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PREFACE

The Nuclear Waste Policy Act' designates Yucca Mountain,
Nevada, as the candidate site for the nation's first permanent geo-
logic repository for spent nuclear fuel and high-level nuclear
waste. The act charges the U.S. Department of Energy (DOE)
Office of Civilian Radioactive Waste Management (OCRVM) with
conducting the necessary studies to determine whether the Yucca
Mountain site meets the technical and regulatory requirements for
a permanent repository. T meet this responsibility, OCRWM es-
tablished the Yucca Mountain Site Characterization Office
(YMSCO) to conduct the necessary investigations and analyses.

As part of its site characterization effort, YMSCO plans to
issue a series of technical basis reports that will summarize and
synthesize data, analyses, and interpretations on the following sit-
ing-related technical topics:2

1. surface characteristics, preclosure hydrology, and ero-
sion;

2. seismicity, tectonics, and volcanism;
3. rock characteristics and geochemistry;
4. preclosure radiological safety;

5. geohydrology and transport; and
6. total system performance assessment.

I The Nuclear Waste Policy Act of 1982 (P.L. 97425) was signed into law in
1983 and amended in 1987 (P.L. 100-203) and 1992 (P.L. 102486).
2 The Department of Energy is in the process of reorganizing its site
characterization program in response to cuts in its FY1996 budget. The
committee understands that the DOE may not issue the remaining technical
basis reports, but may instead focus on total system performance assessment-
which was to be the topic of the sixth and final technical basis report.

vi



WUi REVIEW OF DOE TECHNICAL BA4SIS REPORT

These technical basis reports will be used to support regulatory
analyses by YMSCO to determine whether the Yucca Mountain
site is suitable as a nuclear waste repository.

In late 1994, YMSCO asked the National Research
Council to undertake independent, expert peer reviews of these
technical basis reports. YMSCO asked the Research Council to
analyze the manner in which scientific and technical information
was collected, analyzed, and interpreted by DOE and its contrac-
tors and, at a minimum, to address the following questions:

* Have the data been collected and analyzed in a techni-
cally acceptable manner?

* Do the data, given the associated error and analytical
and technical uncertainties, support the technical interpretations
and conclusions made within the technical basis reports?

* Are there credible alternative interpretations that would
significantly alter the conclusions reached?

* What testing, if any, would discriminate among alter-
native technical interpretations?

* If such testing is recommended, how effective would it
be at reducing significant uncertainties?

YMSCO asked that the review not address regulatory compliance
or the suitability of Yucca Mountain as a nuclear waste repository.

The Research Council's Governing Board agreed to under-
take these peer reviews in February 1995. The approved statement
of task is given in Appendix C. The Governing Board assigned the
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responsibility for implementing these reviews to the Board on
Radioactive Waste Management within the Commission on
Geosciences, Environment, and Resources, subject to overall man-
agement and control by the Research Council, particularly its
Executive Office. Because the technical basis reports wil differ
substantially in subject and content, the Research Council's
Governing Board decided that a different group of experts
(committees) would be appointed to review each report. Each ex-
pert committee will set forth its review findings and conclusions in
a National Research Council report that will be provided to
OCRWM and made available to the public without restriction.

The Committee for Yucca Mountain Peer Review: Surface
Characteristics, Preclosure Hydrology, and Erosion (see Appendix
B) was appointed by the Chair of the National Research Council in
June 1995 to review the Technical Basis Report for Surface Char-
acteristics, Preclosure Hydrology, and Erosion (DOE Report
YMPITBR-01, Rev. 0, April 1995), referred to as the TBR. The
committee held three meetings to gather information and develop
its final report (this document), which provides the committee's
review and a discussion of its findings and conclusions.

The committee wishes to acknowledge the assistance of
several organizations and individuals who made it possible to
complete this review on a very compressed time schedule. Jane
Summerson (YMSCO) and her staff were very responsive to the
committee's many requests for written materials during the course
of this review. They also provided organizational and logistical
support for the field excursion to Yucca Mountain. Carl Johnson
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(Nevada Nuclear Waste Project Office) and his staff made avail-
able to the committee numerous documents that were not refer-
enced in the TBR, and they provided advice and logistical support
for the field excursion. Mary Ball, Secretary of the town of Beatty,
Nevada, graciously opened the town's community center to the
committee on a Sunday for a public session during the second
meeting. The committee wishes to express its appreciation to all of
these individuals for their assistance, and to the other individuals
and organizations who provided oral and written input to the
committee at its two information-gathering sessions.
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EXECUTIVE SUMMARY

The Committee for Yucca Mountain Peer Review: Surface
Characteristics, Preclosure Hydrology, and Erosion was formed by
the National Research Council to provide an independent, expert
peer review of the U.S. Department of Energy's (DOE's) Techni-
cal Basis Report for Surface Characteristics, Preclosure Hydrol-
ogy, and Erosion (DOE Report YMP/TBR-001, Rev. 0, April
1995), referred to as the TBR. The committee addressed its review
to the scientific and technical aspects of the TBR as prescribed by
its statement of task (Appendix C). The review focused on several
issues, including the adequacy of the scientific methodologies
employed in data collection, synthesis, and analysis; the validity of
data and interpretations; the adequacy of the treatment of uncer-
tainties in describing the current state of understanding; and the
effectiveness of the presentation of data, analyses, and interpreta-
tions.

The committee based its evaluation of the TBR entirely on
scientific judgment. The committee made no attempt to evaluate
the science in terms of management decisions related to the suit-
ability of Yucca Mountain as a high-level waste repository. The
committee is not properly constituted to make such judgments,
and it is specifically prohibited from doing so by the statement of
task. The committee attempted to identify weaknesses in data,
methodologies, interpretations, and conclusions in the TBR. In
some cases, the committee recommended that additional work be
done to significantly improve scientific understanding. The com-

I



2 REVIEW OF DOE TECHNICAL BASIS REPORT

mittee made no attempt to determine whether the identified weak-
nesses would have a significant impact on the management deci-
sion to site a facility at Yucca Mountain. Nor has the committee
determined whether the recommended work would change the
management decision to site such a facility. In the committee's
view, such judgments are best left to DOE scientist-managers and
their oversight bodies. The committee's goal is to help the DOE
improve the scientific quality of its TBR.

The primary source of material for the committee's review 4

was the TBR itself and many of the references cited therein. The
committee also held two information-gathering meetings to obtain
additional information from DOE and other federal agencies, the
State of Nevada, and other interested organizations and individu-
als. These meetings were held in Las Vegas and Beatty, Nevada;
the second meeting included a three-day field excursion to Yucca
Mountain. Both meetings were open to the public.

The committee's review of the TBR is organized into four
chapters. Chapter 1 provides a brief discussion of the purpose and
scope of the TBR and an explanation of the procedures used by the
committee in its review. Chapter 2 provides the committee's re-
view of the surficial geology and erosion sections of the TBR.
Chapter 3 provides the committee's review of the preclosure hy-
drology sections of the TBR. Chapter 4 addresses the overall ef-
fectiveness of the TBR as a synthesis of currently available site
characterization data, analyses, and technical interpretations.

The main scientific and technical issues addressed by the
TBR are summarized below (in italics) and are followed by the
committee's significant conclusions and recommendations. Addi-
tional details are provided in Chapters 2 and 3 of this report.
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* Distributions and Relative Ages of Surficial Deposits.
The identification of surficial deposits as presented in the TBR is
based on traditional and accepted techniques of analysis. Better
age determinations on these surficial deposits are needed,
however, in order to estimate erosion rates. Additionally, surficial
data from Crater Flat (the drainage to the west of Yucca
Mountain), which have been published by State of Nevada
scientists, should be referenced, discussed, and integrated into the
TBR. The results from surficial mapping need to be integrated
better with efforts to evaluate hillslope and stream erosion
processes at Yucca Mountain. This integration of mapped surficial
units, their ages, and erosion mechanisms should form the basis
for evaluation of erosion potential and should be reported in the
TBR.

* Potential for Stream and Debris Flow Erosion. Fluvial
erosion rate estimates reported in the TBR are based on dynamic
equilibrium assumptions and may underestimate the fluvial erosion
potential of the region. Fluvial erosion rate estimates should be
based on bounding calculations, and the possible effects of climate
change on fluvial erosion potential should be addressed. The
effectiveness of debris flows and landslides as erosive agents of the
landscape under current and possible future climatic conditions
should also be addressed.

* Ages of Hillslope Deposits. The analysis of hillslope
ages presented in the TBR is inadequate because it is based on the
use of a single geochronological method (cation ratio dating),
which is not well understood or calibrated, that is applied to only
one type of deposit (heavily varnished hillslope boulder deposits).
Different dating techniques (e.g., He and ' 0Be) should be applied
to check the cation ratio results, and different types of geomorphic
surfaces should be dated by using a variety of techniques in order
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to obtain estimates of the spatial variability of hillslope ages at
Yucca Mountain. The maps of surficial geology referenced in the
TBR identified a variety of hillslope units that may have signifi-
cantly different ages than the heavily varnished hillslope boulder
deposits.

* Long-Tem Rates of Erosion. The analysis of erosion
rates presented in the TBR is too narrowly focused on estimating a
temporally and spatially averaged rate that can be compared to a
regulatory standard. The analysis in the TBR should be expanded
to assess the spatial variability of erosion in the region. The TBR
should consider the range of erosional processes operating at the
site, and identify those portions of the landscape that may be
eroding much faster than average. It should also consider the tem-
poral variability of erosion, particularly as it might be affected by
climate change.

* Potential for Surface Flooding of the Proposed Reposi-
tory. The application of probable maximum flood (PMF) proce-
dures to estimate flood events as outlined in the TBR is consistent
with practices used to design civil structures such as bridges and
dams. The values of parameters used in the flood routing calcula-
tions (Manning's n and the bulking factor), and the assumption of
critical flow velocity as the maximum flow velocity at all locations
in the channels, provide conservative estimates of flow depths
(i.e., overestimates of flow depths). However, the parameter esti-
mates are not supported by data or documentation in the TBR.
More work should be done to assess the sensitivity of PMF esti-

mates to these values and assumptions.
* Potential for Subsurface Flooding of the Proposed Re-

pository. The discussion of subsurface flooding potential in the
TBR is overly brief and devoid of analysis. Two potential sources
of subsurface flooding, deep seepage of surface infiltration and
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rising water tables, are not addressed. Perched water is discussed
briefly in the TBR, but its distribution, volume, and age are not
adequately discussed or illustrated with graphics. It does not ap-
pear to the committee that perched water will pose problems dur-
ing construction and operation that cannot be handled by rea-
sonably available technology (i.e., technology used in other
applications such as mining), but the TBR does not make effective
use of existing data to make this point.

Availability of a Water Supply in the Yucca Mountain
Region for Construction and Operation of the Proposed Reposi-
tory. The TBR lacks a clear statement of the technical questions
that must be addressed to establish the sufficiency of the water
supply for repository construction and operation. The TBR dis-
cussion emphasizes historic pumping rates and water level declines
predicted by using a numerical model that is based on one concep-
tual model of the flow system. It provides few data to support
technical interpretations and does not consider alternative concep-
tual models of the ground water system. It is likely that water
supply availability can be established by means of bounding calcu-
lations, although such a calculation is not provided in the TBR.

OVERALL EFFECTIVENESS OF TIE TBR

Chapter 4 of this report addresses the effectiveness of the
TBR as a synthesis of currently available data, analyses, and inter-
pretations. In addressing the question of effectiveness, the commit-
tee considered the context for the TBR. This TBR is the product
of an effort of great national importance: to assess the suitability
of Yucca Mountain as a facility for the safe permanent disposal of
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high-level radioactive waste. For this effort to succeed, the com-
mittee believes that DOE will need to demonstrate that it has a
good understanding of the scientific and technical issues that
would affect the construction and long-term performance of such a
facility. Given the importance of this undertaking to the health and
safety of present and future generations of this nation's citizens, it
is this committee's opinion that the scientific and technical analy-
ses presented in the TBR should meet the highest standards of sci-
entific quality. Considered in this context, it is the committee's
judgment that this TBR is not an effective synthesis of data, analy-
ses, and interpretations related to surface characteristics, erosion,
and preclosure hydrology.

The concluding chapter of this report provides substantia-
tion for this conclusion and-in the spirit of peer review as a
method to improve scientific quality-offers eight recommenda-
tions for ways to increase the effectiveness of this and future
TBRs. These recommendations are summarized below:

1. The audiences for the TBR should be stated explicitly in
the report, and the TBR should be written to be comprehensible
by these groups. The designation of target audiences is a DOE
policy issue. The committee recommends that DOE policymakers
carefully consider the advantages of writing for a broad audience
to build scientific credibility and public acceptance for its site
characterization program.

2. The TBR should contain a clear statement of the ques-
tions to be addressed and hypotheses to be tested for each techni-
cal topic. These questions will serve to focus the supporting tech-
nical analyses and make it easier for the reader to assess their
adequacy.
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3. All available scientific and technical information related
to the issues addressed in the TBR should be cited and discussed.
In addition, essential information (e.g., data, equations, and
model parameters) used in analyses should be provided in the
TBR, and primary sources should be referenced.

4. The TBR should provide a complete discussion of analy-
ses supporting the technical interpretations; a discussion of alter-
native hypotheses and the methods used to test them; and a dis-
cussion of remaining uncertainties and additional data needed to
address them.

5. The TBR should be prepared with the direct involve-
ment of the scientists who did the site characterization studies, and
these scientists should be identified in the report. The TBR should
also provide a discussion of how data and analyses were selected
and integrated.

6. Multiple methods of analysis should be employed in the
TBR to improve understanding, reduce uncertainties, and thereby
build confidence in the interpretations and conclusions. Bounding
calculations are particularly well suited to many of the issues ad-
dressed in the TBR and should be applied as part of a multiple-
methodology approach to place minimum or maximum bounds on
processes and phenomena.

7. The TBR should be illustrated with informative graphics
to orient the reader to the region and to illustrate spatial relation-
ships among the various elements of the site. Of particular impor-
tance are geologic and topographic maps and cross sections that
illustrate the locations of land surfaces, drainages, rock units,
surficial deposits, perched and ground water, the proposed reposi-
tory, and selected data collection sites.
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8. Preparation of the TBR should include provision for a
rigorous program of peer review by scientists whose work is used
in the report. This should occur in addition to external peer re-
view, which serves as an independent check on scientific and
technical quality. The peer review process should also include
provisions to ensure that the results of internal and external peer
review effectively feed back into this and future TBRs and, when
appropriate, into the associated scientific and technical programs.



1

INTRODUCTION

The Committee for Yucca Mountain Peer Review: Surface
Characteristics, Preclosure Hydrology, and Erosion (Appendix B)
was formed by the National Research Council to provide an inde-
pendent, expert peer review of the U.S. Department of Energy's
(DOE's) Technical Basis Report for Surface Characteristics, Pre-
closure Hydrology, and. Erosion (DOE Report YMP/TBR001,
Revision 0, April 1995), hereafter referred to as the TBR. This
TBR describes and synthesizes scientific data, analyses, and inter-
pretations concerning surface characteristics at Yucca Mountain,
Nevada (see Figure 1.1 at the end of this chapter), hydrology
relevant to the preclosure phase of the candidate repository, and
hillslope and channel erosion. This is the first of a series of
planned technical basis reports on Yucca Mountain. 1 These reports
will be used by the DOE Yucca Mountain Site Characterization
Office (YMSCO) to assess the suitability of the Yucca Mountain
site as a permanent repository for the disposal of spent nuclear
fuel and high-level nuclear waste.

1 The Department of Energy is in the process of reorganizing its site
characterization program in response to cuts in its FY1996 budget. The
committee understands that the DOE may not issue the remaining technical
basis reports, but may instead focus on total system performance assessment-
which was to be the topic of the sixth and final technical basis report.

9
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The information in the TBR is organized into four chap-
ters: Chapter 1 provides a brief discussion of the purpose and
scope of the TBR and of the geologic setting and history of the
Yucca Mountain site. Chapter 2 of the TBR describes the surface
characteristics of the site, including drainage characteristics,
drainage evolution, and the distribution and ages of surficial de-
posits. This chapter also assesses the potential for surface flooding
that could affect the performance of an underground repository
prior to closure. Chapter 3 of the TBR describes the preclosure
hydrology of the site. It describes ground water conditions in the
unsaturated zone related to the occurrence of perched water. It
also assesses the potential for subsurface flooding and the avail-
ability of an adequate water supply for repository construction.
Chapter 4 of the TBR addresses hillslope and channel erosion at
the Yucca Mountain site. It provides descriptions of hillslope evo-
lution and erosion processes. It discusses the Quaternary
geochronologic methods that were used to date land surfaces in
order to calculate long-term rates of hillslope and channel erosion.
Chapter 5 provides a very brief summary of the conclusions in
Chapters 2, 3, and 4 of the TBR.

It is important to recognize that the topics addressed by the
TBR concern different timescales. Surface flooding and hydrology
are considered only during the preclosure phase of the repository,
which, as noted in footnote 2, will probably last a few tens of
decades. Erosion is considered during the entire period of regula-

2 The term preclosure hydrology as used in the TBR refers to ground water
and perched water conditions at the site during repository construction,
operation, and closure. The estimated duration of the preclosure phase of the
repository is not explicitly stated in the TBR. A 50- to 100-year estimate was
provided to the committee during one of its information-gathering sessions.
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tory concern for the repository. At present, the U.S.
Environmental Protection Agency (USEPA) and U.S. Nuclear
Regulatory Commission (USNRC) regulations set this period at
10,000 years. However, the USEPA is in the process of developing
health and safety standards for high-level waste disposal at Yucca
Mountain. As part of this effort, the National Research Council
was asked to provide an analysis of the scientific bases for these
standards. An expert committee was formed3 to provide this
assessment; the committee recommended that the health and safety
standards should apply to periods of peak risk to the public, which
might extend beyond 10,000 years (National Research Council,
1995).

REVIEW CRITERIA

The committee addressed its review to the scientific and
technical aspects of the TBR as prescribed by its statement of task
(see Appendix C). The committee focused its efforts on assessing
the validity of the data and interpretations and the adequacy of the
treatment of uncertainties in describing the current state of under-
standing. For each of the major topics in the report (i.e., surface
characteristics, preclosure hydrology, and erosion), the committee
identified the major scientific or technical interpretations and
conclusions. The committee examined the quality of the data and
methodologies used to support these interpretations and conclu-
sions. The committee also assessed the synthesis of analyses used
to support the interpretations and conclusions.

3 Committee on Technical Bases for Yucca Mountain Standards.
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The committee did not make any judgments about the suit-
ability of the Yucca Mountain site as a nuclear waste repository,
nor did it consider regulatory compliance. That is, the committee
did not consider whether the site would satisfy the qualifying or
disqualifying conditions of Title 10, Part 960 of the Code of
Federal Regulations4 (10 CFR 960). Short discussions of quali-
fying and disqualifying conditions are given at the beginning of
Chapters 2, 3, and 4 in the TBR, but as specified in the task
statement, they were not considered by the committee in its
review.

