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Big Spring, Ash Meadows, Nev. Spring emerges from lake beds.
Discharge about 1,000 gallons per minute; water temperature 82°F
(28°C). Paleozoic carbonate and clastic rocks form hills east of

spring.

3.

-

Crystal Pool, Ash Meadows, Nev. Spring emerges {rom lake beds.
Qrifice (center of photo) dips steeply northward (to left)
beneath travertine(?) lip. Discharge, 2,800 gallons per minute,
is largest of pool springs in the area; water temperature 88°F
(31°C).
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HYDROLOGY OF NUCLEAR TEST SITES

HYDROGEOLOGIC AND HY DROCHEMICAL FRAMEWORK, SOUTH-
CENTRAL GREAT BASIN, NEVADA-CALIFORNIA; WITH SPECIAL
REFERENCE TO THE NEVADA TEST SITE

By Isaac J. WiNOGRAD and WiLLIAM THORDARSON

ABSTRACT .

Intensely fractured Precambrian and Paleozoic carbonate and
clastic rocks and block-faulted Cenozoic volcanic and sedimentary
strata in the Nevada Test Site are divided into 10 hydrogeologic units.
Three of these — the lower clastic aquitard, the lower carbonate
aquifer, and the tuff aquitard — control the regional movement of

-ground water, The coefficients of fracture transmissibility of these

rocks are, respectively, less than 1,000, 1,000 to 900,000, and lesa than
200 gallons per day per foot; interstitial permeability is negligible.
Solution caverns are locally present in the carbonate aquer, but
regional movement of water is controlled by variations in fracture
transmissibility and by structural juxtaposition of the aquifer and the
lower clastic aquitard. Water circulates freely to depths of at least
1,500 feet beneath the top of the aquer and up to 4,200 feet below lnnd
surface.

Synthesis of hydrogeologic, hydrochem:cal and’ {sotopic data
suggests that an area of at least 4.500 square miles (including 10 inter.
montane valleys) is hydraulically integrated into one ground-water
basin, the Ash Meadows basin, by interbasin movement of ground

. water through the widespread carbonate squifer. Discharge from this

AN

+&

basin — & minimum of about 17,000 acre-feet annually ~ occurs along
a fault-controlled spring line at Ash Meadows in eut-centul Amargou
Desert.

Intrabasin movement of water between (.enozoxc aquan nnd the
lower carbonate aquifer is controlled by the tuff aquitard, the basal
Cenozoic hydrogeologic unit. Such movement lumficmtly mﬂuencu
the chemistry of water in the carbonate aquifer,

Ground-water velocity through the tuff aquitard in Yucca I-’ll: is less
than 1 foot per year. Velocity through the lower carbonate ‘aquifer
ranges from an estimated 0.02 to 200 feet per day, depending upon’
geographic position within the flow system, Within the Nevada Test
Site, ground water moves southward and southwestwtrd wwlrd Ash
Meadows, .

INTRODUCI'ION “'. SRR

In 1957 the U.S. Atomxc Energy Commxssnon
detonated the first of a series of underground nuclear ex-
plosions at Nevada Test Site. Underground testing was

. started to prevent atmospheric fallout, a by-product of

earlier series of surface and aerial detonations at the Test
Site. Since 1957, the U.S. Atomic Energy Commission

has detonated mgn}" nuclear “evices in a variety of un-
derground geologic and hydrologic environments.

‘Although such testing minimizes contamination by at-

mospheric fallout, data for evaluating the possible con-
tamination of ground-water reservoirs in the vicinity of
these detonations were lacking in 1957. Yet, the sole
source of water at Nevada Test Site and vicinity was
from wells and springs.

To fulfill its obligation toward public safety, to pre-
vent, if possible, even local contamination of a valuable
natural resource, and to defend itself against possible
damage claims, the U.S. Atomic Energy Commission in
1957 asked the U.S. Geological Survey to study the oc-
currence and the movement of ground water beneath the
Nevada Test Site. Specifically sought was an evaluation
of the potential for contamination of g'round water in and
near the Test Site. .

' PURPOSE AND SCOPE -

The purposes of this investigation were to (1) define
the hydrauhc character and ‘subsurface distribution of
the major aquifers and aquitards, (2) identify and
describe the pnncxpal areas of recharge to and discharge
from the major aquifers, and (3) determine the rate and
the direction of ground-water movement within the ma-
jor aquxfers and aquxtards Of these objectives, the third
was of prime 1mportance for an evaluation of the rate of
movement of various radionuclides from the vicinity of
an underground nuclear detonation. The accuracy of the
velocity estimates, however, rested heavﬂy upon the
other two study objectives.”

The Nevada Test Site occupies a small part of two
ground-water basins — the Ash Meadows and the Oasis
Valley-Fortymile Canyon basins. Consequently, the ob-
jectives are discussed for a region several times the size
of the test site.

Cl
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The scope of the report is broad in view of the com-
plexities of the geology, the vastness of the study area,
and the absence of previous detailed hydrogeologic
studies of similar terrane. Yet, the types and quantity of
data obtained during this investigation are seldom
available in hydrogeologic studies. In addition to stan-
dard hydrologic data, a wealth of geologic, geophysical,
geochemical, and isotopic data were used to supplement
interpretations of the hydrologic data. To a first ap-
proximation, therefore, the objectives of the study are
believed to have been accomplished.

The development of ground-water supplies was an im-
portant byproduct of the investigation; more than half
the test holes are used as water wells. This report does
not discuss the exploration for, and development of, new
water supplies, although many of the data and inter-
pretations will aid others in such tasks.

HISTORY OF THE INVESTIGATION AND
PREVIOUS REPORTS

Hydrologic data for this report were collected and in-
terpretations were made over an 8-year period, 1957-64.
The work was done in three phases: (1) the period
1957-59, (2) the period 1960-61, corresponding in part
with the moratorium on both surface and underground
nuclear testing, a ban in effect from November 1958
through September 1961; and (3) the period 1962-64,
coinciding with the renewed nuclear testing at Nevada
Test Site.

The initial phase of the study was devoted to two ma-
jor tasks. First, hydrologic data were collected from all
existing wells and springs at and in the vicinity of
Nevada Test Site. Second, the hydmlogy of tuff underly-
ing Rainier Mesa was studied in detail in more than 5
miles of tunnels, drifts, and shafts driven into the east
face of that mesa. This phase of the work, done under the
direction of Mr. Alfred Clebsch, Jr., resulted in several
reports. Clebsch and Winograd (1959) evaluated the
regional hydrology of the test site area, and J. E. Moore
(1961 and 1962) and Clebsch and Barker (13960)
tabulated data on most existing wells and springs of the
area. Hood (1961) analyzed pumping tests of four wells,
and Clebsch (1961) analyzed the significance of tritium-
age measurements of ground water from supply wells
and springs. Thordarson (1965) described the hydrology
of Rainier Mesa, and Clebsch (1959 and 1960) evaluated
potential water-supply contamination from the un-
derground nuclear testing beneath Rainier Mesa. Schoff
and Winograd (1961 and 1962) described the hydraulic

“data obtained from six core holes drilled into carbonate
rocks in northern Yucca Flat. .

The second phase of the program (1960-61) was prin-
cipally a study of the hydrology of Yucca Flat. It was
prompted by the U.S. Atomic Energy Commission’s
plan to utilize Yucca Flat as an underground testmg area
if nuclear testing were resumed. To acquire an un-

HYDROLOGY OF NUCLEAR TEST SITES \
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derstanding of the hydrology and subsurfac- "eolog-
the valley, six test holes ranging in depth A__¢ 1 70'
2,300 feet were drilled in Yucca Flat. Before the dnll
gravity and some seismic surveys were made to axc
selection of the drill sites. The geology of the ndges ¢
rounding the valley was mapped concurrently with
drilling. Mapping provided stratigraphic and struét:
background for interpretation of the stratxgraphic
quence penetrated by the drill holes.

Test drilling, begun in April 1960 and complet ¢
September 1961, was under the general supemsxor
Mr. Stuart L. Schoff and under the field direction of
I. J. Winograd. The lithologic, hydrologic, and physu
property data obtained from five of these holes w
summarized by Price and Thordarson (1961), Thoru
son, Garber, and Walker (1962), Garber and Thordar
(1962), J. E. Moore and Garber (1962), and J. E. Moc
Doyle, Walker, and Young (1963). A brief synthesis
the test-hole data, emphasizing how the data related
the regional flow of ground water, was presented '
Winograd (1962).

In September 1961, soon after completxon of the 1{
drilling in Yucca Flat, the moratorium on the testing;
nuclear weapons ended. The U.S. Atomic Energy Cc
mission immediately requested new test areas t|
would permit testing at greater depths. To meet this: ‘
quest, the U.S. Geological Survey expended |
hydrologic, geologic, and geophysical studxeksjencc i
pass unexplored areas of the Nevada Test Site. C “
tamination of ground water through underground test |
in the Cenozoic strata in Yucca Flat was considered o ‘
a slight possibility. Independent studies by geochemi !
of the U.S. Geological Survey and the Lawrence Rad
tion. Laboratory showed that ion-exchange capacity
the Cenozoic strata at depths of proposed undergrou
testmg would probably prevent most radionuclides fn
moving more than a few hundred to a few thousand f
from the point of detonatior Moreover, much of !
Cenozoic tuff to be used as a host for most of the eve:
was an aquitard of extremely low transmissibili
However, the quest for deeper sites and the suggest:
that the widespread Paleozoic carbonate rocks are hig!
transmissive dictated that further studies be made
those deeper aquifers.

To provide a more complete understanding of -
regional flow of ground water within the Paleozoic ¢
bonate rocks, the U.S. Geological Survey began a secc
drilling program early in 1962 and completed it by m
1963. Ten test holes, ranging in depth from 900 to 5,!
feet were drilled. Eight of the holes teated the Paleoz
strata. Only 2 of the 10 holes were drilled in Yucca Fl
the others were drilled in Indian Springs Vall
Frenchman Flat, and Jackass Flats. T~ obt:
stratigraphic information or a water supply,\__/Alar
Scientific Laboratory, Lawrence Radiation Laboratc
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and Reynolds Electrical and Engineering Co. drilled
several dozen additional test holes in Yucca Flat. In the
10 holes drilled specifically for hydrologic information, a
wide variety of hydrologic, geologic, and  physical-
property data were obtained from each’aquifer

penetrated. But in some of the stratigraphic test holes,
drilling methods and time considerations precluded even-

a determination of the static water level in the prmcxpal
aquifer.

The third phase of the work, devoted to collection of
data from the various test holes drilled from 1962 ‘to
1964, began under the general supervision of Mr, Stuart
L. Schoff. Mr. William E. Hale succeeded Schoff as
general supervisor. Mr. Isaac J. Winograd and Mr.

- Richard A. Young directed the field efforts at Mercury,'

Nev.

Several reports descnbe the third phase of the stud)
Schoff and J. E. Moore (1944) discussed the chemistry of
ground water at the Nevada Test Site and demonstrated
how water-quality data might be utilized as an indepen-
dent tool for determining the direction of ground-water

movement. Winograd's (1963) review of the hydrology of

the area between Las Vegas and the Amargosa Desert
emphasized the development of a new water.supply in
southern Indian Springs Valley. Walker and Eakin
(1963) made a reconnaissance of the Ash
Meadows-Amargosa Desert discharge area, and Eakin,
Schoff, and Cohen (1963) made a reconnaissance of the
valleys surrounding the test site. Winograd and Eakin
(1965) and Fakin and Winograd (1965) summarized the
regional significance of the subsurface data from .the
holes penetrating the Paleozoic carbonate rocks.
Winograd and Thordarson (1968) described structural
control of ground-water movement within the carbonate

rocks. The availability of construction data, lithologic

and geophysical logs, water analyses, cores and cuttings
* yield and production records, and water levels for all the
wells and test holes discussed in this report has been
summarized by Thordarson, Young, and Wmograd

(1967). .

Some of the sub]ect matter of this present report has
been described briefly in several of the reports previously
listed. The present report, however,- presents the first
detailed analysis and synthesis of the hydrologic data
collected during the second and third phases of the
Survey's work at the test site. In addition, it integrates,
for the first time, .appropriate facets of the geologic and
geophysical studies made concurrently with and in par-
tial support of the hydrologic study. program The
geologic data, in particular, were very ‘useful in the
evaluatxon of regional flow pattems
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contributions of these colleagues are acknowledged in.
the body of the text. Here we only briefly list the general
area of help offered by them. Mr. W. E. Hale raised
provocative questions throughout the period 1962 to
1965. His intense interest in the work led to a significant
improvement in many facets of the field efforts. Mr. W.

A. Beetem suggested utilization of chemical data as a
tool in deciphering the regional flow system, and he and
his associates collected and analyzed most of the water
samples from which such an analysis was eventually
made. Messrs. S. W. West, S. L. Schoff, Alfred Clebsch,
dJr., G. F. Worts, Jr., and O. J. Loeltz offered continued
technical advice and personal encouragement to the
authors. The authors benefited greatly from numerous
discussions of the regional geology and geophysics with

‘many colleagues; they especially thank Messrs. R. L.

Christiansen, Harley Barnes, and F. G. Poole. Thanks
also go to Messrs. F. A. McKeown, P. P. Orkild, F. N.
Houser, D. L. Healey, and E. B. Ekren for their interest
and .helpful discussions. The editorial assistance of

Virginia. Glanzman and Bnlly Robmson is gratefully

acknowledged
.:Numerous individuals working for the prime contrac-

tor, the testmg laboratories, and other firms were a con-

stant source of help, including Messrs. R. W. Newman,
Willard Martin, Leonard Palmer, Emmett Herbst,
Robert R. Gunny, Ross McDonald, and Merv Boggs.

WELL-NUMBERING SYSTEM
Wells and test holes referred to in this report are iden-
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iified by the Nevada coordinate system, central zone, or
by township, range, and section. All the holes within or
in the immediate vicinity of Nevada Test Site are iden-
tified by the 10,000-foot grid of the Nevada coordinate
system, central zone, the system used by the U.S.
Atomic Energy Commission and its contractors. The
first two digits of the north coordinate and the first two
digits of the east coordinate of this grid are used to iden-
tify the well. Thus, a well at coordinates N. 671,051 feet
and E. 739,075 feet is identified by the numbers 67-73.
Where more than one well is in the same 10,000-foot grid,
one hole will be designated by four numbers, and all
others by consecutive letters after the fourth number —
for example, 67-73, 67-73a, and 67-73b. The
alphabetical designation does not necessarily indicate
the sequence in which the holes were drilled.

Wells in the Amargosa Desert, in Pahrump Valley,
and elsewhere along the periphery of the study area are
identified by township, range, and section. In the part of
the study area in Nevada, the townships with a few ex-
ceptions are south of the Mount Diablo base line; the
ranges are all east of the Mount Diablo meridian.
Therefore, these geographic designations are not given in
the well designation. For example, a well in the NW¥
sec. 27, T. 16 S., R. 51 E,, is identified simply by
16/51-27b. The letters a, b, ¢, or d, which follow the sec-
tion number, refer respectively to the northeast,
northwest, southwest, and southeast quarter sections.
Double letters that follow a section number identify a
well site in a 40-acre tract. Thus the well number for
location SWWNE" sec. 34, T. 13 S,, R. 53 E,, is
19/53-34ac. A number after the letter was used by
Walker and Eakin (1963) in the Amargosa Desert to
designate the number of wells in a quarter section. Wells
in California are readily identified by a capital N that
follows the township designation. In California, the

townships are north and the ranges east of the Sen Ber-

nardino base line and meridian, respectively.

GEOGRAPHIC SETTING ,

The study area generally lies within the area bounded
by lat 36°20" and 37°30’ N. and long 115°10’ and 116°45’
W. (fig. 1). It encompasses about 7,100 square miles of
Clark, Lincoln, and Nye Counties, Nev., and Inyo Coun-
ty, Calif. This area is within the south-central part of
the Great Basin section of the Basin and Range
physiographic province defined by Fenneman (1931):
Some botanists consider the region a part of the Mohave
Desert (Jaeger, 1957). The Nevada Test Site, an area of
about 1,400 square miles (all in Nye County) in the cen-
tral part of this region, is the area of detailed study.

PHYSIOGRAPHY

In the region are two . of the largest valleys in
southeastern and south-central Nevada and two of the

t
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highest mountain ranges. The Las Vegas Valle: - bordex
ing the study area on the southeast (fig. 1), 1\_,out 4
miles long and as much as 20 miles wide; the valle
trends south-southeast, and its floor ranges in altxtud
from 2,000 to 3,000 feet. The Amargosa Desert, a valle'
that forms the southwestern part of the study area, i ap
proximately 50 miles long and as much as 20 miles wxde
This valley also trends southeast, and its floor generall'
ranges in altitude from 2,000 to 3,000 feet. The e'ast
central part of Death Valley, one of the largest i mtermon
tane valleys of the Great Basin, lies in the southwest ¢ cor
ner of the study area (fig. 1). i

Smaller intermontane valleys within the study aret
include, from east to west, Pahranagat Valley, Deser
Valley (also called Tikaboo Valley), Three Lakes Valley,
Indian 'Springs - Valley, Emigrant Valley, Frenchrhan
Flat, Yucca Flat, Pahrump Valley, and Jackass Fl&ts
The floors of these north-nort west trending basins range
in altitude from 3,000 to 4,500 feet. ;

The two predominant mountain ranges are the Sprmg
Mountains, bordering the study area on the south, and
the Sheep Range, forming the eastern border (fig.[1).
The Spring Mountains tfend northwest, are about| 45
miles long, and are up to 18 miles wide. These moun-
tains, which merge with the flanking bajadas at altltudes
ranging from 5,000 to 6,000 feet, reach an altitude of
nearly 12,000 feet.

The Sheep Range trends north, is about 45 mxk,(ong,
and is as much as 8 miles wide. The maximum altitude
of the Sheep-Rangeis nearly 10,000 feet.

The northern” thitd 5f the study area includes, from
east to west, ‘the Pahranagat, Timpahute, Groom, and
Belted Rapges, and Pahute Mesg. These féur ranges
trend northward and range in altitude from 6,000 to
9,000 feet. Pahute Mesa ranges in altitude from 5,000 to
7,000 t‘eett*l’hese uplands, although small in comparison
with the imposing Spring Mountains and Sheep Range,
are évePTitless prominent featurc: in compagson with
the numerous ridges and mesas lying within the central
part of the region. The centrally located ridges and
mesas are generally less than 6,000 feet high.

Thé area is a superb example of Great Basin
topography. The contrast in slope between the valley
floors and the flanking ridges is generally striking even
where the relief between them is_small.. Most of the
basinst contam playas, and- some_ contain .badlands

‘develgned on exhumed pluvial lakebeds. Pediments,

whichBre characteristic of some intermontane basins,
areusﬁﬁ}' absent; where present, the pedxments are dis-
rupted by qouna}%ults._.:r-.. Z

Las Végas and Pahraftagat Valleys are tnbutary to the
Colorado River. Jackass Flats and the Amargosa Dese
are connected to Death Valley via the Amargosr “iveér
(fig. 1). Dramage in most of the remaining valleys\lhm
‘the study area is to playas.
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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 Spnngs 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 cxty 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 ptecxpxtatxon 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 comer of
the study area, temperatures greater then 49.0°C are
common during the summer months. Annual rainfall in
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this valley averages about 1.7 inches, an( nual
evaporation is about 150 inches per year\'(f{um:
others, 1966). ;

A significant exception to the general aridity|of
region is the subhumid climate of the Sheep Range
the Spring Mountains. The precipitation on these!mc
tains generally ranges from 10 inches on the lower él(
to 30 inches on the highest peaks of the Spring Mc
tains; possibly as much as one-third of this precip ta
is snowfall. Thus, the climate of the region ranges f:
arid on the valley floors to subhumid on the crests of
highest mountains.

Variations .in precxpltatlon and temperature ca
marked differences in plant life. Creosote bush,|bt
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, pit
pine, and sagebrush dominate above 6,000 feet and
in turn replaced by white fir and yellow pine (Pi
ponderosa) above 7,500 feet (Bradley, 1964). :

Precipitation varies markedly with the season. ]
most precipitation falls during winter and summer 1
monthly preclpltatlon at Las Vegas and at the \Ieva
Test Site is illustrated in figure 2. The mean anm
precipitation is shown in figure 3.

Winter precipitation, originating from the w t
usually associated with transitory low-press tex
and, therefore, moves over large areas (Quiring, 196.
The summer precipitation, on the other hand, occt
predominantly as convective storms which can be i
tense over a few square miles and which vary in locan
from one storm to the next. Summer moisture genera]
originates from the southeast or south.

Recent studies by Weedfall (1963) and Qum
(1965) showed that precipitation within the study area
a function of altitude and of longntudmal posmc
Generally, stations east of long 115°45’ receive from 1
to 2.5 times more precipitatio.. than stations at suml
altitudes but west of long 116°45'". Stations between the
longitudes receive intermediate or transitional amoun
of precipitation at any given altitude. Reasons for t
longitudinal control were outlined by Quiring (1965)

The net effect of the longuudmal and the altitude' co
trols of preclpxtatxon is a marked precipitation deﬁ<
within the region bounded by lat 36°30' and 37° 15' al
long 115°30' and 116°15'. Topographically, this area
the lowest part of the study area; moreover, most of
falls within the transition zone outlined by Quiri
(1965, fig. 1). Precipitation in this area ranges from'4
10 inches and, except for the Amargosa Desert a
Death Valley, is the lowest for the region. {

Geological, botanical, ecological, and paleontologic
studies indicate that the entire region atonet  hac
much wetter climate. As a whole, the evidence stigge:
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that several wet periods, or pluvials, occurred during the | the evidence for pluvials in the study area wer
past 70,000 years. The last major pluvial probably | presented by Mehringer (1965) and by Welbn
closed about 9,000 years ago. Recent reviews of some of | Jorgensen (1964).
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GEOLOGIC SETTING

The Nevada Test Site region is geologically complex.
" It lies within the miogeosynclinal belt of the Cordilleran
geosyncline, in which 37,000 feet of marine sediments ac-
cumulated during the Precambrian and Paleozoic Eras.
Except for a few small intrusive masses, no rocks of
Mesozoic 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 regxon
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 penods
of deformation.

The description of stratigraphy and structure which
follows pertains chiefly to the Nevada Test Site but is

- 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 exist,
they are noted at appropriate places in the text. The out-
line of stratigraphy and structure presented below is
taken from the following sources: Albers (1967); Harley
Bamnes (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 (1960);
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 S'I'RATIGRAPBY L

Dunng Precambrian and Paleozoic txme. 31, 000 feet of

marine sediments were deposited in the study area. The

region was then part of an elongated subsiding trough
the Cordilleran geosyncline, which .covered ‘most -of

westernmost North America. The eastern part of this”

trough, dominated by carbonate and mature clastic
sediments, is called the miogeosyncline. -The

miogeosynclinal sediments throughout the Nevada Test
Site and the surrounding region have been divided into
16 formations. Names, thicknesses, and groas 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 mxogeoeynclmal
sedimentation, 15 of the 16 formations of table 1 (ex-

|lithology was probably gradational,

c9

“cluding 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.

