION FINDINGS

Collecting Yucca Mountain site characterization
data greatly enhances knowledge of the site and its
vicinity as it relates to potential repository suitabil-
ity. This section summarizes current site investiga-
tion findings; more detailed information and refer-
ences are found in Section 2.2 and in the Yucca
Mountain Site Description (CRWMS M&O
1998d).

Geologic studies based on extensive mapping,
borehole sampling, geophysical surveying, labora-
tory measurements, and observations in the under-
ground Exploratory Studies Facility have defined
the distribution of stratigraphic units, provided
information on their physical, hydrological, and
geochemical properties, and located major and
minor geologic faults at the site. Scientists have
combined this information to form an integrated
geologic site model that supports proposed reposi-
tory design and performance assessment. This
integrated model also provides a framework for
continuing site investigations.

Gaining climate and meteorological information
also helps determine potential repository perfor-
mance. Climate determines local rainfall, the
amount of water that is available to filter into the
mountain, and the vegetation that grows at Yucca
Mountain (which influences water movement into
the mountain). Climate also influences the amount
of water that enters the hydrologic system and the
elevation of the local water table. Climate investi-
gations have focused on understanding long-term
cycles and how the climate near the mountain has
changed over the past several hundred thousand
years. Regional data from several sites show that
the local climate reflects observed worldwide cli-
mate cycles. Data on past climates can also be
used to predict the likely range of precipitation and
temperature for future climates at Yucca Mountain.
During the current climate, annual precipitation
averages about 170 mm (7 in.) per year and tem-

peratures range from over 40'C (104'F) on sum-
mer days to below 0C (320F) during winter nights.
Current climate characteristics like those observed
near the mountain have prevailed approximately
20 percent of the time over the past several hun-
dred thousand years. Climate at Yucca Mountain
over the next tens of thousands of years is expected
to be wetter and cooler than today. Scientists esti-
mate that during these wetter and cooler periods,
the average amount of precipitation may double or
triple.

The postclosure safety case for a repository relies
on the complementary characteristics of the site
and the engineered barriers to limit the amount of
water that could contact waste packages placed
inside Yucca Mountain. Therefore, an adequate
understanding of Yucca Mountain's hydrologic
system is needed to design a repository that works
in concert with the natural surroundings. Studies
of the hydrologic system at Yucca Mountain have
focused on water infiltration from precipitation at
the surface, water percolation through the unsatur-
ated zone (above the water table), and water flow
in the saturated zone (below the water table).
A model of site infiltration under present climate
conditions shows an average rate of about 8 mm
(0.3 in.) per year and ranges from 0.0 mm (0.0 in.)
per year in some local washes to 40 mm (1.6 in.)
per year in the northwestern part of Yucca Moun-
tain. For possible future climate conditions, model
results indicate that the average annual net infiltra-
tion may increase by a factor of 7-20.

The rate at which water percolates through the
mountain has been studied using data from sur-
face-based boreholes and from the Exploratory
Studies Facility. Estimates of percolation flux vary
as a function of location and according to the
method used. Results from the various studies
range from about 0.1 to 21.1 mm (0.004 to 0.83 in.)
per year with an average rate of about 7 mm (0.3
in.) per year. Other investigations of percolation
indicate that water moves through most geologic
units of the mountain primarily along intercon-
nected fractures; movement through the rock
matrix represents a secondary effect although it is
important in some units. A numerical model of
flow through the unsaturated zone incorporates
information on the geologic framework and rock
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hydrologic properties. The model is adjusted and
refined using saturation and water potential data,
gas pressures and gas flow rates, ambient tempera-
ture and heat flow data, locations and hydrochem-
istry of perched water bodies, and environmental
isotope concentrations and water ages. The model
indicates that percolation flux at the proposed
repository level varies spatially and ranges from
approximately 1-20 mm (0.04-0.8 in.) per year.

The saturated zone also plays a role in the postclo-
sure safety case for a repository, acting to reduce
the concentration of radionuclides in groundwater
during transport. Saturated zone characterization
has included mapping water table levels to better
understand flow dynamics. Mapping the water
table has identified a large gradient to the north of
Yucca Mountain and a smaller gradient to the west.
Past water table levels below Yucca Mountain were
apparently no more than 100 m (328 ft) higher in
cooler, wetter climates. Borehole tests provide
information on the transmissivity of the tested
intervals and on the anisotropy of saturated zone
flow. Data on the tendency of water to flow from
one aquifer to another show that water does not
tend to flow from the overlying volcanic aquifers
to the underlying carbonate aquifer. Therefore, any
radionuclides released from a Yucca Mountain
repository that reach the volcanic aquifers beneath
the site would not be expected to enter the deeper
regional aquifer.

The current assessment of expected performance
for a geologic repository reveals that most radionu-
clides have a low mobility in the Yucca Mountain
environment (see Volume 3). Current geochemical
studies focus on those radionuclides with greater
mobility and the tendency of underlying rock for-
mations to impede transport towards the accessible
environment. Researchers have collected informa-
tion on the distribution of minerals throughout the
strata forming Yucca Mountain and on those found
along fractures where most of the water might
flow. Three principal minerals or groups of miner-
als are key barriers against possible radionuclide
migration: zeolites (clinoptilolite, mordenite, and
chabazite), clay (smectites), and magnesium
oxides. Studies have also addressed how readily
radionuclides dissolve in water and, how once in

water, they tend to become attached to minerals
encountered along the flow path. Scientists have
incorporated this information into those transport
models used to assess site performance. Geochem-
ical studies also provide information on the envi-
ronment into which waste packages will be
emplaced and on the spatial distribution of miner-
als that may affect repository construction because
of health concerns.

If the site is recommended and approved, and a
license is granted, construction of a repository and
emplacement of waste would necessarily alter the
natural system. The alteration would result from
the introduction of engineered materials and from
heat generated by the waste. These effects would
cause changes in the geomechanical, geohydrolog-
ical, and geochemical systems within the near field
and altered zone. Some of the changes could be
temporary and would probably be reversed as the
waste-generated heat dissipates. Other changes
could be permanent.

The heat generated by the waste could affect the
geohydrologic regime in the near field by causing
boiling conditions for hundreds to thousands of
years. This could temporarily produce zones of
dried-out rock, zones in which condensation would
occur, and zones with relatively low humidity.
These effects would probably influence the amount
of liquid water contacting waste (as a function of
time after emplacement). Geochemical processes
affected by the heat could include mineral dehydra-
tion, dissolution and precipitation of minerals, and
changes in local water chemistry.

Geologic testing shows that thermal loading would
probably cause the near-field rock to expand and
alter the stress on the rock. Increases in compres-
sive stress may induce rockfalls within the drifts
and may alter the hydrologic flow system by clos-
ing or opening fractures. Temperature increases
are also associated with decreases in rock strength.
The introduction of man-made materials to the
near-field environment may also modify the chem-
ical environment and influence geochemical reac-
tions. Present, past, and future studies evaluating
these effects assess their impacts on potential site
performance.
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Geologic studies have also addressed the likeli-
hood of future tectonic events disrupting the pro-
posed repository. Data collected on the spatial dis-
tribution of faults and volcanic centers, and on the
history of these features, are being used to estimate
future volcanic eruptions and earthquakes. Volca-
nic and fault displacement hazards at Yucca Moun-
tain are low; however, the hazard from earthquake
ground motion at Yucca Mountain is potentially
significant, and facility design will need to be able
to resist seismic shaking. Finally, the potential for
the existence and economic development of Yucca
Mountain's natural resources has been assessed
and determined to be low; it is unlikely that Yucca
Mountain would be targeted as a future exploration
site.

2.2 DESCRIPTION OF THE SITE

Yucca Mountain is located in southern Nevada
approximately 100 miles (161 km) northwest of
Las Vegas. The mountain is an irregularly shaped
volcanic upland varying in elevation at its crest
from 1,500 m to 1,930 n (4,921 ft to 6,332 ft) and
characterized by approximately 650 m (2,132 ft) of
relief. The area surrounding the site includes Nye,
Lincoln, Esmeralda, and Clark counties in Nevada
and Inyo county in California. The site occupies
land controlled by three federal agencies: the U.S.
Air Force (Nellis Air Force Range), DOE (Nevada
Test Site), and the U.S. Bureau of Land Manage-
ment (BLM) (Figure 2-3). Nearly all the area sur-
rounding Yucca Mountain is federally owned, and
very little is developed or urban land (Figure 2-3).
A large percentage of the land around Yucca
Mountain is anticipated to remain federally owned
or withheld from public use in the future.

The natural system at Yucca Mountain-including
its geological, climatological, hydrological, and
geochemical components-plays a key role in the
repository safety strategy. Characteristics of the
natural system, such as the thick unsaturated zone
and low infiltration of water, are key factors limit-
ing the amount of water available to contact waste
packages. This contributes to a long lifetime for
waste packages remaining intact and, therefore, a
very slow degradation of the waste form within the
package and an extremely gradual release of radio-
nuclides. Even after radionuclides begin escaping

the waste packages, the natural system will reduce
their concentration during transport away from the
repository, thereby limiting possible exposure to
the public. Thus, adequate knowledge of the natu-
ral system is essential to making an informed deci-
sion about the suitability of a potential repository at
Yucca Mountain for the nation's high-level radio-
active waste and spent nuclear fuel.

Population density near Yucca Mountain is low
(Nevada State Demographer 1998a and 1998b).
Population distribution studies supporting the pre-
closure safety case cover an area 50 miles (80 km)
in radius following Regulatory Guide 1.109
(NRC 1977). The distribution and population den-
sity within this area are shown in Figure 2-4. Nye
County, which encompasses the site, has 0.59 per-
sons per square kilometer (1.53 persons per square
mile). Of the total population of 27,460 in Nye
County, 69 percent live in the unincorporated town
of Pahrump, 70-80 km (43-50 miles) south-south-
east of Yucca Mountain. Overall population den-
sity in Lincoln County is 0.15 persons per square
kilometer (0.39 persons per square mile). Larger
concentrations of population are found in Clark
County to the southeast, in the incorporated and
unincorporated areas of the Las Vegas valley.

In the remainder of this section, natural system
characteristics are briefly described. First, the
components of the current system are discussed.
Then, the effects of waste-generated heat and
potential repository construction materials are
addressed. Finally, current understanding of poten-
tially disruptive natural events, such as earth-
quakes, is discussed. A detailed discussion of the
natural system can be found in the Yucca Mountain
Site Description (CRWMS M&O 1998d).

2.2.1 Geologic Framework

The natural system includes a group of interdepen-
dent subsystems, including geological, climatolog-
ical, hydrological, and geochemical systems. By
describing the distribution and characteristics of
rock units at the site, a geologic framework can be
defined for relating and correlating the properties,
ambient conditions, and future behavior of the
other subsystems. The understanding of site geol-
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ogy has evolved following years of extensive stud-
ies, resulting in the construction of a detailed, inte-
grated site geological model (CRWMS M&O
1997e) containing stratigraphic and structural rela-
tionships as well as rock property and mineralogi-
cal data.

This section describes the geology of the Yucca
Mountain site and region, with an emphasis on
those site aspects that are most relevant to regula-
tory issues, design, and performance assessment of
the proposed repository. By providing the underly-
ing framework for all site characterization activi-
ties, the results help to address NRC's key techni-
cal issues. These issues are discussed in more
detail in Volume 4, Section 4.3.3.

2.2.1.1 Regional Setting

As shown on Figure 2-5, Yucca Mountain is in the
Basin and Range province of the western United
States within the region known as the Great Basin.
The Great Basin encompasses nearly all of Nevada
and parts of Utah, Idaho, Oregon, and California.
The mountain ranges of the Great Basin are mostly
north-south aligned, tilted, fault-bounded blocks
that may extend more than 80 km (50 miles) in
length and are generally 8-24 km (5-15 miles)
wide. Relief between valley floors and mountain
ridges is typically 300-1,500 m (984-4,921 ft),
and valleys occupy approximately 50-60 percent
of the total land area. The valleys are filled with
thick deposits of alluvium derived from erosion of
the adjacent ranges. The ranges are separated
north and south by roughly 25-30 km
(15-19 miles), but many ranges arc toward each
other and merge together. This pattern is the result
of generally east-west-directed crustal extension
that began in the Tertiary period and continues at
present (Hamilton 1988). As a result of plate tec-
tonics, the crust on the western edge of the Basin
and Range (the Sierra Nevada) has been moving to
the west relative to the east edge (the Wasatch
Front in central Utah). Rocks of every age, from
very old (Precambrian) to recent (Pleistocene),
have been deformed by this extension. The exten-
sion has caused complex faulting, resulting in
ranges composed of tilted fault blocks bounded by
major range-front faults. Seismic reflection geo-

physical studies show that this style of deformation
extends beneath the intervening basins, where it is
buried by alluvium (Brocher et al. 1998;
Hauge et al. 1987).

Yucca Mountain is also influenced by a structural
domain known as the Walker Lane (Figure 2-6),
which extends north-westward from Las Vegas,
subparallel to the Nevada-California border, into
California. The Walker Lane is a structural belt
characterized by northwest-trending right-lateral
faults and northeast-trending left-lateral faults
(Stewart 1988). Walker Lane tectonic activity
probably originated in the late Oligocene period
(approximately 25-30 million years ago) as a
result of northwest-directed extension
(Stewart 1988).

The rocks composing Yucca Mountain are part of
the southwestern Nevada volcanic field. This field
was formed by the eruption of large volumes of
volcanic rocks from multiple sources to the north.
Figure 2-6 shows the location of several calderas
(volcanic centers) and the widespread extent of
volcanic deposits.

The highest rate of modern tectonic activity in the
southwestern Great Basin (i.e., active faulting and
volcanism) is found in the Inyo-Mono domain to
the west and south of Yucca Mountain, which
includes the Furnace Creek-Death Valley fault
zone, the Sierra Nevada front, and the area north of
the Garlock fault (Figure 2-5). This domain
includes modem basins and ranges with great
structural relief, including Death Valley Basin and
the Panamint Range. Because of its ongoing tec-
tonic activity and exposure of deep-seated crustal
rocks, the Inyo-Mono domain is an important part
of the regional geologic setting.

Regional Stratigraphy. The lithology (rock type)
and stratigraphy (the sequence in which rocks were
deposited) of the regional geologic setting provide
the basis for understanding the geologic history
and evolution of the area, which is fundamental to
analyzing geologic hazards such as those associ-
ated with earthquakes and volcanoes. Also, by
controlling the regional flow of groundwater, the
various rock types would directly control the
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migration of any potential releases from the reposi-
tory. Figure 2-6 shows the distribution of rock
types in the region. Finally, the stratigraphy and
lithology provide the framework for understanding
more local aspects of the Yucca Mountain site,
including its structural geology and tectonics,
geoengineering properties, mineral resource poten-
tial, hydrology, and geochemistry. The following
summary briefly describes rock units important to
the regional geologic setting of Yucca Mountain:

* Precambrian Era. Precambrian rocks
(greater than approximately 570 million
years in age) include two major rock types:
an older, metamorphosed basement assem-
blage and a younger, metasedimentary
assemblage. Both groups tend to retard the
flow of groundwater except where extensive
faulting or fracturing is present. Water that
has reacted with rocks of this group can
typically be identified by isotopic
geochemical techniques (Peterman and
Stuckless 1993) that may indicate regional
groundwater flow paths.

* Paleozoic Era. Paleozoic rocks (rocks
ranging from approximately 570 million to
240 million years in age) in the Yucca
Mountain region include lower (older)
carbonate strata (limestone and dolomite); a
middle, fine-grained shale, siltstone and
sandstone unit; and an upper (younger)
carbonate unit (limestone). The carbonate
units form important aquifers throughout
southern Nevada (Winograd and Thordarson
1975).

* Mesozoic Era. Strata from this era (rocks
ranging from approximately 240 million to
66 million years in age) are generally absent
near Yucca Mountain. Regionally, these
strata are dominantly continental and
shallow marine sediments (sandstones and
siltstones) with minor Cretaceous granitic
plutonic rocks. Structurally, the Mesozoic
was a period of active tectonic activity
characterized by regional compression.

Mountain fall into three groups. The last
two are of major importance to the Yucca
Mountain site:

- Pre-middle Miocene (greater than about
16 million years old) sedimentary rocks

- Mid-to-late Miocene (15 million to
7.5 million years old) volcanic rocks that
constitute the southwestern Nevada
volcanic field, including Yucca Mountain

- Plio-Pleistocene (3.7 million years old to
modern) basalts and basin sediments

The explosive volcanism that culminated in the
formation of the southwestern Nevada volcanic
field is the most significant depositional event of
the Cenozoic era near Yucca Mountain. This event
formed six major calderas (volcanic centers)
between 15 million and 7.5 million years ago
(Sawyer et al. 1994). This event also created the
rocks of Yucca Mountain, and brought to a close
the major regional tectonic activity that created the
present Yucca Mountain geologic setting
(Figure 2-6). The succession of tuff and lava units
forming Yucca Mountain are described further in
Section 2.2.1.2 (Site Bedrock Geology).

The most recent deposits in the region consist of
alluvial sediments, formed during highland ero-
sion, and infrequently erupted basaltic volcanic
rocks. The basaltic eruptions represent a continua-
tion of the activity during the mid- to late-Miocene
epoch (Crowe et al. 1995). Following an episode
3.7 million years ago, a subsequent basaltic erup-
tion occurred between 1.7 million and 0.7 million
years ago consisting of four cinder cones (Little
Cone, Red Cone, Black Cone, and Makani Cone)
aligned north-northeast along the Crater Flat axis.
The final episode of basaltic volcanism created the
Lathrop Wells Cone, which includes fissure erup-
tions, spatter and scoria cones, and basaltic lava
flows. Satellite spatter cones at the east base of the
main cone have a northwest alignment. The Lath-
rop Wells Cone complex is approximately 75,000
years old (CRWMS M&O 1998d).

* Cenozoic Era. Cenozoic rocks (66 million
years in age to the present) near Yucca
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Regional Tectonic Models. Several alternative
tectonic models have been proposed to explain the
known structural, volcanic, and seismic character-
istics of the site (Whitney 1996, Chapter 8). The
models provide a means for integrating and under-
standing data such as the history of volcanism,
deposition of sediment, and fault movement in the
site vicinity. In assessing volcanic and earthquake
hazards, scientists considered a range of models in
evaluating the likelihood of future events (see
Section 2.2.7). NRC considers the evaluation of
tectonic models and crustal conditions as a
subissue of the Structural Deformation and Seis-
micity Key Technical Issue (NRC 1997a) (see
Volume 4, Section 4.3.3.2). Although uncertainty
still remains with respect to a tectonic model for
Yucca Mountain, the uncertainty can be accommo-
dated in probabilistic hazard assessments (and no
further work is planned to refine the tectonic model
by the project).

Figure 2-7 is an east-west cross section showing
the results of regional geophysical studies and
interpreted structural relations from Bare Mountain
to Jackass Flats (Brocher et al. 1998). The top of
the figure shows an interpretation based on seismic
reflection data that is consistent with gravity data
that are modeled by the layers and rock densities
shown below in grams per cubic centimeter. Yucca
Mountain is believed to be part of a down-dropped
block bounded on the west by the steeply eastward
dipping Bare Mountain fault. Beneath Crater Flat,
the block is segmented by eastward dipping faults;
beneath Yucca Mountain and Jackass Flats, gener-
ally westward dipping faults are interpreted. The
block-bounding faults of Yucca Mountain (e.g., the
Solitario Canyon, Bow Ridge, Paintbrush Canyon,
and Windy Wash faults) and the Bare Mountain
fault appear to be discrete, planar faults, at least
some of which may descend to the base of the
Earth's brittle crust. At deep crustal levels, the
faults could provide a path for basaltic magma
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intrusion, so volcanic and seismic events may in
some cases be coupled.

2.2.1.2 Site Bedrock Geology

The characteristics of the rocks that would host the
potential repository are important to virtually all
aspects of repository design and performance
assessment. The repository safety strategy is
dependent on thoroughly understanding not only
ambient site conditions, but also how the natural
system would respond to conditions induced by
facility construction and operation. System perfor-
mance modeling requires knowledge of the hydro-
logic and transport properties of the rocks above,
below, and in the repository horizon. Modeling
also requires understanding how properties may be
modified by the coupled thermal, hydrologic,
mechanical, and geochemical processes that could
occur following waste emplacement. Repository
design relies on a thorough understanding of the
geoengineering properties and thermal response of
the units into which waste emplacement drifts (tun-
nels) would be excavated. Figures 2-8 and 2-9 are
a simplified geologic map and cross section, taken
from Day et al. (1997) showing geologic relations
at a repository scale. The stratigraphic, structural
and rock properties data have also been combined
to form an integrated site geologic model for use in
performance assessment and design (CRWMS
M&O 1997e).

Stratigraphy. The entire sequence at Yucca
Mountain is composed of Mid-Tertiary volcanic
rocks formed by eruptions of ash or magma from
volcanic vents to the north (Sawyer et al. 1994;
Buesch et al. 1996). The eruptive centers were in
some ways similar to modem environments near
Yellowstone National Park, Wyoming, or Long
Valley, California, which are currently active vol-
canic regions. All of the individual units, there-
fore, get progressively thinner from north to south.
Most of the rocks are ash flow tuffs, which are
formed when a hot mixture of volcanic gas and ash
violently erupts and flows at high velocity over the
landscape. As the ash settles, it is subjected to var-
ious degrees of compaction and fusion depending
on temperature and pressure. If the temperature is
high enough, glass shards are compressed and
fused to produce a welded tuff (a hard, brick-like

rock with very little open pore space in the rock
matrix). Non-welded tuffs, compacted and consol-
idated at lower temperatures, are less dense and
brittle, and they have higher porosity. Airfall tuffs
are formed from ash cooled in the air before reach-
ing the ground, and bedded tuffs are composed of
ash that has been reworked by stream action.

The performance of the proposed repository would
be dependent on the characteristics of the rocks
that affect movement of water from the surface to
the repository, from the repository to the water
table, and in the saturated zone below the water
table, where any released radionuclides could be
transported. Therefore, this section focuses on the
rocks in that portion of the stratigraphic section.
Figure 2-10 depicts the major units within the
Yucca Mountain section, which include (from the
top down) the Paintbrush Group, composed of the
Tiva Canyon tuff and the Topopah Spring tuff, the
Calico Hills Formation, and the Crater Flat Group.
The width of the column schematically represent-
ing each unit indicates the degree of welding. At
even greater depth, pre-Tertiary rocks, including
the Paleozoic carbonate aquifer, are also present.
Additional discussion of the hydrologic properties
of the rocks is presented in Sections 2.2.3 and
2.2.4.

Paintbrush Group. The Tiva Canyon tuff is a
large-volume, regionally extensive ash flow tuff
that comprises most of the rocks exposed at the
surface of Yucca Mountain. The unit is divided
into two members: a lower crystal-poor member
and an upper crystal-rich member, which each have
a characteristic geochemical composition: the
lower member is a rhyolite, and the upper member
is a quartz-latite (Sawyer et al. 1994). Rhyolites
have a higher percentage of silicon and alkali ele-
ments and a lower percentage of aluminum, iron,
calcium, and magnesium than quartz-latites. The
thickness of the formation ranges from less than
50 m to as much as 175 m (165 to 575 ft).

The Yucca Mountain tuff below the Tiva Canyon
varies in thickness from 0 to 77 m ( to 253 ft) and
is nonwelded to partially or densely welded where
it is thickest in the northern and western parts.
Although typically vitric (composed of shards of
volcanic glass), the tuff is increasingly devitrified
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where it is thick. (Glass shards are altered to fine
grained silica and clay minerals.) A bedded airfall
tuff sequence up to 15 m (49 ft) thick may overlie
the Yucca Mountain tuff (Diehl and Chornack
1990, p. 47).

The Pah Canyon tuff occurs beneath the Yucca
Mountain tuff and has a maximum thickness of
about 70 m (230 ft) in the northern part of Yucca
Mountain and thins southward to zero (Moyer et al.
1996). The Pah Canyon tuff varies from non-
welded to moderately welded and contains vitric
pumice fragments preserved in a nondeformed
matrix. Bedded tuffs may also occur below the Pah
Canyon tuff.

The lowermost unit in the Paintbrush Group is the
Topopah Spring tuff, which is the host rock for the
potential repository. The Topopah Spring tuff has a
maximum thickness of about 350 m (1,148 ft) near
Yucca Mountain (Buesch et al. 1996). Like the
Tiva Canyon tuff, the Topopah Spring tuff is com-
positionally zoned from a lower crystal-poor,
high-silica rhyolite to an upper crystal-rich quartz
latite. Each member is divided into numerous
zones and subzones based on depositional feature
variations such as crystal content and assemblage,
size and abundance of pumice and rock fragments,
distribution of welding and crystallization zones,
and fracture characteristics. The crystal-poor
member is divided into a vitric zone near the base
and devitrified rocks of the lower nonlithophysal,
lower lithophysal, middle nonlithophysal, and
upper lithophysal zones. Lithophysae are voids in
the rock caused by bubbles of volcanic gases
trapped in the rock matrix during cooling. The
nature, size and abundance of lithophysae in the
tuffs are important because they may affect the
mechanical and hydrologic properties of the rock.
These last three zones, divided on the basis of their
lithophysal content, comprise the potential reposi-
tory horizon. All of these units are strongly
welded. A portion of the vitric zone at the base of
the Topopah Spring tuff, commonly referred to as
the vitrophyre, is an important thermal-mechanical
unit and a locally important hydrologic unit.

The upper crystal-rich member (greater than
10 percent crystals, or phenocrysts) is also divided
into lithophysal, nonlithophysal, and vitric zones.

Rocks in both the lithophysal and nonlithophysal
zones are devitrified and strongly welded. The tuff
is capped by a vitric unit distinguished by the pres-
ervation of volcanic glass forming rocks with a vit-
reous luster.

Calico Hills Formation. The Calico Hills Forma-
tion is a series of rhyolite tuffs and lavas resulting
from an episode of volcanism approximately
12.9 million years ago (Sawyer et al. 1994). Five
separate ash flow units, overlying a bedded tuff
unit and a locally occurring basal sandstone unit,
have been distinguished. The formation thins
southward, from a total thickness of 289 m (948 ft)
north of the repository block, to 41 m (135 ft) to
the south.

Several characteristics of the Calico Hills Forma-
tion are particularly significant to repository per-
formance models. None of the Calico Hills ash
flows are strongly welded; therefore, the rocks
have much lower strength than the Topopah Spring
tuff (they are less brittle and hard), and they gener-
ally have higher porosities. Because of their lower
strength, the fractures that are ubiquitous in welded
tuffs are rare or absent in the Calico Hills. In fact,
surface and borehole observations indicate that
highly fractured Topopah Spring tuffs may overlie
Calico Hills tuffs with few or no fractures. The
sparsity of continuous fracture pathways may have
important implications for water flow in the unsat-
urated zone.

Another important attribute of the Calico Hills is
that analyses of surface and borehole samples
(Bish and Chipera 1986; Broxton et al. 1993) show
an abundance of zeolite minerals in all units of the
Calico Hills Formation. Zeolites are silicate min-
erals that have the ability to sorb (attach or bind)
radionuclides and other ions that may be trans-
ported in solution in water. The process of sorption
may significantly slow the movement of many
radionuclides away from a repository. Carey et al.
(1997) has constructed a three-dimensional model
of mineral distributions at the Yucca Mountain site
so that performance models can simulate the
effects of sorbing minerals on flow and transport.
A factor that complicates potential retardation
analysis is that the formation of zeolitic minerals
may reduce the porosity and permeability of the
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rock, so that the rock may not be able to accommo-
date the volume of water flowing into it. Addi-
tional discussion of the effects of zeolite alteration
is presented in Section 2.2.5.

Crater Flat Group. The Crater Flat Group con-
sists of three sequences of rhyolitic, moderate to
large volume ash flow deposits and interlayered
bedded tuffs. In descending order, these forma-
tions are the Prow Pass, Bullfrog, and Tram tuffs
(Sawyer et al. 1994). The Bullfrog tuff is associ-
ated with the Silent Canyon caldera complex, but
sources of the Prow Pass and Tram tuffs are less
certain. The Crater Flat Group is distinguished
from other units near Yucca Mountain by the rela-
tive abundance of quartz and biotite crystals. In
addition, the Prow Pass tuff and, to a lesser degree,
some parts of the Bullfrog tuff contain distinctive
rock fragments of reddish-brown mudstone. At
Yucca Mountain, the Crater Flat Group overlies
dacitic (very fine crystalline or glassy rock) lavas
and flow breccias (rocks composed of angular frag-
ments of other rocks) in the northern part of Yucca
Mountain, and the Lithic Ridge tuff in the southern
part (Broxton et al. 1989).

The Prow Pass tuff is a sequence of variably
welded ash flow deposits formed by eruptions from
an unidentified source between about 13.0 and
13.2 million years ago (Sawyer et al. 1994), and
ranging from about 84 to 198 m (275 to 650 ft) in
thickness. Individual tuff units range from less
than 1 m to approximately 80 m (3.3 to 263 ft) in
thickness, and are commonly zeolite altered. Ash
flows units can be distinguished by their pumice
and lithic clast (rock fragment) content. Interlay-
ered airfall deposits and breccia deposits are
present locally. Alteration of the tuff matrix to zeo-
lite and clay minerals is common, but vitric zones
containing unaltered volcanic glass are present in
some areas, most notably beneath the southwestern
part of the repository block.

The Bullfrog tuff consists of welded to partially
welded, zeolite altered upper and lower zones sep-
arated by a central zone of moderately to densely
welded tuff with weathered bedded tuffaceous
deposits at the base. The measured thickness of the
entire sequence ranges from 89 m (292 ft) to as
much as 400 m (1,312 ft) in southern Crater Flat.

The Tram tuff includes numerous units character-
ized by the variable abundance and types of pum-
ice and rock fragments in ash flow deposits and
rare bedded tuff interbeds. A lower lithic-rich unit
(high rock fragment content), and an upper
lithic-poor unit have been recognized. Welding is
variable: in general, the lithic-poor unit is more
densely welded than the underlying lithic-rich unit.
Clay and zeolite alteration occurs in both units of
the Tram tuff. The thickness of the Tram tuff
ranges from about 182 to 381 m (597 to 1,250 ft).

Faulting and Structural Geology. The spatial and
temporal distribution and properties of faults and
fractures in the volcanic bedrock are fundamental
elements of the structural geology of the potential
underground repository at Yucca Mountain. They
control the hydrologic and rock mechanical proper-
ties of the system, and, therefore, they may
strongly affect both performance and design. In
recognition of this fact, NRC considers the deter-
mination of viable models of fractures and site dis-
continuity features as a subissue under the Struc-
tural Deformation and Seismicity Key Technical
Issue (NRC 1997a) (see Volume 4, Section
4.3.3.2). Documentation and discussion of fracture
and fault patterns are based on detailed surface and
underground geologic mapping conducted at
detailed scales from 1:2,400 to 1:24,000. Faults
with 5 or more meters of offset were recorded on
the 1:24,000 mapping; faults with 1-5 m (3-16 ft)
of displacement were mapped in the more detailed
studies.

Figure 2-11 (Day et al. 1997) depicts the area infor-
mally called the Yucca Mountain site area. This is
a 12 by 14-km (7 by 9-mile) region extending from
the Prow on the north to Busted Butte on the south
and from Windy Wash on the west to Fortymile
Wash on the east. The structural geology of Yucca
Mountain is controlled by block-bounding faults
spaced 1-4 km (0.6-2.5 miles) apart. These faults
include (from west to east) the Windy Wash,
Fatigue Wash, Solitario Canyon, Bow Ridge, and
Paintbrush Canyon faults. Dune Wash and Mid-
way Valley faults are also block-bounding faults,
but they differ from the other block-bounding
faults in that they have no evidence of Quaternary
movement (within the past 1.6 million years). The

2-20



Introduction and Site Characteristics
Volume 1

5500C0 5700W 580000

780000

770000

760000

750000

740000

0

0

1

\ /II_=i

2 MILES

KILOMETERS

FV10221-7

1 2

EXPLANATION

= Quatemary deposits

Miocene volcanic bedrock

Exploratory Studies Facility

Fault Type-bar and ball on downthrown side;
dashed where inferred

I _ Block-bounding fault

_ - Strike slip fault

Relay structure

a Dominant ntrablock fault

Figure 2-11. Faults in the Yucca Mountain Area
(Source: Day et al. 1998)

<K
2-21



Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508V1

block-bounding faults commonly dip 450-85 to
the west. Some left-lateral displacement is com-
monly associated with these faults (Day et al.
1997).

In some fault zones, several Paintbrush Group rock
types have been mixed indicating that faulting has
structurally juxtaposed various subunits as dis-
placement and deformation of the bedrock
occurred (Day et al. 1997). Individual fault strands
within these zones are highly brecciated.

Displacement between the major block-bounding
faults occurs along multiple smaller faults, which
intersect block-bounding faults at oblique angles
(Day et al. 1998). These "relay" faults are signifi-
cant components of the block-bounding fault sys-
tems particularly in the southern half of Yucca
Mountain. Most of the smaller faults occur in
complex zones of faulting. Through most of the
site area, block-bounding faults strike to the north
and relay faults strike to the northwest, whereas
south of the site area, block-bounding faults strike
to the northeast and relay faults strike to the north.
Within structural blocks, small amounts of strain
are accommodated along intrablock faults that may
represent local structural adjustments in response
to displacements on the block-bounding faults.

Ten structural domains within the site area have
been defined, each characterized by a distinctive
structural style (CRWMS M&O 1998d, Section
3.6.2.3.2). The patterns that characterize individ-
ual domains may include the nature and intensity
of faulting as well as magnitude and direction of
bedrock dips. Most of the potential repository is
within an area known as the Central Yucca Moun-
tain domain. Structurally, this is the simplest and
largest domain, comprising three east-tilted blocks,
each 1-4 km (0.6-1.8 miles) wide, bounded by
west-dipping block-bounding faults. Intrablock
faults are locally present such as the north-striking
Ghost Dance and Abandoned Wash faults in the
Central Block, and the Boomerang Point fault in
the Jet Ridge Block. These intrablock faults have a
maximum of tens of meters of west-side-down dis-
placement and tend to be associated with a simple,
narrow zone of deformation in contrast to the hun-
dreds of meters of displacement and complex

deformation zones commonly associated with
block-bounding faults.

