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Revision Interim Date of
Number Change No. Revision
0 0 September 1998
1 0 July 14, 2000
1 1 September 20, 2000
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Description of Change

Initial Issue (under Document Identifier

B00000000-01717-5700-00019)

Revision to reorganize the presentation of
material, update sections with new
information, and meet requirements of new
procedures.

Reorganization included:
e Added an Introduction

e Split the section on Hydrologic System
into sections on Surface Water
Hydrology, Unsaturated Zone Hydrology,
and Saturated Zone Hydrology

e Split the section on Geochemistry into
sections on Geochemical Framework and
Factors Affecting Radionuclide Transport

e Created a separate section on Tectonic
Hazards

e Added a section on Natural Analogues.

The document was updated to include
information available through the end of fiscal
year 1999. In some areas, it was possible to
include more recent results.

Document changed to address acceptance
conditions 1identified in accordance with
AP-7.5Q (Submittal, Review, and Acceptance
of Deliverables). In addition, changes were
also made to correct minor errors and for
editorial purposes. Change bars in the margin
mark text and tables that have been changed,
with the following exceptions: in Sections &, 9,
and others where PTn was designated as
“Paintbrush Tuff nonwelded unit”, this has
been changed to “Paintbrush nonwelded unit”;
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Revision Interim Date of

Number Change No. Revision
1 1 September 20, 2000
2 0 January 16, 2004
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Description of Change

in addition, the term C-Holes Complex was
standardized in those sections. Table 6.3-1
was deleted, and the following table
renumbered. Figures 11.2-3 to 11.2-5 were
deleted, and the following four figures were
renumbered. Changes were also made to the
following figures: 1.1-1, 2.2-1, 4.2-18, 4.3-10,
4.3-12, 4.5-30, 4.5-31, 4.8-5, 4.8-6, 4.8-13,
4.8-26 to 4.8-29, 4.8-50 to 4.8-52, 4.8-57,
4.9-4, 5.2-9, 5.2-10, 5.2-12, 5.2-14, 5.2-15,
5.3-32, 5.3-34 to 5.3-36, 6.4-12, 8.1-4, 8.2-1,
8.2-7, 8.2-12, 8.2-24, 8.2-25, 8.2-27 to 8.2-41,
8.3-4, 8.3-14, 8.5-11, 8.5-13, 9.2-1, 9.3-2,
9.3-30, 11.4-1, 11.4-2, 12.2-2, 12.3-6, 12.3-12,
12.3-31 to 12.3-48, 12.3-57, 13.3-1, 13.4-6,
13.4-7, 13.4-24, and 13.4-27

General Changes:

e Reorganized Table of Contents:

— Deleted Section 2 (Geographic Setting
and Demography) and incorporated
geographic setting into new Section 2
(Regional Geologic Setting),

— Deleted Section 3 (Nearby Industrial,
Transportation, and Military
Facilities),

— Split Section 4 (Geologic Framework)
into new Section 2 (Regional Geologic
Setting), new Section 3 (Geology of
the Yucca Mountain Site Area), and
new Section 4 (Tectonics and Tectonic

Hazards)  Chlorine-36  discussion
(Section 4.6.6.6) moved to new
Section 7  (Unsaturated  Zone

Hydrology).  Divided Section 4.8
(Integrated Site Model) between new
Sections 3 (Geology of the Site Area)
and 5 (Geochemistry), as applicable.

— Removed discussion of meteorology
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Description of Change

from Section 6 (Climatology and
Meteorology)

— Deleted Section7 (Surface Water
Hydrology) and incorporated
condensed material into new Section 3
(Geology of the Yucca Mountain Site
Area) and new Section 7 (Unsaturated
Zone Hydrology)

— Renumbered Section 8 (Unsaturated
Zone Hydrology) to new Section 7

— Renumbered Section 9 (Saturated
Zone Hydrology) to new Section 8.
Condensed  Section 9.5 (Water
Resources for the Site) material into
new Sections 3 and 6

e Merged Section 10 (Factors Affecting
Radionuclide Transport), and Section 11
(Integrated Natural System Response to
Thermal Loading) material into new
Section 5 (Geochemical Conditions and
Factors Affecting Radionuclide
Transport).

— Merged Section 12 (Tectonic Hazards)
into new Section 4 (Tectonics and
Tectonic Hazards)

— Deleted Section 13 (Natural Analog).

Eliminated discussion of numerical modeling
and analysis for postclosure in sections related
to process models (except discussion of
modeling results that link to data collection and
conceptual models).

Condensed material in all sections.

Added new information collected and
published since 1999, including results from
the Death Valley Regional Flow System
project.

Added references, as appropriate, to studies
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Description of Change

conducted by investigators outside YMP.
Specific Changes to Individual Sections

Section 2 (Regional Geologic Setting): Added
new material on erosion rates, the Highway 95
fault, surficial mapping of Quaternary deposits;
and provided an updated interpretation of
regional geology, based on compilation of
drilling information, Nye County drilling
lithology logs, and recent mapping in support
of the regional groundwater flow model.

Section 3 (Geology of the Yucca Mountain
Site  Area):  Standardized  stratigraphic
discussion; added isopach maps from the
Geologic Framework Model (previously in
Section 4.8); added flooding and erosion
discussions previously found in Sections 7.3
and 7.4, respectively; added information on
Quaternary structures to Site Structure
discussion previously in Section 4.5; updated
geologic discussions to incorporate recent
information obtained from the Exploratory
Studies  Facility and the  Enhanced
Characterization of the Repository Block ,
mapping of southern extension of repository
footprint, geotechnical studies in Midway
Valley, and the analysis of maximum flood
potential in the vicinity of the ESF North
Portal; studies of the Quaternary stratigraphy
and recency of faulting in Midway Valley;
compilations of recent regional geologic maps
and structure sections; and a description of
flooding in Fortymile Wash. Added
Section 3.7.7 on dynamic soil and rock
properties for use in evaluating ground motions
and  developing  recommendations  for
foundations for a Waste Handling Building.

Section 4 (Tectonics and Tectonic Hazards):
Removed igneous consequence analyses and
seismic hazard analyses; added alternate
tectonic models and studies by others.

X April 2004



CHANGE HISTORY (Continued)

Revision Interim Date of
Number Change No. Revision
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Description of Change

Section 5 (Geochemical Conditions and
Processes Affecting Radionuclide Transport):
Added new information on sorption properties
in alluvium, wupdated isotopic studies of
groundwater and fracture-filling materials,
updated Section 5.4 (previously Section 11)
with more recent results of thermal tests.

Section 6 (Climate: Past, Present, and Future):
Added new climate data.

Section 7 (Unsaturated Zone Hydrology):
added new information from in situ testing in
the Exploratory Studies Facility and Enhanced
Characterization of the Repository Block
Cross-Drift.

Section 8 (Saturated Zone Hydrology):
included new geochemistry data and
interpretations for both the region and the site;
included new data from testing at C-Wells and
the Alluvial Testing Complex. Reorganized old
Sections 9.2 (Regional Flow System) and 9.3
(Saturated Zone Flow within the Yucca
Mountain Subsystem).

Document changed to address acceptance
conditions 1identified in accordance with
AP-7.5Q (Submittal, Review, and Acceptance
of Deliverables). In addition, changes were
also made to correct minor errors, bring
forward selected sentences or paragraphs from
RevOl ICNO1 where detail in Rev02 was
insufficient for the License Application needs,
and for editorial purposes (to make consistent
with LA style guide). Change bars in the
margin mark text and tables that have been
changed.
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ACRONYMS AND ABBREVIATIONS

) diameter

& dielectric permittivity

°C degrees Centigrade

°F degrees Fahrenheit

~ approximately

pm micron

%0 parts per mil

acre-ft acre-feet

agl above ground level

alk/Ca ratio of total alkalinity to dissolved calcium
AR activity ratios

BSC Bechtel SAIC Company, LLC

b.y. billions of years

cal calories

cm centimeters

CRWMS Civilian Radioactive Waste Management System
d days

DECOVALEX Development of coupled models and their validation against experiments in
nuclear waste isolation

DFBA pentafluorobenzoic acid

DOE U.S. Department of Energy

DOPA dihydroxyphenylalinine

DST Drift Scale Test

ECRB Enhanced Characterization of the Repository Block
ENSO El Nifio Southern Oscillation

ESF Exploratory Studies Facility

FBA fluorinated benzoic acid

ft feet

g grams

g acceleration of gravity

GHG greenhouse gasses

GP poorly graded gravel

GPa gigapascals

GP-GM poorly graded gravel w/silt

GROA Geologic Repository Operations Area
GW-GM well-graded gravel w/silt

HLW high-level radioactive waste

HPZ high-permeability zone
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ACRONYMS AND ABBREVIATIONS (Continued)

I initiation of transition to glacial climate
n. inches

INFIL numerical distributed-parameter net-filtration model
Ja joint-alteration number

In joint-set number

J; joint-roughness number

Jw joint water-reduction number

K hydraulic conductivity

ka one thousand years (refers to age)

kb kilobars

Ky distribution coefficient

kg kilograms

km kilometers

KTI Key Technical Issue

k.y. thousand years (refers to a time interval)
L liters

L; lateral flow

LANL Los Alamos National Laboratory

LCA lower carbonate aquifer

LPZ low-permeability zone

ug micrograms

m meters

M magnitude (unspecified scale)

M&O Management and Operating Contractor
Ma one million years (refers to age)

MAP mean annual precipitation

MAT mean annual temperature

mGal milligals

mi miles

MIS marine isotope stages

Ml megajoules

M, Richter local magnitude

M, seismic moment

mm millimeters

Minax maximum magnitude

MPa megapascals

M, moment magnitude

m.y million year (refers to a time interval)
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ACRONYMS AND ABBREVIATIONS (Continued)

NAFA Nordic aquatic fulvic acid

NC-EWDP Nye County Early Warning Drilling Program
nm nanometers

NOAA National Oceanic and Atmospheric Administration
NRC U.S. Nuclear Regulatory Commission

NRG north ramp geologic

nT nanoTeslas

NWPA Nuclear Waste Policy Act of 1982

OIS oxygen isotope stage

Pa pascal

PDF probability density function

PDO Pacific Oscillation Decadal

PFBA difluorobenzoic acid

PM particulate matter

PM;j particulate matter up to 10 micrometers in size
PMF probable maximum flood

Pmol picomoles

ppm parts per million

ppmv parts per million by volume

PSHA Probabilistic Seismic Hazard Analysis
PVHA Probabilistic Volcanic Hazard Analysis

Q rock-mass quality

Q seismic quality factor

RCTS resonant column and torsional shear

RMEI reasonably maximally exposed individual
RMR rock-mass rating

RQD rock quality designation

S seconds

SASW spectral analysis of surface waves

SHT Single Heater Test

SLPM standard liters per minute

SMOW standard mean ocean water

SNL Sandia National Laboratories

SPT standard penetration test

SRF stress-reduction factor

T initiation of transition to interglacial climate
TDS total dissolved solids

TH thermal-hydrologic

THC thermal-hydrologic-chemical
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THM
™
TSPA
TU

USGS

W

YMP
YMSD

yr

ACRONYMS AND ABBREVIATIONS (Continued)

thermal-hydrologic-mechanical
thermal-mechanical

total system performance assessment
Tritium Units

U.S. Geological Survey
watts

Yucca Mountain Project
Yucca Mountain Site Description
years

CHEMICAL ELEMENTS

Ag silver

Al aluminum
Am americium
Ar argon

B boron

Ba barium

Bi bismuth
Br bromine
C carbon

Ca calcium
Ce cerium

Cl chlorine
Co cobalt

Cm curium

Cr chromium
Cs cesium
Cu copper

Eu europium
F fluorine
Fe iron

H hydrogen
He helium
Hg mercury

1 1odine
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ACRONYMS AND ABBREVIATIONS (Continued)

K potassium
Kr krypton

La lanthanum
Li lithium

Mg magnesium
Mn manganese
N nitrogen
Na sodium

Nb niobium
Nd neodymium
Ni nickel

Np neptunium
O oxygen

Pa protactinium
Pb lead

Po polonium
Pt platinum
Pu plutonium
Ra radium

Rb rubidium
Rn radon

Sb antimony
Sc scandium
Se selenium
Si silicon

Sm samarium
Sr strontium
Tc technetium
Te tellurium
Th thorium

Ti titanium

U uranium
Xe xenon
TDR-CRW-GS-000001 REV 02 ICN 01 xliii

April 2004



ACRONYMS AND ABBREVIATIONS (Continued)

Y yttrium
Zr zirconium

LITHOSTRATIGRAPHIC, HYDROGEOLOGIC,
OR THERMAL-MECHANICAL UNITS

CHv Calico Hills vitric hydrogeological unit

CHz Calico Hills zeolitic hydrogeological unit

CFu Crater Flat undifferentiated hydrogeological unit

CHn Calico Hills nonwelded hydrogeological unit

Mvs Sedimentary and metavolcanic rocks of Mesozoic age
P1 Clastic rocks of Paleozoic-Precambrian age

P2 Carbonate rocks of Paleozoic age

pCgm igneous and metamorphic rocks of Precambrian age
PP Prow Pass Tuff

PTn Paintbrush Tuff nonwelded hydrogeological unit

Qp Playa deposits of Quarternary age

QTv Volcanic rocks of Quarternary-Tertiary age

QTvf Valley fill of Quarternary-Tertiary age

Tac Calico Hills Formation

Tacbs Calico Hills Formation basal sandstone

Tacbt Calico Hills Formation bedded tuff

Tcbuv Bullfrog Tuff upper vitric nonwelded zone

Tcp Prow Pass Tuff

Tcpbt pre-Prow Pass Tuff bedded tuff

Teple Prow Pass Tuff lower crystalline nonwelded zone
Teplv Prow Pass Tuff lower vitric nonwelded zone

Tcpmd Prow Pass Tuff moderately-densely welded zone
Tcpuc Prow Pass Tuff upper crystalline nonwelded zone
Tcpuv Prow Pass Tuff upper vitric nonwelded zone

Tlg Granitic rocks of Tertiary-Late Jurassic age

TCw Tiva Canyon welded hydrogeological unit

Tmbtl pre-Rainier Mesa Tuff bedded tuff

Tpbtl pre-Topopah Spring Tuff bedded tuff

Tpbt2 pre-Pah Canyon bedded tuff

Tpbt3 pre-Yucca Mountain bedded tuff

Tpbt4 pre-Tiva Canyon bedded tuff

Tpepll Tiva Canyon Tuff crystal-poor lower lithophysal zone
Tpepln Tiva Canyon Tuff crystal-poor lower nonlithophysal zone
Tpcplnc Tiva Canyon Tuff crystal-poor lower nonlithophysal columnar subzone
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Tpcpmn
Tpcpul
Tpcpv
Tpcpvl
Tpepv2
Tpcpv3
Tpp
Tpt
Tptpll
Tptpln
Tptplnc
Tptpmn
Tptpul
Tptpv
Tptpvl
Tptpv2
Tptpv3
Tptrl
Tptrn
Tptrv
Tptrvl
Tptrv2

Tptrv3
Tptrl
Tpy
TSw
TSwl
TSw2
TSw3
Tv
Tvs

ACRONYMS AND ABBREVIATIONS (Continued)

Tiva Canyon Tuff crystal-poor middle nonlithophysal zone

Tiva Canyon Tuff crystal-poor upper lithophysal zone

Tiva Canyon Tuff crystal-poor vitric zone

Tiva Canyon Tuff crystal-poor vitric nonwelded subzone

Tiva Canyon Tuff crystal-poor vitric moderately welded subzone
Tiva Canyon Tuff crystal-poor vitric Densely welded subzone

Pah Canyon Tuff

Topopah Spring Tuff

Topopah Spring Tuff crystal-poor lower lithophysal zone

Topopah Spring Tuff crystal-poor lower nonlithophysal zone
Topopah Spring Tuff crystal-poor lower nonlithophysal columnar subzone
Topopah Spring Tuff middle nonlithophysal zone

Topopah Spring Tuff crystal-poor upper lithophysal zone

Topopah Spring Tuff crystal-poor vitric zone

Topopah Spring Tuff crystal-poor vitric nonwelded subzone
Topopah Spring Tuff crystal-poor vitric zone-moderately welded subzone
Topopah Spring Tuff vitric zone-densely welded subzone

Topopah Spring Tuff crystal-rich lithophysal zone

Topopah Spring Tuff crystal-rich nonlithophysal zone

Topopah Spring Tuff crystal-rich vitric zone

Topopah Spring Tuff crystal-rich vitric zone-densely welded subzone
Topopah Spring Tuff crystal-rich vitric zone-nonwelded to moderately welded
subzone

Topopah Spring Tuff crystal-rich vitric zone nonwelded subzone
Topopah Spring Tuff crystal-rich lithophysal zone

Yucca Mountain Tuff

Topopah Spring welded hydrogeological unit

Topopah Spring welded, lithophysal-rich thermal-mechanical unit
Topopah Spring welded, lithophysal-poor thermal-mechanical unit
Topopah Spring welded, vitrophyre thermal-mechanical unit
Volcanic rocks of Tertiary age

Volcanic and volcaniclastic rocks Tertiary age
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EXECUTIVE SUMMARY

The Yucca Mountain Site Description summarizes, in a single document, the current state of
knowledge and understanding of the natural system at Yucca Mountain. It describes the
geology; geochemistry; past, present, and projected future climate; regional hydrologic system;
and flow and transport within the unsaturated and saturated zones at the site. In addition, it
discusses factors affecting radionuclide transport, the effect of thermal loading on the natural
system, and tectonic hazards.

The Yucca Mountain Site Description is broad in nature. It summarizes investigations carried
out as part of the Yucca Mountain Project since 1988, but it also includes work done at the site in
earlier years, as well as studies performed by others. The document has been prepared under the
Office of Civilian Radioactive Waste Management quality assurance program for the Yucca
Mountain Project.

Yucca Mountain is located in Nye County in southern Nevada. The site lies in the north-central
part of the Basin and Range physiographic province, within the northernmost subprovince
commonly referred to as the Great Basin. The basin and range physiography reflects the
extensional tectonic regime that has affected the region during the middle and late Cenozoic Era.
Yucca Mountain was initially selected for characterization, in part, because of its thick
unsaturated zone, its arid to semiarid climate, and the existence of a rock type that would support
excavation of stable openings. In 1987, the United States Congress directed that Yucca
Mountain be the only site characterized to evaluate its suitability for development of a
geologic repository for high-level radioactive waste and spent nuclear fuel.

Regional Geologic Setting—The Great Basin consists of fault-bounded basins and mountain
ranges, complicated by volcanic activity that has occurred within the past 15 million years. The
mountain ranges of the Great Basin, mostly tilted fault-bounded blocks, may extend for more
than 80 km (50 mi), are 8 to 24 km (5 to 15 mi) wide, rise 300 to 1,500 m (1,000 to 5,000 ft)
above the floors of the intervening basins, and occupy approximately 40 to 50 percent of the total
land area. The deep structural depressions forming the basins contain sedimentary fill of late
Tertiary and Quaternary ages, ranging in thickness from a few hundred meters (hundreds of feet)
to more than 3 km (2 mi). The floors of closed basins are nearly level to gently sloping and are
often covered, in part, by playas. Open basins are, in general, moderately to deeply dissected
with axial drainage ways.

Typically, faults in this setting include normal and strike-slip faults that reflect the extensional
deformation caused by plate tectonic interactions at the western margin of the North American
continent during the middle and late Cenozoic Era. The Great Basin is segmented into tectonic
domains, structurally bounded blocks of the Earth’s crust characterized by deformations that
distinguish them from adjacent domains. Three regional tectonic domains characterize Yucca
Mountain and its surrounding environs: the Walker Lane domain, which includes the site; the
Basin and Range domain, to the northeast; and the Inyo-Mono domain, to the southwest.

Pre-Cenozoic rocks in the Yucca Mountain region are comprised of upper Precambrian
(Proterozoic) through Paleozoic marine strata. Mesozoic rocks are preserved only in small
volumes in the region. The pre-Cenozoic rocks have undergone successive generations of
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faulting, fracturing, and broad-to-local folding and are important because they include the main
regional aquifers and aquitards.

Cenozoic rocks of the Yucca Mountain geologic setting fall into three general
groups: sedimentary (including volcaniclastic) rocks of pre-middle Miocene age that predate
creation of the southwestern Nevada volcanic field; a volcanic suite of middle to late Miocene
age that constitutes the southwestern Nevada volcanic field; and Plio-Pleistocene basalts and
basin sediments. Quaternary deposits (deposited in the last 1.8 m.y.) in the Great Basin consist
of alluvial, colluvial, and eolian sediments and minor volcanic deposits. In the vicinity of Yucca
Mountain, the volcanic rocks are basaltic in composition.

Site Geology—Past and modern geomorphic processes have been investigated at Yucca Mountain
in order to assess their hazard to the high-level radioactive waste repository. Yucca Mountain is
composed of volcanic rocks that resulted from eruptions within the southwestern Nevada
volcanic field between about 14 and 11 million years ago, in Miocene time. The rocks are
primarily pyroclastic flows and tephra fallout deposits. One of these flow deposits, the Topopah
Spring Tuff, contains the horizon currently designated for waste emplacement. The Tiva Canyon
Tuff overlies the Topopah Spring Tuff, and the Calico Hills Formation underlies it. Studies have
identified the properties and characteristics of these formations as they relate to the movement of
gas and water through the rocks and the ability of the rocks to slow the transport of
radionuclides.

On a broad scale, the volcanic rocks can be grouped into welded and nonwelded units with
differing hydrogeologic and thermal-mechanical properties. Lithophysae (cavities formed by
vapor concentration as the deposits cool) characterize some portions of the welded units and can
affect rock properties. Glassy (vitric) zones are also characteristic of the volcanic rocks in
some horizons. The matrix mineralogy of the tuffs at Yucca Mountain consists of silica
polymorph minerals (cristobalite, tridymite, and quartz) and potassium feldspar. Zeolite
minerals are abundant in the Calico Hills Formation in the northern portion of the site.
Fracture-filling minerals consist of silica polymorphs, calcite, clays, zeolites, iron oxides, and
manganese oxides.

The structural geology of Yucca Mountain and vicinity is dominated by a series of north-striking
normal faults along which the Tertiary volcanic rocks were tilted eastward and displaced
hundreds of meters down to the west. This faulting occurred during a period of extensional
deformation in middle to late Miocene time. These through-going faults divided the site area
into several blocks, each of which is further deformed by minor faults. Displacement along
some of these faults has continued into Quaternary time and has been evaluated as part of the
seismic hazard assessment for Yucca Mountain. The nature and distribution of Quaternary
deposits have been used to assess the extent, ages, and magnitude of Quaternary faulting events
for the seismic hazard analysis and to evaluate climatic changes during Quaternary time.

Tectonic Models and Tectonic Hazards—The geologic record provides clear evidence that both
volcanic eruptions and earthquakes have occurred in the vicinity of Yucca Mountain during the
Quaternary period. The youngest nearby volcano (the Lathrop Wells Cone) erupted
approximately 80,000 years ago. Faults bounding Yucca Mountain have also been active in
Quaternary time. The interval between successive earthquakes on active faults ranges from
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thousands to tens of thousands of years, with smaller recurrence intervals for faults in Death
Valley, more than 50 km (30 mi) west of Yucca Mountain.

Volcanic and seismic hazards have been analyzed probabilistically and are taken into account in
preclosure design (seismic) and postclosure performance assessment (volcanic and seismic). The
volcanic hazard analysis indicates that the mean annual frequency of intersection of the
repository footprint by an igneous dike is on the order of 1.6x10™. Studies have also evaluated
the probable characteristics of any future volcanic eruption that might disrupt a repository at
Yucca Mountain. The most commonly cited magma ascent scenario is related to tectonic
extension of a pull-apart basin controlled by local, deep-seated normal faults. Strike-slip faulting
related to the Walker Lane domain is a possible contributing factor.

Studies to evaluate seismic hazards at Yucca Mountain focused on characterizing the
contemporary seismic environment, the history of faults active during the Quaternary Period, and
the attenuation of ground motion from local and regional earthquakes. Both ground motion and
fault displacement hazards were examined. The earthquake scenario with the greatest likelihood
of occurrence is the planar fault (i.e., rift-graben) model in combination with a component of
dextral shear (a pull-apart basin model).

Factors Affecting Radionuclide Transport-The geochemical characteristics of both surficial
deposits and of the volcanic units play roles in defining groundwater compositions at Yucca
Mountain. The volcanic units at Yucca Mountain consist principally of rhyolites and high-silica
rhyolites, with lesser volumes of quartz latite rocks above the repository horizon. The surficial
deposits are derived from these bedrock units and, thus, exhibit similar geochemical
characteristics. The volcanic rocks are locally represented by glassy units that, at elevations of
up to 100 m (330 ft) above the present water table, have been altered to zeolites. The zeolitic
horizons provide cation-exchange barriers for some waste elements and function as units of low
permeability. Geochemical studies provide evidence for the effective barrier characteristics, not
only of major zeolitic horizons, but also of minor amounts of fracture-coating minerals, such as
manganese oxides.

The geochemical composition of unsaturated zone waters and groundwater is a factor that affects
radionuclide transport. In general, unsaturated zone pore waters have higher total dissolved solid
concentrations than perched or saturated zone waters, reflecting the low surface infiltration rates.
Most major chemical characteristics of the pore waters appear to be established by soil-zone
processes, such that waters entering the bedrock are usually saturated with respect to calcite and
amorphous silica. Pore waters show the effects of cation exchange reactions with zeolites, with
increasing sodium and decreasing divalent cation concentrations occurring at depth. In addition,
strontium and uranium series isotopic data indicate considerable pore water equilibration with
the matrix rocks in the unsaturated zone.

Geochemical and isotopic data in waters from the unsaturated zone and saturated zone at Yucca
Mountain are consistent with a flow model in which all unsaturated zone waters, including
perched waters, originate at the surface of the mountain. Although flow paths appear to be
predominantly vertical, there is evidence for lateral flow in some units. This water presumably
flowed along pathways that included fractures, faults or both. Recharge to perched and saturated
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zone waters is likely along fracture pathways, not by pore water flow through the unsaturated
rock matrix.

Radionuclide Transport—A number of factors affect the transport of radionuclides within the
unsaturated and saturated zones. These factors include radionuclide solubility and speciation,
sorption, the effects of organics on sorption, matrix diffusion, and the effects of colloids.
Radionuclides of concern for Yucca Mountain are neptunium, plutonium, americium,
technetium, iodine, and uranium. Sorption coefficients for radionuclides of interest were
determined using water and rock samples from the site. Batch experiments were performed at
several pH levels to evaluate the impact of pH variations on the sorption coefficient. The
potential effects of organics on actinide sorption were evaluated in batch experiments with model
organic compounds in water and rock samples from the site. Models were developed to explain
the sorption coefficient data and to allow prediction of coefficient values under anticipated
conditions. Dynamic transport studies include crushed-tuff column experiments under flowing
conditions, solid-rock column experiments, and experiments with alluvium. In addition, the
transport of radionuclides through fractures was examined to assess the retardation that can be
provided by radionuclide diffusion into the matrix and sorption onto the minerals coating Yucca
Mountain fractures. Colloid-facilitated transport of radionuclides has been studied in the
laboratory using waters collected from Yucca Mountain or synthesized to reflect Yucca
Mountain waters.

In addition to laboratory studies of factors affecting radionuclide transport, field studies have
also been carried out. A transport test at Busted Butte was designed to validate and improve the
site-scale model of flow and transport in the unsaturated zone. To test conceptual saturated zone
transport models, two major cross-hole, forced-gradient tracer tests at the C-holes complex were
carried out. Observed responses of nonsorbing tracers were consistent with matrix diffusion
behavior. This result supports the use of a dual-porosity conceptual model to describe
radionuclide transport through the saturated, fractured volcanic rocks near Yucca Mountain.
Results also suggest that the use of laboratory-derived radionuclide sorption parameters in
field-scale transport predictions is defensible. Three single-borehole injection-withdrawal tracer
tests were conducted in saturated alluvium at the Alluvial Testing Complex. In contrast to the
tuffs, the alluvium exhibited behavior more like that of a porous continuum model (i.e., less
diffusion into stagnant fluids). This result may be scale dependent, such that over longer
transport times, diffusion becomes more important.

Thermal Loading Effects—The radioactive wastes emplaced at Yucca Mountain will generate a
large amount of heat from the radioactive decay. This heat will influence hydrologic,
mechanical, and chemical conditions in both the near-field (drift scale) and far-field (mountain
scale). Consequently, there are several sets of coupled processes that must be taken into account
to determine the overall performance of the repository in the unsaturated zone. These coupled
processes include thermal-hydrologic, thermal-mechanical, and thermal-chemical processes, and
combinations of these. Both laboratory and field studies (Large Block Test, Single Heater Test,
Drift Scale Test) were carried out to address these issues. Thermal-hydrologic behavior of a
repository was examined for conditions that included boiling in the host rock, coalescence of
boiling zones around individual drifts, heterogeneity of heating along drifts, use of backfill, and
use of a drip shield.
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Two key quantities affect thermal-hydrologic conditions within emplacement drifts:
temperatures at the drift wall and the temperature gradient between the waste package and the
drift wall. The likelihood of water seeping into the drift is strongly affected by whether
temperatures at the drift wall are above the boiling point. Keeping the drift wall above the
boiling point will limit the tendency for seepage.

Thermal-mechanical-hydrologic investigations included study of thermal-mechanical effects on
fracture flow; mechanical loading of waste packages through creep, block failures, or seismic
loading; and thermal-mechanical effects on hydrology. Efforts to characterize the in situ
geomechanical environment at Yucca Mountain have included hydraulic fracturing
measurements of in situ stress and estimates of rock-mass strength based on empirical criteria.
Thermal properties of the volcanic rock have been measured on a large number of laboratory
specimens and also estimated from field data obtained in the Single Heater Test.
Thermal-mechanical effects on fluid flow through fractures have been inferred from field
observations and a laboratory experiment on a 0.5-m (1.6-ft) scale tuff block. The laboratory
tests have also included an effort to assess the possible effect of radiation on elastic modulus and
compressive strength.

The heat produced by the repository waste will affect geochemical processes in several ways.
For example, the equilibrium states of reactions are generally temperature dependent. Mineral
solubilities, aqueous speciation, equilibrium-phase assemblages, mineral hydration states, and
solid-state phase transformations all depend on temperature as well. At elevated temperatures,
water vapor, liquid water, and CO;, gas will interact with the existing tuff mineralogy (and
introduced materials) to dissolve and precipitate phases and modify the water chemistry.
Mineral stability and phase equilibria are temperature-dependent. At higher temperatures, the
conversion of unstable cristobalite to more stable chalcedony or the stable quartz form is
accelerated (though this may be significant only in the presence of liquid water). Changes in
permeability and porosity, in turn, may accompany phase transformations and mineral
dissolution-precipitation reactions, and flow paths may be altered for additional impact. Studies
examined mineral dissolution and precipitation, mineral stability, the evolution of in-drift water
chemistry, and fluid-rock interactions.

The field thermal tests have produced data that improve the understanding of the conceptual
thermal-hydrologic, thermal-mechanical, and thermal-hydrologic-chemical processes. They
have also enhanced the confidence of the models of those processes. All field thermal tests
confirm the concept that heat drives moisture away in vapor form. The vapor will flow mostly
along fractures away from the heat source that will create a dryout region surrounding the heat
source. The vapor will condense into water when it reaches the cooler region. Most of the
condensate will flow in fractures. Some of the condensate will be imbibed into the matrix, but
the amount may be much smaller than that which flows in the fractures. The orientation of the
fractures and gravity will control the flow direction of the condensate. When the condensate
flows back to the heat source, it will be evaporated and condensed, and condensate refluxing
along fractures will occur. This condensate refluxing will provide a better chance for rock-water
interaction. Without assistance from extrinsic factors, such as infiltration, rewetting of the
dryout region will be slower than the drying process. The field thermal tests so far have not
observed re-wetting.
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Climate—Climate in the vicinity of Yucca Mountain affects the amount of water that can
infiltrate into the mountain and the level of the water table. Climates wetter than today have
been dominant over the past several hundred thousand years in the Yucca Mountain vicinity.
Interglacial climates, such as the present climate, persisted only about 20 percent of the time.
During much of the next 10,000 years, it is expected that the climate at Yucca Mountain will be
wetter and cooler than it is today.

Regional and local evidence indicates that the Yucca Mountain site has experienced, over the
past several hundred thousand years, many different climate states, ranging from glacial to
interglacial conditions. Glacial and intermediate climate periods sustained greater effective
moisture with greater infiltration and recharge than the present interglacial period. Long-term
past climate proxy data were simplified into four climate states (interglacial, monsoon,
intermediate, glacial), each with different levels of effective moisture. Climate states typical of
the past 500,000 years are thought likely to reoccur in the next 500,000 years. However, changes
to the water table elevation are not expected to exceed those already inferred from the zeolite
alteration evidence discussed above.

Unsaturated Zone Hydrology—The repository is located in the unsaturated zone, which extends
below the repository to the water table (top of the saturated zone). The amount of water
contacting waste packages ultimately affects all aspects of repository performance, from waste
package lifetime to radionuclide movement. The amount of water contacting the waste packages
is limited by the seepage into the repository, which depends on the nature of percolation through
the repository host rock in the unsaturated zone. Once radionuclides are released from a waste
package, the unsaturated zone system beneath the repository, together with the engineered barrier
system, delays radionuclide movement and reduces the concentration of radionuclides during
transport to aquifers beneath the repository.

Boreholes drilled, sampled, tested, and monitored at the site defined the vertical and lateral
distribution of hydrogeologic units, hydrologic properties of the rocks, thermal and other
geophysical conditions and properties, chemistry of the contained fluids, pneumatic pressure, and
water content and potential. Additional data for some of these parameters have been obtained
from the excavation of the Exploratory Studies Facility and the Enhanced Characterization of the
Repository Block Cross Drift, and from boreholes drilled from the drifts or alcoves of these
tunnels.

Studies of unsaturated zone hydrology addressed net infiltration, percolation, fracture-matrix
interaction, accumulation of perched water, lateral flow, and deep percolation to the water table.
These processes determine the amount of water that may seep into repository drifts, possibly
come in contact with waste packages, and eventually reach the water table.

Geochemical and isotopic data for waters from the unsaturated zone are consistent with a flow
model in which all unsaturated zone waters, including perched waters, originate at the surface of
the mountain. Although flow paths appear to be predominantly vertical, there is evidence that
suggests lateral flow in some units. Some isotopic data suggest that water may have flowed
rapidly to at least the depth of the Exploratory Studies Facility. This water presumably flowed
along pathways that included fractures and faults. Radiocarbon dating of unsaturated zone gas
samples provides uncorrected radiocarbon ages ranging from modern to 16,000 years. Stable
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isotope values provide confirmatory evidence that pore water in the Topopah Spring Tuff is
glacial in origin, whereas porewater in the underlying nonwelded units of the Calico Hills
Formation is post-glacial in origin. Other isotopic dating methods, such as chlorine-36 and
uranium series, suggest that some of the pore water may be much older.

Deposits of calcite and opal in fractures and cavities also mark pathways of past percolation of
water through the unsaturated zone. The localized deposition of secondary minerals along
fractures indicates precipitation under unsaturated conditions. Geochronologic studies of these
minerals indicate that the unsaturated conditions, at least at the level of the Exploratory Studies
Facility, have persisted for several million years.

The conceptual model of fluid flow in the unsaturated zone at Yucca Mountain, developed from
monitoring and test results, consists of several important flow processes and issues. Infiltration
is spatially and temporally variable because of the nature of the storm events that supply
precipitation, and variation in soil cover and topography. As a result of the relatively high
density of interconnected fractures and low matrix permeabilities in the Tiva Canyon Tuff,
infiltration pulses move rapidly through the fracture system with little attenuation relative to
travel times in the matrix. Because of relatively high matrix permeability and porosity and low
fracture densities of the underlying Paintbrush nonwelded lithostratigraphic units, predominantly
fracture flow in the Tiva Canyon Tuff becomes dominantly matrix flow in the nonwelded units.
There is evidence of lateral flow of liquid water within the Paintbrush nonwelded unit.
Unsaturated flow of liquid water in the Topopah Spring Tuff, below the Paintbrush nonwelded
units, is primarily through fractures.

The occurrence of perched water near the contact between the Topopah Spring Tuff and the
underlying nonwelded Calico Hills Formation indicates that the Topopah Spring Tuff basal
vitrophyre (glassy tuff) and the nonwelded character of the Calico Hills Formation serve as
barriers to vertical flow and cause lateral flow. Below the repository horizon, both the Calico
Hills Formation and the underlying units of the Crater Flat Group have vitric and zeolitic
components that differ by the degree of hydrothermal alteration. Because the zeolitic rocks of
the Calico Hills Formation and the Crater Flat Group have low matrix permeability and some
fracture permeability, a relatively small amount of water may flow through the zeolitic units.
Conversely, but similar to the Paintbrush nonwelded units, the vitric rocks of the Calico Hills
Formation and the Crater Flat Group have relatively high matrix porosity and permeability and,
therefore, mostly porous-medium flow predominates in these rocks.

Saturated Zone Hydrology-The saturated zone underlying Yucca Mountain and the
surrounding region represents an additional component of the path along which radionuclides
could be transported from the repository at Yucca Mountain. The Alkali Flat-Furnace Creek
groundwater basin underlies the repository and is a part of the central Death Valley subregion of
the Death Valley regional groundwater flow system. Potentiometric data from widely spaced
boreholes indicate that groundwater flows southward from upland recharge areas in the volcanic
terrain of Pahute and Rainier mesas, beneath Timber Mountain, and southward toward the Yucca
Mountain area. The groundwater flows through aquifers of the Tertiary volcanic and
volcaniclastic sequence beneath Crater Flat, Yucca Mountain, and Jackass Flats, eventually
ascending into the valley-fill sedimentary deposits of the Amargosa Desert. A regional aquifer
in the Paleozoic carbonate rocks underlies the Tertiary volcanic rocks in the Yucca Mountain
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vicinity. Comparison of major-ion and isotopic content data from waters of the lower carbonate
aquifer with those from the volcanic units implies that there has been little mixing of water from
the lower carbonate aquifer with that of the overlying Tertiary volcanic aquifers beneath Yucca
Mountain. Flow paths inferred based on chemical and isotopic data are in general agreement
with those based on potentiometric gradients.

In the immediate vicinity of Yucca Mountain, hydrogeologic data indicate that groundwater
flows towards the repository area from the north and from the west, and away from the
repository initially in a southeasterly direction toward Fortymile Wash and Jackass Flats, then
south-southwestwardly toward the Amargosa Desert. Beneath the crest of Yucca Mountain, flow
is entirely in the lower volcanic aquifers and deeper units. However, at Fortymile Wash, the
upper volcanic aquifer dips beneath the water table and dominates the flow system. Limited data
on the vertical hydraulic gradient indicate that an upward gradient exists between the carbonate
aquifer and the volcanic aquifers at a location southeast of the repository and could extend to the
area underlying the repository as well.

Movement of groundwater in the saturated zone within the Death Valley regional groundwater
flow system has been conceptualized as a series of relatively shallow and localized flow paths
that are superimposed on deeper regional flow paths. Hydrochemical and isotopic data from
analysis of water samples derived from the Death Valley regional groundwater flow system, and
from smaller flow systems within it, provide complementary, indirect data for interpreting
hydrogeologic relationships and help to reduce uncertainties regarding regional groundwater
flow patterns and rates of flow. Data derived from temperature profiles measured within several
boreholes drilled at and near Yucca Mountain and the Nevada Test Site also have been used to
estimate vertical thermal gradients and infer conductive heat-flow patterns within the saturated
zone underlying Yucca Mountain and the surrounding area. These estimated and inferred
parameters have, in turn, been used to interpret such phenomena as fault-controlled flow and
vertical mixing that occur within the groundwater flow system, and to determine possible
relationships of local flow systems to deeper underlying regional flow systems.

Hydrochemical data indicate that water in the volcanic aquifer beneath Yucca Mountain and
Crater Flat was probably recharged during past wetter climate conditions, originating largely
from local infiltration, some via perched water zones during late Pleistocene to early Holocene
time. Carbon-14 dating of groundwater beneath Yucca Mountain provides uncorrected ages of
predominantly 7,000 to 11,000 years; the estimated true age of the saturated zone groundwater is
about 2,000 years younger.

Numerous faults that exist within the local saturated zone subsystem influence the movement of
groundwater by variously serving as either preferential pathways or barriers to flow. The
Solitario Canyon fault, on the west side of Yucca Mountain, acts as a barrier to west-to-east
groundwater flow. However, the Solitario Canyon fault may also provide a conduit for upward
flow to the volcanic aquifers from the underlying carbonate aquifer. Other north-trending faults
at Yucca Mountain may also provide conduits for upward flow, as evidenced by linear anomalies
in water temperature.

The long-term stability of the elevation of the groundwater table in the vicinity of Yucca
Mountain has been evaluated by studies of natural existing spring features and paleodischarge
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sites, packrat midden sites, groundwater samples, and mineralogical and isotopic indicators.
Results of these studies indicate that, during the past two pluvial periods, if water-table gradients
were similar to modern-day gradients, as is suggested by alternate-climate modeling simulations,
the groundwater table could have been situated a maximum of about 115 to 120 m (380 to 396 ft)
higher than the current water table level beneath Yucca Mountain. This corresponds to the
extent of zeolitized rock above the water table, as observed in boreholes penetrating the water
table.

Although there is mineralogic evidence for a water table rise beneath Yucca Mountain of as
much as 115 to 120 m, the age of such a rise is poorly constrained and may represent conditions
from 10 million years ago. Other reported large rises at paleodischarge sites assumed greater
depth to water than is now known to exist, and in some cases involved deposits of unknown age.
The most reliably dated paleo-spring deposits (where depth to water is known) suggest
groundwater table rises of only 10 to 30 m (33 to 98 ft) in the last 15,000 years.
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1. INTRODUCTION

Investigations of the Yucca Mountain site (Figure 1-1) began in 1978 to determine whether it is
suitable for development as the nation’s first geologic repository for permanent geologic disposal
of high-level (radioactive) waste (HLW) and spent nuclear fuel. In response to the Nuclear
Waste Policy Act of 1982 (NWPA) [DIRS 101681], the U.S. Department of Energy (DOE)
developed a Site Characterization Plan that was approved in 1988. Formal site characterization
began in 1989 following the amendment to the NWPA in 1987. NWPA Amendments Act of
1987 [DIRS 100016] directed the DOE to characterize only Yucca Mountain and to report to
Congress if the Secretary of Energy determined the site to be unsuitable for development as a
repository.

This Revision 2 of the Yucca Mountain Site Description (YMSD) presents the current
understanding of the features, events, and processes composing the natural system at and near the
Yucca Mountain site. Characterization of the natural system is necessary to assess the ability of
a geologic repository to isolate radioactive waste. The natural system is the framework within
which compatible engineered components of a repository must be designed. To meet NRC
requirements, the Yucca Mountain Project (YMP) must demonstrate, with reasonable
expectation, that the total system performance is such that the allowable 10 CFR Part 63
[DIRS 156605] annual dose of 15 millirem to the reasonably maximally exposed individual
(RMEI) is not exceeded.

The Yucca Mountain site is located in Nye County in southern Nevada, approximately 160 km
(100 mi) northwest of Las Vegas (Figure 1-1). Some of the characteristics of Yucca Mountain
that led to its consideration as the site for a geologic repository include its arid to semiarid
climate, depth to the water table, and its location remote from population centers. For waste
emplaced in the unsaturated zone, low precipitation, slow movement of water through rock, and
a thick zone of unsaturated rock would limit the amount of water available to contact waste
packages. This would contribute to a long lifetime for the waste packages, accompanied by slow
degradation of the waste form within the packages. For any radionuclides that escape the waste
packages, the natural system would provide chemical and physical barriers that would retard
their transport away from the repository, thereby limiting possible exposure to the public.

Adequate knowledge of the natural system was essential to making an informed decision in 2002
about the suitability of a repository at Yucca Mountain for the nation’s civilian HLW and spent
nuclear fuel. The current level of understanding of the natural system at Yucca Mountain
indicates that the multiple barriers of combined natural and engineered systems will provide the
needed long-term safety of a geologic repository at the site. This understanding is a basis for the
License Application the DOE is preparing. Among the factors that will be relied upon for waste
isolation are features of the natural system that provide:

Limited seepage of water into the emplacement drifts

Solubility limits of dissolved radionuclides in Yucca Mountain waters
Retardation of radionuclide migration in the unsaturated and saturated zones
Dilution of radionuclide concentrations during migration.
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The License Application will also address those features, events, and processes of the natural
system that might disrupt the repository, such as climate change, igneous events, and seismic
activity (vibratory ground motion and fault displacement). In addition, the License Application
will provide added confidence through multiple lines of evidence that include insights from
natural analogs (other sites having features and processes that have a bearing on the long-term
performance of the Yucca Mountain site).

Investigations of the natural system at Yucca Mountain provide an important part of the technical
basis for demonstrating the long-term safety of a geologic repository at the site. They also
provide information needed to substantiate safety during the operational period of a repository
before it is permanently closed. Thus, the information on the natural system presented here
supports the development of a safety case for a geologic repository at Yucca Mountain.

1.1 OBJECTIVE AND SCOPE

The YMSD summarizes existing information on the natural system at Yucca Mountain and is
based mainly on YMP reports. Analyses and models are not discussed in the YMSD, except for
references to conceptual models and numerical models that guide the collection of site data. The
YMSD also incorporates relevant information from publications produced by other investigators
outside the YMP, including consideration of certain interpretations and hypotheses that differ
from those developed by YMP investigators.

Topics covered by the YMSD are:

e Regional geographic and geologic settings (Section 2)

Geology of the site (Section 3)
e Tectonic models and tectonic hazards (Section 4)

e Factors affecting radionuclide transport under ambient and thermally perturbed
conditions (Section 5)

e Past, present, and future climates (Section 6)
e Surface water and unsaturated zone flow and transport (Section 7)
e Saturated zone flow and transport (Section 8).

The description of the Yucca Mountain site and surrounding region contained in this document
represents the state of knowledge at a particular point in time. Results described are generally
those available based on data collected through December 2002. The discussion of natural
analogs is retained in the Natural Analogue Synthesis Report (BSC 2002 [DIRS 160405]), and is
not discussed in each chapter, as may be applicable, as was stated in the technical work plan
(BSC 2003 [DIRS 166243], Section 1).
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1.2 QUALITY ASSURANCE

The activity of preparing the YMSD was determined to be quality affecting (BSC 2003
[DIRS 166243], Section 8). However, the data and information contained herein are presented
as reference only and include both qualified and unqualified information (BSC 2003
[DIRS 166243], Section 1). This report is not intended as a stand-alone source used to address
safety or waste-isolation issues. Rather, information for those purposes should be obtained from
original source documents cited herein. Revision 2 of the YMSD was prepared in accordance
with AP-3.11Q, Technical Reports.

The Technical Data Management System of the Yucca Mountain Project should be consulted
regarding the quality status of any data identified by Data Tracking Number and discussed in this
report. For this reason, quality status of data is not documented in the YMSD. Similarly, the
quality status of any software mentioned in this report can be obtained from the baseline of
qualified software.

1.3 YUCCA MOUNTAIN PROJECT BACKGROUND

The Nuclear Waste Policy Act of 1982 [DIRS 101681], which established the HLW disposal
program for the United States, requires, in Section 113, that a general plan be prepared for
characterizing a candidate repository site. In 1988, the DOE produced the Site Characterization
Plan Yucca Mountain Site, Nevada Research and Development Area, Nevada (DOE 1988
[DIRS 100282]). This plan described a comprehensive program to provide the information and
data needed to evaluate the suitability of the Yucca Mountain site and to satisfy U.S. Nuclear
Regulatory Commission requirements for licensing. Implementation of this plan was intended to
provide the information needed to design a repository that would work in harmony with the
natural system and to evaluate the expected performance of the repository and site as a total
system. The previous revision of this YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945])
was one of several documents developed to provide site characterization information supporting
the site suitability evaluation. In 2002, the site was recommended by the President of the United
States for development as a repository. In that same year, the U.S. Congress passed a joint
resolution signed into law by the President that designated the site for development as a
repository.

Information described in this version of the YMSD includes general characteristics partially
supporting the requirements defined in 10 CFR Part 63 [DIRS 156605].

The site characterization project, as it has evolved since 1988, has included surface-based testing
and investigations, underground testing, and laboratory studies and modeling activities for the
evaluation of repository performance. Surface-based studies have included the following:

e Mapping geologic features, including lithologic units, faults, fractures, and volcanic
features

e Drilling boreholes into the mountain to identify the geologic units present at depth,
measure the depth of the water table and properties of the unsaturated and saturated
hydrologic system, observe the rate at which water moves from the surface into the rock
below, and determine air and water movement properties above the water table
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e Using gravitational, magnetic, electrical, and seismic methods to infer the distribution
and properties of geologic units and structures at depth

e Monitoring earthquake activity

e Heating a large block of rock to observe the subsequent effects of heat on its hydrologic,
mechanical, and chemical properties.

Boreholes provide a key source of information for characterizing the Yucca Mountain site. In
addition to providing data on the stratigraphy and structure of the site, they also provide access
for in situ testing and samples for laboratory testing. Boreholes have been drilled for many
different purposes at Yucca Mountain (Figure 1-2). The convention for naming boreholes
provides information on their location and purpose (Dyer 1992 [DIRS 149070]).

The single largest characterization effort of the YMP involved construction of the Exploratory
Studies Facility (ESF) to gain access to the subsurface for exploration and testing at the depth of
the repository. The 7.9-km (4.9-mi) long, 7.6 m (25ft) diameter underground tunnel
(Figure 1-3) that constitutes the main part of the ESF was completed in 1997. A second tunnel
constructed for studies of the western portion of the Enhanced Characterization of the Repository
Block (ECRB) was completed in 1998. (This 2.7-km (1.7 mi) long, 5.0 m (16.4 ft) diameter
second tunnel is referred to as the Cross-Drift.) Investigative work in the ESF and ECRB
Cross-Drift focused primarily on thermal and hydrologic testing and confirmation of rock
properties. The relationship of these underground facilities to the current proposed layout of the
repository is shown in Figure 1-4. Underground studies have included:

e Geologic mapping of underground openings
e Investigations of rock geotechnical properties

e Characterization of hydrologic, geologic, and chemical properties of lithologic units,
pore waters, and fault zones

e Air-injection and liquid-release tests to characterize fracture flow and seepage
¢ Isotopic studies of flow pathways above the repository horizon

e The Single Heater Test and the Drift Scale Test, which investigated the behavior of the
natural system under thermal loads.

An additional field study facility was constructed at Busted Butte, 8 km (5 mi) to the southeast of
the ESF (Figure 1-4), to evaluate flow and transport in the nonwelded tuff units that lie between
the repository horizon and the water table. At Yucca Mountain, these rock units are located
approximately 140 m (450 ft) below the level of the repository. At Busted Butte, these units are
exposed at the surface. The studies listed above were also conducted at this facility, with the
exception of thermal tests.

Laboratory testing has augmented the surface and underground tests carried out at the Yucca
Mountain site. Laboratory studies allow properties and processes to be investigated under
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controlled conditions. Laboratory tests include those to determine mechanical, chemical, and
hydrologic properties of rock samples in support of repository design and development of
process models. (Process models are used to identify and understand important processes and
relationships among them. A similar term, abstraction models, refers to the abridged versions of
process models that are typically implemented in the probabilistic risk assessment.) Tests also
quantify properties of radionuclides that affect their transport, if released from a repository.
Additional laboratory tests include those to examine the chemical properties of ambient water
samples and the effects of heat on the behavior and chemical properties of water in the host rock.

The results of these site characterization investigations, as reported in the YMSD (REV 01)
(CRWMS M&O 2000 [DIRS 151945]) and summarized in this revision to that report, are the
primary basis for the DOE description of the Yucca Mountain site. These results are
supplemented in this revision by relevant information from other studies that have been carried
out, including some that offer alternative interpretations. Together, they document the current
understanding of the natural system at Yucca Mountain.

1.4 REPORT ORGANIZATION

This revision of the YMSD is organized into eight sections, seven of which address different
technical topics. Following this Introduction (Section 1), the regional geographic and geologic
settings within which Yucca Mountain is situated are summarized (Section2). Next, the
stratigraphic and structural framework of the Yucca Mountain site is described, and site
geoengineering properties are discussed (Section 3). Section 4 discusses the tectonic setting of
Yucca Mountain, including potential volcanic and seismic hazards to a geologic repository.
Section 5 discusses factors affecting radionuclide transport. These factors include the
mineralogy and chemistry of the host rock and chemistry of vadose zone and groundwater at the
site (Section 5.2).  Section 5.3 reports experimental work in radionuclide transport and
retardation involving site-specific parameters. Section 5.4 addresses radionuclide transport as it
is affected by coupled thermal-hydrologic-mechanical-chemical processes.

Following these sections, the essential role of water, the most important element of the natural
systems impacting repository performance, is addressed, from its start as precipitation through its
movement in the unsaturated and saturated zones. The first topics to be discussed are the
paleoclimate, present climatology and meteorology of the site, and future climate scenarios
(Section 6). Then, the surface-water hydrology of the site and flow and transport processes in
the unsaturated zone are presented in Section 7. Characteristics of regional groundwater flow
and site-specific saturated zone flow and transport are presented in Section 8.

Units for values provided in this document are generally given in the system of units (metric or
English) in which they were originally reported in source documents or originally collected.
Conversion to units of the alternative measurement system is indicated in parentheses to aid
readers who are not familiar with one or the other system. For some values, for which there is no
standard alternative unit, no conversion is given.
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1.5.2 Codes, Standards, Regulations, and Procedures

156605 10 CFR 63. Energy: Disposal of High-Level Radioactive Wastes in a Geologic
Repository at Yucca Mountain, Nevada. Readily available.

AP-3.11Q, Rev. 4, ICN 0. Technical Reports. Washington, D.C.: U.S. Department
of Energy, Office of Civilian Radioactive Waste Management.
ACC: DOC.20030827.0015.

101681 Nuclear Waste Policy Act of 1982. 42 U.S.C. 10101 et seq. Readily available.

100016  Nuclear Waste Policy Amendments Act of 1987. Public Law No. 100-203, 101
Stat. 1330. Readily available.
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Figure 1-1. Location of Yucca Mountain, Nevada
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Figure 1-2. Boreholes Drilled by the Yucca Mountain Project to Characterize the Yucca Mountain
Vicinity through the Year 2000
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Figure 1-4. An Example of the Layout of the Yucca Mountain Repository
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2. REGIONAL SETTING

The regional geologic setting for Yucca Mountain consists of those physiographic, tectonic,
stratigraphic, and structural elements that contribute to the evolution and current geologic
condition of the site. The setting provides a context for understanding the active geologic
processes at Yucca Mountain and evaluating its geology. Conclusions regarding the site geology
need to be consistent with the regional framework. The regional geologic setting thus constrains
the descriptive and process models that will be used to assess the ability of the natural system to
contribute to the satisfactory performance of the site.

The information presented about this regional geologic setting is more general than the
information focusing on the Yucca Mountain site provided in subsequent sections. Regional
information is drawn mainly from existing geologic literature; that is, the published text books,
papers, reports, and other referenced documents were not prepared specifically for the Yucca
Mountain Project (YMP). Therefore, the data they contain were not collected and the analyses
were not carried out under the YMP quality assurance program. The papers and reports did,
however, undergo peer review for publication. Differences in interpretation among scientists are
to be expected and are reflected in this discussion of regional geology. These differences are
especially apparent in some of the maps in this section because a geologic map is both a
summary of field observations and an interpretation of those observations.

Maps that summarize the surface distribution of rocks of different age groups are compiled from
a number of sources. The maps that depict locations of thrust faults, folds, detachment faults,
and shear zones are also drawn from existing publications to show specific features discussed in
the text. The maps, therefore, differ in details, depending on the scope and scale of the
investigation and subject being emphasized.

The main value of a review of regional studies is to provide a context within which geologic
interpretations and tectonic models of the Yucca Mountain site can be judged or validated on the
basis of investigations beyond the immediate area of Yucca Mountain.

This revision of the Yucca Mountain Site Description (YMSD) provides an updated
interpretation of regional geology (for example, Fridrich 1998 [DIRS 101098]; 1999
[DIRS 118942]) and adds new information regarding the Highway 95 fault that was not available
for Revision 1.

2.1 GEOGRAPHIC SETTING
2.1.1 Site Geography

The Yucca Mountain site is located in Nye County in southern Nevada, approximately 160 km
(100 mi.) northwest of Las Vegas (see Figure 1-1), on land controlled by three federal agencies:
the U.S. Air Force (Nevada Test and Training Range), the DOE Nevada Test Site, and the
Bureau of Land Management (see Figure 1-1).

The Yucca Mountain site and surrounding areas are in the southern Great Basin, the

northernmost subprovince of the Basin and Range physiographic province (Figure 2-1a). The
topography of the Yucca Mountain site and surrounding region is typical of the Great Basin and
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the larger Basin and Range Province, which are “generally characterized by more or less
regularly spaced, generally north-south trending mountain ranges and intervening alluvial basins
that were formed by faulting” (DOE 1996 [DIRS 102871], p.4-74). The Yucca Mountain
tectonic setting is discussed in greater detail in Section 4.

Elevation changes and variations in topographic relief are considerable within the area of the
Yucca Mountain site. On the Nevada Test Site, elevation varies “from less than 1,000 m
(3,280 ft) above sea level in Frenchman Flat and Jackass Flats to about 2,340 m (7,680 ft) on
Rainier Mesa, and about 2,200 m (7,220 ft) on Pahute Mesa” (DOE 1996 [DIRS 102871],
p. 4-74). Within 80 km (50 mi.) south of the Yucca Mountain site, Death Valley, California,
presents the lowest point in the Western Hemisphere—86 m (282 ft) below sea level at Badwater
(National Park Service 1998 [DIRS 101444]).

Yucca Mountain is an irregularly shaped volcanic upland that reaches an elevation ranging from
about 1,500 to 1,930 m (4,900 to 6,330 ft) at the crest and has about 650 m (2,100 ft) of relief.
The Yucca Mountain climate is arid, and the mountain receives less than 25 cm (10 in.) of rain
per year (DOE 1988 [DIRS 102886], p. A-2). Section 6.2 presents the climatic conditions in the
Yucca Mountain region.

There are no perennial streams in the general vicinity of the Yucca Mountain site. As discussed
in Section 7, the streams are ephemeral, fed by runoff from snowmelt and from precipitation
during storms that are most common in winter. Storms also occur occasionally in spring and fall,
and localized thunderstorms occur infrequently during the summer (DOE 1996 [DIRS 102871],
p- 4-107). Surface water runoff in the Yucca Mountain area is through Fortymile Canyon and
south through Fortymile Wash. Jackass Flats, east of the Yucca Mountain site and one of the
three primary valleys on the Nevada Test Site, is topographically open with drainage via the
Fortymile Wash (Figure 1-4). The Fortymile drainage, in turn, intersects the Amargosa River in
the Amargosa Desert about 32 km (20 mi.) southwest of the Nevada Test Site. The Amargosa
River enters Death Valley at its southern end, turns to the northwest, and terminates near the
center of the valley. The Great Basin subprovince is an internally draining basin
(i.e., precipitation that falls over the basin has no outlet to the Pacific Ocean) (DOE 1996
[DIRS 102871], p. 4-107). Figure 7-4 shows the surface water features of the Yucca Mountain
region.

2.1.2 Physiographic Setting

The Yucca Mountain region lies in the south-central part of the Basin and Range Physiographic
Province, and is within the northernmost subprovince (commonly referred to as the Great Basin)
that encompasses nearly all of Nevada, as well as adjacent parts of Utah, Idaho, Oregon, and
California (Figure 2-1a). The southern margin of the Great Basin subprovince is considered to
be the Garlock fault and its northeast projection (Figure 2-1b). South of this fault lies the
northeastern part of the Mojave Desert that is characterized by relatively small, irregularly
shaped basins and ranges.
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The region surrounding Yucca Mountain can be further subdivided into several well-defined
physiographic areas that reflect regional variations in their geologic characteristics. These areas
include (Figure 2-1b):

e The large elongate north-northeast-trending basins and ranges of the central Great Basin.

e The somewhat smaller, more arcuate, and more closely spaced basins and ranges of the
southeast Great Basin.

e The massive ranges and deep basins of the southwest Great Basin (Inyo-Mono
subsection of Carr 1984 [DIRS 101037], pp. 9 and 26).

e The highly variable terrane of the Walker Lane belt, which trends northwest between the
southeastern and southwestern segments of the Great Basin to the south, and between
the central Great Basin and Sierra Nevada to the north (Figure 2-1b). The Yucca |
Mountain area is located within this physiographic area. The geologic relations indicate
that many (perhaps most) of these landscape features in this subprovince took on their
basic topographic form during the period 12.7 to 11.7Ma (Fridrich 1998
[DIRS 101098], pp. 14 and 15; 1999 [DIRS 118942], p. 184, Figure 6).

The mountain ranges of the Great Basin, mostly tilted, fault-bounded blocks, may extend for
more than 80 km (50 mi), are generally 8 to 24 km (5 to 15 mi) wide, rise 300 to 1,500 m
(1,000 to 5,000 ft) above the floors of the intervening basins, and occupy approximately 40 to
50 percent of the total land area. The deep structural depressions forming the basins contain
sedimentary-fill deposits of late Tertiary and Quaternary ages, ranging in thickness from a few
hundred meters to more than 3 km (1.8 mi). The floors of closed basins are nearly level to gently
sloping and parts are commonly covered by playas. Open basins are, generally, moderately to
deeply dissected with axial drainage ways. Within this landscape, erosion and erosional
processes are in the high, steep, and relatively wet uplands, whereas deposition and depositional
processes are more dominant in the low, relatively arid lowlands.

Yucca Mountain lies near the center of the upper Amargosa River drainage basin, which
originates in the Pahute Mesa/Timber Mountain area to the north and includes the main tributary
systems of Beatty and Fortymile Washes (Figure 2-2). The basic drainage pattern of the area
was established soon after the caldera collapse and resurgent dome formation that followed the
Late Cenozoic eruptions in the southwestern Nevada volcanic field, and the gross pattern has
changed little since then (Huber 1988 [DIRS 101248], p. 1).

Yucca Mountain and the surrounding area can be subdivided into eight clearly defined
physiographic elements (Figure 2-2) that combine to produce a variable and diverse terrane
typical of the Walker Lane. Six of these (Amargosa Desert, Bare Mountain, Crater Flat, Jackass
Flats [including Fortymile Wash], Pinnacles Ridge, and Beatty Wash) are further discussed in
the YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945], Section 4.2). The two features that |
pertain most to the repository are Yucca Mountain and Fortymile Wash, which are described in
the Site Geology Section (Section 3).
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2.2 TECTONIC SETTING

Tectonic setting refers to the geological architecture or structural configuration of the different
rock masses in the area. The tectonic setting of the Great Basin is characterized in large part by
fault-bounded basins and mountain ranges (including Yucca Mountain) complicated by volcanic
activity that occurred within the past 15 m.y. Typically, faults in this setting include normal and
strike-slip faults that reflect the extensional deformation caused by plate tectonic interactions at
the western margin of the North American continent during the middle to late Cenozoic time era
(e.g., Bohannon and Parsons 1995 [DIRS 101865]). The Great Basin is segmented into tectonic
domains that are structurally bounded blocks of the Earth’s crust characterized by deformations
that distinguish them from adjacent domains. Tectonic domains exist at different scales. This
section addresses domains at a regional scale. Three regional tectonic domains characterize
Yucca Mountain and its surrounding environs: the Walker Lane domain, which includes the site;
the Basin and Range domain to the northeast; and the Inyo-Mono domain to the southwest
(Figure 2-3).

2.2.1 Walker Lane Domain

Yucca Mountain lies within the Walker Lane domain, an approximately 100-km-wide
(60-mi-wide) structural belt along the west side of the Basin and Range domain (Figure 2-3).
The domain, also referred to as the Walker Lane belt (Stewart 1988 [DIRS 100083]), or simply
the Walker Lane, extends northwestward from the vicinity of Las Vegas, Nevada, subparallel to
the Nevada-California border, into northern California. The domain is characterized as an
assemblage of crustal blocks separated by discontinuous northwest-striking right-lateral faults
and northeast-striking left-lateral faults (Stewart 1988 [DIRS 100083], pp. 686 and 696;
Carr 1990 [DIRS 104669], p. 284). Because of its structural heterogeneity, the Walker Lane is
recognized as a tectonic terrane distinct from the Basin and Range only at a regional scale. The
local northwest-striking faults give the domain its overall structural grain and deformation style,
obscuring basin and range structure to varying degrees (Section 4.1.2.2). Although there is no
definitive eastern structural boundary to the Walker Lane domain as a whole, the Las Vegas
Valley shear zone (Figure 2-3) can be interpreted as an eastern bounding structure for the
domain’s southern segment.

The Walker Lane domain is subdivided into sections, each of which is characterized by a distinct
structural pattern (Stewart 1988 [DIRS 100083], p. 686). With respect to the tectonic setting of
Yucca Mountain, only three of these sections are of concern: (1) the Goldfield section, which
includes the Yucca Mountain site and is characterized by irregular (in places arcuate) ranges,
lack of major northwest-striking strike-slip faults, and a scarcity of major “basin-range” faults
(Stewart 1988 [DIRS 100083], p. 694); (2) the Spotted Range-Mine Mountain section, which
abuts the Goldfield section to the south and is dominated by northeast-striking left-lateral faults;
and (3) the Spring Mountains section, which is dominated by Paleozoic and Precambrian rocks
that largely preserve pre-Basin and Range structural patterns (Figure 2-3).

2.2.2 Basin and Range Domain

The Basin and Range domain (Figure 2-3) is also a physiographic province with the
physiography being virtually a direct expression of the bedrock structure (Stewart 1980
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[DIRS 103020], p. 110). Structurally, the province is characterized by generally north-south
aligned ranges separated by basins filled with thick alluvium deposits derived from the adjacent
ranges (Figures 2-1a and 2-1b). The ranges are separated by distances as much as 25 to 30 km
(16 to 19 mi), but many ranges arc toward one another and merge along strike. The general
small-scale spatial pattern was aptly likened by Gilbert (1875 [DIRS 105430]) to an “army of
caterpillars marching north out of Mexico.” This pattern is the result of a generally east-west
directed extension that began in Tertiary time and continues at present (e.g., Stewart 1980
[DIRS 103020], p. 105f; Hamilton and Myers 1966 [DIRS 105920], p.527). Rocks of all
geologic ages, from Precambrian to Pleistocene, are deformed by this extension. Deformation is
typically expressed as complex normal faulting that has facilitated the rotation of blocks to
various dips around nearly horizontal axes. Thus, each range is fundamentally an assemblage of
tilted fault blocks and is bounded by a major range-front fault. Seismic reflection profiles show
that this style of deformation extends beneath the intervening basins where it is buried by
alluvium (Catchings 1992 [DIRS 102496]).

2.2.3 Inyo-Mono Domain

The Inyo-Mono domain includes all of the extended terrane west of the Furnace Creek-Death
Valley fault zone, east of the Sierra Nevada front, and north of the Garlock fault (Figure 2-3). Its
northern end is defined by the termination of the Fish Lake Valley fault and a major right step in
the population of active northwest-striking faults along a “northeast-striking structural zone”
(Carr 1984 [DIRS 101037], p. 30, Figure 3). However, on the basis of gross structure and
landform pattern, the domain could be projected northward to the northern terminus of the White
Mountains (Stewart 1988 [DIRS 100083], p. 693) (Figure 2-3). It includes modern basins and
ranges with great structural and topographic relief, including the Death Valley Basin and
Panamint Range. Because of its ongoing tectonic activity and exposure of originally deep-seated
crustal rocks, the Inyo-Mono domain is an important part of the regional geologic setting of
Yucca Mountain and it contains some of the more tectonically active structures in the Yucca
Mountain region.

