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No large perennial or intermittent streams are found
in the region. Several of the prominent perennial springs
near the base of the Spring Mountains periodically flow
a few thousand feet to 1 mile or so from their orifices
before being diverted or seeping into alluvial fans. The
Amargosa River may be intermittent in a short reach in
the vicinity of Beatty, Nev.

ECONOMIC DEVELOPMENT

One major and three minor population centers are
within or immediately adjacent to the study area. The
city of Las Vegas and its suburbs are the major center,
having a population of about 240,000 people (Nevada
Chamber of Commerce, 1965). The minor population
centers are Indian Springs in Clark County and Mercury
and Beatty in Nye County. The 1965 population of these
villages was about 2,000, 1,200 and 500 people, respec-
tively. The population of these small communities fluc-
tuates with the level of activity at the Nevada Test Site.
Tourism is the major industry in Las Vegas and at Beat-
ty, but a sizeable part of the income in both com-
munities comes from expenditures of the U.S. Atomic
Energy Commission and the National Aeronautics and
Space Administration at the Nevada Test Site, and of
the U.S. Air Force at Nellis Air Force Base north of Las
Vegas.

Except for several thousand acre-feet of water piped
into Las Vegas from Lake Mead, ground water was the
sole source of water for the entire region of study in 1967;
The pumpage for the city of Las Vegas amounted to
about 42,000 acre-feet in 1964.

CLIMATE

The study area lies principally within the most arid
part of Nevada, the most arid State in the Union. The
average annual precipitation on the valleys ranges from
3 to 6 inches and on most of the ridges and mesas
averages less than 10 inches. The potential annual
evaporation from lake and reservoir surfaces was es-
timated by Meyers (1962) to range from 60 to 82 inches,
or roughly 5 to 25 times the annual precipitation. The
diurnal relative humidity of much of the region — as in-
dicated by records at Las Vegas — ranges from 10 to 30
percent during the summer and from 20 to 60 percent in
winter. The mean daily maximum temperature at Las
Vegas (sta. alt, 2,162 ft) ranges from 13.0°C (Celsius) in
January to 40.5°C in July; the mean daily minimum
temperature for the same months ranges from 0.5°C to
24.5°C; temperatures in the higher valleys, such as in
central Yucca Flat (sta. alt, 4,076 ft), are as much as 3.0
to 8.5° lower. In Death Valley, in the southwest corner of
the study area, temperatures greater than 49.0°C are
common during the summer months. Annual rainfall in

this valley averages about 1.7 inches, and annua
evaporation is about 150 inches per year ( H u n ;
others, 1966).

A significant exception to the general aridity <
region is the subhumid climate of the Sheep Rang
the Spring Mountains. The precipitation on these rr
tains generally ranges from 10 inches on the lower s
to 30 inches on the highest peaks of the Spring M
tains; possibly as much as one-third of this precipit,
is snowfall. Thus, the climate of the region ranges
arid on the valley floors to subhumid on the crests u
highest mountains.

Variations in precipitation and temperature c
marked differences in plant life. Creosote bush, 1:
bush, and a variety of yuccas, which dominate the
jadas below 4,000 feet, give way to blackbrush
Joshua trees at slightly higher altitudes. Juniper, p:
pine, and sagebrush dominate above 6,000 feet ana
in turn replaced by white fir and yellow pine (P:
ponderosa) above 7,500 feet (Bradley, 1964).

Precipitation varies markedly with the season. .
most precipitation falls during winter and summer. ".
monthly precipitation at Las Vegas and at the Nev;
Test Site is illustrated in figure 2. The mean ann
precipitation is shown in figure 3.

Winter precipitation, originating from the west.
usually associated with transitory low-pressure syste
and, therefore, moves over large areas (Quiring, 196
The summer precipitation, on the other hand, oca
predominantly as convective storms which can be :
tense over a few square miles and which vary in locati
from one storm to the next. Summer moisture genera,
originates from the southeast or south.

Recent studies by Weedfall (1963) and Quiri:
(1965) showed that precipitation within the study area
a function of altitude and of longitudinal positic
Generally, stations east of long 115°45' receive from i
to 2.5 times more precipitation than stations at s imi i .
altitudes but west of long 116°45'. Stations between the:
longitudes receive intermediate or transitional amoun:
of precipitation at any given altitude. Reasons for th
longitudinal control were outlined by Quiring (1965).

The net effect of the longitudinal and the a l t i tude cot:
trols of precipitation is a marked precipitation defici
within the region bounded by lat 36°30' and 37° 15' ant
long 115°30' and 116° 15'. Topographically, this area i.
the lowest part of the study area; moreover, most of i
falls within the transition zone outlined by Quirini
(1965, fig. 1). Precipitation in this area ranges from 4 t<
10 inches and, except for the Amargosa Desert ant:
Death Valley, is the lowest for the region.

Geological, botanical, ecological, and paleontologicai
studies indicate that the entire region at one t ime had a
much wetter climate. As a whole, the evidence suggests
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that several wet periods, or pluvials, occurred during the
past 70,000 years. The last major pluvial probably
closed about 9,000 years ago. Recent reviews of some of

the evidence for pluvials in the study area were
presented by Mehringer (1965) and by Wells and
Jorgensen (1964).
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GEOLOGIC SETTING

The Nevada Test Site region is geologically complex.
tt lies within the miogeosynclinal belt of the Cordillera*
treosyncline, jn which 37,000 feet of marine sediments aa-|
Cumulated during the Precambrian and Paleozoic Erasv
Except for a few small intrusive masses, no rocks of
•yjesozoic age are found within the study area. The region
is also within a Tertiary volcanic province in which ex-
trusive rocks, locally more than 13,000 feet thick, were
erupted largely from caldera centers. Quaternary
detrital sequences, largely alluvium, fill most of the low-
lying areas in the region.
' Two major periods of deformation affected the region.

The first orogeny occurred in late Mesozoic and perhaps;
early Tertiary time and resulted in folding and thrust
faulting of the Precambrian and Paleozoic rocks. During
middle to late Cenozoic time the region underwent nor
mal block faulting, which produced the Basin and Range
topography. Displacements along major strike-slip
faults, measured in miles, occurred during both periods
of deformation.

The description of stratigraphy and structure whicj
follows pertains chiefly to the Nevada Test Site but
applicable in general terms to most of the area of figure
1. Where differences in the general geology of a specific
part of figure 1 and that at the Nevada Test Site exisi
they are noted at appropriate places in the text. The out
line of stratigraphy and structure presented below i
taken from the following sources: Albers (1967); Harlev
Barnes (U.S. Geol. Survey, written commun., 1965)';'
Barnes and Poole (1968); Burchfiel (1964, 1965); Ekren
(1968); Ekren, Rogers, Anderson, and Orkild (1968):'
Fleck (1970); Hinrichs (1968); Longwell (I960);
Longwell, Pampeyan, Bowyer, and Roberts (1965); No-
ble (1968); Orkild (1965); Poole, Carr, and Elston (1965);
Ross and Longwell (1964); Secor (1962); Stewart (1967)
and Vincelette (1964).

PRECAMBRIAN AND PALEOZOIC STRATIGRAPHY

During Precambrian and Paleozoic time, 37,000 feet c f
marine sediments were deposited in the study area. Ths
region was then part of an elongated subsiding trough^
the Cordilleran geosyncline, which covered most ofl
westernmost North America. The eastern part of this"
trough, dominated by carbonate and mature clastic
sediments, is called the miogeosyncl ine. The
miogeosynclinal sediments throughout the Nevada Test
Site and the surrounding region have been divided into
16 formations. Names, thicknesses, and gross lithologic
character of these formations are summarized in table 1.
For detailed stratigraphic descriptions the reader is
referred to Burchfiel (1964).

Because of the generally uniform miogeosynclinal
sedimentation, 15 of the 16 formations of table 1 (ex-

eluding the Devonian and Mississippian rocks) are
probably representative of the lithology and the
relative thickness of Precambrian and Paleozoic strata
in the region extending several tens of miles beyond

^Nevada Test Site.
fn addition to the uniform lithologic character of tfie~

formations throughout the study area, the vertical dis-
tribution of clastic and carbonate lithologies within the
37,000-foot sequence is significant. The Precambrian to
Middle Cambrian strata, 10,000 feet thick, are
predominantly quartzite and siltstone; the Middle Cam-
brian through Upper Devonian strata, 15,000 feet thick,
are chiefly limestone and dolomite, the Devonian and
Mississippian rocks of the Yucca Flat area, about 8.000
feet thick, are chiefly argillite and quartzite; and the
Pennsylvanian and Permian rocks about 4,000 feet thick,
are chiefly limestone. Thus, the Precambrian and
Paleozoic sedimentation was marked by two major se-
quences of clastic and carbonate sedimentation. Minor
clastic rocks — the Dunderberg Shale Member of the
Nopah Formation, the Ninemile Formation, and the
Eureka Quartzite — occur within the lower carbonate se-
quence.