The Ghost Dance fault is the main intrablock struc-
ture within the central part of the Central Yucca
Mountain domain (Day et al. 1997) with a trace
length of 3.7 km (2.3 miles). In general, the Ghost
Dance fault is a north-striking normal fault zone,
steeply west-dipping (75°-85°). The displace-
ment, amount of brecciation, and number of associ-
ated splays vary considerably along its trace. The
fault zone has a maximum width of approximately
150 m (492 ft) and a maximum displacement of
approximately 30 m (98 ft) down-to-the-west off-
set (CRWMS M&O 1998d, Section 3.6.2.4.1.1).
There is no evidence of displacement during the
past 2 million years. Mapping in the Exploratory
Studies Facility has shown that the Ghost Dance
fault has a consistent dip from the surface to the
depth of the potential repository, but that the zone
of brecciation is much narrower at depth than at the
surface.

The northwest-striking Sundance fault can be
traced for approximately 750 m (2,460 ft). The
maximum width of the Sundance fault zone is
approximately 75 m (246 ft), and the cumulative
northeast-side-down vertical displacement across
the fault zone does not exceed 11 m (36 ft).

Geologic relations beneath Fortymile Wash are
poorly understood because the bedrock geology of
this domain is largely concealed by the Quaternary
(and possibly older) surficial deposits of Jackass
Flats. A fault has been postulated, east of Fran
Ridge within the wash (CRWMS M&O 1998d,
Section 3.6.2.3.2). The fault has no geophysical
expression and no known Quaternary offset.

Fracture Characteristics. Fractured rock mass
studies have included detailed studies of the distri-
bution of fractures in natural exposures, cleared
pavements, and underground excavations. The
largest volume of fractured-rock-mass data comes
from the detailed mapping of the Exploratory Stud-
ies Facility. Sweetkind and Williams-Stroud
(1996) and Sweetkind, Barr et al. (1997) summa-
rize the results of fracture studies. Fractures are
generally of three types: early cooling joints, later
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tectonic joints, and joints due to erosional unload-
ing. Cooling and tectonic joints have similar orien-
tations, but cooling joints are smoother. Cooling
joints form two orthogonal sets of steeply dipping
fractures and, locally, a set of subhorizontal frac-
tures. For tectonic joints, four steeply dipping sets
and one subhorizontal set have been identified.

Fracture density, connectivity, and hydraulic con-
ductivity may all strongly influence groundwater
flow within the volcanic rocks. Because of their
greater brittle strength, values for all of these frac-
ture parameters are greatest in the densely welded
tuffs and least in the nonwelded units. The Tiva
Canyon welded and Topopah Spring welded units
are characterized by well-connected fracture net-
works, whereas the Paintbrush nonwelded units
and the Calico Hills tuffs generally do not exhibit
connected fractures. Values are intermediate in the
lithophysal zones of welded tuffs, because fracture
propagation may be attenuated in the voids. In the
Crater Flat tuffs, fracture density is variable, both
vertically and laterally, due to the variations in tuff
properties.

In addition to distributed fracture networks, one
other important fracture-related parameter is the
extent of alteration of hydraulic properties around
fault zones, which may provide a fast flow path-
way through hydrologic units that are otherwise
not prone to fracture flow. Even non-welded units,
such as the Pah Canyon and Calico Hills tuffs, may
transmit significant water flow in fractured zones
adjacent to faults. Based on observations in the
Exploratory Studies Facility, the zone of influence
around faults, in which fracture properties are
modified, may range from approximately 1 to 7 m
(3 to 23 ft) (Sweetkind, Barr et al. 1997). The
extent of property modification does appear, in a
general way, to correlate with the total fault dis-
placement. The amount of deformation associated
with the faults also depends on the lithology of the
units involved in the faulting. Non- to
partly-welded portions of the crystal-poor vitric
zone of the Tiva Canyon tuff apparently can
accommodate a greater amount of extensional
strain before failing by fracture than can brittle,
densely welded rocks.

Integrated Site Model. The stratigraphic and
structural data from the site have been combined
with rock property and mineralogical results to
build an integrated site model (CRWMS M&O
1997e). Data from boreholes, surface geological
mapping, and geophysical surveys form the basis
for the conceptual understanding of the site's geo-
logic framework. This framework has been used to
develop spatial models of the distribution of geo-
logical, geotechnical, hydrological, mineralogical
and geochemical parameters. The model thus sup-
ports the design of the potential repository, and
provides the foundation for process models of how
water moves through the mountain and how
released radionuclides would be transported away
from a repository.

The database for the site includes numerous mea-
surements of physical properties of the rocks of the
Paintbrush Group. Large-scale data include rock
quality, hardness, and key block analysis from the
Exploratory Studies Facility, and weathering char-
acteristics from outcrop. Laboratory data include
mineralogy (including minerals with possible
health effects such as polymorphs [different min-
eral forms with the same chemical composition] of
silica and erionite), as well as density and porosity.
Laboratory data also include thermal conductivity
and expansion, heat capacity, static and dynamic
elastic constants (expressed as Young's modulus
and Poisson's ratio), confined and unconfined com-
pressive stress, tensile and shear strength, and rock
mass properties of strength and elastic moduli.

Studies to understand the geologic framework of
Yucca Mountain are mature. Future geologic work
will document the geology exposed in new under-
ground excavations, provide the geologic support
needed to carry out other specific studies, and col-
lect information needed to design a repository.

Selection of the Repository Horizon. The identi-
fication of a subsurface repository block was based
on several factors, including the following:

* Thickness of overburden
* Extent and characteristics of the host rock
* Location of faults
* Location of groundwater
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The repository must be sited at sufficient depth to
protect waste from exposure to the environment.
For this reason, a minimum overburden thickness
of 200 m (656 ft) was specified to ensure adequate
protection from surface events.

The repository must also be sited within a suitable
host rock, which means that the repository horizon
must be able to sustain excavation of stable open-
ings that can be maintained at reasonable cost dur-
ing repository operations and to contribute to iso-
lating the waste after closure. Without undergoing
any changes that could threaten the repository's
ability to safely isolate waste for an extended
period of time, the rock should be able to accom-
modate the heat that will be generated. Finally, the
host rock should be of sufficient thickness and lat-
eral extent to allow for the disposal of the planned
quantities of waste while simultaneously providing
flexibility in selecting the depth, configuration, and
location of the underground facility.

Faults could impact repository performance by det-
rimentally affecting the stability of underground
openings, or by acting as pathways for water flow
that could decrease waste package lifetimes and
eventually lead to radionuclide release. The pro-
posed repository was sited in an area that is rela-
tively free of faulting; the proposed disposal area is
bounded on the west by the Solitario Canyon fault
and on the east by the Ghost Dance fault.

One of the major goals of the repository safety
strategy is to minimize the exposure of waste to
water. Separation from the saturated zone below
the water table is a key component to selecting a
potential repository horizon, and this was a signifi-
cant factor in conducting further studies at Yucca
Mountain. Moreover, it is important that the
potential repository be isolated not only from
present groundwater, but also from future fluctua-
tions of the groundwater table. As described in
Section 2.2.4, geologic evidence indicates that the
water table has not been more than 100-120 m
(328-394 ft) higher than its present level over the
past several hundred thousand years, even during
much cooler and wetter climates. Even at these
high levels, the water table would still be

100-200 m (328-656 ft) below the repository hori-
zon.

Mansure and Ortiz (1984) defined a 2,200-acre
area (and five potential expansion areas) beneath
Yucca Crest and its eastern flank that are large
enough and thick enough to host a repository.
CRWMS M&O (1997f) used computer analysis of
a geologic model of the site to further refine the
volume available for repository siting.

The combination of criteria resulted in the selec-
tion of the middle to lower portion of the Topopah
Spring welded tuff as the potential repository hori-
zon. This section is strongly welded with variable
fracture density and lithophysal content. Experi-
ence underground in the Exploratory Studies Facil-
ity (monitoring of excavation characteristics, rock-
bolt loads, deformation of portal girders, and the
strain magnitudes of steel sets) and design analyses
indicate that stable openings can be constructed in
the Topopah Spring. Also, the thermal and
mechanical properties of the rock should enable it
to accommodate the range of temperatures
expected during repository construction (CRWMS
M&O 1997g). The selected horizon is well below
the mountain surface and well above the water
table. Finally, the repository volume is located
between major faults.

Health-Related Mineral Issues. Certain minerals
known to present a potential risk to worker health
are present in the volcanic rocks at Yucca Moun-
tain. The risks are generally related to potential
exposures caused by inhalation of airborne particu-
lates (dust). Some of the minerals represent a haz-
ard commonly associated with underground con-
struction, whereas other mineral species are rare
and less well known. To protect the health and
safety of underground workers, the Yucca Moun-
tain Site Characterization Project (YMP) will con-
tinue to use safe, modem, underground construc-
tion practices to minimize and mitigate any risks.
For example, low dust levels and adequate ventila-
tion will be maintained. In addition, YMP will
provide worker education on mineral health haz-
ards, as well as sample and monitor for hazardous
minerals.
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Several minerals present at Yucca Mountain have
been listed by the World Health Organization as
carcinogenic, or probably carcinogenic, to humans
(International Agency for Research on Cancer
1997). These include quartz, cristobalite, tridym-
ite, and opal-CT. Quartz, cristobalite, and tridym-
ite are polymorphs of silica (Si02), and opal-CT is
a noncrystalline form of silica. Quartz is one of the
most abundant minerals in the earth's crust, and it
is widely distributed at the surface and under-
ground at Yucca Mountain. The other silica poly-
morphs (cristobalite and tridymite) are less abun-
dant than quartz but are still common in volcanic
tuffs. Epidemiological data suggest that silica min-
erals generally represent a significant risk only at
high and prolonged exposures, and that concurrent
exposures to other agents may actually determine
risk. Consequently, the risk associated with these
minerals at Yucca Mountain can generally be suc-
cessfully mitigated by proper dust controls consis-
tent with modem standard practice in underground
construction.

Erionite is an uncommon zeolite mineral that was
recognized by the International Agency for
Research on Cancer as a human carcinogen in
1987; at Yucca Mountain, it is known to occur pri-
marily in the basal vitrophyre of the Topopah
Spring tuff and in isolated zones of the Tiva Can-
yon tuff. At low doses erionite is believed to be a
potent carcinogen capable of causing mesothe-
lioma, a form of lung cancer. As a result of its
apparent carcinogenicity, erionite could pose a risk
if encountered in quantity during underground con-
struction even if standard modem construction
practices are followed. Because erionite appears to
be absent or rare within the proposed repository
horizon, most repository operations should not be
affected. However, precautions would be taken
when penetrating horizons in which it may occur
during construction, such as in the basal vitrophyre
of the Topopah Spring unit.

A number of other minerals present at Yucca
Mountain may have associated health risks if
prolonged exposures occur; however, there is no
evidence suggesting a link to cancer. Therefore,
the International Agency for Research on Cancer
(International Agency for Research on Cancer

1997) has ranked these substances not classifi-
able. Some of the minerals identified and consid-
ered in establishing health and safety practices for
potential repository operations include the zeolite
group minerals mordenite (which is fibrous and
similar in some respects to erionite), clinoptilolite,
heulandite, and phillipsite. Because there is no
known risk associated with the other zeolite
minerals, and because they are primarily found in
nonwelded units below the repository horizon, it is
unlikely that they represent a significant risk. The
dust control measures implemented to mitigate risk
from silica should also protect workers from expo-
sure to other minerals.

Palygorskite, sepiolite, smectite, mica, kaolinite,
feldspars, calcite, and manganese oxides have also
been analyzed to determine whether they present
any risk to underground workers. Some of these
phases are rare (e.g., palygorskite, sepiolite, and
manganese oxides occur predominantly in frac-
tures), whereas others are common (especially
feldspar). In all cases, standard practices for dust
control would effectively minimize risks.

2.2.1.3 Surficial Deposits and Processes

Surficial deposits in the Yucca Mountain region are
important in understanding potential repository
performance for two major reasons. First, they
provide a record (albeit an incomplete one) of the
evolution of surface processes and climate condi-
tions over the past several hundred thousand years.
Second, they are an important component of the
hydrologic system. The distribution and character-
istics of surficial deposits are important factors in
determining the rate and extent of surface water
infiltration into the mountain, and they are also one
component of the valley-fill aquifer in some areas.

Most surficial deposits are composed of alluvium
(coarse sand and gravel sediments deposited by
flowing water), but hill slopes are typically cov-
ered with a thin veneer of colluvium (coarse sedi-
ments deposited by downhill creep). Eolian depos-
its (windblown deposits such as sand dunes) are
generally a minor component of the surficial
deposits except for a massive star dune at Big Dune
and sand ramps such as those that flank Busted
Butte. Southwest and south of Yucca Mountain
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minor spring and marsh deposits, reflecting past
wetter climates, have been mapped and studied
(Paces et al. 1996b). The ages of surficial deposits
range from less than 1,000 years to greater than
760,000 years, but most deposits exposed at the
surface were deposited during the last
100,000 years.

Average erosion rates have been estimated for col-
luvial deposits, hill slopes, bedrock ridges, and
stream valleys (CRWMS M&O 1998d, Section
3.4.5). All evidence suggests that erosion in the
Yucca Mountain region has generally proceeded
slowly. Volcanic features are well preserved, and
basic geologic relationships indicate that modem
landforms (ridges and valleys) were already estab-
lished by the time of the Rainier Mesa tuff eruption
approximately 9.5 million years ago. The Rainier
Mesa unit was deposited in valleys caused by fault-
ing along the Solitario Canyon, Bow Ridge, Mid-
way Valley and other major faults. Various tech-
niques have been used to calculate erosion rates
including studies of alluvial stratigraphy and ero-
sion history in Fortymile Wash. Other techniques
include dating boulders and cosmogenic exposure
ages (the length of time a surface has been exposed
to the sun) on hill slopes, and calculating the accu-
mulation rate of latest Pleistocene alluvium in Mid-
way Valley. These methods have yielded
long-term erosion rate estimates from approxi-
mately 0.1 to 1.1 cm (0.04 to 0.43 in.) per thousand
years. The higher estimates were for the generally
wet period, from 27,000-2,000 years ago, and are
believed to represent maximum expected erosion
rates above the potential repository. The data sug-
gest that significant erosion near the proposed
repository was unlikely to have existed during the
Quaternary and is unlikely under current climate
conditions. No further work is planned.

Near-surface carbonate deposits (sometimes called
caliche or calcrete), that occur in soils parallel to
the surface and as fracture fillings, provide evi-
dence of past surface hydrologic conditions. Avail-
able evidence indicates that the majority of carbon-
ate deposits are pedogenic in origin (related to soil
formation), indicating that past climate has been
wetter than modem conditions (Stuckless et al.
1998). These types of deposit form in arid envi-

ronments when downward infiltrating rainwater
dissolves carbonate minerals present at the surface.
The carbonates are precipitated again when the
infiltrating water evaporates. The physical and
paleontological (fossil) characteristics of the
deposits are similar to pedogenic deposits observed
throughout the southwestern United States, and
they differ from those for spring deposits charac-
terized by flowing water. Mineralogic data, analy-
ses of major and trace element geochemistry, and
stable isotope and radiogenic tracer isotope analy-
ses also indicate the deposits have a close affinity
to local soils. The geochemical data also indicate
that the carbonates could not have been precipi-
tated from any known groundwater near Yucca
Mountain or at the temperatures of regional
groundwater.

An alternative hypothesis for the origin of the car-
bonate deposits proposed that they were the result
of groundwater upwelling caused by seismic
pumping (Szymanski 1987; 1989). This model
postulated that the water table could fluctuate hun-
dreds of meters over short periods of time due to
the stresses associated with seismic events.
Because such large-scale water table excursions
could potentially rise above the level of the pro-
posed repository, this hypothesis could have signif-
icant implications for repository performance.
Therefore, the project performed numerous studies
to resolve the origin of the deposits, and requested
a panel convened by the National Academy of Sci-
ences National Research Council to review the
results. The panel concurred with the project con-
clusion that none of the evidence cited by Szyman-
ski for groundwater upwelling near Yucca Moun-
tain could reasonably be attributed to that process.
They also agreed that available evidence supported
the view that the carbonates formed from meteoric
water and surface processes (National Research
Council 1992, p. 56). The panel also evaluated the
theoretical basis for the model of upwelling water,
and concluded that the proposed mechanism was
inadequate to raise the water table more than a few
tens of meters and that water table excursions to
the design level of the repository would be
unlikely.

More recently, Hill et al. (1995) examined the ori-
gin of the near-surface carbonate deposits. They
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cited new observations supporting an origin related
to upwelling groundwater. Stuckless et al. (1998)
reviewed their hypothesis and evidence and con-
cluded that a pedogenic origin remains the pre-
ferred interpretation.

The Nuclear Waste Technical Review Board has
also recently reconsidered the issue of possible
future upwelling of water into the proposed reposi-
tory. The Board concluded that the material they
reviewed "does not make a credible case for the
assertion that there has been ongoing, intermittent
hydrothermal activity at Yucca mountain or that
large earthquake-induced changes in the water
table are likely at Yucca Mountain," (Nuclear
Waste Technical Review Board 1998).

2.2.2 Climate and Weather

Climate and its changes over time directly affect
system performance at Yucca Mountain. Precipita-
tion and surface weather conditions limit the infil-
tration of water into and through the mountain.

Designing an engineered barrier system to limit
contact between waste and water at Yucca Moun-
tain depends on understanding the natural behavior
of water at the site. While the Yucca Mountain cli-
mate is currently very dry and hot, past climate
records show this was not always the case. There-
fore, establishing credible future climate states is
important because the future will likely be similar
to past climates that have been wetter and cooler
than today's.

Information from climate studies addresses several
of NRC's key technical issues, most directly the
issue of Unsaturated and Saturated Zone Flow
Under Isothermal Conditions (NRC 1997a). In
addition, results help to answer questions related to
the issues of Total System Performance Assess-
ment and Integration, and Activities Related to
Development of the U.S. Environmental Protection
Agency Yucca Mountain Standard. The NRC key
technical issues are discussed in more detail in Vol-
ume 4, Section 4.3.3.

2.2.2.1 Overview of Site Climate

The nature of climate over the next
10,000-100,000 or more years is an issue that must
be addressed concerning the potential Yucca
Mountain repository. Present-day climate is hot
and dry. The rain shadow caused by the Sierra
Nevada and other mountain ranges limits the num-
ber of storms capable of generating precipitation
throughout the Great Basin. Near Yucca Mountain,
precipitation comes from the rare winter intrusion
of frontal storms associated with polar fronts and,
during the summers, the regular intrusion of hot,
dry, subtropical high-pressure weather systems.
Local vegetation on all but the highest mountains is
limited by the available water and typically uses
most of the available precipitation. Therefore,
infiltration into the underlying rock is modest and
commonly associated with wet years that are
linked to El Nio cycles.

Studies of past climates indicate that climate oscil-
lates between glacial and interglacial periods. The
current climate is generally typical of interglacial
periods although paleoclimate records suggest that
the present interglacial period is hotter and drier
than earlier interglacial periods. In contrast to the
current climate, periods of more extensive glacia-
tion have dominated the long-term climate for most
of the past 500,000 years. Glacial periods (also
called pluvial periods), characterized by wetter and
colder conditions than the present, have prevailed
over approximately 80 percent of that time. The
coldest and wettest glacial periods are termed
superpluvials.

During glacial periods, frontal storm activity is
common and related to the residence of the polar
front far south of its modem average seasonal posi-
tion. Summer intrusion of subtropical high-pres-
sure systems is less frequent to nonexistent. Local
vegetation is less water limited and average air
temperatures are colder, leading to much lower
evapotranspiration and higher infiltration than
today. Mean annual precipitation shifts from sub-
stantial summer rain to winter precipitation, often
as 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
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Death Valley, contain lakes. Such climates are
generally characteristic of glacial periods, but par-
ticular glacial periods vary. Some are relatively
warm and wet; whereas, others are cold and may
be either wet or dry.

Figure 2-12 depicts a range of climatic conditions
that have existed at Yucca Mountain in the past,
and could be present in the future. The figure
shows schematically the current semiarid climate,
a long-term average climate representative of typi-
cal glacial conditions over the past several hundred
thousand years, and a superpluvial (superglacial)
climate that simulates the coldest and wettest con-
ditions likely to occur. Precipitation in these states
ranges from approximately 170 mm (7 in.) per year
in the present day to 300 mm (12 in.) per year as a
long-term average, to 450 mm (18 in.) per year or
more in superpluvial conditions. The cooler tem-
peratures and decreased evapotranspiration also

w~~r

will cause a much higher fraction of precipitation
becoming infiltration.

The timing for the initiation of glacial periods is
related to the earth's orbit. The present interglacial
period is nearing an end, and transition to a glacial
period could begin in a few centuries or millennia.
Earth's orbital parameters over the next
100,000 years most closely resemble features from
400,000 to 300,000 years ago. Study of long-term
climatic records from the region suggests that the
glacial period 400,000 to 300,000 years ago was a
relatively warm, wet glacial period.

2.2.2.2 Present-Day Climate and Weather

Present-day climate in southern Nevada is semi-
arid, with hot summers and mild winters. The
regional weather is influenced by complex topog-
raphy and weather system circulation patterns.

Dry
Yucca Mountain
MdPnibaton: about 170 moty average

gaboo: desert scrdb
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Long-Term Average
previpita on analogue: Rainier M.aa, NV
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Figure 2-12. Conceptual Drawing of Projected Climates for Yucca Mountain
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Local and regional monitoring stations provide
weather data for the vicinity of Yucca Mountain.
The annual average precipitation in the Yucca
Mountain area is approximately 100-250 mm
(4-10 in.) per year, depending on topographic ele-
vation and exposure. About 30 years of monitor-
ing at Amargosa Farms southwest of Yucca Moun-
tain indicates an average of about 100 mm (4 in.)
per year; at a station 10 km (6.2 mile) east of Yucca
Mountain average precipitation is 133 mm (5.2 in.)
per year; geostatistical studies suggest an average
of 250 mm (10 in.) per year at higher elevations
along the north of Yucca Mountain (CRWMS
M&O 1998d, Sections 4.1.3.2 and 5.3.4.1.2.2).
The estimated annual potential evapotranspiration
(maximum surface moisture loss to the atmo-
sphere) is 1,680 mm (66 in.) per year (Houghton et
al. 1975). Snowfall is infrequent, light, and
short-lived below about 1,070 m (3,510 ft) above
mean sea level. The estimated maximum daily
rainfall is bounded by a value of 125 mm (5 in.)
(CRWMS M&O 1997a).

The annual average temperature in the Yucca
Mountain area ranges from about 15 to 18'C (59 to
650F), depending on elevation. Summer tempera-
ture can exceed 40'C (104'F), and winter tempera-
tures occasionally fall below 0C (320F). Low rel-
ative humidity throughout most of the year is indic-
ative of the semiarid climate; the annual average
dew point temperature is about -50C (23 0F).
Regional weather systems and the mountain and
valley topography cause a regular wind pattern of
well-mixed airflow toward the north during the
daytime and stable (low mixing) airflow toward the
south into Amargosa Valley at night.

The aridity and warm temperatures result from a
combination of large-scale atmospheric circulation
patterns and the large mountain ranges, such as the
Sierra Nevada, on the moisture pathway from the
primary source, the Pacific Ocean. The Yucca
Mountain area is affected by typical mid-latitude
global circulation patterns, with weather systems
moving from west to east. Storms moving into the
area from the southwest during winter tend to have
the greatest potential for high precipitation as rain
or snow. Significant late summer, southwest mon-
soon precipitation events occur with moist airflow

from the south originating either in the Gulf of
Mexico or the Pacific Ocean. Naturally recurring
short-term changes in typical circulation patterns
alter storm paths and precipitation patterns. One
example is the El Nio pattern, which tends to
increase winter precipitation in Southern Nevada
by approximately 50 percent.

2.2.2.3 Paleoclimate

Past climate history offers a basis to examine the
factors responsible for climate change. Interpreta-
tion of paleoclimate records also provides a ratio-
nale to link elements of the hydrologic system
(e.g., infiltration, movement of water through the
unsaturated zone, elevation of the regional water
table, groundwater discharge) with the climate his-
tory that drives them. Although projecting future
climate involves many uncertainties, future climate
variability will likely fall within the bounds of past
climate variability. In addition, if the factors
responsible for climate change are well under-
stood, projections of climate over the next
100,000 years may be constrained to be similar to a
particular period in the past.

Global Climate Change. Evidence of the earth's
climate for the past 500,000 years shows oscilla-
tions between interglacial and glacial periods.
Interglacial periods are those ages in recent earth
history when continental ice sheets have been
small. On a global scale, interglacial periods are
warm periods; regions around 30° north or south
latitude fall within hot-desert belts that result from
global-scale atmospheric circulation features.
Today, the earth is experiencing an interglacial
period, and Yucca Mountain is on the northern
edge of the hot-desert belt. During glacial periods,
large continental ice sheets have extended well into
the United States and central Europe. Near Yucca
Mountain, glacial periods are typically wetter and
cooler than the current climate.

Evidence of the cyclic nature of climate comes
from long-term climate records. Long-term cli-
mate records, those that are tens of thousands to a
million or more years long, are derived principally
from sedimentary records in the world's oceans,
the thick ice caps in Greenland and Antarctica, and
sedimentary records in some lakes. Oceans con-
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tain long records (millions of years) of global cli-
mate change preserved in marine sediments.
Ongoing scientific studies indicate that microfos-
sils and stable isotopes from these sediments vary
in response to climate change and act as proxies or
substitutes for direct observation of past climates.
Similarly, ice cores taken from the ice caps of
Greenland and Antarctica provide high-resolution
records of changes in the isotope values of precipi-
tation caused by change in the earth's cycle. Those
isotope values change in a systematic way with the
coming and going of glacial climates.

Just as the earth has been characterized by different
climates in its past, similar climates will likely
characterize its future. The timing of climate
change from the interglacial through glacial peri-
ods is believed to correlate to well-known, cyclic
changes in the earth's orbit. These changes affect
the amount of solar radiation (known as insolation)
the earth receives. Interpretation of data from
long-term climate records shows cyclical change in
the global environment that seems to appear and
disappear in tandem with the orbital cycles. Dur-
ing the last 500,000 years, interglacial periods have
existed approximately 20 percent of the time and
glacial periods have existed the remaining 80 per-
cent of the time (Winograd et al. 1997). The transi-
tion from the present interglacial period into the
next glacial period could begin in the next few hun-
dred or thousands of years (Forester et al. 1996).

Climate Change in the Yucca Mountain Region:
Long-Term Climatic Records. Scientists have
established a relation between global climate
change and long-term climate change in the Yucca
Mountain region. Three long-climate records
(locations of which are shown on Figure 2-13)
occur within 100 miles of Yucca Mountain: Devils
Hole, Owens Lake, and Death Valley. Devils Hole
(about 50 km, or 31 miles, southeast of Yucca
Mountain), yields a well-dated, stable isotope
record from calcite that was deposited on the
submerged walls of a fissure within the regional
carbonate aquifer. Owens Lake contains a long
record of lake sediments containing fossil and
stable isotope evidence of climate change. That
evidence may be interpreted in terms of precipita-
tion and runoff from the Sierra Nevada and ulti-
mately in terms of general changes in atmospheric

circulation. Lake and stream sediments from
Death Valley, California provide a record of lake
conditions and stream flow into the valley,
including flow from the Amargosa River and other
drainages near Yucca Mountain.

The Devils Hole record, with its extensive and
accurate chronology, establishes the timing and
duration of climate change in the Yucca Mountain
region. The record also provides a means to com-
pare climate change at Yucca Mountain with
records throughout the world. Figure 2-14 shows
the correlation between climate-sensitive oxygen
isotope records from Devils Hole and the globally
averaged marine isotope record known as SPEC-
MAP (Spectral Mapping Project) (Winograd et al.
1992; Imbrie et al. 1984).

Owens Lake, a present-day playa (the dry flat bot-
tom of an undrained desert basin) in Inyo County,
California, approximately 160 km (100 miles) west
of Yucca Mountain (see Figure 2-13) contains a
thick sequence of lake sediments. Cores of those
sediments span the past 800,000 years. Interpreta-
tion of the Owens Lake climate record (Smith and
Bischoff 1997) provides information about the
magnitude of change in precipitation and air tem-
perature during past climate periods and, therefore,
complements the Devils Hole record. Over the
past 500,000 years, Owens Lake has been fresh
(implying climates wetter than today) for approxi-
mately 80 percent of the time and saline (implying
climates like today's) 20 percent of the time.

The Owens Lake record indicates changes from
interglacial to glacial periods can occur rapidly, on
a scale of a few centuries to two millennia
(2,000 years). Such rapid changes from warm and
dry to cold and wet climates indicate a southerly
shift in the average position of the polar front and
strengthening of westerly atmospheric flow. Fur-
ther, the persistence of cool, wet climates implies
that present-day hot, dry summers did not exist
during glacial periods. The absence of hot, dry
summers implies that the polar front, which today
retreats into Canada, remained in the region year
round. This indicates that intrusion of subtropical
air did not occur during the summer for glacial
periods.
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In addition to providing information on how
climate differs between glacial and interglacial
periods, the Owens Lake climate record also
provides information on the variation among
different glacial periods and among different inter-
glacial periods. Some glacial periods, for example,
are long, wet and very cold; others are wet and
relatively warm and show significant climate vari-
ability within the period. Although extreme glacial
climate exhibits exceptionally cold and wet condi-
tions, other glacial periods differ significantly from
it.

Sediments within Death Valley also reflect changes
in climate for the Yucca Mountain region. Today,
water on the Death Valley floor largely comes from
spring discharge. Salt mineral deposition is com-
mon and related to the intense evaporation of the
spring water. However, data from a 185-m (607-ft)
sedimentary core, spanning a time period of about
200,000 years, show that during a previous glacial
period a large, deep (90 m [295 ft] or deeper), and
relatively freshwater lake filled Death Valley (Li et
al. 1995). Lakes in Death Valley were potentially
fed by three major sources of water: the Sierra
Nevada via the Owens River, the Mojave River
flowing from the Transverse Ranges in west-cen-
tral California, or the Amargosa River draining the
highlands north of Yucca Mountain. The persis-
tence of lakes during cooler and wetter climate
periods illustrates that effective moisture levels
were much higher during glacial periods.

Climate Change in the Yucca Mountain Region:
Short-Term Climatic Records. A number of
important short-climate records exist within the
Yucca Mountain area. They include pack rat mid-
dens, paleo-wetland and paleo-spring deposits
(containing both sediments and fossils), and tree
rings. These records document how past climates
have affected the Yucca Mountain region during
about the last 50,000 years.

Pack rat middens are deposits of fossil plant
remains (e.g., twigs, leaves, pine needles, seeds,
fruit, and pollen) and other material (including
fecal pellets, bones and rocks) cemented by crys-
tallized urine. Analysis of the middens provides
information on climate conditions over time,
because the plants available to the rats are indica-

tive of existing conditions and because the plants
and other organic matter can be dated by radiocar-
bon techniques (CRWMS M&O 1998d, Section
4.2.4.1). Studies of middens in the Yucca Moun-
tain area reveal that Utah juniper, limber pine, and
white fir were common trees during the period
from approximately 35,000 to 12,000 years ago,
indicating that conditions during the last glacial
period were cooler and wetter than today (Spauld-
ing 1990). Plants that typify the present hot, dry
desert environment (e.g., creosote) were absent
from the glacial landscape (Spaulding 1990) and
did not become common until the late Holocene,
approximately 4,000 years ago. These findings
suggest the most recent glacial climate near Yucca
Mountain was similar to that seen today in areas of
northern Nevada where the current climate is
colder and wetter. With montane conifers at lower
elevations, the glacial climate probably had snowy
winters and cool, dry summers.

Sedimentary deposits found on valley floors
throughout southern Nevada show that during the
last glacial period there were wetlands, flowing
springs, and streams at low elevation (e.g., Quade
et al. 1995). Emergent aquatic vegetation such as
bullrush was common on the alluvial fan deposits
sloping down from adjacent mountains and in the
wetlands. The springs and wetland sediments con-
tain fossils of numerous aquatic invertebrates.
Those sediments, plus cave deposits, also contain
vertebrate fossils including mammoths, timber
wolves, pikas, northern pocket gophers, and north-
ern meadow mice. Water birds such as ducks and
wading birds also lived in the area during the late
Pleistocene. The existence of wetlands throughout
the region, together with the types of fossils found,
provide further evidence that recent glacial periods
were colder and wetter than today.

Interpretation of data from a paleodischarge
(spring) deposit about 15 km (9.3 miles) southwest
of Yucca Mountain (the Lathrop Wells Diatomite
deposits, Figure 2-13) suggests that during glacial
periods the regional water table was at the surface
at this site (Paces et al. 1996b). Today, the regional
water table at this location is approximately 100 m
(328 ft) below ground surface. Whether the water
table was as deep during previous interglacial peri-
ods is unknown. Thus, the magnitude of the cli-
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mate effect on the level of the water table at this
site is uncertain. At Devils Hole, the current low
elevation of the water table appears to have devel-
oped only during the last 20,000 years (Szabo et al.
1994).

Climate Change in the Yucca Mountain Region:
Site Records of Climate Change. Stable carbon
and oxygen isotope values of calcite, that precipi-
tated in fractures within Yucca Mountain, provide
potential climate information related to infiltration.
Carbon isotope data from calcite in the unsaturated
zone exhibit values similar to those found in soil
carbonates on or near Yucca Mountain. Quade and
Cerling (1990) concluded that the carbonate in
pedogenic calcrete filling the Bow Ridge fault and
exposed in the near surface at Trench 14, which is
located approximately where the Exploratory Stud-
ies Facility crosses the Bow Ridge fault (see Figure
2-11), formed during climates that were colder and
wetter than the present. The authors correlated
these carbon isotope values to those of modem soil
carbonate forming at elevations of 1,800-2,000 m
(5,906-6,562 ft), which is comparable in today's
climate to the flanks of Rainier Mesa. Whelan et
al. (1994) found that the oxygen isotopic values for
past infiltration were variable within the range
expected for precipitation.

2.2.2.4 Future Climate

For performance assessment, the key challenge is
to estimate the probable characteristics of climate
in the future. Estimates of future climate may be
obtained using two different methods. The first
method predicts future climate from numeric mod-
els that use the equations of atmospheric physics
together with climatic and oceanographic boundary
conditions. The second method bounds future cli-
mate by identifying past climate cycles and fore-
casting future climate based on the present position
within the cycle. Both methods have been used.

To predict future climate from models, four climate
simulations were generated with the regional-scale
model: present-day climate, full glacial climate
(21,000 years ago), greenhouse effect scenario
with double the current amount of carbon dioxide
in the atmosphere, and greenhouse effect scenario

with six times the current amount of carbon diox-
ide in the atmosphere.