The committee relied on its collective expert judgment as
informed by conventional scientific usage in applying the
"validity" and "adequacy" criteria in the statement of task. The
committee applied these criteria as follows:

Validity of Data

* All data used in the analyses should be identified
clearly and should be included in the report.

* The data should be collected and analyzed by using
generally accepted scientific methods, that is, methods typically
employed by other scientists on problems of a similar nature.

* Data collection and analysis methodologies should
be explained clearly.

4 Title 10, Part 960 of the Code of Federal Regulations, General Guidelines
for the Recommendation of Sites for Nuclear Waste Repositories.
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Validity of Interpretations and Conclusions

* The interpretations and conclusions should be stated
clearly in the report.

* The interpretations and conclusions should be sup-
ported by available data.

* The interpretations and conclusions should be based
on generally accepted methods of data analysis.

* All available relevant and technically acceptable
data, including data collected by workers not associated with the
site characterization program, should be considered explicitly in
the analyses.

* All assumptions in the analyses should be stated
clearly.

* All plausible alternative conclusions and findings
should be considered against available data.

Adequacy in the Treatment of Uncertainties

* Uncertainties in the methodologies, data, findings,
and conclusions should be identified clearly and discussed.

* The need for additional data collection to reduce
uncertainties should be discussed.

These review criteria subsume questions a-d in the statement of
task (Appendix C).

The statement of task gives the committee flexibility to
apply other criteria in its review of this TBR (see Appendix C).
The committee decided also to assess the quality of presentation of
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the TBR and the process for preparing it. The criteria that the
committee applied in these aspects of its review are given below:

Presentation

* The data, analyses, and conclusions and findings
should be presented in a clear and concise manner.

* The graphics should be informative and adequate to
illustrate and support the interpretations and conclusions.

Report Preparation

* The TBR should be prepared with the direct in-
volvement of scientists whose data and conclusions are used in the
report.

* The science in the TBR should be peer reviewed by
the scientists whose data and conclusions are used in the report.

REVIEW BASIS

The committee wishes to emphasize to the reader, and par-
ticularly to DOE managers, that its evaluation of the statement of
task questions related to alternative interpretations, testing, and
uncertainty reduction (i.e., questions c-e in Appendix C) is based
entirely on scientific judgment. The committee made no attempt to
evaluate these questions in terms of DOE management decisions
related to the suitability of Yucca Mountain as a high-level waste
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repository. The committee is not properly constituted to make
such judgments, and it is specifically prohibited from doing so by
the statement of task. The committee recognizes, however, that the
reduction of scientific uncertainty to very low levels is difficult
and could require lengthy study. The committee believes that DOE
scientist-managers and oversight bodies must ultimately judge how
much scientific data is needed to make sound and effective policy
decisions regarding the Yucca Mountain site.

The committee attempted to identify weaknesses in data,
methodologies, interpretations, and conclusions in the TBR. In
some cases, the committee recommended that additional work be
done to significantly improve scientific understanding, and-
equally as important-the scientific credibility of the site charac-
terization program. The committee made no attempt to determine
whether the identified weaknesses would have a significant impact
on the management decision to site a facility at Yucca Mountain.
Nor has the committee determined whether the recommended
work would change the management decision to site such a
facility. In the committee's view, such judgments are best left to
DOE scientist-managers and appropriate oversight bodies.

SOURCES OF INFORMATION USED IN REVIEW

The primary source of materials for the committee's review
was the TBR itself and many of the supporting materials refer-
enced in Appendix A of the TBR. The committee requested, and
DOE provided, multiple copies of all of the materials cited in
Appendix A of the TBR. The committee consulted these materials
frequently during the course of its review.
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The committee also held two information-gathering meet-
ings to obtain additional information about the report from DOE
and other federal agencies, the State of Nevada, and other inter-
ested organizations and individuals. Both meetings were open to
the public. At the request of the committee, the YMSCO distrib-
uted advance copies of meeting notices to the organizations and
individuals it had identified as "stakeholders" in the site charac-
terization process.

Prior to its first meeting, the committee asked federal,
state, and local government agencies and organizations with an in-
terest in Yucca Mountain to designate formal liaisons to the com-
mittee. A list of liaisons is given in Appendix D. These liaisons
were invited to provide the committee with information they
deemed relevant to its review of the TBR, either orally at the in-
formation-gathering meetings or in writing. In return, these liai-
sons were provided with lists of documents received by the com-
mittee, advance copies of meeting agendas, and copies of minutes
of open meetings, to keep them fully informed concerning the
committee's work.

The committee's first information-gathering meeting was
held on July 19-20, 1995, in Las Vegas, Nevada. At this meeting,
the committee received formal presentations and written materials
from several liaisons. The committee also obtained comments
from liaisons and other members of the public in public comment
sessions scheduled during each day of the meeting. The agenda for
this meeting and the list of speakers can be found in Appendix E.

The committee's second information-gathering meeting was
held on August 27-29, 1995, and was organized around a three-
day field excursion to Yucca Mountain. The committee also held a
half-day meeting at the Community Center in Beatty, Nevada, on
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August 27, 1995, where it questioned scientists on the topics of
perched water, water supply, and probable maximum flooding.
The public was also given an opportunity to provide comments
and information at this session. A copy of the agenda for this
meeting appears in Appendix E.

The purpose of the field excursion was to examine evi-
dence in the field and to discuss data, analyses, and conclusions in
the TBR with scientists who are working at the Yucca Mountain
site. The excursion was organized by the committee with the assis-
tance of staff from YMSCO and the Nevada Nuclear Waste
Project Office. Field trip stops were selected by committee mem-
bers to address their specific questions and concerns about the
interpretations and conclusions in the TBR. At the committee's re-
quest, YMSCO and the Nevada Nuclear Waste Project Office
designated scientists to make brief presentations or respond to the
committee's questions at each stop. An agenda for the field excur-
sion also appears in Appendix E, and the locations of the field trip
stops are shown in Figures 1.1 and 1.2.

The committee found the open sessions and the field ex-
cursion to be very helpful in its review of this TBR. These ses-
sions helped the committee to understand the process used by
YMSCO to produce the TBR and also provided the committee
with additional relevant scientific and technical information that
was not referenced in the TBR. Some of this additional material
was published after the release of the TBR. Other material was
available prior to release of the TBR, but presumably was not
deemed to be of direct relevance by those responsible for prepar-
ing the report. Although the TBR was reviewed on its own merits,
this additional information was helpful to the committee in clarify-
ing its thinking about the need for additional work and analyses.
The committee did attempt to identify and obtain all materials
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deemed relevant to its review. The review of the literature, how-
ever, was not exhaustive, due mainly to limitations of time. Addi-
tionally, there may be relevant literature that the committee was
unable to identify or obtain.

The exchanges that occurred during the open meetings and
field excursion among the scientists who work for the many or-
ganizations concerned with Yucca Mountain were also very helpful
to the committee in its review. These exchanges helped the com-
mittee to understand points of disagreement among scientists
working in the Yucca Mountain area and the nature of uncertain-
ties in the data, analyses, interpretations, and conclusions pre-
sented in the TBR. These exchanges also provided the committee
with an enlightening view of science management at Yucca
Mountain.

The committee held three executive sessions during the
course of its review of this TBR. Executive sessions were held
after the two information-gathering meetings (discussed above),
and a third executive session was held at the National Academy of
Sciences' Beckman Center in Irvine, California, in October 1995.
Executive sessions were held to conduct the following business:
(1) the conflict-of-interest discussion, which is required by the
National Research Council of all committees; (2) discussion of the
statement of task; (3) discussion of information provided during
the open sessions; (4) development of recommendations; and (5)
drafting of the report. Following established practices of the Board
on Radioactive Waste Management, the parent board to this
committee, these executive sessions were closed to all but National
Research Council committee and staff members. Although the
minutes of these executive sessions were not distributed to the
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sponsor, liaisons, or other members of the public, the minutes of
all other sessions were made public.

ORGANIZATION OF THIS REPORT

The committee's detailed review of Chapters 2, 3, and 4 of
the TBR is provided in Chapters 2 and 3 of this report.5 The
committee's review of surficial characteristics and erosion is pre-
sented in Chapter 2 of this report. The review of preclosure hy-
drology is presented in Chapter 3. Chapter 4 of this report pro-
vides some general observations about the TBR and the processes
used to produce it. This chapter also offers some constructive sug-
gestions for improvements.

This report is organized to group related topics and differs
somewhat from the organization of the TBR. Table 1.1 provides a
roadmap between the sections of the TBR and the review of those
sections in this report. The committee chose this alternative or-
ganization scheme to reduce redundancy in its review, to provide
better flow to the text, and to allow for a more logical develop-
ment of ideas.

Each major section in Chapters 2 and 3 of this review
(indicated in the left-hand column in Table 1.1) is structured to
provide an explicit discussion of each of the questions in the
statement of task (Appendix C). The headings for these subsec-
tions and the corresponding statement-of-task questions (in italics)
are shown below:

5 Chapters 1 and 5 of the TBR contain background and summary materials
only. They were read but not reviewed by the committee.
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TABLE 1.1 Organization of the Review of the TBR

Section of This Report Section in the TBR

Chapter 1: Introduction _

Chapter 2: Surface Characteristics and Erosion 2.1
Potential

Review of Surficial Geology 2.2, 2.3, 2.4

Review of Erosion Potential of Alluvial Deposits 2.3, 2.4, 2.5, 4.4.3

Review of Quaternary Geochronology 4.3

Review of Erosion Rates 4.1, 4.2, 4.4, 4.6,' 4.7

Chapter 3: Preclosure Hydrology 3.1

Review of Surface Flooding 2.6

Review of Subsurface Flooding 3.2"

Review of Water Resource Potential 3.3

Chapter 4: Concluding Comments

*The TBR has no Section 4.5.

bPage 3-5 is miscollated, separating two parts of Section 3.2.2.

* Adequacy of Data Collection and Analysis. Have the
data been collected and analyzed in a technically acceptable man-
ner?

* Support for Technical Interpretations. Do the data,
given the associated error and analytical and technical uncertain-
ties, support the technical interpretations and conclusions made
within the technical basis report?
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* Credible Alternative Interpretations. Are there credible
alternative interpretations that would significantly alter the con-
clusions reached?

* Testing to Discriminate Among Alternative Interpreta-
tions. What testing, if any, would discriminate among alternative
technical interpretations? If such testing is recommended, how ef-

fective would it be at reducing significant uncertainties?

To aid the reader of this review, the committee has pro-
duced several figures for this report from materials obtained from
DOE and its contractors. These figures are collated for the
reader's convenience in this introductory chapter. Figure 1.1,
which is modified from Figure 1.3-2 in the TBR, is a location
map for the Yicca Mountain area showing major features and the
locations of the field trip stops. Figure 1.2, which is modified
from Figure 2.3-1 of the TBR, shows topography of Yucca
Mountain and the location of the North Portal Site, South Portal
Site, Shaft Site No. 2, and a few field trip stops. Figures 1.3 and
1.4 are north-south and east-west cross sections, respectively,
through Yucca Mountain. They show elevations, the location of
the proposed repository, geology and structure, the position of the
water table, and locations of selected wells.

The committee has provided references as needed through-
out this report to support the discussions and conclusions of its
review. In certain parts of the review, it is useful for the reader to
know which of the references were cited in the TBR and which are
from other sources. In order to make this distinction clear, the
committee has adopted the convention of boldfacing all of the ref-
erences cited in the TBR.
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The committee recognizes that there is likely to be broad
interest in this review of the TBR. Therefore, the committee has
endeavored to write its report to be understandable to the educated
lay person. The committee has avoided the use of unnecessary jar-
gon and has used footnotes throughout this report to define spe-
cialized terms and explain complicated principles. It has also pro-
vided a list of acronyms and symbols in Appendix A.
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FIGURE 1.1 Generalized location map of the Yucca Mountain, Nevada, region (after TBR Figure 1.3-2). The
numbered circles indicate the locations of the field trip stops. The numbers are keyed to the field trip agenda in

Appendix E.
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FIGURE 1.2 Topography of Yucca Mountain and vicinity, showing the locations of
the North Portal Site, South Portal Site, Shaft Site No. 2, and selected drillhole
locations (after TBR Figure 2.3-1). The numbered circles indicate the locations of the
field trip stops (see Appendix E). The Fortymile Wash Drainage Basin, which is
partially shown in the figure, includes Yucca Wash, Sever Wash, Drillhole Wash, and
Coyote Wash. The approximate position of Fortymile Wash is indicated by the dashed
line.
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SURFACE CHARACTERISTICS AND

EROSION POTENTIAL

This chapter provides a review of the technical basis report
(TBR) sections related to surficial geology; stream (alluvial) de-
posits and the potential for stream erosion; and the ages, stability,
and erosion of hillslope deposits at Yucca Mountain. Discussions
of these issues appear in several different sections of the TBR, as
noted in Table 1.1 of this report. The committee has chosen to
group and discuss these topics in a single chapter, so that the
surficial geology of the site-the product of erosion-can be re-
lated directly to erosion rates and processes.

REVIEW OF SURFICUAL GEOLOGY

Sections 2.1 to 2.4 of the TBR discuss the surficial geol-
ogy of the Yucca Mountain site. The focus of this discussion is on
the distribution and relative ages of surficial deposits at the site. A
later section of the chapter reviews the erosion potential of these
deposits.

27
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Adequacy of Data Collection and Analysis

The TBR presents information on the distribution and ages
of surficial deposits and the potential for hillslope and stream
(fluvial) erosion, with an emphasis on the Fortymile Wash drain-
age basin (Figures 1.1 and 1.2). Various geological maps con-
structed for the Yucca Mountain region identify surficial deposits
(Frizzell and Shulters, 1990;1 Wesling et al., 1992; Faulds et
al., 1994; Lundstrom et al., 19952). The TBR makes reference
to some of these maps but does not reproduce any of them. Al-
though a variety of surficial deposits are identified, the TBR ad-
dresses the age and stability of only two types of deposits: alluvial
deposits and coarse (boulder) hillslope deposits.

Maps published by Department of Energy (DOE) scientists
and collaborators primarily cover the eastern side of Yucca
Mountain (Wesling et al., 1992; Lundstrom et al., 1995). Maps
published by the State of Nevada cover the western side of Yucca
Mountain (Faulds et al., 1994). Identification of surficial geologic
units on these maps is based on the following criteria: landform
morphology, relative geomorphic position, relative degree of pres-
ervation of surface morphology, relative soil development, charac-
teristics of vegetation on the geomorphic surfaces, and drainage
network patterns (Wesling et al., 1992; Faulds et al., 1994;
Lundstrom et al., 1995). The procedures used to define map
units are consistent with practices used by most scientists for sur-
face mapping.

The map constructed by Lundstrom et al. (1995) for the
eastern side of Yucca Mountain is largely compatible with the map

I References cited in the TBR are denoted by boldface type throughout this
report.
2 Listed as in press in the TBR.
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published by the state of Nevada for the western side of Yucca
Mountain (Faulds et al., 1994). Differences between mapped units
appear to be relatively minor and are due to differences in inter-
pretation of some of the surfaces owing to relatively poor age con-
trol.

The production of a surficial geological map requires that
both the spatial distribution of mappable units and their ages be
determined. The ages of most of the mapped surficial deposits at
Yucca Mountain are not known. As noted previously, research re-
ported in the TBR focuses on dating two types of deposits, alluvial
and hillslope deposits. The ages of the hillslope deposits were es-
timated with cation ratio techniques. A review of this work is pre-
sented later in this chapter. The alluvial deposits have been dated
by using radiocarbon techniques, U-trend techniques, and soil
characteristics (fylor, 1986; Hoover, 1989). More recent age de-
terminations employ thermoluminescence, tephrochronology, and
U-series disequilibrium techniques. These recent data are not in-
cluded in the TBR but were presented to the committee during the
field excursion. These recent determinations provide age estimates
of 40-100 ka3 for the youngest terrace deposit adjacent to Forty-
mile Wash (S.C. Lundstrom, U.S. Geological Survey, personal
communication). These estimates are considerably younger than
the 150-ka estimate of this same terrace presented in Section
4.4.3.1 of the TBR. This difference is significant because it af-
fects the assessment of the potential for fluvial erosion at the
Yucca Mountain site.

3 The unit ka denotes thousands of years before the present, where the
"present" is defined relative to some reference year, usually A.D. 1950 for
radiocarbon dates.
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Ages of other types of hillslope deposits were determined
as part of a research program designed to evaluate recent faulting
(Paces et al., 1994). Trenches were dug across faults near the
bases of certain hillslopes, and colluvial deposits exposed in the
trenches were dated by using U-series disequilibrium methods on
pedogenic carbonates and thermoluminescence techniques on
quartz grains. Surface ages at these sites range from modem to
approximately 100 ka (Paces et al., 1994). These ages suggest that
the colluvial deposits at trench locations near hillslope bases are
extremely stable. However, the TBR does not report these data.

Support for Technical Interpretations

The ages of the surficial units reported in the TBR are not
well determined, which makes it difficult to assess the validity of
the interpretations. The committee views surficial mapping as a
first step in a determination of the potential for landscape change
at the site. Other components of this analysis should include (1) an
identification of the major geomorphic processes that are respon-
sible for these mapped geomorphic surfaces and deposits, includ-
ing possible interactions between hillslope and channel erosion
processes, and (2) the ages of these surficial deposits.

Credible Alternative Interpretations

As noted previously, there are differences in the interpreta-
tion of mapped units between Lundstrom et al. (1995) and Faulds
et al. (1994). The TBR should have cited the Faulds et al. (1994)
map and discussed these differences.
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The TBR emphasizes the east side of Yucca Mountain in
both the surficial mapping and the evaluation of fluvial erosion
(next section). It does not give the rationale for this emphasis, but
presumably DOE scientists reason that erosion potential is higher
on this side of Yucca Mountain. An alternate hypothesis would be
that there is also a significant potential for erosion of Yucca
Mountain from the western drainages (i.e., the Amargosa River
drainage) and hillslopes. As shown in Figure 1.4, the western side
of Yucca Mountain is significantly steeper than the eastern side
and therefore may be more prone to erosion. Is erosion of this
slope likely under present or future climate conditions? Note that
such erosion could occur by either scarp retreat or stream head-
cutting. What would the effects of climate change be on erosion of
the western slope during the period of regulatory concern? Surfi-
cial investigations on the western side of Yucca Mountain could
provide the information needed to evaluate these questions.

Testing to Discriminate Among Alternative Interpretations

Comparison of surficial units and their ages on both the
east and the west sides of Yucca Mountain is needed to evaluate
the results of DOE and State of Nevada mapping programs and to
compare landforms and geomorphic processes. Better age deter-
minations are needed on the mapped units on both sides of Yucca
Mountain. Such ages would significantly reduce scientific uncer-
tainties in hillslope and fluvial erosion histories.
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Summary and Conclusions

The geomorphic surfaces and deposits at Yucca Mountain
are of different ages and likely were formed by a variety of geo-
morphic processes. The identification of surficial units is a starting
point in any exercise to determine the processes by which these
geomorphic surfaces have formed, their ages, and their relative
stability. Such data are important for assessing long-term erosion
potential, because they attest to the spatial and temporal rates of
erosional processes operating in the region.