In addition to the uniform lithologic character of the

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 carbonat~ 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
Springs Valley, rocks of equivalent age are
predornmantly carbonate, and they aggregate about
1,000 feet in thickness. Preliminary work by Poole,
Houser, and Orkild (1961) indicated that the
southeastward transition from clastic to carbonate
but that
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 unconformities occur within 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. — Stratigraphic and hydrogeologic units ot Nevada Test Site and vicinity l } ,
M
: AUTUM | 1y arogeoiogic Water-be. n,
% anng charactenshics and extent jof
Systern Seres Strangraptwe untt Major Ithology mﬁ ’z'o)s: it satar A :
Halocene, Valley fill Alluvial fan, fluvisl, 2.000 Valley-ill Coefficient of transmissbility ranges {rom }.000
Q“‘l!:f‘l:::;v wnd Pleistocene, fanglomerats, lakebed, asquifer 18,000 pet (t; average coefficient of intenaty
and and mudflow deposits permeatility ranges [rom 5 to 50 d,pd per sq
Pliocene satursted only benesth structurally deepest'part:
Yuccs Flst and Frenchman Flat, iy
Basali of Kiwi Mesa B.::.l,‘m‘l‘::" derae and &0 Water movement controlled b; gnmnry (cooi n‘u s
- - . secondary (rsctures and possibly by rubble Jetwe
Rhyolite of Shoshone Rhyolite flows, 2.000 Lava-(low flows; intercrystalline poromty and permpatni
Mounta:n aquifer nnlm!;lo: ns%nnulg g;ﬂ'i;xdent oalummu:'bnl
S ranges (rom to 10, r {i; saturaged O
8‘\‘;:‘ :{ 2:““ Basalt flows. =0 beneath east.central Jackoa Fiats. ;
Pliocene - -
- 3] Ammonia Tanks Ash-(low tufl, moderately 250
= Member to densely welded; thin AR
,g 5 ash-(all tull at base. Wnnnnéov'men! cgntéollcd' by p‘r‘;:nduy (u:;huua
-3~ . secondary joints in densely wel part of aph-
€3 Rainier Mesa A‘:'O“L".‘:’:'“"- nonwelded 600 tuff; coefficient of lnnpmruibim ranges frbm 1
> 2 ) ash-fall nynﬂ':t base. Welded-tufl 'po"mlm'oﬁ-(‘pd . '};, |{umry‘§u line mo?" Y ﬁ
S : aquifer tufl, ;.he‘flv );r::‘r:s h:; ‘::.l‘::wrl.dy 731 nn(.e‘:;ll'
= Tiva Canyon Ash-flow tufl, nonwelded 1100-350 poroaity (33-50 percent) and modest permenbihy
sl Member “’hdr";“l":"d‘d‘; thin (2 gpd per 3q ft) and maey act as leaky sqlutar
2le i ash-fall tuff near bave. satursted only beneath mu:(uull;dnpm darts
o ‘3 Topopah Spnng Ash-flow tuff, nonwelded #90 . Yucca, Frenchman, and Jackass Flats, -
‘2l Member to densely welded: thin
2 g . arh-fall tull nese bese. :

. Bedded tuff Ash.fall tuff and fluvially 1.000 Bedded-tull Coefficient of transmissibility ranges from 200
§ finformal unit} reworked tufl. aquifer 1000 2,4 per (t: satursted: only benesth kiru
£ turally deepest parts of Yucca Flat, Frenchma

Flat, and -fackass Flats: Occurs locally beloy ast
flow tuff members of Paintbrush Tufl and [belo
Cirouse Canyon Member of Indian Trail Formation
Lava-flow and interflow 3.000 Lava.flow Water movement controlied by y connected fra
tuff and breccia; locally aquitard - tures; interstitial porosity snd permeability nbglin
hydrotheemally altered. hle; co~fficient of transmissibility estimatefl le
than £pd per It; contains minoe perched wate
in foothulls between Frenchman Flat and Jdckas
Wahmonie Formation Flats. :
Ash-(all cufl. tullaceous 1,500
sandstone, and tuff RN
breccta, all inu:b«?dfd; ‘ V)
matns commonly clavey
or zeolitic, u
Breccia flow, lithic bree. 2.000
cia, and tull breccia, 1n. i
terbedded with ash-fall i
) Salyer Formation tuff. sandstone, silt.
Tertiary Miocene stone, claystone. matrix
commonly clavey or
calcareous.
) %
Grouse Canyon Member Ash-flow tuff, densely an H
welded.
| TubSpeing Member. Ash-flow tull, nonwelded e
- to welded.
E Locsl informal usits Ash-(all tufl. nonwelded to 2,000 .
= :;ﬂ.'t::lf‘!:geo:: h,‘:‘:;: Coefficient of transmissibiity ranges from 100 to[200
K stone, mitstone. and %pd per ft: interstitial porraity 18 83 hith as 40 per-
= claystone: all massively cent. but in..stitial permeability 13 neghgible
] altered to zeolite or clay 16410 * t0 6410 * xpd per <q fti: owing to o
3 . hydraulic connection of (ractures, tnterstifial
4 minerals; locally, minoe . i
2 welded tuff neat base: Tufl permesbility probably controls regional ::w‘hc-
i i § h water movement; perches minor quantities of witer
'b“n.n:lotf thyolite and squitard heneath fonthills flanking valleys; fully sstursted
unly beneath structurally deepest pants of Yurcs
i) Flat. Frenchman Flat, and Jackass Flata; Grouse
Canyon and Tub Spring Members of Indian Trai)
Rhyolite flows and Rhyolite, noawelded and ~2,000 Formation may locally be squifers in northern Yue.
tuffaceous beds of welded ash (low, ssh-fall ca Flat, !
Calico Hills tufl, tuff breccia, tul- |
feceous sandstone; |
hydrothermatly altered i
at Calico Hills: matrix of !
tufl and com- t
monly clayesy oe zeolitic. ;
. Tuff of Crater Flat Ash-flow tuff, nonweided 200 . :
to partly welded, in- {
te with ash-fall 3
tull; matniz commonly '
clayey or reclitic. |
Mioeemne !
- snd Rocks of Pavits Spring Tuffacsous sandstone and 1.400
Oligocene : siltstone, claystone;
fresh.water limestone
and conglomeratse;
minoe ;ypl-uu:lmuuis
commoniy clsyey, {
2e0litic, or calcareous. u
* Oligocene Horse Spring Formation Fresh-water limestone, 1.000
congloraerata, tuff.

o
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U TABLE 1. — Stratigraphic and hydrogeologic units at Nevada Test Site and vicinity — Continued
— - .
. oL Maumum - .
System Senes Stargraohic und Major 'l'(ﬂO‘OW thickness | Hydrogeoiogic Water-bDeanng charactensacs and gxtent of
. RPN (fewt) unit saturaton?
Cretaceous to Gramuc stocks Gesnodionte and -Qusnz - {A minor - Complexly fractured but nearly impermesble.
Permian monzonite tn stocks, agquitard)
dikes. and sills.
Permian and Tippipah Limestone Limestone. ~~ . A0 “Upper Complexly fractured aquifer: coefficient of
Pennsylvenian carbonate transmissibility estimated in range from 1,000 to
squiler 100.000 gpd per ft: intercrvstalline poromty and
permeability nglmble satucated only beneath
western one-third of Yuccs Flst.
AMississippian Eleana Formation Argillite, quantzite, con. 7.900 Upper Complexlv (ractured but nearly impermeable:
and Devonian glomerate. conllomn . clastic . efficient of transmissibility estimated less than 500
ite. limestone. aquitard xpd per ft: interstitial rmnubnhty neglipible but
owing lo poor hydraulic connection of fractures
probab .J controls ground.weter movement:
saturated only beneath western Yuccs Flat snd
. Jackass Flats.
. Upper Devils Gate Limestone - Limestone. dolomite, C 10
Devoman - minor quartite.
. Middle Nevads Formation Dolomite. -1.52%
Dcvt;l’liln and Undifferentiated Dolomute. [ K]t}
silunan : -
Upper Elv Spangs Dolomite Dolomite. M3
Eureka©® | «te Quartzite. minor lime. A4
Middle atone,
. 2| :Antelope Vslley Limestone and silty 130
Ordovician — 7 g Limestone limestone. : L
~ . Complexly fractured aquifer which supplies major
b"“( Lower E‘ Ninemle Formation “.‘::::’"' and hmnmm A springs throughout eastern Nevada: coefficient ol‘
[ e -4 Lower transmissibility ranges {rom 1,000 to 1.000.000
“\* =] Gondwin Limestone Limestone. . carbonste per ft. intercrystaliine porosity and permeab: ny
ob aquifer neglimble: solution caverns are present locally but
Nopah F . o 9 regional ground.-water movement 1s controlled by
* . ‘;P;wk:'m‘"“',;‘:r Dalomite. limestone. L0 fracture transmusaibility; satursted beneath much
an‘ Upper Halfpint Member Limestone. dolomite, of study area.
D A0 N silty imestone. 5 s e S
U ; Shale. mi 213 T VAT 205
Co'u Du\l;t:;‘fh"l Shale ' ale. minor fimestone. LA '; 4 3 -to ‘314‘ 3
Bonanza King Foemation Limestone. dolomite,
Banded Mountain minor miltstone. 2440
Cembra Membher .
¢ " . Papose Lake Member Limestane..dolomite, -
Middle minor altatone. 2,180
' Carrars Farmation Siltatone, limestone, in- Lo
. terbedded. Upper 1.050
feet predaminantly
limestone; lnwer 950 feet A
pndnmmamlv niltstone.
(,,.,.," Zahriskie Quartzite Qusrtzite. - 2 | Complexly fractured but nearly impermeable;
- “supplies no major sprangs: coelficient of
Wand Canvon Formatn Quantzite. sitstone, shate. TS Lower teansmissibility less than 1.000 gpd per ft; in-
minor dnlomite. - clastic terstitial gmm and permesbibity 13 neghgibdle.
. N = .., aquiterd’ hut prohably ennatrols regional ground-water move.
Stirling Quartzite Quartnite, miltstone. -~ -~-"- L - . ment owing to paoe hydraulic connection of frac-
Precambrian N tures; satursted beneath most of study ares.
Juhnnie Formation Quartzite. sandstone. A¥.1}
-, wiltstone, minor Lime-
«tone and dolomite. °

‘Coefficient of transmissibilit
per tont Igpd per {1} --mﬂ

has the l‘l.\ﬂl llllofﬁ per day

“The three \Rmm mumcn OCCuUr In separete parts of the

The \cumdav( ) Dnlomllo -hlth underhies the Johanie

of squifer: coefficient of region. Age cnrrelations between them sre uncentain. They are  Formation. is considered part of the lower clastic aquitard.

permeability has the umits nllom per day per square foot (gpd pl-nd wmal!v n ubh to save space.

per sq ft) of aquifer. . . *
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several small gramtxc stocks No Mesozonc sedunentary
rocks occur within the study area. Several thousand feet

. of Triassic and Jurassic 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 3; :

Cenozoic volcamc and sedxmentary rocks are w:dely
distributed in the region. Tertiary volcanic and

‘associdtedisedimentary rocks agéiegéfe as much as 6,000

feet -in thickness in:Yucca -Flat, 8,500 feet in western
Frenchman Flat and eastern Jackass Flats, more than
5,000 feet in western Jackass Flats, and more than 13,500
feet beneath Pahute Mesa. The volcanic rocks are of both
pyroclastic and lavaoﬂow origin and include several rock

types. The most common rock types, in order of decreas-

ing abundance, are ash-flow tuff, ash-fall tuff, rhyolite
lavas, rhyodacite lavas, and ‘basalt. The tuffs are com-
monly of rhyolitic and quartz-latitic composition. The
Tertiary sedimentary rocks associated with the volcanic
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strata include conglomerate, tuffaceous 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
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).

Several general characteristics of the Cenozoic
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
Frenchman Flat, and Jackass Flats.

2. 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.

3. 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
lows, tlie oldest Tertiary rocks reduced the relief of
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of Yucca .lat, |

_cipal aquifers.

!

gi

¥
the area. By late Miocene time, the relief wa= ~on.
siderably reduced, as evidenced by the widk_/'::l{
distribution of ash flows of the Paintbrush Tuff.lr

4. The Miocene and Oligocene rocks up through the
.basal Wahmonie Formation are of both pyroclastigi
and sedimentary origin and consist principally :f
nonwelded ash-flow tuff, ash-fall tuff, tuff breccial :
tuffaceous sandstone and siltstone, claystone, and!
freshwater limestone; lava and welded ash-flo .
tuff are of minor importance in the area considered| .
The Pliocene and Miocene rocks above th ;
Wahmonie Formation, in contrast, consist chiefly!
of welded ash-flow tuff. Nonwelded ash-flow tuff} !
ash-fall tuff, and tuffaceous sandstone arq'
relatively minor in these younger rocks.

5. The bulk of the Miocene and Oligocene sedimentary |

rocks appears to be restricted to Frenchman Flat
eastern Jackass Flats, Rock Valley, and Mercury

Valley. These strata make up thc Rocks of Pavitq .
Spring and the Horse Spring Formation and also
are present in the Salyer Formation. Miocene andj:
Oligocene sedimentary rocks are of minor oc+;

currence in Yucca Flat and western Jackass Flats,
although the entire section of Tertiary strata in the
latter valley has yet to be explored by drilling.
6. The Miocene and Oligocene rhyolitic tuffaceous rocks
up through the Wahmonie Formation are genr "ly
massively altered to zeolite (clinoptilv_.b,
mordenite, and analcime) or to clay minerals; a
vertical zonation of the zeolite minerals in these
rocks was described by Hoover (1968). The
Miocene and Pliocene rhyolitic _tuffs above the

Wahmonie Formation, by contrast, either are|

glassy or have devitrified to cristobalite and
feldspar, but they are less commonly altered to
zeolite 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-

'Harris (1959) demonstrated that a large positive area
(Sevier Arch) probably existed in much of southeastern
Nevada and western Utah from late Jurassic to early
Late Cretaceous; thus, Jurassic and Cretaceous s*-+ta

area.

- [ S

were probably never deposited within most of the Ay
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U The Precambrian and Paleozoic mnogeosy'nclmal rocks

were first significantly deformed during late Mesozoic

and perhaps early Tertiary time. The deformation was

. marked by uplift and erosion and subsequent foldmg.

thrusting, and strike-slip faulting that made the reglon
mountainous.

Beginning with the Miocene volcanism and continuing
‘through the Quaternary, large-scale normal block
faulting has disrupted the Tertiary volcanic and
sedimentary 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
Miocene tuff (Ekren and others, 1968). This faulting
may possibly reflect periodic rejuvenation of strike-slip
faults formed during the late Mesozoic orogeny.
Widesprzad erosion of the miogeosynclinal rocks oc-
curred during and after the late Mesozoic orogeny but

before block faulting. Before the first deformation of the’
k’Teglon, the Precambrian and Lower Cambrian clastic |

focks 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 dominantly clastic pre-Tertxary

strata and the rela‘ion of these strata to some major

thrust faults and folds.

In contrast to the mxogeosynclmal rocks, the

postdepositional distribution of Tertiary rocks has been
controlled principally by fairly simple block faultmg 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.
Thurst faults are perhape 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.
‘\‘ nne major thrust faults, though folded, crossfaulted,

nd eroded can be followed in outcrop or reconstructed
for miles (pl. 1).
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Some workers (Burchﬁel 1965; Secor, 1962) believe
that the major thrust faults, which commonly have dips
of 35°-50°, flatten with depth and follow less competent
strata, specifically the shales of the Carrara Formation;
that is, the thrusting is of the décollement type, where
the sedimentary rocks slide over the crystalline -base-
ment. Vincelette (1964) and Fleck (1970) rejected the
décollement hypothesis; they presented evidence that
the relatively steep. dip of the major thrust faults
remams 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 pl.

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 strike-
slip zones, most of which are of siaualler 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 dnsplacement 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 inthe 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 AVD AQUITARDS

( Grou.nd-water hydrology of tlo region can be most ad-
vantageously discussed by grouping the numerous
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geologic formations and members into units of
hydrologic significance. Accordingly, the 29 formations
listed are grouped into 10 hydrogeologic units (table 1) in
order of decreasing age as follows: Lower clastic
aquitard; lower carbonate aquifer; upper clastic
aquitard; upper carbonate aquifer; tuff aquitard; lava-
flow aquitard; bedded-tuff aquifer; welded-tuff aquifer;
lava-flow aquifer; and valley-fill aquifer.

AQUIFERS

Of the six aquifers listed in table 1, the lower car-
bonate and the valley-fill aquifers have the widest areal
distribution and are the principal aquifers within the
region. In the Las Vegas Valley, only the valley-fill
deposits are presently tapped for water supply because of
the great depth to the underlying carbonate rocks. In
parts of the Nevada Test Site where the valley fill is un-
saturated or absent, the lower carbonate aquifer
provides the sole source of ground water. Within tle
Amargosa Desert, on the other hand, some irrigation
wells may tap both the valley-fill and the lower car-
bonate aquifers. The remaining four aquifers have a
limited occurrence within the zone of saturation,
although locally, as in western Jackass Flats, the
welded-tuff aquifer is the sole source of water.

Geologic character and hydraulic properties of the
aquifers vary widely. The lower and the upper carbonate
aquifers and the welded-tuff aquifer store and transmit
ground water chiefly through secondary openings
developed along fractures. The bedded-tuff and the
valley-fill aquifers, on the other hand, store and transmit
water chiefly through primary or interstitial openings.

LOWER CARBONATE AQUIFER

The lower carbonate aquifer comprises the carbonate
rocks of Middle Cambrian through Devonian age — that
is, all the formations from the upper half of the Carrara
Formation through the Devils Gate Limestone (table 1).!
These carbonate strata aggregate about 15,000 feet in
thickness, but as a result of the deep erosion of the
deformed miogeosynclinal rocks this thickness is rarely
present in any ons location. The saturated thickness of
the carbonate strata, which ranges from a few hundred
feet to several thousand feet, is due to the combined in-

fluence of geologic structure, erosion, and depth to water’

table. In general, however, because of the great aggregate
thickness and stratigraphic position of the rocks com-
posing the lower carbonate aquifer, several thousand feet
of the aquifer occurs within the zone of saturation

throughout most of the study area; the aquifer is com-

pletely unsaturated or eroded only in the vicinity of the
outcrops or buried structural highs of pre-Middle Cam-
brian clastic rocks (pl. 1).

'ln.soulhtm Indian Springs valley, carbonate rocks of Mississippian, Pennsylvanian, and
Permisn age IMoate Cristo(?) Limestons and Bird Spring Formation) are slso included in cue
lower carbonate aquifer.
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r
CHARACTER IN OUTCROP )
Outcrop studies provided qualitative informat{ :on'
the nature of the intercrystalline (or matrix) opeg'lé
the character of fractures and bedding-plane partings
the occurrence of caverns, and the stratigraphic controii
of secondary openings in the carbonate strata.
The intercrystalline porosity of the carbonate rocks i l
extremely low. Hand specimens examined ranged fro I
fine grained to coarsely crystalline, and the calcite o i
dolomite crystals composing the rock were tightly in}:
tergrown. Vugs as much as 0.4 inch in diameter wer
observed in some hand specimens, but no interconnected
vuggy porosity was noted. ;
The carbonate rocks are highly fractured and locall
are brecciated. Most outcrops exhibit three or more set
of joints, one or more high-angle faults, and one or mor
brecciated zones. The joints, and most of the faults, arg:
high-angle fractures (fig. 4). Brecciation commonly oci;
curs along faults of only a few feet displacement and doeg :
not necessarily reflect movement of large magnitude. |’
Strike and frequency of the faults and joints vary coni:
siderably from area to area. Even within an area of a few
square miles the strike of the high-angle faults may:
differ from fault block to fault bleck. Harley Barnes and ;

V
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FIGURE 4. — Intensely fractured Silurian dolomite in the £ ) \xd
Range. Bedding-plane opening above pencil..

t
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associates (written commun., 1965) ytabulated the fre-

quency distribution of 933 high-angle Taults mapped in

eight 7% -minute quadrangles covering the Yucca Flat
" area. The dominant strikes range from N. 20°-30° W. to

N. 20°-30°E Burchfiel (1965) tabulated the strikes of
384 faults in six different parts of the 15-minute Specter
" Range topographic quadrangle. The dominant stnkes
ranged from about N. 75° E. to N. 45° W,

Differences in character and frequency of Jmnts in
Yucca Flat were documented by Messrs. David Cum-
mings, R. P. Snyder, and D. L. Hoover (written com-
mun., Nov. 1963). They measured the length and orien-
tation of 1,845 joints in the Tippipah Limestone of Per-

mian and Pennsylvaman age (the upper carbonate |..

- aquifer of this report) in west-central Yucca Flat in a
plot 300 by 400 feet (Nevada coordinates, central zone,
N. 855,200 ft; E. 651,000 ft). The slope of the rock surface
is about 5° eastward. The rock is a thin-bedded to very

" thick bedded (3-18 in.) finelv crystalline limestoue.
Although faults are numerous .n the area, only one nor-
mal fault, having a length of 15 feet and a displacement
of a few feet, was observed. In addition to outcrop

measurements, Messrs. David Cummings, R. P. Snyder, |

‘and D. L. Hoover (U.S. Geol. Survey) studied 280 feet
of core from six holes in or within 150 feet of the study
plot; the holes were as much as 200 feet in depth. Their
major findings pertinent to this study follow:

" 1. Most fractures were filled with secondary calcite,
calcareous clay, or calcareous clay containing iron
oxide.

.2. Two major joint sets and three minor sets were

. mapped. The msjor joints ranged from 0.8 to 9 feet .

in length and from 0.1 to 0.4 inch in width. The
minor joints ranged from 0.15 to 6 feet in length
and were less than 0.1 inch in width.

3. The number of joints in core ranged from 5 to 43 per
foot; the median value was 18 per foot. Dip of the
fractures ranged from nearly horizontal to vertical
but was generally steeper than 45<. .

4. Selected stratigraphic intervals were traced from one
drill hole to another, but joint frequencies and dips
in cores from a given stratigraphic mterval could
not be’ correlated between holes.

5. The maximum dimension of 72 percent of mdxvxdual
limestone blocks bounded by fractures was less
than 0.3 foot; 97 percent had a maximum length
less than 0.7 foot; and 99 percent had a dxmensxon
less than 1 foot. - -

" Joint patterns in ‘Banded . Mountam in northeastem

" - Yucca Flat and m the Ranger Mountains in southern

Frenchman Flat were studied by P. J. Barosh (written
commun., Aug. 1965) I-Ie distinguished both local and
v, throughgomg joints in the Paleozoic rocks. The local

A joints differ in number and direction from bed to bed,

and some are confined to a particular bed or group of
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beds The local ]omts generally have consistent trends in
an area a few tens of feet in diameter. Most of the local
joints are perpendicular to the beddmg, but some are
parallel to the bedding.

