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Chapter 56
Geologic Framework and Cenozoic Evolution

of the Yucca Mountain Area, Nevada

Kenneth F. Fox, Jr.

Richard w. Spengler

W. Bradley Myers

U.S. Geological Survey

Denver, Colorado

Abstract

The volcanic and volcaniclastic rocks composing Yucca

Mountain consist of a 1 to 3 km thick stratiform sequence of

Miocene ash-flows and interbedded tuffs erupted mainly from the

Timber Mountain-Claim Canyon-Oasis Valley areas to the north.

The volcanic rocks ponded over sedimentary rocks of probable

late Oligocene to Miocene age, whose lateral equivalents are

exposed to the west (Grapevine Mountains), south (Bat Mountain

area), and east (Red Mountain area). The sedimentary rocks,

consisting of fluvial and lacustrine deposits, interfinger with

fanglomerate shed from uplands to the west and south, and

overlie a basement of structurally imbricated Paleozoic and Late

Proterozoic clastic and carbonate strata.

Upper crustal rocks in the Yucca Mountain region were

thinned and extended through low-angle faulting and block

rotation, and oroclinally bent concurrent with and perhaps as a

consequence of movement on the Las Vegas Valley shear zone.

Deformation climaxed during late Miocene, concurrent with

eruption of the volcanic rocks of the southwestern Nevada

volcanic field, then probably resumed during the Pliocene, and

continued at a relatively low rate into the Holocene.

The rocks of Yucca Mountain are broken into elongate blocks

by north-trending, west-dipping faults with displacement as

•uch as 400 m, and by broken zones (zones of closely spaced
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minor faulting adjacent to the major faults). Blocks of

relatively intact rock between the major faults and their

associated broken zones are tilted eastward 5 to 30 degrees.

Even within these blocks, however, the rock is highly fractured

and cut by minor faults. The proposed high-level waste

repository is to be located within such a block between the

Solitario Canyon fault and the Bow Ridge fault.

The repository is to be excavated from a non-lithophysal

zone within the lower part of the Paintbrush Tuff. Revised

estimates of the thickness of this zone indicate that the lower,

down-dip extremity of the planned repository could be raised by

as much as 130 m, thus reducing the grade within the repository

and increasing the distance to the water table below. We note

that because of the closely spaced fracturing and low in-situ

stresses within the repository block, lateral support of

fractured rock is likely to be poor.

Introduction

Yucca Mountain, Nevada, has been proposed as the site of •

high-level nuclear waste repository. The purpose of this paper

is to outline aspects of the geology and tectonics of the area

which bear on its suitability as a waste repository. The

hydrologic setting of the proposed repository is discussed in i

companion paper (Dudley and others, 1990).

Yucca Mountain is located in the southern Great Basin,

midway between the Sierra Hevada on the west, and the Colorado

Plateau on the east (Figure 1). The mountain (Figure 2)

consists of a cluster of elongate north-trending ridges and

lateral spurs rising from the floor of the Amargosa Desert on

the south at an elevation of 800 m to a flat, much dissected

summit area at an elevation of 1800 m some 25 km to the north.

The mountain is flanked by bowl-shaped depressions. Crater Flat

on the west and Jackass Flats on the east (Figure 2), and merge!

northward with an irregular mountainous highland that culminates
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Figure 1. Quaternary faults and other features in the Yucca

Mountain region. LW, Las Vegas Valley shear tone (LW)

(•odified from Fox and Carr, 1989).

at Timber Mountain (Figure 3), elevation 2270 a. Bedrock

exposed at Yucca Mountain consists chiefly of Cenozoic welded

ash-flow tuffs and intercalated bedded tuffs (Figure 3) of the

southwestern Nevada volcanic field (SNVF) {Figure 4). Drill

holes reveal that these rocks overlie interlayered Cenozoic

sedimentary rocks and tuff, and that they in turn rest on

Paleozoic basement (Carr, M.D., and others, 1986).

