Wit o Ao Lo LS IPY S

- U.S. DEPARTMENT OF ENERGY

Q YUCCA

c
R MOUNTAIN
Ky &t PROJECT

STATUS OF DATA,
MAJOR RESULTS, AND PLANS
FOR GEOPHYSICAL ACTIVITIES,
YUCCA MOUNTAIN PROJECT

JULY 1990

UNITED STATES DEPARTMENT OF ENERGY

01221014 )
PDR WASTE 201210

WM—-11 PDR



STATUS OF DATA, MAJOR RESULTS, AND PLANS
FOR GEOPHYSICAL ACTIVITIES,
YUCCA MOUNTAIN PROJECT

Editors
H.W. Oliver (USGS, Menlo Park, California)

E.L. Hardin (SAIC, Las Vegas, Nevada)
P.H. Nelson (USGS, Denver, Colorado)

July 1990

Prepared for the U.S. Department of Energy by the United States Geological
Survey and Science Applications International Corporation.



)
-



DISCLAIMER

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the United States Department of
Energy, nor any of their employees, makes any warranty, expressed or implied,
or assumes any legal liability or responsibility for the accuracy, complete-
ness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or
service by trade name, mark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

Printed in the United States of America
DOE and DOE contractors may acquire additional copies from:
Office of Scientific and Technical Information
P.0O. Box 62
QOak Ridge, Tennessee 37831
Others can order from:
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22161

Price: Printed Copy Contact OSTI or NTIS
Microfiche "

iii






TABLE OF CONTENTS

INTRODUCTION . . .
Scope of This Report .
Maps and Geologic Units

PAST GEOPHYSICAL ACTIVITIES

Gravity Investigations .
Objectives . e e e e e e e e e
Data Coverage and Quallty (Gravity Measurements)
Data Coverage and Quality (Density Data)
Summary of Results . e e e e e
Bibliography .

Magnetic and Paleomagnetic Investigations
Objectives . ..
Data Coverage and Quallty
Ground Magnetic Data . . .
Paleomagnetic and Rock Magnetlc Studles
Summary of Results . e e e e
Bibliography .

Geoelectric Surveys
Objectives .
Data Coverage and Quallty
Summary of Results .
Bibliography .

Seismic Refraction Surveys .
Objectives . .
Data Coverage and Quallty
Summary of Results .
Bibliography .

Seismic Reflection Surveys .

2.5.1 Shallow, High-Resolution Reflectlon Proflllng .

Objectives .
Data Coverage and Quallty .
Surmary of Results .
2.5.2 Intermediate-Depth Reflectlon Surveys .
Objectives e e e .
Data Coverage and Quallty .
Summary of Results
2.5.2 Deep Reflection Profiles
Objectives
Data Coverage and Quallty
Summary of Results
Bibliography . . .



2.6

2.7

2.8

3.0
3.1

TABLE OF CONTENTS (continued)

Remote Sensing and RAerial Gamma-Ray Surveys
2.6.1 Remote Sensing
Objectives . .
Data Coverage and Quallty .
Summary of Results
Bibliography .
2.6.2 Aerial Gamma-Ray Surveys Over the Nevada Test Slte
Objectives .
Data Coverage and Quallty .
Summary of Results
Bibliography

Borehole Geophysics and Petrophysical Measurements .
Objectives . e e e e
Data Coverage and Quallty
Summary of Results .
Fracture Detectlon/Characterlzat1on
Neutron Moisture Meter Logging .
Other Slim-Hole Moisture Logging . . .
Related Infiltration Data from Borehole Geophy51cs .
Bibliography . e e e e e e

Teleseismic Tomography Surveys .
Objectives . . .
Data Coverage and Quallty
Summary of Results .
Bibliography .

PLANNED GEOPHYSICAL ACTIVITIES .

Discussion of Planned Geophysical Activities .
3.1.1 Unsaturated Zone Hydrologic Investigations

Far-Field Characteristics from Vertical Selsmlc Proflllng .

Formation Characteristics near the Borehole, from Geo-
physical Logging

Borehole, Crosshole, and Surface-to-Borehole Methods

Remote Sensing .

3.1.2 Saturated Zone Hydrologlc Investlgatlons

Exploration of the Large Hydraullc Gradient Area

Investigation of Recharge in Stream Washes

Fracture Characterization in the Saturated Zone .

Regional Characterization of Cenozoic and Paleozoic Rocks .

3.1.3 Geophysical Characterization of Mineral and Energy
Resources . . . .
3.1.4 Geophysical Studles for Geology and Tectonlcs .
Regional Geophysical Studies e
Regional Geophysical Lines . .
Detection/Characterization of Faults in the Yucca
Mountain Region . .
Characterization of Volcanlc Features .

vi

105

115
115
115

116
118
118
119
119
123
124
125

126
130
130
131

132
137



3.2

3.3

3.4

TABLE OF CONTENTS (continued)

Teleseismic . .
Support of Paleocllmate Studles .
3.1.5 Geophysical Studies in the Site Area, for Geology and
Tectonics . e e e e .
Structure and Stratlgraphy
Detailed Gravity
BAeromagnetic and Ground Magnetlc Surveys
Geoelectric Methods . . ..
Radicactivity and Remote Sen51ng
Seismic Reflection .
Seismic Refraction

Characterization of Fractures and Faults in the Reposrtory

Block . .
Borehole Geophysrcs .

EM Tomography . .
Vertical Seismic Proflllng

3-D Characterization of thhology and Hydrologlc State of

the Repository Block
Borehole Geophysics .

3.1.6 Engineering Geophysics for Surface Facrlltles Sltlng
Trenching and Ground Penetrating Radar in Midway Valley .
Exploration of the Alluvium-Bedrock Contact . . .
In Situ Engineering Properties

References . C e e e e e e

Geophysical Integration and Prioritization of Activities .

Interfaces Between Studies . e e e e e

NRC Site Characterization Analysrs (SCA) Concerns

Activity Prioritization
Subsurface Structure of the Yucca Mountaln Slte Area and

Region . .

Distribution of Volcanlc Dep051ts .
Exploration of the Large Hydraulic Gradlent Area .

Characterization of Fractures and Fault Zones in the Reposrtory

Block . .
Exploration of the Proposed Exploratory Shaft Locatlon .
Assessment of the Potential for Natural Resources

Feasibility Test Plan - Geophysrcs Integratlon and Fea51blllty

Testing
Summary

Feasibility Tests . . . . . « « . « « . .

QA Requirements for Using Data from Past Geophysical Activities
Introduction . . . .
NRC-Defined Data Quallflcatlon Methods .

The Qualification Process
Candidate Data Sets for Quallflcatlon
References .

vii

166
169

170
171
171

171
172

175

181
181
182
183
184
186



TABLE OF CONTENTS (continued)

Page
4.0 SUMMARY AND CONCLUSIONS . . . + v ¢ v v 4 v v v o v o v 0 v v o v s 189
5.0 ACKNOWLEDGMENTS . . & & v v v v v o s o o o o v v e o o o o v o w 191
APPENDIX A - TABLE OF CONTENTS FOR VOLUMES IV AND V OF THE SITE
CHARACTERIZATION PLAN (SECTION 8.0 - SECTION 8.3.1.17.5) (DOE/RW-0199,
DECEMBER 1988) . . . . . « v« v v v e v e e e e e e e e e e e e A-1
INDEX o . & v vt b v e v e e e e e e e e e e e e e e e e e e e e e e I-1

viii



LIST OF FIGURES

Figure Title Page
2.1-1 Distribution of gravity stations in the Yucca Mountain

TEGION . v v vt v e e e e e e e e e e e e e e e e e e 7
2.1-2 Distribution of gravity stations in the Yucca Mountain site

E o =Y W S
2,2-1 Aeromagnetic index map of regional study area showing flight

line spacing of available data . . . . . . . . . . . o . . . 19
2.2-2 Reromagnetic index map of site area and vicinity showing the

locations of available SUrveys . . . « « « + v « « &+ 0 . . o 21
2.3-1 Location of geoelectric surveys in the Yucca Mountain region,

including the Nevada Test Site, southern Nevada . . . . . . . 35
2.3-2 Location of geoelectric traverses in the Yucca Mountain site

=3 Y- S 37
2.3-3 Location of Schlumberger resistivity soundings acquired by

Greenhaus and Zablocki (1982) . . . . . .+ « ¢ v o o o .. 43
2.4-1 Map of Yucca Mountain refraction lines from Pankratz (1982) .. 49
2.4-2 Map of the Yucca Mountain region showing the locations of five

high resolution upper-crustal seismic refraction profiles . . 53
2,5-1 Location of seismic reflection surveys reported by McGovern

(1983) for the Yucca Mountain site area . . . . . . . « . . . 63
2.5-2 Location of seismic reflection lines in the Yucca Mountain

region, acquired by the Yucca Mountain Project, or by the

oil-and-gas industry for speculative purposes . . . . . . . . 67
2.7-1 Map of boreholes in the Yucca Mountain site area from which

geophysical logs have been acquired by the Yucca Mountain

PTOJECL v v v v v v v e e e e e e e e e e e e e e e e e e e 87
2.8-1 Maps of seismograph stations used in teleseismic tomography

studies . . . v h e e e e e e e e e e e e e e e e e 100
3.1-1 Map of Yucca Mountain, showing the location of planned

magnetotelluric soundings, which will be used to investigate

the large hydraulic gradient . . . . . . . . . .+ « ¢« .+« . . 121
3.1-2 Planned regional geophysical traverses with tentative deep

and intermediate depth seismic reflection lines added . . . . 127
3.1-3 Planned shallow seismic reflection (Mini-Sosie) lines for

assessment of method, and for investigation of faults in the

Yucca Mountain region . . . . . . . o 0 00 o0 e e e e e 133

ix



LIST OF FIGURES (continued)

Figure Title Page
3.1-4 Tentatively planned deep (and intermediate-depth) seismic

reflection profiles across Yucca Mountain, and in the

immediate viecinity . . . . . . . . 0 L 0 0 0 0 e s e e 135
3.1-5 Approximate coverage for planned detailed gravity and

detailed aeromagnetic SUrveys . . . . v v v e v e v e e 0. . 141
3.2-1 Matrix correlating categories of geophysical methods, with SCP

studies wherein geophysical data will be collected and used . 157



Table

2.3-1
2.5-1
2.7-1
2.7-2
3.1-1

3.2-1

LIST OF TABLES
Title

Regional gravity maps of various areas within the regional
study area . e e e .

Density and thickness of selected geologic units in the Yucca
Mountain area e e e e e

Reromagnetic surveys all or partly within the Yucca Mountain
site area and vicinity . ..

Magnetic properties of volcanic stratigraphy at the site .
Geoelectric investigations on Yucca Mountain .

Existing seismic reflection data and past surveys

Log types in each drillhole

Petrophysical data from Yucca Mountain boreholes .

Summary of planned geophysical activities

Interfaces between geophysical activities, arranged by SCP
activity « v ¢ v v e e e e e e e e e e e e e e e .

Summary of high-priority geophysical activities

Geophysical feasibility tests

xi

12

18
26
39
58
89
91

107

158
173

177



)



REPORT ON GEOPHYSICAL ACTIVITIES FOR THE YUCCA MOUNTAIN PROJECT

1.0 INTRODUCTION

This report describes past and planned geophysical activities associated
with the Yucca Mountain Project and is intended to serve as a starting point
for integration of geophysical activities. Geophysical surveys were
conducted at Yucca Mountain as early as 1978, when repository siting
investigations in the Nevada Test Site (NTS) area were begun. This report
relates past results to site characterization plans, as presented in the
Yucca Mountain Site Characterization Plan (SCP). As indicated in the SCP,
many geophysical activities have not been planned explicitly or in detail
because of uncertainty as to the applicability of various methods. A
characterization activity was incorporated in the SCP to structure the
evaluation and planning of geophysical activities during site
characterization (SCP Section 8.3.1.4.1.2). This integration activity is
tasked with reducing the uncertainty attendant to the application of
geophysical methods. This report (®white paper") is a preparation for that
activity. Whereas this report identifies some new exploration concepts and
elaborates on some activity descriptions in the SCP, if changes are made to
the scope of work described by the SCP, they will be made in accordance with
change~-control procedures.