Throughgoing joints sets described by Barosh cut
many beds without change in direction or number.
These ‘joints have consistent trends within areas 50 to
several hundred feet in diameter and commonly have a
moderately uniform spacing of 0.5 foot to 2 feet. Most of
these " joints are‘ nearly perpendicular to bedding,
although some locally intersect bedding at oblique

-angles. The throughgoing joint sets are parallel to an

associated fault set.
.Barosh also found that joint density bears a strong
relationship to rock type. Fine-grained carbonate rocks
have the greatest joint density of any studied. The joints
generally cut this rock into blocks ranging from 1 inch to
a few inches on a side. Medium-grained carbonate rocks
are cut into blocks ranging from a few inches to 1 foot on
a'side. Coarse- gramed carbonate rocks are cut into
blocks commonly rangmg from 6 inches to 2 feet on a
side.

"In outcrops, subaerial chemxcal and mechanical
weathering have increased the fracture porosity within a
few feet to tens of feet of the surface. Near-surface solu-

-tion widens fractures and may remove the calcite that

lines or fills them. Because of the influence of subaerial
weathering, a qualxtatxve estimate of the fracture

porosity expected in the subsurface cannot readnly be
-made from outcrop study.

. Significant differences in the degree of fracturing of
the carbonate rocks above and below low-angle faults

‘were noted. The fracturing and brecciation is most in-

tense where the carbonate rocks compose segments

-|.(klippen) of the upper plate of low-angle thrust faults,

Such plates crop out in several parts of the study area. R.
H. Moench (written commun., Mar. 1965) described a
few such plates in the unnamed hills bordering Pahrump

- | -Valley on the northwest, where faults separating the up-

per from the lower plates are nearly horizontal or are
parallel to the bedding of the lower plate. The rocks com-
posing the upper plate are described by Moench as

-“thoroughly brecciated.” Secor (1962) noted numerous
-“landslide deposxts" of carbonate-rock detritus along the

southwest margin of the Spring Mountains adjacent to
Pahrump Valldy. The landslide masses commonly rest
on carbonate bedrock, cover earlier thrust and normal

| faults, and are themselves ‘partly buried by younger

alluvium. They are commonly monolithologic, are

‘thoroughly ' recemented, :and represent stratigraphic
-units of Cambrian through Permian age. Secor believed

that these masses may have moved as much as 7 miles
from their source. The texture of the landslide masses he
described ranges from large blocks of undeformed rock,
in which bedding can be traced for hundreds to
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thousands of feet, to completely disordered angular brec-
cias with average particle diameter of less than 1 inch.
" One slide described by Secor (1962) may be as much as

2,000 feet thick. A megabreccia of carbonate rock overly- E

ing Tertiary tuffs a few miles east of Shoshone, Calif.
was examined by the senior author of this report. In con-
trast- to the thoroughly cemented landslide block
described by Secor, the megabreccia east of Shoshone
locally contains considerable porosity between blocks
composing the deposit. In summary, outcrop evidence
indicates that the klippen(?) and landslide plates of car-
bonate rocks may be zones of above-average porosity and

fracture transmissibility where they occur within the
zone of saturation.

The cited outcrop studies of joints and faults xllustrate
the heterogeneous nature of the fractures cutting the
Paleozoic carbonate rocks. In many parts of Nevada Test
Site, the carbonate rocks have been subjected to more
intense structural deformation than the rocks describec.

Secondary openings are present locally along bedding
planes in the carbonate rocks, but widespread develop-

ment of openings along such planes is absent. Some of
the bedding-plane openings may be due entirely to sub-
aerial mechanical and chemical weathering, but some
may be due, in part, to solution of the rock within the
vadose zone or in the zone of saturation. For example,
downslope slippage of strata along bedding planes has
probably produced some of the openings visible along
these planes. Elsewhere, solution (presumably in the
_subsurface) has dissolved small smooth tabular openings
that are strung out along otherwise tightly closed bed-
ding and joint planes (fig. 5). Veins of banded calcite, 1
to several inches thick, occur locally along bedding
planes. At places, solution of this calcite has left tabular
openings several feet long and of unknown depth along
the bedding plane (fig: 4). In general, the openings
seldom extend more than several feet along the plane.

Neither stratigraphically controlled regional solL *ion

.of the carbonate rocks nor significant solution belo- he
major Tertiary-pre-Tertiary unconformity is evident.

The absence of stratigraphically controlled solution is

not unexpected because of the absence of disconformities

marked by significant erosion in the Paleozoic rocks

older than Late Devonian. No field evidence suggests

that sinkholes or karst topography exist in, or were

. developed on, the carbonate rocks beneath the
Tertiary-pre-Tertiary unconformity. Field and subsur-
face evidence from a few holes indicates that the frac-
tures within the uppermost part of the carbonate rocks
are commonly filled by tuffaceous or lacustrine detritus
derived from the Tertiary rock above the unconformity.
~ All the carbonate-rock formations composing the

lower carbonate aquifer contain small isolated caves.
These caves seldom exceed 20 feet and are generally less

" than 10 feet in maximum dimension. In some outcrops
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FIGURE 5. — Secondary openings along 'bedding and joint planes in’
Cambrian(?) carbonate rocks, Titus Canyon, Death Valley National
Monument, Calif. Openings in middle ground, up to 10 feet longL

the caves are abundant and may be found every few ten
of feet within a particular stratum; in nearby outcrops of
the same formation, they may be totally absent. Th
caves range from nearly rectangular to roughly sphenca :
Some have small openings that widen inwardly. Locall
the caves tend to develop along major fault zon¢

fault zones seemingly do not characteristically con’{ro
formation of these caves.

Most of the small caves examined probably originate
as weathered-out joint or fault blocks. The character:
istic smallness of the caves and their lack of interconnecs
tion with adjacent caves probably precludes a solution
origin. The most convincing evidence that the small
caves are not due to solution is their general absence on
dip slopes, although they are locally well developed on
cliff faces of a given formation. Mechanical and sub-
aerial chemical weathering on cliff faces can readily diss
lodge blocks outlined by steeply dipping joints, whereas
such dislodgement is much more difficult on dip slopes
If the caves were of solution ongm they should be visible
on dip slopes. Caves with openings smaller than their inl
terior dimensions may be solely due to solution; these
caves cannot be readily ascribed to weathenng out of
joint blocks.

In contrast to the many unconnected caverns of minor
dimension seen in outcrop at the Nevada Test Site,
Devils Hole and Gypsum Cave represent two major solu-
tion features developed within the carbonate aquifers.
Devils Hole is a water-filled funnel-shaped cavern at Ash
Meadows, in the SWY%SEY sec. 36, T. 17S,, R. 50 E.|
about 23 miles southwest of Mercury (figs. 1 and 34))
The cavern is at the south end of a ridge composed
Bonanza King Formation. At ground level\t/he

_ﬂ,
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uuortheastward -trending opening is_about 70 feet long

and 30 to 40 feet wide. At water surface, about 50 feet
below the general land surface, the pool of water is about
40 feet long and 10 feet wide (Worts,’ '1963). Since 1950,
speleologists using scuba equipment have explored the
cavern several times (Halliday, 1966, p. 273). A sketch
map of the cavern (Halliday, 1966, p. 281) shows several
rooms and passageways. The speleologists reported that
at depth the cavern follows a fault having a dip of 70°
and a width of about 20 feet (Worts, 1963). Intensive
search in July 1965 for two missing scuba divers in-
dicated that the solution passages probably extend more
than 315 feet beneath the pool level (Las Vegas Sun,
June 23, 1965), or more than 365 feet below the land sur-

face.
Devils Hole seems to be structurally - controlled

(Worts, 1963) by a nearly vertical fault, which strikes
about N. 40° E. The major fault zone, exposed along the-
entrance to the cavern, is as much as a yard wide and
consists of a breccia of carbonate rock completely
cemented by calcium carbonate.

Gypsum Cave, a world-famous archeologxcal site, isin
the SE% sec. 11, T. 20 S., R. 63 E., about 13 miles east-
northeast of Las Vegas. A ‘detailed description of this
cave and of its archeological significance was presented
by Harrington (1933). Gypsum Cave was formed in car-

l,.ubonate rocks of Permian age. The cavern received its

name from deposits of selenite crystals, which are abun-

. dant in one of the-rooms. The cave mouth is in a low

- limestone spur and is about 150 feet above the adjacent"
bajada. The entrance is about 70 feet wide and about 15°
feet high. Overall, Gypsum Cave is about 300 feet long
and as much as 120 feet wide in its widest part.-

In addition to Devils Hole and Gypsum Cave,’ several
other large caves in the Spring Mountains and one near
the crest of Worthington Mountain east of Penoyer
Valley (Sand Spring Valley) have been reported. The
size and extent of these caves are unknown :

cnuucrm BASED ON CORES, DRILLING RECORDS, '
AND GEOPHYSICAL LOGS - RIS

The subsurface character of the lower carbonate'
: aquer was studied through ‘microscopic (bmocular) ex-

amination of cores and cuttings, laboratory measure-
ment of the intercrystalline porosity and permeability of
cores, and examination of drilling-time logs and selected‘ '

geophysical logs. Study of cores and cuttings, asa guxde

to the type and amount of secondary porosity, was sub- |’

ject to the.limitations common to most subsurface
‘geologic work, namely: (1) In moet holes the footage

cored was only 5 to 90 percent of the hole depth; (2) ma- |

. -jor openings along fractures or bedding planea are not

U!ampled by coring and vuggy openings covering an area | __

equal to or greater than the diameter of the hole are com-
monly destroyed during coring; (3) open or vuggy frac:
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tures successfully cored are not necessarily connected to
other open fractures in the formation; and (4) cuttings
generally are poor .indicators of secondary porosity.
Despite these 'xmxtanons. examination of cores and cut-
tings and the laboratory analyses of the cores yielded
valuable qualitative information on the subsurface
character of the aquifer. .

Intercrystalline, or matrix, porosity and permeability
of cores from formations composing the lower carbonate
aquifer are extremely low, as shown in table 2. The total-

‘porosity data were obtained by comparing bulk density

and grain density of the cores and, therefore, include the
sum of the unconnected, or isolated, intercrystalline
porosity and the effective, or interconnected, porosity.
The effective porosity was determined by the mercury
injection or water-saturation method. Permeability tests
were run using Denver, Colo. tap water. Although the
number of cores analyzed is small, they represent several
hundred feet of cores (from eight test holes) examined
both megascopically and microscop.cally. Several dozen
additional measurements of total porosity of outcrop and

‘core samples (not included in the tabulation) confirm

that the total-porosity values tabulated are represen-
tative.

. Four types of fractures were distinguished in the cores:
(1) fractures filled with breccia or clayey gouge; (2)
slickensides; (3) fractures sealed with calcite, dolomite,

‘or other minerals; and (4) fractures partly filled with

calcite or dolomite. The first three types of fractures con-
tained little or no effective (interconnected) porosity,
although they commonly contained isolated vugs. Frac-
tures filled wtih breccia or clayey gouge are probably

‘| fault planes. Breccia generally consists of angular car-

bonate rock fragments densely cemented by calcite or

dolomite. Vuggy porosity is locally present in breccias,

but in general the vugs are isolated. Breccias, though not
common, filled the thickest of the sealed fractures

g observed zones ranged in thickness from a few inches to

many feet. Fractures filled with clayey or shaly gouge

-| were common in intervals of mterbedded carbonate rock

and 'shale (fig. 6). The effective porosity of the gouge-
filled fractures is probably moderate, but the
permeabxlxty of the gouge is no greater than that ex-
pected in shale or clay.

The slxckensxdea were txghtly sealed or contamed a fill-

TABL!: 2 —_ Intercrystalluu porosity and pcrmeabllxty of cores from
lower carbonate aquxfer ‘Nevada Test Site ond v:cuuty

otal porouity. in percent, mmm u\andbulk e offct in
(T dot(ynfmmod by m methods; o ublhl in
. s.ltliommdny[ruqmloo( J'mmmnduuum Colo..uuvmm yu-by 8.
. * T g :
Porosity or Number of :

. permesbility . samples - Range Median Mean
Total porosity * e v oceme 16 0 4-12.4 53 5.4
Effective porosity _oo.oa 23 0.0-9.0 1.1 23
Pormesbility cceccecaa 1 0.00002-0.1 00008 ot
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FIGURE 8. — Structure in cores of Pogonip Group, well 88-66, Yucca
Flat. Left core (depth 2,980 ft), folded limestone (light gray) and
shale (medium gray). Right core (depth 2,983 ft), fault breccia of
limestone fragments, In both cores the fragmented limestone is
tightly cemented by clayey or shaly gouge.

ing of gouge material. These fractures averaged three per
100 feet of core logged. Most of them dip at angles
between 25° and 90°, are generally less than 0.04 inch
thick, and extend entirely across the cores.

Fractures sealed with calcite or dolomite veinlets or, to
a lesser extent, with quartz, iron and manganese oxides,
or clay are the most abundant type of fractures in the
cores. They amounted to an estimated 95 percent of all
the fractures found, and in some holes the carbonate
veinlets constituted an estimated 5 percent of the
volume of rock cored. These fractures averaged about 10
per foot of core and ranged from 1 to 30 per foot of core.
Most of them dip at ‘angles greater than 45° and are less
than 0.1 inch thick: They rarely attain a thickness of 0.4
inch. The larger veinlets extend entirely acroes the cores,
whereas the smaller veinlets form complex branching or
angular patterns among the larger veinlets. The veinlets
are commonly offset a fraction of an inch to several
inches at their point of intersection with other veinlets.
Some of the fractures have only a thin crust of iron oxide,
manganese oxide, or clay. These fractures appear to be
joints — that is, fractures with little or no visible dis-
placement parallel to the fracture plane. The fractures

sealed with calcite, dolomite, or other minerals contain_,

isolated vugs, but effective porosity is negligible.

The partly filled fractures range from those containing
only a thin coating of calcite or dolomite on the fracture
planes to fractures filled with vuggy calcite or dolomite
veinlets (figs. 7 and 8). The vuggy veinlets probably

originated by solution of the carbonate veinlets that fill

HYDROLOGY OF NUCLEAR TEST SITES
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FIGURE 7. — Sealed, vuggy, and open fractures in cores of caxbonata
rock from the Pogonip Group, well 83-67, Yucca Flat, Cores are from
depths of 2,705 to 2,787 feet below surface.

most of the fractures in the cores. Some of the open frac-
tures lined with carbonate minerals also probably
originated by solution along fractures, which was
followed by some mineral precipitation. Other open t’mc‘L
tures were probably never sealed and arein the
of being filled. That the secondary porosity in the
veinlets and along some of the unfilled fractures is due to
solution is suggested by the following: (1) Better
development of porosity along the intersection of frac-
tures; (2) variable width of the individual fractures; (3
vugs that appear to be due to solution of fossils; (4) a
decrease with depth in the abundance, degree oE
openness, and contmuxty of vugs; and (5) better developt
ment of porosity in limestone than in dolomite. -
Partly filled fractures are less abundant than those
sealed by carbonate veinlets and aount to 1 to 5 per:-
cent of the fractures found. They averaged about five per
100 feet of core and ranged from zero to one fracture per 2
feet of core. Fractures contawmg vuggy veinlets are
probably twice as abundant in holes penetrating
limestone as in holes penetrating dolomite. In general
the vuggy veinlets dip at high angles, are 0.02to 0.1 inch
thick, and rarely attain a thickness of 0.4 inch: Most of
them extend entirely across the cores. Most of the partN
filled fractures in the cores (fig. 7) were parallel but a
few intersected. i
Total porosity of the partly filled fractures is es-‘
timated to average 0.1 percent and to range from 0 to 1
percent of the volume of the core. Effective porosity of :
the fractures with vuggy veinlets is even lower becaus
most of the vugs are probably isolated within then  {
of carbonate vein material and are therefore elther\'e’
poorly, or not at all, hydraulically connected
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FIGURE 8. — Sealed and vuggy fractures and slickenside with red clay ‘

in limestone core from the upper part of the Carrara Formation, welt
79-69a, Yucca Flat. Core is from 1,411 feet below surface and is 2%
mches in diameter.

In general core examination suggests that secdndary'
porosity is better developed along fractures with minor
-displacement than along fault planes.

Stylolites also are common partings in cores, but they
are generally completely sealed with clayey residues.
They averaged three per foot of core and ranged from
zero to 30 per foot. They are most conspicuous and
piobably most abundant in limestone. They dip at low to
high angles to the core axis and are probably parallel to
bedding planes. Effective porosity along the stylolites

" appeared to be negligible. In only one test hole, well

67-68, was significant solution widening of stylohtes

" noted in limestone.

R. D. Carroll of the U S Geological Survey (wntten
commun., 1966) used geophysical logs to estimate the

" fracture porosity of the lower carbonate aquifer for test

wells 88-66, 73-66, and 89-68. The interpretations perti-
nent to test well 88-66 were presented by Moore, Doyle,
Walker, and Young (19683).

. R. D. Carroll estimated the total (that is, inter-
crystalline and fracture) porosity of selected fractured
intervals utilizing density and neutron logs in conjunc-
tion with caliper logs. He also used a ‘group - of
" geophysical logs (density, neutron, sonic, and electric) to

estimate intercrystal}ine (matrix) porosity in nearly un-
fractured intervals adjacent to the fractured zones. He |: -

_ then arrived at an estimate of fracture porosity by sub-
' tracting values of matrix porosity from those of totel
worosity. His .values of total fracture porosity rangm2

\—1rom 1 to 12 percent, and matrix porosity ranged fron: 1

to 6 percent. His laboratory values for matrix porosity
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ranged from 0.2 to 4.5 percent. For nine intervals ranging
in length from 7 to 300 feet, he was able to calculate both
total and matrix porosity. The average fracture porosity
of those nine intervals ranged from 0 to 10 percent. These
values excluded data for intervals that caved and for
zones containing interbedded shale and carbonate
strata. In general, the zones of highest fracture porosity
calculated by Carroll for selected intervals in wells
88-66, 73-66, and 89-68 corresponded with the most
permeable intervals in those holes. However, in other
holes highly fractured zones, delineated by the sonic
logs, yielded little or no water to the bore during drill-
stem tests.

.The high fracture porosxty values estimated by Carroll

. _do not necessarily contradict the considerably lower
| effective fracture porosity estimated from the cores.

First, geophysical-log analysis cannot differentiate
betwzen the effective and noneffective porosity in the
fractures filled with vuggy veinlets. Second, much of the

-total porosity detected by the density and neutron

sondes may represent highly porous gouge fillings rather
than void space. Third, and this is considered by Carroll
(oral commun., Feb. 1, 1967) to be the major cause of the.

‘large differences in values of porosity, geophysical log-

ging devices are inherently unable to measure accurately

| porosity differences of a few percent in rocks of extremely

low porosity. Because of inhomogeneities in the forma-

-tion and in the well bore, neutron, density, and sonic

logging devices tend to register high porosity values for
such rocks. Values thus obtained should be considered

.upper limits; in rocks with low porosities, the values may
. be in error by several hundred percent.

Dnllmg records do not indicate the penetration of any
major caverns in the lower carbonate aquifer. By
December 1966, approximately 16,000 feet of the lower
carbonate aquifer had been penetrated in 26 holes drilled
in 10 widely separated parts of the study area. Six thou-

‘sand feet’ (about 37 percent) of this drilling was

monitored at six drill sites by instruments that con-
tmuously recorded drilling rates. Two test holes, well
79-69a -in 'southern Yucca Flat and well 65-62 in
northeastern Amargosa Desert, each penetrated a single
void about 2 feet long. The void in well 79-69a was
reported by the driller, whereas that in well 65-62 was
recorded by instruments. The interval in well 65-62 cor-
responded with a zone of lost circulation. Whether these
voids are distal ends of solution caverns or fractures
opened by solution cannot be determined.

The absence of major caverns is particularly signifi-

'cant because about 5,000 feet, or roughly 30 percent, of

the .-total -footage of carbonate rock drilled was

‘penetrated at 13 drill sites beneath the Tertiary-pre-

Tertiary unconformity. Study of the Tertiary-pre-
Tertiary unconformity in outcrop also indicated the
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absence of any prominent solution alteration of the
Paleozoic carbonate rocks beneath the unconformity.

Daily records of holes drilled with mud indicate that
lost circulation commonly occurred during drilling of the
carbonate rock aquifers. The rate of fluid loss generally
changed abruptly with depth. The abruptness of the
fluid loss, the absence of caverns, and the extremely low
intercrystalline permeability of the rock suggests that
the mud was lost into partly filled fractures. Conversely,
in some holes drilled with air a sudden increase in water
entry into the bore was noted occasionally. This marked
entry of water probably indicates the penetration of the
first major water-bearing fracture.

DRILL-STEM AND PUMPING TESTS

Hydraulic properties of the lower carbonate aquifer
were measured by drill-stem and pumping tests of 10
wells, These wells were drilled to depths of 1,300 to 4,200
feet by the air-rotary or cable-tool method. In these
wells, the lower carbonate aquifer was tapped at depths
ranging from 735 to 1,500 feet below the surface to 3,700
to 4,206 feet below the surface. The construction record
of each hole is presented by Thordarson, Young, and
Winograd (1967).

Drill-stem tests were made in 8 of the 10 wells to identi-
fy intervals containing water-bearing fractures, to detect
changes in head with depth, to pinpoint the source of
water collected for chemical analysis, and to determine
the capacity of the pump needed for the pumping test.
The drill-stem testing techniques were primarily of two
types — additive swabbing tests of open, (that is, un-
cased) holes and swabbing of select zones isolated by
packers. However, oil field drill-stem tools of dual shut-
in type (described by Dolan and others, 1957, and by
Ammann, 1960) were also used.

The drill-stem tests showed that the fracture
transmissibility of the carbonate aquifer, as reflected by.
specific-capacity data, varies greatly with depth "~ each
of the holes. Many straddle-packed intervals vielded
only a fraction of a gallon per minute in response to a
drawdown of hundreds of feet. Other intervals in the
same hole were swabbed at a rate of 50 gpm (gallons per
minute) without lowenng the water level more than a
few feet,

None of the eight holes drill-stem tested showed a uni-
form pattern of increase or decrease in fracture
transmissibility, and open fractures were present as
much as 1,500 feet beneath the top of the aquifer and
4,200 feet below land surface. In some holes the
transmissibility increased markedly with depth; in
others the most perméable zones were near the top of the
zone of saturation. In test well 88-66, for example, ad-
ditive tests showed a negligible yield for the Pogonip
Group in the interval of depth between 2,550 and 2,703
feet; yield increased about tenfold after penetration of
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the interval between 2,703 und 2,896 feet. Another ten
fold increase in yield was measured after pene, orlo
the interval between 3,095 and 3,295 feet (J. ET} Ioort
and others, 1963). In test well 75-73, on the other hand
the only permeable zone of consequence in the Pogoml:
Group was in the interval between 1,217 and 1,448 feet:
the top 105 feet and the bottom 405 feet of the saturated
rock tapped apparently yielded little or no water to he
bore. .