Based on information received by the committee during the
field excursion, surficial mapping appears to be a relatively recent
effort at the site, and it does not appear to be well coordinated
with efforts to evaluate hilislope and stream erosion processes.
The committee believes that the coordination of this work would
significantly improve scientific understanding of erosion processes
at the site and the effectiveness of the TBR in conveying this un-
derstanding.

REVIEW OF EROSION POTENTIAL OF
ALLUVIAL DEPOSITS

Sections 2.3-2.5 and 4.4.3 of the TBR discuss alluvial de-
posits and their erosion potential. The focus of that discussion is
on the following two issues:

1. What is the thickness of alluvium in the major stream
valleys at Yucca Mountain?

2. What is the potential for stream and debris flow erosion
at the site?
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Adequacy of Data Collection and Analysis

This review of the adequacy of data collection and analysis
focuses on three aspects of the discussion in the TBR: (1) thick-
nesses and ages of alluvial deposits; (2) surface drainage, fluvial
erosion, and Fortymile Wash evolution; and (3) debris flow depos-
its and debris flow potential. These topics are treated sequentially
in the following sections.

Thicknesses and Ages of Alluvial Deposits

In Sections 2.3 and 4.4.3, respectively, the TBR provides
data on the thicknesses and ages of alluvial deposits. It also pre-
sents interpretations of alluvial history and potential for erosion
based largely on these data. The discussion of alluvial deposits fo-
cuses on Fortymile Wash and adjacent drainages (Figure 1.1);
there is no discussion of alluvial deposits on the west side of
Yucca Mountain. An implicit assumption was made in the TBR
that Fortymile Wash is of greatest concern in terms of the erosion
potential of Yucca Mountain. A rationale for this assumption is
not given in the TBR, but the committee speculates that it is based
on the following site characteristics: Alluvial deposits on the east
side of Yucca Mountain are extensive, and the North Portal
(Figure 1.2) is immediately adjacent to these deposits. The rleva-
tion of the upper block of the proposed repository is between
about 3,450 and 3,650 feet (1,052-1,113 n)4 above mean sea

4 The committee estimated the elevation of the proposed repository using
Figure 4.1.1-1 of the TBR and a topographic map of the region. The elevation
of the upper block of the proposed repository dips slightly toward the north.
Its elevation is about 3,650 feet (1,113 m) at the south end and about 3,450 feet
(1,052 m) at the north end.
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level, which is above the alluvium-bedrock contact in Fortymile
Wash (e.g., Figure 2.1).

Data on the thicknesses of alluvial deposits were derived
from analysis of sediments from drillholes. The locations of the
drillholes are shown in Figure 2.3-1 of the TBR. The TBR does
not present these data effectively (i.e., the data are listed in the
text but not tabulated or analyzed) or evaluate variations in depth
of alluvium in various parts of the stream network and the rela-
tionship of alluvium to the underlying bedrock surface. Conse-
quently, the committee had difficulty in reviewing these data, par-
ticularly with respect to spatial variations in sediment thicknesses
in the valleys east and south of Yucca Mountain.

Stream profiles showing the thicknesses of alluvial deposits
and depth to bedrock along Fortymile Wash were presented to the
committee on the field excursion (Figure 2.1). The TBR should
have included such profiles for all significant drainages. The data
presented in the TBR provide a general picture of thicker accumu-
lations of alluvium in Fortymile Wash than in the smaller tributar-
ies. Figure 2.1 shows that the alluvial fill in Fortymile Wash
thickens significantly in the downstream direction.

Section 2.4.1 of the TBR describes the alluvial deposits of
Sever Wash and Midway Valley near the North Portal Site (see
Figure 1.2). Sever Wash is described as an area characterized by
alluvial fan aggradation and minor erosion in contrast to the area
west of Midway Valley, where narrow, steep-sided valleys are
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incised into bedrock. The TBR does not provide any data or dis-
cussion to support the hypothesis that Sever Wash is currently an
area of minor erosion.

There appears to be an implicit assumption made in the
TBR that current erosional and depositional trends can be extrapo-
lated into the future. That is, the TBR assumes that sites of current
alluvial deposition have low potential for future erosion, whereas
sites currently eroded to bedrock have greater potential for future
erosion. This apparent assumption ignores temporal patterns of
erosion and sedimentation common to semiarid and arid regions
(e.g., Schumm, 1977; Wolman and Gerson, 1978). Erosion rates
may decrease after channels are eroded to competent bedrock.
Thick sequences of alluvial fill represent material that can be
eroded easily under the proper hydrologic conditions. Such condi-
tions might occur, for example, with a change in climate.

Surface Drainage, Fluvial Erosion, and Fortymile
Wash Evolution

Fortymile Wash in the vicinity of Yucca Mountain is dry
except during runoff-generating storm events. Continuous stream-
flow from Fortymile Wash into the Amargosa River (Figure 1.1)
and extensive streamflow within the Fortymile Wash drainage sys-
tem occurred during the 1969 and 1995 flood events (Beck and
Glancy, 1995). Bank erosion and sediment deposition occurred
during these events as well (Beck and Glancy, 1995). Fortymile
Wash has been gauged since 1969, which is not a sufficient time
interval to evaluate flood magnitude and frequency and associated
erosion potential. (Chapter 3 of this report discusses the magni-
tudes of flood events that have occurred at Yucca Mountain.) The
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TBR does not address the possible effects of climate changes that
may alter the rainfall-runoff regime and thereby affect the stability
of alluvial deposits in Fortymile Wash.

Sections 2.5.1 and 4.4.3 of the TBR address the potential
for stream erosion in Fortymile Wash and its tributaries. Section
2.5.1 presents the early history of the evolution of Fortymile
Wash. It describes the present channel as being in dynamic equi-
librium, with neither net aggradation nor net erosion occurring
within the system (Huber, 1988). Data that support this hypothe-
sis of dynamic equilibrium are not presented, nor is there a dis-
cussion of whether such dynamic equilibrium would be maintained
under reasonable scenarios of climate change over the period of
regulatory concern.5

Debris Flow Deposits and Debris Flow Potential

Surficial mapping by Swadley et al. (1984) and by
Lundstrom et al. (1995) identifies a few debris flow deposits at
Yucca Mountain. Colluvium that could have been transported by
debris flows is noted to underlie the North Portal Pad (Figure
1.2). The TBR does not discuss the ages of these deposits and the
potential for future debris flows at this location. The TBR does
note that debris flows have occurred within recent years at Yucca
Mountain. Although it considers debris flows as relatively unim-
portant agents of erosion under the current climate regime, the

s The concept of dynamic equilibrium as applied to rivers in arid and semiarid
systems is not well defined, as noted elsewhere in the text. The committee
takes the term dynamic equilibrium to describe the condition of a river channel
that is adjusted to its water and sediment loads such that no net aggradation or
degradation occurs over periods of decades to centuries.
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TBR presents no data to support this interpretation. The TBR also
does not address the potential for landsliding in the region.

Support for Technical Interpretations

The TBR presents several conclusions concerning alluvial
deposits, debris flows, and the potential for erosion: (1) streams
are in dynamic equilibrium; (2) the potential for erosion of the
alluvial fills is low; (3) rainfall rates and intensities are too low to
accomplish significant fluvial erosion under current climatic con-
ditions; and (4) debris flows are minor erosive agents on the land-
scape. As noted in the previous discussion, however, the TBR does
not present data or analyses to support these interpretations.

The assumption of dynamic equilibrium is not well docu-
mented in the report and probably should not have been made for
the evaluation of fluvial erosion potential. As noted previously, de-
termination of the ages of the alluvial fills is work in progress, and
these ages are poorly established at present. The TBR does not
define the relationships among rainfall events, runoff production,
and channel erosion. Consequently, erosion processes cannot be
evaluated based on the data in the TBR for current or reasonable
future climatic conditions.

Credible Alternative Interpretations

There are several alternative interpretations or hypotheses
that should be addressed in the TBR. These include the following:

1. Stream channels in Fortymile Wash are not in dynamic
equilibrium. The concept of dynamic equilibrium is not well de-
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fined for semiarid channel systems. Research on the alluvial his-
tory of stream channels in semiarid regions indicates that they ex-
perience multiple episodes of scour and fill that can be related to
relatively minor variations in climate or tectonic activity (e.g.,
Schumm, 1977; Bull, 1991). Even under present climatic condi-
tions, rare and infrequent flood events have the potential to cause
significant erosion. It would be useful to examine conditions that
are likely to lead to erosive phases, and the probabilities that these
events might take place. Such erosive phases could destabilize
hillslopes or change local base levels for streams headed on Yucca
Mountain, thereby accelerating erosion near or over the proposed
repository.

2. The potential for erosion of the alluvial fills is high. The
alluvial fill represents unconsolidated material that could be
eroded and transported relatively easily under some hydrological
conditions. Because the hydrological conditions required for trans-
port are largely unknown, it would be useful to evaluate the con-
sequences of erosion of the channels to the depth of the alluvial
fills. What impact would erosion of this magnitude have on the
proposed repository?

3. Climate change involving higher mean annual precipita-
tion over the period of regulatory concern could lead to higher
rates of hillslope and channel erosion at Yucca Mountain. The
TBR does not evaluate the potential impacts of climate change on
erosion at Yucca Mountain. Yet climate change is possible over the
period of regulatory concern. For example, recent research on
global climate change suggests that a shift to more intense storm
events might be a consequence of global warming (Karl et al.,
1995). What impact would climate change have on hillslope and
channel stability at Yucca Mountain?
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4. Debris flows are significant erosive agents on the land-
scape. Debris flows are not considered to be major erosive agents
under current climatic conditions, yet recent occurrences of debris
flows are reported in the TBR. The TBR does not document the
potential frequency and magnitude of these events, however, or re-
port the ages of debris flow deposits. Debris flows can be an ef-
fective mechanism for hillslope erosion since such flows can leave
depressions on hillslopes that can develop into stream channels.
How effective are debris flows as erosive agents on the hillslopes
at Yucca Mountain under current climate conditions? What effects
would possible climate changes over the period of regulatory con-
cern have on the frequency and magnitude of debris flows?

5. The potential for erosion of the alluvial fills on the west
side of Yucca Mountain is high. As noted previously, the TBR
does not address the potential for erosion of the alluvial fills on
the west side of Yucca Mountain (Figure 1.1). What impact, if
any, would erosion of the alluvium in the Amargosa River Basin
have on the proposed repository under present or reasonable future
scenarios for climate change?

Testing to Discriminate Among Alternative Interpretations

It is probably not possible to demonstrate that the stream
channels are in dynamic equilibrium and that alluvial valleys could
not be eroded at some future time. Therefore, a bounding calcula-
tion6 of erosion of the alluvial fills in the valleys to the depth of

6 In conventional scientific practice, bounding calculations are used to
estimate likely upper or lower values of processes or phenomena (e.g., erosion
rates) when observational data or theories are inadequate. Such calculations are
usually made by using relevant information from other sources and professional
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the bedrock should be made. The effect of such fluvial erosion on
hillslope stability should also be evaluated. Removal of the valley
alluvium could significantly increase gradients at the bases of
hillslopes, which could lead to accelerated erosion of gulleys
headed on Yucca Mountain or to increased debris flow frequency
and magnitude. Such tests would significantly reduce uncertainties
in potential for erosion at the site, particularly under scenarios for
future climate change.

The identification of debris flow deposits in cores and val-
ley sediments could be used to address their frequency of occur-
rence, volume of material transported, and spatial distribution.
Surficial mapping, subsurface sampling, and dating studies could
address the effectiveness of debris flows as agents of erosion at
Yucca Mountain.

Summary and Conclusions

A significant deficiency in the TBR is a lack of discussion
of the relationships among surficial deposits and mapped surfaces,
the processes that formed these surfaces, and the choice of sur-
faces for age dating. A conceptual model of the possible interac-
tions between hillslope erosion and fluvial erosion should be pre-
sented. Could fluvial erosion destabilize hillslopes in the Yucca
Mountain area? What is the potential for debris flows or landslid-
ing at the site as evaluated from the spatial and temporal distribu-
tions of these deposits?

judgment to define plausible upper and lower limits to the possible values of the
process that is uncertain.
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The TBR appears to evaluate fluvial erosion in terms of
minimum estimates. It assumes that stream channels are in dy-
namic equilibrium and, thus, unlikely to erode through the valley
fills. The potential for fluvial erosion at the site should be evalu-
ated in terms of bounding scenarios. For example, what would
happen if the alluvial valley fills were eroded to bedrock?

DOE has not conducted a general program of research on
erosion processes and rates. Instead, efforts to evaluate erosion
have focused on two topics: (1) an evaluation of the alluvial his-
tory and the potential for channel incision in Fortymile Wash and
its tributaries, and (2) an evaluation of the ages of hillslope depos-
its on Yucca Mountain and Skull Mountain (discussed later in this
chapter). The TBR offers no justification for the decision to evalu-
ate the erosion potential of Fortymile Wash and its tributaries and
to ignore the drainages on the western side of Yucca Mountain.
Similarly, the rationale for examining the ages of heavily var-
nished hillslope deposits rather than a systematic study of the ma-
jor hillslope units, including debris flow deposits, is not presented.

REVIEW OF QUATERNARY GEOCHRONOLOGY

Section 4.3 of the TBR (see Table 1.1) discusses Quater-
nary geology. The focus of this discussion is on the determination
of ages of colluvial boulder deposits on the flanks of Yucca Moun-
tain and Skull Mountain. The hypothesis presented in the TBR is
that these boulder deposits have been relatively stable and that
"channels" incised into the hillslopes adjacent to them (see Table
4.4.2-1 and Figure 4.3.2.1-2 in the TBR) can be used to approxi-
mate long-term erosion rates by means of the following formula:
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Erosion Rate = (Depth of Hillslope Channel)/
(Age of Colluvial Boulder Deposit) (2.1)

The TBR relies almost exclusively on cation ratio dating
(CRD) to date the exposure ages of colluvial boulder deposits.
This method involves measurement of the ratio

(Ca + K)/(Ti ± Ba) (2.2)

in the manganese- and iron-rich rock varnish formed on boulder
surfaces, which has been shown to vary inversely as a function of
age (Dorn, 1983; Harrington and Whitney, 1987).

Section 4.3 of the TBR is almost identical to a section
from the DOE topical report on extreme erosion (DOE, 1993).
The Nuclear Regulatory Commission reviewed this topical report
(USNRC, 1994). Many of the issues discussed in the following
sections are also addressed in the USNRC review.

Adequacy of Data Collection and Analysis

The committee's review of the adequacy of data collection
and analysis focuses on the following three aspects of the discus-
sion in the TBR: (1) criteria used to select CRD methods for sur-
face exposure analysis; (2) the calibration, accuracy, and precision
of the method; and (3) the types of deposits selected for CRD and
erosion estimates. The following sections address these issues.
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Criteria for Selecting CRD

The rationale for selecting CRD for geochronology (see p.
44 to 4-6 of the TBR) was that it could be applied to boulder de-
posits having a range of Quaternary ages. The committee under-
stands that the decision to select the CRD method was made in the
mid-1980s. At that time, a number of other techniques for surface
exposure dating were being developed (notably, 36C1, '0Be, 26Al,

and 3He) but were not yet readily available for use. These methods
have come into general use only in the past few years.

A number of statements made in the TBR concerning the
selection criteria for CRD are not well justified. These include the
following:

1. Alternate methods to date soils (i.e., U-series dating of
carbonates) were not utilized because they provide "a minimum
limiting age for the hillslope surface" (TBR p. 4-5). However, U-
series dating has been used extensively in surface mapping efforts
(Paces et al., 1994; Lundstrom et al., 1995) and could be useful
in providing estimates of erosion rates. Analysis of soil ages would
have provided complementary erosion rate data that are not de-
pendent on assumptions concerning the origin of the boulder de-
posits.

2. The use of cosmogenic nuclides was excluded because
they were not considered applicable to the relevant lithologies
(quartz-rich tuffs and basalts; TBR point 3, p. 4-5). Both prelimi-
nary results presented to the committee on the field excursion and
published information (e.g., Cerling, 1990; Poths and Crowe,
1992; Zreda et al., 1993; Crowe et al., 1994; Wells et al., 1995)
suggest that cosmogenic nuclides are applicable in surface dating
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studies at Yucca Mountain. Indeed, surface exposure dating is now
applied widely in the study of Quaternary processes (Beck, 1994).

3. CRD was selected to avoid the problems of
"inheritance" from exposure prior to deposition (TBR point 6, p.
4-6), which would produce unrealistically old ages for cosmogenic
nuclide methods. In the case of cosmogenic techniques, the impor-
tance of prior exposure can frequently be evaluated by sampling at
depth in the deposit or by measuring several nuclides with differ-
ent half-lives (see Lal, 1991, for a discussion of cosmogenic iso-
topes and inheritance). Inheritance problems are also possible with
varnish formation. In fact, inheritance is a general problem with
all surface dating techniques.

The TBR implies that CRD is the best technique for esti-
mating surface ages in the vicinity of Yucca Mountain. The com-
mittee disagrees with the notion that any one technique could be
chosen as the "best" in this area and believes that several different
techniques should be applied.

Calibration, Accuracy, and Precision of CRD

Because the processes of varnish formation are complex,
application of CRD requires the development of an empirical cali-
bration curve.7 The calibration curve used to calculate ages in the

7 A calibration curve is obtained by plotting the cation ratios (Equation 2.2)
from several surface deposits against the ages of those surfaces. The ages are
determined by independent geochronologic methods. After this curve has been
established, an unknown sample can be dated by measuring its cation ratio and
plotting it on the calibration curve to obtain its age.
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TBR is based on U-trend8 and potassium-argon (K-Ar) dating of
lava flows at Crater Flat and clasts of welded tuff on an alluvial
surface at Fortymile Wash (Harrington and Whitney, 1987).

The calibration curve can introduce uncertainties and sys-
tematic errors in the determination of ages of colluvial boulder
deposits. The committee could not evaluate these uncertainties and
errors because neither the TBR nor the published literature present
a detailed discussion of the calibration data. Varnish begins to
form on surfaces some time after eruption of lava flows or deposi-
tion of alluvium. The interval of time between eruption or deposi-
tion and varnish formation is unknown. The age data for the cali-
bration curve are also difficult to evaluate because the youngest
ages were obtained by U-trend dating, which is not well under-
stood, as noted in footnote 8.