The Inyo-Mono domain was identified by Carr (1984 [DIRS 101037], pp.9 and 26) as a
subsection of the southwestern Great Basin, distinct from the Walker Lane domain. Carr (1984
[DIRS 101037], p.26) emphasized the pronounced northwest structural and physiographic
trends, particularly the “long, linear valleys of north-northwest trend that are outlined by
pronounced thoroughgoing structures with abundant evidence of Holocene and local historic
faulting.” He contrasted this tectonic pattern with the display of “adjacent transform-like offsets
or large-scale oroflexing common to many elements of the Walker Lane belt” (Carr 1984
[DIRS 101037], p.26). Stewart (1988 [DIRS 100083], p.692), citing Carr (1984
[DIRS 101037]), also recognized the distinct tectonic character of the Inyo-Mono domain, but he
included it as a section of the Walker Lane domain because of the major north-northwest striking
right-lateral faults.

Figure 2-4 shows the general location of Precambrian and Paleozoic outcrops whereas Figure 2-5
shows the general location of stratified Mesozoic and Tertiary outcrops.

Extension in the Inyo-Mono domain is dominated by dextral strike-slip and oblique transtension
resulting in elevated crustal blocks and intervening deep, high-relief basins (Blakely et al. 1999
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[DIRS 149763], p. 5). Structural relief is very great, in part, because detachment faulting has
unroofed some of the ranges, including the Funeral Range and Black Mountains (Figure 2-4).
Distinctive as this domain is, it may be partly represented within the Walker Lane domain by less
developed features, including Amargosa Valley and Sarcobatus Flat, and perhaps even the
Amargosa Desert rift zone of Wright (1989 [DIRS 107335], p.2). Further discussion with
implications for Yucca Mountain is appropriate under the evaluation of tectonic models
(Section 4.3).

2.3 REGIONAL STRATIGRAPHY AND LITHOLOGY

The stratigraphy and lithology of the regional geologic setting are relevant to the characterization
of Yucca Mountain because these geological elements provide much of the history of deposition
and deformation that has affected the site. They also constitute the framework for understanding
other aspects of the Yucca Mountain site, including its structural geology and tectonics,
geoengineering properties, mineral resource potential, hydrology, and geochemistry. Regional
stratigraphy is not relevant to the tectonic domains described in the previous section because
deposition and metamorphism reflect a series of evolving geologic environments that preceded
formation of the domains and that no longer exist in the Great Basin. Section 4.2.2 of the YMSD
(REV 01) (CRWMS M&O 2000 [DIRS 151945]), and literature referenced therein, present a
more detailed description of rock stratigraphic units at a regional scale than is included here.
Section 3 of this document contains detailed descriptions of stratigraphic units occurring in the
immediate vicinity of Yucca Mountain.

2.3.1 Pre-Cenozoic Rocks

Pre-Cenozoic rocks in the Yucca Mountain region are chiefly represented by upper Precambrian
(Proterozoic) through Paleozoic marine strata (Figure 2-6). Mesozoic rocks are of minor
importance to Yucca Mountain, as they are preserved only in the western part of the Inyo-Mono
domain (chiefly marine strata) and near the southern part of the Walker Lane domain (chiefly
continental strata). Small Mesozoic igneous intrusions are found near Yucca Mountain. The
Precambrian section is dominated by siliciclastic strata; the Paleozoic section is dominated by
limestones and dolomites. These rocks have undergone successive generations of faulting,
fracturing, and broad to local folding about both vertical and subhorizontal axes. In the area of
the southwestern Nevada volcanic field and within the Goldfield section of the Walker Lane, the
pre-Cenozoic rocks are not well exposed; hence, their pre-middle Miocene structural
configuration is uncertain near Yucca Mountain. The pre-Cenozoic rocks are important,
however, because they include the main regional aquifers and aquitards.

2.3.2 Precambrian Rocks

Exposures of Precambrian rocks are generally limited to areas south and west of Yucca
Mountain (Figure 2-4 [Figure 2-5 depicts Mesozoic igneous and sedimentary rocks, and Tertiary
sedimentary rocks]). These rocks compose two major assemblages: an older, metamorphosed
basement assemblage (no basal contact is exposed), and a younger, metasedimentary
assemblage, the uppermost unit of which is partly Cambrian. The older assemblage consists
chiefly of quartzofeldspathic gneisses and quartz-feldspar-mica schists of metasedimentary or
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metaigneous origin. The gneisses and schists are typically intruded by granitic veins or larger,
deformed bodies of granite or pegmatite.

Regionally, the Upper Proterozoic units thicken and become increasingly calcareous from the
southeast to northwest (Stewart 1970 [DIRS 106913], p. 7; Diehl 1976 [DIRS 102786], p. 58).
They form the basal units of a miogeoclinal section and represent a marine depositional
environment characterized by passive margin conditions and simple lithologies, chiefly
siliciclastic rocks that grade upward into Paleozoic carbonate rocks. The exposed Precambrian
section in the Yucca Mountain region ranges in thickness from 100 m (328 ft) to more than 6 km
(3.7mi), forming a sedimentary wedge that thickens to the northwest (Stewart 1970
[DIRS 106913], p. 7). The Proterozoic rocks, with their weakly to strongly metamorphosed
fabrics, form a regional aquitard or barrier to groundwater flow (Winograd and Thordarson 1975
[DIRS 101167], p. C40).

2.3.3 Paleozoic Rocks

Paleozoic rocks form the dominant bedrock in an arcuate pattern from southwest of Yucca
Mountain to the east side of the Nevada Test Site (Figure 2-4). In the Yucca Mountain region,
they comprise three lithosomes: a lower, Cambrian through Devonian, dominantly carbonate
lithosome; a middle, Mississippian, fine-grained siliciclastic lithosome; and an upper,
Pennsylvanian to Mid-Permian, carbonate lithosome. The lower carbonate lithosome represents
deposition in a deep to shallow marine passive continental margin (outer shelf to upper rise)
setting (e.g., see Poole etal. 1992 [DIRS 105353], p.46). By Late Devonian time these
conditions were interrupted by the Antler orogeny, the main result of which in the Yucca
Mountain region was an influx of clay, silt, and sand into the depositional record
(Trexler et al. 1996 [DIRS 107005], p.1739). A carbonate platform (continental shelf)
depositional environment was reestablished in Pennsylvanian time across much of the region,
except in the Inyo-Mono domain where a deeper trough or slope environment was formed
(Stewart 1980 [DIRS 103020], p. 46; Dunne 1986 [DIRS 102861], p. 5).

Although the Cambrian carbonates are resistant to erosion, in many places they are characterized
by brecciation that is confined to certain stratigraphic layers. At least two generations of breccia
are present, the oldest of which may be of primary origin (submarine debris flows). One or more
post-consolidation breccias, most likely of tectonic origin, are associated with interclastic voids
in many parts of the calcareous section. This condition has enhanced cavernous dissolution,
favoring the flow of groundwater. This feature, as well as the regional extent and uniformity,
provides the conditions that make the lower carbonate lithosome a regional aquifer (the lower
carbonate aquifer of Winograd and Thordarson (1975 [DIRS 101167], p. C14).

The character of the Cambro-Ordovician carbonate section differs markedly from that of the
Upper Ordovician Eureka Quartzite. The upper part of the Eureka Quartzite is typically a dense,
white, sucrose quartzite that forms a unit as much as 150 m (500 ft) thick that is closely
fractured. The fractured sections are locally an aquifer. The Eureka Quartzite is succeeded by
the shallow-water Ely Springs Dolomite, which marks a recurrence of the carbonate depositional
regime. Ordovician strata grade up through the Ely Springs Formation, interrupted by minor
erosional gaps, into dolomites that form the Siluro-Devonian section (Figure 2-6) (Stewart 1980
[DIRS 103020], pp. 25 and 28).
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The Silurian system is thin and areally restricted relative to the rest of the Paleozoic section in
southern Nevada (Stewart 1980 [DIRS 103020], p. 28). It is generally about 150 m (500 ft) thick
in the Yucca Mountain region (Stewart 1980 [DIRS 103020], p. 30). At Yucca Mountain, rocks
of this age were penetrated below 1,244 m (4,081 ft) in well UE-25 p#1 (Carr et al. 1986
[DIRS 102046], Plate 1).

The Devonian section is thick and extensive across southern Nevada (Figure 2-4). In the Yucca
Mountain region, it consists of a succession of limestone and dolomite that typically includes
intervals of thick-bedded, gray, crystalline dolomite; fossiliferous, thin- or slabby-bedded or
cherty limestone; and silty-sandy or quartzitic beds. The lithologic and stratigraphic variability,
fossil assemblage, and presence of numerous erosional breaks indicate deposition in shallow
(shelf to upper slope) water, dominated at times by reef bank environments. Devonian strata
tend to be siltier upsection and toward the northwest, a lithostratigraphic distinction that becomes
more pronounced in the overlying Mississippian section (Stevens et al. 1991 [DIRS 150281],
p. 884).

Mississippian strata in the Yucca Mountain region are represented by sharply contrasting, but
locally intertonguing, lithologies. The strata are a detrital section that thickens to more than
3,000 m (10,000 ft) toward its westward source (Stewart 1980 [DIRS 103020], p. 41), and a
comparatively thinner and more uniform carbonate section that extends southeastward from the
vicinity of Mercury and the Spotted Range, where it is about 300 m (1,000 ft) thick
(Barnes et al. 1982 [DIRS 124232]).

Barnes et al. (1982 [DIRS 124232]) mapped three Mississippian carbonate units at the Nevada
Test Site. Along the west side of Yucca Flat, the Mississippian section is mostly the shaley,
western facies, represented by the Eleana Formation (Figure 2-6). The upper part of the Eleana
Formation is chiefly calcareous turbidities, which is represented farther east and south by the
Chainman Shale (Figure 2-6), a monotonous siltstone or mudstone several hundred meters thick,
interbedded with sparse quartz sandstone. The Chainman Shale (formerly Eleana Formation)
crops out in the CP Hills and core of the Calico Hills (Cole and Cashman 1999 [DIRS 114714],
p. 7; Cole et al. 1994 [DIRS 104709], pp. 68 and 71; Sawyer et al. 1995 [DIRS 104580], p. 29)
(exposures too small to display in Figure 2-4). About 770 m (2,520 ft) of Chainman Shale were
penetrated by Borehole UE-25 a#3 in the Calico Hills. The hole bottomed in Silurian or
Devonian dolomite (Maldonado etal. 1979 [DIRS 106333], p.1). The borehole revealed
low-grade thermal metamorphism of the shale, which provides one possible explanation for a
magnetic anomaly that encompasses the Calico Hills (Majer et al. 1996 [DIRS 104685], Plate 2).
Alternatively, the anomaly could be explained by a depositionally thick section of Miocene tuff
above the Paleozoic contact.

Rocks of Pennsylvanian to Permian age in the Yucca Mountain region are represented by the
Tippipah Limestone (Figure 2-6), a thick- to thin-bedded, gray limestone, but locally silty and
cherty (Frizzell and Shulters 1990 [DIRS 105454]). The Tippipah is exposed only at the east
side of the Nevada Test Site, at the southern end of the Eleana Range (Syncline Ridge), and at
the southern end of the CP Hills (Figure 2-4), where it is disconformable with the Chainman
Shale (Cole et al. 1994 [DIRS 1047091, p. 75).
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The total thickness of the pre-Tertiary section at the Nevada Test Site is estimated at about
11,500 m (37,730 ft) (Frizzell and Shulters 1990 [DIRS 105454]). Miocene rocks west and
south of Yucca Mountain, chiefly of igneous origin in the Inyo-Mono domain, are younger than
about 16 Ma (Figure 2-7b).

2.3.4 Mesozoic Rocks

The nearest stratified Mesozoic rocks (Figure 2-7a) are in that part of California that lies inside a
100-km-radius of Yucca Mountain (Figure 2-5). Their closest occurrence in Nevada is to the
northwest in the Grapevine Mountains along the California/Nevada border and south and east of
Charleston Peak, in the Spring Mountains (Figure 2-5). There, at the latitude of Las Vegas, a
thick, well-exposed section of Mesozoic rock (Figure 2-7a) forms Wilson Cliffs (Longwell
etal. 1965 [DIRS 104621], Plate 1). Mesozoic strata are not a factor in the hydrologic or
tectonic phenomena relevant to Yucca Mountain, but a discussion of this time period is presented
in an earlier version of the YMSD (REV 0l) (CRWMS M&O 2000 [DIRS 151945],
Section 4.2.2.1.3). Mesozoic rocks younger than Early Jurassic in the Yucca Mountain setting
are intrusive, consisting of widely scattered granitic stocks and mafic dikes. Miocene rocks west
and south of Yucca Mountain, chiefly of igneous origin in the Inyo-Mono domain, are younger
than about 16 Ma (Figure 2-7b).

2.3.5 Cenozoic Rocks

Cenozoic rocks of the Yucca Mountain geologic setting (Figure 2-8) fall into three general
groups: pre-Middle Miocene sedimentary (including volcaniclastic) rocks that predate creation
of the southwestern Nevada volcanic field, the middle to late Miocene volcanic suite that
constitutes the southwestern Nevada volcanic field, and the Plio-Pleistocene basalts and basin
sediments. These lithostratigraphic groups are not well defined in terms of system boundaries
(e.g., Tertiary or Quaternary), so systemic distinctions will not be emphasized in the following
sections.

At Yucca Mountain and in the surrounding area, Cenozoic rocks (Figure 2-8) overlie complexly
deformed Paleozoic and Precambrian rocks along a profound erosional unconformity (Scott 1990
[DIRS 106751]) (Figures 2-4 and 2-5). The distribution, geometry, and attitudes of these older
rocks, and the extent to which these factors influenced the distribution and structure of the
Cenozoic units, is indeterminable, given the present paucity of subsurface data. The age of the
regional unconformity is also unknown, but erosional downcutting, possibly associated with
extension, most likely was under way in Late Cretaceous (post-Santonian) time. The various
Cretaceous stocks and dikes are all post-kinematic or indicate the influence of an extensional
stress field during emplacement. The age of the basal Cenozoic deposits is unknown. The oldest
such deposits within a 100-km radius of Yucca Mountain are at least late Oligocene, but such
deposits may include older basal colluvium or lag conglomerates.

2.3.5.1  Tertiary Rocks

Pre-middle Miocene sedimentary rocks are widely distributed in Nevada (Stewart 1980
[DIRS 103020], p. 87). Their distribution and heterogeneous continental character imply that
they were deposited in restricted basins that may have been precursors to the present basins

TDR-CRW-GS-000001 REV02 ICN 01 2-9 April 2004




(Stewart 1980 [DIRS 103020], p. 92). The deposits in the Yucca Mountain area typically consist
of a basal conglomerate, lacustrine limestone, and tuffs (e.g., rocks of Pavit Springs and other
local units, Figure 2-8). The conglomerate is comprised of locally derived clasts (Precambrian or |
Paleozoic provenance), commonly of cobble to boulder size, and is typically poorly sorted and
set in an oxidized matrix. The textural characteristics range from those associated with colluvial
deposits to those associated with fanglomerates and stream-channel gravels. The conglomerate
typically intertongues with and is overlain by a characteristically pinkish-cream to buff or tan
crystalline or clayey-silty lacustrine limestone. In outcrop, the limestone commonly shows
soft-sediment deformation features, local slump folding, and algal mat structures. In upsection, |
the limestone is interbedded with and ultimately overlain by tuffaceous sandstone and distal
air-fall tuffs of uncertain provenance. Strata of this age and lithologic assemblage are found in
and near Rock Valley, east of Yucca Mountain (Figure 2-5) (see Section 2.4.3.4).

The presence of air-fall tuffs high in the Oligocene section heralds a period of catastrophic
explosive volcanism that culminated in the creation of the southwestern Nevada volcanic field
15 to 7.5 Ma (Stewart et al. 1977 [DIRS 106928], p. 67; Carr et al. 1986 [DIRS 104670], p. 3;
Sawyer et al. 1994 [DIRS 100075], p. 1304). The earliest of these great eruptions is represented
by the Monotony Tuff, a unit dated at 27.3 Ma (Figure 2-8) and exposed mainly north of Yucca |
Mountain in the Belted Range and Rhyolite Hills (Sawyer et al. 1995 [DIRS 104580], p. 28).
The Monotony Tuff has a maximum exposed thickness of about 200 m (660 ft). It was erupted
from a caldera located in the area of the present Pancake Range and northern Reveille Range
(Figure 2-7b) (Ekren etal. 1971 [DIRS 105242], p.25; Sawyer etal. 1995 [DIRS 104580], |
p. 28). (The Pancake Range is north of the Reveille Range.) The sequence of upper Oligocene
through middle Miocene tuffs and associated sediments forms an important part of the Tertiary
section in the region north and east of Yucca Mountain. Ekren et al. (1971 [DIRS 105242],
p. 24) report more than 6,000 m (20,685 ft) of such strata ranging in age from 27 to 7 Ma.

Deposition of the tuffs and establishment of the great caldera complexes interrupted and locally
obliterated the established Tertiary depositional regime in the Yucca Mountain geologic setting.
This regime continued elsewhere, however, with modifications imposed by tectonism, until
nearly the end of the Miocene, when fundamental changes in climate and regionally active
extensional faulting put an end to it throughout the southern Great Basin.

In the vicinity of Yucca Mountain, in Rock Valley (Figure 2-2), the Oligocene rocks of Winapi
Wash are succeeded by a complex assemblage of bouldery and poorly sorted stream gravel,
volcanic arkose, shale and siltstone, freshwater limestone and marl, and a variety of tuffs. This
assemblage is informally designated as “rocks of Pavits Spring” and of Miocene age
(Poole et al. 1965 [DIRS 106568]). The fluvial-lacustrine environment inherited from the
Oligocene persisted in Rock Valley until the Ammonia Tanks Tuff was deposited at 11.4 Ma
(Figure 2-8). Gravel (unit Tsd) (Carr etal. 1986 [DIRS 102046], Figure 12, pp. 28 and 30),
possibly correlative with the rocks of Pavits Spring, was penetrated by well UE-25 p #1 at Yucca
Mountain at a depth near the Paleozoic unconformity (Figure 3-7 and see Section 2.4.3.4).

The explosive volcanism that led up to and culminated in the formation of the southwestern
Nevada volcanic field is the most significant depositional event of the Cenozoic Era with respect
to Yucca Mountain. It resulted in the formation of at least six major calderas between
approximately 15and 7.5 Ma (Sawyer etal. 1994 [DIRS 100075], p. 1304), created Yucca
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Mountain, and brought to a close the regional deposition that spans domains of the Yucca
Mountain geologic setting. The record of regional tuff deposition begins within the rocks of
Pavits Spring. Tuff deposition is also documented in the eastern part of the Nevada Test Site,
where Redrock Valley Tuff (15.3 Ma) (Sawyer et al. 1995 [DIRS 104580], p. 26) and the tuff of
Yucca Flat (15 Ma) (Sawyer etal. 1995 [DIRS 104580], p.26, Table 1) are significant
components. The succession of tuff and lava units that form Yucca Mountain are listed in
Figure 2-8 and described in detail in Section 3. Several units that are widely distributed in the
southwestern Nevada volcanic field include the Crater Flat Group (about 13.25 Ma), Calico Hills
Formation (12.9 Ma), Paintbrush Group (12.8 to 12.7 Ma), and Timber Mountain Group (11.6 to
11.4 Ma) (Sawyer et al. 1994 [DIRS 100075], p. 1305). The lowest of the tuffs that forms the
foundation of Yucca Mountain is the Lithic Ridge Tuff (14 Ma) (Sawyer etal. 1994
[DIRS 100075], p. 1305). Although pre-Lithic Ridge tuffs are in the rocks of Pavits Springs and
beneath Yucca Mountain, little is known about their extent, age, and stratigraphic relation. In
fact, caldera sources for all but the Tiva Canyon Tuff and the Timber Mountain Group tuffs are
uncertain (Sawyer et al. 1994 [DIRS 100075], p. 1304).

Lipman et al. (1966 [DIRS 100773], p. F1) first noted that the Topopah Spring Tuff and Tiva
Canyon Tuff of the Paintbrush Group might represent eruptions from a zoned magma chamber.
They attributed the zoning to fractional crystallization such that the upper portion of the chamber
evolved to a rhyolitic composition and was the first magma erupted from the base of each
ash-flow sheet. Eruption from successively deeper portions of the magma chamber produced
less siliceous ejecta with a higher proportion of crystals (which had settled into a deeper part of
the magma chamber) such that the upper levels of the ash-flow sheets are crystal-rich quartz
latites. Noble and Hedge (1969 [DIRS 105197], p. C137) noted that strontium was more
radiogenic in the first (older) erupted parts of the ash flows and concluded that the upper part of
the magma chamber had assimilated crustal rocks. Working in a similar volcanic sequence,
Stuckless and O’Neil (1973 [DIRS 106945], p. 1995) used strontium and oxygen isotopes and
bulk rock chemistry to show that fractional crystallization and wall-rock assimilation occurred
simultaneously, resulting in early-formed crystals that were less radiogenic than their enclosing
matrix. They proposed that the ash-flow complexes were generated by partial melting in the
lower crust, but neodymium isotope studies of several ash-flow complexes, including those of
the Timber Mountain area, indicate a large component of mantle-derived basalt (Perry et al. 1993
[DIRS 106492], p. 879).

In another interpretation, Broxton et al. (1989 [DIRS 100024], p. 5984) proposed that small
volume eruptions at the caldera complex occurred in a series of cycles from individual shallow
magma reservoirs. Broxton et al. (1989 [DIRS 100024], p. 5983) infer that the differentiation
and emplacement process was repeated for each major eruption sequence or group. Peak
volcanism in the southwestern Nevada volcanic field occurred during eruption of the Paintbrush
and Timber Mountain Groups, when more than 4,500 km” (1,078 mi®) of magma were erupted in
two episodes separated by a span of approximately 1 m.y. (Sawyer et al. 1994 [DIRS 100075],
pp- 1311 and 1312).

The Wahmonie Formation (Poole et al. 1965 [DIRS 106568]) forms a sequence of andesite and
dacite lava flows erupted from a source north of Skull Mountain and south of Shoshone
Mountain. The Wahmonie Formation forms a distinctive marker between the Crater Flat Group
tuffs and the Calico Hills Formation east of Yucca Mountain. Rocks of the Wahmonie
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Formation are characteristically dark, Fe-rich, massive or thick-bedded lava flows, autoclastic
breccias, and agglomerates. The lower part of the Wahmonie Formation includes interbedded
volcaniclastic sediments—debris flows, lahars, and mudslides—that indicate initial deposition in a
relatively high-relief setting. The basal volcanic and volcaniclastic interval was formerly called
the Salyer Formation (Poole etal. 1965 [DIRS 106568]; Frizzell and Shulters 1990
[DIRS 105454]), but is now reduced to member status (Sawyer et al. 1995 [DIRS 104580],

p. 19).

The Calico Hills Formation is named for exposures in the northwestern part of the Calico Hills
(Sawyer et al. 1994 [DIRS 100075], p. 1307). It consists of rhyolite lavas, bedded and locally
zeolitized tuffs, and nonwelded ash-flow tuffs. In the Yucca Mountain area, it is 50-300 m (160
to 980 ft) thick (Sawyer et al. 1995 [DIRS 104580], p. 18; Sawyer et al. 1994 [DIRS 100075],
p. 1307). In earlier maps and reports, the unit is referred to informally by various designations,
such as rhyolite of Calico Hills (Lipman and McKay 1965 [DIRS 104158]), tuffs and lavas of
Calico Hills (Carr et al. 1986 [DIRS 104670], p. 4, Figure 2), or rhyolite lavas and tuffaceous
beds of Calico Hills (Frizzell and Shulters 1990 [DIRS 105454]).

The largest and most important of the tuff sequences of Yucca Mountain is the Paintbrush Group
(Figure 2-8), which consists of a succession of well-stratified rhyolites and quartz latites totaling
about 610 m (2,000 ft) thick. The group includes four formations: (from the bottom up)
Topopah Spring Tuff (12.8 Ma), Pah Canyon Tuff, Yucca Mountain Tuff, and Tiva Canyon Tuff
(12.7 Ma). The Topopah Spring Tuff directly overlies tuffs of the Calico Hills Formation at
Yucca Mountain (Sawyer et al. 1994 [DIRS 100075], p. 1308). The Topopah Spring Tuff is
subdivided into eleven mappable units (Day et al. 1998 [DIRS 101557]) based on crystallinity,
degree of welding, and development of lithophysae. The Topopah Spring tuff is the host rock for
the planned radioactive waste repository and is described in Section 3 of this document and in
the earlier version of the YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945]).

The Paintbrush Group was faulted and eroded following deposition of the 12.7 Ma Tiva Canyon
Tuff and, thus, is in unconformable contact with the overlying Timber Mountain Group
(Fridrich 1999 [DIRS 118942], p. 184). The Timber Mountain Group, which consists of the
Rainier Mesa and Ammonia Tanks Tuffs, forms a major eruptive volume of siliceous rhyolites
and quartz latites. Only the Rainier Mesa Tuff is present at Yucca Mountain (chiefly at Plug Hill
and Rainier Ridge [Day et al. 1998 [DIRS 101557]), but both formations are widely distributed
within the western half of Crater Flat Basin and at the west end of the Crater Flat south-bounding
cuesta, where outcrop thicknesses are as great as 240 m (790 ft) (Fridrich 1999 [DIRS 118942],
p. 187). The unit is described in Section 3.3.4.8.

Other eruptive sequences and calderas associated with the southwestern Nevada volcanic field
include the Black Mountain caldera (9.4 Ma) and Stonewall Mountain volcanic center (7.5 Ma)
(Figure 2-5) (Sawyer et al. 1994 [DIRS 100075], pp. 1305 and 1306). The various tuffs and
lavas erupted in the post-11-Ma period form important volumes of rock in the Pahute
Mesa-Sarcobatus Flat-Bullfrog Hills area northwest of Yucca Mountain. They are not, however,
directly relevant to the history or makeup of Yucca Mountain. The youngest tuff at Yucca
Mountain is the Rainier Mesa Tuff of the Timber Mountain Group.
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Physical properties of the tuff and lava units of the southwestern Nevada volcanic field contrast
greatly across formational contacts, but tend to be uniform laterally over wide areas. This
characteristic results from:

1. The conditions of deposition (large batches of homogenized material deposited rapidly
over large areas)

2. Differences in initial composition of each eruptive batch

3. Postdepositional processes of welding, vapor-phase crystallization, autolytic and
pneumatolytic alteration, and gas dispersion.

As a result, some tuff units are physically similar to ceramics or glass, whereas others are loose
and porous, vesicular and closely fractured, or chemically altered. Understanding the spatial
variation of these properties contributes to modeling the behavior of a repository under thermal
loading and to the modeling of hydrologic processes. More detailed information on the
properties of the tuffaceous rocks at Yucca Mountain is presented in Section 3.3.

Miocene rocks west and south of Yucca Mountain, chiefly of igneous origin in the Inyo-Mono
domain, are younger than about 16 Ma. These include the central Death Valley volcanic field
(Wright et al. 1981 [DIRS 107354], p. 7) and an irregular belt of volcanic rocks that extends
from the Owlshead Mountains and southern Panamint Range eastward toward the Kingston
Range, Greenwater Range, Black Mountains, and Furnace Creek basin (Figure 2-7b). In this
region, tuffs of the Artists Drive Formation date from about 14 to 6 Ma (Wright et al. 1991
[DIRS 107350]). Above this lie the Furnace Creek and Funeral Formations, with a combined
total thickness of about 3,600 m (11,800 ft) of pyroclastic sediments, basalt flows, and |
intertonguing conglomerates, sandstones, and mudstones. Basalts near the base of the Funeral
Formation are dated at about 4 Ma (McAllister 1973 [DIRS 104764]). Wright et al. (1991
[DIRS 107350]) noted that this rock assemblage is most likely the direct result of Neogene local
basin subsidence and extension.

The central Death Valley volcanic field is underlain by the Willow Spring Pluton, a diorite dated
between 11.6and 10 Ma, that is exposed along the west side of the Black Mountains
(Figure 2-7b) (Asmerom et al. 1990 [DIRS 104431], pp. 224 and 225). The diorite is intruded by |
small granite bodies. Basalt extrusion in the Resting Springs Range of about the same age
(11.7 Ma) was followed by extensive silicic to mafic volcanism during the 10.5 to 5 Ma period.
Volcanism culminated in the 8.5- to 6.5-Ma period with eruption of the Shoshone volcanic suite,
chiefly dacites and rhyodacite tuffs (with associated sediments) exposed in the eastern Black
Mountains and southern part of the Greenwater Range (Figure 2-7b). Silicic volcanism ceased in |
this area about 5to 6 Ma with deposition of rhyolites of the Greenwater volcanic suite
(Noble 1941 [DIRS 105202], p.956; Drewes 1963 [DIRS 144978], p.42). Thereafter,
diminishing basaltic volcanism continued into late Pleistocene time, as in the Goldfield section
of the Walker Lane domain to the east.

The advent of basaltic volcanism at about 11 Ma signaled the end of crustal magmatism in the
construction of Yucca Mountain. It indicates the generation of small, discrete batches of basaltic
magma at upper mantle depths (60 km [40 mi]) capable of making their way quickly to the |
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surface in the Crater Flat basin (Figure 2-9) (Crowe et al. 1995 [DIRS 100110], pp. 5-16 and
5-17). The history, evolution, and character of Plio-Pleistocene basaltic volcanism proximal to
Yucca Mountain (within 25 km [15 mi] of the repository) is treated by Crowe et al. (1995 [DIRS
100110]) and Vaniman et al. (1982 [DIRS 101031]).

The oldest basalts in Crater Flat are dated at about 11.3 Ma, indicating that episodes of basaltic
volcanism began soon after eruption of the Ammonia Tanks Tuff (11.45 Ma). However, no
further basaltic volcanism occurred in Crater Flat until 3.7 Ma, when a group of five
northwest-aligned scoria cones and lava flows were emplaced in southeastern Crater Flat
(Figure 2-9). This latter episode represents the largest volume basaltic emplacement in Crater
Flat. The complex was formed largely from Hawaiian-type fissure eruptions and aa flows.
Lava-filled fissures and feeder dikes are oriented north-south. The deposit was subsequently cut
by faulting that produced dip-slip offsets of more than 1m (3 ft), west side down
(Crowe et al. 1995 [DIRS 1001101, p. 2-20).

2.3.5.2  Quaternary Rocks and Sediments

Quaternary deposits in the Great Basin consist of alluvial, colluvial, and eolian sediments and
minor volcanic deposits. In the vicinity of Yucca Mountain, the volcanic rocks are basaltic in
composition. These eruptions represent a continuation of the activity during the late Tertiary.
Following the episode at 3.7 Ma, a subsequent basaltic eruption episode occurred between
1.2 and 0.8 Ma. It consists of four cinder cones (Little Cones, Red Cone, Black Cone, and
Makani Cone) aligned north-northeast along the axis of Crater Flat (Figure 2-9) and Sleeping
Buttes northwest of Yucca Mountain. Most of the volume from this episode is associated with
the Red and Black cones, and the area covered overlaps the area of the earliest basaltic eruption
(11.3 Ma).

The most recent episode of basaltic volcanism created the Lathrop Wells Cone (Figure 2-9), a
complex of fissure eruptions, spatter and scoria cones, and aa flows. Satellite spatter cones at the
east base of the main cone have a northwest alignment. The Lathrop Wells Cone complex is
dated at about 80 ka (Heizler etal. 1999 [DIRS 107255], pp. 767 and 768). Its complex
emplacement history was discussed by Croweetal. (1995 [DIRS 100110]) as well as
Heizler et al. (1999 [DIRS 107255]).

Other basaltic groups in the Yucca Mountain vicinity include the 380-ka Sleeping Butte volcanic
centers, located 45 km (30 mi) northwest of Yucca Mountain, and the Amargosa Valley basalt,
located about 3 km (1.8 mi) south of the Amargosa Valley crossroads (Crowe et al. 1995
[DIRS 100110], p. 2-19). A basalt is buried, but was sampled by drilling; basalt samples gave
A1/’ Ar isochron ages of 3.8 and 4.4 Ma (Crowe et al. 1995 [DIRS 100110], p.2-19). The
eruptive history of Quaternary basaltic volcanism in the Yucca Mountain region is discussed in
more detail in Section 4.

Apart from sporadic and volumetrically minor basaltic volcanism, Quaternary deposition in the
Yucca Mountain geologic setting is chiefly restricted to alluvial basin deposition. In many
basins, alluvial deposition is a continuation of sediment infilling that was well under way in late
Miocene time. For example, in Mid Valley east of Yucca Mountain (Figure 2-10), a continuous
alluvial section 300 to 400 m (980 to 1,310 ft) thick includes a several-meter-thick interval of
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7.5 Ma ash-fall Spearhead Tuff (McArthur and Burkhard 1986 [DIRS 104766], pp. 26, 27, and
41). The tuff, penetrated by two boreholes, is overlain by about 360 m (1,180 ft) of fine to
coarse sand and sandy gravel derived from the basin flanks.

Closed basins in the area accumulated alluvial sediment hundreds of meters (about 1,000 ft)
thick throughout the Plio-Pleistocene, in response to continued faulting, subsidence, and range
flank erosion. Mid Valley and Frenchman Flat, Yucca Flat, and Crater Flat basins, and
especially the basins of the Inyo-Mono terrane (Figure 2-10), contain sediment that includes
coarse alluvial clastic facies (e.g., debris flow deposits, colluvium, fan-sheet gravel) and
lakebed-playa deposits (e.g., siliceous clays, marls, evaporites). In some basins aggradation has
reached levels sufficient to have formed spillways so that alluvial deposition is graded to an
adjacent valley or basin (e.g., Crater Flat basin is graded into Amargosa Valley [Figure 2-10]).

Although present deposition and erosion generally occur at very low rates and sporadically
because of the arid climate, the middle to late Pleistocene depositional record (locally dated by
distal ash layers like the 760-ka Bishop Ash (Sarna-Wojcicki and Pringle 1992 [DIRS 104578])
indicates a highly variable and localized succession of sedimentary deposits, possibly analogous
to the middle Miocene rocks of Pavits Spring, but without the tuffaceous volcanic component.
Sediment input is dominated by highly local sources that control the lithologies of the coarse
clastic components. Lake or marsh deposits are virtually the best datable records because they
contain fine sediment and rare, but radiometrically datable, volcanic ash beds. In some places,
large accumulations of eolian sands are banked up against range flanks or as dune
accumulations, notably Big Dune (BD on Figure 4-10), south of Bare Mountain (Figure 2-10).

Surficial mapping of Quaternary deposits in the Yucca Mountain site area has been progressively
refined over the years. Table 2-1 compares various units designated by different studies within
the region. Early work in the Nevada Test Site region differentiated three major late Cenozoic
stratigraphic units using correlation characteristics (e.g., Hoover etal. 1981 [DIRS 106177];
Hoover 1989 [DIRS 101247]), and was patterned after work done in the Vidal Junction area in
the Mojave Desert (e.g., Bull 1991 [DIRS 102040], pp.102 and 103). Taylor (1986
[DIRS 102864]) demonstrated the usefulness of soils for stratigraphic correlations and estimation
of surficial unit ages within the Yucca Mountain area. Using this tool, six major allostratigraphic
units were mapped by Peterson (1988 [DIRS 106512], Appendix B), Faulds et al. (1994
[DIRS 105126]), and Peterson et al. (1995 [DIRS 106519], pp. 380 to 385) in the Crater Flat
area.

Wesling et al. (1992 [DIRS 107290]) mapped the surficial geology of Midway Valley at a scale
of 1:6,000. This study delineates alluvial geomorphic surfaces, as defined by Bull and Ku (1975
[DIRS 102051], Appendix 2.5G) and Bull (1991 [DIRS 102040], pp. 51 and 52), that represent
informal allostratigraphic units consisting of deposits separated by bounding unconformities,
such as geomorphic surfaces. Eight alluvial geomorphic surfaces (QTO through Qa7) ranging in
age from Plio-Pleistocene to Holocene, as well as colluvium and eolian deposits, are identified
on maps by Wesling et al. (1992 [DIRS 107290]) and are described in Section 3, Table 3-2.
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2.4 REGIONAL STRUCTURE AND TECTONIC DEFORMATION

The geologic framework of Yucca Mountain is characterized by two distinctly different
structural styles: an earlier compressional “mountain building” style of regional folding and
overthrusting, and a later extensional “basin forming” style of regional normal and strike-slip
faulting. The following sections discuss the structures resulting from these two styles of
deformation.

2.4.1 Compressional Tectonics of the Yucca Mountain Region

The compressional style records orogenic events that occurred primarily during the Paleozoic,
followed by a peak event in the Mesozoic that terminated an extensive period of marine
deposition. Compressional deformation of Precambrian age is also recorded in Proterozoic and
older rocks, but no orogenic pattern has been determined from the sparsely exposed rocks.

The earliest mountain-building event that affected Paleozoic rocks in the Yucca Mountain
geologic setting was the Antler Orogeny (Figure 2-6) (Stewart 1980 [DIRS 103020], p. 36,
Figure 22). Antler orogenic deformation is expressed chiefly by the Roberts Mountains
overthrust belt, which is located well north of Yucca Mountain. The thrusting during late
Devonian and early Mississippian time created a mountain range and marine foreland basin
along its eastern margin into which the coarse sediment that eroded from the thrust belt was
deposited. Ketner (1998 [DIRS 151766]) indicated that evidence for a strong compressional
component during the Antler Orogeny is equivocal and that the orogeny may have been
dominated by vertical tectonics.

The Antler Orogeny is important in the Yucca Mountain region for two reasons:

1. The fine-grained, terrigenous lithology of the Devonian/Mississippian Eleana (and
especially the Mississipian Chainman Shale) lithosome forms a major Paleozoic
aquitard north and east of Yucca Mountain, as well as a potential source rock for
hydrocarbons.

2. The subsequent juxtaposition of three distinct but coeval facies (i.e., Antler-derived
clastic debris, black Chainman Shale, and Mississippian and older carbonates) aids in
recognizing the structural configurations that formed during the subsequent
Sevier-Cordilleran Orogeny.

Mountain building in the near vicinity of Yucca Mountain began with an eastward-encroaching
uplift in latest Permian to Triassic time and culminated during the Mesozoic with the cretaceous
Sevier Orogeny (Stewart 1980 [DIRS 103020], p.77; Fleck 1970 [DIRS 150625];
Armstrong 1968 [DIRS 101583], p. 429f). The Cretaceous Sevier Orogeny resulted in a broadly
north- to northeast-trending fold-thrust system (Figure 2-11). The thrust sheets are typically
complicated by overturned or dismembered folds and local reverse or overthrust faults. The
major thrusts are continuous along the strike for distances of more than 100 km (60 mi) and
exhibit stratigraphic juxtapositions that indicate translations of tens of kilometers. Nevertheless,
the history of thrust faulting in the Yucca Mountain region, and the identity of each fault from
place to place, is uncertain because of erosion, subsequent extension, and burial beneath Tertiary
and Quaternary rocks and surficial deposits over wide areas. Therefore, only a general
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treatment, with an emphasis on geometric relations relevant to issues concerning Yucca
Mountain, is presented here.

Two major thrusts are recognized in the vicinity of Yucca Mountain: the Belted Range thrust
(Figure 2-11) (Caskey and Schweickert 1992 [DIRS 102407], p. 1318; Cole and Cashman 1999
[DIRS 114714], p. 8) and CP thrust (Caskey and Schweickert 1992 [DIRS 102407], p. 1316;
Barnes and Poole 1968 [DIRS 101612], p. 233; Carr 1984 [DIRS 101037], p. 52) (Figure 2-11).
The Belted Range thrust (Figure 2-11) is the structurally lower and older thrust. It may be
represented in an outcrop at Bare Mountain (referred to as the Meiklejohn Peak thrust), possibly
in the core of the Calico Hills (see discussion of Calico Hills in the earlier version of the YMSD
(REV 01) (CRWMS M&O 2000 [DIRS 151945]), and by exposures at the south end of the
Belted Range west of Yucca Flat (Caskey and Schweickert 1992 [DIRS 102407], pp. 1318 and
1321; Cole and Cashman 1999 [DIRS 114714], p. 7). Displacement across the Belted Range
thrust is estimated to range from a minimum of 7 km (4.3 mi) (Cole and Cashman 1999 [DIRS
114714], p. 8) to more than 25 km (15 mi) (Caskey and Schweickert 1992 [DIRS 102407],
p. 1320) (Figures 2-4, 2-11). Cole and Cashman (1999 [DIRS 114714]) interpreted all of the
abovementioned exposures to be of the same thrust, which led them to show it in a cross section
beneath Yucca Mountain. However, the thrust, if present, at depth represents an older tectonic
regime than the one that exists today and does not constitute an active seismic source.

Below the Belted Range thrust, a stack of imbricate slices or “plates” place Middle Devonian
strata and the Eleana Formation over the Chainman Shale along a subhorizontal thrust exposed in
the Eleana Range (Trexler et al. 1996 [DIRS 107005], p. 1756). Thrusts that form the base of
this duplex zone cut upsection into Mississippian strata, then form a décollement within the weak
Chainman Shale (Trexler et al. 1996 [DIRS 107005], p. 1757). The duplex stack extends about
7 km (4.3 mi) outboard (east) of the main Belted Range thrust; it includes structures at Calico
Hills (Calico Hills plate), Mine Mountain (Mine Mountain plate), the Eleana Range (Castle plate,
Dolomite Hill plate, and Grouse Canyon plate), and Quartzite Ridge at the northern border of the
NTS (Figure 2-11) (Trexler etal. 1996 [DIRS 107005], p.1739; Cole and Cashman 1999
[DIRS 114714], pp. 10 and 11). A component of the duplex stack in this northern area was
identified as the Tippipah thrust by Robinson (1985 [DIRS 106674], p. 7). Westward projection
of the Belted Range thrust implies that the magnetic gradient present beneath the volcanic
deposits at the north end of Yucca Mountain represents the duplex stack thrust southward against
the Silurian rocks penetrated by well UE-25 p #1 (Carr et al. 1986 [DIRS 102046], p. 16).

Many thrust systems in the Yucca Mountain region are associated with regional folds. Robinson
(1985 [DIRS 106674], p. 5) inferred that the major structure encompassing Yucca Mountain is a
synclinorial basin spanning the area between Bare Mountain and the Halfpint Range, a distance
of more than 80 km (50 mi) (Figures2-4 and 2-11). In his interpretation, the basin is
asymmetric, having steep to overturned limbs on the Bare Mountain side and along Rock Valley.
The basin is bounded on the southeast by the Rock Valley fault zone and northeast by a “major
northeast-trending thrust system,” the Tippipah thrust zone (Robinson 1985 [DIRS 106674],
p.5) (the Belted Range thrust of Caskey and Schweickert 1992 [DIRS 102407] and
Trexler et al. 1996 [DIRS 107005]). The principal deformation within the basin consists of
broad, concentric folds 8 to 24 km (5 to 15 mi) apart that strike within 30° of north and plunge
northward. Robinson (1985 [DIRS 106674], pp. 5 and 19) based his interpretations of fold
structure on exposed dips, data from well UE-25 p #1, and aeromagnetic data. As a corollary to
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this tectonic interpretation, Robinson (1985 [DIRS 106674], p. 16) inferred that the Mine
Mountain and CP thrusts are minor structures; he indicated they were local slides that occurred
in response to regional folding. Whether Robinson’s (1985 [DIRS 106674]) assessment of fold
geometry, and the relative magnitudes of folding and thrusting, is correct, there is little doubt that
large-amplitude regional folds have accompanied thrust faulting in the region.

It is unclear when overthrusting and regional folding generally ceased in the Yucca Mountain
region. The presence of undeformed Upper Cretaceous intrusives indicates that deformation did
not continue through Cretaceous time. The Belted Range thrust, as correlative to the Last
Chance thrust, probably originated prior to latest middle Triassic time and ceased activity by
about 93 Ma, the age of the Climax stock (Naeser and Maldonado 1981 [DIRS 105156], p. 46), a
granodiorite intruded in complexly folded Ordovician strata north of Yucca Flat (Houser and
Poole 1960 [DIRS 106183]). The age of the CP and Gass Peak thrusts, which cut the Belted
Range thrust, would be younger. The Keystone thrust was probably moving by Early Jurassic
time (Burchfiel et al. 1974 [DIRS 102080], p. 1021). By late Jurassic time, deformation was
well underway in the Great Basin (Armstrong 1968 [DIRS 101583], p. 449). Thus, the Sevier
Orogeny (Armstrong 1968 [DIRS 101583], p. 451; Fleck 1970 [DIRS 150625], p. 1718) was a
short-lived compressional event in the Yucca Mountain region.

2.4.2 Extensional Tectonics of the Yucca Mountain Region

Snow and Wernicke (2000 [DIRS 159400]) have recently reviewed much of the information
available on extensional tectonics in the central Basin and Range. They concluded (p. 659) that
250 to 300 km of extension was caused by west-northwest motion of the Sierra Nevada block
away from the Colorado Plateau, at rates initially as great as 2 cm/yr and at 1.5 to 1 cm/yr during
the last 5 m.y. (Figure 2-1b). Recent research indicates that most of the current extension, as
indicated by strain measurements and seismicity, is concentrated along the eastern and western
margins of the Basin and Range (Thatcher et al. 1999 [DIRS 119053], Figure 1; Martinez et al.
1998 [DIRS 159031], p. 569). The following summarizes earlier research on the extension in the
Yucca Mountain region.

Extension in the Yucca Mountain region was shown by several workers to be active by late
Oligocene time (Axen etal. 1993 [DIRS 101597], p. 64; Sawyer et al. 1994 [DIRS 100075],
p. 1314; Hardyman and Oldow 1991 [DIRS 106084], p.285; Ekren and Byers 1984
[DIRS 144980], p.214; Dilles et al. 1993 [DIRS 104872], p.425; Snow and Wernicke 2000
[DIRS 159400], p. 688). Other workers indicated that it was probably earlier (Eaton 1982
[DIRS 105228], p.412; Hodges and Walker 1992 [DIRS 106153], p. 563; Axen etal. 1993
[DIRS 101597], p.64; Applegateetal. 1992 [DIRS 144782], p.519; Smith 1991
[DIRS 106819], p. 189). The first phase of extension, sometimes referred to as “pre-basin and
range faulting” (Zoback et al. 1981 [DIRS 108663], p.420), continued into middle Miocene
time. Extension during this early phase is thought to have migrated from east-northeast to
west-southwest and to have been unaffected by oblique shear (Seedorff 1991 [DIRS 106765],
Figures 5 to 8). Although this phase of regional extension progressed under the influence of a
generally uniform east-northeast oriented least principal stress (Zoback etal. 1981
[DIRS 108663], p. 422), northwest-directed oblique shear did influence the course of extension
toward the west side of the widening province at an early date (Stewart 1992 [DIRS 106922],
pp- 7 and 9). By early Miocene time (and likely by middle to late Oligocene), the characteristic
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features of the Walker Lane had been established, namely discontinuous north-northwest-striking
dextral faults and east-northeast-striking sinistral faults (Ekren and Byers 1984 [DIRS 144980],
p.- 203; Hardyman and Oldow 1991 [DIRS 106084], p.289; Stewart 1988 [DIRS 100083],
p. 686). Deep-seated detachment may also have been an important mechanism of Paleogene
extension in this region. Geobarometry and fission-track dates indicate that subhorizontal
mylonites, presumably indicative of predetachment shear (Hamilton 1987 [DIRS 150436],
pp. 157 and 165; Hamilton 1988 [DIRS 100037], p. 80), were generated at depths of at least
15 km (9 mi) beneath the Funeral-Bare Mountains area during this phase of deformation (Hoisch
and Simpson 1993 [DIRS 106162], pp. 6823 and 6824; Hoisch etal. 1997 [DIRS 111854],
p. 2830).

The main extensional features within the tectonic setting of Yucca Mountain were established by
about 15 Ma, namely a basin-and-range structural pattern defined chiefly by north-south-oriented
basins or troughs and fault zones associated with Walker Lane, including the Rock Valley fault
zone.

The late Oligocene interval was punctuated by deposition of ash-fall tuffs from eruptions east
and north of Yucca Mountain (Axen et al. 1993 [DIRS 101597], p. 62). The advent of siliceous
volcanism marked an important tectonic development in the early phase of extension. It signaled
the culmination of regional crustal heating, the so-called “ignimbrite flare-up,” during which
large volumes of siliceous magma were emplaced in the middle to upper crust (Seedorff 1991
[DIRS 106765], p. 133).

Like the progress of early extension, magmatism proceeded from north to south through the
Great Basin. In the south it seems to have generally lagged behind the extension. Thus, the
southwestern Nevada volcanic field may have been generated in an area of crust weakened by
deep extensional basins and, therefore, conducive to volcanic venting (Axen etal. 1993
[DIRS 101597], pp.68 and 73). However, an alternative interpretation proposed by
Sawyer et al. (1994 [DIRS 100075], pp. 1314 and 1316) postulates that the Oasis Valley-Timber
Mountain caldera complex formed in an area of minor crustal extension and that significant
extension proximal to Yucca Mountain occurred after formation of the caldera complex. A basin
analysis by Blakely et al. (1999 [DIRS 149763]) indicated that the southwestern Nevada volcanic
field (including Yucca Mountain) formed within an assemblage of deep extensional basins,
which indicates that the present basin configuration was well established prior to the formation
of Yucca Mountain. A clastic sedimentary deposit, the rocks of Pavits Spring (Hinrichs 1968
[DIRS 106140]), and the comparable Esmeralda Formation (Stewart and Diamond 1990
[DIRS 106927]) also imply that deepening and integration of basins in the Yucca Mountain
region occurred prior to formation of the southwestern Nevada volcanic field.

The rocks of Pavits Spring record basin integration and increased structural and topographic
relief by way of thick, torrential-stream boulder gravels and volcanic arkoses (Hinrichs 1968
[DIRS 106140]). Increasingly proximal volcanic activity is indicated by increasing contributions
of tuffs upsection, including, ultimately, the major components of the southwestern Nevada
volcanic field, beginning around 14 Ma with units of the Crater Flat Group.
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The course and extent of basin evolution in the Yucca Mountain area are only generally
perceived, but it seems clear that considerable extension and basin deepening preceded the
volcanic activity that created Yucca Mountain.

The culminating tectonic event in the geologic evolution of the region and, coincidentally, the
initiating event for the structural formation of Yucca Mountain was the creation of the
southwestern Nevada volcanic field. This field was produced by a succession of at least five
voluminous and numerous smaller eruptions that occurred over 7.5 m.y., from about 15 to
7.5 Ma. The greatest of these eruptions created the volcanic pile (the Miocene Paintbrush and
Timber Mountain Groups) of which Yucca Mountain is a part. Posteruptive deflation likely
created at least some of the present structural framework of Yucca Mountain, assuming that
some post-Paintbrush Group subsidence of Crater Flat basin can be attributed to the withdrawal
of the underlying magma chamber (Carr 1990 [DIRS 104669], p.300). Local domainal
extension, involving some strike-slip displacements, clockwise rotation of crustal blocks, basin
subsidence, and range uplift, continued in the Walker Lane during the phase of siliceous
volcanism (Sawyer et al. 1994 [DIRS 100075], p. 1314). Yucca Mountain was affected by this
activity in the 12.7- to 9-Ma interval, as evidenced by continued subsidence and extension across
the Crater Flat basin and the collapse of the Jackass Flats area and of volcanic terrane farther
east.

The advent of basaltic volcanism at about 11 Ma signals the end of crustal-level magmatism in
the vicinity of Yucca Mountain. It indicates the generation of small, discrete batches of basaltic
magma at upper-mantle depths (45 to 60 km) capable of making their way quickly to the surface
(Crowe et al. 1995 [DIRS 100110], p. 4-2).

From about 11 to 7 Ma, the style of tectonic deformation in the Yucca Mountain region became
more clearly one of narrow basin subsidence, possibly accompanied by adjacent range uplift.
Analysis of faults near Yucca Flat and in the Basin and Range province to the east indicate that
the present stress regime originated around 9 Ma. Before that time, the least compressive stress
was oriented in a more westerly or southwesterly direction (Zoback et al. 1981 [DIRS 108663],
p- 430; Minor 1995 [DIRS 106373], p. 10,524). Minor (1995 [DIRS 106373], p. 10,525)
concluded that the stress field in the Yucca Mountain region rotated clockwise as much as 65° in
the 11.45- to 9-Ma interval. The clockwise stress rotation is recognized elsewhere in the region
(Carr 1984 [DIRS 101037], p.84; Zoback etal. 1981 [DIRS 108663], pp.425 and 427;
Michel-Noél et al. 1990 [DIRS 106359], pp. 155 and 169), but estimates of its timing vary
(Wernicke et al. 1988 [DIRS 149959], p. 1756). Hardyman and Oldow (1991 [DIRS 106084],
p. 295) envision a clockwise stress rotation of as much as 90° in the northern Walker Lane that
began in the late Oligocene and attained its present state in the late Miocene. This style of
tectonism continues at present, focused most conspicuously at Frenchman Flat and Yucca Flat
east of Yucca Mountain and in Death Valley to the west (Figure 2-10). Some basins are
quiescent or have not been active since the middle Pleistocene, including Mid Valley, Jackass
Flats, and Amargosa Valley. Nevertheless, historic seismicity and occasional large earthquakes
accompanied by subsidence—such as the Cedar Mountain, Fairview Peak, and Dixie Valley
earthquakes—indicate that basin subsidence is sporadic. Presently, strike-slip faulting is active in
the Inyo-Mono terrane to the west (Figure 2-12) and in Rock Valley (Figure 2-13)
(Coe et al. 1996 [DIRS 101528], pp. 4.13-6 and 4.13-7).
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2.4.3 Contemporary Deformation

Large earthquakes on range-front faults during the past 100 years indicate that Basin and Range
extension is still under way. Epicenter distribution patterns and geodetic strain data indicate that
strain is presently concentrated primarily north of Yucca Mountain, in a zone along latitude 37°N
(the intermountain seismic belt), in the eastern California shear zone, and in the central Nevada
seismic zone (Figure 2-3) (Bennett et al. 1999 [DIRS 127984], p. 373, Figure 1). High geodetic
extension rates characterize these active areas (Bennett et al. 1998 [DIRS 150433], p. 566;
Savage et al. 1995 [DIRS 104553], p. 20,266). Dixon et al. (1995 [DIRS 102793], p. 762) note
that northwest motion of the Sierra Nevada block is accomplished by a combination of east-west
extension on north-striking normal faults, and by dextral motion on northwest-striking strike-slip
faults of the Walker Lane and eastern California shear zone (Figure 2-3). Geologic evidence
indicates that the eastern California shear zone has been a zone of high strain since late Miocene
time (10 to 6 Ma) (Dixon etal. 1995 [DIRS 102793], p.760). Dixon etal. (1995
[DIRS 102793], p. 761) report 8.8 mm/yr (0.35 in./yr) at N9° + 5°W. The integrated strain rate
across the eastern California shear zone is 12.1 £ 1.2 mm/yr (0.48 £+ 0.05 in./yr)at N38° £ 5°W
(Dixon et al. 1995 [DIRS 102793], p. 767).

Strain surveys show that the direction of extension in the Great Basin is toward the northwest,
comparable to the direction of o3, the least compressive stress (Minster and Jordan 1984
[DIRS 106377], p. 13; 1987 [DIRS 106379], p.4802; Gordon etal. 1993 [DIRS 105433];
Dixon et al. 1995 [DIRS 102793]; Savage etal. 1995 [DIRS 104553]; Keefer etal. 1997
[DIRS 105123]). The northern Basin and Range appears to be moving at 4.9 + 1.3 mm/yr
(0.2 £ .05 in./yr) west-southwest with respect to the continental interior and southern Great Basin
(Savage et al. 1995 [DIRS 104553], p. 20,265) by means of crustal extension.

The relatively high strain rate of the northern Basin and Range is at least partly accommodated
by the central Nevada seismic zone (Figure 2-3). The motion of the Sierra Nevada block relative
to Ely, Nevada, is 9.1 = 1.5 mm/yr (0.36 +0.06 in./yr) at N16°+ 8°W (Savage etal. 1995
[DIRS 104553], p. 20,257). Trilateration data show that at least 2.7 mm/yr (0.11 in./yr) of this
extension is taken up by the central Nevada seismic zone (Savage et al. 1995 [DIRS 104553],
p. 20,265). In contrast, the southern Basin and Range has an extension rate of 3 mm/yr
(0.12 in./yr) or less (Sauber 1989 [DIRS 104546], p. 123). The boundary between these two
regions of differing extension, the intermountain seismic zone, is at about 37°N latitude
(Harmsen and Rogers 1986 [DIRS 106092], p. 1561; Smith and Arabasz 1991 [DIRS 105406],
p. 192, Figure 7), a boundary that may represent a regional shear zone (Savage et al. 1995
[DIRS 104553], p.20,258) containing local and perhaps transient seismicity zones
(Rogers et al. 1987 [DIRS 100176], p. 77). The intermountain seismic zone accommodates the
differential extension between the northern and southern Basin and Range provinces; the slip rate
in this zone is estimated at about 3.2 mm/yr (0.13 in./yr) (Savage et al. 1995 [DIRS 104553],
p- 20,267). The high strain rate zones such as the central Nevada seismic zone, may represent
concentrations of active deformation among relatively stable crust blocks (Savage et al. 1995
[DIRS 104553], p. 20,265).

The kinematic boundary condition for Basin and Range deformation (the relative motions of the

Pacific and North American plates) has been nearly constant for at least the past 3.4 m.y.
(Harbert and Cox 1989 [DIRS 106068], p. 3061), which is within the time span for activity of the
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Inyo-Mono domain (Hodges et al. 1989 [DIRS 106156], p. 462). During this time, tectonic
activity has gradually shifted westward, from the Death Valley-Furnace Creek fault to the Owens
Valley fault (Dixon etal. 1995 [DIRS 102793], p. 765) (Figure 2-12). Dixon etal. (1995
[DIRS 102793], p. 765) indicate that the Walker Lane accommodates significant dextral shear.
The central Nevada seismic zone trends obliquely across the older Walker Lane
(Savage et al. 1995 [DIRS 104553], p. 20,267). Therefore, it would seem that the westward
migration of tectonism in the Inyo-Mono domain and historical surface-rupturing earthquake
activity along the central Nevada seismic zone represent a concentration of crustal strain of
regional extent and significant longevity. This strain zone appears to be shifting westward and
perhaps northward (Dixon et al. 1995 [DIRS 102793], p. 769), away from any involvement with
Yucca Mountain.

The extensional tectonic evolution of the Yucca Mountain region produced significant structures
that bear on interpretations of the history of deformation and on the development of tectonic
models that include Yucca Mountain. Sections 4.2.3.2.1 to 4.2.3.2.6 of the earlier version of the
YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945]) discuss these regional structures: the
Funeral Mountains detachment, Bullfrog Hills detachment, Las Vegas Valley shear zone, Death
Valley-Furnace Creek-Fish Lake Valley fault, and northeast-trending strike-slip fault zones
located east of Yucca Mountain. Abbreviated discussions are included here for these faults and
those with possible current activity which were not found to have recent offset.

243.1 Detachments

The Funeral Mountains detachment fault is a major feature that has denuded the core of the
Funeral Mountains, revealing the broad, smooth lower plate surface (Figure 2-14). It seems clear
that the lower plate (i.e., the subjacent crust) rose up during or shortly following detachment to
give the range its present crest and perhaps much of its overall relief. Uplift occurred late during
the phase of regional Miocene extension. Fission-track dates of apatite, sphene, and zircon from
the lower plate rock indicate that cooling through the temperature interval of 285°C to 120°C
(equivalent to about 10 to 5 km [6 to 3 mi] burial depth) took place between 10 and 9 Ma (Holm
and Dokka 1991 [DIRS 106163], p. 1777), with surface exposure having occurred sometime
after 6 Ma (Hoisch and Simpson 1993 [DIRS 106162], p. 6822).

The contact between the upper and lower plates along the east side of the Funeral Mountains
shows evidence of pronounced shearing, but the amount of slip is unknown. The Titus Canyon
Formation and a thick lower Miocene lava flow and associated tuff are much faulted, but can be
seen on both remote-sensor imagery and mapping to be generally continuous along the
Grapevine Mountains for at least 22 km (14 mi), thus precluding major deformation before
eruption of the middle Miocene ash flows. Most of the Cenozoic extension postdates 9 Ma, but
may predate 7.5 Ma. This accords with the late Miocene cooling ages, determined through
fission-track studies by Hoisch and Simpson (1993 [DIRS 106162], p. 6805) and Holm and
Dokka (1991 [DIRS 106163], p. 1775) that record the tectonic denudation of the northwest end
of the lower plate of the Funeral Mountains. Tectonic denudation of these midcrustal rocks and
the rotation and detachment faulting of the Miocene supracrustal rocks were thus of about the
same age and must have been linked kinematically.
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There is a second detachment exposed in the Bullfrog Hills (Figure 2-14). In this area, an
assemblage of highly disrupted and structurally discordant, variably tilted tuff blocks of the
southwestern Nevada volcanic field is spread out into Amargosa Valley from a source located
between the northern flank of Bare Mountain and the west side of Oasis Valley. The assemblage
is separated from Bare Mountain by the shallow, north-dipping, generally east-striking Fluorspar
Canyon fault (Figure 2-14). This fault represents the near-headwall of the detachment, as well as
the accommodation plane for westward translation. The headwall (or breakaway) fault of the
Bullfrog Hills is exposed along a north-trending line that defines at least 1 km (0.6 mi) of
stratigraphic offset that occurred between 12.7 and 11.6 Ma (Fridrich 1998 [DIRS 101098],
p. 36; 1999 [DIRS 118942], p. 184, Figure 6). This line or zone connects with the Fluorspar
Canyon fault. The more evident high-angle faults that segment the Bullfrog Hills farther west
terminate against the trace of the low-angle Fluorspar Canyon fault (Figure 2-14). After
12.7 Ma, the breakaway zone occupied at least three successively more westward positions
(Fridrich 1998 [DIRS 101098], p. 17; 1999 [DIRS 118942], p. 189).

Extension of the Bullfrog Hills began with northwest-side-down faulting during the 11.6- to
12.7-Ma interval (Hoisch et al. 1997 [DIRS 111854], p. 2818). The faulting produced translation
and tilting that ranges from 45° at the head to at least 70° in the hills just east of Beatty
(Figure 2-14) (Fridrich 1998 [DIRS 101098], p.15; 1999 [DIRS 118942], p.184). The
translated and rotated blocks are separated by small wedge-shaped troughs filled with rockslide
breccia and coarse alluvium (Fridrich 1998 [DIRS 101098], p. 15; 1999 [DIRS 118942], p. 186).
This entire assemblage was then largely blanketed by the Timber Mountain Group tuff and
rhyolite of Fleur-de-lis Ranch, which was subsequently faulted. The Ammonia Tanks Tuff is
tilted 20° to 45° eastward. A cap of 10.7 Ma basalt is also faulted, but is much less tilted
(Hoisch et al. 1997 [DIRS 111854], p. 2818). Severe brecciation and sliding occurred in the
11.4 Ma rhyolite and sediments in the northern Bullfrog Hills (Minor and Fleck 1994
[DIRS 150656], p. 75). The faulting appears to have become inactive and the Bullfrog Hills
stabilized between about 9.8 Ma (Weiss etal. 1991 [DIRS 150661], p. A246) and 6.3 Ma
(Weiss et al. 1988 [DIRS 150660], p. A399), following the opening of the western Amargosa
Valley and Sarcobatus Flats basins (Figure 2-14) after 10 Ma (Weiss et al. 1993 [DIRS 107199];
Hoisch et al. 1997 [DIRS 111854], p. 2819). When the system became inactive at 7 or 8 Ma, the
master fault dipped steeply beneath the Grapevine Mountains, which before 12 Ma lay close to
the unmetamorphosed Paleozoic strata of Bare Mountain. The trace of the steep, active fault
migrated about 35 km (22 mi) in 4 or 5 m.y. at a rate of about 7 to 9 mm/yr (0.3 to 0.4 in./yr).
Hoisch et al. (1997 [DIRS 111854], p. 2830) calculated a rate of 12 mm/yr (0.5 in./yr) that
continued to about 10.3 Ma.

2.4.3.2  The Las Vegas Valley Shear Zone

The Las Vegas Valley shear zone (Figure 2-15) represents the eastern boundary of the Walker
Lane south of Rock Valley (Stewart 1988 [DIRS 100083], pp. 688 and 695). This feature is
important to the Yucca Mountain geologic setting because it forms a major structural boundary
(Figure 2-3) and plays a role in some tectonic models applicable to Yucca Mountain. However,
little is known about geologic relations within the zone because it is buried by Pleistocene
alluvium, exhibits little or no seismic activity, and cannot be well characterized using available
geophysical data. The shear zone is generally thought to be a right-lateral strike-slip fault,
chiefly on the evidence of displaced traces of Mesozoic thrust faults on either side
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(Longwell 1974 [DIRS 104619], p. 985; Stewart 1988 [DIRS 100083], p. 695) and the clockwise
curvature of the major ranges on the east side. The generally accepted displacement of more
than 40 km (25 mi) along the central part of the shear zone (Burchfiel 1965 [DIRS 102052],
p. 185) is thought to have occurred between 15 and 10 Ma (Bohannon 1984 [DIRS 104521],
p. 59; Hudson et al. 1994 [DIRS 100986], p. 273).

The northern reach of the Las Vegas Valley shear zone is subject to differing interpretations
(Hinrichs 1968 [DIRS 106140]; Fox and Carr 1989 [DIRS 105435], p.42; Caskey and
Schweickert 1992 [DIRS 102407], p. 1325, Figure 3; Burchfiel 1965 [DIRS 102052], p. 186).
Burchfiel (1965 [DIRS 102052], p. 186) considered the northwestern projection of the zone to
continue into the Specter Range thrust, as shown on Figure 2-15. Burchfiel’s interpretation
requires an episode of substantial south-southeast-directed compression in early Tertiary times to
produce 1,830 m or more stratigraphic offset along the 50° to 60° northwest-dipping Specter
Range thrust, as well as approximately 35 km of right-lateral offset along the Las Vegas Valley
shear zone as projected into Mercury Valley.

The Las Vegas Valley shear zone also has been interpreted as an accommodation zone
(Guth 1981 [DIRS 105817], p.769; Carr 1984 [DIRS 101037], p.13; Hamilton 1988
[DIRS 100037], p.79) or a “transfer fault” (Duebendorfer and Black 1992 [DIRS 102827],
p. 1109) that marks the lateral margin of a large tract of detachment faults thought to include the
Spotted Range and ranges farther southeast (Guth 1981 [DIRS 105817], p.770). This
interpretation avoids structural problems at the northern end of the shear zone with the
assumption that lateral displacement decreases to zero somewhere northwest of Indian Springs, a
consequence of extension in this region (Guth 1981 [DIRS 105817], p.769). The
accommodation model of Duebendorfer and Black (1992 [DIRS 102827]) requires 10 to 20 km
(6 to 12 mi) of slip to be absorbed by oroclinal bending in the Specter Range, but evidence for
such compression during the 14- to 13-Ma interval has not been recognized in or near Rock
Valley. Therefore, arcing the Las Vegas Valley shear zone to the west through Mercury Valley
into alignment with the left-lateral Rock Valley fault zone is not a viable tectonic interpretation.
However, an independent calculation by Caskey and Schweickert (1992 [DIRS 102407],
p. 1328) implied that the amounts of extension between correlative structures found both north
and south of the shear zone are not significantly different, which diminishes the importance of an
accommodation or transfer mechanism.

The Las Vegas Valley shear zone is, thus, plausibly related to one of two opposed tectonic
mechanisms: (1) lateral accommodation that attends detachment faulting or (2) north-south
oriented lateral compression that has resulted in oroclinal bending and some right-lateral slip.
The issue of oroclinal bending is of considerable tectonic interest because it implies a mechanism
of lateral compression (or “constriction”) (Wernicke et al. 1988 [DIRS 149959], p. 1754) in a
tectonic regime apparently dominated by extension.