The drill-stem tests of the three holes (73-66 in ék
Valley, and 88-66 and 87-62 in Yucca Flat) tBat
penetrated the lower carbonate aquifer beneath t‘lie
Tertiary-pre-Tertiary unconformity indicate negligible
to moderate permeability immediately below the uncc fx-
formity. In these holes the zones of greatest relative
specific capacity are about 75, 725, and 240 feet, respéc-
tively, below the unconformity. §

Three wells drilled into the aquifer in the Amargc sa
Desert, NWV sec. 27, T. 16 S., R. 51 E., penetrated an
aggregate thickness of about 560 feet of the lower car-
bonate aquifer. Flowmeter surveys made during inj é-
tion of water into these wells indicated that the wells m-
tersected only a few water-bearing fractures. Of equal m-
terest, the survey of one hole indicated that a depth in-
terval whose core contained open fractures several feetlin
length was nearly impermeable.

Pumping tests of 48 to 86 hours duration at consta it
discharge rates were made in each of the 1 ,ells
penetrating the lower carbonate aquifer at NevaMest
site (table 3). Step-drawdown tests, at three differe} t
discharge rates, were made in four of the wells. At o
one well site (79-69a) was a separate observation wéll
(79-69) available in which to measure drawdown, and
unfortunately, drawdown was not detected in the obser-
vation well because of extremely high transmtssxbllliy
coupled with a moderate pumping rate.

Submersible-type pumps with ‘a check valve xm-
mediately above the pump assembly and a second check
valve several hundred feet above-the first valve were
used in all the wells. Water levels were measured with an
electrical sonde in a 1-inch ID access line. Changes as lxt-
tle as 0.02 foot in water level are detectable thh this in-
strument.

The semilog graphs of water-level drawdown and
recovery for the pumping tests are characterized byja
steep first limb and a gently sloping second limb (fi igs.
9-17), which make interpretation of hydraulic propemes
of the aquifer difficult. The steep initial limb usually
lasts 10 to 60 minutes, gradually decreases in slope, and
changes into the gentle limb, which generally persists f'or

.several hundred to more than 1,000 mmutes With 1f1-

creasmg time, the gentle limb either continues declining
(or rising during recovery), without detectable change n
slope, or bends sharply downward (or upward. \_/1 g
recovery). )
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FiGURe 9. — Diagrammatic semilog graphs of water-level drawdown and recovery during single-well constant-rate pumping test in the lower
carbonate aquifer.

The slope of the steep initial limb on the drawdown
curves is about 5 to 20 times greater than that of the gen-
tle secondary limb; on the recovery curves, the steep in-
:Pia{)limb is about 10 to 60 times steeper than the second
imb.

A second anomalous feature of the semilogarithmic
curves is the rapid rate of recovery of water level after
pumping. Theoretically, the recovery of water level at
the conclusion of a pump test should take as much time
as the drawdown. However, in each pumping test of the
carbonate aquifers, the recovery was faster than the
drawdown at equal times, particularly in the time inter-
val 0 to 200 minutes. The more rapid rate of recovery
results in an early limb that has a markedly steeper slope
than the corresponding limb on the drawdown curve.
Conversely, in every well the second, or gentle, limb of
the recovery curve is gentler than the corresponding se-
cond limb on the drawdown curve. Similar anomalous

recovery is also noticeable on semilog plots for a pump

test of a fractured carbonate aquifer near Eureka, Nev.
(Stuart, 1955, figs. 5 and 7).

Dual-limb semilog curves resembling th.se for the
lower carbonate aquifer have been described in the
ground-water and petroleum-reservoir engineering
literature for the following flow geometries: (1) Leakage
from an overlying or underlying semipervious confining
layer; (2) a sloping water table; (3) an aquifer that
thickens with distance from the well; (4) turbulence at
the well face (Baker, 1955); (5) aquifer damage by drill-
ing, the so-called skin effect; (6) partial penetration; and
(7) a zone of below-average transmissibility adjacent to
the bore. Only the last two flow geometries, plus a
related condition, appear important during pump tests
of the lower carbonate aquifer. .

The configuration of the semilog curves is probably
due to one or more of the following: (1) Three-
dimensional flow near the bore due to partial penetra-
tion of the aquifer; (2) a zone of reduced transmissibility,

E %%
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2 TABLE 3. — Pumpiég-tut data for uquifef’i in Nevada Test Site and vicinity

Well

Stratigraphic unit

Depth
interval
{leet)

Thick-
Ress
tleety

Estimated
penetration;
of squifer
(percent)

Depth
to
static
water

fevel
(feet)

Hydraulic
setting

Npecific
capacity
{gpm per

foot of
drawdown)

Coefficient of transmissidiliey!
(gpd per )

Calculated
trom
drawdown
curve

Eatimated
from
1peciiic
capacity

Calculated
from
recovery
curve

Remarks

. Lower carbonate aquiler

'79-HYs

79-69

f7-71

A7-RA

AR-78

RA.66

%11
«1-66

TN7.62

Carrars Formation
(upper hall).

PR |, B,

Bonanza King
Formation
{Banded Mountain
Member).

Bonanza Kingt?)
Formation.

Nopaht?)

Farmation

Nopah Formation

(Smoky Membert.

Pogonip Group

coedd cnecnae
Silunan{?)
dolomate.

Devile Gate
Limestone and
Nevada Formation,

undifferentiated.
Devonisni?) dolo-

mite and calcar.

enus quarttite.

1.5-.0-1.701

1.540-1.650

1.020-1.301

1.313-1.946

785-1.168

17-1.4%0

2.350-3,422

1.103-1,883
1.137-1,400

3,700-4.198

2.821-3,026

161

1o

281

613

11

72

498

e

10

. Unconfined

Unconfined ~ 1.5340

L5340

JRPPRY . 7 R,

Confined

~=a~do ----_}
Unconfined

ceedo meao

Confined 2,088

< 103
Confined ) 1,738

1.968

cendl cvnno

1.628

ce=lo el

830

6.2

48

4.5

900,000

6,000

8,000

6000 . 39,000

4,000 11,000

" 1.300

3,800

1.000

2,400

(8]

53,000
86,000
27,000
5,300

3.500

Well 79-69a s 10
northwest of weli 7
Dunng two pumping
neither drawdown
recovery could be mea:
awing to very high ac
transmissibility and
pumping rates (60 snc
kpm? Carrars Form
tapped by well is prot
part of upper plate of
sngle thrust fauit
crops out a few miles
of well.

Step-drawdown anslysis
dicates specific capacr
11.7 gpm per foot of d
down and water er
chielly from nte:
1.607-1,623 ft. Carrara
mation tapped by we
probably part of ug

tate of low-angle th
ault that crops out &
miles west of well.

Step-drawdown_ analyus
dicates specific capacit
11.3 gpm per foot of d:
down.

Step-drawdown enalyus
dicates specific capacit
‘I’G.'I gpm per foot of dr

own.
Step-drawdown analyus
dicates 1pecific capactt:
10.8 gpm per foot of dr

own.
Water yielded princips
gom interval 3,176-3.

Density changes in we
column, due to ano
alously high wat
tempetature, complets
masked water-level 0
tuations due to pumpn
Arr-line messurements p
mitted approsimation
specific capacity.

t -7 Bedded-tuff aquifer
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9078

Hedded 1ut1(?)
«t Piapi Canyon
Group.

canll el

Y |

1.68%-1,600

490-

896-1,091

! Confined

Unconfined(?)

i ewall caca.

1,568

490

09

1.300

2100

- See Hood (1961} for pumpin

test detmils: aguifer
probably ‘bedded tuffl
nonwelded ash-flow tuff.
Constant-rate pumping te
not made; specific capac
based on measuremen
mada alter 30 min. pum
" ing; agquifer is probad
bedded or nonweld
ash-flow tufl.
Constant-rate pumping te
ade; specific capact
reported after 30 min. -

pumpiag: squifer
c prob& l

ly bedded tuff «
nonwelded ash-flow tuff,

s

Welded-tuff aquifer

kot |

el hmenea

PR . T

.

M- 887 .

/M-1.478

1.M57-1.678

e

(L]

;m‘,

e -

Confined(?) L0

1,507

cealo el

.1

Seere- .

.F d
marks. -

of 69 ft
with air line and te
pressure gage in first 3 mi

of
gpm: sdd
down not detectable insu
, sequent 57 min. of pumpi

-tost.

Step-drawdown .bl;l\hy.l
suggesta considerable

e probably due 1o pe
are y due to pc
gun perforation of casing

Well tested by basiling: da
on of water |l
given by Moore and Gart
(1962).
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TABLE 3. — Pumping-tést data for aquifers in Nevada Test Site and vicinity — Continued
i HEN o
—_— Coeflicient of transmissibility?
Depth :
Depth “Thick. | Estimated Hydrautic n::ic ‘-:I“;:C‘II?;‘. . (god per ft}
well Steatigraphic unit interval nes V;‘"::;l‘r':r‘ "min‘ water | ‘¥pm per | Estimated| Calculated| Calculated Remarks
(feet) (feet) (percent) level oot of from trom from
(feet) [drawdown)] specific | drawdown} recovery
capscity curve curve
¢ Lave-flow snd welded-tull aquifers
H XA Hawltel LAKIY-1.150 tm {LT] Unconfined Combined test of lava-flow
Kiwt Mess ’ 1039 28 4.000 28.000 e u‘gnl::gﬁ&uqm?: lg:ﬁ
‘I‘..{-'-.p.:::p:mn 11501129 179 &4 Confined . %est pressure gage end air
Member« .
Painthrush Tutf. ne
Valley-fill squifer
T3 b Vatles il HAG-1. M%) Sy ] Unconfined 689 1.3 1,000 2.400 2,500  See Hood (1961) for pumping-
test detatls. Value of 1,700
e . .o - . . 1,700 spd per ft from recovery
-~ e, TTT - - ’ . dunng 133.day shutdown:
- nther values from 48-hr
pumping test.
LY R . AR %0 ne 15 ceeld cnnea 683 4.0 3.000 9.700 11,000  See Hogd(l?ﬁl)forgumpin[-
- test details.
5 el e T A 156 ceodo ZEz__ U 1.3 800 coe= -w== Specific capacity and static
. :.ltl" level reported by
. - nller.
ni-68 anllt ccenaan -+ LAOREETD ] LIRILT eeeld aacoa 606 | 1.9 1,000 13.200 12200 See Price and Thordarson
indalie :’ISGII) for pumping-test
etails,
] PR | H{I PR 1 | o o cealdicacaa 107 12 10,000 . 33,500 Specific capacity after about
21 hr of pumping: dniler’s
m m%c;}tn mostly cley
ow
"l Tia Y e 542 P W _do ceeee - 114 0 30,000 cema -==~= Speafic capacity and static

-

- water level reported by

dnller; driller's log suggests
thief aquiferin depth inter-
ve! 114-200 fi,

- Specific capacity computed st wo min. of pumpu&

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-
seciional 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 85 percent of the head loss of
spherical flow (near zero penetration) occurs within 6
feet; intermediate head losses (not- illustrated by
Muskat) cccur 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-
snless semilog plot for partial penetration presented by
antush (1964, fig. 11) also closely resembles the plots
for the lower carbonate aquifer. Hantush’s illustration

B

: See text for discussion of mnhads of computation of coel-
-l ficient of cransmisesbeity, in gallons per day per foot ¢
ft), and tire-drawdown curves (figs. 10-17 and 22-29)} for per-
. tinent construction dsta and leagth of pumping tests.

the curve. Nisle’s study ’ i$ of "pa
‘because the time-préssutécurves he presented are for

Tunc drawdown curves (fig. 14) indicate a positive boun-
dary ofvorg high transmissbility at 35 min.: the “zone™ of high
1

per
lnrum ility is probably that tepped by adjacent well

mdncates 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 Jacoh (1950) could:-be. used to compute-

aquifer t ility dxrectly t’rom_the second limb of -

cular importance

the -pumped ‘well:>whereas Hantusl'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 5t020
percent of the aquifer (table 3). - ’

A zone of reduced transmmsnbxhty adfétent to the bore

{is* & “second- possible "cause for the -dual-limb “time-

pressure ¢uives. Iouckun&ﬁﬁﬁuro (1961) presented

many :z%mthmxc curves shawing the effect of vary-
ing th of a zone of reduced transmxssxbnhty and

‘'of changififfithe ratio ‘of - the tranamuublhty of the

aquifer' and of MW¥-Foni& 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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¢/t = TIME SINCE PUMPING STARTED/TIME SINCE PUMPING STOPPED

1 10 100 1000 M0,000
10 LA B B I o =~ T | I S N R L T T— 7 T T T71 T T T T i
} ds=1.5
L 280240 " e .
: x (264) (154)
. s My, e = 27.000 god per 1t
< .
15 - * s
L x
i x EXPLANATION
L ]
- . x T = coefficient of )
o 20 3 transmissibility 410
re .
x
z . Q=154 gpm )
¢ | - ~
§ 25 J z 280 13
3 * Time since pumping stopped,
o in minutes
Q - ., -
z . x .
g %o, + Drawdown
a 30 T - 20
2 'c. x x
g = o, Recovery 4
54 4 i
g v, oY L 000 gd per it | |
L] o .
S 3s T~taq — 23
Q : ' i
| Formation tested: Smoky Member of Nopah Forma- As= 3.7 Pump discharge A
" tion was adjusted '
Interval tested: 737-1,490 feet (unconfined). Packer ; ‘ l
40 [—  tests indicate intervals 1,093-1,184, 1,234-1,234, 30
and 1,388-1,388 (eet yield little or no water
Percent penetration: 10 percent (estimated) N,
— Type of completion: Machine slotted 8 5/8- and T
7 5/8-inch-OD casing and open holc ]
45 i 1 1 | S .} Ll L 1 y 1ttt 1 1 1 1 ¢ 11 ! 1t ot 3ttt 35

1 10 100 1000 1oooo
TIME (t) SINCE PUMPING STARTED, IN MINUTES |

FIGURE 10. — Semilog graphs of drawdown and residual drawdown

11-13, 1962.

transmissibility of the inner zone, whereas the gentle
limb reflects that of the outer zone, the true rormation
transmissibility. The transition between the ...0limbs is
gradual as it is in semilog curves for the lower carbonate
aquifer. A zone of reduced transmissibility adjacent to .
some of the wells tapping the lower carbonate aquifer
appears possible owing to the probable heterogeneity of
the water-bearing fractures. However, the presence of
such a zone adjacent to eight of nine wells in which draw-
down was measurable seems unlikely.

A third possible cause for the abnormally high head
losses shown by the first 60 minutes of the time-pressure
data is the very small cross-sectional flow area in the
water-bearing fractures near, and tapped by the bore.
Within several tens to a few hundred feet of the bore, the
flow lines may converge toward a single fracture or
perhaps toward a few fractures that connect with the
bore; the resulting head losses may therefore be con-
siderably greater than those near a hole tapping an

' i
of water level during pumping test in test well 66-75,‘ Septemb:

aquifer producmg from interstices. These head losses
hereafter called head losses du= to ramming, or ramm
effect, to emphasize the physical crowding of the fl
lines in the fractures near the wells. Head losses due
the postulated ramming effect are expectable in' m
wells tapping the lower carbonate aquifer.

The relative importance of partial penetratxon, az
of reduced transmxsmbnhty, or the ramming effect on
pressure losses near each well site cannot be detemu
with available data, At some sites, all three factors n
be operative. For example, the head losses that re‘
from a zone of reduced transmissibility and- from
ramming effect should apply not only to-radial f
toward ‘a fully penetrating well but also to thi
dimensional flow toward a partially penetrating w ll
the three flow geometries, partial penetration o ba
occurs at each well site. Rammmg effect alg )a
‘occurs at most well sites owing to the’ sn\ua‘ﬁ 'cn

sectional flow area in the water-bearing fractures. )3



“He

* decrease, which would result in'a water column longer at

-the water column .in wells at the test site have been’
- measured sud are as much as 35°F, though they are’
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t/¢ = TIME SINCE PUMPING'STA_RTEDITIME SINCE PUMPING STOPPED
L. ~100° . 1000 10.000
T T T T T T T T L S T a
264) (4588 -
T= (—i)-:—s—l- 86,000 god per ft
%’_‘ 5
w
n . 108 i y T 4 &
- ® 5 z
w
w -
w 10 >
'S ° - x «c
b4 w
z | 1 3
[¢] .
g S
< 65 ~- EXPLANATION J41s g
2 ¢ T = coefficient of transmissibility E
o u " -
z . Q=455 gpm 3
5 ’ z
70 - -“20 2
[o] (264) (455 ’
z *e - —+’- = 39,000 god per ft aso 8
g B -2 Time s...ce pumping stopped,_| z
o Ag= 3.1 in minutes g .
z N . c
7% - 12% o
« ) ——y
o Formations tested: Nopsh(?) Formation and Bonanza anelown g
. King(?) Formation 785-1,168 feet (unconfined) » _ o
* and 1,333-1,946 feet (confined). Packer tests Recovery b
indicate intervals 1,047-1,260, 1,555-1,613 and Iy, A2= 6.6 T
80— 1,626-1,674 (eet yield little or no water to bore = 30
Percent penetration: 20 percent (estimated)
| Type of completion: Gun-pecforated 10 3/4- inch-OD "~y
casing opposite upper aquifer: open-hole complﬂion N
of lower aquifer . As=19
as AR R R 1 AR ] R NN 1 L1 11 11]ae
1 10 100 1000 10,000

TIME {t) SINCE PUMPING STARTED, IN MINUTES

FIGURE 11. — Semilog graphs of drawdown and residual drawdown of water level during pumping test in well 67-68, September 11-14; 1962,

tial penetration and ramming appear chiefly responsxble ‘
for the steep initial limb of the txme-pressure curves.
Whatever the ezact cause of the steep initial limb, the

" gentle second limb represents aquifer condxtxons at'a|.
‘ However, temperature changes alone cannot explain the

greater distance from the bore than that represented by
the steep limb.

The authors cannot’ explain the abnormally rapxd '
Tecovery rate, nor did they find an apphcable explana-
tion in the literature. The anomalous recovery rate’ ‘does
not appear to be due to the entry of lower densxty water’
into the well during the pumping period.'Such a densxty

the end than at the start of pumping, could be due to-
warming of the water column during pumping and (or)

to entry of gas into the water column. Differences in am-"
bient water temperature between the top and bottom of

usually lezs than 20°F. Such temperature differences,

when coupled with water-column lengths of 500-1,400

feet are probably’ responsxble for’ post-pumpmg static
water levels which were higher than pre-pumping levels

in wells 84-68d and 88-66 (Moore and others, 1953, table

6; D. B. Grove, written commun., Oct. 1, 1967).

rapid recovery of water level, which” in some wells
(84-68d and 88-66, figs. 15 and 17) was as much as 40 -
feet greater than drawdown at comparable times. Some
mechanism’ other than temperature-induced density
changes must be operating. Outgassing has not been
noted in the sampled waters. Until the significance of
the anomalous recovery rate is understood, the authors
elect not to utilize transmlsslbxhty values obtained from

the recovery curves.
* 7 The constant slope of the second limb of the semilog

curves (figs. 10-17) suggests that the fracture
transmissibility of the lower carbonate aquifer may be
homogeneous on a gross scale even if locally non-

"homogeneous. Within the time interval (as much as

2,000 min.) represented by the gentle limb, no promi-
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3
t/¢= TIME SINCE PUMPING STARTED/TIME SINCE PUMPING STOPPED X
20! 10 100 1000 -~ 0og
; T T T 7177 T T T T 7717 T 1T T T 7717 T T T 11 9
x e=2 {264) (400) \/
} — L T=——————— = 53,000 9pd per ft
B 300 Tug . o N
14
40 r 3 X 14
x -
B EXPLANATION 4| @
- . T = coefficient of transmissibility ;
I <
u&l S0 -T- a=400 gpm = 29" >
E [ f ! §
g B 300 L 8
Z . Time since pumping stopped, Pw
3 60 in minutes - 9. <
3 . ' g
a . <
. = .
g . Drawdown g
3 : * z
a Recovery x 4d. g
z . a
- : :
Q e q4
L T
E4 LT )
z 80 . (264) (400) 92
Epini i, q
a = T 53 20.000 god per ft N 3
[~ Formation tested: Banded Mountain Member of 8= 3.2 ) ' T @
Bonanza King Formation \ . <
90 |— Interval tested: 1,021-1,301 feet (confined at well); %———— 64
interval 1,020-1,217 feet yields little or no water m"::::"?“i::v?:.
Percent penetration: § percent (estimated) e
™ Type of completion: Machine slotted 13 3/8 - and
8 §/8-inch-OD casing |
100 1 bt ot 11t 1 {1 toett 1 L1 tothry 1 [ tlle\T]/m
1 10 100 1000 10,000

TIME (t) SINCE PUMPING STARTED, IN MINUTES

|
|
. . |
FiGLRE 12. — Semilog graphs of drawdown and residual drawdown of water level during pumping test in well 67-73, February 24-26, 1963.
|

nent changes in slope could be detected even on
expanded-scale plots of the time pressure data shown in
figures 10-17. The absence of such breaks in slope may
suggest that the water-bearing fractures are reasonably
well connected and that fractures of differing
transmissibility, if present, are randomly distributed.
Or, stated differently, after a large volume of aquifer is
sampled by pumping, the areas of low fracture
transmissibility that may have been intersected are ap-
parently balanced by regions of high transmissibility;
the resultant time-pressure curve resembles that of a
grossly homogeneous aquifer. That this* often cited
qualitative explanation is experimentally sound was
proven through model studies of fractured aquifers by
Warren and Price (1961) and Parsons (1966).

The work of Nisle (1958) indicates that
transmissibility of partially penetrated and confined
isotropic aquifers can be determined by applying the
slope of the second limb of the time-pressure curves to
the modified nonequilibrium formula of Jacob (1950).

The coefficients of transmissibility calculated usingjth
modified nonequilibrium formula are listed in table 3
To estimate the coefficients of transmissibility of fou
wells havmg no clearly defin.d drawdown curves
specific-capacity data were applied to a conversion ctn
relating these two parameters (Walton, 1962, fig. 4
The coefficients of transmissibility derived from th
drawdown curves of six wells range from 1,300 to 39
gpd per ft. Their median value is about 7,000 gpd per f:
and their mean value is 13,000 gpd per ft. The éoel
ficients of transmissibility derived from the secondar
limb of the recovery curves range from 1.7 to 2.5 txme
those computed from the drawdown curve (table 3).
difference is- due to the anomalous recovery rate cite
earlier. These values are considered inaccurate.
-Coefficients of transmissibility estimated from|th
specific-capacity data of 10 wells range from .t
900,000 gpd per ft. Their median value is 5,000
ft, and their mezn value is about 100,000gpd g

.(Th
mean value is strongly influenced by the véry/llarg
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llITlr T T T T T 17717
EXPLANATION
T = coeflicient of transmissibility

a=30gpm

10

Formation tested: Pogonip Group
Interval tested:

Percent penetration:
Type of completion: Machine slotted 7-inch-OD

* .
Drawdown .