The full-glacial state provides input for hydrologic
models and is used to evaluate the output of the cli-
mate model for a nonmodern climate using climate
proxies. The two greenhouse effect scenarios pro-
vide insight into human-induced climate change
related to high levels of carbon dioxide in the
atmosphere (Schelling and Thompson 1997). The
model output suggests that increased carbon diox-
ide levels in the atmosphere could result in an
increase in precipitation within the Yucca Moun-
tain region.

Forecasting future climate depends on the assump-
tion that climate is related to measurable and pre-
dictable processes, such as the variation in solar
insolation caused by changes in earth orbit. Com-
parative analysis of the insolation and climate data
over the past 400,000 years suggests a good corre-
spondence between glacial/climatic and orbital
cycles and provides a basis for future forecasts
(CRWMS M&O 1998d, Section 4.3.2). Projec-
tions of future orbital characteristics and insolation
profiles suggest that the next 100,000 years may be
similar to the period from 400,000-300,000 years
ago. Interpretation of climate proxy data from that
period suggest that this period is characterized by a
relatively short, warm, wet glacial period that was
milder than some subsequent periods. Further-
more, past climate estimates provide information
about the rates of change, duration, and magnitude
of past precipitation and temperature to support
hydrologic models.

For the VA performance modeling (described in
Volume 3) the results of regional climate models
were simplified to the three climate states depicted
in Figure 2-12:

* Present-day climate, characterized by hot,
dry conditions and low infiltration

* "Long term average" climate, presenting
conditions typical of glacial periods, with
much higher precipitation and infiltration
rates
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* "Superpluvial glacial" climate, representing
the wettest, coldest conditions present over
the past several hundred thousand years and
characterized by very high precipitation and
infiltration

2.2.2.5 Status of Climate and Weather
Studies

Through their studies at Yucca Mountain and its
surrounding region, scientists have established the
range of past climates that have affected the site.
An understanding of the factors associated with cli-
mate change allows future climates at Yucca
Mountain to be bounded. These results address the
NRC subissue on the likely range of future cli-
mates at Yucca Mountain associated with the Key
Technical Issue on Unsaturated and Saturated Flow
Under Isothermal Conditions (NRC 1997a) (see
Volume 4, Section 4.3.3.9). Further studies of past
and future climates are not planned. Meterological
conditions will continue to be monitored to con-
firm values used in assessing the performance of
the site and to support preclosure safety operations.

2.2.3 Water Above the Water Table (Unsat-
urated Zone Hydrology)

The semiarid environment at Yucca Mountain is a
fundamental attribute creating, in conjunction with
topography, a hydrologic setting characterized by a
very thick unsaturated zone. From the crest of
Yucca Mountain, the water table is more than
2,000 ft (610 m) below the surface and approxi-
mately 1,000 ft (305 m) below the design reposi-
tory horizon. Because the principal mechanism for
radionuclide migration from the site is through
solution and transport in groundwater, the thick
unsaturated zone is a primary barrier in the reposi-
tory containment system. This zone would limit
the amount of water available to contact waste
packages. If radionuclides are released from a
waste package, the repository safety strategy
would also rely on the natural system to delay and
reduce the concentration of radionuclides during
transport. Understanding the hydrology of the site
(i.e., the flow of water within and away from the
site) is key to assessing how well the proposed
repository would perform.

Repository design is also intended to take advan-
tage of the unsaturated nature of the site. Because
of the relatively low volumes of water present in
and flowing through the host rock, it is possible to
design the local environment to reduce the amount
of water contacting the waste packages. In addi-
tion, the design will also capitalize on the "free
draining" nature of the welded tuffs to encourage
water in fractures to flow through and past the
repository horizon, rather than accumulating in
drifts near the waste.

Figure 2-15 is a schematic drawing depicting the
relationship of the major components of the hydro-
logic system from the surface to the water table.
The remainder of this section describes the hydro-
logic setting of the site, including a conceptual
description of the characteristics and processes that
are most important to repository design and perfor-
mance. The discussion follows the flow of water,
starting with precipitation at the surface, infiltra-
tion into bedrock, flow through the unsaturated
zone, and flow away from the repository into the
saturated zone (see Section 2.2.4). Also presented
are brief descriptions of the three-dimensional
numerical models of unsaturated and saturated
flow that have been developed for the site, key
supporting data that provide insights about site
conditions, and important processes that may affect
repository performance.

An understanding of unsaturated zone hydrology is
needed to answer questions related to NRC's key
technical issues. Results presented in this section
primarily address the issue of Unsaturated and Sat-
urated Flow Under Isothermal Conditions (NRC
1997a). The results also address the issue of Total
System Performance Assessment and Integration
(NRC 1997a). These issues are described in more
detail in Volume 4, Section 4.3.3.

2.2.3.1 Surface Water Flow

Surface water flow at Yucca Mountain is important
to repository design and performance for two rea-
sons. First, the postclosure performance of the
repository is a function of the volume and distribu-
tion of water flowing through the unsaturated zone,
which in turn is limited by the water available at
the surface. Second, surface facility design must
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Figure 2-15. Conceptual Drawing of Unsaturated Zone Flow Processes

consider surface water flow (and flood potential) to
ensure that storm events do not affect safe opera-
tion of the repository during the preclosure period.

As shown on Figure 2-15, surface water flow and
infiltration are directly related to the climate,
which controls the amounts and timing of precipi-
tation, runoff, evaporation, and plant transpiration
(uptake of water through the root systems). In hot
dry climates like the present-day climate, summer
precipitation is primarily from intense but localized
thunderstorms that do not cause significant infiltra-
tion. Most of the water from such storms is lost to
evaporation or transpiration within a week, unless
an intense storm produces sustained runoff or sub-
sequent storms provide additional water for deeper

penetration. Thunderstorms can be so localized
that runoff may occur in one wash and not in adja-
cent drainages. In contrast, winter precipitation
occurring as snow or rain results primarily from
Pacific frontal systems that tend to be more sus-
tained and widespread than summer storms. These
sustained but less intense storms may cause runoff
after many hours or days of precipitation over a
broad area. Also, slowly melting snow can pene-
trate more deeply into the subsurface because of
lower winter evapotranspiration rates.

Presently, there are no permanent streams or other
surface water bodies near Yucca Mountain or in
most of the southern Great Basin. Springs sustain
year round flow for short distances near Beatty in

2-36



Introduction and Site Description
Volume 1

Oasis Valley, about 25 km (15 miles) west of the
site, and also about 100 km (62 miles) to the south-
west in Death Valley. The steep western slope of
the Yucca Mountain site drains to Solitario Can-
yon, which joins other channels that drain south-
ward to the Amargosa River channel. Fortymile
Wash, which drains southward from Pahute Mesa
between Timber Mountain and Shoshone Mountain
to Jackass Flats, collects runoff from several
washes that drain the gentler, eastern slope of the
potential repository site. Fortymile Wash also con-
tinues southward into the Amargosa Desert where
it joins the Amargosa River.

Although flow in these channels is rare, the area is
subject to flash flooding from intense summer
thunderstorms or occasional sustained winter pre-
cipitation. In July 1984, for example, a peak dis-
charge of 1,430 ft3 (40.5 m3 ) per second was mea-
sured in Fortymile Wash near Amargosa Valley just
south of Yucca Mountain (Pabst et al. 1993). A
peak discharge of 1,200 ft3 (34.0 M3 ) per second
was measured at the same site in March 1995
(CRWMS M&O 1998d, Table 5.1-2, Map Designa-
tion number 38) and a lesser amount was estimated
in February 1998.

Bullard (1986) developed probable maximum
flood discharge hydrographs (water flow measure-
ments) for the small basins of interest at Yucca
Mountain. Blanton (1992) developed water-sur-
face profiles for probable maximum flood dis-
charges in the operations area. The topography and
predicted extent of flooding have been used to
design the operations area to limit flooding effects
to temporary interruptions of operations.

2.2.3.2 Site Unsaturated Zone

The unsaturated zone at the Yucca Mountain site is
as much as 750 m (2,460 ft) thick (Flint 1998,
p. 7). The rock units that comprise the unsaturated
zone include Quaternary surface deposits (allu-
vium and colluvium) and the Tertiary volcanic tuff
section described in Section 2.2.1. As shown on
Figure 2-15, the six principal hydrogeologic units
that have been defined at the site include unconsol-
idated alluvium, Tiva Canyon welded, Paintbrush
nonwelded, Topopah Springs welded, Calico Hills

nonwelded, and Crater Flat tuff (Montazer and
Wilson 1984, Table 1). Because of the importance
of the unsaturated zone to performance, most site
characterization activities performed over the past
16 years have focused on the properties and pro-
cesses that define current site conditions, and on
how the site would respond to the construction of a
repository. This section presents site characteriza-
tion results, beginning with an overview of the
flow system, followed by a brief summary of the
investigation results. The section concludes with a
description of the detailed hydrologic model that
has been developed to simulate flow and support
site performance models.

Overview of the Unsaturated Zone Flow Sys-
tem. Figure 2-15 depicts schematically the key
characteristics and processes that affect flow.
Water flux through Yucca Mountain is limited by
the rate of infiltration (flow from the surface into
the mountain), which is a function of the amounts
of precipitation, runoff, evaporation and transpira-
tion (plant uptake). The rate at which these pro-
cesses proceed is directly related to the distribution
and characteristics of surface soils and rock at the
site. Deep soils inhibit infiltration by allowing
evaporation and transpiration to remove water;
therefore, most infiltration probably occurs in areas
with little soil cover. Estimating infiltration rates is
difficult in semiarid environments, which are char-
acterized by low total fluxes that may occur in
rapid episodic events. An infiltration model under
present climate conditions for the 43 km2

(17 mile2) area of the unsaturated zone model
yields an estimated average infiltration rate of 4.9
mm (0.20 in.) per year. The average varies spa-
tially from 0.0 mm (0 in.) per year in some washes
to 40 mm (1.6 in.) per year toward the northern end
of Yucca Mountain. For possible future climate
conditions, model results indicate that the average
annual net infiltration may increase by a multiple
of 7-20. Because of the sensitivity of repository
performance assessments to infiltration rates, a
substantial effort has been undertaken to under-
stand the variability and uncertainty inherent in the
estimates.

The extent to which water is available to dissolve
and transport waste is a function of the rates and
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distribution of water percolation (flow through the
mountain). As shown on Figure 2-15, evidence
indicates that surface infiltration generally moves
downward rapidly in fractures through the Tiva
Canyon tuff until it encounters the non-welded
Paintbrush tuff. Flow in the non-welded unit
appears to be predominantly in the rock matrix,
although fast flow paths along faults, fractures, and
other high permeability zones are present locally.
In general, it appears that the Paintbrush
non-welded unit attenuates (slows) and distributes
flow downward, perhaps for periods of up to thou-
sands of years. After migrating through the Paint-
brush tuff, water moves into the welded Topopah
Spring tuff, where flow again appears to be domi-
nantly in the fractures. The distribution of flow is
heterogeneous; in some areas characterized by
widely dispersed or poorly connected fracture sys-
tems, percolation fluxes may be very low. In areas
with highly transmissive features such as faults or
dense fracture networks, significant volumes of
water may move downward rapidly. Because per-
colation flux is important to repository perfor-
mance, but inherently difficult to characterize in a
semiarid environment, Yucca Mountain Site Char-
acterization Project (YMP) has used numerous
testing techniques in both surface-based boreholes
and the Exploratory Studies Facility. These meth-
ods include measuring rock hydrologic and
geochemical properties, monitoring ambient condi-
tions in the unsaturated zone, studying fluid chem-
istry to assess their flow history, and analyzing the
response of the system to the injection of fluids
(both gas and liquid). Estimates of average perco-
lation flux from these various studies range from
about 0.1-18 mm (0.004-0.7 in.) per year.
Because of Paintbrush tuff attenuation, most of the
flux probably requires hundreds or thousands of
years to reach the repository horizon. However,
isotopic (chlorine-36) data suggest that at least a
fraction of the flux reaches the repository level in
tens of years or less. Thus, while some of the water
moves downward quickly, much of it travels more
slowly.

Seepage into the potential repository depends on
the rate and distribution of percolation flux. There-
fore, YMP has investigated the spatial distribution
of percolation so that repository design and perfor-

mance calculations can be based on a credible anal-
ysis of the likely range of conditions that would
prevail after a repository was constructed and
closed.

Below the repository, water will continue to flow
primarily in fractures to at least the basal vitro-
phyre of the Topopah Spring, and then into the
Calico Hills nonwelded unit (Figure 2-15). For
performance assessments, it is important to under-
stand the pathways and rate of flow of any water
that may have contacted waste. Several character-
istics of the underlying rock units and hydrologic
conditions at the site are especially relevant to this
analysis.

The existence of perched water zones (saturated
zones with liquid water above other unsaturated
rocks) below the repository horizon may cause
water (and radionuclides) to move laterally, provid-
ing a flow path that bypasses the lower part of the
unsaturated zone. Based on field studies and mod-
eling, the occurrence of perched water at or above
the repository horizon is believed to be unlikely.
However, as shown on Figure 2-15, perched water
zones are believed to be common at the contact of
the Topopah Spring basal vitrophyre or at the vit-
ric-zeolitic boundary in the Calico Hills unit
beneath the repository. Because of the eastward
dip of the hydrogeologic units, lateral flow in
perched water zones could bypass lower portions
of the unsaturated zone.

It is also important to understand the nature of flow
of water through the Calico Hills and lower units
which may vary spatially. Zeolite minerals present
in the Calico Hills have the potential to retard
(slow) the transport of radionuclides by absorbing
them onto mineral surfaces. However, the effec-
tiveness of sorption processes depends on interac-
tion between flowing water and the rock matrix,
and water in fractures may not interact signifi-
cantly with the matrix. Under most of the
proposed repository, the Calico Hills unit contains
few fractures, and flow appears to be matrix domi-
nated. However, in zones with abundant zeolites,
low matrix perneabilities may be unable to sustain
flux rates of more than a few millimeters per year.
In these areas, any higher future fluxes would
either cause perching and diversion, or would
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occur as fracture flow, which would result in
reduced zeolite contact. Also, in the southern part
of the potential repository, a significant portion of
the Calico Hills unit is vitric (glassy, not zeolite
altered) with relatively high fracture density. Here,
sorption may not be effective, and flow through
fractures could reduce the effectiveness of the
Calico Hills as a barrier to radionuclide release.

In addition to understanding hydrologic processes,
there are many other types of information that may
be useful to understanding current conditions, and
assessing the future behavior of the proposed
repository. For example, studying the ages of the
water present, and studying minerals deposited by
water in the past, can provide insight into how the
system has responded to past events. Similarly,
studying the chemical composition of both water
and rocks can help interpret the history and evolu-
tion of the site. All of the information collected
will be used to assess how the Yucca Mountain site
would respond to construction of a repository.

A numerical model of flow through the unsaturated
zone incorporates information on the geologic
framework and rock hydrologic properties. The
model is calibrated using saturation and water
potential data, gas pressures and flow rates, ambi-
ent temperature and heat flow data, locations and
hydrochemistry of perched water bodies, and envi-
ronmental isotope concentrations and water ages.
The model yields a current range of estimated per-
colation flux at the repository horizon of approxi-
mately 1-20 mm (0.04-0.8 in.) per year.

Results of the Unsaturated Zone Test Program.
The following sections describe key results from
studying the Yucca Mountain unsaturated zone.
These investigations have included testing rock
properties in the laboratory and in situ (in the
field), on the surface, in boreholes, and in the
Exploratory Studies Facility. The tests measure
properties at scales ranging from borehole core
samples to mountain-scale monitoring of gas flow.
The geochemistry of fluids in the unsaturated zone
has also been analyzed to assess the evolution of
the fluid chemistry which is a function of fluid
flow history.

Net Infiltration. Estimates of net infiltration at
the site under present-day and possible future cli-
matic conditions are used to define the upper
boundary condition of unsaturated zone flow mod-
els. They are then used to evaluate the perfor-
mance of the potential repository
(Flint et al. 1996). Data and interpretations from
field studies at Yucca Mountain, combined with
insights from the scientific literature, have led to a
detailed understanding of the processes and proper-
ties that control net infiltration.

The processes include precipitation, surface runoff
and overland flow, infiltration, evapotranspiration,
and the redistribution of moisture in the shallow
subsurface (Flint et al. 1996). Precipitation, which
is the dominant hydrologic process at the site,
depends mostly on meteorological factors, but also
is affected by geographic location, elevation, and
physiography. Evapotranspiration is the second
most dominant hydrologic process and depends on
vegetation, the distribution of moisture stored in
the shallow subsurface, soil thickness, and the heat
energy balance between the shallow subsurface
and the atmosphere. Redistribution of moisture,
combined with evapotranspiration, occurs in
response to gravity and matrix potentials and
depends strongly on soil and bedrock properties.
Because all these physical processes are involved,
net infiltration is both temporally and spatially
variable, and it is a function of topography, physi-
ography, storage capacity, vegetation, soil perme-
ability and bedrock permeability. Infiltration tends
to be highest in areas with relatively thin soil cover
where other processes do not remove water (Flint
and Flint 1995).

Moisture profiles have been measured over
11 years in 99 boreholes distributed over a large
area of Yucca Mountain. Comparatively deep pen-
etration of infiltration pulses occurs on ridge tops
where soil is thin and bedrock is moderately to
densely welded and fractured, even though the vol-
umes of infiltrating water may be small. Most
infiltration on ridge tops occurs during the winter.
This is because lower-intensity storms have little or
no runoff, and slowly melting snow results in slow
but steady infiltration over a period of several
weeks. Because of low storage capacity and
exposed fractures, small volumes of water can
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infiltrate to significant depths on side slopes, espe-
cially on north-facing slopes where evapotranspira-
tion rates are relatively low. In addition, thin soils
at the base of slopes can become saturated and ini-
tiate flow into the underlying fractures. Because of
relatively thick soils (greater than 6 m, or 20 ft) and
relatively high evapotranspiration, terraces contrib-
ute the least to net infiltration. Although channels
occupy a very small portion of the site area, they
do have the potential to contribute significant,
localized pulses of net infiltration when runoff
occurs. Overall, net infiltration at Yucca Mountain
is an episodic, transient process that depends pri-
marily on the length of time that saturated or
near-saturated conditions exist at the soil-bedrock
interface and on the effective conductivity of the
underlying bedrock (Flint et al. 1996).

A model was developed to calculate net infiltration
at Yucca Mountain using two data sets: physio-
graphic and hydrologic information and measure-
ments or estimates of daily precipitation (Flint et
al. 1996). Using this information, the model calcu-
lates daily net infiltration using a water-balance
approach, considering the water available for infil-
tration, and calculating the net infiltration based on
the effective hydraulic conductivity of the bedrock.
The model was calibrated using daily precipitation
records (1980 through 1995) for the site and corre-
sponding records from the moisture measurement
boreholes (Flint et al. 1996). Infiltration simula-
tions were performed for the present-day and for
possible future, wetter climates. The simulations
used precipitation models based on four regional
precipitation stations, one near Yucca Mountain for
present-day climate and three more distant stations
representing possible future climates.

Present-day average annual net infiltration rates
were estimated for a large area (approximately
228 km2 or 88 miles2) surrounding Yucca Moun-
tain (CRWMS M&O 1998d, Section 5.3.4.1.5.1).
For repository performance calculations, infiltra-
tion rates were estimated for a smaller (43 km2, or

17 miles2) area centered on the repository. Over
the area of this model, shown in Figure 2-16, net
infiltration averages approximately 4.9 mm
(0.20 in.) per year (Bodvarsson et al. 1997). Infil-
tration ranges from 0 mm (0 in.) per year in washes

where the soil is 6 m (20 ft) thick or greater to
approximately 40 mm (1.6 in.) per year near the

Prow of Yucca Mountain. For an 11.6-km2

(4.5-mile2 ) area centered over the potential reposi-
tory, estimated net infiltration averages about
6.0 mm (0.25 in.) per year and ranges from 0 mm
(0 in.) per year for locations with thick soils to over
20 mm (0.78 in.) per year along the crest of Yucca
Mountain. For the potential repository area cov-
ered by the dense model grid, net infiltration aver-
ages 6.7 mm (0.26 in.) year (Bodvarsson et al.
1997). These results address the NRC subissue on
the spatial distribution of present-day shallow
groundwater infiltration, which is part of the Key
Technical Issue on Unsaturated and Saturated Flow
Under Isothermal Conditions (NRC 1997a) (see
Volume 4, Section 4.3.3.9).

To evaluate the effects of potential future climates
on net infiltration, daily precipitation records from
two locations in the south-central Basin and Range
were used: Rainier Mesa, Nevada, and South Lake,
California (CRWMS M&O 1998d, Section
5.3.4.1.5.3). Both locations are at higher latitudes
and elevations than Yucca Mountain and are con-
sidered to be reasonable precipitation analogs for
potential future climates at Yucca Mountain. The
Rainier Mesa, Nevada, site represents the
long-term precipitation average for future climatic
conditions including the next glacial cycle that can
be expected at Yucca Mountain. Estimated aver-
age annual net infiltration for the Rainier Mesa,
Nevada, wetter climate analog, with 289 mm
(1 1 in.) per year precipitation, was approximately
33 mm ( in.) per year. For the area centered over
the potential repository, this calculation indicated
maximum annual infiltration of more than 150 mm
(6 in.) per year for the upper headwaters of several
drainages. The South Lake analog site represents
climatic conditions at Yucca Mountain under possi-
ble future superpluvial conditions, the wettest con-
ditions believed likely at Yucca Mountain. Esti-
mated average annual net infiltration for the super-
pluvial, with 427 mm (17 in.) per year
precipitation, was about 108 mm (4 in.) per year
for the area centered over the potential repository,
with a maximum of 706 mm (28 in.) per year. In
general, results obtained using the model for
present-day and possible wetter conditions are in
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reasonable agreement with estimates of net infiltra-
tion and recharge in the Yucca Mountain region
obtained using alternative methods (CRWMS
M&O 1998d, Section 5.3.4.1.5.3). These results
address the NRC subissue on the likely hydrologic
effects of climate change, which is part of the Key
Technical Issue on Unsaturated and Saturated Flow
Under Isothermal Conditions (NRC 1997a) (see
Volume 4, Section 4.3.3.9).

Matrix Properties of Hydrogeologic Units. To
define a physical and hydrologic properties data-
base adequate for three-dimensional modeling of
the unsaturated zone, an intensive study of matrix
properties was performed using core samples from
31 boreholes (Flint 1998, p. 11). Nearly 5,000 core
samples were analyzed in the laboratory to
measure important hydraulic properties. These
properties included porosity (a measure of the
amount of void space within the rock which deter-
mines how much water a rock can absorb), bulk
density, particle density, water content, water
potential, saturated and unsaturated hydraulic
conductivity (measures of the ability of the rock to
transmit flow), and moisture-retention characteris-
tics.

The investigations show that hydraulic properties
generally correspond well to rock properties such
as the degree of welding of a rock. The lowest
porosities and matrix conductivities occur in
densely welded tuffs and vitrophyres, and the
highest porosities and matrix conductivities
occur in nonwelded and bedded rocks (Flint 1998,
pp. 3-21). The porosity and saturation data were
used to define 30 detailed hydrogeologic units. For
numerical flow models, parameter values were cal-
culated for each unit for all measured properties
(Flint 1998, p. 43). In general, porosity variation
within each unit is relatively small. However, large
variations in saturated hydraulic conductivity have
been noted in welded units because of variable
microfracture densities and mineral alteration.

Abrupt changes in hydrologic properties in the
unsaturated zone may cause downward percolating
water to divert laterally in the unsaturated zone.
Such diversions, which may be caused by natural
capillary action (high suction potential, like a
sponge) or by a low permeability barrier that

impedes flow, may exist at Yucca Mountain
(Flint 1998, pp. 9-10). The Paintbrush nonwelded
tuff is situated between two welded and fractured
ash flow units (Tiva Canyon and Topopah Spring
tuffs). The contacts of the nonwelded units are
characterized by large variations in porosity and
saturated hydraulic conductivity. Preliminary anal-
ysis suggests significant lateral flow is possible
within the Paintbrush nonwelded unit even with a
relatively low vertical percolation flux of only
1 mm (0.04 in.) per year (Moyer et al. 1996, p. 80).

Rock Properties from Air-Injection Tests.
Unsaturated zone air-injection testing measures the
bulk (or total) permeability of the rock mass to air.
When combined with other information, these data
can be used to analyze the flow of both water and
gas through the proposed repository. Tests were
performed to determine field-scale bulk permeabil-
ity, porosity and anisotropy (spatial variability) of
the major rock units above, below and within the
potential repository horizon (LeCain 1997).
Air-injection permeability values in the Tiva Can-
yon and Topopah Spring welded tuffs show consid-
erable variability, reflecting the heterogeneous dis-
tribution of fractures and the low permeability of
the intact rock matrix. Air-injection permeability
values obtained from the Paintbrush nonwelded
unit are less variable than the welded tuffs, indicat-
ing that matrix properties generally control flow
through these units. Air-permeability investiga-
tions have also been performed in Tiva Canyon tuff
in boreholes drilled from the Exploratory Studies
Facility (LeCain et al. 1997; LeCain and Patterson
1997; LeCain 1998). Results indicate that the per-
meability is anisotropic (variable in different direc-
tions) with an average horizontal to vertical ratio of
approximately 10:1 (LeCain et al. 1997; LeCain
1998). In contrast, the ratio of horizontal to verti-
cal permeability in the deeper Topopah Spring tuff
is 1:10 (LeCain 1997).

Pneumatic Pressure and Gaseous-Phase Flow.
Measurements of pneumatic (air) pressure, water
potential, and temperature in the unsaturated zone
provide important information about the flow of
gases (including water vapor) and liquid at depth.
Instruments were placed in 11 deep boreholes to
monitor conditions throughout the unsaturated
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zone. The monitoring data were analyzed to deter-
mine the following:

* Gas flow properties and vertical perme-
ability of major hydrogeologic units

* Properties of faults and fracture zones-

* Flow of gas and water vapor through the
deep unsaturated zone.

* Effects of Exploratory Studies Facility
construction on the gaseous-phase system
(Rousseau et al. 1996)

The unsaturated zone at Yucca Mountain com-
prises four distinct pneumatic layers (Rousseau
et al. 1996), which are consistent with the major
hydrogeologic units defined for the site (welded
Tiva Canyon tuff, nonwelded Paintbrush tuff,
welded Topopah Spring tuff, and nonwelded Cal-
ico Hills tuff). The Tiva Canyon welded unit is
subject to very rapid transmission of atmo-
spheric-pressure changes throughout its volume,
with little attenuation (Rousseau et al. 1996).
Because of its direct surface exposure to the atmo-
sphere, gas flow is strongly influenced by topo-
graphic and barometric-pumping effects. In con-
trast, the Paintbrush nonwelded unit significantly
attenuates (lessens) the downward transmission of
atmospheric-pressure changes, although the degree
of attenuation varies over the Yucca Mountain site
area (Rousseau et al. 1996; Patterson et al. 1996).
Attenuation of pressure changes in the Paintbrush
nonwelded unit generally decreases from north to
south (Patterson et al. 1996). The decrease is
attributed in part to variation in thickness of the
unit, which thins to the south, and also to local dif-
ferences in saturation and/or the presence or
absence of open fractures (Rousseau et al. 1996;
Patterson et al. 1996).

Throughout the site area, borehole data indicate
that pressure signals transmitted through the Paint-
brush nonwelded unit are propagated nearly instan-
taneously throughout most of the entire vertical
section of the Topopah Spring welded unit
(Rousseau et al. 1996; Patterson et al. 1996). This
indicates that the fractures within the Topopah
Spring welded unit are permeable and highly inter-

connected within both the lithophysal and nonli-
thophysal units. In fact, in some locations,
pressure signals are detected at depth more quickly
than in the Paintbrush unit (reversing the normal
trend of attenuation). This is probably caused by
the pressure signal bypassing the Paintbrush
nonwelded unit by traveling preferentially down
the Drill Hole Wash fault and the Ghost Dance
fault (Patterson et al. 1996). Pressure data from the
deepest boreholes at Yucca Mountain indicate that
essentially all remaining atmospheric-pressure
signals are attenuated by the Calico Hills
nonwelded unit (Patterson et al. 1996). The Calico
Hills nonwelded unit contains perched-water
zones, with extremely low permeability to air, that
effectively impede the downward propagation of
the signal.

Based on pressure monitoring data, the pneumatic
properties of the unsaturated hydrogeologic units
have been calculated and compared to the results of
the above air injection tests. The comparisons
indicate general agreement, with the Tiva Canyon
welded unit and Topopah Spring welded unit hav-
ing significantly greater permeabilities than the
Paintbrush nonwelded unit. However, values cal-
culated from the pneumatic data generally are one
or two orders of magnitude greater than those
obtained from the air-injection tests, probably
because the air injection tests mainly measure the
horizontal permeability. The pneumatic data
mainly reflect the vertical permeability (Rousseau
et al. 1996, Section 3.2.3.2). Overall, these com-
parisons imply that there is significant anisotropy
in air permeability in the welded tuffs. In the Tiva
Canyon welded unit, the ratio of horizontal to ver-
tical permeability (about 10:1) is attributed to the
presence of subhorizontal unloading fractures in
the shallow subsurface. In the deeper Topopah
Spring welded unit, the permeability ratio is
reversed, probably because of the lesser abundance
of subhorizontal fractures.

Pneumatic-pressure interference effects associated
with excavation of the Exploratory Studies Facility
by the tunnel-boring machine were monitored.
These effects provide insight on the response of the
overall unsaturated zone gaseous-phase system to
pressure changes. Significant pneumatic-pressure
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interference effects were observed at three loca-
tions (Patterson et al. 1996):

* Penetration of the Paintbrush nonwelded unit

* Crossing of an unnamed fault about midway
down the north ramp

* Crossing of the Drill Hole Wash fault near
the intersection of the north ramp and main
drift

In general, excavation of the Exploratory Studies
Facility caused a significant decrease in the attenu-
ation of the atmospheric-pressure signal measured
in the Topopah Spring welded unit (i.e., pressure
changes were transmitted downward more rapidly
after excavation). Consistent with previous find-
ings, monitoring pneumatic-interference effects
demonstrated the following (Patterson et al. 1996):

* The Paintbrush nonwelded unit is a signif-
icant pneumatic impeding layer.

* The vertical permeability of the Topopah
Spring welded unit is very large.

* While some faults in the Topopah Spring
transmit pneumatic-pressure signals quickly
over significant horizontal distances, other
faults act as low-permeability barriers.

* The pneumatic properties of the Topopah
Spring welded unit can differ considerably
on either side of a fault.

Distribution of In Situ Water Potential. Moni-
toring water potential (also known as suction or
capillary pressure) provides important information
concerning hydrologic conditions throughout the
unsaturated zone. Water potential is a measure of
the ability of the rock to take on additional water
through capillary forces. In combination with total
porosity (the volume available to be filled with
water), the water potential controls the amount of
water that a rock can imbibe (or absorb). Rocks
with high water potentials are nearly saturated and
are not able to absorb more water in their matrix;
therefore, water in fractures in such rocks will tend
to flow quickly through the unsaturated zone.

Water potential has been monitored at multiple
depths in six boreholes at Yucca Mountain since
1994 (Rousseau et al. 1997).

Water potential profiles measured in the Paintbrush
nonwelded and the upper Topopah Spring welded
units are similar, suggesting that the units are gen-
erally in equilibrium and that water flow is not
diverted by the contact between them. However, in
Pagany Wash, northeast of the repository area, the
data suggest that lateral flow may be occurring in
the Paintbrush nonwelded unit at depths of several
hundred feet. This may be the result of recharge
from the channel during wet years or large precipi-
tation events. This interpretation is consistent with
tritium data (Yang et al. 1996).

Although moisture conditions and potentials are
generally stable across the site, several transient
(temporary) shifts in both water potential and tem-
perature have been detected. These changes were
probably caused by topographically induced, den-
sity-driven gas flow originating above the Paint-
brush nonwelded unit (Rousseau et al. 1997) and
resulted in moisture redistribution in the fractures
of the Tiva Canyon welded unit.

In the southern part of the site, moisture conditions
are both similar to and different from the north. As
in the north, water potentials are high and generally
in equilibrium, but the data indicate that the rock
mass in the south is a little drier. The differential
rates of water-potential response to the construc-
tion of the Exploratory Studies Facility indicate the
presence of a dense network of interconnected
fractures in the upper Topopah Spring welded unit
(Rousseau et al. 1997). Also, evidence of baromet-
ric pumping (gas flow driven by atmospheric pres-
sure changes) is readily apparent at the base of the
Paintbrush nonwelded unit.

A borehole was drilled in the Ghost Dance fault
zone east of the Exploratory Studies Facility main
drift to test the effect of the fault on hydrologic
conditions. The fault has apparently caused differ-
ent water-potential recovery trends in units of the
Topopah Spring welded unit above and below the
fault (Rousseau et al. 1997). The Topopah Spring
welded unit near the fault is less isolated from the
atmosphere than elsewhere, probably caused by
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higher fracture densities in the Paintbrush non-
welded unit. This enhanced connection to the
atmosphere results in a moisture regime that is
more dynamic than elsewhere with both rapid per-
colation of liquid water and drying caused by baro-
metric pumping (Rousseau et al. 1997, p. 62).

Overall, water potentials within the Tiva Canyon
welded unit reflect relatively dry conditions at
shallow depths and progressively wetter conditions
with increasing depth. This results in decreased
imbibition with depth and upward matrix flow
(Rousseau et al. 1997). These observations do not
preclude episodic, downward fracture-flow; in fact,
the data from the Paintbrush nonwelded and
Topopah Spring welded units are consistent with
downward percolation of moisture. Water poten-
tials in the Topopah Spring welded unit generally
are high and do not change significantly with depth
(Rousseau et al. 1996). The relatively high water
potentials indicate that the rock matrix is suffi-
ciently wet to infer that water flowing in fractures
will generally not be imbibed by the rock. Data
also indicate that potential gradients in the
Topopah Spring welded unit are very low, so the
gravitational potential is dominant and percolation
will generally be vertically downward (Rousseau et
al. 1996).

