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Abstract 
The Department of Energy's Nevada Test Site (NTS) lies in the southern part of the 
Great Basin Section of the Basin and Range Physiographic Province. The NTS is 
characterized by alluvium-filled, topographically closed valleys surrounded by ranges 
composed of Paleozoic sedimentary rocks and Tertiary volcanic tuffs and lavas. The 
Paleozoic rocks are a miogeosynclinal sequence of about 13,OOO f t  of Precambrian to 
Cambrian clastic deposits (predominantly quartzites) overlain by about 14,000 f t  of 
CarnSrian through Devonian carbonates, 8,000 f t  of Mississippian argillites and 
quartzites, and 3,000 ft of Pennsylvanian to Permian limestones. During the Mesozoic 
an apparent depositional hiatus occurred. Tertiary volcanic rock, .re predominantly 
silicic composition and were extruded from numerous eruptive centers during Miocene 
and Pliocene epochs. Within eruptive caldera depressions, volcanic deposits accumu- 
lated to perhaps 10,OOO ft  in total thickness, thinning to extinction outward from the 
calderas. Extrusion of minor amounts of basalts accompanied Pliocene and Pleistocene 
filling of structural basins with detritus from the ranges. 
Regional compressional and extensional structures as well as local volcanic structures 
occur in the NTS region. Granitic intrusion accompanied compressional thrust fault- 
ing and folding of Paleozoic sedimentary rocks during regional Mesozoic mountain 
building. Normal extensional faulting coincided with the outbreak of volcanism during 
the Miocene and was superimposed on existing Mesozoic structures. Continued 
extensional deformation may he occurring at the present time. Strike-slip faulting and 
1)ending along the northwest trending Las Vegas Valley, Amargosa Desert, and Walker 
I,ane produced as much aR 30 to A0 mi of mid Tertiarq right-lateral movement in the 
wwtern Great Basin. Currently local streRseR apparently are being releaRed along 
ii seriw of northwest trending, left-lateral Rheat zones in the Routhern portion 
of' L he N'I'S. 

3 



Issued by Sandin National Laboratorips, operated for the United dtatea 
Department of Energy by Sandin Corporation. 
NOTICB This report WM repared BLI M account of work rponaored by M 
agency of the United Statea eovernmnt. Ne'ther the United Stam Govern- 
ment nor MY agency thereof, nor MY of the r employesr, nor any of their 
contracton, aubcontrncton, or Mi employem. d e n  MY warranty, expras 
or im lied or auumen any I al libility or reapomibility for the accuracy, 
compPetenL, or usefuinsas Zany information. a v ! u s ,  p + w t ,  or pro- 
cess disctosed, c.r r e p e n t s  that ~ta ? would not pfrtnge pnvatsly d 
rights. Reference herein to any ~ p f i c  commercd produc$ procsu. or 
service by trade name. t m d e v k ,  manufacturer, or otherwme, dar not 
nt.eessrrril conatituta or imply ~ t s  endonsment, recommendatbn. or favoring 
by the dited Statea Government,. MY agency thereof or m y  of .their 
contractors or subcontractma The VMVI~ and opanionr, erprased henm do 
not n-rily rtata or reflect those of the United stam hvsmment, any 
agency thereof or any of t b i  eontrscton or rubcontracton. 

. .  

Printed in the United States of America 
Available from 
National Technical Information Service 
U.S. Department of Commerce 
5285 Port Ro al Road 
Springfield, J A  22161 

NTIS price codes 
Printed copy: A04 
Microfiche copy: A01 



Acknowledgments 
This report provides a partial synthesis of the 

geologic information relating to the Nevada Test Site 
and nearby aieas in southern Nye County, Nevada. 
Though certain geological terms are used without 
adequate definition for non-geologists, definitions of 
many terms used in the text arjpear in the Dictionary 
of Geological Terms (American Geological Institute, 
1976). 

Because little of the material contained in this 
report is derived from my own field study, I am deeply 
indebted to previous workers who spent many years 

gathering geological field information about the NTS 
and its environs. Many conversations with personnel 
from the US. Geological Survey have been very help- 
ful in catalyzing this report. Special thanks are ex- 
tended to R. B. Scott of the U.S. Geological Survey for 
his thorough critique of a draft manuscript. Judy 
Salas of the Department of Geology, University of 
New Mexico, deserves special thanks for drafting most 
of the figures. If I have misrepresented the observa- 
tions or ideas of previous workers, the responsibilitv i; 
solely mine. 

4 



5 

_- 

Contents 
Background and Objective ................................................................................................ 9 
Physiography ......................................................................................... ............................. 10 

Topography ..................................................................................................................... lo  

General Statement .......................................................................................................... 14 

Pre-Cambrian .............................................................................................................. 15 
Cambrian ...................................................................................................................... 17 
Ordovician .................................................................................................................... 19 
Silurian ......................................................................................................................... 21 
Devonian ...................................................................................................................... 21 
Mississippian .............................................................................................................. 21 
Pennsylvanian-Permian ............................................................................................. 23 

Mesozoic Intrusive Rocks .............................................................................................. 23 
Cenozoic Volcanic Rocks ............................................................................................... 25 

Monotony Tuff ............................................................................................................ 28 
Fraction Tuff .............................................................................................................. 28 
Rhyolites and Tolicha Peak Tuff ............................................................................. 29 

Belted Range Tuff ...................................................................................................... 29 
Paintbrush Tuff .......................................................................................................... 29 
Salyer and Wahmonie Rhyolites .............................................................................. 30 
Timber Mountain Tuff .............................................................................................. 30 
Thirsty Canyon Tuff .................................................................................................. 30 
Summary of Volcanism in NTS Area ...................................................................... 30 

Late Pliocene and Pleistocene Basalts .................................................................... 34 
Late Pliocene Through Recent Alluvium ................................................................ 35 

Mesozoic Compressional Structures ............................................................................. 38 

Sevier Orogeny ............................................................................................................ 40 
Cenozoic Volcanic Structures ........................................................................................ 40 
Cenozoic Extensional Structures .................................................................................. 41 

Normal Faults in the Range ...................................................................................... 41 

Strike-Slip Structures ................................................................................................ 42 
I. an Vegan Valley-Walker Lane Shear Zone ............................................................ 42 
Other (ireat Basin Shear Zonea ................................................................................ 43 
Age of Right.[, &era1 Faulling ................................................................................... 43  

Summary of 'I'ecbonics in the NTS Area .................................................................... 44 

........................................................................................................................... Drainage 12 
Rock Types .......................................................................................................................... 14 

Paleozoic and Older Sedimentary Rocks .................................................................... 15 

Pre-Volcanic Sedimentary Rocks ............................................................................. 25 

Red Rock Valley and Crster Flat Tuffs .................................................................. 29 

Cenozoic Intrusive Rocks .............................................................................................. 34 

Rock Structures .................................................................................................................. 37 
General Statement .......................................................................................................... 37 

Thrust Faults .............................................................................................................. 39 
Folds ............................................................................................................................. 39 

Normal Faults in the Basins .................................................................................... 
Folds ............................................................................................................................. 41 

42 

I.ef t.llateral Faulting ................................................................................................. 44 

Misc.dlaneous Structnren ............................................................................................... 44 



Contents (cont) 
Joints and Fractures ................................................................................................. 44 
Orientation and Frequency of Joints and Fractures ............................................. 46 
Giant Playa Fractures ................................................................................................ 47 
Man-Made Structures ................................................................................................ 47 

Ref~rences ............................................................................................................................ 48 . 
Appendix .............................................................................................................................. 55 

1 
2 
3 
4 
5 

6 
7 

8 

9 

10 

11 
12 
13 

14 
16 

It; 
17 
1H 

1 9 

20 

21 
22 
23 

2 4 

25 

6 

Location of the NTS in Nevada ............................................................................. 9 
Physiographic Diagram of the NTS and Surrounding Areas ............................ 11 
Characteristic Alluvial Valley in the Basin and Range ...................................... 12 
Typical Volcanic Range Topography at  Yucca Mountain ................................. 13 
Typical Character of Southern Great Basin Ranges Formed by 
Paleozoic Sedimentary Rocks ................................................................................. 13 

Idealized Stratigraphic Column of the NTS Area; Not All Rock 
Units are Present in All Portions of the Area. Ehpecially 
Volcanic Units; Thickness of Units Likewise Varies 
Throughout the Area ............................................................................................... 15 
Idealized Features Along an Active Continental Margin. Including: 
Continental Platform. Miogeosyncline. Eugeosyncline. 

Location of Paleozoic Cordilleran Miogeosyncline in the 
Western United States ............................................................................................. 16 
Idealized Lateral Migration of Transgressive Facies Over Time Showing 

Distribution of Quartzite Outcrops in the NTS Area ......................................... 18 
Cambrian Bonanza King Formation Forms the Hills in the Background ....... 19 
Distribution of Shale. Argillite and Some Siltstone Outcrops in 
the NTS Area ............................................................................................................ 20 
Distribution of Carbonate Outcrops in the NTS Area ....................................... 22 
Generalized Stratigraphic Section of the Cordilleran Miogeosyncline 
and Adjacent Shelf in Southern Nevada and Northern Arizona Prior 
to Subsequent Structural Deformation ................................................................. 23 
Distribution of Intrusive 3utcrops in the NTS Area .......................................... 24 
Distribution of Silicic Tuff and Related Rock Outcrops in the NTS Area ..... 26 
Distribution of Silicir and Intermediate Composition Lava Flows in 
the NTS Area ............................................................................................................ 27 
General Location of Known alrd Inferred Eruptive Centers in 
the NTS Vicinity ...................................................................................................... 28 
Idealized Structure Sections of the NTS Area; Darkened Topographic 
Sertions Below Each Structure Section are to Scale .......................................... 31 
‘Time Distribution of Major Geologic Events in the NTS Region .................... 34 
1)istrihution of Late Tertiary and Quaternary Basalt Flows ir, the NTS Area .... 35 
Hlnck Cone and Red Cone and Associated Basalt Flows in 
(“rater Flat. Nevnda ................................................................................................. 36 
Volt*nnic Cinder (”one Along 11.8. 95 Seven Miles West of 
I . nt h roll We1 Is . Neviida ............................................................................................ 36 
Hiisdl Dikes nntl Sills in the lJpper Reaches of Frenchman Flat Just 
East of the N’I’S ....................................................................................................... 37 

Geologic Time Scale (Compiled From Various Sources) .................................... 14 

Volcanic Island Arc. and Deep Ocean Basins ...................................................... 16 

the Resulting Development of Vertical Changes in Lithology ........................... 17 



Figures (cont) 
26 Distribution of Alluvium in the NTS Area; Contours Show Inferred 

Thickness of Alluvium in Feet for Portions of Frenchman, Yucca, 
and Jackass Flats .................................................................................................... 38 

27 Outcrop Distribution of Thrust Fault and Strike-Slip Zones in the NTS Area .. 40 
28 Locations of Major Strike-Slip Fault Zones in Southern Nevada 

and California ........................................................................................................... 43 . 
29 Fault Scarp Offsetting Alluvium in Rock Valley, NTS ...................................... 45 
30 Giant Fractures Across the South End of Yucca Flat Playa ............................. 48 

Tables 
1 Volcanic Stratigraphy of the NTS Area ............................................................... 33 

7.3 



Geology of the Nevada Test Site 
and Nearby Areas, Southern Nevada 

Background and 
Objective 

The Nevada Test Site (NTS) is federally owned, 
restricted access land located in southern Nye County, 
Nevada (Figure 1). It was selected in December 1950, 
as the Atomic Energy Commission's (1945 to 1974 
predecessor agency of the Department of Energy) on- 
continent proving ground for nuclear weapons devel- 
opmental testing. Originally, 640 sq mi* were with- 
drawn from the Air Force Las Vegas Bombing and 
Gunnery Range (presently Nellis Air Force Range!. 
Subsequently, additional land withdrawals to the west 
(1954) and north (1964) increased the total area under 
restricted access to the present 13Fio s+ mi. 

Activities conducted on the NTS are administered 
from Las Vcgas. Nevada, by the Nevada Operations 
Office of' the Department of Energy (DOE). Three 
national laboratories, Lawrence Livermore National 
I,at)oratory, ha Alamos National Laboratory and 
Sandia National Laboratories, propose and conduct 
weapon and related tests for the DOE on the NTS. 
Architectural, engineering, and construction support 
are provided by Reynolds Electrical m d  Engineering 
Company; Holmes and Narver, Incorporated; and 
Fev.1~ and Srisson, Incorporated, among others. In 
,950 1 he ITS Geological Survey (USGS) was asked by 
the Atomic. Energy Commission (AEC) to recommend 
which valleys on the Las Vegas Bombing and Gunnery 
liijtlge were suitahle for explosive cratering experi- 
tncwt.;. 

'I'IIP survey recommended Frenchman and Yucca 
Yli i l s .  Sinw that time the USGS has continued to 
(~viilrlitte t h e  geological environment of' the reglon in 

conjunction with long-range Great Basin studies. Oth- 
er organizations and agencies including John A. 
Blume and Associates (seismic analysis), and the En- 
vironmental Protection Agency (radiation effects re- 
search), provide specialized information about the 
NTS and the effects of DOES activities. 

r 1 I 

Figuro 1. ldo(*itlioii 0 1  the N'I'H in Nevnda. 



Thus, a diversily of scientific, engineering, and 
Logistical expertise is focused at  the NTS. This is 
coupled with an existing management structure for 
administering withdrawn, controlled access land. For 
these reasons, the AEC offered the NTS for consider- 
ation as a permanent disposal site for high-level radio- 
active waste. In July 1972, the USGS reconnoitered 
the NTS for possible sites far the underground dispos- 
al of radioactive wastes. The results concluded that 
satisfactory sites might be found in underground 
masses of argillite and tuff (Jenkins and Thordarson, 
letter report). National policy at  that time was focused 
on salt as a host rock for underground repositories for 
radioactive wastes (National Academy of Sciences, 
1957; Bradshaw and McClain, 1971). This policy pre- 
vailed through the early 197Os, when recognition 
emerged that alternatives to safe disposal in salt were 
available (Schneider e t  al., 1974). An outgrowth of this 
recognition was the Energy Research and Develop- 
ment Administration's (1974-1974 predecessor agency 
to the Department of Energy) support of geological 
research to determine the best potential sites for waste 
disposal within the continental United States regard- 
less of rock type (ERDA, 1976a, 1976b). Subsequently, 
ERDA selected the Nevada Operations Office to ad- 
minister a program for evaluating the suitability of 
the NTS for radioactive waste dispopal. 

Early nuclear waste research at the NTS and 
elsewhere was directed primarily toward determining 
the response of potential host media to emplacement 
of heat-generatinn waste (Weaver, 1976; Parsons et al., 
1976; Westingho:,se, 1976). Continued policy evolu- 
tion led to the current appreciation of the total geolog- 
ical environment in ensuring permanent waste isola- 
tion (de Marsily et al., 1977 and Bredehoeft et al., 
1978). This report addresses the geological setting of 
the NTS in the context of the current waste isolation 
policy. The intent is to provide a synthesis of geologi- 
cal conditions at the NTS and nearby areas so that a 
general hackground of information is available for 
itssessing the possible role of geology in providing 
protections for humans from buried radioactive 
wast es. 

Hydrological conditions at the NTS and sur- 
rounding areas are summarized by Wir ograd and 
'I'hordarson (1975) and investigators from the Desert 
Iheurch Institute of the University of Nevada 
( P t w k r  iind Camahan, 1975; Carnahan and Fenske, 
l!J75; mi Mil'flin, 1 !%HI. Thew reports and their 
refbrtwvs I)rovidtl ti synopsis of hydrologic. informa- 
t ion  sitniltir to  the grologic. summary of this report. 
'I'he "Siinl~ntwy" s w t  ion of Winograd and 'J'hordarHon 
(i!)'i'51 is trpprnded i n  i t s  entirety to this report to 
imwidt. ti hie!', i l  somewhtti ttv?htiic*sl, out line of hy- 
(Ircdogic' (*onOit ions in  1 he N'I'S t j r o t i .  

I O  

Physiography 

Topography 
The NTS is located in the southern part of the 

Great Basin Section of the Basin, and Range Physio- 
graphic Province (Fenneman, 1931; Hunt, 1974). The 
NTS and nearby areas occur on a broad topographic 
slope that separates high, topographically closed ba- 
sins of central Nevada from low, connected basins of 
the Amargosa Desert-Death Valley drainage system. 
Topographically high areas of the NTS are dominated 
by a large volcanic plateau, Pahute Mesa, bounded on 
the north by the Belted and Kawich ranges and on the 
east by the Eleana Range (Figure 2). Pahute Mesa is 
flanked to the south and west by roughly circular, 
extinct volcanoes at Timber Mountain and Black 
Mountain. South of Timber Mountain, volcanic rocks 
similar to those on Pahute Mesa are broken by a series 
of faults into low, north-trending ridges and valleys of 
Yucca Mountain. Rainier Mesa and a southward- 
extending ridge form the eastern edge of Pahute Mesa, 
separating Timber Mountain from Yucca Flat. South- 
east of Timber Mountain the Calico Hills form a 
structural and topographic dome with Paleozoic rocks 
exposed at its center. This dome forms the northern 
edge of an alluvial valley, Jackass Flats. 