A lateral variation in lithology and thickness of Devo-
nian and Mississippian rocks contrasts with the
lithologic uniformity of other parts of the stratigraphic
section. In western Yucca Flat, Jackass Flats, and areas
to the west and northwest, the Devonian and Mississip
pian strata are composed chiefly of clastic rocks (quart
zite, siltstone, argillite, and conglomerate), as much as
8,000 feet in thickness, called the Eleana Formation
(table 1). However, in the Spotted Range and the Indian
Spr ings Val ley , rocks of equivalent age are
predominantly carbonate, and they aggregate abou
1,000 feet in thickness. Preliminary work by Poole
Houser, and Orkild (1961) indicated that the
southeastward transition from clastic to carbonate
l i thology was probably gradat ional , but t ha t
postdepositional thrust or strike-slip faulting may have
obscured the transition.

For this report the clastic Eleana Formation will be
considered representative of the Devonian and
Mississippian rocks in Yucca Flat, Jackass Flats, and
northwestern Frenchman Flat. The predominantly car-
bonate Monte Cristo Limestone and part of the Bird
Spring Formation of the Spring Mountains are ten-
tatively considered representative of time-equivalent
rocks in the Spotted Range and Indian Springs Valley.

No major unconformi t ies occur w i th in the
miogeosynclinal column. Several disconformities are
present but are not marked by deep subaerial erosion of
the underlying rocks.

MESOZOIC STRATIGRAPHY

Rocks of Mesozoic age in the study area consist of
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TABLE 1. — Stratieraphic and hydrogeologic units at .\ecada Test Site and vicinity

I

System

^uaternar.v.and-
J lYrsiary

\

\

I

/
Tertiary

Series

Holocene. ,
Pleisiocene.

iinci
Pliocene

CSt'atigrasn.c un.:

Valley Till

Basalt Di' Kiwi Mesa

Pliocene

Mi<Kene

Miocene
and

Oligocene

OUgocene

V -

Rhyoiite of Shoshone
Mountain

Basalt of Skull
Mountain

^

'v

•— Ammonia Tank*
._ H Member
z =

iZ = Rainier Mesa
? Member

^
Tiva Canvon

Member

•— Tupopah Spring
]c Member

d

"^ Bedded un:
•r i ini'nrmai unit i

Wahmonie Formation

Salver Formation

,.•1

i
£

c

"C

1

Grouse Canyon Member

Tub Sprinii Member.

Local informal units

, = ,

| Rhyo ite flows and
1 tuff'ace-'ius Dtfds nt'

Calico Hills

Tuff of Crater Flat

Reeks of Pavits Spring

Horse Spring Formation

'MiC* !=no:ogy \

A l l u v i a l I'.in. f l u v i a l . =
lanylomerate. lakebed.
;m<i mudilow deposits

Hasalt tV'Ws. dense and
vehicular.

Rhyolite flows.

Basalt Hows,
i

Ash-ilow tuff, moderately
in densely welded: thin
ash -tal l tul'f at base.

Ash -flow tuiY. non welded
to densely welded: thin
;ish-iall tui't" at base.

Ash-How tuti. non welded
to densely welded: thin
a^h-fal l tutt near base.

Ash -How tut'l". non welded
to rlenselv welded: thin
;ish-iall tuff near base.

Ash- ta l l tun and fluvially
rt-worked tur f .

Lava-How and interflow
luff and breccia; locally
hydrothermallv altered.

Ash -Jail tuff, tuffaceous
sands tone , and t u f f
breccia, all interbedded;
matrix commonly clayey
or zeolilic.

Breccia How. lit hie brec-
cia, and tuft" breccia, in-
terbedded with ash-fall
uit'f. sandstone, siii -
stone, clavstone. matrix
c o m m o n 1 v c l a y e y or
calcareous.

Ash- f id* tu f f , denselv
welded.

Ash How nit'f. nonwekied
to welded.

Ash-fall lull, nonweided to
semi welded ash -f low
ttiff. tufTaceous sand-
s tone, s i l ts tone. and
clavstone: nil massively
altered to zeolite or clay
minerals; locallv. minor
welded tuff near base:
minor r h v o l i t e and
basalt.

Rhyolite. nonweided and
welded ash flow, ash-fall
tuft", tuff breccia, tuf-
f a c e o u s s a n d s t o n e ;
hydrothermallv altered
<n Calico Hills; matrix of
tuff and sandstone com-
monly clavev or zeolitic.

Ash -How tuff, nonweided
to partlv welded, in-
terbedded with ash-fall
tut f ; matrix commonly
clayev or zeolitic.

Tuffaceous sandstone and
s i l i s tone , c lavs tone ;
t r e s h - w a t e r limestone
a n d c o n g l o m e r a t e :
minor u v ps u m : matrix
c o m m o n 1 y c l a v e v .
/politic, or calcareous.

Fresh - w a t e r l imestone,
conglomerate, tutf.

Maximum
thickness

i'eei)

•J . '. X H )

•J.'iO

•J.tXKI

2 "ill

Jfnt

niH)

Jii'iO-:!.̂ )
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l.tvuj

4.iXK)
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•JI..K)

:«n>

J.IK»
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:100

1.400

1.000

\, - — J-^

Hvdrogeoiogic

•""" !!n,
r*Valley-t\Tr\ f

/ aquiter \

Q
Ldva-i1i|3
'•— aquller

i
Welded'tuff
\iquiter1

Beddcd-mit
^ — aguit'er-^

iLava-H»w
Squitard^

f'Td?
aqu^tard

.

f saturation ^

( netficient ot ua.nsmissibilitv ranees-ir(Hr^ 1 ijni :,.
l.ri.i«K) gpd-peM't: average coefficient oi i"n!ersin;ai
penneabjiiLy-ranees-from-o-to..^ gpd per ^i,
s;iiura7eci only beneath structurally tievpesi-partsi.j'
Yucca Flat and Frenchman Flat.-— -tur'̂ r:- J

Water rnijvement_j.'ontrolled_bv-primary"(C('^linEi ar.H
^econd arvjracjures-ana possibly by rubnie between
tlows^rinercrystalline pitrosiiy and permear»litv
nett'ljjiible. estimated c< efficient ot transmissihiliu

beneajh east-central Jackass Flats: "^x

Water movement controlled-by"primarvi cooling) ano
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TABLE 1- — Straiisraphic and hydrni>foloeic un i t s at .Vpi-ada Test Site and n'n'ni'ty — Cont inued

CP^n
i-ri-u^'11-"1" ;

IVrniun ;

,Vnf,si-;»anw/i ,

\

Mi-.MN-ippiJn
.,mi Devonian i

i1

Oevrnian <mri
Silurian

Ordovician

Tambrian

I
3W

^.

k

i
1C!̂ _!1

1

I'pper

Middle

! ;>per

Middle

n —

Lower

I'pper

Middle

Lower

I

( iraniiir 'im'K^

T:.;jpii>iih Lime^tur.f

Hleana Formation

Devils ( late Limestone

Nevada Formation

1. nditferennated

K!y Spring? Dolomite

Kureka Quanziie

§" Antelope V-ii iey
£ I.;::ies:one

z. Ninemiie rormannn

^ Cnxidwin Limestone

Nopah Formation
Smokv Member
Halfpint Member

Dunderherg Shale
Member

Bonanza King Formation
Banded Mountain
Member

Papwse Lake Member

Carrara Formation

/.•.ibnskie 0 ; 'art /.ne

Wnnd ran\nn Formation

Si;rl;r.g Q;jari,::te

•liihnme Formation

Masof •I'.r.oicgy r

f

( ir;i:iofiin.rue .li'.d i juart?.
i i iMiizunLie :n <HM- 'KS.
dikes, and -iiK.

I.ime>t.'!r.e.

Armllite. i juartziie. a>n-
al'inieraie. fineiomer-
iie. limestone.