Importantly, this report does not present geophysical data or interpre-
tation. Rather, only survey coverage, data quality, and applicability of
results to site characterization are discussed, as a means to relate past and
planned activities. Extensive references to data and interpretive reports
are provided, including many not directly cited in this report. Several such
reports are currently in preparation and could not be referenced, including
one summarizing regional geophysics, one summarizing geophysical logging at
Yucca Mountain, and one describing teleseismic tomography based on data
collected in 1982,

The SCP contains a number of studies and activities that will use
relatively new geophysical methods, or methods that have not been applied in
volcano-tectonic settings such as Yucca Mountain. The need to try these is
based on the prospect that they may yield information of sufficient quality
to be of significant value in site characterization. Both the SCP and this
report emphasize plans for feasibility testing, on the basis that the cost of
such testing is outweighed by the potential gain in added confidence of
characterization of site conditions.

SCOPE OF THIS REPORT

This report discusses seismic exploration, potential field methods,
geoelectrical methods, teleseismic data collection and velocity structural
modeling, and remote sensing. The following are important areas of
investigation that are discussed in the SCP, but are excluded from direct
consideration in this report for reasons of expediency: geodesy and strain
monitoring, periodic remeasurement of gravity stations over the long term,
teleseismic monitoring for ground-motion studies (as opposed to tomography,



which is included), heat flow measurements, and borehole stress measurement.
This report discusses surface-based, airborne, borehole, surface-~to-borehole,
crosshole, and Exploratory Shaft Facility-related activities. The data
described in this paper, and the publications discussed, have been selected
based on several considerations: 1location with respect to Yucca Mountain,
whether the success or failure of geophysical data is important to future
activities, elucidation of features of interest, and judgment as to the
likelihood that the method will produce information that is important for
site characterization.

MAPS AND GEOLOGIC UNITS

The maps used in this report are, with one exception, presented on
consistent regional and site area base maps. The regional base was prepared
by considering a 100 km radius around the site, then extending the map
boundaries to the next 0.5 degree increment of latitude and longitude {see
for example, Figure 2.1-1). Physiographic information was included by
shading within selected elevation contours, which encompass particular
features, and labeling those features. Various different elevation contours
were used. The site area base (e.g., Figure 2.3-2) covers from 116°22'W to
116°30'W, and from 36°45'N to 36°55'N. This quadrangle includes the
conceptual boundaries of the repository perimeter drift and the controlled
area. Topographic 50-m contours were obtained from the U.S. Geological
Survey (USGS) 1:100,000 Beatty CA/NV quadrangle, and labels were provided for
certain physiographic features.

These boundaries were adopted for purposes of presenting planned site
characterization activities in this report. Geophysical activities will
investigate areas beyond arbitrary boundaries as necessary.

The stratigraphic units used in this report are consistent with those of
the SCP, particularly Section 1.2.2 (lithostratigraphy) and Section 3.9
(hydrogeclogic stratigraphy). Lithostratigraphic information is also
contained in Tables 2.1-2 and 2.2-2 of this report. 1In general, this report
refers to lithostratigraphy when discussing geologic and tectonic
applications, and hydrogeologic stratigraphy when discussing hydrologic
applications. (The discussion is not particularly sensitive to the
differences between the stratigraphic systems.)

A description of the stratigraphy and general characteristics of the
unsaturated, repository block is provided here for the convenience of the
reader. Briefly, the tuff sequence consists of several tuff units that were
erupted from nearby volcanic centers in Miocene time, and have since
undergone structural deformation. The total thickness of tuff varies, but is
more than 1,200 m over most of the site area. Tuff lithology ranges from
nonwelded to densely welded, corresponding tc a matrix porosity range of
roughly 30% to 5%, respectively. Mineralogical differences are superimposed
on welding, depending on source magma composition, rapidity of cooling, flow
thickness, and secondary alteration that is probably associated with ground
water. Much of the welded tuff is pervaded by mineralized, interconnected
macropores (lithophysae). These were formed from the action of volatiles
during cocling, and comprise from zero to 30% bulk porosity.



Finally, cooling fractures occur in the welded and partially welded units,
especially the relatively nonlithophysal zones. The available data suggest
that all tuff units at Yucca Mountain contain tectonic fractures. The porous
nonwelded units generally contain far fewer such fractures.

The caprock at Yucca Mountain consists of about 140 m of welded tuff
known as the Tiva Canyon Member of the Paintbrush Tuff, with prevalent
cooling fractures and lithophysae. Canyons on the eastern flank of Yucca
Mountain are infilled with a few meters of alluvium; the minimum thickness of
Tiva Canyon under these canyons is several tens of meters. Immediately
underlying is a sequence referred to as the nonwelded beds of the Paintbrush
Tuff, consisting of individual ash flow and ash fall units totaling roughly
30 m, but varying significantly in thickness and continuity of constituent
beds within the site area. The porosity of these nonwelded tuffs is at least
30%, and the saturated matrix conductivity is several orders greater than
welded tuff. Underlying these beds is the Topopah Spring Member of the
Paintbrush Tuff, consisting of about 300 m of welded tuff. This unit may be
further segregated into thick zones corresponding to variations in welding,
devitrification, lithophysal porosity, and other alteration. The candidate
host rock has been identified as a relatively nonlithophysal, densely welded
zone near the top of the lower third of the Topopah Spring Member.

Between the candidate repository horizon and the water table is the
lower third of the Topopah Spring Member, and the upper part of the nonwelded
tuffaceous beds of the Calico Hills (hereinafter called the Calico Hills
unit). The lower part of the Topopah Spring Member consists of fractured
welded tuff, some partially welded strata, and a basal vitrophyre approxi-
mately 10 m thick. The Calico Hills unit is comprised of several major ash
flows and ash falls. The vitric matrix of the Calico Hills has been
substantially altered to zeolites in the northern part of the site area, thus
changing the rock fabric and the hydrologic properties. Fracturing and
faulting in the Calico Hills unit are believed to resemble that observed in
the thick, nonwelded tunnel beds of Rainier Mesa on the NTS, which have been
explored by extensive tunneling.

A number of welded and nonwelded tuff units lie below the Calico Hills
unit in the saturated zone. Extrusive and shallow intrusive volcanic rocks
have been encountered in boreholes penetrating the lower part of the tuff
section. Below the tuffs is a few hundred meters of older, poorly known
volcanic rocks and sediments of volcanic and other origin. The tuffs and
sediments in this lower part of the section are generally more altered than
overlying units, and contain secondary clay, zeolites, and carbonate
minerals. Underlying this are Paleozoic carbonates, which have been mapped
throughout the region. '

Yucca Mountain is an upland area mostly surrounded by deep, downfaulted,
alluvial filled basins. North-south normal faults transect Yucca Mountain
and have given rise to gentle (6 to 10°) eastward dip throughout most of the
site area. The repository horizon follows the tilted stratigraphy, meaning
that the repository height above the water table and the intervening
stratigraphy vary significantly. Tuff units at the site, particularly those
comprising the unsaturated zone, exhibit lateral variability corresponding to
the inferred distances to the eruptive centers for the units. Thus at Busted
Butte situated southeast of the site, the nonwelded beds of the Paintbrush



Tuff and the Calico Hills unit are substantially thinner than to the north.
Also, the Topopah Spring Member is generally thinner and less densely welded.

Alternative conceptual models have been developed to describe and
explain the structural setting of Yucca Mountain, as presented in SCP Section
8.3.1.8 (Tables 8.3.1.8-7 and -8) and Section 8.3.1.17 (Tables 8.3.1.17-7 and
-8). These models pertain to such topics and features as the significance of
Crater Flat, the subsurface geometry of faults, and the presence of a detach-
ment below Yucca Mountain. One of the major applications of geophysical
methods in site characterization will be to further elucidate these features

in the subsurface.



2.0 PAST GEOPHYSICAL ACTIVITIES

This section reviews past and ongoing geophysical activities performed
for the Yucca Mountain Project, or performed in the vicinity of the Yucca
Mountain site. As stated in Section 1.0, only the location, methodology, and
applicability of past activities are discussed. The reader is referred to
the various cited references for presentation of geophysical data. The scope
of this section is limited as discussed in Section 1.0, and notably does not
include teleseismic ground motion characterization (but does include
teleseismic tomography), heat flow studies, or stress measurements.

2.1 GRAVITY INVESTIGATIONS

OBJECTIVES

Gravity investigations were begun at Yucca Mountain in about 13878 to
characterize the general geologic and tectonic setting of the area. Gravity
studies are particularly useful for (1) characterizing the general configura-
tion of the regional pre-Cenozoic basement, (2) detecting concealed or
unrecognized faults, (3) estimating the offset or extent of known faults, and
(4) detecting and characterizing igneous features such as calderas and
plutons. Gravity methods can detect shallow as well as deep features that
juxtapose rocks of significantly different densities. With appropriate
horizontal and vertical controls, gravity data also can reveal undulations of
the base of the crust, which occur at a depth of approximately 33 km beneath
Yucca Mountain.

DATA COVERAGE AND QUALITY (Grévity measurements)

Figure 2.1-1 shows the location and distribution of all gravity
measurements from available data sources located within the area described in
Chapter 1.0. About 33,000 gravity measurements have been made in this area,
and all have been adjusted to a common gravity datum and recompiled. The
accuracies of the gravity measurements themselves are generally 0.1 mgal, but
Bouguer and residual anomalies derived from these measurements are less
accurate, particularly in mountainous terrain where terrain corrections are
required. Anomalies calculated from the data in Figure 2.1-1 generally have
an uncertainty of about 0.5 mgal. Regional gravity anomalies are generally
in the range of 5 to 50 mgal (see, for example, Hildenbrand et al., 1988,
Figure 2.11), so calculated anomalies are sufficiently accurate for regional
studies. Figure 2.1-2 shows the same information at about twelve times
enlargement for the Yucca Mountain site area and vicinity. Gravity maps
based on these data have been compiled for a number of areas at various
scales (Table 2.1-1). The principal facts of all the data have been released
on magnetic tape for Nevada (Saltus, 1988c) and California (Snyder et al.,
1981).



Table 2.1-1. Regional Gravity Maps of Various Areas within the Regional

Study Area (Figure 2.1-1)

Description

Scale

Reference

Bouguer and residual gravity map of
Southern Great Basin

Bouguer gravity map of Nevada
Bouguer gravity map of California

Residual gravity map of California

Residual gravity map of Nevada

Bouguer gravity map of Death Valley
Sheet

Bouguer gravity map of Goldfield
Bouguer gravity map of Caliente Sheet

Bouguer gravity map of Las Vegas
Sheet

Complete Bouguer gravity map of NTS
Isostatic residual gravity maﬁ of NTS

Residual gravity map of Yucca Mt.
and vicinity

12,500,000

:750,000
:750,000

:750,000

:1,000,000

:250,000

:250,000
:250,000

:250,000

+100,000
:100,000

148,000

Hildenbrand et al.,
1988, Fig. 2.8 & 2.11

Saltus, 1988a
Oliver et al., 1980

Roberts et al.,
1981

Saltus, 1988b

Healey et al., 1980b

Healey et al., 1980a
Healey et al., 1981

Kane et al., 1979

Healey et al., 1988c
Ponce et al., 1988

Snyder & Carr, 1982
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DATA COVERAGE AND QUALITY (Density data)

Rock densities at the NTS and vicinity can be separated into three major
groups: pre-Cenozoic sedimentary rocks and intrusive rocks with an average
density of about 2.67 gm/cc, Cenozoic volcanic rocks with a density of about
2.4 gm/cc, and nonwelded and partially welded ash-flow tuffs and alluvium
with a density of about 2.0 gm/cc. There are three primary sources of rock
density information from the NTS and vicinity: rock samples (including core
samples), borehole gravity meter surveys, and borehole density logs. Table
2.1-2 lists in stratigraphic sequence the geologic units in the Yucca
Mountain area that are important for gravity interpretation. This table also
gives a range of thickness and representative values for density of each
unit, and provides a reference for geologic unit names used in the following
discussion.