The eastern and southern portions of the NTS are 
characterized by a large basin dotted with small, 
irregularly oriented sub-basins and ranges. The over- 
all hasin contains Yucca, Frenchman, and Jackass 
Flats. and Mid, Emigrant, and Rock Valleys. The 
smalr anges include, but are not limited to, Papoose 
Range, Halfpint Range, Buried Hills, Massachusetts 
Mountain, Lookout Peak, Mine Mountain, Syncline 
Ridge, C. P. Ridge, Ranger Mountain, Skull Moun- 
tain, Little Skull Mountain, and the Striped Hills. 
The disheveled nature of these small ranges obscures 
the overall basin character of the resion. Therefore an 
observer is impressed with the apparent enclosure of 
each small basin by an unbroken skyline of continuous 
mountains. However, peaks within the ranges rarely 
exceed 6000 f t  in elevation, and range crests generally 
rise only .500-1500 f t  above the basin floor. The basin 
floor slopes from about 5000 ft, elevation in the north 
to ahout 3OOO f t  in the south, where it merges with the 
Amargosa DeRert. In contrast, the Belted Range- 
i'ahute Mesa-Timher Mount*tin uplands exceed 7 0 0 -  
XI IN)  ft in elevation and riHe more than 2OOo lt ahove 
t he stirrounding hnsins. 

Allrtvial (itns characteristically occiir at the h s e s  
of' 1 h e  rsnges. These fkns arc generally featureless, 
gtlnt Iy concave slopen descending toward B cent rid 
t);isin dtxinilgc~ l i tw  ( r nlrrya (Figure 3). 



Flaurr 2. I’tiywiogrrrphic. I)iegrtim ol‘ fhtt N‘I’S itnrl diirroiinditig Arvaw 



Flguro 3. Characteristic Alluvial Valley in the Basin and Range. Dissected alluvial fans (foregrounc‘) from the Spring Mountain 
stream toward the center of Las Vegas Valley where they merge with coalescing fans at the base of the Sheep Range 
(background). Oblique aerial view is northeast from a point about 40 miles southwest of the KTS. Photo courtesty of Pan Amer- 
ican, Inc. 

Volcanic ranges at Pahute Mesa, Yucca Mountain 
ard Skull Mountain are generally formed hy relatively 
flat-lying rocks which exhibit a smooth skyline (Fig- 
ure 4). Mountain slopes are generally deeply cawed by 
widely spaced canyons. Non-volcanic ranges, in con- 
trast, are generally formed by moderately to steeply 
tilted layers of Paleozoic sedimentary rocks and pos- 
sess irregular skylines sharply punctuated by numer- 
ous peaks and mountain passes (Figure ti). Peaks 
commonly correspond to rocks which we relatively 
resistant to ercraion such dn quartzite and limeatone, 
whereas the paasea generally form upon lean reaistant 
shale8 and argilliten. 

Drainage 
Surface drainage o n  the NTS flows in eight dis- 

crete ayntems. Seven tire locally clowd nnd terminate 
in plays laken; the eighth is the Amergtnn River 
Hystem which eventually flown to the 1)eath Vtilley 
drainage Rink. The northern portion of‘ I’nhutts Menti 
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drains along deeply entrenched canyons to playas in 
Cold Flat and Kawich Valley. The southern f lmk  of 
Pahute Mesa is similarly carved by the headwaters of 
Thirsty Canyon and Fortymile Canyon. Main 
branches of these streams as well as the headwaters of 
Beatty Wash flow through the Timber Mountain cal- 
dera and discharge to the Amargosa River. Fortymile 
Canyon is a spectacular anomaly in G r s t  Basin to- 
pography, a water-carved go rp  incised 2500 f t  
through the southern rim of Timber Mountain Calde- 
ra. 

Jackass Flata, Calico Hills, Skull Mountain, end 
Little Skull Mountain drain to the Amargma D m r t  
via l‘opopah Wmh and Rock Valley. Streams from the 
Specter Range and Striped Hilla flow through Ruck 
Valley and Aah Meadow8 to the Amargcma drainage. 
The eastern portions of the NTS drain to mall  playas 
a1 (;room h k e ,  Papcme l,oke, Yucca Lake, and 
Frenchman Flat. All thene playas contain lacustrine 
deposiln and were formerly the Rites of shallow Plein- 
tocrne lakw, 



Flguro 1. 'I'ypical ('herccter of Sotit hern (;real Hasin Ranges Formed by I'aleoaoic Srdirnrntsr.v Ijorkn. Note tilted heddinE 
Iti,v'Prn o f t  he Spring Moiintninn in the foreground and irregrrlnr sky!inen ol'thc Pintwater nnd Ilenerl rrttlgea in the t)nc*kground. 
Otrlicirie rterinl view in norlhmi townrd the Indian Springs Vdlry plt~yrt, I'hoto c*orIrteny of l i ~ t l l  Americsnn. Inc. 
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Streams on the NTS in particular and the Great 
Hasin in general are ephemeral and flow only for brief 
periods during local or regional rains. The water table 
is deep below the surface, and runoff is quickly ab- 
sorbed by gravels in the stream beds as the water flows 
heyond the area of local rainfall. Occasionally suffi- 
cient rain occurs, particularly from December through 
March, and the playas are covered with shallow, tem- 
porary lakes. 

The ephemeral drainage is caused by scant rain- 
fall and intense evaporation in the southern Nevada 
desert Annual precipitation varies with elevation 
from about four inches in the basins to about ten 
inches oil Pahiite Mesa (Quiring, 1965). Meyers (1962) 
estimates about seventy inches of annual potential 
evaporation from the basins of southern Nevada. 
Hunt et a]. (1966) measured a rate of 155.05 inches of 
pan evaporation per year in Death Valley, a hotter 
area than the NTS but exposed to  a similar, harsh 
climatic environment. The large annual water-budget 
deficit causes all, or nearly all, precipitation to return 
to the atmosphere rather than to infiltrate to the 
regional water table. Beneath ephemeral washes and 
at higher elevations small amounts of rainfall may 
seep into the deep groundwater. Streams in the Paleo- 
zoic ranges are generally more closely spaced and less 
deeply entrenched than those in the volcanic .anges. 
I n  caldera complexes drainage is generally widely 
spaced and radial from a resurgent dome, annular in 
the moat, and centripital on the outer scarp. 

Rock Types 
General Statement 

Within the stratigraphic record of  the NTS region 
are preserved records of ancient Nevadan seas, nioun- 
tain ranges, erupting volcawes, and many other phe- 
nomena now ravaged by the geological forces of 
change. Those concerned with radioactive waste man- 
tigement need to recognize the ephemeral nature of 
any landscape in geological time. Though evolutionary 
processes have created hnd destroyed entire continen- 
tel  landmaws many times during the course of earth 
history, the rate o f  change is very slow from the 
pernpertive of a single human lifetime or even the 
Iwrnpective of  all human history. The viilnerahility to 
Inajor (*hangen of present geological conditions over 
the next few million years is w r y  !ow, even in a 
Kent~rtillv active region such 8s southern Nevada. The 

time required for geolo~ic*;rl iirowsses and individual 
events to occur shotlid tw I N I I  I I P  in  mind as the follow- 
ing stratigraphic evideiwr is I t.vit-wrtl. 

Throughout the r~inaimtt~r of the report, geologi- 
cal time terms will be used r t ~ l i t ~ . t t d l ~ .  Figure 6 sum- 
marizes the relations mnong t ti(w terms. Figure 7 is a 
stratigraphic column ( 1 1  t h e  rot  kh i n  the NTS area. 
This column is includrti t o  pro \  Idt, ii graphic reference 
for the following stratigr,ilhic ( I (  -( ril)tions. 

Rocks occurring at the N'I S t m y  he conveniently 
separated into three diht Iiic.1 groups: pre-Cambrian 
through Paleozoic sediniwtil~ \ rorks: l'wtiary volca- 
nic deposits; and 'I'ertiaq t hi I I ) ~  t i  Htwnt basalts and 
unccnsolidated sediment- I n  I\t*cving with geological 
traditi ?n, these rocks will lw d i s t w h h t d  heginning with 
the oldest. 

, 
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Flguro 7. Idealized Stratigraphic Colunin of the NTS Area: 
Not All Rock Unitn are Prenent in All Portionn of the Area, 
Ewptvislly Volc*anic* Unit#; 'fhicknem of Unit8 Likewine 
Viirirn 'I'hroiighoiit the Area (variou8 noiircen, me tert) 

Paleozoic and Older Sedhmtary 
Rocks 

Pre-Cambrian through Permian rocks at the NTS 
represent a typical cordilleran miogeosynclii se- 
quence. Miogeosynclinal rocks are deposited in slowly 
subsiding depositional troughs *on shallowly sub- 
merged edges of continental platforms (Figure 8). 
Deposits in miogeosynclines are generally derived 
from erosion of stable continental landmasses. A mod- 
ern analogy for the Paleozoic Miogeosyncline of Neva- 
da is the continental slope off the gulf coast of the 
United States. Miogeosynclines are commonly bound- 
ed seaward by eugeosynclines, deep-water troughs 
filled with sediments derived from volcanic island 
mountain chains, such as the preaent day Japanese 
and Phillipine Islands. Though eugeosynclinal rocks 
are not exposed in the NTS area, a Paleozoic island 
arc probably existed west of the ancient southern 
United States landmass. 

Subsidence.rates of miogeoeynclines generally ap- 
proximate rates of sedimentation, allowing thick se- 
quences of deposits (up to 60,OOO f t  or more), tQ 

accumulate in shallow water. In the western United 
States miogeosynclinal rocks are generally well- 
sorted, fine-grained clastic rocks interbedded with 
massive carbonate deposits. Specific rock types in- 
clude sandstone, quartzite, siltstone, shale, limestone 
and , domite. No major angular unconformitiea exist, 
thuclgh minor disconformities are common. 

The Cordilleran Miogeosyncline extended from 
Mexico to Alaska and existed throughout most of 
Paleozoic time (Kay, 1951; Stewart and Poole, 1974) 
(Figure 9). Local warping caused the Paleozoic shore- 
line to migrate on and off (transgresRion and regres- 
sion, respectively) the continental platform a t  differ- 
ent times in different places. Resulting sedimentary 
facies (Figure 1I)) and disconformities likewise differ 
locally along the extent of the trough. The general 
aspect of the miogeoaynclinal deposits preserve8 8 

record of three and perhaps four major Paleozoic 
transRression-regressions (Sloes and Speed, 1974). 
?iae NTS lies where the seaward margin of the an4ent 
miogeosyncline occurred, so this region did not direct- 
ly experience most of the transgressions and regres- 
sions. Instead ancient shoreline migrations are record- 
ed in the NTS area by vertical facies changes in an 
almost time-continuous, 40,000 f t  thick sequence of 
marine deposits. 

PIO-C8mbrl8n 
The first transgression in southern Nevada is 

reprenented by the pre-Cambrian Johnnie Formation 
(HurrhlSel, 1964). Its I Re is not exposed at  the NTS, 



hut to the south it is locally underlain by the Noonday 
Dolomite (Wright et al., 1978). which, in turn, uncon- 
formably rests on a pre-Cambrian metamorphic and 
igneous shield complex (Cloud and Semikhatov, 1969; 
W i h m s  et al., 1974). However, in the NTS region the 
Johnnie Formation is the basal sedimentary unit. It is 
predominantly quartzite, sandstone, and siltstone 
with minor intel beds of dolomite. Total thickness is 
about 4500 ft  in the Specter Range just south of the 
NTS (Burchfiel, 1964). 

The Johnnie Formition is conformably overlain 
by, successively, the pre-Cambrian Sterling Quartzite 
(Burchfiel, 1964; Ekren et al., 1971), and the pre- 
Cambrian to Lower Cambrian Wood Canyon Forma- 
tion (Burchfiel, 1964; Stewart and Poole, 1974; Stew- 
art, 1980). The Sterling is predominantly quartzite 

0 mile$ 

and ranges in thickness fwm 3700 f t  in the Spring 
Mountains (Nolan, 1929) to almost 5300 f t  a t  Quartz- 
ite Mountain (Ekren et al., 1971). 

The Wood Canyon Formation is also predomi- 
nantly quartzite, but it contains numerous beds of 
quartzitic siltstona and micaceous silty and sand:r 
shale. An upward increase of finer-grained sediments 
in the Wood Canyon indicates an eastward transgres- 
sion of the shoreline during the pre-Cambrian to 
Cambrian transition. Total thickness of the Wood 
Canyon is about 2300 f t  in both the Specter Range 
(Burchfiel, 1964) and the Groom Lake area (Barnes 
ai.d Christiansen, 1967). Ekren et  al., (1971) report 
3750 ft  of ‘Nood Canyon in the Belted Range, but. 
suggest the anomalous thickness may be related to 
faulting and intrusion of Tertiary rhyolite dikes. 
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Figure 8. Idealized Features Along an Active Continental Margin, Including: Continental Platform, Miogeosyncline, Eugeo- 
syncline, Vtrlcanic Island Arc, and Deep Ocean Basins 
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Figure 10. Idealized Lateral Migration of Transgressive Facies Over Time (Top to Bottom, Diagrams A to C )  Showing the Re- 
sulting Development of Vertical Changes in Lithology 

Cambrian 
The uppermost quartzite layer of the Wood Can- 

yoii Formation is considered by some authors as a 
separate formation, the Lower Cambrian Zabriskie 
Quartzite (Ekren et al., 1971; Barnes and Christian- 
sen, 1967). This unit is only a few hundred feet thick 
near the NTS, but Cornwall and Kleinhampl (1961, 
1964) report 1150 f t  of time equivalert rocks, the 
Corkscrew Quartzite, a t  Bare Mountain. Deposition of 
tE Zabriskie Quartzite culminated the accumulation 
of more than 10,OOO ft of pre-Cambrian and Lower 
Cambrian quartzites and related rocks in the NTS 
area. Figure 11 shows the present distribution of 
outcrop areas of this massive quartdite assemblage.* 

By middle Early Cambrian time, near shore, 
sandy deposits in the NTS region were succeeded by 
deeper water, offshore shale facies of the Carrara 
Formation. This clastic transition corresponds to 
transgression of the Tapeats Sandstcne across the 
crystalline haseinent in the Cranu Canyon district 
(McKee, 19451, the New York Mountains (Burchfiel 
and Davis, 1977), and the similar Flathead Sandstone 
transgression in western Montana (Dott and Batten, 
I97 I 1. The ('cirrara Formation consists predominantly 

*Figitre I I  and siniilsr rnapson Figures 14, 14, 16, 17, 18.22 
rwd 2fi lire siiniewhrtt tiiic+onvent ional j!eologic maps in  t hut 
thvy show only hv sitrfwe diRtrihlition I ) ~ R  Ringle roc*k type 
OI vctrious lithologicitlly similwr rocks. This aerentuates 
l o c ~ i i l  iotis whwe pnrtirultw rock types w : w r  in  uccor(latl(*e 
wit ti rritliowl ivc W ~ I H ~ C  ctisposnl ol)jectivps to  identify and 
i-hiirrwtt~rixo spec-il'ic- rock mcidirr  niiitnlile !or hosting u mined 
t t i ichr  wiisto i I i t i j )o t td  fwility. 

of about 1500 ft  of shale, interbeddcd with minor 
siltstones and quartzites at the bottom and limestones 
a t  the top (Burchfiel, 1964; Ekren et al., 1971; Barnes 
et al., 1962). This formation marks the time of p. 
traqsition between clastic and carbonate facies of the 
early Paleozoic miogeosyncline. 

Overlying the Carrara is the Middle to Upper 
Cambrian Bonanza King Formation (Figure 12). The 
Bonanza King ranges from about 3000 ft  thick in the 
Spectw Range (Burchfiel, 1964) to 4600 f t  in the 
Jangle Ridge-Banded Mountain area (Barnes et al., 
1962). It is predominantly limestone with increasing 
amounts of dolomite toward the top. Cornwall and 
Kleinhampl (1964) report that the Bonanza King is 
absent west of NTS 

Resting on the Botianza King is a 200-300 f t  thick 
unit of shale with minor limestone layers. This unit, 
the Dunderhurg Shale, is variously considered a for- 
mation (Burchfiel, 1964) or basal member of the over- 
lying Nopah Formation (Ekren et al., 1971; Cornwall 
and Kleinhampl, 1961, 1964). It probably represents a 
minor pulse of uplift and increased erosion to the east 
causing a thin clastic blanket to spread across the 
miogeasynclinal trough. 