L i rnes ione. dnlurni t e.
minor quartziie.

Dolomite.

Dolomite.

Dolnmite.

( Jua r t z i i e . minor i ime-
•*!nne.

L i m e s t o n e and s i 1 1 y
Inr.fsmne

("lavstone and iimesnme.
interbedried.

Limestone.

Dolomite, limestone.

Limestone, dolomite.
>ilty limestone.

Shale, minor limestone.

Li meal one . do lomi te .
minor <iiisione.

L i m e s t o n e , do lom i t e .
minor Mlntime.

Siitstnne. iiiiie^nme. in-
tprbedderi. L'pper l.U.-'tO

limesinne: lower 9-">0 feet

i juartzi te.

minor dn'omite.

ijuartzue. silistnne.

< j u a r t z i t e . s a n d s t o n e ,
-i l lstnne. minor l ime-
>tone and (Jolomite.

K'.axi.Tijrr: I

:r.icKness
• !CCi)

V ' M X ( <

• I . .WI

: ;.-:.=,

-..,...
. rl

.; ;n

:.,„

.;:l."i

...,

i.nTll

Tl. i

.' i-;»

•j.irti

: ,M'I(!

;.«l

•J!l

- "i-,

;.. J iH}

;-,„
1 A minor
j(ii:;ian1>

, .
I r>[)tr

L'ari j ' inaie
,1'juiier

L yner
..-lasnr

aqunarri

carrinnaie

^^
^ \\

\
Lower \\
,-ij<(ir \

L_^

I
r~— saiuranon ' "^ — ._

! nfii:jiexly :raf:!'::ert rju: nea_m^impermeable.--^: \

^".";imolexi\ f: ict ur:e.d— <uiuit'er:--cucn"icient oi
N^r jnsrn iss io i l i t v esf imaied in range tronr-i./.H.nj to

•ini-ixX)_ijD<i per :t: mtercrvstailine porositv arid
permeabiiiiy neeiigible: sat uraied^onlv^ beneath
•A-eitern one'ttiird 01" Yucca Flat^^_^----'^x''/

(.''implex! v irac'.-jredrb.ut^-nearlv'im permeable: co-
efficient i)£jp:ransm"iSMb"i.lity"'esiimate'd less than 500
i.'jjd-per"fi . i.nrerstjnai-permeabilii v negligible but
t'\vinK~to~;xx)r hydraulic connection ot' fractures

f probably c- ' -n ; rols a round -wa te r movement .
Uaiuraied^itniv^heneath western Yucca Flat and

• lackass" Kiat= "*

~""""̂ .̂ >s

^^^2)
^^^^^^^^"

Sf^^^ -̂̂ ~~^^
(/^^^

v^-
( nrripiexly^irari'jred aquifer which-^upplies major

*I >nny?i*:Th"rQugr1ou i. _e astern Nevada: coeiTicienr >n

per ft: inierrrN'stailine porosity anrl^pTrmeability^
negligible: •"••imion caverns are present locallv but

iracture transmissibil itv; saturated'beneath .much
ot study area^^.^—-— — " •- •st̂ -ri-z££Z^lf'

^^~^^ 3Z '̂ '

,̂ ,. ,̂

| t^-~--^_____

.- 1] p p 1 1 e s'— f>.i~m:a 10 r-=s p n n Ki< :iiC^e 1 1 1 c i e n \ <• \ \
transmissibii i tv le^-; than i ,'J1^) apd^per^lt ^ in -
tersti t ial ocn»5i{v and fierrneabiJity s^neujiejblp.

j\ mom nwinc,:u-p<xir"K^raulic:-'c()nrre_rt^iriV(U' j'rai--

^L"'«?Micier.: ••[ ' irins.T-.i-.-ibility has t tie units ^ailmis per dav
i)«rr :ont i i;rjo :>er :• w id th m' jt juiier: t-i'tMlicieni ot'
nfrmeanii i t \ ha- trie u.n::s J a I Inn? per dav per square toot tgpd

^per^; i; j •: .s.;j-.j:fer.

-The three Mmcene sequences occur in separate oar1..- -u the
retiinn. Ai{e correlations between them are uncertain I'hey jre F
placed vertically in table to save space.

• Pht? N'Hindavi?! !)o;omne. which underlies i he l"hnn:e
irmaiinn. is consicered part ol' the lower clastic aquiuird.

several small granitic stocks. No Mesozoic sedimentary
rocks occur within the study area. Several thousand feet
of Triassic and Jurass ic rocks crop out in the
southeastern one-third of the Spring Mountains and in
the ridges east and northeast of Las Vegas; however,
these strata are not known to underlie the Nevada Test
Site or its immediate surrounding area.

CENOZOIC STRATIGRAPHY

Cenozoic volcanic and sedimentary rocks are widely
^distributed in the region. Tertiary volcanic and

associated sedimentary rocks aggregate as. e6 , 0  500
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strata include conglomerate, tut'faceous sandstone and
siltstone. calcareous lacustrine tuff, claystone. and
fresh-water limestone. The Tertiary rocks are largely of
Miocene and Pliocene age, but some are Oligocene. The
Quaternary strata generally aggregate less than 2,000
feet in thickness and consist of valley-fill deposits and
minor basalt flows.

The Cenozoic strata at Nevada Test Site have been
divided into 12 formations and numerous members'. <
These strata are listed in table 1, which also provides in-
formation on their thickness, lithologic character, and
areal extent. The formations and members are represen-
tative of the Cenozoic .rocks beneath Yucca Flat,
Frenchman Flat, and Jackass Flats; the table is not I/
representative of the volcanic rocks in the Pahute Mesa
and Timber Mountain areas of the Nevada Test Site.
Yucca Mountain. Pah Canyon, and Stockage Wash
Members of the Paintbrush Tuff have been omitted from
table 1 because of their limited areal extent and
probable absence within the zone of saturation. The
table is based on the work of Harley Barnes (written
commun., 1965), Orkild (1965), and Poole, Carr, and
Elston (1965). The terminology for the pyroclastic rocks
described in this report is that of Ross and Smith (1961)
and Poole, Elston, and Carr (1965). I

Several general characteristics of the Cenozoicl
pyroclastic rocks, lava flows, and associated sediments^
are summarized as follows: \

1. Areal extent, thickness, and physical properties of
each of the Cenozoic volcanic formations vary
widely. This irregularity is characteristic of
volcanic rocks and is a function of their modes of
emplacement, prevailing wind directions, and the
topographic relief at the time of their extrusion. Ac-
cordingly, the descriptions of lithology and
thickness of the Cenozoic formations in table 1 are
considered representative only of Yucca Flat,
Frenchman Flat, and Jackass Flats.

Tertiary rocks generally overlie Precambrian and
Paleozoic rocks with angular unconformity. A con-
glomerate or breccia commonly lies at the base of
the Tertiary section on a weathered surface of older
rocks. Locally, joints in the older rocks are filled
with detritus derived from the overlying basal Ter-
tiary rocks. Evidence of the development of karst
terrane on the carbonate rocks beneath the uncon-
formity is absent.

The oldest Tertiary rocks were deposited upon a
paleotopographic surface of moderate relief
developed upon Precambrian and Paleozoic strata.
Harley Barnes (written commun., 1965) reports
that this erosion surface had a maximum relief of
about 2,000 feet. By partly filling the topographic
low's, the oldest Tertiary rocks reduced the relief of

the area. By late Miocene time, the relief was ci
siderably reduced, as evidenced by the widespre
distribution of ash flows of the Paintbrush Tuf:

The Miocene and Oligocene rocks up through t
basal Wahmonie Formation are of both pyroclas;
and sedimentary origin and consist principally
nonwelded ash-flow tuff, ash-fall tuff, tuff brecci
tuffaceous sandstone and siltstone, claystone, ar
freshwater limestone; lava and welded ash-flo
tuff are of minor importance in the area considere'
The Pliocene and Miocene rocks above lY
Wahmonie Formation, in contrast, consist chief,
of welded ash-flow tuff. Nonwelded ash-flow tut
ash-fall tuff , and tuffaceous sandstone ar
relatively minor in these younger rocks.

The bulk of the Miocene and Oligocene sedimentar
rocks appears to be restricted to Frenchman Fla
eastern Jackass Flats, Rock Valley, and Mercur
Valley. These strata make up the Rocks of Pavit
Spring and the Horse Spring Formation and aLv
are present in the Salver Formation. Miocene am
Oligocene sedimentary rocks are of minor oc
currence in Yucca Flat and western Jackass Flats
although the entire section of Tertiary strata in thi
latter valley has yet to be explored by drilling.