Hydrochenical and Isotopic Indications of
Fluid Flow. Hydrochemical and isotopic data
have been collected and interpreted to provide con-
straints on possible fluid-flow mechanisms and
fluid residence times in the unsaturated zone at
Yucca Mountain (Yang et al. 1996; 1997). The
data include major-ion aqueous concentrations,
whole gas compositions, and aqueous and gaseous
isotopic content. In spite of the large distances sep-
arating boreholes, chemical compositions of
pore-water samples generally are similar within a
given stratigraphic unit and markedly dissimilar
between different host lithologies in any given
borehole. The total concentration of major ions in
pore water samples is highly variable and often is
greater near lithostratigraphic contacts than in the
middle of rock units. This suggests significant
rock-water interaction and prolonged contact of
percolating water with silicate rocks. Further,
unsaturated zone pore water has significantly
larger concentrations of total dissolved solids than

does either perched water or saturated zone water
(Yang et al. 1996; 1997).

The concentration of chloride in pore water of the
Paintbrush nonwelded unit, especially deeper
within the unit, is one to two orders of magnitude
greater than either perched water or saturated zone
water. Low concentrations of chloride are proba-
bly indicative of little rock-water interaction or less
evaporation. This would be consistent with a frac-
ture flow origin through the Paintbrush nonwelded
unit. The composition of pore water within the
nonwelded units (Paintbrush and Calico Hills) does
not change uniformly with depth as would be
expected from vertical percolation and rock-water
interaction. Therefore, the data may suggest some
lateral flow within the nonwelded units.

Chloride concentrations in the Calico Hills non-
welded unit are substantially lower than those in
the overlying Paintbrush nonwelded unit. These
concentrations are possibly because of differences
in the amounts of evapotranspiration relative to
infiltration undergone by infiltrating water or dif-
ferences in infiltration mechanisms or topographic
settings (CRWMS M&O 1998d, Section
5.3.4.3.1.4). The isotopic composition of stron-
tium in pore water samples varies less erratically
than the major ion chemistry and suggests some
degree of rock-water interaction (Marshall et al.
1997). Pore water samples within the Paintbrush
nonwelded unit become markedly more radiogenic
with depth, possibly caused by longer reaction
times.

High tritium concentrations released during past
atmospheric nuclear weapons testing serve as a
tracer to identify young water (post-1952) world-
wide, not just at Yucca Mountain. High tritium
concentrations were found in pore water samples
collected from the Bow Ridge fault in an alcove
constructed off the Exploratory Studies Facility
north ramp (LeCain et al. 1997). The data indicate
that water has migrated to depths of at least
20-30 m (66-98 ft) in the past 40 years, which is
consistent with the conceptual model of flow at the
site. Fast infiltration paths are expected to be asso-
ciated with faults and other major structural fea-
tures. The geologic data at the Bow Ridge fault
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(including extensive calcite and silica mineral
deposits) clearly demonstrate that the fault is a
major pathway for infiltration. Tritium data for
samples from deeper in the unsaturated zone show
several inversions (Yang et al. 1996; 1997) where
higher tritium concentrations occur below lower
concentrations. These inversions have been inter-
preted to indicate that younger water has migrated
to depth more rapidly than the water in overlying
units. This would suggest that flow in fractures
and/or lateral flow must be significant. Post-bomb
(post-1952) tritium has been detected at consider-
able depth (Prow Pass tuff) in the unsaturated zone
in only one borehole located approximately I km
(0.6 mile) east of the potential repository area in a
highly faulted region. The presence of cal-
cium-bicarbonate type pore water at the same
depth suggests that younger water from a shallow
depth was transported through fractures with little
contact or reaction with the zeolitic unit of the Cal-
ico Hills nonwelded unit.

Chlorine-36 is another isotope produced by atmo-
spheric weapons testing (mainly in the Pacific
Ocean from 1952-1958) that hydrologists have
used to identify relatively young waters. Over 700
chlorine-36 samples from soil, rock and water, and
packrat middens (fossilized nests) have been col-
lected and analyzed at the site (Fabryka-Martin et
al. 1997a; Fabryka-Martin et al. 1998). Investiga-
tions have confirmed that thick alluvium reduces
net infiltration (Fabryka-Martin et al. 1998) and
samples of rocks underlying thick alluvium indi-
cate no evidence of bomb-pulse chlorine-36. Fast
transport through the Tiva Canyon welded unit is
indicated by bomb-pulse chlorine-36 detected in
several boreholes that intersect the Paintbrush non-
welded unit The existence of fast pathways into
the Topopah Spring welded unit is indicated by the
detection of bomb-pulse chlorine-36 at 31 of 247
locations sampled in the northern half of the
Exploratory Studies Facility (Fabryka-Martin et al.
1997a). The apparent correlation of bomb-pulse
chlorine-36 anomalies with faulting indicates that
the anomalies may be caused by fracture flow
through the Paintbrush nonwelded unit followed by
transport in fractures through the Topopah Spring
to the Exploratory Studies Facility.

Most of the samples from the Exploratory Studies
Facility did not contain any bomb-pulse chlo-
rine-36. Chlorine-36 contents generally indicated
travel times greater than 10,000 years in the north-
ern part of this facility, and less than 10,000 years
in the southern part. A few samples from the
southern part of the Exploratory Studies Facility
had chlorine-36 content significantly below the
present-day background, possibly suggesting the
presence of relatively stagnant water. None of the
few chlorine-36 measurements for samples col-
lected from below the potential repository horizon
have detected bomb-pulse chlorine-36. Flow and
transport modeling (Fabryka-Martin et al. 1997a;
Robinson et al. 1996) has confirmed that numerical
models of the site with reasonable parameter esti-
mates can simulate observed chlorine-36 signals.
The transport modeling is consistent with the fol-
lowing observations:

* Infiltration is spatially variable and appears
to average more than 1 mm (0.04 in.) per
year over the potential repository block.

* Fracture transport probably is pervasive,
permitting rapid transport through otherwise
low-conductivity materials.

* Isolated fast paths associated with faults and
fractures probably penetrate deep into Yucca
Mountain.

Pore water samples from the Paintbrush and Calico
Hills nonwelded units have significant amounts of
modern carbon suggesting apparent ages of less
than 10,000 years (Yang et al. 1996; 1997). How-
ever, the apparent ages may represent either a sin-
gle episode of inflow or a mixing of older and
younger pore water. The stable isotope composi-
tion of pore water samples is similar to local pre-
cipitation suggesting very little evaporation
occurred before infiltration. Pore water is also not
similar to summer storm precipitation. This sug-
gests that it may have originated as snow or rain
during the colder months of the year (Yang et al.
1997). Stable isotope data for the basal vitrophyre
of the Topopah Spring tuff suggest a mixture of
glacial-age and modem water although pore water
both above and below seems to be of younger post-
glacial origin.
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Gas samples collected periodically between 1988
and 1994 from a deep borehole indicate very con-
sistent carbon-14 composition as a function of time
with a gradual decrease in the percent of modem
carbon with depth (Yang et al. 1996). The data
indicate that the transport velocity of gas within the
Paintbrush nonwelded unit is much slower than in
the Topopah Spring welded unit probably because
of the greater water content and lower fracture den-
sity. Overall, the relation between carbon-14 ages
and depth indicates that atmospheric carbon diox-
ide has moved downward through the unsaturated
zone primarily by simple diffusion. The apparent
lack of equilibrium between gaseous and liquid
phases for carbon isotopes is consistent with the
conceptual model that most of the water percolat-
ing through the unsaturated zone is episodic and
rapid; such fracture flow does not equilibrate with
the gaseous phase (Yang et al. 1996; 1997).

Water percolating through the unsaturated zone at
Yucca Mountain leaves secondary minerals within
the fracture network and in lithophysal cavities.
Secondary minerals are deposited in areas where
solutions exceed chemical saturation with respect
to various mineral phases, most commonly calcite
and opal. The composition and age of the minerals
provides information on the chemistry and timing
of flow through the mountain. Based on tho-
rium-230/uranium activity ratios (Paces et al.
1996b; 1997; 1998), ages of outer surfaces of most
secondary minerals in the Exploratory Studies
Facility range from 28,000 years to more than
500,000 years, with a median age of approximately
200,000 years. Apparent carbon-14 ages of the lat-
est calcite surfaces range from 16,000 years to
52,000 years, with a median age of 33,000 years.

Estimation of Percolation Flux. One of the most
important parameters for modeling the long-term
performance of a repository at Yucca Mountain is
the rate of water flow through the mountain, partic-
ularly at the proposed repository horizon. This
parameter is known as the percolation flux, and it
controls the rate at which waste packages may be
exposed to water, the rate at which the packages
will fail, and ultimately the rate at which radionu-
clides could be released from the repository.
Clearly, the understanding of flux rates is very
important to YMP's ability to assess reasonable

future performance. Therefore, the rate of percola-
tion has been estimated using a variety of methods
that depend on physical, chemical, isotopic, and
hydrologic data (CRWMS M&O 1998d, Section
5.3.4.3.1). These methods include the following:

* Temperature and heat flow

* Matrix saturations and water potentials

* Gaseous and aqueous carbon-14 equilibrium

* Perched water volumes and residence times

* Complete-mixing chloride mass-balance
model for Paintbrush nonwelded unit, Calico
Hills nonwelded unit, and perched water

* Dual-permeability formulation of the basic
chloride mass-balance model

Flux estimates from various methods differ widely,
primarily as a result of how and how well they con-
sider and account for fracture flow versus matrix
flow. One method (the temperature/heat flow
method) is not sensitive to whether flow occurs in
fractures or matrix. Temperature is a function of
total mass flux, regardless of where flow occurs,
and thermal conductivity is a function of satura-
tion, which does not vary significantly with depth
throughout most of the unsaturated zone. Based on
temperature/heat flow data, mean percolation flux
values appear to be on the order of 10 mm (0.4 in.)
per year (CRWMS M&O 1998d, Section
5.3.4.3.1.2).

In general, low flux estimates were obtained using
the matrix saturation and water potential methods
(means of 0.1 and 0.02 mm, or 0.004 and
0.0008 in., per year) and the perched water vol-
umes and residence times method, which yielded a
mean of 0.5 mm (0.02 in.) per year. Intermediate
flux values were obtained using the gaseous and
aqueous carbon-14 equilibrium method (a mean of
5.8 mm, or 0.23 in. per year) and the complete mix-
ing, chloride mass-balance model for the Paint-
brush and Calico Hills nonwelded units. These
methods yielded estimates of 1.7 and 3.5 mm, or
0.07 and 0.14 in., per year. Relatively high perco-
lation estimates (an average of 17.8 mm, or 0.7 in.
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per year) were obtained using the complete mixing,
chloride mass-balance model for perched water.
For the dual-permeability chloride mass-balance
model, the sitewide average percolation flux was
estimated to be 9.8 mm (0.4 in.) per year. Only 0.7
and 1.7 mm (0.03 and 0.07 in.) per year of this was
matrix flow through the Paintbrush nonwelded unit
and Calico Hills nonwelded unit with the remain-
der being flow through fractures and faults.

Estimates of percolation flux using the temperature
and heat flow method are consistent with the rela-
tively high infiltration fluxes estimated for Yucca
Crest (Flint et al. 1996). However, these estimates
indicate that net infiltration in some washes may be
greater than currently predicted by the numerical
infiltration model. An updated version of the infil-
tration model that accounts for cumulative runoff
has calculated greater infiltration rates at the base
of side slopes adjacent to washes, which may
account for the discrepancy.

Overall, there is reasonably good agreement
between the estimates of net infiltration (Flint et al.
1996) and percolation flux determined by the vari-
ous methods (CRWMS M&O 1998d,
Section 5.3.4.3.1). Although both methods indi-
cate that approximately 6 percent or less of the
average annual precipitation of 170 mm (6.7 in.)
per year at Yucca Mountain becomes net infiltra-
tion, the methods differ in predictions of the spatial
distribution of flux. The differences may reflect
true spatial variability, or they may be a function of
the sensitivity of the method to the fracture compo-
nent of the flux. For example, the low fluxes cal-
culated using matrix saturation and water potential
methods ignore the flow that may occur in frac-
tures that are not in equilibrium with the matrix,
and therefore, underestimate the total flux. The
simple arithmetic average of the mean percola-
tion-flux values of all the subsurface methods
(excluding those using matrix saturations and
water potentials) is 7.0 ± 6.0 mm (0.3 ± 0.24 in.)
per year. This compares with the estimated aver-
age present-day annual infiltration rates of 4.9 mm
(0.2 in.) for the area of the site-scale unsaturated
zone model and 6.7 mm (0.3 in.) for the potential
repository area. Figure 2-17 shows the modeled
distribution of percolation at the repository hori-

zon. Given the complexity of the problem and the
relatively large standard deviation of the percola-
tion flux, the average net infiltration and estimates
of percolation flux are in relatively good agree-
ment. The results on percolation flux address the
NRC subissue on the spatial distribution of
present-day groundwater percolation through the
proposed repository horizon. This is part of the
Key Technical Issue on Unsaturated and Saturated
Flow Under Isothermal Conditions (NRC 1997a)
(see Volume 4, Section 4.3.3.9).

Perched Water. The presence and distribution of
perched water (zones saturated with liquid water at
elevations higher than the regional water table) at
Yucca Mountain may be significant because of the
potential effect of such zones on repository perfor-
mance. Perched water bodies may form where
abrupt vertical variations in hydrologic properties
cause ponding of water, where faults or other struc-
tural discontinuities prevent the drainage of perco-
lating water, or from a combination of these two
natural conditions. Liquid water above the reposi-
tory horizon could potentially be available to
percolate downward and dissolve and transport
waste. Perched zones below the repository could
conceivably provide a transport pathway for water
migrating away from the repository.

Based on field observations in boreholes and in the
Exploratory Studies Facility, the existence of
perched water at elevations above the repository
horizon is believed to be unlikely. However,
perched water has been found in several locations
below the potential repository (Striffler et al. 1996;
Rousseau et al. 1996). Near Drill Hole Wash,
perched water occurs above the contact of the crys-
tal-poor lower nonlithophysal zone and the crys-
tal-poor vitric zone of the Topopah Spring tuff.
This contact is approximately 100-200 m
(328-656 ft) below the potential repository hori-
zon. The cause of the perched zone is uncertain; it
may be related to the low permeability of the vitric
zone or of the underlying, relatively unfractured
Calico Hills tuff. Alternatively, a northeast trend-
ing fault, which acts as a lateral barrier to flow,
may cause the perched water. Pumping tests con-
ducted in one of the boreholes indicated that the
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Figure 2-17. Model of Calculated Percolation Flux at the Potential Repository Horizon Including Key
Boreholes and Faults
(Source: Bodvarsson et al. 1997)
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perched-water reservoir might be extensive (Strif-
fler et al. 1996).

Perched-water zones may also be present in the
basal vitrophyre of the Topopah Spring tuff just
south of the midpoint of the Exploratory Studies
Facility's main drift (Rousseau et al. 1997), and in
bedded tuffs near the base of the Calico Hills
(Striffler et al. 1996). The complex layering and
the zeolitized horizon within the bedded tuff proba-
bly cause the perched water in the Calico Hills
unit. Low transmissivity faults that impede water
flowing laterally along fractured bedding layers
may have caused the zones (Striffler et al. 1996).
The vitric/zeolitic boundary in the Calico Hills var-
ies in depth across the site from the base of the
Topopah Spring tuff in the north to as much as
140 m (459 ft.) below it in the south (Flint 1998,
p. 39).

The presence of conditions favorable for perching,
combined with the observations summarized
above, indicates that perched water is probably
common throughout the site near the base of the
Topopah Spring tuff or in the Calico Hills Forma-
tion (Bodvarrson et al. 1997, Chapter 13). Because
of the prevailing dips of the volcanic units, perco-
lation diverted by perched water bodies would tend
to flow to the southeast in areas north of Drill Hole
Wash and to the east in areas south of Drill Hole
Wash.

The age of perched water at Yucca Mountain was
studied using isotopic age dating techniques. Car-
bon-14 analyses yielded apparent ages of approxi-
mately 3,500-11,000 years (Yang et al. 1996).
However, correction of the apparent ages (by
geochemical modeling) to account for the presence
of older carbon, results in adjusted carbon-14 ages
ranging from 2,200 to 6,300 years, implying post-
glacial origin (Yang et al. 1997). This interpreta-
tion is consistent with a stable isotope content that
is similar to modem precipitation.

Discrete Pathways for Fluid Flow. Because
assessments of the release and transport of radionu-
clides from a repository are directly dependent on
the amount, location and rate of flow of water in
the system, a credible understanding of flow pro-

cesses is requisite to any successful analysis.
Although flow in discrete pathways such as faults
and fractures may complicate analysis of the
hydrology, the free draining nature of the unsatur-
ated zone has been recognized as an attribute of the
site since Yucca Mountain was identified as a
potential repository (see Section 1). Discrete path-
ways are present at a variety of scales, and may
include interconnected fractures, faults, or differ-
ences in rock unit welding and alteration (CRWMS
M&O 1998d, Section 5.3.4.3.2.2). In general,
when flow occurs in discrete pathways, much of
the storage capacity of the rock is bypassed. If
these pathways are continuous through significant
portions of the unsaturated zone, transport veloci-
ties are higher and travel times are shorter than
would be anticipated on the basis of the total poros-
ity. Clear evidence that water moves through faults
and fractures is provided by the abundance of
low-temperature mineral deposits in major fault
zones (such as the Bow Ridge fault), by second-
ary-mineral coatings in fractures and lithophysal
cavities, by the distribution of tritium and chlo-
rine-36, and by other hydrochemical data discussed
above.

Although evidence indicates that flow in fractures
is widely distributed at the site, it does not appear
to occur in all or even many of the small fractures
present. Because of variable, sometimes low frac-
ture densities and erratic or uneven orientations,
the number of continuous and connected pathways
that exist within the fracture network is limited. In
the Exploratory Studies Facility, approximately
9 percent of the fractures sampled contained cal-
careous minerals and another 9 percent contained
unidentified white minerals or coatings (Barr et al.
1996). Similarly, the distributions of tritium in
recently drilled boreholes (Yang et al. 1996; 1997),
and chlorine-36 in the Exploratory Studies Facility,
suggest that flow through the fracture system is
spatially erratic and probably occurs in a small
fraction of fractures. Mapping in and near the
Ghost Dance fault in the Exploratory Studies Facil-
ity indicates that the fault zone is not characterized
by more abundant secondary mineral deposition
than adjacent unfaulted rock. This observation
suggests that the volume of flow through the Ghost
Dance fault, at and above the level of the Explor-
atory Studies Facility, is probably similar to sur-
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rounding rock. This implies that the Ghost Dance
fault is not a major pathway for water flow. How-
ever, the presence of chlorine-36 anomalies in the
Exploratory Studies Facility near the fault may
indicate that at least some pathways for rapid trans-
port are present.

Because of their vertical extent, faults have the
potential to intercept and divert gas and liquid
moving through all unsaturated zone units, and
they may account for a significant fraction of the
overall moisture balance in the unsaturated zone
(CRWMS M&O 1998d, Section 5.3.4.3.2.2). The
presence of chlorine-36 and tritium in the Explor-
atory Studies Facility, and deep in surface-based
boreholes, indicates that faults allow some water to
bypass the matrix of the Paintbrush nonwelded
unit. Pneumatic monitoring of deep boreholes
indicates that the permeability of the Paintbrush
nonwelded unit has been significantly enhanced
near faults (Rousseau et al. 1996; CRWMS M&O
1998d, Section 5.3.4.3.2.2). The very young age of
pore water samples 490 m (1,608 ft) deep in a
borehole approximately 1 km (0.6 mile) east of the
potential repository area suggests rapid vertical
transport in an intensely faulted area. Similarly,
the relatively low chloride concentrations of water
in the saturated zone suggests that a significant
component of dilute water must be bypassing the
zeolitic matrix of the Calico Hills and Prow Pass
tuffs by moving downward through faults
(CRWMS M&O 1998d, Section 5.3.4.3.2.2).

Fracture-Matrix Interaction. The degree of
interaction between water in fractures and the rock
matrix has important implications for several
aspects of flow and transport. If there is substantial
interaction, flow in fractures could be attenuated
by matrix imbibition (suction into the rock). Also,
radionuclide transport could be significantly
retarded or slowed by interaction with minerals in
the matrix that can absorb radionuclide mole-
cules. In contrast, limited interaction between frac-
tures and matrix may result in rapid flow in frac-
tures with little or no retardation of dissolved spe-
cies. Evidence concerning the degree of
fracture-matrix interactions is based largely on cir-
cumstantial evidence provided by geochemical
data, water-potential measurements, and observa-
tions of the character of fracture coatings

(CRWMS M&O 1998d, Section 5.3.4.3.2.4). The
presence of bomb-pulse tritium and chlorine-36
deep in the unsaturated zone demonstrates that
interaction between water in fractures and matrix is
limited; nevertheless, some degree of interaction
must occur or these tracer isotopes would not be
detected in the rock matrix.

Although the presence of bomb-pulse chlorine-36
in the Exploratory Studies Facility suggests flow in
faults that bypass the Paintbrush nonwelded unit,
intermediate chlorine-36 values may be the result
of a small amount of bomb-pulse water mixing
with other recent water. This interpretation implies
that attenuation of infiltration by the Paintbrush
nonwelded unit is less than complete. This conclu-
sion is consistent with the analysis of chloride data
from the unsaturated zone and shallow saturated
zone. This analysis suggests that, as a result of
water movement down fractures and faults,
80-90 percent of total percolation flux bypasses
the matrix of the Paintbrush nonwelded and Calico
Hills units.

The lack of substantial interaction between frac-
tures and matrix is demonstrated in deep boreholes
in which fracture and matrix water collected from
the same borehole interval were not in chemical
equilibrium. Further, relatively high water poten-
tials, measured throughout much of the unsaturated
zone, indicate the absence of strong water-potential
gradients needed for matrix imbibition of fracture
water.

Three-Dimensional Unsaturated Zone Model-
ing. Unsaturated zone flow modeling studies for
Yucca Mountain have relied on the extensive data-
base available for the Yucca Mountain site area.
These data include those on liquid saturation, in
situ and core-sample water potential, saturated
conductivity and water-retention curves,
rock-property measurements, in situ pneumatic
pressure, borehole temperature, air permeability,
geochemical and isotopic characteristics, perched
water, Exploratory Studies Facility fracture map-
ping, and fracture coatings (Bodvarsson et al.
1997, Chapter 1). Incorporating this data into
modeling studies has resulted in a comprehensive
and complex three-dimensional unsaturated zone
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model. This model represents important flow pro-
cesses including moisture flow, capillary pressure
effects, gas flow, convective and conductive heat
transfer, evaporation and condensation, moisture
and gas flow travel times, and transport of conser-
vative and reactive species in the mountain.

Model Structure, Formulation, and Upper
Boundary Condition. In general, the model layers
and grid represent the important details of the
major hydrogeologic units and structures including
zones of zeolitic alteration, faults and their offsets,
dipping beds and eroded units. The numerical

model grid covers approximately 43 km2

(16.5 miles2) with 1,500 element blocks in a rela-
tively coarse grid with block size ranging from 100
to 200 m. The model contains 25 hydrogeologi-
cally defined layers, resulting in 39,000 element
blocks in the effective-continuum (which repre-
sents flow through both fractures and matrix) for-
mulation (Bodvarsson et al. 1997, Chapters 3, 4,
12, 19). Some of the thicker model layers were
subdivided into additional grid layers to facilitate
numerical resolution. Matrix property data (Flint
1998) used in the unsaturated zone model represent
the important variations between hydrogeologic
layers at Yucca Mountain. They indicate low
matrix permeabilities (on the order of microdar-
cies) in the welded units (Tiva Canyon and
Topopah Spring) and much higher matrix perme-
abilities (hundreds of millidarcies) in the non-
welded units (Paintbrush and Calico Hills) (Bod-
varsson et al. 1997, Chapter 6). A detailed frac-
ture-property model also was developed
(Bodvarsson et al. 1997, Chapter 7), using fracture
frequency and permeability data from boreholes
and the Exploratory Studies Facility, and in situ
pneumatic monitoring. Fault properties data,
derived primarily from pneumatic monitoring,
show that faults have gas permeabilities on the
order of hundreds of darcies and that permeability
within fault zones has significant lateral variation.

The unsaturated zone site-scale flow model was
formulated for both effective-continuum and
dual-permeability simulations (Bodvarsson et al.
1997, Chapters 5, 12, and 19). The dual-perme-
ability formulation allows flow to occur either
through the matrix or through fractures, and it also

allows fracture-matrix interaction. Although stud-
ies have demonstrated that the effective-continuum
formulation accurately describes fracture-matrix
flow for steady-state moisture, heat flow and tran-
sient gas flow, the dual-permeability formulation is
more rigorous for some unsaturated zone flow
problems at Yucca Mountain. Such problems
include the simulation of perched water beneath
the potential repository (Bodvarsson et al. 1997,
Chapter 19) and fracture flow into drifts (Bodvars-
son et al. 1997, Chapter 12).

For both model formulations, the upper boundary
condition for the flow model was specified as the
spatially variable, steady-state net infiltration for
present-day climate (Flint et al. 1996). As shown
in Figure 2-16, net infiltration ranges from 0.0 to
approximately 40 mm (0 to 1.6 in.) per year at
Yucca Mountain and is as high as 20 mm (0.8 in.)
per year along the crest of Yucca Mountain. Over
the spatial extent of the unsaturated zone site-scale
model, net infiltration averages 4.9 mm (0.2 in.)
per year; over the potential repository area, it aver-
ages 6.7 mm (0.3 in.) per year. The infiltration
map indicates that most of the infiltration occurs in
side slopes and ridgetops where there is minimal
alluvial cover.

Model Calibration. Initial calibration exercises
included matching saturation and water potential
data, gas pressures and gas flow rates, ambient
temperature and heat flow data, locations and
hydrochemistry of perched water bodies, and envi-
ronmental isotope concentrations and water ages
(Bodvarsson and Bandurraga 1996). In addition to
model calibration, scientists devoted considerable
effort to parameter uncertainties and sensitivity
studies for fracture and matrix properties, infiltra-
tion patterns, fault properties, and percolation
fluxes. Recently, more intensive calibration of the
model, with respect to matrix and fracture proper-
ties, was achieved through inverse modeling (Bod-
varsson et al. 1997, Chapter 6). In this process, a
number of one-dimensional submodels were
extracted from the full three-dimensional model,
corresponding to the locations of the boreholes
used in the moisture-flow calibration. The sub-
models were used, in conjunction with measured
saturation and water potential data, to estimate the
hydrologic properties of the matrix rock in each
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layer. The hydraulic properties of the fractures
were then estimated by comparison to measured
borehole pneumatic-pressure records. In addition,
layer-averaged values for the rock matrix and the
fracture network were developed from the set of
properties chosen from the individual inversions.
To account for the fraction of the fracture plane
actually being occupied by water the surface area
available for fracture-to-matrix flow was taken to
be the nominal fracture-matrix interface area (as
estimated by fracture spacing data) multiplied by
the liquid saturation in the fracture.

Percolation Flux at the Potential Repository
Horizon. Modeled percolation flux in the potential
repository horizon is approximately 1-10 mm
(0.04-0.4 in.) per year, which is consistent with
infiltration estimates by Flint et al. (1996) and esti-
mates of percolation flux from borehole tempera-
ture analyses (Bodvarsson and Bandurraga 1996).
Those results were based on using the spatially
variable infiltration rates at the ground surface as a
boundary condition and calculating the flux magni-
tudes entering the potential repository horizon
from the simulation results. Further attempts to
constrain estimates of percolation flux at the poten-
tial repository horizon involved additional analysis
of borehole temperature data (Bodvarsson et al.
1997, Chapter 11) and geochemical data (Bodvars-
son et al. 1997, Chapters 14-18). A study involv-
ing numerical model analysis of chloride concen-
trations in precipitation, and in pore water and
perched water in the unsaturated zone, concluded
that the estimated mean infiltration rate for the
unsaturated zone site-scale model area, 4.9 mm
(0.2 in.) per year, probably is a maximum value for
the potential repository at Yucca Mountain under
present-day climate (Bodvarsson et al. 1997, Chap-
ter 15). Depending on the total chloride flux at the
surface, the mean infiltration may be as low as
1 mm (0.04 in.) per year. Analyses of strontium
and carbon-14 data from selected boreholes also
are consistent with a percolation flux in the range
of 1 to 10 mm (0.04 to 0.4 in.) per year (Bodvars-
son et al. 1997, Chapters 17, 18).

Figure 2-17 shows total percolation flux at the
potential repository horizon, as simulated by the
unsaturated zone site-scale flow model for

present-day climatic conditions, using the
dual-permeability formulation and the base case
parameter set (Bodvarsson et al. 1997, Chapter 22).
Within the model area, percolation flux ranges
from 0.0 to about 40 mm (1.6 in.) per year, and up
to about 20 mm (0.8 in.) per year, within the poten-
tial repository area. The heterogeneity in percola-
tion flux is generally similar to the variability in
infiltration. However, the spatial grid for the unsat-
urated zone model is coarser (100 to 200 m grid
blocks) than the 30 m grid block size of the infiltra-
tion model. Because the unsaturated zone model
averages the inputs from the more spatially
detailed infiltration model, calculated percolation
fluxes may not reflect the extent of variability asso-
ciated with the infiltration model results.

The spatial heterogeneity of percolation flux is also
dependent on variations in hydrologic properties
(especially fracture distribution and characteristics)
that occur on a finer scale than individual grid
blocks. Based on observations of fractures and
fracture fillings, it is likely that flow in fractures is
variable at a scale of meters to tens of meters (i.e.,
all or most of the flow within a given grid block
may occur within a finite and small number of frac-
tures). Because of the uncertainty regarding the
number and location of specific flow paths, the
estimates of effective porosity used by the model
are also subject to significant uncertainty; local
areas of higher fracture porosity than are currently
reflected in the model may be present. Because of
the inherent difficulty in characterizing the spatial
variability in hydrologic properties, the model
incorporates a probabilistic distribution of property
values.

Although this distribution of percolation at the
potential repository horizon is similar to the distri-
bution of net infiltration (Figure 2-16), some nota-
ble differences do exist. For example, in the perco-
lation-flux distribution, flux is greater than 10 mm
(0.4 in.) per year over approximately 10 percent of
the potential repository area. In the infiltration dis-
tribution, infiltration is greater than 10 mm (0.4 in.)
per year over 25 percent of the potential repository
area (Bodvarsson et al. 1997, Chapter 20). In this
analysis, the fact that infiltration at the land surface
is greater than percolation at the potential reposi-
tory horizon suggests that a relatively small
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amount of lateral flow occurs in the Paintbrush
nonwelded unit above the potential repository area.
In this simulation, 80 percent of the percolation
flux at the potential repository horizon occurs as
fracture flow (Bodvarsson et al. 1997, Chapter 21).

To bound possible values of percolation flux at the
potential repository horizon, various model simula-
tions were conducted using multiples of the esti-
mated net infiltration rate. These simulations indi-
cate that percolation flux values exceeding 20 mm
(0.8 in.) per year are inconsistent with measured
temperature and chloride concentrations; it would
be difficult to obtain a calibrated model with higher
flux. This suggests that actual percolation flux val-
ues are most likely less than 20 mm (0.8 in.) per
year (Bodvarsson et al. 1997, Chapter 20). The
lower limit of percolation flux could be close to
zero but is more likely on the order of 0.5 mm
(0.02 in.) per year.

Seepage Into Potential Repository Drifts. Seep-
age into the emplacement drifts has been estimated
from detailed simulations of the flow near the drifts
(Tsang et al. 1997). These simulations have used
representations for the spatial variability in both
flow properties and the percolation flux and have
considered time variation in the percolation. The
model has been used to predict seepage in liquid
release tests in niches in the Exploratory Studies
Facility and found to provide reasonable agreement
to the observations (Wang et al. 1998). The
three-dimensional model has incorporated the
results of these simulations to provide estimates of
the seepage that might occur in the repository. To
obtain boundary conditions, a detailed,
north-south, two-dimensional, cross-sectional
model through the potential repository area was
developed that explicitly accounts for each drift
(Bodvarsson et al. 1997, Chapter 4). The detailed
model simulations estimate the spatial variability
in percolation flux at the potential repository hori-
zon (0-20 mm, or 0-0.8 in. per year) that is consis-
tent with that from the site-scale, three-dimen-
sional unsaturated zone model (Bodvarsson et al.
1997, Chapter 12). These simulations predict that
percolation flux would be 10 mm (0.4 in.) per year
or greater over approximately 25 percent of the
potential repository drifts. Modeling results also

show that the dual-permeability and effective-con-
tinuum formulations of the detailed model calcu-
late nearly identical distributions of percolation
flux for steady-state flow.

Although the seepage model considers the spatial
heterogeneity of percolation, the model probably
does not reflect the full range of local variability.
Because the relatively coarse grids (100-200 m)
(328-656 ft) used by the unsaturated zone model
result in the averaging of infiltration fluxes over
larger areas, the model may not reproduce potential
local zones of high percolation flux and seepage at
a drift scale. In addition, because the distribution
of fracture flow paths is heterogeneous, the model
does not simulate high fluxes that may occur in
very spatially restricted pathways. Even though
the average percolation flux may range from 0 to
20 mm (0 to 0.8 in.) over a scale of tens of meters,
local fluxes at the centimeter scale of individual
fractures could be many times the average values.
Finally, current models do not consider the effects
of drift geometry or characteristics (e.g., wall
roughness) on seepage. All of these uncertain fac-
tors regarding seepage are relevant to the potential
for percolating water to contact waste packages
and transport radionuclides: however, their signifi-
cance to performance calculations has not been
fully assessed.

Flow Below the Potential Repository. Spatial dis-
tributions of perched water below the potential
repository area were successfully reproduced by
simulations using the three-dimensional, site-scale
unsaturated zone model (Bodvarsson et al. 1997,
Chapters 13, 22). The simulations were successful
in the northern part of the potential repository area
where the Topopah Spring welded unit basal vitro-
phyre is the perching layer, and in the southern part
where the deeper vitric-zeolitic boundary in the
Calico Hills nonwelded unit is the perching layer.
Transport simulations imply that it would take
approximately 7,500 years for a particle of water to
travel from the land surface to the approximate
location of the perched water in the northern part of
the area, mostly in the Paintbrush nonwelded unit.
Model results indicate that flow below the potential
repository, which encounters a generally east-
ward-dipping perching layer, will be diverted later-
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ally. Lateral flow is expected to continue until
reaching the water table or until encountering a
fault or extensive fracture system that can reinitiate
downward vertical flow (Bodvarsson et al. 1997,
Chapter 22). For zeolitic layers that do not cause
significant perching or diversion, percolation
fluxes higher than several millimeters per year
must occur as fracture flow because matrix perme-
abilities are relatively small. The relatively fast
fracture flow would result in reduced contact time
with the sorptive zeolites.