(?artionate deposition resumed with the Upper 
('nmhrian Nopah Formation (Burchfiel, 1964). The 
Nopah Formation predominantly consists of dolomite 
with a few limestone interheda. Structural displace- 
ments make its 1 hicknew difficult to determine. 
IJurrhf'iel (1964) reportn aOout fO00 f t  in the Specter 
Ilangr; Htirnes and (IhrintianHen (1967),2(MH) f t  in the 
(;room Dislrivi: and Ekren et a). (1971) auggest thlrt 
prrhnpi :IO00 1'1 rlxinl  in the Belted Hange. 
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Figure 12. Cambrian Bonanza King Formation Forms the Hills in the Background. Foreground shows vegetation associated 
with groundwater discharge at seeps and springs in Ash Meadows. Oblique aerial view is northeast toward the southwest 
portion af the NTS. Photo courtesy of Pan American, Inc. 

Ordovician 
The Nopah Formation is conformably overlain by 

lower Ordovician carbonates assigned to the Pogonip 
Group. This group of rocks is composed of three 
formations in the NTS area; the Goodwin Limestone, 
the Ninemile Formation, and the Antelope Valley 
Limestone. The Goodwin Limestone is about IO00 f t  
thick and overlies dolomites of the Nopah Formation 
throughout the NTS area. (Ekren et al., 1971; Byers et 
a!., 1961). Resting on the Goodwin Limestone is a thin 
(< 300 ft) layer of shale, the Ninemile Formation 
(ROSS, 1964; Ekren et al., 1971; Byers et al., 1961; 
Burchfiel, 1964). ‘This unit is similar to the Dunder- 
hurg Shale but c0ntair.s more thin, inter laminated 
heds of silt stone and limestone. Considered together, 
the Carrare, Dunderburg, and Ninemile Formations 
make up ahout 2100 ft  of lower Paleozoic argillsqeous 
rocks. Their surface distribution in the NTS area is 
riiown on Figure 13. 

Carbonate deposition resumed with the Middle 
Ordovician Antelope Valley 1,imestone which con- 
I d n n  increasing silt content and Sandstone interheds 
toward the top. It ranges from lens than IOW ft thick 
i n  the Specter Range (Hurrhl‘iel, 1‘364) to ahout I600 
I‘t i n  t?ie Fjelted Range (Ekren rt al., 1971). 

Slower xilhnidcnw of I he miogeonynrline is indi- 
t a t  t d  try tlec~rcawed t hicknrxn of the wtire Pogonip 
( ;roup l o  t h e b  went of thfb N‘I’S. (‘ortiwall and Klcin- 
Iirtrtipl ( I ! l l i l )  r m l  MvAllixiler (i!W) rcbpot l  ti total 

thickness of about 1300 ft for the Pogonip Group at 
Bare Mountain and the Panamint Range of eastern 
California, respectively. Westward thinning of the 
Pogonip Group and increasing clastic content of the 
upper members forshadowed a Middle Ordovician 
regression that occurred throughout North America 
(Kay, 1951; Sloss and Speed, 1974). 

In the NTS area deposition of the lower beds of 
the Eureka Quartzite accompanied this continental 
emergence (Ross, 1964; Webb, 1958). The Eureka 
conformably rests on the Antelope Valley Limestone. 
The regression during Eureka time marked the end of 
the first major Phanerozoic submergence of the conti- 
nent, the Sauk submergence (Sloss, 1963). During 
upper Eureka time the sea readvanced across south- 
ern Nevada, reworked the lower Eureka sands, and 
left in its wake an upper transgressive Eureka sand 
deposit (Ketner, 1968). The upper Eureka Quartzite is 
the western equivalent of the well known transgressive 
St. Peters Sandstone of the eastern United State8 
( K a y  and Crawford, 1’3ti.Q) indirnting the continent- 
wide extent of the Middle Ordovician transgreRsion. 
The Eureka generally thickens from southeast to 
nor1 hwest approaching 400 ft in the central NTS area 
( l i c n x  iind IrongwP1l, 19641, and 485 1‘1 in the Specter 
Itcinge (FJurc*hfiel, 1964). This formation unil contains 
minor interhedn of‘ Nilintone, argillite and dolomite 
(Hyern (11 id . ,  19fil; I’oolv, I!WL *I 
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The Eureka Quartzite is conformably overlain by 
the Upper Ordovician Ely Springs Dolomite. The Ely 
Springs contains quartz sand clasts in the lower part 
and considerable chert throughout (Burchfiel, 1964; 
Ekren et al., 1971). Its thickness is genelally less than 
300 f t  in t' e NTS area. However, the total thickness of 
uninterrupted carbonate rocks above the Eufeka 
Quartzite approaches 5000 ft. Besides the Ely Springs 
Dolomite, post-Eureka carbonates include about 2300 
ft of locally unnamed Silurian dolomites, 1500 f t  of the 
Lower and Middle ilevonian Nevada Formation, and 
1300 f t  of the Upper Devonian Devils Gate Limestone 
(Burchfiel, 1964; Ekren et al., 1971; Johnson and 
Hibbard, 1957). 

Silurian 
The Silurian dolomites rest conformably on the 

Ely Springs Dolomite. Burchfiel(1964) suggests they 
may correlate with the Silurian Roberts Mountain 
Formation and Lone Mountain Dolomite of the Eure- 
ka District (Nolan et al., 1956). Ekrer et al. (1971) 
informally designate the Silurian section as the dolo- 
mite of the Spotted Range and suggest i t  may include 
rocks of Early Devonian age in its upper part. The 
Silurian dolomites are generally massive with chert 
interbeds in the lower portion and quartz sand dis- 
seminated in the uppermost beds. The Silurian sec- 
tion is the least studied group of rocks in the NTS area 
and future studies are required to substantiate its 
stratigraphic correlation. 

Devonian 
The overlying Devonian Nevada Formation is also 

predominantly dolomite, reported as 1605 f t  thick in 
the Specter Range (Burchfiel, 1964). About 1300 ft of 
the Devils Gate Limestone rests on the Nevada For- 
mation. The Devils Gate contains abundant quartzite 
heds in the upper part (Johnson and Hibbard, 1957). 
The Devils Gate Limestone marks the upper unit of a 
massive carbonate section more than 12,000 f t  thick. 
The surface distribution of this lower to middle Palm- 
z c k  carbonate sequence is shown in Figure 14. 

Mbd88i-n 
Although a pre-Late Devonian angular unconfor- 

mity i A  variously expremed Routh and east of the NTS 

(Burchfiel and Davis, 1977; Slots, 1972), only a possi- 
ble minor disconformity occurs between the Devils 
Gate Limestone and the overlying Eleana Formation 
in the NTS area (Poole et al., 1961). The lowermost 
Eleana deposits ere limestones and limestone-con- 
glomerates assigned to the Late Devonian (Poole et 
al., 1965a). Poole et ai., (1961) suggest that the lime- 
stone-conglomerates were derived from erosion of 
Devils Gate equivalents elevated by the earliest pulses 
of mountain building to the north. Johnson and Hib- 
bard (1957) assign the lower Eleana carbonate beds to 
the Narrow Canyon and Mercury Limestone Forma- 
tions. These Upper Devonian-Lower Mississippian 
carbonates are approximate correlatives of the lower 
Monte Cristo Limestone of the Spring and New York 
Mountains (Burchfiel and Davis, 1977; Bissell, 1974; 
Nolan, 1929). 

The Eleana Formation grades upward to a thick 
clastic sequence of Mississippian argillite, quartzite, 
and conglomerate (Poole et al., 1961, 1965a). To the 
south (Burchfiel and Davis, 1977; McAllister, 1952; 
Nolan, 1929) and east (McKee, 1945, Dott and Batten, 
1971) carbonate deposition continued throughout the 
Mississippian, whereas to the north, the clastic Chain- 
man Shale and Diamond Springs Formation were 
deposited during Eleana time ( M a n  et  al., 1956; 
Roberts et al., 1958; Smith and Ketner, 1968; Biesell, 
1974). Apparentlq, the NTS l i s  along a Late Devoni- 
an through Mississippian facies transition zone, sepa- 
rating clastic deposits derived from mountains in 
central Nevada from carbonate shelf depoeits to the 
south and east (Poole, 1974). The Devonian-Missis- 
sippian Mountain building in central Nevada is 
known as the Antler Orogeny (Stewart, 1980). 

Distinct units of the Eleana Formation are desig- 
nated from the bottom to top as: A, carbonate; B, 
argillite; C, quartzite and conglomerate; D, argillite 
and quartzite; E, argillite; F and G, quartzite, argillite, 
and conglomerate; H, argillite; I, limestone and argil- 
lite; and d, argillite. Argillites (units B, E, H and J) 
account for about 5000 ft  of the total formation thick- 
ness of about 7500-8500 ft. Quartzites (units C, D, F 
and C) comprise most of the remainder with lime- 
stones (units A ar. ' H) contributing only minor 
amounts. Outcrop area8 of the argillite units of the 
Eleana Formation in the NTS area are shown on 
Figure 13, QuRrtzite unita are included on Figure 11. 
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Perms y lvanian-Per mian 
About 3500 f t  of Pennsylvanian and Permian 

Tippipah Limestone accumulated in the NTS area 
following an Early Pennsylvanian depositional hiatus 
(Gordon and Poole, 1968). The Tippipah Limestone is 
roughly equivalent to the Bird Springs formation of 
the Spring Mountains (Longwell and Dunbar, 1936; 
Rich, 1961; Burchfiel et al., 1974; Bissell. 1974) and 
New York Mountains (Burchfiel and Davis, 1977), 
and the Tihvipah Limestone near Death Valley 
(McAllister, 1952). The outcrop distribution of these 
upper Paleozoic carbonates is included with the lower 
to middle Paleozoic carbonates shown on Figure 14. 
The Permian Tippipah Limestone !s the last evidence 
fur marine submergence and related sedimentation in 
the NTS area. A highly generalized stratigraphic sec- 
tion of the Paleozoic deposits prior to subsequent 
deformation is provided in Figure 15. 

Mesozoic Intrusive Rocks 
The Mesozoic Era is represented at  the NTS oaly 

by widely scattered, small granitic intrusions; Climax, 
Twin Ridge, and Gold Meadows stocks. Gibbons et al. 
(1963) report an age of 130-140 m.y. for the Gold 
Meadows stock, placing the time of intrusion near the 
Jurassic-Cretaceous boundary. The Climax Stock has 

been dated as 93 m.y. (Malldonado, 1977; Naesser and 
Maldonado, 19811, or middle Cretaceous, though 
Barnes et al. (1963) assign it a Permian to Early 
Mesozoic age. Maldonado (1981) suggests the Twin 
Ridge stock may be genetically related to the Climax 
Stock. The distribution of intrusive outcrops in the 
NTS area is shown on Figure 16. 

Triassic sedimentary sheif rocks exist to the south 
and northwest (Bissell, 1974) and Jurassic shelf rocks 
occur to the south, southwest (Buchfiel and Davis, 
1971; 1977; Burchdel et al., 1974) and southeast 
(Longwell, 1949). The Mesozoic was most likely a time 
of emergence, mountain building and eroeion in the 
NTS area. Granitic intrusions in the area, a wide- 
spread angular unconformity between Paleozoic and 
Tertiary rocks, and the nearby occurrence of Mesozoic 
volcanic rocks (Burchfiel and Davis, 1977) support 
this interpretation. Mesozoic uplifts in Nevada have 
been variously referred to (from oldest to youngeat) as 
the Sonoman Orogeny (Armstrong, 1-1, Nevadan 
Orogeny (Roberts, et al., 19581, Sevier arch (Arm- 
strong, 1968b1, Sevier Orogeny (Harris, 1959), and 
Laramide Orogeny (Longwell, 195%). Regardless of the 
exact timing or sequence of separate uplifts, the Meso- 
zoic Era produced the final destruction of the d e w i -  
tional environment of the Cordilleran Miogeosyncline. 

Flguro 15. Generalized StratiKraphic Section of the Cordilleran Miogeonynrline and Adjacent Shelf in Southern Nevada and 
]\lor1 hern Arizona Prior to Siihsequent Structural Deformation 
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Flguro 16. 1)intrihirtion of lntrunive Outcrops in the NTS Area (from Cornwall, 1972, TRchanz and Pampeyan, 1970, I.ongwel1, 
til t i  ., I!lfiAh, wnd I M ; S  ( ; Q  Map Serien of the NTS Region) 
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Cenozoic Volcanic Rocks 
Brief tectonic quiescence apparer,tly followed the 

Mesozoic mountain building in southern Nevada. By 
late Oligocene time (-25-30 m.y. ago), erosion had 
reduced the ancient ranges to a low to moderate relief 
plain. A thin layer of silts, clays, and limey muds 
veneered this plain, perhaps as pediment, flood-plain, 
and local lacustrine deposits. Upon this surface great 
volumes I. Miocene and Pliocene volcmic materials 
were deposited. 

Pre-Vdcanic Sedimentary Rocks 
In the NTS region, the sedimentary veneer is 

variously named the Horse Springs Formation, Rocks 
of Mara Wash, and Pavits Springs Rocks and is com- 
posed of interbedded siltstone, claystone, conglomer- 
ate, limestone, tuffaceous sandstone, and minor tuff 
(Hinrichs, 1968a). To the west, equivalent rocks com- 
pose the Titus Canyon Formation (Cornwall and 
Kleinhempl, 1964; Stock and Bode, 1935). Tuff depos- 
its are abundant in the Rocks of Pavits Spring which 
generally overlie the Horse Spring Formation. An 
upward increase in tuff and tuffaceous sandstone 
signals the outbreak of volcanic activity near the NTS 
area. 

Earlier silicic volcanism had blanketed northern 
Nevada beginning about 40-45 m.y. ago (Snyder et al., 
1976; Armstrong, 1970; Stewart et al., 1977). However, 
the first volcanic activity near the NTS apparently 
commenced during Horse Springs time. Hinrichs 
(1968a) reports an age of 29 m.y. for a tuff in the Horse 
Springs Formation in the NTS area. Armstrong (1970) 
dated the age of the Horse Springs Formation at  21.3 
m.y. 

A thick section of predominantly volcanic tuff 
accumulated in the NTS area after Horse Spring time. 
In 1957, Johnson and Hibbard (1957) classified all 
Tertiary volcanic rocks comprising this section as the 
Oak Springs Formation. Later work resulted in recog- 
nition of eight distinct members originating from 
volcanoes on or near the NTS (Hinrichs and Orkild, 
1961). Pwle and McKeown (1962) divided the same 
racks into a lower Indian Trails Formation and upper 
l'iapi Canyon Formation. These two units were fur- 
ther subdivided into six formations in 1964, from 
oldest to youngest: 1) Indian Trails Formation; 2) 
Belted Range Tuff; 3) Salyer Formation; 4)  Wah- 
monie Formation; 5 )  Paintbrush Tuff; and 6) Timber 
Mountain Tuff. Each formation consists of various 
memberR @argent et al., 196% Pede et al., 196bb; 
Orkild, 1965). This terminology generally has persist- 
ed to the present with deletion of the Indian Trails 
b'ormation and elevation of the hckade Wflsh Tuff 

and Red Rock Valley Tuff to formation status (Byere 
et al., 1976a,b). 

Older volcanic units in the NTS area were extrud- 
ed from volcanoes some distance away from the Nl%. 
These units include the Monotony, Fraction, Tolicha 
Peak, and Kane Springs Wash Tuffs. Other vr,lcanic 
units in areas peripheral to and extending into the 
NTS are also generally recognized; the Crater,Flat and 
Thirsty Canyon Tuffs, and the rhyolites pf Calico 
Hills and Fortymile Canyon (Christiamdn et al., 
1977). 

Lab: Tertiary volcanic rocks a t  the N"S are over- 
whelmingly composed of air-fall and ash-flow tuff 
(Figure 17) except the Salyer and Wahmonie Forma- 
tions and the rhyolites of Calico Hib ,  Fortymile 
Canyon and Shoshone Mountain which contain abun- 
dant silicic lava flows (Figure 18). Minor interbeds of 
basalt, andesite, rhyolite, tuffaceous nllmium, breccia 
flows, and a myriad of other rock types of volcanic 
provenance occur within the Tertiary section at the 
NTS, The Belted Range Tuff and Thi i ty  Canyon 
Tuff are peralkaline (Sargent et  el., 1965; Byers et el., 
197th); the remainder are generally silicic. Table 1 
summarizes the history of volcanic events and result- 
ing deposits in the NTS area. 