SUMMARY OF RESULTS

Many regional subsurface geologic structures at the NTS and vicinity
were initially identified by the gravity method. A notable result was the
prediction of the depth to pre-Cenozoic basement rocks at the location of
drillhole UE25 p#l, about 5 km north of Busted Butte (Figure 2.1-2). Snyder
and Carr (1982, p. 27) used gravity modeling to estimate the depth to
Paleozoic basement to be about 3,500 ft at Busted Butte and about 4,750 ft at
the nearby gravity saddle ("s" in Figure 2.1-2). On this basis, the depth to
basement at p#l was estimated to be 4,000 ft. Drilling revealed dolomitic-
basement at a depth of 4,080 ft (Carr et al., 1986, p. 17). A three-
dimensional gravity model suggests that pre-Cenozoic basement increases in
depth westward directly under the conceptual repository location and reaches
10,000 ft under Crater Flat (Snyder and Carr, 1984). This basement model is
apparently consistent with recent seismic refraction data, but has not been
tested by drilling. Drillhole UE25 p#l (Figure 2.1-2) is the only hole in
the Yucca Mountain area to reach basement; the deepest drillholes in the
Yucca Mountain-Crater Flat area other than p#l are 6,000 ft deep and bottom
in Miocene volcanic rocks.

Gravity methods also helped to identify the Silent Canyon caldera
underlying Pahute Mesa to the north of the site area, where gravity data
indicate a volcanic section at least 16,000 ft thick (Healey, 1968, p. 153).
Drilling to 13,686 ft within the gravity anomaly, and surface mapping (Byers
et al., 1976) have since confirmed the gravity model. Similarly, Kane et al.
(1981) interpreted gravity data from the Timber Mountain area and determined
that (1) a broad gravity high over the southeast side of Timber Mountain is
associated with exposed Miocene intrusive rocks and suggests that this part
of the caldera is underlain by such rocks, an important conclusion if the
Timber Mountain area were to be considered for radioactive waste storage; and
(2) the Timber Mountain caldera truncates the southern edge of the older
Silent Canyon caldera.

Another useful application of gravity methods is in measuring vertical
movement of subsurface density layers associated with major earthquakes
(Oliver et al., 1975). Initial absolute and high-precision measurements were
recently made in the Yucca Mountain site area for this application and
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Table 2.1-2. Density and Thickness of Selected Geologic Units in the Yucca
Mountain Area (after Snyder and Carr, 1984)

Approx. Average
Thickness Density
Age Unit (M) (gm/cc)
Quaternary & alluvium 0-300 1.6-2.0
Tertiary basalt 0-200 2.9
Tertiary Timber Mountain Tuff
11.3 Ma* Ammonia Tanks Mbr & 0-150 1.9
Rainier Mesa Mbr,
undivided
Paintbrush Tuff
12.6 Ma* Tiva Canyon Mbr 120 2.1
Yucca Mountain Mbr 0-60 1.8
Pah Canyon Mbr 0-70 1.9
13.1 Ma* Topopah Spring Mbr 300 2,2
13.4 Ma* Rhyolite lavas and tuff 10-200 1.9

of Calico Hills
Crater Flat Tuff

Prow Pass Mbr 100 2.1
14.0 Ma* Bullfrog Mbr 150 2.1
Tram Mbr 300 2.25
Rhyodacite lavas 0-200 2.35
Lithic Ridge Tuff 300 2.35
Ash flow and bedded tuff 300+ 2.45
Late Paleozoic limestone & argillite 2000 2.62
units
Middle and early various limestone, 4000 2.72
Paleozoic dolomite, quartzite, &
other sedimentary units
Early Paleozoic & quartzite, and other 3500+ 2.65
Precambrian sedimentary units

* Radiometric ages from Marvin et al. (1970).

calibration purposes (Zumberge et al., 1988; Harris and Ponce, 1988), and
future remeasurements should be able to detect changes of less than 5 cm in
the absolute elevation of measurement points.

Gravity surveys are also useful for inexpensive study of tectonic
structures, particularly those which offset the basement or cause variations
in the depth to basement. However, the interpretation of gravity alone does
not produce unique models of the subsurface. It is therefore important that
gravity data be collected along traverses and analyzed with other geophysical
measurements including seismic reflection and refraction, magnetic, and
geoelectric data. It is also important to obtain density data from surface
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measurements, gamma-gamma logs, and gravity meter borehole measurements to
constrain gravity models.
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2.2 MAGNETIC AND PALEOMAGNETIC INVESTIGATIONS

OBJECTIVES

Reromagnetic, ground magnetic, paleomagnetic, and magnetic property
measurements have been made intermittently at the NIS and vicinity in support
of subsurface structural studies, Curie temperature isotherm analysis,
correlation of volcanic strata, and studies of structural rotation about a
vertical axis. These data are also needed to locate and estimate the volume
of buried Quaternary basalts for determining the probability of future
eruptions and to locate concealed faults which offset strata within Yucca
Mountain (Oliver and Ponce, 1987; DOE, 1988).

DATA COVERAGE AND QUALITY

Figure 2.2-1 shows the existing coverage of aeromagnetic data within a
radius of about 100 km of Yucca Mountain, and Figure 2.2-2 shows the outlines
of the six aeromagnetic surveys listed in Table 2.2-1 which cover various
parts of the proposed Yucca Mountain site area and vicinity. (The location of
Figure 2.2-2 is shown on Figure 2.2-1 for reference). These index maps
indicate the availability of a considerable amount of magnetic data and help
delineate areas where more data are needed. For example, the present
coverage of the site area and vicinity to a distance of about 15 km consists
of draped profiles (flown at a constant elevation above terrain) with a
spacing of 400 m (1/4 mi) and 800 m (1/2 mi) except for the area beginning
only 5 km to the northwest of the site area for which only barometric data
(flown at a constant elevation above sea level) are available (Figure 2.2-1).
The draped data are generally 120 m (400 ft) above ground, whereas the
barometric data were flown at a constant elevation of 2,440 m (8,000 ft) and
are therefore much less detailed because the average elevation of terrain is
about 4,000 ft. The Death Valley area southwest of the site area was
surveyed along flightlines at 120 m (400 ft) above ground and spaced 1.6 km
apart. This survey was intended for reconnaissance exploration of uranium
under the NURE (National Uranium Resource Evaluation) program (Figure 2.2-2).
The flightlines are too far apart for such low-level flights, and this
coverage misses about a third of buried magnetic structures; thus, the NURE
data are regarded as inadequate for structural studies.

Compilations of regional aeromagnetic data indexed in Figure 2.2-1 have
been made at a scale of 1:2,500,000 by computer continuation of all data sets
to a common surface of 3,800 m (12,500 ft) above sea level (Hildenbrand et
al., 1988). A larger scale regional aeromagnetic map was also prepared by
continuing these data either downward or upward to a level of 305 m (1,000
ft) above terrain at 1:750,000 (Hildenbrand and Kucks, 1988). Mosaics of
original contract data are being assembled at 1:250,000 for 1° by 2° areas
surrounding Yucca Mountain. Those to the east and south are complete (Saltus
and Snyder, 1986; Saltus and Ponce, 1988), and those to the west and north
are in progress.

Aeromagnetic compilations at 1:100,000-scale are being planned in order
to be consistent with four new 1:1,000,000-scale 1/2° x 1° topographic maps
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Table 2.2-1. Aeromagnetic surveys all or partly within the Yucca Mountain Site Area and vicinity
(refer to Figure 2.2-1)2

NEVADA (see Erwin et al., 1980; and Hill, 1986)

Year Elev Spacing Gradient
Area name flown Contractor (ft) (mi) Direction Scale Removed Digital Reference
1 Topopah . 1961 USGS 8,000 b 1/2 E-W 1:62,500 no no Boynton &
Spring Vargo,
1963
2 Goldfield 1967 LKB 9,000 b 1 E-W 1:250,000 no no USGS, 1971P
15,000 b
2 Goldfield 1967 LKB 9,000 b 1 E-W 1:62,500 no n.a. USGS, 1967F
3 Timber Mtn. 1977 AG 400 d 1/4 E-W 1:62,500 IGRF USGS, 1979
4 Lathrop 1978 Aero 400 d 1/4-1/2 E-W 1:62,500 IGRF yes USGS, 1978
Wells 1,000 d 1/4-1/2 N-S
5 NURE (Death 1979 GEO-LIFE 400 d 1 N-S 1:500,000 IGRF yes DOE, 1979
Valley)
6 Yucca Mtn. 1982 HLQEB 400 d 1/4 N-S 1:62,500 IGRF n.a, USGS, 1984
aKey: Aero Aero Service
AG Applied Geophysics Inc.
b barometric
d drape
E east
HLQEB  High-Life QEB
IGRF International Geomagnetic Reference Field
LKB Lockwood, Kessler & Bartlett, Inc.
N north
n.a. not available
NURE National Uranium Resource Evaluation
S south
USGS United States Geological Survey
W west

bysSGS (1971) and USGS (1967) were reports on the same survey at different compilation scales.
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that surround Yucca Mountain. A 20-nT (nanoTesla) contour aeromagnetic map
of the site area and vicinity (Figure 2.2-2) is available at 1:48,000 (Kane
and Bracken, 1983). For a detailed index and listing of all aeromagnetic
surveys in southern Nevada being incorporated into these maps, see Erwin et
al. (1980) and Hill (1986).

Ground Magnetic Data

Measurements of total-field magnetic intensity have been made along
selected traverses at Yucca Mountain, Lathrop Wells (to the south), and
Wahmonie/Calico Hills (to the east). Most of the measurements were made on
foot with a ground magnetometer read at 3 to 30 m intervals depending on the
horizontal gradient of the magnetic field. Some measurements at Wahmonie and
Calico Hills were made with a truck-mounted flux-gate magnetometer (G. Bath,
written communication, 1980).

The ground data at Yucca Mountain consist of five N-S profiles from one
to several km in length. These data were used along with aeromagnetic data
to test the feasibility of magnetic methods for locating concealed faults and
possible intrusions (Bath and Jahren, 1984; Bath, 1985).

Ground measurements were made near Lathrop Wells in an area apparently
underlain by reversely magnetized Quaternary basalts (Kane and Bracken, 1983;
Crowe et al., 1986). The measurements consist of E-W and N-S lines through
the southern anomalous low of the dipole anomaly at intervals of 1 to 10 m as
needed to define the anomaly.

At Wahmonie and Calico Hills, N=-S ground profiles were obtained to
better delineate aeromagnetic highs thought to be associated with buried
intrusions and magnetite-rich altered argillite, respectively (Ponce, 1984;
Snyder and Oliver, 1981).

21l these ground measurements were made with a Geometrics proton-
precession magnetometer, which has a reading accuracy of 1 nT. Diurnal
corrections were made using continuous magnetic measurements made at a local
magnetic base station with Geometrics equipment.

Paleomagnetic and Rock Magnetic Studies

There are three important objectives of the paleomagnetic and rock
magnetic studies at Yucca Mountain: (1) to support structural geologic
studies by providing paleomagnetic data bearing on vertical-axis rotation;
(2) to aid studies of volcanic stratigraphy; and (3) to provide constraints
for the modeling of airborne, surface, and borehole magnetic data. 1In
addition, the direction of remanent magnetization of samples from drill core
provides a means of obtaining azimuthal orientation of core segments from
boreholes at Yucca Mountain (Rosenbaum and Rivers, 1985).