In the southern part of the potential repository, a
significant portion of the Calico Hills formation is
vitric with relatively high fracture permeability.
Flow below the potential repository in this area
likely will travel vertically until the lower altered
portion of the Prow Pass formation is encountered
near the water table. It is uncertain how much of
the water that percolates from the potential reposi-
tory region to the water table would pass through
the sorptive zeolites in the Calico Hills formation
as matrix flow. This uncertainty is caused by
potential fracture flow and lateral diversion, but the
amount is probably a small part of the total flow.
Overall, model results indicate that 40 percent of
the percolation flux that reaches the water table
beneath the potential repository area is fracture
flow.

Impact of Future Climate-Change Scenarios on
Unsaturated Zone Flow Model Results. The
three-dimensional, site-scale unsaturated zone flow
model was used to examine the effects of increased
infiltration on the unsaturated flow system. The
model used a range of assumptions to test the
effects of future climate change on the nature and
rate of flow. The climate change scenarios consid-
ered included an increased carbon dioxide "green-
house" scenario, and the onset of pluvial condi-
tions similar to those that existed during the glacial
maximum of 21,000 years ago (Bodvarsson et al.
1997, Chapter 23). For the greenhouse scenario,
net infiltration rates at the land surface were
increased by a factor of two relative to present-day
net infiltration, which averages approximately
4.9 mm (0.2 in.) per year over the area of the unsat-
urated zone model. For the pluvial scenario, net
infiltration rates were increased by a factor approx-
imately five times that of the present day. Esti-

mates of travel time for a single particle from the
land surface to the perched water body in the north-
ern part of the area decreased to about 3,000 years
in the greenhouse scenario and to less than
1,500 years in the pluvial scenario.

Simulation results for possible wetter future cli-
mates also show a decrease in the lateral diversion
of water along the Paintbrush nonwelded unit (rep-
resented without fractures) and an increase in the
lateral diversion along the Calico Hills nonwelded
unit zeolitic interface. The decrease in lateral
diversion along the Paintbrush nonwelded unit
occurs because the relative permeability increases
as the saturation increases, decreasing the capillary
barrier effect, and thereby reducing this layer's
capability to divert moisture. The Calico Hills
nonwelded unit zeolitic horizon, however, has a
very low permeability. As a result, increased satu-
ration forces the water to be laterally diverted.
Fracture flow is expected to be the dominant flow
mechanism affecting moisture distribution at the
potential repository horizon because of the low
matrix permeabilities within the Topopah Spring
welded unit. Percolation flux is significant in the
northwest portion of the model domain where infil-
tration is relatively large and lateral flow is blocked
by the Solitario Canyon fault. Drill Hole Wash,
Sever Wash, and Pagany Wash faults are also asso-
ciated with high percolation fluxes at the water
table. The wetter climate simulations project
increases in the elevation of perched water of
0. 1-7.9 m (0.3-26 ft). Modeling results address the
NRC subissue on the spatial distribution of ground-
water percolation through the proposed repository
horizon during the period of repository perfor-
mance. This subissue is part of the Key Technical
Issue on Unsaturated and Saturated Flow Under
Isothermal Conditions (NRC 1997a) (see Volume
4, Section 4.3.3.9).

2.2.3.3 Status of Unsaturated Zone Studies

Scientists to date have provided a model of infiltra-
tion at Yucca Mountain, characterized the hydro-
logic properties of the geologic units making up the
mountain, evaluated the partition of flow between
fractures and rock matrix for different geologic
units, and developed a three-dimensional model of
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how water moves from the surface to the water
table. Future work will address remaining infor-
mation needs including the effects of ventilation on
moisture within the mountain. Future studies will
also capitalize on the excavation of the cross-drift
to better define the past distribution of water move-
ment in the unsaturated zone and to test the models
that have been developed for unsaturated zone flow
and seepage into drifts.

2.2.4 Water Below the Water Table
(Saturated Zone Hydrology)

Any releases from the proposed repository would
eventually migrate downward through the unsatur-
ated zone to the water table and travel to the acces-
sible environment. Therefore, understanding the
flow and transport of radionuclides through the sat-
urated zone is an important component of the over-
all assessment of potential repository performance.
The water table near the repository is currently at
an elevation of approximately 730 m (2,395 ft),
more than 300 m (984 ft) below the proposed
repository horizon. Within the saturated zone,
water movement is a function of the fracture and

matrix hydraulic properties of the saturated volca-
nic units below the repository and of the other
hydrologic units through which the water would
eventually travel.

The systematic description of the regional hydro-
geologic framework and regional flow modeling
(D'Agnese et al. 1997a; 1997b) forms the context
for characterizing the saturated zone hydrology of
the proposed repository site. Figure 2-18 is a sche-
matic north-south cross section showing the impor-
tant components of the saturated zone flow system
at a regional scale. Water infiltrating the unsatur-
ated zone becomes recharged to the regional flow
system. Water moves generally southeast beneath
the site before flowing south out of the volcanic
rocks and into the thick valley fill of the Amargosa
Desert. Figure 2-19 shows the elevation of the
water table throughout the region from north of the
site, where most local recharge occurs, to Amar-
gosa Valley.

Information on the saturated zone near Yucca
Mountain addresses the NRC Key Technical Issue
on Unsaturated and Saturated Flow Under Isother-
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Figure 2-18. Cross Section Showing Conceptual Model of the Saturated Zone Flow System from Yucca
Mountain to Amargosa Valley
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mal Conditions (NRC 1997a). In addition, it helps
to answer questions related to the issues of Total
System Performance Assessments and Integration
and Activities Related to Development of the U.S.
Environmental Protection Agency Yucca Mountain
Standard (NRC 1997a). These issues are discussed
in more detail in Volume 4, Section 4.3.3.

2.2.4.1 Regional Hydrogeology

Yucca Mountain lies within the Alkali Flat-Furnace
Creek groundwater subbasin, one of several that
comprise the Death Valley regional flow system
(D'Agnese et al. 1997a). Groundwater in the
Alkali Flat-Furnace Creek subbasin, together with
that flowing in the Ash Meadows subbasin to the
east and the Oasis Valley subbasin to the west, dis-
charges to the surface primarily in the Amargosa
Desert south of Yucca Mountain. Part of the flow
may continue to Death Valley either by deep west-
ward underflow in a regional carbonate aquifer or
by seepage from the basin-fill sediments through
the bordering mountain ranges to Death Valley.
Recharge (rainfall that enters the flow system) to
the northeastern quadrant of the Death Valley sys-
tem occurs principally at higher elevations such as
the Spring Mountains, the Sheep Range, Rainier
Mesa, Pahute Mesa, and Timber Mountain. The
area north of Yucca Mountain, including Central
Pahute Mesa, Timber Mountain, and Shoshone
Mountain provides most of the recharge to the
Alkali Flat-Furnace Creek subbasin. Most dis-
charge occurs by evaporation and plant transpira-
tion in the Amargosa Desert.

Near Yucca Mountain, volcanic rocks up to several
thousand meters (more than 6,000 ft) thick cover
the Paleozoic and older rocks in the region. As
described above, they have hydrologic properties
that change dramatically over short distances, both
laterally and vertically, producing a complex
hydrogeology. The volcanic rock section becomes
thinner to the south and is not an important compo-
nent of the saturated zone flow system in southern
Amargosa Valley.

The dominant regional aquifer, the carbonate aqui-
fer, consists of Paleozoic marine limestones, dolo-
mites, and minor clastic (made up of fragments)
sediments that attain a thickness of thousands of

meters. Fractures enlarged by dissolution provide
the large permeability associated with this aquifer,
which underlies most of the Ash Meadows subba-
sin and the southern part of the Alkali Flat-Furnace
Creek subbasin. Although the Paleozoic strati-
graphic section is segmented and disrupted by
complex faulting and volcanic activity in the
region, the carbonate aquifer connects and hydro-
logically integrates the many valleys and interven-
ing ranges. Beneath the carbonate aquifer are rela-
tively impermeable, metamorphosed older rocks,
known as the lower clastic aquitard or the Paleo-
zoic-Precambrian elastic confining units
(D'Agnese et al. 1997a, p. 20). These rocks form
the effective hydraulic basement for groundwater
flow, but they are locally permeable where they
contain unhealed fractures. In the vicinity of
Yucca Mountain, the carbonate aquifer is not cur-
rently tapped as a source of groundwater because
of its great depth below the surface.

Faulting and fracturing of bedrock is also impor-
tant to the regional hydrologic flow system
(Faunt 1997). In the Yucca Mountain region, north
to northeast-striking faults are more likely than
those of other orientations to be permeable,
because they are approximately perpendicular to
the least principal stress. Furthermore, they are
oriented favorably to transport water from the
highlands in the north to areas of discharge in the
lower basins in the south and southwest.

Within the volcanic rock section, alteration (e.g.,
the formation of zeolite minerals in some tuff
units) is more extensive at depth, which may
diminish rock permeability. Therefore, the deeper
volcanic rocks tend to impede flow and confine the
underlying Paleozoic carbonate aquifer.

Structural basins (valleys) formed during Mid-Ter-
tiary crustal extension near Yucca Mountain are
filled with gravel, sand, silt, and clay eroded from
the adjacent uplands. Some spring deposits,
fresh-water limestone (lake deposits), and basaltic
lava flows also occur. The Quaternary-Tertiary
valley-fill deposits constitute a major aquifer hun-
dreds of meters thick, though of widely variable
properties, in the Amargosa Desert and other deep
basins of the region (D'Agnese et al. 1997a, pp.
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17-19). They probably are hydrologically impor-
tant also in southern Crater Flat and in southwest-
ern Jackass Flats, where significant saturated thick-
nesses are likely but have not been confirmed by
drilling.

2.2.4.2 Site-Scale Hydrologic Setting

Results of saturated zone hydrologic investigations
at and near Yucca Mountain have been summarized
(Luckey et al. 1996). Except for one borehole, the
drilling program has not reached the base of the
Tertiary volcanic section. North of the proposed
repository, the volcanic rocks are at least 1,829 m
(6,000 ft) thick. Near the southern boundary, drill-
ing has established a minimum depth of 1,533 m
(5,029 ft). Based on rock type and flow properties,
Luckey et al. (1996) have divided the volcanic
rocks below the water table into four hydrogeo-
logic units. These are known from the top down as
the upper volcanic aquifer, the upper volcanic con-
fining unit, the lower volcanic aquifer, and the
lower volcanic confining unit. The upper volcanic
aquifer is composed of the Topopah Spring welded
tuff, which occurs in the unsaturated zone near the
repository but is present beneath the water table to
the east and south of the proposed repository and in
Crater Flat. The upper volcanic confining unit
includes the Calico Hills nonwelded unit and the
uppermost, unfractured part of the Prow Pass tuff
where they are saturated. The lower volcanic aqui-
fer includes most of the Crater Flat Group (Luckey
et al. 1996, pp. 18-20), and the lower volcanic con-
fining unit includes the lowermost Crater Flat
Group and deeper tuffs, lavas, and flow breccias.
The upper volcanic aquifer underlying Yucca
Mountain is generally productive and provides a
source of groundwater for the site.

The main distinction between saturated zone volca-
nic aquifers and confining units is that the aquifers
tend to be more welded and contain more perme-
able fractures. However, alteration of the tuffs to
zeolites and clays, which reduces permeability, is
more pronounced at depth, and the greater pressure
tends to reduce fracture permeability. Conse-
quently, a combination of factors including fracture
properties, mineralogy, and depth, rather than just
rock type, determines the hydrologic character of

the volcanic rocks below the water table at Yucca
Mountain.

Hydraulic tests have been performed to determine
the properties of the saturated zone units. The
analyses are limited by significant uncertainties
about the extent to which fractures affect the unit
conductivity (a measure of the ability of the rocks
to transmit flow) (Luckey et al. 1996, pp. 32-36).
However, ranges of values of conductivity are
reported to provide comparison among the units.
The confining units had low conductivities that
ranged from 0.000005 m to a maximum of 0.26 m
(0.00002 to 0.85 ft.) per day, whereas, the aquifers
had moderate to high conductivities ranging from
0.00004 m to 18 m (0.0001 to 59 ft.) per day. Inter-
vals without open fractures in all units tend to have
very low hydraulic conductivity reflecting the con-
ductivity of the rock matrix or of very small frac-
tures (Luckey et al. 1996, p. 32). Conversely,
larger values of apparent hydraulic conductivity for
both aquifers and confining units can generally be
attributed to fractures.

Hydraulic tests at Yucca Mountain were performed
in both single-borehole and multiple-borehole
tests. Transmissivities (another measure of the
rock's ability to transmit water flow) measured in
the multiwell tests tend to be approximately two
orders of magnitude (100 times) greater than those
determined from single-borehole tests in the same
borehole. This observation suggests that the multi-
well tests, which sample larger rock volumes, are
also encountering a larger number of permeable
fractures (Luckey et al. 1996, p. 36). The test
results also support the hypothesis that fractures
are more important than rock type in controlling
saturated hydraulic conductivity of the volcanic
rocks.

The chemistry of saturated zone waters beneath
Yucca Mountain (Oliver and Root 1997) reflects
processes that impacted these waters as they
flowed to the Yucca Mountain area from recharge
areas to the north (McKinley et al. 1991). In gen-
eral, they are dilute sodium-bicarbonate waters that
are neutral to mildly alkaline and mildly oxidizing.
Similarities between the composition of saturated
zone waters in the recharge areas and Yucca Moun-
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tain suggest that water compositions primarily
reflect water-rock reactions in the recharge areas.
Because flow paths from the recharge areas
through the Yucca Mountain area are largely
through similar volcanic rocks, water compositions
do not change greatly as they flow through the sys-
tem although there are exceptions to this general
statement. The concentration of some dissolved
species, such as metals, can be altered through
reactions with clays and zeolites. Variations in
acidity and oxidation state can result from changes
in gas compositions (e.g., dissolved carbon diox-
ide, dissolved oxygen and methane). Various pro-
cesses including gas sources at depth, the presence
of reactive minerals, or microbial activity may
change gas compositions. Processes controlling
saturated zone water compositions are sufficiently
well known that bounds can be placed on the
expected range of future compositions.

2.2.4.3 Flow Paths

Regional water level contours (Figure 2-19) show a
southward slope of the water table from recharge
areas in the northern part of the Alkali Flat-Furnace
Creek subbasin toward discharge areas in the
southern Amargosa Desert. The Yucca Mountain
site occupies an intermediate position along this
path in an area where the contours indicate a proba-
ble southeastward flow direction. Water flowing
beneath Yucca Mountain arrives from the north and
west. North-south and northwest-southeast ori-
ented faults and fractures probably assert a strong
influence on flow direction and contribute to con-
tinued southerly flow. East and southeast of the
site, the upper volcanic aquifer is below the water
table adjacent to north-south faults, which may
enhance southward flow but impede eastward flow.
South of the site, the Spotted Range-Mine Moun-
tain fault zone (Faunt 1997, pp. 26-27) crosses the
projected flow path from the repository and may
create pathways for southwestward flow.

The site is just south of a zone in which there is a
large hydraulic gradient (slope in the water level
elevations) toward the south. Similar gradients
elsewhere in the Death Valley groundwater basin
are generally associated with flow through the
Paleozoic-Precambrian clastic confining unit or the
Eleana Formation, an argillite (claystone) that

interrupts the regional Paleozoic carbonate aquifer
in the Nevada Test Site area (Winograd and Thord-
arson 1975, pp. C63-C69). The cause of the gradi-
ent north of Yucca Mountain is not known with
certainty, but several hypotheses have been pro-
posed.

The higher water levels in the north, which occur
in the upper volcanic aquifer, may be hydraulically
decoupled, by the thick upper volcanic confining
unit, from the water levels measured south of the
gradient, which occur in the lower volcanic aquifer,
a condition known as semiperched. Alternatively,
the water table to the north may be a perched, satu-
rated zone above rocks that are unsaturated and
overlie the regional water table. Both explanations
are consistent with known geologic and hydrologic
data and imply that conditions at Yucca Mountain
are different from, and independent of, conditions
in the deep carbonate aquifer and lower volcanic
confining units. If the area of the large hydraulic
gradient is decoupled from or perched above the
regional flow system, it may be that regional flow
from north to south is diverted to more permeable
pathways, possibly westward to Crater Flat or east-
ward to the Fortymile Wash area.

Along the projected flow path from the Yucca
Mountain site to the Amargosa Desert, the Tertiary
volcanic rocks thin from about 2,000 m (6,562 ft)
at the site to tens of meters or 0 m (0 ft) because of
distance from their source and erosion. As shown
on Figure 2-18, they are covered by the Quater-
nary-Tertiary valley-fill aquifer (D'Agnese et al.
1997a, p. 17). Paleozoic and older rocks, which
are deeply buried near the site, occur at shallow
depths and are locally exposed in hills at the north-
ern edge of the Amargosa Desert. The Paleozoic
and older rocks also are mainly covered by the
Amargosa valley-fill aquifer. After entering the
valley-fill aquifer, flow generally continues south-
erly past the town of Amargosa Valley and toward
the Amargosa Farms area (Figure 2-19). Here, the
valley-fill aquifer has thickened to at least several
hundred meters. Data are not sufficiently detailed
to permit precise predictions of flow paths in this
area, and the local flow paths may be complicated
by inflow from the regional carbonate aquifer, and
by withdrawal of water in large irrigation wells.
Because of the high aquifer permeability, it is

2-60



Introduction and Site Description
Volume 1

likely that the cone of depression associated with
extensive pumping for irrigation would capture
most flow from the north.

Borehole measurements in volcanic rocks near
Yucca Mountain reveal small amounts of flow,
some downward and some upward, in saturated
zone volcanic units. However, in a well approxi-
mately a mile east of Yucca Mountain that pene-
trated the deep, faulted contact between volcanic
rocks and the regional carbonate aquifer, there was
significant and persistent upward flow from the
deep carbonate rocks into the volcanic rocks. An
abrupt increase in hydraulic head (or water pres-
sure) of 20 m (66 ft) occurred when the fault zone
was penetrated, and the higher head persisted in the
deeper carbonate aquifer. Higher heads with
increased depths, which indicate the potential for
upward flow, have been observed in other deep
holes that penetrate the lower volcanic confining
unit. Luckey et al. (1996, pp. 27-29), therefore,
inferred that upward water pressure, presumably
from the carbonate aquifer, was reflected in the
higher heads measured in deep volcanic rocks.
The significance of this observation is that water
(and radionuclides) within the volcanic rocks
would not enter the regional carbonate aquifer.

The geothermal gradient is variable over the Yucca
Mountain site, which suggests that shallow
processes, such as groundwater flow, may influ-
ence the thermal regime. Heat flow is low for the
Yucca Mountain area, probably because ground-
water flow beneath the volcanic rocks (in the
carbonate aquifer) is intercepting the heat and
transporting it elsewhere (Sass et al. 1995, p. 165).
Detailed water temperature measurements suggest
that faults may provide steep tabular zones of
higher permeability that allow some upward flow
of water and thermal energy (Sass et al. 1995,
p. 166; Bredehoeft 1997, p. 2463). This interpreta-
tion is consistent with the upward gradients
observed in boreholes, and it also supports the
hypothesis that faults are important regional flow
paths.

2.2.4.4 Saturated Zone Flow Modeling

Analyses of groundwater flow and radionuclide
transport in the saturated zone use numerical mod-

eling results at different scales for site characteriza-
tion and performance assessment calculations.
D'Agnese et al. (1997a) developed a regional-scale
flow model that encompasses a large portion of
southern Nevada and parts of eastern California.
The model design incorporates natural system
boundaries and conditions (e.g., contacts between
alluvium, volcanic rocks and carbonate rock, and
the expected locations of recharge and discharge)
to constrain groundwater flux estimates. The esti-
mate of groundwater flux through the saturated
zone flow system is based on the system's overall
water budget. The regional-scale model has also
been used to estimate the influence of climate
change on groundwater flux and flow direction
(D'Agnese et al. 1997b).

The saturated zone numerical flow model used to
assess the performance of the repository is
described in Section 3.7 of Volume 3. The model
is coupled to the unsaturated zone flow and trans-
port model (Section 2.2.5 of this volume), and uti-
lizes a stream tube approach to represent flow from
below the repository to the accessible environment
in Amargosa Valley. Flow and transport are mod-
eled as six flow tubes corresponding to the subre-
gions defined for the unsaturated zone. Transport
processes such as dispersion, dilution and sorption,
and hydrologic pathways and properties are mod-
eled for each flow tube.

The saturated zone flow and transport models are
subject to substantial uncertainty as a result of the
scale of the model, which extends over more than
20 km downgradient, and from the surface to
depths of several kilometers. Most of the current
saturated zone data has been collected near the
repository: however, even with a great deal more
data than is presently available, it would not be
possible to define flow direction or transport prop-
erties along the entire path length. Thus, there is
large uncertainty in the model representation of
flow directions, flux rates, geochemical conditions
and transport properties such as sorption and
precipitation. Because of the scale effects, it is
difficult to compare the stream tube modeling
approach to other conceptual models, or to assess
whether alternative methods might be more or less
appropriate.
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2.2.4.5 Stability of the Water Table

After recovery from drilling disturbances, water
levels measured in wells have remained stable dur-
ing site characterization monitoring at Yucca
Mountain. Small, temporary changes result from
earth tides, barometric changes, and crustal strain
related to earthquakes. Mineralogical studies of
minerals deposited by water in the past
(Levy 1991; Chipera et al. 1995) suggest that past
maximum water levels have been no more than
approximately 60 to 130 m (197 to 426 ft) higher
than the present. This estimate is similar to and
consistent with a modeling simulation of the
effects of the glacial maximum 21,000 years ago,
which predict a 60 to 150 m (197 to 492 ft) rise at
Yucca Mountain (D'Agnese et al. 1997b).

2.2.4.6 Status of Saturated Zone Studies

Scientists studying the saturated zone have defined
the current elevation of the water table near Yucca
Mountain and have gathered information indi-
cating its level under past wetter conditions. They
also have characterized the flow properties of
hydrogeologic units found in the saturated zone
near the site. A regional model of saturated zone
flow provides a framework for the site model.
These results all address the NRC subissue on
ambient flow conditions in the saturated zone,
which is part of the Key Technical Issue on Unsat-
urated and Saturated Flow Under Isothermal
Conditions (NRC 1997a). Future work to address
information needs will focus on refining the inter-
face between the regional and site models,
completing the characterization of hydraulic
parameters, and establishing a series of monitoring
wells south of the site to define the interactions
between the volcanic aquifer and the underlying
carbonate aquifer.

2.2.5 Factors Affecting Radionuclide
Transport

The chemistry of rocks and fluids, and the type and
distribution of minerals present, can directly affect
the potential movement of water and radionuclides
toward the accessible environment. The chemical
environment (temperature, pH, Eh) surrounding
waste packages and waste materials will directly

influence the rates of waste package corrosion and
waste dissolution, as well as radionuclide concen-
trations in water. Minerals precipitated in fractures
can significantly affect flow paths by altering rock
mass permeability. Also, some minerals can retard
the migration of certain species, such as radionu-
clides, dissolved in water. By a process known as
sorption, radionuclides can bind to mineral sur-
faces. Retardation of dissolved or colloidal species
can also occur. Through a process known as
matrix diffusion, water and dissolved constituents
can migrate from fractures into the rock matrix
where they move more slowly. Dispersion (the
process of dissolved species spreading out during
mixing with other groundwater) and dilution can
decrease the concentration of constituents con-
tained in the water. The characteristics of the rock
mass that control the flow of groundwater and its
constituents are known as transport properties.

In addition to affecting transport properties, miner-
alogy and geochemical composition reveal the his-
tory and evolution of rock units. The minerals that
comprise the rock mass and are found along frac-
tures reflect past conditions in the hydrogeologic
system and provide evidence of the nature and
extent of water flow. The past history of water
determines its chemistry and provides clues of how
the hydrologic system might behave in the future.
Geochemical information also indicates the age of
water at Yucca Mountain and the paths by which it
has flowed in the past.

Results of transport and other geochemical investi-
gations allow several of the NRC key technical
issues to be addressed, most directly the issue of
Radionuclide Transport (NRC 1997a). The results
also will provide information addressing the issues
of Unsaturated and Saturated Flow Under Isother-
mal Conditions and Total System Performance
Assessment and Integration. The NRC key techni-
cal issues are discussed in more detail in Volume 4,
Section 4.3.3.

2.2.5.1 Overview of Transport Processes
and Models

Figure 2-20 schematically depicts the important
properties and processes that may affect radionu-
clide transport in the unsaturated and saturated
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Figure 2-20. Schematic Cross Section of the Yucca Mountain Site Showing Conceptual Unsaturated
Zone Transport Processes

zones at Yucca Mountain. As the figure shows,
percolating water that could penetrate a waste
package and contact waste materials may acquire
and transport radionuclides either in suspension,
bound to very small particles known as colloids, or
in solution (i.e., as a dissolved solid). Colloid par-
ticles are small enough to travel with flowing water
through the fractures and matrix of the rock, and
certain colloids also have the ability to bind radio-
nuclides to their surfaces. After release from the
waste package, fluids will migrate downward
through the near-field repository environment and
through any natural or engineered materials (like
backfill or concrete) that may be present at the base
of the repository drift. Because the transport of
radionuclides and other species (either in solution
or bound to colloids) is highly dependent on

geochemical conditions, a challenge for transport
models is to assess the effect that the near-field
environment has on fluid chemistry. Some materi-
als may have the ability to significantly alter chem-
ical conditions, thereby changing the ability of the
fluids to transport constituents.

After moving through the near-field, percolating
water would enter the host rock, welded Topopah
Springs tuff, which would likely have been altered
by repository-induced heat and fluid flow. Based
on the information presented in Section 2.2.3,
water would primarily flow through rock fractures.
Transport of dissolved or colloidal species would
depend on several factors: geochemical conditions
in the fractures (pH, Eh, temperature, etc.); the type
and distribution of minerals present on the walls of
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the fractures, especially those that sorb radionu-
clides; and the nature and extent of interaction
between fractures and matrix. Interaction between
fractures and matrix may enhance retardation by
allowing radionuclides to migrate into the matrix
and become bound to matrix minerals or trapped in
pores.

Water continuing downward beneath the repository
would encounter significantly different hydrologic
conditions and flow properties upon contacting the
Calico Hills nonwelded unit. Conditions in the
Calico Hills unit are likely to be variable across the
repository, so the relevant transport processes also
may vary. In many areas, it is expected that flow
would be primarily in the matrix and that percolat-
ing water would contact both vitric and zeolitic
tuffs. The zeolitic units would probably retard
migration of strongly sorbing radionuclides in
these regions. In other areas, perched water zones
resulting from low matrix permeabilities or hydro-
logic discontinuities may result in lateral diversion.
Depending on the extent of the perched zone, water
may either be laterally diverted for short distances
before returning to the unsaturated zone or con-
tinue laterally to the water table, bypassing the
lower unsaturated zone altogether. Finally, flow in
some portions of the Calico Hills unit (particularly
the vitric tuffs in the southern part of the reposi-
tory) may occur mainly in fractures, where the
effectiveness of retardation processes would
depend on the same factors described above.

Major faults or fracture zones may also provide a
pathway for rapid vertical flow in any of the hydro-
logic units. These features could provide a means
for collecting and focusing flow from a relatively
wide area into narrow zones with correspondingly
higher flow rates and velocities.

After reaching the water table, flow will continue
downgradient (generally to the southeast) away
from the repository. Based on the characteristics of
saturated aquifers described in Section 2.2.4, it is
likely that the majority of saturated flow would
occur in zones with enhanced permeabilities
caused by fractures. Retardation processes such as
sorption, matrix diffusion, and dispersion would
also function in the saturated zone. As in the
unsaturated zone, the effectiveness of the retarda-

tion processes would depend on the geochemical
environment in which water is moving. Therefore,
an adequate understanding of the geochemical and
transport properties of the rocks is necessary to
demonstrate whether the saturated zone can assist
in protecting public health and safety.

To support assessments of potential repository per-
formance, transport models for the site-scale unsat-
urated zone (Robinson et al. 1997) and the regional
saturated zone (Zyvoloski et. al. 1997) have been
developed to evaluate conceptual models, numeri-
cal methods, and parameter sensitivities. Because
it is not possible to run field experiments that real-
istically simulate system behavior over the dis-
tances and time frames involved (that is, tens of
kilometers and thousands of years), it is difficult to
calibrate the models. However, the models have
been tested by comparison to the known distribu-
tion of environmental isotopes and water chemistry
in the unsaturated zone. The studies suggest that
under certain conditions, radionuclides could reach
the water table within on the order of 100 years or
less. Fast transport could occur if continuous frac-
ture pathways through the Calico Hills nonwelded
unit are present and percolating water has only lim-
ited contact with zeolites. Also, colloid transport
of certain radionuclides, such as plutonium, could
result in relatively fast transport.

2.2.5.2 Geochemistry of the Site and the
Surrounding Region

Geochemical Framework. As described in
Section 2.2.1, Yucca Mountain is composed of a
thick series of volcanic rocks overlying Paleozoic
sediments. Most of the volcanic section consists of
ash flow tuffs up to several hundred meters thick
that range from rhyolite to quartz-latite in
geochemical composition. Rhyolites have a higher
content of silica and alkali elements and a lower
percentage of aluminum and metallic elements
than quartz-latites. The units found along potential
pathways below and away from the repository (and
below the water table) are mostly rhyolitic,
whereas the horizons above the proposed reposi-
tory are mostly quartz latite.

The quartz latite units are the source of natural
geochemical "tracers" that may aid in understand-
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ing transport in the unsaturated zone. The units
above the proposed repository consist of porous,
vitric (glassy) material in the Pah Canyon unit and
underlying bedded tuffs, overlying a dense and rel-
atively impermeable quartz-latite vitrophyre in the
upper Topopah Spring tuff. Waters that have
reacted with the quartz-latitic glass acquire a
unique trace-element signature characterized by
enrichment in light lanthanide elements and a
diminished or absent europium anomaly. This sig-
nature, and its modification with transport, can be
traced to depth. For example, the source of the
water that precipitated calcite in fractures can be
correlated, through the trace elements, to flow
through overlying quartz-latite units. In general,
this signature persists for only a few tens of meters
before it is overprinted by the local rhyolitic signa-
ture (Vaniman and Chipera 1996).

Geochemistry of the Host Rock. Welded
Topopah Spring tuff, the host rock for the proposed
repository at Yucca Mountain, is texturally com-
plex yet chemically simple. As described in Sec-
tion 2.2.1, a critical property for repository devel-
opment is the presence of a thick, competent and
mineable rock mass. The proposed repository
horizon is one of the most chemically uniform rock
types of the region. However, extensive alteration
of the volcanic glass in the rock matrix during and
after cooling of the ash flow tuffs has caused vari-
ability in rock texture and mineralogy that is not
seen in its chemistry. The chemical processes
include devitrification (alteration of volcanic glass
to a combination of minerals), vapor-phase alter-
ation (rock alteration by volcanic gases during
cooling of the ash flow), and the formation of
low-temperature alteration minerals after the rock
mass had cooled.

The most obvious expression of this variable tex-
ture is in the distinctions between zones containing
lithophysae (open cavities produced when gas
pockets formed as the rhyolite cooled) and those
that do not. Based on the textural variations, which
include the degree of welding, devitrification and
the presence of lithophysae, the volcanic units have
been divided into a series of more detailed units.
By identifying the texture and mineralogy of alter-
ation in fractures and matrix, studies of these units
provide a record of the history of infiltration into

the mountain. The detailed mineralogical data
have also been compiled in a three-dimensional
mineralogical model (Carey et al. 1997) that pro-
vides a basis for assessing possible future changes
resulting from the thermal and hydrological effects
of a repository and potential retardation of radionu-
clides during transport.

Fracture and Fault Mineralogy. As noted above,
fracture mineralogy may have a significant effect
on both the hydrology and transport properties of
the repository system. At Yucca Mountain, the
major control on mineralogy is the location with
respect to the water table (saturated versus unsatur-
ated). The mineralogy of the unsaturated zone can
be further divided by origin, according to whether
the minerals were produced at high temperature
when the rock was deposited (syngenetic), at lower
temperatures after the rock was deposited (diage-
netic), or as a result of later groundwater percola-
tion.

Fracture minerals in the unsaturated zone are par-
ticularly varied, in contrast to the saturated zone.
Unsaturated zone fracture minerals include clay
minerals, zeolites, manganese oxide minerals,
hematite, calcite, opal, and fluorite. Cristobalite,
tridymite, and quartz-all forms of silicon diox-
ide-occur in unsaturated zone fractures, mostly as
syngenetic phases. Cristobalite, however, can
occur with opal as diagenetic or percolation-related
deposits. The mineralogical variety increases
below the proposed repository horizon at the
boundary between the devitrified Topopah Spring
tuff and the lower vitrophyre of the Topopah
Spring tuff where a greater variety of zeolites
occur. Calcite and opal are the most characteristic
fracture minerals deposited by percolation in the
unsaturated zone.

Below the water table, the variety of fracture
minerals decreases. Smectite is the only common
clay. Manganese oxide minerals occur, and hema-
tite is more common than in the unsaturated zone.
The only common silica minerals in saturated zone
fractures are quartz and opal-CT. The only
common zeolites in saturated zone fractures are
clinoptilolite and mordenite, the same zeolites that
characterize the altered rock matrix below the
water table.
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The differences between saturated and unsaturated
zone fracture mineralogy may affect transport
properties above and below the water table. Based
on experiments studying minerals that have the
potential to sorb (or accumulate) radionuclides
from solution, fractures that contain smectite, man-
ganese oxides, and calcite show particular affinity
for plutonium retention.

The available information on fault mineralogy is
sparse, but includes smectite, calcite, and clinop-
tilolite. Information from chlorine-36 studies
suggests that, in the unsaturated zone, an under-
standing of matrix mineralogy may be as important
as fault-associated mineralogy in understanding
transport. The matrix can interact directly with
fluids in areas without fracture mineral coatings.

Role of Hydrous Alteration Minerals in Yucca
Mountain Performance. The volcanic rocks of
Yucca Mountain have been altered to variable
degrees since their eruption particularly where por-
tions of the volcanic series cooled quickly and
remained glassy. Alteration minerals, such as
clays, zeolites, and oxide minerals, can play an
important role in restricting radionuclide move-
ment. In addition, syngenetic alteration, involving
the interaction of still-hot rock with infiltrating
meteoric water, provides a natural analog for
hydrothermal alteration that might occur in a
repository environment.