Both ash-flow and air-fall varietiee of tuff are 
common around silicic eruptive centers. Ash-flow de- 
posita are formed by the settling, compaction, and 
fusion of hot gas and lava clouds (nue8-ardentes) 
which race down volcanic slopes during explorive 
eruptions. Commonly, they fonn a single cooling unit 
characterized by a densely welded central portion 
surrounded above, belom, and distal from the eruptive 
source by less welded parts. A glassy unit, or vitro- 
phyre, often is found at  the base of ash-flow units. \ir- 
fall tuffs are formed by ash which is ejected into the 
atmosphere, cooled, and deposited as a bianket down- 
wind from the eruptive source. Air-fall tuffs are gener- 
aly nonwelded, porous, low density rocks in contrast 
to the more densely welded, ash-flow unite. If multiple 
ash-flow units are extruded within a relatively short 
time (days to weeka) coinplete cooling of the earlier 
flows will not have had time to occur, and compound 
cooling unite will form. These compound cooling unite 
may be characterized by complex patterns of welding 
including moderately welded zones between distinct 
ash-flows and perhaps by partially welded air-fall 
units sandwiched between denaely welded arh-flows. 
Thickness of individual units varies depending upon 
the paleotopography of the depmitional surface and 
distance from the wurce vent. Ash deposita generally 
thin away from eruptive centers. More detailed dis- 
cussion of the physical properties of silicic tuff depos- 
its is available in Smith (190). 
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Monotony Tuff 
The oldest major tuff deposits in the area form the 

Monotony Tuff, dated at  26-28 m.y. (Ekren et al., 
1971). These deposits blanketed an area east and 
north of the NTS with the distal parts of some flows 
reaching as far west and south as the NTS. Other 
named units of the earliest series of southern Nevadan 
volcanic rocks are the Antelope Springs Tuff (dated as 
26-27 m.y. old, by Ekren et al., 1971) and the White 
Blotch Spring Tuff (dated as 24-25 m.y. old, by Ekren 
et al., 1971; 22.3 m.y., old by Anderson and Ekren, 
1968). Ekren et al., (1971) propose that the Monotony 
Tuff was extruded from a presently obscured caldera 
complex located at  the southern end of the %ncake 
Range in central Nevada. The White Blotch Spring 
and Antelope Springs Tuffs probably originated in 
three or more distinct centers in the vicinity of the 
Cactus Range, the Kawich Range, and Mt. Helen 
(Figure 19). Associated deposits include minor rhyo- 
lites and sedimentary layers. 

The Monotony Tuff approaches 4000 ft in thick- 
ness in the Pancake Range. More significant is its total 
volume, estimated at more than lo00 cubic mi by 
Ekren (1968). The volume of White Blotch Spring 
Tuff is estimated as mare than 500 cubic mi (Ekren, 
1968) and approaches 3000 ft in maximum thickness 
in the Cactus Range (Ekren et al., -1971). The Antelope 
Springs Tuff is reported as 8600 f t  thick in the Cactus 
Range (Ekren et al., 1971). No estimate of its total 
original volume is available. 

Just north of the NTS a suite of intermediate 
composition igneous rocks overlies the oldest tuffs. 
This suite of rocks is composed of dactites, andesites, 
and quartz latites (Anderson and Ekren, 1968). These 
lavas, sills, and tuffs may account for as much as 3OOO 
f t  of composite thickness, but they are difficult to 
distinguish as discrete units because of complex inter- 
layering and a paucity of diagnostic marker horizons 
(Ekren et 1. ,1971). The age of these rocks ranges from 
about 17.8 to 22.3 m.y. (Anderson and Ekren, 1968; 
Ekren et al., 1971). Source areas were numerous and 
widely distributed, though Mt. Helen apparently 
served as a recurrent center of extrusion (Ekren et al., 
1371). 

1 

Fraction Tuff 
Overlying the intermediate composition lavas is 

the Fraction Tuff, the second major sequence of pre- 
dominantly silicic ash-flow and air-fall tuff in the 
NTS area. This unit is dated as about 15-18 m.y., or 
middle Miocene (Ekren et al., 1971; Nolan, 1930). 
Ekren (1968) estimate8 its total volume as greater 
than 500 cubic mi. A composite thickness of 7200 ft  is 
reported at Cathedral Ridge on the south end of the 
Kawich Range, the inferred venting source (Ekren et 
at., 1971). Thickness decreases outward from Cathe- 
dral Ridge to less than loo0 ft on Pahute Mesa and a 
few hundred feet in northern Yucca Flat. The Frac- 
lion Tuff rests on a surface of considerable paleotopo- 
graphic relief (Ekren et al., 1971). This surface is 
presumed to have developed simultaneous with re- 
gional structural and topographic doming due to early 
Miocene igneous activity. Tuffaceous alluvium is in- 
terhedded locally between distinct cooling units of the 
Fraction Tuff. 

After extrusion of the Fraction 'ruff, continuing 
eroiion produced local accumulations of conglomer- 
tit-, ,  siltstone, claystone, limestone, and tuffaceous 
nrindnlone. Thew sedimentary rocks overlie the Frat-. 
l ion 'l'uff in reHtricted Arean north ol'the NI'S (Ekren 
et t i l . .  1971 1 titid mtiy indivale the heginning ol' Hanin- 
I h i g e  normal ftirilting. 

I 
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Rhyolite8 and Tolicha Peak Tuff 
Eruptions of several rhyolitic lavas, dated as 14-15 

m.y. followed extrusions of the Fraction Tuff. These 
lavas include O’Brien’s Knob, Cactus Peak, Belted 
Peak, and Ocher Ridge rhyolites (Ekren et al., 1971). 
Noble (1968) suggests that similar lavas of approxi- 
mately the same age were precursors to voluminous 
ash-flow eruptions from the Kane Springs Wash vol- 
canic center east of the NTS. Peralkaline (Na + K > 
AI) tuff was ejected from the Kane Springs Wash 
Caldera as a series of air-falls and ash-flows dated a t  
about 14 m.y. (Noble, 1%8). North of the NTS the 
Tolicha Peak Tuff was extruded a t  about the same 
time from the vicinity of Mt. Helen (Ekren et al., 
1971). This unit is about 200-400 ft thick and covers 
broad areas adjacent to Mt. Helen. The dates and 
stratigraphic position of these units suggest their cor- 
relation with the Indian Trails Tufi Formation of the 
eastern NTS (Poole and McKeown, 1962). 

The volcanic units discussed to this point were 
produced from volcanic centers located a t  some dis- 
tance from the NTS. After the Tolicha Peak-Kane 
Springs Wash eruptions, eruptive centers shifted to 
areas on and near the NTS. The resulting deposits are 
generally less deformed and less hydrothermally al- 
tered than those erupted earlier. This allows better 
interpretation of eruptive histories, locations, and ex- 
tents of the younger flow units, as well as better 
identification of caldera source areas for individual 
deposik It is likely that the local history of each 
major tuff unit mentioned abo-re was geographically 
and temporally as complex as the entire suite of 
younger tuffs described in the following paragraphs. 

Red Rock Valley and Crater Flat Tuffs 
The Red Rock Valley Tuff is the oldest unit 

erupted from the vicinity of the NTS. It is reported as 
about 15-16 m.y. old by Marvin et al. (1970) and about 
12-13 m.y. old by Kistler (1968). Byers et al., (1976a) 
estimate that its total volume is about 90 cubic mi, 
spread across 1200 sq mi with an average thickness of 
400 ft. It may have erupted from the Sleeping Butte 
Caldera prior to the overlying and similarly calc- 
alkaline Crater Flat Tuff (Byers et  al., 1976a), dated 
as about 14.0 m.y. (Marvin et al., 1970). Where they 
both occur, the Red Rock Valley and Crater Flat Tuffs 
are commonly separated by a few hundred feel of 
bedded, tuffaceous alluvium. A total volume of 2fio- 
:UH) cubic mi for Crater Flat ‘ruff, mostly the Bullfrog 
Member, is eslimated by Ryers et al. (19768). Recent 
drilling at  Yucca Mountain and Crater Flat has shown 

significant thickness of the Crater Flat Tuff, especial- 
ly the lower Tram member, suggesting a source area in 
or near Crater Flat (Spengler et al., 1981). 

The Crater Flat Tuff is locally overlain by the 
Tolicha Peak Tuff on the northern flank of Pahute 
Mesa. Thus, the g.,neral time of the Crater Flat- 
Tolicha Peak eruptions represents the transition of 
volcanic centers from the north to those on and west of 
the NTS. 

Belted Range Tuff 
After deposition of the Crater Flat Tuff, peralka- 

line tuffs of the Belted Range Formation were extrud- 
ed from the Silent Canyon Caldera a t  Pahute Mesa. 
This caldera is presently obscured by the younger 
Timber Mountain Tuff that forms the surface of 
Pahute Mesa (Orkild et al., 1968; Noble, 19’70; Noble 
et  al., 1968). The Belted Range Tuff has been dated as 
about 13-15 m.y. (Noble et al., 1968; Marvin et  al., 
1970). The volume of the lower Tub Spring Member is 
estimated as about 25 cubic mi, and has an average 
thickness of 300 f t  spread a c m s  lo00 sq mi. The 
upper Grouse Canyon Member is more voluminous 
(50 cubic mi), much more widespread (3OOO r q  mi) and 
also averages about 300 ft  thic’k (Noble et  el., 1968). 
Byers et a]., (1076a) distinguidh tbe Stockade Wash 
Tuff of about 5-10 cubic mi as a separate formation 
and suggest that it is associated genetically with the 
Silent Canyon Caldera. Pievious workers (Hinrichs 
and Orkild, 1961; Ekren et al., 1971; Poole and 
McKeown, 1962) considered the Stockade Waeh Tuff 
as the basal member of the Paintbrush Tuff, the 
formation overlying the Belted Range Tuff. 

Paintbrush Tuff 
The Paintbrush Tuff probably erupted from the 

Claim Canyon Caldera. It is composed of, from bot- 
tom to top, the Topopah Springs, Pah Canyon, Yucca 
Mountain, and Tiva Canyon Members (Byere et al., 
1976a,b). More than 300 cubic mi of Paintbrush Tuff 
were extruded, with perhaps 200 cubic mi occurring 
outside the caldera basin (Byers et al., 1976a). The 
uppermost Tiva Canyon. Member is the most wide- 
spread and voluminous, covering perhaps 1200 sq mi 
and containing up to 250 cubic mi of extrusive materi- 
al (Byers et al., 19768). A total thiLknese of 6500 ft  of 
Painthrush Tuff is reported within the Claim Canyon 
(laldera (Hyers et ai., 1976a). Composition of the 
IJaintbrush ‘ruff varieN from rhyolitic to calc-alkalic. 
Some individual cooling un ik  exhibit zonal variations 
lrom bottom to top (Lipman and Chriatiansen, 1964; 



Lipman et al., 1966a). The Paintbrush Tuff has been 
dated as about 12-13 m.y. (Kistler, 1968; Marvin et  al., 
1976 j. The upper two members of the Paintbrush Tuff 
may have originated from the Oasis Valley Caldera, 
distinct from but geographically overlapping the 
Claim Canyon Caldera (Christiansen et al., 1977). 

Below the Paintbrush Tuff is a serieb of local lava 
flows that emerged along a systcm of fissures radial to 
the Claim Canyon Caldera. These fissures produced 
the Rhyolites of Calico Hills and related flows on 
Pahute Mesa (Christiansen et al., 1977). At Yucca 
Mountain, the Calico Hills units are composed of 
bedded and reworked air-fall tuff and nonwelded ash- 
flow tuff, about 300 ft-lo00 ft thick (Spengler et al., 
1981). Rhyolites of Calico Hills have been dated as 
13.4 m y .  old (Kistler, 1968). 

Salyer and Wahmonie Rhyolites 
Interbedded rhyolitic to andesitic lavas, breccia 

flows, and minor tuffs were also extruded from the 
SJyer and Wahmonie noncaldera, dome volcanoes a t  
about the same time (12-13 m.y. ago as reported by 
Kistler, 1968, for the Wahmonie Formation). The 
Salyer Formation rebts on Mara Wash Tuffs and the 
overlying Wahmonie Formation occurs below and in- 
terbedded with the Paintbrush Tuff (Poole et al., 
1965a). The calc-alkalic Salyer and Wahmonie lavas 
(Christiansen et al., 1977) are believed to have origi- 
nated from separate volcanoes, perhaps with a com- 
mon magma chamber at  depth. The larger Wahmonie 
flows covered about 500 sq mi and reached a maxi- 
mum thickness of 3500 ft near Wahmonie Flat. The 
Salyer Formation covers about 300 sq mi and ap- 
proaches 2000 f t  in thickness at  Mount Salyer. 

Timber Mountain Tuff 
The last, and largest, of the great caldera eruy- 

tions centered near Timber Mountain exploded into 
activity after the Paintbrush eruptions. The lower 
Rainier Mesa and upper Ammonia Tanks members of 
the silicic Timber Mountain Tuff comprise about 500- 
550 cubic mi. Associated tuffs of Buttonhook Wash 
and Crooked Canyon add little additional volume 
(Hyers et al., 1976a; Ekren, 1968). Within the Timber 
Mountain Caldera the total thickness of Timber 
?huntain Tuff and related rocks may exceed fjooo f t  
(Hyers e t  el., 1976a,b). The area covered by Timber 
Mountain flows approaches 5OOO sq mi. The age of the 
eruotions is about 9.5-1 1 .R may. (KiRtler, 1%8; Marvin 
et t i l . ,  1970; ChriHtianxeti et al., 1977). Rhyolites of 
Fortymile Canyon (Hyers et al., 1976a,b; Christiansen 
tat til., 1977) and mnl'ic. IHVRN of'1)ome Mountain (Luft, 

1964) Kiwi Mesa, and Skull Mountain were extruded 
at the end of the Timber Mountain volcanic cycle and 
may be as young ab 9 m.y. (Byers et al., 1976a). 

Thirsty Canyon Tuff 
Following activity a t  Timber Mountain, me final 

pulse of silicic extrusions, the Thirsty Canyon Tuff, 
spread across the northwestern NTS about 6-8 m.y. 
ago from the Black Mountain Caldera (Kistler, 1968, 
Marvin et ai., 1970; Crowe and Sargent, 1979; Noble et  
al., 1964). These tuffs surrounded the northwest sides 
and partially spilled into the basin of the Timber 
Mountain Caldera. However, the general topographic 
expression of the Timber Mountain Caldera is pre- 
served today, as is the Black Mountain Caldera (Fig- 
ure 20, Sections A-A' and C-C'). The predominantly 
peralkaline Thirsty Canyon Tuff is divided into five 
members, from oldest to youngest: Rocket Wash, 
Spearhead, Trail Ridge, Gold Flat, and Labryinth 
Canyon (Ekren et a]., 1971). The total volume of all 
members is estimated at 50 cubic mi, spread across 
about 1500 sq mi (Ekren, 1968). 

Summary of Volcanism in NTS Area 
The Thirsty Canyon Tuff represents the culmi- 

nating phase of about 8-10 m. yr. of silicic eruptions in 
the NTS area. A t  least eight major mid-Miocene to 
Pliocene calderas supplied erscptive material to the 
NTS (Figure 19, Table 1). Five of these, the Sleeping 
Butte, Silent Canyon, Claim Canyon, Oasis Valley, 
and Timber Mountain, overlap geographically in the 
Timber Mountain-Pahute Mesa vicinity. This com- 
plex of eruptive centers may be considered a single, 
explosive volcano chamcterized by episodic erupbions 
originating pdrhaps from discrete parent magmas. 
The Cathedral Ridge, Kane Springs Wash, and Black 
Canyon calderas are outside the NTS boundaries but 
contributed volcanic materials to the area. Oligocene 
and early Miocene silicic eruptions occurred north 
and wnst of the NTb at Mt. Helen, the Cactus Range 
and :e Northern Kawich Range. Some flows from 
these earlier volcanoes reached the northern edge of 
the NTS. The greatest thickness of Tertiary volcanic 
rocks is confined to intracaldera regions where it may 
exceed 16,000 ft, particularly in the vicinity of the 
Timber Mountain (Byera et al., 1976a,h) and Silent 
Canyon calderas (Orkild et al., 1968) (Pigure 20, Sec- 
tion C-C'). Immediately outside the calderas, the 
1 hicknew of the Tertia 'y volcanic pile locally ap- 
prosvhm 10,000 Ip, hut it generally thins to extinction 
lownrd the wuth und southeast portions of the N'I'S 
(Figure 20, Section A-A'). 
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Table 1. Volcanic Stratigraphy of the NTS Area 

E P O C t  I F O R M A T I O N  E R U P T I V E  
C E N T E R  M E M B E R S  OR R E L A T E D  U N I T S  'ADIOMETRIC E S T I M A T E D  

LQE-10 'YRI  V O L U M E - M I a  

LA8YRlNTH CANYON MEMBER 
GOLD FLAT MEMBER 
TRAIL RIDGE MEMBER 
SPEARHEAD MEMBER 
ROCKET WASH MEMBER 

6 - 8  BLACK THIRSTY CANYON TUFF I CALDERA 50 

RHYOLITES W SHOSHONE MOUNTAIN 
MAFIC LAVAS OF D W E  MOUNTAIN 
RHYOLITES OF FORTY Y L E  CANYON 
TUFFS OF CROOrED CANYON AND 

AMMONIA TANKS MEMBER 
RAINIER MESA MEMBER 

BUTTONHOOK WASH 

? W T  SMALL 
? W T  SMALL 

? U T  SMALL 

230 
300 

'IMBER TlMaER MOUNTAIN TUFF CALDERA 9.5 -11.5 

~ 

WAHMONIE - WAHMONE FORMATION 
MT. SALYER AREA I SALYER FORMATION 

MULTIPLE RHYOLITE, ANDESITE hND 
BRECCIA FLOWS, AND THIN TUFFS 12 - 13 I so? 