The Miocene and Oligocene rhyolitic tuffaceous rock?
up through the Wahmonie Formation are generally
massively altered to zeol i te ( c l i n o p t i l o l i t e .
mordenite, and analcime) or to clay minerals; a
vertical zonation of the zeolite minerals in these
rocks was described by Hoover (19681. The
Miocene and Pliocene rhyolitic tuffs above the

\ Wahmonie Formation, by contrast, either are
\glassy or have devitrified to cristobalite anc

/ feldspar, but they are less commonly altered ti
zeolit.e^or clay.

STRUCTURAL GEOLOGY

The structural geology of the region is complex, and
'details on the general tectonic setting of the study area
are available in only a few published reports cited above.
About half of these papers are devoted primarily to a
single structural feature of the region, the Las Vegas
Valley shear zone. The outline of structural geology
presented below provides the information needed for
subsequent discussions of the disposition of the aquifers
and aquitards and the hydraulic barriers within the prin-
cipal aquifers.

Harris (1959) demonstrated that a large positive area
(Sevier Arch) probably existed in much of southeastern
Nevada and western Utah from late Jurassic to i.'arly
Late Cretaceous; thus, Jurassic and Cretaceous strata
were probably never deposited within most of the study
area.
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The Precambrian and Paleozoic miogeosynclinal rocks
first significantly deformed during late Mesozoic

A perhaps early Tertiary time. The deformation was
' rked by uplift and erosion and subsequent folding.
'Lusting, and strike-slip faul t ing that made the region
!nountainous.

Beginning with the Miocene volcanism and continuing
hrough the Quaternary, large-scale normal. block

faul t ing has disrupted the Tertiary volcanic and
-edimentary strata as well as the previously deformed
Precambrian and Paleozoic rocks. The normal faulting
caused the Basin and Range structure reflected by the
topography in the region today. In late Tertiary and
Quaternary time, the resulting valleys have been largely
filled by detritus aggregating several hundred to a few
thousand feet. Currently active normal faulting is in-
dicated by fault scarps cutting alluvial fans and by the
absence of extensive unfaulted pediments. Some
evidence indicates that strike-slip faulting occurred dur-
ing Tertiary time, some time after deposition of early
\Iiocene tuff (Ekren and others, 1968). This faulting
inay possibly reflect periodic rejuvenation of strike-slip
faults formed during the late Mesozoic orogeny.

Widespread erosion of the miogeosynclinal rocks oc-
curred during and after the late Mesozoic orogeny but
before block faulting. Before the first deformation of the
region, the Precambrian and Lower Cambrian clastic
rocks were buried at depths of at least 15,000 feet in the
eastern half of the study area and about 27,000 feet in
the western half. Today, these strata are exposed in
several areas. They form the bulk of the northwest one-
third of the Spring Mountains, a significant part of the
Groom and Desert Ranges, and the bulk of the Funeral
Mountains. Their distribution, a function of geologic
structure and depth of erosion, exercises significant con-
trol over the regional movement of ground water. Plate 1
shows the areal extent of dominamly clastic pre-Tertiary
strata and the relation of these strata to some major
thrust faults and folds. '•'-'

In contrast to the miogeosynclinal rocks, the
postdepositional distribution of Tertiary rocks has been
controlled principally by fairly simple block faulting and
erosion. The northwestern part of the area is a faulted
and eroded volcanic plateau of which Pahute and
Rainier Mesas (fig. 1) are remnants. In the remainder of
the area, ridges of pre-Tertiary rocks interrupt the con-
tinuity of the once extensive ash-flow sheets.

ThQi/st faults are perhaps the most spectacular of the
tectonic features of the region. Thrust faulting displaced
the pre-Tertiary rocks laterally a few thousand feet to
several miles. Locally, imbricate thrusting repeatedly
stacked the miogeosynclinal strata upon one another.
Some major thrust faults, though folded, crossfaulted,
and eroded can be followed in outcrop or reconstructed
for miles (pi. 1).

Some workers (Burchfiel. 1965; Secor, 1962) believe
that the major thrust faults, which commonly have dips
of 35°-50°. flatten \vith depth and follow less competent
strata, specifically the shales of the Carrara Formation; "
that is. the thrusting is of the decollement type, where
the sedimentary rocks slide over the crystalline base-
ment. Vincelette (1964) and Fleck (1970) rejected the
decollement hypothesis; they presented evidence that
the relatively steep, dip of the major thrust faults
remains unchanged with depth.

Strike-slip faults and shear zones cut and offset the
thrust faults in several places within the region. The best
documented of these is the Las Vegas Valley shear zone
(Longwell. 1960). This zone (structural feature 13 on pi.
1) is expressed topographically by a valley that extends
from Las Vegas nearly to Mercury, a distance of about 55
miles. The amount and the direction of movement along
this shear zone has been estimated from structural and
stratigraphic evidence to be 15 to 40 miles. Other s t r ike-
slip zones, most of which are of smaller displacement
than the Las Vegas Valley shear zone, have been
mapped in Death Valley, the Spring Mountains, and the
Amargosa Desert and at the Nevada Test Site. Some of
these faults may be structurally related to the Las Vegas
Valley shear zone (E. B. Ekren, written commun.. May
1966)".

Normal faults, numbering in the thousands within the
study area, are the most common tectonic features of the
region. Generally the displacement along these faults is
less than 500 feet, but it is thousands of feet on some.
The normal faults are responsible for the characteristic
Basin and Range topography of the region.

Several large anticlines and synclines occur within the
area (Longwell and others. 1965; Tschanz and
Pampeyan, 1961). Approximate axes of some of these
folds are shown on plate 1. These broad folds were
formed before the beginning of extensive sedimentation
and volcanism in the Miocene: they parallel other
features of the late Mesozoic deformation and probably
formed during that episode.

Thrust, strike-slip, and normal faults and the folds
that may influence the regional movement of ground
water are shown on plate 1. Most of the structures shown
were taken directly or by inference from the geologic
maps of Clark and Lincoln Counties (Longwell and
others, 1965; Tschanz and Pampeyan, 1961), from un-
published data on the Amargosa Desert by R. L.
Christiansen, R. H. Moench, and M. W. Reynolds (U.S.
Geol. Survey), and from unpublished data on the Yucca
Flat area by Harley Barnes (U.S. Geol. Survey).

PRINCIPAL AQUIFERS AND AQUITARDS

Ground-water hydrology of the region can be most ad-
vantageously discussed by grouping the numerous
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TABLE 3. — Pumping-text data for aquifers in Nevada Test Site and rici'nif v
-~

| !

Well Stratieraphic unit
Depth

interval
i feet »

Thick-
ne->

•teen

Fs d
penetration
of aquifer
( percent!

Hydraulic
setting

' j
static
water
level

Specific
capacity
iti|)m per

foot of
drawdown i

("oel'fiaent ot transmissihilitv- ;

'gpd per iti

Estimated j Calculated
from | :mm

speciiic j nrawrinwn
capacity 1 t-'.irve

Calculated ! Remarks
from

recover ;
curve

Lower carbonate aquifer . - ̂  -j

7:1 -tiita Carrara Formation LMu-l.Ti'l
(upper half).

79-69 _ do , _ 1.540-1 6.V)

(57-73 Bonanza King 1.020-1.301
Formation
(Banded Mountain
Member).

fiT-fifl Bonanza King(?) 1.333-1.946
Formation.

N'opahf?) 78V 1. 168
Formation

i«-75 N'opah Formation 737-1.490
(Smoky Member).

AH-fiG Pogonip Group 2.550-3.422

7ri-73 do 1 103-1 853
7:t-66 Silurian!?) 3.137-3.41H)

dolomite.

^7-62 Devils ( late 3.700-4. 198
Limestone and

Nevada Formation,
undifferentiaied.