Peterson et al. (1995) recently published a new CRD cali-
bration curve for the Yucca Mountain region.9 The calibration
ages on this curve are significantly different from the ages for the
curve used in the TBR (see Table 4.3.2.3-1 of the TBR). These
calibration ages are given in Table 2.1 and are plotted in Figure
2.2. As shown in Figure 2.2, most of the calibration ages from
Peterson et al. (1995) fall outside the range of uncertainties for the

8 U-trend dating is an empirical method that relies on the open-system
behavior of the daughter isotopes of uranium within soils. Because the
mechanism of open-system behavior is unknown, this technique is not widely
used. This method is distinct from U-series disequilibrium dating, which relies
on the closed-system behavior of thorium and uranium and their radioactive
daughters.
9 Te primary differences between the calibration curve of Peterson et al.
(1995) and that used by Harrington and Whitney (1987) are the number of
points and the methods used to determine the calibration ages. Peterson et al.
(1995) used 14C methods to obtain calibration ages, whereas Harrington and
Whitney (1987) used U-trend dating. Both sets of ages are from samples
collected near Crater Flat.
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calibration ages used in the TBR. This suggests that the uncertain-
ties presented in the TBR are underestimates. 10

The TBR also does not distinguish between the precision
and the accuracy of CRD data. 1 The uncertainties in the age
ranges presented in the TBR are based on the standard deviation of
the measured cation ratios in varnish samples and reflect the ana-
lytical precision (i.e., reproducibility of measured cation ratios on
duplicate samples from the same site) rather than the accuracy of
the mean CRD (i.e., how close the measured age is to the actual
age). There are many ways to obtain precise, but inaccurate,
CRDs. Accuracy can be assessed by using multiple geochronologic
techniques and bracketing CRD ages by using dates on related de-
posits.

Support for Technical Interpretations

The following discussion focuses primarily on the follow-
ing two issues: (1) the cation ratio technique itself and (2) the se-
lection of sites for dating.

10 The error estimates given in the TBR do not account for uncertainties in the
calibration ages used to construct the calibration curve. Had these been
included, the uncertainties in the cation ratio ages would have been significantly
greater. The committee understands that efforts are now under way to
recalculate the uncertainties for the data published in ~alrington and Whitney
(1987) to account for this additional error.
I The term precision refers to the degree of agreement among repeated
measurements of a quantity such as the cation ratio. The term accuracy refers
to the degree of agreement of a measurement of a quantity with its actual or real
value.



48 REVIEW OF DOE TECHNICAL BASIS REPORT

TABLE 2.1 Comparison of Calibration Ages and Uncertainties
from the TBR with Calibration Ages from Peterson et al. (1995)

Sample Cation Ratio Age in TBR Age Range Recalculated
Number (Equation 2.2) (ka) in TBR (ka) Age (ka)a

YME-1 2.99 640 610-670b 568

YME-2 4.52 170 40-180 83

YMW-1 3.34 465 400-515 365

YMW-2 2.97 645 630-660 582

YMW-3 2.88 710 680-740 652

YMN-1 2.79 760 710-820 730

LSM-1 2.52 960 930-990 1,025

SKM-1 2.74 800 760-830 778

SKM-2 2.68 830 800-880 838

SKM-3 2.28 1,180 1,110-1,270 1,387

SKM-3A 2.49 990 960-1,030 1,065

BM-1 2.09 1,380 1,260-1,510 1,762

Note: ka = thousand years before the present.
a Based on the calibration curve of Peterson et al. (1995).
b This range is reported as 610-970 ka in the TBR, but
Whitney and Harrington (1993).

as 610-670 ka in
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FIGURE 2.2 Graph comparing calibration ages and uncertainties from the TBR with
the calibration ages of Peterson et al. (1995). The horizontal error bars indicate age
uncertainties.
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Cation Ratio Dating

There is considerable scientific disagreement with regard
to all aspects of the CRD method-mechanisms of varnish forma-
tion, sample selection criteria, and analytical techniques for meas-
uring cation ratios (e.g., Dorn and Krinsley, 1991; Reneau and
Raymond, 1991; Bierman and Gillespie, 1994; Bierman and
Gillespie, 1995; Dorm, 1995; Harrington and Whitney, 1995). A
comprehensive discussion of CRD is beyond the scope of this re-
view, but several issues merit comment.

The procedures used to obtain cation ratio dates introduce
a systematic bias toward older ages, and the tabulated ages in the
TBR probably represent maximum ages for the reasons noted be-
low. The following procedures are of particular interest in this re-
gard:

1. Colluvial boulder deposits were selected for geochro-
nologic analysis because they were considered the most stable and
thus the oldest surfaces at Yucca Mountain.

2. Field selection of samples for CRD analysis was based
on the appearance of the varnish (i.e., color, thickness, and re-
flectivity; see Harrington and Whitney, 1987), which may pref-
erentially select for the older clasts in a mixed population (Dorm,
1994).

3. Cation ratios are measured on six spots from each
sample by using a scanning electron microscope with an energy
dispersive x-ray attachment. The highest cation ratio of the six is
discarded on the assumption that many processes can contribute to
the development of high cation ratios (i.e., younger ages),
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whereas artifacts contributing to low cation ratios (i.e., older ages)
are rare (Harrington and Whitney, 1987).

The TBR argues that the cation ratio dates represent minimum
ages, which may not be correct for the reasons noted above.

There are other controls on varnish chemistry that can in-
troduce both random and systematic errors in age determinations.
The iron-manganese crusts on the boulders can incorporate air-
borne dust, resulting in anomalous cation ratios. Substrate chemis-
try, microbial activity, vegetation, and local climatic conditions
may also affect varnish chemistry (Krinsley et al., 1990; Reneau
et al., 1991; Reneau et al., 1992; Krinsley et al., 1995). Indeed,
the calibration curves for Yucca Mountain are distinct from those
at Espanola Basin, possibly due to climatic differences
(Harrington and Whitney, 1987). This suggests that a calibration
curve must be generated for each locality. There is also evidence
that the varnish layers are heterogeneous, perhaps as a result of
past climatic changes during exposure (Krinsley et al., 1995). The
TBR does not discuss or evaluate any of these issues. Considering
the large number of published papers evaluating the strengths and
weaknesses of CRD, the committee believes that these issues
should receive more comprehensive discussion.

Choice of Sites for Cation Ratio Dating

According to the TBR, dating of heavily varnished collu-
vial boulder deposits on the hillslopes of Yucca Mountain and
Skull Mountain is the most reliable means for estimating long-
term erosion rates (see also Whitney and Harrington, 1993).
However, some investigators have suggested that these boulder de-
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posits were formed by deflation of the underlying surface over
time (Dorn and Krinsley, 1994; Wells et al., 1995). If this inter-
pretation is correct, the CRD data presented in the TBR represent
maximum ages and minimum erosion rates. As noted earlier,
sample selection and analysis protocols may also select for maxi-
mum ages.

The method for calculating erosion rates assumes that the
channels adjacent to the colluvial boulder deposits were produced
by hillslope erosion (see Figure 4.3.2.1-2 of the TBR). It also as-
sumes that no erosion occurred on the boulder deposits. Post-
depositional modification of the hillslope could minimize the relief
adjacent to the colluvial deposits (e.g., by mass wasting), which
would make the calculated erosion rates less than maximum val-
ues.

The greatest uncertainty associated with the erosion rate
calculation in the TBR is the assumption that a single type of de-
posit can yield representative estimates of long-term erosion rates
at Yucca Mountain. Erosion may occur over different time and
spatial scales, and proper characterization of past erosion requires
consideration of a variety of possible mechanisms, as discussed in
the next section.

Credible Alternative Interpretations

The TBR should address several important alternative hypotheses
that emerge from the foregoing discussion:

1. The ages determined for the heavily varnished boulder
deposits do not reflect the duration of stability of the hillslopes. It
is possible that the colluvial boulder deposits are relatively recent
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features and have relatively old CRD ages because the varnish
formed, or began forming, prior to their "deposition" in their
present positions on the hillslope (e.g., Dom and Krinsley, 1994;
Wells et al., 1995).

2. The erosion rates calculated from the hillslope deposits
(if one assumes, for the moment, that the CRD calibration curve
is correct and no sampling bias has been introduced) are not rep-
resentative of hillslope erosion rates at Yucca Mountain. The cal-
culation of erosion rates assumes that the small amount of relief
adjacent to the colluvial boulder deposits represents the total ero-
sion on the hillslope (e.g., Figure 4.3.2.1-2 in the TBR). How-
ever, the original configuration of the hillslopes is unknown. The
boulder deposits could have been deposited in small channels, and
subsequent erosion could have inverted hillslope topography.

3. Erosion rates at Yucca Mountain are spatially variable.
The approach used in the TBR assumes that erosion rates esti-
mated from the colluvial boulder deposits can be used to charac-
terize an "average" erosion rate for the entire region. However, it
is well known from studies of other regions that erosion occurs at
different rates in different areas (e.g., stable hillslopes versus
faulted hillslopes versus stream drainages) and that erosion may be
episodic rather than constant through time.

ITesting to Discriminate Among Alternative Interpretations

A number of important tests could be performed to evalu-
ate the alternative hypotheses:

1. Given the importance of CRD to the TBR and the
uncertainties involved in the technique, additional geochronologi-
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cal techniques should be applied to validate the CRD method and
obtain independent age estimates. A number of independent dating
methods are applicable to the boulder deposits, including '0Be and
3He methods. Both methods should apply over the age range in
question. The shorter-lived cosmogenic nuclides C, Al, and
36C1 may not be suitable, but could be used if the 10Be and 3He

ages are significantly younger than indicated by the CRD method.
The committee notes that 3He and 36Cl methods have been used to
estimate exposure ages of lava flows at Lathrop Wells Volcanic
Center (Crowe et al., 1992; Poths and Crowe, 1992; Zreda et al.,
1993; Crowe et al., 1994) and appear to provide consistent
results.12 On the other hand, comparisons of CRD on Buckboard
Mesa with 36CI dates (TBR section 4.3.3) differ by a factor of
approximately two to four.'3 Clearly, more comparative work is
needed to check the CRD results.

2. It should be possible to determine the spatial variability
of erosion rates by applying other geochronological methods to a
variety of hillslope and alluvial surfaces. For example, cosmogenic
nuclide measurements from the top of Yucca Mountain could be
used to calculate local erosion rates, independent of geomor-
phological assumptions.

3. The hypothesis that an erosion rate calculation obtained
from a single type of deposit (colluvial boulders) is sufficient to
characterize the regional erosion rate could be tested by applying

12 Exposure ages of the lava flows at Lathrop Wells are estimated to be 48-73
ka for 3He dating with an absolute uncertainty of about 30% (Poths and Crowe,
1992) and 75-85 ka for 3CI dating (Zreda et al, 1993).
13 The estimated mean CRD age of Buckboard Mesa is given as 1,380 ka in
Table 4.3.2.3-1 of the TBR, versus 310-600 ka for the 36CI ages given in
Section 4.3.3. However, the TBR notes that the latter ages are somewhat
problematical owing to near-saturation of 36C1 in some of the rocks.
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different calculation methods, as discussed in more detail in the
next section.

Cosmogenic isotopic methods have come into their own
only in the past few years. They can yield ambiguous results un-
less they are applied carefully and are interpreted within the geo-
logical context of the region. The integration of this geochro-
nological work with surficial mapping is essential to provide the
necessary context and control for interpreting the surface ages.

Summary and Conclusions

The lack of critical discussion of the uncertainties and as-
sumptions of CRD is a significant deficiency of the TBR. The fo-
cus of the TBR on the precision of CRD, when accuracy is more
important for the overall conclusions, is also problematic.

The erosion rates at Yucca Mountain appear to be ex-
tremely low under current climatic conditions on the basis of the
data presented in the TBR. However, the TBR does not effectively
make the case that these rates are representative of the region, be-
cause it relies on a single type of hillslope deposit and a single
method for age determination. Estimates of erosion rates should
be made by using a variety of approaches, as discussed above and
in the next section.

There are a number of ways of testing the interpretations
and conclusions presented in the TBR. None of these were pre-
sented or discussed. Different dating techniques, such as He and
1OBe, could be applied to the colluvial boulder deposits to check
CRD results. Additional dating studies of other geomorphic sur-
faces, as well as other methods for the erosion rate calculations,
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should be utilized in order to obtain estimates of the spatial vari-
ability of erosion rates at Yucca Mountain.

REVIEW OF EROSION RATES

Sections 4.1-4.2 and 4.4-4.7 of the TBR (see Tble 1.1)
provide a discussion of erosion. The focus of this discussion is on
estimating long-term rates of erosion at Yucca Mountain. The
TBR employs a numerical approach to characterize erosion. It cal-
culates a numerical erosion rate for two types of erosional proc-
esses operating at selected sites at Yucca Mountain. The TBR then
generalizes these numbers to infer the long-term average erosion
rate applicable to the ground surface overlying the proposed re-
pository.

Adequacy of Data Collection and Analysis

Calculation of erosion rates for Yucca Mountain is based
on a standard geomorphic rate formula that is a generalization of
Equation 2. 1:

Process Rate (R) = Process Magnitude (M)I

Time of Process Operation () (2.3)

The numerical values obtained from applying this formula to se-
lected sites and processes are used to infer average erosion rates at
Yucca Mountain. The TBR devotes considerable attention to the
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determination of surface ages that represent parameter T in Equa-
tion 2.3, as discussed in the previous section.

The TBR uses this rate formula without critical analysis. It
is well documented that apparent geomorphic process rates (R)
depend on the time scale () over which process operation is de-
termined (Gardner et al., 1987). This dependence is such that
rates for a given process determined over relatively short time in-
tervals are generally much higher than rates determined over rela-
tively long time intervals. Reasons for this variation have to do
with the natural variability of processes over time and space. For
example, many processes vary in rate through time. They are
more rapid in certain time intervals, such as periods of active tec-
tonic uplift, and less active in other intervals, such as periods of
tectonic quiescence. Processes may also be cyclic in character,
such as the cut and fill cycles of aggradation and degradation in
drainage systems. Calculation of a single rate (R), over an arbi-
trary time interval (7), completely ignores the relevant time scales
of these variations.

The TBR's analysis of longer-term erosion rates (R) via
Equation 2.3 focuses on two specific processes: (1) hillslope ero-
sion associated with heavily varnished (and presumably ancient)
colluvial boulder deposits, and (2) stream incision along the major
drainage (Fortymile Wash), which presumably provides local base
level control for drainage off the eastern side of Yucca Mountain.
The heavily varnished boulder deposits are a common though not
ubiquitous feature on the hillslopes of the region. They are par-
ticularly prominent along the escarpment at the western side of
Yucca Mountain.

Determination of process rates for hillslope erosion and
stream incision would conceptually appear to bracket the potential
for future erosion of Yucca Mountain, which might be envisioned
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to involve (1) escarpment retreat from the west or (2) headward
drainage extension from the east, dictated by the base level of
erosion established by incision of Fortymile Wash. The
understanding of these relationships by readers of the TBR would
be facilitated by inclusion of a simple cross section showing eleva-
tions of the land surface of Crater Flat, Yucca Mountain, and
Fortymile Wash; the proposed repository; the water table; and
other pertinent features. Figure 1.4 is an example of the kind of
graphic that the TBR should have included.

Support for Technical Interpretations

The analysis of erosion rates in the TBR was performed on
colluvial boulder deposits at Yucca Mountain, Little Skull Moun-
tain, Skull Mountain, and Buckboard Mesa (see TBR Table 4.4.2-
1). In addition, an analysis of erosion rates was made on se-
quences of terraces along Fortymile Wash on which age dates have
been obtained. The colluvial hillslope deposits are not the only
kind of hillslope feature in the region, nor are they necessarily
representative of hillslope erosion rates. They may well occur at
local sites representing some of the lowest long-term erosion rates
in the region. There may be other areas at Yucca Mountain that
are eroding at much higher rates than these stable hillslopes, as
discussed later in this section.

The TBR reports incision rates for Fortymile Wash that are
based on time intervals () determined through U-trend dating,
which, as noted previously, is now considered highly problematic.
New dating results presented to the committee during the infor-
mation-gathering sessions need to be incorporated into the calcu-
lations made in the TBR. Furthermore, the TBR assumes that the
terraces represent continuous time sequences; they could have
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been deposited over relatively short time periods, with long inter-
vening periods of no deposition.

The TBR makes a useful comparison of Yucca Mountain
erosion rates, presumed to be represented by the ancient colluvial
boulder deposits, to erosion rates from other parts of the world.
The hypothesis of exceedingly low long-term erosion rates at
Yucca Mountain (approximately 2 mm/ky or 2 m/My; TBR, Table
4.4.2-1)14 is comparable to the extremely low erosion rates known
from ancient cratonic landscapes of the Gondwanaland continents,
for example, Australia and southern Africa (Young, 1983; Bishop,
1985). DOE's conclusion that erosion rates at Yucca Mountain,
which is part of the tectonically active Basin and Range Province
of western North America, are comparable to rates for the ancient
landscapes of the Gondwanaland continents is a fascinating scien-
tific hypothesis. The committee believes that this hypothesis needs
to be examined with some care and corroborated with additional
data.

Tectonically active areas, regardless of climate, typically
have long-term, average erosion rates of 1,000 mm/ky or 1,000
m/My (Sunierfield, 1991)-although rates may vary locally by
several orders of magnitude depending on tectonic setting and ac-
tivity and the time scale over which such rates are measured
(Ollier, 1981). The hypothesized long-term average erosion rates
at Yucca Mountain are only a fraction of this rate according to the

14 The TBR reports erosion rates by unit designations that are unconventional.
Erosion rates are reported in units of cmlka. The unit ka' means thousand
years before present' and thus applies to ages, not time intervals. The proper
unit for time intervals is "ky," which means "thousand years." The convention
in geomorphology is to report erosion rates in millimeters rather than
centimeters. This designation would promote comparison to the published
literature in which erosion rates are typically reported as mm/ky or m/My
(where My = million years).
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data presented in the TBR. Is Yucca Mountain a region of unusual
long-term stability within a larger, tectonically active region char-
acterized by more rapid denudation? Such stability is certainly
possible, because extension in the Basin and Range province is
nonuniform and erosion is quite variable. What other data, besides
the limited number of site-specific erosion formula calculations,
are consistent with this interpretation of long-term stability? Con-
sideration of these questions is essential to demonstrate that Yucca
Mountain is indeed a long-term stable block in this otherwise tec-
tonically active region.

Credible Alternative Interpretations

Perhaps the most compelling alternative hypothesis, which
is based on general understanding of erosion rates in western
North America, is that long-term erosion rates at Yucca Mountain
are much higher than those cited in the TBR. Another alternate
hypothesis, which is applicable to landscapes of high apparent
stability (Twidale, 1976, 1991), is generally termed the
"hypothesis of unequal erosion." This hypothesis holds that major
elements of a landscape, particularly plateau surfaces and adjacent
hillslopes, may exhibit very low rates of erosion, while adjacent
elements, usually incised stream valleys, exhibit extremely high
rates of erosion. A corollary of this hypothesis is that the zones of
high erosional rate may migrate-for example, by headward stream
erosion-into the zone of stability. Does this hypothesis apply to
Yucca Mountain? Can this hypothesis be falsified? Note that this
hypothesis introduces a mode of erosion-headward cutting of the
stream channels-that is potentially applicable to the eastern and
western sides of Yucca Mountain but is not explicitly discussed in
the TBR. Figure 1.4 shows that the elevation of the upper block of
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the proposed repository is about 200 feet (approximately 60 m)
above the bedrock-alluvium contact in Fortymile Wash. Removal
of this alluvium and initiation of headward erosion on the east side
of Yucca Mountain could potentially unroof the repository.15 It is
therefore essential to understand the overall pattern of erosion in
time and space, and credible scientific evidence needs to be
offered that this understanding applies over the time scale of
regulatory interest.