RHYOLITE FLOWS 
TlVA CANYON MEMBER 
YUCCA MOUNTAIN MEMBER 
LAVA FLOWS 
PAH CANYON MEMBER 
TOPOPAH SPRINGS MEMBER 

RHYOLITES OF CALICO HILLS 
ASHFLOW AND ASHFALL TUFFS 

I 250 
4 
? 
5 

60 

I3 - I4 ? 

13-15 1-10 

13-15 75 

14 -15 300 

14- I6 ? BUTSMALL 

*I4 ? 

I4 - 15 200 

14 - I5 200 

IS - I6 !io0 

16-22 ? 

12-13 

CALICO HILLS FnRMATlON 

STOCKADE WASH TUFF 

BELTED RANGE TUFF 

m 

SILENT CANYON 
CALDERA 

- 
CRATER FLAT AREA- CRATER FLAT TUFF 
SLEEPING BUTTE 

CALDERA 
REO RCCK VALLEY TUFF 

MT HELEN TOLICHA PEAK TUFF 

GROUSE CANYON MEMBER 
TUB SPRINGS MEMBER 

PROW PASS MEMBER 
BULLFROG MEMBER 
TRAM MEMBER 

WJLTIPLE COOLING UNITS 
~ -~ I KAME WASH TUFF CALDERA 

WLTIPLE CODLING UNITS 
.AVA FLOWS 

)'BRIEN'S KNOB, CACTUS PEAK 
K L T E D  PEAK, OCPER RIDGE 

CACTUS-KAW'CH 1 RHYOLITE LAVA FLOWS RANGES 

4ULTlPLE COOLING UNITS 
~ 

FLOWS OF INTERMEDIATE 
COMPOSITION 

?T HELEN, 
.ACTUS - KAWlCH 

RANGES 
WHITE BLOTCH SPRING 

TUFF 
I 

ANTELOPE VALLEY TUFF 

PANCAKE RANGE MONOTONY TUFF . 

IACITES , ANDESITES,OUARTZ LATITES 

lULTlPLE COOLING UNITS 24-25 

26-21 IULTIPLE COOLING UNITS 
-~ 

IULTIPLE COOLING UNITS 26.28 I 1000 I 
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The age assigned to the inception of volcanism 
and individual volcanic units depends on: (1) the 
interpretations of individual investigators: (2) the reli- 
ability of correlations for a single formation through- 
out the region; (3) local differences in the time of 
inception of volcanism; and (4) the reliability of radio- 
metric dating techniques. It is therefore difficult to 
unequivocally establish the location of many eruptive 
centers, cycles of multiple eruptions from individual 
centers, and geographical and temporal overlap of 
penecontemporaneous eruptions from separate areas. 
Notwithstanding, a general sequence of events for 
Tertiary volcanism has been established for the NTS 
region. The series of volcanic events outlined above 
led to the formation of about 75-100 discrete geologi- 
cal mapping units. The time span for this volcanism 
was about 15-20 m. y. (Figure 21). Many of the volca- 
nic events are assigned a single age, though one or 
several million years may have been required to pro- 
duce the resulting deposits. 

Cenozoic Intrusive Rocks 
Intrusion of granitic stocks accompanied Tertiary 

volcanism in the NTS area (Spengler et al., 1979b). 
Small stocks are exposed east of Lookout Peak (the 
Wahmonie Stock) (Ekren and Sargent, 1965), and 
along the southeast and north edges of the Timber 
Mountain resurgent dome (Byers et al., 1976b). A 
granite Waf encountered at  a depth of about 9OOO ft  in 
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drill hole PM2. This granite intrudes volcanic rocks a t  
the northwestern corner of the NTS tOrkild et al., 
1969). Other Tertiary graniic stocks are inferred to 
occur below Calico Hills (Christian- et al., 1977, 
Snyder and Oliver, 1981) and the Timber Mountain 
Caldera (Byen et al., 1976a; Kane et d., 1981). Nu- 
merous rhyolitic and basaltic dikes, plugs, and sills are 
exposed throughout the NTS. The dktribution of 
intrusive Tertiary rocks in the NTS ana is shown in 
Figure 16 with the Mesozoic plutons. 

Late Pliocene and Pleiskcene 
Basalts I 

After eruption ~f the Thirsty Caayon Tuff 6-8 
m.y. ago, silicic volcanism was succeeded by small, 
predominantly basaltic eruptions. Alt not syn- 

silicic to chronous, a general transition from 
small basaltic eruptions occurred t h u g h o u t  the 
Great Basin. With exception of the Bi 
Mono County, California, dated as 0.7 my. (Dalrym- 
ple et al., 1965), no Pleistocene silicic t W s  are known 
by the author to occur in the Great Basin of Nevada. 
However, Upper Pliocene and Pleistocene basalts and 
related rocks are common. The transition from pre- 
dominantly tuff to basalt eruptions occurred later in 
the NTS area, about 6-7 m.y. ago, than along the 
western and northern margins of the Great Basin 
where a similar transition occurred about 12-16 m.y. 
ago (Snyder et al., 1976; McKee, 1971; Noble, 1972). 



Upper Tertiary and Quaternary volcanic rocks in 
the NTS region are predominantly alkali-olivine ba- 
salts or hawaiites, with minor basaltic-andesite differ- 
entiates (Leeman and Rogers, 1970; Hausel and Nash, 
1977; Best and Brimhall, 1974; Vaniman et al., 1980). 
Though extrusion of basalts accompanied Miocene 
and early Pliocene silicic eruptions in the NTS area, 
the earlier basalts were late stage, silica saturated 
t rachy basalt and andesite differentiates of the silicic 
parent magma (Luft, 1964; Byers et al., 1976a; Arm- 
strong, 1970). The younger basalts are probably de- 
rived from deeper, subcrustal magma sources and 
suggest intense lithospheric extension throughout the 
Basin and Range (McKee, 1971; Best and Brimhall, 
1974; Snyder et al., 1976; Crowe et al., 1980; Vaniman 
et al., 1980). 

In the NTS area young alkalic-olivine basalts 
occur in Crater Flat (Crowe and Carr, 1980; Cornwall 
and Kleinhampl, 1961). the Timber Mountain Moat 
(Byers et al., 1976b), Kawich Valley (Ekren et al., 
1971). the southern end of the Halfpint Range (Byers 
and Barnes, 19671, and along Rocket Wash (Lipman 
et al., 1966b) (Figure 22). These basalts range from 
about 5 m.y. old to as young as perhaps 0.25 m.y. 
(Sinnock and Easterling, 1982). In Crater Flat ages 
have been determined of about 1-1.5 m.y. for Black 
Cone, Red Cone (Figure 23), and, by inference, Little 
('one; .l-.75 m.y. for Lathrop Wells Cone (Figure 24) 
(Carr, oral communication; Sinnock and Easterling, 
1982); and about 4.0 m.y. for a series of flows in the 
eastern portion of the valley (Sinnock and Easterling, 
198%). Basalt from Buckboard Mesa in the Timber 
Mountain moat has been dated as about 2.5-3.0 m.y. 
old (Carr, oral communication). 

Other Plio-Pleistocene basalts of the NTS area, 
except perhaps some basalts in Kawich Valley and 
Sarcobatus Flat, are believed to be older than those 
already dated. Basalt flows in Crater Flat, Kawich 
Valley and dikes and sills along Scarp Canyon and 
Nye Canyon of the Halfpint Range and upper French- 
man Flat (Figure 25) rest on or intrude alluvial depos- 
its. Some exhibit evidence of  cinder cones, thereby 
indicating relatively young ages. Carr (1974) reports 
that hasalt sills and dikes intrude fault zones and 
dluvial deposits of Yucca Flat. Drilling has encoun- 
tered hasalt in alluvium helow the surface of Crater 
Flnt. Study by the I.J.S. Geological Survey and 1,os 
Alamos National Ihora tory  of the age and distrihu- 
t ion of Pleistocene tmalt in 1 he NTS area is currently 
untlerwny. 

Late Pliocene Through Recent 
Alluvium 

Though normal faulting in the NTS area probably 
hegan during early phases of silicic volcanism, current 
Basin and Range topography did not begin to take 
form until later phases of silicic eruptions (Ekren et 
al., 1968). At this time, topographically closed basins 
were formed, and material eroded or extruded from 
the ranges began accumulating in the basins. Alluvial 
deposition has continued easentially uninterrupted to 
the present, whereas episodic volcanic basin filling 
essentially ceased about 6-8 m.y. ago. Hinrichs 
(1968b), Fernald et al. (1968b) and Grothaus and 
Howard (1977) report about 2000 ft  of alluvium in 
parts of Yucca Flat. McKay and Williams (1961) 
estimate about lo00 f t  of alluvium in Jackass Flats 
near the EMAD facilities and infer that it entirely 
postdates Kiwi Mesa Basalt. 

Flguro 22. Dintrihution of Late Tertiary nnd Quaternary 
Hamdl PIOWR in the N'I'S Area (from Cornwell, 1972, 
'I'whnnx and Pampeyan, 1970, Stewart and Carleon, 1976, 
and USOS GQ Map Series of the NTS Region) 
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Figure 23. Black Cone (Right Arrow) and Red Cone (Left Arrow) and Associated Basalt Flows in Crater Flat, Nevada. Bare 
Mountains in background. Oblique aerial view is to the west from the southwest edge of the NTS. Photo courtesy of Pan Ameri- 
can, Inc. 

Flguro 24. Volcanic Cinder Cone Along I1.S. 95 Seven Miles West of 1,athrop Wells, Nevada. Note unhreached crater. Age of 
the cone and associated hasalt flown is less than 0.75 million years. Oblique aerial view is IookinK northeast. Photo courtesy of 
Pan American, Inr. 
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Figuro 25. Basalt Dikes and Sills in the Upper Reaches of Frenchman Flat Just East of the NTS. Note parallel, north trcnding 
fault blocks in the Halfpint Range (brackets). Oblique aerial view is loo:, ing northwest. Photo courtesy of Pan American, Inc. 

The alluvium is generally unconsolidated. Some 
layers are partially to firmly indurated by calcium- 
carbonate (caliche) and/or clays. The alluvial materi- 
als are better sorted and finer grained toward basin 
centers (Fernald et  at., 1968a, 1968b3. The playas 
consist of very fine-grained lacustrine deposits up to 
several hundred feet thick. Near the range fronts 
alluvium is generally composed of angular rubble, 
with individual clasts commonly a foot or more in 
diameter surrounded by a matrix of silt, sand, and 
gravel. Figure 26 shows the distribution of alluvial 
deposits in the NTS area. 

Scant precipitation and intense evaporation in the 
arid Great Basin prohibit development of large peren- 
nial streams capable of transporting eroded sediment 
riway from local source areas. Alluvial fans tend to 
oc(w along range fronts where sediment is dropped tis 
stream gradients abruptly flatten. Fans from opposing 
ranges commonly coalesce at, the lower parts of the 
hanins. Gradients and surface areas of individual fans 
depend on the available rclicf'in the ranges, lithologic 
c.omposition of the ranges, drainage area of the head- 
wiitws, snd ahundanc*t* and periodicity of' precipitn- 
I ion. 

e 

Rock Structures 
General Statement 

Rock structures on the NTS may be divided into 
regional, volcanic, and local structures, including 
man-made features. Regional structures are caused by 
widely distributed tectonic body stresses and include 
( 1 ) compressional features, (2) extensional features, 
(3) northwest-southeast strike-slip features, and (4) 
northeast-southwest strike-slip features, Volcanic 
structures are caused by local vertical stresses from 
upward movement of heat and magma and include 
concentric and radial fracture systems associated with 
volcanic doming, caldera collapse, and caldera resur- 
gence. Jmal structureR are created by the responses of 
local rock inhomogeneities to regional tectonic strew- 
es, volcanic and intrusive processes, sediment compac- 
tion, sediment dessication, erosional unloading, 
weathering, underground explosions, hydraulic frac- 
1 wing, mining, drilling, and others. Minor structures 
on the N'I'H include small faults, joints, fractures, 
underground cavities, and open cracks. 
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Figure 26. Distribution of Alluvium (Unshaded) in the NTS Area; Contours Show Inferred Thickness of Alluvium in Feet for 
Portions of Frenchman, Yucca, and Jackass Flats (from Cornwall, 1972, Tschanz and Pampeyan, 1970, Longwell, et al., 1965b. 
and USGS GQ and I Map Series for the NTS Region) 

Whether rocks subjected to high stresses will frac- 
tiire (fault) or deform in a ductile fashion (fold) 
depends on many factors, not the least of which are 
time, temperature, confining pressure, and the me- 
chanical properties of the deformed media. If a given 
force is applied rapidly to a material, fracture tends to 
occur, whereas application of the same or even a 
reduced force over a longer time period may result in 
folding. Similarly, higher temperatures and confining 
pressures tend to cause folding rather than faulting 
tinder similar stresses. Therefore, faults tend to form 
niore readily near the surface where temperatures and 
pressures are rclatively low, whereas folds tend to he 
1 he dominant m d e  of deformation deeper within the 
c w s t  where diictile behavior is induced by higher 
temperatures and pressures. 

( h e n  the complex relations among factors that 
iil'l'tact the type and geometry of geological deforma- 
t ion, it is difficult to specify the exact nature ot'a local 
~t r t w  rnvironment during 11 deformational period 

(orogeny) or to determine the exact sequence of events 
in a region characterized by many styles and/or peri- 
ods of rock deformation. 

Mesozoic Compressional 
Structures 

Compressional structures are produced if body 
shear stresses exceed the elastic strain limit of rocks. 
Considering the variety of rock types present a t  the 
NIX, it is apparent that a regional compressive force 
would create t i  vmiety of structural features, depend- 
ing on t he mechanical properties and geometric dinfri- 
I)ution of I he various rovk types. St railgraphic evi- 
dence siiggmts thnt the N'I'S region was al'fected by 
more 1 han one cwmpressionnl mountain I)uilding epi- 
sode during latest Paltwoir t h i  ,MRII earliest (*enomit* 
t i me, t hough correliil ions of  individual st ruct iircn with 
part icdar el)isodcs tire stthjtlc.1 to alternnte virw- 
point s. 



A t  least one and perhaps two Paleozoic orogenies, 
the Antler and Sonoman, affected the area northwest 
of the NTS. These mountain building episodes creat- 
ed a land mass and an eastward bounding sedimenta- 
tion trough where the Eleana, Tippipah, and Bird 
Springs formations were deposited (Churkin, 1974; 
Pooie, 1974; Bissell, 1974: Burchfiel and Davis, 1975). 
These upper Paleozoic rocks are deformed hy com- 
pressive structures; the younger volcanic rocks are 
not. Thus, after deposition of the Bird Springs and 
Tippipah limestones in Permian time and before ex- 
trusion of the earliest volcanic rocks in Tertiary time, 
the NTS area experienced intense compressional 
stresses. These stresses were generally directed west to 
east and northwest to southeast. The resulting struc- 
tures are two types; folds, commonly recumbent, and 
faults, predominantly thrusts. 

Thrust Faults 
Compressive mountain buildiag generally migrat- 

ed to the east and southeast i:i Nevada during the 
Mesozoic Era (Burchfiel and Davis, 1975; Dott and 
Batten, 1971; Fleck, 19’70; Armstrong, 1968b; Bissell, 
1974). Burchfiel et al. (1970), place the time of initial 
thrust fauitinz and folding in the NTS area during the 
middle Triassic to Ear y Jurassic Nevadan Orogeny. 
Three major and numerous minor thrust faults 
formed in the NTS area at  this time. From west to 
east, major thrust faults are designated as the CP, 
Mine Mountain, and Tippinip Faults by Barnes and 
Poole (19681, Ekren et al. (1971), and Ekren (1968). 
The C P  structure is interpreted as a high angle “par- 
ent” thrust plane beneath the Belted Range. The Mine 
Mountain and Tippinip thrusts are thought to repie- 
sent low angle, near surface imbrication in front of the 
CP thrust root zone (Barnes and Poole, 1968). Total 
!atera1 displacement along the fault system is estimat- 
ed as 25-35 mi (Barnes and Poole, 1968). If indeed the 
CP structure has a deep origin, this implies that the 
underlying crust has shortened, presumably by duc- 
tile hehavior. 

The CP structure lifts and translates Cambrian 
through Devonian rocks over Mississippian and Penn- 
sylvanian rocks. The base of the upper thrust sheet is 
formed by Devils Gate Limestone in Calico Hills and 
Eirreka quartzite ncar Minc Mountain. The readily 
deformed, duc.1 ile Eleann Format ion provitied the 
t)tisaI slip surfwe. 