As much as 55 km (34 mi) of middle to late Miocene north-south crustal shortening is estimated
in the northern Black Mountains along the Lake Mead fault zone (Anderson etal. 1994
[DIRS 101488], p. 1381), which is compatible with both right-lateral slip and domain-boundary
compression along the Las Vegas Valley shear zone (Anderson et al. 1994 [DIRS 101488],
p. 1403) (Figure 2-15). Paleomagnetic studies indicate that the vertical-axis, clockwise bending
in ranges along the north side of the shear zone is not a consequence of simple fault drag
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(Sonder et al. 1994 [DIRS 106881], p. 786), but represents a broad zone of combined crushing
and local rotation of blocks on the order of a few kilometers (Nelson and Jones 1987
[DIRS 105171], p. 13; Sonder et al. 1994 [DIRS 106881], p. 782).

The sedimentological character of Tertiary strata and structural features near the south end of the
Spotted Range (Figure 2-15) indicate that the apparent range-scale drag folding (oroflexing)
associated with the Las Vegas Valley shear zone was formed in pre-late Oligocene time (Cole
and Cashman 1999 [DIRS 114714], p. 35). Right-lateral transpression seems to have culminated
in a late Miocene event that involved the crushing and bending of extended terrane north and east
of the shear zone. Extension in the Sheep and Desert ranges evidently continued late, during
deposition of strata tentatively correlated with the Miocene Horse Spring Formation (Guth 1981
[DIRS 105817], pp. 766 and 767) (Figure 2-11). In that case, right-lateral transpression that
possibly had begun as early as 29 Ma likely peaked prior to about 14-13 Ma (Hudson et al. 1994
[DIRS 100986], p. 258).

2433 Death Valley-Furnace Creek-Fish Lake Valley Fault

The combined Death Valley-Furnace Creek-Fish Lake Valley fault system forms the only major,
thoroughgoing fault system in the Yucca Mountain region (Figure 2-12). The fault system is
significant because it is a major domain boundary that separates a region of high strain rate and
seismic activity (Inyo-Mono domain) from one of relatively low strain rate and highly diverse
structure and seismic activity (Walker Lane). The fault system varies in structural style along
strike, and links with associated lateral structures are uncertain. Therefore, its role in local fault
development is open to interpretation. It may represent the eastern border of a series of
transtensional  pull-aparts  (Burchfiel and Stewart 1966 [DIRS 102053], p.439;
Blakely et al. 1999 [DIRS 149763], p. 13), or it may represent range-front faults linked by
strike-slip segments that are evolving into an increasingly coherent structure, propagated
northward along a strike distance of about 350 km (220 mi).

The southern part of the fault system, the Death Valley fault segment, is primarily an oblique
right-lateral range-front fault. It follows the salients and reentrants of the Black Mountains front,
varying in strike from north-south to N40°W. For the most part, the Death Valley fault dips
moderately to steeply west, but toward its southern end dips range from 35° to 65° to the east or
northeast (Piety 1996 [DIRS 106540], pp. 141 and 318). Fault length is uncertain because of
disagreement on definition of its poorly exposed end points. A minimum length of 51 km
(32 mi) for the Death Valley fault is based on nearly continuously exposed west-facing scarps
(Piety 1996 [DIRS 106540], p. 142); a minimum length for the Furnace Creek fault is 105 km
(65 mi) (Piety 1996 [DIRS 106540], p. 190); and a minimum length for the Fish Lake Valley
fault is 80 km (50 mi) (Figure 2-12) (Piety 1996 [DIRS 106540], p. 181).

The total offset of the Death Valley fault is unknown, but the dip-slip component, estimated from
bedrock relief, is about 4,570 m (15,000 ft) (Wills 1989 [DIRS 150666], p. 197). Hooke (1972
[DIRS 106165], p. 2091) estimated a Holocene dip-slip displacement of about 63 m, based on
elevation differences of coeval lakeshore features on the east and west sides of Death Valley.
Fleck (1970 [DIRS 150223], p. 2811) considered that most of the vertical displacement on the
Death Valley fault is ancient, probably having its inception before deposition of the Furnace
Creek Formation (about 6 Ma). Estimates of total lateral offset toward the south end of the fault
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range from 1.2 to 50 km (0.75 to 31 mi), depending on the age of offset rock units (Piety 1996
[DIRS 106540], p. 319). Estimates of late Tertiary and Quaternary offset range from 35 km
(22 mi) (Butler etal. 1988 [DIRS 150435], p.406) to about 20 km (12 mi) (Brady 1986
[DIRS 150434], p. 2). Estimates of Pleistocene offset toward the south end of the fault range
from about 15 to 200 m (50 to 660 ft), with estimates of 1.2 to 3 m (4 to 10 ft) per event based on
displaced drainage (Piety 1996 [DIRS 106540], pp. 321 and 322). Toward the south end of the
Black Mountains, the Death Valley fault has mostly strike-slip displacement (Piety 1996
[DIRS 106540], p.319). Holocene activity along the Death Valley fault is expressed by a
10.5 m (34 ft) scarp in an alluvial fan near Mormon Point. The average per event displacement
is estimated to be 2.5 to 3.5 m (8 to 11 ft) (Klinger and Piety 1996 [DIRS 160351], p. 57).

The Furnace Creek fault is chiefly a right-lateral strike-slip fault that extends through alluvial
fans along the central part of Death Valley. The continuous fault trace is well expressed in most
remote-sensor images, probably because of the well-developed Pleistocene to Holocene scarp
that ranges in cumulative relief from 0.3 to 23 m (1 to 75 ft) (Piety 1996 [DIRS 106540], p. 190).
Estimates of total lateral offset, based on displaced Precambrian units, are uncertain. The
estimates range from 97 km (60 mi) to less than 8 km (5 mi) (Wright and Troxel 1967
[DIRS 1073371, p. 937; Piety 1996 [DIRS 106540], p. 190). Piety (1996 [DIRS 106540], p. 191)
reported estimates of Pleistocene lateral offset of 21 m (69 ft) and 46 m (151 ft), and of
single-event Holocene offsets of 1.5 to 2.7m (5 to 9 ft) or less. Klinger and Piety (1996
[DIRS 160351], p. 57) reported an average lateral displacement per Holocene event of 4.5 m
(15 ft).

A link between the Death Valley and Furnace Creek faults is not well established. The main
trace of the Furnace Creek fault may veer southeastward along the southern end of the Funeral
Mountains and into the Amargosa trough, and may even link up with structures along the east
side of Amargosa Valley (Wright and Troxel 1967 [DIRS 107337], p. 947, Figure 2). The Death
Valley fault may intersect or merge with the Furnace Creek fault across the alluvial-filled valley
between the Funeral and Black mountains, a 19-km-long (12-mi-long) gap termed the “transition
zone” by Klinger and Piety (1996 [DIRS 160351], p. 9). The structural nature of the inferred
linkage is unclear, the fault traces and fold forms are relatively short, trend in various directions,
and form a relatively wide zone (Klinger and Piety 1996 [DIRS 160351], p. 9).

Toward its northern end, between the Grapevine Mountains and Last Chance Range
(Figure 2-12), the Furnace Creek fault is distributed into a number of fault planes forming a zone
that extends into Fish Lake Valley. The Fish Lake Valley fault is thought to have propagated
northward from the Furnace Creek fault sometime between 12 and 4 Ma (Reheis 1993
[DIRS 105367], p. 376). The fault dies out in a series of folds near the north end of Fish Lake
Valley (Stewart 1967 [DIRS 106912], pp. 133 to 139). The northernmost 80 km (50 mi) or more
of this zone of strike-slip and primarily dip-slip range-front faults is called the Fish Lake Valley
fault. Estimates of maximum lateral displacement range from 25 km (15.5 mi) (Piety 1996
[DIRS 106540], p. 182) to 48 km (30 mi) (McKee 1968 [DIRS 105029], p. 512). Estimates of
maximum vertical displacement range up to 750 m (2,460 ft) (Reheis and McKee 1991
[DIRS 145271], p. 40). The upper Pleistocene dip-slip component on the Fish Lake Valley is as
much as 64 m (210 ft) (Brogan et al. 1991 [DIRS 104554], p. 1), and a Pleistocene lateral
displacement as much as 122 m (400 ft) is recorded (Sawyer 1991 [DIRS 106729], p. 126).
Pleistocene activity along the fault has been high; vertical displacement of as much as 540 m
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(1,772 ft) may have accrued within the past 740 ka (Reheis and McKee 1991 [DIRS 145271],
p. 38). However, modeling by Dixon etal. (1995 [DIRS 102793], p. 765), based on space
geodesy, indicates that activity along the Death Valley-Furnace Creek-Fish Lake Valley fault
system has slowed during the past few million years as slip is increasingly taken up to the west,
mainly along the Owens Valley fault zone. This transference of right-lateral slip activity to the
west is reflected by the historical seismicity along the eastern California shear zone (Figure 2-3)
(Dixon et al. 1995 [DIRS 102793], p. 765) and its convergence northward with the Fish Lake
Valley fault.

2.4.3.4  Northeast-Trending Strike-Slip Fault Zones and Spotted Range-Mine Mountain
Structural Zone

The Spotted Range-Mine Mountain structural zone (Figure 2-3) (Carr 1984 [DIRS 101037],
p. 30; Stewart 1988 [DIRS 100083], p. 694, referred to as “section”) is distinguished by
prominent east-northeast trending, left-lateral, strike-slip faults, and fault zones: Rock Valley
fault zone, Mine Mountain fault, Wahmonie fault zone, and Cane Spring fault (Figure 2-13).
The structural zone forms a discrete section of the Walker Lane domain (Stewart 1988
[DIRS 100083], pp. 694 and 695). It does not have a counterpart in the adjacent Basin and
Range or Inyo-Mono domains.

The largest and most tectonically significant structural component of the Spotted Range-Mine
Mountain structural zone is the Rock Valley fault zone (Coe et al. 1996 [DIRS 101528]), an
unusually well-exposed domain section lying between the Spring Mountains and Goldfield
sections of the Walker Lane (Figures 2-3, 2-13) (Stewart 1988 [DIRS 100083], p. 695). It is
presently seismogenic and constitutes a potential seismic source relatively close to Yucca
Mountain, exceeded in size only by the Furnace Creek fault, which is farther from Yucca
Mountain.

The Rock Valley fault zone coincides with a band of broad aeromagnetic lows bounded by a
parallel gradient (-300 to -400 nT) (Glen and Ponce 1991 [DIRS 105564]) along the south side of
Little Skull Mountain and extending eastward to Frenchman Flat, a distance of about 40 km
(25 mi). The geophysical data and local stratigraphy and structure indicate that the fault zone is
part of a complex structural trough about 5 km wide. Three major fault sets compose the Rock
Valley fault zone: (1) continuous, predominantly strike-slip faults that strike N65° to 80°E for
distances of 15 km (9 mi) or more; (2) shorter normal, strike-slip, and/or reverse bridging faults
that strike N25° to 50°E; and (3) minor normal and strike-slip faults that strike N10° to 15°W.

The zone is further complicated by N25°E-striking faults that project into Rock Valley from the
north. These faults might be related tectonically (but not specifically) to the Cane Spring fault
and Wahmonie fault zone, which strikes through the gap between Skull and Little Skull
Mountains (Figure 2-13).

A seismic-reflection profile (Majer et al. 1996 [DIRS 104685], p. 23, Figure 46) was shot across
the Rock Valley fault zone about midway along its length. The southern end of the profile
(Figure 2-16) is located north of a complex bounding fault or within a zone of complex
fault-controlled structure. This zone defines the southern margin of Rock Valley and inferred
structural trough, the footwall of which is indicated by Paleozoic outcrop south of the profile’s
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end of line. One of three major Rock Valley fault strands, RV3, appears to be the southernmost
plane of a zone of faulting perhaps 100 m (330 ft) wide. Disruption in interval A and a general
down-to-the-north flexure of Tertiary strata mark the location of the zone in the profile
(Figure 2-16). The data indicate that offset of the Tertiary-Paleozoic contact is about 122 m
down to the north. This is possibly the major structural expression of the southern fault strand of
the Rock Valley fault zone. Another mapped southern fault strand, RV4, is not expressed in the
seismic profile. This is also the case for the mapped medial strand (RV1). The vertical-offset
component for these two strands is probably less than acoustic resolution.

The largest displacement is on the step fault (Figure 2-16), located 300 m north from RV1. The
step fault possibly bridges the northern and medial strands of the Rock Valley fault zone. The
seismic profile shows that this deep fault forms the southern side of a depression about 500 m
wide and 200 m deep filled with Pleistocene alluvium. The Tertiary-Paleozoic contact is
downdropped about 190 m along the step fault.

The north side of the trough may mark the location of the northern fault strand (down to the
south). However, there is no trace of a throughgoing fault at the surface or in the uppermost few
hundred feet of the seismic profile. The trace of the northern fault strand is not expressed in the
mapped geology or in aerial photographs within 2 to 3.5 km to either side of the seismic profile.
In other words, the profile crosses a 5.5-km gap in the surface trace of the northern fault strand.
The profile indicates a down-to-the-south fault at about CDP Station 320 that is buried by about
122 m of Pleistocene alluvium and/or Wahmonie dacite (Twt).

Offsets along the fault planes are rarely demonstrable because crosscutting features are
uncommon. Estimates of total lateral offset of no more than 1.6 to 4 km are based on regional
considerations (Barnes et al. 1982 [DIRS 124232]) and geophysical data (Kane and
Bracken 1983 [DIRS 106275], p.9). A few observed lateral offsets range from 30 to 40 m.
However, these offsets appear to be pre-Pleistocene and may actually be the total of several
series of smaller events spaced closely enough in time to have prevented erosional discrimination
of smaller component slips.

Historically, earthquakes have occurred frequently toward the west end of Rock Valley, in the
vicinity of Little Skull Mountain, Striped Hills, and Specter Range. Data summarized by
Rogers et al. (1981 [DIRS 106700], pp. 9 and 15; 1987 [DIRS 100176], p. 37) indicate that the
earthquakes were of mostly small magnitude events (M < 4.0) that occurred from near surface to
depths of about a 10 km on north- to northeast-striking faults with left-lateral strike-slip and
oblique-slip mechanisms (Rogers et al. 1987 [DIRS 100176], p.31). Most of the strike-slip
mechanisms were in the 4- to 9-km depth range. Fault-plane solutions for pre-1993 earthquakes
are in accord with the sense of slip of the mapped faults, but no individual seismogenic faults
have been identified (Rogers et al. 1987 [DIRS 100176], p. 37).

The Cane Spring fault is expressed as a conspicuous rectilinear fault-line scarp lineament
(Reheis and Noller 1991 [DIRS 102891], Plate 3) that strikes N54°E along the north flank of
Mount Salyer (Figure 2-13). The Cane Spring fault is mapped for a total length of about 8 km.
It evidently controls the location of Cane Spring, a large perched spring that gives the fault its
name. Mapping by Ekren and Sargent (1965 [DIRS 105241]) does not indicate a southwest
projection of the fault into Rock Valley. Outcrops show the Cane Spring fault to be a nearly
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vertical shear zone about 1.5 m wide. The fault plane controls a discontinuous scarp that locally
attains a relief as much as 3 m across the beds of a few downslope gullies that cross the
lineament west of Cane Spring. Local kinematic features imply left-lateral offset, but gross
lithologic contacts indicate a dominantly normal, north-side-down movement. Poole et al. (1965
[DIRS 106568]) posit three generations of alternating dip slip in addition to strike slip, but the
basis for this inference is unclear. The contrast in landforms across the fault is pronounced,
indicating that the bulk of the offset has been dip-slip. The southeast side of the fault (upthrown
block) shows numerous lineaments diverging south from the fault trace at angles of 30° to 45°.
These probably represent splay faults or fractures indicative of the sinistral mechanism. Total
offset along the Cane Spring fault is unknown; no indications of late Pleistocene activity were
observed and aerial photos show that the oldest and deepest stream courses cross the fault
without being offset. The most recent activity may have been 100 ka or older.

The Mine Mountain fault (Orkild 1968 [DIRS 106458]) extends along the south flank of Mine
Mountain as two N35°E-striking subparallel faults that are separated by as much as 200 m
(Figure 2-13). The faults interconnect and splay, and they apparently entrain slices that are tens
of meters across. At Mine Mountain, the Tiva Canyon Tuff is offset for a distance of 1.2 km in a
left-lateral sense across the fault zone. No exposures of the fault have been found, so the attitude
of the fault plane(s) is unknown. Orkild (1968 [DIRS 106458]) interpreted the faults as oblique
left-lateral, down to the south. The offset Tertiary units dip about 30°W, so given a steeply
south-dipping fault (85° or more), purely normal displacement of about 500 to 600 m (1,640 to
1,970 ft) could produce the apparent left-lateral offset shown on the geologic map (Orkild 1968
[DIRS 106458]). Considering slip relations on other faults in the region, an oblique slip seems
most likely.

Because no detailed Quaternary mapping has been done in the Mine Mountain quadrangle, the
relation of faulting to Quaternary stratigraphy is unknown. The surficial map of the 72-minute
Skull Mountain quadrangle to the south (Swadley and Huckins 1990 [DIRS 106952])
(Figure 2-13) indicates that the fans overlying the projected Mine Mountain fault zone are
constructed of middle to late Pleistocene alluvium (Swadley and Huckins 1990 [DIRS 106952]).
Reconnaissance along and across the southern alluvial flank of Shoshone Mountain and
examination of aerial photos of this area revealed evidence of complex faulting, but no evidence
was observed of late Quaternary displacements, scarps in alluvium, or transcurrent fault traces in
alluvium extending southwest of Mine Mountain. Weakly etched, short lineaments are found
where the bedrock pediment is thinly covered. These features probably represent erosion
focused by shattered bedrock. No thoroughgoing fault plane was observed among the variously
tilted and sheared pediment blocks, but a strong northeast-oriented, shear-controlled fabric is
evident in numerous bedrock exposures within fan gullies. The breccia is typically sliced by
irregular, subplanar fractures that strike N20° to 45°E, and dip 85°S to 90°S, but have no slip
indicators.

The total late Tertiary normal-fault displacement along the Shoshone Mountain range front is
difficult to judge, both because faulting is distributed across a zone more than 1 km wide and
because the volcanic units were deposited on a surface of high relief (as much as 100 m) eroded
in faulted Paleozoic blocks and in the overlying Wahmonie Formation. Where observable, the
style of displacement is one of obverse dip away from the slope rather than toward it, in the
sense of a rotated slump block. This style, along with the sinistral shear component, indicates
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that Shoshone Mountain probably pulled away obliquely west-southwest from a subsiding basin
and that faulting was preceded by formation of a down-to-basin monocline.

No lineaments or other expressions of Quaternary faulting have been recognized to define a
projection of the Mine Mountain fault in the fan deposits graded to Yucca Valley to the east.
A smooth 32-mGal-gravity gradient that defines the structural west flank of Yucca Valley
(Healey et al. 1987 [DIRS 106118]) indicates that the fault does not project into Yucca Valley.
To the southwest, the situation is more problematic.

The northern strand of the Mine Mountain fault zone was projected by Orkild (1968
[DIRS 106458]) to trend southwest across Mid Valley along the southeast flank of Shoshone
Mountain, where it is depicted as a down-to-the-south range-front fault. Seismic profiles
illustrated and interpreted by McArthur and Burkhard (1986 [DIRS 104766], pp. 61, 63, 67, and
69) cross the projection of the Mine Mountain fault zone in Mid Valley. The profiles indicate
disruption of reflections along the projection of the fault zone, but the nature of deformation is
ambiguous. Simple large-scale block tilting is not in evidence and, therefore, the garbled
reflections probably represent distributed shear rather than a few individual fault planes.
Because reflections cannot be traced northward across the inferred fault-plane profiles, lateral
offset rather than normal displacement is indicated.

Maldonado (1985 [DIRS 104160]) retained Orkild’s range-front fault projection, but also
projected the more southerly of the two Mine Mountain fault strands southwest across
Mid Valley and out across Jackass Flats to a point due west of Little Skull Mountain
(Figure 2-13). A range-front fault certainly exists where Orkild has mapped it, but YMP field
work did not reveal any evidence for the left-lateral fault trace projection of Maldonado
(1985 [DIRS 104160]). Nevertheless, there is good evidence for strike-slip faulting in bedrock
exposures along the base of Shoshone Mountain and in a low bluff of Paintbrush Tuff (evidently
an outlier of the Little Skull Mountain block) located just west of the old Field Operations Center
(about 15 km south east of the Exploratory Studies Facility).

The 1:100,000 scale Bouguer gravity map of the Nevada Test Site (Healey etal. 1987
[DIRS 106118]) provides little indication of a significant crustal fault along the inferred
projection of the Mine Mountain fault zone in northern Jackass Flats. Here, the fault projection
passes across an area in Jackass Flats of virtually no gradients or conspicuous anomalies. In Mid
Valley, the projection passes along the northwest flank of a large gravity minimum that
represents the main depression of Mid Valley, and the fault could, thus, be considered a
bounding structure to the depression (Figure 2-13).

The 1:100,000 scale aeromagnetic map of the Beatty quadrangle (Glen and Ponce 1991
[DIRS 105564]) shows strongly aligned gradients and separation of distinct anomaly patterns
along the projection of the Mine Mountain fault zone into Jackass Flats. The aeromagnetic
gradients indicate that the fault-zone projection is about 800 m wide along Shoshone Mountain,
and that it widens to about 1.5 km as it crosses Jackass Flats south of Calico Hills. This zone of
aligned steep gradients and linear and positive anomalies extends into a crudely annular anomaly
pattern of short, steep highs rimmed with negative anomalies, about 8 km in diameter, centered
west of the old Field Operations Center within area 25.
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The westward extent and possible interaction of the convergent, westward extensions of the
Rock Valley fault zone and Mine Mountain fault are unknown. Carr (1984 [DIRS 101037],
p. 16) projected the Spotted Range-Mine Mountain structural zone of the Walker Lane belt,
which is characterized by northeast-striking left-lateral faults, west into California to the Furnace
Creek fault zone (Figure 2-17). However, no faults resembling the Rock Valley fault zone are
known to transect the Funeral Mountains and, therefore, the fault zone probably extends no
farther west than a line drawn from the west side of Little Skull Mountain south to the west end
of the Skeleton Hills (Figure 2-13). Laterally sheared Paleozoic rocks and local Miocene
volcanic rocks exposed along this line imply the existence of a N5° to 15° E-striking fault or
shear zone. A fault along this trend is also indicated by gravity and aeromagnetic anomaly
gradients, a hydraulic barrier (Winograd and Thordarson 1975 [DIRS 101167], p. C75), and
seismic reflection data (Brocher et al. 1993 [DIRS 102002], p. 35), as well as sparse west-facing
scarps in alluvial fans.

Attempts to find a segment of the Rock Valley fault zone west of the line described above
(which is referred to as the Gravity fault, Figure 2-9) have been unsuccessful. Lineaments in the
Amargosa Valley, however, indicate that a segment of the Rock Valley fault zone may exist
beneath the Amargosa Valley. On the other hand, the main strands of the Rock Valley fault zone
veer to the south into the Specter Range east of the Striped Hills (Figure 2-13). Thus, it is still
unclear whether the zone even extends all the way to the western end of Rock Valley, let alone
into Amargosa Valley.

2.4.3.5  Highway 95 Fault

Surface geologic mapping, geophysical evidence, and subsurface investigations indicate the
presence of a large-offset, east-west striking concealed fault, referred to as the Highway 95 fault
(Fridrich 1998 [DIRS 101098], p. 6). The fault occurs in the subsurface along the northeast
margin of the Amargosa Desert, directly south of the southernmost extent of Yucca Mountain
and Crater Flat (Figure 2-9). The Highway 95 structure possesses several unique characteristics.
It appears to dip near-vertically, may have a length of about 15 km, terminates against the Bare
Mountain fault on the west, and extends to the middle of Fortymile Wash on the east. Potter
et al. (2002 [DIRS 159091]) show the fault just south of Highway 95, crossing U.S. Route 95
just southwest of the Lathrop Wells Cone (Figure 2-9). Its presence is based on a conspicuous
alignment of low-lying hills just northeast of U.S. Route 95 and south of Crater Flat. These hills
also mark the southwest edge of exposed volcanic rocks. However, the welding characteristics
and thicknesses of the Paintbrush Group rocks exposed along this margin do not appear
indicative of the extreme distal margin of pyroclastic deposition. Directly south of the low-lying
hills that mark the southern extent of Yucca Mountain, moderate to steep aeromagnetic gradients
also terminate abruptly. South of the inferred location of the Highway 95, within the northern
Amargosa Valley, (1) conspicuous linear magnetic anomalies are absent, and (2) a broad gravity
high occurs that has been interpreted as a Paleozoic basement high (Ackermann etal. 1988
[DIRS 103004], Figure 3.3, pp. 27 to 30). This is composed of Paleozoic carbonate rock that is
covered by little or no volcanic rock, and is juxtaposed against a northern block. The northern
block is composed of rocks of the Miocene Paintbrush and Crater Flat Groups (Potter et al. 2002
[DIRS 159091]).
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The geophysical interpretations are, in part, supported by subsurface stratigraphic information.
The absence or pronounced thinning of magnetized Miocene volcanic rock within the southern
block is confirmed in several deep drill holes. Carr etal. (1995 [DIRS 104671]) reported that
less than 40 m of tuff, suspected of being part of the Timber Mountain Group, overlies Paleozoic
dolomite and limestone in drill hole Felderhoff Federal 25-1, less than 6 km south of the
suspected location of the Highway 95 fault (Sweetkind et al. 2001 [DIRS 159092]). More
recently, two drill holes, NC-EWDP-19D1 and NC-EWDP-2DB, which were drilled in close
proximity to the Highway 95 structure, indicate an abrupt variation in the thickness and
lithologic character of the buried Topopah Spring Tuff. Drill hole NC-EWDP-19D1, located
directly south of the inferred trace of the Highway 95 fault in the area of one of the local
moderate to steep aeromagnetic gradients, encountered about 130 m of nonwelded tuff that is
suspected of being part of the lowermost Topopah Spring Tuff. Although uniformly nonwelded,
Spengler and Dickerson (DTN: GS031108314211.005 [DIRS 168526]) indicated that much of |
the localized, anomalously thick tuff in NC-EWDP-19D1 may have been preserved on the
downthrown side of the Highway 95 fault, thus producing the conspicuous aeromagnetic
anomaly. In contrast, drill hole NC-EWDP-2DB, located 2 km to the southwest, within the
southern block, encountered only 27 m of the Topopah Spring Tuff, having variations in welding
consistent with characteristics of outcrops at the southern extent of Yucca Mountain
(DTN: GS011008314211.001 [DIRS 158690]). To best accommodate abrupt differences in the
thickness and lithologic character of the Topopah Spring Tuff between drill holes
NC-EWDP-19D and NC-EWDP-2DB, the existence of a southeast trending splay to the
Highway 95 fault has also been indicated (DTN: GS031108314211.005 [DIRS 168526])). |
Alternatively, the main trace of the Highway 95 fault may actually occur farther to the south,
between NC-EWDP-19D and NC-EWDP-2DB, instead of the location indicated by Potter et al.
(2002 [DIRS 159091]).

Based primarily on the dichotomous relative stratigraphic position of outcrops of Topopah
Spring Tuff along different segments of the northern down-thrown block, the Highway 95 fault
is suspected of having a component of lateral slip. The anomalous stratigraphic setting—
wherein welding is present within the Topopah Spring Tuff in drill hole NC-EWDP-2DB,
presumably closer to the distal edge of this pyroclastic flow deposit, but absent in drill hole
NC-EWDP-19D, presumably closer to its source—provides supporting evidence. However, the
amount of lateral slip is unclear, and the sense of lateral displacement remains incompletely
understood. Fridrich (1998 [DIRS 101098]) notes the existence of a more extensive structure,
called the Carrara fault, which not only coincides with trace of the Highway 95 fault, but would
also extend northward along the southwestern flank of Bare Mountain. Slemmons indicated that
the Carrara fault is a right-lateral strike-slip fault. Sweetkind et al. (2001 [DIRS 159092]) note
that an outcrop of Miocene Ammonia Tanks Tuff appears displaced to the west on the south side
of the inferred trace of the Highway 95 fault relative to where this formation crops out north of
the fault (Swadley and Carr 1987 [DIRS 101300]). In contrast, it was indicated that a component
of sinistral lateral movement along the Highway 95 fault is a structurally controlled pull-apart
basin (DTN: GS031108314211.005 [DIRS 168526]). This may explain the development of a |
deep graben beneath Fortymile Wash (Ponce et al. 2001 [DIRS 158733]). Additional deep
drilling in the area of southern Fortymile Wash and northern Amargosa Valley may help resolve
this uncertainty.
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2.4.3.6  Other Regionally Significant Faults

The earlier version of the YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945]) provides
additional discussions of several other single, regionally important, faults. A complete list of
known and suspected Quaternary faults that might produce ground motion at Yucca Mountain is
presented in Section 4 of this document (Figure 4-23), and those pertinent to the site geology are
also discussed in Section 3.5 of this document.
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Figure 2-1a. Approximate Locations of the Physiographic Subdivisions Surrounding the Great Basin of
the Basin and Range Physiographic Province
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Figure 2-1b. Approximate Locations of the Physiographic Subdivisions of the West-Central and

Southern Great Basin Showing the Walker Lane Belt
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Figure 2-3.  Regional Tectonic Domains for Yucca Mountain and Surrounding Environs, plus Sections
of the Walker Lane and Zones of Historical Seismic Activity
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Figure 2-4. Generalized Precambrian/Paleozoic Outcrop Map of the Yucca Mountain Region
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Figure 2-6. Precambrian and Paleozoic Stratigraphic Units of the Yucca Mountain Region
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Figure 2-7a. Permian and Mesozoic Stratigraphic Units of the Yucca Mountain Region
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Figure 2-7b. Approximate Extent of the Southwestern Nevada Volcanic Field and Coeval Igneous Rocks
of the Inyo-Mono Domain
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Figure 2-9. Late Neogene and Pleistocene Features at and near Yucca Mountain
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Figure 2-11. Generalized Compressional Features of the Yucca Mountain Region
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Figure 2-12. Major Faults of the Inyo-Mono Domain
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Interpretation of Seismic Reflection Profile across Rock Valley
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117° 116° 00374DC_004.ai

Source: Carr 1984 [DIRS 101037], Figure 7

NOTES: CSFZ = Cane Spring fault zone; FCFZ = Furnace Creek fault zone; MMF = Mine Mountain fault zone;
PSVF = Pahrump-Stewart Valley fault zone; RVFZ = Rock Valley fault zone; YFSV = Yucca Frenchman
shear zone

Figure 2-17. Spotted Range-Mine Mountain Structural Zone Depicted by Northeast-Trending Shaded
Borders
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Table 2-1. Comparison of Depositional Units and Related Soils at Yucca Mountain with Local and Regional Surficial Stratigraphies

Yucca Lower Colorado Fish Lake Valley
Mountain River, California- Yucca Wash, Crater Flat, Silver Lake, Kyle Canyon Nevada-
Area, Nevada® Arizona® Nevada® Nevada® California® Fan, Nevada' California® Providence Mountains"
Holocene
Q7 Q4b Qla Modern Modern Q4 Late Marble Creek Qf8
(<0.2) 0) 0) 0) ©) (0) (0-0.75 yrs) (0-2.8, <0.1)
Q4a Q1b Crater Flat Q3b3 Middle Marble Qf7
(0.1-2) (<0.2) (0.4-1.5) (0.5-2.5) Creek (0-4.2, ~1)
6 (1-1.6)
(81) Q3c Q3b2 Early Marble Creek Qf6
(2-4) (2.0-4.5) (1.9-5.3) (3-8, 4)
Q3b
(4-8)
Q5 Q3a Qlc Little Cones Q3bl Q3-upper Leidy Creek Qf5
(2-17) (8-12) (3-30, ~10) (7-11) (6-11) (4-80, 15) (6.4-10) (8-18, ~10)
Q4 Q2c Q2b Late Black Cone Q3a Q3-lower Indian Creek Qf4
(30-100) (12-70) (140-160) (>17-30) (13-50) (4-80, 50) (50-130?) (17-75, ~50)
Q3 Q2b Q2c Early Black Cone Q2b Q2 Qf3
(100-250) (70-200) (270-300) (>159-200) (110-130) (18-750, 130) (29-758, ~150)
Q2a
(140-190)
Q2 Q2a Yucca? Qlb
(~400) (400-758) (>343-375) (>400->650)
Q1 Q2a Qta Solitario Q1b Q1 McAfee Creek Qf2
(500->758) (400-758) (900-2000) (>433-<758) (>400->650) (750-800, 800) (600?-758) (29-758, ~600)
(0]0] Q1 QT Q1 Perry Aiken Creek Qfl
(>758) (>1200) (900-2000) (>650->800) (>758) (758-4000, ~1500)

Sources: *Whitney and Taylor 1996 [DIRS 107309]

¥00Z |udy

®Bull and Ku 1975 [DIRS 102051]; Ku et al. 1979 [DIRS 106303]; Bull 1991 [DIRS 102040]
“Hoover 1989 [DIRS 101247]; Taylor 1986 [DIRS 102864]
dpeterson 1988 [DIRS 106512]; Peterson et al. 1995 [DIRS 106519]
®Reheis et al. 1989 [DIRS 106659]; Wells et al. 1990 [DIRS 107208]
"Reheis et al. 1992 [DIRS 106661]
9Slate 1991 [DIRS 130186]; Reheis and Sawyer 1997 [DIRS 106656]
"McDonald and McFadden 1994 [DIRS 104772]; Wang et al. 1996 [DIRS 107155]
NOTES: Numbers in parentheses refer to age estimates in thousands of years; dates presented on this table are derived from a variety of sources and methods, and

are intended for comparison purposes only; number after this range is the preferred age estimate. Preferred ages for “Yucca Mountain area, Nevada (this
study)” were determined using scientific judgment and considered all available data, including their reliability and uncertainty.
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3. GEOLOGY OF THE YUCCA MOUNTAIN SITE AREA
3.1 INTRODUCTION

Geologic and related investigations at Yucca Mountain center on a rectangular area of some
165 km® (65 mi®) that covers the central part of the mountain (Figure 3-1) and is informally
referred to as the “site area” with respect to the geologic repository for high-level radioactive
wastes (HLWs). Geologic mapping at various scales and detailed stratigraphic and structural
studies have been conducted there, as well as in adjacent areas, such as contiguous parts of the
Nevada Test Site to the east, starting in the 1960s. These mapping activities and related studies
were then pursued with increased effort starting in the late 1980s as an integral part of a broad,
interdisciplinary characterization program designed to comprehensively evaluate the suitability
of the site to host safe and permanent waste disposal (DOE 1988 [DIRS 100282]). Knowledge
and understanding of the natural systems—nature of the rocks involved and their
post-depositional and deformational histories—are essential for repository design, geologic
hazard analysis, and performance assessment.

Results of the geologic studies conducted in the Yucca Mountain site area, many of which have
been published, are summarized in this section. Much of the accumulated information being
summarized was presented in greater detail in Sections 4, 7.3, and 7.4 of the Yucca Mountain
Site Description (YMSD) REV 01 (CRWMS M&O 2000 [DIRS 151945]). Principal sources of
data that have become available more recently, which are also incorporated into the present
discussion, include: (1) studies of the Quaternary stratigraphy and recency of faulting in
Midway Valley (Figure 3-2) by Swan et al. (2001 [DIRS 158784]); (2) compilations of regional
geologic maps and structure sections by Potter etal. (2002 [DIRS 160060]); (2002
[DIRS 159091]), and Sweetkind etal. (2001 [DIRS 159092]); (3)results of a series of
Quaternary fault studies reported by Keefer et al. (2003 [DIRS 159419]); and (4) a description of
flooding in Fortymile Wash by Tanko and Glancy (2001 [DIRS 159895]).

3.2 PHYSIOGRAPHY AND GEOMORPHOLOGY
3.2.1 Physiographic Setting of Yucca Mountain and Vicinity

Yucca Mountain, in southwest Nevada (Figure 3-1), lies in the south-central part of the Great
Basin that forms the northern subprovince of the Basin and Range physiographic province
(Figure 2-1b). More specifically, Yucca Mountain occupies part of the Walker Lane belt, a
major structural lineament considered to be a zone of transition between (1) the central and
southeastern parts of the Great Basin, characterized by dip-slip normal faulting and typical basin
and range topography; and (2) the southwestern Great Basin, typified by both dip-slip and
strike-slip faulting and irregular topography (Carr 1984 [DIRS 101037]). Yucca Mountain itself
is situated on the south flank of the southwestern Nevada volcanic field, which consists of a
series of volcanic centers from which large volumes of pyroclastic flow and fallout tephra
deposits were erupted from about 14.0to 11.4 Ma (Byers etal. 1976 [DIRS 104639];
Sawyer et al. 1994 [DIRS 100075]. Accordingly, the mountain and many of the adjacent
landforms carry the imprint of the area’s extensive volcanic history, as well as its deformational
history.
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The area surrounding Yucca Mountain can be divided into eight clearly defined physiographic
elements that combine to produce a variable and diverse terrane typical of the Walker Lane
(Figure 2-2). Three of these—Yucca Mountain and the bordering features to the east and west,
Fortymile Wash and Crater Flat, respectively (Figure 3-1)—are described below. The other
five—Amargosa Desert, Bare Mountain, Pinnacles Ridge, Beatty Wash, and Jackass Flats—are
discussed in Section 4 of the Yucca Mountain Site Description REV 01 (CRWMS M&O 2000 |
[DIRS 151945]).

3.211 Yucca Mountain

Yucca Mountain is an irregularly shaped upland, 3- to 8-km wide and about 35 km long, that
stretches from near Beatty Wash at the northwest end to near the north edge of the Amargosa
Desert at the south end (Figure 2-2). The crest of the mountain reaches elevations of 1,500 to
1,930 m, about 125 to 275 m higher than the floors of adjacent washes and lowlands. The
dominantly north-trending pattern of structural blocks characterizing this prominent upland area
is controlled by high-angle block-bounding faults (Scott and Bonk 1984 [DIRS 104181]; Day
et al. 1998 [DIRS 100027]) with vertical displacements of several hundred meters in places. The
fault blocks, composed of volcanic rocks of Miocene age, are tilted eastward, so that the
fault-bounded west-facing slopes are generally high and steep, in contrast to the more gentle and
commonly deeply dissected east-facing slopes. The valleys are generally narrow and V-shaped
along their upper and middle reaches, but, locally, contain flat, alluviated floors in their lower
reaches. Valley morphology ranges from shallow, straight, steeply sloping gullies and ravines to
relatively deep, bifurcating, gently sloping valleys and canyons. The hillslopes between ridge
crests and valley floors typically include at least three general forms: narrow upper convexities,
extensive straight segments, and broad lower concavities. Drainage from the west flank of the
mountain flows southward down narrow fault-controlled canyons and out into Crater Flat.
Drainage from the east flank flows southeastward down Yucca, Drill Hole, and Dune washes
into Fortymile Wash (Figure 3-2).

3.21.2 Crater Flat

Crater Flat, flanked by Bare Mountain on the west and Yucca Mountain on the east, is a
structural basin approximately 24 km long and 6 to 11 km wide (Figure 2-2). The basin has the
overall form of a graben (or, perhaps more appropriately, a half-graben), its west side having
been downdropped several kilometers along the east-dipping Bare Mountain fault, and its east |
side downdropped a few hundred meters along a series of west-dipping normal faults that form
the west slope of Yucca Mountain (Carr 1984 [DIRS 101037]; Simonds etal. 1995
[DIRS 101929]; Fridrich 1999 [DIRS 118942]). The axial part of the basin floor, covered by
alluvial deposits that overlie a thick (as much as 3 km) sequence of late Cenozoic volcanic rocks,
rises gradually from altitudes of about 840 m at the south end to as much as 1,280 m at the foot
of Yucca Mountain to the north. Four basaltic vents and their associated lava flows form
prominent cones that attain heights ranging from 27 to 140 m above the alluviated surface of the
central basin area.
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3.2.1.3  Fortymile Wash

Fortymile Wash drains an area of approximately 62 km? east and northeast of Yucca Mountain.
From its northern headwaters, it flows southward through Fortymile Canyon, a steep-sided
drainage course some 300 m deep in places, and continues down the south-sloping piedmont that
forms the west end of Jackass Flats (Figure 3-1). Along this latter reach, the wash has cut a
nearly linear trench, 150 to 600 m wide and as much as 25 m deep, into the Quaternary alluvial
deposits of the piedmont. This entrenchment gradually decreases downslope until the wash
merges with the general level of the piedmont near the northeast margin of the Amargosa Desert
basin (Figure 2-2).

3.2.1.4  Other Topographic Features

In addition to the major landforms described above, three buttes or ridges (Busted Butte, Fran
Ridge, and Alice Ridge) and an alluvial flat (Midway Valley) form prominent topographic
features on the east side of Yucca Mountain, and two narrow, linear drainage courses (Solitario
Canyon and Fatigue Wash) are to the west. Busted Butte, Fran Ridge, and Alice Ridge
(Figure 3-2) are faulted bedrock areas rising 110 to 200 m above the surrounding terrain.
Midway Valley, lying between these features and the east slope of Yucca Mountain to the west,
is an alluviated lowland that slopes gently eastward from an elevation of about 1,220 m in its
northwestern part to 1,070 m at a low point between Alice and Fran ridges. Tributaries to
Fortymile Wash head in northwest-trending washes along the east slope of Yucca Mountain, the
most prominent of which is Yucca Wash (Figure 3-2), and flow eastward across Midway Valley.
A number of other washes are incised features toward the south end of Yucca Mountain, the
largest being Dune Wash.

Drainages in Solitario Canyon and Fatigue Wash rise in upland areas in the northern part of
Yucca Mountain at elevations of approximately 1,425 m and 1,675 m, respectively, and flow
southward in narrow, linear valleys to enter northeastern Crater Flat at an elevation of about
1,200 m. The two valleys have been incised in bedrock some 175 to 275 m and are
fault-controlled (Day et al. 1998 [DIRS 100027]). The north end of a third fault-controlled
valley, Windy Wash, also extends into the northwestern part of the site area (Figure 3-2).
The associated faults (with the same names) are discussed in Section 3.5.

3.2.2 Geomorphology
3221 Influence of Tectonism and Quaternary Faulting

As described above, and as will be described in more detail in Section 3.5, Yucca Mountain is
characterized by a series of fault blocks bounded by parallel north-striking, primarily dip-slip
faults that transect a broad apron of Miocene volcanic rocks and give rise to linear valleys and
ridges, such as the crest of Yucca Mountain and the adjoining Solitario Canyon (Figure 3-2).
Fault scarps, commonly visible along these faults, are generally located between the bedrock
footwall and Quaternary colluvium on the hanging wall. The scarps appear sharp, with fault dips
of 55° to 75°, because the exposed volcanic rocks weather slowly (see Section 3.4). A pattern of
enhanced erosion at the base of the scarps near channels and rills indicates that the scarps have
been noticeably enhanced by hillslope erosion and, in essence, are fault-line scarps.
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Several of the block-bounding faults show evidence of Quaternary displacements that
(1) influenced depositional patterns of surficial materials on hillslopes and on adjacent valley or
basin floors, and (2) in places, produced visible scarps in bedrock outcrops and surficial deposits
along some fault traces. However, low rates of offset and long recurrence intervals between
successive faulting events on faults in the site area during Quaternary time (slip
rates: 0.002-0.05 mm/yr [0.00008 to 0.002 in./yr)]; recurrence intervals: 20 to 140 k.y.
(see discussion in Section 4.3; also, Keefer et al. 2003 [DIRS 159419]) have resulted in subtle
landforms and contributed to the preservation of early and middle Pleistocene deposits on Yucca
Mountain hillslopes (Whitney and Harrington 1993 [DIRS 107303]).

A striking feature of Yucca Mountain hillslopes is the lack of well-defined, rounded alluvial fans
at the base of the slopes. On the west side of Yucca Mountain, hillslopes are of nearly uniform
gradients, decreasing gradually from 32° near ridge tops to about 15° near the base, because of
the homogeneous nature of the underlying volcanic tuff at the ridge crest, and because the low
rates of uplift have not caused over-steepened slopes or high relief. As a result, the lower slopes
of Yucca Mountain appear more like pediments than alluvial fans, which is most evident where
early and middle Pleistocene deposits are truncated and overlain by a thin veneer (less than one
meter thick) of late Pleistocene-Holocene alluvium and eolian deposits.

Fault scarps are commonly visible along the block-bounding faults. The scarps are generally
located between the bedrock footwall and colluvium on the hanging wall. The bedrock scarps
appear sharp, with fault dips of 55° to 75° (Simonds et al. 1995 [DIRS 101929]) because the
volcanic bedrock weathers very slowly (see bedrock weathering rates below). The exposed fault
scarps along the Solitario Canyon and Northern Windy Wash faults were exposure-dated by
cosmogenic '*C to determine whether Holocene surface ruptures may have formed the scarps
(Harrington et al. 1994 [DIRS 106100], p.A303). Analyses of the in situ cosmogenic
radiocarbon from both scarps indicate that both scarps have been exposed for more than 20 k.y.
A pattern of enhanced erosion at the base of the scarps near channels and rills indicates that the
scarps have been significantly enhanced by hillslope erosion. The Stagecoach Road fault also
exhibits a prominent scarp where eolian sand has washed away from a scarp formed in a
well-cemented, reworked tuff. Thus, most prominent scarps at Yucca Mountain appear to be
fault-line scarps, tectonic in origin but significantly enhanced by erosion.

3.2.2.2 Influence of VVolcanism

Bedrock in the Yucca Mountain site area is entirely composed of volcanic outflow sheets whose
caldera sources lay north of the site area. Much of the original morphology of this giant sheet of
pyroclastic flows and fallout tephra that covered the area of Yucca Mountain and vicinity is no
longer preserved, having been broken and segmented by subsequent faulting. A general
southward decrease in elevation may, in part, reflect the regional depositional gradient away
from the nearby volcanic centers to the north (Figure 3-1). As indicated above, the effects of
subsequent faulting and tilting of fault blocks have obscured much of the initial landscape
created by the volcanic activity.

With respect to the volcanic rock sequences now exposed in the site area, differing
characteristics between units, particularly the degree of welding, impart varying resistances to
erosion, locally creating subdued bench-like topography. However, the nonwelded, less resistant
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units are commonly thin compared to the welded, more resistant units, so that the effect of
differential erosion is of relatively minor geomorphic importance.

3.2.23 Influence of Climate

Climatic conditions exert a strong influence on geomorphic processes and, thus, are an important
factor in controlling depositional and erosional patterns. The effects of climate on the evolution
of landforms at Yucca Mountain are discussed in Section 3.4.5.

3.3 SITE STRATIGRAPHY
3.3.1 Introduction

Mid-Tertiary volcanic rocks, consisting mostly of pyroclastic-flow and fallout tephra deposits
with minor lava flows, dominate the exposed bedrock formations in the Yucca Mountain site
area (Figure 3-2). The stratigraphy of these rocks forms the basic framework for the modeling
and analyses of rock properties, mineral distributions, faulting and fracturing, hydrologic flow,
and radionuclide transport. As such, they have been a major focus of stratigraphic studies in the
area, resulting in a number of published descriptive and interpretive reports (for example,
Sawyer et al. 1994 [DIRS 100075]; Buesch et al. 1996 [DIRS 100106]) that have defined what is
now generally recognized as the standard hierarchical sequence of named units and subunits
composing the principal volcanic rock groups and formations. The detailed order (and
descriptions) of both major and minor subdivisions is given in Tables 4.5-1 and 4.5-2 of the
YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945]) and will not be repeated here.
However, a summary table listing the succession, general lithologies, and thicknesses of major
units is presented in Table 3-1. Detailed descriptions of the Tertiary volcanic rocks have also
been compiled into the Yucca Mountain Project Stratigraphic Compendium (CRWMS
M&O 1996 [DIRS 101535]).

The stratigraphic framework thus established has other site characterization investigations,
including (1) geologic mapping ranging from standard scales for general-purpose mapping
(1:24,000; 1:6,000) to more expanded scales (1:2,400 or larger) along fault zones and on cleared
exposures for fracture studies and for peripheral wall mapping in the Exploratory Studies Facility
(ESF); (2) defining and correlating hydrogeologic and thermal-mechanical units; and
(3) three-dimensional modeling of rock properties.

Surficial deposits of Quaternary age are also widely distributed throughout the Yucca Mountain
site area (Figures 3-1 to 3-3). These deposits, mostly alluvium and colluvium, commonly capped
with a thin veneer of eolian silt and sand, have, likewise, been studied extensively, particularly in
trenches excavated across faults, to determine the extent, ages, and magnitude of Quaternary
faulting events for seismic hazard analysis (see Section 4.3.2). In addition, the nature and
distribution of surficial materials provide a record of climatic changes during much of
Quaternary time, which is an important aspect of site characterization. A generalized map of
surficial deposits is shown in Figure 3-3.

The Integrated Site Model (ISM) merges the detailed project stratigraphy into model
stratigraphic units that are most useful for constructing the primary subsequent models and the
repository design. The ISM was developed to provide a consistent volumetric portrayal of the
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rock layers, rock properties, and mineralogy of the Yucca Mountain site. The ISM consists of
three components:

¢ Geologic Framework Model (GFM) (BSC 2002 [DIRS 159124])
e Rock Properties Model (RPM) (BSC 2002 [DIRS 159530])
e Mineralogic Model (MM) (BSC 2002 [DIRS 158730]).

The GFM, Version2000 (BSC 2002 [DIRS 159124]) represents a three-dimensional
interpretation of the geology surrounding the repository site at Yucca Mountain. The GFM
encompasses and is limited to an area of 65 mi” (168 km?) and a volume of 185 mi® (771 km”).
The boundaries of the GFM (shown in Figure 8-8) were chosen to encompass the exploratory
boreholes and to provide a geologic framework for hydrologic flow and radionuclide transport
modeling through the unsaturated zone over the area of interest. The depth of the model is
constrained by the inferred depth of the Tertiary-Paleozoic unconformity. The GFM was
constructed from geologic map and borehole data. Additional information from measured
stratigraphic sections, gravity profiles, and seismic profiles was also considered.

The GFM provides a baseline representation of the locations and distributions of 50 rock layers
and 44 faults in the subsurface of the Yucca Mountain area, for use in geoscientific modeling and
repository design. The input data from geologic mapping and boreholes provide controls at the
ground surface and down to the total depths of the boreholes; however, most of the modeled
volume is unsampled and uncertainty is high. The GFM is an interpretative and predictive tool
that provides a representation of reality within the estimated uncertainty.

The RPM (BSC 2002 [DIRS 159530]) provides exhaustive, three-dimensional, discretized,
numerical representations of several important hydrologic and thermal rock properties (porosity,
bulk density, matrix saturated hydraulic conductivity, and thermal conductivity) that are intended
for further use in numerical design and performance assessment analyses. The four composite
modeling units defined for this analysis encompass the majority of the rocks within the
unsaturated zone throughout the immediate vicinity of the repository at Yucca Mountain.

The MM (BSC 2002 [DIRS 158730]) models the abundance and distribution of 10 minerals and
mineral groups within 22 stratigraphic sequences in the Yucca Mountain area, for use in
geoscientific modeling and repository design. The input data from the GFM provide
stratigraphic controls, and quantitative analyses of mineral abundances by x-ray diffraction at
24 boreholes provide controls for mineralogy; however, most of the modeled volume is
unsampled. The MM is, therefore, an interpretation and a prediction tool rather than an absolute
representation of reality. The model possesses an inherent level of uncertainty that is a function
of data distribution and geologic complexity, and predictions or alternative interpretations that
fall within the range of uncertainty are considered acceptable. Uncertainty in the model is
mitigated by the application of sound geologic principles.

3.3.2 General Features of the VVolcanic Rocks

Much has been published describing and interpreting the origin and deposition of ash-flow tuffs
and the post-depositional processes that influence their physical and chemical properties
(e.g., see the fundamental studies of Smith 1960 [DIRS 150469]; Smith 1960 [DIRS 106836];
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Ross and Smith 1961 [DIRS 106714]). With respect to the thick tuffaceous sequences at Yucca
Mountain, these topics have also been discussed in detail in various reports
(e.g. Buesch et al. 1996 [DIRS 100106]; CRWMS M&O 2000 [DIRS 151945]) and will not be
included here, except to summarize the principal criteria used to differentiate units and subunits
that form the basic stratigraphic framework and to present general lithologic and mineralogic
descriptions.

Division of formations into lithostratigraphic units was initially proposed for rocks in the Yucca
Mountain area by Warren etal. (1989 [DIRS 107175], p.387). Buesch etal. (1996
[DIRS 100106], p.3, Table 1) applied this terminology in greater detail following close
examination and analysis of many samples collected from outcrops and from borehole cores
within the planned site area.

In general, individual formations represent either volumetrically large eruptive units or a series
of products interpreted to have formed from compositionally distinct magma bodies. The Tiva
Canyon and Topopah Spring tuffs of the Paintbrush Group (Table 3-1), which are the most
widespread bedrock units exposed at Yucca Mountain, are classic examples of a compositional
zonation characterized by an upper crystal-rich (greater than 10 percent crystal fragments)
member and a more voluminous, lower crystal-poor (less than 5 percent crystal fragments)
member (Lipman et al. 1966 [DIRS 100773]). A transition zone in crystal abundance, typically
5to 10 m thick, is included as a basal unit of the crystal-rich member (Buesch et al. 1996
[DIRS 100106], Table 2). Compositionally, the rocks include high-silica rhyolites (greater than
75 percent SiO;) and subordinate quartz-latites (less than 75 percent SiO,) (Figure 3-4). Many of
the interstratified bedded tuffs and local lava flows that are distinct from overlying and
underlying formations (Table 3-1) probably represent small-volume eruptions.

3.3.3  Criteria for Differentiating Volcanic Rock Units

In the Yucca Mountain area, separation of formations into subunits is based on macroscopic
features (for example, degree of welding) of the rocks as they appear in exposures and borehole
cores (Buesch etal. 1996 [DIRS 100106]). Their identification is augmented by quantitative
mineralogy (Bish and Chipera 1986 [DIRS 100030]; Chipera etal. 1995 [DIRS 111081]),
borehole geophysics (Bechtel SAIC Company, LLC [BSC] 2002 [DIRS 157829], Attachment [;
Muller and Kibler 1984 [DIRS 105141]; Nelson etal. 1991 [DIRS 101272]; Nelson 1996
[DIRS 101270]; CRWMS M&O 1996 [DIRS 101535]; CRWMS M&O 1997 [DIRS 103564]),
rock properties such as density and porosity (Moyer et al. 1996 [DIRS 100162], pp. 55 to 80;
Flint 1998 [DIRS 100033]), and geochemical composition (Spengler and Peterman 1991
[DIRS 106896]; Peterman and Futa 1996 [DIRS 106494]).

Much of the following discussions will focus on the Tiva Canyon and Topopah Spring Tuffs,
because each contains rock sequences exhibiting a range of properties that readily provides a
basis for detailed stratigraphic subdivision. Geotechnical information for the site of the
repository surface facilities is described in BSC (2002 [DIRS 157829], Section 6).
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3.3.3.1 Lithologic and Rock-Property Criteria

Important lithologic and rock-property criteria for differentiating volcanic rock units include:
(1) variations in grain size and sorting, (2) relative abundance of volcanic glass (vitric versus
devitrified), (3) degree of welding, (4) types and degree of crystallization, (5) relative abundance
of lithophysae, (6) amount and types of glass alteration, and (7) fracture characteristics. These
rock properties, some of which are graphically portrayed in Figure 3-5 with respect to
subdivisions of the Tiva Canyon and Topopah Spring tuffs, are the combined products of the
primary processes of eruption and deposition, the secondary processes of cooling and
crystallization of lava flows or of welding and crystallization of some pyroclastic flows, and
post-eruptive processes, such as alteration by infiltrating aqueous solutions and by fracturing and
faulting from tectonism.

The lithologic and rock-property criteria listed above, as well as their respective applications
toward subdividing formations and members of formations at Yucca Mountain, have been
discussed in detail by Buesch et al. (1996 [DIRS 100106]). Of these, two are mentioned briefly
here as being especially important for distinguishing zones and subzones within the volcanic
sequences. One is the presence or absence of lithophysae (spherical to oblate cavities), which is
a condition that is used to define some of the principal zones, particularly within the Tiva
Canyon and Topopah Spring tuffs (Figure 3-5), and are closely associated with variously welded
units. The other criterion is the degree of welding, a property that distinguishes many subzones
and also provides a principal means of separating hydrogeologic and thermal-mechanical units
based on whether they are nonwelded, partially welded, moderately welded, or densely welded
zones. Such zones are vertically distributed in a single cooling unit of ash-flow tuff, with
nonwelded rocks at the top and bottom of the deposit and increasingly welded rocks toward the
center (Smith 1960 [DIRS 150469], pp. 153 to 157; see Figure 3-5). Relatively thick deposits,
such as the Tiva Canyon and Topopah Spring tuffs, may have the complete welding range
(CRWMS M&O 2000 [DIRS 151945], Table 4.5-2), both laterally and vertically, but thin
deposits may lack the more welded parts. In general, the degree of welding controls porosity,
which ranges from 45 to 65 percent for nonwelded rocks, 25 to 45 percent for partially welded
rocks, 10 to 25 percent for moderately welded rocks, and less than 10 percent for densely welded
rocks (Buesch 2000 [DIRS 166307]). As such, the degree of welding is an important factor in
the hydrogeologic and thermal-mechanical properties of the volcanic units in the site area (for
example, see Flint 1998 [DIRS 100033]).

3.3.3.2 Mineralogic Criteria

Mineralogy plays an important role in differentiating lithostratigraphy units, as distinct
crystallized and altered zones commonly form in ash-flow tuffs. (Note: Use of the term zone in
this sense is not to be construed as having the same connotation as its use in defining principal
subdivisions of the crystal-rich and crystal-poor members of the Tiva Canyon and Topopah
Spring tuffs.) Four such zones recognized by Smith (1960 [DIRS 150469]) in his fundamental
studies of ash-flow tuffs are summarized as follows:

1. Vitric zones—These are created where the original glassy components remained as

glass after the period of high-temperature crystallization and final cooling of the
deposit had ended.
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2. High-temperature devitrification = zones—The process of high-temperature
devitrification forms rocks composed mostly of feldspar and silica minerals (quartz,
cristobalite, tridymite) with minor amounts of other minerals, which texturally form
the ground mass that has crystallized within the former glass particle sites.

3. Vapor-phase zone—This zone can be divided into (1) vapor-phase corrosion, whereby
glass is corroded to form secondary porosity, and (2) vapor-phase mineralization,
which occurs as the temperature cools and minerals, such as tridymite or cristobalite
and sanidine, precipitate.

4. Alteration and crystallization zones—These are zones in which high porosity and
permeability facilitate alteration of glass, producing sillar textures, and iron oxidizes in
the glass to form variegated red and orange colors. Common, low-temperature
alteration products include smectite and the zeolitic minerals, clinoptilolite and
mordenite.

Based largely on the mineralogical characteristics listed above, Buesch etal.
(1996 [DIRS 100106]) observed several crystallization and alteration zones in the Yucca
Mountain Tuffs as shown for the Tiva Canyon and Topopah Spring tuffs in Figure 3-5. Vitric
and vitric + vapor-phase mineral zones, for example, formed at the top and bottom of each of
these formations. Devitrified rocks, which characterize most of the Tiva Canyon and Topopah
Spring, are included in the crystallized and crystallized + vapor phase or moderate-temperature
alteration mineral zones.

In most of the formations, contacts between vitric and devitrified boundaries (including zones of
vapor-phase corrosion and mineralization) are commonly marked by intervals of several
millimeters to several meters that contain clay and/or zeolite alteration minerals. In some of the
deeper formations, vitric rocks near this vitric-devitrified contact are pervasively altered to
zeolite, but typically there appear to be two alteration stages. The contact between the
nonlithophysal zone (Tptpln) and the vitrophyre of the vitric densely welded subzone (Tptplv) in
the crystal-poor member of the Topopah Spring Tuff (Table 3-5) represents a relatively abrupt
contact between high-temperature devitrified rock and underlying glassy rock. However,
commonly there is a thin transition interval consisting of well-developed argillic or zeolitic
alteration (Levy 1984 [DIRS 101392], pp.27 to31; Levy 1984 [DIRS 104577]; Levy and
O’Neil 1989 [DIRS 116960], p. 322; Chipera etal. 1995 [DIRS 111081], p. 17; Buesch and
Spengler 1999 [DIRS 107236], p. 36). Reexamination of core, cuttings, borehole video, and
borehole geophysical logs shows that this alteration interval occurs in most Yucca Mountain site
area boreholes, and locally is as much as several meters thick. Levy and O’Neil (1989
[DIRS 116960], p. 325, Table 1) determined that the alteration to clays and zeolites near this
contact occurred at a moderate temperature, approximately 40°C to 100°C (104°F to 212°F), and
proposed that this alteration occurred during the cooling phase of the Topopah Spring Tuff.
Recognizing that argillic and zeolitic alteration occurred near the crystallization front in many
formations, this moderate temperature alteration might be a more common phenomenon than
previously thought. The significance of this moderate temperature alteration has not been
evaluated for hydrogeologic and thermal-mechanical modeling. Two possible additional
locations of this type of alteration in Paintbrush Group rocks include the argillic alteration that is
common near the vitric-devitrified contact in the crystal-poor Tiva Canyon Tuff, and the zeolitic
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alteration that occurs near the vitric-devitrified contact in the crystal-rich Topopah Spring Tuff
(quantitative mineralogic data in UZ#16 from Chipera et al. 1995 [DIRS 111081], p. 18]).

Analyses of samples from the Yucca Mountain unsaturated zone indicate that smectite,
clinoptilolite, and mordenite are the dominant low-temperature alteration products (Bish and
Chipera 1989 [DIRS 101195], pp. 12 to 13). The low-temperature alteration potential of any
lithologic unit depends upon rock composition, rock texture, proximity to structure, and
water-rock interaction (Buesch and Spengler 1999 [DIRS 107236], p. 36). Volcanic glass that
crystallized at high temperatures generally is not susceptible to alteration, except under
high-temperature hydrothermal conditions.

However, high porosity and permeability, whether inherited from the deposition process or
induced by fracturing, typically promote alteration of glass because of the high surface area of
the particles. As a result of zeolitization, glass shards can be partially or completely replaced,
and porosity can be reduced by in-filling with zeolite. Moderately to densely welded glassy
rocks, including the crystal-poor vitrophyre of the Topopah Spring Tuff and obsidian in lava
flows, have relatively low porosity and permeability, and are not readily altered except along
fractures, as observed in some boreholes.

Alteration to clays and zeolites occurs in three fundamentally different lithostratigraphic,
structural, and hydrologic settings (Broxton et al. 1987 [DIRS 102004]): two in the unsaturated
zone (faults and fractures, and perched water horizons) and one in the saturated zone. Alteration
within the unsaturated zone is suspected to be associated with faults, throughgoing fracture
systems, and perched water horizons or horizons of lateral flow. One example of the importance
of alteration along fractures is illustrated in numerous boreholes where video shows that the
crystal-poor, vitric, densely welded subzone of the Topopah Spring Tuff has been significantly
altered along high-angle fractures (Levy 1984 [DIRS 104577], pp. 961 and 963). Other sources
of clay minerals not described by Broxton et al. (1987 [DIRS 102004]) are several paleosols and
beds of redeposited materials, where clays probably result from pedogenic processes. Rocks
beneath ancient or present saturated zones can be pervasively altered (Broxton etal. 1987
[DIRS 102004], p. 104). The contact between vitric to pervasively zeolitized rock in nonwelded
tuffaceous rocks occurs at or within a single bed in a few boreholes, but in others the transition
can be as much as 30 m (98 ft) thick; the gradational alteration depends on grain size.

3.3.3.3 Geochemical Criteria

Volcanic rocks at Yucca Mountain show systematic variations in their chemical
(Lipman et al. 1966 [DIRS 100773], pp. F2, F41) and isotopic compositions (Noble and
Hedge 1969 [DIRS 105197]), resulting from differentiation and assimilations in the magma
chamber that lead to zonation within the erupted ash flows. The most abundant chemical
constituents of both vitric and devitrified tuffs are SiO, and Al,Os, and the abundances of these
two constituents in various units are shown in Figure 3-4. In summary, the data show that
(1) the Calico Hills Formation, Yucca Mountain Tuff, and crystal-poor members of the Tiva
Canyon and Topopah Spring tuffs are predominantly high-silica rhyolites; (2) tuffs in the Crater
Flat Group exhibit a compositional range that falls between high- and low-silica rhyolites;
(3) the Lithic Ridge and Pah Canyon tuffs consist of low-silica rhyolites; and (4) the crystal-rich
members of both the Tiva Canyon and Topopah Spring tuffs are largely quartz latites.
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The distribution and concentration of rare earth and trace elements are likewise useful for
stratigraphic correlation and for the identification of altered zones. The rare earth elements are
diagnostic as geochemical tracers, as demonstrated in a series of diagrams showing
chondrite-normalized lanthanide-element abundances in various stratigraphic units in the site
area that were presented by the CRWMS M&O (2000 [DIRS 151945], Figures 4.5-14 to 4.5-19).

Analyses of rock samples collected from several different outcrop localities and boreholes show
that trace-element concentrations vary systematically with stratigraphic position.
Peterman et al. (1993 [DIRS 106498]), for example, prepared a graph (Figure 3-6a) showing
concentrations of titanium and zirconium in the sequence of formations cored in borehole
UE-25 a#l (borehole locations shown in Figure 3-7). In this borehole, the break between the
crystal-rich and crystal-poor members of the Topopah Spring Tuff is clearly evident at a depth of
about 160 m (Figure 3-6a). Similar variations in trace-element concentrations from one borehole
to another, as well as to outcrop sections, indicate a general lateral continuity of the
volcanic-rock units. Quartz latites exhibit higher lanthanide content and little or no Eu anomaly
compared to the rhyolites (Figure 3-6b).

Knowledge of the normal, igneous variations in the geochemistry allows identification of altered
zones based on trace element abundance. Unlike Zr and Ti (Figure 3-6a), post-depositional fluid
movements and transport of carbonate by infiltrating water more easily mobilize Sr. Even
outcrop samples are susceptible to Sr and Ca additions because of the abundant soil carbonate at
Yucca Mountain. Zeolitization and clay alteration are evident in the crystal-poor, vitric, densely
welded rocks of the Topopah Spring Tuff in Borehole UE-25 a #1. Sr concentrations increase
dramatically due to addition of Sr to the rock during alteration (Figure 3-6¢). Peterman et al.
(1991 [DIRS 106496], p. 692) calculate water/rock ratios of at least 100 during alteration,
assuming that groundwater is the altering fluid.

3.3.3.4  Borehole Geophysical Log Criteria

Suites of geophysical logs, commonly including caliper, gamma ray, density, induction,
resistivity, and neutron logs, were collected from several tens of boreholes across the Yucca
Mountain site area. Reflecting changes in rock properties, these logs can be used to correlate
lithostratigraphic features. For example:

1. Increased welding causes matrix density to increase and porosity to decrease.

2. Mineral alteration (from clays and zeolites) causes a decrease in resistivity and an
increase in neutron absorption, resulting in a high apparent neutron porosity.

3. Differences in magnetic susceptibility and remanence depend on the chemistry of the
rock and Earth’s magnetic field at the time of eruption and deposition.