A three-dimensional mineralogic model (Carey
et al. 1997) has been developed for presenting the
mineralogic information in a format accessible for
modeling flow, transport, and thermal response.
Quantifying mineral abundance and distribution in
three dimensions provides a tool for modeling
mineral stability and transport. Zeolite, glass, and
silica mineral distributions can be modeled in three
dimensions to understand long-term thermal
response on scales of hundreds of meters. A major
conclusion reached from using the three-dimen-
sional model is that zeolitic altered zones are
present continuously between the proposed reposi-
tory and the water table at Yucca Mountain, an
important consideration for transport modeling
(CRWMS M&O 1998d, Section 6.1). Some
previous studies had suggested that zeolites were

not present along transport pathways under some
areas of the repository.

History of Large-Scale Alteration at Yucca
Mountain. Detailed examination of the volcanic
rocks at Yucca Mountain shows that most zeolite
alteration occurred at the same time as tuff
emplacement. Early faulting at the site influenced
the distribution of alteration. The timing of the
major alteration episode was between 13 million
and 11.6 million years ago. Although some zeolite
formation may have continued later, the major
zones of zeolite alteration were defined
11.6 million years ago.

After the formation of major zeolitic horizons,
deep-seated fossil hydrothermal activity persisted
until about 10 million years ago. Hydrothermal
activity 10 million years ago was limited to tem-
peratures of less than approximately 90-1000 C
(194-2120 F), which is the highest temperature at
which the zeolite minerals found can remain stable.
The fossil hydrothermal system provides an impor-
tant self-analog for understanding future repository
behavior, particularly mineral reaction rates and
temperatures (Bish and Aronson 1993). At pro-
longed exposure to temperatures greater than 900C
(1940F), the sorptive zeolite minerals (clinoptilolite
and mordenite) would be altered to a new mineral
assemblage (analcime plus quartz and/or calcite).

Mineral Stability at Yucca Mountain. In
addition to the self-analog studies of past thermally
induced alteration events at Yucca Mountain,
thermodynamic and kinetic studies provide infor-
mation on mineral stability from another
perspective. This information will be important to
understanding how the repository would behave
during heating after waste emplacement because
mineralogical changes can affect the hydrologic,
mechanical, chemical, and transport properties of
the rock. Table 2-1 shows four important types of
mineral reactions to consider at Yucca Mountain.

Thermodynamic considerations help to explain the
observed zeolite mineral alteration. The results of
thermodynamic modeling show that the stability of
various types of zeolites is a function of silica
activity, temperature, sodium concentration in
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Table 2-1. Mineral Reactions

Reaction Likely to occur in
1 Volcanic glass =>± Saturated conditions, at

clinoptilolite ± smectite 750C (1 670F) for vitrophyre
± opal-CT glass and 450C (113'F) for

vitric nonwelded material

2 Tridymite/cristo- Saturated rocks. The
balite/opal-CT = reaction can be greatly
quartz accelerated at elevated

temperature

3 Clinop- Saturated rocks that reach
tilolite/mordenite X temperatures in excess of
analcime + quartz ± 900C (1 94'F)
calcite

4 Smectite n illite Saturated rocks at elevated
temperature or in which
silica activity is diminished

water, and the mineralogy of silica polymorphs.
Increasing temperature or sodium concentration
causes the alteration of zeolites to other phases.
However, under present-day conditions, sorptive
zeolites show little thermodynamic tendency to
react.

Kinetic effects (factors that affect the rates of
chemical reactions) are important to consider in
assessing the significance of thermodynamic and
natural-analog study conclusions. For example,
kinetic data suggest that saturated conditions are
necessary for any perceptible progress in the four
reactions listed in Table 2-1. Therefore, all of these
reactions are likely to proceed more slowly in the
unsaturated zone at Yucca Mountain than they
would below the water table. Similarly, the persis-
tence of opal-CT below the water table indicates
that silica reaction kinetics at Yucca Mountain are
more sluggish than laboratory studies would sug-
gest. If prolonged temperatures of 1000C (212 0F)
or more were reached in saturated tuffs, significant
progress in all four reactions could occur. How-
ever, the thermal design of the repository would
limit temperatures above 1000C (212'F) to within
the Topopah Spring welded unit, well above
zeolitic zones in the Calico Hills unit and the water
table.

Geochemistry, Mineralogy, and Paleohydrology.
Geochemical and petrologic evidence have been

used to reconstruct the past hydrology and trans-
port conditions at Yucca Mountain. Vitric to
zeolitic transitions imply past water-table rises on
the order of 100 m (328 ft), but there is significant
uncertainty in the estimate (approximately 20 m, or
66 ft) because of the structural characteristics of
the site and uncertainty about the configuration of
the transition from unsaturated into saturated rock.
Evidence for past trace-element migration in the
unsaturated zone may provide insight into the
potential for future migration of constituents such
as radionuclides. For example, analyses show that
strontium concentrations increase at the tops of
major zeolitic intervals, which indicates that stron-
tium in percolating groundwater is captured by the
zeolitic zones. Similarly, the composition of cal-
cite in fractures indicates a prominent role for
minor fracture minerals (manganese oxides) in the
transport of heavy metals. Cerium (a lanthanide
element) is strongly retained by manganese oxide
minerals. This observation shows that even minor
fracture minerals can have a significant effect on
heavy-metal transport.

Mineralogy and Sorption Studies. Many sorp-
tion studies have been conducted on samples from
Yucca Mountain to investigate the degree to which
any released radionuclides would sorb (bind) to
minerals encountered along their transport path,
therefore slowing their progress towards the acces-
sible environment. Both lithology (rock type) and
mineralogy are important in interpreting the sorp-
tion experiments. To assess possible transport
questions, an understanding of the differences in
sorption properties between altered and unaltered
rocks (particularly zeolitic versus nonzeolitic sam-
ples) is necessary. Also, lithology and mineralogy
contribute to the differences in sorption behavior
between unaltered rhyolitic and quartz-latitic sam-
ples.

Yucca Mountain data indicate that there are three
principal mineral groups that may function as bar-
riers to radionuclide migration. The sorptive zeo-
lites (clinoptilolite and mordenite) provide the
most continuous and well-defined barriers at Yucca
Mountain. Whether their sorptive capacity is
strong (as with strontium and cesium) or weak (as
with neptunium), their abundance makes them
potentially effective obstacles to cationic (posi-
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tively charged ions) radionuclide transport. Smec-
tites (clay minerals) are not nearly as abundant, but
their widespread occurrence virtually ensures that
they would be encountered along all transport path-
ways. Their strong affinity for plutonium makes
them a valuable barrier. Manganese oxides are less
abundant and not as widely distributed as smec-
tites, but their common association with fractures
in the saturated zone-and recent evidence of
strong neptunium interactions-suggest that they
may contribute significantly to the natural barrier
system against radionuclide transport.

2.2.5.3 Geochemistry Governing Radionu-
clide Mobility

Implications of Geochemical Data for Radionu-
clide Transport. Water chemistry influences the
sorption behavior of radionuclides and the solubili-
ties of radionuclide compounds. The chemistry of
waters that may infiltrate the proposed repository
would depend in part on the chemistry of water
present in the unsaturated zone above the proposed
repository horizon. Therefore, a model for unsat-
urated zone water compositions must be used as
input to near-field corrosion and transport models,
and the significance of changes in conditions as a
result of repository induced effects (e.g., thermal
loading) must be understood. Groundwater com-
positions beneath the proposed repository horizon
would influence the sorption behavior of the radio-
nuclides transported out of the proposed repository
horizon.

The expected compositional variation of these
waters is limited. The main parameters that could
significantly influence transport properties and
sorption behavior are pH (a measure of acidity or
alkalinity) and Eh (a measure of oxidation poten-
tial). The expected range in pH is from 6.5 to 9.0
(very weakly acidic to mildly alkaline). Because
sorption properties have been tested throughout
this range, the potential effects of pH variation are
reasonably well characterized. Some introduced
materials (particularly concrete) in the under-
ground environment may affect the pH of solu-
tions, but these effects can be incorporated in the
analyses. The expected range in Eh has not been
fully defined. Experiments to date, including the
single heater test, have largely been carried out

under oxidizing conditions, but uncertainty
remains concerning the Eh of waters downgradient
from Yucca Mountain. Potentially important
uncertainties that have not been analyzed experi-
mentally under repository conditions include the
significance of concrete-modified water chemis-
tries, the effect of other introduced materials within
drifts, or on drift walls, the influence of microbial
activity, and the effect of variation in gas composi-
tions on unsaturated zone transport.

Transport properties in the saturated zone may also
be influenced by uncertainties related to the hetero-
geneous distribution of potentially sorbing
minerals, as well as changes in geochemical condi-
tions induced by the repository. However, the
significance of thermally induced changes in the
saturated zone should be less than in the unsat-
urated zone because of the decreasing magnitude
of thermal effects. Saturated zone conditions
characterized by reducing, rather than oxidizing,
conditions could substantially retard certain radio-
nuclides, thereby enhancing the effectiveness of
the natural system.

Geochemical results address the NRC subissue on
geochemical and hydrological controls on radionu-
clide transport and the potential for dilution at
Yucca Mountain, which is part of the Key Techni-
cal Issue on Radionuclide Transport (NRC 1997a)
(see Volume 4, Section 4.3.3.10).

Radionuclide Solubilities. One of the initial bar-
riers to radionuclide migration is the solubility (the
amount that will dissolve) of the radionuclides
themselves in any water that infiltrates the pro-
posed repository. Many of the radionuclides
present in spent nuclear fuel have low solubilities
under conditions similar to what would prevail in a
repository at Yucca Mountain. For those key radi-
onuclides that may be mobile in the repository
environment (e.g., neptunium, plutonium, ameri-
cium, and technetium), solubility depends on the
solution chemistry and on the actinide-bearing
solid being dissolved.

Long-term solubility experiments for these
elements were conducted, along with thermody-
namic modeling efforts, to understand the effects
of the various species and solid-state precipitates
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(minerals deposited from solution). This approach
involved calculating and measuring the solubility
of the least-soluble radionuclide solid phase that
might precipitate under conditions anticipated in
and near a high-level radioactive waste repository
(Nitsche et al. 1994; 1995). This is a conservative
approach because, except for uranium, concentra-
tions of radionuclides are likely to be quite low
compared to the concentrations of the major
elements. Therefore, radionuclides would gener-
ally be precipitated in solid solutions of the major
elements rather than as pure phases, which are
usually more soluble (Gnanapragasam and Lewis
1995; Langmuir 1997). These experimental and
modeling efforts have isolated key aspects of radi-
onuclide solubility such as pH, temperature, and
Eh.

Because of the heterogeneous and changing condi-
tions, the solubility of radionuclides would vary
spatially and temporally across the repository. For
performance assessment, it is important to identify
the dissolved and solid-state species of the ele-
ments involved and the range of solubilities of
many radionuclides. Table 2-2 shows the range of
solubilities for some key radionuclides expected at
the site. These ranges are based on the current
understanding of expected geochemical conditions
in the repository over time. Because the solubili-
ties of the radionuclides (e.g., neptunium) are quite
sensitive to conditions and can vary over several
orders of magnitude, uncertainty in environmental
conditions can significantly affect performance
analyses. Therefore, an improved understanding of
the evolution of the chemical environment may
decrease the uncertainty in solubilities and other
transport properties.

Sorption and Sorption Modeling. Once radionu-
clides have dissolved in water percolating through
the site, sorption (binding) of these radionuclides
onto the surrounding tuffs becomes a potentially
important second barrier. If the radionuclides
become attached to materials they encounter along
their transport path, their progress toward the
accessible environment would be slowed. Sorption
includes several physiochemical processes, includ-
ing ion exchange, adsorption, and chemisorption.
Several experimental approaches were used to
characterize key sorption-related parameters.
Batch-sorption experiments were used to investi-
gate the sorption characteristics of radionuclides.
These experiments can be conducted quickly and
inexpensively, but they employ static conditions
(i.e., the experimental water is not flowing past the
material being tested). Dynamic transport studies,
in which water flows through the sorbing medium,
suggest the results of the batch-sorption studies are
generally conservative.

The elements niobium, tin, thorium, and zirconium
show strong sorption onto surfaces available in
Yucca Mountain rock units. In addition, these
elements form solid oxides and hydroxides that
have very low solubilities in Yucca Mountain
groundwater, especially in near-neutral solutions,
like those expected at Yucca Mountain. A high
sorption-coefficient value (minimum of 100 mL
per gram) is appropriate in performance assess-
ment calculations for all these elements under
essentially all conditions expected within the
Yucca Mountain flow system.

The elements actinium, americium, and samarium
also sorb strongly to surfaces in Yucca Mountain
rock units. These elements tend to form carbon-

Table 2-2. Range of Solubilities

Minimum Value Maximum Value Expected Value Coefficient of
Element (M) (M) (M) Variation Distribution

Americium 10-10 10-6 5 x 10-7 - Uniform

Plutonium 3 x 10-9 10-6 5.1 x 10-7 -7 Uniform

Neptunium 5 x 1 -6 10-
3 1.4 10-4 0.20 Log beta

Technetium Source limited (i.e., not limited by solubility)

2-69



Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V1

ates, phosphates, and mixed hydroxycarbonate
compounds that are very sparingly soluble. A high
sorption-coefficient value (minimum of 100 ml
per gram) is appropriate for each of these elements.

The solution and sorption behaviors of plutonium
are the most complex of all the applicable ele-
ments. The groundwater parameter most critical to
plutonium transport in the Yucca Mountain flow
system is the redox potential, Eh. The available
sorption data suggest that this element should sorb
strongly to Yucca Mountain tuffs under most
expected conditions. However, uncertainty
remains because the redox potential was uncon-
trolled during these experiments. If sorption coef-
ficients under high redox potential are consistent
with earlier results, plutonium could be classified
with the strong sorbers and a minimum sorp-
tion-coefficient value of 100 mL per gram could be
used in performance assessment calculations. If
plutonium sorption coefficients are decreased by
elevated redox potentials, a different, lower value
would be appropriate.

Cesium and radium have high affinities for most
Yucca Mountain rock samples, particularly zeolitic
samples. A minimum sorption-coefficient value of
100 mL per gram could be used for these elements,
assuming cesium concentrations in solution stay
low (below 10-5 M). For strontium, the situation is
more complex. Although this element has a high
affinity for zeolitic samples, it is not strongly
sorbed by devitrified or vitric tuffs. Because the
zeolitic tuffs will be a strong barrier for this ele-
ment, the small sorption-coefficient values
obtained to date could be used for devitrified and
vitric units.

The sorption coefficient data available for the ele-
ments nickel and lead are limited to a dozen or so
experiments on nickel. In the surficial environ-
ment, lead appears to be less mobile than nickel.
Therefore, the nickel sorption coefficients can be
used as conservative values for lead. In devitrified
and zeolitic zones, a minimum sorption-coefficient
value of 100 mL per gram is appropriate for nickel.
In vitric zones, sorption coefficients will be in the
range from 0 to 50 mL per gram. For vitric zones,
an appropriate approach may be to use a random

sampling technique to derive nickel and lead sorp-
tion coefficients from a normal distribution ranging
from 0 to 50 mL per gram.

Yucca Mountain rocks do not strongly sorb the
elements neptunium, protactinium, selenium, and
uranium. Neptunium appears to sorb primarily by
surface-complexation and surface-precipitation
mechanisms. The carbonate content of the rocks
used in experiments with neptunium appears to
have a large impact on sorption behavior. The
presence of ferrous iron on tuff surfaces may also
be a factor. Protactinium appears to be very insol-
uble in near-neutral solutions, but its sorption
behavior is more complicated. At high pH, protac-
tinium appears to sorb strongly, whereas just below
neutral pH, it sorbs poorly. Only lower-range pH
experiments have been conducted with Yucca
Mountain samples. Selenium will be present as an
anion in Yucca Mountain flow systems and will
have low sorption affinity. The main unresolved
issue is the effect of elevated levels of calcium and
magnesium on its sorption behavior. Uranium
sorption appears to be controlled by pH, alkalinity,
and the concentrations of alkaline-earth ions. Its
affinity for Yucca Mountain rock samples is gener-
ally low with the highest sorption coefficients
observed in zeolitic tuffs. The main gap in the
available data are for sorption coefficients on
zeolitic and devitrified samples in contact with
water enriched in calcium and magnesium at pH
values from 6.5 to 8.0.

The elements carbon, chlorine, iodine, and techne-
tium have little or no sorption affinity under the
oxidizing conditions expected within the Yucca
Mountain flow system. Any retardation of these
will involve processes other than sorption. Scien-
tists conducted a batch-sorption study of the effect
of naturally occurring organic materials on the
sorption of cadmium and neptunium on oxides and
tuff surfaces. The model sorbents were synthetic
goethite, boehmite, amorphous silicon oxides, and
a crushed tuff material from Yucca Mountain. An
amino acid, 3-(3,4-dihydroxyphenyl)-DL-alanine,
and an aquatic-originated fulvic material, Nordic
aquatic fulvic acid, were used as model organic
chemicals. These two materials have little effect
on neptunium sorption on all sorbents selected for
study.
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Dynamic Transport Studies. Scientists con-
ducted dynamic transport studies to verify the
results of batch-sorption experiments. These stud-
ies incorporated the component of dynamic flow
that the static batch-sorption experiments lacked.
Two types of dynamic studies were performed:
crushed-rock column and solid-rock column exper-
iments. The solid-rock column experiments used a
centrifuge technique (the unsaturated flow appara-
tus) to simulate flow. These studies suggest that
the batch-sorption results are conservative.

Diffusion Transport. Diffusion is an important
retardation mechanism in fractured media. The
unsaturated flow apparatus is an efficient and cost-
effective way to study diffusion as a function of
saturation in Yucca Mountain tuffs. Diffusion
transport studies show that diffusion occurs at
varying rates, depending on the size of the diffus-
ing molecule, and that diffusion into devitrified tuff
is slower than diffusion into zeolitic tuffs. The dif-
fusion of tritiated water (water with tritium added
as a tracer) through saturated devitrified tuffs is
about 10-6 cm2 per second. Large anions, such as
some neptunium complexes or pertechnetate, are
excluded from the tuff pores because of their size
and charge.

Overall results indicate that diffusion from
fractures into the matrix occurs even at relatively
fast flow rates. Therefore, neptunium may be
significantly retarded even if flow takes place
largely through fractures rather than through the
rock matrix. Retardation of neptunium transport in
fractures may be caused by both diffusion into the
matrix and sorption onto minerals lining the
fracture walls.

Effects of Colloids. Colloids are small particles
that, when suspended in water, may serve to bind
with radionuclides and transport the radionuclides
along with the flow. Therefore, they can poten-
tially interfere with processes that would tend to
retard radionuclide transport by binding the radio-
nuclides to minerals of the rock matrix or along
fractures through which they are flowing. To
assess colloid-facilitated radionuclide transport in
groundwater at the proposed repository, it is impor-
tant to understand the generation and stability of

colloids, including naturally occurring colloids.
Natural colloids may be composed of several min-
erals, such as clays (e.g., smectites), iron oxides
(e.g., hematite, goethite, or other species) or other
materials. The tendency of different radionuclides
to bind to colloids is a function of the colloid com-
position. Colloids may also be formed by the alter-
ation of spent nuclear fuel or other man-made
materials such as glass or concrete.

The colloid concentration in water samples typical
of Yucca Mountain was measured to be on the
order of 106 particles per milliliter (for particle
sizes larger than 100 nm). At this low particle con-
centration, the sorption of radionuclides to colloids
would have to be extremely high before the col-
loids could carry a significant amount of radionu-
clides from the proposed repository to the accessi-
ble environment.

Colloid concentration in a given aquifer is a func-
tion of the colloid phase stability in the hydro-
chemical system. Stability is a function of the
chemical composition of the water as well as of the
hydrogeochemical state of the aquifer. For an
aquifer in an equilibrium situation, decreases of the
concentration of alkali and alkali-earth elements
contribute to an increase in colloid stability and
concentration. However, water mixing and large
concentrations of organic carbon contribute to an
increase in the colloid stability and concentration.
Generally, the presence of transient situations such
as changes of temperature, flow rate, or chemistry
(pH, salt, or redox potential) in the aquifer also
induces larger colloid concentrations.

Preliminary results of colloid studies show that
hematite and goethite colloids sorbed more soluble
plutonium (V) than plutonium (IV) in natural and
synthetic groundwaters. Iron oxide sorbed more
plutonium in the synthetic groundwater than in the
natural groundwater. The percentage of plutonium
adsorbed varied with the two iron oxides and the
two solutions. Adsorption of plutonium (IV) is a
time-independent process; adsorption of plutonium
(V) is a time-dependent process. After a 10-minute
contact period, hematite sorbed 57-66 percent of
plutonium (IV) colloids and 44-82 percent of solu-
ble plutonium (V); goethite sorbed 29-34 percent
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of plutonium (IV) colloid and 19-63 percent of
plutonium (V). However, the process of plutonium
desorption from plutonium-loaded iron-oxide
colloidal particles is slow. After 30 days of desorp-
tion, plutonium (V) was not desorbed from hema-
tite, and less than 0.01 percent of plutonium (V)
desorbed from goethite. Less than 0.01 percent of
plutonium (IV) colloids was desorbed from hema-
tite and less than 0.1 percent of plutonium (IV) was
desorbed from goethite.

Because there are relatively few data regarding the
nature and characteristics of either natural or intro-
duced sources of colloids at Yucca Mountain (or in
other similar systems), there is significant uncer-
tainty in current analyses of colloidal transport.
Important issues that are being addressed include
the relative magnitude of radionuclide migration
by colloidal versus dissolved transport (particularly
for plutonium) and definition of the effect of varia-
tion in the geochemical environment on colloid sta-
bility and transport. The reversibility of colloid
sorption (the conditions in which colloids may bind
or release radionuclides) is also being analyzed.
Finally, analysis of examples of possible colloidal
transport of radionuclides at the Nevada Test Site,
and elsewhere, may provide information relevant
to transport models at Yucca Mountain.

The results of all the above studies address the
NRC subissue on identifying which radionuclides
require some form of retardation to meet perfor-
mance requirements at Yucca Mountain. This
subissue is part of the Key Technical Issue on
Radionuclide Transport (NRC 1997a).

2.2.5.4 Modeling of Transport Phenomena

The site-scale unsaturated zone transport model
(Robinson et al. 1997) evaluated many different
types of conceptual models and numerical methods
to simulate the known distribution of environmen-
tal isotopes and water chemistry in the unsaturated
zone and to assess potential radionuclide transport.
Simulated travel times in the unsaturated zone var-
ied widely depending on the selection of parameter
sets, but generally showed distinct differences from
south to north under the potential repository con-
sistent with the data being collected from the

Exploratory Studies Facility. Variability in travel
times to the saturated zone ranged from 10 to
10,000 years using three-dimensional simula-
tions. This study found that, if fracture flow is the
predominant mechanism and water contacted the
waste form, radionuclides could reach the water
table quickly if either of the two following condi-
tions existed: if the Calico Hills nonwelded unit is
dominated by flow in fractures and radionuclides
do not come in contact with zeolites, or if colloid
transport is significant for certain radionuclides
such as plutonium. An investigation of model sen-
sitivity suggests that current methods underesti-
mate the amount of retardation that will occur,
because the models assume that forced fracture
flow will bypass most of the zeolites.

Current transport models are subject to significant
uncertainty regarding the representation of many of
the processes and conditions discussed previously
in this section. In addition, several characteristics
of the current unsaturated zone model may intro-
duce uncertainties that are unrelated to the process
models and parameter distributions used. For
example, the model uses a relatively large grid
spacing of 100-200 m. This may not adequately
represent the local heterogeneity of flux rates,
which are highly variable as a result of the spatial
variation in infiltration and because of the irregular
distribution of fracture pathways. Similarly, the
model estimates the dilution in unsaturated zone
water by dividing the repository footprint into six
subregions, with dimensions about 0.5 by 0.5 km,
and distributing the mass of radionuclides released
over the total flow in the subregion. Although this
representation may be reasonable for periods in the
distant future when the repository could be simu-
lated as a broadly distributed source (after many
waste packages have corroded), it is probably not
reasonable for early releases from the repository,
which would likely come from widely spaced point
sources (individual failed waste packages). For
early releases, knowledge of the magnitude of het-
erogeneity in the flow system may be important to
credible analyses.

An updated, three-dimensional flow and transport
model for the site-scale saturated zone was also
developed (Zyvoloski et al. 1997). Although
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model calibration is difficult because of the
absence of field data at comparable scales (tens of
kilometers and up to thousands of years), the mod-
els appear to simulate fracture-dominated flow and
flow with pervasive matrix diffusion in a reason-
able manner. Further work is in progress to assess
transport in systems with flow in both fractures and
matrix and with small, but non-negligible, diffu-
sion into the rock matrix.

Currently, in situ flow and transport experiments
are being performed at an underground facility at
Busted Butte south of the repository locations. The
facility has been excavated at the contact between
the Topopah Spring tuff and Calico Hills Forma-
tion. The presence of both fractured and unfrac-
tured rock and various minerals including zeolites
will allow scientists to test and evaluate important
controls on transport processes below the reposi-
tory (see Appendix C).

The results of modeling studies address the NRC
subissue on evaluating conceptual models and
mathematical approaches to modeling radionuclide
retardation at Yucca Mountain. This subissue is
part of the Key Technical Issue on Radionuclide
Transport (NRC 1997a).

2.2.5.5 Status of Radionuclide Transport
Studies

Scientists have characterized the solubilities of the
radionuclides that might be mobile under the con-
ditions expected to exist at Yucca Mountain. They
have also investigated the mechanisms that would
tend to slow or reduce the concentration of radio-
nuclides as they move away from a repository.
Remaining work will focus on the following: for-
mation of radionuclide-bearing colloids that may
bypass retardation mechanisms, retardation mecha-
nisms that might operate in saturated alluvium, and
experiments to observe transport and retardation in
the field. Results to date of a field transport study
at Busted Butte are described in technical detail in
Appendix C.

2.2.6 Potential Effects of Repository
Construction and Operation

Constructing the proposed repository and
emplacing high-level radioactive waste would
significantly disturb the natural system at Yucca
Mountain for thousands of years. Resulting
changes caused by excavating the underground
drifts and by heat generated by the waste would
affect rock mass properties and the nature and rate
of processes acting on the repository and its envi-
ronment. Performance assessments must consider
not only natural processes such as groundwater
flow, but also the modified processes following
construction. Some of the processes most impor-
tant to performance, such as steam flow and
condensation and mineral alteration and precipita-
tion, would not occur without the heat and stress
generated by the repository.

The response of the natural system to the combined
effects of repository-induced changes is complex
and represents a major technical challenge to
assessing the long-term performance of the site.
Not only are the individual processes complex in
their own right, but they are coupled together and
interdependent in ways that could significantly
affect the future repository behavior. Thus, heat
from the waste will substantially change the nature
of fluid flow in the mountain. Conversely, flowing
water and steam will determine, in part, how the
heat is redistributed on a repository scale. Simi-
larly, water flowing in fractures will influence what
alteration minerals may form or precipitate. At the
same time, the alteration process may change the
ability of the fractures to transmit flow and thus
change flow paths.

The magnitude of the impacts associated with the
repository diminishes with distance. For the refer-
ence design in the near-field environment, the rock
would undergo large temperature variations, with
maximum temperatures in excess of 1000C
(212'F). The heat will dry out the rock, lower rela-
tive humidity in the emplacement drifts, and cause
major changes in rock properties that would only
be partly reversed as the rock cools. At intermedi-
ate distances up to hundreds of meters from the
repository (a region known as the altered zone),
temperature variations would be less profound, but
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permanent changes in hydrologic, geochemical,
and other properties would occur. Although the
physical processes (e.g., boiling, vapor phase trans-
port, condensation, mineral/rock alteration, varia-
tions in geochemical conditions, and mechanical
and hydrologic properties) that may affect reposi-
tory performance are reasonably well understood,
there is substantial uncertainty regarding the details
of thermal effects, both at a detailed (drift) scale,
and at a large (mountain) scale. The uncertainty
applies to both the distribution and timing of
effects.

Information concerning the effects of a repository
on the near-field and altered zone environment
addresses the following NRC key technical issues
(NRC 1997a):

* Evolution of the Near-Field Environment

* Container Life and Source Term

* Thermal Effects on Flow

* Repository Design and Thermal-Mechanical
Effects

* Total System Performance Assessment and
Integration

* Radionuclide Transport

These issues are described in more detail in Vol-
ume 4, Section 4.3.3.

2.2.6.1 Geomechanical Response to
Thermal Loading

The term geomechanics, or rock mechanics, refers
to the properties and processes that describe the
engineering characteristics and behavior of the
rock mass such as the strength of the rock and the
stability of mined underground openings. Under-
standing the geomechanical behavior of the reposi-
tory is important during the preclosure period when
the stability of underground openings must be
maintained for operational reasons. Understanding
this behavior is also important during the postclo-
sure period when the integrity of the near-field

environment may affect the potential for water to
contact waste and transport radionuclides.

In response to underground construction and the
heat released by emplaced waste (a process
referred to as thermal loading), the rock surround-
ing the proposed repository would experience
changes in stress (the forces acting on the rock) and
strain (the rocks would be slightly deformed by the
induced pressure). During the period of increasing
temperature, compressive (squeezing) stress in the
near-field rock would generally increase as the
rock expands from the heat. Farther away from the
source of heat, the expansion could cause tensile
(extension) stresses. As the temperature decreases,
the overall stress levels would decrease in response
to the relaxation and contraction of the cooling
rock. Thermally induced stresses may have a sig-
nificant impact on repository performance because
they may alter the characteristics of fractures in the
rock, which, in turn, may affect the stability and the
hydrologic flow system of the rock formation.

Many mechanical properties of the host rock are
known to be temperature-dependent and would
change with increasing temperature. Changes may
include a decrease in rock strength and develop-
ment of cracks and fractures in rock near the drift
openings. The potential impact on the repository
could include changing the mechanical loading on
the waste packages as drift lining material and rock
fragments fall on them. This would change seep-
age rates by affecting drift shape and altering the
hydrologic properties of the rock matrix.

Strength generally decreases with increasing tem-
perature. Price et al. (1987) report that, for sam-
ples from the proposed repository horizon, the
mean ultimate strength decreases 16 percent as
temperature is raised from 22 to 150'C (72 to
302'F). Work by Martin et al. (1996) indicated that
confining pressure has little effect on the coeffi-
cient of thermal expansion.

The development of microcracks in the near-field
rock over long periods is important because crack-
ing may lead to excavation damage and the forma-
tion of rock chips or blocks. The chips or blocks
might passively accumulate on the waste package
and form transport pathways (i.e., water could
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migrate through the rock debris to the packages).
Drip shields and backfill, if used, could mitigate
this process. Martin et al. (1995) performed labo-
ratory experiments to investigate creep (slow
movement of the rock mass) in Topopah Spring
tuff samples at ambient and elevated tempera-
tures. They found that the observed creep defor-
mation was consistent with a mechanism of crack
growth, particularly at high stress levels. Both
strength and the stress necessary to produce failure
(movement within the rock block) appeared to
decrease with increasing temperature.

Modeling of the geomechanical behavior of rock in
the near-field environment has been done as part of
the repository design and in conjunction with ther-
mal tests (Blair et al. 1997). Nolting and Sun
(1997) analyzed drift closure and strength-to-stress
ratios up to 150 years after emplacement. Predic-
tions indicate zones of plasticity (where rocks
behave as a viscous material rather than as a brittle
solid) around the drifts extending approximately
2-3 m (6.5-10 ft) into the wall. Simulations of
thermal tests have been done using the two-dimen-
sional version of the geomechanical FLAC code
(Itasca Consulting Group, Inc. 1996; Blair et al.
1997). FLAC is an uncoupled thermomechanical
model. The stress field depends on the temperature
field, but the temperature field is independent of
the stress field. Therefore, the thermal field can be
solved independently of the mechanical equilib-
rium problem. The thermomechanical analysis
provides a critical link to assessing changes in
hydrologic properties by relating permeability
modification to slip (movement) on fractures.

Several underground failure mechanisms have
been identified that could lead to mechanical load-
ing (accumulation of rocks and lining materials) on
the waste package (CRWMS M&O 1998d, Section
7.4.3.3). They include the following:

* Block failures. Blocks could fall into open
spaces left by a collapsed ground support
system. Block failures are the most credible
loading scenario.

* Rock burst failures. Such failures are
unlikely, even if ground support fails.

* Rock creep. Openings close, forcing ground
support segments onto the package or back-
fill.

* Sloughing of rock materials into openings
created by failed ground support systems.

As time passes in a closed repository, the various
failure mechanisms could result in the waste pack-
ages being covered with debris. This debris would
form a thermal, insulating blanket around the waste
package and could cause any water that seeps into
the open drifts to be diverted either toward or away
from the waste package.

The amount of pressure load experienced by indi-
vidual waste packages would depend on the design
of the near-field environment and particularly on
whether backfill of the drifts is included. Rock
mass conditions would likely be quite variable
across the repository, which would also affect the
integrity of the drift openings. If backfill is
present, creep closure of the drift openings could
transmit pressure through the backfill. If sufficient
long-term creep occurs and the openings around
the waste packages are closed, then a full lithos-
tatic load (pressure equal to the weight of the over-
lying rocks) might be imposed. Without backfill,
uniform loading of the waste packages could result
only in the unlikely event that complete and uni-
form creep closure of the openings occurred after
the uniform and complete failure and crumbling of
the support system.

No direct data are available to address creep over
long time frames (10,000 years), but there is no
indication that full lithostatic loading is likely to be
imposed. Natural openings in other rock types are
known to have remained open over long periods
(e.g., limestone caves and lava tubes), but no
specific study of the behavior of tuffs has been
completed.

Once a repository is closed, the ground support
system will degrade and eventually collapse. It
may collapse (fail) in such a way that it remains
generally intact but falls down and rests on the
waste packages. In this case, any rocks that fall
into the opening after the ground support system
has failed will land on the failed liner; the mechan-
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ical load of the rock will be transferred through the
liner to the waste package.

Alternatively, the ground support system may col-
lapse in such a way that pieces of the lining fall to
the side of the waste packages. In this case, the
rocks that fall from the opening could pile up
directly on the waste package.

The size and weight of blocks that could move into
the space left by a collapsed lining depend on frac-
ture spacing and, ultimately, on the opening dimen-
sions that result from the ground support failure.
The ultimate bound on this opening dimension
would be the full drift diameter, but the actual
dimension should be somewhat smaller because
total failure of the ground support is unlikely.