’l’he Mitie Mountain thrust sheet placc., (‘amhriHn 
rorks over I’ciinaylvanian iind Mihsissippian rocks 
iitw the southweslern r d g e  of Y t i m ~  Flat arid prc- 
( ‘ m h r i t * n  tind (’tirnhrit~n c.Iclstic* rocks cthovc (’amhi- 
ill1 c*rirtionc~!tlx sol i t  hwtv,t ~ d f ; r o o m  I,iike. tlowww. in 

most places the Mine Mountain thrust generally ex- 
hibits little stratigraphic displacement and commonly 
is limited to movement entirely in Devonian-Missis- 
sippian rocks (Barnes and Poole, 1968). 

The Tippinip thrust places Cambrian over Ordo- 
vician carbonates in the Specter Range and Spotted 
Range. Carbonates in the lower plate are recumbently 
folded (Barnes and Poole, 1968). Burchfiel (1965) 
suggests thrusting in the Specter Range area is related 
to decollement along the Johnnie Thrust of the Spring 
Mountains (Nolan, 1929). Longwell (1974) and Arm- 
Aong (1968b) assign the Johnnie Thrust to the Late 
Mesozoic Sevier Orogeny. 

The pattern of exposed thrust faults in the NTS 
area is shown on Figure 27. Because thrust fault 
surfaces are commonly imbricate and nearly horizon- 
tal, erosional incision in thrusted terrain may e x p e  
an exceedingly complex pattern of surface traces along 
the fault system. This makes it difficult to assign 
individual fault exposures to discrete regional thrust 
planes. Interpretation is required to define the sim- 
plest geometry that satisfies the evidence. An alterna- 
tive interpretation of the thrust zones is proposed in 
this report wherein each of the major thrust zones 
possesses its own root, deeply seated within the upper 
or middle crust (Figure 20, Sections A-A’ and B-B’). 
Previous interpretations have assumed one deep-seat- 
ed root zone for all thrusting in the NTS area. Howev- 
er, outcrop patterns of the thrust faults a t  the NTS 
seem to lie in three distinct belts, suggesting separate 
roots (Figure 27). The geographic locations of the 
three belts suggest their ).rimes should be modified to, 
from west to east: the Mini! Mountain, CP-Tippinip, 
and Spotted Range thrust zoues (Figure 27). Though 
evidence is scant regarding either the single or multi- 
ple root-zone interpretations, the geographic pattern 
of thrust fault outcrops shown in Figure 27 suggests 
multiple root zones, perhaps merging somewhere in 
the middle to upper crust. 

Folds 
The complexity of Mesozoic deformation is accen- 

tuated by folds formed by the same compressive 
stresses responsible for the thrust faults. Fold axes in 
the region generally trend north to northeast. The 
only named fold in the area is the Carbonate Wash 
Sync line just  north of the NTS boundary in the P-ited 
12nnge (Rogers and Nohle, 1969). A large anticline i R  
rievcloiwd i n  Eleana quartzites at Quartzite Ridge 
(Ha\ iiBS et S I . ,  I9ci:I). A large Ryncline occuw at Syn- 
dine 12idgcb along the western edge of‘ Yucca Flat. Carr 
( l ! j74)  maps several sbnclines and anticlines in the 
Yirc~;r Pitit iirctt, ineluding a larpe anticline at  the 



northern end. At other locations where Paleozoic 
rocks are exposed, Cerrozoic and Mesozoic faulting has 
obscured the fold axes in Paleozoic rocks, though 
stratigraphic dips of 20' and greater suggest a ubiqui- 
tous folded character of the miogeosynclinal strata. 

Flgure 27. Outcrop Distribution of Thrust Fault and 
Strike-Slip Zones in the NTS Area (from Cornwall, 1972, 
Tschanz and Pampeyan, 1970, Longwell, et el., 1965b, and 
USCS CQ Map Series of the NTS Region) 

Sevier Orogeny 
The Sevier Orogeny caused similar folding and 

thrusting during late Mesozoic time in areaweast of 
the NTS (Harris, 1959; Armstrong, 1S8b; Burchfiel 
and Davis, 1972, 1976). The Middle to Late Creta- 
ceous-Early Tertiary age of the Sevier mountain 
hilding episode is better established than the ages of 
earlier orogenies. This is because clastic deposits de- 
rived " )m the ancient Sevier highland are well pre- 
serv ' the Indianola Group and related rocks of 
IJtnh h I Central Nevada (Spieker, 1949; Stokes, 
1960. Cobban and Reeside, 1952) and in the Baseline 
Santlstone, Willow Tank Sandstone, Overton Fanglo- 
merate and related rocks of southern Nevada (Long- 
well, 1952; 1,ongwell et al., 1965a; Armstrong, 1968b). 
I hew w k s  were spread eastward from the Sevier 
highlands in a manner analogous to the formation of 
Elennit deposits 1'1 om erosion of the late I'deozoic 
Ant Iw  highland^. 

I .  
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Longwell (1960) mapped six distinct thrust faults 
in the Spring Mountains associated with the Sevier 
Orogeny. At least two, the Wheeler Pass and Keystone 
thrusts, are exposed north of the Las Vegas Valley in 
the Muddy Mountains, where they are named the 
Gass Peak and Glendale-Muddy Mountain thrusts, 
respectively (Longwell et al., 1965a; Armstrong, 
1968b; Stewart and Poole, 1974; Fleck, 1970; Brock 
and Engelder, 1977). Burchfiel and Davis (1977) trace 
the Keystone thrust south to the Clark and New York 
Mountains of Califnrnia, and Drewes (1978) traces the 
Sevier compressional style from there into Mexico. To 
the north, Sevier deformation extends through Utah, 
Wyoming, Montana (Armstrong, 1968b) and British 
Columbia (Eisbacher et al., 1974). 

No new structures are thought to have formed a t  
the NTS during the Sevier Orogeny, though it is likely 
that movement along existing thrust planes and folds 
was rejuvenated. It appears certain that a wave of 
compressive deformation mipated eastward in the 
southern Nevada area during lata Paleozoic and Me- 
soroic time. The Sevier pulse of this deformational 
wave culminated east of the NTS during latest Creta- 
ceous time. Mountain building continued in the west- 
ern United States after Sevier time (Compton et al., 
1977), but the focus shifted to the Rocky Mountain 
area. The latter deformation is generally referred to as 
the Laramide Orogeny (Armstrong, 1968b; Anderson 
and Picard, 1974) and occurred from very latest Creta- 
ceous through Eocene time. 

Cenozoic Volcanic Structures 
Following compression and subsequent erosion of 

the Great Basin area during the Mesozoic and early 
Tertiary, volcanic material was spread across the re- 
gion in middle and late Tertiary time as described 
earlier. Structures associated with the volcanic centers 
merit distinction. Each caldera tended to develop an 
initial broad dome with radial fractures, sets of co:- 
centric normal faults due to collapse of the cmtral 
part of the dome, a circular collapse moat, and in some 
cases, an inner resurgent dome with a set of radial 
extension faults (Smith and Bailey, 1968). In the NTS 
area, Timber Mountain and Blrck Mountain calderas 
prominently display these features (Byers et al., 
1976a; Carr, 1964; Christiansen et al., 1M5; Carr and 
Quinlivan, 1968) (Figure 20, Sections A-A' and C-C'). 

A t  Timber Mountain moat L ollapRe features of the 
outer moa1 and resurgent ring-fractures of the inner 
nioat art' huried by late phase flows (Chriatiansen et 
til. ,  1977). Ilisplticements along the outer edge of ihe 
c*alcfera due to moat collapse may exceed A(WN) ft 
(Christisnsen et a]., 1977). These outer ring fractures 
I'brrned BH 1 he caldera collapsed into a subsurface 



cavity created during extrusion of the volcanic materi- 
al (Smith and Bailey, 1968). Radial faults and concen- 
tric inner-moat ring-fractures formed subsequently by 
neat wrfacs extension that accompanied resurgence 
of a central dome. Displacement along the concentric, 
inner fracture zone at Timber Mountain is about 1000 
ft (Byers et ai., 1976a,b). Radial faults approach 2000 
ft of offset near the center of the dome but decrease 
outward (Carr and Quinlivan, 1968). A large complex 
of grabens along the crest of Timber Mountain gener- 
ally trends east-west and is flanked by minor horsts 
and giabens typical of resurgent domes (Carr and 
Quinlivan, 1968). The inner ring-fractures and radial 
faults were loci for late phase intryion and minor 
extrusion. 

Timber Mountain and Black Canyon calderas are 
the only volcanic centers in the NTS area that display 
a wide range of typical structures. It is assumed, 
however, that such structures are present at most 
caldera centers defined earlier, but are now obscured 
by younger volcanic deposits and faulting. The Wah- 
monie, Salyer, and Calico Hills centers of rhyolitic 
volcanism possess no prominent collapse features, 
though radial structures caused by doming may be 
present. The distribution of volcanic structures may 
be inferred from Figures 17-20. 

Some dikes and sills, perhaps intruded along local 
Basin-Range faults, are associated with basaltic erup- 
tions in the NTS area ICarr, 1974). One intrusive 
complex at  the northwest corner of the Piaute Ridge 
Quadrangle (Byers and Barnes, 1967) is particularly 
noteworthy (Figure 25). Many basaltic flows in the 
area (Figure 22) may be associated with similar shal- 
low assemblages of feeder dikes and sills. 

Cenozoic Extensional Structures 
Extensional structures occur where the minimum 

axial stress is horizontal and the maximum is vertical 
(Hubbert, 1951). This stress environment creates con- 
ditions where lithostatic pressure may exceed the 
rupture strength of the crust allowing gravity to act as 
the deforming force. The resulting deformation causes 
shear fracture, vertical thinning, and crustal extension 
(Hills, 1969). Faults produced in this manner are 
called normal, gravity, or Basin and Range faults. 

Normal Fault8 in the Range8 
The in(-eption 01' exten~iional, normal faiiltiiig was 

c.lonely related in time (-?+;I5 m.y. ago), if not in 
qJa('e, to the initimlion of' silici(* volcanism in the 
noul hern ( h i t  Hasin. Extensionnl strewea reapcrnsi- 
I)le for normal Iktrlln mciy have contributed to  the 
optwing r ~ l '  pal hwnyx dong which volranicn intilerial 

migrated upward from deep within the crust (Ekren et 
al., 1968; Crowe, 1978; Zoback and Zoback, 1980). 
However, the horsts and grabens expresaed topo- 
graphically by the present ranges and basins, respec- 
tively, did not form until outbreak of the last pulse of 
silicic volcanism, about 15-20 may. ago (Ekren et al., 
1968; Stewart, 1980; Noble, 1972). 

According to some investigators inactive normal 
faults in the NTS area trend northeast and northwest, 
whereas a younger set, perhaps still active, generally 
strikes north (Ekren et al., 1968; Wright et al., 1974; 
Zoback and Zoback, 1980). Others interpret the north 
trending faults as inactive, with current activity fo- 
cused along the northeast trending structures (Carr, 
1974). In the southeastern portion of the NTS, normal 
faults generally strike northeast, apparently related to 
drag folding of original north trending faults along the 
Las Vegas Valley Shear Zone (Stewart, 1967; Albers, 
1967; Carr, 1974). Dips of the normal fault planes 
range from about 45O to nearly vertical, apparently 
clustering at about 60°-70' (Hamilton and Myers, 
196s; Carr, 1974). Offsets range from inches to thou- 
sands of feet (Carr, 1974). 

Normal Faults in the Basins 
Drilling and geophysical explorn:.ion of Yucca Flat 

has revealed a complex pattern of normal faults be- 
neath the alluvium. Some faults extend into and even 
though the alluvium to the basin surface (Carr, 1974). 
The Yucca Fault, approximately along the axis of- 
Yucca Flat, sharply displaces the alluvium by as much 
as 10-60 ft. Because the alluvium at the surface is 
young, this indicates that movement has occurred 
along the Yucca Fault sometime during the last few 
thousands to tens of thousands of years. In the subsur- 
face, maximum vertical displacement along the east- 
dipping Yucca Fault is about 700 ft. The Carpetbag 
Fault Zone to the west also dips east and exhibits 
perhaps 2000 f t  of displacement since deposition of 
the Timber Mountain Tuff (Carr, 1974). The Carpet- 
bag Fault is the western boundary of the Yucca Flat 
graben, whereas the Yucca Fault appears to be the 
eastern boundary of an intrabasin buried horst. A 
system of faults between the Yucca and Carpetbag 
Faults dips west and displays about 2000 ft  of vertical 
dispiarement aiong the western edge of the intrahasin 
horst. Carr (1974) HiiggeHtR that formation of Yucca 
and Prenrhman basins is relatively recent, with basin 
f'ormat ion superimposed on older north-south BaRin 
rind Range faults. 

'l'hough cit4ailed drill hole information is sparse in 
other tiiisitin ol' 1 he N'I'S and (heat HaRin, geophysical 
dillrl ( ' l ' h w l J ) H s # i ?  195!1: Thompson et al., 1967) and 
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topographic analysis of fault scarps in alluvium (Wal- 
lace, 1977) suggest structural complexity and current 
fault movement occur in basins throughout Nevada. 
Apparently, the basins are a t  least as, or more, struc- 
turally complex than the ranges. In this context, the 
basins are perhaps best characterized as topographi- 
cally low blocks of faulted terrain with irregular, sub- 
alluvial structural geometry. Basin and Range faults 
may occur with almost equal geographical frequency 
throughout the Great Basin irrespective of Basin or 
Range topogrpFhy, though most faults in the basins 
are obscured by alluvium. Boundaries between the 
ranges and basins are generally zones of step faults 
with variable widths rather than single range-bound- 
ing faults. 

Fdds 
Folding is generally not observed along Basin and 

Range faults, though some large monoclines do occur, 
such as along portions of the south flank of Skull 
Mountain. This monocline may be related to either 
st,ructural or depositional draping over the fault zones. 
Carr (1974) suggests that minor drag and reverse drag 
folds may be present adjacent to other cormal faults 
in the NTS area. He also suggests that many of the 
gravity faults possess a significant component of 
strike-slip movement. 

Striko-Slip Structwos 
If the maximum m! minimum stress axes are 

both horizontal, lateral shearing is the stress relief 
mechanism (Hills, 1963). Because the earth's crust 
approximates a horizontally layered condition, verti- 
cal displacements are much easier to identify and 
measure than horizontal translations. This is particu- 
larly true in complex terrain affected also by vertical 
diclplacements, such as southern Nevada. Therefore, 
evidence for strike-slip movement tends to be indirect. 

Hoth left-lateral and right-lateral shearing has 
occurred in the NTS vicinity (Figures 27 and 28). 
Right-lateral movements along the Las Vegas Valley 
Hoiith of the NTS (Longwell, 1960) and the Walker 
Lane to the north (Locke et  al., 1940) have been 
deduced from two lines of evidence: (1) apparent 
Iwnding of  structural and topographic features and (2) 
apparent dinplacement of miogeatyrtclinal isopach 
t rcndsl ( H o w  and Imgwell, 1964; Imgwdl,  1960, 
IW.1, Stewart, 1M7: A l k r a ,  1967). FergvRon and 
Muller ( 1!)49) nuggeHt that the curving isopach trends 
in the Walker I m e  cwnform to the outline of ancient 

42 

shorelines rather than to pt-depositional structural 
trends. Notwithstanding, current thinking favors the 
strib-slip hypothesis to partly explain the diverse 
structural and stratigraphic patterns near the Las 
Vegas Valley and Walker Lane (Carr, 1974). 

Las Vega8 vdky-w.lkrr lsrn show 
ZOM 

Assuming originally straight isopachs for the Eu- 
reka Quartzite, Ross and Longwell (1964) estimate 25- 
40 mi of right-lateral offset across the Las Vegas 
Valley. Longwell (1974) later increased this estimate 
to 42 mi based on inferred movement of a granite mass 
relative to the position of local sedimentary deposits 
derived from the granite. He modified Burchfiel's 
(1965) estimate of 27 mi by including effects of hori- 
zontal bending on either side of the rupture zone. 
Based on isopach trends in the Sterling and Zabriski 
quartzites and Wood Canyon Formation, Stewart 
(1967) concluded that 30 mi of right-lateral offset has 
occurred along the Las Vega8 Shear Zone. 

Albers (1967) estimates 80-100 mi of horizontal 
displacement along the Walker Lane, though total 
displacement may be distributed among several 
strike-slip faults and flexures. Named faults along the 
Walker Lane include the Soda Springs Valley and 
Cedar Mountain faults northwest of Tonapah (Albers, 
1967). Ferguson and Muller (1949) suggest about four 
mi!es of displacement across the Soda Springs Valley 
Fault, and Nielson (1963) estimates about nine to ten 
miles. Other estimates of displacement across the 
Walker Lane are scarce though Shawe (1965) agrees 
with Albers (1967) that movement has been consider- 
able. Gianella and Callaghan (10'4) and Shawe (1965) 
report topographic evidence of right-lateral move- 
ment in the Walker Lane associated with an earth- 
quake in 1932. 