Structure and stratigraphy of Paleozoic and Late Proterozoic

basement rocks

The Cenozoic volcanic and sedimentary rocks in the Yucca

Mountain area overlie a part of the Sevier orogenic belt, a

terrane composed of Late Proterozoic and Paleozoic rocks that

broken and stacked in one or more episodes of Mesozoic
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Figure 2. Generalized geologic map and cross-section of Yucca

Mountain and adjacent areas, showing selected faults (modified

from Fox and Carr, 1989).
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Figure 3. Geologic map, Yucca Mountain and vicinity, showing

selected faults (modified from Swadley and others, 1984). R,

proposed repository; SF, proposed surface facilities; TM,

southern boundary of Timber Mountain caldera; A-A', fence

diagram shown on Figure S.

thrust faulting. The Late Proterozoic and Lower Cambrian part

of this sequence was deposited as a westward-thickening

niogeoclinal wedge of clastic sediment, estimated to be 4 km

thick in the Funeral Mountains (Stewart and Poole, 1974) and at

least 3 km thick in the Spring Mountains (Burchfiel and others,

1974). These sediments were conformably overlain by shelf

carbonate strata of Cambrian through Devonian age that are
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Figure 4. Distribution cf volcanic rocks of the southwestern

Nevada volcanic field, and calderas (modified from Carr, W.J.,

and others, 1986).

equivalent in thickness to the underlying clastic rocks.

In Late Devonian and Hississippian time, the carbonate

shelf deposits in the Yucca Mountain area were conformably

overlain by shale, siliceous siltstone, guartzite, conglomerate,

and limestone of the Eleana Formation, aggregating at least 2300

m thick, and thought to be foreland basin flysch deposits shed

from the Antler orogen that formed northwest of Yucca fountain

(Poole and others, 1961). Temporal equivalents of the Eleana

exposed in nearby ranges consist of a much thinner rise facies

of dominantly carbonate lithology (Poole and Claypoole, 1984).

Late Tertiary extensional faulting has disrupted the

Sevier thrust belt, except in the Spring Mountains, where three

major north- to northeast-striking thrust ramps are exposed over

a SO km northwest-southeast span (Burchfiel and others, 1974).

Disconnected remnants of other thrust faults are exposed in the
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Figure 5. Fence diagram along section line A-A1 (Figure 3)

showing stratigraphic units in selected drill holes at Yucca

Mountain (from Spengler and Fox, 19B9J.

Specter Range, Funeral Mountains, and Grapevine Mountains.

Thrust faults that are part of this zone crop out at the

nearest exposures of Paleozoic rocks to Yucca Mountain. These

include the thrusts in the Bare Mountain area (Carr, M.D., and

Monson, 1988), 15 km to the west, and at the Calico Hills (Carr

W.J., 1984), 15 km to the east. This thrust or thrust system

appears to form extensive sheets skidded over the Devonian and

Mississippian Eleana Formation. At eastern Yucca Mountain,

drill hole UE25ptl penetrated the volcanic sequence, there 1.2S

tan thick, and bottomed in Silurian rocks (Carr, M.D., and

others, 1986), which we suspect lie within the upper plate of

this thrust. If this interpretation is valid, the Eleana

Formation may underlie the Silurian rocks at relatively shallow

depth below Yucca Mountain.
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Stratigraphy of Cenozoic Sedimentary and Volcanic Rocks

Remnants of a formerly more extensive cover of Oligocene

and early to middle Miocene fluvial and lacustrine sedimentary

rocks crop out along the flanks of many of the major ranges near

Yucca Mountain. These deposits probably extend and connect

below the surficial deposits covering the intermontane basins

between these ranges, and they may also extend in the subsurface

below the volcanic rocks of the SHVF, including those that fora

Yucca Mountain.

At Bat Mountain (Figure 2), 50 km south of the site of the

proposed repository, the Cenozoic rocks aggregate about 1.3 km

in thickness (Cemen and others, 1985). Ash layers within this

sequence were dated at 24.7+-0.3 Ma and 19.8+-0.2 Ka by Cemen

and others, 1985, who also concluded that these rocks represent

remnants of a north-sloping alluvial fan including successively

onlapping lacustrine and fluvial sediments and a younger

northeast-sloping alluvial fan.

Erosional remnants of a similar succession, referred to as

the Titus Canyon Formation of Stock and Bode (1935), extend for

50 km along the eastern side of the Funeral Mountains and

Grapevine Mountains (Figure 2). The section is highly faulted,

but as reconstructed by Stock and Bode (1935), reaches a maxima

thickness of approximately 1 km. Oligocene and lower to middle

Miocene sedimentary rocks also crop out 35 km east of Yucca

Mountain in the Red Mountain area (Figure 2), and more extensive

exposures lie farther to the east beyond the map area. At Red

Mountain, the Cenozoic rocks consist mostly of siltstone, algal

limestone, claystone, sandstone, tuff and conglomerate,

aggregating up to 1100 m in thickness (Hinrichs, 1968).

we infer from the distribution and character of the

Oligocene and Miocene rocks described above that the place at

which Yucca Mountain is now located was part of a broad

intermontane basin between 30 Ma and 16 Ma. Apparently the
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basin gradually subsided during the late Oligocene and early

Miocene, as fluvial and lacustrine sediments were deposited.