Laboratory measurements of magnetic properties (e.g., remanent
magnetization and magnetic susceptibility) have been obtained on numerous
samples from surface outcrops and from drill core. 1In the immediate vicinity
of Yucca Mountain, a total of about 65 surface sites have been collected and
analyzed from the Crater Flat, Paintbrush, and Timber Mountain tuffs. These
sites lie within the area from 36°40’N to 36°55’N latitude, and from 116°22'W
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to 116°35'W longitude, roughly corresponding to the designated site area.
Data also exist for about 70 sites in the area of Yucca Flat. Most of these
sites are within the same geologic strata as those at Yucca Mountain,
although some are in older units. In addition, about 25 other palecmagnetic
sites from a variety of geologic units exist within the NTS. The directional
and susceptibility data from these sites are of high quality. Samples were
collected at roughly 3 m intervals throughout drillholes USW G-1, USW G-2,
USW G-3, and USW GU-3, and at somewhat greater intervals from holes VH-1 and
VH-2. These samples were oriented with respect to the drill core axis. More
closely spaced fully-oriented samples were collected from oriented core runs
in these and other holes (e.g., USW H-1, UE25a#4, a#5, a#6, and a#7).

Directions of remanent magnetization from 30 surface sites show that the
region between the north and south ends of Yucca Mountain have undergone
about 30° of vertical-axis rotation since emplacement of the Tiva Canyon
Member. Although rotations about a horizontal axis (tilts) are easily
recognized visually in many layered rocks, comparison of declinations of
remanent magnetization is often the only technique that can provide a measure
of rotation about a vertical axis. On a regional scale, relative
vertical-axis rotations between sites may be obtained by comparison of
paleomagnetic directions from individual volcanic flows or cooling units.
Such studies require that (1) individual volcanic units can be unequivocally
identified, (2) structural attitudes can be accurately determined, and (3)
the volcanic units are reliable paleomagnetic recorders. Geologic mapping
and studies of volcanic stratigraphy in the Yucca Mountain area have helped
satisfy the first two requirements. Detailed paleomagnetic studies of
several ash-flow sheets, using samples from boreholes at Yucca Mountain, have
demonstrated that the Tiva Canyon Member of the Paintbrush Tuff, and the Prow
Pass and Bullfrog Members of the Crater Flat Tuff are reliable paleomagnetic
recorders, but that the Topopah Spring Member of the Paintbrush Tuff is not
(Rosenbaum and Snyder, 1985; Rosenbaum, 1986). Directions of remanent
magnetization from numerous surface sites in the three paleomagnetically
reliable ash-flow tuff sheets demonstrate about 30° of vertical-axis rotation
between the north and south ends of Yucca Mountain since emplacement of the
Tiva Canyon Member (Scott and Rosenbaum, 1986; Rosenbaum and Hudson, 1988).

Borehole magnetic field and magnetic susceptibility logs have been used
at the NTS to aid correlations among volcanic strata penetrated by drili-
holes. Interpretation of these logs has been largely empirical. At Yucca
Mountain such logs have been obtained from several holes, and for the first
time these logs can be compared to laboratory rock magnetic data from drill
core samples. Laboratory data demonstrate that remanent magnetization is
generally much larger than induced magnetization (Koenigsberger ratio, Q>5)
so that the character of magnetic field logs is determined by variations in
remanent magnetization. Therefore, contacts between ash-flow sheets of
opposite magnetic polarity, such as the reversely magnetized Tram Member and
the normally magnetized Bullfrog Member, can be easily recognized from the
magnetic field logs. Both the log data and the laboratory data show
high-amplitude (often order of magnitude) systematic variations in remanent
intensity and susceptibility. These variations occur within the interiors of
individual ash-flow sheets as well as at the margins. These variations
provide a means of using borehole data to map zones within the ash-flow
sheets throughout the repository area, and to thereby contribute directly to
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knowledge about the lateral continuity of the various beds and of structures
offsetting those beds.

Studies of magnetic properties have concentrated on the relationship
among the observed systematic variations in remanent magnetization and
magnetic susceptibility and the depositional and cooling histories of the
various ash-flow sheets (Hagstrum et al., 1980; Rosenbaum and Snyder, 1985;
Rosenbaum and Spengler, 1986). Bath (1968) noted a correlation between the
degree of welding and values of both remanent magnetization and
susceptibility. Results from Yucca Mountain confirm that nonwelded to poorly
welded tuffs are generally characterized by low susceptibilities and
magnetizations. However, large variations in both remanent magnetization and
susceptibility occur within the thick densely-welded parts of individual
cooling units penetrated by boreholes at Yucca Mountain. Studies of rock
magnetic properties and Fe-oxide microcrystals have demonstrated that
increases in susceptibility and remanent magnetization away from cooling
breaks are produced by the growth of Fe-oxide microcrystals away from the
quenched margins of the ash-flow sheets (Rosenbaum and Schlinger, 1987;
Schlinger et al., 1988). 1In addition, there is a high degree of correlation
between the location of depositional breaks within the thick cooling units
(which may or may not correlate with changes in the degree of welding) and
susceptibility minima (Rosenbaum and Spengler, 1986). Understanding the
sources of variations in remanent magnetization and susceptibility will
provide the basis for improved interpretation of borehole magnetic field and
susceptibility logs, and thereby for mapping of tuff layers at Yucca
Mountain. Knowledge of the lateral continuity of these layers is essential
to determining the structural integrity and hydrologic character of the
repository block.

Magnetic property data are also useful for the interpretation of ground
magnetic and aeromagnetic data (Hagstrum et al., 1980; Rosenbaum and Snyder,
1985). Four areally extensive ash-flow sheets possess moderate to strong
magnetizations throughout large stratigraphic thicknesses, and are thus
considered likely sources of aeromagnetic anomalies. Remanent magnetization
is more important than induced magnetization (Q>5); therefore, anomalies
reflect magnetic polarity of the ash-flow sheets. The Tiva Canyon and Pah
Canyon Members of the Paintbrush Tuff and the Tram Member of the Crater Flat
Tuff are reversed, and the Topopah Spring Member of the Paintbrush Tuff and
the Bullfrog Member of the Crater Flat Tuff are normal (Table 2.2-2)
(Rosenbaum and Snyder, 1985).

Paleomagnetic studies on surface outcrops of the young basaltic rocks of
the Crater Flat area have also begun. These studies, combined with K-Ar and
Ar40/Ar39 dating of basalts, are intended to evaluate the episodic nature of
late Tertiary volcanic activity in the vicinity of Yucca Mountain.
Paleomagnetic measurements and interpretation will improve the resolution of
separate volcanic events in the geologic record.

SUMMARY OF RESULTS

One of the most important results is the discovery of a number of
magnetic anomalies over alluvial areas in Crater Flat and the Amargosa Desert
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Table 2.2-2. Magnetic properties of volcanic stratigraphy at the site2

K-Ar Age Rock Magnetic  Jypy Suscept. Jpotal Thickness
(Ma) Unit Polarity (am~1) (10-3SIU) Q (Am~1) (m)
10.2 Basalt dikes
Timber Mtn Tuff
Rainier Mesa Mbr 0-46
bedded tuff 0-61
Paintbrush Tuff
12.5 Tiva Canyon Mbr R 0.4-10 2-11 2-38 0.3-10 69-148
bedded tuff 1-15
Yucca Mtn Mbr R 0.1-0.4 5-6 1-2 0.1-0.2 0-29
bedded tuff 0-47
Pah Canyon Mbr R 1.8-3.3 4-6 9-17 1.6-3.1 0-71
bedded tuff 0~-9
13.1 Topopah Spring Mbr N 0.2-1.3 1-5 2-10 0.2-1.4 287-359
bedded tuff 1-17
13.4 Tuffaceous beds of
Calico Hills 0.1 1-2 2 0.1-0.2 27-289
bedded tuff 0-21
Crater Flat Tuff
Prow Pass Mbr N 0.1-0.5 1-3 2=-20 0.1-0.6 80-193
bedded tuff 2-10
13.5 Bullfrog Mbr N 0.1-2.8 1-8 5-16 0.2-5.5 68-187
bedded tuff 6=22
Tram Member R 0.1-2.2 1-5 3-13 0.1-2.0 190-369
bedded tuff 3=-50
Dacite lava and flow
breccia N 0.1-3.1 3=-30 0.3-9 0.2-3.8 0-249
bedded tuff 0-14
Lithic Ridge Tuff I 0.2-0.3 3-5 1 0.1-0.3 185-304
bedded tuff 3=-7
13.9 Older volcanic rocks =~ 0.1-1.3 1-43 1-27 0.1-3.0 345+

aAge is in millions of years before present.
R - reversed, I - intermediate.

Polarity symbols:
Jyrm 1S the range of intensity of natural

N - normal,

magnetization, Suscept. is the range of SI susceptibility, Q is the range of
the Koenigsberger ratio of Jygpy to induced magnetization, Jp.¢.; 1S the range
of intensity of total magnetization using the direction of remanent
magnetization. Thickness is the range in meters of rock units from surface or
drill core from the Yucca Mountain area.
compiled from Table 3 of USGS (1984b) and Tables 2, 5, 6, 8, 9, 11, 13, 15, 16,
18, and 20 of Rosenbaum and Snyder (1985).
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just west and south of Yucca Mountain. These magnetic anomalies are very
similar to those associated with exposed Quaternary cinder cones and basalt
flows. If this correlation is confirmed by planned drilling, the magnetic data
could be used in combination with other methods and drilling to estimate the
total volume of buried volcanic rocks that must be considered in evaluating the
probability for future eruptions that could affect repository performance (Kane
and Bracken, 1983; Crowe et al., 1986).

Another significant finding is the presence of an east-west trending
magnetic high over northern Yucca Mountain, extending eastward across Calico
Hills (Boynton et al., 1963a). This magnetic high is associated with
magnetite-bearing, thermally altered argillaceous basement rocks of the Eleana
Formation (USGS, 1984b, Figure 23; Bath and Jahren, 1984). The Eleana Formation
may be altered in this location because it is at the margin of the Timber
Mountain caldera (Kane et al., 1981). The magnetic high is similar in areal
size and direction to the anomaly known to be associated with Mesozoic intrusive
rocks at the north edge of Yucca Valley (Bath et al., 1983). The possible
relation of this feature to the large hydraulic gradient area is discussed in
Section 3.1.2.

Elongate magnetic highs and associated lows are associated with mapped
faults in the site area, some of which are only partially exposed (Kane and
Bracken, 1983). The extent and continuity of such faults with depth are
important concerns for site characterization, and it appears that
high-resolution magnetic surveys combined with other geophysical methods may
provide useful resolution of these features.

Analysis of the statistical properties of magnetic anomalies in the Yucca
Mountain region has produced estimates of the depth within the earth’s crust to
the Curie-temperature isotherm - about 580°C depending chiefly on the amount of
titanium present in magnetic minerals. Results from Curie isotherm analysis
indicate that the isotherm depth in the vicinity of Yucca Mountain is about 15
km, and that the depth increases northward to a value of about 30 km coinciding
with an anomalously low heat flow near 38°N, 116°W east of Tonopah, Nevada
(Blakely, 1988, Figure 10). This interpretation conflicts with the conclusion
of Sass et al. (1971) that low heat flow in this area is caused by near-surface
hydrologic phenomena.

The southern tip of Yucca Mountain has undergone about 30° of clockwise
vertical-axis rotation since emplacement of the Tiva Canyon Member of the
Paintbrush Tuff. This conclusion is based on declinations of remanent
magnetization from 32 sites in the reversely magnetized Tiva Canyon Member that
display a systematic southward increase over the 25 km north-south extent of
Yucca Mountain. The observed rotations could reflect either oroflexure above a
deep-seated right-lateral shear zone or shear related to differential extension
within hanging-wall rocks of a regional detachment system.