Information on the geomechanical response to
thermal loading addresses the NRC subissue on
consideration of thermal-mechanical effects on
underground facility design and performance. This
subissue is part of the Key Technical Issue on
Repository Design and Thermal-Mechanical
Effects (NRC 1997a) (see Volume 4,
Section 4.3.3.6).

2.2.6.2 Geohydrological Response to
Thermal Loading

The heat associated with waste emplacement
would affect the repository by changing both the
hydrologic properties of the rock and the nature
and rate of flow processes. These changes would
affect repository processes at all scales, ranging
from flow in individual fractures to the transport
processes at a mountain scale. Information on
these processes addresses the NRC subissue on the
effects of coupled processes on the rate of seepage
into the repository, which is part of the Key Techni-
cal Issue on Evolution of the Near-Field Environ-
ment (NRC 1997a) (see Volume 4,
Section 4.3.3.3). It also addresses the subissue on
whether the DOE thermal-hydrologic testing pro-
gram, including performance confirmation testing,
is sufficient to assess the potential for thermal
reflux to occur in the near field. This subissue is
part of the Key Technical Issue on Thermal Effects
on Flow (NRC 1997a).

As described in Section 2.2.1, the welded Topopah
Spring tuff, which includes the proposed repository
horizon, is fractured, and fluid flow occurs prima-
rily through the fractures. In the near field, temper-
ature-induced changes in the stress field may affect
fracture properties. Increased compressive stress
would generally cause a reduction of the fracture
aperture (width of fracture opening) and a corre-
sponding decrease in fracture permeability (the
ability of the fracture to transmit fluid flow).

Increasing the level of stress in the rock, however,
may also cause certain fractures that are favorably
oriented to displace or move. Olsson and Brown
(1994) and others have shown that this movement,
called shear displacement, may increase the frac-
ture aperture and so may increase the permeability.
Field measurements from tests at G-Tunnel at the
Nevada Test Site (Lee and Ueng 1991) indicate
that rock mass permeability increased during heat-
ing and did not return to initial levels upon
cool-down. This indicates that a mechanism other
than closure of fractures dominates fracture flow
behavior. Even though some fractures may close
during heating, others could open, creating new
paths for flow. More recently, Barton et al. (1997)
presented convincing evidence that potentially
active normal faults in the Dixie Valley geothermal
field are hydraulically conductive. These faults are
critically stressed, which means that the stress is
almost equal to rock strength, and the faults are
close to movement. This observation is significant
because it may provide a means to identify hydro-
logically conductive features.

Although some faults clearly have enhanced
permeability and are pathways for water flow,
others (e.g., some normal faults) have lower
permeabilities than surrounding rocks and act as a
barrier or dam to groundwater flow. It is unclear
whether fault movement, mineral alteration, or
fracture filling causes this variation in hydrologic
properties. Nevertheless, many laboratory studies
and field observations (Bandis et al. 1983; Barton
et al. 1985; and Wilder 1987) have documented
that lateral movement on faults or fractures (shear
displacement) appears to enhance hydrologic flow
properties more than movement down the dip of
the fracture plane (known as normal deformation).
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In addition to the effect on rock properties, the high
initial heat flux caused by radioactive decay would
influence the nature and rate of fluid flow within
the mountain. Although the rate of heat production
would decrease rapidly with time after emplace-
ment, thermal processes would dominate the distri-
bution and movement of air, water vapor, and
liquid water in the unsaturated zone for hundreds to
thousands of years following repository closure.
Decay heat may cause boiling conditions to persist
in the near field for hundreds of years at the edges
of the potential repository, and for up to thousands
of years at the center of the repository (CRWMS
M&O 1998a, Section 3.7.7). In most repository
behavior analyses using realistic assumptions
about waste characteristics and repository loading
strategies, it appears that the vertical extent of the
boiling zone extends to approximately the top of
the Topopah Spring tuff, roughly 100 m (328 ft)
above the repository horizon, at the center of the
repository. The extent of boiling decreases to
several tens of meters near the edges of the reposi-
tory.

System response to the induced heat load deter-
mines the characteristics of the near-field environ-
ment, including the temperature, relative humidity,
gas-phase and air-mass fraction, and the quantity
and quality of liquid water present at different loca-
tions within the engineered barrier system. The
heat load would also produce mechanical changes
and mineralogical changes in a large volume of
rock surrounding the repository. The zone of sig-
nificant modification is known as the altered zone,
and it may extend vertically throughout most of the
unsaturated zone and to some distance below the
water table.

As shown conceptually on Figure 2-21, the ther-
mally driven transport of water and water vapor
away from the heat sources in the repository would
cause a redistribution of the pore fluids, including:

* Dry-out zones, in which the liquid-phase
saturation and relative humidity are less than
ambient (pre-emplacement) conditions

* Condensation zones, in which the
liquid-phase saturation is greater than
ambient

* A region in which
dominated by water
displaced air

the gas-phase is
vapor, which has

These effects, which would vary as a function of
time (see Figure 2-21), would influence both the
amount of liquid water in contact with waste after
emplacement and the chemistry of the water. Both
parameters play a major role in determining the
potential flux of radionuclides from the near-field
environment. The air and water content of the gas
phase (the air-mass fraction) is important to the
geochemistry of the repository environment,
because it determines the amount of oxygen avail-
able, which affects waste package corrosion rates.

Waste-generated heat flows away from the drifts
by conductive and convective heat-flow pro-
cesses. Conduction involves heat transfer mainly
through the rock mass, whereas convective heat
flow occurs mainly through the movement of liq-
uids and vapor through the rock. Two convective
processes (heat pipes and buoyant gas-phase con-
vection) could significantly influence the tempera-
ture distribution in the near field and altered zone.
Heat pipes result when vapor flows away from the
heat source and liquid condensate flows toward the
heat source simultaneously. The location of the
heat-pipe effect is strongly influenced by the
amount of natural percolation flux (CRWMS M&O
1998a, Section 3.2.2). Higher percolation flux sup-
presses rock dry out and increases the tendency for
heat pipes to form near the hot emplacement drifts.
Lower flow rates favor rock dry out and decrease
the tendency for heat-pipe development near drifts.
Buoyant gas-phase convection results when heated
air flows upward and outward from heat sources.
This mechanism requires large rock-mass bulk per-
meability and fracture networks that are ubiqui-
tously connected over large vertical distances. The
work described in Section 2.2.3 indicates that such
networks are well developed in the Topopah Spring
welded tuff.

Heat flow in the rock causes a temperature buildup
in the near field and altered zone as well as in the
proposed repository engineered barrier system.
The temperature buildup depends strongly on the
thermal-loading conditions imposed by the
emplacement of waste packages. The overall
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Figure 2-21. Conceptual Thermohydrologic Processes Important to Repository Performance for Three Time
Periods
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repository thermal-loading conditions are analyzed
using the areal mass loading, which integrates the
combined effects of many packages at a repository
scale. However, variations in heat output and rock
properties near individual waste packages strongly
influence local thermal-hydrological conditions in
the emplacement drifts and on the waste package
surfaces. Therefore, repository performance analy-
ses also must consider variability in the detailed
processes (such as seepage and dripping onto waste
packages) that would occur.

Gas-phase, convective heat-transfer (the flow of
heated gas) increases the overall efficiency of heat
transfer away from emplacement drifts, and there-
fore decreases near-field temperature buildup. If
heat pipes extend from the boiling front all the way
back to the repository horizon, near-field tempera-
tures cannot increase much above the nominal boil-
ing point (960C, or 205'F). If buoyant gas-phase
convection (e.g., at a mountain-scale) is signifi-
cant, near-field temperatures would be decreased,
particularly at the edges of the repository. A key
issue to be addressed by large-scale thermal testing
and analysis is the extent and relative influence
over time of both conduction and convection on a
repository scale. In particular, the relative contri-
bution of heat pipes and buoyant gas-phase con-
vection to the total heat flow around emplacement
drifts and in the repository is important to postclo-
sure performance because these processes directly
affect fluid flow.

As the steam generated by boiling in the near-field
environment moves outward, it would eventually
condense back to liquid water and begin flowing
downward. The vertical extent of heat induced,
liquid-phase flow includes the heat-pipe zone
above the repository horizon and the conden-
sate-drainage zone below the repository. Both of
these zones are regions where the total liquid-phase
flux is greater than the ambient percolation flux.
The amount of liquid-phase flow in these zones
would be greatest immediately after waste package
emplacement and initial heating and boiling, and
this flow would decay continuously until it reached
the value of the background percolation flux.
Model simulations suggest that the condensate
drainage zone may reach the water table within 100
years (CRWMS M&O 1998a). Although the liq-

uid-phase flux (the total volume of flow) in the
heat-pipe zone would continuously decline, the
length of the heat-pipe zone would continue to
expand during the first 500-years on average. The
length of the heat-pipe zone, as well as the time
required to attain its maximum length, would
increase with repository depth.

Rock dry out is the result of the balance between
the rate of vaporization and vapor transport away
from emplacement drifts and the rate of return of
liquid-phase flow to the dry-out zone. Two mecha-
nisms influence the rate of rewetting:

* Gravity-driven percolation and condensate
flux in fractures

* Capillary-driven matrix imbibition and
wicking in fractures

Superheated conditions, resulting in rock dry out
and a reduction in relative humidity in the reposi-
tory rock, would occur if the amount of heat is suf-
ficient to evaporate all of the local incoming water.
If the volume of incoming water is too large, the
heat generated by waste would be insufficient to
generate superheated conditions. If the amounts of
evaporation due to heat, condensation, and percola-
tion of water are balanced, heat-pipe conditions,
characterized by evaporation and upward transport
of water vapor, and contemporaneous condensation
and downward transport of liquid water would
occur.

The local heat flux in the repository would be pro-
portional to the amount, age, and distribution of
waste. Local spatial variability in either the heat
flux or the liquid-phase mass flux may result in
regions where the local liquid-phase flux would
prevail (Wilder 1997, p. 34). Because the heat flux
is greatest at the waste package, and it decreases
away from the drifts, local liquid-phase flow is
more likely in between drifts (e.g., at the pillar cen-
terline, as shown on the middle sketch of
Figure 2-21) rather than near the drift. Conversely,
vapor phase flow and drying are more likely where
heat flux is high near the drift. This mechanism
may allow the repository to shed significant vol-
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umes of water that have bypassed repository drifts
and have not been in contact with waste.

Thermal-hydrological conditions in the engineered
barrier system are affected by both natural systems
and processes and by the design of the near-field
environment (including potential design features
such as backfill or drip shields). The key factors
that affect thermal and hydrologic conditions
include the following: 

* The effect of mountain-scale heat flow on
lateral heat loss from the repository

• Repository-scale variability in ambient
percolation flux

* Waste package-to-waste package variability
in heat output

* Matrix-imbibition diffusivity of the local
host-rock unit, which influences the rate of
rewetting of the dry-out zone by
capillary-driven matrix imbibition

* Wet and dry thermal conductivity of the
local host-rock unit (temperature buildup in
the near field and engineered barrier system
would increase with decreasing thermal
conductivity)

* Depth of the repository below ground
surface (also called overburden thickness,
the duration of the boiling period increases
with repository depth)

All these factors are considered in the multiscale,
thermal-hydrological modeling approach used by
the TSPA (Volume 3). Limited subsystem model-
ing suggests that the variation in hydrologic prop-
erties due to thermal effects is less than the natural
variability already incorporated in performance
analyses. However, there is significant uncertainty
regarding this conclusion. At both the local (drift)
scale and at a mountain scale, there is little infor-
mation available to test or calibrate model predic-
tions of the distribution, extent, or timing of hydro-
logic effects such as rock dry out or rewetting.
Current models do not explicitly incorporate the
effects of mineral precipitation (in fractures, or as a

cap above the repository horizon), on hydraulic
properties or flow paths, or the impact of chemical
changes on the potential transport of radionuclides.
Similarly, the potential impacts of variation in flow
properties in the near field due to loss of mechani-
cal stability (collapse) of the drifts, or changes in
fracture-matrix interaction, are not directly incor-
porated in performance models.

Heat-driven changes to the liquid-phase saturation
and liquid-phase flux distributions in the unsatur-
ated zone are long-term transient changes associ-
ated with the effects of evaporation and condensa-
tion. In principle, the mountain would eventually
return to something resembling its initial state,
except for the effects of climate change, after decay
of the thermal pulse and rewetting of the dry-out
zones. However, the thermal-hydrological distur-
bance would also generate thermochemical and
thermomechanical alteration of hydrologic and
transport properties, particularly in the fractures, in
both the unsaturated and saturated zones. Some
changes, such as fracture closure that would result
from thermal-mechanical effects, may be tempo-
rary. Others, such as the filling of fractures that
results from thermal-chemical effects, may be
permanent.

2.2.6.3 Geochemical Response to Thermal
Loading

The geochemical conditions and processes that
would prevail after waste emplacement would be
affected by the heat generated by the waste and by
the hydrological regime associated with that heat.
Elevated temperatures would cause several
coupled processes that link the system mineralogy,
geochemical environment, and hydrology. These
processes include dehydration, rock and water
interactions and chemical reactions, and changes in
the rock mass and chemistry of water. The conse-
quences of geochemical effects would depend on
the rate of temperature change, the maximum
temperature reached, and the flux of water and
vapor through the rock. In general, geochemical
interactions would be affected in several ways.
First, increased temperature usually causes an
increase in the rate at which reactions proceed.
Second, most chemical reactions are also tempera-
ture-dependent. Mineral solubilities, aqueous
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speciation, and equilibrium-phase assemblages all
depend on temperature. As temperatures change,
the directions of reactions may also change, and
new phases may replace minerals that were previ-
ously stable. Information on these processes
addresses the NRC subissue on the effects of
coupled processes on the rate of seepage into the
repository, which is part of the Key Technical Issue
on Evolution of the Near-Field Environment
(NRC 1997a) (see Volume 4, Section 4.3.3.3).

The addition of man-made materials in the
near-field environment would also modify the
chemical environment and influence reactions that
may occur (Figure 2-22). Two volumetrically and
chemically significant added materials are cemen-
titious materials (concrete, grout, and their alter-
ation products) used in repository construction and

corrosion products derived from the waste pack-
ages. Cementitious materials are alkaline, and
would affect the chemistry of water flowing
through the system, increasing pH (higher alkalin-
ity). Metal oxidation can affect the oxidation state,
or redox potential of the environment, and may be
the source of colloidal material for radionuclide
transport.

Geochemical interactions near a repository would
vary both spatially and over time. The evolution of
environmental conditions has been divided into
three generally distinct time periods. During the
initial heating period, liquid water would be
present until temperatures rise sufficiently and
boiling commences. This initial phase ends when
all liquid water in the near field has boiled off. The
second period is characterized by a steam-domi-
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nated vapor phase in the pore and fracture volumes
and a total, or very near, absence of liquid water
near the repository. Temperatures in the dry- out
zone may rise to well above the boiling point and
eventually decline. The final geochemical regime
begins when the temperatures have fallen suffi-
ciently that liquid water can reappear by inflow or
condensation. Geochemical interactions and reac-
tions will be most widespread and fastest in the
first and third periods, when liquid water is present
(with or without steam). Even at maximum likely
near-field environment temperatures, the rates of
most reactions involving a vapor phase in the
absence of liquid are generally negligible as are the
rates of most solid state transformations.

One of the most prominent likely effects is the
redistribution of silica in the unsaturated zone (e.g.,
dissolution of cristobalite followed by precipitation
of chalcedony, opal, or quartz). Because most of
the dissolution and reprecipitation would occur in
fractures where water is flowing, this reaction may
be sufficient to open new pathways for fluid circu-
lation and close off or reduce old ones. Redistribu-
tion of minerals (solution or precipitation) along
fracture walls and in adjacent matrix could also
affect the ability of water to be imbibed into the
rock matrix (Matyskiela 1997). The formation of
phases such as smectite (a clay mineral) and man-
ganese oxides, though quantitatively minor, may
nonetheless have a significant effect on subsequent
radionuclide retardation. This would be due to
high sorption capacities (including ion exchange)
and the concentration of these phases along pre-
ferred flow paths (mainly fractures). Calcite, the
major mineral in the fractures of the proposed
repository zone, would be expected to dissolve in
condensate zones and increase fracture porosity in
those areas.

Understanding the chemical processes that would
occur in a repository environment requires inte-
grating concepts and data obtained from field stud-
ies of natural analogs and laboratory studies of
similar processes under accelerated conditions.
Several relevant studies are summarized here.

Hydrothermal Alteration of Devitrified and Vit-
ric Tuffs. Knowledge of the alteration mineralogy
of the tuffs as a function of temperature is impor-

tant because of the effect of mineralogy on trans-
port properties. Devitrified tuff from the repository
horizon and vitric tuffs from the underlying
Topopah Spring welded unit were reacted with
Yucca Mountain groundwater in well-mixed sys-
tems at temperatures ranging from 90'C to 350'C
(1940F to 6620F) for up to 303 days (e.g., Knauss
et al. 1985; Knauss 1987). Detailed analyses were
made of the evolving fluid chemistry and of the
mineralogy and chemistry of the reacted tuffs.
Zeolites were identified as alteration products in
most of the runs at 150'C and 250'C (302'F and
4820F) (mordenite and dachiardite were identified
in runs with devitrified tuff, and clinoptilolite was
identified in runs with vitric tuff). No zeolites were
observed forming in experiments below the boiling
point of water at 90°C (194°F). Reaction of natu-
rally zeolitized tuff at 90°C and 150°C (194°F and
302°F) resulted in a change in the composition of
the zeolite, heulandite (which became more potas-
sium-rich), but there was no evidence of dissolu-
tion. Around 90°C (194°F) and below, zeolites
appear to be slow to form on laboratory time
scales. The most prominent change in the water
chemistry was the increase in the concentration of
aqueous silica. In systems with devitrified tuff,
this concentration appears to be controlled by cris-
tobalite solubility. In systems with vitric tuff, the
aqueous silica concentrations are higher, approach-
ing the solubility of amorphous silica. The EQ3/6
computer code (Wolery et al. 1990) was success-
fully used to model many of these runs, accounting
for thermodynamics, kinetics, and metastability on
laboratory time scales (Delany 1985).

Changes in Sorptive Properties of Zeolites.
Determining changes in the sorptive properties of
zeolites requires analyzing ion-exchange behavior
at elevated temperatures. Clinoptilolite is the most
abundant cation exchanger at Yucca Mountain, and
its properties would affect the transport of radionu-
clides. Models have been developed to analyze the
stability and composition of clinoptilolite and its
cation exchange properties as environmental con-
ditions change during heating and cooling (with
both liquid water and vapor).

Tests of the ion exchange model show that adsorp-
tion of trace quantities of radionuclides, such as
cesium and strontium at 25°C (77°F), can be ade-
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quately modeled. There is good agreement
between model prediction and measurement for
strontium sorption over a wide range in sorption
coefficient values. For cesium, the model underes-
timates sorption for most of the smectite-rich sam-
ples and for samples with low cation exchange
capacities. However, further work by Viani and
Bruton (1996) has successfully simulated cesium
sorption on the clays.

Simulations show that sorption is very sensitive to
clinoptilolite composition. For this reason, changes
in clinoptilolite composition that might be caused
by interactions with proposed repository compo-
nents must be considered when analyzing sorption.
For example, fluids that have interacted with cal-
cium-rich cement could migrate into surrounding
host rock and cause clinoptilolites to become more
calcium-rich. This would decrease their sorptive
capacity.

The generally good agreement between model
predictions and sorption measurements means that
the significant mineralogical database for Yucca
Mountain (Bish and Chipera 1986; Broxton et al.
1986) can be used to predict cesium and strontium
sorption distribution coefficients for tuffs lacking
sorption data. The effects of temperature and solu-
tion composition on sorption, which are required to
model the long-term sorptive behavior of clinop-
tilolite, can also be assessed using the
ion-exchange model. Calculations suggest that
increasing temperature decreases the tendency for
cesium to sorb onto clinoptilolite but favors sorp-
tion of strontium.

Using Natural Analogs to Gain Confidence in
Geochemical Modeling. The capabilities and
limitations of geochemical modeling codes such as
EQ3/6 (Wolery et al. 1990; Wolery and Daveler
1992) and thermodynamic databases have been
tested by analyzing natural hydrothermal systems
that have some mineralogical and environmental
similarities to Yucca Mountain. Specifically,
EQ3/6 was used to simulate mineral-fluid relations
in the Wairakei geothermal field in New Zealand
(Bruton 1995). Comparisons between observed
mineral assemblages and model simulations of
equilibria were used to evaluate the thermody-

namic database for various environmental condi-
tions.

The results of modeling are generally consistent
with observed vein and matrix mineral equilibria at
Wairakei for fluids at temperatures greater than
240'C (4640F). Some geochemical databases sim-
ulated observed relations better than others; there-
fore, these data were incorporated in the model for
future simulations.

Both field data and model results indicate that sta-
ble mineral assemblages can be significantly
impacted by small differences in fluid chemistry,
temperature, or pressure. Because of this sensitiv-
ity, and the degree of heterogeneity in both miner-
alogy and environmental conditions, geochemical
models cannot precisely predict the spatial or tem-
poral evolution of alteration in detail. However,
the results of analog studies, and simulations of
Yucca Mountain behavior, suggest that modeling
with EQ3/6 and similar tools (combined with
knowledge of geology) can provide important
insight into the mineralogical and fluid chemistry
evolution of the repository system. The model
results also provide an important input to perfor-
mance analyses.

Reactive Transport Simulations of Tuff-Water
Interactions. The dissolution and precipitation of
minerals during repository heating and cooling
may significantly affect the hydrologic properties
of the site by increasing fracture porosity and per-
meability in some areas and decreasing it in others.
Porosity modification was monitored during disso-
lution and precipitation of a wide range of silicates
along a flow path similar to that expected for water
condensed from steam generated in the near-field
environment (Wilder 1997, Section 5.4.5). The
results show that porosity may more than double in
devitrified and welded tuff due to the dissolution of
cristobalite in the regions immediately adjacent to
the condensation front. As these waters migrate
laterally and downward, the dissolved constituents
eventually precipitate out as complex silicates
(zeolites, clays and hydrated aluminosilicates)
forming altered regions with reduced porosity. The
complex coupling of fluid flow and reactive chem-
ical transport demonstrates that large changes in
bulk rock hydrologic properties may occur within a
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few hundred years of repository operation. The
condensation zone may remain in place for thou-
sands of years. Therefore, the alteration processes
affecting hydrologic properties may be sustained.

Expected Groundwater Chemistry and Second-
ary Mineralization. The effect of temperature and
uncertainty in reaction progress due to kinetics on
fluid composition was analyzed for devitrified and
vitric tuffs interacting with J-13 well water over a
range of temperatures (CRWMS M&O 1998a;
Knauss et al. 1985; Knauss and Peifer 1986;
Knauss et al. 1987; Knauss 1987). For these simu-
lations, fluid was in equilibrium with atmospheric
gases. The results indicate that water compositions
remain mildly oxidizing and slightly to mildly
alkaline (pH between 7.5 and 8.8) for most condi-
tions. However, when very large volumes of vitric
material interacted with relatively small volumes
of water, the buffering effect of atmospheric gases
was overwhelmed and the solution became acidic.
This may be the case for only small volumes of
water, but this result has not been fully evaluated.
It appears to be a result of the oxidation of one or
more trace components in the vitric material and
may, therefore, depend strongly on the exact glass
composition used in the model. Secondary miner-
als that formed in these simulations were sensitive
to the extent of reaction and temperature. In most
cases, zeolites and clays were formed with minor
amounts of other minerals. The uncertainty in the
time at which secondary minerals actually form
can be as great as hundreds to thousands of years.

Mineral and Water Chemistry Changes During
Evaporation. The evaporation of ambient ground-
water, represented by J-13 well water, was simu-
lated by EQ3/6 calculations for 95 to 98 percent
water removal (CRWMS M&O 1998a; CRWMS
M&O 1998d, Section 7.5.3.8). Calculations were
made under two conditions. In one, solvent water
was merely removed from the system. In a more
realistic case, oxygen gas and carbon dioxide par-
tial pressures were fixed at atmospheric values as
solvent water was removed. Comparison of the
results showed that the loss of carbon dioxide from
the groundwater to a co-existing gas phase causes a
dramatic increase in pH. Up to 98 percent water
removal, the solution becomes more concentrated
and calcite is the principal mineral precipitate.

Small amounts of dolomite, smectite clay, and pos-
sibly the zeolite stilbite also form. At higher
degrees of water removal (representing total dry
out), halite, soda niter, and gypsum would be
expected to form, along with other highly soluble
salt minerals.

Mineralogical and fluid chemical modeling results
are expected to be the foundation upon which
refined analyses of unsaturated zone flow and
transport are developed. These analyses will
assess the effect of mineralogical changes on
important flow properties and processes. These
analyses will also assess a range of potential repos-
itory scenarios including differing waste
emplacement strategies. To successfully evaluate
repository performance, it will be necessary to
demonstrate an understanding of the effects of site
geochemical evolution.

2.2.6.4 Status of Near-Field and
Altered-Zone Studies

Scientists have carried out field tests to examine
how waste-generated heat would affect processes
taking place in a repository. Results from these
studies and from laboratory studies provide input
to models of near-field and altered-zone processes.
These results address the NRC subissues on effects
of coupled processes on radionuclide transport
through engineered and natural barriers and on
effects of coupled processes on the rate of seepage
into the repository, which are both part of the Key
Technical Issue on Evolution of the Near-Field
Environment (NRC 1997a) (see Volume 4,
Section 4.3.3.3). Future work will focus on com-
pleting the ongoing field thermal tests, carrying out
a new thermal test in the cross-drift, and updating
models. Studies will also support design of a
potential repository by modeling the effects of
design options and alternatives and by testing
materials that may be used in a repository.

2.2.7 Potentially Disruptive Events

Performance analyses of a potential repository at
Yucca Mountain consider the present-day environ-
ment and how presently active processes, such as
groundwater flow, may change over time. These
performance analyses also consider potential
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effects of unexpected or low probability events.
Demonstrating acceptable performance in light of
these events forms one element of the postclosure
safety case (see Section 1.8.1.3). For Yucca Moun-
tain, three categories of natural environment events
possibly could lead to radionuclide release:

* Volcanic hazards or the potential for a
volcanic eruption to disrupt a repository

* Seismic hazards or the potential for earth-
quake ground shaking or fault displacement
to lead to releases

* Human intrusion caused by the inadvertent
penetration of the repository during potential
exploration for valuable resources

The following discussion addresses the likelihood
of these events and their potential consequences.
These scenarios have been explicitly considered
and incorporated in repository performance assess-
ments. The assessments described in Volume 3
also consider the consequences associated with
each type of disruptive event. Current analyses
indicate that the impact of each scenario on perfor-
mance is low.

One additional disruptive event has been identified
that could affect repository performance: the
possibility that radionuclide migration could cause
nuclear criticality and the production of fission
products. Criticality is not discussed in this
volume because it is not a natural system process.
The possibility of criticality is discussed in
Volume 2, which describes the design of the poten-
tial repository.

2.2.7.1 Igneous Activity and Volcanic
Hazard

During the initial characterization of Yucca Moun-
tain nearly 20 years ago, the existence of young
basaltic volcanism in the region was identified as a
potential hazard to a repository. The Lathrop Wells
cinder cone is estimated to be approximately
75,000 years old, which suggests that possible vol-
canic disruption needs to be evaluated. Therefore,
DOE performed extensive investigations to deter-
mine the ages and nature of past volcanic episodes

and to better understand the tectonic setting. Sci-
entists performed subsequent volcanic hazard anal-
yses based on this extensive data. Results of these
investigations address the NRC Key Technical
Issues on Igneous Activity, Total System Perfor-
mance Assessment and Integration, and Activities
Related to Development of the U.S. Environmental
Protection Agency Yucca Mountain Standard (see
Volume 4, Section 4.3.3).

Regional volcanism can be divided into two stages:
silicic and basaltic. Silicic volcanism, which is
characterized by the eruption of large volume ash
flows, created the southwestern Nevada volcanic
field and Yucca Mountain between an estimated 15
million to 7.5 million years ago. These
caldera-forming eruptions occurred during a period
of intense tectonic activity. This activity was asso-
ciated with active geologic faulting caused by rapid
extension of the earth's crust. The most volumi-
nous silicic volcanic activity in the Yucca Moun-
tain region occurred between 15 million and 11
million years ago (Sawyer et al. 1994). Based on
geology of similar systems in the Great Basin, it
appears that the silicic volcanic cycle is complete
and will not recur.

Basaltic volcanism near Yucca Mountain began
approximately 11 million years ago and has contin-
ued into the Quaternary period. One episode of
basaltic volcanism occurred between 9 million and
7.2 million years ago; a second occurred between
4.7 million and 0.075 million years ago. The
basaltic volcanic events were much smaller in
magnitude and less explosive than the silicic erup-
tions. They generally were typified by the forma-
tion of the small volcanoes or cinder cones in
Crater Flat and Lathrop Wells. The eruption
volume of individual basaltic volcanic events has
also been decreasing progressively through time.
The decreased rate of volcanic activity correlates
with the decreased rate of regional extension and
faulting.

To assess the likelihood of volcanic activity dis-
rupting a repository, DOE has performed numerous
analyses and conducted extensive volcanic hazard
assessments (Crowe et al. 1993). A panel of
10 experts representing a wide range of expertise
in the fields of physical volcanology, volcanic haz-
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ards, geophysics, and geochemistry conducted the
most recent assessment (CRWMS M&O 1996b).
The scientists reviewed extensive information pre-
sented by representatives of DOE, USGS, the State
of Nevada, NRC, and others regarding the spatial
and temporal distribution of future volcanic activ-
ity near Yucca Mountain. This information
included a careful evaluation of the uncertainty in
all the analyses. These experts assessed the likeli-
hood that future volcanic activity could occur at or
near the repository.

The panel estimated that approximately 1.5 x 10-8
volcanic events per year could disrupt a potential
repository. This translates to approximately one
chance in 7,000 of a volcanic event disrupting the
repository during the first 10,000 years after clo-
sure, or one event per 70 million years. The find-
ings are comparable to the estimates previously
published by DOE (Crowe et al. 1993). These
results address the NRC subissue on the probability
of igneous activity, which is part of the Key Tech-
nical Issue on Igneous Activity (NRC 1997a) (see
Volume 4, Section 4.3.3.1).

The findings of the expert panel closed the study of
volcanic hazards at Yucca Mountain because the
remaining volcanic hazard assessment uncertain-
ties are unlikely to be reduced by further investiga-
tions.

2.2.7.2 Earthquakes and Seismic Hazard

Seismic risk to a potential nuclear waste repository
is greatest during the repository operational phase
when buildings and equipment for handling
nuclear waste will be operational. However, seis-
mic activity may also present a risk following facil-
ity closure if earthquakes or faulting affect under-
ground openings or the integrity of waste pack-
ages. Assessing seismic hazards at Yucca
Mountain has focused on characterizing ground
motion and fault displacement associated with
future earthquake activity near the site. Results of
these investigations address the NRC Key Techni-
cal Issues on Structural Deformation and Seismic-
ity, Repository Design and Thermal-Mechanical
Effects, and Activities Related to Development of

the U.S. Environmental Protection Agency Yucca
Mountain Standard (see Volume 4, Section 4.3.3).

Modern seismicity has been monitored at the
Nevada Test Site since 1968. In 1979, a network of
seismic stations was established in the Southern
Great Basin to monitor earthquakes near Yucca
Mountain (Rogers et al. 1987). The largest earth-
quake detected by the monitoring network was the
magnitude 5.6 event near Little Skull Mountain on
June 29, 1992. Aftershocks from this earthquake
have provided a wealth of new data to study
ground motions.

In addition to contemporary monitoring and seis-
micity analysis, site characterization activities also
have focused on understanding the last 1 to 2 mil-
lion-year history of active faults in the Yucca
Mountain vicinity (Whitney 1996). Faults within
100 km (62 miles) of Yucca Mountain were exam-
ined using aerial photographs. All faults with sus-
pected Quaternary movement were evaluated.
Natural exposures were cleaned, and about
50 trenches were excavated across faults within
and near the site. Eleven more trenches were exca-
vated on the Bare Mountain and Rock Valley
faults. Although these two faults are farther
removed from the site, their lengths suggest they
could produce large magnitude earthquakes that
could create strong ground motion at the site.

Information from these trench studies indicates that
estimated slip rates for faults at Yucca Mountain
are low, varying from 0.0001 mm per year
(0.000004 in. per year) to 0.04 mm per year
(0.002in. per year) (Whitney 1996, Chapter 4).
Offsets of the earth's surface range from 3 to
170 cm (1.2 to 67 in.) per large event (Whitney
1996, Chapter 5). The average time interval
between surface displacement events varies from
13,000 to 100,000 years or more (Whitney 1996,
Chapter 4).

Ground motion studies for Yucca Mountain have
been conducted to investigate the level of shaking
produced by local and regional earthquakes and the
rate at which the shaking attenuates with distance.
Studies have included investigating local site
amplification effects (Su et al. 1996), developing a
relation representing regional ground motion atten-
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uation (Spudich et al. 1997), and modeling ground
motion from hypothetical earthquakes (Schneider
etal. 1996).

Vibratory ground motion and fault displacement
hazards at Yucca Mountain have been analyzed
probabilistically. Where and how often future
earthquakes will occur, how large they will be, how
much offset will occur at the earth's surface, and
how ground motion will decay as a function of dis-
tance have been assessed. The input was devel-
oped by evaluating site data and analyzing other
relevant information. To determine the probabilis-
tic hazard for Yucca Mountain, uncertainties for
each input were considered. The results are
expressed as the annual frequency with which
ground motion or fault displacement levels are
exceeded.

A preliminary probabilistic study was carried out
to support design of the Exploratory Studies Facil-
ity (CRWMS M&O 1994b). Ground motion haz-
ard was determined for rock at the earth's surface.
The results indicated ground motions of 265 cm
per square second (0.27 g) and 647 cm per square
second (0.66 g) are expected to be exceeded on
average every 1,000 and 10,000 years, respec-
tively. These ground motions have an annual fre-
quency of being exceeded of 10-3 and 1 0 -, respec-
tively.

This earlier analysis of seismic hazards was
recently updated (USGS 1998). Two expert panels
developed input to hazard calculations and consid-
ered more extensive site characterization results.
To capture the full range of interpretations allowed
by the data, the panels included scientists who par-
ticipated in the actual site characterization studies
and those who were independent of the studies.
One panel, consisting of teams of geologists and
seismologists from academia, government organi-
zations, and the commercial world, characterized
the sources of future earthquakes and their poten-
tial for surface fault displacement. The other panel
consisted of ground motion seismologists from a
similar range of backgrounds. This panel charac-
terized ground motion and its attenuation for the
Yucca Mountain region.