S4-*Wd Devonian! .') dolo- 2.821-3.026
mite and calcar-
etmsquartzite.

itil L'nconfined

liu do

2*1 :> Confined

til-'t i _ do \

\ -" \
1*1 ' L'nconfined /

7-M in do

*'••! 10 Confined

7-V) in L'nconfined
2fi3 -5 Confined

4'J8 • -t) do

2»ft • '•> do

540 530 900000 We 11 79 -69a is 1 DO t;
northwest nf weli 79-69.
During two pumping tests
ne i ther drawdown nor
recover.1 couid be measured
owing to verv high aquifer

pumping rates t60 and 212
gpmi Carrara Formation
tapped by well is prnhahlv
part of upper plate of low-
angle thrust fault that
crops out a few miles west

11 ..i well.
,540 6.2 6.000 f ') t » .Step-draw-down analysis in-

dicates specific capacity of
11.7 gpm per foot of draw-
down and w-a te r en i rv

1 i-hiefl v f rom i n t e r v a l
1.607-1.623 ft. Carrara For-
mation tapped by weli is
probablv part of upper
plate of low -angle ihrjst
fault that crops out a few-
miles w-est of well.

839 4.8 8.000 20.000 53.000 Step-drawdown analysis in-
III dicates specific capaciiv nf
| 11.3 gpm per foot of draw-
1 down,
ill Step-drawdown analvsis in-

785 6.0 6.000 39,000 £6.000 dicates specific capacity <«'
nj 16.7 gpm per foot ot draw-

j down .
737 4.5 4.000 11.000 27.000 Step-drawdown analysis in-

"| dicates specific capacity of
10.8 gpm per toot of draw-

"| down.
2,055 .4 700 1.300 5,300 Water vielded principailv

from interval 3.176-3.412
1 ft-

1.735 30± 60.000 Density changes in water
J column, due to anom-

1 a l o u s l y h i g h w a t e r
temperature, completely
masked water-level fluc-
tuations due m pumping.
Air-line measurements per-
mitted approximation nf
specific capaciiv.

1.968 .8 1.000 3.500

1,626 .4 700 2.400

L=rm

m
m
m
m

si-«7 Heddediul'ti?) l.tiH5-l.o(NJ l l "> . Confined
nt Hiapi Canvon
Group.

911-74 _ do _ _ _ _ ' 490- 670 1^1 Unconfinedl0)

ih\-7Ti _ tin *%-l 091 UJn do

1.56

49

89<

» 0.9 1,000 1.300 2,100 See Hood ( 1961) for pumping-
test details: aquifer is
probably bedded tuff or
nonwelded ash-flow tuif.

not made: specific capacity
based on measurements
made after 90 mm. pump-
ing: aquifer is probably
bedded tuff or nonwelded
ash-flow tuff.

not made: specific capacity
reported after 30 mm. of
pump ing ; a q u i l e r i s
probably bedded tuff or
mnwelded ash-flow mff.

\ Welded-tulT aquifer

7.3-/W Topopah Spring 741- rt87 146 40 Confined!?)
Member ol I
Paintbrush full. 1

74-" _ _ d» _ WJH-I 47-i "i47 lut do

741 56 100.000 See re- See re-
marks, marks.

marks.

Drawdown of 6.9 ft measured
with air line and tes t
pressure eage in first 3 min.
of pumping test at rate of
r>nl epm: additional draw-
down not detectable in sub-
sequent 57 min. of pumping
test.

suggests considerable head
losses at face of bore: losses
are probably riue \r> poor
gun perforation of rasing.

on recoverv ot water le^ei
given bv Moore and Garber
11962*.'
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TABLE 3. — Pumpm.g-test data for aquifers in Nevada Teat Site and cccim'tv — Continued

— i i
1 Depth : riiirk-

^•rauirrapriic unit i interval . ne>*
1! ! ileeti ' Mreii

! i

Estimated
penetration
'it' aquifer
' percent I

Hvdraulic
•siting

Depth
l°.l

static
water
level

t fee ii
1

Specuir
t ;HJ.U-|IV

• s;ptn :>er
fool of

dr:i wdiiwni

Coefficient of iransmissinihiy- j
(gpd per ft) [

Estimated
t'rom

specific
capacity

f'alculateci
trnm

drawdown
curve

Calculated j Remarks
from !

recovery i .
curve !

C~Lava-flow and welded-tuff aquifers ]

i Me-a
T'namiTried }

Confined /

1.019 28,000

Ciirnbined test of Java- f low
and welded-tuff aquifers.
Measurements made w i t h

i ;thSpriiii: ! !."i<l-l.:lJ9 I T S * i.'i Confined / 1
\l,-inl>erc.| \
':' iimhrush Tult. I

\ Valley-fill aquifer

..-.iii V.,'.!»vlill "iK»-l.'i»l Ml m I'nconfined

- -.,, rill M*:l- 4IIO JIT 1 •"• d()

-. -., itn 7 1 4 - X7(l 156 do

,i^ dn _- 1 H i.i-l flTil Jiil .-ii IIKI . . do _

,. -; dn , - I"T- :'T1 Jil H»> - .do

.. -4, d" 114- 54' 1-* IIMI . do

t>89

683

714

1

Ilis

test pressure jiane and air
line.

L.T 1.000 2.400 2.500 See H<«»d 1 1961 1 for pumping-
test details. Value of 1.7'K)

1.700 fjpd per l"t from recovery
during LU-day shutdown:
other values from 4^-hr
pumping test.

4.0 :J.OOO 7.700 1 1.000 See Hood f 1%1 1 for pumping-
tesl details.

1.3 300 Specific capacitv and <tat ic

driller.
1.9 1.000 l.'1.200 rJ.JOO See Price and Thordarson

1 1961 1 for pumping-iest
details.

12 10.000 .W.oOQ Specific capacity Alter about
'1\ hr "t pumping: driller's
Ing indicates mnstly clay
below -£\rt ft.

water ^evel rep'irted by
driller: driller'-; !«>£ suKKe^rs
chief aquiter in depth inter-
val 114-200 ft.

Specific capacity computed at 100 min. of pumping. - See text for discussion of methods of computation of
ficient of transmissibili tv. in gallons per day per foot igpa per
f t ) , and time-drawdown curves (figs. 10-17 and 22-29) for per-
t inent construction data and length of pumping tests.

coet-
I2pd per

'Time-drawdown cur\*es ( f ig . 141 indicate a positive houn-
da ry of ver>' high transmissibility at 35 mm.: the "zone <>t hieh
Iransmissibility is probably that tapped hy adjacent wei l
76-69a.

several tens to hundreds of feet thick, surrounding the
bore; or (3) crowding of flow lines, within several tens to
a few hundred feet of the bore, due to small cross-
sectional flow area in the water-bearing fractures tapped
by the bore. Any of these three flow conditions would
result in abnormally high time-dependent pressure
losses near the bore, which would be reflected by the
steep initial limb of the time-pressure curves.

Near a partially penetrating well, the flow lines con-
verge on the bore not only radially but also spherically ;
this convergence, or crowding, of the flow lines results in
head losses that greatly exceed those for radial flow. For
example, Muskat (1937, fig. 77) indicated that only 40
percent of the head loss of radial flow occurs within 5 feet
of the bore, but as much as 95 percent of the head loss of
spherical flow (near zero penetration) occurs within 5
feet; intermediate head losses (not illustrated by
Muskat) occur for penetrations between 0 and 100 per-
cent. Muskat's figure 77, when replotted on semilog
paper, closely resembles the dual-limb time-pressure
curves of the carbonate aquifer. The steep initial limb
reflects the abnormal head losses near the bore, whereas
the secondary limb reflects aquifer conditions farther
from the bore, where flow is more nearly radial. A dimen-
sionless semilog plot for partial penetration presented by
Hantush (1964, fig. 11) also closely resembles the plots
for the lower carbonate aquifer. Hantush's illustration

indicates that after a certain time has elapsed, the slope
of the gentle, or second limb of the curve approaches that
for a fully penetrating well, except where well penetra-
tion is nearly zero. Time-pressure curves by Nisle (1958)
for a partially penetrating well tapping a confined
aquifer also closely resemble those for the lower car-
bonate aquifer. From Nisle's mathematical study he
concluded that the standard modified nonequilibrium
approach of Jacob (1950) could be used to compute
aquifer transmissibility directly from the second l imb of
the curve. Nisle's study is of particular importance
because the time-pressure curves he presented are for
the pumped well, whereas Hantush's curves present
time-pressure behavior for observation wells only.
Geologic sections through each well test pumped at
Nevada Test Site suggest that the wells penetrate 5 to 20
percent of the aquifer (table 3).