Borehole magnetic field and magnetic susceptibility logs as well as
laboratory magnetic property measurements demonstrate the existence of
high-amplitude, systematic variations in both remanent magnetization and
susceptibility through thick volcanic sections penetrated by boreholes at Yucca
Mountain. The magnetic property variations are intimately related to the
depositional and cooling histories of the various ash-flow sheets. These
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results provide a basis for the future use of borehole magnetic logs to map
volcanic strata throughout the repository area.
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2.3 GEOELECTRIC SURVEYS

OBJECTIVES

The objectives of geoelectric work are to support interpretations on the
existence, location, and gecmetry of (1) faults and altered zones, (2) magma
chambers and other thermally-related deep crustal rock units, (3) economic
sulfide mineralization, (4) thickness of alluvium, and (5) aquitards.
Electrical resistivity and electrical polarization data are acquired with
ground-based surveys. Geological interpretations are derived from
geoelectric models constrained by known petrophysical relationships and
borehole logs.

DATA COVERAGE AND QUALITY

Rock resistivity is affected by fluid content and mineral composition.
Minerals may be conductive (e.g., most economic minerals, but few common
ones), or they may render pore fluids conductive by ionic exchange.

Increased porosity, rock alteration, and elevated temperature are major
factors associated with decreased resistivity. Fault zones and altered rocks
are geoelectric targets because they provide increased porosity for
conductive fluids, and mineralogy with high ionic-exchange capacity. Compact
igneous intrusions hosted by fractured or altered rock, or by sedimentary
rock, are geoelectric targets because they are more resistive than the
surroundings. Structural or stratigraphic features that are enriched in
clay-mlnerals are geoelectric targets, as are melted rocks, thermal anomalies
in the crust, or zones of sulfide mineralization.

One of the earlier geoelectric surveys of the Yucca Mountain area
involved magnetotelluric (MT) soundings, some of which are near seismic
monitoring stations of the Southern Great Basin Seismic Network (Furgerson,
1982) . MT soundings provide a means of detecting and delineating resistivity
contrasts corresponding to major features such as the depth and fabric of the
crystalline basement, or deep structural and lithologic contacts. Structural
fabric and lithologic changes are inferred from MT resistivity structure,
analogous to inferences from teleseismic velocity structure. MT data
interpretation can thus reduce nonuniqueness of the resulting geophysical
models of earth structure. The principal objective of crustal MT sounding
and profiling is characterization of deep structure of the Yucca Mountain
area, using the unique aspects of the method to test geologic structural
models. For shallower exploration objectives, particularly where laterally
heterogeneous resistivity structure is known to exist near the surface,
audio-frequency MT and telluric profiling have been applied.

Resistivity (and IP) surveys have been performed at the site area using
the Schlumberger sounding method, the dipole-dipole section-profiling method,
and various controlled-source electromagnetic methods. Principal objectives
for these surveys were (1) fault detection and delineation such as investiga-
tion of the inferred faults in Midway Valley and Drill Hole Wash, and
(2) sounding the thickness of alluvium, the distribution of conductive
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lithologic units in the volcanic section, and the depth to the Paleozoic
basement. Profiles were modeled and interpreted in two dimensions.

The extent of geocelectric surveys in the vicinity of Yucca Mountain is
indicated on Figure 2.3-1. Deep MT soundings are widely spaced and are shown
pointwise. Geoelectrical methods with shallow depth of penetration were
carried out at closer spacings within smaller areas; the general locations of
these surveys are shown by rectangular patterned areas in Figure 2.3-1.

Geoelectric surveys in areas A and B of Figure 2.3-1 were used to screen
candidate repository sites prior to the selection of Yucca Mountain (Hoover
et al., 1982a; Hoover et al., 1982b). A variety of electrical surveys
obtained in the immediate Project area {area C of Figure 2.3-1) are
summarized on Figure 2.3-2 and explained and referenced in Table 2.3-1.

Magnetotelluric and telluric surveys in area D (Figure 2.3-1) consist of
six audio-frequency MT (4 to 10,000 Hz) soundings at 3-km spacings, eight
telluric soundings (J-ratio analysis) at 5- to 10-km spacing, and a single
telluric-ratio line. Data in area E consists of 52 Schlumberger soundings,
and data in area F consists of 136 Schlumberger soundings.

The 1982 MT data (coverage shown in Figure 2,3-1} are of high quality.
analysis of the 1985 MT data is incomplete; modern interpretive techniques
(e.g., tensor impedance modeling) are being used to quantify data variability
and applicability to site characterization. The 1966-1979 MT data exhibit
substantial scatter. Most of the remaining geoelectric data appear to
support reliable interpretation, being relatively smooth over the domain of
measurement, and producing estimates of geoelectric structure that are
consistent with reasonable geologic models. These data can be further
evaluated by cross-comparisons between different data, and by comparison with
drillhole logs.

SUMMARY OF RESULTS

Deep MT data have identified a regional, crustal anisotropy aligned with
the "Walker Lane," as well as a mid-crustal conductor at approximately 20 km
depth or less. The anisotropy has been deduced from the azimuthal
orientation of multicomponent, tensorial conductivity measurements using the
MT method at distributed stations. Published interpretation (Furgerson,
1982) and unpublished data (Klein, personal communication, 1989) indicate
that the magnetotelluric strike is northwest, or west-northwest for most
stations. The midcrustal low resistivity layer implies the effect of deep
pore fluids and/or enhanced temperatures, and may indicate a transition to
crustal ductility. A report that describes and interprets deep MT data
acquired more recently from the Yucca Mountain region (from 1982 to 1985) is
currently in preparation.

MT data also indicate variations in the resistivity of the upper crust
{2 to 5 km depth) that provide information on the distribution of sedimentary
and volcanic rocks, with implications for the distribution of deep-
penetrating, high-angle faults as well as low-angle faults. Indications on
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Table 2.3-1.

Geoelectric Investigations on Yucca Mountain

A. Investigations with depth control provided by multi-frequency or variable-spacing source~receiver configurations.
(The locations of lines E1-E13 are shown on Fig. 2.3-2.)

METHOD

Schlumberger
soundings

{max. electrode
separation
1,200 m)

Dipole-dipole
resistivity/IP
(61-m dipoles)

Dipole-dipole
resistivity/IP
(152-m dipoles)

Dipole~dipole
resistivity/IP
(305-m dipoles)

EM soundings
(t ime-domain,
central
receiver)

14 soundings variably spaced
along Lines E1, E2 of Figure
2.3-2; 14 km of profile

Lines E3, B4, E5 of Figure
2.3-2; 4.4 km of profile

Lines E6, E7, E8 of Figure
2.3-2; 8.8 km of profile

Lines E9, El1, E12 of Figure
2.3-2; 16.4 km of profile -

APPROXIMATE

DEPTH RANGE LOCATION
1-600m

60 - 180 m

150 - 450 m

300 - 930 m

200 - 1,200 m

Lines E10, E13 of Figure
2.3-2 (250-m spacings);
3.9 km of profile

REMARKS

1-D modeling contoured to show

resistivity contrasts related
to faults and horizontal con-

trasts indicating variation in
pore-water lithology with depth

2-D models incorporating
topography show resistivity
contrasts related to faults
and lithologic variation

2-D models as above

2-D models as above except
models for lines El1l and E12
do not incorporate topography

1-D modeling composited to
show fault-controlled lateral
resistivity contrasts as well
as lithology and pore-water

controlled horizontal contrasts.

REFERENCE

Senterfit et al.,

1982

Smith and Ross, 1982

Smith and Ross, 1982

Smith and Ross, 1982;
Ross and Lunbeck,

1978

Frischknecht
and Raab, 1984




METHOD

Borehole-to-
Surface DC
resistivity
1981

Audiomagnet o~
telluric
soundings
(6-250 Hz)

Magneto-
telluric
soundings
(.001-10 Hz)

Table 2.3-1.

APPROXIMATE
DEPTH RANGE

LOCATION

30 - 300 m

200 - 2,000 m

2 - 20 km

an area of 300 m x 500 m just
NW of drillhole UE25b-1H;
sources in drillholes UE25
at4, a#5, a#6; dipole
receivers on 25 - 50 m grid

4 soundings (#'s 100 - 400)
along 1-km profile

soundings roughly along lines
El and E2 of Figure 2.3-2

Geoelectric Investigations on Yucca Mountain (continued)

REMARKS

apparent resistivity
contoured; 3-D ellipsoidal
body modeled

1-D and 2-D modeling shows
general consistency with
time-domain interpretation
above

1-D modeling shows variations
in conductance of upper crust
related to variations in
thickness and lithology of
volcanic and sedimentary rocks;
also a mid-crustal low
resistivity layer, apparently
related to crustal fluids and
enhanced temperature.

REFERENCE

Daniels and Scott,
1981

Unpublished data,
UsGS, 1981

Furgerson, 1982,
and unpublished
contract report,
UsGs, 1979
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B. Profile/mapping investigations with equivocal depth control.

METHOD

"Slingram"
(dual-loop EM
profiling; 222-
3555 Hz, fixed
separation)

VLF (magnetic
variation of
fields related
to 18.6 kHz
navigation
beacon)

TURAM

(magnetic
variation of
fields from

EM line-source;
900 m source)

MAGNETOMETRIC
(magnetic
variation of
field from 1 Hz

line-source)
Telluric-ratio

(.025-.05 Hz,
500-m dipoles)

Table 2.3-1.

APPROXIMATE
DEPTH RANGE

LOCATION

8-150 m

10~-60 m

20-200 m

200-2,000 m

1 to 10 km

16.6 km of profile

4 km profile, parallel to
Slingram profile (see above)
over alluvium

1.1 km of profile; over
alluvium-covered fault
detected by Slingram profile

2 lines; 4.2 km of profile
over alluvium-covered fault

2 lines; 30 km of profile
across northern part of
Fortymile Wash

Geoelectric Investigations on Yucca Mountain (continued)

(Lines are not shown on Fig. 2.3-2.)

REMARKS

lateral apparent resistivity
contrasts indicate variations
in alluvial thickness and
bedrock faults

results ambiguous due to
insufficient penetration in
conductive overburden

results were ambiguous due
to insufficient penetration or
signal resolution

identified apparent resistivity
contrast of fault

detected apparent resistivity
variations related to
bedrock faults

REFERENCE

Flanigan, 1981

Flanigan, 1981

Flanigan, 1981

Fitterman, 1982

Hoover et al.,
1982¢




how such structural features can be detected are provided by Hoover et al.
(1982a,b).

Shallower penetrating geoelectric methods applied at various locations
throughout the Yucca Mountain region have indicated faults, intrusive rocks,
zones of altered rocks; and the thickness of alluvial cover. The reports of
Hoover at al. (1982a,b), although pertaining to Syncline Ridge and the
Wahmonie/Calico Hills areas and not Yucca Mountain, indicate that shallower
penetrating methods have appropriate uses in site characterization. The 136
Schlumberger resistivity soundings acquired at distributed locations
throughout the Amargosa Desert, as indicated in Figure 2.3-3 (Greenhaus and
Zablocki, 1982), have been used for mapping the depth to the Paleozoic
basement (Czarnecki and Oatfield, 1987). BAeromagnetic data were used in
conjunction with the Schlumberger data to establish the extent of Tertiary
volcanics intervening between alluvium and the Paleozoic section. Apparent
depths to the Paleozoic contact vary from about 200 m to as much as 1,500 m;
deeper values are aligned in apparent fault-controlled basin structures in
the northern part of the Amargosa Desert. In addition to depth-to-basement
interpretation, inferred differences in resistivity of the upper 75 m of
alluvium were used in conjunction with driller’s logs to identify areas with
coarser and probably more transmissive sediments.

The numerous survey lines on the northeast flank of Yucca Mountain were
situated mostly on alluvial surface cover of variable thickness. Some lines
extended on to tuff units, mostly of the Paintbrush Tuff (Lines E1l and El13 in
Figure 2.3-2). Most of these data were in the vicinity of Drill Hole Wash
northeast of the repository site. The results were interpreted to indicate
various mapped and unmapped faults as lateral contrasts associated with zones
of low resistivity. Most of the data sets (Figure 2.3-2) were interpreted
independently from one another for purposes of fault detection. Interpreta-
tions were typically based on characteristic responses to conductive zones,
or on models derived from one-dimensional (layered earth) algorithms, the
composited results of which provided quasi-2-D sections. A notable exception
is the dipole-dipole data set, a portion of which was modeled with a 2-D
algorithm that incorporated topography as well as subsurface bodies.