1,103-1,853 feet (unconfined).

Packer tests indicate interval 1,217-1,448 feet
is chief producing zone -
10 percent (ettimated)

casing to 1,516 feet; open hole below

ORAWDOWN DURING PUMPING TEST, IN FEET

- hd
\NNV-

Tm

-~ (264) (30)
2.3

= 3,800 god per ft
oy o A8= 21 . .

| I S |

f 1 1 111
: 100 .
TIME (¢) SINCE PUMPING START

ED, IN MINUTES

FIGURE 13. — Semilog graph of drawdown of water level during pumping test in test well 75-73 (Frenchman), May 9, 1962,

10 T T T T 717717 T | S S B R | T T T T 1T T (I N S B e O |

b EXPLANATION -
- [
\E.,' 20 < Drawdown
2 i Formation tested: Carrara(?) Formation,
= L . . upper limestone part -
g o . Pumping rate: . 200 gpm; soecific Interval tested: 1,540-1,650 feet (un-
~ o *. capacity 6. m per ft confined);interval 1,607-1,623 feet
s » " oes - chief producing zone =
2 . ces o0 o Percent penetration: Unknown
o - . . Type of completion: Maching siotted .
z : N 16 S/8-inch-OD casing .
« ° s ¢
3 4 - -
g " e 1o Pumping rate: 288 gpm; specific ‘

2 - o.. uoocltvﬂ!.pmporh
g B * ® 0 g00000e . Lo 7
L J
2 - e
< 80
8 .
P~ ¢ - Pmlu rate: 3@ .m np.emc -
',.‘ mcehy!.‘lpmp-rh ) . :
.0 L1 111t 1'90900000 N | [ N NN . | P41t
- 10 SRR 100 .- . 1000 10,000

TIM! (e) IINC! 'U“PINO 8TART!D IN MINUTES

useful t
the six

FIGURE 14. -— ‘So'milog mph: of drawdovm of wam lwg! for thm different rates of pumping in well 79-69.

_specific capééity of a"si'n'g'l'e well (79-69a). The | down curves for four of the wells (table 3), such a value is
_magnitude of error in estimating coefficients of
trammxssxbxhty from specific capacxty is shown by the

data of table 3. Nevertheless, in the absence of draw-

oobtain minimum values of transmissibility. For
wells with clearly defined drawdown curves, the

coefficients of transmissibility estimated from the
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1 10 100 1000 10
e LR S S B N O T ﬁrfirlut AT T T 11717 T T T Vv T 717 o
x
i 61 27 . |
EXPLANATION }
. 12 x S
a0 - T = coefTicient of transmissibility] 40 §
=
. * Q=76 gpm z
4L . 1 s
w x ;
Z ¢ 81 w
= 80 v— . . 8o |2
o) Time since pumping stopped, x 8
z i in minutes w
[ = * _ -
o e Drawdown z
O 120 X 120{ %
5 . x x g
« 4 Recovery
=] - x - Z
9 ‘e (78) §
§ . r= %— = 2,400 god per ft x <]
3 160 Ay : Y 160 | %
a [ ] e . . . £
5 Nw Q
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200 t— fined., Flowmeter survey while pumping indicates majoe inflow from calcareous 200 | =
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Percent penetration of lower carbonate aquifer: Less than S percent (estimated)
Type of completion: Open 6-~inch hole; overlying tuff aquitard cased and T
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FIGLRE 15. — Semilog graphs of drawdown and residual drawdown
21-23,

specific capacity data are about ¥s to ' of the values
derived from the second limb of the drawdown curve
(table 3).

That the wide range in transmissibility (table 3) need
not be randomly distributed areally but rather is struc-
turally controlled is suggested by the tests of wells /3-69°
and 79-69a in southern Yucca Flat and of thre wells
drilled in northwestern Amargosa Desert (in NWY sec.
27, T. 16 S., R. 51 E.). These five wells tap the lower car-
bonate aquifer in the upper plate of low-angle thrust
faults. Specific-capacity data for these wells suggests
minimum coefficients of transmissibilities that range
from 25,000 to 900,000 gpd per ft. The transmissibilities
of these wells probably reflect the intense fracturing and
disaggregation common to thin thrust plates in outcrop
and shown by the cores from these wells. These two
groups of wells also suggest that the lithology of the
aquifer (dolomite versus limestone), at least locally, is
subordinate to structure as a control on transmissibility.
Wells 79-69 and 79-69a tap limestone strata of the
Carrara Formation in the upper plate of a thrust fault.
But at the Amargosa Desert well sites, the limestone of
the Carrara Formation occurs only in the lower plate of

of water level during pumping test in test well 84-68d, November '
1966.

the thrust; the Bonanza King Formation occurs in thle
upper plate. The major fracture transmissibility exists in
the dolomite strata of the Bonanza King Formation. Of
‘the wells listed in table 3 (except wells 79-69 and

.79-69a), six tap dolomite, dolomite and limestone, dr

dolomite and quartzite, and only two tap llmestone'

.hence, no relationship of transmissibility to lithology can

-be drawn from these well data.

No attempt was made to determine the storage coef—
ficient of the lower carbonate aquifer from the pump- test
data. Such a determination is of questionable value even
when obtained from a fully penetrating pumped well
(Ferris, 1959). However, core examination suggests that
the effective fracture porosity of the lower carbonate
aquifer is probably a fraction of 1 percent; accordmgly,

.the storage coefficient under unconfined conditions 1s
rnot likely to exceed 0.01. Because of the extremely lcpw
effective porosity of the carbonate rocks, the specific
-storage under confined conditions is governed by the
'bulk modulus of compression of the rock and probabl ‘
ranges between 10-% and 10-* per foot. On the " “er
hand, where the aquifer is several thousand feet\.mck
the storage coefficient may be as large as 102,
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FIGURE 16. — Semilog graphs of drawdown and residual drawdown of water level {uring pumping test in test well 87-62, August 10-11, 1962,

Two additional features of the semilog curves of the
pump-test data warrant brief mention. The semilog
curves of five wells (wells 67-68, 67-73, 75-73, 84-68d,
and 88-66) exhibit a third or fourth limb in addition to
the steep initial limb and the gentle secondary limb.
(For some of these wells the additional limbs are discern-
ible only on expanded-scale plots of figs. 10-17). These
limbs, where present, have a steeper slope than the se-
cond limb. This condition suggests a lateral change in

_aqunfer character. The steeper limbs reflect a reduction

. in aquifer transmissibility, which may be ‘due to one or

more of the following: (1) A hydrauhc dmcontmmty
within the aquifer, which ‘may reflect either termination
of the aquifer along a major fault or the presence within
the aquifer of a gouge-lined fault zone, '(2) thinning of
the aquifer near structural highs; and (3).a lateral
decrease in fracture transmissibility unrelated to aquifer
thickness. Whatever the cause, these limbs, in contrast

to the second, suggest 2 marked .decrease in’ aquifer

transmissibility.  Similar limbs are shown by Stuart

(1955, figs. 5, 9, and 11) for tests of Paleozoic carbonata
. rocks near Eureka, Nev. .
Evidence that fault zones, rather than solutxon-

widened joints, are locally the principal water-bearing

fractures in the lower carbonate aquifer is suggested by
the pump test of one well in the study area and by a
pump test of the Fad shaft in the Eureka mining district,
Eureka County, Nev. The air-rotary method was used to
drill well 67-68 .through the Nopah(?) Formation
(saturated in the depth interval 785 to 1,168 ft below
land surface). Though the bore penetrated no caverns
and no mud was used to drill this part of the hole, water
pumped from the hole during the first tens of minutes of
the first of a series of pump tests was muddy. In addi-
tion, the specific capacity of this well (not the
transmissibility) increased during later phmping tests.
Both the muddy water and the increase in specific
capacity are probably due to the washing out of gouge
from a fault zone rather than to the production of water
from a joint. A similar discoloration of water and atten-
dant increase in specific capacity was reported by Stuart
(1955) during a pumping of the Fad shaft after penetra-
tion of a fault zone in a drift 2,250 feet below land sur-
face; other faults in the same mining district appear to
be barriers, however (Nolan, 1962, p. 57-61).

In summary, the drill-stem and pumping tests yielded

the following significant information on the lower car-
bonate aquifer: :
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Ficure 17. — Serﬁilog graphs of drawdown and residual drawdown of water level during pumping test in well 88-66, March 16-20, ISGL.

1. Water-bearing fractures are sparse, but they are open
to depths of at least 1,500 feet beneath the top of
the aquifer and up to 4,200 feet below land surface.
There is no apparent decrease in fracture yield to
this depth.

2. Transmissibility of the carbonate aquifer beneath the
Tertiary-pre-Tertiary unconformity is not above
average.

3. The coefficient of transmissibility of the aquifer
ranges from about 1,000 to 900,000 gpd per ft.

4. Eight of 12 pumping tests (including four made at
Eureka, Nev.) indicate that the aquifer is cut by
one or more negative hydraulic boundaries.

UPPER CARBONATE AQUIFER

The Tlppnpah Limestone of Pennsylvanian and Per-
mian age is the upper carbonate aquifer of this report

from most of the study area. The upper carbonate
aquifer is saturated only beneath the western one-third

of Yucca Flat at altitudes below 3,800 feet; elsewhere in
the study area these carbonate rocks are absent beneakh
the valleys or occur in ridges well above the regxonal
water table. In western Yucca Flat the upper carbonate
aquifer is separated from the lower carbonate aquifer by
as much as 8,000 feet of the upper clastlc aquitard, the
Eleana Formation.

Carbonate rocks equivalent, in part, to the Tnppxp h
Limestone occur within the zone of saturation at and
near the village of Indian Springs in southern Indxan
Springs Valley. These rocks (Bird Spnng Formation) are
tentatively considered to be part of the lower carbonate
aquifer, despite their stratigraphic position, because the
strata equivalent to the Eleana Formation are very thm
in this area and are principally of carbonate lithology.
The term “upper carbonate aquifer” is restricted to ch-

-ca Flat.
(table 1). It is 3,600 feet thick, but it. has been eroded |

As of December 1966, no hydrauhc tests had' be n
made of this aquifer. However, outcrop examinat d
exploration by shallow core holes indicate that its water-
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pearing character is probably similar to that described
for the lower carbonate aquifer.

The upper carbonate aquifer, though of limited poten-
tial value as a source of water supply for part of western
Yucca Flat, does not play a role in the regional move-
ment of ground water beneath Nevada Test Site because
its saturated extent beneath the regional water table is
restricted to small areas.

WELDED-TUFF AQUIFER

The welded-tuff aquifer includes the Topopah Spring
and Tiva Canyon Members of the Paintbrush Tuff and
the Rainier Mesa and Ammonia Tanks Members of the
Timber Mountain Tuff (table 1), The Paintbrush Tuff
and the Timber Mountain Tuff compose the Piapi Can-
yon Group defined by Orkild (1965). Only the Topopah
Spring Member has been tapped by wells within the
zone of saturation. As of December 1966, this tuff was

the sole aquiifer used for watm supply in Jackass Flats.

The welded-tuff aquifer occurs throughout much of
the Nevada Test Site, but it is a potential source of water
supply only in the structurally deepest part of the inter-
montane basins, where it occurs within the zone of
saturation.

CHARACTER IN OUTCROP

Physical characteristics of ash-flow tuffs that could
affect the movement of ground water include jointing,
relation of joint density to degree of welding, horizontal
partings within the flows, nature of the basal and the up-
per parts of the flows, and vertical variation of in-
terstitial porosity and permeability within a flow. These
characteristics are largely a result of the mode of origin
of the ash-flow tuffs. The general discussion of the origin
of these rocks and the terminology used were extracted
from the works of Ross and Smith (1961) and Smith
(1960).

Ash-flow tuffs are the consolidated deposxts\ of
volcanic ash emplaced through flowage of a turbulent
mixture of gas and pyroclastic materials. The deposits

consist principally of glass shards and pumice fragments

usually less than 0.15 inch in size, although some flows
consist of ejecta of..coarser size. The ‘deposits” are
characteristically nonsorted and exhibit no beddmg, this
characteristic contrasts with the generally pronounced
bedding of ash-fall tuff deposits. Some ash flows are only
a few feet thick, but in general they are tena. and some

_ are hundreds, of feet thick.

After emplacement of an ash‘flow, compactxon ‘or
welding of the ash may result in an average 50~percent
reduction in-porosity of the original flow. Welding is

_ defined as the process that promotes the union or cobe-'

sion of the molten glassy shards and pumice.

.-~ Welding within a single ash flow is variable, Smxth
(1960) distinguished three zones of variable thickness in

"ffli
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most ash flows: the zone of no welding, the zone of par-
tial (or incipient) welding, and the zone of dense
welding. The zone of dense welding is commonly un-
derlain and overlain by zones of partial welding, which
are sandwiched between zones of no welding. In some
thin flows that were exceptxonally hot, the entire unit of
tuff may be densely welded; in others, welding may be
absent or minor.

The degree of welding directly affects the interstitial
porosity of the ash-flow tuff. Measurements reported by
Ross and Smith (1961) for ash-flow tuff in central New
Mexico show an inverse relation between degree of
welding and porosity. In the nonwelded base or top of a
fresh ash flow, the interstitial porosity may be greater
than 50 percent; in the densely welded part, it may be
less than 5 percent (fig. 18).

Columnar jointing characterizes the zones of dense
and of partial welding; these joints form in response to
tensional forces active during cooling of the flow (figs.
18-20). The columnar-joint spacings range from a few
tenths of an inch to many feet; the more closely spaced
joints are usually in the zone of most intense welding.
The joints are usually vertical, but departures from the
vertical are not rare. Cooling joints are uncommon in the
nonwelded parts of the ash flow (fig. 20).

Reduction in porosity that accompanies welding also
results in a prominent foliation within the rock. Pumice
fragments, randomly oriented in the nonwelded zone,
are flattened and subparallel in the zone of partial
welding. Transition from the zone of partial welding to
the zone of dense welding is marked by further flattening
of the pumice fragments and a marked reduction of their
porosity. Foliation is probably responsible in part for
norizontal partings commonly seen within zones of dense
welding in outcrop. These partings parallel the dip of the
ash flow'and can be mistaken for bedding planes. The
partings may also mark the contact of nd)acent flowsina
multiple-flow simple cooling unit.

The basal contact between the ash-flow tuffs and the
underlying strata (bedded tuff) is generally gradational,
but locally the flows incorporate rubble from the un-
derlymg terram Ross and Smith (1961) mentioned that
rubble is common near the base, but it may occur well
up in the flow and nge an xmpresaxon of being beddmg
(fig. 18).

Gases within the densely and partially welded zones
form cavities (lithophysae) that are roughly circular,
may be partly lined with primary and .secondary
minerals, and are as much as 1 inch in diameter (fig. 21).
Cavities formed within flattened pumice fragments are
also common (fig. 19); these hollows (miarolitic cavities)
may not be gas cavities but rather large pumice
fragments that have been altered by vapor-phase
crystallization and weathering. Locally, both types of
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Ficure 18. — Diagrammatic section of ash-flow tuff, showing relation of joint density, interstitial porosity, coefficient of
interstitial permeability, and coefficient of fracture transmissibility to degree of welding. Simple cooling unit illustrated; in
multiple-flow compound cooling unit, two or more zones of dense welding may be present.

cavities together may constitute as much as 10 perce~+ of
the volume of a welded tuff.

An ash-flow tuff may consist of a single emplacement
of ash, multiple emplacements that were deposited in
rapid succession and were cooled as a unit, or multiple
emplacements that werenot deposited in rapid succes-
sion. A flow consisting of a single emplacement or of mul-
tiple emplacements that cooled together is called a sim-
ple cooling unit (Smith, 1960). Units emplaced at time
intervals whose duration precluded uniform cooling are
called compound cooling units (Smith, 1960). This dis-
tinction is important hydrologxcally. because fractures
play an important role in the movement of ground water
through ash-flow tuffs. In the simple cooling unit, for ex-
ample, only a single densely welded fractured zone is
commonly present; whereas in a compound ~ooling unit,
two or three such zones may be present.

The preceding paragraphs describeu, in general terms,
the origin of ash-flow tuffs and their principal primary
and secondary features as outlined in current literature.
Similar features of the ash-flow tuffs at the Nevada Test
Site are described below with reference to their water-
bearing character.

The joints in outcrop in the a..h flow tuffs of the Piapi
Canyon Group are polygonal cooling joints and secon-
dary joints caused by later forces such as compaction of
the underlying porous bedded tuff or regional stresses.
Both types of joints are largely restricted to the dense
brittle welded tuff and die out or markedly decrease in
frequency within the underlying and overlying partly
welded zone (fig. 20). The spacing of the cooling joints

ranges from a fraction of an inch in the glassy densely |;

welded zones to a few feet in the zone of partial weld”

the nonwelded zone contains few visible joints.\_.&|’

Y
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FIGURE 19. — Columnar ‘jointing in ash.flow tuff, Tiva Canyon
Member of Paintbrush Tuff, at Busted Butte, western Jackau Flau
Foliation marked by eroded pumice.

polygonal structure is générally obscured by secondo;ry :

jointing, except in the youngest welded tuffs. Most of the
primary and secondary joints dip 70° to vertically. The
strike of the secondary joints is highly vanable, but the
dominant strike parallels that of the major normal
faults. Most of the joints in outcrop ‘were tightly closed.

The interstitial porosity in the ash-flow tuffs of the
Piapi Canyon Group is inversely related to the degree of
welding (fig. 18). No interstitial porosity was visible
(with hand lens) in the densely welded tuff, and very ht-
tle was visible in the partially welded tuff. D

Lithophysae, much like the vesicles in basa]lt‘ are

usually unconnected or poorly connected. s

Rubble zones at the base of ash-flow tuffs, in contrast
to rubble zones beneath some basalt flows, are not highly
permeable. The rubble in-outcrop is completely .sur-
rounded by and incorporated into the ash-flow material.
Hence, permeability of the rubble zone is controlled by
that of the ash matrix. = -

The horizontal partings are locally a few tenths of an
inch wide and tens of feet long. Because the partings
parallel the foliation within the welded zone or the con-
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FIGURZ 20. — Relutxou of Jomt dexmty to degree of weldmg in ash.

flow tuff, 4 miles east of Shoshone, Celif. along Charles Browm’

. Highway. Joints in black vitrophyre (upper one-third of photograph)
are spaced Y% to % inch apart. Well-defined joints are absent in

. .bassl nonwelded part of ash flow (lower one-third of photograph).

" Light meter in foreground, 4 inches loog.

[ xr “_\’".
»‘ ‘

"‘ -"*.nr":k -5-

FIGURE 21. — Zone of hthophysd untiu in uh»ﬂow tuff, Topopah
Spring Membez, western Jackass Flats.
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tact between flows, they may represent breakage along a
plane of primary weakness after the removal of over-
burden from a prestressed rock; therefore, the partings
are not likely to be open at depths of the regional water
table (700 to 2,000 ft). ‘

CHARACTER BASED ON CORES AND DRILLING RECORDS

Laboratory determinations of interstitial porosity and
permeability of 20 core samples of the Topopah Spring,
Tiva Canyon, and Rainier Mesa Members are sum-
marized diagramatically in figure 18.

Interstitial porosity ranges.from 3 to 48 percent.
Interstitial permeability ranges from 0.000007 to 2.0 gpd
per sq ft. These data -indicate that the interstitial
permeability of the densely welded zones is extremely
low and probably prevents movement of ground water
through these rocks. They also indicate that interstitial
porosity and permeability of some nonwelded and pa--
tially welded tuff may be significant to ground-water
movement. In general, both interstitial porosity and in-
terstitial permeability vary inversely with degree of
welding (fig. 18).

Secondary fracturés in the cores are joints, thin brec-
ciated zones, vuggy veinlets, and slickensides. The frac-
tures are commonly sealed by gouge, clay, or mineral ox-
ides. They dip at high angles, are less than 0.04 inch in
width, and extend completely across the cores. The total
number of fractures commonly averages 1 per foot and
ranges from 0 to 20 per foot. The volume of fracture
fillings is generally less than 2 percent of the core; only a
fraction of this percentage contains vuggy or other
porosity.

Fault planes and associated breccia zones might also
be considered as potential zones of high transmissibility.
However, the breccia zones in cores were usually tightly
sealed.

Records of holes drilled on Rainier Mesa and in Yucca
Flat suggest open and interconnected fractures in the
welded-tuff aquifer. When mud was used as the cir-
culating medium in rotary drilling, circulation losses oc-
curred repeatedly dunng drilling of the Rainier Mesa
Member.

The water-bearing fractures are probably restricted
principally to the zone of partial to dense welding. Frac-
tures are unlikely to remain open in the friable, non-
welded parts of ash-flow tuffs. For these reasons, the ash-
flow tuffs of the Paintbrush Tuff and the Timber Moun-
tain Tuff are termed the “welded-tuff aquifer.” The
name emphasizes the location of the chief water-bearing
zones within the welded part of an ash-flow tuff.

PUMPING AND BAILING TESTS
The hydraulic properties of the Topopah Spring
Member were tested in three wells by pumping and in
one well by bailing. Wells 73-58, 74-57, and 74-61 are in
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Jackass Flats, and well 81-69 is in southern Yuc ~ ~lat.
The methods of testing were the same as those \»odd {n
tests of the lower carbonate aquifer. These four tests xﬁ'
dicate a wide range in specific capacity and
transmissibility (table 3). The specific capacity ranges
from 0.1 to 56 gpm per foot of drawdown, and tHe
transmissibility ranges from 200 to 100,000 gpd per ft.
The transmissibility of the three wells in Jackass Fla}s
ranges from 28,000 to 100,000 gpd per ft. Semilog plots
two of these tests are given in figures 22 and 23. :

The semilog plot of well 74-61 (fig. 22) is marked by an
initial steep limb that gradually flattens into a gentle
limb within the first 20 to 30 minutes of the pumping
test; the gentle limb persxsts for about 70 minutes. THe
dual-limb configuration is probably due to the same fa¢-
tors causing such time-pressure behavior in the lowii
carbonate aquifer. ;

The time-drawdown curve of well 74-57((' ig. 23) is uni-
que among the curves for Nevada Test Site wells in that
the semilog plot does not exhibit the initial steep limb on
the time-pressure curve. Absence of the initial steep
limb may be due to the full penetration of the aquifenE:
however, other interpretations are possible.

Negative hydraulic barriers are evident on the semilo :!
curve for well 74-57 (fig. 23) and in expanded-scale plo
for well 74-61, and one was reported by R. A. Young (orafl
commun., Sept. 1966) for well 73-58. This con on
suggests that the welded-tuff aquifer, as well as theoet
carbonate aquifer, is locally compartmentahzed‘
Positive evidence of compartmentalization of the
Topopah Spring Member is presented on geologic maps
of Jackass Flats (McKay and Williams, 1964; and Lipt
man and McKay, 1965), which show that the Topopaﬁ
Spring Member crops out and is entirely above the water
table within 1 to 12 miles of the three wells tapping th1§
aquifer. The significance of these boundaries to the longt
term use of the Topopah Spring Member as an aquifer u{
Jackass Flats is the subject of a repu.t by R. A. Young
(1972).