A zone of reduced transmissibility adjacent to the bore
is a second possible cause for the dual-limb time-
pressure curves. Loucks and Guerrero (1961) presented
many semilogarithmic curves showing the effect of vary-
ing the radius of a zone of reduced transmissibility and
of changing the ratio of the transmissibility of the
aquifer and of the zone adjacent to the bore. They
assumed radial-flow geometry. Their curves closely
resemble those for the lower carbonate aquifer. The
steep initial limb of their curves reflects the low
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level. Thus, the water table beneath this playa is 20
feet lower than the water table beneath the playa in
northern Stewart Valley and is 130 feet lower than
that beneath the playa in northwestern Pahrump
Valley. The water table in the valley-fill aquifer in
northern Stewart Valley and in northwestern
Pahrump Valley thus stands well above levels in
the same aquifer to the south-southeast and to the
northwest. This difference in altitude and satura-
tion of the valley fill nearly to the surface beneath
the playas in Stewart and western Pahrump
Valleys suggest that the ground water in these
areas is ponded by some impermeable boundary,
namely, the lower clastic aquitard. Such ponding
does not preclude underflow of small magnitude. In
contrast, the playa in southwestern Pahrump
Valley is bordered on the southwest by the Nopah
Range, which is composed predominantly of the
lower carbonate aquifer. Malmberg's (1967) poten-
tiometric contours for the valley-fill aquifer
reproduced on plate 1 of this report indicate that
ground water in this aquifer is moving toward (and
into) the Nopah Range.

In summary, the preceding evidence indicates that at
most only a few percent of the Ash Meadows discharge
can be derived from either Stewart Valley or western and
northwestern Pahrump Valley.
SOURCES OF RECHARGE TO THE LOWER CARBONATE

AQUIFER

Within the basin boundary delineated on plate 1, the
lower carbonate aquifer is recharged principally by
precipitation in areas of high rainfall and favorable rock
type and secondarily by downward leakage of water from
the Cenozoic hydrogeologic units. Underflow into the
basin from the northeast may also constitute a major
source of recharge.

PRECIPITATION

Recharge from precipitation is probable beneath and
immediately adjacent to the highly fractured Paleozoic
carbonate rocks of the Sheep Range, northwestern
Spring Mountains, southern Pahranagat Range (south of
State Highway 25; fig. 1), and, to a lesser extent,/
beneath the Pintwater, Desert, and Spotted Ranges. The/
approximate average annual precipitation within the(
Ash Meadows basin is about 320,000 acre-feet on the
Sheep Range, about 100,000 acre-feet on the/
northwestern Spring Mountains, and about 90,000 acre-
feet on the southern Pahranagat Range (fig. 3). For these
mountains, the 8-inch isohyetal contour roughly cor->
responds with the lowest outcrop of Paleozoic bedrock,
Precipitation on the lower Desert, Pintwater, and
Spotted Ranges was estimated only for those parts of the
ranges receiving 8 inches or more rainfall. This;
amounted to about 60,000 acre-feet.

tipn falls annuaH-y-wthirrthe basin on^prorninenTFiTf
and mountains that are composed principally of
lower carbonate aquifer/§his~qu'antity-is-an-approxj "-^
-Mon-at-best:~precTpitation that falls on carbonate-r t
outcrops at low altitudes in the Spotted, Pintwater
Desert Ranges or on the other minor hills and ridges ^
the region was not included; conversely, some of tr,
precipitation included in the tabulation falls on th
valley fill bordering the mountains, or on clastic rock
and not on the lower carbonate aquifer; it should be sub
tracted from the total. The preceding estimate could
have been refined by planimetering the area Of
carbonate-rock outcrop for select altitude zones and bv
applying Quiring's (1965) altitude-precipitation curves
of the region; however, such precision is unwarranted
because of the approximate nature of the basin boun-
dary.

Precipitation falling on the valley floors underlain bv
carbonate rocks was not estimated because recharge to
either the lower carbonate aquifer or the younger
aquifers beneath such areas seems improbable u:.der
present climatic conditions. Moreover, recharge tu • ar-
bonate rocks beneath the valleys is controlled by tht- > u f f
aquitard.

Assuming that the spring discharge at Ash Meadows is
derived principally from precipitation fall ing on
carbonate-rock uplands within the boundaries of the Ash
Meadows basin (pi. 1) and that steady-state conditions
exist in the ground-water basin, the percentage of rain-
fall that infilitrates to the carbonate aquifer beneath the
ranges can be estimated. Using the 17,100 acre-feet of
measured spring discharge (average of two values given
in table 7) and the precipitation estimate of roughly
570,000 acre-feet, about 3 percent of the rainfall falling
on areas of carbonate-rock outcrop may infiltrate to the
zone of saturation. The cited percentage of infiltration is
in error in proportion to (1) the magnitude of underflow
nnto the basin from the northeast, (2) underflow out of
the basin at Ash Meadows, and (3) evapotranspiration in
'Ash Meadows discharge area in excess of that supported
by recycled spring discharge.

UNDERFLOW FROM THE NORTHEAST
Geologic and hydrologic evidence presented in the sec-

)tion "Areal Extent of the Ground-Water Basin'' in-
dicates that the Ash Meadows ground-water basin may
receive underflow from the northeast, but this evidence
does not permit estimation of the quantity of underflow^.
A companson-oOhe^deiit'efium contenTof ground water

^ahranagat Valley, along the flanks_ofJ_the,.Srpjing
at AshFMeadows in-3

dieates:t-hat-posfi:ljly-as-muchias"35'peFcen"r(about 6,000-=
acre-ft annually) of

.̂ -P

'ent'erjLhe-basin from tritrriertrteasj. The deuterium data
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ath the central Amargosa Desert), and downward
"e :.,ae from tne v 'alley-fill aquifer beneath the central
^iouth-central Amargosa Desert. Water in the valley-
'!!,'i nuiier may have been derived from spring runoff at
" Meadows, from Jackass Flats, or from northwestern

sa Desert. Important quantities of water from
valley-fill aquifer could leak downward only if the

;r' j ;n the valley fill beneath the central and south-
" tral Amargosa Desert were higher than that in the
1 derl>'in£ carbonate aquifer and if the lower carbonate
' ujt"er and valley fill were in direct hydraulic continuity
"' ar buried structural highs where the Tertiary aquitard
^3V not have been deposited or may have been removed
hv erosion prior to deposition of the valley fill. Data on
!hf head relation between the two aquifers beneath the
•entral and south-central Amargosa Desert are not
Available.

The minimum area of the Ash Meadows basin is about
4 500 square miles and the minimum discharge is about
iT.OOO acre-feet. In contrast, the superficial watershed
tributary to the springs in Death Valley is 150 square
miles (Pistrang and Kunkel, 1964), and the discharge ex-
ceeds 4.000 acre-feet. In addition, the Ash Meadows
ground-water basin encompasses two of the highest
mountain ranges in southern Nevada, whereas the Death
Valley catchment area is the most arid in the Nation.
Because of this relation and the foregoing hydrogeologic
information, the authors suggest that most of the spring
discharge in the very arid Furnace Creek Wash-Nevares
Springs area (possibly more than 95 percent) originates
outside of Death Valley.

Hunt, Robinson, Bowles, and Washburn (1966)
suggested that the spring discharge in Death Valley
comes principally from Pahrump Valley, either directly
or through Ash Meadows. The present authors have
previously considered that movement of significant
quantities of ground water from Pahrump or Stewart
Valleys to Ash Meadows is unlikely. (See section, "Rela-
tion to Pahrump Valley Ground-Water Basin.") Direct
movement to Death Valley from Pahrump Valley also
appears unlikely because the Resting Spring Range,
•A'hich borders Stewart Valley and Chicago Valley on the
*est. is composed chiefly of the lower clastic aquitard
i p l . 1) .

GROUND-WATER CHEMISTRY,
HYDROCHEMICAL FACIES, AND REGIONAL

MOVEMENT OF GROUND WATER

Chemical analyses are available for ground water from
147 sources: 74 wells, 49 springs, and 24 water-bearing
fractures in underground workings. Forty of the wells are
w the immediate vicinity of or are within Nevada Test
^'te, and the aquifer or aquitard sampled is known
Oe>'ond a reasonable doubt. Many of these 40 wells were
sampled 2 or more times. In several of the test holes

drilled specifically for hydrologic data, water samples
were obtained from more than one aquifer or from two or
more depths within a single aquifer. The authors use
water chemistry to (1) define parts of the boundary of
the Ash Meadows ground-water basin, (2) determine the
direction of ground-water movement in the lower car-
bonate aquifer in the basin, (3) estimate the magnitude
of downward leakage of semiperched ground water from
the Cenozoic rocks into the lower carbonate aquifer, and
(4) speculate on the depth of circulation within the lower
carbonate aquifer.