In overview (Klein, personal communication, July 1989), the available
geoelectric data suggest structural complexity in the vicinity of Drill Hole
Wash, but uniformly high resistivity in the repository block. However, the
data sets have not been incorporated into a consistent interpretive synthesis
using the best available geologic control, as was done for the area of
Syncline Ridge and the Wahmonie/Calico Hills areas (Hoover et al., 1982a,b).
This task is highly desirable for four reasons: (1) incorporation of the
current geologic control, (2) delineation of structures and lithological
units that are reliably defined among the various data sets, (3) elimination
of the inconsistencies among the various topical interpretations, and
(4) evaluation of the merits of the various gecelectrical approaches.

The 2-D models of the dipole-dipole profiles (Smith and Ross, 1982) show
an unrealistic complexity that impedes a geologic interpretation. Studies
into part of these data near Coyote Wash (D. Klein, USGS, and E. Hardin,
SAIC/Las Vegas, unpublished work, July 1989) indicate that the lack of
incorporating geologic control and the lack of accounting for the effects of
alluvial contacts may have contributed to the complexity of the models.
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However; major features of the models appear to approximate the geologic
situation known from drillhole control not available to Smith and Ross
(1982). Such features include a modeled low resistivity unit corresponding
to a zone of nonwelded tuff that separates the Tiva Canyon and Topopah Spring
Members of the Paintbrush Tuff, and a modeled high resistivity unit
corresponding to a major portion of the Topopah Spring Member. Further
interpretative work is called for to identify and separate the signatures of
lateral lithologic variations from the signatures of faults.
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2.4 SEISMIC REFRACTION SURVEYS

OBJECTIVES

Seismic refraction surveys have been used in the Yucca Mountain region
for investigations that range from measurements of crustal thickness
(regional refraction profiles; e.g., Hoffman and Mooney, 1983) to the
thickness of surficial alluvial and volcanic deposits (shallow refraction
profiles, or engineering refraction profiles; e.g., Pankratz, 1982). The
objectives for the work discussed below thus include (1) mapping shallow
velocity structure at the proposed site of the rep051tory surface facilities;
(2) obtaining velocity information for input to processing of seismic
reflection sections; (3) investigating upper-crustal structure in the site
area and its relation to the structure of the surrounding region; and
(4) investigating the structure of the middle and lower crust, and the
refraction Moho.

High-resolution upper-crustal refraction methods and results are
particularly relevant and are summarized here in more detail. Such profiles
are intermediate in scale and provide the link between shallow and regional
studies. High-resolution upper-crustal refraction profiles can be tied to
the deepest drillholes in the vicinity of Yucca Mountain, and can be jointly
interpreted with gravity, aeromagnetic, and geoelectric data. In temms of
depth of penetration (0-5 km) and reglonal extent (40-60 km long lines),
upper-crustal refraction profiles and seismic reflection profiles provide
information on geologic structure and tectonic processes affecting
performance of the Yucca Mountain site.

DATA COVERAGE AND QUALITY

The following discussion covers all refraction studies conducted by the
Yucca Mountain Project, in the site area and regionally. The discussion is
organized as follows: (1) shallow profiles in the vicinity of Yucca Mountain
are discussed first (Pankratz, 1982), followed by (2) additional low-energy
surveys to measure near-surface velocities (Rodriguez and Yount, in USGS,
1988), (3) an early study involving high-explosive (HE) and underground
nuclear explosion (UNE) sources (Hoffman and Mooney, 1983), and
(4) high-resolution upper-crustal profiles in the Yucca Mountain region
(Mooney and Schapper, written communication; Ackermann et al., in USGS,
1888} .

Three shallow, HE-source, reversed refraction profiles were run in 1982
in the vicinity of Yucca Mountain (Pankratz, 1982). One of the profiles tied
to borehole UE25 a#l in Drill Hole Wash, and extended partway across Midway
Valley (Figure 2.4-1). An east-west line crossed Midway Valley and the
southern part of Exile Hill, and a third line transected Midway Valley in a
northwest orientation slightly north of Exile Hill. Each 2.7-km spread was
acquired u51ng 24 s1ngle geophones spaced 120 m apart, and HE shothole
charges varying in size from 4 kg to 180 kg. A significant increase in the
size of explosive charge was required for the Yucca Mountain lines compared
to similar lines run in the Calico Hills and Wahmonie areas (Pankratz, 1982).
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Data were analyzed using an interactive ray-tracing program (Pankratz,
1982; Ackermann, 1979) to associate critically refracted rays with first
arrivals. Of the three profiles, two yielded arrival data that were
interpretable by this method. Interpretation of the velocity section for the
profile that was tied to borehole UE25 a#l deviates significantly from the
stratigraphic section and the downhole velocity survey from this borehole.
The author attributes this discrepancy to various causes, including poor
picks of first arrivals, low-velocity layers, and the possible existence of a
major off-axis vertical velocity discontinuity. The line crossing the
Paintbrush Canyon fault on the eastern margin of Midway Valley indicates a
significant offset east of the surface scarp, suggesting the existence of
another fault within the Fran Ridge/Alice Hill horst block. Additional
drilling has been conducted in Midway Valley since the Pankratz (1982)
surveys were run, which could potentially provide additional constraints for
interpretation of these lines.

The velocities determined from the seismic data indicate that the in
situ compressional velocity is on the order of 1.0 km/sec for the surface
alluvium, and only 1.7 to 2.6 km/sec for the Tiva Canyon and part of the
upper part of the Topopah Spring Members. Note that the intact-rock
velocities reported for the large volume core samples by Anderson (1984) for
these units are about 4.5 km/sec for the Tiva Canyon Member, and 3.0 to 4.5
km/sec for the upper part of the Topopah Spring.

A survey of compressional refraction velocities, for alluvial units at
five locations distributed across the Yucca Mountain region, was reported by
Rodriguez and Yount (in USGS, 1988). The study compared the velocities of
alluvial layers of various age at survey areas in Rock Valley, Crater Flat,
Beatty area, Fortymile Wash area, and Frenchman Flat. Using a sledgehammer
source and closely-spaced geophones, a number of short profiles were acquired
in areas where the alluvial deposits were exposed in mapped trenches that
were excavated for tectonics and other studies. A strong correlation was
observed between compressional velocity and age (particularly Holocene vs.
Quaternary). Some older alluvial units showed development of caliche-rich
cemented horizons at the upper boundary; these features evidently gave rise
to higher velocity, leading to speculation about the characteristics of an
older unit from which the upper carbonate-cemented horizon had been eroded
away, but which was otherwise present. This question was not resolved by the
study. The alluvium velocities reported are low, in the range of 0.3 to 0.5
km/sec for the youngest (Ql series) Quaternary materials, 0.7 to 1.1 km/sec
for older (Q2 series) Quaternary materials, and 1.2 to 1.8 km/sec for
pre-Quaternary alluvial materials.

Refraction studies using UNE and HE sources to penetrate the crust and
upper crust were conducted by the USGS in 1980 and 1981 (Hoffman and Mooney,
1883). Up to 100 portable seismographs were arrayed along lines across Yucca
Mountain and Jackass Flats, northward from the Amargosa Desert through Crater
Flat, and from Yucca Mountain south to southern Death Valley. The lines were
set up to coincide with three UNE shots on the NTS, and one HE shot detonated
near Beatty, Nevada. The information provided from the HE profile pertained
mostly to the upper crust, and the first arrivals from the UNE shots
travelled along the seismic basement, i.e., a crustal layer with a seismic
velocity of about 6 km/sec.

48



N’ELK; AIR FORCE RANGER, \‘\9\_' v NEVADASTEST SITE- j
,s.,,..:i’ ‘\ { Co _}i .
S .
S :
A
AN
[
SN
\ g 2‘\‘ R
s + \ Do e § L
y NSNS RN
. NS 1 i
A v .I-A - \"'. ‘\\
y . ’ i ~N
A K: @} 4 /
" Xe oL
1 .
g e
" ) ;\;
' S /el i
L ~+ // : +
° Sl
L] : o Pat
.l/ y N . »l/".
..... %A \\ !
)y ) ‘\1 j
W + T }
|
- (SN | \
2 \ ! o L \
| }R‘ |
%Q\\\W T ’ |
~ - NS : B ’
controLLEd MY |
Voo ) e
AN
- L !
l
) |
NI “+ |
| - { !
Mo )
' BLM (PUBLIC LANDS)
AW -
118430

28!

YUCCA WOUNTAIN PROJECT

FIGURE 2.4-1. Map of Yucca Mountain
Refraction Lines from Pankratz (1982)

MILES

1 0 !
KILOMETERS

LEGEND

SEISMIC REFRACTION LINES
LIGHT DUTY ROADS
UNIMPROVED ROADS

TRALILS

IR R

0 CONCEPTUAL PERIMETER DRIFT BOUNDARY

i,

&Eﬂlﬂ YMP89072.2

9012210167—0f




Travel times (reduced to 6 km/sec) for the UNE events revealed delays
(proportional to greater basement depth) of 1.2 to 1.4 sec for Crater Flat
and Yucca Mountain, 0.8 to 1.2 sec for Jackass Flats, and 0.4 to 0.8 sec for
Bare Mountain and Skull Mountain. The P-wave delays were interpreted by
adapting the density-depth model of Snyder and Carr (1982) to wvelocity,
producing a model of monotonically increasing velocity with depth. The
results of multiple profiles, and the velocities reported by Pankratz (1982),
were used to constrain the velocity model. On this basis, the depth to the
Paleozoic basement was estimated to be 3.2 km beneath Crater Flat, and 1.1 km
beneath Jackass Flats. The largest P-wave delays were observed in Crater
Flat and northern Yucca Mountain, where the tuff section may be thickest.

The UNE work also revealed a strong midcrustal reflector at about 15 km
depth, from rays bottoming beneath Yucca Mountain and eastern Crater Flat.
Deeper crustal reflectors were observed at 24 and 30 km, and total crustal
thickness was estimated to be 35 km.

Travel times for the upper-crustal HE profile were modeled to within
about 50 msec of observed values using a ray-tracing method. Unlike the
gravity model of Crater Flat, the HE-source refraction profile shows evidence
for a buried bench-like structure between the Bare Mountain range front and
Crater Flat. (This part of the profile also corresponds to certain
irregularities in the survey geometry.)

The present coverage of high-resolution upper-crustal seismic refraction
profiles is indicated on Figure 2.4-2. Initial field tests, including the
evaluation of shot sizes, noise levels, and seismic energy propagation
characteristic were started in 1980 (Hoffman and Mooney, 1983). Two detailed
profiles were collected in 1983: one in a north-south direction in Crater
Flat (Crater Flat profile) and a second in an east-west direction from
northern Crater Flat, south of Beatty, Nevada, to the Grapevine Mountains
(Beatty profile). Interpretation of these profiles is presented by Ackermann
et al. (in USGS, 1988). Three additional profiles were acquired in 1985
(Figure 2.4-2): (1) an east-west profile across Yucca Mountain from the
northern Amargosa Valley to Jackass Flats (Yucca Mountain profile); (2) a
north-south profile along Fortymile Wash, east of Yucca Mountain (Fortymile
Wash profile; and (3) an east-west profile within the Amargosa Valley south
of Yucca Mountain (Amargosa profile). Interpretation of these profiles is
presented by Mooney and Schapper (written communication).

The data were collected by a seismic crew from the USGS, Menlo Park,
California. Surveying was accomplished with topographic maps and a laser
electronic-distance-measuring instrument. Energy sources consisted of
high-yield chemical charges of up to 1,800 kg, in 50 m drillholes. Shot
holes were spaced at approximately 8 to 15 km intervals along the profiles.
Data were recorded at an effective sampling rate of 200 Hz, using 120
portable event recorders, each equipped with a 2 Hz vertical-component
seismometer. Data quality on all profiles is very good to excellent.
Recordings were made at night when wind and cultural noise were minimal, and
large shot sizes were used. Specifics about these surveys, such as shot
point and recorder locations and plots of ground motion data, are presented
by Sutton (1984, 1985).