Hydraulic tests of welded tuffs older than the Topopal{
Spring Member (the Grouse Canyon and the Tub Spring
Members of the Indian Trail Formation, and the Tuff of
Crater Flat; table 1) suggest that these older tuffs are
aquitards in Yucca, Frenchman, and Jackass Flats. ‘

!
BEDDED-TUFF AQUIFER

The bedded-tuff aquifer comprises ash-fall tuff in:
terbedded with Tiva Canyon and Topopah Spnng
Members of Paintbrush Tuff and the Grouse Canyor
Member of Indian Trail Formation (table 1), Locally, as
at Rainier Mesa, the ash-fall tuffs aggregate several hun}
dred feet in thickness, although they are generally les ‘

-

than 100 feet thick.” Because these ash-fall tuf™
highly variable in thickness and extent, they hav»«f{
been assigned formal geologic names.
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FIGURE 24. — Semilog graphs of drawdown and residual drawdown of water level during pumping test in well 81-67, October 2-4, 1959.

The ash-fall tuffs are fine grained to granule sized,
poorly to well sorted, and highly'friable. Locally, they
have been either reworked by running water or deposited
in standing water. They are distinctly stratified and
possibly should be classified as tuffaceous sandstones,
siltstones, and mudstones.

The highly friable nature of these rocks appear= to
preclude the existence of open joints or faults witain
them; open fractures were not seen in hundreds of fe.. of
tunnels driven in these rocks beneath Rainier Mesa.
Laboratory studies- of cores and hand specimens by
Thordarson (1965} indicated that interstitial porosity of
48 samples averaged 40 percent, and interstitial
permeability of 11 samples ranged from 0.07 to 4.1 gpd
per sq ft. The permeability of 3 samples not cited by
Thordarson ranged from 0.7 to 18 gpd per sq ft. The cited
permeability values are representative of only vitric ash-
fall tuffs; that is, the glass shards composing the tuff are
unaltered,

Where the glass shards are altered to zeolite or clay
minerals, the permeability is reduced by several orders
of magnitude. In general, the bedded tuffs of the Piapi
Canyon Group are unaltered and: locally constitute
aquifers. The bedded tuffs in and below the Wahmonie
Formation, except those associated with the Grouse Can-

§
V-
t

yon Member, are generally altered to zeolite or clay;
these rocks compose part of the tuff aquitard described
in this report,

The bedded-tuff aquifer was probably tapped by thre
wells at the Nevada Test Site (81-67, 90-74, and 90-75).
Results of pumping tests of these wells are tabulated i
table 3, and the semilog plot of the test of well 81-67 is
presented in figure 24. The pumping ‘est data indicate
that the coefficients of transmissibility of the bedded-i
tuff aquifer range from 200 to 1,000 gpd per ft (table 3).!

LAVA.FLOW AQUIFER

The Basalt of Skull Mountain, the Rhyolite of

Shoshone Mountain, and the Basalt of Kiwi Mesa com-
pose the lava-flow aquifer. The lava flows composing
these three units, respectively, aggregate as much as 250,
2,000, and 250 feet in thickness (table 1). These strata
are restricted to the Jackass Flats area. Their areal dis-
tribution is shown on the geologic maps by McKay and
Williams (1964) and Lipman and McKay (1965). The

rocks possibly lie within the zone of saturation beneath|:

parts of east-central Jackass Flats. Well 77 °1
penetruted 111 feet of the Basalt of Kiwi Mesa ana~19

feet of the underlying Topopah Spring Member of Paint- |
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brush Tuff (table 3). The transmissibility of the basalt is
some fraction of that for the two aquifers, which is about
28,000 gpd per ft.

Outcrop examinations of the Basalt of Kiwi Mesa and
analogy with the water-bearing characteristics of basalts
in other areas suggest that the movement of ground
water through the basalt flows tapped by well 74-61 may
be controlled by permeability and porosity developed
along bedding planes and cooling joints. A
transmissibility of several thousand gallons per day per
foot would not be unlikely for wells tapping basalt flows
composing either the Basalt of Kiwi Mesa or the Basalt
of Skull Mountain.

Ground-water flow through the Rhyolite of Shoshone
Mountain is probably controlled by secondary fractures;
by analogy with the rhyolites beneath Pahute Mesa, the
water-bearing fractures in rhyolites beneath Jackass
Flats are probably sparse.

VALLEY-FILL AQUIFER

Alluvial-fan, fluvial, fanglomerate, lakebed, and
mudflow deposits in depressions created by post-
Pliocene block faulting are the valley fill. It constitutes
the major aquifer used for water supply in Frenchman
Flat, western Emigrant Valley, and Amargosa Desert. In
Yucca Flat, western Jackass Flats, and Mercury Valley,
the valley fill is either unsaturated or only locally
saturated. The valley fill is at least 1,870 feet thick
beneath central Yucca Flat (well 83-68) and at least
1,200 feet thick beneath central Frenchman Flat (well
74-70b); it is 1,040 feet thick at well 74-61 in central
Jackass Flats and is unsaturated. Because of the great
depth to water in these valleys (690 to 1,915 ft), the
saturated thickness of the valley fill is but a fraction of
the thickness cited.

Faulting and erosion have exposed only the uppermost |

part of the valley-fill aquifer. Thus, outcrop examination
of these strata as a means of studying their subsurface
character was not useful. W. P. Williams, W. L.
Emerick, R. E. Davis, and R. P. Snyder (written com-
mun. June 1963) mapped and sampled the valley filltoa
depth of 550 feet in.a shaft (U2j) beneath the
northwestern part of Yucca Flat. A few of their obser-
vations follow:

1. A marked and irregular variation exists in the percen- ‘

- tage of detrital lxthologxes with depth.

2. The deposit contains large amounts.of cobbles and.

boulders. At several mtervals these materials con-

stitute 65 to 75 percent of the deposit. At all depthsi

in the shaft, except the 40- to 80-foot depth, they

are the most abundant slze.class matenal Though

minor, clay and silt are "consistently present con-
stituents.

3. The valley fill is generally poorly strattfied to non-
stratified and poorly sorted. L
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4. Strata are mostly horizontal and are commonly dis-
continuous from one wall of the shaft to the other.

5. Caliche is a common cementing material at all depths
in the shaft. At no place is the valley fill so in-
durated or cemented that it cannot be dug easily
with a miner's pick.

Price and Thordarson (1961) and Thordarson, Garber,
and Walker (1962) presented data on valley fill
penetrated by test wells 83-68 and 84-67 in central Yuc-
ca Flat; their descriptions agree with those of W. P.
Williams, W. L. Emerick, R. E. Davis, and R. F. Snyder
(written commun., June 1963), who also presented
porosity data for the valley fill. They collected 42 samples
from depths ranging from 500 to 1,500 feet in 20 drill
holes and in the U2j shaft. The total interstitial porosity
of the samples ranged from 16 to 42 percent and
averaged 31 percent.

Lake beds, chiefly of illite, mxxed layer clay minerals,
and montmorillonite, were penetrated in the depth in-
terval 548 to 770 feet at the base of the valley fill in test
well 81-69 in southern Yucca Flat (Moore and Garber,
1962). Data from other test holes in Yucca Flat do not in-
dicate lake beds at the base of the valley fill elsewhere in
the valley.

Six wells at the Nevada Test Sxte penetrate the valley-
fill aquifer. Table 3 summarizes the results of pumping
tests of those wells. The time.drawdown and the
recovery plots of the tests of four of the wells are
presented in figures 25-29. All the pumping tests were of
the pumping well only.

Transmissibility of the valley-fill aquifer ranges from
about 800 to 34,000 gpd per ft (table 3). The

transmissibility and the saturated-thickness data

suggest average interstitial permeabilities of 5 to 70 gpd
per sq ft.

- A relatively short (48 hr) pumping test of the valley-
fill aquifer gives reasonably correct coefficients of
transmiseibility. Figure 25 summarizes the results of a
48-hour pumping test of well 74-70b; coefficients of -
transmissibility of about 2,400 and 2,500 gpd per ft are
indicated by drawdown and recovery data. Figure 26
summarizes the recovery of water level in this well dur-
ing a subsequent shutdown period of 133 days. The 133-
day recovery.'curve ‘indicates a coefficient of
transmissibility of 1,700 gpd per ft, or about 70 percent
of that derived from the 48-hour test.

. Pumping-test data for the valley-fill aquifer were not
routmely corrected for dewatering. The dewatering in
wells 91-74, 83-68, 74-70b, and 74-70a amounted respec-
tively to about 5, 10, 20, and 20 percent of the saturated
thickness penetrated by each well. Using the procedure
outlined by Jacob (1963), corrections of the drawdown in
wells 83-68 and 74-70b for decrease in aquifer thickness
due to dewatering were made and resulted in increases in
transmissibility of only 10 to 15 percent; similar correc-
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FIGLRE 25. — Semilog graphs of drawdown and residual drawdown of

tions for the other two wells in the valley fill did not
appear essential.

Semilogarithmic plots of the drawdown and the
recovery data obtained during pumping tests of the
valley-fill aquifer superficially resemble those for
carbonate-rock and welded-tuff aquifers. However,
significant differences exist. In two of the three wells for
which both recovery and drawdown data are available,
74-70b and 83-68, the coefficients of transmissibility
from either type of data are nearly equal (table 3 and
figs. 25 and 28); and recovery in these wells was not more
rapid than the drawdown. In the third well, 74-70a, the
coefficient of transmissibility derived from the recovery
curve is only 50 percent greater than that indicated by
the drawdown curve (fig. 27). '

Wells tapping the valley-fill aquifer penetrate an es-
timated 15 to 100 percent of the aquifer. Incomplete
nenetration and the resulting crowding of flow lines near
the bore may explain the initial steep limb of the time-
pressure curves. Leaky-aquifer conditions may also in-

water level during pumping test in well 74-70b, Septembér 9-11. 1959

|
fluence the pressure response of the valley- ﬁll aquxfer:
pumping. |

AQUITARDS ]

Four of the 10 geohydrologic units of this report are
aquitards (table 1). The lower clastic aquitard and the
tuff aquitard have the widest areal distribution within
the zone of saturation and play a key role in the regioral
movement of ground water. The lower clastic aquntard is
the hydraulic basement for ground-water- rnovement
within the miogeosynclinal carbonate rocks throughout
the study area, whereas the tuff aquitard effectively
separates the Cenozoic from the Paleozoic aquifers|in
Yucca Flat, Frenchman Flat, Jackass Flats, and other
valleys. The upper clastic aquitard occurs within the
zone of saturation chiefly in western Yucca Flat ahd
northern Jackass Flats, whereas the lava-flow aquxtar4 is
restricted to a small area in the central part- ~f the
Nevada Test Site.

Aquitards differ widely in their geologic origin and
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FIGURE 26. — Semilog graph of recovery of water level during 133-day shutdown in well 74-70b, December 23, 1960, to May 4, 1961.

their physical properties; all have low fracture|.

transmissibility, usually less than 500 gpd per ft for
several thousand feet of saturated rock, and negligible
interstitial permeability. The specific capacity of wells
tapping these rocks is usually less than 0.1 gpm per foot
of drawdown per 1,000 feet of saturated rock.

In this report, the arbitrary dividing line between an
aquifer and an aquitard is a specific capacity of about 0.1
gpm per foot of drawdown for 1,000 feet of saturated
rock. Specific capacity of the aquitards rarely exceeds
this value, and that of the carbonate and the‘welded -tuff
aquifers may locally be as low as 0.2 gpm per foot of
drawdown for several- hundred feet of saturated rock.
Thus, the value chosen is an approximate dividing point

between the most permeable aquitard and the least | -

permeable fractured aquifer.
The very low transmissibility ‘of the aquitards lxmxts

- the type and the duration of hydraulic tests that can be
" run in wells tapping these units and prevents routine

analysis of the hydraulic data. The specxfic-capacxty

-"values cited for the aquitards should be considered only
as a crude measure of the transmissibility of water-

beanng fractures in these units. Specific-capacity values
given in the following pages are probably maxlmum

" values of this parameter.

LOWER CLASTIC AQUITARD

The lower clastic aquitard comprises all siltstone,
quartzite, shale, and sandstone of Precambrian through
Early Cambrian age — that is, the clastic rocks of John-
nie Formation, Stirling Quartzite, Wood Canyon Forma-
tion, Zabriskie Quartzite, and the lower half of the
Carrara Formation (table 1). These clastic rocks
aggregate about 10,000 feet in thickness, although such a
thickness is not present everywhere owing to the effects
of faulting, folding, and erosion. The outcrop pattern of
the lower clastic aquitard and its inferred distribution
within the uppermost part of the zone of saturation are
shown on plate 1.

CHARACTER BASED ON OUTCROP. CORES
AND DR]LUVG RECORDS

. In outcrop. “the clastic rocks of - the lower clastic
aquttard resemble rocks of the lower carbonate aquifer in
several ways. First, when viewed through a hand lens,
the rocks seem to have negligible interstitial, or matrix
‘permeability. Second, the clastic strata are highly frac-
‘tured and are locally b:cciated; locally, quartzite seems
noticeably - more fractured than the more porous
siltstone, shale, and sandstone. Third, secondary
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FiGURE 27, — Semilog graphs of drawdown and residual drawdown of water level during pumping test in well 74-70a, August 27-29, 1959,

porosity occurs along joints in the quartzitic rocks
and more rarely in sandstone, shale, and siltstone. All
this secondary porosity is probably due to sub..rial
weathering.

Clastic rocks differ from carbonate rocks in two impor-
tant ways. First, secondary porosity rarely develops
along bedding planes in any of the clastic rocks. The
absence of such secondary porosity is probably due to the
low solubility of the clastic strata, whose major con-
stituents are quartz, mica, and clay minerals. Second,
the mode of deformation of some of the clastic rocks
differs significantly from that of the carbonate strata.
Siltstone, shale, and sandstone commonly exhibit tight
folding, slaty cleavage, and shearing in outcrop, whereas
carbonate rocks and quartzite, though highly fractured,
tend to form relatively broad folds. The difference in
mode of deformation is probably due to differences in the
strength of the rocks. The dense carbonate and quart-
zitic rocks respond to stresses as a brittle solid, at least
under relatively shallow overburden; the more porous

finer grained rocks tend to deform plastically. The com-

|

mon absence, in outcrop, of the Dunderberg Shale
Member of the Nopah Formation is a good example of

“the squeezmg out or marked thmnmg of an argxllaceods

rock in response to deformation. ‘This. difference in
response to deformational forces has been specifically
cited by Vincelette (1964) in his discussion of the geology
of the northwestern Spring Mountains.

The potential hydrologic significance of plastxc defor-
mation of siltstone and shale is twofold. First, in these
rocks the fractures formed during folding or faulting tend
to be sealed by the same process that formed them. Se-
cond, wherever quartzltes are interbedded thh
argillaceous strata, as is common in parts of the Stlrlmg
Quartzxte and the Wood Canyon Formation, open frac-
tures in the quartzites tend to be isolated or even sealed
by the plastic deformation of the weaker strata. Figure'6
is a photograph of the flowage of shale into fractures in

_more competent rock.. -

Micaceous partmgs and lammae are abundant.\_,‘hm
the quartzitic parts of the Johnnie and the Wood Canyon
Formations. These partings are also likely to deform
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.was intense. In some quartzite, the shattering was 8o in-
~ tense that almost every sand grain was bounded' by a
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FIGURE 28. — Semilog graphs of drawdown and residual drawdown of water lével during pumping test in well 83-63, September 20-21, 1960.

plastically and, thereby, seal or isolate the fractures in
brittle quartzite. However, in those parts of the Stirling
Quartzite and the Zabriskie Quartzite that ‘contain few
or no micaceous partings or argillaceous interbeds, inter-
connected secondary fracture porosity is posslble‘ and',
locally these rocks may be aquifers. '

Secondary porosity is generally absent in the subsur-
face. About 3,500 feet of quartzite, siltstone, and argillite
of the Stirling Quartzite and the Johnnie Formation
were penetrated in well'88-68. About 10 percent of this

footage was cored. All the cores were highly fractured |
and locally brecciated. The fractures were commonlyl . [Toal

lined " with micaceous’ and chloritic selvage or were
marked by slickensides. The brecciated “zones were'_
sealed with quartz or calcite vemlets For each of 35 core

runs the average number of major fractures per foot of - )

core ranged from two to five; locally, the mncrofractunng

microfracture. Most of the fractures were txghtly sealed

‘either by selvage minerals or by quartz or calcite

veinlets, or by virtue of their never having been opened.

Only two cored intervals in the aquitard in well 8§9-68

contained joints that appeared to have significant secon-
dary porosity.

The interstitial porosity and the interstitial
permeablhty of 43 cores from the lower clastic aquitard
in test well 89-68 are given in table 4. Although restricted
to cores from a single test hole, the data are considered

TABLE 4. — Interstitial porouty and permeabdxty of cores from the
© ' lower clastic aquitard, well 89-68, Yucca Flat

, determined (rom grain and bulk densities; cﬂmmpom:y in

porosity, in percent,
R rcent, dmmuwd by m injection or water-saturation methods; eability, in
p&:.l‘l“om per day &'-: mz;-m Deaver, Colo., tap water. yses by i 8.
m .
17 7" Porosity or Number of .o . s
. .." permeability samples Range Medisn Mean
Total ity comcwecen 23, . : 02-100 39 . 38
Effective ity wmemea= 20 0.6-5.0 19 19
~Permeability ‘c c cccnawe .18 0.0000007-0.0001 - 000002 00001
* Effective porosity of L .
y am;ilii'umd si t:au -~ /10 0.7-3.8 20 2.0
hp - .'Z ....... 10 0.6-8.0 14 1.9
Pmblhtyol argillite .
sndsiltstont o - ccaaa 9 0.0000007-0.000007 000002 000002
ermeability of quartzite ... 9 0.000002-0.0001 00001 00002
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FicURE 29, — Semilog graph of residual drawdown of water level during pumping test in well 91-74, November 23-25, 1959.

representative of the lower clastic aquitard throughout
the study area because the hole tapped 3,517 feet of
aquitard (see below) and the cores resemble examined
outcrop specimens.

HYDRAULIC TESTS

Pumping or bailing three test wells (well 66-69 in Mer-
cury Valley, well 68-60 in southwestern Rock Valley, and
well 89-68 in northern Yucca Flat) gave some measure
of the fracture transmissibility of the lower clastic
aquitard. The results indicate specific capacity ranging
from 0.01 to 0.27 gpm per foot of drawdown for wells
penetrating differing thicknesses of saturated rock. After
normalizing to 1,000 feet of saturated rock, the specific
capacities range from 0.04 gpm per foot of drawdown in
well 68-60 to about 0.1 gpm per foot of drawdown in well
66-69.

The pumping test of well 89-68 was most instructive
because of the great thickness of clastic rocks
penetrated. This well penetrated large thicknesses of
Stirling Quartzite (587 ft), Johnnie Formation (2,930 ft),
and Noonday(?) Dolomite (710 ft).? The specific
capacity of the well was 0.27 gpm per foot of drawdown
at the end of a 36-hour pump test; the apparent fracture
transmissibility derived from the second limb of the
drawdown curve is 600 gpd per ft. Lost-circulation
records and geophysical logs indicate that a fault zone
(depth 5,290 ft) separating the Johnnie Formation from
the Noonday(?) Dolomite is one of the major zones of
transmissibility penetrated by the bore. Thus the
specific capacity of the 3,517 feet of the Stirling Quart-
zite and the Johnnie Formation penetrated is less than
0.27 gpm per foot of drawdown, and the transmissibility
is less than 600 gpd per ft, because of the yield of the
fault zone. Ignoring the yield of the fault zone and the

“The Noonday(?) Dolomite, which undetiies the Johnnis Formation (table 1). is considered
part of the lowsr clastic squitard; it is stratigraphically separsted from the lower carbonate
squifer by a3 much as 10,000 feet of the lower clastic squitard,

possible yield of Noonday(?) Dolomite, the average
specific capacity of the Stirling Quartzite and Johnnie
Formation on a 1,000-foot basis can be no greater than
0.08 gpm per foot of drawdown; this suggests a coef-
ficient of transmissibility on the order of 150 gpd per ft
per 1,000 feet of aquitard.

Hydraulic tests of two wells (67-68 in Mercury Valley |

and 67-73 in western Indian Springs Valley) which tap
the Dunderberg Shale Member of the Nopah Formatinn
(table 1) confirmed the results obtained for the k_~
clastic aquitard. The specific capacity of the Dunderberg
Shale Member, on a 1,000-foot basis, is less than 0.3 gpm
per foot of drawdown in each well.

Several thin strata within the Stirling Quartzite and
the Zabriskie Quartzite of the lower clastic aquitard
(table 1) are free of argillaceous laminae. The fracture
transmissibility of these strata, not yet tested by drill-
ing, might locally be as high as 10,000 gpd per ft.
However, for the bulk of the aquitard, available data
suggest that the coefficient of transmissibility probably
does not exceed 1,000 gpd per ft loca.iy. Regional flow

through the aquitard may be governed principally by in- :

terstitial permeability for reasons suggested in the :

following section of the report.

REGIONAL EVIDENCE OF LOW TRANSMISSIBILITY

The best comparative qualitative evidence on the
gross fracture transmissibility of the lower  clastic
aquitard and the carbonate aquifers is derived from
tabulations of spring discharge in that part of eastern
Nevada underlain by miogeosynclinal rocks. Such a dis-
charge tabulation was prepared by Maxey and Mifflin
(1966) for springs discharging more than 450 gpm. These
springs, yielding as much as 8,000 gpm per spring, dis-
charge from carbonate rocks at valley level or from valley
fill immediately adjacent to carbonate-rock outerc
none of the major springs reportedly discharges fr\on(
clastic rocks or valley fill adjacent to clastic rocks.
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Individual springs associated with valley-level car-.

J bonate rocks in the study area yield as much as 2,800

gpm, whereas those springs associated with clastic strata
yield less than 25 gpm and are. restricted to the
northwestern Spnng Mountains. The highest reported»
yield of a spring associated with clastic strata in the
vicinity of the study area is 150 gpm at Resting Spring,
Inyo County, Calif. (sec. 31, T. 21 N., R. 8 E.), about 10

" miles south of the area of figure 1. Thxs spring emerges
" from valley fill immediately east and topographically

upgradient from a quartzite ridge. Hughes (1966) inter-

preted the quartzite ridge as a barrier forcing water out .

of the valley fill, rather than as the source of the water.
The apparent absence of high- or even moderate-yield
springs in the clastic miogeosynclinal strata in Nevada
probably reflects the absence of regionally integrated
fracture transmissibility. ‘Although the clastic strata
were subjected to the same deformation as the carbonate
rocks and consequently are as highly fractured, their ao-
parent lack of integrated frac ..¢ porosity is probably
due to (1) their low susceptibility to solution, (2) the
tendency of the clastic argillaceous rocks to deform
plastically, and (3) the tendency of micaceous partings

and laminae to seal fractures in the brittle quartzite .

rocks. Thus, the regional movement of water through
these rocks is probably governed by their very low in-

terstitial permeability (table 4) rather than by fracture

U transmissibility (as measured locally by well tests).

l

UPPER CLASTIC AQUITARD

In this report, the upper ‘clastic aquitard is syn-

_ onymous with the Eleana Formation of Late Devonian to

Late Mississippian age (table 1). The Eleana Formation
consists predominantly of argillite, quartzite, and con-
glomerate and is as much as 8,000 feet thick in western

Yucca Flat; the argillite composes about two-thirds of | .

the formation. The upper clastic aquitard (table 1) is of
hydrologic importance only beneath wes*tern Yucca Flat
and northern Jackass Flats. Beneath these areas, the
Eleana Formation is thousands of feet thick and
stratigraphically and hydraulically separates the upper
and the lower carbonate aquifers (table 1); its outcrop
‘pattern and probable subsurface distribution in the up-
per part of the zone of saturation is shown on plate 1.