This relatively tranquil setting was interrupted 16 Ma to

15 Ha by eruption and deposition of ash (Redrock Valley Tuff,

Tuff of Yucca Flat, etc.) from an unknown source area, and at 14

Ma, by eruption of voluminous ash flows from the Silent Canyon

volcanic center (Figure 4), SO km north-northeast of the site of

Yucca Mountain (Byers and others, 1989). Eruptions continued

episodically as the vent area shifted southwestward (about 13.5

Ma) to Area 20 of the Nevada Test Site, then (about 13 Ha) to

the Timber Mountain-Claim Canyon-Oasis Valley area, then (about

7.5 Ma) northwestward to Black Mountain, and finally to

Stonewall Mountain about 6.5 Ha (Byers and others, 1989; Sawyer

and Sargent, 1989). During this 10-B.y. period, encompassing

six major eruptive cycles, silicic ash flows inundated an area

of 13,000 km3 to depths- locally in excess of 4 km (e.g., at

Pahute Mesa, Byers and others, 1S89).

Each eruptive cycle was made up of several colossal

eruptions of chemically similar, silicic pyroclastic ejecta.

The ejecta of each cycle probably erupted from a single vent

area, vent complex, or ring-dike complex within a geologically

short period of time, perhaps on the order of 500,000 years

(Byers and others, 1989). By convention, all of the major ash

flowf of a particular eruptive cycle are referred to as a

formation (e.g.. Paintbrush Tuff, which forms much of the

surface rock at Yucca Mountain), and individual cooling units of

a particular cycle are referred to as members (e.g., in

ascending order, the Topopah Spring (proposed host rock of the

repository), Pah Canyon, Yucca Mountain, and Tiva Canyon Members

of the Paintbrush Tuff) (Christiansen and others, 1977).

Each of the major eruptive centers progressively collapsed,

as upper crustal rocks foundered into the partially evacuated

aagma chamber concurrent with or following each major eruptive

event. Some of the calderas thus formed are still preserved.

However, the Silent Canyon caldera and Area 20 caldera were
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covered by younger ash flows from the southwest; ths presence of

the buried calderas was established through drilling,

supplemented by geophysical surveys (Sawyer and Sargent, 1989).

The Oasis Valley and Claim Canyon calderas were substantially

but not entirely obliterated during the eruption and later

collapse of the Timber Mountain volcano. The Timber Mountain

caldera is magnificently preserved, with Timber Mountain itself

forming the crestal area of a resurgent dome, surrounded by a

broad moat in which younger, more mafic lavas were ponded, and

that in turn by the caldera rim, 25 km in diameter, partly

ornamented and covered by rhyolit~ liows.

Although basaltic lavas were extruded late in each eruptive

cycle, the major part of the eruptive material is chemically of

rhyolitic composition. Individual ash flows are typically

chemically zoned from more silicic rock at the base, to less

silicic rock near the top. For example, the Topopah Spring

Member of the Paintbrush Tuff is zoned from basal crystal-poor

high-silica rhyolite, with silica content of 74 to 77 percent,

to capping crystal-rich quartz latite with silica content of 69

percent (Schuraytz and others, 1989). Because the ash-flows

represent a quenched sample from the magma chamber, withdrawn at

a particular instant of geologic time, the magma chamber itself

must have been zoned, with less silicic (more dense) magma

underlying more silicic (less dense) magma. In contrast,

successive ash flows of a particular eruptive cycle show, in

general, a trend toward higher average silica content, probably

reflecting continued chemical evolution of the parent body of

magma (Broxton and others, 1989).

From studies elsewhere (e.g., Smith, 1960), we judge that

each ash flow formed from several nuee ardentes, that is, fro*

incandescent gas-charged clouds of pumice and ash, which erupted

in quick succession, with individual pulses lasting but hours or

days. Because the viscosity of this frothing material was very

low, the ash flows formed broad sheets ponding in lowland areas,

with long tongues extending outward along favorably oriented
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valleys. Because of paleotopographic variations, resulting in

part from syn-volcanic deformation, ash-flow tuffs of the SNVF

locally intertongue and wedge-out, forming a complex three-

dimensional distribution.