In order to avoid uncertainties inherent in trial-and-error modeling,
these refraction profiles were recorded with field parameters satisfying the
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requirements of a method for direct inversion of the data (Ackermann et al.,
1982) . The primary requirements for the data inversion method are close
spatial sampling, and frequency of shot points along the profile. The
attributes of these high-resolution upper-crustal profiles easily exceed the
minimum requirements. As a result, the derived crustal models are considered
to be reliable: seismic velocities and layer depths are estimated to be
accurate to about 5 to 10% based on comparison with drillhole stratigraphic
control and the mis-tie of crossing profiles. However, there are limitations
to the survey methods and interpretation as listed below:

1. Since shot hole sources were used, it is not always possible to
space the shots uniformly along the profiles because of limited
access. (Seismographs are self-contained and portable, and can be
transported by helicopter to any location.) A missed or displaced
shot point can introduce interpretive uncertainty in the vicinity.
For the profiles described, it was not possible to place shots on
top of either Bare Mountain or Yucca Mountain, leading to some
ambiguity regarding steep interfaces: (a) on the east flank of Bare
Mountain, and (b) on the west flank of Yucca Mountain. Closely
spaced gravity data (e.g., Snyder and Carr, 1984) have been used to
reduce these ambiguities.

2. Because of the scattering of seismic energy within the thick
volcanic sequence, it is often difficult to identify secondary
reflected arrivals in the seismic data. Although the arrivals of
secondary phases cannot be determined as accurately as first
arrivals, secondary arrivals can often confirm layer depths
determined from first arrival analysis. For the profiles described
above, the lack of clear secondary arrivals has been compensated for
by tying the five profiles at cross-points (Figure 2.4-2), and by
locating the profiles as close as possible to deep drillholes (e.g.,
Scott and Castellanos, 1984) for better stratigraphic and velocity
control.

3. There is no unique relationship between seismic velocities
determined from the seismic refraction profiles and composition
(i.e., geologic interpretation) or density (i.e., as needed for
gravity modeling). This means there are ambiguities in the
structural and geologic interpretations of seismic velocity models.
For the profiles described above, these ambiguities have been
minimized by using stratigraphic control and density logs obtained
from deep drillholes coincident with or adjacent to the seismic
refraction profiles.

SUMMARY OF RESULTS

The shallow refraction study reported by Pankratz (1982) suggests that
the method is potentially effective at Yucca Mountain, and produced profiles
across Midway Valley that represent the type of structural information needed
elsewhere in the site area. As pointed out early in the report, the
usefulness of the method depends on resolution of the discrepancy between the
velocity model developed, and downhole velocity surveys at nearby boreholes.
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BAlso, the method used to invert the travel time data has not been analyzed
with respect to sensitivity of the results to travel time error, or other
sources of interference and noise that may be present at the site area.

ngh-resolutlon, upper-crustal seismic refraction profiles (and deep
seismic reflection profiles) provide the most useful information regarding
geologic structure of the Yucca Mountain site, relative to other types of
refraction studies, in terms of resolution, depth of penetration (0-5 km),
and regional extent (40-60 km lines). These profiles can potentially be tied
to control from the deepest exploratory drillholes, and can be reliably
interpreted in conjunction with other geophysical data (i.e., gravity,
aeromagnetic, and geoelectric surveys).

High-resolution seismic refraction profiles recorded across and around
Yucca Mountain have provided reconnaissance of the general upper-crustal
(0-5 km) structure near the Yucca Mountain site. Interpretation suggests
seven distinct upper-crustal refracting layers, corresponding to successive
alluvial, volcanic, and pre-volcanic (Paleozoic) units. This result is in
agreement with velocity data from other surveys at the site area, and with
borehole control.

Interpretation of the five available refraction profiles defines the
proposed repository site as overlying complex extensional features manifested
in the pre-Tertiary strata. The velocity contrast between the Tertiary
(mainly volcanic) and pre-Tertiary sections is large enough that, when
interpreted together with the borehole and grav1ty data, a more reliable
representation of the pre-Tertiary surface is produced. 2 large structural
depression is apparent beneath Crater Flat; it is an asymmetrical,
westward-deepening structure that extends from the Bare Mountain front to the
eastern flank of Yucca Mountain.
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2.5 SEISMIC REFLECTION SURVEYS

Seismic reflection surveys relevant to site characterization may be
broadly categorized as shallow, intermediate-depth, or deep methods:

1. Shallow penetratlng (up to about 1 sec), high-resolution profiling
performed in the Yucca Mountain site area using vibrator, explosive,
or weight-drop energy sources; and reflection proflllng performed at
locations distributed across the Yucca Mountain region using the
Mini-Sosie method.

2. 1Intermediate-depth profiles (up to several seconds) from areas of
the NTS explored as prospective areas for underground nuclear
testing, and from resource-related speculative lines in the Yucca
Mountain region.

3. Deep seismic reflection (up to about 15 sec) such as the test line
acqulred recently in Amargosa Valley, and other regional profiles
run in Death Valley and in various parts of the Basin and Range
Province.

This section will summarize the objectives, data quality and coverage, and
results from past work, organized according to these categories. All of the
existing seismic reflection data or past reflection surveys of any type,
known to be relevant to site characterization, are listed in Table 2.5-

2.5.1 SHALLOW, HIGH-RESOLUTION REFLECTION PROFILING
OBJECTIVES

The following discussion summarizes past uses for shallow,
high-resolution profiling methods, thereby describing appllcablllty to future
studies as well. Seismic reflection methods are planned for use in
establishing the continuity and regularity of important stratigraphic
contacts, such as the upper and lower surfaces of the Calico Hills unit.
aAlthough reflections were expected from such contacts in past studies, no
coherent reflections have been observed (see discussion of data quality
below). Volcanic ash flows and ash fall deposits can exhibit lateral
discontinuity depending on the conditions of deposition, such as pre-eruptive
topography and the timing of eruption. Similarly, reflection methods may
also be used for detection and delineation of buried volcanic deposits such
as basaltic dikes or sills, which are sampled and studied as components of
the geologic history of the site.

Seismic reflection methods have found important application to detection
of buried faults, mapping the extent of fault zones, and investigating the
subsurface geometry of fault zones. Fault detection problems may be
approached using photogeology or other remote sensing techniques, but
subsurface characterization may be required to determine whether a surface
feature is caused by a fault (e.g., see USGS, 1988). Faults may be detected
from discontinuity of reflections, or from offsets. Estimates for total
fault offset can be produced for certain types of faults by seismic
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Table 2.5-1. Existing Seismic Reflection Data and Past Surveys

Shallow Crustal (0-2 sec) Profiles

1,

Crater Flat/Amargosa Desert - high-resolution Mini-Sosie reflection
profiles acquired and processed by the USGS (USGS, 1988)

Quality - fair to good
Objectives - image faults/fault offsets in Quaternary alluvium
Results - partly to fully successful imaging of fault offsets

Death Valley - high-resolution Mini-Sosie reflection line (L. Serpa,
University of New Orleans, personal communication, 1988)

Yucca Mountain - various high-resclution profiles commissioned by the
USGS discussed by McGovern et al. (18983)

Intermediate Crustal (0-5 sec) Profiles

4,

Mid Valley/Nevada Test Site - land air-gun profiling of the upper 3-5 sec
of the crust (McArthur and Burkhard, 1986)

Quality - good to excellent

Objectives - map depth to Paleozoic basement in Tertiary basins

Results - successful imaging of basin fill and subhorizontal
detachment faults

Yucca Flat/Nevada Test Site - land air-gun profiling of the upper 3-5 sec
of the crust (N. Burkhard, personal communication, 1988)

Quality - good to excellent

Objectives - map depth to Paleozoic basement in Tertiary basins

Results - successful imaging of basin fill and subhorizontal
detachment faults

Frenchman Flat/Nevada Test Site - land air-gun profiling of the upper
3-5 sec of the crust (N. Burkhard, personal communication, 1988)

Quality - good to excellent

Objectives - map depth to Paleozoic basement in Tertiary basins

Results - successful imaging of basin f£ill and subhorizontal
detachment faults

Seisdata speculative lines - obtained with vibroseis and explosive
sources

a. Las Vegas shear zone (Lines 8 and 8a of Wasatch Cordilleran hingeline
reconnaissance survey)

Quality - poor to fair

Objectives - map Tertiary basins for hydrocarbon exploration
Results - successfully obtained reflections from only the upper 1 sec
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Table 2.5-1. Existing Seismic Reflection Data and Past Surveys (continued)

Seisdata speculative lines - obtained with vibroseis and explosive
sources (continued)

b. Pahrump Valley (Lines 12 and 17 of Sandy speculative survey)

Geophysical Service Inc. speculative lines - obtained with vibroseis and
explosive sources

Big Smokey Valley, Nevada
Monitor Valley, Nevada
Railroad Valley, Nevada
Tikaboo Valley, Nevada

a0 o w

for a-d:

Quality - poor to excellent

Objectives - image Tertiary basins for hydrocarbon exploration

Results - variable success in imaging sedimentary fill of Tertiary
basins

Other speculative data - unknown source types

a. White River Valley, Nevada
b. Garden Valley, Nevada

Quality - unknown
Objectives - image Tertiary basins for hydrocarbon exploration
Results - unknown

Deep Crustal (0-15 sec) Profiles

10.

11.

Amargosa Desert near Beatty and Lathrop Wells - deep crustal Vibroseis
and explosive feasibility study (Brocher et al., 1989)

Quality - good to excellent
Objectives - image entire crust down to the Moho
Results - successful imaging of all portions of the crust

Death Valley/SW Amargosa Desert/S. Pahrump Valley =~ deep crustal
Vibroseis survey by COCORP (Serpa et al., 1988)

Quality - poor to fair
Objectives - image entire crust down to the Moho
Results - partly successful in mapping mid- to lower crustal structure
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reflection methods. High-resolution is needed because the targets are
shallow, and offset distances or fault zone dimensions are typically a
fraction of a wavelength. A principal objective for site characterization is
the geometry of N-S striking faults with depth, particularly in the immediate
vicinity of the site. The most significant information needed from seismic
surveys is the attitude of the subsurface extensions of faults proximal to
Yucca Mountain, i.e., whether they are coplanar with surface indications, or
listric, at depths on the order of 1 to 3 km. A related objective is to
characterize the nature of tilting and warping associated with faulting.
(Results obtained so far from Yucca Mountain have not been of appropriate
quality for interpreting subsurface fault geometry and related kinematics.)

DATA COVERAGE AND QUALITY (Shallow, High-Resolution Reflection Profiling)

Several field surveys have been conducted in association with the Yucca
Mountain Project, using shallow reflection methods with portable equipment
and limited geophone deployment. Much of the work has been performed using
the Mini-Sosie method (Barbier, 1983). The salient aspects of this method
are that it uses one or more portable, soil compaction vibrators as the
source, and a closely spaced array of single geophones. Data quality is
achieved by stacking a large number of traces, each triggered from a single
vibrator cycle. Randomization of the vibrator repeat period suppresses
contributions from extraneous vibrator cycles. The processing steps used in
the work described here typically included common-depth-point (CDP) sorting,
constant velocity analysis, normal movement correction, spectral whitening,
deconvolution, bandpass filtering, datum and residual statics, and final CDP
stack migration (Barbier, 1983; USGS, 1988). The method can produce useful
reflections at depths corresponding to two-way travel times of about 0.3 to 1
sec, depending on site conditions. Note that the uppermost 50 to 150 m
(depending on velocity) cannot be imaged by this method.