4. Devitrification forms highly magnetic minerals that typically increase the magnetic
field of the rocks, whereas alteration typically reduces the intensity of many magnetic
properties. Figure 3-8, showing combined geophysical log-and-core data obtained in
Borehole UE-25 UZ #16, illustrates correlations that can be made between log
responses and various lithologic and mineralogical features within some of the major
stratigraphic units.
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Core measurements and studies of geophysical logs from numerous boreholes have led to several
general observations regarding the relations between lithologic features and gamma-ray, density,
resistivity, and magnetic-log responses (Nelson etal. 1991 [DIRS 101272]; Nelson 1994
[DIRS 105177]; Nelson 1996 [DIRS 101270]; Buesch et al. 1996 [DIRS 104616]; Rautman and
Engstrom 1996 [DIRS 101008], pp.33 to 41; Rautman 1996 [DIRS 106635], pp. 33 to 38§;
Engstrom and Rautman 1996 [DIRS 100670]; CRWMS M&O 1996 [DIRS 101534]; CRWMS
M&O 1997 [DIRS 103564];). These observations include the following:

1.

The Tiva Canyon Tuff exhibits relatively uniform, high-density log responses,
alternating with lower and more erratic density log responses; a uniform,
high-intensity gamma-ray log; high resistivity; and a low-amplitude, reverse-remanent
magnetic field.

The contacts of bedded tuffs interstratified between the Tiva Canyon and Topopah
Spring tuffs (Table 3-1) typically show sharp, moderate-to-large changes in density,
resistivity, neutron responses, and computed porosity that mimic the bedded
characteristics of these units.  The pre-Pah Canyon Tuff bedded-tuff unit
characteristically has a broad, relatively smooth decrease in density and increase in
resistivity and porosity.

In the northern part of the site area, the Yucca Mountain and Pah Canyon tuffs display
characteristic welding profiles that are distinctive in relation to the associated bedded
tuff units, but toward their southern extents, these two formations are almost
indistinguishable on geophysical logs from the bedded-tuff units.

The Topopah Spring Tuff is characterized by relatively uniform, high-density log
values alternating with lower, more highly variable density log values; a highly
uniform, high-intensity gamma-ray log; high resistivity; and a low amplitude,
normal-remanent magnetic field.

Tuffaceous rocks of the Calico Hills Formation produce low-amplitude gamma-ray log
values, low-density and resistivity log values, and a nonperturbed magnetic field.
Parts of the formation that are altered to clays and zeolites have a slightly higher
density and lower resistivity compared to vitric rocks.

The upper part of the Prow Pass Tuff is characterized by high resistivity and enhanced
gamma-ray activity. A normal-remanent magnetic field anomaly at the top serves as
an excellent marker.

The Bullfrog Tuff appears as a zone of high-amplitude, gamma-ray log values and
erratically higher density and resistivity, with a large-amplitude, normal-remanent
magnetic field. A decrease in welding at the top and bottom of the formation helps to
define it on the logs.

Tram Tuff has two different geophysical log signatures. The upper unit is easily
recognized by its very high amplitude, reverse-remanent magnetic field log and by
high values of gamma radiation, density, and resistivity. The lower unit, which is
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typically lithic rich, shows only low-level magnetic field perturbations and moderate
values for gamma radiation, density, and resistivity.

As indicated, geophysical logs have been invaluable in correlating lithostratigraphic features
across the Yucca Mountain site area. The logs can also be used to calculate porosity and
saturation curves (Nelson 1993 [DIRS 105176]; Nelson 1994 [DIRS 105177]; Nelson 1996
[DIRS 101270]; CRWMS M&O 1996 [DIRS 101534]) that serve as primary input for porosity
and property models (Rautman 1996 [DIRS 106635]).

3.3.4  Descriptions of Rock Units

Formations and intervening bedded-tuff units that make up the Tertiary volcanic-rock sequence
at Yucca Mountain are shown in Table 3-1, together with ranges in thicknesses and brief
generalized lithologic descriptions. Subdivisions of each of the formations, and their detailed
lithologic descriptions, are given in Tables 4.5-1 and 4.5-2 of the YMSD (REV 01) (CRWMS
M&O 2000 [DIRS 151945]). Two stratigraphic Fence Diagrams, Figures 3-9 and 3-10, drawn
with the top of the Topopah Spring Tuff serving as a datum, show the distribution and
thicknesses of formations across portions of the Yucca Mountain site area. Bedded-tuff units,
commonly too thin to plot separately at small scales, are included in the overlying formational
units. Descriptions of the bedded-tuff units are also included with the overlying formations in
the following discussions.

3.34.1 Pre-Cenozoic Rocks

Pre-Cenozoic rocks, believed to consist primarily of upper Precambrian and Paleozoic
sedimentary strata, underlie the Tertiary volcanic rocks at Yucca Mountain. Relatively sparse
information is available on their thickness and overall lithology. The only direct evidence of the
presence of Paleozoic strata under Yucca Mountain is in Borehole UE-25 p #1, which penetrated
Paleozoic carbonate rocks in the depth interval 1,244 to 1,805 m (4,081 to 5,923 ft) (Figure 3-9).
These rocks, almost entirely dolomites, have been correlated with the Lone Mountain Dolomite
and Roberts Mountains Formation on the basis of exposures at Bare Mountain to the west
(Monsen et al. 1992 [DIRS 106382]), and on the presence of Silurian-age conodonts (Carr
et al. 1986 [DIRS 102046], pp. 17 and 18). Descriptions of pre-Cenozoic rocks in the Yucca
Mountain region are given in Section 2.3.1, and further details are compiled in the Yucca
Mountain Project Stratigraphic Compendium (CRWMS M&O 1996 [DIRS 101535], pp. 4-1 to
4-25).

3.3.4.2  Pre-Lithic Ridge Volcanic Rocks

The oldest known volcanic rocks in the Yucca Mountain region were deposited approximately at
14 Ma and underlie the Lithic Ridge Tuff (Sawyer et al. 1994 [DIRS 100075], Table 1). Because
these pre-Lithic Ridge Tuff rocks are not exposed at Yucca Mountain, information about their
extent and stratigraphic relations is limited to where they have been penetrated in boreholes. In
Boreholes USW G-1, USW G-2, and USW G-3 (Figure 3-10), the sequence consists of |
bedded-tuffaceous deposits, pyroclastic-flow deposits, and quartz-latitic to rhyolitic lavas and
flow breccia (Broxton etal. 1989 [DIRS 104556], p.7). Penetrated thicknesses vary from
approximately 45 m (148 ft) in USW G-3 to approximately 350 m (1,148 ft) in USW G-2. In
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Borehole UE-25 p #1 (Figure 3-9), 180 m (590 ft) of older, altered tuff occurs between the Lithic
Ridge Tuff and Paleozoic strata (Muller and Kibler 1984 [DIRS 105141], Table 1). Initial
compositions of these older tuffs are poorly known, because they are altered to clays, calcite, and
chlorite (Spengler et al. 1981 [DIRS 101297], pp. 18 to 25, 37 to 39; Bish and Vaniman 1985
[DIRS 101196], Figure B-5). These data have been used to determine their alteration history
(Bish and Aronson 1993 [DIRS 100006], pp. 154 and 155).

3.3.4.3  Lithic Ridge Tuff

The Lithic Ridge Tuff is a thick, massive pyroclastic flow deposit (Carr etal. 1986
[DIRS 104670], pp. 10 to 13). It ranges in thickness from 185 m (607 ft) at Borehole USW G-2
to 304 m (997 ft) in Boreholes USW G-3 and USW GU-3. The formation is nonwelded to
moderately welded and has been extensively altered to clay and zeolite minerals. Many slight
variations in the degree of welding, crystal-fragment ratios, and lithic-fragment content indicate
that several eruptive surges are represented.

3.344 Dacitic Lava and Flow Breccia

Dacitic lava and flow breccia overlie the Lithic Ridge Tuff in deep drill holes in the northern and
western parts of the Yucca Mountain site area (Figures 3-9 and 3-10) but are absent elsewhere.
The thickness of the unit is 111 m (364 ft) in Borehole USW H-1 (Rush etal. 1984
[DIRS 101054], Table 1) and 249 m (817 ft) in Borehole USW H-6 (Figure 3-9; Craig et al. 1983
[DIRS 101207], Table 1). In Borehole USW G-1, most of the unit is flow breccia made up of
angular to subangular dacite fragments, commonly from 2 to 10 cm (0.8 to 4 in.) long, which are
intercalated with lava blocks ranging from 1 m to more than 17 m (3 ft to more than 56 ft) thick
(Spengler etal. 1981 [DIRS 101297], p.36). The breccia is autoclastic, indicating that its
formation is largely because of fragmentation of semisolid and solid lava during relatively slow
flow. About 8 m (26 ft) of reworked pyroclastic fallout and bedded-tuff deposits underlie the
flow breccia in Borehole USW G-1 (Spengler et al. 1981 [DIRS 101297], p. 37).

3.3.45  Crater Flat Group

The Crater Flat Group consists of three formations of moderate- to large-volume pyroclastic flow
deposits—Tram, Bullfrog, and Prow Pass tuffs (Table 3-1)—and interstratified bedded tuffs
(Sawyer et al. 1994 [DIRS 100075], Table 1). The group ranges in composition from high-silica
rhyolites of the majority of the Paintbrush Group and the distinctive lower-silica rhyolites of the
Pah Canyon Tuff (Figure 3-4). The group is distinguished from other pyroclastic units in the
vicinity of Yucca Mountain by the relative abundance of quartz and biotite crystal fragments. In
addition, the Prow Pass Tuff and, to a lesser degree, some parts of the Bullfrog Tuff contain
distinctive lithic clasts of reddish-brown mudstone. The Tram Tuff overlies dacitic lavas and
flow breccias in the northern part of Yucca Mountain and the Lithic Ridge Tuff in the southern
part (Broxton et al. 1989 [DIRS 104556], p. 38) (Figures 3-9 and 3-10).

3.345.1 Tram Tuff

Several depositional units have been distinguished within the Tram Tuff, based on the abundance
and types of pumice and lithic clasts in pyroclastic flow deposits and rare, bedded-tuff interbeds.
The most easily recognized stratigraphic divisions are the lower lithic-rich unit, which in itself
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can be locally divided into a lower lithic-poor and an upper lithic-rich set of subunits, and an
upper lithic-poor unit. Both lithic-rich and lithic-poor units have been identified and described in
several Boreholes, including UE-25p #1, USW G-1, UE-25b #1, USW G-3, and USW H-1
(Spengler etal. 1981 [DIRS 101297], pp.17 and 18; Maldonado and Koether 1983
[DIRS 101805], p.29; Scott and Castellanos 1984 [DIRS 101291], p. 36). In
Borehole USW G-2, the upper lithic-poor unit is absent, and the lithic-rich unit is well developed
(Maldonado and Koether 1983 [DIRS 101805], p. 29). Welding is variable throughout the Tram
Tuff (Scott and Castellanos 1984 [DIRS 101291], pp.36 and 37) and locally, the large
concentration of lithic clasts (such as in Borehole USW G-2) apparently reduced the degree of
welding. In general, the lithic-poor unit is more densely welded than the underlying lithic-rich
unit. Phenocrysts include quartz, feldspar, abundant biotite (30 to 50 percent of phenocrysts in
the upper part), and very rare hornblende.

Argillic and zeolitic alteration occurs in both units of the Tram Tuff. In the lithic-poor unit, the
alteration appears to occur in two zones separated by the zone of maximum welding. Both the
upper and lower parts of the formation are altered to clinoptilolite + mordenite. In the vicinity of
Borehole USW G-1, however, analcime appears in the lower part, and in Borehole USW G-2,
analcime is the dominant zeolite in both the upper and lower parts.

The thickness of the Tram Tuff across the Yucca Mountain site area ranges from 0 to 370 m (0 to
1,200 ft) (Figure 3-11). A regional isopach map by Carr et al. (1986 [DIRS 104670], Figure 11)
shows the thickness of the formation to be in excess of 400 m (1,310 ft) in the northern part of
Crater Flat to the west.

The lower lithic-rich unit overlies a complex sequence of altered and weathered pyroclastic
fallout deposits and minor pyroclastic flow deposits (e.g., see Diehl and Chornack 1990
[DIRS 100135], pp. 141 to 152). With respect to the seven boreholes plotted in Figures 3-9
and 3-10, these pre-Tram Tuff bedded tuffs (included in the Tram Tuff interval) range in
thickness from 0 in Borehole UE-25 p #1 to 21 m (69 ft) in Borehole USW G-2.

3.345.2 Bullfrog Tuff

Descriptions of the Bullfrog Tuff, which is exposed only in limited outcrops in the northwest
corner of the site area, are based primarily on studies of core from Boreholes USW G-1 and
USW G-4 (Spengler etal. 1981 [DIRS 101297], pp. 16 and 17; Spengler and Chornack 1984
[DIRS 1013571, pp. 73 to 76). The formation is composed of two pyroclastic-flow deposits, both
of which are simple cooling units, separated by an interval of pumiceous fallout. Thicknesses
range from 15to 366 m (49to 1,200 ft) (Figure 3-12). Regionally, Carr etal. (1986
[DIRS 104670], Figure 14) show the formation to be as much as 400 m (1,310 ft) thick in an area
of maximum deposition in the southern part of Crater Flat.

The upper pyroclastic-flow unit is variably welded and altered to zeolites or clay or both. The
lower unit is moderately welded in its central portion, and the intervening pumiceous deposit is
partly to moderately welded. Pumice clasts constitute as much as 20 to 25 percent of the rock.
Crystal fragments include quartz, feldspar, biotite, and minor pyroxene.
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The pre-Bullfrog Tuff bedded-tuff unit (included in the Bullfrog Tuff interval) consists largely of
weathered pyroclastic-flow deposits interbedded with thin zones of fallout tephra. Diehl and
Chornack (1990 [DIRS 100135], Figure 34, pp. 128 to 139) correlated five marker horizons
through the sequence between Boreholes USW G-1, USW G-2, and USW G-4. Thicknesses of
the unit in the seven boreholes in Figures 3-9 and 3-10 range from 6 to 22 m (20 to 72 ft). In
addition to an intervening bedded tuff, the Bullfrog Tuff can be differentiated from the overlying
Prow Pass Tuff on the basis of crystal assemblages and bulk chemistry (Moyer and Geslin 1995
[DIRS 101269], p. 40). In contrast to the abundant biotite and rare pyroxene in the Bullfrog
Tuff, for example, the Prow Pass Tuff contains altered orthopyroxene and biotite in about equal
amounts.

3.3.453 Prow Pass Tuff

The Prow Pass Tuff consists of four variably welded pyroclastic deposits formed by eruptions
from an unidentified source between 13.0 and 13.25 Ma (Sawyer et al. 1994 [DIRS 100075],
Table 1, p. 1307). The sequence is 0 to 194m (0 to 636 ft) thick within the site area
(Figure 3-13). Descriptions and unit thickness (except for the pre-Prow Pass Tuff bedded tuff)
given below are summarized from Moyer and Geslin (1995 [DIRS 101269]), based in large part
on studies of core samples from Boreholes USW G-1, USW G-2, USW GU-3, USW G-4,
USW UZ-14, UE-25a#l, UE-25c#1 (and nearby UE-25c#2 and UE-25c#3), and
UE-25 UZ #16, as well as from observations of exposures at Prow Pass (Figure 3-2).

The basal bedded-tuff unit (pre-Prow Pass Tuff bedded tuff), less than 1 m to about 3.5 m (3 to
11 ft) thick in the boreholes shown in Figures 3-9 and 3-10 (included in the Prow Pass Tuff
interval), consists of welded and zeolitically altered tuffaceous deposits. The unit includes a
laminated ash deposit overlying a highly variable sequence of pumiceous fallout and pyroclastic
flow deposits. A thin (approximately 0.5 m [1.6 ft]) basal breccia, containing angular clasts of
the underlying Bullfrog Tuff and, locally, other volcanic lithologies, is present in several places.

The lowermost pyroclastic flow deposit of the Prow Pass Tuff (designated unit 1 by Moyer and
Geslin 1995 [DIRS 101269], p. 28), with an aggregate thickness of 25 to 70 m (82 to 230 ft),
consists of three subunits separated on the basis of their lithic clast content. The subunits are
generally similar, with zeolitically altered matrices. The next overlying unit (unit2) is a
sequence of pyroclastic flow deposits that have not been subdivided because they lack
distinguishing characteristics. However, locally preserved ash horizons and abrupt changes in
the amounts and sizes of pumice and lithic clasts, indicate at least three flow deposits in most
boreholes studied. The aggregate thickness ranges from about 3 to 34 m (10to 111 ft). Six
subunits, defined by changes in the degree of welding or the intensity of vapor-phase alteration,
characterize the third flow deposit (unit 3). Its thickness ranges from 40 m (131 ft) to nearly
80 m (262 ft). The top unit of the Prow Pass Tuff (unit 4), which ranges from 4 m (13 ft) to as
much as 20.5 m (67 ft) thick in cored boreholes, can be divided into three irregularly distributed
subunits differentiated by changes in the average diameter and percentage of pumice clasts that
decrease stratigraphically upward.

Rocks in units 1, 2, and 4 are typically altered to zeolite (clinoptilolite or mordenite or both near
the water table) and lesser amounts of clay throughout most of Yucca Mountain. Analcime
occurs in the lower part of the Prow Pass Tuff to the north (in Borehole USW G-2), but is not
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found in any part of the formation to the south. Units 2 and 4 are vitric in the southwestern part
of the central block, with vitric rocks in unit 4 occurring as far north as Borehole USW H-5.

Among its characteristics, the Prow Pass Tuff is distinguished by the presence of altered
orthopyroxene, in addition to biotite as crystal fragments, and by distinctive fine-grained,
oxidized lithic inclusions of red mudstone. Both the orthopyroxene and the mudstone inclusions
need to be considered in evaluating interactions with radionuclides. The Prow Pass Tuff and
overlying Calico Hills Formation have different amounts of crystal fragments, proportions of
quartz in the crystal assemblage, and chemical compositions. The basal bedded-tuff and
sandstone units of the Calico Hills serve as consistent stratigraphic markers in several boreholes
studied (Diehl and Chornack 1990 [DIRS 100135], p. 49, Figure 32).

3.3.4.6 Calico Hills Formation

The Calico Hills Formation and the underlying bedded tuffs potentially comprise one of the most
significant barriers to the migration of exchangeable cations at Yucca Mountain. Despite its
great heterogeneity, the formation has a consistently high matrix porosity (average 28 to
35 percent; e.g., see Moyer and Geslin 1995 [DIRS 101269], Figure 19), which indicates an
important role for matrix flow of the groundwater. Other properties, particularly permeability,
are extremely variable and strongly dependent on mineralogy. Permeability drops by about two
orders of magnitude, and sorption by cation exchange rises as much as five orders of magnitude,
in the transition from vitric to zeolitic character within the formation. Fine-scale variations in
matrix properties occur within centimeters, and lateral continuity in properties is poor
(Broxton et al. 1993 [DIRS 107386], Figures 4 and 14).

The Calico Hills Formation is a complex series of rhyolite tuffs and lavas that resulted from an
episode of volcanism approximately 12.9 Ma (Sawyer etal. 1994 [DIRS 100075], Tables 1
and 3). Five pyroclastic units, overlying a bedded-tuff unit and a locally occurring basal
sandstone unit, were distinguished in the Yucca Mountain area by Moyer and Geslin (1995
[DIRS 101269], pp. 5 to 8). The formation thins southward across the site area, from composite
thicknesses of as much as 457 m (1,500 ft) to only about 15 m (50 ft) (Figure 3-14). The
following descriptions are summarized from Moyer and Geslin (1995 [DIRS 101269], pp. 5
to 8), whose studies are based on examinations of cores and observations of outcrops in the same
boreholes and surface locality as those listed above for the Prow Pass Tuff.

The basal volcaniclastic sandstone unit of the Calico Hills Formation (not included in Table 3-1)
is interbedded with rare reworked pyroclastic flow deposits. Thicknesses of the unit range from
0to 5.5m (0to 18 ft). The overlying bedded tuff (labeled pre-Calico Hills Formation bedded
tuff in Table 3-1), 9 to 39 m (30 to 128 ft) thick, is composed primarily of pyroclastic fall
deposits. Each of the five pyroclastic units forming the bulk of the formation consists of one or
more pyroclastic flow deposits separated by locally preserved fall horizons. Ash-fall and
ash-flow deposits beneath the repository block give way to lava flows to the north and east.

X-ray diffraction of drill-core samples by Caporuscio et al. (1982 [DIRS 101322], p. 32), Bish
and Vaniman (1985 [DIRS 101196], Appendix A), and Bish and Chipera (1986 [DIRS 100030])
and of outcrop samples by Broxton et al. (1993 [DIRS 107386], pp. 18 to 35) show an abundance
of authigenic zeolites in all Calico Hills Formation units. Zeolitized tuffs are primarily the
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products of diagenetic alteration in which the original volcanic glass dissolved and zeolites
precipitated at ambient temperatures in a water-rich environment. In the case of the Calico Hills
Formation, the pyroclastic units have extremely high clinoptilolite and mordenite contents (40 to
80 percent; Caporuscio et al. 1982 [DIRS 101322]; Vaniman et al. 1984 [DIRS 101363]; Bish
and Vaniman 1985 [DIRS 101196]; Bish and Chipera 1986 [DIRS 100030]) that contrast with
the somewhat lower zeolite content of the bedded tuffs and basal sandstone (Moyer and
Geslin 1995 [DIRS 101269], p. 10). Mapping of the distribution of zeolites shows that (1) they
are more widely present in the bedded tuffs than in the pyroclastic units, and (2) zeolite
mineralization is pervasive in the northern part of Yucca Mountain but absent in some southern
locations. In the vicinities of Boreholes USW GU-3 and USW H-4 (Moyer and Geslin 1995
[DIRS 101269], Figure 8), for example, the entire formation is vitric, and in Borehole USW H-5,
where the bedded tuff at the base is zeolitized but the remainder is not. Detailed information on
the composition of zeolites is given in Section 5.2.1.1. The presence of zeolitized zones within
the Calico Hills, as well as within other formations such as the Prow Pass Tuff, has important
implications with respect to paleohydrologic interpretations and the potential development of
natural barriers to contaminant (radionuclide) movement by groundwater.

The complex series of rhyolite tuffs and lavas in the Calico Hills grades laterally from
completely zeolitized to unaltered vitric rock from east to west across the repository area.
Crystal fragments are predominantly quartz, feldspar, and biotite, with trace magnetite and
accessory clinopyroxene, ilmenite, allanite, and zircon. The formation is distinguished from the
Topopah Spring Tuff by differences in mineralogy and chemical composition. Lithostratigraphic
units of the former have crystal assemblages, with a higher proportion of quartz and higher
calcium and barium contents than units of the latter.

3.3.4.7 Paintbrush Group

The Paintbrush Group consists of four formations, each composed primarily of pyroclastic flow
deposits interstratified with small-volume pyroclastic flow and fallout tephra deposits, and,
locally, lava flows and secondary volcaniclastic deposits from eolian and fluvial processes
(Buesch et al. 1996 [DIRS 100106]). In ascending order, the formations include the Topopah
Spring, Pah Canyon, Yucca Mountain, and Tiva Canyon tuffs. This group is one of the most
widespread and voluminous caldera-related assemblages in the southwestern Nevada volcanic
field (Sawyer et al. 1994 [DIRS 100075], p. 1307). The Topopah Spring Tuff forms the host
rock for the repository, and, therefore, is one of the most intensely studied formations at Yucca
Mountain. Locations of eruptive centers for the Topopah Spring and Pah Canyon tuffs are
uncertain, but the Claim Canyon caldera (Figure 3-1) is the identified source of the Tiva Canyon
Tuff and possibly the Yucca Mountain Tuff (Byers et al. 1976 [DIRS 104639], pp. 21 to 38;
Sawyer et al. 1994 [DIRS 100075], Table 1, p. 1308).

The Paintbrush Group is dominated volumetrically by the Topopah Spring and Tiva Canyon
tuffs. The Yucca Mountain and Pah Canyon tuffs are volumetrically minor units, but are of
potential hydrologic importance because of their high-matrix porosity compared to the Tiva
Canyon and Topopah Spring tuffs, which are largely densely welded with low-matrix porosity.
The welded tuffs also have higher fracture abundance and connectivity, providing stratified
contrasts in unsaturated zone hydrologic properties in the Paintbrush Group rocks above the
repository.
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Descriptions of the formations within the Paintbrush Group are generalized from detailed studies
of outcrops and borehole cores by Buesch et al. (1996 [DIRS 100106]), supplemented by core
descriptions obtained from Geslin etal. (1995 [DIRS 103330]); Geslin and Moyer (1995
[DIRS 101226]); and Moyer et al. (1995 [DIRS 103777]). Divisions of the Tiva Canyon and
Topopah Spring tuffs into members, zones, subzones, and intervals (Buesch etal. 1996
[DIRS 100106], Table 2) indicate that both are simple cooling units within the site area
(Lipmanet al. 1966 [DIRS 100773]). The interplay among depositional, welding,
crystallization, and fracturing processes produces unit contacts that range from sharp to
gradational. Depositional contacts, such as the bases of pyroclastic flow, and fallout deposits
and redeposited material, are examples of sharp contacts. Tops of these deposits are typically
sharp but may be gradational where there is evidence of reworking or pedogenesis. The
transition from nonwelded to densely welded tuff is typically gradational, such as near the base
of the Topopah Spring Tuff in Boreholes USW GU-3 and USW WT-2. Contacts of several
lithostratigraphic units correspond with hydrogeologic and thermal-mechanical unit boundaries
throughout Yucca Mountain and have been used in the development of three-dimensional
geologic and hydrogeologic models (Tables 3-5 and 7-1).

3.34.7.1 Topopah Spring Tuff

The Topopah Spring Tuff includes the host-rock units for the repository. As such, its
characteristics are of direct importance to repository design, unsaturated zone hydrologic flow
and radionuclide transport, and total system performance assessment (TSPA). A complete
description of the Topopah Spring Tuff is presented in Buesch etal. (1996 [DIRS 100106],
Appendix 2).

The Topopah Spring Tuff is 0 to 381 m (0 to 1,250 ft) thick in the Yucca Mountain site area
(Figure 3-15). The formation is divided into a lower crystal-poor member and an upper
crystal-rich member. Vitric rocks form zones at the top and bottom of the formation, and
alternating lithophysal and nonlithophysal zones characterize the remaining parts of the two
members. Further subdivision is based largely on the degree of welding, crystal content and
assemblage, and size and abundance of pumice and lithic clasts.

The Topopah Spring Tuff is compositionally zoned, with an upward chemical change from
high-silica rhyolite in the crystal-poor member to quartz latite (also referred to as quartz trachyte)
in the crystal-rich member (Lipman etal. 1966 [DIRS 100773], p. F3; Sawyer etal. 1994
[DIRS 100075], p. 1313). The two members are also clearly distinguishable on the basis of
mineralogy and trace-element concentrations (Figure 3-6a). The lower part of the formation,
which is the repository horizon, is one of the most chemically homogeneous rock types in the
region (note the close clustering of analyses in the high-silica rhyolite portion of Figure 3-4).
The homogeneity of the major-element chemistry also extends to trace elements. Somewhat
greater chemical variability is seen in the quartz latites of the crystal-rich members. The
crystal-poor member, characterized by 3 percent or less of felsic crystal fragments, is divided
into vitric rocks of the vitric zone near the base and (in ascending order) devitrified rocks of the
lower nonlithophysal, lower lithophysal, middle nonlithophysal, and upper lithophysal zones
(Figure 3-5; Buesch et al. 1996 [DIRS 100106], pp. 41 to 44). The latter four zones form the
host rock for the repository. The vitric zone is divided primarily on the basis of degrees of
welding, which range upward from a nonwelded to partially welded subzone at the base, through
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a moderately welded subzone, to a densely welded subzone at the top. The vitric, densely
welded subzone, commonly referred to as the vitrophyre, is identified as an important subunit
within the Topopah Spring welded thermal-mechanical unit (Table 3-5).

Within the devitrified, rhyolitic portion of the Topopah Spring Tuff, crystal fragments are minor
constituents (5 percent or less) of the rock, with the remainder consisting of fine-grained
devitrification minerals. These devitrification products are principally feldspars plus a variable
combination of the silica polymorphs tridymite, cristobalite, and quartz. Abundance of quartz is
a useful stratigraphic marker within the devitrified, rhyolitic Topopah Spring Tuff, but
quartz-crystal fragments are nevertheless much less abundant (less than 0.5 percent) than
groundmass quartz (approximately 20 percent) throughout this interval. The silica polymorph
distributions are particularly important because of their thermal stability, dissolution properties,
and properties that create inhalation hazards.

A transitional zone, commonly referred to as the vitric-zeolitic transition that is composed of
partly devitrified vitrophyre, extends downward from the base of the lower nonlithophysal zone
into the crystal-poor vitric zone through a stratigraphic interval ranging from about 3 to 30 m
(10 to 100 ft) in thickness. In many parts of Yucca Mountain, the moderately welded and
nonwelded subzones at the base of the crystal-poor vitric zone are overprinted by zeolite
alteration zones (Buesch etal. 1996 [DIRS 100106], p.21). Accordingly, a vitric-zeolitic
boundary can be drawn that varies within a narrow range of stratigraphic positions, but generally
coincides closely with the contact between the moderately welded subzone and the overlying
densely welded subzone (Buesch and Spengler 1999 [DIRS 107236], Figures 8, 9, and 10).

The vitric-zeolitic transition zone that separates vitric tuffs from underlying zeolitic tuffs is
interpreted to have been an approximately planar surface, the configuration and position of
which were originally related to the configuration and position of the static water table at the
time of alteration (e.g., Levy 1991 [DIRS 100053], p. 481). This interpretation is based largely
on recognition that zeolitization requires the presence of abundant water over a long period of
time (e.g., Levy 1991 [DIRS 100053], p. 481), a condition that favors a laterally extensive water
table rather than local perched-water tables. Observations regarding the present stratigraphic and
structural relations of the vitric-zeolitic transition zone within the lower Topopah Spring Tuff, as
well as similar zones in other formations, have a direct bearing on interpretations regarding
alteration history.

The crystal-rich member of the Topopah Spring Tuff is characterized by greater than 10 percent
crystal fragments, with a crystal-transition subzone at the base where crystal abundance increases
upward from 3 to 10 percent. The member is divided into lithophysal, nonlithophysal, and vitric
zones (Figure 3-5). Rocks in the lower two zones are devitrified, and the division is based on the
presence or absence of lithophysae. The vitric zone at the top of the member is distinguished by
preservation of the volcanic glass to form rocks with a vitreous luster that typically grade upward
from densely welded to nonwelded. This zone is a particularly important geochemical subunit
because it is relatively impermeable; impedance of downward flow and reaction of water with
quartz-latitic glass provides an important geochemical marker in unsaturated zone waters
(Vaniman and Chipera 1996 [DIRS 100089], p. 4,420).
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A tuffaceous rock unit (pre-Topopah Spring Tuff bedded tuff) that lies between the Topopah
Spring and the Calico Hills Formation is 0 to 17 m (0 to 56 ft) thick in the boreholes plotted in
Figures 3-9 and 3-10; it is included in the Topopah Spring interval.

3.3.4.7.2 Pah Canyon Tuff

The Pah Canyon Tuff is a simple cooling unit (Christiansen 1979 [DIRS 102562], Table 1)
composed of multiple-flow units that are poorer in silica content than the high-silica rhyolites of
several of the other volcanic-rock units (Figure 3-4). The formation reaches its maximum
thickness of about 79 m (260 ft) in the northern part of Yucca Mountain (Figure 3-16), and thins
southward to zero in the vicinity of Borehole UE-25 UZ #16 (Moyer et al. 1996 [DIRS 100162],
Figures 19 and 46). The formation varies from nonwelded to moderately welded and, throughout
much of the area, vitric pumice clasts are preserved in a nondeformed matrix that was sintered or
lithified by vapor-phase mineralization. Crystal fragments in the matrix and in large pumice
clasts constitute 5to 10 percent of the rock, with a greater proportion of feldspars relative to
mafic minerals (biotite and clinopyroxene). Lithic clasts of devitrified rhyolite (as much as
5 percent of the rock) are common, and clasts of porphyritic obsidian are in some horizons.
Shards are either poorly preserved clear glass or form devitrified material. The high water
saturation of porous nonwelded units in the Pah Canyon Tuff, as well as in the overlying Yucca
Mountain Tuff, leads to a relatively high degree of alteration where there is an underlying barrier
to transmission. Because of the relatively impermeable upper vitrophyre of the underlying
Topopah Spring Tuff, the alteration of the Pah Canyon Tuff (typically to smectite) is generally
more extensive than that of the overlying Yucca Mountain Tuff. Therefore, despite its minor
volume, the Pah Canyon Tuff has an important impact on reactions between unsaturated zone
water and the host tuffs.

The pre-Pah Canyon Tuff bedded tuff, 3 to 10 m thick (10 to 33 ft) in the boreholes plotted in
Figures 3-9 and 3-10 (included in the Pah Canyon Tuff interval), consists of moderately
well-sorted pumiceous tephra with thin layers of lithic-rich fallout and very fine-grained ash at
the base.

3.34.7.3 Rhyolites of Black Glass Canyon, Delirium Canyon, and Zig Zag Hill

Relatively small amounts of rhyolite lava flows and related tephra deposits crop out locally in the
northern part of the Yucca Mountain site area (Day et al. 1998 [DIRS 100027]). The rhyolite of
Zig Zag Hill is exposed in one small outcrop in the vicinity of the Prow in the northwest corner
of the area (Figure 3-2), where it forms a thin unit (thickness 10 m or less) between the
Pah Canyon Tuff and the pre-Yucca Mountain Tuff bedded tuff. The Delirium Canyon and
Black Glass Canyon units occur in limited outcrops in the northeast and north-central parts of the
area. Lava flows in the Delirium Canyon are as much as 250 m (820 ft) thick, and ash-flow tuffs
are as much as 100 m (328 ft) thick. The combined unit is considered to be equivalent to parts of
both the Rhyolite of Zig Zag Hill and the pre-Yucca Mountain Tuff bedded tuff (Day et al. 1998
[DIRS 100027]). The Rhyolite of Black Glass Canyon, 2 to 14 m (6 to 46 ft) thick, lies
stratigraphically between the Yucca Mountain Tuff and the pre-Yucca Mountain Tuff bedded
tuff (Day et al. 1998 [DIRS 100027]).
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3.34.74 Yucca Mountain Tuff

The Yucca Mountain Tuff is a simple cooling unit that is nonwelded throughout much of the
Yucca Mountain area, but is partially to densely welded where it thickens in the northern and
western parts. The formation is thickest in the northern part of the site area, but thins to zero to
the south (Figure 3-17). Although typically vitric in most locations in the central part, the tuff is
increasingly devitrified where it is thick. The formation is nonlithophysal throughout Yucca
Mountain, but contains lithophysae where densely welded in northern Crater Flat. The Yucca
Mountain Tuff is chemically similar to the high-silica rhyolites of the Tiva Canyon and Topopah
Spring tuffs (Figure 3-4). It contains both plagioclase and sanidine crystal-fragments, which is
also characteristic of the rhyolitic parts of the Topopah Spring but not of the Tiva Canyon that
contains only sanidine phenocrysts.

The pre-Yucca Mountain Tuff bedded tuff consists of pumiceous, vitric, nonwelded
pyroclastic-flow deposits. In the boreholes shown in Figures 3-9 and 3-10, the unit, which is
included in the Yucca Mountain Tuff interval, ranges from less than 1 m to as much as 46 m
(less than 3 to 150 ft) in thickness.

3.34.75 Tiva Canyon Tuff

The Tiva Canyon Tuff is a large-volume, regionally extensive, compositionally zoned (from
rhyolite to quartz latite) tuff sequence that forms most of the rocks exposed at the surface of
Yucca Mountain site area (Day et al. 1998 [DIRS 100027]). Accordingly, most vertical recharge
pathways that pass through the repository block encounter these rocks, and the minerals therein
play a large part in determining unsaturated zone groundwater composition. Thicknesses of
those portions of the formation penetrated in boreholes or observed in outcrops range from less
than 50 m to as much as 175 m (165 to 575 ft). Separation of the formation into a lower
crystal-poor member and an upper crystal-rich member, and into zones within each of these
members, is based on criteria similar to those discussed above for the Topopah Spring Tuff.

The rhyolitic crystal-poor member is divided into five zones. In ascending order, these are the
vitric, lower nonlithophysal, lower lithophysal, middle nonlithophysal, and upper lithophysal
zones (Figure 3-5; Buesch et al. 1996 [DIRS 100106], pp. 35 to 39). Division into subzones is
based on vitric versus devitrified rocks, degree of welding, differences in pumice clasts, presence
or absence of lithophysae, and fracture morphology. The lowest part of the member consists of
densely welded to nonwelded high-silica rhyolitic glass. The crystal-poor member and overlying
crystal-rich member are separated by a thin transitional subzone, in which there is an upward
increase in crystal content and an increase in the proportion of mafic relative to felsic crystal
fragments.

The quartz-latitic crystal-rich member consists primarily of devitrified, nonlithophysal material,
which locally contains lithophysae near the base. The unit is capped by a thin (less than 1 m)
vitric zone that is only locally preserved and typically has been eroded from most of Yucca
Mountain. The crystal-rich nonlithophysal zone is divided into four subzones based upon such
depositional features as abundance of crystal fragments and pumice. Much of this zone has
undergone corrosion and alteration, which has significantly increased its porosity compared to
the overlying and underlying rocks.

TDR-CRW-GS-000001 REV 02 ICN 01 3-22 April 2004



The pre-Tiva Canyon bedded tuff is characterized by thin beds of fallout tephra deposits
interbedded with thin oxidized, weathered zones (Diehl and Chornack 1990 [DIRS 100135],
pp. 62 to 64). Thicknesses of the unit penetrated in the seven boreholes plotted in Figures 3-9
and 3-10 (shown as part of the Tiva Canyon Tuff interval) range from less than 1 m to 3 m (less
than 3 to 10 ft).

3.34.7.6 Post-Tiva Canyon/Pre-Rainier Mesa Tuffs and Lava Flows

Several rhyolite lava flows and fallout tephra deposits are in the upper part of the Paintbrush
Group in the vicinity of Yucca Mountain (Buesch et al. 1996 [DIRS 100106]; see Figure 3-2).
These units, lying between the top of the Tiva Canyon Tuff and the base of the pre-Rainier Mesa
bedded tuff, include (in ascending order) the post-Tiva Canyon Tuff bedded tuff, rhyolite of Vent
Pass, tuff unit “X,” and rhyolite of Comb Peak (Table 3-1). The rhyolitic lavas and ash-flow
tuffs of the Vent Pass unit are exposed in the north-central part of the site area where thicknesses
are as much as 150 m (492 ft) (Day et al. 1998 [DIRS 100027]). Lavas and tuffs of the rhyolite
of Comb Peak form extensive outcrops in the large area of bedrock in the northeast part of the
site area, north of Midway Valley and Yucca Wash. These rocks aggregate maximum
thicknesses of nearly 130 m (427 ft) (Day et al. 1998 [DIRS 100027]).

A 6 to 23 m (20 to 75 ft) thick lithic-rich pyroclastic-flow deposit was penetrated in several
boreholes on the west side of Midway Valley near Exile Hill (such as Borehole UE-25 RF #3,
Figure 3-7) and is exposed in the excavation for the North Portal of the ESF (Swan et al. 2001
[DIRS 158784], Figure 14). This deposit was referred to informally as tuff unit “X” by Carr
(1992 [DIRS 101520], pp. A-12 to A-23). The unit is a pumiceous, nonwelded, in-part zeolitic
ash-flow that was tentatively correlated with the rhyolite of Comb Peak by Buesch et al. (1996
[DIRS 100106], Table 2). Additional descriptions based on core studies from boreholes on the
west side of Exile Hill were given by Geslin et al. (1995 [DIRS 103330], pp. 28 and 29).

The post-Tiva Canyon Tuff bedded tuff is a tuffaceous-rock unit commonly consisting of
numerous depositional sequences separated by possible paleosols (Buesch etal. 1996
[DIRS 100106], Table 2). Thicknesses in several boreholes near Exile Hill range from less than
2to 4.5m (less than 7 to 15 ft) (Carr 1992 [DIRS 101520], pp. A-13 and A-14, p. A-23;
Geslin et al. 1995 [DIRS 103330], pp. 36 and 37).

3.3.4.8  Timber Mountain Group

The Timber Mountain Group includes all quartz-bearing, pyroclastic-flow, and fallout-tephra
deposits erupted, about 11.5 Ma, from the Timber Mountain caldera complex, the south edge of
which lies just north of the area shown in Figure 3-1, (Byers et al. 1976 [DIRS 104639], pp. 38
to 47; Sawyer et al. 1994 [DIRS 100075], p. 1308, Table 1). The complex consists of two
overlapping, resurgent calderas: an older caldera, formed by the eruption of the Rainier Mesa
Tuff and a younger, nested caldera, formed by the eruption of the Ammonia Tanks Tuff
(Minor et al. 1993 [DIRS 106376], p. 14; Sawyer et al. 1994 [DIRS 100075], p. 1308).

3.34.81 Rainier Mesa Tuff

The Rainier Mesa Tuff is a compositionally zoned, compound cooling unit consisting of
high-silica rhyolite tuff overlain by a considerably thinner quartz latite tuff that is restricted to
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the vicinity of the Timber Mountain caldera (Byers et al. 1976 [DIRS 104639], p. 39). The
formation does not occur across much of Yucca Mountain, but is locally exposed on the
downthrown blocks of large faults in valleys toward the south end of the mountain
(Day et al. 1998 [DIRS 100027]; see Figure 3-2). It is also exposed in the extreme northwest
corner of the site area and was penetrated in a few boreholes on the east side. Based on
examination of cores from Boreholes UE-25 NRG #2, UE-25 NRG #2b, UE-25 NRG #2c¢, and
UE-25 NRG #2d (UE-25 NRG #2 is shown in Figure 3-7; the other boreholes are nearby), the
Rainier Mesa Tuff consists of a nonlithified to lithified and partially welded pyroclastic flow
deposit generally less than 30 m (98 ft) thick (Geslin and Moyer 1995 [DIRS 101226], pp. 11
and 12; Geslin et al. 1995 [DIRS 103330], pp. 27, 29). A maximum thickness of 240 m (787 ft)
was observed in the southwestern part of Crater Flat (Fridrich 1999 [DIRS 118942], Figure 10).

The pre-Rainier Mesa Tuff bedded tuff consists of nonlithified fallout-tephra and
pyroclastic-flow deposits (Geslin and Moyer 1995 [DIRS 101226], pp.11 and 12;
Geslin et al. 1995 [DIRS 1033301, pp. 27 to 29). The sequence occupies intervals of about 17 m
(55ft) in  Boreholes UE-25NRG#2¢ and UE-25NRG#2d  (located  near
Borehole UE-25 NRG #2, Figure 3-7), and is characterized by moderately well-sorted white
pumice lapilli and volcanic lithic clasts.

3.3.4.8.2 Ammonia Tanks Tuff

The Ammonia Tanks Tuff is not present across Yucca Mountain, but is exposed in the southern
part of Crater Flat and was penetrated by one borehole in the Crater Flat area (Fridrich 1999
[DIRS 118942], Figure 10). The formation consists of welded to nonwelded rhyolite tuff, with
highly variable thicknesses (maximum as much as 215 m [705 ft]).

3.34.9  Younger Basalt

The youngest volcanic rocks in the Yucca Mountain site area (not included in Table 3-1) are
represented by thin basalt dikes that were intruded, along some minor faults, near the head of
Solitario Canyon (Day etal. 1998 [DIRS 100027]). The dikes consist of fine-grained
olivine-bearing basalt, locally combined with scoria and altered glass that were dated as 10 Ma
(Crowe et al. 1995 [DIRS 100110], pp. 2 to 11). Basalt also forms scoria cones, thin lava flows,
and flow breccias in Crater Flat basin to the west (Figure 3-1), where they have been studied by
Crowe et al. (1995 [DIRS 100110]) and Heizler et al. (1999 [DIRS 107255], pp. 800 and 801).
The Crater Flat basin basalts are discussed further in Section 4.2.

3.3.5  Rock Geochemistry of Yucca Mountain and Vicinity

Yucca Mountain is made primarily of pyroclastic deposits with rare lava flows, as well as
colluvium, alluvium, and soils. The surface materials contain mixed constituents, including
pedogenic calcite and opal. As such, they are significant sources of dissolved material
introduced into recharge pathways but participate as transport pathways only at a distance from
the site. Soils and colluvium are important in their effects on recharge hydrochemistry; since
these materials and their effects are discussed in Sections 3.3.7.2 and 5.3.3.4, the emphasis in this
section is on the pyroclastic units.
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The existing chemical variability of the pyroclastic units at Yucca Mountain is the combined
result of variable original magmatic compositions, syngenetic alteration (i.e., alteration that
occurred during deposition of the pyroclastic units), regional hydrothermal alteration, diagenesis,
and chemical exchange with groundwater. The role of surficial deposits and pyroclastic
lithologies in determining groundwater compositions is covered in Section 5.2.2. This section
provides the lithologic background for the principal rock units in which recharge, flow, and
transport occur.

The initial magmatic compositions of the pyroclastic units are reflected in the glass fragments,
lithic inclusions, and phenocrysts that constitute the original erupted materials. Superimposed on
these initial compositions are variations in mineralogy and chemistry introduced by alteration.
The chemical and mineralogic features of the rock matrix, fractures, and faults provide
information on the record of hydrochemistry and transport at Yucca Mountain.

Evaluation of rock geochemistry provides information on past or ongoing transport of elements
that can be related to the transport of radioactive waste. Determinations of mineral distributions
at the site can be used with mineral-based sorption data to model site performance in three
dimensions. Rock geochemistry affects groundwater compositions through mineral and glass
dissolution and alteration to other minerals, principally in vitric units, and by cation exchange,
principally in zeolitic horizons. However, even minor fracture minerals, such as manganese
oxides, can operate as oxidation-reduction sites and have a strong effect on trace constituents in
solution (Section 5.2.2.2). The mineral distributions at the site are also important in predicting
mineral stability and dissolution-precipitation reactions under a repository-induced thermal load
(Section 5.4).

3.3.5.1  Nature and Origin of Primary Geochemical Variability

In this section, the primary geochemical and mineralogic variability in the rock units present at
Yucca Mountain is discussed with respect to its impact on the effects of alteration, the role that
rock compositions play in affecting aqueous geochemistry, and the geochemical effects that
impact radionuclide transport.

Compositionally, both the vitric and devitrified tuffs can be classified based on their silica (SiO,)
and alumina (Al,O3) content, as shown in Figure 3-4. Most of the tuffs at Yucca Mountain are
rhyolites or high-silica rhyolites. The distinctive quartz-latitic units at Yucca Mountain are less
common and are principally within the upper zones of the Tiva Canyon and Topopah Spring
tuffs (Figure 3-4). The Rainier Mesa Tuff also contains an upper quartz-latitic portion.

Individual pyroclastic eruptive cycles at Yucca Mountain are variably zoned in composition.
The best-studied example, the Topopah Spring Tuff, provides a record of progressive evacuation
of a single magma chamber that was compositionally zoned downward from phenocryst-poor
high-silica rhyolite to phenocryst-rich quartz latite (Lipman et al. 1966 [DIRS 100773];
Schuraytz etal. 1989 [DIRS 107248]). During the eruption, magma was drawn from
progressively deeper parts of the magma chamber, resulting in a tuff that is zoned from
high-silica rhyolite at the (early erupted) base, to quartz latite at the (late-erupted) top. The
geochemical differences between quartz-latitic and rhyolitic tuffs provide stratigraphic markers,
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particularly in lanthanide-element composition. Use of these markers is described in
Section 3.3.5.2.

The temporal progression of crystallization and alteration in devitrified tuff, beginning with
high-temperature events over 12 Ma and continuing today, is illustrated by the Topopah Spring
Tuff. (A detailed discussion of these processes is provided in Sections 3.3.5.1.1 and 3.3.5.1.2.)
Following eruption and emplacement of the Topopah Spring Tuff, the uppermost (quartz latitic)
and lowermost (high-silica rhyolite) portions of this compound volcanic series cooled rapidly,
preserving thin, nonwelded vitric margins. Glassy portions between the nonwelded vitric
margins and the central devitrified mass retained enough heat to compact and weld, but not to
crystallize, and formed densely welded vitrophyres (the quartz-latitic upper vitrophyre and the
high-silica rhyolitic lower vitrophyre). The vast majority (about 90 percent) of the erupted
material, between these two vitrophyres, retained enough heat to promote crystallization of all
glass. This material is the devitrified core of the Topopah Spring Tuff. Water vapor released
from crystallizing glasses in this devitrified core formed a hot fluid from which vapor-phase
minerals crystallized along early-formed fractures and within pockets formed by gas expansion
(lithophysal cavities). The vapor-phase minerals are dominantly feldspars and silica minerals
(especially tridymite) but also include a variety of other minerals (e.g., amphibole,
pseudobrookite, and manganese-garnet). Crystallization of some of these minerals may have
continued as the possibly supercritical fluid cooled to water vapor and ultimately condensed as
liquid water. Much of the tridymite along fractures is now pseudomorphed by quartz that may
have formed during this transition. Minerals continued to precipitate in fractures and cavities in
the repository host rock long after the end of the volcanic cooling cycle. Minerals that may still
be forming today include zeolites, clays, opal, calcite, and possibly manganese oxides, although
the manganese-oxides are commonly on fracture surfaces below the calcite-silica coatings. Ages
of secondary minerals are discussed in Section 7.7.2.

Lithic inclusions and phenocrysts affect the bulk chemistry of a tuff in proportion to their
abundance. The measured phenocryst content of Yucca Mountain tuffs varies from less than
1 volume percent to as much as approximately 25 volume percent, and lithic fragments average a
few volume percent (Byers etal. 1976 [DIRS 104639], Figures 5 and 9; Broxton et al. 1993
[DIRS 107386], Appendix A).  Quartz-latitic units have consistently high phenocryst
abundances, but rhyolitic units have variable phenocryst abundances. Among the major rhyolitic
units in the vicinity of Yucca Mountain, the bedded tuff at the base of the Calico Hills Formation
has the highest phenocryst content (up to about 25 volume percent). The upper part of the
Bullfrog Tuff also has phenocryst content as high as 25 volume percent.

The principal phenocrysts in the tuffs are sanidine, plagioclase, quartz, and biotite. There are
many other phenocrysts, such as amphibole, clinopyroxene, orthopyroxene and accessory
magnetite, ilmenite, monazite, zircon, apatite, allanite, and perrierite, but these are present in
amounts much less than 1 volume percent (Broxton et al. 1993 [DIRS 107386], Appendix A). In
general, the potassium content of sanidine phenocrysts increases with depth among the rocks at
Yucca Mountain. Also, biotite provides a measure of iron/magnesium ratios among units; the
biotites that occur from the rhyolite of the Topopah Spring Tuff down through the bottom of the
Crater Flat Group are more iron-rich than those that occur above and below.
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Although phenocryst compositions have little cumulative effect on aqueous transport, they can
provide sites where sorptive alteration phases are concentrated (e.g., manganese oxides
concentrated around altered iron-titanium-oxide phenocrysts; Section 5.3.1.2).  Because
phenocrysts reflect host magma chemistry, variations in phenocryst composition represent a
subtle overprint on the generally bivariate compositions (rhyolite versus quartz latite) that
characterize the major geochemical subdivisions at Yucca Mountain (Broxton etal. 1989
[DIRS 1000241, pp. 5965 to 5978). A discussion of the major mineralogic and chemical features
above, within, and below the Topopah Spring Tuff, the host rock at Yucca Mountain, is provided
below.

Above the Host Rock-The Rainier Mesa Tuff of the Timber Mountain Group (Section 3.4) is
the youngest extensive tuff unit exposed at Yucca Mountain, although it is only preserved at
lower elevations along the flanks of Yucca Mountain. The occurrences at Yucca Mountain are
vitric. As such, they are local sources for silica and trace minerals released by chemical
weathering over the approximate 12-m.y. history of Yucca Mountain. The Rainier Mesa Tuff
includes both high-silica rhyolite and quartz latite subunits.

The Paintbrush Group at Yucca Mountain is dominated by the Tiva Canyon and Topopah Spring
tuffs. These tuffs provide most of the surface exposures of Yucca Mountain, and, except for
their nonwelded tops and bases, are densely welded and of low matrix porosity. The Yucca
Mountain and Pah Canyon tuffs are sandwiched between these two units, and though
volumetrically minor, are of potential hydrologic importance because of their relatively high
matrix porosity and low fracture abundance compared to the Tiva Canyon and Topopah Spring
tuffs. Thus, unsaturated zone hydrologic properties above the repository horizon are strongly
stratified (Sections 7.3 and 7.7).

The Tiva Canyon Tuff is compositionally zoned from a thin quartz-latitic, vitric-to-devitrified
upper portion to a predominantly high-silica rhyolitic, devitrified lower sequence. The
high-silica rhyolites of the Paintbrush Group have an exceptionally small compositional range
(Figure 3-4). Across parts of Yucca Mountain, the quartz-latitic upper part of the Tiva Canyon
Tuff is vitric or partially vitric. These glasses may be particularly reactive in interactions with
recharge waters or with runoff. The lowest part of the Tiva Canyon Tuff consists of densely
welded to nonwelded high-silica rhyolitic glass. This interval provides another horizon of
potential water accumulation in the unsaturated zone, with associated dissolution and mineral
alteration.

The Yucca Mountain Tuff is chemically very similar to the high-silica rhyolites of the Tiva
Canyon and Topopah Spring tuffs (Figure 3-4). At Yucca Mountain, the Yucca Mountain Tuff
is largely vitric, nonwelded, and porous, but may be locally devitrified to silica minerals and
feldspar. Although this unit is rhyolitic, it contains both plagioclase and sanidine phenocrysts,
whereas the only feldspar phenocrysts in the rhyolitic Tiva Canyon Tuff are of sanidine. This
two-feldspar phenocryst composition is also characteristic of the rhyolitic portions of the
Topopah Spring Tuff.

The Pah Canyon Tuff is a chemical anomaly within the Paintbrush Group. It is a two-feldspar
tuff that has markedly sodium-rich plagioclase and is somewhat lower in silica content than the
high-silica rhyolites (Figure 3-4). It has a rare-earth-element composition more similar to Yucca
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Mountain quartz latites than to other rhyolites (Vaniman et al. 1996 [DIRS 105946], Volume 1,
Section 5, pp. 5 and 6). The Pah Canyon Tuff is, like the Yucca Mountain Tuff, nonwelded,
porous, and largely vitric (but locally devitrified). The high saturation of the porous nonwelded
units, such as the Yucca Mountain and Pah Canyon units, is more effective in producing
alteration where there is an underlying barrier to transmission. Thus, because of the relatively
impermeable upper vitrophyre of the underlying Topopah Spring Tuff, the alteration of the
immediately overlying Pah Canyon Tuff (principally to smectite) is often more extensive than
that of the stratigraphically higher Yucca Mountain Tuff. Therefore, despite its minor volume,
the Pah Canyon Tuff has a significant impact on the reactions between unsaturated zone waters
and the host tuffs.

The Host Rock: The Topopah Spring Tuff-The transition from quartz latite to rhyolite in the
Topopah Spring Tuff is marked by progressively decreasing abundances of phenocrysts (from
about 17 to 2 percent) and, in particular, by the appearance of quartz phenocrysts and the loss of
clinopyroxene phenocrysts. Lithic fragments average less than 1 percent. The lower two-thirds
of the unit, including the repository horizon are rhyolitic and phenocryst-poor. The bulk of the
rock consists of fine-grained devitrification minerals (Byers and Moore 1987 [DIRS 101321],
Figures 2 to 5), principally feldspars, plus a variable combination of the silica polymorphs
tridymite, cristobalite, and quartz; the relative proportions of silica polymorphs vary with depth
and between lithophysal and nonlithophysal zones. Quartz phenocryst abundance is a useful
stratigraphic marker within the devitrified rhyolitic Topopah Spring Tuff, but quartz phenocrysts
are nevertheless rare (less than 0.5 percent) throughout this interval.

Peterman and Cloke (2002 [DIRS 162576]) and BSC 2003 [DIRS 166347] analyzed 20 core
samples from four members of the rhyolite member of the Topopah Spring Tuff—the upper
lithophysal, the middle nonlithophysal, lower lithophysal, and lower nonlithophysal zones (the
repository would be in the last three)}—and found that these units are chemically very similar.
Si0; concentrations varied from 75.4 to 77.1 weight percent (mean, 76.29); Al,O3 from 12.4 to
12.9 weight percent (mean, 12.55); K,O from 4.75 to 5.01 weight percent (mean, 4.83); Na,O
from 3.35 to 3.68 weight percent (mean, 3.52); and total iron as Fe,O3, about 1 percent. No other
oxide component was more than 1 percent of the total BSC (2003 [DIRS 166347],
Table 6.14.1-3).  Trace element data are summarized in BSC (2003 [DIRS 166347],
Table 6.14.2-2).

The devitrified rhyolitic Topopah Spring Tuff is generally devoid of zeolites, except for minor
occurrences along some fractures. However, samples recovered from drill hole USW UZ-16
contain up to 14 percent of the zeolite mineral stellerite (CaAl,Si;0,53 ® 7H,0; Byers and Moore
1987 [DIRS 101321]). Higher stellerite abundances correlate with lower feldspar abundances.
The stellerite has effectively accumulated calcium from groundwater. As a result, the
stellerite-bearing Topopah Spring Tuff has higher CaO. Otherwise, it is compositionally similar
to the unaltered high-silica rhyolite.

Below the Host Rock—The rhyolitic ash flows of the Calico Hills Formation beneath the
Topopah Spring Tuff have exceptionally large variability in composition, with normalized
anhydrous Si0O; values ranging between 76 and 80 percent (Figure 3-4). These values are based
on vitric samples showing no evidence of alteration (although the highest silica sample may have
been somewhat silicified). Where zeolitization has occurred, the silica content is little changed.
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The typical alteration phases are clinoptilolite [(Ca, Na, K),.3 Al3(Al, Si); Si13036 © 12H,0] plus
minor smectite. Mordenite [(Ca, Nay, K;) Al;Si190024 @ 7H,0] is also present and becomes as
abundant, or more abundant, than clinoptilolite toward the north at Yucca Mountain. Chabazite
(CaAlsSi3024 © 12H,0) is present in the south, although it is never as abundant as clinoptilolite.
Below the Calico Hills Formation, nonwelded tuffs are pervasively zeolitized, and the primary
geochemical variability is masked by this alteration, which can greatly alter the abundance of
sodium, potassium, magnesium, calcium, and strontium. For these units, the primary
geochemical variability discussed below is based upon the better-preserved welded, devitrified
strata.

Below the Calico Hills Formation lie the rhyolitic ash flows and bedded tuffs of the Crater Flat
Group (Prow Pass, Bullfrog, and Tram tuffs with increasing depth). There is a general similarity
of quartz-sanidine-plagioclase-biotite phenocryst populations throughout the Crater Flat Group,
although there is a general increase in the potassium content of sanidine and in the calcium
content of plagioclase with depth, from the Prow Pass to the Tram tuffs. Pyroxene occurs in the
upper two tuffs (Prow Pass and Bullfrog) and, despite its minor abundance, may play a role in
radionuclide retardation in the Prow Pass Tuff (Section 5.3.3.1). All three of the Crater Flat tuffs
have devitrified central portions, with abundant feldspar and quartz and, at least initially, had
vitric margins, which were largely altered to zeolites in the early alteration history of Yucca
Mountain. The zeolitization is dominated by clinoptilolite in the south and by clinoptilolite plus
mordenite to the north. Analcime (NaAlSi,Og ® H,O) partially replaces these sorptive zeolites
up into the lower parts of the Prow Pass Tuff in the northern part of Yucca Mountain, but from
Drill Hole Wash southwards, analcime does not occur in significant amounts above the lower
alteration zone in the Tram Tuff.

The older volcanic units at Yucca Mountain include the Lithic Ridge Tuff and unnamed older
tuffs, designated A, B, and C, plus occurrences of dacitic lavas. These deeper units are far below
the water table (about 1.5to 2.5 km) and are, therefore, unlikely to be of significance with
respect to transport from the repository horizon. In general, these tuffs and lavas are thoroughly
altered to analcime and, with increasing depth, to albite, with associated smectite/illite, calcite,
and lesser pyrite, barite, and other phases (Bish and Chipera 1989 [DIRS 101195], Appendices A
and B).

33511 Syngenetic Geochemical Processes

Thick pyroclastic deposits like the Topopah Spring and Tiva Canyon tuffs were erupted and
emplaced at temperatures from more than 650°C to 985°C (Schuraytz etal. 1989
[DIRS 107248], p.5933, Figure 9) and probably required about 100 to 1,000 yr to cool
(Riehle 1973 [DIRS 107094]). Early in the cooling period, the interiors of such tuffs welded by
viscous flow and compaction of the glass particles. The process of welding continued to
temperatures as low as 475°C in the basal vitrophyre of the Topopah Spring Tuff
(Rosenbaum 1986 [DIRS 107160], p. 12,833). After substantial welding had occurred, the tuff
in the hottest parts of the interior devitrified, crystallizing to an assemblage of alkali feldspar,
tridymite, cristobalite, and quartz, plus a variety of accessory minerals. The faster cooling upper
and lower margins of the deposits did not weld and experienced little or no devitrification. Some
of the moderately to densely welded portions toward the outer margins did not devitrify and have
survived in a glassy state (vitrophyres).
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In addition to the pervasive devitrification in the interiors of ash flows, localized syngenetic
alteration occurred along fractures within and below devitrified tuff at the downward transition
from devitrified to vitric tuff in both the Topopah Spring and Tiva Canyon tuffs. The alteration
was caused by a combination of water entrained in the ash flow and infiltrating meteoric water
that interacted with the rock and occurred during the very late stages of cooling, at near-ambient
temperatures (e.g., 50°C or lower) (Levy and O’Neil 1989 [DIRS 116960], p. 321). The tuffs
were also subject to fracturing, faulting, and brecciation during cooling (Levy 1993
[DIRS 104579], p. 544).

The geochemical significance of devitrification and syngenetic alteration for site characterization
is twofold. The original distribution of vitric and devitrified tuffs largely determined the
locations of zeolitic and nonzeolitic rocks, respectively, in those parts of Yucca Mountain where
the rocks have been subject to zeolitization. In addition, the field-scale distribution of hydrologic
properties reflects the distribution of devitrified and vitric, as well as zeolitic and nonzeolitic,
tuffs. Devitrified tuffs have low matrix porosity, so that many rock-water geochemical
interactions occur more readily in the fractures than in the matrix.

Syngenetic alteration generally pertains to the interaction of still-hot rock with infiltrating
meteoric water. Alteration of the syngenetic type can serve as a natural analog for hydrothermal
alteration in a repository environment. Within the context of in situ thermal tests at Yucca
Mountain (Section 5.4), characterization of syngenetic alteration allows researchers to identify
alteration products of the tests with greater confidence because test products may be
mineralogically similar to natural alteration products. This type of research has also been used to
address postulated recent surface-discharging hydrothermal activity in the Yucca Mountain area
and how it might be distinguished from syngenetic alteration that occurred more than 10 m.y.
ago (Stuckless 1991 [DIRS 130503]; Stuckless et al. 1998 [DIRS 100086]).

Geochemical Variability Associated with Devitrification—The term devitrification, as applied
to the pyroclastic deposits at Yucca Mountain, denotes high-temperature crystallization of
volcanic glass to a largely anhydrous mineral assemblage. The major mineralogic components
of the devitrified rocks are alkali feldspar and two or more silica phases. From the top of the
Topopah Spring Tuff down through the top of the lower lithophysal zone, the typical silica
phases in the groundmass are cristobalite and tridymite. In the remainder of the devitrified
section, cristobalite and quartz are the characteristic silica phases.

Comparisons of the major-element compositions of brown cryptocrystalline devitrified
groundmass and vitrophyre glass in the Topopah Spring Tuff indicate general similarities
(Byers 1985 [DIRS 101573], pp. 15 to 18), suggesting that little or no bulk-chemical change
occurred during devitrification. Devitrified groundmass from the lower Topopah Spring Tuff
devitrified-vitric transition zone (the Tptplnc2-Tptpv3 interval of Buesch etal. 1996
[DIRS 100106], p.8), with its higher potassium content, diverges in composition from
vitrophyre glass and groundmass away from the transition zone.

Geochemical Variability Associated with Syngenetic Alteration—Most syngenetic alteration is
located in and near devitrified-vitric transition zones, and the alteration itself represents a
transition from devitrification to glass dissolution and secondary-mineral precipitation of mostly
zeolites, clay, and silica phases. These transition zones were favored sites for alteration during
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the late-stage cooling of thick tuff deposits because the reactive glass could be contacted by
heated fluids coming from the warmer interior of the deposit. The volume of rock affected by
syngenetic alteration is highly variable throughout Yucca Mountain, especially because much of
the alteration is concentrated along and adjacent to fractures. In general, the cumulative
thickness of syngenetically altered rock is on the order of tens of meters or less.

The basis for interpreting this alteration as syngenetic is its common textural association with
devitrification (Levy 1984 [DIRS 104577], pp. 961 to 963). Data from a few geochronologic
studies of silica from older portions of fracture and cavity coatings have yielded ages a few
million years younger than the ages of the ash flows (Paces et al. 1999 [DIRS 129772], pp. S4
to S5; Cowan et al. 1993 [DIRS 150070], p. 1038). The potential causes of this discrepancy are
discussed by Neymark et al. (2002 [DIRS 158673] pp. 724 to 726).

Alteration in the Topopah Spring Tuff, in the interval from the lower nonlithophysal zone to the
top of the nonwelded base, is the most widespread and volumetrically abundant example of
syngenetic alteration in the unsaturated zone at Yucca Mountain. Common mineral constituents
of this alteration include alkali feldspar, smectite, heulandite, and silica minerals. Minor
constituents, not present everywhere, include mordenite, calcite, iron and manganese oxides, and
erionite.

Depending on the proportions of secondary minerals, this alteration can involve substantial bulk
chemical change relative to the original vitric tuff (Levy 1984 [DIRS 101392], pp. 57, 65,
66, 74). Another effect of abundant smectite formation, in particular, has been a volume increase
of alteration products compared to the volume of the original glass (Levy and Valentine 1993
[DIRS 106681], pp. 147 to 148). The excess product materials, some in colloidal form, migrated
through the rock, filling primary and secondary pore spaces.

3.35.1.2 Diagenetic Geochemical Processes

The most extensive post-cooling mineralogic and geochemical change affecting the rocks at
Yucca Mountain has been the diagenetic zeolitization of nonwelded glassy tuffs. Diagenetic
alteration involved dissolution of glass pyroclasts by groundwater at ambient temperatures
(e.g., 50°Cor lower) and precipitation of clinoptilolite with or without lesser amounts of
mordenite, smectite, silica, iron-manganese oxides and hydroxides, and other minor phases.
Chemical changes and introduction of chemical variability associated with this alteration are
functions of the compositions of the secondary minerals and variability in their relative
proportions caused by transport of dissolved or colloidal components into and out of the altered
rock. Additional chemical variability has been superimposed on zeolitic rocks by cation
exchange between clinoptilolite and percolating groundwater. Zeolitic rocks in the deeper parts
of Yucca Mountain have been subjected to differing and additional alteration, with calcite
formed in part by calcium released through sodium exchange for calcium in analcime or albite
formation, and an increase in the illite-to-smectite ratio of clays.

The downward transition from vitric to zeolitized tuffs is a gross feature common to all Yucca
Mountain drill holes and outcrops. The exact position of the vitric-zeolitic transition has not
been precisely fixed throughout the mountain, but the persistence of this feature across the
mountain makes it an important part of the evidence relating the timing of zeolitization to
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pyroclastic depositional events and tectonism. Of particular importance for nuclear waste
repository performance, the transition also marks changes in the hydraulic and sorption
properties of nonwelded tuffs.

Researchers studying zeolitization in the Yucca Mountain region have made a variety of
inferences about the hydrologic regimes in which zeolitization occurred. Although a few
probable examples of perched water alteration have been recognized, alteration is generally
believed to occur at or below a static water level (Vaniman etal. 1996 [DIRS 105946],
Volume I, pp. 2,25). The Yucca Mountain glass and zeolite distribution data provide no
evidence that a widespread perched water table has ever existed. Known examples of probable
perched water zeolitization have a much smaller vertical and lateral extent than the main mass of
zeolitized tuffs. The working hypothesis is that most zeolitization occurred around or below the
static water level present at the time of alteration, and that glass in nonwelded tuffs is preserved
only where the rocks have not been subjected to prolonged saturation. This concept forms one
basis for estimating the highest static water level ever reached at Yucca Mountain
(Section 3.3.4.7.1).