At Yucca Mountain the section consists chiefly of (in

ascending order), the Lithic Ridge and Crater Flat Tuffs, tuffs

of Calico Hills, Paintbrush and Timber Mountain Tuffs (Figure

5). The tuffaceous beds of Calico Hills, -yilike the other

units, are not mainly an ash-flow tuff, but also consist of

bedded (air-fall) tuff and r^yolitic flow(s). The primary

internal stratigraphy of individual ash flows is typical of ash

flows in general. The basal few meters consists of compacted

but unwelded pumice lapilli tuff. This zone grades abruptly

upward to dense, black glassy welded tuff (vitrophyre), that in

turn grades to a much thicker interior of finely vesicular,

highly compacted devitrified welded tuff of variable texture,

and that in turn to partially welded and poorly compacted ash-

flow tuff. These features are locally obscured by secondary

alteration to zeolite and clay minerals.

The proposed site of the repository is within the lower

third of the Topopah Spring Member. This member attains a total

thickness of about 350 m in the northern part of the area of the

proposed repository. Most of the upper 300 m is moderately to

densely welded devitrified tuff locally containing abundant

lithophysal cavities. These cavities are commonly 1-3 ran in

diameter and occur in discrete zones near the middle of the

member. The upper lithophysal zone contains the most cavities,

contributing an additional 10 to 30 percent porosity.

Cenozoic Structural History

Yucca Mountain lies within the Walker Lane (Figure 1), a

northwest-trending zone of transition between a region to the

northeast characterized by paired north-trending fault-bounded

basins and ranges (including most of the Basin and Range

56-11



Geologic Evolution - Yucca Mountain

province), and a smaller region to the southwest characterised

by north- to northwest-trending mountains and valleys (Inyo-Mono

subsection) (Carr, W.J., 1974) (Figure 1). Cenozcic deformation

in most of the Basin and Range province has been mainly

extensional; the crust was broken into blocks that rotated like

tilting dominos. Blocks are bounded by planar-rotational dip-

slip (locally obligue-slip) faults that penetrate the entire

brittle crust, judging from seismic expression of historic

earthquakes. In contrast, Cenozoic deformation in the Inyo-Mono

subsection has involved horizontal translation along chiefly

northwest-trending strike-slip faults, as well as large-scale

crustal extension on high- and low-angle extensional faults.

The Yucca Mountain region contains elements of the

deformation styles of been the Basin and Range province and the

Inyo-Mono subsection. Cenozoic and older rocks are broken by

north-striking dip-slip faults, northeast-striking left-lateral

faults, northwest-striking right-lateral faults (Carr, W.J.,

1974), and by low-angle extensional (detachment) faults. At

Yucca Mountain, ash-flow tuffs of the Paintbrush Tuff were

broken and tilted eastward, and the structural valleys thus

formed were inundated by streams of ash-flow tuff from the

Timber Mountain center. Deformation, and the emergence of Yucca

Mountain as a mountain, thus began about 12.5 Ma, between the

cessation of eruptive activity at the Claim Canyon-Oasis Valley

center and beginning of eruptive activity at the Timber Mountain

center.

Low-angle extensional faults are exposed west of Yucca

Mountain in the Bullfrog Hills and Bare Mountain areas, and east

of Yucca Mountain in the Calico Hills and Red Mountain areas.

These faults detach much of the Cenozoic cover from subjacent

Paleozoic rocks. In all these areas save Red Mountain, the

listric normal faults branch from the low-angle extensional

faults and slice the upper plate into elongate blocks, which

through block rotations, have translated movement on the basal

low-angle faults into attenuation and extension of the upper
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plate by as much as 100 to 200 percent (e.g., in the Bullfrog

Hills area; Haldonado, 198B).

East and south of Yucca Mountain, a zone of right-lateral

strike-slip faulting and oroclinal bending, known as the Las

Vegas Valley shear zone (Figure 1), forms the southeastern

continuation of the Walker Lane. The zone was probably active

during the middle Miocene, mainly between 15 and 10 Ma (Fleck,

1970), at about the same time as the volcanic rocks at Yucca

Mountain were being erupted and then dislocated by extensional

faulting.