Testing to Discriminate Among Alternative Interpretations

The focus of the TBR on ancient colluvial hillslope
deposits and on the incision of Fortymile Wash ignores a variety of
alternative approaches for determining regional erosion rates. The
hypothesis that such sites represent the long-term erosion rate for
the entire region, and specifically for the ground surface overlying
the repository, needs to be tested. Such tests might involve esti-
mating erosion rates at a few other hillslope sites in the Yucca
Mountain region that are not mantled with heavily varnished col-
luvial boulder deposits. Examples of such sites include incised
gulleys and stream channels that drain Yucca Mountain and show
indications of more rapid erosion. Comparison of erosion at such
sites can serve as bounding calculations to test the interpretations
and conclusions presented in the TBR.

15 The distance between Fortymile Wash and the eastern edge of the upper
block of the repository is approximately 6.1 km or 3.8 miles (TBR Figures 2.3-
1 and 4.1.1-1). Headward erosion from Fortymile Wash into the upper block
of the repository could be accomplished by a stream having a gradient of
approximately 10 m per kilometer (53 feet per mile). The present-day gradient
of Fortymile Wash (calculated from Figure 2.1 of this report) ranges from
about 7.6 m per kilometer (40 feet per mile) near Highway 95 to about 13 m
per kilometer (68 feet per mile) east of Yucca Mountain (see Figure 1.1).
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The committee believes that a much better understanding
of erosion rates at Yucca Mountain could be obtained by applying
a number of different methodologies and evaluating their sensi-
tivities to reasonable ranges of geological parameters. In this ap-
proach, "valid" solutions are those that fit all of the methodolo-
gies, and failures in agreement among the methodologies can be
just as informative as successes. The calculation of erosion at a
variety of hillslope sites in order to obtain a regional and temporal
context for erosion is only one of several methodologies that could
be applied. Other methodologies that may be applicable are the
following: (1) calculation of long-term sediment budgets for
drainage basins on and near Yucca Mountain; (2) topographic
reconstruction of the known pre-erosional landscape and determi-
nation of the amount of degradation necessary to explain its pres-
ent form; and (3) simulation of long-term landscape evolution
employing quantitative modeling of hillslope and channel proc-
esses deduced from first principles.

The following material offers brief comments on these al-
ternative approaches. The committee wishes to emphasize that
these suggestions are merely illustrative of the kinds of tests
needed to reduce uncertainties in the estimates of erosion rates
presented in the TBR.

1. Sediment Budgets. Sediment-budget studies focus on the
accounting within natural drainage systems for sediment sources,
sinks, and transfers through time. This accounting procedure bal-
ances rates of erosion against the time scales and volumes of
sediment accumulation. Thus, it automatically tests the consis-
tency of inferred erosion rates with the natural process of land-
scape evolution.
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2. Topographic Reconstruction. The discussion of drainage
evolution (Section 2.5.1) and long-term channel erosion rates
(Section 4.4.3.2) in the TBR suggests the potential for
reconstructing the topography of ancient landscapes at Yucca
Mountain. Well-dated volcanic sequences are known in the region.
These include the Tiva Canyon Tuff (12.7 Ma16), the Thirsty Can-
yon Group (9.4 Ma), and the Buckboard Mesa basalt flows (2.8
Ma). From a digital topographic model (DTM) of the original
landforms associated with these dated landscape elements, it
should be possible, by subtracting the DTM for the modem land-
scape, to determine an erosion volume. Variations in the rates of
process operation will have to be considered within these long
time intervals.

3. Simulation Modeling. Geomorphic process simulation
modeling, used in combination with data-intensive studies, may
also be helpful in characterizing long-term erosion. As pointed out
in the report Rethinking High-Level Radioactive W2ste Disposal
(National Research Council, 1990, p. 4), such . . . models are
vital for two purposes: (1) to understand the history and present
characteristics of the site; and (2) to predict its possible future be-
havior." The simulation output will have to be carefully compared
to measured erosion rates, sediment budgets, landscape recon-
structions, and other relevant data. The simulations might function
as "thought experiments" comparing alternative conceptualizations
of the physical processes controlling regional landscape evolution
and making predictions that can then be tested against observa-
tions.

16 Ma = million years before present.
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These alternative approaches will be especially useful for
fitting the erosion rate estimates at Yucca Mountain into a regional
context. The committee believes that this regional context is es-
sential for demonstrating that Yucca Mountain is indeed an area of
exceptional erosional stability.

Summary and Conclusions

The focus of the TBR is on temporally and spatially aver-
aged erosion rate estimates for comparison against a regulatory
standard. The TBR presents its conclusions with little discussion
of whether all credible alternative interpretations have been con-
sidered and eliminated on the basis of appropriate scientific test-
ing. The TBR relies on specific Quaternary geochronological tools
that are not widely used (U-trend dating) or are highly problem-
atic in the light of current scientific understanding (CRD), as
noted previously. The TBR devotes too much attention to analysis
of a single dating tool, cation ratio dating, and does not give
enough consideration to the many alternative approaches possible
for Quaternary geochronology. As noted earlier in this chapter, a
combination of geochronological tools is essential for the compari-
sons necessary to evaluate age uncertainties and to establish scien-
tific credibility.

Whatever the limits on dating uncertainties, the measure-
ment of geomorphic processes and their effects over a variety of
time scales is necessary to distinguish cyclic phenomena, such as
those associated with climatic change, from other patterns. The
entire range of erosion processes operating on the landscape needs
to be characterized in terms of local effectiveness and the spatial
variability of that effectiveness. If there is spatial and temporal
variability of erosion rates, then analysis must be made of the pat-
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tern of this variability and how it evolves over the time scales of
regulatory concern. By focusing on a single calculated value, pre-
sumed to represent some spatially and temporally averaged re-
gional erosion rate, the TBR fails to establish credibility in the
scientific basis for numerical characterization of erosion.

The uncertainty in that characterization is not solely a mat-
ter of measurement error in laboratory elemental abundance de-
terminations (for geochronological quantification of time intervals)
or in incision depth measurements (for quantifying process magni-
tudes). The major scientific uncertainties derive from concerns
that portions of the landscape may be eroding much faster than
those cited in the TBR; that processes not considered by the TBR
may be important; and that the causes, regional patterns, and tem-
poral variability of erosion at Yucca Mountain may not be under-
stood.

It is perhaps appropriate to close this chapter with a com-
ment to DOE program managers: The committee is not recom-
mending that the DOE undertake an extensive or expensive pro-
gram of research on erosion at Yucca Mountain. Indeed, based on
the information received during its information-gathering sessions,
the committee suspects that much of the needed work is already
under way (e.g., cosmogenic isotopic dating of some hillslope de-
posits), or that the needed data are already at hand or available in
the literature (e.g., data for estimating regional erosion rates).
Some new data collection may be necessary to estimate erosion
rates of younger hillslope or fluvial deposits. The committee be-
lieves that some additional effort is essential to make a scien-
tifically credible case for the low erosion rates at Yucca Mountain.



3
PRECLOSURE HYDROLOGY

This chapter provides a review of the sections of the tech-
nical basis report (TBR) related to preclosure hydrology, including
flooding potential, ground water conditions in the unsaturated
zone, and water resource potential. These issues are discussed in
Chapters 2 and 3 of the TBR (see Table 1.1 of this report), but are
grouped and discussed together in this chapter because they ad-
dress a common topic-the potential impact of hydrology on the
proposed repository during construction and operation.

The preclosure hydrology sections of the TBR address the
following three questions:

1. Can surface floods enter the access tunnels or shafts or
jeopardize surface operations at the portals during construction
and operation of the proposed repository?

2. Can the repository be constructed, operated, and closed
by using reasonably available technology to control ground water
intrusions?

3. Is the ground water supply at Yucca Mountain sufficient
to provide for the needs of the proposed repository during con-
struction and operation?

66
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REVIEW OF SURFACE FLOODING

The potential for surface flooding at Yucca Mountain is
discussed in Section 2.6 of the TBR. The focus of this discussion
is whether the proposed repository can be constructed, operated,
and closed using reasonably available technology' (RAT) to pro-
tect against surface flooding. The TBR presents estimates of the
water surface elevations associated with the probable maximum
flood (PMF) to demonstrate that flooding does not pose a threat to
three repository facilities: (1) Shaft Site No. 2, which is poten-
tially affected by flooding in Drillhole Wash or Coyote Wash; (2)
South Portal Site and Pad, which are potentially affected by
flooding in an adjacent wash; and (3) North Portal Site and Pad,
which are potentially affected by flooding in Midway Valley Wash
(see Figure 2.6.2-1 of the TBR and Figure 1.2 of this report).

The probable maximum flood is an estimate of the largest
flood that can occur at a site under current climatic conditions.
The PMF is estimated by using a number of very extreme or up-
per bounding values for precipitation and runoff. The PMF proce-
dure is used routinely by engineers in the design of flood-prone
engineering structures such as dams.

Estimation of the PMF for a site can be envisaged as a
three-step process: (1) the probable maximum precipitation
(PMP) event at the site is estimated by using extreme but possible
events based on regional weather records; (2) surface runoff and
the resulting streamflow from this precipitation event are calcu-

t The term reasonably available technology is not defined in the TBR. The
committee understands this term to mean technology in use in other
applications, such as mining, that can be adapted for use at the repository.
2 PMP is the greatest depth of precipitation that can occur over a given
drainage area for a specified duration of time.



68 REVIEW OF DOE TECHNICAL BASIS REPORT

lated; and (3) the flow depth at selected channel cross sections is
estimated from this discharge.

PMFs for selected areas at Yucca Mountain were estimated
using these procedures. Precipitation estimates for Yucca Moun-
tain were taken from a National Weather Service report (NWS,
1977) that provides PMP estimates for the Colorado River and
Great Basin drainages. The PMP event estimate was used to calcu-
late the volume of runoff from specific drainage areas at Yucca
Mountain. Unit hydrographs3 were developed based on the stan-
dardized regional flood graphs for the southwestern United States
used by the U.S. Army Corps of Engineers. The unit hydrographs
and runoff estimates were then used to generate flood hydrographs
for a number of drainages. The flood hydrographs were estimated
by using standard Bureau of Reclamation procedures as described
by Bullard (1991). The maximum discharge rate on the hydro-
graph is called the peak discharge rate, the peak discharge, or the
peak runoff rate. This peak discharge rate was converted to a
depth of flow at selected stream channel cross sections through
flood routing procedures, which require estimates of water veloc-
ity and channel roughness. The maximum predicted depths of flow
at these cross sections were compared directly to the elevations of
the portals, pads, and shaft to determine their flooding potential.

The procedures used to estimate the PMP and peak dis-
charge rates are relatively straightforward engineering calcula-
tions. However, flood routing is less standardized and requires ex-
pert judgment in the estimation of input parameters to a hydraulic

3 A hydrograph is a plot of stream discharge (in units of volume of water per
unit time, for example, cubic feet per second) against time. A unit hydrograph
is the normalized discharge resulting from a specified rainfall of specified
duration. These normalized unit hydrographs are used to generate flood
hydrographs for specific storm events.
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simulation model, in this case the Flood Hydrograph and Routing
algorithm of the Bureau of Reclamation. The critical parameters of
interest in the model are a hydraulic resistance coefficient, called
Manning's n, and the Froude number, a physically significant di-
mensionless ratio that determines the depth and velocity character-
istics of the flow.4 A third important input parameter to this
model, the "bulking factor," is used to represent the effects of en-
trained sediment, air, and debris carried by the flowing water on
the flow depth.

Adequacy of Data Collection and Analysis

The application of probable maximum flood procedures in
the TBR to estimate flood events is consistent with practices used
to design civil structures such as bridges and dams. However, the
TBR descriptions of these procedures, particularly the data and as-
sumptions used in flood routing and water surface elevation esti-
mation, are too brief to allow evaluation of the adequacy of data
collection and analysis. The committee had to consult references
cited in the TBR (i.e., Bullard, 1991; Blanton, 1992; Glancy,
1994) to determine exactly which procedures and data were used.
For example, the TBR does not mention an important assumption
used in the calculations: namely, that critical flow depths are as-
sumed in cases where the Manning equations predicts supercritical
flow velocities. The committee discovered this assumption during
its review of the references cited in the TBR.

4 The Froude number characterizes flow as either subcritical (tranquil) or
supercritical (shooting).
5 The Manning equation is an empirical relationship that relates water velocity
to channel roughness, depth of flow, and the slope of the energy grade line.
The latter is usually assumed to be equal to the slope of the channel bed.
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Support for Technical Interpretations

The TBR is limited in its descriptions of PMF calculations.
Consequently, it does not provide explicit support for the details of
the PMF procedure, including the runoff response, flood routing,
and parameter estimates and assumptions. Estimates of PMF flows
were made for several locations in the washes near the North Por-
tal Pad, South Portal Pad, and Shaft Site No. 2 by using
Blanton's (1992) procedure, which assumed a bulking factor of 2.
Although not stated explicitly in the TBR, it appears that many
calculations were based on a Manning's n value of 0.045. The
assumption of critical flow velocity is conservative for this
assumed value of Manning's n (as noted in the last section, critical
flow depths were assumed in cases where the Manning equation
predicted supercritical flow velocities). That is, the use of this
Manning's n value with a critical flow velocity produces a greater
flow depth (i.e., a "larger" flood) than would be expected under
supercritical flow conditions.

Bounding curves for maximum peak discharge shown in
Figure 2.6.3-1 of the TBR and those from Glancy (1994, derived
from the equation given on p. 28 and the table on p. 29 of that
paper) are generally consistent by a factor of 2 or less, except on
very small watersheds. Given the nature of these kinds of calcula-
tions, these results seem reasonable to the committee.

It would have been helpful to readers to provide more dis-
cussion regarding the procedures and rationale for the selection of
Manning's n value and the bulking factor. Also, the committee
notes that the water surface elevations for the PMFs shown in
Figures 2.6.2-1 and 2.6.2-2 of the TBR are difficult to interpret.
Clearer graphics showing PMF elevations also would be helpful to
readers.
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Comparison of PMF peak discharge estimates (open square
symbols in Figure 2.6.3-1 of the TBR) with the curve used to rep-
resent maximum regional floods (Figure 2.6.3-1, upper curve)
shows that the PMF-based water surface elevations are conserva-
tive: that is, they provide maximum depths of flooding. Given the
high level of uncertainty in estimating flood peaks in arid areas
(e.g., by applying six methodologies, Glancy, 1994, p. 29, pro-
duced estimates with variations as great as a factor of 3 for a spe-
cific site), the differences in flood peak discharges using the
methods cited in the TBR appear reasonable.

Figure 2.6.2-2 of the TBR shows that parts of the pad at
the North Portal Site are within PMF inundation boundaries. The
last two sentences of Section 2.6.2 of the TBR (p. 2-12) state, "A
portion of the existing North Portal Pad to support ESO6 opera-
tions is located in the flood-prone area (Figure 2.6.2-2). This will
be further evaluated in the Guideline Compliance Assessment to
ensure that RAT can mitigate potential hazards for the repository
surface facilities." The committee was unable to determine
whether this pad could be protected from flooding by using RAT,
although such protection would appear to the committee to be
relatively straightforward.

Credible Alternative Interpretations

An alternative hypothesis is that the PMF is significantly
different than estimated because of uncertainties in runoff re-
sponse, Manning's n, and the bulking factor. This could affect the
interpretation of flooding potential at critical surface facilities at
Yucca Mountain.

6 Exploratory Studies Facility.
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Testing to Discriminate Among Alternative Interpretations

The alternative hypothesis can be tested easily through
sensitivity analysis of the estimated water surface elevations to as-
sumed values of runoff response, Manning's n, and the bulking
factor, and the assumption of critical flow depth at all locations in
the stream channels. Bounding calculations involving the system-
atic variation of the Manning coefficient around the value of 0.045
assumed in the TBR and the bulking factor from 1.0 to more than
2.0 would show the sensitivity of estimated water surface eleva-
tions to the assumed values of these parameters. This would pro-
vide additional insight into the uncertainty of the estimated water
surface elevations.

Summary and Conclusions

The use of probable maximum flood estimate procedures
in the TBR is consistent with general engineering practice. As-
sumed values of runoff response, Manning's n (0.045 in all chan-
nels), critical velocity, and the assumed bulking factor of 2, while
likely conservative, are not supported by data or documentation in
the TBR. Nor were they justified by field measurement or citation
to the literature in the references provided in the TBR. More
documentation and explanation of procedures used to calculate
PMFs are needed in the TBR, as are graphics to illustrate PMF
elevations in relation to critical facilities.

More work should be done to assess the sensitivity of the
estimated water surface elevations to the assumed values of Man-
ning's n and the bulking factor, and the assumption of critical flow
depth at all locations in the stream channels. This testing will
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provide additional insight into the effects of these assumptions on
estimates of flooding potential at the sites of interest.

REVIEW OF SUBSURFACE FLOODING

A description of the unsaturated zone hydrostratigraphy at
Yucca Mountain and the potential for intrusion of ground water
into the proposed repository is addressed in Section 3.2 of the
TBR. Subsurface water intrusions during repository construction
and operation could conceivably arise from three sources: (1) deep
percolation of infiltrating surface water through continuous cracks
or fractures; (2) discharge of subsurface water under positive pres-
sure stored above the repository (perched water); or (3) rise of the
underlying water table to the level of the repository. Because the
TBR deals only with preclosure issues, potential adverse effects
are to be evaluated within the projected 50- to 100-year life of re-
pository operation prior to closure.7

Adequacy of Data Collection and Analysis

The TBR does not explicitly address whether rising water
tables or deep percolation of infiltrating surface water could cause
flooding of the repository during the preclosure phase. Although
neither of these two sources appears to the committee to pose a
problem for construction or operation, the report should have
demonstrated this. The percolation rate in this area is extremely

7 The estimated duration of the preclosure phase of the repository is not stated
explicitly in the TBR. The 50- to 100-year estimate was provided to the
committee at one of its information-gathering sessions.
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low (Montazer and Wilson, 1984), and there is no evidence of
steady deep seepage in appreciable amounts (Czarnecki, 1985).
Substantial amounts of data have been collected on infiltration
rates at the site, and age dating of water in the infiltration zone
and water extracted during deep borehole construction has been
attempted, but these data are not discussed in the TBR.

The proposed repository is to be located about 200 m
(about 650 feet) above the present level of the water table, so
significant volumes of recharge would be required to raise the
water table level to the repository. It has been argued that there is
historical evidence for mean annual precipitation amounts up to
100 percent above the current mean annual precipitation in the
area (Spaulding, 1985). Modeling of the steady-state position of
the ground water table for a doubling of mean-annual precipitation
showed that the repository remained in the unsaturated zone, about
30 m (approximately 100 feet) above the final position of the
water table (Czarnecki, 1985). However, it is worth noting that in
these simulations, the predicted steady-state ground water recharge
rate increased by up to a factor of 15 compared to present-day
recharge.