Elsewhere at Nevada Test Site the Eleana Formation’
-has been removed by erosion, occurs hundreds of feet

above the regional water table, or is represented by
equivalent rocks of carbonate lithology.

Visual examination of selected outcrops and}
'bmocular-mxcroscopxc examination of hand specimens

indicate that certain features of the Eleana Formation

‘resemble those of the lower clastic aquitard. Although
vthe argillites probably have moderate interstitial

porosity, the interstitial permeability of those rocks and
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of the quartzites and conglomerates appears negligible.
Secondary porosity is poorly developed along fractures
and, where present, appears entirely due to subaerial
weathering. This formation as well as the lower clastic
aquitard probably respond to deformation by shearing
and tight folding; open fractures are unlikely to occur in

.the rock at depth. The tendency of the formation to

deform plastically is evidenced by its behavior as the
principal glide plane (or lower plate) for several major

“thrust faults at the Nevada Test Site.

Laboratory analyses of 22 outcrop samples of the

'Eleana Formation indicate a moderate total porosity but

a small effective porosity. The total porosity, ranging

.from 2.0 to 18.3 percent, has a median value of 6.1 and a

mean value of 7.6 percent. The effective porosity, rang-
ing from 0.6 to 15.1 percent, has a median value of 3.4
and a mean value of 4.2 percent (F. G. Poole, written
commun., Sept. 1966). The samples consisted of 14
spe~imens of sandstone, 6 of conglomerate, and 2 of shale
or argillite. No analyses of interstitial permeability of
outcrop samples or cores were made; the interstitial
permeability probably does not exceed the upper value
(0.0001 gpd per sq ft) for the lower clastic aquitard (table
4).

The Eleana Formation was hydraullcally tested only
in well 84-67, in central Yucca Flat. This well penetrated

84 feet of saturated dolomite and 133 feet of underlying

argillite and minor dolomite. The results of this test by
bailing indicate a specific capacity of about 0.18 gpd per
foot of drawdown for 217 feet of saturated rock, or 0.83
gpd per foot of drawdown per 1,000 feet of saturated
aquitard. The relatively high yield of the aquitard (in
comparison with that of the lower clastic aquitard and
the Dunderberg Shale Member) in this well is attributed
to 84 feet of saturated dolomite in the upper part of the
unit.

By analogy with the lower clastic aquitard, the gross
fracture transmissibility of the upper clastic aquitard is
probably less than 500 gpd per ft; similarly, regxonal
ground.-water movement through the aquitard is

.probably controlled by interstitial permeability rather

than fracture transmissibility.

TUFF AQUITARD

The tuff a‘qUitlérd _comprises all ‘the tuffs and
associated sedimentary rocks older than the Paintbrush

“Tuff (table 1). By definition, it includes the strata of the

Wahmome Formation, Salyer Formation, Tuff of Crater
Flat, Rocks of Pavits Spring, Horse Spring Formation,

;Indxan Trail Formation, and the rhyolite flows and tuf-

faceous beds of Calico Hills. These formations consist of
nonwelded to incipiently welded ash-flow tuff, ash-fall
(or bedded) tuff, tuff breccia, -breccia flow, tuffaceous
sandstone, siltstone, mudstone, freshwater limestone,
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and minor densely welded tuff. Despite their widely
differing origins. these strata usually have one feature in
common: matrices consisting of zeolite or clay minerals.
The zeolitic or clayey matrices of these rocks are
probably responsible for their very low interstitial
permeability. The lenses of densely welded tuff in the In-
dian Trail Formation and the freshwater limestone in
the Horse Spring Formation and in the Rocks of Pavits
Spring may not have zeolitic or clayey matrices, but they
are believed to have negligible interstitial and fracture
permeability and are therefore included as part of the
tuff aquitard. The bedded tuff associated with the
densely welded tuff of the Grouse Canyon Member of the
Indian Trail Formation is usually vitric and permeable;
this bedded tuff is assigned to the bedded-tuff aquifer.
The tuff aquitard, by virtue of its stratigraphic position
(table 1), generally separates the Tertiary welded and
bedded-tuff aquifers 'from the underlying Paleozoic
aquifers and aquitards.

The tuff aquitard is as much as 2,000 feet thick in cen-
tral Yucca Flat, where it consists of the Indian Trail For-
mation. The aquitard is more than 2,000 feet thick in
western Jackass Flats, where it consists of the informally
designated rhyolite flows and tuffaceous beds of Calico
Hills. In Frenchman Flat the aquitard may aggregate
more than 4,500 feet in thickness and consists primarily
of the Wahmonie Formation, the Salyer Formation, and
the Rocks of Pavits Spring. In Rock and Mercury Val-
leys the aquitard consists of the Rocks of Pavits Spring
and the Horse Spring Formation.

CHARACTER BASED ON OBSERVATIONS
IN UNDERGROUND WORKINGS

Geologic, geophysical, and hydrologic characteristics
of zeolitized bedded tuff of the Indian Trail Formation
were studied in more than 5 miles of tunnels, shafts, and
drifts driven into these rocks beneath Rainier M sa.
These studies have been recorded in dozens of reports
(Diment and others, 1958, 1959; McKeown and Dicxey,
1961; Byers, 1961; Clebsch and Barker, 1960; Clebsch,
1960; and Thordarson, 1965). Thordarson (1965)
observed that:

1. The average interstitial porosity of five beds of
zeolitized (ash-fall) tuff ranged from 25 to 38 per-
cent. The average interstitial permeability ranged
from 0.0004 to 0.03 gpd per sq ft.

2. Except near the portals of the tunnels, the interstices

' of the tuff ‘are 100 percent saturated. Interstitial
saturation occurs as much as 400 feet above the top
of the zone of saturation within open fractures.
High bulk capillarity and very low interstitial
permeability are probably responsible for the
saturation. . :

3. The only free ground water observed in the un- I

=
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aerground workings occurred in open fract_qresi
mostly fault zones; however, not all open fra ~“reg
were saturated.

4. The initial discharge of water from most of the frac}’
tures was less than 20 gpm, but the discharge from:
one fault zone was about 200 gpm. The dischargd .
from all the fractures decreased rapidly, and within :

a few days it was a small fraction of the initial flow.

5. The water-bearing fractures were poorly connected o 7

unconnected. The chief evidence for the poor con
nection was unsaturated fractures interspersed

with saturated fractures at the same tunnel levely’
tunneling commonly intersected saturated frac-;
tures several hundred feet from other fractures‘I

s

which had been virtually dewatered several day

earlier. The few static water levels available in|.

wells or shafts indicated that the zone of fracture
saturation had an irregular upper surface.

6. The nature of fractures was as follov.s:

(a) Faults and joints have steep to nearly vertical{

dips.
(b) Faults are scarce in comparison with joints.
(¢) Most of the faults have stratigraphic dis-
placements measured in inches, and many
extend less than 300 feet.

(d) The widths of openings in faults and joints|:
differ considerably. Some faults are ope~ ~s|-

much as 6 inches, whereas others are ne___y
sealed with fault gouge. The joints are
generally closed but in places are open as
much as several inches. Some fractures open
several inches at one point are tightly closed
within just a few feet along their strike.

7. Of the 110 faults and estimated 5,000 joints mapped
in the U12e tunnel complex, 50 to 60 percent of the
faults yielded most of the fracture water; a small
percentage of the joints yielded a fraction of total |
water discharged. :

8. Water in the fractures is perched above a buried ridge
of unsaturated lower carbonate aquifer. The water
is perched by the poor hydraulic connection of the
fractures themselves. The poor hydraulic connec-
tion may reflect the slight extent of the fractures.
Several thin clayey strata within the otherwise
zeolitized and relatively competent tuff sequence
may also be partly responsible for the perching, if:
the water-bearing fractures close within these thin|
strata. ' |

9. The specific capacity of test hole 88-63b, drilled into
the aquitard from the floor of the U12e.03 drift, was
less than 0.01 gpm per foot of drawdown. The hole
had penetrated 614 feet of saturated aquitar ™ 1t

the time of the test. N
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Maps of the Ul2e tunnel complex by McKeown and
pickey (1961) indicate joint densities as great as four per’
10 feet of tunnel, although many segments of tunnel 20
to 40 feet in length are unjointed.

Thordarson’s observations were of water perched in
the tuff aquitard hundreds of feet above the regional
zone of saturation in the underlying lower carbonate
aquifer. J. E. Weir, Jr. (written commun., Mar. 1967), on
the other hand, documented water in two chambers
mined in the aquitard beneath Pahute Mesa at depths of
as much as 2,000 feet below the regional water table. In
one chamber (1,000 ft below water table), according to
Weir, *“Most of the water seemed to be entering through
that part of the chamber containing the most fractures.
However, all the chamber walls were damp to wet, which
suggests that some water was also moving through ‘the
rock, rather ‘than entirely through the joint or fracture
system.” The rate of water entry into this chamber, ex-
cavated in zeolitized bedded tuff and tuffaceous
sediments, was less than 4 gpm. In a deeper chamber
(2.000 ft below water table), ground water flowed only
from microfractures in one side of the room at a rate of

. about 1 gpm, and the walls of the remainder of the

chamber were dry. Interstitial seepage, if any, must have
been evaporated at the chamber face by the forced air
ventilation. Weir also noted that the initial yxeld from
microfractures decreased with time.

Thordarson’s (1965) observations and Weir (written
commun., Mar. 1967) indicate that the zeolitized ash-

fall tuff and zeolitized tuffaceous sandstone should be.

classified as a fractured aquitard with high interstitial
porosity but very low interstitial permeability. The frac-
ture transmissibility of -fault zones apparently ranges
from nearly zero to a modest amount along some fault

zones, but both the rapid drainage of these fractures and -

their interspersal with unsaturated fractures attests to

their poor hydraulic connections. Accordingly, on a.

regional scale, ground-water movement through the tuff

aquitard is prcbably controlled by the mterstxtlal‘
permeability of the rock rather than by fracture,

transmissibility.
The strata composing the tuff aquitard in the un-

derground workings are predominantly zeolitized ‘ash--

fall, or bedded, tuff and zeolitized tuffaceous sediments
with minor clayey tuff. However, beneath Yucca Flat,
Frenchman Flat, and Jackass Flats, nonwelded to par-

tially welded ash-flow tuff, tuff breccia, : sxltstone,»

claystone, and freshwater limestone compose varying
parts of the aquitard; these strata commonly_-have
zeolitic or clayey matrices. Knowledge of their hydrauhc

__characteristics was derived from several test holes in
" Yucca Flat, one hole (73-66) in northeastern Rock
* Valley, and one hole (74-57) in western Jackass Flats;
‘these findings are described in the following two sec-.

tions.
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" CHARACTER BASED ON CORE AND ELECTRIC-LOG ANALYSES

Interstitial - porosity and permeability of the tuff
aquitard beneath Yucca Flat and Rock Valley and the
-gross mineralogic character of the basal strata com-
posing the aquitard in Yucca Flat were determined from
core and electric-log analyses. Interstitial porosity and
permeability of 72 cores of the tuff aquitard in Yucca
Flat and Rock Valley are given in table 5. These cores
were obtained from holes which completely penetrate
the aquitard in Yucca Flat and in Rock Valley.

'I'ABLE 5 — Inter:txtxal porosity and permeability of cores from the
’ tuff aquitard, Nevada Test Site

[Toul pornsity, in percent, determined from grain and bulk densities: effective porosity, in

- percent, determined by mercury-injection or water-saturation methods: zmubnlxty in
gallons per day per square foot. dstermined using Denver, Colo., tap water. Analyses by L'.S.
_ Geol. Survey. Denver. Colo]

Number of
samples

Poroaity or

permeability Range + Maedisn Mean

Litized
[Chiefly ash-flow and ash-fall tuff with zeolitic matrices]

Total pornsity oo wecaons . U 19.8-48.3 38.8 ne
Permeability e cweeeao H 0.00005-0.6 008
Clayey tuff and clayey sediments
[Some clayey volcanic breccta)
Effective porosity . oo 32 1.8-21.6 10.4 1o
Permesdility cecoocooa 8 0.000002-0.4 K 02

The interstitial permeability is very small; median

values of the clayey and zeolitized cores, respectively,

are 0.00006 and 0.006 gpd per sq ft. Median values of
porosity are 10 and 39 percent, respectively.

In general, core analyses indicate that the interstitial
porosity and permeability of the tuff aquitard beneath
the valleys are similar to those of the tuff aquitard in the
tunnels and shafts. Therefore, the hydraulic tests of the
aquitard beneath Yucca Flat and other valleys will
probably reflect principally the transmlssxblhty of
water-beanng fractures (fault zones?) that cut the rock.

“The basal 10 to 440 feet of the tuff aquitard beneath
Yucca Flat commonly consists of clayey tuff and (or)
clayey tuffaceous sediments, rather than of massively

"| zeolitized rocks. Range in thickness of this clayey inter-

val in 22 holes that reached the pre-Tertiary rock in Yuc-
ca Flat is shown in the followmg tabulation:

Numbf? of wells Range in thickness of the clayey tone (feet)
4 lO- 49
8 - 50- 99
4 mo-m
4 150-199 .
2 200-440

In five additional holes, the basal clayey zone is absent
~or its presence is doubtful. The clayey basal part of the
aquitard. was verified through use of electric logs
-supplemented by X-ray analyses of cores and cuttings.
R. D, Carroll, U.S. Geological Survey (written commun,,
July 1963), compared electrical resistivities in selected
holes with X-ray analyses of cores and noted the follow-
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ing general relationship: Tuffs and tuffaceous sediments
with electrical resistivities of 20 chm-meters or less have
clay contents of 50 percent or more; resistivities of 10
ohm-meters or less indicate clay contents of 70 percent
or more. X-ray analyses indicate that the clays consist
chiefly of montmorillonite, illite, and mixed-layer
minerals.

HYDRAULIC TESTS

The specific capacities for 32 intervals of the tuff
aquitard in 9 test holes were determined by bailing,
swabbing, or injection tests. Inflatable packers identical
with those used to test the lower carbonate aquifer were
used to isolate most of the intervals tested. Seven of
these holes (83-69a, 84-68, 84-68c, 87-62, 87-67a,
88-63b, and 88-66) are in or adjacent to Yucca Flat; one
(73-66) is at the head of Rock Valley, and one (74-37) is
in western Jackass Flats,

Theé values of specific capacity range from 0.01 to 3
gpm per foot of drawdown per 1,000 feet of penetration.
The mean value is 0.5 gpm per foot of drawdown per
1,000 feet, and the median is 0.09 gpm per foot of draw-
down per 1,000 feet. The higher specific capacities and
the mean, which is disproportionately affected by high
values, are above the arbitrary limit (0.1 gpm per ft of
drawdown per 1,000 ft) established previously for
aquitards. Short-term packer tests, however, affect a
relatively small volume of rock. By analogy with the
rapid drainage of fractures in underground openings in
the tuff aquitard, the authors believe that the relatively
high specific capacities are very localized. The median
value is within the range defined for aquitards and
suggests a coefficient of transmissibility of only 100 to
200 gpd per ft.

Transmissibility of the tuff aquitard as measured in
wells is probably controlled by fractures, because the in-
terstitial permeability is usually too low to permit con-
tinuous bailing or swabbing. Direct evidence of such con-
trol is available from test well 87-62. The upper 2,000
feet of that hole was drilled with cable tools and was dry
to a depth of 560 feet. During drilling through the tuff
aquitard at that depth, water suddenly entered the hole
and rose to a depth of 412 feet below the surface. The
sudden entry of water into the bore probably reflects the
intersection of a partially open fault zone or joint,
similar to those observed in the underground workings.
Some wells may eventually penetrate fault zones of high
transmissibility, as in the tunnels. Highly fractured
zones, if penetrated in wells, may also be poorly con-
rected and readily dewatered, as were those penetrated
by the underground workings.

Because of the poor hydraulic connection of the water-
bearing fractures observed in the tunnels, regional move-
ment of ground water through the tuff aquitard is
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probably controlled chiefly by the mtersmxa
permeability of the tuff, i
N

LAVA.FLOW AND OTHER MINOR AQUITARDS '

The dacitic lava flows of the Wahmonie Formatior
constitute the lava-flow aquitard (table 1). These lave
flows, aggregating as much as 4,000 feet in thickness,|oc-
cur chiefly northwest of the Cane Spring fault zone (fig
31); individual flows are as much as 800 feet thick. he
extent of these lavas is shown on maps by Poole, Els on
and Carr (1965) and by Ekren and Sargent (1963).|:

Knowledge of the hydrologic properties of these r cke
is limited to data from a few core holes and an \n.
derground chamber in Wahmonie Flat, about 1%2 m’iles
northwest of Cane Spring (fig. 31). The core hble:
penetrated a perched zone of saturation at depths; ol
about 80 to 166 feet below the surface (alt. 3,924 to 4 042
ft above mean sea level).

The interstitial permeability of the dacitic lava ﬂ w
is extremely low. The interstitial permeability]. tc
nitrogen gas was determined for five dacite core sam le‘
under confining pressures ranging from 14.7 to 2,
{pounds per square inch) (Johnson and Ege, 19
Under 1 atmosphere confinement (14.7 psi), four intact
specimens had permeabilities less than 0.1 millidagcy.
while one core with a small fracture had a perre--bility
of 1.7 millidarcies. Under higher confining presi___s|the
permeabilities of the intact cores were reduced by as
much as three orders of magnitude; but the effect onthe
fractured core was slight. Based on these data the|in-
terstitial permeability to water should not exceed 0. 001&
to 0.03 gpd per square ft (for the fractured core). Undex
the confining pressures at depths of several thousand
feet, the permeability may be much lower. The|in.
terstitial porosity of the dacxte samples ranges from|3.7
to 14.1 percent. |

Ground water is transmitted through the lava ffow
chiefly along fractures. From observations on the inflov
of water from fractures into the chamber, C. E. Pric
(oral commun., 1963) concluded that the coefficient o
transmissibility of the lava flow was probably less tha:
500 gpd per ft and could be a fraction of this quantity

Additional evidence that the gross transmxssnblhty )
the Wahmonie lava flows is very low is the perched wate
in these rocks.

Two granitic stocks of probable Mesozoic age in north
central -and northwestern Yucca Flat also constltut
aquitards of minor areal extent. A detailed discussian ¢
the occurrence of ground water in the Climax stock i
north-central Yucca Flat was presented . by N%l;e

(1962). The hydraulic characteristics of the !
Meadows stock in northwestern Yucca Flat are- " ~babl
similar to the intrusive rocks of the Climax si_.t.|
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) pISTRIBUTION AND SATURATED THICKNESS
OF AQUIFERS AND AQUITARDS

The complex structural and erosional hxstory of Ter-
tiary. and pre-Tertiary rocks has resulted in a highly
variable lateral and vertical subsurface distribution of
 hydrogeologic units. Because of Tertiary normal faulting
and the pre-Tertiary large-scale folding, faulting, and

- erosion, the structural relief on many of the
hydrogeologlc units commonly ranges from 2,000 to 6,000
feet within a few miles and as much as 500 feet within

1,000 feet. Thus, a fully saturated hydrogeologic unit at
depths of several thousand feet below:the structurally
deepest part of an intermontane valley may be only par-
tially saturated near the margins of that valley. The
same unit (unsaturated) may‘é_ap a mesa that rises 2,000
feet above the valley floor, or owing to erosion, it may be
completely absent in outcrop.

In addition to the complex structural disposition of the
hydrogeologic - units, the dep..i’ to water table also
markedly influences the saturated thickness of most of

- the Cenozoic aquifers and aquitards beneath the valley
floors. In valleys with relatively shallow water tables

+ {less than 500 ft), all the hydrogeologic units except the
uppermost few hundred feet of the valley-fill aquifer are
usually saturated in the subsurface. However, in valleys
.with relatively deep water tables (500to 2,000 ft), both

s\_)zhe vertical disposition of the rocks and the depth to'| .
water influence the saturated extent and the thickness of

- the younger hydrogeologic units. In such valleys, the |

! Cenozoic hydrogeologic units are commonly unsaturated | .

beneath the margins of the valleys, and some units may

be partially unsaturated even beneath the structurally
- deepest part of the valleys.

: The effect of geologic structure and depth to water

i table on disposition -and saturated thickness of the

hydrogeologic units is best illustrated at Yucca Flat.

YUCCA FLAT

_The general structural setting of Yucca Flat is shown
on plate 2. The fence diagram (pl. 24) shows areal and
subsurface distribution of 8 of the 10 geohydrologic units
(table 1).
The major features. lllustrated are the followmg
1. The lower clastic aquitard forms the hills bordering
Yucca Flat on the northeast. These strata dip
.generally southwestward and form the southwest
limb of the Halfpint Range anticline (stmctural
feature 6 on pl. 1). .

2. The lower carbonate aquifer occurs beneath the
ridges bordering - ‘the valley on the east and the
southeast and beneath the eastern two-thirds of the

relatively shallow depths beneath ridges that rise

valley floor. The aquifer crops out or occurs at |
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as much as 1,300 feet above the valley ﬂoor. it is
_irregularly downfaulted to depths of 1,500 to 4,000
" feet beneath the valley floor.
3. The upper clastic aquitard is the principal
" hydrogeologic unit beneath the western one-third
-of the valley and beneath the ridges bordering the
valley on the west. These strata are bent into
several large north-trending folds and have been
~ thrust eastward over the lower carbonate aquifer
along the relatively high angle Tippinip thrust
fault.
4. The upper carbonate aquifer also occurs in the hills
" bordering the valley on the west, but its areal and
subsurface extent is small.

5 Klippen of the lower carbonate aquifer locally

overlie both the upper clastic aquitard and the up-
per carbonate aquifer (pl. 24, fences C-2 to C-3,
D-2 to D-3, E-1 to E-3, and F-1 to F-3).
6. ‘The general areal distribution of the pre-Tertiary
" rocks is controlled by pre-Tertiary structure,
_.probably the Halfpint Range anticline (pl. 1), and
by pre-mid-Tertiary erosion. The Tertiary block .
. faulting markedly affected the vertical distribution
" of the miogeosynclinal rocks but not their general
"areal distribution.