3.3.6  Correlation of Lithostratigraphic, Hydrogeologic, and Thermal-Mechanical Units

Three primary stratigraphic systems have been developed to investigate the distribution of
lithostratigraphic, hydrogeologic, and thermal-mechanical units at Yucca Mountain. Common to
all these systems are the properties of bulk rock density, grain density, and porosity. Changes in
these rock properties result in commensurate changes in many of the associated hydrogeologic
and thermal-mechanical properties that define units whose boundaries coincide with a particular
stratigraphic contact.

As shown in Table 7-1, lithostratigraphic units within the Tertiary volcanic-rock sequence are
grouped into five major hydrogeologic units—in descending order, Tiva Canyon welded unit,
Paintbrush Tuff nonwelded unit, Topopah Spring welded unit, Calico Hills nonwelded unit, and
Crater Flat unit—that were defined principally on the basis of major variations in the degree of
welding (Montazer and Wilson 1984 [DIRS 100161], pp. 14 to 19). Hydrogeologic properties of
these units in the unsaturated zone at Yucca Mountain are presented in Section 7.2 and will not
be discussed here, except to make specific mention of the Paintbrush nonwelded hydrogeologic
unit (PTn), which is of special interest to stratigraphic and hydrologic studies in the site area.
The distribution and characteristics of this unit are discussed in detail by Moyer et al. (1996
[DIRS 100162]) and Buesch and Spengler (1999 [DIRS 107236], pp. 31, 36).

The PTn occupies the stratigraphic interval between the top of the vitric zone in the upper part of
the crystal-rich member of the Topopah Spring Tuff upward to the base of the densely welded
rocks of the vitric zone in the lower part of the crystal-poor member of the Tiva Canyon Tuff
(Table 3-1; see Buesch etal. 1996 [DIRS 100106], Table 4). In the boreholes shown in
Figures 3-9 and 3-10, the base of the interval in the upper part of the Topopah Spring ranges
from 75 to 113 m (246 to 370 ft) above the repository host rock in the crystal-poor member of
that formation. As indicated by hydrologic studies, the PTn, which consists primarily of
nonwelded to partially welded, in part highly porous (as much as 65 percent porosity;
Moyer et al. 1996 [DIRS 100162], Table 3), pyroclastic-flow deposits and bedded tuffs, has the
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capability of controlling the lateral flow of ground water (see Section 8.2) and is, therefore, of
particular importance to the performance assessment of the repository.

Stratigraphic units with distinct thermal and mechanical properties within the volcanic-rock
sequence at Yucca Mountain were identified by Ortiz et al. (1985 [DIRS 101280], Table 1). As
with the hydrogeologic units, the boundaries of thermal-mechanical units with lithostratigraphic
zones and subzones (Table 3-5) are based on changes in macroscopic features that define
lithostratigraphic units and permit the preliminary correlation of laboratory measurements with
specific lithostratigraphic units (Buesch et al. 1996 [DIRS 100106], Table 4). Analytical data
indicate that most thermal-mechanical unit boundaries roughly correspond to
(1) lithostratigraphic contacts that mark the transition from vitric, moderately welded rocks to
densely welded subzones; or (2) the contact between the vitric, moderately welded rocks and
devitrified rocks. Additional criteria are based on the percentage of lithophysae. Detailed
discussions of the thermal and mechanical properties of the various thermal-mechanical units are
given in Section 3.7.

Tuffs occurring within the unsaturated zone beneath Yucca Mountain are identified by
lithostratigraphic name and by major and detailed hydrogeological unit nomenclatures in
Table 7-1. The following discussion summarizes units of principal importance to flow and
transport in the unsaturated zone at Yucca Mountain. The definition of major hydrogeological
units comes from Montazer and Wilson (1984 [DIRS 100161], pp. 9 to 19). Their abbreviation
of each of the five major hydrogeological units (i.e., TC, P, TS, CH, and CF) has been modified
slightly from previous thermal-mechanical units. In order to be more descriptive, a lowercase
letter has been added to these abbreviations indicating whether the unit is welded (w), nonwelded
(n), or undifferentiated (u).

3.3.6.1  Tiva Canyon Welded (TCw) Hydrogeological Unit

The TCw is the most prevalent hydrogeological unit exposed at the land surface. The unit is
composed of moderately to densely welded, highly fractured pyroclastic flow deposits of the
Tiva Canyon Tuff. The deposits are of variable thickness resulting from erosion. Within the
repository area, the maximum thickness of the TCw is about 150 m along Yucca Crest, whereas
in alluvial washes east of Yucca Crest, the TCw may be completely eroded (Montazer and
Wilson 1984 [DIRS 100161], p. 14; Rousseau et al. 1999 [DIRS 102097], p. 30). Vapor-phase
corrosion of volcanic glass and pumice in the lower TCw imparts a secondary porosity beneath
central and northern Yucca Mountain (Buesch et al. 1996 [DIRS 100106], pp. 35 to 36; Flint
1998 [DIRS 100033], p. 21). The lower boundary of the TCw has been defined as the contact
between the densely welded, vitric subzone (Tpcpv3) and the moderately welded, vitric subzone
(Tpcpv2) of the Tiva Canyon Tuff. Because Tpcpv3 is typically very thin and only observed
beneath southeastern Yucca Mountain, the base of Tpcpv2 is selected as the lower TCw
boundary for the purpose of defining layers within the mountainscale numerical grids.

TCw—PTn transition—Tuffs grade gently downward over a few tens of centimeters from
densely welded (Tpcpv3, where present; otherwise, the lower nonlithophysal zone of the TCw or
the upper portion of Tpcpv2) to nonwelded (Tpcpvl), accompanied by an increase in matrix
porosity and a decrease in fracture frequency. Many fractures in the lower TCw terminate at the
contact between TCw and PTn, or their apertures are greatly reduced across this boundary.
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Alteration to clay minerals is common at the base of the TCw (Moyer et al. 1996
[DIRS 100162], pp. 1 to 2, 16 to 17, 88, and Table 3; Buesch et al. 1996 [DIRS 100106], pp. 35
to 36) and is correlated with observed increases in saturation (Flint 1998 [DIRS 100033], p. 8
and Figures 6 and 7). Changes in fracture characteristics and the occurrence of alteration
minerals at the TCw-PTn contact may have important implications for downward flow of water
at this interface.

3.3.6.2  Paintbrush Nonwelded (PTn) Hydrogeological Unit

The PTn consists of layers of predominantly nonwelded and bedded tuffs (particularly in the
current repository footprint) with high matrix porosity and low fracture frequency (Moyer
etal. 1996 [DIRS 100162]). The layers include the nonwelded vitric (i.e., glassy) subzone at the
base of the Tiva Canyon Tuff (Tpcpvl), the bedded tuff Tpbt4, the Yucca Mountain Tuff (Tpy),
the bedded tuff Tpbt3, the Pah Canyon Tuff (Tpp), the bedded tuff Tpbt2, and the nonwelded to
moderately welded vitric tuffs at the top of the Topopah Spring Tuff (Tptrv3, Tptrv2).
Thickness of the PTn hydrogeological unit ranges from about 110 to 20 m (north to south) across
the repository area, and thickens to over 160 m beneath the northernmost part of Yucca
Mountain. Lateral variation in welding associated with the substantial thickening of two PTn
units (Tpy and Tpp), in addition to the variable distribution of altered (e.g., smectitic and
zeolitic) intervals, make rock-hydrological properties within the PTn highly heterogeneous.
Through-going fracture networks are rare and are typically associated with faults (Rousseau
et al. 1999 [DIRS 102097], p. 54). The bottom of the PTn is defined as the contact between the
moderately and densely welded, crystal-rich vitric subzones (Tptrv2 and Tptrvl, respectively).
Given the overall large storage capacity of the highly porous rock matrix, the PTn unit may
effectively dampen transient pulses of infiltration and distribute the downward flow of water
more evenly.

PTn-TSw transition—A thin, but prevalent layer of argillic alteration is observed in the pre-Pah
Canyon bedded tuff (Tpbt2), near the base of the PTn (Moyer et al. 1996 [DIRS 100162], pp. 53
and 80), and may behave as a capillary or permeability barrier to flow (Rousseau et al. 1999
[DIRS 102097], p.25). Below this horizon, crystal-rich vitric tuffs grade sharply downward
from nonwelded (Tptrv3) to densely welded (Tptrvl), accompanied by a sharp decrease in
matrix porosity and an increase in fracture frequency. These changes in porosity and fracture
characteristics may create saturated conditions above this contact that may reinitiate fracture
flow into the TSw.

3.3.6.3  Topopah Spring Welded (TSw) Hydrogeological Unit

Sharing many characteristics of the TCw, the TSw is composed of moderately to densely welded,
pyroclastic flow deposits with intense fracturing (Buesch et al. 1996 [DIRS 100106], pp. 19
to 21). A key difference between the TSw and the TCw is the existence of a well-developed,
densely welded, crystal-poor vitrophyre (i.e., rock with a glassy groundmass) near the base of the
TSw (Buesch et al. 1996 [DIRS 100106], p. 23; Rousseau et al. 1999 [DIRS 102097], p. 22).
(The densely welded, basal vitrophyre of the TCw is very thin and occurs only beneath
southeastern Yucca Mountain.) Thickness of the TSw ranges from about 280 to 350 m in the
repository area. The base of the TSw is defined as the contact between the densely and
moderately welded, crystal-poor vitric subzones (Tptpv3 and Tptpv2, respectively). In
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descending lithostratigraphic order (using the nomenclature of Buesch et al. 1996
[DIRS 100106], Table 2), the key units within the TSw are:

e Tptrvl and/or uppermost Tptrn—thin (~2 m thick), crystal-rich upper vitrophyre of
the TSw, characterized by very low porosity and intense fracturing.

e Tptrn—crystal-rich nonlithophysal unit with well developed secondary porosity
imparted by vapor-phase corrosion of volcanic glass and pumice clasts.

e Tptrl & Tptpul—crystal-rich and crystal-poor upper lithophysal units.
e Tptpmn—crystal-poor middle nonlithophysal unit (repository layer).
e Tptpll—crystal-poor lower lithophysal unit (repository layer).

e Tptpln—crystal-poor lower nonlithophysal unit; contains a highly fractured subzone
and frequent clay alteration near base of unit (repository layer). Perched water is
observed in several locations within the lower part of this unit.

e Tptpv3—crystal-poor basal vitrophyre, characterized by very low porosity and intense
fracturing near unit top; alteration minerals (e.g., smectite, zeolite) commonly found at
top of unit.

TSw—CHn transition—Tuffs grade downward from densely welded to nonwelded over several
meters, accompanied by an increase in matrix porosity and a decrease in fracture frequency.
Furthermore, much of the vitric material occurring above and below this boundary has been
altered to clays or zeolites. Alteration occurs (although not ubiquitously) along fractures in the
densely welded basal vitrophyre (Tptpv3) of the TSw, as well as within the high porosity,
nonwelded matrix of the CHn (Broxton et al. 1987 [DIRS 102004], pp. 89 to 110; Bish and
Chipera 1989 [DIRS 101195], Appendix A; CRWMS M&O 2000 [DIRS 138960], Section 6.3).
Alteration near this contact has been linked to the occurrence of perched water and has important
implications for transport and retardation of radionuclides.

3.3.6.4  Calico Hills Nonwelded (CHn) Hydrogeological Unit

Comprised of predominantly nonwelded pyroclastic flow and fall deposits, the CHn extends
from the base of the crystal-poor, densely welded vitrophyre to the water table, except where
units below the base of the upper vitric portion of the Bullfrog Tuff (Tcbuv) lie above the water
table (which occurs in certain areas beneath Yucca Crest). The key units of the CHn include the
moderately welded to nonwelded vitric subzones at the base of the Topopah Spring Tuff (Tptpv2
and Tptpvl, respectively), the bedded tuff Tpbtl, the Calico Hills Formation (Tac), the bedded
tuff Tacbt, the entire Prow Pass Tuff (Tcpuv—upper vitric, Tcpuc—upper crystalline, Tcpmd—
moderate/densely welded, Tcplc—lower crystalline, Tcplv—lower vitric, and Tepbt—bedded tuff),
and the upper vitric portion of the Bullfrog Tuff (Tcbuv). Within the current repository
footprint, the thickness of the CHn ranges from about 180 to 320 m. Many different lithologies,
distinguished by depositional history and degree of welding, by matrix color, and by the size,
amount, and composition of pumice and lithic material, are contained within this interval. In a
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hydrogeological context, however, the most significant features in the CHn are the abundance
and distribution of zeolites. The distribution of abundance of clays and zeolites beneath the
repository horizon is difficult to determine because mineral data from only a small number of
boreholes are available and because the degree of alteration is highly variable.

3.3.6.5  Crater Flat Undifferentiated (CFu) Hydrogeological Unit

The CFu consists of any units that occur above the water table and below the base of the upper
vitric portion of the Bullfrog Tuff (Tcbuv). This includes portions of welded and nonwelded
units from the Bullfrog and Tram tuffs. Within the repository area, the thickness of the CFu
ranges from 0 (in the northern and eastern portions) to about 140 m (along the southwestern edge
of the repository). Because of the limited number of deep boreholes, sufficient data are not
available to fully characterize these tuffs. Nevertheless, the volume of CFu material is small and
restricted to the southwestern area of Yucca Mountain.

3.3.7 Quaternary Stratigraphy
3.3.7.1 Introduction

Surficial geologic mapping and chronographic studies of surface and near-surface deposits, soils,
and geomorphic surfaces provide essential data for determining the history of deposition,
erosion, and faulting during Quaternary time (Pleistocene and Holocene, 1.65 Ma to recent),
which is of primary interest and importance to site characterization. To this end, such studies at
Yucca Mountain have resulted in the recognition and differentiation of several principal surficial
units, which are composed mostly of alluvium and colluvium, with minor amounts of eolian and
debris-flow sediments that mantle hillslopes and cover the floors of valleys and washes.
Figure 3-3 shows the general distribution of Quaternary sediments in and around the site area.

Early studies of Quaternary stratigraphy in the vicinity of Yucca Mountain, particularly in the
area of the Nevada Test Site to the east, included those by Hoover and Morrison (1980
[DIRS 106173]); Hoover etal. (1981 [DIRS 106177]); Swadley etal. (1984 [DIRS 102917]);
and Hoover (1989 [DIRS 101247]). These studies resulted in the general recognition of three
major units ranging in age from Pliocene and early Pleistocene to late Pleistocene and Holocene.
Swadley etal. (1984 [DIRS 102917]) mapped these units in Midway Valley, which adjoins
Yucca Mountain to the east (Figure 3-2). However, no detailed mapping that further subdivided
the surficial sequence had been published in that area until Taylor (1986 [DIRS 102864])
distinguished six different units in the fluvial terrace and alluvial fan deposits along Yucca and
Fortymile Washes, as well as in a small area in the northernmost part of Midway Valley.
Taylor’s (1986 [DIRS 102864]) study strongly emphasized variations in surface characteristics
and soil development.

Currently, separation of the Quaternary stratigraphic sequence in the Yucca Mountain site area
into eight individual units (designated, in ascending order, as QT0, Qal-Qa7) is based principally
on the mapping by Wesling etal. (1992 [DIRS 107290]) of alluvial deposits and overlying
geomorphic surfaces in Midway Valley. An alluvial geomorphic surface is analogous to an
allostratigraphic unit, which is a mappable stratiform body that is defined and delineated on the
basis of its bounding discontinuities (North American Commission on Stratigraphic
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Nomenclature 1993  [DIRS 106417]). The principal criteria used for subdivision
include: (1) relative stratigraphic and geomorphic position, (2) lithologic characteristics,
(3) soil-profile development, (4) degree of desert pavement development, (5) amount and degree
of desert-varnish accumulation, and (6) degree of preservation of original bar-and-swale
topography.

Sedimentologic properties of the various alluvial units are similar. In general, fluvial deposits
are predominantly sandy gravel with interbedded gravelly sand and sand. The fluvial facies
include relatively coarse-grained channel bars and intervening finer-grained swales. The
sediment texture in the bars and swales is dependent on their position within the landscape
(proximal or distal-fan region) and the sediment source. In the proximal alluvial-fan regions,
grain size is greater where larger material is available for transport and where streamflow is
concentrated. In the distal reaches of the fans, sediment is finer grained, although
coarser-grained facies are present locally. Gravel size ranges from pebble to boulder, and clasts
generally are subangular to subrounded. Table 3-2 presents a summary of diagnostic surface and
soil properties for the various surficial units. Descriptions given below are summarized from
Section 4.4 of the YMSD (REV 01) (CRWMS M&O 2000 [DIRS 151945]), Swan et al. (2001
[DIRS 158784], pp. 8 to 21), and Whitney et al. (2003 [DIRS 159418]). A discussion of the
regional stratigraphic relations of Quaternary surficial deposits is presented in Section 2.

Although the relative ages of the deposits, soils, and geomorphic surfaces around Yucca
Mountain are well established, there is only limited direct numerical age control. Establishing a
reliable temporal framework is difficult because of the inherent uncertainties involved in dating
complex geomorphic and pedogenic systems in an arid environment. The difficulties are further
compounded by the general lack of suitable materials for dating and by the fact that the ages of
individual deposits vary not only from top to bottom but also laterally, owing to their
time-transgressive nature. The two primary dating techniques used in the Quaternary studies
are: (1) U-series disequilibrium dating of carbonate- and silica-rich materials in soils, and
(2) thermoluminescence dating of the silt-size fraction of eolian and fluvial sediments. These
methods have been widely applied in recent years and are considered to provide the most reliable
ages for surficial deposits in the Yucca Mountain area.

The numerical dating of the various surficial units (QT0, Qal-Qa7) that compose the Quaternary
sequence at Yucca Mountain is based primarily on samples collected from units Qa2-Qa5, as
they were defined and mapped in the Midway Valley and Fortymile Wash areas
(Wesling et al. 1992 [DIRS 107290]). The ages of these four units, as determined by
thermoluminescence and U-series analyses, are plotted in Figure 3-18, which shows probability
density functions (PDF) for the resulting data. Each PDF is constructed from the sum of normal
distribution functions that represent the numerical ages combined with laboratory errors,
normalized by the number of dates (“N,” shown in Figure 3-18 above each PDF) from each
stratigraphic unit (shown as Qa2-Qa5 beneath each PDF). The normal distribution function for
each date is based on the mean and a 3-sigma range, which is spread about the mean out to plus
and minus 3 times the 2-sigma (95 percent confidence) laboratory errors (see Whitney et al. 2003
[DIRS 159418]). The relative scale for each PDF is expressed in percent relative-probability per
thousand years. The median age (number beside bar) and the plus and minus 2-sigma (numbers
at limits of shaded area) age ranges for the units are derived from the cumulative distribution
functions summed from each PDF, such that each shaded area represents the principal age
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distribution based on a subset number (“n,” in figure) of dates. The data show that, for units
Qa2, Qa4, and Qa5, there is a distinct clustering of dates within relatively narrow segments of
the age ranges (shaded areas on each of the PDFs, Figure 3-18), which are interpreted to best
represent the main periods of deposition and soil development or both for those units. Dates not
within these ranges (unshaded area) could be caused by miscorrelation of the sampled deposits,
or they could, in fact, represent valid extensions of the age boundaries, thus indicating that it may
not be possible to establish absolute temporal boundaries between successive units. In the case
of unit Qa3, there is an indication that at least two depositional episodes may be included in the
unit as a whole.

Based on the numerical age data discussed above, the preferred ages of the dated surficial
deposits are: Qa2, middle Pleistocene; Qa3, middle(?) to late Pleistocene; Qa4, late Pleistocene;
and QaJ, latest Pleistocene to early Holocene. With regard to unit Qal, there is evidence
indicating that it is associated with a period of deposition as old as the Bishop ash, which is dated
as 760 ka (Sarna-Wojcicki et al. 1997 [DIRS 109161]) and therefore considered to be of middle
to possibly early Pleistocene age. The age of underlying unit QTO is assumed to be greater than
760 ka and is, perhaps, as old as Pliocene. Units Qa6 and Qa7 are presumed to be less than 7 ka,
with Qa6 assigned a middle-to-late Holocene age and Qa7 being the deposit presently
accumulating along the modern stream courses.

3.3.7.2  Descriptions of Quaternary Stratigraphic Units
3.3.7.21 Unit QTO

QTO consists of a single terrace remnant at the north end of Alice Ridge (Figure 3-2). The
surface forms a pronounced topographic bench (elevation 1,168 m) that is 25 m higher than unit
Qal and 46 m above the active channel of Yucca Wash. Deposits associated with QTO consist of
lag gravel on a bedrock surface eroded into the Tiva Canyon Tuff; the clasts are exotic to Alice
Ridge. Because of its limited areal extent and the extensive postdepositional erosion of the
surface, no detailed soil data were collected from the QTO surface. The thickness of the unit is
unknown but is probably only a few meters. The early Quaternary to possibly Tertiary age of
unit QTO is based not only on its stratigraphic position relative to Qal, but also on its highly
dissected and eroded nature and its rounded landform morphology.

3.3.7.2.2 Unit Qal

Qal is preserved at the surface on the Yucca Wash alluvial fan in northern Midway Valley. The
fan surface has been dissected by younger drainages and is preserved as slightly rounded
interfluves. Qal is also found on the west flank of Yucca Mountain and in northeastern Crater
Flat. Locally, the desert pavement associated with the Qal surface is well developed, but in
most areas, it has been extensively degraded. Freshly exposed rock surfaces on clasts, fragments
of secondary carbonate and silica platelets, and surface or near-surface calcic horizons
collectively impart a light tonal quality to the unit when viewed in the field or on aerial
photographs. Although darkly varnished clasts are present in some areas, surface clasts typically
are not darkly varnished; angular, unvarnished clasts are common on the surface. Many clasts
are fractured and strongly weathered. No original depositional bar-and-swale morphology is
preserved on the surface. A buried soil was observed beneath Qal at a depth of 2.5 m (8 ft) in
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one soil pit, but no buried soils were encountered to depths of more than 3.3 m (11 ft) in other
soil pits.

Strongly developed Qal soil is greater than 1.5 to 2.0 m (4.9 to 6.6 ft) thick and has a laminar
petrocalcic horizon (Kqm) with stage IV carbonate morphology at or near the surface (Table 3-2;
see footnotes at bottom of table for an explanation of soil horizons). The petrocalcic horizon
locally is overlain by as much as 30 cm (12 in.) of fine-grained eolian sand and silt with Btk and
Btkq soil horizons that appear to be much younger than the underlying petrocalcic horizon
formed in alluvial sediments.

As stated earlier, the association of the Qal unit with the Bishop Ash, dated as 760 ka
(Sarna-Wojcicki etal. 1997 [DIRS 109161]), is indicative of a middle, and possibly early,
Pleistocene age. The slightly rounded, eroded morphology of Qal surfaces, as well as the
strongly developed soils, are similar to deposits that have been assigned an early-to-middle
Pleistocene age elsewhere in Nevada and California (for example, Wells etal. 1990
[DIRS 107207]; Harden etal. 1991 [DIRS 106072]; Harden etal. 1991 [DIRS 106077];
Slate 1991 [DIRS 130186]; Reheis et al. 1992 [DIRS 106661]; McDonald and McFadden 1994
[DIRS 104772]).

3.3.7.2.3 Unit Qa2

Qa2 is recognized at the surface primarily as thin elongated patches of alluvium in Midway
Valley, where it is inset into unit Qal. The unit has a well-developed desert pavement that
contains darkly varnished clasts, some of which are split and fractured but still show varnish
development on fractured surfaces. The original bar-and-swale morphology has been reduced to
the height of the larger clasts above the surface. The upper part of the unit typically has a cap of
eolian silt and fine sand ranging from 30 to 50 cm (12 to 20 in.) thick. Thicknesses of unit Qa2
observed in soil pits vary from 2.5 m (8 ft) to more than 3.5 m (11.5 ft).

The strongly developed Qa2 soil has a 40 to 70-cm (16 to 27.5 in.) thick argillic horizon (Btkq)
and a zone of carbonate and silica accumulation typically exhibiting stage Il to I+
(maximum IV) carbonate morphology (Table 3-2). Av and Bkq soil horizons occur in eolian
sediments that accumulated on the surface.

3.3.7.24 Unit Qa3

Qa3 forms large remnant alluvial fan surfaces as well as fluvial terraces. It is one of the
dominant map units in the Yucca Mountain area and underlies the main Fortymile Wash terrace.
As indicated earlier, it may represent more than one depositional period within the Pleistocene.
A well-developed desert pavement containing darkly varnished clasts characterizes the Qa3
surface, which has a dark brown or black tone on color aerial photographs (Table 3-2). Larger
clasts, some more than 30 cm in diameter, are distributed on the surface in diffuse, poorly
defined bars. The original depositional bar-and-swale morphology has been reduced to the
height of individual clasts above the surface. The thickness of unit Qa3 averages approximately
2 to 2.5 m (6.6 to 8.2 ft) and locally exceeds 3.3 m (10.8 ft) as observed in soil pits and along the
Fortymile Wash terraces.
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The strongly developed Qa3 soil has a 20 to 75 cm thick (8 to 30 in.) argillic (Bt and Bkq) |
horizon overlying a 100 to 130-cm thick (39 to 51 in.) horizon of secondary carbonate and silica
accumulation (Table 3-2). Clay films and strong blocky structure are characteristic of the argillic
horizon that also commonly has accumulations of secondary carbonate and silica. A Bkq or
weakly developed Kq horizon having Stage II-1II carbonate morphology typically underlies the
Btkq horizon.

3.3.7.2.5 Unit Qa4

Qa4 consists of small, inset fluvial-terrace and alluvial-fan remnants on the east side of Yucca
Mountain. The desert pavement of the Qa4 surface ranges from loosely to tightly interlocking
and is noticeably less well developed than pavements formed on the older fluvial surfaces.
Indistinct depositional bars are preserved as diffuse accumulations of larger -clasts.
Bar-and-swale relief on Qa4 mostly has been reduced to clast height above the surface. The
thickness of Qa4 averages about 1 m (3.3 ft) and does not exceed 2 m (6.6 ft) where observed in
soil pits.

The strongly developed Qa4 soil is characterized by a reddened argillic horizon and
accumulations of carbonate and silica. The upper part of the soil exhibits silica accumulation,
stage I-II carbonate morphology, and a strongly developed Bkq horizon with a sandy or silty
clay-loam texture. Continuous, thin-to-moderately thick clay films coat ped faces of the Bkq soil
horizon, which is overlain by an Av soil horizon.

3.3.7.2.6 Unit Qa5

Qa5 occurs as inset terraces along drainages. The desert pavement is loosely packed and poorly
formed, and surface clasts have minor accumulations of rock varnish (Table 3-2). Qa5 surfaces
display well-developed, bar-and-swale morphology, the amount of relief being related to
landscape position and sediment sources, with the coarsest-grained bars lying in the proximal-fan
regions. Smaller, lower, partly buried bars lie on distal fans, where the intervening swales are
partly filled by fine-grained eolian silts and sands. Surface clasts are relatively unweathered. In
soil-pit and trench exposures, the average thickness of Qa5 is approximately 1 m (3.3 ft), and the
maximum observed thickness is about 2.5 m (8.2 ft).

Weakly developed soils are formed on Qa5. Soil development is stronger in the swales, where a
silt-rich zone occurs in the upper 30 to 40 cm (12 to 16 in.) of the unit; soils are more weakly
developed on bars. The soil typically has a Bwk or incipient Btjk horizon, weak subangular
blocky structure, and colloidal stains on grains. Carbonate is disseminated in the matrix, and
below about 30 cm (12 in.) depth in the Bk horizon, the bottoms of clasts have powdery coats of
carbonate (stage I carbonate morphology). Where Qa5 is sufficiently thick, the carbonate
content decreases below the Bk horizon to form a transitional horizon (BC or CB) or a Ck.
Where Qa5 is relatively thin and underlain by a buried soil, the Bk persists to the base of the
unit.

3.3.7.2.7 Unit Qa6

Qa6 occurs along the active washes as low floodplains less than 1 m (3.3 ft) above the active
channels and as vegetated bars. No desert pavement has developed, and surface clasts are
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unvarnished and unweathered. Relief on the Qa6 surface is primarily the result of preservation
of original bar-and-swale morphology. Locally, an eolian cap as much as 5 to 10 cm (2 to 4 in.)
thick buries all but the largest surface clasts. Natural outcrops and man-made exposures indicate
that the total thickness of the unit does not exceed 2 m (6.6 ft).

Qab soils lack the significant eolian cap common to the older surfaces (Av horizon), and soil
development is limited to minimal oxidation of the deposit and sparse accumulation of carbonate
(Table 3-2). Carbonate is more concentrated toward the upper 10 cm (4 in.) of the deposit,
although the matrix typically contains widely disseminated carbonate. Clasts in the upper 30 cm
(12 in.) have little visible carbonate, yet effervesce when hydrochloric acid is applied. Carbonate
varies from isolated patches on the undersides of clasts to relatively continuous thin coatings.
Evidence that many clasts within the deposit have been reworked from older deposits includes
randomly oriented carbonate coatings on clasts and percussion marks where the coatings have
been chipped from the clasts.

3.3.7.2.8 Unit Qa7

Qa7 consists of deposits along active channels and the adjacent floodplains. No desert pavement
has formed on the surface, and no desert varnish occurs on clasts, except that which may be on
clasts reworked from older surfaces. Clasts are unweathered, and the original depositional
bar-and-swale relief is unaltered. The total exposed thickness of Qa7 does not exceed 2 m
(6.6 ft).

No in situ pedogenic alterations were observed for Qa7 deposits, but the matrix contains
reworked, disseminated carbonate. Reworking of older surficial materials is also indicated by
numerous clasts with thick accumulations of carbonate. Such clasts appear to be distributed
randomly throughout Qa7, and coatings, originally formed on clast bottoms, have no preferred
orientation in the reworked deposits.

3.3.7.2.9 Colluvial Deposits

Colluvial deposits are undifferentiated as surficial map units because of their limited areal extent
and the limited exposure of all but the youngest deposits. Descriptions given below are
generalized from those of Swan et al. (2001 [DIRS 158784], pp. 17 and 18, Figure 7), which
were based on sequences exposed in trenches and soil pits on the east side of Exile Hill
(Figure 3-2).

Colluvial and debris-flow deposits generally consist of gravelly silty sands and silty
fine-to-medium gravel, with pebble-to-small cobble clasts. The deposits are poorly sorted,
nonbedded to crudely bedded, predominantly matrix-supported, and locally clast-supported, with
as much as 90 percent gravel. The gravels are composed of subangular to angular pebbles with
lesser amounts of cobbles as much as 20 cm (8 in.) in diameter and small boulders as much as
30 cm (12 in.) in diameter. The thickness of individual colluvial units is generally less than 2 to
3 m (6.6 to 9.8 ft) based on trench and soil-pit exposures.

Colluvial deposits, possibly equivalent to surficial unit Qa5, have thin, weakly developed soils

with an AB horizon over a weakly developed Bwk horizon. Colluvial deposits of probable Qa4
age display well-developed Bkq textural B horizons 40 to 50 cm (16 to 20 in.) thick. Units
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possibly equivalent to Qa3 and Qa2 have multiple superimposed soils consisting of Bkq and
Btjkq horizons with stage II carbonate morphology. The oldest exposed colluvium deposits have
strongly developed Kqm horizons. Some patches of darkly varnished colluvial-boulder deposits
found on upper hillslopes are considered to be middle-to-late Quaternary in age (Whitney and
Harrington 1993 [DIRS 107303]), but most of undifferentiated colluvium mapped on hillslopes
have surface characteristics of units Qa5 and Qa6. Colluvium having surface characteristics
similar to unit Qa4 surfaces commonly occurs near the toe of the hillslope. In view of these
correlations, colluvial deposits appear to represent an age range comparable to that of alluvial
deposits (middle Pleistocene to Holocene).

3.3.7.2.10  Eolian Deposits

Two types of eolian sediment were observed in the Yucca Mountain area: (1) reworked eolian
deposits within sand ramps surrounding Busted Butte and along the southeastern margin of
Midway Valley (Figure 3-2), and (2) thin accumulations of silt and fine sand in the A and B
horizons of most surface soils and relict accumulations within some buried soils.

Sand ramps at Busted Butte and in southeastern Midway Valley are composed of a stacked
sequence of eolian-colluvial units that have textures of pebbly, silty, fine- to medium-grained
sand interbedded with sandy, pebble-to-cobble gravel. Minor alluvial sandy, pebble-gravel
deposits are present locally. The deposits are poorly to moderately sorted, moderately bedded to
massive, and predominantly matrix-supported, although the alluvial gravel and parts of some
colluviums are locally clast-supported. Gravel clasts are angular to subangular and commonly
less than 5 cm (2 in.) in diameter, but some clasts are as large as 50 cm (20 in.) in diameter.
Maximum thickness of the sand-ramp deposits exceeds 15 m (49 ft).

A weakly to moderately interlocking desert-pavement covers most of the sand-ramp surfaces.
Soil development in near-surface deposits consists of a well-developed Bkq horizon with a
sandy, clay-loam texture that appears to be similar to the soil formed on surficial unit Qa4.
Typically, one or more buried soils occur within the deposits.

The presence of Bishop tephra in lower sand-ramp deposits at Busted Butte (Whitney et al. 1985
[DIRS 107314]; Menges et al. 1994 [DIRS 106344], p. 2380) and at other localities near Yucca
Mountain (Hoover 1989 [DIRS 101247]) indicates that those landforms began forming within
the region prior to about 760 ka. At Busted Butte, some of the buried soils have been dated as
middle to late Pleistocene (Menges et al. 1994 [DIRS 106344]). Multiple buried soils above the
Bishop tephra indicate that accumulation of the sand ramps is episodic and punctuated by periods
of surface stabilization and soil formation. Numerical ages of 73+9 ka and 38+6 ka from two
successive units in the upper 3 m of the deposits, in a trench in southern Midway Valley,
possibly indicate the ages of two of the more recent depositional episodes, and another date of
6+1 ka from the surface “A” horizon is indicative of continuing accumulation of eolian
sediments during the Holocene (Menges et al. 2003 [DIRS 159412]).

A few to several tens-of-centimeters of eolian silt and fine sand have accumulated on most
alluvial geomorphic surfaces and have been incorporated into soil profiles formed on those
surfaces. These eolian accumulations are not mapped separately because of their broad areal
distribution and relatively thin nature. Models of desert pavement and soil formation recognize
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the importance of eolian accumulations as a source for the fine-earth fraction, carbonate, and
soluble salts that occur in otherwise clean sandy-gravel deposits in arid regions (Birkeland 1984
[DIRS 101847], pp.-290 and 291; McFadden etal. 1987 [DIRS 105023]; McFadden and
Weldon 1987 [DIRS 105022]; McDonald and McFadden 1994 [DIRS 104772]).

3.3.7.3  Trenching Activities

Information on the stratigraphic relations among surficial deposits was augmented considerably
by the large-scale mapping and detailed descriptions of vertical sequences that were observed in
natural exposures and in trenches excavated across those faults suspected of being active during
Quaternary time. Within the site area, 52 exploratory trenches and natural exposures were
cleaned and logged to determine the extent of Quaternary tectonic activity with respect
to: (1) the number, amount of displacement, and age of individual surface-rupturing events
causing earthquakes; (2) fault slip rates; and (3) recurrence intervals between successive events
on a given fault. Results of the detailed Quaternary fault studies are given in Keefer et al. (2003
[DIRS 159419]) and brief summaries of the data for block-bounding faults are presented in
Section 3.5.3. Interpretations of the paleoseismic data with respect to seismic-risk analysis is
given in Section 4.3.2.

In many of the individual trench studies, exposed deposits were classified independently of the
standard stratigraphic sequence of units mapped in surface exposures. However, numerical ages
were also obtained for many of the trenched deposits, so that correlations with the established
framework could be made and similarities noted between correlative units, which was especially
true in terms of comparable degrees of soil development. The combined surface and subsurface
data provide a valuable chronostratigraphic record for interpreting changes in climatic conditions
influencing erosion and deposition (see Section 3.4) and for determining the history and
magnitude of Quaternary deformation (see Sections 3.5 and 4).

3.3.7.4  Pedogenic Calcite and Opaline Silica Deposits

Pedogenic carbonate with subordinate opaline silica (calcrete) is present both as slope-parallel
deposits and as remobilized fracture fillings. These deposits have generated a controversy as to
the possible existence of an adverse condition. Szymanski (1987 [DIRS 100184]; 1989
[DIRS 106963]) postulated that these deposits were formed by groundwater rising to the surface
and, therefore, through the repository horizon. Section 4.4.5 of the YMSD (REV 01) (CRWMS
M&O 2000 [DIRS 151945]) summarized the work done to resolve this question and described
the reasoning behind the conclusion that there are no paleogroundwater discharge deposits in the
immediate vicinity of Yucca Mountain. In fact, the closest such deposit is approximately 15 km
to the southwest (see Section 8).

The pedogenic deposits are generally poorly indurated and fine grained. The average
calcite-weight fraction of the well-developed calcretes is only 53 percent, whereas spring
deposits may be pure calcite. The rest of the calcretes consist of tuffaceous detritus, plus a small
amount of exotic rock fragments. Ooids and pellets are locally abundant. The preserved fossils
are of roots rather than aquatic animals. The mineralogic, chemical, and isotopic characteristics
of the calcretes is summarized in Section 4.4.5 of the YMSD (REV 01) (CRWMS M&O 2000
[DIRS 151945])).
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3.3.7.5  Distribution of Quaternary Deposits in the Yucca Mountain Area

The Quaternary landscape in the Yucca Mountain area has been affected by physical weathering.
It also reflects colluvial, eolian, and alluvial processes that have responded to varying climates
and climatic changes. The topography of the mountain and adjacent basins, which have been
formed by extensional tectonic processes over the past 14 million years, is an additional factor
influencing landscape development at Yucca Mountain. Patterns of Quaternary deposits reflect
both the tectonic environment and the climatic history of the area.

One noteworthy map pattern at Yucca Mountain is the preservation of early and middle
Quaternary colluvial deposits on many hillslopes (e.g., Whitney and Harrington 1993
[DIRS 107303], p. 1008). Techniques using cosmogenic isotopes, volcanic ashes, cation-ratio
dating, and U-series dating have been used to determine the ages of these deposits. The
preservation of older Quaternary deposits indicates that hillslope erosion processes have been
ineffective in eroding colluvial deposits that were weathered from bedrock during the colder,
pluvial climatic episodes (Whitney and Harrington 1993 [DIRS 107303], p. 1014, Table 1). The
slow removal of hillslope colluvium is also reflected in the lack of either large or steep alluvial
fans at the base of the slopes of Yucca Mountain. The lack of fans along the base of tilted fault
blocks is a strong indication of very low rates of tectonic activity. Quaternary uplift rates are
generally 0.01 mm/yr. (0.0004 in./yr) around Busted Butte, along part of Fran Ridge, and on the
slopes of the unnamed flanks of southern Yucca Mountain. These sandy deposits are products of
a very dry and windy climate that took place during some part of the interglacial component of
the climatic cycle. Up to six buried soils have been found in some sand ramps, which
demonstrate the cyclic nature of dry, arid conditions at Yucca Mountain (Menges and
Whitney 1996 [DIRS 106343], p. 4.4-5). The presence of Bishop ash near the base of several
sand ramps indicates that eolian sand deposition goes back at least 760 thousand years. The
preservation of essentially unconsolidated sand on Yucca Mountain hillslopes underscores again
the ineffective hillslope erosional processes during the last half of the Quaternary.

The distribution of Quaternary deposits of different ages in Crater Flat appears to reflect the
ongoing opening, or extension, of the basin. Deposits of Q1 to Q3 age are concentrated on the
eastern side of the basin near or adjacent to Yucca Mountain. Deposits of Q5 and Q6 age are
concentrated along the basin’s southwestern and southern margin, with the area of maximum
subsidence defined on the regional seismic reflection line (Brocher et al. 1998 [DIRS 100022],
Figure 6). A strong contrast in runoff patterns can be seen between the east-flowing alluvial fans
from Bare Mountain and the southerly slope of the drainage of central Crater Flat. This drainage
contrast probably reflects the presence of a buried fault in central Crater Flat, and possibly a
buried splay of the Bare Mountain fault near the base of the Bare Mountain fans. The Bare
Mountain fans are not rounded in typical fan shape, but terminate against a sharp, north-trending
lineament defined only by a change in drainage patterns. Fault-controlled sedimentation has
occurred along the Windy Wash and Fatigue Wash faults. Uplifted early to middle Quaternary
alluvium is juxtaposed with late Quaternary alluvium and colluvium.

On the east side of Yucca Mountain, sedimentation patterns do not appear to reflect active
tectonism, except where colluvial wedges have deposited locally against fault scarps. The
northerly trend of Fortymile Wash, which is parallel to but not coincident with the Paintbrush
Canyon fault, has raised questions about whether its origin is in part tectonically influenced.
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Several geophysical studies, summarized in Oliver et al. (1995 [DIRS 106447], pp. 44 and 109 to
111), suggest that a very shallow graben may exist beneath the central alluvial portion of the
wash (south of the canyon); however, the regional seismic reflection line does not show any
significant offset of the Tertiary-Paleozoic contact beneath the wash. No evidence of Quaternary
tectonic activity has been associated with the wash. The southerly depositional pattern of the
wash is controlled by the base level of the Amargosa Valley.

Midway Valley is underlain largely by Q1 and Q2 deposits because of a stream capture of Yucca
Wash that appears to have taken place during the middle Quaternary (Taylor 1986
[DIRS 102864], pp. 17 to 21). During QI time, Yucca Wash flowed southeastward into
Fortymile Wash through the gap between Alice Ridge and Fran Ridge. After Q2 time, Yucca
Wash flowed eastward into Fortymile Wash north of Alice Ridge. In general, colluvial deposits
that are produced during pluvial climates dominate hillslopes. The erosion and redistribution of
these deposits takes place during drier climates, when hillslopes are no longer stabilized by
vegetation. Hence, most of the alluvial map units in the basins and valleys that dominate the
landscape at Yucca Mountain were deposited during interpluvial episodes. Eolian deposits
record exceptionally dry and windy conditions that occurred in the climatic cycle, whereas
paleodischarge deposits from springs were deposited during the wetter and cooler conditions of
the pluvial part of the cycle. (Section 8.4 contains a complete description of paleodischarge
deposits and history.) Multiple dating and descriptions of soils, surfaces, and deposits support
the existence of these deposition patterns at Yucca Mountain.

3.4 EROSION, DEPOSITION, AND FLOODING
3.4.1 Introduction

Past and modern geomorphic processes have been investigated at Yucca Mountain in order to
assess the surficial characteristics at the HLW repository. The studies were especially designed
to estimate the long-term average rates of erosion on the ridge crests and hillslopes of the
mountain to determine the potential for erosional breaching of the underground storage facility.
Information about patterns of erosion and deposition is used to characterize any potential surface
redistribution of radioactive waste that may be deposited on the ground surface.

Flow characteristics of Fortymile Wash (Figure 3-2) are of particular importance because of
concern over whether radioactive waste products could be entrained by flow within this drainage
system, transported downstream, and subsequently become incorporated within the flow of the
Amargosa River (Figure 2-2).

Much of the material in the following sections is summarized from detailed discussions
presented in Sections 7.3 and 7.4 of the YMSD (REV01) (CRWMS M&O 2000
[DIRS 151945]). In addition, data and interpretations resulting from studies by Coe et al. (1997
[DIRS 104691]); Glancy and Beck (1998 [DIRS 155679]); Forester et al. (1999 [DIRS 109425]);
and Tanko and Glancy (2001 [DIRS 159895]) are incorporated. Flood characterization
information in the vicinity of the North Portal is provided in BSC (2002 [DIRS 157928]).
Because stream-gauge and related data are typically recorded in English units, such terms will be
used for those kinds of measurements, as well as for some other measurements and recorded data
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as appropriate. However, distances and certain other units will be stated in metric terms for
consistency with other sections.

3.4.2  Erosion and Deposition in the Present Climate

The dry, semiarid climate in the northern Mojave Desert, characterized by low annual
precipitation (mean of 125 mm/yr (5 in.) at 5,000 ft (1,524 m) elevation; see Section 6) and
infrequent rainstorms, is responsible for the kinds and rates of modern surficial processes at
Yucca Mountain. Runoff at Yucca Mountain and streamflow in Fortymile Wash are, therefore,
infrequent and almost always follow intense, local thunderstorms. Such storms commonly
produce flash floods, currently the major flood hazard at and near Yucca Mountain (Glancy 1994
[DIRS 101227]), during which the flow of water and rock debris typically causes hillslope
erosion and the deposition of coarse debris on alluvial fans and in stream channels. Erosion and
deposition of sediment within and along the channel systems also affect the hydraulic
characteristics of future flood flows by changing the geometry of stream channels. Design
storms (local precipitation events producing probable maximum flood-peak discharges in a small
drainage basin; see Bullard 1986 [DIRS 100107], p. 8), probable maximum floods, and maps of
flood-prone areas at Yucca Mountain are described in the YMSD (REV 01) (CRWMS
M&O 2000 [DIRS 151945], Section 7.3).

Runoff in Fortymile Wash infiltrates the stream channel at high rates downstream past Yucca
Mountain to distal reaches of its alluvial fan (Osterkamp et al. 1994 [DIRS 100602], pp. 503
and 504). As a result of progressive downstream channel losses and flow attenuation, channel
capacity decreases along the approximately 24 km (15 mi) stretch that extends south and
southwest from the northern, upstream reaches to U.S. Highway 95 at the northeast edge of
Amargosa Valley (Figure 2-2). Along this section of Fortymile Wash, large-scale sediment
deposition transforms the entrenched channel into a broadly braided alluvial fan. Farther
downstream to the southwest, the weakly defined distributory channels continue for another
22 km (13.6 mi) or more to a diffuse junction with the wide and braided Amargosa River
(Figure 2-2). Data regarding the general runoff characteristics of Fortymile Wash and the
contributions of that tributary and the upper Amargosa River Basin to flows that reached the
river-basin terminus in Death Valley during the latter part of the twentieth century (Glancy and
Beck 1998 [DIRS 155679]) are summarized in Section 3.4.3.

In the present climate, eolian processes of sand movement and dust deposition are active around
Yucca Mountain. Modern dust deposition of silt and clay in southern Nevada and nearby
California ranges from 4.3 to 15.7 g/mz/yr (Reheis and Kihl 1995 [DIRS 106653], Table 7).
Annual dust flux increases with mean annual temperature, but appears to more closely reflect
changes in annual precipitation (relative drought conditions) rather than temperature. Playa and
alluvial sources produce about the same amount of dust per unit area. However, the total volume
of dust produced is much larger from alluvial sources. The mineralogic and major oxide
composition of dust samples indicates that sand and some silt is locally derived and deposited,
whereas clay and some silt can be derived from distant sources. Modern and Holocene dust has
been accumulating below desert pavements and on hillslopes in the region.

Sand movement is active in the Amargosa Valley, just south of Yucca Mountain, where a large
star dune, called Big Dune, has accumulated sand over 80 m (260 ft) high (Swadley and
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Carr 1987 [DIRS 101300]). Flood sands from Fortymile Wash, and from Windy Wash, which
drains Crater Flat, are two of the main sources of sand for Big Dune.

3.4.3 Flooding History and Potential
3431 Introduction

The current major flood hazard at and near Yucca Mountain probably is flash flooding
(Glancy 1994 [DIRS 101227], p. 1). Flash floods are the result of intense rainfall and runoff
from localized convective storms or from high-intensity precipitation cells within regional storm
systems. Flash floods and associated debris movement commonly result in degradation of
mountainous terrain, development of alluvial fans, and evolution of drainage channel
morphology. Flood flows range in character from water-dominated (Newtonian) fluids, which
have widely varying concentrations of entrained sediments, to sediment-dominated debris flows
(non-Newtonian or Bingham fluids), which contain interstitial water. A debris flow is the mass
movement of loose, granular rock material mixed with water and air; its hydraulic characteristics
are intermediary between those of landslides and water floods, and thus it has flow
characteristics different from either of these processes.

Flood hazards are caused by the flow of water and rock debris. Flowing water is destructive
because of its capacity to erode and inundate, and because of its momentum. The associated
process of debris transport can cause wide-scale damage during erosion, movement, and
deposition. In the semiarid southwest, the damage potential of debris transport commonly is
greater than that of the water carrying the debris. Therefore, effective flood hazard mitigation at
Yucca Mountain depends on understanding flowing water and debris, particularly knowledge of
debris transport.

Transported debris generally causes damage by erosion of the stream channel along the flow
path, impact with obstacles, abrasion of material swept into the flow, and burial of objects and
groundwater surfaces. Resulting landscape modifications commonly are vivid. Erosion and
deposition of sediment within (and along) the channel system also affect the hydraulic
characteristics of future flood flows by changing the geometry of stream channels.

The following sections summarize studies on the history of drainage system patterns, ancient and
historical surface water flow conditions, and historical flood occurrences and flood discharges in
the Yucca Mountain region. Data derived from these studies advance the understanding of past
climatic, geomorphic, and streamflow conditions and, in some cases, the understanding of future
climatic and surface hydrologic conditions within the region.

3.4.3.2  Flooding History

Non-aboriginal settlement of southern Nevada dates back about 150 years; written records of
floods are scarce. However, floods leave evidence of high stage levels in the form of sediments
deposited in valleys, and even as high water marks that, in some circumstances, can be dated by
"*C techniques. Actual stream gauging records in the Yucca Mountain region date only from the
early 1960s (Table 7-3).
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Glancy (1994 [DIRS 101227], p.29) discussed the geologic evidence found for prehistoric
flooding in Coyote Wash on Yucca Mountain. Trenches excavated across and along the
modern-day channel exhibited sediments indicative of multiple flood events, including
debris-flow deposits. Glancy (1994 [DIRS 101227], p. 30) concluded that moderately indurated
sediments overlying the bedrock and underlying the stream terraces adjacent to the channel were
probably deposited during the late Pleistocene or early Holocene (mostly more than 10 thousand
years ago), and that nonindurated sediments overlying the older sediments were probably of
Holocene age (less than 10 thousand years ago). Using surficial boulders near the trenches,
Glancy (1994 [DIRS 101227], p. 38) estimated the magnitude of the flood that deposited them
during the Holocene. Assuming the flood was water dominated (Newtonian fluid) and all the
boulders were emplaced by the same flood, a peak discharge of 68 m’/s (2,400 ft'/s) was
estimated to have occurred in the North Fork of Coyote Wash. The combined flows of the north
and south forks could result in a peak flow as large as 142 m’/s (5,000 ft'/s).

Ely (1997 [DIRS 108873], p. 177) synthesized flood records from 19 rivers in Arizona and
southern Utah, including more than 150 radiocarbon dates and evidence of more than 250 flood
deposits. Ely (1997 [DIRS 108873], p. 175) concluded that the largest floods over the past
5,000 years cluster into distinct time periods related to regional and global climatic fluctuations.
High-magnitude floods were frequent during the periods from 5,000 to 3,600 years ago
*c dating), from 1,100 to 900 years ago, and from 500 years ago onward. In contrast, the
periods from 3,600 to 2,200 years before present, and from 800 to 600 years before the present
were characterized by less frequent large floods. A strong connection was found (Ely 1997
[DIRS 108873], p. 175) between wet El Niio conditions and large floods associated with winter
storms and tropical cyclones.

A flood that occurred on February 24, 1969, is believed to have been, overall, the most severe
flood in the Amargosa River Basin during recent times. The peak flow on that date in Fortymile
Wash, at a point just downstream from the Yucca Mountain road crossing (located 3.4 km
(2.1 mi) north and 1.3 km (0.8 mi) east of the southeast corner of the site area), was estimated by
Squires and Young (1984 [DIRS 102783], p. 12) at about 20,000 ft*/s (566 m’/s) on the basis of
channel geometry and residual evidence discovered during a flood prediction study. This
estimate was independently supported by the recollection of a Nevada Test Site security guard,
who witnessed the flood from the high south-terrace about 5.5 km (3.4 mi) downstream from the
road crossing and described the flow as wall-to-wall water, about 4 ft (1.2 m) deep, across the
800 to 900 ft (240 to 275 m) wide flood plain at the bottom of the incised channel. At an average
depth of 4 ft (1.2 m), the cross-sectional flow area would be on the order of 3,200 to 3,600 ft*
(297 to 334 m%). Assuming a peak flow of 20,000 ft'/s (566 m’/s), the resultant average velocity
would have been about 5.5 to 6.25 ft/s, (1.7 to 1.9 m/s), depending on cross-sectional area. For
comparison, average runoff velocities recorded at a gauging station located near
Borehole UE-25 J-13 (Figure 3-7), 0.8 km (0.5 mi) south of the Yucca Mountain road crossing,
during March 1995 (peak flow of 3,000 ft'/s (85 m’/s); see Table 7-3) and February 1998 (peak
flow of 200 ft*/s [5.7 m’/s]) were 7 to 8 ft/s (2.1 to 2.4 m/s) and 3 ft/s (0.9 m/s), respectively
(Tanko and Glancy 2001 [DIRS 159895]).

Effects of the 1969 flood were noted by Hunt (1975 [DIRS 159900], p. 15) in his description of
“Death Valley’s Most Recent Lake.” He estimated that 80 mi’ (51,200 acres) (207 km?) of the
Badwater Basin salt pan in Death Valley were flooded to depths of as much as 3 ft (0.9 m), and
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thereby calculated a resultant lake volume of about 50,000 acre-ft (62 million m®). He further
estimated peak discharge of the Amargosa River near its terminus, near the south end of the salt
pan, at about 750 ft*/s (21 m’/s) (Hunt 1975 [DIRS 1599001, Figure 12, p. 23).

Fortymile Wash flowed on March 3, 1983, as a result of a regional rainstorm that may have
melted some snowpack at the higher basin altitudes (Pabst et al. 1993 [DIRS 100170] pp 22-23).
Flow peaked at 570 ft*/s (16 m’/s), as recorded by the gauging station near Borehole UE-25 J-13
(Figure 3-7), and at about 400 ft’/s (11 m’/s) downstream at a gauging station near
U.S. Highway 95. Fortymile Wash flowed three times in the summer of 1984 in response to
convective rainstorms during a prolonged and unusually intensive monsoon storm season.
Magnitudes of the three flows (July 21-22, July 22, and August 19, 1984) were recorded as
follows: (1) at the station near Borehole UE-25 J-13 approximately 1,860, approximately 150,
and approximately 850 ft*/s, (53, approximately 4, and approximately 24 m’/s) respectively; and
(2) at the station near U.S.Highway 95 approximately 1,430, approximately 100, and
approximately 380 ft'/s (approximately 40, approximately 3, and approximately 11 m’/s),
respectively (Pabst et al. 1993 [DIRS 100170], pp. 11, 22, and 23).

Fortymile Wash did not flow again within the site area for almost 11 years following the 1984
summer storms (Glancy and Beck 1998 [DIRS 155679], p. 60). It next flowed for 10 to 12 hours
on March 11, 1995, in upper-basin reaches as the result of a regional rainstorm, and was
probably amplified by rainfall-induced snowmelt from highlands north of Yucca Mountain
(Beck and Glancy 1995 [DIRS 104463]). Stretches of the Amargosa River also flowed for 10 to
12 hours on the same day. This runoff event is important because it is the first documented
storm wherein Fortymile Wash and the Amargosa River flowed simultaneously throughout their
mainstream-channel reaches to Death Valley. The peak flow of 3,000 ft'/s (85 m’/s) that was
recorded at the gauging station near Borehole UE-25 J-13, decreased to 1,200 ft*/s (34 m’/s) near
Amargosa Valley (Tanko and Glancy 2001 [DIRS 159895], Table 2). A similarly triggered
runoff, but of lower magnitude and intensity, occurred on February 22 and 23, 1998 (Tanko and
Glancy 2001 [DIRS 159895] Table 2). Again, Fortymile Wash, with a peak flow of 200 ft’/s
(6 m’/s), and the Amargosa River flowed simultaneously throughout their main stem-channel
reaches to Death Valley.

Streamflow data collected in February 1998 verify that moderate runoff from the Yucca
Mountain area can flow to Death Valley (Glancy and Beck 1998 [DIRS 155679], pp. 60 and 61).
The recorded data indicate that, although throughflows are relatively infrequent, they are not
rare.  Fortymile Wash flowed six times during 15 years from March 1983 through
February 1998, and at least eight times during the 29 years from 1969 to 1998 (Tanko and
Glancy 2001 [DIRS 159895], Table 2; and Glancy and Beck 1998 [DIRS 155679], p. 61).
Streamflow data for Fortymile Wash and Amargosa River collected during runoffs of 1995
and 1998 indicate that most, and possibly all, of the six, pre-1995 flows probably continued
downstream to Death Valley (Glancy and Beck 1998 [DIRS 155679], p. 61).

3.4.3.3 Flood Potential

Because of heavy damage and loss of life from flash flooding, much attention has been directed
to assessing flood potential in southern Nevada. Several principal investigations were conducted
that are applicable to the Yucca Mountain region.
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Crippen and Bue (1977 [DIRS 108874], p. 1, Figures 1 to 19) analyzed floods at 883 sites
throughout the United States with drainage areas of less than 10,000 mi.” (25,900 km?), and
developed regional envelope curves relating drainage area to peak discharge. These curves make
it possible to estimate peak discharge of a basin from its area, which generally is known. The
curve for Region 16, which includes most of Nevada (Crippen and Bue 1977 [DIRS 108874],
Figure 18) was modified by Crippen (1982 [DIRS 108887], Figure 2). None of the local floods
recorded approach the magnitude of the regional maximum discharges estimated by the Crippen
and Bue (1977 [DIRS 108874]) or Crippen (1982 [DIRS 108887]) data.

Moosburner (1978 [DIRS 108876], p. 1) summarized peak discharges, gauge heights, and flood
dates at continuous record stream gauges, and peak flow measurements at other stream sites
throughout Nevada through the water year 1977. Moosburner (1978 [DIRS 108876], Figure 2)
presented a graph relating peak discharge per unit area to drainage area for selected stations.

Several investigations have been carried out to determine the flooding potential of specific areas
in the vicinity of Yucca Mountain. These include investigations of Topopah Wash in eastern
Jackass Flats (east of Yucca Mountain, Figure 7-5b), Fortymile Wash and southwestern
tributaries (east of Yucca Mountain), and Drill Hole Wash (on the eastern flank of Yucca
Mountain).

Christensen and Spahr (1980 [DIRS 108879], p. 21) used records of 71 gauged basins in Nevada
to estimate 100-year, 500-year, and maximum potential floods in the Topopah Wash area.
Typical cross sections of peak stages and a map showing estimated areas of inundation for
various recurrence frequencies were presented by Christensen and Spahr (1980 [DIRS 108879],
Figure 7 and Plate 1).

Squires and Young (1984 [DIRS 102783], pp. 15 and 31) used records of 12 gauging stations
adjacent to the Nevada Test Site to estimate 100-year and 500-year flood magnitudes of
Fortymile Wash and its principal southwestern tributaries, Busted Butte (now Dune), Drill Hole,
and Yucca washes. The Region 16 envelope curve of Crippen and Bue (1977 [DIRS 108874],
p. 15) was used by Squires and Young to estimate the regional maximum floods. Squires and
Young (1984 [DIRS 102783]) presented typical cross sections of peak stages (Figures 14 to 17)
and a map (Plate 1) showing estimated areas of inundation for various recurrence frequencies.

Bullard (1986 [DIRS 100107], p. 2, Plates 2 and 3, and Table 10) developed probable maximum
flood hydrographs for 15 sites within 11 small drainage basins on Yucca Mountain when vertical
shafts were being planned to access the repository rock strata. Four additional probable
maximum flood hydrographs were also developed for sites just downstream of the confluence of
two upstream drainage basins by adding the results of the upstream probable maximum flood
hydrographs (Bullard 1986 [DIRS 100107], pp.2 and 8). Both local and general maximum
precipitation events were used to compute probable maximum floods (PMFs) for the 11 small
drainage basins, which ranged in area from 0.01 to 4.31 mi.? (0.03 to 11.2 km?) (Bullard 1986
[DIRS 100107], p. 2 and Table 10).

Bullard’s local probable maximum flood peak discharges (‘“Thunderstorm PMF”’) ranged from

245 to 43,300 ft’/s (7 to 1,230 m’/s), and volumes ranged from 7 to 3,096 acre-ft (8,600 to
3,819,000 m®). The general probable maximum flood peak discharges (“General Storm PMF”)
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ranged from 16.8 to 6,419 ft’/s (0.48 to 182 m’/s), and volumes ranged from 4 to 2,169 acre-ft
(4,900 to 2,674,000 m’) (Bullard 1986 [DIRS 100107], Table 10). As local probable maximum
floods always have larger peaks and volumes than general probable maximum floods, the former
is preferable to the latter for design purposes (Bullard 1986 [DIRS 100107], p. 8). The probable
maximum flood peak discharges of Bullard (1986 [DIRS 100107]) are larger than a regional
maximum flood envelope curve and local gauge flood data.

Bullard (1992 [DIRS 108883], Table 1 and Figure 2) developed probable maximum flood
hydrographs for an additional seven sites at Yucca Mountain when tunnels instead of shafts were
being planned to access the repository rock strata. Only local precipitation events were used to
compute probable maximum floods for the small drainage basins of interest, because Bullard’s
(1986 [DIRS 100107], p. 8) study showed this to be the preferred design storm. The probable
maximum flood peak discharges ranged from 360 to 33,500 ft*/s (10.2 to 949 m?/s), and volumes
ranged from 14 to 2,800 acre-ft (17,300 to 3,450, m’) (Bullard 1992 [DIRS 108883], Figures 17
and 22). As can be seen in Figure 7.3-1 (see also Bullard 1992 [DIRS 108883], Figure 24), the
probable maximum flood peak discharge (as computed by Bullard) is significantly higher than
the regional maximum flood as estimated by the USGS envelope curve, especially for the
smallest drainage areas.

Blanton (1992 [DIRS 100530], p. 2 and 3) computed new probable maximum floods for the
Bullard (1992 [DIRS 108883]) sites using a bulking factor of two (proposed by the U.S. Bureau
of Reclamation) to account for increased flow depths caused by the presence of entrained air,
debris, and sediment load relative to clear water flow. Blanton (1992 [DIRS 100530], p. 3)
applied this bulking factor to adjust the Bullard (1992 [DIRS 108883]) clear water probable
maximum flood hydrographs. Blanton then routed the adjusted hydrographs through measured
cross sections and plotted maximum flood inundation areas (Blanton 1992 [DIRS 100530], p. 7).

In 1999, additional hydrologic engineering studies were initiated in the area of the North Portal
Pad. These studies reviewed the previous work of Blanton (1992 [DIRS 100530]) and Bullard
(1986 [DIRS 100107]; 1992 [DIRS 108883]) in light of existing and planned surface
modifications. The proposed modifications included a centralized interim storage facility and
rail access via a railroad/highway bridge (trestle). When these studies are completed, the results
will be reported in future Yucca Mountain Project documents.

Stream gauging data used in USGS national and regional reports (Crippen and Bue 1977
[DIRS 108874]; Moosburner 1978 [DIRS 108876]; Thomas et al. 1994 [DIRS 108885]) were
collected under standard methodologies described in Section 7.1.4. The regional paleoflood data
analyzed and interpreted by Ely (1997 [DIRS 108873]) were derived from many other
investigations listed in Ely (1997 [DIRS 108873], Table 1).

The studies of flood potential of specific areas in the Yucca Mountain region used two principal
data sources; USGS stream gauging records and National Weather Service Hydrometeorological
Report 49, Probable Maximum Precipitation Estimates, Colorado River and Great Basin
Drainages (Hansen et al. 1977 [DIRS 108888]).
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3.4.4 Variability in Quaternary Processes

The kinds and rates of geomorphic processes on Yucca Mountain have varied considerably
during the Quaternary in response to the many cycles of climate change that took place. At
present, semiarid conditions prevail in the southern Great Basin. During much of Quaternary
time, however, cooler and wetter conditions existed (Forester et al. 1999 [DIRS 109425]); thus
most of the surficial deposits mapped on and around Yucca Mountain are the products of
climatic conditions that were different from the present. Under the present climate, the
landscape is dominated by warm temperatures and eolian processes, with infrequent storms
producing localized runoff, whereas during cooler and wetter climates, there were changes in the
type and density of vegetation, increases in runoff and streamflow, and the potential for longer
periods of freezing. Because rates of erosion vary under different climates, a model of landscape
response is described below to anticipate how geomorphic processes may change at Yucca
Mountain in the future.

3.4.5 Model of Landscape Response to Quaternary Climate Change

The model of landscape response proposed for the Yucca Mountain region is an area-specific
modification that builds upon the general semiarid landscape model of Bull (1991
[DIRS 102040], Chapters 3, 4). The landscape model is primarily driven by climate change and
emphasizes different depositional and erosional processes that were active, especially on
hillslopes, during different phases of the Quaternary climatic cycle. Several factors help to
determine the texture and volume of sediments derived during a specific climatic phase,
including: (1) amplitude and duration of climate change in terms of differences in both
temperature and precipitation; (2)the type and distribution of both summer and winter
precipitation; and (3) the sensitivity of the bedrock (Bull 1991 [DIRS 102040], p. 159, Table 3.5)
to effects of these climatic changes. Rock types that have a high climatic sensitivity
(e.g., coarse-grained granites) respond to wetter climate by weathering rapidly, a process that
produces large quantities of relatively fine-grained material resulting in high volumes of hillslope
sediment that is delivered to adjacent lowlands. Conversely, rock types that are more resistant to
climate change (e.g., welded tuffs) respond slowly to wetter climate and may show little
response to either a short-term or small-amplitude (or both) climate change. During long, wetter
phases, such rock types, which dominate the bedrock at Yucca Mountain, may produce only
small quantities of fairly coarse-grained sediments that result in thin, coarser-grained alluvial
basin deposits.

In the landscape response model for the Yucca Mountain region, major geomorphic work
(i.e., erosion and deposition) occurs primarily during climatic transitions, with times of more
stable climate being times of relative landscape stability. The greater the magnitude in
temperature and precipitation fluctuations during these transitions, the greater the landscape
response. Thus, the times of climate transition are the times during which more rapid
modification of the landscape occurs.
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The landscape-response model to climate change in the Yucca Mountain region ideally has four
phases, with the following primary characteristics:

1.

Pluvial (full glacial) conditions are generally characterized by much wetter and colder
conditions than now exist. Bedrock weathering occurs by both block extraction,
caused by freeze-and-thaw processes (Whitney and Harrington 1993 [DIRS 107303],
p. 1016), and by other physical weathering that results in reduction of initial block
size. Chemical weathering processes are relatively ineffective and may produce only
minor granular disintegration and small amounts of fine-grained material. The
quantity of large blocks and smaller clasts that are produced depends upon the duration
of the colder and wetter conditions. The dominant hillslope process that moves
material downslope is rock-and-soil creep. Deposition of bouldery colluvium,
produced during cold pluvial conditions, protects parts of the lower hillslope from
subsequent debris-flow stripping (Whitney and Harrington 1993 [DIRS 107303],
p. 1016). Colluvial aprons that cover the lower hillslope form during these climatic
episodes and, if conditions persist long enough, grow headward up the hillslope until
they reach the hillslope summit. Hillslope surface stability is enhanced by vegetation,
which results in low-sediment yield into stream-valley drainage. Streams may incise
through alluvium and form stream terraces. Wetter periods are times of accelerated
soil formation as eolian-deposited carbonate is moved by water from near the surface
to deeper within the soil, resulting in formation of carbonate horizons. During these
wetter periods, fine-grained materials also accumulate in soil horizons. Pluvial
conditions result in the chemical weathering of material in this soil zone to produce a
fine-grained (silt-and-clay rich) reddish horizon.