Volcanic deposits at  the NTS obscure the rela- 
tionship between the Las Vegas Valley Shear Zone 
and the Walker Lane, though it is reasonable to 
assume the two zones are related. From southeast to 
northwest, the Wahmonie-Salyer, Timber Mountain, 
Black Mountain, and Stonewall Mountain volcanic 
centers lie on a line connecting these two shear zones. 
These voIcP.ioes may be genetically related to the 
same crustal weakness responsible for regional shear- 
ing. Continuity of the Walker Lane-La8 Vegas Valley 
shear mnesl ha8 been proposed by Alhers 119fs7) and 
('arr (1974) among othern, although Suppe et at. 
( 1975) connider the two zones as tectonically different. 



Figure 28. Locations of Major Strike-Slip Fault Zones in Southern Nevada and California (from King and Beikman, 1974 and 
W. .I. Carr, Informal Communication) 

Other Great Basin Shear Zones 
Large rig!it-lateral shear zones also occur in the 

California portion of the Great Basin (Figure 28). 
Hateman (1961) reports as much as 16 ft of right- 
lateral displacement during a large earthquake in 1872 
along the Inyo Fault Zone of Owens Valley. Ross 
I 1982) claims that total post-Jurassic, right-lateral 
displacement in Owens Valley has been neg;ligible, 
perhaps a few miles at most. Better agreement is 
obtained for the combined amount of right-lateral 
movement along fault zones in Death Valley and 
Furnace Creek Wash. Estimates vary as follows: less 
than IO mi (Wright i lnd Troxell, 1966), ahout 12 mi 
(Nohle and Wright, l!Xd); about 20 mi (MrKee, 1968); 
IXW) mi ( Ihwes,  1!163: and more than 50 mi (Stew- 
rut, l!l67). 

I f '  conHidcrc4 togc*t her, right -1nteraI shear zont'g of 
I t i ( 1  southern ( irwit  H w i n  comprise H major tectonic 
( h w n t  01' t he wwtern I ftiilctl States. 'rota1 lateral 
stirwing mitv ~ ~ x w c ~ d  I T)0-200 mi. II'  nrorernent along 

the San Andreas Fault in western California is includ- 
ed, this figure could double. 

Age of Right-Lateral Faulting 
Determining when right-lateral movement oc- 

curred is even more troublesome than establishing the 
magnitude of' movement. Bending of range topogra- 
phy and fault trends indicates that strike-slip dis- 
placement occurred later than formation of the pre- 
sent ranges (Cam, 1974). This assumes that the 
present ranges were not raised along reactivated, older 
structures which were bent before reactivation. Ekren 
et al. { 1968) conclude that most right-lateral bending 
in the southern NTS meti occurred during the last 17 
m.y. 1,ongwell ( 1974) placex older and younger brack- 
ets on incwmcnl of the I,UN Vegarr Shear Zone at 17 
m.y. and I I may., rexpectively. Gianella and Callaghan 
( 1934 1 nnd }+,ternan (1961) preHen! evidence for cur. 
rt*nt right -Interid displacement, along Nhear zones 
nor( hwwt of' 1 he N'I'S, 
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Alternate hypotheses assign most right-lateral 
movement to much earlier times. Albers (1967) argues 
that movement along the Walker Lane began in Early 
Jurassic (about 150 m.y. ago). He notes that Jurassic 
plutons conform to the structural bends associated 
with right-lateral movement but notes that the plu- 
tons are not internally sheared. He also cites tight 
folding in the Miocene Esmeralda Formation as evi- 
dence for at least minor Miocene to Pliocene shearing 
along Walker Lane. The same investigator argues for 
post-early Tertiary movement along the Las Vegas 
Valley Shear Zone because local Cretaceous and youn- 
ger rocks are deformed along right-lateral trends. 
Thus, Albers (1967) suggests that right-lateral move- 
ment in southern Nevada sta~ted in the Mesozoic and 
continued at  least until the early or middle Tertiary. 

Invoking plate tectonic theory Atwater (1970) fol- 
lows Wise (1963) in suggesting that a diffused plate 
boundary exists between the Great BEsin and San 
Andreas shear zones. Atwater (1970) aseigns all move- 
ment to ages younger than 30 m.y. with most as less 
than 6 m.y., at least along the San Andreas system. 
This suggestion is not incompatible with the conclu- 
sions of Carr (1974) and Longwell (1974) based on 
local evidence. 

Left-Lateral Faulting 
1,elt-lateral shearing in the NTS area is not so 

easily related to regional structures. Carr (1974) sug- 
gests a zone of  northeast trending left-lateral shearing 
occurs in the southern NTS area with displacement 
badly distributed among numerous individual fault 
planes (Poole et al., 1965b; Orkild, 1968; Ekren and 
Sargent, 1965; Winrichs, 1968a). Three major fault 
zones of left-lateral movement have heen identified: 
the Mine Mountain (not to be confused with the Mine 
Mountain Thrust Fault); the ( h e  Springs; and the 
Hock Valley fault zones (Figures 27 and 29). Another 
left -lateral shear zone may transect Timber Mountain 
t ('arr, informal communication (Figure 27). 

('im ( 1974) argues that left-lateral movement has 
I w t v  slight and is a component of oblique-slip dis- 
pliic~emcnt. The left-lateral faiilts offset, and in turn, 
iiw of'lkt.1 by ri#ht-lateral movement along the Las 
V ~ g m  Vi1 I ley S hprr r Xi me, indicating si mu1 taneous 
clevr4opnitwt ol' t he two  st rikc-slip systems (Carr, 
l!l74), ('wr ( 1!)74) c-ilrs stratigraphic evidence of  de- 
c v w t ~ i i i K  tit81 ivit y h i i ~  t h t a  left -lateral system begin- 
iiiirg i t l b o t i t  I 1 m.v. ~igo,  wif h only minor offsets ron- 
liimiiig Ilnlil fhv Irrcwnt. liogers et d. (1977) present 
t~vidoiioc~ id' sliyhl c*tirrcwl scismic- cictivity along these 
ld't Iiitwitl shwr m i w s ,  
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Carr (1974) suggests that left-lateral faulting is 
complementary to right-lateral faulting along the Las 
Vegas Valley. This hypothesis is supported by obser- 
vations of Longwell (1974) and Anderson (1973) that 
similar left-lateral shearing is evident near Lake Mead 
at the southern end of the Las Vegas Valley. If the 
Walker Lane and Las Vegas Valley are portions of the 
same right-lateral shear zone, a left-lateral sigmoidal 
offset of this shear zone may be buried by the volcanic 
rocks at  the NTS. This offset may result trom and/or 
be the cause of the left-lateral movement in the south- 
western NTS. 

Suppe et al. (1975) suggest that left-lateral fault- 
ing in the NTS area may be an insipient transforn 
system separating two major crustal plates. They fur- 
ther suggest thac left-lateral faulting in southern Ne- 
vada is related to the currently active left-lateral 
Garlock Fault (Carter, 1971; Davis and Burchfiel, 
1973) in California. If correct, this implies increasing 
movement along the left-lateral faults should be ex- 
pected, contrary to hypotheses by Carr (1974) and 
others which suggest decreasing activity. 

Summary of Tectonics in the NTS Area 
In summary, the Cenozoic tectonic environment 

of the NTS region includes a complex suite of fault 
systems characterized by northeast trending left- 
lateral faulting, northwest trending right-lateral fault- 
ing and associated bending, and northwest, north and 
northeast trending Basin and Range faulting. These 
features aze all consistent with crustal extension. The 
Cenozoic structures clearly indicate a dramatic shift 
in tectonic style from the Mesozoic Era when crustal 
compression produced thrust faulting and recumbent 
folding. Carr (1974) suggests that current extension is 
aligned about N 50' W in the NTS area. The transi- 
tional period between compressional and extensional 
tectonics is poorly preserved in the geological record 
at the NTS and its duration and character remain 
largely undefined. 

Miscellaneous Structures 

Joints and Fractures 
Many small striictures affect the properties of  

rocks at the NTS. Every rock twdy is jointed and 
f rwt  iired to Home degree. AA the surface is approached 
from depth joints tend l o  increawe in length, width, 
nnd frequency; prenumetdy I W V A U H ~  Hfructurtd tin- 
Ioiding muses wwmptinying removal of overhurdpn 
hy wtmion, caiising, in turn, dilation ol' the rock mass. 
Miinv joints I'ormetl in t his manner tire quasi-parallel 
to I ti(* ~i i r ! i~v ,  



Figure 29. Fault Scarp Offsetting Alluvium in Rock Valley, NTS. Presumed movement is at least in part left-lateral (arrows). 
Note trenches across fault (boxes) to investigate the nature and age of movement. Oblique aerial view is southwest. Photo cour- 
tesy of Pan American, Inc. 

Horizontal fractures commonly occur along bed- 
ding planes in sedimentary rocks. Such fractures, or 
parting planes, may be inherited from differential 
loading produced during sedimentation and compac- 
tion. 

Vertical or inclined joints generally occur in sets 
with distinctive orientations. They are commonly ori- 
ctited similar to faults ant1 fold axes, suggesting a 
genetic relation to stresses responsible for tectonic 
d ti for ma t ion. Also, earl h t ides prc )d lice recurrent, 
t hough locally very small, s t rcsw t hat may contribute 
to joint cfevelopment. 

IKncoris rocks con1 r a d  ripon cooling and tend to 
tlcvclop joints whose npricinl: nnd orientirtion depend 
oil I tw t hcrrnomt~c~hanic.cl1 propwt itbs of t h!) cooling 
r w k  n i w  c ind its clnvirons. I n  iitlditioti, volc'iinic rocks, 

particularly ash flows, may experience devitrification, 
hydration, and attendant alteration to secondary min- 
erals, all of which involve volu ne changes that may 
induce jointing. 

Near the surface, all rocks weather. Attendant 
mineralogical transitions result in volume changes 
and local stresses. 7'hese stresses may accentuate frac- 
turing along weakness planes determined by the rock 
fabric. Physical changes of state, e.g., freezing of water 
or precipitation of salts from solution, can expand 
incipient cracks. Diurnal heating and cooling may 
(*ontribute to the formation of fractures in the upper 
few millimeters of exposed roeks, though OhMYVatiOnH 
of' competent rocks on the moon's surface tend to 
discotint this process. In short, all brittle rocks are 
I'rwtured to some degree due to R myriad of in terrht-  
(id processtw. 
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Regional stresses applied to a rock body at depth 
will form a set of intersecting joint planes and micro- 
fractures. Near the surface these initially tight frac- 
tures will open, and ground water may enter the joints. 
Weathering ensues and the crazks expand, setting up 
new stresses and creating new sets of microfractures. 
With continued unloading, the p r a m  migrates 
throughout the entire volume of the rock mass. In this 
manner, existing fractures tend to serve as a focus for 
stresses that produce new fractures. Fracture intersec- 
tions compound the rock's vulnerability. Commonly, 
fracture intersections show signs of rock disintegra- 
tion even at great depth. After fractures become open 
to circulating ground water, chemical conditions de- 
termine whether solution or precipitation will occur. 
Many fractures are completely filled with precipitated 
minerals. 

Orientation and Frequency of Joints 
and Fractures 

The three-dimensional nature of fracture systems 
can be determined only by exhaustive field mapping, 
and then only for the surface. Projections to depth are 
risky. Core samples from drill holes provide local 
intormation about fractures at  depth, but extrapola- 
tion to proximal volumes is tenuous. 

However, some generalizations can be made about 
the nature of fracture systems at the NTS. Regional 
joint systems were produced by both compressional 
and extensional stress environments. According to 
standard rock failure theory (Hi!%, 1963) compres- 
sional fractures should trend northeast, parallel to 
fold axes and thrust planes, and at about 30' on either 
side of the principal compression axis. These fractures 
should tend to dip between about 45' and 70' from 
horizontal. Extensional fractures should trend about 
north, northeast, and northwest parallel to Basin and 
Range and etrike-slip faults. These joints should dip 
ahout 60°-900. Fractures produced by volcanic activi- 
ty tend to he limited to zones o f  volcanic doming and 
are radially and concentrically oriented, similar to the 
volcanic fault Nyystems. Coaling fractures in igneous 
rocks may tmur in any orientation, but they are 
geiierally poly~onal in plan view and colurnnar in 
sect ion. Occasionally, curvi-linear splays of fractures 
tire ohserved extending across some thickness of indi. 
vitliiiil Ilow unitn, Individual cooling fractures are 
i~ni~nlly limited lo portions of individual rtmling units, 
whereas tectonic. fractures commonly cross flow-unit 
I )oit ndaries. 

In the Hanger Mwnttiins,Handrd Motinlain area 
iiidividiial fracturw lire npac$ed 0.5-3 ft apart and 
c*xlwid unhroken and wit hoiif direc.tion vhnngt.' for 

10's to loo's of feet (P. J. Barosh, written communica- 
tion in Winograd and Thordarson, 1975). D. L. Hoover 
and others (written communication in Winograd and 
Thordarson, 1975) reported joint spacings of less than 
one foot and up to 43 joints per f t  in drill core from the 
Tippipah Limestone west of Yucca Flat. Lengths of 
uninterrupted individual fractures range from 0.1 ft  to 
9 ft, and aperatures vary from less than 0.1 in. to 0.4 
in. Maldonado et al. (1979) describe fracture frequen- 
cies of about 4 to 5 per ft  in core from the Eleana 
agrillite. Fracture dips generally increase with depth 
from about 20' to 60" near the surface to about 50' to 
80" below 1500 ft depths (Maldonado et al., 1979). 

The frequency of cooling fmactures in volcanic 
rocks tends to vary directly with density and brittle- 
ness of flow units (Winograd and Thordarson, 1975). 
Accordingly, welded tuff and basalt tend to be more 
densely fractured than nonwelded tuff. For different 
portions of a single flow unit, Winograd and Thordar- 
son (1975) report fracture densities of one fracture per 
1/4 in. for an upper vitrophyre, one per 4-8 in. for a 
central welded tuff, and none in a basal nonwelded 
flow. Blankennagel and Wier (1973) report joint spac- 
ings of 0-7.5 fractures per f t  of core derived from 
welded tuffs a t  Pahute Mesa, with an average spacing 
of about 1 fracture per 1-2 ft. For nonwelded tuffs, the 
average fracture frequency drops to about 1 per every 
10 ft (Blankennagel and Wier, 1973). McKeown and 
Dickey (1961) mapped joint densities of less than 1 per 
2-9 ft  in nonwelded tuff's of the U12e tunnel complex 
a t  Rainier Mesa, and showed fracture free sections u p  
to 40 ft in length. Langkopf and Eshom (1981) 
mapped intense fracturing in hoth welded and non- 
welded tuffs in the N12g tunnel complex. Spengler e t  
al. (1979a) report average joint  frequeri-ies in core 
from Yucca Mountain of 4.5 to 7.4 per 10 f~ intervals 
of welded Paintbrush tuff, 2.4 to3.6 per 10 ft intervals 
of moderately welded Crater Flat Tuff, and only about 
I per 10 f t  interval of nonwelded tuffs. Fracture dips 
in tuffs at Yucca Mountain cluster at  about 45' and 
80' to 90' depending on the stratigraphic unit. 

Sedimentary rocks also exhihit varying fracture 
frequencies depending on physical properties of the 
rwk .  Winograd and 'I'hordarson ( 1975) generalize 
1 hat fine-grained cw4)onatrs support more fractures 
(ahout 1 per in,) ihnn c*oiirsc-gmined carhonstes 
(ahout 1 p r  1'1 1. CjutirtzitCh, snnclcctones, and siltstones 
tend to intensely f'rwt itro ~ic~r~,eittlic~iler or ohlique to 
hetlding, and individital joinin iirP cwmmonly tincon- 
ticried and tightly c h r t l .  'I'hrnc iiivcstigetors report. 
ihril microfracturw in qiiarixitr wtl so dense that 
elniosi twry griiin is hor lnt l cd  hy II  f r w t  urp. Shales, on 
i h c o t  her hrrnd, teiid to I w h i i w  i n  11 ( I w l i k  fuwhionand 
st~til many oI' 1 l i ~  frwiiirw, 



Giant Playa Fractures 
Giant fractures in Yucca Lake deserve special 

mention (Figure 30). Carr (1974) describes these fea- 
tu .  - is a series of northeast trending fractures which 
havt migrated southward across the surface of Yucca 
Lake between about 1950 and 1969. These cracks 
apparently are not the giant, polygonal dessication 
cracks c\ nmon to many desert playas (Wilden and 
Mabey, 1961; Neal et al., 1968). Rather, they appear to 
he of tectonic origin (Carr, 1974). When open, they 
probably extend to significant depths, perhaps to 
rocks beneath the alluvium. This is inferred from the 
fact that significant quantities of water from Yucca 
Lake (-300 acre ft), if present, rapidly pour into the 
cracks when they abruptly open. This tends to fill the 
cracks with sediment and render them "inactive," 
whereupon a new crack tends to abruptly form to the 
southeast at som~ later time. The origin of these 
cracks is unknown, but Carr (1974) notes that they all 
lie along a north trending zone of faulted alluvium 
that extends from Mercury to Sand Spring Valley. 
However, no displacements of the playa surface have 
been noted along the giant cracks. Evidence of other 
large cracks is found at  Groom Lake Playa, French- 
man Flat Playa, Indian Springs Valley Playa, and an 
unnamed playa about 4 mi northwest of the Papoose 
Range (Carr, 1974). Many of these, except perhaps in 
Frenchman Flat, may be the more common variety of 
giant polygonal dessication cracks ( J .  T. Neal, oral 
c-ommunication). 