The probable northwestern continuation of the L&s Vegas

Valley shear zone is concealed by volcanic rocks of the SNVF.

However, it has been shown that the ash-flow tuffs in the upper

part of the volcanic sequence at the southern end of Yucca

Mountain are rotated 30 degrees clockwise (about a vertical

axis) with respect to correlative strata 25 km to the north

(Scott and Rosenbaum, 1986). Faulting, brecciation, and stratal

tilting also increase toward the southern end of the mountain

(Spengler and Fox, 1989). Thus, the Yucca Mountain rocks in

addition to being faulted and tilted, are oroclinally bent.

Bending may have resulted from a right-lateral shear couple

related to movement on the Las Vegas Valley shear zone,

suggesting that the zone continues in the subsurface below or

south of the SNVF.

Yucca Mountain is cut by five west-dipping, north-striking

normal faults with displacement as large as 400 m. The

relatively intact blocks between the faults are tilted eastward

5 to 30 degrees. The faults are flanked in the central part of

Yucca Mountain by zones as wide am several hundred meters that

are broken by closely spaced normal faults with displacements of

a few centimeters to a few meters, seemingly conjugate to the

•ajor west-dipping normal faults. These zones, referred to as

broken zones, pinch out northward, and widen to the south.

Stratal dips within the broken zones are steeper than in the

•djacent tilted but otherwise relatively intact structural
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blocks. Taken together, these features suggest that the major

faults are listric to a low-angle fault at depth (Spengler and

Fox, 1989). By analogy to areas mentioned above, it is likely

that the concealed low-angle extensional fault forms the

Paleozoic-Cenozoic contact (Myers, 1987; Scott, 1986). Activity

on faults at Yucca Mountain climaxed during the late Miocene,

then probably resumed during the Pliocene, and continued at a

relatively low rate into the Holocene (Swadley and others, 1984,

Fox and Carr, 1989).

Judging from analogous structures in the Colorado Plateau

and Gulf Coast, it has been suggested (Spengler and Fox, 1989)

that the broken zones narrow and pinch out at depth. If so, tbe

intact block in which the planned repository is to be located,

which is 1 to 4 km wide at the surface, probably widens with

depth. This block of relatively intact rock is tilted 5 to 10

degrees to the east. It is bounded on the west by the west-

dipping Solitario Canyon fault, and on the east by the west-

dipping Bow Ridge fault and its associated broken zone.

We use the term "relatively intact" advisedly. A

horizontal borehole (UE-25h|l, located 5 km southeast of the

proposed repository) driven 121 m into the block east of the

Paintbrush Canyon fault (Figure 3) encountered several faults

and numerous fractures (Norris and others, 1986). According to

Norris and others (1986), core recovery was very poor, except in

the 64 to 119 m interval, where it averaged slightly greater

than 80 percent; the core revealed an average of 22 fractures

per lineal meter.

In the vicinity of the proposed repository, logs from

vertical drill holes suggest that the Topopah Spring Member is

highly fractured. Fracture densities within moderately to

densely welded sections of this unit have been estimated to be

about 30 to 40 fractures per m1 (e.g., Spengler and Chornack,

1984). Fractures dip moderately to steeply.
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Interpretation of Features of Significance to Repository Design

Lithophysal cavities, abundant within certain zones in the

Topopah Spring Member, could adversely influence thermal

properties and stability of the rock mass. The distribution of

these zones is thus & factor in designing the repository. At

present the proposed subsurface layout of emplacement drifts

decline to an elevation of about 870 m along the northeastern

margin of the proposed repository block to avoid r>tck containing

more than 10 percent lithophysae (thus avoiding most of the

upper lithophysal zone). Recent analysis of the abundance of

lithophysal cavities in core from UE25a-l suggests that the

depth to the proposed repository along the northeastern margin

could be raised by as much as 130 m and still avoid the upper

lithophysal zone. Such a revision to the subsurface layout

could significantly reduce grades of entry- and waste haulage

ramps as well as grades of emplacement drifts (T. O. Hunter,

Sandia National Laboratory, written commun., 1989).

We expect that even within the central block, the interior

of the Topopah Spring Member will be cut by faults not mapped at

the surface, and by steeply to moderately dipping closely spaced

fractures. Because the horizontal component of the least

principal stress is low (Stock and others, 19S5), it is likely

that much of the fractured rock has poor lateral support.
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