To determine ground motion and fault displace-
ment hazard at Yucca Mountain, the experts'
assessments were integrated along with their evalu-
ations of uncertainties. For peak ground accelera-
tion, results with a 13 and 10-' annual frequency
of being exceeded are, respectively, 165 and
523 cm per square second (0.169 and 0.534 g) for
the horizontal component and 108 and 383 cm per
square second (0.112 and 0.391 g) for the vertical
component. These figures cannot be directly
compared with earlier results because they were
determined for a different reference location.
Comparisons will be possible once site-specific
soil and rock property data are obtained. These
data can then be used to calculate final design
ground motions. These results address the NRC
subissue on seismic motion under the Structural
Deformation and Seismicity Key Technical Issue
(NRC 1997a) (see Volume 4, Section 4.3.3.2).

Probabilistic analysis based on the experts' assess-
ments indicate that geologic fault displacement
hazard is generally low. For sites not located on a
major block-bounding fault, displacements greater
than 0.1 cm (0.04 in.) will be exceeded on average
less than once in 100,000 years. For this same time
period, the mean displacements that are expected
to be exceeded on two of the block-bounding
faults-the Bow Ridge and Solitario Canyon
faults-are 7.8 and 32 cm (3.1 and 13 in.), respec-
tively. The primary design approach to mitigate
fault displacement effects involves avoiding faults
in laying out repository facilities. These results
address the NRC subissue on fault slip under the
Structural Deformation and Seismicity Key Tech-
nical Issue (NRC 1997a) (see Volume 4, Section
4.3.3.2).

The characterization of earthquake and fault hazard
near Yucca Mountain is relatively mature. Future
studies will provide site-specific information on
soil and rock properties that will allow the seismic
hazard results to be translated into inputs for seis-
mic design analyses. In addition, seismic monitor-
ing at Yucca Mountain will continue in order to
confirm the results that have been obtained to date
and to gather information on any nearby large
events that occur in the future.
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2.2.7.3 Human Intrusion

Future explorers searching for economic resources
could compromise the integrity of a waste reposi-
tory at Yucca Mountain. The most likely exposure
scenario would be from drilling operations that
accidentally penetrate a waste package. Nevada is
a major producer of nonfuel minerals, and the
Southern Great Basin is a favorable geologic prov-
ince for several types of economic deposits.
Johnson and Hummel (1991) suggested that Yucca
Mountain might contain economic resources. A
combination of literature search, remote sensing,
fieldwork, and petrographic and geochemical anal-
yses were used to evaluate metallic resource poten-
tial at Yucca Mountain (CRWMS M&O 1998d). It
was concluded that the potential repository area at
Yucca Mountain contained no identifiable metallic
mineral or uranium resources and had little or no
potential for economically viable deposits in the
foreseeable future.

Castor and Lock (1995) evaluated industrial miner-
als and rocks (e.g., barite, building stone, clay, con-
struction aggregate, fluorite, limestone, pumice,
silica, perlite, and zeolites) as potential resources at
Yucca Mountain. Although several items in this
category are known, or might be expected, to exist
in or near the proposed repository area, these
potential resources were judged to be uneconomic
because of depth or material quality.

Neither outcrop, deep drillholes, or geophysical
surveys have identified deposits of coal, oil shale,
or tar-sands in the proposed repository area. Their
potential as resources, therefore, is judged to be
low (DOE 1988c, pp. 1-256-1-323). Geothermal
resource potential in southern Nevada, including
Yucca Mountain, is also judged to be very low
(DOE 1988c, pp. 1-256-1-323).

Oil and gas resources are more difficult to evaluate
because of their ability to migrate into permeable
reservoir rock. However, the Nevada Bureau of
Mines and Geology reviewed the oil and gas poten-
tial for the state and rated the oil potential as low
for the region that includes Yucca Mountain
(Garside et al. 1988). Grow et al. (1994) reviewed
site-specific data for Yucca Mountain and also
concluded that there was low potential for oil or
gas in the region.

No economically viable resources have been iden-
tified. The characterization of resource potential at
Yucca Mountain is nearly complete. Future work
will focus on fully documenting the studies that
have already been carried out. Results of these
investigations address the NRC Key Technical
Issue on Activities Related to Development of the
U.S. Environmental Protection Agency Yucca
Mountain Standard (NRC 1997a) (see Volume 4,
Section 4.3.3).
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GLOSSARY

Many of the definitions in this glossary are Yucca Mountain Project specific.

Algorithm (1) The set of well-defined rules that govern the solution of a problem in a
finite number of steps. (2) A mathematical formulation of a model of a
physical process.

Alluvium Sedimentary material (clay, mud, sand, silt, gravel) deposited by flowing
water or by wind.

Anisotropic The condition in which physical properties vary when measured in different
directions or along different axes.

Aquitard A leaky confining bed that transmits water at a very slow rate to or from an
adjacent aquifer.

Argillite A rock derived from siltstone, claystone, or shale that has undergone a
higher degree of hardening than those from which it has been formed.

Assemblage A general collection of objects or items.

Attenuation A weakening or reduction in amplitude.

Backfill (1) The general fill that is placed in the excavated areas of the underground
facility. Backfill for the repository will be tuff. (2) The material or process
used to refill an excavation.

Basalt A dark, fine-grained igneous rock originating from a lava flow or minor
intrusion, composed mainly of plagioclase clinopyroxene, and sometimes
olivine, and often displaying a columnar structure.

Benchmark A standard of measurement or evaluation.

Caldera An enlarged volcanic crater formed by explosion or collapse of the original
crater.

Cation An ion that bears a positive charge.

Cenozoic Era The most recent geologic era, extending from the beginning of the Tertiary
Period to the present.

Characterization See "Site Characterization."

Clastic Describing a rock or sediment composed mainly of broken fragments of
preexisting minerals or rocks that have been transported from their places
of origin.

Climate Long-term weather conditions, including temperature, wind direction,
precipitation, and other factors, that prevail in a region.
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Colluvium

Complexation

Criticality

Any loose, heterogeneous sediment deposited by rainwash, sheetwash, or
slow continuous downslope creep, usually at the base of a cliff or slope.

The process of two or more chemical species, in solution, combining to
form a third.

The condition in which nuclear fuel sustains a chain reaction. It occurs
when the number of neutrons present in one generation cycle equals the
number generated in the previous cycle. For the TSPA-VA, it is a condition
that would require the original waste form, which is part of the waste
package, to be exposed to degradation followed by conditions that would
allow concentration of sufficient nuclear fuel, the presence of neutron
moderators, the absence of neutron absorbers, and favorable geometry.

A unit of permeability defined as the passage of 1 cc of fluid, having 
centipoise viscosity, flowing in 1 second under a pressure of 1 atmosphere,
through a porous medium having a length of 1 cm and a cross-sectional
area of 1 cm2 (1 darcy equals lxI0-'2 M2).

Any change in the shape and size of a body.

Darcies

Deformation

Diffusivity A measure of the rate of heat diffusion. It varies with the nature of the
involved atoms, the structure, and changes in temperature.

DOE Siting Guidelines Define general siting guidelines provided by the U.S. Department of
Energy in 10 CFR 960. Guidelines include several criteria considered
"favorable" and "unfavorable" against which a site could be evaluated.

Drift From mining terminology, a horizontal underground passage. The nearly
horizontal underground passageways from the shaft(s) to the alcoves and
rooms. Includes excavations for emplacement (emplacement drifts) and
access (access mains).

Drip Shield

Energy Policy Act of
1992, Public Law 102-
486

A sheet of impermeable material placed above the waste package to prevent
seepage water from directly contacting the waste packages.

Comprehensive energy legislation enacted in 1992. Section 801 of the Act
directs the U.S. Environmental Protection Agency (EPA) to contract with
the National Academy of Sciences to provide "findings and recommenda-
tions on reasonable standards.. that would govern the long-term perfor-
mance of a repository at the Yucca Mountain site." The EPA administrator
is to promulgate public health and safety standards after the receipt of the
findings and recommendations of the National Academy of Sciences, and
these shall be the only standards applicable to the Yucca Mountain site.
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Environmental Impact
Statement (EIS)

Epidemiological

Evapotranspiration

Fissionable

A detailed written statement to support a decision to proceed with major
federal actions affecting the quality of the human environment. This is
required by the National Environmental Policy Act. Environmental impact
statement (EIS) means the document required by Section 102(2)(C) of the
National Environmental Policy Act of 1969. Sections 114(a) and 114(f) of
the Nuclear Waste Policy Act of 1982 include certain limitations on the
National Environmental Policy Act requirements as they apply to the prepa-
ration of an EIS for the development of a repository at a characterized site.

Pertaining to the branch of medicine that studies epidemics and diseases.

The combined processes of evaporation and plant transpiration that remove
water from the soil and return it to the air.

Having heavy radioactive atomic nuclei that can be divided into smaller
parts, which are referred to as fission products.

Geothermal Gradient

Groundwater

Hydraulic Conductivity

Imbibition

Isotope

Iterative

The increase in the earth's temperature with increasing depth from the
surface due to the earth's internal heat. Measurements are generally
expressed in degrees C per unit depth.

As used in the TSPA-VA, water contained in pores or fractures in either the
unsaturated or saturated zones below ground level.

A number that describes the rate at which water can move through a
permeable medium. The hydraulic conductivity depends on the size and
arrangement of water-transmitting openings such as pores and fractures, the
dynamic characteristics of the water such as density and viscosity, and the
strength of the gravitational field.

The absorption of a fluid, usually water, by porous rock (or other porous
material) under the force of capillary attraction and without pressure.

One of two or more atomic nuclei with the same number of protons (i.e., the
same atomic number) but with a different number of neutrons (i.e., a
different atomic weight). For example, uranium-235 and uranium-238 are
both isotopes of uranium.

Refers to conditions or results that are repeated in an analysis. For TSPA-
VA, it is the processes in which analysts rerun calculations or refine models
as new data are gathered or new insights occur.

Lanthanide Elements

License Application

The set of chemically related rare-earth elements with atomic numbers from
57 to 71.

An application to the Nuclear Regulatory Commission for a license, such as
one to construct a repository.
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Lithology The physical characteristics of a rock as determined by examination under
megascopic or low power magnification conditions. It is also the micro-
scopic study and description of rocks.

Lithostratigraphic

Mesozoic Era

Metastability

Meteorology

Metric Ton of Heavy
Metal (MTHM)

Miocene

Rock or earth material defined by a set of similar characteristics that usually
relate to origin such as rock from volcanoes, rivers, or oceans.

The geologic era extending from the end of the Paleozoic Era to the
beginning of the Cenozoic Era, dating from approximately 230 million to
65 million years ago.

A solid, liquid, or gas that is not thermodynamically stable, but that persists
unless acted upon by a change in the system, such as variation in pressure,
temperature, or fluid composition.

Short-term weather conditions lasting from a few minutes to a few years.

A metric ton is a unit of mass equal to 1,000 kg (2,205 lb). Heavy metals
are those with atomic weights greater than 230. Examples include thorium,
uranium, plutonium, and neptunium. When used in the Civilian Radio-
active Waste Management Program, the term usually pertains to heavy
metals in spent nuclear fuel.

The fourth of the five geologic epochs of the Tertiary Period, extending
from the end of the Oligocene Epoch to the beginning of the Pliocene
Epoch.

Natural Analogs

Near-Field Environment

Nuclear Waste Policy Act
(42 USC 10101, et seq.)

Oligocene

Natural geologic systems that parallel situations that can develop in man-
made systems, in which the formation and transport of minerals over
hundreds of thousands and millions of years can be studied directly. An
example of a natural analog is the natural reactor studied at the Oklo
uranium deposit in Gabon, Africa, which can be used as a source of analog
data for conceptual models of criticality.

The condition of the area near the repository. This condition may change
because of heat, water influx, and chemical changes in the rock itself.

The federal statute enacted in 1982 that established the Office of Civilian
Radioactive Waste Management and defined its mission to develop a
federal system for the management and geologic disposal of commercial
spent nuclear fuel and other high-level radioactive wastes, as appropriate.
The Act also specified other federal responsibilities for nuclear waste
management, established the Nuclear Waste fund to cover the cost of
geologic disposal, authorized interim storage under certain circumstances,
and defined interactions between federal agencies and the states, local
governments, and Indian tribes. The Act was substantially amended in
1987 and 1992.

The third of five geologic epochs of the Tertiary Period, extending from the
end of the Eocene Epoch to the beginning of the Miocene Epoch.
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Order of Magnitude Approximately a factor of ten.

Oxidation (1) A chemical reaction, such as the rusting of iron, that increases the
oxygen content of a substance. (2) A reaction in which the valence of an
element or compound is increased as a result of losing electrons.

Paleozoic Era A geologic era extending from the end of the Precambrian to the beginning
of the Mesozoic, dating from about 600 million to 230 million years ago.

Perched (Same as perched groundwater). Unconfined groundwater separated from
an underlying body of groundwater by an unsaturated zone.

Performance Confir-
mation

Plate Tectonics

Pleistocene

Pliocene

Plutonic

The program of tests, experiments, and analysis conducted to evaluate the
accuracy and adequacy of the information used to determine, with
reasonable assurance, that the performance objectives for the period after
permanent closure will be met.

A branch of geology that deals with the theory that the earth's surface is
composed of a small number of large, semirigid sections that float across
the underlying mantle, with seismic activity and volcanism occurring
primarily at the junction of these sections.

The first of the two geologic epochs of the Quaternary Period extending
from the end of the Pliocene Epoch to the beginning of the Holocene, and
the rocks formed during that time.

The last of the five geologic epochs of the Tertiary Period extending from
the end of the Miocene to the beginning of the Pleistocene, and the rocks
formed during that time.

Pertaining to the formation of igneous rock bodies beneath the earth's
surface, as opposed to volcanic, which refers to igneous activity at the
surface.

Postclosure Period

Potentiometric Surface

Precambrian Era

Preclosure Period

Pyroclastic

Refers to the period of time after the closure of a monitored geologic repos-
itory.

An imaginary surface (including the water table) defined by the level to
which water will rise in a well under its full pressure head, and representing
the total static level of groundwater.

The era that includes all geologic time from the formation of the earth to the
beginning of the Paleozoic Era (from about 4.5 billion to 600 million years
ago).

Refers to the period of time before and during the closure of a monitored
geologic repository.

Of or relating to individual particles or fragments of clastic rock material of
any size that is formed by volcanic explosion or ejected from a volcanic
vent.
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Quaternary

Radiogenic

Reducing Conditions

Rockbolt

Seismic

The second period of the Cenozoic Era, beginning about 2 million years
ago at the end of the Tertiary Period and extending to the present.

An attribute of a nuclide that has been derived from a radioactive parent
nuclide.

An environment where electrons from one atom are easily attracted to
another atom.

(1) A bar, usually constructed of steel, that is anchored into predrilled holes
in rock as a support or reinforcement device. (2) The method of ground
support using such devices to support walls and ceilings in underground
excavations.

Pertaining to, characteristic of, or produced by earthquakes or earth
vibration.

Site Characterization Activities, whether in the laboratory or in the field, undertaken to establish
the geologic conditions and the ranges of the parameters of a candidate site
relevant to the location of a repository. These activities include borings,
surface excavations, excavations of exploratory shafts, limited subsurface
lateral excavations and borings, and in situ testing needed to evaluate the
suitability of a candidate site for the location of a repository, but do not
include preliminary borings and geophysical testing needed to assess
whether site characterization should be undertaken.

Sorb To undergo a process of sorption.

Sorption The binding, on a microscopic scale, of one substance to another, and
includes both adsorption and absorption. In this document, the word is
especially used for the sorption of dissolved radionuclides onto aquifer
solids or waste package materials by means of close-range chemical or
physical forces.

Sorption Coefficient (Kd) Coefficient for a term for the various processes by which one substance
binds to another.

Steel Sets Steel tunnel supports used in main entries of mines and shafts. The sections
are I-beams for caps and H-beams for posts or wall plates, the H-section
giving equal stiffness in two directions at right angles to each other.

Stratigraphy The branch of geology that deals with the definition and interpretation of
rock strata, the conditions of their formation, character, arrangement,
sequence, age, distribution, and especially their correlation by the use of
fossils and other means of identification.
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Systems Engineering (1) The application of scientific and engineering principles to control a
complex total-system development effort to achieve the best balance of all
system elements. (2) A process that transforms and integrates operational
needs and requirements into a description of system requirements to
maintain the overall system effectiveness.

Tectonic Pertaining to geologic forms or effects created by deformation of the earth's
crust.

Tertiary The first of two geologic periods of the Cenozoic Era extending from the
end of the Mesozoic Era to the beginning of the Quartemary Period,
covering a time span from about 63 million to about 2 million years ago.

Thermal Loading

Transmissivity

Tritium

Tuff

(1) The application of heat to a system, usually measured in terms of watt
density. The thermal loading for a repository is the watts per acre produced
by the radioactive waste in the active disposal area. (2) The spatial density
at which waste packages are emplaced within the repository as charac-
terized by the areal power density and the areal mass loading.

The rate at which water is transmitted through a unit width of the aquifer
under a unit hydraulic gradient. It equals the hydraulic conductivity multi-
plied by the thickness of the aquifer.

A radioactive isotope of hydrogen that can be taken into the body easily,
because it is chemically identical to natural hydrogen. Tritium decays by
beta emission with a half-life of about 12.5 years.

Igneous rock formed from compacted volcanic fragments from pyroclastic
(explosively ejected) flows with particles generally smaller than 4 mm in
diameter. The most abundant type of rock at the Yucca Mountain site.

Unsaturated Zone The zone of soil or rock between the land surface and the water table.

Vitrophyre An igneous rock containing large crystals in a pronounced glassy
groundmass.

Waste Package

Water Table

Zeolitic

The waste form and any shielding, packing, and other absorbent materials
immediately surrounding the waste.

The upper surface of a zone of saturation above which the majority of pore
spaces and fractures are less than 100 percent saturated with water most of
the time (unsaturated zone) and below which the opposite is true (saturated
zone).

Of or pertaining to a large group of hydrous aluminosilicate minerals that
act as molecular "sieves" because they can adsorb molecules with which
they interact. At Yucca Mountain, they are secondary alteration products in
tuff rocks when the rocks are exposed to groundwater and could act to
retard the migration of radionuclides by their sieving action.
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APPENDIX B

AS-BUILT GEOLOGY OF THE ECRB
CROSS DRIFT

B.1 INTRODUCTION

As of August 6, 1998, the Enhanced Character-
ization of the Repository Block (ECRB) cross drift
had been excavated to approximately Station
12+60, about 500 m (1,640 ft) beyond the main
drift. Geologic mapping at a scale of 1:125 has
been completed to approximately 10+00, and rock
mass classification has been completed to approxi-
mately Station 9+50.

B.2 LITHOSTRATIGRAPHY

The lithology of the cross drift (up to 12+60) is
mostly as anticipated. The cross drift begins in a
pyroclastic flow unit, the Topopah Spring tuff,
crystal-poor, upper lithophysal zone (Tptpul)
(Figures B-i and B-2). (For more information on
detailed lithostratigraphic nomenclature, see
CRWMS M&O 1998d, Section 3.5). The tunnel
continues in the same unit to approximately Station
10+60; the unit had been predicted to extend to
11+35. The Tptpul is a densely welded, devit-
rifled, moderately hard to hard, light gray, litho-
physae-bearing, rhyolitic tuff. Lithophysae range
from 10 to 40 percent by volume and range in size
from millimeters to tens of centimeters (locally 1
m). Beyond Station 10+60, the tunnel was
excavated through the Topopah Spring tuff,
crystal-poor member, middle nonlithophysal zone
(Tptpmn). The Tptpmn is a densely welded, devit-
rified, moderately hard to hard, light gray to
grayish orange, nonlithophysal, rhyolitic tuff.

In addition to the lithostratigraphy of the cross drift
discussed above, Figures B-1 and B-2 also show
the thermal-mechanical stratigraphy. This strati-
graphic system was developed to provide a
systematic basis for characterizing the rock mass in
the site area based on geoengineering properties. It
is based on thermal and mechanical rock character-
istics that are important to repository design.

B.3 STRUCTURE

The cross drift is being geologically mapped by
two different methods-full periphery mapping
and detailed line surveys. The full periphery
method comprises drawing the traces of geologic
features longer than 1 m (3.28 ft) onto a base map
which represents an unrolled view of the tunnel
walls. Detailed line surveys involve measuring
various parameters of geologic features longer than
1 m (3.28 ft), which intersect the center of the left
wall of the tunnel.

Three small faults were predicted for interception
by the cross drift between stations 0+00 and
12+00-a splay of the Drill Hole Wash fault at
Station 1+30, the Ghost Dance fault at Station
4+80, and the Sundance fault between Stations
10+70 and 11+00 (Figure 2-8). The Drill Hole
Wash fault was not observed in the cross drift. A
fracture was encountered at Station 4+99, oriented
175/85 (strike/dip), which is correlated with the
distal end of the Ghost Dance fault. The fracture
has no discernible offset but does display 1-2 cm
of clayey infilling. Some minor fallout occurred
along the feature (less than 0.5 m, or 1.6 ft), but the
feature had no significant effect on tunneling
operations or ground support. No mineralization
was observed along the feature.

At Station 11+35, the Sundance fault was encoun-
tered. The fault plane is oriented 147/82 (strike/
dip) and has an approximately 1-m (3.3-ft) thick
zone of intensely fractured wall rock on the
hanging wall. The footwall is relatively unfrac-
tured. Rock on both sides of the fault is the
Topopah Spring, middle non-lithophysal zone
(Tptpmn).

Fractures from full-periphery mapping were
combined with detailed line surveys in the cross
drift from Station 0+00 to 7+00, a total of
333 features. Using only the detailed line survey
fractures, there are 0.14 fractures per meter in the
Tptpul between Station 0+00 and 7+00 in the cross
drift). This compares with 0.7 fractures per meter
observed in the Exploratory Studies Facility.
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Three of the predominant fracture sets from
mapping the Tptpul in the Exploratory Studies
Facility had peak orientations that are comparable
to peak orientations observed in the cross drift:

A comparison of predicted and actual values is
presented in Table B- 1.

Table B-1. Rock Mass Quality Values

Predicted from Observed in
Exploratory Studies Facility Cross Drift

182/81 185/84
219/83 209/85
114/87 121/87

In summary, the rock encountered in the cross drift
is as expected. Testing continues in Niches 1 and
2, with drilling proceeding in Niche 4. The cross
drift is expected to be completed by the end of
September 1998, when the drift crosses the
Solitario Canyon fault.

B.4 COMPARISON OF ROCK QUALITY
FOR Tptpul

Scientists have collected data quantifying the
overall quality of the rock mass in the cross drift.
Data was collected and processed through three
different systems-rock mass qualification index,
rock mass rating, and rock quality description. The
parameters within the cross drift were measured to
Station 6+00 at 5-m (16.4-ft) intervals.

Tptpul Rock Mass Quality Predicted Actual

o Average Value 5.1 19

Minimum 0.2 0.3

Maximum 54 52

RMR Average Value 58 62

Minimum 49 43

Maximum 73 80

ROD Average Value Not predicted 41

Minimum Not predicted 1

Maximum Not predicted 94

o = Rock mass qualification index
RMR = Rock mass rating
RQD = Rock quality description

B.5 ACTUAL VERSUS PREDICTED
FEATURE LOCATIONS AS OF
JULY 24, 1998

Table B-2 shows a summary of expected features
and locations and where the features were actually
encountered in the cross drift.

Table B-2. Predicted Versus Actual Feature Locations

Feature Predicted Station As-Built Station Comments

Upper lithophysal zone of the 0+00 to 11+40 0+00 to 11+60 Tunnel excavation inter-
Topopah Spring tuff cepted the base of the zone

earlier than predicted

Middle nonlithophysal zone of 11+40 to 16+70 10+60 to ? Tunnel progress has not yet
the Topopah Spring tuft intercepted the base of the

zone

Drill Hole Wash fault 1+30 Not encountered

Ghost Dance fault 4+80 4+99 No offset visible in tunnel

Sundance fault 10+70 to 11+00 11+35 Offset not determined as yet
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APPENDIX C

BUSTED BUTTE UNSATURATED ZONE
TRANSPORT FIELD TEST

C.1 BACKGROUND

Evaluations of the total system performance of a
geologic repository at Yucca Mountain must
examine cases in which some or all of the
engineered barriers do not perform as designed for
10,000 years. Predicting possible radionuclide
transport from the potential repository through the
unsaturated zone to the water table and to the
accessible environment is essential to these evalua-
tions. DOE is evaluating the hydrologic and
transport properties of the Calico Hills nonwelded
tuff, the geologic unit below the repository
horizon, to provide input to numerical models used
to evaluate the transport of radionuclides through
the unsaturated zone.

The unsaturated zone transport field test at Busted
Butte, located approximately 5 km (3 miles) south
of the potential repository at Yucca Mountain, is
specifically designed to demonstrate the applica-
bility of laboratory-scale transport data to field-
scale transport processes. It will also provide
information on radionuclide transport in the unsat-
urated zone that is presently unavailable but
explicitly required by 10 CFR 60 for licensing.

The objective of the unsaturated zone transport
field tests is to validate key assumptions and inputs
to the large-scale, unsaturated zone transport model
and to probabilistic unsaturated zone transport
calculations. A major benefit of siting the unsat-
urated zone test at Busted Butte is that it is not an
analog of the Calico Hills formation; it is an actual
exposure of the formation to the south of the
proposed repository location. Therefore, the
findings are expected to be directly applicable to
repository performance issues. A second major
benefit is that tests at Busted Butte can be fielded
and analyzed in time to produce results for TSPA
for the LA.

The principal assumptions and inputs being tested
at Busted Butte include, but are not restricted to,
the following:

* Migration of colloids in fractured and
unfractured Calico Hills rocks under unsat-
urated conditions

* Field validity of laboratory sorption and
transport measurements of the key radionu-
clides (plutonium, technetium, neptunium,
iodine, and americium)

* Effects of heterogeneities in Calico Hills
rocks (e.g., fractures and permeability
contrasts between welded and nonwelded
tuffs) on solute migration under unsaturated
and partially saturated conditions, using a
stochastic modeling approach

* Validity of the three-dimensional equivalent
continuum/dual permeability/discrete fault
representations of the site-scale, unsaturated
zone, flow and transport model

* Scaling of laboratory, field-flow, and
transport results to the Yucca Mountain site
scale

* Calibration, from the field tracer tests, of the
radionuclide transport model for surface
complexation and ion exchange

C.2 DESCRIPTION OF UNSATURATED
ZONE TEST AT BUSTED BUTTE

The unsaturated zone field transport test at Busted
Butte has been designed to proceed in three phases.
Each phase includes reactive and nonreactive
unsaturated tuff transport tests. Data from phases I
and II will feed detailed flow and transport process
models for LA as well as abstractions of these
models for performance assessments. Phase III
tests are proposed as part of the performance
confirmation program following the LA. A
description of the first two phases follows.

Phase I includes 5-month-long reactive and nonre-
active tracer tests in 2-m (6.5-ft) boreholes with
overcoring at the end of the tests to determine
tracer mobility in three dimensions. In Phase Ia,
there are four, single point injection boreholes in
the nonfractured upper Calico Hills. The rates of
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injection vary between boreholes. In Phase Ib,
there are two, single-point injection boreholes in
the fractured hydrologic Calico Hills (VI unit of
the nonwelded unit below the basal vitrophere of
the Topopah Springs) that have inverted
membrane, tracer collection boreholes approxi-
mately 30 cm (12 in.) directly below them. A
schematic of the Busted Butte test bock is shown in
Figure C- 1.

Phase II is the main testing phase of the Busted
Butte unsaturated flow and transport test. This
phase involves 13-18 month reactive and nonre-
active tracer tests in a 10 x 10 x 6-m (33 x 33 x 20-
ft) underground test block in the hydrologic Calico
Hills (Vl and V2 units) and upper 2 m (6.5 ft) of
the Calico Hills. The Phase II test design consists
of 10 multipoint injection boreholes emanating
from the test Alcove and 12 inverted membrane,
tracer collection boreholes in the main adit (see test
plan figure). This test will investigate the hetero-
geneities being tested in the Phase a and b tracer
tests on a larger scale.

The reactive and nonreactive tracers used in the
Phase I and II tests were chosen to closely mimic
the key radionuclides used in the transport models
that have the greatest effect in dose for perfor-
mance assessment calculation. The tracers being
used in Phase I tests are potassium iodide, lithium
bromide, sodium fluorescein, various polyfluori-
nated benzoic acids, and two sizes of fluorescent
polystyrene latex microspheres.

The Phase II tests require unique identification of
each injection borehole. To do this, the conser-
vative tracers potassium iodide, pyridone
(a fluorescent trace), and five different polyfluori-
nated benzoic acids are being used. Together, these
tracers from a set of seven different and distin-
guishable conservative solutes that will be used to
"tag" specific injection boreholes. Estimates of
transverse dispersivity will be obtained from
observing how injected tracer solutions from
different boreholes spread out and mix. Additional
fluorescent tracers being used in Phase II are two
sizes of polystyrene latex microspheres (an analog
for colloids), sodium fluorescein, and rhodamine
WT (water tracer), which may behave either as

conservative or very weakly sorbed solutes in this
system.

The reactive tracers used in Phase II tests and their
radioactive analogs are:

* Nickel, cobalt, manganese (neptunium
analogs)

* Samarium, molybdenum, and neutral
polystyrene microspheres (soluble and
colloidal plutonium analogs)

* Cerium, europium, neodymium (americium
analogs)

* Rhenium, molybdenum, selenium
(technetium analogs)

C.3 RESULTS AND PREDICTIONS

C.3.1 Field Test Results To Date

A. Injection of tracers into Phase a boreholes
has been occurring since April 2, 1998.
Two holes have injection rates of 1 mL
(0.03 oz) per hour and two holes at 1 mL
(0.03 oz) per hour. Total tracer solution
injected into these holes through June 1998
is 34.1 L (9 gal). Phase Ia is a blind test, as
there are no collection boreholes. Plans
are to overcore these boreholes in
September 1998 and examine flow and
transport of the injected tracers through
these rocks. Formal predictions of
expected flow and transport results based
on current rock, geologic, and hydrologic
properties in the Yucca Mountain database
will be made before overcoring of these
holes.

B. Injection of tracers into Phase lb boreholes
has been occurring since May 2, 1998.
One borehole has an injection rate of 1 mL
(0.03 oz) per hour and the other is at
10 mL (0.34 oz) per hour. Total tracer
solution injection through June 1998 is
10.6 L (2.8 gal). In the Phase b collection
boreholes, only the 10 mL (0.34 oz) per
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hour injection test has showed tracer
breakthrough. This breakthrough occurred
about 30 days after injection. The tracer
traveled about 1 cm (0.4 in.) per day at this
injection rate. Current models would have
predicted tracer breakthrough in hours to
days based on existing fracture/matrix flow
mechanisms in these models. The milli-
liter per hour injection test has not showed
tracer breakthrough yet.

C. Baseline geophysics has been done on the
Phase II test block including neutron
logging, electrical resistivity, tomography,
and ground penetrating radar. All the
Phase II holes have also been air-perme-
ability tested and video logged using plain
and ultraviolet light. Geophysical tests
will be conducted at specified intervals
during testing to monitor the tracer front as
it moves down into the block.

D. All the Phase II injection and collection
systems have been fabricated, installed,
and calibrated. The Phase II tests are being
divided into three startup phases. The
Phase Ia test consists of one injection
hole, with 10 injectors injecting at a rate of
1 mL (0.03 oz) per hour. This injection
rate most closely matches the natural infil-
tration rate at Yucca Mountain. The Phase
Ila tracer injection test began July 23,
1998. Phase Ilb tracer injection tests will
consist of four injection holes, each with
10 injectors injecting at a rate of 10 mL
(0.34 oz) per hour. Phase Ib tests will
start about one week after Phase Ia. Phase
lIc tracer injection tests will consist of
three injection holes, each with 10
injectors injecting at a rate of 50 mL
(1.7 oz) per hour. Phase Ic tests will start
about one week after Phase lIb.

C.3.2 Formal Predictions To Date

For the Phase II tests at Busted Butte, the first
"blind" predictions of reactive and nonreactive
tracer transport as well as hydrologic flow infor-
mation have been developed using existing data

from the Yucca Mountain hydrologic and
geochemical databases and the current unsaturated
zone flow and transport models. No new infor-
mation from the Busted Butte site was used in
these preliminary Phase II predictions, making
them truly "blind." These predictions will be
refined as data become available from the unsat-
urated zone transport test. A summary of the
predictions follows:

A. Modeling results for fluorescein, a conser-
vative tracer, indicate that tracer break-
through is expected at several sampling
locations within the first year of testing.
For some sampling locations, tracer break-
through is predicted for travel times of less
than a month. Tracer breakthroughs could
be even quicker than predicted if the equiv-
alent continuum model assumption does
not hold. Fracture flow through the
Topopah Springs formation (Tptpv2) could
result in faster travel times. The fracture
parameters for the van Genuchten model
are not known to a high degree of accuracy.
Sensitivity analyses on these parameters
will be performed to determine how
sensitive travel times are to these fracture
parameters.

Another caveat in these modeling results is
the effect of physical heterogeneities
within each layer. Small-scale heterogene-
ities could result in preferential flow paths,
which result in faster flow paths in some
parts of the block and slower flow paths in
other parts of the block. In the future,
Monte Carlo simulations and more elegant
stochastic techniques will be used to
attempt to capture the uncertainty in the
travel times.

B. More uncertainty exists in the predicted
travel times of the reactive tracers than in
the conservative tracer predictions. The
strongly sorbing tracers manganese and
cobalt (or nickel) are not expected to break
through within the first year of testing.
Even weakly sorbing lithium only reaches
a few collection boreholes. Therefore, an
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additional year of operation may be
required to achieve reactive tracer
transport distances that reach more
sampling points. At this stage, it is
important to note that the model is
extremely sensitive to the Kds used for the
tracers, and these Kds are preliminary. (A
Kd for a dissolved solid is the distribution
coefficient between the solution and the

solid.) In addition, a linear Kd model may
not be sufficient to model sorption of these
tracers due to chemical heterogeneities and
nonlinear reactions. More rigorous
reactive transport models will be used in
the future to check the linear Kd
assumption. Finally, these immobile
reactive tracers may sorb onto colloids,
thereby enhancing their mobility.
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