Man-Made Structures 
Man-made fractures in the NTS area are pro- 

(Iticed hy four general types of activity: underground 
cbxplosive testing (predominantly nilclear); hydraulic 
friwturing; mining; and drilling. Fractures from un- 
derground explosions occur a t  Yucca Flat and Pahute 
Mesa (Wilmarth and McKeown, 1960; Rorg, 1973; 
Horg et ai., 1976; Harosh, 1968). Rarosh (1968) 
mapped concentric and radial fractures extending 
; i h t  I o 0 0  ft from the surface point directly above an 
tlxplosion. Numerous fractures developed along 
t rriitls parullel to the master joint sets in rocks adja- 
(wit to the cbxplosion site. Fracture patterns around 

most explosion sites led Harosh (1968) to conclude 
that much explosion-induced fracturing occurs along 
natural joint trends. Similarly, fault zones near explo- 
sions tend to absorb explosion-induced energy (Bar- 
osh, 1968; Dickey, 1968; Carr, 1974). Barosh (1968) 
describes one explosion that produced movement 
along a 5OOO f t  segment of the Yucca Fault, and 
Dickey (1968) calculated that seismic energy from the 
fault movement exceeded the seismic energy caused 
by the explosion. The numerous subsurface explosions 
in Yucca Flat and Pahu!e Mesa have undoubtedly had 
significant effect on fracture patterns and frequency 
in the areas near the subsurface explosions. 

Commonly, rocks collapse into underground cavi- 
ties produced during explosions. and collapse craters 
form at the surface. Craters in Yucca Flat range from 
ahout 40 ft-1,500 ft in diameter (Rarosh. 1968). The 
cavity is commonly connected to the surface crater by 
a rubble chimney (Borg et ai., 1956) which may noi 
extend to the surface depending on the depth of the 
explosion, explosive energy. geometry of the explosion 
environment, and character of' the surrounding mate- 
rial. Cavity diameters generally range from about 30- 
I20 ft and chimney heights from :W-l5M ft (Borg, 
1973). Intense fracturing around the cavity extends 
ahout 2-4 times the radial distance from the explosion 
point to the cavity wall. The cavity commonly con- 
tains glassy material intermixed with rock rubble, 
whereas the rubble chimney is mostly brecciated rock. 
The cavity. chimney. n~i i r  cavity fractures, and distal 
fractures characterize i i  \iniqiie set of man-made 
structures associated wit ti undtqround explosions 
common to the NTS area. oredominantly Yucca Flat 
and Pahute Mesa. 

Mining and drilling operation6 hiive Iieen exten- 
sive on and near the NTS. A complex of tunnels exists 
heneath Kainier Mesa j u s t  west of  northern Yucca 
Flat. Unloading stresses and fractures attendant to 
mining generally do not propagate more than two 
tunnel diameters in to  the host rock (A. R. Lappin, oral 
cwmmunication). The same is probably true for drill 
holes. Hence. the area 01' man-induced structures is 
probably confined to a radius 01' ahout 25 ft  for the 
t iiniiel complex (assuming an average tunnel diameter 
(11' iihou1 I O  1'1 and 1-2 1'1 Iitr I lip Hveri1gt' drill hole of 
i i h t  H- I:! in .  diniiwt cr. 
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Figure 30. Giant Fractures (Arrows) --cross the South End of Yucca Flat Playa. Oblique aerial view is southwest. Photo cour- 
tesy of Pan American, Inc. 
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APPENDIX 

(Taken directly from Winograd and Thordarson, 
1975, pages C 1 17-C 1 19) 

Pre-Cambrian and Paleozoic miogeosynclinal 
rocks, Tertiary volcanic and sedimentary rocks, and 
Quarternary and Tetiary valley fill are grouped into 10 
hydrogeologic units. The grouping is based on similar 
hydraulic properties, lithologic character, and strati- 
graphic position. The hydrogeologic units, in order of 
decreasing age, are: Lower clastic aquitard, lower car- 
bonate aquifer, upper clastic aquitard, upper carbon- 
ate aquifer, tuff aquitard, lava-flow aquitard, bedded- 
tuff aquifer, welded-tuff aquifer, lava-flow aquifer, 
and valley-fill aquifer. The lower clastic P quitard, the 
lower carbonate aquifer, and the tuff aquitard control 
the regional movement of ground water. 

The coefficient of transmissibility of the lower 
clastic aquitard is less than 1,OOO gpd per ft. The 
effective interstitial porosity of 20 cores ranges from 
0.6 to 5 percent and has a median value of 1.9 percent. 
The coefficient of permeability of 18 cores ranges from 
0.0000007 to O.OOO1 gpd per sq f t  and has a median 
value of 0.000002. Although the clastic strata are 
highly fractured throughout the study area, regional 
movement of water through these rocks is probably 
controlled principally by interstitial permeability 
rather than fracture transmissibility because (1) the 
argillaceous strata have a tendency to deform plasti- 
cally, (2) fractures in the brittle quartzite sequences 
tend to be sealed by interbedded micaceous partings 
or argillaceous laminae, and (3) the clastic rocks have 
low solubility. 

The highly fractured to locally brecciated lower 
curbonate aquifer consists of limestone and dolomite. 
On the basis of pumping tests of 10 wells and regional 
llow analysis, the coefficient of transmissibility of the 
aquifer ranges from 600 to several million gallons per 
day per foot. Core examination indicates a fracture 
porosity of a fraction of I percent. The effective 
intercryRtalline porosity of 25 corw ranges from 0.0 to 
9.0 percent and han a median value of 1.1 percent. The 
wt4'icient of' permeability of 1:) corm ranges from 
O.o(HH)2 to 0.1 gpd per R<I ft and ha# a median value 01 
o . t n w H .  

. 

The water-bearing fractures are probably soh- 
tion-modified joints, fault zones, and breccia. Drill- 
stem tests in eight holes suggest that the water-bear- 
ing fractures are few and widely spaced, are present to 
depths of at least 1,500 feet beneath the top of the 
aquifer and as much as 4,200 feet below land surface, 
do not increase or decrease with depth, are are no 
more abundant or permeable immediately beneath 
the Tertiary-pre-Tertiary unconformity than else- 
where in the aquifer. 

The lower carbonate aquifer contains several solu- 
tion caverns in outcrop. One of the caverns, Devils 
Hole, reportedly extends at least 300 f t  vertically into 
the zone of saturation. The caverns probably do not 
constitute a hydraulically integrated network of solu- 
tion openings, except possibly near major discharge 
areas; variations in fracture transmissibility control 
the regional movement of ground water through the 
aquifer. 

The upper clastic aquitard consists principally of 
argillite (about two-thirds of unit) and quartzite 
(about one-third of unit). Unlike the lower clastic 
aquitard and the lower carbonate aquifer, which are 
thousands .:f feet thick, of relatively uniform litholo- 
gy, and widelj distributed, the upper clastic aquitard 
is of hydrologic significance only beneath western 
Yucca Flat and northern Jackass Flats. In much of the 
area, it is represented by time-equivalent carbonate 
rocks, has been removed by erosion, or occurs well 
above the water table. The coefficient of transmiesi- 
bility of this aquitard is probably less than 5OOgpd per 
ft; interstitial permeability is ncJigible. 

The tuff aquitard consists primarily of nonwelded 
ash-flow tuff, ash-fall (or bedded) tuff, tuff breccia, 
t iiffaccou~ sandRtone and siltatone, claystone, and 
freshwater IimeRtone. Despite the widely differing 
origins of these Rtrata, they generally have one feature 
i n  common: their matrices conaist principally of zeo- 
lite or c*lay minerela, which are responsible in part for 
the very low intemtitial permeability of these relative- 
ly poroi in rockR. Strata composing the aquitard have 
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moderate to  high interstitial effective poroeity (medi- 
an values ranging from 10 to 39 percent), negligible 
coefficient of permeability (median values ranging 
from 0.00006 to 0.006 gpd per sq ft), eiid very low 
coefficient of transmissibility (less than 200 gpd per 
ft). Evidence from several miles of tunnels indicates 
that the regional movement of ground water through 
the tuff aquitard is probably controlled by interstitial 
permeability rather than by fracture transmissibility. 

The welded-tuff aquifer consists of moderately to 
densely welded ash-flow tuff. The coefficient of trans- 
missibility of the aquifer at four well sites ranges from 
200 to more than lOO,cnX, gpd per f t  and is probably 
controlled principally by interconnected primary 
(cooling) aiid secondary joints, interstitial permeabili- 
ty is negligible. 

The valley-fill aquifer consists of alluvial-fan, 
mudflow, fluvial deposits, and lake beds. The coeffi- 
cient of transmissibility of the valley-fill aquifer at six 
well sites ranges from 800 to about 34,OOO gpd per ft; 
average interstitial permeabilities range from 5 to 70 
gpd per SQ ft. 

Owing to the complex structural and erosional 
history of the area, the subsurface distribution and the 
saturated thickness of the hydrageologic units differ 
from unit to unit and place to place. The structural 
relief on the pre-Tertiary hydrogeologic units com- 
monly ranges from 2,0oO to 6.000 ft within distances of 
a few miles and locally is PS much as 500 f t  within 
distances of 1,000 ft. Thus, the lower carbonate aqui- 
fer, which is generally buried and fully saturated at 
depths of hundreds to thousands of feet below most 
valley floors, is only partly saturated along flanking 
ridges. In contrast, in areas where the lower clmtic 
aquitard occurs in structuFa1ly high positions, the 
lower carbonate aquifer either has been largely re- 
moved by erosion or occurs entirely, or largely, above 
the zone of saturation. Also, because of complex pre- 
early Tertiary deformation and deep erosion, only a 
fraction of the 15,O-foot aggregate thickness of the 
carhonate aquifer is usually present in the zone of 
saturation. In general, becaucle of its great thicknew, 
several thousand feet of the lower carbonate aquifer 
lies within the zone of saturation beneath most ridges 
and valleys of the study area. 

Vertical diaplacement, ranging from hundreds to 
thousandn of feet along block faults, affects the sub- 
wurface dinpottition and saturated thicknessma of the 
tuff aquitard and the welded-tuff and valley-fi:l aqui- 
fer#. Beneath valleys that have deep (700-1,900 ft)  
water tabla, the depth to water a h  affects the satu- 
rated thickneas of the tuff aquitard and the welded- 
tuff and valley-fill aquifers. In Yucca Flat, the v, !by- 
fi l l  aquifer is saturated only heneath R IO-rrcliiare mile 

area where the aquifer thickneee exceeds 1,W feet. 
Similarly, the welded-tuff aquifer is only partly to 
fully saturated beneath the central part of that valley; 
it is unsaturated beneath margins of the valley, even 
though it is buried at depth of hundreds of feet. 

Both intrabnsin and i n t e r b i n  movement of 
ground water occurs in the region. I n t r a b i n  move- 
ment of ground water from welded-tuff and valley-fill 
aquifers to the lower carbonate aquifer occurs beneath 
several of the intermontane valleys of the study area. 
The volume of flow between the Cenozoic hydrogeob- 
gic units and the lower carbonate aquifer is usually 
small, because the aquifers are separated by the thick 
and widespread tuff aquitard. In Yucca and French- 
man Flats, water leaks downward at the rate less than 
100 acre-feet per year in euch valley. In east-central 
Amargoea Desert and on the upgradient side of mjor 
hydraulic barriers cutting the lower carbonate aquifer, 
intrabaain movement is upward from the lower car- 
bonate aquifer tnto the younger hydrogeologic units. 
Interbasin movement characterizes flow through the 
lower carbonate aquifer underlying most of the valleys 
and ridges of south-central Nevada. Within the Neva- 
da Test Site, water moves south and southwestward 
beneath Yucca end Frenchman Flats, Mercury Valley, 
and the east-central Amargoea Desert toward a major 
spring discharge area, Ash Meadows, in the Amargoaa 
Desert. The hydraulic gradient ranges from 0.3 to 5.9 
feet per mile. Interbasin movement through the car- 
bonate rocks is aignificantly controlled by geologic 
structure. In the vicinity of major structures, the lower 
carbonate aquifer is compartmentalized either 
through its juxaposition against the lower or upper 
clastic aquitard along major normal or thrust faults, 
by the occurrence of the lower clastic aquitard in 
structurally high position along major anticlines, or by 
gouge developed along major strike-slip faults. The 
water levels in the lower carbonate aquifer on opposite 
sides of such structures differ as much as 500 feet in a 
single valley and as much as 2,300 feet between val- 
leys, although the hydraulic gradient within each 
aquifer compartment or block is only a few feet per 
mile. 

Hydraulic, geologic, isohyetal, hydrochemical, 
and isotopic data suggest that the area hydraulically 
integrated hy interbaain water movement in the lower 
carbonate aquifer is no smaller than 4,500 square 
miles and includes at least 10 intermontane valleys. 
Thin hydrologic syntem, the Ash Meadows ground- 
water basin, may, in turn, he hydraulically connected 
to several intermontane valleya northeast of the study 
area from which it may receive aignificant underflow. 
The principal diHcharge from the basin, about 17,000 
ttcrr-feet annually (about 10,600 gpm) (zcura along a 
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prominent fault-controlled spring line 10 miles long at 
Ash Meadows. The discharge of individual springs is 
asmuch a8 2,800 gpm. Underflow beneath the spring 
line into the central Amargosa Desert is probable, but 
its magnitude cannot be estimated. Pahrump and 
Stewart Valleys, proposed as the major source of the 
spring discharge a t  Ash Meadows by earlier workers, 
contribute at  most a few percent of the discharge. The 
major springs in east-central Death Valley (Furnace 
Creek Wash-Nevares Springs area) are probably fed 
by interbasin movement of water from central and 
south-cerrtral Amarghosa Desert, but not from Pah- 
rump Valley. 

Five hydrochemical facies of ground water in and 
adjacent to the study area have been distinguished by 
percentages of major cations and anions. Ground wa- 
ter that has moved only through the bswer carbonate 
aquifer or through valley fill rich in carbonate detritus 
is a calcium magnesium bicarbonate type. Water that 
has moved only through rhyolitic tuff or lava-flow 
terrane, or through valley-fill deposits rich in volcanic 
detritus, is a sodium potassium bicarbonate type. 
Water in the lower carbonate aquifer, in areas of 
downward crossflow from the Cenozoic aquifers and 
aquitards, is a mixture of these two types and is 
designated the calcium magnesium sodium bicarbon- 
ate type. It is characterized by about equal quantities 
of the cation pairs calcium plus magnesiurr, and sodi- 
um plus potassium. Water in east-central Death Val- 
ley, probably a mixture of water of the third type and 
water from Oasis Valley, is a sodium sulfate bicarbon- 
ate type. Shallow ground water, such as that beneath 
saturated playas, is informa!ly designated as the playa 

type. The chemistry of this water (dissolved-solids 
content as high as 50,000 mgh) varies widely and 
depends in part on the depth of the sampling point. 
Major inferences pertinent to the ground water regi- 
men, made on the basis of hydrochemical data, are as 
follows: 

1. Ground water beneath the Nevada Test Site 
moves towards the Ash Meadows area. 

2. Chemistry of water in the lower carbonate 
aquifer may not change markedly to depths as 
great as l0,OOO feet. 

3. Leakage of ws’kr from the tuff aquitard into 
the lower carbonate aquifer is probably less 
than 5 percent of the spring discharge at  Ash 
Meadows. 

4. Underflow into the Ash Meadows bosin, from 
Pahranagat Valley, may amount to as much as 
35 percent of the spring discharge as Ash 
Meadows. 

The estimated velocity of ground water moving 
vertically through the tuff aquitard into the lower 
carbonate aquifer in Yucca Flat ranges from 0.0005 to 
0.2 foot per year; values toward the lower end of the 
range are more probable. 

The estimated velocity of water in the lower car- 
bonate aquifer beneath central Yucca Flat ranges 
from 0.02 to 2.0 feet per day. Velocity in the carbonate 
aquifer berneath the Specter Range ranges from 2 to 
200 feet per day. The spread of two orders of magni- 
tude in estimated velocities in the carbonate aquifer in 
each area is due principally to uncertainty about the 
fracture porosity of the aquifer. 
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