A number of untested simplifying assumptions were made
in this model. The model calculation assumed that the ratio of
runoff to infiltration was identical to present-day conditions. The
calculation also does not include the effects of increased precipita-
tion on unsaturated zone fluxes through large flow channels or on
perched water storage changes. A change in hydrologic response,
such as decreased runoff with increasing precipitation (e.g., due to
the retardation by vegetation), would have resulted in increased
recharge. An empirical relationship between precipitation and re-
charge was also used in the model. This relationship has not been
tested over the range of inputs used in the calculation. Further, the
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model predicts only the steady-state position of the water table. It
does not address the question of how much time would be required
for the water table to re-equilibrate after precipitation is doubled.

Thus, the model exercise has limited value for making
quantitative estimates of water table responses to a doubling of
mean annual precipitation. Because the time frame of the preclo-
sure phase is short (50-100 years), water entry into the repository
from infiltrating water does not appear likely. This could have
(and should have) been demonstrated in the TBR.

Section 3.2.1 of the TBR describes the principal hydro-
stratigraphic units in the unsaturated zone of Yucca Mountain. The
narrative descriptions of these units are probably adequate for the
purposes of this TBR-although they rely on papers by Montazer
and Wilson (1984) and Weeks and Wilson (1984), which were
published prior to most of the detailed site characterization studies
of the unsaturated zone. It would have been useful to include ad-
ditional estimates of hydraulic conductivity, porosity, and water
saturation that have been determined from more recent core sam-
pling and borehole logging. The "conceptual" hydrogeologic sec-
tion presented in Figure 3.2.1-1, which is based on the early work
of Montazer and Wilson (1984), is grossly inadequate for evalu-
ating the potential relationships between perched water zones and
stratigraphic or structural features. An accurately scaled cross sec-
tion that shows elevations of the land surface and locations of
boreholes, the proposed repository, and the water table should
have been provided in the TBR to facilitate understanding.

The TBR discusses the appearance of perched water in
various boreholes and concludes that (1) all perched water is be-
low the proposed repository depth, although it is possible that it
could be encountered during construction and operation, and (2)
perched water does not appear in sufficient quantity to constitute a
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problem that cannot be handled by RAT. The sources of informa-
tion used to identify subsurface water storage are various deep
boreholes in the vicinity of Yucca Mountain extending to the water
table and shallow neutron access tubes confined to the surface al-
luvium. The methods of data collection appear to be up-to-date.
Dry drilling technology was used to construct most of the bore-
holes, which eliminated drilling fluid contamination problems.
Standard methods of isotope analysis were used estimate water
ages. However, little of this information is provided in the TBR.

Support for Technical Interpretations

As noted above, the TBR concludes that perched water
does not pose a problem for preclosure operations that cannot be
solved by RAT, and the committee believes that this conclusion is
reasonable. However, the TBR does not use available data to best
advantage in drawing this conclusion, and some statements of
questionable accuracy appear in the discussion. The brief discus-
sion of perched water on pages 3-4 and 358 of the TBR would
have been clearer and more effective if the report had included a
figure showing the locations of the wells and the geologic cross
sections identifying the perched water locations. The committee
was shown a poster during the field excursion that would have
been adequate for this purpose. The statement made in the TBR on
page 34 that perched water was encountered 100 m
(approximately 330 feet) above the water table in all cores is
wrong, since UZ-14 encountered perched water at an altitude of
965 m (3,165 feet) above mean sea level (TBR, p. 3-5), which is
some 187 m (613 feet) above the water table at that location and

8 Note that pages 3-5 and 3-6 in the TBR are miscollated.



PRECLOSURE HYDROLOGY 7

between 29 m (95 feet) and 87 m (285 feet) below the proposed
repository.9 This hole is about 1 km (approximately 3,300 feet)
north of the site. The absence of graphics or even a comprehensive
table summarizing perched water locations made it extremely dif-
ficult for the committee to discern the spatial distribution of
perched water from the discussion in the TBR.

No attempt was made in the TBR to analyze perched water
locations relative to geologic features in the unsaturated zone,
even though such an analysis might assist in estimating its distri-
bution and extent. The zones of perched water appear to occur
above hydrostratigraphic units of lower permeability, which is
logical, and may also accumulate at or near fault boundaries. Ac-
curately drawn cross sections would have illustrated such relation-
ships.

No information on perched water volumes or its rate of en-
try to the boreholes is provided in the TBR. Although most of the
perched water discovered was insignificant in volume, wells UZ-
14 and SD-7 produced large volumes of perched water [6,000 and
22,000 gallons (23,000 and 83,000 liters)] in short (67- and 90-
hour) pumping tests. Moreover, the perched water in UZ-14 be-
haved as though it were part of a large reservoir (Burger and
Scofield, unpublished manuscript cited in the TBR). This infor-
mation could have been useful in making bounding calculations
about the possible impacts of encountering perched water zones
during repository construction and operation.

9 The water table in UZ-14 is located at about 780 m (2,558 feet) above mean
sea level according to information received by the committee during one of its
information-gathering sessions. The elevation of the northern end of the
repository is about 1,052 m (3,451 feet) above mean sea level for the upper
block and about 994 m (3,260 feet) above mean sea level for the lower block,
based on Figure 4.1.1-1 of the TBR.
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The discussion of RAT is very brief and would have bene-
fited from a discussion of water volumes typically encountered in
mining operations and how they are handled. Rather than take an
analytical approach, the TBR simply states that RAT could deal
with any anticipated problems. The committee has made no at-
tempt to evaluate RAT and merely notes that to enhance the com-
pleteness and credibility of the analysis, the TBR should explicitly
address RAT in the context of the available information on perched
water at the site.

Credible Alternative Interpretations

There are two places in which the TBR has glossed over
points of relevance to the issues surrounding perched water. First,
the extremely high water table levels in wells G-2 and WT#6 to
the north of Yucca Mountain are never mentioned in the perched
water discussion, even though one alternative interpretation for
their existence is that they are in fact perched water, and not part
of the regional water table (e.g., Ervin et al., 1994). The pro-
posed location for the repository is at least 200 m (approximately
650 feet) above the water table that lies directly beneath it. How-
ever, the elevation of the water table in wells G-2 and WT#6 is
about 20 m (66 feet) below the elevation of the northern end of the
upper block of the proposed repository and about 36 m (118 feet)
above the elevation of the northern end of the lower block of the
proposed repository,10 although at least 2 km (1.2 miles) north of
the repository boundary.

10 The elevation of the water table in these wells is 1,029-1,035 m (3,375-
3,395 feet) above mean sea level. As noted in footnote 9. the elevation of the
northern end of the proposed repository is about 1,052 m (3,451 feet) above



PRECLOSURE HYDROLOGY 79

The paper by Fridrich et al. (1994), which was not cited in
the TBR, discusses several possible explanations for the apparent
rise in water table elevation north of Yucca Mountain. These
authors did not discuss perched water as one of the explanations,
although it was proposed by Ervin et al. (1994), which also was
not cited in the TBR. Interestingly, the water table elevations ob-
served in wells G-2 and WT#6 are not too different from the ele-
vation of perched water (965 m [3,165 feet) above mean sea level;
TBR, p. 3-5) in the northernmost well (UZ-14) in which it has
been detected.

The second omission in the TBR is the absence of any dis-
cussion of the age or genesis of the water found in either the
perched water zones or. the shallow neutron access holes. There is
substantial information from ongoing tritium, 14C, deuterium,
strontium, uranium, and 36CI analyses of subsurface pore and
perched water that suggests different hypotheses for the origin of
this water. These data should have been discussed in the TBR,
particularly as they bear on the rate of supply of water to the
perched zones. The information obtained to date (which was pre-
sented to the committee at its information-gathering sessions) sug-
gests that the perched water appears to be quite old. This informa-
tion would have supported the conclusion that perched water is not
a problem for preclosure and would have offered some assurance
that the zones are not connected by short travel times to the sur-
face.

mean sea level for the upper block and about 994 m (3,260 feet) above mean
sea level for the lower block. I
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Testing to Discriminate Among Alternative Interpretations

More work needs to be done to the north of Yucca Moun-
tain to investigate the nature of the high water table in that area.
By pumping wells G-2 or WT#6 and looking for discrete fractures
refilling the pumped zone, it should be possible to determine
whether the saturated zone is perched. This technique was used to
identify the perched water in well UZ-14 (Burger and Scofield,
unpublished manuscript cited in the TBR). The information that is
used to delineate the high-water-table-gradient zone north of the
repository location is very sparse, and the contour lines are subject
to great uncertainty. The potentiometric surface determination
would, therefore, benefit from an additional well placed in the
high-gradient zone. The committee understands that both of these
activities are currently under way at the site (Russ Patterson,
DOE, personal communication).

Summary and Conclusions

Of the three potential sources of subsurface water that
could flood the proposed repository (deep percolation, rising wa-
ter table, and perched water), only the latter is discussed in the
TBR. Inclusion of an analysis of the first two sources would have
been possible, given the body of available information, and would
have added to the completeness of the discussion.

The brief discussion of perched water in the TBR contains
no analysis. The TBR should have included figures showing
topography, geology, structure (e.g., faults), well locations,
perched water, and the ground water table. It also should have
provided quantitative estimates of perched water and data sum-
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maries of relevant information where available. It does not appear
to the committee that perched water will pose problems that can-
not be handled by RAT within the 50- to 100-year life of reposi-
tory operation. Nevertheless, the TBR could have made far more
effective use of existing information in making this point.

REVIEW OF WATER RESOURCE POTENTIAL

Water resource potential at Yucca Mountain is addressed in
Section 3.3 of the TBR. The questions related to water resource
potential are not stated explicitly in the TBR but can be inferred
from information in other references. According to the early site
suitability evaluation (Younker et al., 1992), two questions must
be addressed to evaluate water resource potential:

1. Is adequate water for repository development available
from surface or ground water sources?

2. Can legal rights to available water be obtained?

The second of these questions is outside the scope of a scientific
peer review, although the answer to this question may depend on a
technical evaluation of whether existing ground water resources in
the area are being mined (i.e., being pumped at a rate that exceeds
the long-term perennial or sustained yield of the aquifer). This re-
port, therefore, concentrates on the first question related to analy-
sis of ground water availability.

Another question related to preclosure water supply is
whether the water is of sufficient quality for use at the repository
site. The issue of water quality is not addressed in the TBR, pre-
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sumably because water quality is known to be adequate or water
quality is not of particular concern given its intended use at the
repository site.

An explicit definition of the basic questions related to
water resource availability is essential to judging the adequacy of
data and syntheses; different types of data and different analyses
would be required depending on the nature of the technical ques-
tion. Adequacy of available ground water for repository needs can
be assessed by either (1) accurate estimates of the total amount of
water available for use or (2) a comparison of bounding estimates
of water requirements to bounding estimates of water supplies.
Some statements in the TBR suggest that the total available water
is to be estimated, but other statements indicate that bounding es-
timates of requirements and supplies are the objective. It is not
clear if "available water" is assumed to include all water in the
aquifer or if available water is limited to that which could be pro-
duced without significant mining.

At least three aquifers could be tapped for water supply at
Yucca Mountain: a shallow alluvial aquifer in Fortymile Wash, the
tuff aquifer (shown on the cross sections in Figures 1.3 and 1.4),
and a lower confined carbonate aquifer. The production rates and
modeling results described in the TBR are only for wells com-
pleted in the tuff aquifer, implying that this is the aquifer that will
be used to supply repository construction needs. However, the
TBR makes no explicit statement that this is the only aquifer being
considered for that purpose.
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Adequacy of Data Collection and Analysis

This review of the adequacy of data collection and analysis
focuses on three issues: (1) well and production data, (2) numeri-
cal modeling, and (3) water requirements for repository construc-
tion and operation. These issues are addressed in the following
subsections.

Well and Production Data

The section of the TBR on water resources potential begins
on page 3-6 with a review of water supply and monitoring wells
within the Jackass Flats area (see Figure 1.1). Wells are described
in a chronological narrative rather than in a tabulated summary,
which hinders comparisons and spatial understanding. Production
rates are reported in a variety of units (liters per second, gallons
per minute, cubic meters per day, and acre-feet per year), which
also makes direct comparisons difficult.

Many relevant and available well data are not discussed in
the TBR. These include numerous data from wells completed as
part of the Yucca Mountain site characterization project (e.g.,
Ervin et al., 1994), as well as regional water level data (e.g., La
Camera and Westenburg, 1994). Water levels measured in these
wells can provide important constraints on conceptual" and nu-
merical models of the ground water flow system.

The TBR cites, without any supporting data, an estimate by
Young (1972) of the interval of time required to dewater the aqui-

11 A conceptual model is a description of the distribution of aquifers and
confining units, the location of recharge and discharge areas, and other
important hydrologic properties and boundaries of the ground water system.
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fer at a particular pumping rate. Given that considerable uncer-
tainties still exist regarding the conceptual model of the flow sys-
tem (Fridrich et al. 1994), this estimate may not be accurate.

The summary of annual production rates and periodic
water level measurements from La Camera and Westenburg
(1994), which are shown in Figures 3.3-1 through 3.3-3 of the
TBR, provides the most quantitative data on water availability in
the vicinity of Yucca Mountain. The usefulness of this information
would be enhanced by the inclusion of a map in the TBR indicat-
ing pumping and observation well locations and a cross section
showing open intervals and production intervals of monitoring and
pumping wells, respectively.

Numerical Modeling

The final section of the discussion of preclosure water
supply refers to the simulation results of Czarnecki (1991). These
simulation results are presented without discussion of the concep-
tual model of the ground water system or of the data used to esti-
mate model parameters. Although they are not presented in the
TBR, basic data for conceptual model development and model
calibration are discussed in publications describing the original
numerical model developed by Waddell (1982) as well as in
Czarnecki and Waddell (1984). These publications note that al-
though there is a paucity of water level data north of the proposed
repository, available data in this area indicate an anomalously
steep gradient. Czarnecki and Waddell (1984) also note that there
is a general lack of transmissivity data throughout the modeled
area.
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Water Requirements for Repository Construction

and Operation

Use of the modeling results of Czarnecki (1991) to assess
the adequacy of available water requires that the pumping rates
simulated [up to 7 x 108 gallons per year (2.6 x 19 liters per
year)] be related to those anticipated for repository construction
and operation. No estimates of repository requirements are pro-
vided in the TBR. Table 3.1 of this report summarizes estimates of
water requirements derived from values cited in other documents
including the final environmental assessment (DOE, 1986), site
characterization plan (DOE, 1988), the early site suitability
evaluation (Younker et al., 1992), and a memorandum prepared
by the Department of Energy (DOE, 1995) in response to commit-
tee questions. The wide range of these estimates suggests consid-
erable uncertainty in the water requirements for the repository. In
addition to estimates of repository water requirements, assessment
of water availability may also require analysis of concurrent water
demands (e.g., for irrigation) in adjacent areas that are part of the
same regional aquifer system.

Support for Technical Interpretations

The first interpretation provided in the TBR is the cited es-
timate of 76 to 380 years (Young, 1972) to dewater the aquifer at
a pumping rate of 1,000 gallons per minute (3,800 liters per
minute) or >5 x 0 gallons per year (>1.9 x 109 liters per
year). Potential problems with this estimate resulting from limita-
tions of the model assumptions are noted in the previous section.
The TBR itself questions this interpretation, noting that observed
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TABLE 3.1 Estimates of Water Requirements for Repository Con-
struction and Operation

Peak Rate Annual Rate Cumulative
(gallons per year) (gallons per year) (gallons) Reference

[liters per yearl [liters per year] [liters]

1.14 x 108
[4.32 x 10

1.15 x o
[4.35 x 10)

3.7 x 10'
[1.4 x 1010

>3 x 10

[>1 x 100,

DOE, 1986

DOE, 19881.2 x 10'
[4.5 x 101

> 1.8 x 10'

[> 6.8 x 10
2 x 109

[8 x 1081
Younker et al.,

1992

1 x 108
[4 x 08

1.3 x 07

[4.9 x WI

3.3 x 07

[1.2 x 108]

5.5 x 17
[2.1 x 10

1985 estimates,
Younker et al.,

1992"

DOE, 1995

DOE, 1995

Current usage for
ESF: DOE, 1995

DOE (1986) and Younker et al. (1992) cite the same correspondence as a ref-
erence for these estimates. In DOE (1986), the value 4.32 x 105 rn3 (4.32 x 108
liters) is called an "average annual consumption" for a 32 year construction and
closure period, whereas Younker et al. (1992) refer to this same value as
.water consumption for lifetime repository construction and operation.'
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recovery of water levels in a pumping well following decreases in
pumping rate is inconsistent with Young's assumption of no re-
charge.

The TBR also concludes that the short-term effects of
pumping on the regional potentiometric surface are negligible and
that the tuff aquifer is experiencing regional recharge. This inter-
pretation is consistent with reported recoveries of water levels
during periods. of reduced pumping and with the limited draw-
downs observed during historic pumping. In discussing the water
level monitoring data summarized in Figures 3.3-1 through 3.3-3,
the TBR notes that these data suggest that no permanent draw-
downs have been caused by ground water withdrawals to date in
Jackass Flats. However, without additional information on the
relative locations of pumping and observation wells, and without
more extensive data on regional pumping rates and other ground
water fluxes, it is difficult for the committee to evaluate this con-
clusion.

The TBR also cites a conclusion from Younker et al.
(1992) that preclosure hydrology issues (presumably those related
to water supply) can be accommodated by RAT. As in the case of
the estimate of dewatering rates, no data or analyses to support
this conclusion are included in the TBR. The water supply discus-
sion in Younker et al. (1992) refers to an earlier environmental
assessment (DOE, 1986), which cites a production rate of about
1.3 x 108 gallons per year (4.9 x l liters per year) for well J-13
over the period 1962-1983. The source of this production rate es-
timate is not provided. Thordarson (1983), one of the references
cited in DOE (1986), reports that -13 was pumped nearly con-
tinuously (at an unspecified rate) for many years during which
time decreases in the static water level were less than m.
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The final interpretations in this section are drawn from the
numerical modeling results of Czarnecki (1991). Maximum water
level declines of about 10 feet (3 m) were simulated for "an ex-
treme case" of pumping at 1,390 gallons per minute (5,300 liters
per minute) for 10 years. Whether this represents an extreme case
depends on the water requirements for the repository and other
activities in Jackass Flats, requirements that are not quantified in
the TBR. As noted previously, the model simulation results are a
function of numerous model assumptions and parameter estimates
that are not discussed or evaluated in the TBR.