The chemical analyses used are chiefly from the
following sources: Maxey and Jameson (1948), Clebsch
and Barker (1960), J. E. Moore (1961), Malmberg and
Eakin (1962), Walker and Eakin (1963). Schoff and
Moore (1964), and Pistrang and Kunkel (1964). In addi-
tion, analyses for the Pahrump Valley were obtained
from the files of the U.S. Geological Survey in Carson
City, Nev. Post-1963 analyses of ground water by W. A.
Beetem and his associates, though not yet published, are
on file at the U.S. Geological Survey offices in Denver.
Colo.

PREVIOUS INTERPRETATION OF
GROUND-WATER CHEMISTRY

Schoff and Moore (1964) presented the following
observations and conclusions on the regional flow of
ground water at the Nevada Test Site:
1. They recognized three types of ground water at

Nevada Test Site and vicinity: (a) sodium and
potassium b icarbona te ; (b) ca l c ium and
magnesium bicarbonate; and (c) mixed. The
sodium and potassium bicarbonate type is found in
tuff aquifers and aquitards, and in the valley-fill
aqu i f e r in Emigran t Val ley , Yucca F la t ,
Frenchman Flat, and Jackass Flats. The calcium
and magnesium bicarbonate type is found in
Paleozoic carbonate aquifers, as well as in valley-
fill aquifers that are composed chiefly of carbonate-
rock detritus. Schoff and Moore (1964) recognized
such water only in southern Indian Springs Valley.
They (1964, p. 62) defined mixed water as water
having characteristics of both the preceding types.
They believed that such water may have formed in
one of three ways: (a) movement of water from tuf-
faceous into carbonate rocks (or alluvium with
carbonate-rock detritus), followed by dissolution of
carbonate minerals; (b) movement of water from
carbonate rocks into tuff (or tuffaceous alluvium),
followed by.acquisitionof sodium either by solution
or by ion exchange of calcium for sodium; or (c)
mixing of calcium and magnesium bicarbonate
water with sodium and potassium bicarbonate
water. They noted further that water of mixed
chemical type is found in some of the carbonate
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Medians of
dissolved solids

0 1000 mg/l

Diameter scale

•: ' ' . IRE 38. — Chemical types of the ground water at Nevada Test Site
Jnd vicinity. Roman numerals refer to map numbers and areas listed
in table 8 and shown on pi. 3; circles with crosses represent pop-
Jiations of perched water; patterns in circles next, to map numbers
facilitate visual grouping of the hydrochemical facies.

'in central Yucca Flat), it is also found in thin carbonate
strata within the upper clastic aquitard.

Water of mixed chemical character, noted by Schoff
and Moore (1964) in the Nevada Test Site (area IIIC)
and the east-central Amargosa Desert (IIIA and IIIB), is
aesignated the calcium magnesium sodium bicarbonate
'ac'es in this report. This water occurs within the lower
^rbonate aquifer between Ash Meadows and eastern
N'evada Test Site. As noted by Schoff and Moore (1964),
Jater from two wells tapping Cenozoic rocks in Yucca
,lat (well 83-68 tapping the valley-fill aquifer and well

tapping the bedded-tuff aquifer) also is of mixed
acter (pi. 3). The dissolved-solids content of water

from these wells is. however, 100 mg/1 (milligrams per
liter) less than that of the mixed water in the lower car-
bonate aquifer. Schoff and Moore's explanation of the
anomalous water in well 81-67s 0 0 0  T c 
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lion. Chemical quality of discharge from the major
springs should be an average of the chemical quality of
water in the lower carbonate aquifer, whereas water from
low-yield springs (for example, Daylight and Keane
Wonder Springs in the Funeral Mountains) or from wells
of unknown construction may represent local recharge,
recycled water, or water from several aquifers.

TABLE 9. — Classification of hydrochemical fades at the Nevada Test
Site and vicinity

Hvdrochermcfti tacies

Percentage range of milliequivalents per
liter of major constituents'

Ca-i-Ms Na + K •SO.'CI

Calcium maenesium

Sodium potassium

Calcium majmesium sodium

Sodium sullale

75-100

5- 35

50- 55

30

0-25

65-95

45-50

70

30-90

65-85

70

60

10-20

I5-.15

TO

40

Minor const i tuents such #s Li. Sr. Noi. and F are not included in cation-amon percentages:
percentages are taken from median values in table 8 and rounded to nearest .i percenc.

VARIATIONS OF DISSOLVED-SOLIDS CONTENT WITH
DEPTH IN THE LOWER CARBONATE AQUIFER

Qualitative information on the vertical variation of
dissolved solids in the lower carbonate
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drilled in the narrow valley between southern
Sheep Range and southern Desert Range, at about
the latitude of Sheep Peak. Downhole photography
in the first hole might aid in an evaluation of the
fracture porosity and therefore in the computation
of average velocity beneath the Specter Range,
whereas the head and hydrochemical data from the
second and third holes might help to better define
the eastern and northern boundaries of the Ash
Meadows ground-water basin.

Hydraulic characteristics and water chemistry of
the Cenozoic aquifers and aquitard should also be
determined in the three proposed holes, if they are
penetrated within the zone of saturation. Represen-
tative samples of water from the base of the tuff
aquitard will be difficult to obtain because of the
very low permeability of the rocks, but such
samples are of major importance for estimating
downward crossflow from the tuff aquitard into the
carbonate aquifer.

3. Cuttings and water samples should be collected, and
water level and depth of well should be recorded
routinely for all new wells drilled along the
periphery of Nevada Test Site. Collection of such
data is relatively inexpensive, and some of it may
help to better define the regional hydrogeology.

The Nevada Test Site, a U.S. Atomic Energy Com-
mission nuclear testing facility encompassing an area of
about 1,400 square miles, has been the site of a detailed
study of ground-water geology and hydrology. The test
site lies within the miogeosynclinal belt of the Cor-
dilleran geosyncline, where 37,000 feet of marine
sediments accumulated during the Precambrian and
Paleozoic Eras, and within a Tertiary volcanic province
where as much as 13,000 feet of rocks were erupted from
caldera centers. Except for a few small intrusive masses,
Mesozoic rocks are absent. Quaternary and Tertiary
detritus as much as 2,000 feet thick underlies the valleys.

The region has experienced two major periods of defor-
mation. The first, in late Mesozoic and early Cenozoic
time, resulted in both broad and tight folds and thrust
faults in Precambrian and Paleozoic rocks. During mid-
dle to late Cenozoic time, block faulting produced the
Basin and Range structure of the region. Displacements
along major strike-slip faults measured several miles
during both periods of deformation.

j Precambrian to Middle Cambrian strata are
> Predominantly quartzite and siltstone 10,000 feet thick.
v\ The Middle Cambrian to Upper Devonian strata are
^chiefly limestone and dolomite 15,000 feet thick. Uppe

Devonian and Mississippian rocks are chiefly argillite
and quartzite about 8,000 feet thick. Pennsylvanian and

Permian rocks are chiefly limestone about 4,000 feet
thick. No major unconformities or disconformities
marked by deep subaerial erosion of underlying rocks ocf
cur within this miogeosynclinal section.

The Tertiary volcanic rocks are ash-flow tuff, ash-fall'
tuff, rhyolite. rhyodacite, and basalt; the tuffs are com-
monly of rhyolitic and quartz-latitic composition.
Sedimentary rocks associated with the volcanic strata
include conglomerate, tuffaceous sandstone and
siltstone, calcareous lacustrine tuff, claystone, and
freshwater limestone. The Tertiary rocks are largely of
Miocene and Pliocene age, although Oligocene rocks are
present. Extent, thickness, and physical properties ot
the Tertiary rocks vary widely within and between the
intermontane valleys.