The pluvial to interpluvial (interglacial) climatic transition is characterized by
progressively warmer and typically drier conditions that result in lower vegetation
density, especially on hillslopes, which become progressively destabilized. Sediment
yield from the hillslopes increases primarily through debris-flow transport of
previously weathered material to the basin floor. Physical erosion of bedrock on the
hillslope is not an efficient process, as evidenced by a lack of incised bedrock channels
on the hillslope. Instead, broad, shallow channels are only minimally cut into the
hillslope bedrock. A change in precipitation regimes occurs from relatively equally
distributed seasonal precipitation of the pluvial conditions to drier summers with
infrequent thunderstorms.  Debris-flow stripping of hillslopes occurs during
infrequent, high-intensity, short-duration thunderstorms, resulting in alluvial fan
building and valley aggradation. Eolian activity may increase.

Interpluvial (interglacial) conditions are characterized by much warmer and generally
drier conditions. Low-intensity and infrequent high-intensity precipitation and runoff
result in low-vegetation density, with little to no grassland. Infrequent hillslope
stripping results in local aggradation and fan building. Main valleys aggrade slowly or
remain essentially stable, whereas smaller washes aggrade more quickly. Deposition
of eolian silt dominates surfaces and enhances carbonate buildup in near-surface soils,
forming Av (vesicular) soil horizons beneath desert pavements. Eolian fine-grained
material is also deposited on hillslopes within the matrices of boulder deposits
(Whitney and Harrington 1993 [DIRS 107303], p. 1015). Sporadic, large-sediment
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yield from hillslopes continues until most colluvium has been removed; then hillslopes
begin to stabilize as a result of a lack of sediment that can be moved toward the basins.

4. The interpluvial to pluvial transition is characterized by progressively greater and
more seasonally equal precipitation and cooler temperatures. Increasing precipitation
results in increased vegetation density, greater hillslope stability, and lower hillslope
sediment yields. Hillslope deposition begins as increased vegetation density retards
removal of hillslope colluvium and enhances trapping of eolian material on the
hillslopes. As more sediment is trapped on hillslope and runoff increases from greater
precipitation, trunk streams change from aggradation to incision in valley segments
above stable base levels.

3.4.6 Quaternary Erosion Rates at Yucca Mountain

Erosion rates were examined on hillslopes and bedrock outcrops on ridge crests in the Yucca
Mountain site area. Initially, the surface exposure age of hillslope boulder deposits was
calculated using the rock-varnish, cation-ratio dating method (Harrington and Whitney 1987
[DIRS 106095], pp. 967 to 970). Subsequently, cosmogenic beryllium-10 was also used to
determine vertical erosion rates on bedrock outcrops on ridge crests of Yucca Mountain.
Comparison of various dating methods had shown that the beryllium-10 method is the most
reliable.

3.4.6.1  Erosion Rates on Bedrock Ridges at Yucca Mountain

On the ridge crests of Yucca Mountain, exposed bedrock outcrops are eroded by exfoliation
(detachment of thin-rock sheets) and grusification (the grain-by-grain weathering of rock). The
cosmogenic beryllium-10 method was chosen over other dating methods because of its
usefulness in directly determining, for a sampled outcrop, the maximum possible rate of bedrock
erosion (Faure 1986 [DIRS 105559], pp. 419 and 420), assuming that erosion proceeded at a
gradual and constant rate over the exposure duration. The vertical bedrock erosion rate is
calculated from the measurement of a single nuclide (beryllium-10) in multiple surface samples.
The concentration of a cosmogenic nuclide is controlled by the production rate of that isotope
and by the erosion of the surface. If the exposure time is considered infinite, the maximum
erosion rate, based on a measurement of that concentration, can be calculated.

Analyses of beryllium-10 concentrations in quartz separates from tuffaceous bedrock exposed on
Antler Ridge and the adjacent ridge to the south (Figure 3-2), on the east flank of Yucca
Mountain, indicate a maximum possible erosion rate of bedrock to range from 0.04 to
0.27 cm/k.y. (0.016 to 0.106 in./k.y.) (CRWMS M&O 1998 [DIRS 103514], p. 3.4-40,
Table 3.4-6). This low rate, which integrates all erosion that has taken place along these ridge
crests during all, or at least a large part of, the Quaternary indicates a remarkable erosion stability
for the Yucca Mountain landscape. Such a rate was confirmed by a study involving a 1-Ma
basalt flow in Crater Flat about 4.5 km (2.8 mi) west of the site area (see Section 2.3.5.1), also
based on cosmogenic beryllium-10 dating of exposed surfaces, shows a maximum erosion rate of
the lava to be 0.02 cr/k.y. (0.008 in./k.y.) (20 cm [0.66 ft] since the flow cooled; see CRWMS
M&O 2000 [DIRS 151945], Section 7.4.2.3).
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3.4.6.2  Hillslope Erosion Rates from Dated Colluvial Boulder Deposits

Surface exposure ages of relict boulder deposits on Yucca Mountain and nearby hillslopes were
dated to calculate the long-term rate of removal of unconsolidated material on the middle and
lower hillslopes of Yucca Mountain. In addition, the depth of erosion in a 50 m (164 ft) zone on
either side of the deposit, including channel incision, was measured (YMP 1993 [DIRS 100520],
Table 5). The paleotopographic hillslope surface was assumed to be represented by the top of
the boulder deposit on the hillslope. Because of the present low relief across the middle hillslope
(2 m [6.6 ft] maximum), and inasmuch as stripping of hillslopes by debris flows is the dominant
process presently moving material down these hillslopes, the modern relief on these hillslopes is
probably a maximum for much of the late Quaternary.

Boulder deposits, with boulders 0.3 to 2 m (1 to 6.6 ft) in diameter, range from wide continuous
mantles to isolated narrow bands that typically are bounded by gullies. Eleven such deposits
were sampled (Whitney and Harrington 1993 [DIRS 107303], p. 1013) for cation-ratio dating
(Table 3-3): six on the flanks of Yucca Mountain, three on the southwest hillslope of Skull
Mountain (20 km [12.4 mi] to the east; Figure 2-2), one on the northeast slope of Little Skull
Mountain (10 km [6.2 mi] to the southeast; Figure 2-2), and one on the east slope of Buckboard
Mesa (25 km [15.5 mi] north-northeast of Yucca Wash). The erosion rate was calculated based
on the amount of erosion that had occurred on the hillslope since the boulder deposit formed,
divided by the surface-exposure age of the deposit. Both the rock varnish cation ratio and the in
situ cosmogenic nuclide dating methods (Harrington and Whitney 1987 [DIRS 106095],
Figure 1, p. 968; Whitney and Harrington 1993 [DIRS 107303], pp. 1013 and 1014; Gosse
etal. 1996 [DIRS 105757], pp. 135 to 142) were applied. (See Section 7.4.2.2 of the YMSD
(REV 01), CRWMS M&O 2000 [DIRS 151945], for a detailed discussion on rock varnish and
cosmogenic dating of these deposits). The estimated varnish cation ratio ages of the analyzed
samples range from 140 ka to 1,510 ka as shown in Table 3-3. Of the various dating methods
used the beryllium-10 method is the most reliable. Ages of several of the sampled deposits by
cosmogenic dating are given in Table 3-4. The long-term erosion rates from stripping of
unconsolidated material from Yucca Mountain hillslopes were calculated to be less than
0.6 cm/k.y. (0.2 in./k.y.) (average of about 0.2 cmm/k.y. [0.08 in./k.y.], based on a range of 0.02 to
0.6 c/k.y. [0.008 to 0.24 in./k.y.]; YMP 1993 [DIRS 100520], Table 5).

3.4.6.3  Hillslope Erosion during the Latest Pleistocene-Holocene Interval

The climatic cycles recorded within the valley alluvium in Fortymile Wash and Midway Valley
indicate a general landscape stability, punctuated by short pulses of either hillslope stripping or
valley incision. The presence of relict boulder deposits that cover parts of most hillsides is
evidence that hillslope stripping was incomplete, even through several climate cycles. The time
interval during which surficial unit Qa5 (latest Pleistocene-Holocene, 18 to 2 ka; see Figure 3-18
and Section 3.3.7.2.6) was deposited in Midway Valley and Fortymile Wash can be used to
estimate the amount of erosion taking place on Yucca Mountain hillslopes within the 18- to 2-ka
period. This period covers the last pluvial to interpluvial transition, which was a time of climatic
change to semiarid conditions that favored erosional stripping of hillslope sediment. Based
on: (1) an average thickness of 1 m (3.3 ft) for unit Qa5 (Swan et al. 2001 [DIRS 158784],
p. 17) covering a depositional area of approximately 5.2 km* (2 mi*) in Midway Valley, and (2) a
source area of exposed hillslopes contributing eroded material totaling about 19.5 km? (7.5 mi?),
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the estimated mean depth of unconsolidated material removed from hillslopes along the east side
of Yucca Mountain to form the volume of sediments represented by unit Qa5 is 27 cm (0.9 ft).
Assuming that this mean depth of erosion took place during the 16-k.y. period of Qa5 deposition,
an erosional rate of 1.7 cm/k.y. (0.7 in./k.y.) is indicated, although it should be noted that this
rate does not incorporate either the addition of eolian sediments to the hillslopes or the amount of
detritus that moved through Midway Valley and into Fortymile Wash. If unit Qa5, on the other
hand, was considered in terms of bedrock erosion (the density of the tuffaceous rocks is about
one-third greater than the unconsolidated sediments), the amount of bedrock eroded was 18 cm
(7 in.), which computes to a rate of 1.1 cm/k.y. (0.43 in./k.y.).

In the 10 k.y. prior to Qa5 deposition, the climate was wetter, hillslopes were more densely
vegetated, and little material was being removed from the surrounding hillslopes. The erosion
rate for the complete climatic cycle, from 28 to 2 ka for the Yucca Mountain hillslopes, was,
therefore, 1.04 c/k.y. (0.41 in./k.y.) for unconsolidated material and 0.7 cm/k.y. (0.27 in./k.y.)
for hillslope bedrock.

3.4.6.4  Hillslope Erosion near Yucca Mountain during a 1984 EI Nifio Storm

During a two-day storm in July 1984, several debris flows were triggered on Jake Ridge, located
in the northeast corner of the Yucca Mountain site area (Figure 3-2). Rainfall intensities ranged
up to 73 mm/hr (2.9 in./hr) during this unusual El Nifio storm that stalled over the south slope of
Jake Ridge. Using digital elevation models from aerial photographs taken before and after the
storm, a debris volume of 7,040 m’> (249,000 ft’) was redistributed during the two-day storm
(Coe et al. 1997 [DIRS 104691]). The maximum and mean depths of erosion in the study area
were about 1.8 m and 5 cm (6 and 1.6 ft), respectively. The mean depth of deposition on the
lower hillslope was 16 cm (0.52 ft). It is difficult to assess the recurrence of such an extreme
erosional event. However, Coe etal. (1997 [DIRS 104691]) suggested that the recurrence
interval is significantly longer than 500 years.

3.4.65 Erosion on Volcanic Landforms in Crater Flat

Surface exposure dating and radiometric ages of basaltic flows and cones show that erosion of
topographic highs in the vicinity of Yucca Mountain has proceeded very slowly. Erosional
modification of flows was evaluated at the Black Cone center where the flows erupted
approximately 1 Ma. Rock samples for cosmogenic '°Be analysis were collected from an
outcrop of degraded pressure ridge where a K-Ar age of 1.0 + 0.1 m.y. was obtained (CRWMS
M&O 1998 [DIRS 123196], Table 2.B, p.2-13). Cosmogenic '°Be surface exposure ages,
adjusted for existing shielding conditions and assuming no recent erosion of the rock surface
because of the presence of thick continuous coatings of rock varnish, are 1,000, 750, 550, and
440 k.y. The minimum exposure age of the lava is taken to be the approximately 1,000-k.y. date
because all geologic factors affecting the exposure history of the flow surfaces (erosion, burial,
uncompensated shielding) will result in exposure ages that are younger than the true age. The
measured '’Be in these samples could have originated only from cosmic ray bombardment of the
lava surface after the flow cooled. This exposure age is similar to and consistent with a
K-Arage of 1.0+ 0.1 m.y. (CRWMS M&O 1998 [DIRS 123196], Table 2.B, p. 2-13) for the
time of flow deposition, and overlaps each of three other K-Ar ages reported by CRWMS M&O
(1998 [DIRS 123196], Table 2.B, p. 2-13).
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A maximum erosional lowering of the flow surface was calculated for the sample with the
greatest exposure age in order to constrain the amount of erosion that has occurred on this
bedrock outcrop since deposition of the flow. The maximum erosion rate at this site is
0.02 cm/k.y., assuming constant, gradual erosion. Using this erosion rate, the total eroded
material from the flow surface at this site since the time of deposition is approximately 20 cm,
and for the other sites with younger exposure ages is still less than 1 m. This low erosion rate on
the crest of a pressure ridge on the Black Cone flows indicates that erosion of such volcanic
features occurs very slowly in this area and that volcanic rocks are relatively insensitive to the
range of climatic conditions that have existed in the Yucca Mountain area since the
mid-Quaternary.

The low erosional rates for the Crater Flat basalts can be explained by a model that includes
armoring by desert varnish. The evolution of stable surfaces on lava flows starts with minor
erosional degradation of the primary surfaces of the flow soon after deposition. Rock varnish
accumulation then begins on these semi-stable surfaces. The erosional stability of the rock
surfaces would be enhanced by continuing deposition of rock varnish until the rock surface is
completely covered by a fairly thick coating of varnish. Varnish accumulation ultimately results
in the long-term stability of these rock surfaces. This hypothesis is supported by field evidence
from boulder deposit clasts that commonly possess little to no weathering rind on the rocks
beneath the rock varnish coating, indicating that formation of an impermeable rock varnish
coating began soon after boulder deposition.

As noted earlier, both the approximately 1-Ma cinder cones and the younger (approximately
80 ka) cinder cone of Lathrop Wells have retained much of their original morphology. In the
latter case, Wells et al. (1990 [DIRS 107208], p. 551) concluded that the cone slope is virtually
unmodified by erosion, such that the morphology is similar to the 15- to 20-ka cones of the Cima
volcanic field.

3.4.7 Erosional History of Fortymile Wash

Fortymile Wash (Figure 3-2), a principal tributary of the Amargosa River drainage basin lying
within the site area, flows through the 25 km (15.5 mi)-long Fortymile Canyon, then continues
southward for about another 20 km (12.4 mi) along the east side of Yucca Mountain before
entering the eastern part of the Amargosa Desert (Figure 2-2; see Section 3.2.1.3). Between the
mouth of the canyon and the Amargosa Desert, the stream channel is entrenched as much as
25 m (82 ft) in alluvial fill. The depth of incision decreases over a 6 km (3.7 mi) reach, where
the channel becomes the head of a long fan that crosses the Amargosa Desert. Analysis of the
Fortymile Canyon sedimentary provenance and altitude distribution of volcanic rocks
(Lundstrom and Warren 1994 [DIRS 106326], p. 2121) indicates that the canyon was formed
during the late Miocene or Pliocene, sometime before 3 Ma. A relict gravel deposit exposed in
Fortymile Wash contains a different lithology than the Quaternary gravel fills, probably
indicating that the present drainage captured a formerly northward-flowing drainage along the
moat of the Timber Mountain caldera (Figure 2-4), north of the site area, sometime after 9 Ma
and before 3 Ma.
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The summary of the alluvial and incision history of Fortymile Wash that follows is based largely
on detailed descriptions and interpretations presented in Section 7.4.2.5 of the YMSD (REV 01)
(CRWMS M&O 2000 [DIRS 151945]).

The stratigraphy of the surficial deposits, within and flanking Fortymile Wash, records a
complex history of aggradation and channel incision, as shown diagrammatically in two cross
sections: (1) the northern one (Figure 3-19) located at a point between Alice Ridge west of the
wash (Figure 3-2) and the western toe of what is termed the Calico Fan across the wash to the
east at the east edge of the site area; and (2) the southern one (Figure 3-19) located near the
Yucca Mountain road crossing, which is 4 km (2.5 mi) north and 1.3 km (0.8 mi) east of the
southeast corner of the site area (locations shown in Figure 3-7). Evidence for multiple episodes
of downcutting can be seen by comparing the different stratigraphic sequences on the east and
west walls of the two cross sections. At the Yucca Mountain road crossing (Figure 3-19), there
are four coarse, gravelly alluvial units on the west wall, each capped by a soil representative of
pluvial conditions when vegetation was dense and the stream channel was not being aggraded.
The buried soils on the west wall are missing from the east wall, indicating that the alluvial fill
on the east side of the wash wall is older than the 50 to 100 ka soils at the top of the fill, but
younger than the 300 to 500 ka buried soil exposed in the west wall. Farther north, at the Calico
fan site, the 170 ka buried soil on the west side is missing on the east wall (Figure 3-19; note that
these older ages are based on determinations by the U-series dating-method). Exposed in gullies
in the east wall are late-Tertiary gravels and middle-Pleistocene eolian deposits that are overlain
by Qa3 alluvium. These unconformities are evidence of at least two episodes of downcutting
that predate the deposition of that unit. If the 170 ka age on the buried soil in the west wall is
valid, then a major incision and erosion of the older alluvium took place during the climatic time
of oxygen isotope stage (OIS) 6 of the global climate record (derived from marine cores; see
Imbrie etal. 1984 [DIRS 100047]), the wettest climatic episode at the end of the middle
Pleistocene. This is the same time that the largest and last deep (depth greater than 90 m
[295 ft]) lake existed in Death Valley (Forester 1999 [DIRS 130125], p. 69; Lowenstein 1999
[DIRS 130132], p. 142), as noted in Section 3.4.8.

The alluvium of Qa3 (Figure 3-19) that underlies the main Fortymile Wash stream terrace was
subsequently deposited during the interglacial OIS 5e-5a, and it has developed a soil that is
primarily of OIS 4 age.

The most recent incision of Fortymile Wash (Lundstrom et al. 1996 [DIRS 136523], p. A-522)
probably took place during the latter part of the pluvial episode, OIS 4 (Winograd et al. 1988
[DIRS 109186], p. 1277, Figure 4), from about 116 to 60 ka, and the early part of OIS 3 (about
55 to 40 ka). Within 2 m (6.5 ft) of the present channel of Fortymile Wash are remnants of a
strath terrace with a thin alluvial deposit mapped as Qa4 at the Yucca Mountain road crossing
(Figure 3-19). This terrace most likely represents a pause in the downcutting of Fortymile Wash
during the relatively short interglacial climate represented by OIS 3. The last 2 to 4 m (6.5 to
13 ft) of incision probably occurred during the last pluvial climate at Yucca Mountain, 22 to
18 ka. Aggradation has taken place in the channel and on the lower Fortymile Wash fan,
represented by Qa5 deposits, during the Pleistocene-Holocene transition and continuing through
the Holocene to the present. Thus, the history of Fortymile Wash is consistent with the
climatic-geomorphic, process-response model described in Section 3.4.6.
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Based solely on thermoluminescence-dating of silt in sand-dominated horizons in soils capping
the alluvial units in the west wall of Fortymile Wash, and the belief that the oldest dated deposit
is less than 150 ka, Lundstrom etal. (1998 [DIRS 136539], pp. 69 to 74) advanced the
interpretation that 13 m (43 ft) of aggradation occurred in the wash from 140 to 50 ka, followed
by about 20 m (66 ft) of incision between 36 and 24 ka. This interpretation, however, does not
account for the occurrence of buried soils in the west wall that are not present on the east wall
(Figure 3-19). This is an important stratigraphic relation, indicating a much longer period
(perhaps as much as 500 k.y.) of sediment accumulation along the wash.

In summary, a comprehensive interpretation of Fortymile Wash, using all buried soils and the
U-series dates obtained from the central wash, reveals a complex history of four-to-five
cut-and-fill cycles spanning the middle-to-late Quaternary. The incision in the wash occurred
over a limited vertical range in elevation of not more than several tens of meters. Furthermore,
the wash did not cut and fill the same channel each time, but, instead, migrated laterally across
the Fortymile Wash fan. Thus, the channel during the middle and late Quaternary was incised
during pluvial periods. Then, during the transition to interpluvial climates, when hillslopes were
most actively stripped, the wash aggraded and migrated laterally prior to the next cutting cycle.

3.4.8 Regional Climatic Data Supporting Middle and Late Quaternary Incision in
Fortymile Wash

The relative intensity and duration of the various cutting and filling cycles that are represented in
Fortymile Wash need to be considered in a regional context (i.e., with respect especially to Death
Valley) as to which climate cycle had greater water availability and for what time period. Two
periods of extensive lake development, both with ascribed depths of 90 m (295 ft), have been
described in Death Valley: (1) a freshwater lake, ranging in age from 216 to 150 ka as dated by
the U-series method (Lowenstein 1997 [DIRS 109129]; Lowenstein 1999 [DIRS 130132],
p. 142; U.S. Geological Survey [USGS] 2001 [DIRS 158378]); and (2) a saline lake, ranging in
age from 35to 10ka (Lietal. 1997 [DIRS 148201], p. 1368). The presence of a large
freshwater lake, which is considered to be the one that was 90 m (295 ft) deep, for more than
60 k.y. in Death Valley is interpreted to be a strong indication that there was far more available
water on the landscape for a much longer period of time (correlative with OIS 6) than during the
25 k.y. duration of a saline lake (probably of much shallower depth) from 35 to 10 ka (generally
correlative with OIS 2). It is, therefore, reasonable to conclude that more extensive incision
occurred in Fortymile Wash during the 60 k.y. period of OIS 6 than during the 20 k.y. period of
OIS 2.

3.4.9 Potential for Future Erosion and Deposition at Yucca Mountain

Most of the streams that drain eastward down the east slope of Yucca Mountain cross Midway
Valley and flow into Fortymile Wash. Although the true base-level for these tributary valleys is
Fortymile Wash, the effective base-level is the floor of Midway Valley, which is presently
undergoing aggradation because of the existing interpluvial, warm and dry climate. Since at
least the beginning of the Holocene, local storms have activated debris-flow stripping of the
hillslopes around Midway Valley, resulting in a rising base-level as sediments accumulate on the
valley floor. If a period of incision were to ensue as a result of a change in climate to one of
greater effective moisture, the main drainage course in Midway Valley would ultimately start to
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incise its valley floor, then erode headward, thereby initiating a period of downcutting in the
tributary valleys and the removal of channel-fill deposits. If this climatic condition continued for
a long enough period of time, potentially all of the alluvium in these valleys would be moved to
the floor of the valley.

However, exposure of the fill in Coyote Wash, located immediately south of Dead Yucca Ridge
(Figure 3-2), demonstrates that such a complete emptying of the alluvium in the tributary valleys
did not occur during the last glacial cycle (Glancy 1994 [DIRS 101227]). Relict Pleistocene fill
documents the incomplete stripping of the valley alluvium during the last two climatic cycles.
The climate change to a regime favoring sediment removal that began approximately 28 ka did
not last long enough to allow complete sediment removal from these tributary valleys. Since
approximately 15 to 18 ka, when the climate began to become drier, these valleys have been in
an aggradation mode. The incomplete removal of hillslope and valley alluvium in the tributary
valleys during the 10,000 to 13,000 wet years of the last climate cycle indicates that more than
10 k.y. is needed to remove alluvium from these valleys, assuming that the climate for that time
interval was favorable for erosion. Based on the Coyote Wash data regarding erosion in the
valleys along the east slope of Yucca Mountain, it would require substantially more than 10 k.y.
to effectively remove the alluvium and to begin actively eroding the bedrock floors of the
washes. Because evidence shows that aggradation and degradation cycles respond to regional
climatic changes, there is no indication, based on an analysis of future climates in the Yucca
Mountain region by the USGS (2001 [DIRS 158378]), that another period of downcutting of
more than a few meters will occur in Fortymile Wash and its tributaries within the next 10 k.y.

Another important factor to consider, relative to future incision of Fortymile Wash and its
tributaries, is that the effective base-level for Fortymile Wash is the broad expanse of the surface
of Amargosa Valley alluvium. No substantial incision within the present valley of Fortymile
Wash is possible unless a major incision, or deep headcut, occurs far downstream in the present
Amargosa River valley, migrates some 60 miles (100 km) or more upstream through the present
fill of Amargosa Valley, and continues headward through the present alluvial fan of Fortymile
Wash. Headcutting across the Amargosa Valley over the next 10 k.y. seems unlikely, not only
because of the long distance involved, but also because no evidence of earlier Quaternary valley
incision has been found along the Amargosa River.

3.5 SITE STRUCTURAL GEOLOGY
3.5.1 Introduction

The structural geology of Yucca Mountain and vicinity is dominated by a series of north-striking
normal faults along which Tertiary volcanic rocks were tilted eastward and displaced hundreds
of meters, predominantly down-to-the-west primarily during a period of extensional deformation
in middle-to-late Miocene time (Figure 3-20). These through-going faults divided the site area
into several structural blocks, each of which is further deformed by minor faults. The complex
pattern of faulting is shown in detail on two bedrock geologic maps based on extensive field
investigations that were conducted largely in 1996 and 1997 as an integral part of the Yucca
Mountain site characterization program. The two maps are: (1) a 1:24,000 scale map by Day
et al. (1998 [DIRS 100027]) covering the 165 km? (65 mi®) of the site area (Figures 3-1 and 3-2),
and (2) a 1:6,000 scale map by Day et al. (1998 [DIRS 101557]) covering 41 km* (15.7 mi®) of
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the central part of the site area that includes the repository block itself. At these scales, it was
possible to map individually many of the stratigraphic subdivisions (zones, some subzones, and
bedded-tuff units) within various volcanic formations (see Section 3.3.4) and to record faults,
generally with displacements as little as 5 m (16 ft) at the 1:24,000 scale and as little as 1.5 m
(5 ft) at the 1:6,000 scale. The map by Day et al. (1998 [DIRS 100027]) incorporated the work
of Dickerson and Drake (1998 [DIRS 102929], map scale 1:6,000) in the northeastern part of the
site area.

The studies by Day et al. (1998 [DIRS 100027]) and Day et al. (1998 [DIRS 101557]) benefited
substantially from earlier mapping and structural interpretations of areas within and around the
site area by Christiansen and Lipman (1965 [DIRS 100566]), Lipman and McKay (1965
[DIRS 104158]), and Scott and Bonk (1984 [DIRS 104181]). The latter map, at a scale of
1:12,000 and considered to be largely reconnaissance in nature, was particularly useful, in that
numerous zones within the Tiva Canyon and Topopah Spring tuffs (the principal bedrock units at
Yucca Mountain; see Section 3.3) were defined and mapped, resulting in the delineation of
minor faults not previously recognized. Regional map compilations by Frizzell and Shulters
(1990 [DIRS 105454]) and Potter etal. (2002 [DIRS 160060]) place the geology of Yucca
Mountain in a regional context (see also, Section 2).

In addition to the maps mentioned above, Simonds et al. (1995 [DIRS 101929]) compiled a
1:24,000 scale fault-map that incorporated all known information on Quaternary to recent fault
activity in the Yucca Mountain area. This map served as a guide for the trenching and detailed
study of exposed surficial deposit sequences to determine the extent, magnitude, and ages of
Quaternary deformational events. Studies of the structural relations exposed in the trench
excavations are described in a series of published reports (Keefer et al. 2003 [DIRS 159419]).

Detailed maps and descriptions of faults and fracture systems encountered in the ESF and cross
drift have been presented in several reports, including Mongano et al. (1999 [DIRS 149850]) and
those identified by the data tracking numbers (DTNs: GS971108314224.020 [DIRS 105561],
GS971108314224.027  [DIRS 160064], GS970208314224.005  [DIRS 109597],  and
GS971183117462.001 [DIRS 158751]). Discussions in this section (Section 3.5) of specific
geologic structures use summary data from these reports where those structures are exposed in
the ESF and cross drift.

The faults at Yucca Mountain display anastomosing geometries in plan view. Numerous
bifurcations and splays are indicated by the merging and branching of individual fault strands.
These patterns indicate that many of the faults or fault splays are structurally interconnected
along strike. The overall pattern suggests that the faults on the east and west sides of Yucca
Mountain represent two major subparallel interconnected fault systems. How these systems are
kinematically related to one another is not obvious from the mapping or from geophysical data.
However, a number of factors suggest that distributed faulting events (i.e., simultaneous rupture
on more than one individual fault), have occurred on both the east and west sides of Yucca
Mountain. Fault characteristics that support distributed faulting include the following:

¢ Close spacing between faults

¢ Interconnectedness of many faults
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¢ Timing of paleoseismic events (summarized in Pezzopane et al. 1996 [DIRS 106528])

e Patterns of principal and distributed faulting observed from historical earthquake
ruptures in the Great Basin (Pezzopane and Dawson 1996 [DIRS 103265]).

Accounting for the various geologic processes, evidence exists for recurrent middle to late
Quaternary fault displacement activity on the block-bounding Quaternary faults in the Yucca
Mountain site area. At least two, and as many as eight, individual displacement events are
evident. These events are associated with discrete displacements related to either individual or
scenario earthquakes. The events due to fracturing and fissuring with no detectable offset are
nearly as common as displacement events. The fracturing events, if tectonic in origin, record
relatively frequent, small- to moderate-magnitude earthquakes that do not produce measurable
rupture at the surface. Alternatively, they are a record of distributed faulting and fracturing
produced by rarer, larger-magnitude, surface-rupture earthquakes on one of several nearby faults,
or large distant earthquakes.

3.5.2  Description of Geologic Structures

The most conspicuous structural characteristic of the Yucca Mountain site area is its division into
discrete, east-dipping structural blocks, each separated and bounded by north-trending,
down-to-the-west normal faults (Figures 3-20, 3-21). Accordingly, the following discussions
focus on features of these major block-bounding faults and the intervening, internally deformed
structural blocks, which combine to form the area’s basic geologic framework. This approach
departs from that presented in an earlier version of the Yucca Mountain Site Description REV 01
(CRWMS M&O 2000 [DIRS 151945]), in which the site area was divided into 11 structural
domains based largely on a distinction of local structures. The domain boundaries were mostly
drawn to either: (1) include only small parts of an individual structural block, or (2) incorporate
portions of adjacent structural blocks, thereby cutting across block-bounding faults and the
prevailing structural grain of the site area (CRWMS M&O 2000 [DIRS 151945]). As a
consequence, use of the domainal concept as the most appropriate means of distinguishing the
primary structural patterns of Yucca Mountain is not continued. However, the term domain is
applied in a more regional and conventional sense in a later discussion of tectonic models,
following the definition of a Crater Flat structural domain by Fridrich (1999 [DIRS 118942]) that
encompasses all of the structural features in the site area.

Another important difference between the present discussion of site structure and that given in
CRWMS M&O (2000 [DIRS 151945]) is that the latter included the Dune Wash, Midway
Valley, and Busted Butte faults as block-bounding faults, whereas, based on their limited areal
extent or small displacements, or both (see Figures 3-20, 3-21), they are clearly minor features in
comparison and, therefore, are more appropriately treated as intrablock faults. Additional detail
on some faults, both major and minor, is included, based on more recent data from the ESF,
cross drift, and boreholes.

3.5.3 Block-Bounding Faults

Block-bounding faults are spaced 1 to 5 km (0.6 to 3 mi) apart and include, from east to west
within the site area, the Paintbrush Canyon, Bow Ridge, Solitario Canyon, Fatigue Wash, and
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Windy Wash faults (Figure 3-20). The Crater Flat faults, lying west of the site area, are also
included in the discussion of block-bounding faults because they form the west boundary of the
structural block that occupies the northwestern-most corner of the site area. Fault descriptions
are summarized primarily from: (1) bedrock geologic maps of Day et al. (1998 [DIRS 100027];
[DIRS 101557]) and Dickerson and Drake (1998 [DIRS 102929]); (2) a compilation of fault data
by Simonds et al. (1995 [DIRS 101929]); (3) a regional geologic map compiled by Potter et al.
(2002 [DIRS 160060]); and (4) a series of reports describing the results of mapping of trenches
to determine the history of Quaternary deformation along the major faults, in and adjacent to, the
site area (Keefer et al. 2003 [DIRS 159419]).

Displacements along block-bounding faults are mainly dip-slip (down-to-the-west), with
subordinate strike-slip or oblique-slip components of movement exhibited by some faults.
Seismic reflection data are interpreted to indicate that the faults penetrate and offset the
Tertiary-Paleozoic contact between Yucca Mountain (Brocher etal. 1998 [DIRS 100022],
Figure 6). Strain is transferred between block-bounding faults along relay faults that intersect
the block-bounding faults at oblique angles and provide an intrablock kinematic link between
some of the bounding structures. Fault scraps visible along many fault traces dip from 50° to 80°
to the west.

3531 Paintbrush Canyon Fault

The Paintbrush Canyon fault is the major block-bounding fault between Midway Valley to the
west and the line of small ridges (Busted Butte, Fran, and Alice ridges) to the east (Figures 3-20
and 3-21). The fault is exposed for a distance of approximately 5 km (3 mi) in bedrock forming
highlands north of Yucca Wash (Figure 3-2), where it is shown as a west-dipping (56° to 76°)
normal fault. In that area, Paintbrush Group rhyolite lava flows are downdropped against rocks
of the Topopah Spring and Pah Canyon tuffs and the Calico Hills Formation (Dickerson and
Drake 1998 [DIRS 102929], Plates 1 and 2), and the fault trace is marked by a discontinuous,
west-dipping fault-scarp 0.3 to 4.0 m (1 to 13 ft) in height.

The Paintbrush Canyon fault extends to the south beneath the alluvium of Midway Valley for
some 5 km (3.1 mi) before strands are exposed for about 1 km in bedrock along the west side of
Fran Ridge (Day et al. 1998 [DIRS 100027], Figure 3). A major splay trends southwest from a
point toward the north end of Fran Ridge, circles around the west side of San Juan Hill, and joins
the main trace toward the south end of Fran Ridge. From there northward, the fault length is
11 km (6.8 mi). However, it may continue southward for another 8 km (5 mi) to a possible
intersection with the Stagecoach Road fault beyond the south edge of the site area (Figure 3-20),
in which case the total fault length may be as much as 19 km (11.8 mi) (Potter et al. 2002
[DIRS 160060]). The Stagecoach Road fault forms that part of the east boundary of the Bow
Ridge-Solitario Canyon structural block that lies south of the site area (Figure 3-20).

Estimates of the amount of bedrock displacement on the Paintbrush Canyon fault range from
210 m (690 ft) in the northern segment (Dickerson and Drake 1998 [DIRS 102929], Plate 1) to as
much as 500 m (1,640 ft) along other segments (Scott and Bonk 1984 [DIRS 104181], Sheet 2).
The fault also shows evidence of multiple surface-rupturing events during the Quaternary,
causing offsets of 5.5 to 8.0 m (18 to 26 ft) in surficial deposits as measured in trenches and at
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natural exposures at locations near Alice Ridge, Busted Butte, and in the southern part of
Midway Valley (Menges et al. 2003 [DIRS 159412]).

3.5.3.2  Bow Ridge Fault

The Bow Ridge fault is well exposed along a 200 m (656 ft)-long segment on the west side of
Exile Hill (Figure 3-2), where the Rainier Mesa Tuff is faulted down against the crystal-rich and
crystal-poor members of the Tiva Canyon Tuff along a low fault-line bedrock escarpment
(Day et al. 1998 [DIRS 100027]). From there north, it extends beneath surficial deposits to the
north side of Yucca Wash, a distance of about 4 km (2.5 mi), and then continues for another
1.5 km (0.9 mi) to the north edge of the site area, cutting bedrock composed mostly of rhyolite
lavas and the Pah Canyon Tuff of the Paintbrush Group. South of Exile Hill, the Bow Ridge
fault is shown by Day etal. (1998 [DIRS 100027]) to extend southward beneath surficial
deposits for about 3.25 km (2 mi) to a point where it is exposed in bedrock (Tiva Canyon Tuff is
displaced) for a short distance along the west side of Bow Ridge (Figure 3-2). From there, the
fault trace is projected to the southeast beneath alluvium for another 2.5 km (1.5 mi) to a possible
intersection with the Paintbrush Canyon fault (Figure 3-20) for a total length of about 11.5 km
(7.1 mi).

Bedrock is displaced about 125 m (410 ft) down to the west along the Bow Ridge fault at the
west side of Exile Hill (Scott and Bonk 1984 [DIRS 104181], Sheet 2). The fault dips 75° to 80°
W (Simonds et al. 1995 [DIRS 101929]) and net displacement is left-oblique. It was intersected
200 m (656 ft) inside the north ramp of the ESF, where it was observed to strike north-south and
dip 75° W, and to downdrop the pre-Rainier Mesa Tuff bedded tuff against units of the Tiva
Canyon Tuff with approximately 128 m (420 ft) of down-to-the-west dip-slip stratigraphic
separation along a 2.7m (8.9 ft) wide brecciated fault zone (DTNs: GS971108314224.020
[DIRS 105561]; GS971108314224.027 [DIRS 160064]). A north-trending fault with
down-to-the-east dip-slip offset of 7 m (23 ft) in a 5 m (16 ft) wide fractured and brecciated zone
was intersected some 235 m (770 ft) farther west in the ESF and is believed to be antithetic to,
and to terminate against, the Bow Ridge fault at depth. This feature appears to correlate with a
strand mapped at the surface in the hanging-wall block (Figures 3-20 and 3-21; see
Day et al. (1998 [DIRS 100027]). Exposures in trenches that were excavated across projections
of the Bow Ridge fault beneath surficial deposits at the Exile Hill locality, notably
trench 14D described by Menges etal. (2003 [DIRS 159412]), revealed small-displacement
Pleistocene faulting events, with a total offset of 0.5 to 1.22 m (1.6 to 4 ft).

3.5.3.3  Solitario Canyon Fault

The longest, continuously exposed fault trace in the site area is associated with the Solitario
Canyon fault, which forms the western boundary of the central part of Yucca Mountain that
contains the repository block. The main trace extends from the south margin of Yucca Wash, at
the north edge of the mountain, to the south edge of the site area, a distance of about 14 km
(8.7 mi), and then continues for at least another 3 km (1.9 mi) to where it is shown to have a
possible connection with the Southern Windy Wash fault system (Potter etal. 2002
[DIRS 160060]). There are numerous associated fault splays, particularly toward the south end
(Day et al. 1998 [DIRS 100027]; 1998 [DIRS 101557]; Scott and Bonk 1984 [DIRS 104181]).
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The Solitario Canyon fault is well expressed along the east side of Solitario Canyon where, for
much of its length, it forms a prominent fault-line scarp as much as 5 m (16 ft) in height along
the bedrock-alluvium contact at the base of a large topographic bedrock escarpment (Figure 3-2).
Bedrock faults split off the main-fault trace near the mouth of Solitario Canyon, and one
connects to the southeast with a prominent, west-facing, fault-line scarp as much as 15 m (49 ft)
high at the base of a prominent bedrock escarpment. This splay, referred to as the Iron Ridge
fault (named by Scott 1992 [DIRS 106755]), extends southeast and south for 8 km (26 ft) and
appears to intersect the Stagecoach Road fault south of the site area (Figure 3-20;
Potter et al. 2002 [DIRS 160060]).

Along the northernmost 3-km-section of the Solitario Canyon fault within the site area, the
displacement of bedrock (Tiva Canyon Tuff) is about 50 m (164 ft) down to the east.
Displacements farther south, however, are all down to the west, as discussed below, so the fault
demonstrates a scissors movement.

Along the central section of the Solitario Canyon fault, where two main strands were mapped by
Day et al. (1998 [DIRS 100027]; see Figure 3-20), units of the Tiva Canyon Tuff in the hanging
wall of the eastern strand were downfaulted against rocks of the Topopah Spring Tuff that form
all but the upper slopes of the steep, west flank of Yucca Mountain (Figure 3-2). The
down-to-the-west displacement is shown to be 450 m (1,476 ft) along a fault zone dipping about
65° W by Day et al. (1998 [DIRS 100027], Cross Section B-B'). Some left-oblique slip is also
indicated by slickensides displayed locally on fault scarps. The western fault-strand is covered
by surficial deposits for most of its extent. Farther south, the faulting involves units of the
Topopah Spring Tuff, and the down-to-the-west displacement is less owing to the transfer of
strain to fault splays.

A cross drift, branching off near the west end of the north ramp of the ESF, extends in a
southwest direction to intersect the central section of the Solitario Canyon fault (Figure 3-20).
Only the eastern strand was reached in the boring, at which point the fault plane is defined by an
8 to 12cm (3 to 5in.) thick zone of fault gouge separating rocks in the upper part of the
crystal-poor member of the Topopah Spring Tuff in the hanging wall (west side) from rocks in
the lower part of that member in the footwall. The down-to-the-west displacement is about
260m (853 ft) (DTNs: GS990908314224.010 [DIRS 152631]; GS991108314224.015
[DIRS 151042]). The 260 m fault plane (853 ft) strikes N18°W and dips 62°W; slickenside
rakes average 40°. Wide zones (30 to 40 m [98 to 131 ft]) of brecciation and fracturing are in
both the hanging wall and footwall blocks, being most intense in the latter.

The Iron Ridge fault is a major splay trending south-southeast off the main trace of the Solitario
Canyon fault (Day et al. 1998 [DIRS 100027]). It has an average dip of 68°W where observed at
the surface, with down-to-the-west offset along the northern trace of the Iron Ridge fault, rocks
in the uppermost Tiva Canyon Tuff are downdropped against the middle part of the Topopah
Spring Tuff, a down-to-the west displacement of approximately 100 m (328 ft). Farther south,
the amount of displacement increases to about 300 m (984 ft) (Day et al. 1998 [DIRS 101557]).

The Solitario Canyon fault was trenched at eleven locations along the fault trace, with most

being sited where the fault extends beneath surficial deposits. Mapping of several of the
excavations recorded evidence of multiple middle-to-late Quaternary surface-rupturing events
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(Ramelli et al. 2003 [DIRS 159413]), with the total amount of displacement ranging from 1.7 to
2.5 m (5.6 to 8.2 ft) at various sites. One trench was excavated across the Iron Ridge fault, and

at least one Quaternary faulting event occurred there, with a possible displacement of about 2 m
(6.6 ft).

3.5.3.4  Fatigue Wash Fault

The Fatigue Wash fault is mapped as a nearly continuous 9km (5.6 mi) long,
south-southwest-trending fault along Fatigue Wash (Day et al. 1998 [DIRS 100027]). Except
locally, where it forms a fault-line scarp at the base of bedrock escarpments (mainly Yucca
Mountain and Pah Canyon Tuffs, and basal units of the Tiva Canyon Tuff) on the east side of the
wash, the fault is buried by surficial deposits (Figure 3-2). From the mouth of Fatigue Wash, the
fault is shown by Potter et al. (2002 [DIRS 160060]) to continue south for a distance of another
8 km (5 mi) to a possible intersection with splays of the southern Windy Wash fault south of the
site area (also, see Simonds et al. 1995 [DIRS 101929]).

The amount of down-to-the-west displacement of bedrock toward the north end of the Fatigue
Wash fault zone is about 100 m (328 ft), but where it emerges from Fatigue Wash to the south,
displacement is about 400 m (1,312 ft) (Day et al. 1998 [DIRS 100027], Cross Section B-B'; see
Figure 3-21). Average dip of the fault plane is 73°W (Simonds et al. 1995 [DIRS 101929]), and
slickenside lineations indicate a moderate amount of left-slip movement.

Studies of surficial deposits exposed in trench excavations across the south-central segment of
the Fatigue Wash fault, and measurements of scarp profiles near the trenches, provide evidence
that five or more paleoearthquakes occurred on the fault since middle Pleistocene time (Coe et al.
2003 [DIRS 159411]). The amount of displacement of the Quaternary units ranges from 1 to
3m (3.3 t09.8 ft).

3.5.35  Windy Wash Fault

The Windy Wash fault is expressed as a prominent fault-line scarp on the east side of Windy
Wash. It is traceable nearly continuously from the south rim of the Claim Canyon caldera, one
of the eruptive centers in the southwestern Nevada volcanic field (Christiansen and Lipman 1965
[DIRS 100566]), to the southeast edge of Crater Flat, a distance of about 25 km (15.5 mi). Itisa
complex fault system consisting of two main sections, referred to as the Northern Windy Wash
and Southern Windy Wash faults (Figure 3-20), with down-to-the-west displacements, separated
by a4 to 5 km (2.5 to 3.1 mi) long discontinuous zone of east-facing scarps (Simonds et al. 1995
[DIRS 101929]). Only about a 5.5 km (3.4 mi) long segment of the northern section occurs in
the northwest corner of the site area, where it is marked by a west-dipping fault-line scarp at the
base of a bedrock escarpment formed largely by units of the Topopah Spring Tuff on the
footwall and Yucca Mountain and Tiva Canyon Tuffs on the hanging wall (Figure 3-2;
Day et al. 1998 [DIRS 100027]). The amount of down-to-the-west displacement of bedrock
along this well-exposed segment, on a fault plane with an average west dip of about 63°, is more
than 500 m (1,640 ft).

Trenches were excavated only across the north end of the Southern Windy Wash fault, the
mapping of which provided evidence of as many as eight surface-rupturing events during middle
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to late Quaternary time that resulted in a total net displacement of 3.7 m (12.1 ft) in the surficial
deposits (Whitney et al. 2003 [DIRS 159416]). With regard to the 5.5 km (3.4 mi) long segment
of the Northern Windy Wash fault in the northwest corner of the site area, Simonds et al. (1995
[DIRS 101929]) show a nearly continuous scarp along the bedrock-alluvium contact that is
interpreted to be indicative of probable Quaternary movement.

3.5.3.6 Northern and Southern Crater Flat Faults

The Northern and Southern Crater Flat faults lie entirely to the west of the site area
(Figure 3-20), but are included here because they form the west boundary of the Windy
Wash-Crater Flat structural block to be discussed later. These two faults compose a complex
fault system that can be traced discontinuously for a total length of as much as 20 km (12.4 mi)
(Menges and Whitney 2003 [DIRS 160061]) along the east side of Crater Flat, although the
relations between the main north and south sections are obscured by surficial deposits in
intervening areas. Individual exposures of the fault traces are generally less than 1 km (0.6 mi)
long, with some being as much as 2 km (1.2 mi) in length. The fault traces are marked in places
by small, discontinuous bedrock-scarps, subtle scarps and lineaments in alluvium, and short
bedrock-alluvium contacts. A 3.5 km (2.2 mi) long segment of the southern fault is marked by a
linear contact between Pliocene basalt on the east and Quaternary alluvium on the west that
locally produces a west-facing scarp (Simonds et al. 1995 [DIRS 101929]). Trenches were
excavated across both sections of the fault system, showing evidence of at least three Quaternary
faulting events that displaced surficial deposits about 0.75 m (2.5 ft) on the Southern Crater Flat
fault (Taylor 2003 [DIRS 159414]) and four to five Quaternary events that displaced surficial
deposits 1.2 m (3.9 ft) on the Northern Crater Flat fault (Coe 2003 [DIRS 159410]). The amount
of bedrock displacement could not be determined.

3.5.4 Structural Blocks and Intrablock Faults

The six structural blocks delineated by the block-bounding faults within the Yucca Mountain site
area range in width from 1to 6 km (0.6 to 3.7 mi) (Figure 3-20). Average dip of the tilted
volcanic rock units within individual blocks is about 10°E (Figure 3-21), with increasing dips (to
as much as 30°) near the east sides of the blocks in the hanging wall blocks. Each of the blocks
is segmented by numerous faults with mostly north to northwest trends. Like the
block-bounding faults, displacements are mainly dip-slip, down-to-the-west, but there are some
with down-to-the-east offsets that define shallow intervening graben structures. Notable
exceptions are the northwest-trending, largely strike-slip (right lateral) faults in Drill Hole,
Pagany, and Sever washes in the north-central part of the site area (Figure 3-20).

Principal intrablock features within individual structural blocks are discussed briefly in the
following sections.

3.5.4.1  Structural Block East of the Paintbrush Canyon Fault

Geologic relations across much of the eastern part of the site area, east of the Paintbrush Canyon
fault, are poorly known because of the thick blanket of alluvium in Fortymile Wash and over the
western part of Jackass Flats (Day etal. 1998 [DIRS 100027]; see Figure 3-1). However,
bedrock exposures on Busted Butte and Fran and Alice ridges, as well as in the highlands north
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of Yucca Wash and on both sides of Fortymile Canyon, indicate that a discrete structural block
occupies this portion of the area. As yet, there is insufficient evidence for defining an
eastern-block boundary. The easternmost down-to-the-west normal fault mapped in the
northeastern part of the site is inferred by Potter et al. (2002 [DIRS 160060]) to extend south
following Fortymile Wash to a point near the north end of Busted Butte, based in part on
differences in the attitude of rock units on opposite sides of Fortymile Canyon and, in part, on
the projection of stratal dips in the Topopah Spring Tuff on Fran Ridge with respect to the top of
that formation in Borehole UE-25 J-13, just east of the wash (see Figures 3-7 and 3-9). Such a
fault is shown in Figure 3-20, but its existence has not been confirmed, nor can it be labeled a
block-bounding fault, based on the available evidence.

Areas of exposed bedrock within the structural block are cut by minor faults. Those in the
highlands in the northern part are down-to-the-west normal faults involving various units of the
Paintbrush Group and the Calico Hills Formation. Those on Busted Butte and Fran Ridge are
mostly splays off the Paintbrush Canyon fault, producing down-to-the-west displacements in
rocks of the Paintbrush Group and locally forming north-trending zones 0.5 to 1 km (0.3 to
0.6 mi) wide. One such fault trends north-south through the center of Busted Butte (hence, the
name), and another, termed the Busted Butte fault (Figure 3-20) cuts across the east side with
about 170 m (558 ft) of down-to-the-east displacement (Day et al. 1998 [DIRS 100027]).

3.5.4.2  Bow Ridge-Paintbrush Canyon Block

The Bow Ridge-Paintbrush Canyon structural block is characterized by bedrock areas in both the
northern and southern parts, separated by a large expanse of surficial deposits in Midway Valley.
Several north- to northwest-trending normal faults, most with down-to-the-west displacements,
were mapped in rhyolite lavas of the Paintbrush Group in the area that lies between the Bow
Ridge and Paintbrush Canyon faults north of Yucca Wash (Dickerson and Drake 1998
[DIRS 102929]). At the south end of the block, south of Midway Valley, a few minor faults
outlining some small graben structures were mapped in rocks of the Tiva Canyon Tuff exposed
on Bow Ridge. One of these faults is the Midway Valley fault, which was shown by Day et al.
(1998 [DIRS 100027]) to extend north from the Bow Ridge exposures as a concealed fault
beneath alluvium for 8 km (5 mi) before reaching the faulted outcrops north of Midway Valley.
Bedrock displacements (normal, down to the west) are shown by Scott and Bonk (1984
[DIRS 104181]) and Day et al. (1998 [DIRS 100027]) to be 100 m and 30 m (328 and 98 ft),
respectively. Results of geophysical surveys further support the presence of the Midway Valley
fault, as well as other north-trending faults beneath the alluvium of the valley floor (Swan
etal. 2001 [DIRS 158784], p.37; Ponce 1993 [DIRS 106552]; Ponce and Langenheim 1994
[DIRS 102333]) (see Section 3.5.7).

The Exile Hill fault (shown in Figure 3-21) is a minor, down-to-the-east normal fault along the
east side of Exile Hill that trends north across the location of the surface facilities at the east end
of the north ramp of the ESF (Swan et al. 2001 [DIRS 158784], pp. 37 to 39). The fault is shown
by Day etal. (1998 [DIRS 100027]) to merge southward with the Midway Valley fault and
northward with the eastern strand of the Bow Ridge fault. An exposure in the excavation at the
North Portal of the ESF shows the bedrock unit referred to as tuff “X” to be downfaulted against
the crystal-rich member of the Tiva Canyon Tuff (see Table 3-1); estimated displacement is 15 to
30 m (49 to 98 ft) (Swan et al. 2001 [DIRS 158784], p. 38). Two other minor faults cut bedrock

TDR-CRW-GS-000001 REV 02 ICN 01 3-68 April 2004



on Exile Hill: northwest-trending East and West Portal faults, with dip-slip to oblique-slip
displacements of 10 m (33 ft) or less. These two faults are classed as relay structures by Day
etal. (1998 [DIRS 100027], p.10), linking the Bow Ridge and Exile Hill faults. The
southeast-trending part of the Bow Ridge fault is also considered to be a relay structure between
the main north-trending section of that fault and the Paintbrush Canyon fault to the southeast.

The results of a drilling program to continuously core several closely spaced boreholes within an
area on the east side of Exile Hill (designated as the prospective surface facilities for
waste-handling; Swan et al. 2001 [DIRS 158784], Figure 2) indicated the presence of several
north-trending normal faults buried beneath surficial deposits within the 800-m-wide zone
between the Exile Hill and Midway Valley faults (DTNs: GS030783114233.001
[DIRS 164561]; MO0008GSC00286.000 [DIRS 157306]). Most exhibit displacements (both
down-to-the-east and down-to-the-west) ranging from a few meters to 45 m (148 ft), but one that
traverses the central part of the surface facilities area and merges with the Exile Hill fault to the
north, was observed to have as much as 90 m (295 ft) of down-to-the-east displacement of
bedrock units within the Tiva Canyon Tuff.

None of the intrablock faults in the Bow Ridge-Paintbrush Canyon structural block shows
evidence of Quaternary activity (Swan et al. 2001 [DIRS 158784], p. 45;
DTNs: GS030783114233.001 [DIRS 164561]; MO0008GSC00286.000 [DIRS 157306]).

3.5.4.3  Solitario Canyon-Bow Ridge Structural Block

The structural block bounded on the west by the Solitario Canyon fault and on the east by the
Bow Ridge fault (and in part by the Paintbrush Canyon fault) is really the largest block in the
Yucca Mountain site area, ranging from about 2km (1.2 mi) to 5km (3.1 mi) in width
(Figure 3-20). Because it also hosts the repository, structural features within the block are of
special interest and importance to site characterization. Numerous faults with varying
orientations and displacement directions have been mapped (Day et al. 1998 [DIRS 100027]).
Among the more prominent of these is the Iron Ridge fault, a major splay of the Solitario
Canyon fault that was described in the foregoing section on that fault. In essence, the Iron Ridge
fault, with displacements of 180 to 245 m, bounds the east side of a subblock within the major
block.

The Ghost Dance fault, another prominent intrablock fault, trends north-south some 150 to
200 m (492 to 656 ft) east of the main drift of the ESF (Figure 3-20). It was mapped in
considerable detail by Day et al. (1998 [DIRS 101557]). The fault extends south from about
0.25 km (0.16 mi) south of Drill Hole Wash to Broken Limb Ridge, a distance of 2.5 km (1.6 mi)
(Figure 3-2). Farther south, the fault bifurcates, striking to the southwest into the Abandoned
Wash fault (Scott and Bonk 1984 [DIRS 104181]) and to the southeast toward (but not into) the
Dune Wash fault (Figure 3-20). Down-to-the-west displacements along the Ghost Dance fault in
surface exposures vary from a maximum of 27 m (89 ft) in the central part between Split Wash
and Broken Limb Ridge, where the brecciated zone between splays is as much as 150 m (492 ft)
wide, to a minimum of less than 3 m (9.8 ft) along segments to the south (Day et al. 1998
[DIRS 101557], pp. 9 and 10).
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The Ghost Dance fault does not extend far enough north to be encountered in the north ramp of
the ESF (Day et al. 1998 [DIRS 101557]). However, a shear with a thin (1 to 10 cm [0.4 to 4 in.]
thick) gouge zone and less than 0.1 m (0.33 ft) offset was mapped along the projected north
strike of the fault in the cross drift by Mongano et al. (1999 [DIRS 149850], pp. 51 and 52). The
fault was also intersected toward the south end of the Main Drift, where it was observed to strike
N25°E with a vertical dip, and to have only 1.2 m (4 ft) of down-to-the-west offset in rocks of
the crystal-poor member of the Topopah Spring Tuff (DTN: GS970208314224.005
[DIRS 109597]). In exposures in alcoves excavated off the Main Drift, displacements range
from 6 to about 25 m (20 to 82 ft) along fault damage zones 0.6 to 1.0 m (2 to 3.3 ft) wide
(DTN: GS971183117462.001 [DIRS 158751]). The Ghost Dance fault was trenched at several
locations, but studies of the excavations reported no evidence of Quaternary movements
(Taylor et al. 2003 [DIRS 159415]).

The Sundance fault is mapped as a 750 m (2,461 ft) long, 70 m (230 ft) wide zone of small
discontinuous faults trending northwest from Live Yucca Ridge to Dead Yucca Ridge (Potter
etal. 1999 [DIRS 107259]). The fault, with down-to-the-east bedrock displacement, ranging
from 6to 11 m (20 to 36 ft), terminates west of the trace of the Ghost Dance fault
(Day et al. 1998 [DIRS 101557]). It was intersected in both the main drift of the ESF and the
cross drift. In the main drift, the fault appears to have several meters of down-to-the-west offset
within a 20 cm (7.9 in.) thick gouge zone (Mongano et al. 1999 [DIRS 149850], pp. 52 and 54).
This observed offset is opposite to that observed at the surface. In the cross drift, the Sundance
fault likewise appears to have down-to-the-west-displacement of a few meters
(DTNs: GS990908314224.010 [DIRS 152631]; GS991108314224.015 [DIRS 151042]). Like
the Ghost Dance fault, there is no evidence to indicate that Quaternary activity took place along
the Sundance fault (Taylor et al. 2003 [DIRS 159415]).

From where it branches off the Ghost Dance fault, the Abandoned Wash fault continues
southwest and south for about 5 km (3.1 mi) (Figure 3-20). It is exposed in bedrock (Tiva
Canyon Tuff) along its northern trace, then is buried by alluvium to the south. The fault displays
as much as 24 m (79 ft) of down-to-the-west displacement, marked by a fault scarp dipping
81°W (Dickerson and Drake 2003 [DIRS 160062]). The southeast-trending Dune Wash fault, in
contrast, is concealed beneath surficial deposits of Dune Wash for most of its indicated length of
5km (3.1 mi), being exposed only at the north end where bedrock (Tiva Canyon Tuff) is
displaced about 50 m (164 ft) down to the west. To the west, the East Ridge fault, with at least
120 m (394 ft) of down-to-the-east displacement, defines the west side of a feature referred to as
the Dune Wash graben (Day et al. 1998 [DIRS 100027]). This prominent downfaulted feature
may terminate south against the southern extension of the Paintbrush Canyon fault, but the
relations are obscured by surficial deposits.

Sever, Pagany, and Drill Hole washes are prominent northwest-trending drainages in the
northern part of the Solitario Canyon-Bow Ridge/Paintbrush Canyon structural block that appear
to be controlled by northwest-striking faults (Figure 3-20). The faults were identified on the
basis of geophysical investigations, bedrock mapping, and examination of drill cores from Drill
Hole Wash (Scott et al. 1984 [DIRS 106763]). A similar fault also was inferred to project
beneath the Quaternary alluvial deposits of Yucca Wash by Scott (1992 [DIRS 106755]), but
more extensive geologic and geophysical investigations have not confirmed its existence
(Langenheim and Ponce 1994 [DIRS 104492]; Dickerson and Drake 1998 [DIRS 102929];
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Day et al. 1998 [DIRS 100027]). The Sever Wash and Pagany Wash faults are exposed in
bedrock and locally have produced small bedrock scarps. The Drill Hole Wash fault is
concealed by Quaternary alluvium, but two faults encountered in the north ramp of the ESF were
correlated with the Drill Hole Wash fault zone (DTNs: GS971108314224.020 [DIRS 105561];
GS971108314224.027 [DIRS 160064]). Approximately 4 m (13 ft) of vertical separation were
observed on these features, and horizontal slickensides also indicate strike-slip movement, but
the total amount of displacement could not be determined. Quaternary alluvial terraces on the
floors of the washes do not appear to be displaced by the northwest-trending faults. A trench
excavated across the Pagany Wash fault exposed faulted bedrock on the trench floor, but the
overlying bedrock regolith and colluvial units are not displaced (Taylor etal. 2003
[DIRS 159415]).

The northwest-trending faults are steeply dipping and thought to be strike-slip faults because
fault plane surfaces locally contain slickenside lineations that are nearly horizontal, and vertical
displacements generally are less than 5to 10 m (16 to 33 ft) (Scott et al. 1984 [DIRS 106763],
p. 18). The Sever Wash and Pagany Wash faults show slickenside orientations and Riedel shears
that indicate right-lateral slip, with the amount of displacement estimated to be about 40 m
(131 ft) on each fault (Scott et al. 1984 [DIRS 106763]). The two faults are each about 4 km
(2.5 mi) long. Both appear to terminate against the Solitario Canyon fault to the west and,
although concealed, are postulated to terminate against a down-to-the-east north-trending fault at
the eastern toe of Bleach Bone Ridge (Figure 3-2) (Day et al. 1998 [DIRS 101557]). The Drill
Hole Wash fault is also about 4 km (2.5 mi) long and may also terminate against the same
north-trending fault.

A closely spaced series of normal faults form an asymmetric graben-like feature that trends north
from Boundary Ridge across the toes of Antler and Live Yucca Ridges (Figure 3-2); some are
shown in Figures 3-20 and 3-21. Cumulative offset ranges to as much as 30 m (98 ft). Such
fault clusters were referred to as imbricate fault zones by Scott (1990 [DIRS 106751]) and were
considered to be characteristic of the more intense deformation that took place along the east side
of some structural blocks where stratal dips become steeper.

3.5.4.4  Fatigue Wash/Solitario Canyon Structural Block

The prominent feature in the Fatigue Wash/Solitario Canyon structural block is the east-dipping
sequence of volcanic rocks that make up Jet Ridge (Figure 3-2). Several normal faults, mostly
with small offsets in the Tiva Canyon, Yucca Mountain, and Pah Canyon tuffs, are in the
northern part of the block (Figure 3-20). The most extensive is a northwest-trending feature
about 2.5 km (1.6 mi) long with down-to-the-east displacement exhibited mainly in rocks of the
Yucca Mountain Tuff. A number of faults also cut bedrock (Tiva Canyon Tuff) farther south
along the east slope of Jet Ridge, including the 4.5 km (2.8 mi) long, north-northeast-trending
intrablock Boomerang Point normal fault. North- to northwest-trending, down-to-the-west
normal faults at the south ends of both Jet Ridge and Boomerang Point were considered by
Day etal. (1998 [DIRS 100027], p. 10) to be relay faults linking the Fatigue Wash and
Boomerang Point faults and the Boomerang Point and Solitario Canyon faults, respectively.
Structural relations farther south in this structural block are obscured by surficial deposits.
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3.5.45  Windy Wash/Fatigue Wash Structural Block

West Ridge and Fatigue Wash (to the east) occupy that portion of the Windy Wash-Fatigue
Wash structural block lying within the western part of the Yucca Mountain site area
(Figure 3-20). Intrablock structures are mainly small-displacement normal faults in the northern
and central parts of West Ridge. A cluster of closely spaced, northwest-trending relay faults
terminate against the Northern Windy Wash fault to the west and the Fatigue Wash fault to the
east (Day et al. 1998 [DIRS 100027], p. 10). Displacements are both down to the southwest and
down to the northeast, with a cumulative offset of about 60 m (197 ft) down to the southwest.
The structural block terminates just south of the southwest corner of the site area, at the apparent
junction between the two bounding faults (Figure 3-20).

3.5.4.6  Crater Flat/Windy Wash Structural Block

Only the northeastern part of the Crater Flat-Windy Wash structural block lies within the site
area (Figure 3-20). A few north-trending normal faults in bedrock are present in that area, with
one fault showing Yucca Mountain Tuff in the hanging wall downdropped (west side down)
against ash-flow tuffs of the Calico Hills Formation in the footwall (Day etal. 1998
[DIRS 100027]). Much of the block elsewhere along the east margin of Crater Flat is covered by
surficial deposits, so that little of the structure can be directly observed. Locations of faults
shown on the 1:50,000-scale map compilation by Potter et al. (2002 [DIRS 160060]) are based
largely on interpretation of geophysical surveys in the interior of Crater Flat proper.

3.5.5 Vertical Axis Rotation

An important characteristic of the existing fault patterns at and near Yucca Mountain is a
noticeable change from the predominant northerly fault trends within the site area proper to more
northeasterly trends in adjacent areas toward the south end of the mountain (Fridrich 1999
[DIRS 118942], Figure 8; Rosenbaum etal. 1991 [DIRS 106708]) (see Figure 3-20). This
relation is attributed to a progressive north-to-south increase in post-12.7 Ma, vertical-axis
rotation, clockwise from 0° (no rotation) in an area near the Prow (Figure 3-2) to about 30° in an
area about 10 km (6.2 mi) south of the site area. This increase is interpreted to be the result of
right-lateral deformation within the Walker Lane structural belt (Fridrich 1999 [DIRS 118942],
Figure 8; Rosenbaum et al. 1991 [DIRS 106708]). Within the site area itself, vertical rotation
varies from 0° at the Prow to 5° at the latitude of Busted Butte. Commensurate with the
north-to-south increase in the clockwise vertical-axis rotation is a general southward increase in
displacements along block-bounding faults. In intrablock areas, the transition from a
less-extended terrane in the northern part of Yucca Mountain to a more-extended terrane farther
south is generally expressed by the appearance of numerous, closely spaced minor normal-faults
that coalesce and gain displacement to the south, as well as wider, fault-bounded half grabens.

3.5.6 Deformation within Fault Zones

Because faults represent potential hydrologic pathways and zones of poor rock quality,
deformation along the faults bordering the repository area has been extensively studied. Map
patterns demonstrate that tectonic mixing of various Paintbrush Group lithologies has occurred
within the most intensely deformed parts of block-bounding fault systems. This is most apparent
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in the Solitario Canyon fault system (Scott and Bonk 1984 [DIRS 104181]; Day et al. 1998
[DIRS 101557], p.7). In this wide (as much as 400 m [1,312 ft]) system, lenses from
stratigraphically diverse parts of the Tiva Canyon Tuff are juxtaposed. Slices of Topopah Spring
Tuff are also mixed, and in some areas lenses from more than one Paintbrush Group formation
are tectonically juxtaposed (Day et al. 1998 [DIRS 101557]). Tectonic mixing is also apparent
along the Northern Windy Wash fault system west of the Prow, along the Bow Ridge fault
system in the saddle between Bow Ridge and Boundary Ridge, and in the Paintbrush Canyon
fault system along the west flank of Fran Ridge (Scott and Bonk 1984 [DIRS 104181];
Day et al. 1998 [DIRS 101557]). Individual fault strands within these tectonically mixed zones
are brecciated. In some cases, the fault-bounded lenses are internally brecciated.

In addition to tectonic mixing, there are areas where coherent blocks of Tiva Canyon Tuff, as
much as 250 m (820 ft) wide, dip to the west, opposite to the prevailing easterly dips of the
major structural blocks (Scott and Bonk 1984 [DIRS 104181], Sheet 1). Locally, anticlines with
axes subparallel to the fault zone are present within individual fault slices and in the immediate
footwall of the Solitario Canyon fault. These folds are likely produced by local transpression
that folded and rotated volcanic strata. Mapped fold hinges may actually be small-displacement,
brittle, fault zones occurring at shallow-structural levels. Thrust faults are mapped within the
Solitario Canyon fault system and in the hanging wall of the Bow Ridge fault near the South
Portal of the ESF (Day et al. 1998 [DIRS 101557]). The anastomosing pattern of faults that
characterizes these fault systems also produced individual fault splays that cut into both the
hanging wall and footwall.

As indicated earlier, the eastern (main) strand of the Solitario Canyon fault was encountered in
the west end of the cross drift (Figure 3-20), where about 260 m (853 ft) of down-to-the-west
offset placed the lower nonlithophysal zone of the Topopah Spring Tuff in the footwall against
the upper lithophysal zone of the Topopah Spring Tuff in the hanging wall. However, the
tectonic mixing described above is also seen within the fault zone at depth in the cross drift,
where there is a breccia composed of clasts of the overlying lower nonlithophysal zone of the
Tiva Canyon Tuff. Footwall deformation (mostly brecciation) is fairly extensive in the area of
the drift, extending approximately 50m (164ft) east of the main fault
(DTN: GS991108314224.015 [DIRS 151042]).