Credible Alternative Interpretations

The interpretations that would be most sensitive to alterna-
tive hypotheses are those related to the numerical simulation re-
sults of Czarnecki (1991). These results are based on a particular
conceptual model of the hydrogeologic system, described by
Czarnecki (1985), which assumes that a steep gradient to the
north of the site results from a zone of low permeability. Several
other conceptual models have been proposed to explain the high-
gradient area, but none of these are described in the TBR. They
include a model in which a high-permeability zone acts as a drain
to connect the tuff aquifer to the underlying carbonate aquifer
(Fridrich et al., 1994) and another model in which the anoma-
lously high water levels north of the proposed repository corre-
spond to perched conditions (Ervin et al., 1994). The TBR does
not discuss if and how acceptance of any of the alternate concep-
tual models might affect predictions of drawdowns and sustainabil-
ity of ground water supplies during repository construction and
operation.
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The TBR also does not consider the effects of other water
demands in the region (e.g., for irrigation) on the availability of
ground water for the repository. Extensive pumping in adjacent
basins could have significant effects on water levels in the vicinity
of Yucca Mountain, particularly if these rates represent a signifi-
cant portion of the regional discharge. For example, La Camera
and Westenburg (1994) estimate that production rates in the
Amargosa Desert during 1985-1992 were 20 to 60 times higher
than those in Jackass Flats. The maximum estimated production
rates cited by La Camera and Westenburg (1994) in the
Amargosa Desert [more than 3 x 19 gallons per year (1 x 1010
liters per year)] are very similar to the estimate of total steady-
state discharge in Franklin Lake Playa used in the model by
Czarnecki and Wadell (1984), which constitutes more than 60
percent of the estimated steady-state discharge in the region.

Iesting to Discriminate Among Alternative Interpretations

If the particular values of drawdown predicted by
Czarneckl (1991) are critical to regulatory compliance, DOE will
need to refine its understanding of the apparent high-gradient zone
through field testing. Appropriate tests would include drilling
holes in the high-gradient area for evaluation of lithologic and hy-
drologic properties. To test the perched water hypothesis, water
level measurements and hydraulic tests (pumping, slug, injection,
tracer) in multiple holes completed to different depths, or a series
of packer tests in a single hole, could yield useful information on
vertical gradients and lateral continuity of possible perched inter-
vals. To test the drain model, multiple wells extending into the
carbonate aquifer below the tuff would be required.
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Conceptual and numerical models of the ground water sys-
tem would benefit from additional measurements of water levels
and aquifer properties throughout the region. New estimates of
transmissivity could be obtained from analysis of tests in recently
completed boreholes in Midway Valley (Geldon, 1993). Addi-
tional data that would be useful to an assessment of competing fu-
ture demands for ground water would be production histories and
projected future pumping rates of wells in nearby areas such as the
Amargosa Desert.

Alternatively, if bounding estimates of drawdown are all
that are required for regulatory purposes, it may be acceptable to
perform a sensitivity study by constructing numerical models con-
sistent with the alternative hypotheses for the high-gradient zone
and comparing drawdowns predicted by these models to those of
Czarnecki (1991). A simplified analytical approach, evaluating
whether drawdowns under alternative conceptual models will be
greater than those of Czarnecki (1991), could also suffice.

Drilling of additional holes and field testing are likely to
yield the most useful information on the hydrologic system that
could help resolve questions related to the nature of the high-gra-
dient area to the north of the proposed repository. For the pur-
poses of bounding the availability of ground water supplies for
construction, however, this may not be necessary, as discussed
below.

Summary and Conclusions

The water supply section of the TBR presents interpreta-
tions related to ground water availability, with emphasis on his-
toric pumping rates and on drawdowns predicted by using a nu-
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merical model. It provides few data to support these
interpretations and does not consider alternative conceptual models
of the ground water system that may affect model predictions. The
most serious deficiency of the discussion of preclosure water sup-
ply issues in the TBR is the lack of a clear statement of the techni-
cal questions that must be answered to establish the sufficiency of
the water supply for repository construction and operation. The
technical questions could be framed in terms of absolute
availability of water or in terms of a bounding calculation. If DOE
chooses to attempt to quantify the absolute availability of ground
water in the Jackass Flats area, testing and comparison of
alternative models would be required. The lack of data and
constraints for ground water flow models throughout the basin,
but particularly in the area of apparent high gradient in the water
table north of Yucca Mountain, would be significant limitations to
answering this technical question.

It is likely that the regulatory requirements could be satis-
fied by answering a technical question framed in terms of bound-
ing calculations. A three-step approach that could be taken to ad-
dress a technical question of this form is outlined below:

1. Determine a reasonable upper-bound estimate of water
requirements for repository construction and operation, including
peak annual usage and duration. The technical question to be ad-
dressed is whether existing water supply wells in the tuff aquifer
can supply water at this rate for the specified duration, when other
concurrent demands are also considered.

2. Compare historic production rates and the observed
drawdowns in existing wells and nearby monitoring wells to the
required pumping rates for the bounding estimate of water supply
needed for the repository. This comparison may indicate directly
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that existing wells have produced water, without excessive draw-
downs, at similar rates and for similar durations to those required
for the repository. If this is the case, the technical question may be
answered without numerical modeling of the system.

3. If the comparison of historic pumping rates to an upper-
bound estimate of water requirements does not yield a clear an-
swer to the technical question, numerical models could be em-
ployed. If such models areused to address the technical question
of water availability, a discussion of model assumptions and cali-
bration data must be included. The possible changes in predicted
water level declines that would result from incorporating alterna-
tive conceptual models into the simulations would have to be as-
sessed in this case. Especially important to this analysis would be
a comparison of results generated by numerical models incorporat-
ing the alternative conceptual models that have been proposed to
account for the high-gradient area north of the proposed reposi-
tory.



4
CONCLUDING COMMENTS

The previous chapters in this report have provided a de-
tailed review of the scientific and technical information in the
technical basis report (IBR) related to surface characteristics,
erosion, and preclosure hydrology. In this final chapter of its re-
view, the committee wishes to address a broader question: How
effective is the TBR at meeting its stated objective as " . . . a syn-
thesis of currently available site characterization data, analyses,
and technical interpretations . . ." (TBR, Preface, p. v)?

In addressing the question of effectiveness, it is important
to consider the context for the TBR. This TBR is the product of an
effort of great national importance: to assess the suitability of
Yucca Mountain as a facility for the safe permanent disposal of
high-level radioactive waste. For this effort to succeed, the
Department of Energy (DOE) will need to demonstrate that it has
a good understanding of the scientific and technical issues that
would affect the construction and long-term performance of such a
facility. Given the importance of this undertaking to the health and
safety of present and future generations of this nation's citizens, it
is this committee's opinion that the scientific and technical analy-
ses presented in the TBR should meet the highest standards of sci-
entific quality. Considered in this context, it is the committee's
judgment that this TBR is not an effective synthesis of data,

93
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analyses, and interpretations related to surface characteristics,
erosion, and preclosure hydrology. The following sections provide
the committee's reasons for this conclusion. In the spirit of peer
review as a method to improve scientific quality, these sections
also offer constructive suggestions of ways to increase the effec-
tiveness of this and future TBRs.

AUDIENCE FOR THE TBR

The audience for this TBR is never defined clearly in the
report. During the course of this review, particularly during the
public information-gathering sessions, it became clear to the
committee that a number of different audiences were interested in
this TBR. Foremost among these interested parties are regulators
and policymakers who will be responsible for ultimately licensing
and providing funds for the construction and operation of the pro-
posed repository; the scientific community, whose members are
knowledgeable or concerned about the issues addressed in this
TBR; and the public, particularly the state and local institutions
and individuals potentially affected by the decision to site a facility
at Yucca Mountain.

In the committee's judgment, the TBR is not written effec-
tively for any of these audiences for a variety of reasons, many of
which are noted in the previous chapters: The technical questions
addressed in each of the sections of the TBR are not stated clearly;
the presentation of data and analyses is incomplete; and the lack of
effective graphics makes for difficult reading and comprehension.
The report is to a significant extent inaccessible to nonscientific
readers.
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In the committee's opinion, the credibility of the TBR and
the underlying site characterization program would be increased if
the report were written to be comprehensible to a broad audience.
The committee recognizes the significant challenges involved in
producing a report that is broadly comprehensible-particularly
when that report is highly technical in nature and contains exten-
sive technical documentation. The committee believes, however,
that it is possible to produce such a document by utilizing a variety
of stylistic devices. These include the use of additional graphics
(e.g., detailed maps and cross sections) to illustrate technical
points, the use of appendixes for technical documentation, and the
use of extended, "nontechnical" summaries for managers,
legislators, and the public.

Recommendation: The audiences for the TBR should be stated
explicitly in the report, and the TBR should be written to be com-
prehensible by these groups. The designation of target audiences is
a DOE policy issue. The committee recommends that DOE poli-
cymakers carefully consider the advantages of writing for a broad
audience to build scientific credibility and public acceptance for its
site characterization program.

QUESTIONS ADDRESSED BY THE TBR

The scientific and technical questions to be addressed by
the TBR also were not stated clearly in the report. The TBR does
provide the qualifying and disqualifying conditions from 10 CFR
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9601 relevant to surface characteristics, erosion, and preclosure
hydrology-but there is little attempt to discuss the associated
technical questions that need to be answered or hypotheses that
need to be tested in order to assess compliance with these 10 CFR
960 conditions.

The concern here is not whether the TBR demonstrates
compliance with 10 CFR 960. Indeed, consideration of compli-
ance issues is outside the committee's statement of task (Appendix
C). Rather, the concern is the context in which the scientific and
technical content of the TBR is to be assessed. Without a clear
statement of the questions to be addressed, the report reads as
more of a narrative rather than a focused technical analysis. A list
of questions or hypotheses of concern at the beginning of each
major section of the TBR would have served to focus the support-
ing technical analysis-and would have made it easier for the
committee and other concerned readers to assess whether that
technical analysis adequately addressed those questions.

The committee's review of water resource potential
(Chapter 3 of this report) perhaps best illustrates the problem with
assessing technical analysis in the absence of a clear problem
statement. It was unclear to the committee whether the point of
the analysis was to determine (1) total available water supply or
(2) some minimum, or bounding, estimate of supply. The differ-
ences between these points may seem to be minor, but they are
significant for assessing whether the supporting technical analyses
are adequate. The committee has provided examples of the kinds
of focus questions that should have appeared in the TBR in Chap-
ters 2 and 3 of this review.

1 Title 10, Part 960 of the Code of Federal Regulations, General Guidelines
for the Recomnendation of Sites for Nuclear Waste Repositories.
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Recommendation: The TBR should contain a clear statement of
the questions to be addressed and hypotheses to be tested for each
technical topic. These questions will serve to focus the supporting
technical analyses and make it easier for the reader to assess their
adequacy.

SYNTHESIS OF AVAILABLE DATA

Another problem noted by the committee in its review is
the failure of the TBR to explicitly address all available data in the
scientific and technical analyses. This problem may not be appar-
ent to nonexpert readers without knowledge of the scientific litera-
ture related to the site characterization program. However, this
deficiency was recognized by scientists and other technically ori-
ented individuals identified by DOE as "stakeholders" in the site
characterization process, and a mmber of these individuals
pointed out this problem to the committee during its information-
gathering sessions. This deficiency also became very clear to the
committee during its review of the scientific literature cited in the
TBR and made it difficult for the committee to perform its review.

There are two aspects of the data synthesis issue that de-
serve comment. The first is a failure to reference and discuss all
data relevant to the issues addressed by the TBR, as noted else-
where in this review. For example, Chapter 2 of the TBR does not
synthesize the surficial work done by DOE and its contractors on
Jackass Flats (Lundstrom et al., 1995), nor does it cite or discuss
the surficial work done by State of Nevada scientists on Crater
Flat (Faulds et al., 1994)-even though these results are generally
consistent. The committee believes that incorporation of the Crater
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Flat work into the TBR would have provided a more complete
understanding of the surficial geology of the Yucca Mountain re-
gion. The failure of the TBR to explicitly address all available data
calls into question the thoroughness with which the scientific and
technical issues were evaluated.

The second aspect of the data synthesis problem relates to
tracing information used in the TBR back to primary references.
Many of the data and models cited in the TBR were taken from
previously published papers, and references to those papers are
provided throughout the report. However, in some cases, the
committee found it difficult to trace information and conclusions
cited in the TBR back to those references. For instance, as noted
in the review of surface flooding (Chapter 3 of this report), the
TBR incorporates technical information from three published pa-
pers (Bullard, 1991; Blanton, 1992; Glancy, 1994) to estimate
probable maximum flooding (PMF). However, it is not clear from
the discussion in the TBR how the information from these three
sources was used to make the PMF estimates; nor are reasons
given for the selection of parameter values used in the analyses.
Similarly, the TBR does not provide details of the model used by
Czarnecki (1991) to estimate the effects of ground water with-
drawals. The TBR cites an earlier paper by Czarnecki (1985) as
the source of details on this model, but in fact, much of the basis
for the model is not found in that paper but in Waddell (1982) and
Czarnecki and Waddell (1984).

The ability to trace information back to primary sources is
important for two reasons: (1) it allows readers to access related
background and explanatory information to increase understand-
ing; and (2) it also allows them to check that the information from
these sources has been used correctly. The ability to trace infor-
mation back to primary references is one of many essential re-
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quirements for establishing the scientific credibility of any scien-
tific or technical document.

Recommendation: All available scientific and technical informa-
tion related to the issues addressed in the TBR should be cited and
discussed. In addition, essential information (e.g., data, equations,
and model parameters) used in analyses should be provided in the
TBR, and primary sources should be referenced.

SYNTHESIS OF ANALYSES

In the committee's judgment, the TBR does an inadequate
job of compiling and synthesizing available data and analyses to
explain the scientific and technical issues related to surface charac-
teristics, erosion, and preclosure hydrology. Indeed, the TBR pre-
sents the results of analyses with relatively little synthesis or
documentation. As a consequence, it was difficult and in some
cases impossible for the committee to check these analyses. Nor
was it always possible to determine whether alternative analyses
had been attempted and, if so, to assess the results of those efforts.

The TBR could be improved significantly by including a
more complete discussion of analyses supporting the technical in-
terpretations; a discussion of alternative hypotheses and the meth-
ods used to test them; and a discussion of remaining uncertainties
and additional data needed to address them. The TBR is a scien-
tific and technical document and should follow conventional prac-
tice with respect to presentation of data, testing of hypotheses, and
acknowledgment of uncertainties.
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Recommendation: The TBR should provide a complete discussion
of analyses supporting the technical interpretations; a discussion of
alternative hypotheses and the methods used to test them; and a
discussion of remaining uncertainties and additional data needed to
address them.

During its first information-gathering session, the commit-
tee learned that the TBR was compiled by a single individual who
was working under extremely tight deadlines. The committee un-
derstands that this person was broadly knowledgeable about Yucca
Mountain and site characterization efforts, but was not involved
directly in the scientific studies addressed in the TBR. These
criticisms are not directed at the individual who compiled the
TBR, but rather at the management process that led to preparation
of the TBR by someone other than the scientists whose work was
used in the report.

The integration of data and analyses from multiple sources
into a coherent document is a complex and difficult process. The
committee believes that this process is carried out most effectively
with the direct involvement of those doing the science-in this case
the scientists who are involved directly in site characterization
efforts-because they have the most complete understanding of the
data and methodologies and are trained in analytical synthesis. In
order to assess the quality of this integration, it is also necessary
to understand how the integration was carried out and to know
who was involved in the process.
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Recommendation: The TBR should be prepared with the direct
involvement of the scientists who did the site characterization
studies, and these scientists should be identified in the report. The
TBR should also provide a discussion of how data and analyses
were selected and integrated.

A recurring theme in the committee's detailed review of
the TBR (Chapters 2 and 3 of this report) is the importance of us-
ing multiple techniques of analysis to improve understanding, re-
duce uncertainties, and thereby build confidence in the interpreta-
tions and conclusions. Multiple-methodology approaches seem
particularly well suited to many of the problems addressed in the
TBR. As noted in Chapter 2 of this report, for example, the use of
multiple geochronologic methods for measuring surface exposure
ages might have significantly reduced uncertainties and increased
confidence in the validity of the results obtained from the cation
ratio dating method. Similarly, the use of multiple techniques to
estimate rates of erosion would have provided information on the
spatial distribution of rates at Yucca Mountain and could have
generated more reasonable ranges of estimates in the vicinity of
the proposed repository.

A valuable tool in the arsenal of multiple methodologies is
the bounding calculation, which can be used to determine mini-
mum or maximum values of processes or phenomena. Bounding
calculations could have been used to address many of the questions
in the TBR with little or no additional data collection. As noted in
Chapter 3 of this report, for instance, such calculations could
probably have been used to demonstrate that there is an adequate
supply of water for construction and operation of the proposed re-
pository. Other examples of bounding calculations are given in the
summary and conclusions section on erosion in Chapter 2.
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In the committee's judgment, the TBR placed too much
emphasis on producing single numbers that could be compared to
some specified standard, perhaps to demonstrate regulatory com-
pliance. The effort to produce a single estimate of erosion
(Chapter 4 of the TBR) for the Yucca Mountain region is perhaps
the best example of this tendency. Science is a process of logical
inquiry into the nature of the world. The committee believes that
the management of science is not achieved most effectively when
the results of such inquiry (e.g., geochronological measurements
in laboratories and field measurements of processes) are generated
in separate investigations, transformed into numerical form, and
subsequently combined by formula to yield a prediction (e.g., of
erosion rate) that is envisioned primarily for comparison to a
regulatory standard.

The committee's concern with this approach is threefold:
(1) there is little room for formulating or testing alternative hy-
potheses of processes and applying multiple methodologies; (2)
there is little opportunity to assess the "hidden" uncertainties that
exist because all processes are not measured; and (3) the spatial
and temporal variabilities in rates and processes are obscured
through the use of average values. The focus on generating aver-
age values or single explanations is contrary to science as an open
process of inquiry in which investigators are encouraged to invent
alternative explanations for phenomena, explore the whole range
of natural causative processes, and make discoveries of previously
unrecognized facts-even if those facts seem inconsistent with cur-
rent theories.

The types and numbers of analyses presented in this TBR
appear to reflect, to a great extent, decisions made by DOE on the
kinds of studies to undertake during the site characterization phase
of its program. It is beyond the charge of this committee to com-
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ment on those decisions specifically or to evaluate DOE's site
characterization program. However, it appears that the failure of
the TBR to employ multiple methodologies may be traced to man-
agement decisions that discouraged the use of such methodologies
in an iterative and integrative manner as site characterization pro-
gressed.

Recommendation: Multiple methods of analysis should be em-
ployed in the TBR to improve understanding, reduce uncertainties,
and thereby build confidence in its interpretations and conclusions.
Bounding calculations are particularly well suited to many of the
issues addressed in the TBR and should be applied as part of a
multiple-methodology approach to place minimum or maximum
bounds on processes and phenomena.

PRESENTATION OF DATA AND ANALYSES

Aside from the fact that necessary data are not always pro-
vided in the TBR, as noted previously, the data, analyses, and
conclusions generally are not presented effectively. Of particular
concern to the committee is the absence of basic geologic and
topographic maps and cross sections to orient the reader and to
illustrate spatial relationships among the various elements of the
site: the land surface, surface drainages, rock units, surficial de-
posits, the proposed repository, the ground water table, perched
water zones, and important data collection sites. Many of the
graphics used in the TBR are inadequate; they lack even rudimen-
tary information such as accurate topography and scale. The lack
of informative graphics and tables makes the report less under-
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standable to readers and, therefore, discourages readers from de-
veloping their own understanding of the underlying scientific and
technical issues.