Precambrian and Paleozoic miogeosynclinal rocks,
Tertiary volcanic and sedimentary rocks, and Quater-
nary and Tertiary valley fill are grouped into 10
hydrogeologic units. The grouping is based on similar
hydraul ic properties, lithologic character , and
stratigraphic position. The hydrogeologic units, in ordeij
of decreasing age, are: Lower clastic aquitard, lower car-
bonate aquifer, upper clastic aquitard, upper carbonate(

aquifer, tuff aquitard, lava-flow aquitard, bedded-tuf;"
aquifer, welded-tuff aquifer, lava-flow aquifer, and
valley-fill aquifer. The lower clastic aquitard, 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 1,000 gpd per ft. The effective in-
terstitial 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 0.0001
gpd per sq ft 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
inters t i t ia l permeabili ty rather than f r a c t u r e
transmissibility because (1) the argillaceous strata have
a tendency to deform plastically, (2) fractures in the
brittle quartzite sequences tend to be sealed by in-
terbedded micaceous partings or argillaceous laminae,
and (3) the clastic rocks have low solubility.

The highly fractured to locally brecciated lower car-
bonate aquifer consists of limestone and dolomite. On
the basis of pumping tests of 10 wells and regional flow
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 1 percent. The effective intercrystalline
porosity of 25 cores ranges from 0.0 to 9.0 per-
cent and has a median value of 1.1 percent. The coef-
ficient of permeability of 13 cores ranges from 0.00002 to
0.1 gpd per sq ft and has a median value of 0.00008.

T h e water-bearing fract.nrpe a r o «,^u-ui.. . . • > • •
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modified joints, fault zones, and breccia. Drill-stem tests
in eight holes suggest that the water-bearing 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, and are no more abundant or
permeable immediately beneath the Tertiary-pre-
Tertiary unconformity than elsewhere in the aquifer.

The lower carbonate aquifer contains several solution
caverns in outcrop. One of the caverns, Devils Hole,
reportedly extends at least 300 feet vertically into the
zone of saturation. The caverns probably do not con-
stitute a hydraulically integrated network of solution
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 of feet
thick, of relatively uniform lithology, and widely dis-
tributed, 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 transmissibility of this aquitard
is probably less than 500 gpd per ft: interstitial
permeability is negligible.

The tuff aquitard consists primarily of nonwelded ash-
flow tuff, ash-fall (or bedded) tuff, tuff breccia, tuf-
faceous sandstone and siltstone, claystone, and fresh-
water limestone. Despite the widely differing origins of
these strata, they generally have one feature in common:
their matrices consist principally of zeolite or clay
minerals, which are responsible in part for the very low
interstitial permeability of these relatively porous rocks.
Strata composing the aquitard have moderate to high in-
terstitial effective porosity (median values ranging from
10 to 39 percent), negligible coefficient of permeability
(median values ranging from 0.00006 to 0.006 gpd per sq
ft) , and 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 in-
terst i t ial permeabil i ty rather than by fracture
transmissibility.

The welded-tuff aquifer consists of moderately to
densely welded ash-flow tuff. The coefficient of
transmissibility of the aquifer at four well sites ranges
from 200 to more than 100,000 gpd per ft and is probably
controlled principally by interconnected primary (cool-
ing) and secondary joints; interstitial permeability is
negligible.

The valley-fill aquifer consists of alluvial-fan,

mudflow. fluvial deposits, and lake beds. The coefficie

of transmissibility of the valley-fill aquifer at six \veii
sites ranges from 800 to about 34,000 gpd per ft: averag

interstitial permeabilities range from 5 to 70 gpd per s

ft. q

Owing to the complex structural and erosional historv
of the area, the subsurface distribution and the
saturated thickness of the hydrogeologic units differ /
from unit to unit and place to place. The structural relief //
on the pre-Tertiary hydrogeologic units commonly //
ranges from 2,000 to 6,000 feet within distances of a few //
miles and locally is as much as 500 feet within distances ||
of 1,000 feet. Thus, the lower carbonate aquifer, which is |l
generally buried and fully saturated at depths of hun- //
dreds to thousands of feet below most valley floors. is II
only partly saturated along flanking ridges. In contrast,//
in areas where the lower clastic aquitard occurs in struc-//
turally high positions, the lower carbonate aquifer either
has been largely removed by erosion or occurs entirely, on
largely, above the zone of saturation. Also, because ofA
complex pre-early Tertiary deformation and deep ero-\\
sion, only a fraction of the 15,000-foot aggregate \\
thickness of the carbonate aquifer is usually present in
the zone of saturation. In general, because of its great
thickness, several thousand feet of the lower carbonate
aquifer lies within the zone of saturation beneath most
ridges and valleys of the study area.

Vertical displacement, ranging from hundreds to
thousands of feet along block faults, affects the subsur-
face disposition and saturated thicknesses of the tuff
aquitard and the w^lded-tuff and valley-fill aquifers.
Beneath valleys that have deep (700-1,900 ft) water
tables, the depth to water also affects the saturated
thickness of the tuff aquitard and the welded-tuff and
valley-fill aquifers. In Yucca Flat, the valley-fill aquifer
is saturated only beneath a 10-square mile area where
the aquifer thickness exceeds 1,600 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
depths of hundreds of feet.

Both intrabasin and interbasin movement of ground
water occurs in the region. Intrabasin movement 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 hydrogeologic units and the
lower carbonate aquifer is usually small, because the
aquifers are separated by the thick and widespread tuff
aquitard. In Yucca and Frenchman Flats, water leaks
downward at a rate less than 100 acre-feet per year in
each valley. In east-central Amargosa Desert and on the
upgradient side of major hydraulic barriers cutting the
lower carbonate aquifer, intrabasin movement is upward
from the lower carbonate aquifer into the younger



SOUTH-CENTRAL GREAT BASIX. NEVADA-CALIFORNIA; NEVADA TEST SITE C119.

0 3

geologic units. Interbasin movement characterizes
through the lower carbonate aquifer underlying

:1°w
 ot- the valleys and ridges of south-central Nevada.

in.°Vn the Nevada Test Site, water moves south and
hwestward beneath Yucca and Frenchman Flats,

fl(U cury Valley, and the east-central Amargosa Desert
. rd a major spring discharge area, Ash Meadows, in

'°* Amargosa Desert. The hydraulic gradient ranges
- n to 5.9 feet per mile. Interbasin movement

carbonate rocks is significantly controlled by
structure. In the vicinity of major structures,

^rT'lo'wer carbonate aquifer is compartmentalized either
hrough its juxtaposition against the lower or upper

'lastic aquitard along major normal or thrust faults, by
he occurrence of the lower clastic aquitard in struc-

turally 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
<uch structures differ as much as 500 feet in a single
valley and as much as 2,000 feet between valleys,
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 in-
tegrated by interbasin water movement in the lower car-
bonate aquifer is no smaller than 4,500 square miles and
includes at least 10 intermontane valleys. This
hydrologic system, the Ash Meadows ground-water
basin, may, in turn, be hydraulically connected to
several intermontane valleys northeast of the study area
from which it may receive significant underflow. The
principal discharge from the basin, about 17,000 acre-
feet annually (about 10,600 gpm) occurs along a promi-
nent fault-controlled spring line 10 miles long at Ash
Meadows. The discharge of individual springs is as much
as 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 at
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-central Amargosa
Desert, but not from Pahrump Valley.

Five hydrochemical facies of ground water in and adja-
cent to the study area have been distinguished by
Percentages of major cations and anions. Ground water
\lnat has moved only through the lower carbonate aquifer
Pr through valley fill rich in carbonatef jdetri'tus ;.is;t a
Calcium magnesium bicarbonate type. W'ater..thaf Has
Jioved only through rhyolitic tuff or lava-flow terrane, or
through valley-fill deposits rich in volcanic detritus1: :is"k
podium 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 bicarbonate type. It is characterized
by about equal quantities of the cation pairs calcium
plus magnesium and sodium plus potassium. Water in
east-central Death Valley, probably a mixture of water
of the third type and water from Oasis Valley, is a
sodium sulfate bicarbonate type. Shallow ground water.
such as that beneath saturated playas, is informally-
designated as the playa type. The chemistry of this
water (dissolved-solids content as high as 50,000 mg/1)
varies widely and depends in part on the depth of the
sampling point. Major inferences pertinent to the ground
water regimen, 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
10,000 feet.

3. Leakage of water 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 basin, f rom
Pahranagat Valley, may amount to as much as 35
percent of the spring discharge at Ash Meadows.

The estimated velocity of ground water moving ver-
tically 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 carbonate
aquifer beneath central Yucca Flat ranges from 0.02 to
2.0 feet per day. Velocity in the carbonate aquifer
beneath the Specter Range ranges from 2 to 200 feet per
day. The spread of two orders of magnitude 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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