3.5.7 Geophysical Surveys

Several geophysical methods, including seismic reflection, gravity, and magnetic surveys, were
used in attempts to characterize the subsurface geologic structure within the Yucca Mountain site
area (Figure 3-22). Such surveys, however, have met with varying degrees of success. Seismic
reflection profiling, for example, which is a commonly preferred method for imaging subsurface
structure and was conducted along most of the lines shown in Figure 3-22, is difficult because
the propagation of seismic energy is greatly inhibited by the fracturing and lithologic
heterogeneities that characterize much of the thick sequences of volcanic rocks. Gravity data
were also obtained along most of the survey lines and were used primarily to interpret regional
structure, as well as to assist in locating faults and determining their displacements in local areas.
Ground magnetic surveys, as well as aeromagnetic data, were mainly used to infer fault locations
and offsets, especially where the relatively magnetic Topopah Spring Tuff was involved in the
faulting.  Attempts were made to detect and characterize buried faults and geologic
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heterogeneities using the magnetotelluric method, but this method was limited, unless
supplemented by other geophysical techniques.

The results of geophysical surveys in the site area are reported in numerous publications,
including Fitterman (1982 [DIRS 159312]); Senterfit et al. (1982 [DIRS 159314]); Smith and
Ross (1982 [DIRS 159315]); Pankratz (1982 [DIRS 130172]); McGovern (1983
[DIRS 159316]); USGS (1984 [DIRS 101305]); Frischknecht and Raab (1984 [DIRS 159317]);
Charles B. Reynolds & Associates (1985 [DIRS 159318]); Ponce (1993 [DIRS 106552]); Ponce
and Langenheim (1994 [DIRS 102333]); Majer etal. (1996 [DIRS 104685]); Brocher et al.
(1998 [DIRS 100022]); CRWMS M&O (2000 [DIRS 151945], Section 4.6); and Swan et al.
(2001 [DIRS 158784]). Applicable findings from these sources are summarized below.

Data from the generally east-trending, 32 km (20 mi)-long seismic-reflection survey across
Crater Flat, Yucca Mountain, Midway Valley, and Fortymile Wash (lines REG-2 and REG-3,
Figure 3-22) were interpreted to reflect a series of west-dipping normal faults that project
through the volcanic rocks and displace the Tertiary volcanic rock/pre-Tertiary sedimentary rock
contact at depth (Brocher et al. 1998 [DIRS 100022], Figures 6, 13, and 14). A suggestion that
this contact is formed by an active detachment fault beneath Yucca Mountain (e.g., Scott 1990
[DIRS 106751], pp. 269 and 270; Hamilton 1988 [DIRS 100037], p. 62) is therefore inconsistent
with the seismic reflection data.

Ponce (1993 [DIRS 106552]) and Ponce and Langenheim (1994 [DIRS 102333]) conducted
gravity and magnetic surveys (Figure 3-22) in Midway Valley, from which anomalies were
identified that were interpreted to be faults concealed by the thick alluvial deposits covering the
central part of the valley. One of the anomalies was presumed to be associated with the Midway
Valley fault, with the data indicating a vertical displacement of several tens of meters in the
underlying bedrock. Ponce and Langenheim (1994 [DIRS 102333], p. 8) also interpreted data
from ground magnetic surveys to indicate that north-trending faults could be traced continuously
across Yucca Wash, thus casting doubt on the existence of a northwest-trending fault along the
floor of the wash that had been postulated by earlier investigators (e.g., Scott and Bonk 1984
[DIRS 104181]).

Because a primary question to be addressed in the site area is the amount, style, depth, and
continuity of faulting in the repository block itself, various geophysical methods were compared
to evaluate their effectiveness in imaging both a block-bounding fault (Bow Ridge fault) and a
prominent intrablock fault (Ghost Dance fault). Results of these surveys, summarized below, are
discussed in detail in CRWMS M&O (2000 [DIRS 151945], Section 4.6.5.3).

In the case of the Bow Ridge fault, only the ground-based gravity as well as the aeromagnetic
surveys were found to yield reliable results. The gravity data show a distinct gravity low on the
hanging wall of this block-bounding fault where bedrock is buried by less dense surficial
deposits. The aeromagnetic data show a high on the footwall side and a low on the hanging wall
side, a relation that is interpreted as a signature of displacement of the relatively magnetic
Topopah Spring Tuff. Seismic-reflection surveys produced unreliable results.

Ground-based magnetic and magnetotelluric profiling worked well for detecting the Ghost
Dance fault, whereas ground-based gravity and standard high-resolution, seismic-reflection
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surveys (those with 6 to 12 m [20 to 39 ft] station spacings) did not record significant anomalies.
The ground-based magnetic data indicate a characteristic magnetic low, typically about 100 m
(328 ft) wide, on the footwall of the fault, and the magnetotelluric data show a clear change in
resistivity for the fault. On very high-resolution, seismic-reflection lines (station spacing 1 to
2 m [3.3 to 6.6 ft]), displacement of reflections was apparent across the Ghost Dance fault, thus
enabling individual splays to be mapped in places.

The general conclusion was that standard geophysical techniques employed at Yucca Mountain
are best suited for detection of faults with at least tens of meters of offset (CRWMS M&O 2000
[DIRS 151945], Section 4.6.5.3).

3.5.8 Fractures

Combined three-dimensional studies of fractures in natural and cleared exposures, boreholes, and
underground excavations (ESF and cross drift) have led to important conclusions regarding their
distribution and characteristics in the Yucca Mountain site area. Attributes of fracture systems
within the principal formations that are most closely associated with the repository—Tiva
Canyon and Topopah Spring tuffs, Calico Hills Formation, and Prow Pass Tuff, as well as some
of the major units within the PTn hydrogeologic unit—and the study methods employed, are
described in considerable detail in CRWMS M&O (2000 [DIRS 151945], Section 4.6.6,
Tables 4.6-1 to 4.6-4). The data presented in that report, based principally on detailed studies by
Sweetkind and Williams-Stroud (1996 [DIRS 100182]) and Sweetkind etal. (1997
[DIRS 106960]), were used to characterize fracture systems in support of: (1) surface-infiltration
model development (Flint and Flint 1994 [DIRS 103746]), (2) numerical simulations of discrete
fracture networks (Anna and Wallman 1997 [DIRS 104329]), (3) calculations of bulk-rock
permeability for use in equivalent-continuum models of the unsaturated zone (Schenker
etal. 1995 [DIRS 101055]; Arnold etal. 1995 [DIRS 101423]), (4) studies bearing on the
mechanical stability of the repository, and (5) investigations to determine the paleostress history
of Yucca Mountain. A detailed description of fracture attributes and textures in the repository
host horizon rocks is described in Mongano et al (1999 [DIRS 149850]; see also
DTNs: GS990908314224.010 [DIRS 152631]; GS991108314224.015 [DIRS 151042]). This is
a summary document of the geology and fracture characteristics encountered during the
excavation of the Enhanced Characterization of the Repository Block (drift) (ECRB). Some of
the general relations that were observed between fracture patterns and lithology and of fracturing
in fault zones are briefly summarized below.

Fracture characteristics in the pyroclastic flows in the Yucca Mountain site area are primarily
controlled by variations in the degree of welding and secondarily by lithophysal development,
alteration, and pumice content. Such controls affected fracture spacing, fracture type, number of
fracture sets, continuity of individual fractures within each lithostratigraphic unit, and the
connectivity of fractures within the network as a whole. Fracture networks commonly act as
important preexisting lines of weakness in the rock mass, having originated as cooling joints that
formed as tensional openings in response to contraction during cooling of the volcanic rock
mass. Subsequent extensional strain could then be accommodated through distributed slip along
the preexisting joint sets. The presence of thin breccia zones along such joints, and observable
slip lineations along their surfaces, are indicative of joint reactivation. Tectonic fractures are
also common in the volcanic rocks, having been developed independently of the cooling-joint
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sets in response to regional or local stresses, and are recognized as discontinuities across which
simple opening (face separation) or less than 10 cm (3.9 in.) of displacement has occurred in
contrast to reactivated joints.

Because fracturing in zones adjacent to fault planes exerts an important influence on
hydrologic-flow pathways, many fracture studies focused on the frequency and characteristics of
fractures near some of the faults close to the repository block, particularly of fracture sets
exposed in the ESF and cross drift. Although the amount of fracturing associated with faults
depends, in part, on the lithologic units involved, the width of a fracture zone in the immediate
vicinity of a fault generally correlates with the amount of fault offset. Intrablock faults, with
small amounts of displacement (1 to 5 m [3.3 to 16.4 ft]), exhibit fracture zones 1 to 2 m (3.3 to
6.6 ft) wide, whereas block-bounding faults with tens of meters of offset have zones ranging in
widths as much as 6 to 10 m (20 to 33 ft).

Because the Ghost Dance fault transects the repository area (Figure 3-20), studies have
concentrated on fracture patterns exposed in an excavation for the USW UZ-7a drillpad
(Figure 3-7) and on a cleared pavement on the south flank of Antler Ridge (Figure 3-2). One
generalization is that the amount of total rock damage and fracturing is greater in the hanging
wall than in the footwall. At the USW UZ-7a locality, for example, the intervening rock
between the west-dipping main fault and a secondary east-dipping fault 42 m (138 ft) to the west,
in the hanging wall, is intensely broken and consists of a complex network of short-length
fractures, whereas rocks (lower part of the lower-lithophysal zone of the Tiva Canyon Tuff) in
the footwall east of the main fault trace are noticeably less fractured. At the Antler Ridge
locality, there are 13 to 20 m (43 to 66 ft) of cumulative down-to-the-west displacement across
several splays of the Ghost Dance fault distributed over a map width of 100 to 150 m (328 to
492 ft) (Day et al. 1998 [DIRS 101557]). The fracture network in various units of the Tiva
Canyon Tuff within or proximal to the fault zone is dominated by closely spaced, steeply dipping
fractures, many of which show minor amounts of offset, that may be the result of their proximity
to the fault. Alternatively, they may be more closely related to an imbricate zone of faults
mapped farther east toward the toe of Antler Ridge (Day et al. 1998 [DIRS 101557]). In the case
of the Sundance fault, it occupies a well-defined single strand in places where cooling joints are
poorly developed in the crystal-rich member of the Tiva Canyon, but where there is a greater
abundance of cooling joints, the displacement is distributed across a broader zone
(Potter et al. 1999 [DIRS 107259], pp. 13 and 14).

3.5.9 Stratigraphic Relations across Faults and Timing of Deformation

Stratigraphic relations across both block-bounding and intrablock faults in the Yucca Mountain
site area show evidence of episodic movement throughout the depositional period (12.8 to
12.7 Ma) of the Paintbrush Group. Several examples of such evidence are discussed in detail in
CRWMS M&O (2000 [DIRS 151945], Section 4.6.3.3), a few of which are summarized below.

1. Near the mouth of Solitario Canyon, the stratigraphic interval of the pre-Pah Canyon
bedded tuffs and the Pah Canyon Tuff thins across a prominent splay of the Solitario
Canyon fault, from a thickness of 7 m (23 ft) on the hanging wall to 2 m (6.6 ft) on the
footwall. As observed by Day etal. (1998 [DIRS 100027], p. 17), the top of the
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Topopah Spring Tuff is offset 13 m (43 ft), whereas the bases of the Yucca Mountain
and Tiva Canyon Tuffs are offset only 3 m (9.8 ft).

2. At a locality near the Prow (Figure 3-2), pre-Yucca Mountain Tuff bedded tuffs
thicken abruptly across the north end of the Fatigue Wash fault. Along a parallel fault
150 m (492 ft) to the west, a 45 m (148 ft) thick rhyolite flow between the Pah Canyon
Tuff and the pre-Yucca Mountain Tuff bedded tuffs in the hanging wall is absent in
the footwall, implying that at least 45 m (148 ft) of displacement occurred after
deposition of the Pah Canyon.

3. Growth faulting along the Ghost Dance fault during deposition of the crystal-rich
member of the Topopah Spring Tuff and overlying bedded tuffs at the base of the Tiva
Canyon Tuff is indicated by a 30 m (98 ft) decrease in the thickness of the upper
lithophysal zone of the Topopah Spring observed on a lithologic log of
Borehole USW UZ-7a, which penetrates the fault. Combined with a 15 m (49 ft)
offset of the Tiva Canyon Tuff observed during surface mapping, the relations are
interpreted by Day et al. (1998 [DIRS 101557]) to indicate that: (a) about 15 m (49 ft)
of post-Topopah Spring, pre-Tiva Canyon displacement took place, followed by an
additional offset of 15 m (49 ft) after deposition of the Tiva Canyon, and (b) a small
amount of fault-related topography existed prior to Tiva Canyon time.

4. Numerous minor faults (splays of the Busted Butte fault, Figure 3-20) on the west side
of Fran Ridge and the north end of Busted Butte, displace the top of the Topopah
Spring Tuff and the pre-Pah Canyon bedded tuffs 1to 10 m (3.3 to 33 ft), but the
pre-Tiva Canyon Tuff bedded tuff unit and the base of the Tiva Canyon are unfaulted
(Day etal. 1998 [DIRS 101557]); further discussion 1is provided by
CRWMS M&O (2000 [DIRS 151945], Section 4.6.3.3.1).

In addition to the episodic deformation during the deposition of various units within the
Paintbrush Group, there was an episode of faulting and tilting of strata between deposition of the
Tiva Canyon Tuff and that of the Timber Mountain Group rocks. Near the mouth of Solitario
Canyon, for example, a complex of small faults splaying off the main trace of the Solitario
Canyon fault and displacing Paintbrush Group tuffs, is overlapped by unfaulted Rainier Mesa
Tuff (Day etal. 1998 [DIRS 100027]). Fridrich (1999 [DIRS 118942], Figures 2, 3, and 4)
interpreted stratal dips in the site area to indicate that: (1) the Tiva Canyon Tuff was tilted 10° to
20° to the east and southeast prior to the deposition of the Rainier Mesa (11.6 Ma), (2) less than
5° of eastward tilting occurred during the period 11.6to 10.5 Ma, and (3) less than 5° of
eastward tilting took place after 10.5 Ma. Scott (1990 [DIRS 106751], p. 268), using compaction
foliations, suggested that there is more than 10° of discordance between the Rainier Mesa and
Tiva Canyon Tuffs west and northwest of Busted Butte. In much of the site area, however,
mapping by Day et al. (1998 [DIRS 100027]) indicated the Rainier Mesa Tuff was displaced by
faulting and tilted nearly the same amount as the Tiva Canyon Tuff.

As indicated in descriptions of the block-bounding faults (Section 3.5.3), deformation also
continued through Quaternary time.
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3.5.10 Geologic Structure of the Pre-Cenozoic Rocks

The local geology of the Paleozoic rocks that underlie Yucca Mountain is known from a single
Borehole (UE-25 p #1, see Section 3.3.4.1 and Figure 3-9). Based on exposures in other areas,
such as Bare Mountain 12 km (7.5 mi) to the west of Yucca Mountain (Monsen et al. 1992
[DIRS 106382]) and Calico Hills 3 km (1.9 mi) to the east (Potter et al. 2002 [DIRS 160060]),
the pre-Cenozoic rocks of the region were highly deformed at some time prior to the deposition
of the Tertiary volcanic rocks. Robinson (1985 [DIRS 106674], Plate 1) presented a geologic
map of the Proterozoic and Paleozoic rocks of the Yucca Mountain region. The map shows the
inferred distribution of Paleozoic strata (Silurian to Mississippian) that directly underlie the
volcanic rocks and, for the most part, occupy a broad syncline. Recent compilations by Potter
etal. (2002 [DIRS 159091]) and Sweetkind etal. (2001 [DIRS 159092]) show the deep
subsurface structure of an extensive region in southwestern Nevada and adjacent parts of
California, based largely on the projection of features from structures mapped in exposed areas
and on interpretations of available geophysical and borehole information. One of the structures
inferred to have involved the Paleozoic rocks beneath Yucca Mountain is an east-west trending,
south-vergent thrust fault-block (CP thrust fault; Cole 1997 [DIRS 159090], p.9) that was
projected to extend from the CP Hills, some 25 km east of Yucca Mountain, westward to connect
with a similarly oriented thrust fault (Panama Thrust) mapped in Lower Paleozoic rocks at Bare
Mountain (Potter etal. 2002 [DIRS 159091]; Sweetkind et al. 2001 [DIRS 159092], Cross
Section H-24). The existence of this feature is uncertain; however, it does not appear to have
affected the structural patterns observed in Tertiary volcanic rocks, or produced any known
seismic activity.

3.5.11 Tectonic Models

Various tectonic models have been proposed for the Yucca Mountain region, each reflecting a
different concept of extension in the Basin and Range province. These are discussed in detail in
Section 4.1.2. None of the proposed models has been advanced as a preferred model because the
available data lead to nonunique interpretations. Deep or large-scale regional crustal conditions
cannot be readily investigated and are inferred from geophysical data.

In development of alternate regional tectonic models that encompasses Yucca Mountain, several
elements of the structural geology and tectonic history of the site area prove especially useful:

1. Regional extensional stresses controlled the location and development of the
north-trending, block-bounding faults (CRWMS M&O 2000 [DIRS 151945],
Section 4.6.7.4) primarily during the period 13 to 11 Ma (Minor 1995 [DIRS 106373],
p. 10,524; Minor etal. 1996 [DIRS 106374]; Fridrich etal. 1999 [DIRS 107333],
pp- 202 and 203).

2. Clockwise vertical-axis rotation created northeast-striking fault segments in the
southern part of the site area and elsewhere in the region between 11.6 and 11.45 Ma
(Rosenbaum et al. 1991 [DIRS 106708], pp. 1,971 to 1,977; Hudson et al. 1996
[DIRS 106194]).
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Stresses imposed by caldera-scale volcanism affected the kinematics of large faults
(Minor 1995  [DIRS 106373], pp. 10,525 and 10,527; Minor etal. 1996
[DIRS 106374]).

Major faults at Yucca Mountain are interpreted from seismic reflection data to
penetrate downward through, and to offset, the Tertiary-Paleozoic contact
(Brocher et al. 1998 [DIRS 100022], Figure 6).

Deformation continued from late Miocene into late Quaternary time. Quaternary
surface-rupturing events occurred on some of the block-bounding faults, causing
cumulative Pleistocene displacements as much as 8 m (26 ft).

In terms of structural style and deformational history, Yucca Mountain is closely linked to Crater
Flat Basin to the west, as indicated in Section 4. In view of that relation, Fridrich (1999
[DIRS 118942], p. 170) proposed that the two tectonic features form a single, graben-like
structural domain—the Crater Flat domain—that is distinct from adjacent domains. The
domainal boundaries, with the exception of the west boundary, are either largely concealed or are
poorly defined by exposed geologic features. As described by Fridrich (1999 [DIRS 118942],
pp. 174 to 176, Figure 3), the boundaries of the Crater Flat structural domain are as follows:

1.

The west boundary is formed by the Bare Mountain fault, a down-to-the-east,
range-front normal fault that separates Crater Flat Basin from Bare Mountain to the
west (see Section 2.0). The fault splits into three faults toward the north end of Bare
Mountain. It is concealed south of Crater Flat, but produces a relatively strong gravity
anomaly. A seismic reflection profile across the fault indicates that the fault plane
dips about 64°E. About 3.5 km (2.2 mi) of bedrock (Precambrian and Paleozoic)
displacement (Brocher et al. 1998 [DIRS 100022], p. 956) formed the basin.

The north boundary is drawn, in part, along the south margin of the Timber Mountain
caldera complex (south boundary of the Claim Canyon caldera shown on Figure 3-1)
and, in part, along the northwest-southeast trend of Yucca Wash. The linearity of this
Yucca Wash trend was interpreted by some investigators (e.g., Scott and Bonk 1984
[DIRS 104181]) to be indicative of faulting but for which no confirming evidence was
found by later geologic and geophysical studies (e.g., Day et al. 1998 [DIRS 100027];
Dickerson and Drake 1998 [DIRS 102929]).

The east boundary may be defined by the largely concealed down-to-the-west Gravity
fault (Winograd and Thordarson 1975 [DIRS 101167], p. C75) as interpreted from
geophysical data (see Section 2.0).

The south boundary is entirely concealed. It may be formed by a feature termed the
Highway 95 fault that is inferred from geophysical and borehole data to extend
east-southeast just south of the area included in Figure 3-1. The inferred subsurface
trace is delineated on the geologic map compiled by Potter etal. (2002
[DIRS 160060]), who show the Yucca Mountain faults as terminating to the south at
that fault line.
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Because the geologic relations along much of the bounding limits of the Crater Flat structural
domain are concealed, the extent to which the fault patterns may have been controlled by
tectonic movements along those boundaries, or were influenced by forces external to the
domainal area, could not be determined. Fridrich (1999 [DIRS 118942], p. 193) concluded,
however, that the selection of a model that best explains the structural style and tectonic history
of the domain requires a broader regional context, especially one that takes into account the
strike-slip faulting of the Walker Lane belt. For further discussion of tectonic models, refer to
Section 4.1.2.

3.6  NATURAL RESOURCES

Natural resources represent potential causes for inadvertent human intrusion, which is one of
four disruptive events scenarios being considered for the TSPA License Application per
10 CFR 63.114(a) and 10 CFR 63.321 [DIRS 156605].

3.6.1 Introduction

Identification and evaluation of the natural resources in the Yucca Mountain area have been the
subject of several reports prepared as part of the site characterization program. Included among
these are: (1) Castor et al. (1999 [DIRS 104706]) and CRWMS M&O (2001 [DIRS 159125]) for
metallic minerals; (2) Castor and Lock (1995 [DIRS 102411]) and CRWMS M&O (2001
[DIRS 159125]) for industrial rocks and minerals; (3) Barker (1994 [DIRS 104433]), Grow et al.
(1994 [DIRS 100036]), Cashman and Trexler (1995 [DIRS 107423]), Trexler etal. (1996
[DIRS 107005]), Castor etal. (1999 [DIRS 104706]), French (2000 [DIRS 107425]), and
CRWMS M&O (2001 [DIRS 159125]) for hydrocarbon and other energy resources; and
(4) Flynn etal. (1996 [DIRS 112530]) and CRWMS M&O (2001 [DIRS 159125]) for
geothermal resources. Summary discussions on the various resources, given below, are based
largely on these reports.

3.6.2 Metallic Mineral Resources

Nevada is well known for production of several metallic resources, including gold, silver,
copper, and mercury (Nevada Bureau of Mines and Geology 1997 [DIRS 105301], p. 3).
Similarly, the region surrounding Yucca Mountain contains deposits or potentially economic
amounts of these resources (Castor et al. 1999 [DIRS 104706], Plate 1). Although episodes of
alteration and mineralization followed the deposition of the Paintbrush Group tuffaceous rocks in
areas a few kilometers away, it appears that the hydrothermal activity resulting in mineral
deposits elsewhere did not extend into the Yucca Mountain area. This conclusion is based on
studies of the mineralogy, petrography, and alteration of numerous rock samples, geophysical
data, geologic mapping, remote sensing imagery, and results of chemical analyses, which,
combined, show no direct evidence for economic mineralization. Detailed descriptions and
interpretations of the studies and tests that were conducted in the site area are presented by
Castor etal. (1999 [DIRS 104706]), who found that the small, largely trace amounts of the
minerals that were detected (for example, tin, gold, and uranium) were far below the
concentrations or the volumes required for any consideration to be given to economic
development.
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3.6.3 Industrial Rocks and Minerals

The Yucca Mountain region contains many deposits of industrial rocks and minerals (Castor and
Lock 1995 [DIRS 102411], p. 1; CRWMS M&O 2001 [DIRS 159125]). Barite, clay minerals,
fluorite, and zeolite have been identified in samples from Yucca Mountain. Building stone,
construction aggregate, limestone, pumice, silica, and vitrophyre/perlite are also present. Based
on such factors as quality and quantity of the resource, accessibility, and competition from
alternate, more readily available sources of supply elsewhere in the region, none of these
commodities is considered to be of economic importance (CRWMS M&O 2000 [DIRS 151945],
pp. 4.9-5 to 4.9-8).

3.6.4 Hydrocarbon and Other Energy Resources

There are few data for determining the extent to which the essential elements for the generation
and accumulation of oil and gas—source rocks, favorable maturation history, reservoir rocks,
and sealing and trapping conditions—are developed in the Yucca Mountain area. Only one
Borehole (UE-25 p #1, Figures 3-7 and 3-9) was drilled deep enough to penetrate rocks below
the Tertiary volcanic sequence. These pre-Tertiary rocks were identified as strata representing
the Lone Mountain Dolomite and Roberts Mountains Formation of Silurian age (see
Section 3.3.4.1). No oil shows or residue were reported from an examination of the borehole
cores (Carr et al. 1986 [DIRS 104670]). To date, no significant volumes of oil or gas have been
found in southern Nevada or adjacent California and Arizona.

French (2000 [DIRS 107425]), in an assessment of the hydrocarbon potential of the Yucca
Mountain area, concluded that, although the basic elements of a viable petroleum system are
present, comparisons with known producing fields in the region indicate that (1) the volume of
potential source rock is limited, and (2) one of the important seals of the region (an unconformity
at the base of valley-fill sediments in some producing areas) is not well developed. Based on
these and other factors, French (2000 [DIRS 107425], p.39) and Grow etal. (1994
[DIRS 100036], p. 1314) interpret the geologic conditions at Yucca Mountain to indicate a low
potential for the generation and accumulation of oil and gas.

Other energy resources—tar sands, oil shale, and coal—are not known to exist in the rocks
underlying Yucca Mountain, and have not been detected in any of the boreholes drilled in the
area or recognized in outcrops in nearby areas. (See Castor et al. 1999 [DIRS 104706], pp. 172
to 175).

3.6.5 Geothermal Resources

A comprehensive treatment of heat flow and thermal gradients in the Yucca Mountain area is
presented in Section 8.3.5. As pointed out in that discussion, Flynn et al. (1996 [DIRS 112530]),
citing geological, geophysical, and geochemical findings, as well as chemical geothermometry
and the very low measured thermal gradient, concluded that there is no potential for geothermal
development in the area.
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3.7 SITE GEOENGINEERING PROPERTIES
3.7.1 Introduction

This section describes the geoengineering properties of geologic materials that will be important
in the construction, operation, and performance of the repository. These properties include the
physical, mechanical, thermal, thermal-mechanical, and other relevant properties of the various
units of geologic material constituting the site (see Section 3.3 and Table 3-5). In addition to
studying the geoengineering properties of the rock units at, or near, the repository block,
properties have been collected from other units for far-field effects and for the design of surface
facilities. These properties will be used for short- and long-term stability modeling of the
repository openings, and for the determination of the block sizes that could potentially fall and
create an unsafe environment for repository workers or damage to the waste package or both.

3.7.1.1  Stratigraphic Framework

The general stratigraphy of the area is illustrated briefly in Table 3-5 and detailed in another
section of this document (see Section 3.3).

Rocks important to repository design are mainly the ash-flow deposits within the Miocene
Paintbrush Group. Principal criteria used in subdividing the four formations within the group—
Tiva Canyon, Yucca Mountain, Pah Canyon, and Topopah Spring Tuffs—are discussed in
Section 3.3.3. In Table 3-5, the main formational subdivisions (zones and subzones) are listed
by name and by the abbreviated symbols used as a convenient means for identifying the
individual lithostratigraphic units being studied, as well as correlative thermo-mechanical and
hydrogeologic units. Such symbols, based largely on Buesch et al. (1996 [DIRS 100106]), are
used for designating the units being sampled for various analytical purposes as shown in many of
the ensuing tables. Of primary interest to the geoengineering-property studies were the four
units of the Topopah Spring Tuff: upper lithophysal (Tptpul), middle nonlithophysal (Tptpmn),
lower lithophysal (Tptpll), and lower nonlithophysal (Tptpln) zones, which constitute the
projected host rocks for the repository (Table 3-5).

3.7.1.2  Geographic Distribution of Data

Most of the data presented in this section were collected to support the design and construction
of the ESF, and the repository. The primary focus of the data collection program has been the
four lithostratigraphic units, within the Topopah Spring Tuff, that compose the repository host
rock.

3.7.2 Rock Characteristics
3.7.21 Rock Structural Data from Boreholes

The rock characteristics data presented here were developed primarily from Boreholes UE-25
NRG #1, UE-25 NRG #2, UE-25 NRG #2a, UE-25 NRG #3, UE-25 NRG #4, UE-25 NRG #5,
USW NRG-6, and USW NRG-7a. The Tptpmn was also described by Boreholes USW SD-7,
USW SD-9, USW SD-12, and USW UZ-14. Borehole locations are shown in Figure 3-23. A
detailed description of the core logging process is presented in Brechtel etal. (1995
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[DIRS 101493]). Data developed from the core included core recovery, locations of fractures,
fracture characteristics, hardness, weathering, rock quality designation (RQD), and lithophysal
and other voids.

3.7.2.1.1 Core Recovery

Core recovery can generally be used as an indicator of relative rock quality. Borehole studies
(see CRWMS M&O 1997 [DIRS 103564]) indicate that rock quality calculated from core data
was relatively low for all stratigraphic units. Substantial amounts of core in all lithostratigraphic
units were either lost or recovered as rubble. Combining data from each of the boreholes, the
amount of lost core for the Tptpmn lithostratigraphic unit was 15 percent of the total core length,
as summarized in the recovery data presented in Table 3-6. Rubble zones accounted for
20 percent of the total length.

3.7.2.1.2 Rock Quality Designation

Core recovery is related to the quality of rock encountered in a boring and is influenced to some
degree by the drilling technique and type and size of core barrel used. The RQD (Deere 1968
[DIRS 102775]) is a recovery ratio that provides an alternative estimate of in situ rock quality.
This ratio is determined by considering only pieces of core that are at least 100 mm (3.9 in.)
long. The ratio between the total length of such core recovered and the length of core drilled on
a given run, expressed as a percentage, is the RQD, as follows (Deere 1968 [DIRS 102775]):

) z Piece lengths > 100 mm (3.9 in)
= X

RQD(%
QDE% Interval length

100 (Eq. 3-1)

This index has been widely used as a general indicator of rock-mass quality (Q) and is an input
for rock-mass classification systems, such as rock-mass rating (RMR), discussed in
Section 3.7.4.1. RMR and Q are indices that consider characteristics of the rock mass, such as
the degree of jointing, strength, and groundwater condition, to classify the rock mass according
to rock quality. The RQD used for geotechnical design considered all breaks in the core,
including those identified as drilling-induced.

Rock-mass properties are discussed in Section 3.7.4. Enhanced RQD, as assessed at the tunnel
scale, was much higher than borehole RQD. This is believed to be an artifact of the borehole
RQD calculations, and these calculations include mechanical- and drilling-induced fractures,
along with natural fractures. In addition, there is an apparent tendency of the lithophysal zones
to produce rubble zones at the core scale, due to dry drilling in brittle rocks, that do not
significantly affect stability at the tunnel scale.

3.7.2.2  Potential Key Blocks in Underground Excavations

Key blocks are rock wedges, formed by the intersection of geologic discontinuities and an
excavation surface, that are kinematically able to move into the excavation. Key-block analyses
were performed to verify that ground support being installed in the ESF was adequate
(Kicker et al. 1997 [DIRS 106288]). Analyses were done before completion of the ESF to
compare the size of potential key blocks that might be present in the north ramp to the size of
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blocks projected for the main drift alignment, assuming that the joint sets encountered in the
north ramp also would be encountered in the main drift. In addition, analyses of a 100 m (328 ft)
section of the north ramp were performed to assess the importance of the subhorizontal
vapor-phase parting structure that occurs periodically in the welded units.

e A key-block-stability analysis software program was used to estimate maximum
key-block sizes. The maximum potential key-block size is the volume of the largest key
block that could potentially form, given a defined excavation configuration and a
particular combination of joint-set orientations. Software used to carry out the analysis
is discussed in Kicker et al. (1997 [DIRS 106288]). Specific individual joints cannot be
positioned in specific locations. The analysis is nonprobabilistic, but determines the
maximum potential block types and volumes based on the provided joint-set data.
A statistical description of the probable block sizes formed by fractures around the
emplacement drifts was developed for each of the lithologic units of the repository-host
horizon. The change in drift profile resulting from progressive deterioration of the
emplacement drifts was assessed both with and without backfill. Further details on drift
degradation studies are reported in BSC (2003 [DIRS 162711]).

3.7.3 Laboratory Properties of Intact Rock
3.7.3.1  Physical Properties

Bulk and physical-property measurements were performed on specimens of tuff prepared from
cores recovered from the surface-based north ramp geologic (NRG) boreholes and systematic
drilling boreholes, and the Single Heater Test (SHT) and Drift Scale Test (DST) within the ESF.

3.7.3.1.1 Density and Porosity

Density can vary substantially within a tuff rock mass because of variations in mineralogy,
porosity, and welding. Porosity can be calculated from the relationship of average grain density
and dry bulk density, and also from the relationship of saturated bulk density and dry bulk
density. Total porosity has a predominant effect on the elastic constants and rock strength,
whereas the size, shape, and distribution of pores throughout the rock has a second-order effect.

Summaries of the dry bulk densities, saturated bulk densities, average grain densities, and
porosities for specimens from the NRG boreholes are given in Tables 3-7 through 3-10, and are
presented in detail in Martin et al. (1994 [DIRS 104760]; 1995 [DIRS 104761]) and Boyd et al.
(1996 [DIRS 101491]; 1996 [DIRS 101492]). Not surprisingly, the average dry-bulk density of
the nonwelded tuffs (about 1.28 g/cm’) is substantially lower than those of the welded-tuff units
(between 2.12 and 2.35 g/cm’). For the nonwelded tuffs, the mean-average grain density is
about 2.40 g/cm’, with a range of 2.24 to 2.65 g/cm’; for the welded tuffs, the mean is 2.55 g/cm’
and the range 2.44 to 2.61 g/em’. In addition, the mean porosities are about 0.45 for the
nonwelded tuffs and 0.09 to 0.16 for the welded, nonlithophysal tuffs. In the highly welded
zones with lithophysal cavities (e.g., the upper and lower lithophysal zones within the Topopah
Spring Tuff), the lithophysal porosities must be added to the porosities noted above, and they can
vary from 0 to 0.30.
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BSC (2002 [DIRS 157829]) presents statistical summaries of physical properties of rock
determined from laboratory tests performed on samples from Boreholes UE-25 NRG #2,
UE-25 NRG #2a, UE-25 NRG #2b, UE-25NRG#3, and USW NRG #6, USW NRG #7a,
USW SD-9, and USW SD-12. Statistical values of dry density, saturated density, particle
density, and porosity determined from the laboratory tests, are summarized by lithostratigraphic
unit in BSC (2002 [DIRS 157829], Table 34). Only pre-Tiva Canyon bedded tuff (Tpbt4) and
younger units are included. Values of porosity, void ratio, and saturation-water content that were
calculated from the mean values of specific gravity and dry density are also presented in BSC
(2002 [DIRS 157829], Table 35). Comparisons of mean values of total density from the gammal’
gamma surveys with those from resonant column and torsional shear (RCTS) tests and from
previous laboratory measurements on NRG and SD borehole samples, are presented in BSC
(2002 [DIRS 157829], Figure 235).

3.7.3.1.2 Mineralogy

The mineralogy and petrology of the volcanic rocks at Yucca Mountain have been described
extensively in studies of both drill core and outcrop samples (see Sections 5.2.1 and 3.3 for a
summary). Previous studies (e.g., Price 1983 [DIRS 102941]; Price et al. 1985 [DIRS 106602];
1987 [DIRS 100173]) have shown that whereas porosity has a large effect, mineralogy and
petrography have a relatively minor effect on geoengineering properties, although there are some
minerals that could affect the rock’s thermal-mechanical behavior at elevated temperatures.
These minerals include cristobalite, which undergoes a phase transition and volume change at
elevated temperatures, and smectite and zeolites, which dehydrate at elevated temperatures, with
accompanying volume reduction. However, neither smectite nor zeolite minerals are of a
sufficient enough volume to alter the mechanical properties of the repository horizon.

3.7.3.2  Thermal Properties

Several recent reports have documented results of thermal testing, analysis, and modeling,
including BSC 2002 [DIRS 160319], BSC 2002 [DIRS 160771], BSC 2003 [DIRS 166242],
BSC 2003 [DIRS 166358], and BSC 2003 [DIRS 164670].

The Thermal Testing Measurements Report (BSC 2002 [DIRS 160771]) documents the
comprehensive set of measurements taken within the Yucca Mountain Project (YMP) Thermal
Testing Program since its inception in 1996. Only brief discussions are provided for different
data sets. These are intended to impart a clear sense of the applicability of data, so that they will
be used properly within the context of measurement uncertainty.

The Thermal Conductivity of the Potential Repository Horizon Model Report (BSC 2002
[DIRS 160319]) assesses the spatial variability and uncertainty of thermal conductivity in the
host horizon for the repository at Yucca Mountain. More specifically, the lithostratigraphic units
studied are located within the Topopah Spring Tuff (Tpt) and consist of the upper lithophysal
zone (Tptpul), the middle nonlithophysal zone (Tptpmn), the lower lithophysal zone (Tptpll),
and the lower nonlithophysal zone (Tptpln). The Tptpul is the layer directly above the repository
host layers, which consist of the Tptpmn, Tptpll, and the Tptpln.
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The Thermal Conductivity of the Non-Repository Lithostratigraphic Layers (BSC 2003
[DIRS 166242]) develops values for thermal conductivity and its uncertainty for the nonl]
repository layers of Yucca Mountain. The lithostratigraphic units studied are units of the
Geologic Framework Model (GFM) MDL-NBS-GS-000002 REV 01 (BSC 2002
[DIRS 159124]) located within the Timber Mountain Group, the Tiva Canyon Tuff formation,
the Yucca Mountain Tuff formation, the Pah Canyon Tuff formation, the Topopah Spring Tuff
formation excluding the repository layers, the Calico Hills formation, the Prow Pass Tuff
formation, the Bullfrog Tuff formation, and the Tram Tuff formation.

The Laboratory Thermal Conductivity Testing for the Tptpll Lithostratigraphic Unit (BSC 2003
[DIRS 166358]) summarizes thermal conductivity of the Tptpll (Topopah Spring Lower
Lithophysal) lithostratigraphic unit, using a combination of laboratory and field techniques.
Laboratory tests are useful in determining rock matrix properties and assessing the effects of
moisture content and porosity under controlled conditions. The purpose of the laboratory testing
described in this document has been to substantially supplement the Yucca Mountain Project
(YMP) database for laboratory thermal conductivity measurements for the Tptpll unit. The
lithologic description of this unit is given in several reports, e.g., the reports from Rautman and
Engstrom on Boreholes USW SD-12 and USW SD-7 (1996 [DIRS 100642] and [DIRS 101008],
respectively). The lithostratigraphic units of the repository horizon will experience the highest
temperature excursions, therefore there is a need to focus on the thermal properties of these units.

The Heat Capacity and Thermal Expansion Coefficients Analysis Report (BSC 2003
[DIRS 164670]) developed heat capacity values for the host and surrounding rock layers for the
waste repository at Yucca Mountain. The specific objective was to determine the rock grain and
rock mass heat capacities for the geologic stratigraphy identified in the Mineralogic Model
(MM3.0) Analysis Model Report (BSC 2002 [DIRS 158730]). The temperature range of interest
in this analysis is 25°C to 325 °C. This interval is broken into three separate temperature
intervals: 25°C to 94°C, 95°C to 325°C, which correspond to the pre-boiling, trans-boiling, and
post-boiling regimes.

3.7.3.2.1 Thermal Conductivity

Thermal conductivity is a measure of a material’s ability to transmit heat. Thus, it is an
important parameter for numerically simulating the transient temperature field resulting from
heat generated by emplaced radioactive waste.

Characterization of the thermal conductivities of Yucca Mountain tuffs has been ongoing since
1980 (Lappin 1980 [DIRS 102927]). Data (from Boreholes USW G-1, USW G-2, USW GU-3,
and USW G-4) published through 1988 were reviewed by Nimick (1989 [DIRS 105180]), who
summarized only data for which supporting documentation was available. The summarized
reports include Lappin et al. (1982 [DIRS 104566]), Lappin and Nimick (1985 [DIRS 104565]),
Nimick and Lappin (1985 [DIRS 105191]), and Nimick etal. (1988 [DIRS 102921]).
Furthermore, Nimick (1990 [DIRS 105189]) presented analyses of data for not only the welded,
devitrified portion of the Topopah Spring Tuff, but also the units overlying and immediately
underlying the Topopah Spring unit. Additional measurements of thermal conductivity were
performed on core specimens from Yucca Mountain by Sass et al. (1988 [DIRS 100644]), using
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a needle-probe technique. However, the moisture content in these specimens was uncertain (see
discussion in Nimick 1990 [DIRS 101396]).

Data presented here are for 95 specimens from Boreholes USW NRG-4, USW NRG-5,
USW NRG-6, and USW NRG-7a (Brodsky et al. 1997 [DIRS 100653]; CRWMS M&O 1997
[DIRS 103564]). In addition, as part of the characterization for the SHT, four and twenty
(respectively) samples of middle nonlithophysal Topopah Spring Tuff were tested for thermal
conductivity (CRWMS M&O 1996 [DIRS 101428]). Moisture contents were either air-dried (as
received), oven-dried, vacuum-saturated, or partially saturated (intermediate between air-dried
and vacuum-saturated).

Variation in thermal conductivity with saturation is listed for temperatures less than 100°C in
Table 3-11. Variations for higher temperatures are shown in Table 3-12. The data were
compiled in this manner rather than for each 25°C interval because thermal conductivity is not
strongly temperature dependent. In addition, samples from the SHT block were tested in the
air-dried state and thermal conductivity data from the DST block specimens were collected on
saturated samples. In both cases, the results are consistent with those from the NRG specimens.

Averaged thermal conductivities ranged from 1.2 to 1.9 W/(mK) (watts per meter Kelvin) for
TCw, from 0.4 to 0.9 W/(mK) for PTn, from 1.0 to 1.7 W/(mK) for TSwl, and from 1.5 to
2.3 W/(mK) for TSw2. Thermal conductivities from the nonwelded tuffs were distinctly lower
than the welded-tuff data.

Further evaluation of the mean values (e.g., Tables 3-11 and 3-12) indicates that thermal
conductivity generally increases with increasing saturation and increasing temperature.
However, the effect is much more pronounced for saturation. Above 100°C, thermal
conductivity shows little temperature dependence. Decreases in conductivity with increasing

temperature, observed in saturated specimens, are attributed to dehydration (Brodsky et al. 1997
[DIRS 100653]).

Brodsky et al. (1997 [DIRS 100653]) compared the data from NRG#4, NRG#5, NRG#6, and
NRG#7, and previous data from USW G-1, USW G-2, USW G-3, and USW G-4 (Nimick 1989
[DIRS 105180]). These two data sets compared well for the welded Topopah Spring tuffs. In
contrast, the values for nonwelded Paintbrush samples reported by Nimick (1989
[DIRS 105180]) are higher, by about a factor of two, than those reported in Brodsky et al. (1997
[DIRS 100653]) and CRWMS M&O (1997 [DIRS 103564]). However, Nimick’s data were
limited to only two tests on samples taken 3 km (1.9 mi) from the nearest NRG boreholes.

The effective thermal diffusivity (thermal conductivity divided by the volumetric heat
capacitance) of crushed tuff was measured in two bench-scale tests (Ryder etal. 1996
[DIRS 100694]). In each test, a cylindrical volume of 1.58 m’ was filled with crushed tuff
particles to form an effective porosity of 0.48. Temperatures near the heater reached 700°C, with
a large volume of material exceeding 100°C. Thermal diffusivity was estimated post-test, using
three different analysis methods.  The range of calculated thermal diffusivities was
5.0 x 107 m%/s to 6.6 x 107 m%/s, which is on the same order of magnitude as the thermal
diffusivity used for crushed backfill in the TSPA for 1993 (CRWMS M&O 1997
[DIRS 103564]).
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Several studies (e.g., Rautman and McKenna 1997 [DIRS 100643]) have correlated thermal
conductivity with an easily measured physical property, such as porosity. Lappin et al.
(1982 [DIRS 104566]) documented thermal conductivities of the major silicate phases in tuff and
discuss calculating the matrix conductivities from the conductivities of components and
measured values of porosity and saturation, using the geometric mean approach of Woodside and
Messmer (1961 [DIRS 107330]). A data compilation is presented in Nimick (1989
[DIRS 105180]). Nimick (1990 [DIRS 101396]) introduces the use of the Brailsford and Major
(1964 [DIRS 101999]) equation for calculating matrix-thermal conductivity to replace the
geometric mean equation, and uses the Brailsford and Major (1964 [DIRS 101999]) equation for
calculation of matrix porosity. Nimick (1990 [DIRS 105189]) summarizes the data for
15 samples of Topopah Spring Tuff and estimates matrix conductivities and in situ thermal
conductivities for these samples.

Supplemental thermal conductivity tests were performed using core samples obtained from
various locations within the Tptpll (lower lithophysal unit) accessed from the ECRB Cross-Drift.
The test core samples were extracted from the large-diameter boreholes drilled for rock
mechanics testing. The average thermal conductivities obtained for dry and wet samples were,
respectively, 1.7 and 2.1 W/(mK) (DTN: SN0209L01A1202.001 [DIRS 163601]). The testing
included examination of sample-size effect in laboratory measurement of thermal conductivity
for the Tptpll (lower lithophysal) tuff. Details of the test methods and results are presented by
BSC (2003 [DIRS 166358]).

Recent reports develop geostatistical models that describe the variability of thermal conductivity
in the host rock units (BSC 2002 [DIRS 160319]) and nonhost rock units (BSC 2003
[DIRS 166242]). Additional discussion of modeling thermal properties is provided in
Section 7.10.

3.7.3.2.2 Thermal Expansion

Thermal expansion is the tendency of a material to undergo a change in volume as a result of a
change in temperature. The coefficient of linear thermal expansion is defined as the change in
length per degree Celsius, expressed as a fraction of the length at 0°C.

Thermal expansion measurements on tuffs are reported in Lappin (1980 [DIRS 102927]) for
samples from UE-25 a#l, WellJ13, and G-tunnel, and in Schwartz and Chocas (1992
[DIRS 106739]) for 109 specimens from UE-25 a#l1, USW G-1, USW G-2, USW G4, and
USW GU-3. The results of these measurements generally compare well with those of the
measurements discussed below. Seventy-eight of the 109 specimens reported by Schwartz and
Chocas (1992 [DIRS 106739]) were tested unconfined, and 31 were tested at nominally
10 megapascal (MPa) confining pressure.

Thermal expansion tests were also performed on 120 specimens from NRG#4, NRG#S,
NRG#7a, and SD-12. The unconfined tests are reported in Brodsky et al. (1997 [DIRS 100653]).
Five SD-12 specimens were tested under confined conditions and reported in Martin et al. (1997
[DIRS 104758]). In addition, nine and seventeen thermal expansion tests, respectively, were
performed for the SHT (CRWMS M&O 1996 [DIRS 101428]) and the DST (CRWMS
M&O 1997 [DIRS 101539]). All specimens were from the Tptpmn (middle nonlithophysal) tuff
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facies. Because previous work (Brodsky et al. 1997 [DIRS 100653]) had shown that, for welded
tuff, moisture content has no appreciable effect on thermal expansion, all tests were conducted
on initially air-dried samples.

Thermal expansion measurements were made using a push-rod dilatometer. Test specimens
were right-circular cylinders, approximately 50.8 mm (2 in.) in length and 25.4 mm (1 in.) in
diameter. Moisture contents were either air-dried, oven-dried, or vacuum-saturated. Tests were
conducted over the temperature range of 30°C to more than 300°C.

Mean coefficients of thermal expansion from surface-based borehole specimens are presented in
Table 3-13 for heating phases and in Table 3-14 for cooling phases. The mean thermal
expansion coefficients do show some borehole-to-borehole variation. However, the complete
data set is presented in Brodsky etal. (1997 [DIRS 100653]). The mean thermal expansion
coefficient was highly temperature dependent and ranged from 6.6 x 10°/°C to 50 x 10°/°C for
TCw; from negative values to 16 x 10°%/°C for PTn; from 6.3 x 10°%/°C to 44 x 10°%/°C for TSwli;
and from 6.7 x 10°/°C to 37 x 10%/°C for TSw2. Data are also summarized in CRWMS M&O
(1997 [DIRS 103564]) and in Brodsky et al. (1997 [DIRS 100653]).

Additional data were collected for middle nonlithophysal Topopah Spring samples from the SHT
region and the DST block. The mean thermal expansion coefficients for the SHT samples

ranged from 7.5 x 10 to 52 x 10/°C and were temperature dependent during the heating cycle.
Complete data and analysis are presented in CRWMS M&O (1996 [DIRS 101428]).

Statistical summaries for mean coefficients of thermal expansion for specimens from the DST
block are discussed in CRWMS M&O (1997 [DIRS 101539]). The values from SHT and DST
samples are generally consistent. The mean DST values are consistently higher than those for
the SHT. However, the mean values are typically within one standard deviation of each other.

These data (e.g., Tables 3-13 and 3-14) indicate that at a transition temperature of 150° to 200°C,
the mean thermal-expansion coefficient increases more steeply for the welded tuffs than for the
nonwelded tuffs. A transition is to be expected in the welded devitrified specimens, because of
phase changes in tridymite and cristobalite, which occur, with or without quartz, as primary
devitrification products in many samples of Yucca Mountain welded tuffs. Phase transitions
involving large volume changes in synthetic tridymite take place at approximately 117°C and
163°C, and in synthetic cristobalite at approximately 272°C (Papike and Cameron 1976
[DIRS 105344]). However, phase-transition temperatures have been shown to vary significantly
because of lattice variations found in these minerals naturally (Thompson and Wennemer 1979
[DIRS 111126]). Hysteresis is associated with the phase changes because the phases invert at
higher temperature during heating than during cooling (Brodsky et al. 1997 [DIRS 100653]).

The sharp increase in mean coefficients of thermal expansion, beginning at approximately 200°C
in welded tuffs, is not attributed to thermally induced fracturing or differential expansion,
because these behaviors would not be significant during the second heating phase. Also, the
DST data indicate sharp increases for both cycles (CRWMS M&O 1997 [DIRS 101539]). Three
specimens from the DST suite of tests did not show the increase in mean coefficients of thermal
expansion at elevated temperature. This difference in behavior is attributed to different
concentrations of cristobalite and tridymite (see details in CRWMS M&O 1997 [DIRS 101539]).
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Although thermal expansion was independent of saturation state for welded specimens, the data
from the nonwelded specimens did depend on saturation state (Brodsky etal. 1997
[DIRS 100653]). Nonwelded specimens with high moisture contents contracted during testing
near 100°C, causing a temporary sharp decrease in the mean thermal expansion coefficient. This
is presumed to be the result of reducing the pore water and the dehydration of hydrated glass.
The expansion characteristics of the welded specimens seemed to be independent of saturation
state, and the curves for different saturation states show similar behavior (Brodsky et al. 1997
[DIRS 100653]). This is to be expected because there is so little water in the welded samples,
even when saturated.

Martin et al. (1997 [DIRS 104758]) conducted a suite of confined thermal expansion tests to
determine if strain hysteresis and transition temperature effects would be suppressed by elevated
confining pressures. Because confining pressure effects for specimens tested between 1 and 30
MPa were small (Martin et al. 1997 [DIRS 104758]), data from these pressures were averaged
together and compared with data from unconfined tests. At temperatures below approximately
150°C, the coefficient of thermal expansion is slightly lower for unconfined tests than for
confined tests. However, at higher temperatures (150°C to 250°C), the mean values approach
one another, and the scatter among the unconfined tests encompasses the results for the confined
tests.

The effect of specimen size was investigated using samples from Busted Butte (location shown
in Figure 3-2) and from Boreholes USW G-1, USW G-2, USW GU-3, and USW G-4 (CRWMS
M&O 1997 [DIRS 103564]). The original test data included five sets of tests that illustrate size
effects.  For all depths except the Calico Hills unit sampled in USW G-2, mean
thermal-expansion coefficients are higher for the smaller specimens. However, the statistical
difference in mean values at different scales of measurements were relatively small. In situ
testing (Section 3.7.4.2) provides another method for calculating rock mass thermal expansion.

Recently, additional thermal expansion experiments have been run on large (approximately
0.29 m in diameter) samples from the upper and lower lithophysal zones within the Topopah
Spring Tuff. For the temperature range from 40°C to 200°C, the preliminary results are similar
to results from nonlithophysal samples (DTNs: SN0208L01B8102.001 [DIRS 165211];
SN0211L01B8102.002 [DIRS 165218]).

Variability of matrix thermal expansivity is evaluated by BSC (2003 [DIRS 164670]).
3.7.3.2.3 Heat Capacity

Heat capacity is the amount of energy required to raise a unit mass through a unit temperature
increase. The database for heat-capacity measurements consists of theoretical values calculated
by Nimick and Connolly (1991 [DIRS 100690]) from chemical and mineralogical data, and from
experimental values reported by Brodsky et al. (1997 [DIRS 100653]).

Bulk chemical analyses of 20 tuff samples from Yucca Mountain were used to calculate heat
capacities of the solid components of the tuffs as a function of temperature. The data were
combined with grain density, matrix porosity, lithophysal-cavity abundance, mineral abundance,
in situ saturation, and the properties of water to estimate rock-mass heat capacitances.
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Calculations were completed for the temperature range of 25°C to 275°C (CRWMS M&O 1997 |
[DIRS 103564]). Summary mineralogic and chemical data are reported in Connolly and Nimick

(1990 [DIRS 101529]) and thermal-capacitance calculations and results are given in Nimick and
Connolly (1991 [DIRS 1006901]).

Heat capacity was measured for 10 air-dried specimens from UE-25 NRG #4 and UE-25
NRG #5 (Brodsky etal. 1997 [DIRS 100653]). Test specimens were air-dried, right-circular
cylinders approximately 57.0 mm (2.24 in.) in length and 50.8 mm (2 in.) in diameter. Tests
were conducted over the temperature range of 30° to 300°C, using an adiabatic pulse
calorimeter.

Thermal-capacitance (heat capacity multiplied by specimen density) results are summarized in
Table 3-15 and plotted on Figure 3-24, along with data from Nimick and Connolly (1991
[DIRS 100690]). A complete data presentation is included in Brodsky etal. (1997
[DIRS 100653]) and CRWMS M&O (1997 [DIRS 103564]). Mean thermal-capacitance ranges
from 1.6 J/cm®/Kelvin to 2.1 J/em® /Kelvin for TSw1 and from 1.8 J/em’/ Kelvin to 2.5 J/cm?/
Kelvin for TSw2 (Table 3-15).

Experimentally determined values of heat capacity increased with temperature, reaching a
localized peak of 2.4 and 2.1 J/em®/ Kelvin at between 150° to 170°C for the TSw1 and TSw2 |
units, respectively. This peak may be related to a phase change, but the data presented here were
insufficient to correlate peaks more specifically. The peaks in specific heat at these temperatures
are at a temperature range associated with the phase change in tridymite (163°C). It is also
evident that there were no substantial changes in measured specific heat for these air-dried
specimens at 100°C, indicating that dehydration effects were minor (Brodsky etal. 1997
[DIRS 100653]).

The calculated (Nimick and Connolly 1991 [DIRS 100690]) and experimentally determined
values of thermal capacitance are given in Figure 3-24. For both data sets, values for TSw2 are
higher than for TSw1. The theoretical data show a decrease at 100°C caused by the heat of water
vaporization. The air-dried test specimens showed no comparable decrease.

Heat capacity for lithostratigraphic units in the unsaturated zone is modeled by BSC (2003
[DIRS 164670]), based on measured mineral abundances.

3.7.3.3 Mechanical Properties

Elastic moduli and strength values have been collected in experiments on specimens from cores
recovered from many boreholes at Yucca Mountain (Olsson and Jones 1980 [DIRS 102940];
Price 1983 [DIRS 102941]; Price et al. 1984 [DIRS 106604]; Nimick et al. 1985 [DIRS 105195];
Martin etal. 1993 [DIRS 160036]; 1994 [DIRS 104760]; 1995 [DIRS 104761]; 1997
[DIRS 101432]; Boyd et al. 1996 [DIRS 101491]; 1996 [DIRS 101492]), on specimens from
outcrop blocks from Busted Butte (Price 1986 [DIRS 106589]; Price et al. 1985 [DIRS 106602];
1987 [DIRS 100173]), on specimens from the SHT (CRWMS M&O 1996 [DIRS 101428]), and
from the DST (CRWMS M&O 1997 [DIRS 101539]). One objective of the measurements was
to establish a baseline set of properties to study the vertical and lateral variability of bulk and
mechanical properties at Yucca Mountain. Therefore, the baseline tests were on ground,
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right-circular cylindrical specimens of tuff, with a nominal 2:1 length-to-diameter ratio, that were
water-saturated and tested to failure at a constant strain rate of 10” s™ under ambient temperature
and pressure conditions. In the early baseline studies (i.e., prior to 1986), nominal specimen size
was 25.4 mm (1 in.) in diameter, whereas the later experiments were generally on samples with a
nominal diameter of 50.8 mm (2 in.).

In addition to the compression experiments, many indirect-tension (i.e., Brazilian) tests have
been performed to determine the tensile strength of the welded, nonlithophysal tuffs. Also, the
baseline results were instrumental in providing the results needed to interpret experiments
performed to determine the effects of other environmental factors (e.g., confining pressure,
temperature, time dependence, anisotropy) and sample characteristics (e.g., sample size and
lithophysal content).

Additional information on mechanical properties of the lithophysal Topopah Spring tuff is
available from a testing program that involved large core samples from the ESF and from surface
boulders. The study provided information on the effects of lateral variability, sample size,
confining pressure, temperature, saturation, normal stress, and creep stress on the mechanical
properties (BSC 2003 [DIRS 166355]; also BSC 2003 [DIRS 166660], Section 8.4).

3.7.33.1 Static and Dynamic Elastic Moduli

The static-elastic properties of Young’s moduli and Poisson’s ratios were computed from the
stress-strain data obtained for the specimens tested in quasistatic, laboratory-compression
experiments (summaries of these data are given in Tables 3-16 and 3-17). Compressional and
shear-wave ultrasonic velocity measurements were measured, both parallel and normal, to the
axis of the cylindrical-test specimen (a summary of the velocity measurements is given in
Table 3-18) to compute the elastic anisotropy of the specimen. In addition, the compressional
and shear-wave velocity, combined with specimen density, were used to compute the dynamic
Young’s modulus and Poisson’s ratio.

In general, Young’s modulus has been shown to be predominantly dependent on the porosity of
the sample tested (Olsson and Jones 1980 [DIRS 102940]; Price 1983 [DIRS 102941]; Price and
Bauer 1985 [DIRS 106590]; Price et al. 1994 [DIRS 160052]; 1994 [DIRS 161290]), whereas
Poisson’s ratio appears to be independent of porosity (Price 1983 [DIRS 102941]; Price et al.
1994 [DIRS 161290]). Based on the least-squares fits determined by Price etal. (1994
[DIRS 161290]), an average Young’s modulus for samples with porosity-volume fractions of
0.1, 0.3, and 0.5 are 32.1, 7.7, and 1.9 gigapascals (GPa), respectively. The Poisson’s ratios
range from 0.01 to 0.40 and average slightly above 0.20 (Price et al. 1994 [DIRS 161290]).

Also, as with most rock types, the dynamic Young’s moduli calculated from tuff velocity and
density data have been found to be higher than the measured static values. The measured
difference is on the order of 30 percent (Price et al. 1994 [DIRS 160052]).

In situ seismic methods were used to measure low-strain, shear-wave, and compression-wave
velocities and laboratory-test methods were used to measure low-strain shear-modulus in both
rock and surficial materials for use in evaluating ground motions. Results of these measurements
are presented in BSC (2002 [DIRS 157829]) and are discussed in Section 3.7.7.
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3.7.3.3.2 Unconfined Compressive Strength

The unconfined (or uniaxial) strength data for the Yucca Mountain stratigraphic units are
summarized in Table 3-19. Similar to the trends in the Young’s modulus data, the
compressive-strength results vary primarily as a result of rock porosity (Olsson and Jones 1980
[DIRS 102940]; Price 1983 [DIRS 102941]; Price and Bauer 1985 [DIRS 106590]; Price et al.
1994 [DIRS 160052]; 1994 [DIRS 161290]).

The modes of fracture in most of the unconfined compression tests were similar. The fractures
producing failure were, in general, axial in nature. In fact, many of these tensile-type fractures
terminated through the ends of the specimens.

In most cases, little inelastic volumetric strain (dilatancy) is observed in tests on the welded tuffs
(CRWMS M&O 1997 [DIRS 103564]), unlike many crystalline rocks that begin to dilate at
stresses as low as 50 percent of the fracture strength. However, in the welded tuffs, little
nonlinearity in the volumetric strain is observed until the specimens are close to failure,
indicating little, if any, fracture interaction during the onset of failure (Brace etal. 1966
[DIRS 101990] and Scholz 1968 [DIRS 104568]).

3.7.3.3.3 Tensile Strength

Indirect tensile-strength tests, commonly referred to as Brazilian tests, were carried out on
nonlithophysal specimens with nominal specimen size of 38.1 mm (1.5in.) in length and
50.8 mm (2 in.) in diameter. The tensile strengths determined from these tests are summarized in
Table 3-20 and range from 0.2 to 16 MPa. As expected, the resultant strength values are directly
related to the degree of welding in the sample.

3.7.3.34 Property Variability

Boyd et al. (1995 [DIRS 120650]) stated that there was little lateral variability in the mechanical
properties at a given stratigraphic level among the NRG boreholes along the axis of the north
ramp. However, as has been noted above, there is significant vertical variability because of the
large differences in total sample porosity. Following a large base of mechanical property
experiments in the early 1980s, Price (1983 [DIRS 102941]) analyzed the data statistically and
determined that porosity was the predominant factor affecting the Young’s moduli and strengths.
Later studies (e.g., Price et al. 1993 [DIRS 106601]) have qualitatively determined that smaller
differences in these properties result from fabric and pore-structure characteristics.

While there is significant scatter in the elastic and strength data at a given porosity, porosity is
still a good predictor of mechanical behavior (i.e., for both Young’s modulus and strength
values). This conclusion is the result of good fits to mechanical properties versus porosity data
from two sample sizes (25.4 mm [1 in.] and 50.8 mm [2 in.] in nominal diameters). Other
studies (e.g., Price et al. 1994 [DIRS 160052]) have shown that ultrasonic velocities, dynamic
moduli, and tensile strength data also have distinct relationships with porosity.
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3.7.3.35 Correlations and Parametric Effects of Mechanical Properties

With the inherent variability (i.e., variability even within a set of samples with presumably
equivalent porosities) in the mechanical properties of the tuffs, it is imperative that a suite of
samples designed for any parametric testing be collected from as small a volume of rock as
possible.

Confining Pressure-The effects of confining pressure on elastic and strength properties have
been investigated on a limited number of samples. The tests have been performed at pressures
ranging from ambient (i.e., unconfined) to 10 MPa.

Results of confined compression tests indicate that the axial-stress difference at failure increases
with increasing confining pressure, using a standard Mohr-Coulomb failure criterion to analyze
the data. The six sets of early data (Price 1983 [DIRS 102941]) on smaller samples (25.4 mm
[1 in.] in diameter) gave ranges of cohesion and angle of internal friction from 10 to 35 MPa and
4° to almost 70°, respectively. In addition, there were general indirect relationships between both
properties and porosity, for a porosity range of 0.09 to 0.40. Later data on larger samples
(50.8 mm [2 in.] in diameter) show a wider range in cohesion (3 to 51 MPa) and a narrower
range in internal friction (50° to 65°) (Boyd etal. 1996 [DIRS 101491]; 1996 [DIRS 101492];
Martin et al. 1997 [DIRS 101432]).

Temperature-There have been few investigations on the effect of temperature on the
mechanical properties of tuff. Price (1983 [DIRS 102941]) presented a few data from other
sources that showed a decrease in strength with temperature increases to 200°C. However, the
results were so limited that no definitive conclusions could be drawn.

To examine the effects of temperature on welded TSw2, 17 confined-compression experiments
were performed at a nominal temperature of 150°C on specimens recovered from Borehole
USW SD-9 (CRWMS M&O 1997 [DIRS 103564]). Measurements were conducted at effective
confining pressures of 1, 5, and 10 MPa, with pore pressure always 5 MPa. The experiments
were performed at a nominal strain rate of 10°s’. The high-temperature,
confined-compression-test data indicated a clear increase in strength between effective pressures
of 1 and 5 MPa (CRWMS M&O 1997 [DIRS 103564]). However, there was no apparent
increase in the mean strength of the tuff between 5 and 10 MPa confining pressure. Comparison
of ambient and elevated temperature (150°C) tests indicated that the effect of temperature on the
strength of welded tuff from thermal-mechanical unit TSw2 was small. Similarly, Young’s
moduli and Poisson’s ratios, measured at the elevated temperature, were not much different from
those measured at room temperature (CRWMS M&O 1997 [DIRS 103564)).

Time Dependence-A time dependence in the mechanical behavior of the Yucca Mountain
welded tuffs was first observed in a series of experiments performed at all of the baseline
conditions (see Section 3.7.3.3). Several experiments were run at each of four strain rates: 107,
10°, 107, and 10”s'.  Average strength increased by about 10 percent for each
order-of-magnitude increase in strain rate from 10” to 10 s™'. However, the average strength
data from the 107 s experiments were about 25 percent lower than the 10° s data. This
reversal in the strength trend is believed to be the result of transient-pore pressures in the tests
run under dynamic loading (i.e., 107 s™).
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A series of creep experiments were performed to test the indications from the strain-rate
experiments of moisture-assisted crack growth as the failure mechanism in the welded tuffs,
(Martin et al. 1995 [DIRS 100159]; 1997 [DIRS 148875]). A total of 12 creep experiments were
performed on 50.8 mm (2 in.) diameter samples of nonlithophysal, welded tuff at confining
pressures from 5 to 10 MPa, pore pressures of 4.5 MPa, temperatures from ambient up to 225°C,
and a variety of constant stresses. The conclusions from these experiments are as follows:

¢ Insignificant amounts of strain are measured during loading of less than about 90 percent
of the unconfined compressive strength.

e The strains measured during tests with a high creep stress are small.

e When a sample failed under constant stress loading, the failures were relatively unstable
and occurred after only a short transient-creep phase.

e The welded tuff appeared to be failing under a mechanism of static fatigue.

Additional creep experiments were begun to quantify the static-fatigue behavior for a given
porosity level. Several nonlithophysal, welded tuff samples were tested at different stress levels,
with the times to failure recorded. The data collected affirmed the static-fatigue behavior and
indicated large changes in times-to-failure with only slight changes in the stress condition.
However, the tests were terminated prior to the completion of the entire test series. A new series
of constant stress tests is being planned to quantify static-fatigue behavior more completely.

Anisotropy-Tuffs are formed through flow, compaction, and welding, resulting in a rock that is
physically anisotropic. The nonrandom orientation of voids and inclusions can result in the
variation of mechanical (and other) properties with the direction of measurement
(i.e., anisotropy), but the mechanical anisotropy calculated from ultrasonic velocity
measurements on nonlithophysal welded tuffs from the TSw2 tuff unit was found to be generally
less than 10 percent (e.g., Martin etal. 1992 [DIRS 160028] and Price etal. 1991
[DIRS 161289]). This variation is small relative to the natural scatter in the mechanical
properties from samples with equivalent total porosities. Therefore, it is not considered to be an
important factor in the modeling of the near- and far-field behavior of the repository rock.