The committee also discovered several minor, yet nagging,
production-related errors in its review of the TBR. For example,
Section 4.5 in the report is missing-most likely an error in the
table of contents; there are citation errors (e.g., Figure 3.34 is
from Czarnecki, 1991, not 1992 as given in the figure caption);
pages 3.6 and 3.5 are reversed; and there are simple mistakes of
fact. Such errors detract from the readability of the TBR and in-
evitably call into question the thoroughness with which it was re-
viewed before its release.

Recommendation: The TBR should be illustrated with
informative graphics to orient the reader to the region and to
illustrate spatial relationships among the various elements of the
site. Of particular importance are geologic and topographic maps
and cross sections that illustrate the locations of land surfaces,
drainages, rock units, surficial deposits, perched and ground
water, the proposed repository, and selected data collection sites.

PEER REVIEW

Many of the problems noted in this report could have been
discovered and corrected had an effective peer review mechanism
been in place during preparation of the TBR. The committee
learned during its first information-gathering session that the sci-
entists working in the site characterization program-whose data
and analyses are cited in the TBR-had an inadequate opportunity
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to review the TBR before it was released. During its information-
gathering sessions, the committee also observed an apparent lack
of communication and research integration among scientists in-
volved in site characterization and between project scientists and
other researchers, not supported by the DOE, who are working in
related areas.

Peer review is an integral part of science, and such review
is most effective when it is integrated throughout the scientific
process-starting with decisions on what problems to address and
how to address them; as a check on the quality of the investiga-
tions themselves; and finally, as a check on the quality of the pres-
entation of results. The DOE has demonstrated its commitment to
peer review at several steps in the site characterization process-
for example, in its quality assurance program to ensure that the
scientific and engineering data used in site characterization efforts
are of high quality, and in its commitment to obtaining external
peer review of the TBRs as demonstrated by the work of this
committee. Yet quality cannot just be added on at the end of a
project; it has to be built in to every step of the process.

The committee also learned at its first information-gather-
ing session that the issue of erosion had been reviewed by the U.S.
Nuclear Regulatory Commission (USNRC, 1994) prior to the re-
lease of this TBR. There is no reference made to this review in the
TBR; nor does the TBR address the issues raised in the USNRC
review related to extreme erosion and the cation ratio dating
method. To be useful, peer review must have an influence on the
scientific process; that is, peer review must be allowed to feed
back into scientific investigations. There is no indication that such
feedback occurred in the preparation of this TBR.
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Recommendation: Preparation of the TBR should include pro-
vision for a rigorous program of peer review by scientists whose
work is used in the report. This should occur in addition to exter-
nal peer review, which serves as an independent check on scien-
tific and technical quality. The peer review process should also
include provisions to ensure that the results of internal and exter-
nal peer review effectively feed back into this and future TBRs
and, when appropriate, into the associated scientific and technical
programs.
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APPENDIX A

LIST OF ACRONYMS AND SYMBOLS

CRD

DOE

DIM

ESF

M

n

NAS-NRC

OCRWM

PMF

PMP

R

RAT

T

TBR

USEPA

USNRC

YMSCO

Cation ratio dating

U.S. Department of Energy (also USDOE)

Digital topographic model

Exploratory Studies Facility

Process magnitude, from Equation 2.3

Manning hydraulic resistance coefficient (see Chapter 3,
footnote 5).

National Academy of Sciences-National Research Council

Office of Civilian Radioactive Waste Management

Probable maximum flood

Probable maximum precipitation

Process rate, from Equation 2.3

Reasonably available technology

Time of process operation, from Equation 2.3

U.S. Department of Energy Technical Basis Report for
Surface Characteristics, Preclosure Hydrology, and Erosion

U.S. Environmental Protection Agency

U.S. Nuclear Regulatory Commission

Yucca Mountain Site Characterization Office
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BIOGRAPHICAL SKETCHES
OF COMMITTEE MEMBERS

SMERDON, Ernest T., Chairman-Dr. Smerdon is professor of civil
engineering, professor of hydrology and water resources, and vice
provost and dean of the College of Engineering and Mines at the
University of Arizona. His research interests include water policy
issues, water use in irrigation, mechanics of water erosion and
sediment transport, irrigation hydraulics, soil-water-plant relations
and water control, and energy conservation and use in food
production. He earned his M.S. and Ph.D. in agricultural and
civil engineering from the University of Missouri. Dr. Smerdon is
a member of the National Academy of Engineering, an honorary
member of the American Society of Civil Engineers, and fellow
of both the American Society of Agricultural Engineers and the
American Association for the Advancement of Science. Dr.
Smerdon is a member of the Governor's Science and Technology
Council in Arizona. He is a recipient of the Engineer of the Year
Award of the Arizona Society of Professional Engineers.

BAER, Jean M., Vice Chair-Dr. Bahr is an associate professor in the
Department of Geology and Geophysics and the Institute for
Environmental Studies at the University of Wisconsin, Madison.
She is also chair of the Water Resources Management Program
and a member of the Geological Engineering Program faculty.
Her research interests include ground water hydrology, ground
water geochemistry, and surface water-ground water interactions.
She earned her M.S. and Ph.D. degrees in applied earth sciences
from Stanford University. Dr. Bahr is a member of the editorial
boards of Geotimes and Ground Water and is a member of the
National Research Council's Board on Radioactive Waste
Management.
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BAKER, Victor R.-Dr. Baker is a professor of geosciences, professor
of planetary sciences at the Lunar & Planetary Laboratory, and
Regents Professor of the Department of Geosciences and the
Department of Planetary Sciences at the University of Arizona,
Tucson. His research interests include geomorphology; fluvial
geomorphological studies in the western United States, Australia,
India, Israel, and South America; flood geomorphology;
paleohydrology; Quaternary geology; natural hazards; geology of
Mars and Venus; and philosophy of earth and planetary sciences.
He received his Ph.D. in geology from the University of
Colorado. Dr. Baker is a fellow of the Geological Society of
America and the American Association for the Advancement of
Science.

BRANTLEY, Susan L.-Dr. Brantley is an associate professor of
geosciences at Pennsylvania State University. Her research
interests include thermodynamics and kinetics of rock-water
interaction over the temperature range 25 to 600 C, dissolution
and precipitation reactions of minerals, natural brines, mineral
surface chemistry, and alteration of porosity and permeability.
She received her B.A. in chemistry, and her M.A. and Ph.D. in
geological and geophysical sciences from Princeton University.
Dr. Brantley is a recipient of a National Science Foundation
Presidential Young Investigator Award.

JURY, William A.-Dr. Jury is professor of soil physics in the
Department of Soil and Environmental Sciences at the University
of California, Riverside. His principal research interests include
measurement and modeling of organic and inorganic chemical
movement and reactions in field soils, development and testing of
organic chemical screening models, and characterization of the
spatial variability of soil physical and chemical properties. He
received his M.S. and Ph.D. degrees in physics from the
University of Wisconsin. Dr. Jury is a fellow of the American
Association for the Advancement of Science and the Soil Science
Society of America. In 1989 he received the National Soil Science
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Research Award of the Soil Science Society. He is also the
recipient of the National Environmental Quality Research Award
of the Agronomy Society of America.

KURZ, Mark D.-Dr. Kurz is an associate scientist and supervisor of
the Isotope Geochemistry Facility at the Woods Hole
Oceanographic Institution. His research interests include isotope
geochemistry of mantle-derived rocks and minerals and their use
to constrain the origin of mantle heterogeneity; the use of noble
gas isotopes to understand the degassing history of the earth; and
the production and distribution of cosmic-ray-generated nuctides
in surficial rocks and their application to exposure dating of
Quaternary surfaces, particularly in reconstructing the history of
the Antarctic ice sheets. He received his Ph.D. in geochemistry
from the Joint Program in Oceanography administered by the
Massachusetts Institute of Technology and Woods Hole
Oceanographic Institution. Dr. Kurz is a recipient of the Ruth and
Paul Fye Award for Excellence in Oceanographic Research from
Woods Hole Oceanographic Institution; the F.W. Clarke Medal of
the Geochemical Society; and the Rosenstiel Award for
Outstanding Achievement in Oceanographic Science from the
University of Miami.

LANE, Leonard J.-Dr. Lane is a supervisory research hydrologist for
the U.S. Department of Agriculture and the Current Research
Information System (CRIS) project leader. His research interests
are in the areas of hydrology, hydrologic modeling, erosion and
sedimentation, contaminant transport processes, waste
management, global change, and decision support systems. He
earned his M.S. from the University of Arizona and his Ph.D. in
civil engineering, hydrology, and water resources from Colorado
State University. Dr. Lane is the recipient of the Mountain States
Area Scientist of the Year Award and the U.S. Department of
Agriculture Superior Service Team Award.
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PRESTEGAARD, Karen L.-Dr. Prestegaard is an associate professor
of geology at the University of Maryland. Her primary research
interests include fluvial geomorphology, sediment transport,
mechanics, field studies of watershed hydrologic and solute flux
processes, and wetland hydrology. She received her M.S. and
Ph.D. degrees in geology from the University of California,
Berkeley. She has served as councilor and in other capacities for
the Geological Society of America and has held offices in the
Hydrology Section of the American Geophysical Union. Dr.
Prestegaard is a fellow of the Geological Society of America.



APPENDIX C

STATEMENT OF TASK

The committee will perform a scientific and technical review of
the April 1995 Yucca Mountain Site Characterization Project Technical
Basis Report for Surface Characteristics, Preclosure Hydrology, and
Erosion.

The committee will evaluate this report to assess the validity of
the data and interpretations and the adequacy of the treatment of
uncertainties in describing the current state of understanding. The
committee will review only the technical and scientific analyses. The
committee will not address regulatory compliance, nor will it address
the suitability of the Yucca Mountain site as a high-level radioactive
waste repository. The committee will prepare a written report of its
findings for distribution to OCRWM and interested members of the
public.

The review will address (but will not be limited to) the
following questions:

a. Have the data been collected and analyzed in a technically
acceptable manner?

b. Do the data, given the associated error and analytical and
technical uncertainties, support the technical interpretations
and conclusions made within the technical basis report?

c. Are there credible alternative interpretations that would
significantly alter the conclusions reached?

d. What testing, if any, would discriminate among alternative
technical interpretations?

e. If such testing is recommended, how effective would it be
at reducing significant uncertainties?

The committee will attempt to distinguish between recommenda-
tions for further technical work to reduce uncertainty, and any recom-
mendations pertaining to DOE policy or management.
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LIST OF LIAISONS

William D. Barnard
U.S. Nuclear Waste Technical
Review Board

Dennis A. Bechtel
Clark County, Nevada

Michael Bell
USNRC

- Les W. Bradshaw
Nye County, Nevada

Ray Clark
USEPA

Al Colli
USEPA

Robert W. Craig
U.S. Geological Survey

A.C. Douglas
City of Las Vegas, Nevada

Margaret Federline
USNRC

Sandi Green
Eureka County, Nevada

Juanita D. Hoffman
Esmeralda County, Nevada

Carl Johnson
Nevada Nuclear Waste Project
Office

Robert R. Loux
Nevada Nuclear Waste Project
Office

Tammy Manzini
Lander County, Nevada

Florindo Mariani
White Pine County, Nevada

Brad R. Mettam
Inyo County, California

Calvin Meyers
Moapa Band of Paiutes

Jason Pitts
Lincoln County, Nevada

Vernon E. Poe
Mineral County, Nevada

Jonathan G. Price
Nevada Bureau of Mines and
Geology

James Regan
Churchill County, Nevada

Leon Reiter
U.S. Nuclear Waste Technical
Review Board

Harold A. Rogers
The Study Committee, Nevada

Jane Summerson
USDOE, OCRWM

Judy Treichel
Nevada Nuclear Waste Task
Force, Inc.

Engelbrecht von Tiesenhausen
Clark County, Nevada
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OPEN MEETING AGENDAS

AGENDA: MEETING 1

Committee for Yucca Mountain Peer Review:
Surface Characteristics, Preclosure Hydrology, and Erosion

Holiday Inn Crowne Plaza
4255 South Paradise Road
Las Vegas, Nevada 89109

July 19-20, 1995

Wednesday. July 19. 1995

OPEN SESSION

8:30-8:45 a.m. Welcome and Introductions
Ernest T. Smerdon, Chair
Kevin D. Crowley, Study Director

* Purpose and plan for the meeting
* Introduction of committee and staff

8:45-9:30 a.m. Project Background; National Academy of
Sciences Procedures and Policies
Ernest T. Smerdon, Chair
Kevin D. Crowley, Study Director
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* Charge to the committee
* Review of the NAS-NRC study process
* General operating procedures for this

project
* Project schedule
* Policies regarding public access and

confidentiality
* Policies regarding audio and video

recording
* Policies regarding public input

9:30-10:30 a.m.

10:30-11:00 a.m.

11:00-11:45 a.m.

Development of Technical Basis Reports
and the Committee's Task
Jane Sunmerson, DOE-YMSCO

BREAK

U.S. Nudear Regulatory Commission
Perspectives on the Technical Basis
Report
Mike Bell, USNRC

11:45 a.m.-12:00 p.m.

12:00-1:30 p.m.

1:30-2:00 p.m.

Questions and Discussion
Committee and Presenters

LUNCH

State of Nevada Perspectives on the
Technical Basis Report
Carl Johnson, Nevada Nuclear Waste
Project Office

2:00-2:30 p.m. Public Trust and the Nudear Waste
Program
Judy Tretchel, Nevada Nuclear Waste Task
Force, Inc.
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2:30-3:30 p.m.

3:30-4:00 p.m.

4:00-5:30 p.m.

Presentations by Other Affected Units of
Government

BREAK

Opportunity for Public Comment

Thursday. July 20. 1995

OPEN SESSION

8:30-8:40 a.m.

8:40-9:30 a.m.

9:30-9:45 a.m.

9:45-10:15 a.m.

10:15-10:45 a.m.

10:45 a.m.-12:00 p.m.

Summary of Yesterday's Activities and
Plan for the Day
Ernest T. Smerdon, Chair

U.S. Geological Survey Perspectives on
the Technical Basis Report
John Stuckless, Yucca Mountain Project
Branch, USGS

Nuclear Waste Technical Review Board
Perspectives on the Technical Basis
Report
Leon Reiter, NWTRB

Discussion
Committee and Presenters

BREAK

Additional Presentations by Affected
Units of Government and Opportunity for
Public Comment

12:00-1:30 p.m. LUNCH
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1:30-2:15 p.m.

2:15-3:00 p.m.

3:00-3:30 p.m.

3:30-5:00 p.m.

Preliminary Discussion of Schedule and
Assignments
Committee

Preliminary Discussion of Plans for the
Next Meeting, Including Field Trip
Committee

BREAK

Opportunity for Public Comment
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AGENDA: MEETING 2

Committee for Yucca Mountain Peer Review:
Surface Characteristics, Predosure Hydrology, and Erosion

Beatty, Nevada
Yucca Mountain Site

August 27-29, 1995

Sunday. AuRust 27. 1995

7:00 a.m. Field trip participants will depart for Beatty
from the La Quinta Inn, Las Vegas.

8:30 a.m. Rendezvous at Lathrop Wells (Amargosa
Valley), intersection of Routes 95 and 29,
for introductions of committee and visitors
and a brief review of the purpose and plan
for the field trip.

Stop 1: U.S. Route 9 at Fortymile
Wash. Erosional history of Fortymile
Wash and historical flooding [DOE:
Whitney, Lundstrom, and Beck; State:
Mifflin]. One hour.

Stop 2: Lathrop Wells Cone. Comparison
of dating techniques; techniques to infer
erosion [DOE: Crowe]. One hour.

12:00 p.m. Arrive at Beatty, Nevada.

2:00-6:00 p.m. Open Session at Beatty Community
Center
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2:00-4:00 p.m. Committee Discussion on Hydrology.
The committee will ask questions of DOE
scientists on the following topics:

Perched water. Nature, extent, occurrence,
and flux rates; dating and other geochemical
work; experimental design to find perched
water; how well perched water is
understood and can be predicted. [DOE:
Luckey and Czarnecki; State: Mifflin]

Ground water supply. Given alternative
conceptual models for steep hydrologic
gradients north of Yucca Mountain, how do
they affect predictions of ground water
drawdown. [DOE: Luckey and Czarnecki;
State: Mifflin)

Probable Maximum Flooding. Details of
calculations to determine probable
maximum flood boundaries. [DOE: Barton]

4:00-6:00 p.m. Committee Discussion and Public
Comment

Monda. August 28, 1995

6:00 a.m. Depart Beatty to Nevada Test Site Gate 510
for badging.

6:30 a.m. Rendezvous at Gate 510 for badging.

7:00 a.m. Depart Nevada Test Site Gate 510.
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8:00-11:00 a.m. Stop 3: Big Skull Mountain Vista.
Erosional history, debris flows, and varnish
dating. [DOE: Whitney and Harrington;
State: Dorn

Stop 4: LSM-1 Boulder Deposit.
Erosional history, debris flows, and varnish
dating. [DOE: Whitney and Harrington;
State: Dom]

11:00 a.m.-12:00 p.m.

12:00-3:00 p.m.

LUNCH (Site Characterization Office)

Stop 5: Fortymile Wash Vista. Drainage
evolution, incision rates, and Quaternary
history. Geochronologic studies of surficial
deposits at Yucca Mountain. [DOE:
Whitney, Lundstrom, and Paces; State:
Spaulding]

Stop 6: Jake Ridge. Debris flows from a
storm event. [DOE: Whitney]

3:00-4:00 p.m.

4:00-5:30 p.m.

Stop 7: Trench 14D(Crest Exile Hill.
Surficial deposits and alluvium/colluvium
relationships as evidence for erosion rates.
Amounts of Quaternary faulting related to
enhanced erosion. [DOE: Lundstrom,
Whitney, and Paces; State: Bell]

Stop 8: Yucca Crest. Wrap-up and
overview of tomorrow's work. [DOE:
Whitney and Harrington]

5:30 p.m. Depart for Beatty via Test Site Gate 510.
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Tuesday. August 29. 1995

6:00 a.m. Committee will depart from Beatty.

6:45 a.m. Rendezvous at Steves Pass turnaround.

6:45 a.m. Stop 9: Steves Pass. Overview of Crater
Flats, including geomorphology and soils.
[DOE: Whitney; State: Bell, Spaulding]

Stop 10: Crater Flats Cinder Cone.
Erosional history. [DOE: Harrington; State:
Bell, Spaulding]

Stop 11: Trench 8. Boulder deposits,
relationship of colluvium with hillslope
deposits, erosion rates, and antiquity of
colluvial deposits as determined from K-
horizon carbonates. [DOE: Whitney,
Harrington, and Paces; State: Bell]

Stop 12: SCFT-3. Boulder deposits,
relationship of colluvium with hillslope
deposits, erosion rates, and antiquity of
colluvial deposits as determined from K-
horizon carbonates. [DOE: Whitney,
Harrington, and Paces; State: Bell]

Technical wrap-up (Whitney); next steps
and schedule (Smerdon); comments by
committee members and other participants.

12:00 p.m. Depart for Las Vegas.
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