The following items summarize the shallow, Mini-Sosie reflection studies
performed to date in association with the Yucca Mountain Project:

1. A profile was acquired over the Carpetbag fault and the Yucca fault,
using the Mini-Sosie method. The portion of the line across the
Carpetbag fault produced good results, interpreted as the Rainier
Mesa tuff dipping steeply into the Yucca Flat basin, with no
indication of fault offset. This leads to speculation that at least
at the profile location, the post-event faulting observed in
association with UNEs was caused by compaction of alluvium, and slip
on the steeply dipping Rainier Mesa Member of the Timber Mountain
Tuff. The portion of the line crossing the Yucca fault yielded no
useful information, probably because the Rainier Mesa Member is
below the 1 sec two-way travel time, and there are no interpretable
reflecting horizons in the overlying alluvium.

2. BAn east-west line approximately 1.1 km in length was run across the
Beatty scarp, about 4 km south of Beatty, Nevada (USGS, 1988). The
profile shows two bands of reflections, which are coherent beneath
the Beatty scarp. The relative incoherency of the section was
attributed to low contrasts between geologic layers, residual
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statics problems, and scattering by boulders near the surface (USGS,
1988) . Extension of a fault from the surface scarp to a portion of
the section that suggests offset would require reverse motion on a
fault plane dipping 30 degrees to the west. This is inconsistent
with the regional predominance of normal slip on north trending
faults, therefore the investigator opines that the Beatty scarp is
not fault related.

3. An east-west line was run across a fault scarp (Windy Wash fault) in
Crater Flat that had been investigated by means of several nearby
trenches (USGS, 1988; Swadley and Hoover, 1983). The near-surface
velocity structure was found to be complex. A CDP sorting and
constant velocity analysis was used to determine residual statics,
which were correlated somewhat with the surface distribution of
Quaternary alluvial materials and extrusive Tertiary volcanics. A
single reflecting horizon was traced across the section, and
exhibited dipping portions and fault offset. Subsurface faultlng
indications were related to, but different from, those observed in
nearby surface trenches. The results were interpreted not to
support normal faulting mechanisms, and to be consistent with
strike-slip faulting.

4. An east-west line was run from the east slope of Bare Mountain,
between the two volcanic cones in central Crater Flat, then further
into the basin toward Yucca Mountain. Some reflected energy was
observed; however, the data were of insufficient quality to
substantially support or challenge the published structural model by
W. Carr (USGS, 1988).

5. An east-west line was run from about 1 km up Tarantula Canyon in the
Bare Mountain block, down into the valley toward Crater Flat. This
line was run to see if the range front fault could be imaged, and
detected at the mouth of Tarantula Canyon. However, no coherent
reflections were observed at this portion of the line. Ancther
portion does indicate a near-surface anticlinal feature oriented
on-strike with a zone of faults mapped by M. Reheis (see Figure 8.1
of USGS, 1988).

6. A line was run along the old railroad bed east of Lathrop Wells,
Nevada. These data are perhaps least informative of any yet
acquired, in that the only feature to the section is a general
change in character from east to west.

In addition to the Mini-Sosie work, several reflection studies of a more
conventional type were performed in the Yucca Mountain site area during the
1980~82 time period. These are described in a summary report (McGovern,
1983) as three distinct surveys undertaken by different organizations:
Colorado School of Mines (1980), Birdwell (1981), and Seisdata (1982). The
recording windows for these surveys generally extended beyond 1 sec, but they
are discussed here because (1) high frequency sources were used (small
explosive charges; vibrator sweeps to >100 Hz), (2) the recelver arrays were
small, and (3) the lines were located in the immediate site area. These
surveys were thus designed to investigate shallow reflectors, of which there
may be several in the first 1 sec. The summary report presents negative
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results from these surveys, and states that useful seismic reflection data
cannot be acquired from the site area. The following is a brief description
of each of these studies:

1.

The Colorado School of Mines (CSM) ran two lines on the eastern
flank of Yucca Mountain in 1980, as shown in Figure 2.5-1. One of
the lines crossed Midway Valley (perpendicular to strike) and the
other extended part of the way up Drill Hole Wash (along strike)
terminating in a side canyon. These were in-line type surveys with
a single (8 to 120 Hz) vibrator source on 55 ft intervals (55 to
1,320 ft offsets), and single geophones placed at the same interval.
No interpretable data were acquired from these lines (see also
Barry, 1980).

A single reflection line was conducted by Birdwell, Inc., during
1981, in Drill Hole Wash (along strike) in the vicinity of
drillholes USW G-1 and H-1l. Based on several noise tests, a group
array of 120 geophones was used in a 100 by 200 ft pattern. Three
in-line vibrators (48 to 6 Hz) were deployed on 50 ft stations (500
to 2,850 ft offsets). No reflections were observed on the raw
reflection records, and improvement was not achieved from
processing. Coherent noise was evident throughout the acquisition
window, and when removed by velocity filtering, produced a record
with no coherence basis for residual statics analysis (McGovern,
1983).

The Seisdata (1982) survey consisted of a series of noise studies,
and four swath-type profiles. Ground roll and direct noise were
observed in the noise studies, and the combined receiver and
vibrator source arrays, group patterns, and source-receiver offsets
were designed using the noise characteristics according to standard
industry practice developed for sedimentary terrane. Surface
Primacord explosive sources were tested in addition to vibrator
sources, and found to produce significantly more noise than
vibrators (but were used predominantly in the surveys because of
vibrator mechanical failures). The survey also included an array of
10-25 1b. exposure shots at 200 ft depths. The swath profiles were
variously configured up to 8 stations wide and 24 stations long,
with a maximum CDP fold of 384. As indicated in Figure 2.5-1, two
of the lines were situated in canyons on the eastern flank of Yucca
Mountain (roughly perpendicular to strike), one parallel to Exile
Hill (along strike of the Bow Ridge fault), and one along the crest
of a northwest trending ridge north of the site area. The processed
sections presented in the summary report are the result of constant
velocity moveout analysis, and sorting to maximize CDP fold. No
other sorting strategy for the swath data was effective for
improving coherency. Automatic residual statics were not relied
upon, so as to avoid artificial lineups. One of the lines was
processed by two separate contract service companies, proving
uninterpretable in both cases.

Further information on the array designs, acquisition, and processing for
these three studies, as well as presentation of the final processed sections,
may be found in the summary report (McGovern, 1983).
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In addition to the surveys described above, several tests of other
shallow reflection methods have been performed in association with the Yucca
Mountain Project. Two reflection lines were run in the tunnels of Rainier
Mesa with blasting caps as sources. While reflected energy was observed, its
origin was unknown (reflection from below or above the tunnel, or both). The
data are therefore virtually uninterpretable, and are unpublished.

Two shear wave tests have been conducted, using a sledgehammer shear
wave source and closely spaced, three-component geophone arrays. One line
was run at the mouth of Drill Hole Wash, in a setting where high-resolution
work using P-wave sources yielded no interpretable records (McGovern, 1983;
discussed below). The source consisted of a sledgehammer impinging on a
fixture anchored into the ground surface. The distance between geophones was
1 m. This test confirmed the absence of interference from generated Love
waves, and produced a coherent set of arrivals that were apparently reflected
from depths ranging to about 200 m (Hasbrouck, 1987).

The same shear wave method was tested in an east-west profile on the
flank of Fran Ridge, near Yucca Mountain. The method demonstrated some
facility for locating faults without reliance on offset reflectors, and for
characterizing the average distribution of fractures. The test was located
in fractured tuff of the Topopah Spring Member, lithologically similar to the
repository host rock. Ten records acquired exhibit differences between
seismograms produced by SV and SH methods, indicating possible birefringence
related to fracturing. Although transmission was strongly attenuated by a
relatively highly fractured portion of the outcrop, seismic arrivals could be
detected to 36 meters from the source in this region. All of the records
acquired (P, SV, SH) indicate that this portion of the profile crossed an
unmapped fault (Hasbrouck, 1988).

Another set of shallow reflection lines was run in the Exile Hill area,
at the proposed location for repository surface facilities (Reynolds, 1985).
A total of five linés were run using a short-offset, short-spread
configuration with a weight drop source and a moveable streamer-type receiver
array with gimballed geophones on 66-ft stations. The array was towed by a
truck that also operated the weight drop source. Signal enhancement was
possible by stacking traces, but was not generally used in this survey.

A frequency-wavenumber (f-k) filter was applied to each gather, to
nominally reject events with phase velocities less than 5,000 m/sec. The
records were then CDP stacked to six-fold, and datum corrections were applied
using velocities derived from nearby refraction surveys. A "dip filter"™ was
applied whereby nine adjacent traces were examined for coherency at dips up
to 20 degrees. Events identified as coherent were added at mean amplitude
back to unfiltered data at the position of the central trace of the nine
(Reynolds, 1985).

Some of the reported results are discussed here for perspective on the
survey. The dip slip offset of the Bow Ridge fault in the vicinity of Trench
14 was estimated to be 250 to 300 ft. Variations in apparent velocity
indicate that the valley east of Exile Hill may be composed of a number of
small faulted blocks, filled in by alluvium. Low velocity, possibly
associated with fracturing and weathering, was found to be more prevalent on
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the east side of Exile Hill than to the west. These conclusions are
consistent with, and correspond to, the known geology of the location.

The Exile Hill survey raises a number of questions that are relevant to
future use of the method, and possibly to future exploration at this
location. Low velocities such as those observed are often associated with
severe attenuation. However, coherent reflections were reported with travel
times up to 1 sec corresponding to reflector depth of 1,500 ft or more.
Frequency-wavenumber filtering can introduce artificial lineups, as mentioned
in the report (Reynolds, 1985), as shown for random noise by Howard and
Danbom (1983), and as discussed by Serpa et al. (1988). The use of f-k
filtering may have produced artifacts because of clipping and spatial
aliasing. Refraction data and downhole velocity surveys showed the shear
wave velocity to be on the order of 400 to 550 m/sec, which was the
approximate phase velocity of ground roll. With receiver spacing of 20 m and
source band of roughly 20 to 60 Hz, the ground roll wavelength range of 6 to
25 m was inadequately sampled for f-k filtering. As pointed out by Jones et
al. (1987), f-k filtering can provide significant noise rejection, but
introduces stringent conditions on data quality and sampling. The nonlinear
dip filter used subsequent to f-k filtering (Reynolds, 1985) probably
accentuated the artifacts caused by aliasing.

SUMMARY OF RESULTS (Shallow, High-Resolution Reflection Profiling)

Experience gained in acquiring, processing, and interpreting high-
resolution reflection data in southern Nevada, particularly using the
Mini-Sosie method, is judged to be applicable to site characterization.
Improvement has been obtained by grouping geophones in clusters, and by
processing in the field for adjustment of acquisition parameters.

For future fault detection and characterization work, the Mini-Sosie
investigator (Harding, in USGS, 1988) recommends multiple lines in network
configuration, rather than single profiles. Accordingly, additional lines
would be run across the Windy Wash fault in Crater Flat, and at the mouth of
Tarantula Canyon, to substantiate the existing interpretations. Satisfactory
high-resolution reflection data can probably be acquired from some areas of
Crater Flat, but there are areas where the alluvial cover is too deep, or the
volcanic bedrock too irregular for interpretable profiling by shallow
reflection methods.

The summary report on the 1980, 1981, and 1982 reflection surveys
(McGovern, 1983) recommends against "...any additional reflection surveys in
the Yucca Mountain complex™ on the basis of the work described above. The
report discounts the 1980 and 1981 surveys because the designs were limited
and clearly vulnerable to noise. The negative conclusion is thus based
principally on the 1982 survey. However, the 1982 survey was also limited,
and the results very likely do not represent all methods available for
seismic reflection exploration. Additional discussion of the merits of the
1982 survey is presented in Section 3.1 of this paper.

Though the shear wave tests were not extensive, they indicate that
shallow-penetrating shear wave techniques may be effective in the tuff
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sequence, despite the mixed results obtained with more conventional survey
methods, using explosive and vibrator sources. The shallow reflection lines
in the vicinity of Exile Hill produced some useful results (e.g.,
velocities); however, the presence of artifacts in the processed reflection
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