Sample Size-The scaling of the laboratory mechanical-property data to the large-scale in situ
conditions is important for repository modeling. The rock properties of large blocks between
fractures represent an intermediate size between the small-scale intact (nonfractured) samples
tested in the lab and the repository-scale-size zone that includes both intact rock and
discontinuities (including fractures and bedding planes). To begin to address this issue,
Price (1986 [DIRS 106589]) studied the effect of sample size on the unconfined compressive
strength and elastic moduli of welded tuff using TSw2 specimens recovered from Busted Butte,
adjacent to Yucca Mountain (Figure 3-2). The data indicate that Young’s modulus and Poisson’s
ratio are independent of sample size. However, the compressive-strength data show a decrease
of slightly more than a factor of two as the specimen diameter increases from 25.4 to 228.6 mm
(11in. to 91in.). A power-law fit to the strength-versus-sample diameter data shows a strength of
about 70 MPa for a theoretical TSw2 sample of infinite diameter. Further work by
Price (1993 [DIRS 160023]) indicated an empirical model that related strength, sample diameter,
and porosity (see discussion in the next section).
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Lithophysal Porosity—The units within the Topopah Spring tuff contain varying amounts of
lithophysae, from no lithophysal-volume fraction to as much as 0.20 to 0.25. Lithophysae are
generally spherical, to sometimes slightly flattened, cavities, from a centimeter to as much as
several tens of centimeters in diameter, commonly lined with a thin layer of feldspars, silica
minerals, and other vapor-phase mineral deposits (Price et al. 1985 [DIRS 106602]).

An initial study of the effects of these features on the mechanical properties of welded tuffs was
performed by Price et al. (1985 [DIRS 106602]) on outcrop samples of the upper lithophysal
horizon within the Topopah Spring tuff, taken from Busted Butte. Ten samples, with nominal
diameters of 267 mm (10.5 in.), were tested at the baseline conditions. The mean Young’s
modulus, Poisson’s ratio, and strength were 15.5 GPa, 0.16, and 16.2 MPa, respectively.
Price (1993 [DIRS 160023]) used these data to test his strength, size, and porosity model and
found the predicted strength to be within 10 percent of the mean strength measured in the
experiments.

3.7.3.3.6 Hardness

Schmidt hammer-rebound-hardness measurements were conducted on samples from the NRG
boreholes to produce early strength estimates and to supplement the rock mechanics test data.
Measurements were performed following the suggested methods of the International Society of
Rock Mechanics (Bamford etal. 1981 [DIRS 149007]), and the analysis of the results
incorporates suggested improvements to the International Society of Rock Mechanics methods
by Goktan and Ayday (1993 [DIRS 105583]). Pieces of core were selected on nominal 3 m
(9.8 ft) intervals downhole and clamped in a testing anvil weighing a minimum of 20 kg.
A group of 20 rebound-hardness measurements was then conducted. The data are presented in
detail in Brechtel et al. (1995 [DIRS 101493]), along with estimates of unconfined compressive
strength based upon a correlation with Schmidt hammer data. These results gave estimates of
unconfined compressive strength that were comparable to other methods (see Section 3.7.3.3.2)
for the TCw and TSw2 thermal-mechanical units, but overestimated strength in the PTn and
TSw1 units.

3.7.3.3.7 Mechanical Properties of Fractures

In any rock unit, there are discontinuities, such as bedding planes, faults, and fractures. It is
important to study the mechanical properties of these features, such as normal stiffness, shear
stiffness, cohesion, and coefficient of friction.

Natural fractures from Boreholes UE-25 NRG #4, USW NRG-6, USW NRG-7, USW SD-9, and
USW SD-12 have been tested by Olsson and Brown (1994 [DIRS 100169]; 1997
[DIRS 106453]). For each test, Olsson and Brown reported the normal stress, shear and
normal-stiffness functions, shear strength, residual shear strength, and dilation angle at
peak-shear stress. Also, the friction angle, ¢, and cohesion, C, were reported for each of four
thermal-mechanical units. Data are summarized in Tables 3-21, 3-22, and 3-23.

The normal stiffness for Yucca Mountain fractures increases with increasing normal stress, as is
typical for interfaces of any type (Olsson and Brown 1994 [DIRS 100169]; 1997
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[DIRS 106453]). However, there is wide variability from fracture-to-fracture, which is indicated
by the large standard deviations in the properties.

Additional data are presently being collected in direct-shear experiments on natural fractures in
core taken from the ESF.

3.7.4 Rock-Mass Properties

Structural or compositional discontinuities in the rock mass can cause thermal-mechanical
properties to differ from laboratory-measured tests of intact samples. Two major field tests, the
SHT and the DST, together with the associated background investigations, have produced much
of the information that supports current understanding of rock mass properties for the host rock.
In addition, other large-scale tests of thermal and mechanical responses have been performed, as
summarized below.

For the SHT, instruments were installed and used to measure rock responses to heating and
cooling. Thermal measurements included temperature measurements using thermocouples,
resistance temperature devices, and thermistors. = Mechanical instrumentation included
multiple-point  borehole extensometers, tape extensometers, surface-mounted wire
extensometers, load cells on rock-bolts, and a borehole jack. Additional instrumentation was
installed to measure hydrologic and chemical responses (CRWMS M&O 1999 [DIRS 129261]).

The DST consisted of a nearly 50 m (164 ft) long, 5 m (16.4 ft) diameter heated drift, connecting
drifts, a plate-loading niche opening, and a data-collection-system. Thermal, mechanical,
hydrologic, and chemical responses were recorded using approximately 3,700 sensors, many
located in boreholes. In the heating phase, more than 10,000 m® of rock were heated to above
100°C, and the temperature at the drift wall was maintained at 200°C for more than 2 years
(CRWMS M&O 1997 [DIRS 101539]). Rock-mass deformation modulus was measured by
means of a plate-loading test situated in a niche opening near the entrance to the heated drift
(CRWMS M&O 1998 [DIRS 108306]).

3.74.1 Rock-Mass Classification

Rock mass quality data were collected in preconstruction exploration boreholes, in the ESF and
in the ECRB. The Q system (Barton etal. 1974 [DIRS 101541]) and the RMR system
(Bieniawski 1989 [DIRS 101715]) were employed in ESF construction activities as the basis for
empirical design of excavation ground support and empirical correlation with rock-mass
properties.

The calculation of RMR requires six parameters that consider the strength of the rock, the RQD,
the joint spacing, the condition of joint surfaces, the groundwater environment, and a factor for
the adjustment of joint orientation toward the excavation.

Table 3-24 correlates ranges of RMR with relative descriptions of rock quality. Parameter
values are assigned based on classification guidelines presented by Bieniawski (1989
[DIRS 101715]). Adjustments for joint orientation can be made to the RMR to account for the
effects of the direction-of-mining approach. When application of the RMR index is limited to an
estimation of rock-mass mechanical properties in drift-design methodology, adjustment for joint

TDR-CRW-GS-000001 REV 02 ICN 01 3-97 April 2004



orientation is not applied. Borehole estimates of RMR do not include adjustment for joint
orientation, because joint orientations cannot be determined from core. The scanline data does
include the adjustment for joint orientation factor, because joint-orientations can, in fact, be
evaluated with respect to the tunnel axis. Borehole RQD was calculated as described in
Section 3.7.3, and rock-mass RQD was calculated from tunnel scanline data using two methods
described in CRWMS M&O (1997 [DIRS 103564]). RMR values for boreholes and for ESF
scanlines are presented in Brechtel etal. (1995 [DIRS 101493]), Kicker etal. (1997
[DIRS 106288]), Sandia National Laboratories ([SNL] 1995 [DIRS 106851]), and CRWMS
M&O (1997 [DIRS 103564]; 1997 [DIRS 101539]). RMR values for the ECRB Cross-Drift are
given in Mongano et al. (1999 [DIRS 149850]).

Q, as defined by Barton et al. (1974 [DIRS 101541]), is calculated from six parameters: RQD, a
joint-set number (J,), joint-roughness number (J;), a joint-alteration number (J,), a joint
water-reduction number (Jy,), and a stress-reduction factor. The first term in the expression
(RQD/J,) describes the block size, the second term (J,/J,) the interblock shear strength, and the
third term (Jy/stress-reduction factor) the effect of the active stress. Relative classes of rock
quality based on the overall value of Q have been assigned by Barton etal. (1974
[DIRS 101541]). Data and methodology used to estimate Q and RMR from the core data are
described in Brechtel etal. (1995 [DIRS 101493]), Kicker etal. (1997 [DIRS 106288]), and
CRWMS M&O (1997 [DIRS 103564]).

Q data were also generated for 5 m (16.4 ft) intervals of the ESF, based on scanline observations
made on the excavation surface. Scanline refers to the determination of parameters along linear
traces within the interval, as opposed to a detailed mapping of the features in the interval. The
methodology used for the scanline Q determinations is described in CRWMS M&O (1997
[DIRS 103564]). In addition, Q values were also determined from full-peripheral field mapping
of the ESF. Complete data and detailed analyses are presented in CRWMS M&O (1997
[DIRS 103564]; 1997 [DIRS 101539]) and Mongano et al. (1999 [DIRS 149850]).

An empirical method for assessing the Q-system parameter, called the stress-reduction factor
(Kirsten 1988 [DIRS 120631]), has been applied to some data sets, resulting in the determination
of a modified Q value. The method and analysis are described in detail in CRWMS M&O (1997
[DIRS 100930]). The Q values calculated by the Kirsten approach, defined as Qmodified, are
typically higher for both data sets and are generally in closer agreement to the RMR values.

Table 3-25 presents a concise statistical description of Q in the ESF, including the cumulative
frequency of occurrence at 5, 20, 40, 70, and 90 percent. These frequencies correspond to the
five Q categories, as defined by Hardy and Bauer (1991 [DIRS 102920]), and serve as the basis
for evaluating the potential range of rock-mass conditions. Table 3-25 also includes the original
borehole values used in the ESF ground-support design analysis. As shown, these values
resulted in conservative estimates of Q and a conservative ground-support system.

Q was higher in the upper parts of the Topopah Spring Tuff than in the corresponding portions of
the Tiva Canyon Tuff (CRWMS M&O 1997 [DIRS 103564]). Poor Q, anticipated in the upper
lithophysal zone of the Topopah Spring Tuff (Tptpul), was not observed, in part because the
fracturing was not well developed and generally limited to one set of fracture orientation. The
inhomogeneities in the Tptpul, caused by large lithophysae and relatively small fractures within
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the rock, had little negative effect on the rock mass at the excavation scale. Where the middle
nonlithophysal zone, Tptpmn, was exposed in excavations of the main drift, Q was relatively
high.

The ESF ground support guidelines (CRWMS M&O 1996 [DIRS 101429]) specify ranges of Q
for associated ground support (Classes I through V). Based on these guidelines and Q indices
from early ESF scanline data, ground-support requirements were projected for each
thermal-mechanical unit. Table 3-26 presents the recommended ground support with respect to
the specified range of Q values.

Q data were determined in the ECRB Cross-Drift from detailed line surveys following the same
procedures used in the ESF. RMR values were determined, including and excluding lithophysae.
Lithophysae were found to have only a minimal effect on the determination of RMR
(Mongano et al. 1999 [DIRS 149850]). Generally, there was good correlation with results for the
same rock units in the ESF. A summary of the RMR and Q values in the cross drift is presented
in Mongano et al. (1999 [DIRS 149850])).

Two ground-support classes were considered for the cross drift: systematic bolting and steel sets
(Mongano etal. 1999 [DIRS 149850]). However, the high Q values that were determined
indicated that little support was required in the stratigraphic units exposed in the cross drift.

Additional information on rock mass classification, and statistical development of summary
information for use in design, is provided by BSC (2003 [DIRS 166660], Section 8).

3.74.2 Rock-Mass Thermal Properties

Correlations have been developed or proposed for thermal-mechanical properties at the
rock-mass scale (Nimick and Connolly 1991 [DIRS 100690]). Thermal conductivity at the intact
scale has been shown to be a function of porosity, saturation, and temperature. Thermal property
differences at the rock-mass scale are related to additional fracture porosity not present in intact
samples, and additional lithophysal porosity for lithophysal units. The effect of fracture porosity
is considered to be small, but the effect of lithophysal porosity is more important.

Data collected through May 1997 from SHT in the Tptpmn unit (middle nonlithophysal) tuff
indicate that the temperature distribution around the heater was radially symmetric (CRWMS
M&O 1997 [DIRS 101540]). This indicated that thermal conduction was the primary mode of
heat transfer (CRWMS M&O 1997 [DIRS 101540]). Some anomalous temperature readings
indicated convective transport of heat in fractures. The available thermal data also indicate the
formation of a dry-out zone, in which the 100°C isotherm extended approximately 1 meter
radially from the heater (CRWMS M&O 1997 [DIRS 101540]).

The thermal expansion coefficient of the rock mass adjacent to the SHT was determined from
selected multipurpose borehole extensometer displacements and temperatures. The calculated
rock-mass thermal-expansion coefficient ranged between about 4 x 10%°C and 6 x 10°/°C.
Additional detail on the thermal expansion analysis and results is provided by SNL (1997
[DIRS 106867]), CRWMS M&O (1997 [DIRS 101540]), and CRWMS M&O (1999
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[DIRS 129261]). Rock-mass thermal expansion coefficients calculated from the SHT are
generally smaller than laboratory-determined values for the middle nonlithophysal unit.

Rautman (1995 [DIRS 100692]) developed a correlation between thermal conductivity and a
two-dimensional geostatistical model of porosity at Yucca Mountain. The relationship of
laboratory measurements of thermal conductivity to porosity, saturation, and temperature is
summarized in Section 3.7.3.3. Results of geostatistical modeling of thermal conductivity are
presented by Rautman (1995 [DIRS 100692]).

Additional field measurements of thermal conductivity in situ, include: 1) interpretation of the
large-scale temperature field around the DST, 2) borehole measurements using the Rapid
Estimation of Thermal Conductivity and Diffusivity method which were part of the DST, and
3) in situ borehole thermal conductivity tests in the Tptpll (lower lithophysal) tuff unit. The
results obtained by the first two of these methods apply to the Tptpmn (middle nonlithophysal)
tuff. Interpretation of the large-scale temperature field around the DST is reported by BSC (2001
[DIRS 157330], Section 6), concluding that the appropriate values of in situ dry thermal
conductivity for modeling thermal test response in the middle nonlithophysal tuff unit are in the
range 1.56 to 1.67 W/(mK), and that appropriate values for wet thermal conductivity range from
2.00 to 2.33 W/(mK) (BSC 2001 [DIRS 157330], Section 7). The Rapid Estimation of Thermal
Conductivity and Diffusivity method and results are described by BSC 2002 [DIRS 160771].
The mean thermal conductivity value obtained from the Rapid Estimation of Thermal
Conductivity and Diffusivity measurements, for the middle nonlithophysal tuff, was
approximately 1.8 W/(mK).

A series of three in situ thermal conductivity tests were fielded in the ECRB Cross-Drift to
investigate the in situ behavior of the Tptpll (lower lithophysal) tuff. Each of these tests
consisted of one or more heater boreholes adjacent to one or more temperature-monitoring
boreholes. The test configurations consisted of one 2-hole test, one 3-hole test, and one 6-hole
test. Thermal conductivity was obtained by joint curve-fitting of the recorded temperature-time
histories. The average in situ thermal conductivity values ranged from approximately 1.74 to
2.10 W/(mK) (DTNs: SN0206F3504502.012 [DIRS 159145]; SN0208F3504502.019
[DIRS 161883]; SN0206F3504502.013 [DIRS 159146])).

3.74.3  Rock-Mass Mechanical Properties
3.74.3.1 Rock-Mass Strength

Rock-mass mechanical properties have been estimated using the approach proposed by Hardy
and Bauer (1991 [DIRS 102920]). This approach uses laboratory test data and the RMR values
to estimate mechanical properties at the rock-mass scale for use in equivalent continuum
analyses. The estimated properties are listed in Table 3-27. Ranges of the rock-mass properties
are estimated, based on RMR from scanline data and the average of the appropriate, intact-rock
property. Complete analysis is presented in CRWMS M&O (1997 [DIRS 103564]). Two sets of
empirical rock-mass-strength criteria, Yudhbir et al. (1983 [DIRS 108730]) and Hoek and Brown
(1988 [DIRS 106158]), were adopted for the drift design methodology, and an average of the
two predicted strengths was used to develop a power-law relationship of rock-mass strength
versus confining pressure. Design parameters for rock-mass elastic modulus (Serafim and
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Pereira 1983 [DIRS 101711]), Poisson’s ratio, and Mohr-Coulomb strength were developed for
each thermal-mechanical unit.

Rock-mass strengths, based on the empirical strength criteria of Yudhbir etal. (1983
[DIRS 108730]) and Hoek and Brown (1988 [DIRS 106158]), have been developed for the
thermal-mechanical units (CRWMS M&O 1997 [DIRS 103564]). Information required for
obtaining rock-mass strength includes Q indices, intact-rock, uniaxial-compressive strengths, and
the triaxial-compressive strength data. The rock-mass-strength criteria were generated for the
five categories of Q, based on frequency of occurrence, of 5, 20, 40, 70, and 90 percent
(presented in Section 3.7.4.1).

The equation proposed by Yudhbir et al. (1983 [DIRS 108730]) for calculation of rock-mass
strength is:

_ O3 e
o,=Ac,+Bo (—) (Eq. 3-2)
o-C
where
o; = strength of the rock mass
A = adimensionless parameter, dependent on the RMR
o. = intact-rock, uniaxial-compressive strength

o, B = rock material constants, dependent on rock type
o3 = confining stress

The value of “A” for the rock mass is obtained from the design rock-mass rating by the
following equation from Yudhbir et al. (1983 [DIRS 108730]):

A= 0 0765(RMRo)-7.65 (Eq. 3-3)

The material constants B and o are related to the rock type and are determined by a curve-fitting
of the confined, compressive-strength test results.

Table 3-28 lists the values of B and o, as well as o., for each unit. For the TCw thermall]
mechanical unit, NRG core triaxial-test data were used to determine B and a, using the method
outlined in Hardy and Bauer (1991 [DIRS 102920]) and Lin et al. (1993 [DIRS 104585]). These
data were originally published in Brechtel et al. (1995 [DIRS 101493]). For the undifferentiated
overburden and PTn thermal-mechanical units, NRG uniaxial compression and Brazilian
tensile-strength tests were used to determine B and o, with modifications of the method
suggested by Hardy and Bauer (1991 [DIRS 102920]) and Lin et al. (1993 [DIRS 104585])).
These data were originally published in Brechtel et al. (1995 [DIRS 101493]). For the TSw1 and
TSw2 thermal-mechanical units, triaxial-test data from samples from SD-9 and SD-12 were used
to determine B and a., using the method outlined in Hardy and Bauer (1991 [DIRS 102920]) and
Lin et al. (1993 [DIRS 104585]). Only five data points for each unit were available to evaluate
these constants.
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The Hoek and Brown (1988 [DIRS 106158]) rock-mass-strength criterion is shown in the
following equation:

o,=0, +\/m0'c o,+ SGC2 (Eq. 3-4)

where

o = strength of the rock mass

o3 = confining stress

m = a constant that depends on the properties of the rock = mje
c. = Intact-rock, uniaxial-compressive strength

s = aconstant that depends on the extent to which the rock is fractured = e

(RMR-100)/28

(RMR-100)/9

The parameter m; is the constant for intact rock and is determined by curve-fitting of the
confined compressive-strength test data. Values for m; are listed in Table 3-28. Data sources
and derivations are given in CRWMS M&O (1997 [DIRS 103564]).

The design rock-mass strengths for each Q category were calculated by averaging the strengths
determined from both Yudhbir etal. (1983 [DIRS 108730]) and Hoek and Brown (1988
[DIRS 106158]) criteria, following the procedure of Hardy and Bauer (1991 [DIRS 102920]).

A power-law relationship of the form:
o1=A+Bo? (Eq. 3-5)

was employed to describe the nonlinear, design, rock-mass strength. The parameters A, B, and C
were determined by curve-fitting the strength envelopes using a least-squares method and are
included in Table 3-27 for 40 percent cumulative frequency for each thermal-mechanical unit.
The design rock-mass strength envelopes for the TSw2 unit, based on ESF scanline data, are
presented in Figure 3-25. Complete design rock-mass-strength envelopes for other thermal
mechanical units and resulting power-law constants are given for all rock-mass classes in each
thermal-mechanical unit in CRWMS M&O (1997 [DIRS 103564]).

The Mohr-Coulomb strength parameters, including cohesion and angle of internal friction and
the dilation angle, are commonly used to describe rock-mass strength in numerical analysis. The
strength parameters were developed from the least-squares, curve-fits of strength-data pairs
(o1, 03) produced using the power-law criterion described above and summarized for 40 percent
frequency in Table 3-27.

A Mohr-Coulomb failure criterion was employed relating the shear and normal stress on the
plane of failure to cohesion and angle of internal friction as represented by the following
equation:

7=C,+o0,tang (Eq. 3-6)
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where

Cop = cohesion
) angle of internal friction

The least-squares best fit was performed over the range of confining pressures, from 0 to 3 MPa,
which is representative of the projected range in minimum principal stresses near the boundary
of the excavations. Table 3-27 includes the resulting Mohr-Coulomb strength parameters for
40 percent cumulative frequency of occurrence (see complete results in CRWMS M&O 1997
[DIRS 103564]).

The nonassociated flow rule, suggested by Michelis and Brown (1986 [DIRS 106360]), which
uses a dilation angle equal to half the internal friction angle, was considered suitable for the tuff
(Hardy and Bauer 1991 [DIRS 102920]). The resulting values for dilation angles are also listed
in Table 3-27, with complete results presented in CRWMS M&O (1997 [DIRS 103564]).

Two additional empirical methods were used for assessing rock-mass strength properties: the
Geological Strength Index (Hoek and Brown 1988 [DIRS 106158]) and the Rock Mass Index
(Palmstrom 1996 [DIRS 106476]; 1996 [DIRS 105310]). Properties estimated included
rock-mass elastic modulus, cohesion (intact and joint), friction angle, unconfined compressive
strength, and tensile strength. Complete analyses and results are presented in CRWMS M&O
(1997 [DIRS 100930]).

In addition, three slot tests were performed in the ESF and the ECRB Cross-Drift, in the Tptpll
and Tptpul lithophysal units, to investigate in situ strength and deformability. The tests were
designed to evaluate: in situ stress acting normal to the slots, rock-mass deformation moduli,
cyclic loading/unloading behavior, and rock strength. Slot Test #2 was also heated to investigate
rock-mass thermal-mechanical behavior. Each test is described as follows:

e Slot Test #1— Located in the highly fracture Tptpll (lower lithophysal) unit, in the ESF
South Ramp. Two parallel, vertical slots were excavated in the wall, oriented
perpendicular to the tunnel. The area of each slot was approximately 2.2 m* and the
distance between them was 1.2 m. A large-diameter (30.5 cm) borehole was drilled
halfway between the slots to observe deformation and failure behavior. The maximum
pressure applied in the flatjacks (prior to indication of rock failure) was 6.07 MPa.

e Slot Test #2—-Located in a relatively unfractured exposure of the Tptpul (upper
lithophysal) unit, in the ESF main tunnel. The test configuration was the same as
Test #1, with the addition of six heater boreholes around the test. After the ambient
testing, the heaters were operated for two weeks to raise the temperature of the rock
volume to approximately 90°C, and a series of mechanical measurements was repeated.
The maximum pressure applied in the flatjacks (at indication of rock failure) was
10.7 MPa.

e Slot Test #3—Located in the ECRB Cross-Drift, where the Tptpll (lower lithophysal) tuff

was selected to be representative. The test configuration was the same as the other slot
tests, except that the location was moved to the floor of the drift to avoid the stress

TDR-CRW-GS-000001 REV 02 ICN 01 3-103 April 2004



concentration at the tunnel springline (halfway up the wall). Because of inelastic
deformation in response to loading, the maximum flatjack pressure achieved in the test
was 6.8 MPa.

Additional details of the slot test methods and results are presented by BSC (2003
[DIRS 166660], Section 8.7.4).

3.7.4.3.2 Rock-Mass Elastic Moduli

Serafim and Pereira (1983 [DIRS 101711]) developed a correlation between the RMR and the
rock-mass elastic modulus (E) that was recommended for use by Hardy and Bauer (1991
[DIRS 102920]). The correlation is shown in the following equation:

E = 10 (RMR-10/40 (Eq. 3-7)
where
E is measured in GPa

Because the equation does not incorporate the intact-rock elastic modulus, the predicted
rock-mass elastic modulus can exceed the intact-rock elastic modulus at high RMR values. An
upper-bound limit of the rock-mass modulus was, therefore, set equal to the intact-rock modulus
(Table 3-28). Calculated rock-mass moduli, based on design RMR values, are shown for
40 percent cumulative frequency of occurrence in Table 3-27. Complete results are presented in
CRWMS M&O (1997 [DIRS 103564]).

Rock-mass moduli determined by using the Geological Strength Index and Rock Mass Index
described in Section 3.7.4.3.1 resulted in modulus values that significantly exceeded the
mean-intact value for the undifferentiated overburden, PTn, and TSw1 thermal-mechanical units,
based on field-mapping data (CRWMS M&O 1997 [DIRS 100930]). The Rock Mass Index
empirical methodology applied in this analysis resulted in a significantly smaller range of
E values that is more consistent with the intact value for these units. The Rock Mass Index
method may be a more appropriate empirical methodology for assessing the rock-mass modulus
for the range of Q values in the ESF (CRWMS M&O 1997 [DIRS 100930]).

Rock-mass elastic moduli were also determined in situ as part of the SHT, using the NX
borehole jack (Goodman jack). Results, procedures, and analysis are described in SNL (1997
[DIRS 106867]) and in CRWMS M&O (1997 [DIRS 101540]). In addition, borehole-jack tests
were run before heater startup in August 1996 and again in October 1996, November 1996, and
March 1997. Jacking tests were run along the SHT borehole at various depths.

Field rock-mass moduli from borehole jack testing in the SHT block ranged from about 3 to
23 GPa (CRWMS M&O 1997 [DIRS 101540]). The data show thermally induced stiffening of
the rock mass in the region near the heater, with rock-mass moduli in this region increasing from
8 GPa in November 1996 to 23 GPa in March 1997. This modulus increase is caused by the
closing of fractures by rock-matrix thermal expansion.
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Ambient in situ rock-mass moduli, calculated from SHT borehole jacking, are lower than
laboratory values determined for intact specimens. This is consistent with previous in situ
experiments conducted in welded tuff in G-tunnel, which indicated that the modulus values for in
situ tests were about half the intact laboratory-determined value (CRWMS M&O 1997
[DIRS 1015407]).

Four plate-loading tests were conducted as part of the DST, two in 1998, one in October 2000,
and one in April 2003, to measure the rock-mass deformation modulus at ambient and heated
conditions. They were performed in a plate-loading niche opening located at the southeastern
corner of the DST (CRWMS M&O 1998 [DIRS 108306]). The test loaded the rock mass
horizontally, using large, square-shaped flatjacks that pressed against both walls of the opening.
The design of the tests was based on test standards from the International Society of Rock
Mechanics (ASTM 1985 [DIRS 149445]; ASTM 1985 [DIRS 160054]). The plate-loading test
data suggest a rock-mass modulus ranging from approximately 20 to 60 GPa at this location
(DTNs: SNOO11F3912298.023 [DIRS 158399]; SNO0310F3912298.054 [DIRS 168527]).
In general the initial loading and reloading responses were linear (average applied load vs.
displacements). The loading and unloading moduli generally increased with applied pressure,
and the rock on the hotter side of the test opening (proximal to the DST) was approximately
twice as stiff as on the cooler side. The cooler side also exhibited more loading/unloading
hysteresis.

3.7.5 In Situ Stress Conditions

Design of the repository requires knowledge of the magnitude, direction, and variability of the
preconstruction in situ state of stress for the analysis and design of stable underground openings,
as well as for the prediction of short-term and long-term rock-mass deformation. Detailed results
of in situ stress measurements in tuffs at Yucca Mountain are contained in Lee and Haimson
(1999 [DIRS 129667]).

Table 3-29 presents a summary of the estimated in situ stress at the repository horizon. The
direction of the maximum principal stress is vertical, because of the lithostatic load. At the
repository level, the vertical stress, on the average, has been taken to be 7.0 MPa (Stock et al.
1984 [DIRS 103148]; CRWMS M&O 1995 [DIRS 101426]). Horizontal stresses are expected to
be lower and to range from 3.5 to 4.2 MPa, although the range may be as wide as 2.1 to 7.0 MPa.
These in situ stress values were generally confirmed by a stress profile calculated for the ESF
test area (Stock and Healy 1988 [DIRS 101022]), which showed a vertical stress of 6.0 MPa at a
depth of 300 m (984 ft). Horizontal stress for the same depth ranged from 2.1 to 4.2 MPa.

Hydraulic fracturing tests performed for ambient characterization of the DST block measured in
situ stresses in the TSw2 wunit (SNL 1997 [DIRS 106854]; CRWMS M&O 1997
[DIRS 101539]). Results were generally consistent, but revealed somewhat lower in situ stresses
than previously estimated. Tests were conducted in Borehole ESF-AOD-HDFR#1, drilled from
the ESF, at depths approximately 240 to 249 m (787 to 817 ft) below ground surface. The
downhole testing equipment consisted of a hydraulic-fracturing, straddle-packer system, which
was lowered to predetermined hydraulic-fracturing test intervals. An impression-packer
orienting tool was used to obtain an oriented trace of the induced hydraulic fracture on the
borehole wall, and test-interval pressure and flow rate were digitally monitored.
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A series of five hydraulic-fracturing tests were conducted in the DST block, but only one test
yielded what were considered reliable results. Based on this test result, the principal horizontal
stresses around this borehole were estimated to be (SNL 1997 [DIRS 106854]):
on (least-horizontal principal stress) = 1.7 (£ 0.1) MPa acting in the N75°W (+ 14°) direction and
on (greatest-horizontal principal stress) = 2.9 (£ 0.4) MPa acting in the N15°E (+ 14°) direction.
Because vertical stress was not measured, it was approximated as the weight of the overburden at
the depth of the tests as follows (SNL 1997 [DIRS 106854]): o, (vertical stress) = 3.7 MPa.

Although the measured horizontal stresses differ, both are smaller than the vertical stress. This
measured-stress regime, one of low horizontal magnitudes, is in accord with the predominant
local normal faults. The north-northeastern, maximum-horizontal, stress direction is subparallel
to the average strike of these faults and is supported by previous measurements in the Yucca
Mountain area (Zoback and Healy 1984 [DIRS 108657]). Additional information is presented in
SNL (1997 [DIRS 106854]) and CRWMS M&O (1997 [DIRS 101539]).

3.7.6 Excavation Characteristics of the Rock Mass

Geotechnical monitoring data were developed during excavation of the north ramp starter tunnel
and upper Tiva Canyon Alcove to provide the basis for design verification. The north ramp
starter tunnel was constructed to prepare for the construction of the ESF north ramp, main drift,
and south ramp. The upper Tiva Canyon Alcove was excavated off the north ramp starter tunnel
to provide access for site characterization testing. Design-verification studies are being
performed to monitor and observe the long-term behavior of openings in the range of rock
conditions to be encountered in the repository host rock, to observe and evaluate the construction
of the ESF (with respect to implications for repository construction and performance), and to
collect information for design of the ventilation systems in the repository (DOE 1988
[DIRS 100282]).

3.76.1 Excavation Methods Used at Yucca Mountain

Both SNL (1995 [DIRS 106851]) and CRWMS M&O (1997 [DIRS 101537]) addressed
evaluations of mining methods and monitoring of ground-support systems and drift stability.
Rock-mass-quality evaluations, an evaluation of as-built mapping data, and blast-vibration
monitoring were performed as part of the mining-methods evaluation. An evaluation of
rock-structure data from surface and underground mapping is presented in Section 3.7.2; an

evaluation of Q data is presented in Section 3.7.4, and blast monitoring is discussed in this
section and in CRWMS M&O (1997 [DIRS 103564]).

The north ramp starter tunnel was constructed to launch the 7.6 m (24.9 ft) diameter
tunnel-boring machine to construct the ESF north ramp, main drift, and south ramp. The north
ramp starter tunnel, upper Tiva Canyon Alcove, Alcove 2, and sections of the Alcove 5 thermal
testing facility were excavated by drilling and blasting. In addition, the ECRB Cross-Drift was
excavated by a tunnel-boring machine, with a starter tunnel excavated by drill and blast methods.
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3.7.6.2  Potential Airborne Particulate Health Hazards during Excavation

Potential health hazards during excavation include the effects of minerals that become airborne
during tunneling operations, which can produce respiratory ailments. Specific safety and health
concerns related to rock-mass mineralogies at Yucca Mountain include respiratory effects of the
zeolite, erionite, and the silica minerals, including quartz and cristobalite, encountered during
daily underground activities. These minerals occur in varying proportions in the different
lithologies at Yucca Mountain, as reported in Vaniman et al. (1996 [DIRS 105946]).

Health-related issues associated with airborne mineral particles released by excavation at Yucca
Mountain were evaluated by combining quantitative x-ray diffraction analyses of mineral
distributions with published information on mineral toxicity and carcinogenicity. The risk from
the minerals that may be of potential concern as airborne particles during construction or
operation can be minimized by safe, modern mining practices (e.g., by maintaining low dust
levels and adequate ventilation). The crystalline silica minerals fall into this category.

Apart from vitric and vitrophyre zones at Yucca Mountain, the crystalline silica minerals are
typically 3 to 40 percent by weight for all other tuff units, including the devitrified rhyolitic
Topopah Spring Tuff (in which the ESF and the repository horizon are located). The silica
minerals in these devitrified rocks are generally quartz and cristobalite, with more variable and
generally lesser amounts of tridymite. However, the vitric tuffs are rocks with inherently low
abundances of crystalline silica. Total crystalline-silica abundances in these vitric tuffs are all
7 percent or less. Typical abundances are about 4 percent by weight.

Some potentially hazardous minerals, such as palygorskite, sepiolite, and mordenite, are limited
in location to fractures, so exposures to these minerals will likely be minimal, particularly if low
dust levels are maintained. In addition, palygorskite is generally at depths shallower than the
repository horizon, and mordenite is in the deeper zeolitized units below the repository horizon.
Consequently, these minerals probably pose a minimal risk at Yucca Mountain.

Erionite, a fibrous zeolite, has been determined to have a carcinogenic potential and may pose a
risk if encountered in sufficient quantity, even when standard, modern mining practices are
followed. However, the presence of erionite at Yucca Mountain appears to be restricted to zones
immediately below the repository horizon and in the lower Tiva Canyon Tuff.

Dust and wall-rock samples were analyzed from tunnel-boring machine water-use and
surfactant-use test intervals, as well as from routine tunnel-boring machine operations in the
ECRB at Yucca Mountain. Dust production was diminished by about half with water application
at the cutter head, but adding surfactant to the applied water caused increased dust production
comparable to the dust produced during dry excavation (Harrington 1998 [DIRS 124658]).

Constituent minerals of the unexcavated bulk rock are fractionated by tunnel boring machine
fragmentation. Silica-mineral abundances within respirable size materials in the Tptpul horizon
vary individually, but are cumulatively only 60 to 75 percent of their abundance in the
unexcavated rock (Harrington 1998 [DIRS 124658]).
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3.7.6.3  Ground Support

Ground support in the ESF includes rock bolts, lattice girders, steel-fiber reinforced shotcrete,
and steel sets (CRWMS M&O 1997 [DIRS 103564]). Wire mesh and channel straps are used to
control loose materials between rock bolts. Rock-bolt monitoring was accomplished using
rock-bolt load cells and instrumented rock bolts. Convergence pins were attached to the lattice
girders in the first 10 m (33 ft) of the ESF to monitor the displacement of these components of
the ground-support system. Vibrating wire-strain gauges and convergence pins were attached to
steel sets throughout the ESF to monitor the changes in rock loading. Convergence-pin arrays
and borehole extensometers were installed in rock supported by Swellex bolts (CRWMS M&O
1997 [DIRS 103564]).

3.76.31 Measured Rock-Bolt Loads

Rock-bolt load cells were installed along the north ramp starter tunnel and on the highwall at the
North Portal. All bolts had some load bleed-off and have settled into generally stable trends, in
which bolt loads are relatively constant. No load increases that would indicate rock loosening
were observed from the time of installation to June 1996. The bolt loads that were used range
from 0.1 to 16.0 percent of the bolt-yield strength (CRWMS M&O 1997 [DIRS 103564]).

The results from instrumented rock bolts in the upper Tiva Canyon Alcove were similar to those
observed in other areas, with bolt loads remaining well below the bolt-yield strength (SNL 1995
[DIRS 106851]).

Eight rock-bolt load cells were also installed as part of the SHT to evaluate the effects of
elevated temperature on bolt performance. Complete data and analysis are presented in SNL
(1997 [DIRS 106867]) and CRWMS M&O (1997 [DIRS 101540]). Four rock bolts were
installed on the heated side of the thermal-mechanical alcove below the level of the heater, and
four additional bolts were installed on the opposite, cool side of the alcove. The load measured
in all the load cells has generally decreased, with an average decrease of 1.37 percent for rock
bolts on the ambient (cool) side and 3.45 percent for rock-bolts on the heated side. The two
largest decreases were measured in the rock-bolt load cells nearest the heater (CRWMS M&O
1997 [DIRS 101540]).

3.7.6.3.2 Portal Lattice Girder Deformation

Deformation of the portal lattice girders embedded in shotcrete was tracked using convergence
data collected by a tape extensometer. The deformations have remained fairly constant after the
initial settling (SNL 1995 [DIRS 106851]), and the monitoring data from June 1995 to June 1996
showed a continuing trend of no closure (CRWMS M&O 1997 [DIRS 101537]).

3.7.6.3.3 Steel Set Deformation

Vibrating wire-strain gauges were installed on 33 steel sets from January 1995 through
June 1996. The strain gauges were attached to the steel sets both before and after installation in
the tunnel. When the gauges were attached before installation, stress changes in the web of the
steel sets caused by jacking loads were monitored during the steel-set installation process. Strain
changes that occurred during jacking installation indicated a generally similar pattern of tensile
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and compressive stress change in the steel. The measured strain changes during jacking
indicated stress changes between 10 and 180 MPa (CRWMS M&O 1997 [DIRS 101537]).

Strains remained generally constant after installation, indicating an absence of rock-loading
around the steel sets being monitored. Most of the steel sets were installed in the Tiva Canyon
and in the undifferentiated overburden units. However, similar trends were observed for steel
sets in the Paintbrush units (CRWMS M&O 1997 [DIRS 103564]).

3.7.6.3.4 Installed Ground Support versus Rock-Mass-Quality Projections

Installed ground support has been compared to ground support as projected, based on the Q
determined for 5 m (16.4 ft) intervals for the ESF (CRWMS M&O 1997 [DIRS 103564]; 1997
[DIRS 100930]). Projected ground-support classes were defined as a function of the Q value that
would provide the recommended ground support to cover the expected range of ground
conditions. The installed ground-support classes are shown in Figure 3-25, together with the
spatial distribution of Qmodifiea Values. The installed ground-support class was generally in
agreement with, or more conservative than, the scanline-based Qmodifiea Value (CRWMS
M&O 1997 [DIRS 100930]).

3.7.7  Dynamic Rock and Soil Properties

BSC (2002 [DIRS 157829]) presents a compilation and provides basic interpretation of data
acquired during 2000 and 2001 for use in evaluating ground motions for the Yucca Mountain
Site Characteristic Project, and also for use in developing recommendations for foundations for
surface facilities at the North Portal. The data acquired in 2000 and 2001 included geologic data
from borings and test pits, shear-wave and compression-wave arrival times from downhole
seismic surveys, shear-wave and compression-wave travel times from suspension-seismic
surveys in boreholes, caliper and gamma-gamma wireline surveys in boreholes, shear-wave
velocity profiles from spectral analysis of surface waves (SASW) surveys, and laboratory RCTS
tests. Data were acquired in the surface facilities area, along the north ramp and main drift of the
ESF, near the crest of Yucca Mountain, and in the Fran Ridge Borrow Area.

3.7.71 Surface Facilities Area

Fifteen Boreholes (UE-25 RF #14 through UE-25 RF #29) and four test pits (TP-WHB-1 through |
-4) were completed in the surface facilities area. Locations of the borings and test pits are
presented in BSC (2002 [DIRS 157829], Figure 2). Geologic data acquired in the boreholes
included depth below ground surface of lithostratigraphic subunit contacts; depth below ground
surface and dips of faults and other structural features; rock hardness, welding, and fracture
density; percent-core recovery, and RQD. Detailed geologic borehole logs are presented in BSC
(2002 [DIRS 157829], Attachment I). Each of the test pits was mapped and logged and results
of the mapping are shown on test-pit logs and photomosaic test-pit maps presented in BSC (2002
[DIRS 157829], Attachments III and IV).

3.7.7.1.1 In-Situ Geoseismic Surveys

The collection, analyses, and estimates of shear-wave velocities and compression-wave
velocities from downhole seismic-velocity surveys in 16 Boreholes (UE-25 RF #14 through |
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UE-25 RF #29) at the surface facilities site are described in BSC (2002 [DIRS 157829]). |
Measurements were obtained in both rock and overlying surficial soil. Shear-wave and
compression-wave velocity profiles, along with generalized lithology taken from the borehole
logs, are presented in BSC (2002 [DIRS 157829], Figures 4 to 19). Values of shear-wave
velocity and compression-wave velocity measurements are summarized for all boreholes in BSC
(2002 [DIRS 157829], Figures 20 and 21). Overall, the shear-wave velocities increased with
depth in the top 30 m, and similar trends were observed in the compression-wave profiles
(BSC 2002 [DIRS 157829]). Calculated mean, median, and mean plus one standard-deviation
velocity profiles are also presented in BSC (2002 [DIRS 157829], Figures 22 and 23). Values of
Poisson’s ratio were calculated from shear-wave and compression-wave velocities and, in
general, a range of values from 0.15 to 0.40, typical of geologic materials, is indicated for most
of the velocity layers (BSC 2002 [DIRS 157829]).

Suspension seismic P and S wave logging was also performed in Boreholes UE-25 RF #14
through UE-25 RF #29 at the surface facilities site and is described in detail in BSC (2002
[DIRS 157829]). The shear-wave interval-velocity data obtained in the borings were examined
statistically in two ways. The data acquired at 0.5 m (1.6 ft) intervals were divided into 1.5 m
(4.9 ft) sets and the mean, median, mean-plus-one standard deviation, and mean-minus-one
standard deviation were calculated for each set. These values are presented graphically in BSC
(2002  [DIRS 157829], Figures30 and31]) for both receiver-to-receiver and
source-to-near-receiver travel-time differences. The data were also divided into
lithostratigraphic units, and the same statistical parameters were calculated and are also
presented in BSC (2002 [DIRS 157829], Figures 32 and 33). The compression-wave,
interval-velocity data were examined statistically in the same way and the results presented in
BSC (2002 [DIRS 157829], Figures 34 and 35) for source-to-receiver data only. Poisson’s ratio
was calculated from the shear-wave and compression-wave velocities and examined statistically
in the same manner as the shear-wave and compression-wave data. Plots of calculated Poisson’s
ratio by depth interval and by lithostratigraphic unit are included in BSC (2002 [DIRS 157829],
Figures 36 and 37).

SASW surveys were performed during 2000 and 2001 to estimate the shear-wave velocity
structure to a depth of approximately 45 m at closely spaced intervals near the footprint of the
surface facilities area (BSC 2002 [DIRS 157829]). A total of 40 SASW surveys were performed
in the area of the surface facilities, and the locations of the survey lines are presented in BSC
(2002 [DIRS 157829], Figure 43). Five of the surveys were combined with other adjacent
surveys, and the results of the 35 shear-wave velocity profiles estimated from the SASW surveys
are presented in BSC (2002 [DIRS 157829], Figures 54 to 89). Most of the profiles are similar
to, and begin with, shear-wave velocities near the surface of less than 300 m/s and quickly
increase to velocities of 750 to 1,250 m/s at depth. Mean, median, and mean-plus and minus-one
standard-deviation profiles for all the profiles are also presented in BSC (2002 [DIRS 157829],
Figure 91).

Caliper and gamma-gamma wireline surveys were performed in Boreholes UE-25 RF #16,
UE-25 RF #18, UE-25 RF #20, UE-25 RF #21, UE-25RF #22, UE-25RF #24, and
UE-25 RF #28. Results of the density measurements obtained from the gamma-gamma surveys
are presented in BSC (2002 [DIRS 157829], Table 12 and Figure 101). A trend of increasing
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density with depth can be observed in the data from southeast of the Exile Hill fault splay, and
another can be observed between density and lithostratigraphic unit (BSC 2002 [DIRS 157829]).

Comparisons of shear-wave velocities from downhole and suspension-survey methods were
made by plotting the shear-wave velocity profiles on common graphs for visual comparison
(BSC 2002 [DIRS 157829], Figures VII-1 to VII-16). Comparisons were also made based on
interpreted velocity profiles and plots of accumulated travel time versus depth-and-average
shear-wave velocity versus depth were compared (BSC 2002 [DIRS 157829], Figures VIII-1 to
VIII-16 and VIII-17a to VIII-23a). Finally, quarter-wave amplification ratios were calculated
and plots of amplification ratio versus depth for the deeper profiles were presented in BSC (2002
[DIRS 157829], Figures VIII-17b to VIII-23b). BSC (2002 [DIRS 157829]) presents detailed
discussions of the comparisons in individual boreholes and indicates that the agreement between
downhole and suspension results is sometimes very good and sometimes only fair. Additional
details regarding the comparisons of shear-wave velocities from borehole seismic methods,
including the methods used to calculate travel time, average shear-wave velocity, and
quarter-wavelength amplification ratio, are presented in BSC (2002 [DIRS 157829]).

3.7.7.1.2 Laboratory Tests

Laboratory tests using RCTS equipment were performed to evaluate the dynamic properties of
both rock (tuff) and surficial soil (alluvium) from the surface facilities area. The tuff and
alluvium samples were from Boreholes UE-25 RF #14 to UE-25 RF #17. Eighteen samples of |
intact tuff specimens and one reconstituted alluvial specimen were tested. The values of shear(
wave velocity (V;), shear modulus (Gpax), and material damping ratio (Dpin) measured at small
shearing strains (strains less than 0.00035) for the tuff and alluvial specimens, are summarized in
BSC (2002 [DIRS 157829], Tables 19 to 22).

Variations in Gpa, With normalized confining pressure for tuff samples measured by resonant
column testing, are presented in BSC (2002 [DIRS 157829], Figures 115 to 117). In general,
only small increases in G, were exhibited, with ranges in confining pressures from Y to
4 times the in-situ mean total stresses (Ginsiy). The variation in Vg, measured at (Gin.si), With
dry-unit weight of tuff specimens is shown in BSC (2002 [DIRS 157829], Figure 118). There is
a general trend of increasing Vs with increasing dry-unit weight and a similar trend between
total-unit weight and Vi was observed. Variations in Dy, with normalized confining pressure
for tuff samples, are also shown in BSC (2002 [DIRS 157829], Figures 120 to 122). As for Gumax,
Dnin shows little effects of confining pressure. The effects of time of confinement at a constant
isotropoic stress state and excitation frequency on Gmax and Dy, for tuff samples were also
investigated and found to be small. The nonlinear behavior of tuff specimens, including the
influence of shearing strain on the shear modulus and damping ratio, were also investigated and
presented in BSC (2002 [DIRS 157829], Figures 123 to 138).

The effects of confining pressure on Gmax and Dy, for the reconstituted alluvium sample were
investigated, and the sample was observed to behave like a granular soil (BSC 2002
[DIRS 157829], Figures 139 and 140). The effects of excitation frequency on Gpax and Dy, for
the alluvium sample were found to be small. The influence of shearing strain on the shear
modulus and damping ratio are presented in BSC (2002 [DIRS 157829], Figures 141 to 143) and
indicate the material is behaving like a granular soil. Additional information regarding the
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testing procedures and the resulting small-strain and nonlinear behavior of the intact tuff
specimens and the small- and large-strain behavior of the reconstituted alluvial specimen is
presented in BSC (2002 [DIRS 157829]).

3.7.7.2 North Ramp and Main Drift of the Exploratory Studies Facility

SASW surveys were performed in the ESF main drift tunnel in 2001. A total of five surveys
were performed along the north-south drift in the ESF at the locations indicated in BSC (2002
[DIRS 157829], Figure 144). The purpose of these measurements was to provide information on
the shear-wave velocity structure between the emplacement area and the crest of Yucca
Mountain. The sites were selected to represent a range in materials exposed along the main drift
(BSC 2002 [DIRS 157829]). The dynamic properties of five tuff specimens from the North
Portal area of the ESF were also evaluated in the laboratory using RCTS equipment.

The shear-wave velocity profiles obtained from the SASW surveys are presented in BSC (2002
[DIRS 157829], Figures 145 to 149). The SASW results in the tunnel demonstrate that the intact
rock with few fractures exhibits shear-wave velocities in the range of 1,800 to 2,100 m/s. Where
the tuff fractures near the tunnel walls, these values are in the range of 900 to 1,200 m/s
(BSC 2002 [DIRS 157829]). These tests probably did not sample the most highly fractured or
most unfractured exposures of tuff in the ESF.

Five intact tuff specimens obtained from large-diameter core samples from the North Portal area
of the ESF were dynamically tested. The initial specimen properties and the test pressures and
types of tests performed are presented in BSC (2002 [DIRS 157829], Tables 23 and 24).
In general, the small-strain behavior of the tuff was found to be similar to that of the tuff
obtained from the surface facilities area (BSC 2002 [DIRS 157829], Figures 152 and 153). The
effects of excitation frequency on Gpax and Dpi, were found to be small. The influence of
shearing strain on the shear-modulus and damping ratio are presented in BSC (2002
[DIRS 157829], Figures 154 to 156). These specimens show more nonlinearity than those
obtained from the surface facilities area and these differences were thought to be attributed to
disturbances from the tunnel-boring process and the likelihood of micro-cracking in the
specimens.

3.7.7.3 Crest of Yucca Mountain

A program of shallow, downhole-velocity measurements and SASW surveys along the Yucca
Mountain crest and downslope (east) was performed in 2000 and 2001 (BSC 2002
[DIRS 157829]). Vertical seismic profiling surveys had previously been performed in six
boreholes (Daley etal. 1994 [DIRS 149544]), but only one borehole was located within the
surface projection of the emplacement area as defined in July 2001 (BSC 2002 [DIRS 157829],
Figure 157).

3.7.7.3.1 Spectral Analysis of Surface Waves Surveys

A total of 33 SASW surveys were performed during 2000 and 2001 on top of Yucca Mountain,
generally above the emplacement area at the locations indicated in BSC (2002 [DIRS 157829],
Figure 157). All individual shear-wave velocity profiles are presented in BSC (2002 [DIRS
157829], Figures 161 to 191). A composite profile is presented in BSC (2002 [DIRS 157829],
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Figure 192). The median, mean, and 16" and 84" percentile-profiles are also shown in
BSC (2002 [DIRS 157829], Figure 193). Many of the profiles indicate low-velocity zones
beneath the higher-velocity rock and are consistent with the limited downhole shear-wave
velocity data (BSC 2002 [DIRS 157829]).

Of the 22 surveys performed along or near the crest, 13 surveys were orientated approximately
parallel to the crest of Yucca Mountain, and nine were orientated approximately perpendicular to
the crest, and generally downslope of the crest. A comparison of the mean shear-wave velocity
profile from surveys orientated parallel to the crest, and the mean profile from surveys orientated
perpendicular to the crest, indicates a difference of up to about 180 m/s in the top 45 m (148 ft)
(BSC 2002 [DIRS 157829], Figure 196). It was speculated in BSC (2002 [DIRS 157829]) that
this difference may be related to anisotropy because of fracturing in the near-surface volcanic
units of Yucca Mountain.

Three SASW surveys were performed to measure the shear-wave velocity of the exposed,
visually intact but weathered rock. Because of the rock outcrop size, only very close receiver
spacings (0.15 m to 0.3 m [0.5 to 1 ft]) could be used. The shear-wave velocities ranged from
about 975 to 1,430 m/s, and the three shear-wave velocity profiles are presented in BSC (2002
[DIRS 157829], Figure 191). The shear-wave velocities from the exposed rock are much higher
than the velocities recorded for wavelengths ranging from approximately 1.5 to 6 m (4.9 to
19.7 ft) from the other surveys. These results illustrate the difference between local and global
measurements of surface-wave velocity at a discontinuous rock or soil (or both) site with lateral
variability (BSC 2002 [DIRS 157829]).

3.7.7.3.2 Downhole Seismic Surveys

Shear-wave and compression-wave velocities were measured in eight existing boreholes along,
or near, the crest of Yucca Mountain in 2002. These downhole velocity surveys were performed
in the few open boreholes, previously used for neutron-logging, above the emplacement area on
Yucca Mountain. A list of the neutron-logging holes that were surveyed and their locations are
presented in BSC (2002 [DIRS 157829], Table 25 and Figure 202).

Very little of the compression-wave data acquired in these surveys were usable. Final values of
the shear-wave velocities are presented in BSC (2002 [DIRS 157829], Table 26 and Figures 203
to 210). A composite of all profiles is presented in BSC (2002 [DIRS 157829], Figure 211),
illustrating the large variability in the shear-wave velocities in the top 15 m. This variability is
also reflected in the mean, median, and plus-and-minus-one, standard-deviation profiles shown
in BSC (2002 [DIRS 157829], Figure 212). The wide range in the values of shear-wave
velocities and the apparent lack of stratigraphic correlation between holes, demonstrate the
heterogeneous nature of the volcanic deposits that comprise the Yucca Mountain site (BSC 2002
[DIRS 157829]).

3.7.7.4  Fran Ridge Borrow Area
The dynamic properties of ten reconstituted specimens from the Fran Ridge Borrow area were

evaluated using RCTS equipment. The specimens were compacted to dry densities that ranged
from 90 to 97 percent of the maximum dry density determined during the laboratory
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static-testing program. Four of the specimens were tested in two stages to evaluate the smalll]
and large-strain properties at molding water contents during the first stage, and at increased
water content during the second stage to investigate the impact on the dynamic properties of
increasing the water content of the fill after placement. The test pressures and types of tests
performed on the specimens are presented in BSC (2002 [DIRS 157829], Table 30).

The variation of Gp,,x with confining pressure for the 10 specimens is presented in BSC (2002
[DIRS 157829], Figure 218). Results of the dynamic testing indicated that Gm.x generally
increased with increasing dry-unit weight and, for the denser specimens, decreased with
increasing water content. The variation of Dy, with confining pressure for the 10 specimens is
presented in BSC (2002 [DIRS 157829], Figure 219). The values of Dy, decreased with
increasing confining pressure, as expected. The influence of shearing strain on the shear
modulus and damping ratio were found to be small. Complete details and results of the dynamic
testing program are presented in BSC (2002 [DIRS 157829]).

3.7.8 Engineering Properties of Surficial Material
3.7.8.1  Surficial Sedimentary Deposits

The late Tertiary and Quaternary surficial sedimentary deposits of the Yucca Mountain area
consist of colluvium, fan alluvium, eolian sand sheets, ramps and dunes, and spring discharge or
marsh deposits (see Section 3.3). These range in age from Pliocene to Holocene. The deposits
are grouped into eight major units, plus locally important eolian and marsh deposits (described in
detail in Section 3.3.6).

Man-made fill overlies colluvial and alluvial material at the North Portal Pad, an area
approximately 244 to 366 m (800 to 1,200 ft) by 183 to 213 m (600 to 700 ft) where the ESF
tunnel portal was constructed. Muck piles along the eastern side of the North Portal Pad rise to
about 5.2 t0 9.1 m (17 to 30 ft) above the pad surface (CRWMS M&O 1999 [DIRS 109209]).

3.7.8.2  Surficial Soil Investigations
3.7.8.2.1 Investigations at the North Portal Area

A preliminary geotechnical investigation was conducted between October 1998 and March 1999
for the design of the surface facilities at the North Portal Pad. The results are presented in
CRWMS M&O (1999 [DIRS 109209]). Additional data were acquired during 2000 and 2001
for use in developing foundation recommendations for the surface facilities at the North Portal.
BSC (2002 [DIRS 157829]) documents the acquisition of geologic, geophysical, and
geotechnical data to support engineering calculations for surface facilities as well as ground
motion analyses for the repository. Geotechnical evaluations and recommendations for
foundations for the surface facilities are presented in BSC (2002 [DIRS 159262]). The surface
facilities include several structures planned for construction in the North Portal area.

Logs of 15 borings (UE-25 RF #14 through UE-25 RF #29) drilled in the surface facilities area
between June 2000 and November 2002 are presented in BSC (2002 [DIRS 157829]). These
borings ranged in depth from about 30 to 210 m below ground surface and were performed to
supplement previous borings made in the site vicinity, including UE-25 RF #13 described in
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CRWMS M&O (1999 [DIRS 109209]). BSC (2002 [DIRS 157829]) also presents the logs of
four test pits (TP-WHB-1 through -4) excavated to study and analyze soil properties in the
surface facilities area. Six 1.8 m (5.9 ft) ring-density tests and sixteen 0.5 m (1.6 ft) sand-cone
density tests were performed within the test-pit excavations, and the results of the tests are
summarized in BSC (2002 [DIRS 157829], Table 6). A plot of the total densities measurements
in the alluvium obtained from the test pits, gamma-gamma surveys, and previous data is also
presented in BSC (2002 [DIRS 157829], Figure 236).

Based on available information, including construction records, the North Portal Pad fill-material
consists of coarse granular alluvium and colluvium, and tuffaceous rocks excavated from various
sources. Some of the fill was placed to create a working platform for construction operations
that supported scientific experiments conducted in the ESF, and tunnel muck was also discharged
around the edge of the construction pad. The materials were placed in a manner that was not
well documented (CRWMS M&O 1999 [DIRS 109209]), and so it is not considered an
engineered fill (CRWMS M&O 1999 [DIRS 109209]). Nonengineered fill was encountered in
10 of the 16 boreholes that have been advanced in the North Portal area since construction of the
fill pad began in 1992 (BSC 2002 [DIRS 157829]). The extent of nonengineered fill is described
in BSC (2002 [DIRS 157829]).

Surficial deposits encountered at the surface or beneath existing fill in the North Portal Area
include alluvium, colluvium, and minor windblown deposits, and are collectively referred to in
this section as alluvium. Of the sixteen recent borings (UE-25 RF #13 through UE-25 RF #29) |
performed in the North Portal Area, all but RF#15 encountered alluvium at the ground surface or
beneath 1.5 to 8.5 m (4.9 to 28 ft) of fill. The maximum thickness of alluvium reported in the
boring logs was 36.6 m (120 ft) in boring RF #19 (BSC 2002 [DIRS 157829]). All four of the
test pits TP-WHB-1 through -4 encountered alluvium over their full depth of approximately 6 m
(19.7 ft) below ground surface (CRWMS M&O 1999 [DIRS 109209]).

The alluvium consists primarily of interbedded caliche-cemented and noncemented, poorly
sorted, course-grained gravel, with sand and some fines, cobbles, and boulders (BSC 2002
[DIRS 159262]). The fines content of samples of alluvium from the test pits and boreholes are
generally low, usually between 3 and 20 percent, but can be as high as 40 percent in the
near-surface colluvium near Exile Hill (CRWMS M&O 1999 [DIRS 109209]). Based on visual
logging (BSC 2002 [DIRS 157829]), the alluvium classifies in the Unified Soil Classification
(ASTM D 2487-00 2000 [DIRS 159575]) system primarily as poorly-graded gravel (GP),
poorly-graded gravel with silt (GP-GM), and well-graded gravel with silt (GW-GM).

The equivalent Standard Penetration Test (SPT) N; values (SPT test results corrected to
overburden pressure of 0.1 MPa) are greater than 50 (CRWMS M&O 1999 [DIRS 109209]).
The dense nature of the alluvial material is also indicated by the relative high values of shear[’
wave velocity measured in the downhole and suspension surveys at Boreholes UE-25 RF #13
through UE-25 RF #29 and by SASW surveys on, and adjacent to, the existing fill pad |
(BSC 2002 [DIRS 157829])).

Geotechnical laboratory tests were performed on samples of the alluvium obtained from test pits

TP-WHB-1 through -4. These tests included particle-size distribution, water content, maximum
and minimum index-unit weights, specific gravity, and liquid and plastic limits. The test results
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are summarized in BSC (2002 [DIRS 157829], Table 13). Because of the granular nature of the
alluvium and paucity of clay particles (as inferred from the results of liquid and plastic limits
tests) the alluvium’s expansion potential is insignificant (BSC 2002 [DIRS 159262]). Based on
the relative density values measured by the in situ tests in test pits TP-WHB-1 through -4, the
alluvium has a relative density greater than 50 percent and is generally medium dense to dense
(BSC 2002 [DIRS 159262]).

Geotechnical design recommendations for the engineering properties of the alluvium at the
surface facilities are presented in BSC (2002 [DIRS 159262], Table 3). Recommended design
values for moist unit weight, shear strength, compressibility, and interface-friction coefficient are
presented. Details regarding the development of the geotechnical parameters are presented in
BSC (2002 [DIRS 159262]). The recommended design parameters were based on
field-investigation and laboratory-test data summarized in BSC (2002 [DIRS 157829]).

3.7.8.2.2 Other Investigations in the North Portal and Midway Valley Areas

There have been numerous other investigations to determine the physical properties of soils in
the site vicinity, primarily the North Portal and the Midway Valley areas. Between 1984 and
1985, three studies (Neal 1985 [DIRS 101618]; 1986 [DIRS 102331]; Ho etal. 1986
[DIRS 102324]) addressed surface facilities and soils. Neal (1985 [DIRS 101618]) presents the
general boring logs for eight exploratory borings (UE-25 RF #1 through UE-25 RF #8) in the
vicinity of Exile Hill. Neal (1986 [DIRS 102331]) incorporates three additional holes
(UE-25 RF #9, UE-25 RF #10, and UE-25 RF #11) and extends the depth of one of the original
holes (UE-25 RF #3). A study in 1986 (Hoetal. 1986 [DIRS 102324]) involved four test
trenches in the western portion of Midway Valley and south of Exile Hill. The test pits, in
general, corresponded to exploratory boring locations UE-25 RF#1, UE-25RF #2,
UE-25 RF #3, and UE-25 RF #5.

Another investigation (McKeown 1992 [DIRS 102330]) studied the surficial materials for the
North Ramp Surface Facility of the ESF. The report is based on data from geologic mapping,
pavement mapping, 73 test pits, laboratory test data on samples from seven test pits, and four
Boreholes: UE-25 RF #1, UE-25 RF #10, and UE-25 RF #11, located in Midway Valley, and
UE-25 NRG #1.

McKeown (1992 [DIRS 102330]) found that the soil is generally composed of silty sand and
silty gravels, with fines ranging from 4 to 30 percent, with much smaller amounts of clayey sand
and clayey gravel, with fines ranging from 29 to 40 percent. Physical property data and test-pit
logs for seven portal-pad test pits and 39 road-alignment test pits are reported (McKeown 1992
[DIRS 102330]). These seven portal-pad test pits are representative of materials and foundation
conditions for the ESF North Ramp Surface Facility.

All the soil in the North Ramp Surface Facility pad area is carbonate-cemented to some degree.
The soil is caliche-cemented from just below the surface to several feet deep adjacent to the hill
and decreasing away from the hill. However, the material appeared to be adequate for founding
the relatively temporary, low-load structures contemplated. Calculations, estimated settlement,
and references were also reported (McKeown 1992 [DIRS 102330]).

TDR-CRW-GS-000001 REV 02 ICN 01 3-116 April 2004



A recent study (Swan etal. 2001 [DIRS 158784]) presented the results of investigations to
characterize the surficial deposits and quaternary faulting in Midway Valley. An integral part of
the surficial geology studies was the siting and excavation (or reexcavation) of five
trenches: MWV-T4, -T5, -T6, -T7, and A/BR-3. Locations of the trenches and detailed
descriptions of the thick alluvial deposits in Midway Valley are presented in Swan et al. (2001
[DIRS 158784]).

3.7.8.2.3 Investigations for Potential Borrow Areas

Between 1988 and 1989, two studies were conducted of three potential borrow-pit areas for the
ESF (Holmes & Narver 1989 [DIRS 105117]; Daffern and Thummala 1988 [DIRS 105116]).
The locations of these pit areas are shown in Holmes & Narver (1989 [DIRS 105117] Exhibit 1).
These reports present estimated quantities of aggregate and fill material. A gravel pit near the
northeast side of Fran Ridge, southeast of Yucca Mountain, supplies select fill, road gravel, and
backfill (McKeown 1992 [DIRS 102330]). Four samples of alluvial sand and gravel were
obtained from this existing borrow area in 2001 to evaluate it as a potential source of the
engineered fill for future North Portal surface facilities (BSC 2002 [DIRS 157829]).

The four samples obtained from widely spaced locations at the Fran Ridge Borrow Area were
combined into a single sample and subsequently split so that various geotechnical laboratory
static and dynamic tests could be performed. Static laboratory testing included particle-size
distribution, maximum and minimum index-unit weights, specific gravity and absorption, liquid
and plastic limits, compaction characteristics, and triaxial tests. Dynamic tests were performed
on reconstituted samples using RCTS equipment.

The composite sample obtained from the Fran Ridge Borrow area was classified as
poorly-graded sand (SP) according to the Unified Soil Classification System (ASTM D 2487-00
2000 [DIRS 159575]) but included 48.3 percent gravel-size particles and could be assigned a
borderline classification of SP/GP. Liquid-and-plastic-limits tests indicated that the soil sample
was nonplastic. A compaction test performed in accordance with ASTM D 1557-91 (1998
[DIRS 102391]) indicated a maximum dry-weight unit-weight of 1.82 g/cm’ and an optimum
water content of 11 percent (BSC 2002 [DIRS 157829] Figure 215). Triaxial tests were
performed under isotropically consolidated, drained conditions at confining stresses ranging
from 0.056 to 0.42 MPa. Two strength envelopes were fitted to the triaxial data, including a
traditional straight line Mohr-Coulomb failure envelope and a curved-failure envelope that
reflects the influence of confining pressure on shear strength. Details from the static laboratory
testing program are presented in BSC (2002 [DIRS 157829]).

The dynamic properties of ten specimens of the proposed fill material for the surface facilities
foundations were evaluated in the laboratory using RCTS equipment. Results of the dynamic
tests are discussed in Section 3.7.7.4. Complete details of the dynamic testing program on the
proposed fill materials from the Fran Ridge Borrow area are presented in BSC (2002
[DIRS 157829]).

Geotechnical design recommendations for engineered fill obtained from the Fran Ridge Borrow

Area for use at the surface facilities are presented in BSC (2002 [DIRS 159262], Table 3).
Recommended design values for moist-unit weight, shear strength, compressibility, and
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interface-friction coefficient are presented. Details regarding the development of the
geotechnical parameters are presented in BSC (2002 [DIRS 159262]. The recommended design
parameters were based on field investigation and laboratory testing data summarized in BSC
(2002 [DIRS 157829]).

3.7.9 Summary

Geoengineering properties data were developed in both the laboratory and the field. These
properties have been described in the context of their relevance for design and construction of
the repository and include rock structure, potential key blocks, rock-physical properties
(porosity, density, and mineralogy), rock-thermal properties (thermal conductivity, thermal
expansion, and heat capacity), rock-mechanical properties (elastic moduli, compressive strength,
and fracture properties), rock-mass properties, in situ stress, excavation characteristics, dynamic
soil and rock properties, and engineering properties of surficial material. These data are used in
designing the repository, evaluating the behavior of the natural system under thermal loading
(Section 5.3), evaluating design-ground motions, and assessing long-term performance. The
early data concentrated on the middle nonlithophysal section of Topopah Spring Tuff
(i.e., thermal-mechanical unit TSw2). However, with a design shift in the stratigraphic horizons
for the repository, recent data-gathering activities have placed heavy emphasis on the lithophysal
horizons within the Topopah Spring Tuff.
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