7. The tuff aquitard anif.the welded- and bedded-tuff

aquifers, which crop out along the margins of the
“valleys at levels as much as 3,000 feet above the

- as much as 3,500 feet beneath the valley floor. The
~Tertiary block faulting i xs}major “control on both
the areal and the verhcal &istnbutlon of these
units. - -
8. The tuff aquitard gemralfy;beparates“wéwed tuff, -
" bedded-tuff, and:valley-fill-aquifers: from’. the ©
" lower carbonate aquiferss:=, z

3 J.._"" .,,—g;! w—o.—.-

9. In general, the structuﬁl!rdoem part Of‘YUega- ToeE

. ..Flat lies along:the: i
" of the valley; the westemone tﬁ’t&nf thevalley is
underlain by the upper: crasnh aquitard (or by
klippen of the: lowu.caibonaté'“kqueﬂ‘ at -
‘relatively shallow-dephiz_: ~F=if s’ ~mifiones
10 _The valley-fill aquifer oeeu;ﬁea the troughs formed
" by the block faulting of the olderrocks. However,™
" the valley fill is not necessarily thickest in the
- structurally deepest part of the valley. Along fence
"E-2 to E-3 of plate 24, a gravity survey indicates
~ that the lower carbonate aquifer occurs nearly
~ 3,500 feet below the valley floor at the site of well
"81-69 where the valley fili is about 700 feet thick.
On the other hand, beneath well 81-67 the valley
fill is nearly twice as thick where the carbonate
. aquifer is probably buried only about 2,000 feet
.beneath the valley floor. A similar relatnonslup is
* seen along fence D-2 to D-4.

valley floor; are irregularly downfaulted to depths —~
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The degree of folding and faulting of the hydrogeologic
units is considerably greater than shown diagram-
matically on plate 24. Imbricate thrust faults of
relatively minor displacement are common in outcrop
within the lower and the upper clastic aquitards and
may also be present within the lower carbonate aquifer.
In addition, the subsurface contacts of the hydrogeologic
units beneath the valley floor are depicted as relatively
smooth surfaces on the fence panels, but the degree of
stratigraphic offset and the frequency of faulting of the
Cenozoic rocks beneath the valley floor are probably as
great as those depicted along the fence panels near the
margins of the valley. The difference in the detail shown
in the panels is due to the sources used in their construc-
tion. The panels near the margins of the valleys are
based on areal mapping, whereas the panels across the
valley floor are based only on well control and on
structure-contour maps constructed from gravity sur-
veys and well data.

The influence of depth to water table on saturated
thickness and extent of the hydrogeologic units is il-
lustrated by plate 24 and B. Plate 2B is a generalized
geologic map of Yucca Flat at an altitude of 2,400 feet.
This level was chosen'because it is the approximate
altitude of the potentiometric surface in the lower car-
bonate aquifer (and overlying Cenozoic hydrogeologic
units) beneath the eastern two-thirds of the valley. The
contacts may be in error by as much as 1 mile, but such
an error does not detract from the major purpose of plate
24 and B, which show the following:

1. The lower clastic aquitard is the chief hydrogeologic
unit within and above the zone of saturation
beneath the hills bordering Yucca Flat on the
northeast.

2. The upper clastic aquitard is the chief hydrogeologic
unit within and above the zone of saturation
beneath the ridges bordering the valley on the west.

3. The lower carbonate aquifer lies within the zone o.
saturation ard is under unconfined condition-
beneath most of the low ridges bordering the valley
on the east and southeast. Beneath much of the
eastern two-thirds of the valley, on the other hand,
the lower carbonate aquifer is also present within
the zone of saturation but is under confined, arte-
sian, conditions. Beneath this area of confinement,
the tuff aquitard directly overlies the aquifer. The
saturated thickness of the lower carbonate aquifer,
ranging from a few tens to hundreds of feet in the
immediate vicinity of the lower clastic aquitard
(fence C-3 to C-4 and D-4 to D-5 of pl. 24),
probably increases to more than 10,000 feet toward
the center of the valley. This significant increase in
thickness reflects the stratigraphic sequence of
these westward dipping rocks. The carbonate rocks
at the water table along the east edge of fence D-3
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to D-5 of plate 24, are probably of Middle Cr =
brian age; those penetrated by well 83-69a art.\,{
Ordovician age (Antelope Valley Limestone);
whereas those tapped by well 84-68d are of
Devonian{?) age. Thus, near the east edge of this
fence panel the saturated thickness of the lower
carbonate aquifer probably ranges from a few hun.
dred feet to 1,000 feet; at well 83-69a saturated car-
bonate strata may aggregate as much as 10,000 feet
in thickness, and beneath well 84-68d it possxbly
aggregates as much as 14,000 feet.

4., The upper carbonate aquifer is saturated below an
altitude. of 2,400 feet only beneath Syncline Ridge

and a small area in the vicinity of well 83-66¢. -

Because the potentiometric level in the western
one-third of the valley ranges in altitude from 2,900
to more than 3,700 feet, the actual saturated extent
of this aquifer beneath and adjacent to Syncline
Ridge is probably twice that shown on the map; its
saturated thickness may approach 2,000 feet.

5. The tuff aquitard is partly saturated over most of the
eastern two-thirds of the valley; it is fully saturated
only beneath the central part of the valley. (and
possibly in two small areas in the north-central

part of the valley), where it is overlain by the
saturated welded- and bedded-tuff aquifers.
(Partly saturated zeolitized tuff also occur

beneath areas of high potentiometric surface within—/

the upper clastic aquitard; these areas are not
shown on plate 2B. The saturated thickness of the
aquitard probably ranges from a few tens of feet to
1,500 feet. .

6. The welded-tuff and bedded-tuff aquifers are fully
saturated only where they are overlain by saturated
valley fill; namely, in the center of the valley and in
the immediate vicinity of well 86-67. Elsewhere
they are partly saturated or unsaturated. Where

“fully saturated, these two hydrogeologic units may
be as much as 1,000 feet thick.

7. Although the valley fill underlies most of the valley
floor to depths of hundreds of feet, only in the cen-
tral part of the valley and in the vicinity of well
86-67 is it thick enough to extend below the water
table and be within the zone of saturation. The
saturated thickness of the valley fill is at least 270
feet at well 83-68, but it probably does not exceed
400 feet at this site or elsewhere beneath the central
part of the valley. -

Plate 2A and B are intended only as qualitative pic-
tures: of aquifer disposition and saturated thickness.

Isopach maps of the valley fill and of the welded tuffs

composing the welded-tuff-aquifer have been prepared’

by Livingston Chase (written commun,, May 1965) and
by Harley Barnes (unpub. data) of the U.S. Geological

Survey. These maps may be studied for more detailed
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- bnformation on the saturated thickness of the Cenozoic
"N—qquifers. ' ‘
The scant distribution of saturated valley-fill, welded-
wff, and bedded-tuff aquifers beneath Yucca Flat is
jargely due to the great depth to water in this valley.
Because of the relatively great thickness of the lower and
upper clastic aquitards and the lower carbonate aquifer
(in comparison with the younger hydrogeologic units),
the depth to water table is usually not an important fac-
tor in determining the extent or saturated volume of
these Paleozoic rocks, as it is with the Cenozoic strata.
Locally, where the lower carbonate aquifer occurs in thin
klippen overlying the upper clastic aquxtard the depth
to water plays an important role in controlling’ the
saturated extent of these rocks.

¢ OTHER VALLEYS

The surface and the subsurface extent of the
hydrogeologic units and their thickness vary from valley
to valley because of the complex structural and erosional
history of these rocks. Gravity surveys of western
Emigrant Valley, Frenchman Flat, Jackass Flats, |
southern Indian Springs Valley, Mercury Valley, and the
Amargosa Desert were made by Messrs. D. L. Healey
and C. H. Miller, U.S. Geological Survey (written com-
nun., 1965), during the period 1961-64. These surveys,

lus two deep-drill holes in Frenchman Flat (75-73 and
76-70) and one in Jackass Flats (74-57), indicate that
the relief on the buried pre-Tertiary rocks is as much as

several thousand feet. The gravity surveys and the out- |-

crops of pre-Tertiary rock on the valley floors also in-
dicate that the depth of burial of the pre-Tertiary rocks
is not necessarily related to present topography; buried
ridges of Tertiary or pre-Tertiary rocks commonly un-
derlie parts of the valley floors at depths of a few tens to
hundreds of feet. Therefore, by analogy with Yucca Flat,
the structural relief on the Cenozoic hydrogeologic units

beneath the valleys cited must also range from hundreds’

of feet to more than 2,000 feet beneath the valley floors

and must reflect to a large degree the relief on the pre-

Tertiary rocks. Thus, in those valleys with relatively
deep water tables (Frenchman Flat, Jackass Flats, and

. Mercury Valley) the Cenozoic hydrogeologic-units are .
probably saturated or partly saturated only beneath the

structurally deepest parts of the valleys. In those valleys

with relatively shallow water tables (western Emigrant .

- Valley, southern Indian Springs Valley, and -the

Amargosa Desert), all the hydrogeologic units except the

uppermost several tens to few hundreds of feet of the

valley-fill aquifer are probably fully saturated. Details

. on the hydrogeologxc setting of the valleys cxted are
resented in other parts of this report. = -

position of the hydrogeologic units appear valid:
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1. The lower carbonate aquxfer occurs alternately under
- confined (artesian) and unconfined (water-table)
conditions. Beneath the deepest parts of most in-
termontane basins, this aquifer is confined by the
saturated tuff aquitard, whereas beneath ridges it
is unconfined. Along valley margins (or beneath
" midvalley structural highs), it may be confined or
unconfined depending upon the structural setting

and the depth to water table.

2. The lower carbonate aquifer is saturated throughout
the study area except beneath or in the vicinity of
" outcrops or buried structural highs ‘of the lower
clastic aquitard.

3 The tuff aquitard generally separates the welded-tuff
and valley-fill aquifers from the lower carbonate
aquifer, particularly in the structurally deep parts
of the intermontane basins. However, in the
vicinity of buried pre-Tertiary structural highs, the

“Cenozoic aquifers locally may be in direct contact
with the lower carbonate aquiter; this would occur

" in areas where the tuff aquitard was never
deposited or was eroded prior to the deposition of
the strata comprising the Cenozoic aquifers.

4. In valleys with deep water tables (500 to 2,000 ft) the

_ tuff aquitard may surround as well as underlie the

-Cenozoic aquifers at the altitude of the water table.

5 Because of the relatively great thickness of the lower

- and upper clastic aquxtards and the lower car-
- bonate aquifer (in comparison with the younger
" ‘hydrogeologic units), the depth to water table is
usually not an important factor in determining the
'exte' t or saturated volume of these rocks, as it is

- 'withi the Cenozoic strata.

MOVEMENT OF GROUND WATER

Ground-water movement within the study area may
be classified as follows: (1) Movement of perched water;
(2) intrabasin movement of water, including
semiperched water; and (3) mterbasm movement of
water. . .

~The definition of perched ground water used in this
report follows that of Meinzer (1923, p. 40), who stated:
“‘Ground water is said to be perched if it is separated
from an underlying body of ground water by unsaturated
rock. Perched water belongs to a different zone of satura-
tion from that occupied by the underlying ground
water.” Perched ground water should not be confused
with semiperched ground water, which Meinzer (1923, p.
41) defined: “Ground water may. be said to be
semiperched if it has greater pressure head than an un-

'| derlying body of ground water, from which it is, however,
The following generalizations about the reglonal dls-'

not separated by any unsaturated rock ***.

Semiperched water, like perched water, is underlain by a.
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negative confining bed of either permeable or im-
permeable type.” At Nevada Test Site and vicinity,
semiperched water, as well as perched water commonly
occurs within both aquitards (namely within Meinzer’s
“negative confining bed"”) and aquifers.

Perched water commonly occurs in foothills and ridges
flanking the basins and is water in transit to the regional
water table. The tuff aquitard is the principal
hydrogeologic unit in which the perched water occurs at
Nevada Test Site.

The movement of water between the Cenozoic and the
Paleozoic aquifers and aquitards beneath a valley is
called intrabasin movement of ground water. In Yucca
and Frenchman Flats, ground water in the Cenozoic
hydrogeologic units is semiperched and moves prin-
cipally downward into the underlying lower carbonate
aquifer. ' In the southern Amargosa Desert and in
southern Indian Springs Valley, ground water in the
Cenozoic rocks is derived through upward leakage of
water from the underlying lower carbonate aquifer. In
these areas, water in the lower carbonate aquifer has
higher head than that in the Cenozoic rocks.

At depths as much as several thousand feet beneath
the valley floors and at shallower depths beneath the
flanking ridges, ground water occurs within the pre-
Tertiary aquifers and aquitards. This ground water
generally moves laterally beneath the valleys and their
bordering ridges. This lateral movement over wide areas
is called interbasin movement of ground water. Such
movement is possible in south-central Nevada, prin-
cipally because of the widespread occurrence of the lower
carbonate aquifer beneath most of the valleys and ridges
within the study area.

In test wells at Nevada Test Site, water levels either
declined, rose, or remained unchanged as the holes were
deepened. Such water-level changes can be interpreted
to reflect more than one hydrogeologic setting, and such
interpretations were evaluated during construction of
the potentiometric maps.

Declining heads with increasing depths are attributed
to at least three causes: (1) penetration of an un-
saturated zone beneath a perched zone; (2) energy losses
in areas of dominantly vertical movement, as is common
in recharge areas or areas with semiperched ground
water; and (3) penetration of an aquifer of the same or
greater transmissibility than an overlying aquifer but
with a lower discharge point. Rises in water level with in-
creases in depth are commonly due to penetration of
zones of higher potential energy in discharge areas or on
the upgradient side of hydraulic barriers.

PERCHED GROUND WATER

Perched ground water feeds several small springs (less
than 5 gpm) at Nevada Test Site and numerous small- to
moderate-yield springs (5 to more than 400 gpm) in the

[

ot
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Spring Mountains and the Sheep Range. The spxling
commonly emerge from consolidated rock.v “in| th
mountains or ridges flanking valleysL.'d ar
characterized by highly variable discharge and:b
variable temperature, usually less than 21.0°C. Peréhe:
ground water has also been observed and studied withi:
some of the underground workings driven into Rainie
Mesa in northwestern Yucca Flat and into the Clifna:
stock of north-central Yucca Flat. The perched spring
should be distinguished from springs that emerge fron
the valley-fill and the lower carbonate aquifers at|lov
altitudes on the borders or floor of some valleys. Thes
valley-level springs represent discharge points 4&f
regional zone of saturation; they are characterized!b:
high and uniform discharge and uniform temperatlire
that range from 24.0°C to 35.0°C. Some of the spring
discharging at intermediate and low altitudes withi T
Spring Mountains may actually be semiperched at ¢
tain times of the year, or even all year, rather t*
perched. For the purposes of this report these spring

all classified as perched. '

NEVADA TEST SITE

Perched ground water at the Nevada Test Site occur
principally within the aquitards underlying ridgei; -
namely, within the widespread tuff aquitard and|th
lava-flow aquitard. ‘

Nine perched springs occur within Yuc Klat
Frenchman Flat, and Jackass Flats. Moore—(¢1961
reported that only two, Whiterock and Cane Spring:
have discharges exceeding 1 gpm. Thordarson’s (1965]
observation that all the springs in Yucca Flat discharg
from the tuff aquitard is also true for the few springs ir
Frenchman Flat and Jackass Flats. Perched water|oc.
curs within the tuff aquitard and does not emerge fror
the bedded-tuff aquifer or the welded-tuff aquifer, whict
overlie the aquitard. Pavits Spring in southwesferr
Frenchman Flat (fig. 31) may be an exception. Five of six
springs in Yucca Flat emerge from the tuff aquit:ard
where it directly overlies the upper clastic aquitard:
only at one spring (dry since 1958) ‘does fthe
aquitard immediately overlie the carbonate aquifer. The
springs in Yucca Flat occur at altitudes of 5,050 to 6,25
feet above mean sea level. ’

In the underground workings beneath Rainier Mesa
the perched water occurs only within the tuff aquit:ard
The tunnels penetrating the bedded-tuff aquifer are dry
Perched water in the tunnels occurs in poorly connectec
fractures, chiefly fault zones of minor strat_igraf)hi(
offset. Figure 30, modified after Thordarson (1965, fig
4), summarizes the occurrence of perched water in frac.
tures within the tuff aquitard beneath.Rainier MLa
Beneath the eastern two-thirds of the mesa, the dolorhit:
underlying the zeolitized tuff is unsaturated; tt otin¢
water within the fractures is perched. Benea«nt Ithe
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western one-third of the mesa, water in the fractures is
semiperched, because the aquitard extends beneath the
potentiometric surface of the lower carbonate aquifer.

The top of the tuff aquitard at Rainier Mesa is about
6,600 feet above mean sea level at the east edge of the
mesa, or about 800 feet beneath the top of the mesa. The
perched water table in fractures within the aquitard is
between 6,033 and 6,184 feet above mean sea level in the
east-central part of the mesa (Thordarson, 1965, p. 34),
or about 1,200 to 1,400 feet beneath the mesa surface.
This perched water table is in turn about 2,000 feet
above the water table within the underlying lower car-
bonate aquifer. Immediately south of the mesa at the
site of well 87-62 (fig. 30), the top of the aquitard is
about 5,931 feet above mean sea level and about 225 feet
beneath the land surface. The perched water table here
is about 5,746 feet above mean sea level, or only 410 feet
beneath the land surface (altitude 6,156 ft). The perched
water level at this site is about 1,560 feet above che
potentiometric surface within the lower carbonate
aquifer and about 1,030 feet above the potentiometric
surface within a welded tuff which is within the tuff
aquitard (fig. 30).

Perched water also occurs within the tuff aquitard in-
southwestern Frenchman Flat in the vicinity of Cana
Spring, Pavits Spring, and test wells 73-66 and 73-68
(fig. 31). For example, well 73-66 began in the tuff
aquitard and was drilled through 3,137 feet of the
aquitard. Perched ground water stood at a depth of 77
feet below the surface when the hole was 603 feet deep.
The static water level within the lower carbonate aquifer
(in the interval 3,137-3,400 ft) was 1,735 feet below the
surface.

At test hole 73-68 (fig. 31), water occurs within the tuff
aquitard at a depth of 518+2 feet below the surface, or at
an altitude about 600 feet higher than the regional
potentiometric surface east and west of the site.

Northwest of Cane Spring, perched ground wa..r oc-’
curs within the lava-flow aquitard. The la .-flow
aquitard crops out or occurs within a few tens of feet of
the surface, and the perched water is within 80 to 166
feet of the surface, or at an altitude of 3,924 to 4,042 feet
above mean sea level. A brief discussion of this perched
water was presented by Johnson and Ege (1964).

The occurrence of perched water in Climax stock and
surrounding carbonate rocks in northern Yucca Flat was
described by Walker (1962) and by Schoff and Winograd
(1961).

Perched water is not known to occur within the
aquifers or aquitards beneath Yucca Flat, Frenchman
Flat, or Jackass Flats. Occurrence of shallow ground
water beneath these valleys reflects the presence of
either the upper or the lower clastic aquitards at very
shallow depth or the damming of water within a
Cenozoic aquifer by the aquitards.

HYDROLOGY OF NUCLEAR TEST SITES *

Based on the preceding described or cited examples,
the occurrence of perched water at the Nevada " KJ Slte
may be summarized as follows:

Where tuff, lava-flow, or granitic aquitards occur at. or
near the surface, perched water usually occurs at shall,Li;,-
depths — from about 80 feet at well 73-66 to as muchlag
410 feet at well 87-62. Where the aquitard lies degp
beneath the surface, as at Rainier Mesa and at test wgl]
73-68, the perched water table occurs at depths of ab 't
520 to 1,400 feet beneath the surface. Similarly, whdre
the top of the aquitard is at a high altitude, as at Rain{er
Mesa, the perched water table is also at a high altitule
(6,000-6,200 ft); whereas in western Frenchman Flgt,
where the aquitard crops out at low altitudes (3,900 i
4,100 ft), the perched water occurs at lower altitude%.

Areal differences in precipitation probably do not
cause these wide variations in vertical position of the
perched water tables, because even at lower altitud é,
where precipitation is at a minimum, fractures in the
aquitards may be saturated nearly to the surfade.
Conversely, beneath Rainier Mesa, which receives the
maximum recorded precipitation at Nevada Test Site
(about 8 in. annually), the fractures in the upper 400 fet
of the aquitard generally are unsaturated. The preferred
explanation for the variation in depth to and altitude pf
the perched water beneath the ridges and hills flanking
the valleys follows. ,

The aquxtards underlying the ridges or buried b 1t}i
the margins of the valley floor are blocks of poor
permeable rock surrounded and underlain by strata of
much higher permeability. When drainage of recharge
from the aquitard to the surrounding aquifers ls
retarded, perched ground-water mounds develop wnthm
the aquitards. The altitude of the mounds is largely a
function of the vertical disposition of the aquitards.

Perched ground water may be found locall
throughout the Nevada Test Site wherever aquitar
compose ridges or hills that lie above the regional zone of
saturation. Thordarson’s work (1965) shows, however,
that the occurrence of such water is erratic and depends
largely upon the interconnection of the fractures mthm
the aquitard and, in turn, their connection with the un-
derlying aquifers.

SPRING MOUNTAINS l

Occurrence, geologic control, and discharge of springs
in the Spring Mountains (pl. 1) was described by Maxey
and Jameson (1948) and by Hughes (1966). Maxey and
Jameson presented data that illustrate the . highly
variable discharge of several major springs. Hughes prin-
cnpally discussed the geologic controls localizing the
springs.

Most springa within the Spring Mountains issue- ' fro
the lower caronate aquifer, which makes up most\zh :
range and its highest part. Perhaps two dozen springs
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also discharge from the lower clastxc aquntard in the
. northwestern quarter of the range and from Mesozoic
H strata, which form part of the southeastern end of the
range. Discharge of the more than 60 springs in the area
ranged from a few gallons per minute to more than
16,000 gpm (Maxey and Jameson, 1948, fig. 8); however,
only about eight of these springs discharged more than
100 gpm, and the majority discharged less than 10 gpm.
Between spring and fall, discharges of several high-yield
springs apparently differ by more than an order: of
magnitude. The 1964 summer water temperatures
reported by Hughes ranged from 6.0° to 21.0°C and, in
general, varied inversely with altitude.

In the summer of 1964 Hughes measured a total dis-
charge of about 1,430 gpm for the springs within or on
the edge of the Lpring Mountains. Of the total discharge,
about 1,300 gpm discharged from the lower carbonate
aquifer, which forms the highest part (6,000-12,000 ft) of
the Spring Mountains. About 100 gpm discharged from
sandstone (Aztec Sandstone) of probable Jurassic age,
which crops out along the southeastern edge of the
mountains at altitudes ranging from 4,000 to 6,000 feet.

which underlies the northwestern quarter of the moun-
tain range at altitudes generally above 7,000 feet. Most
of this discharge came from quartzite of the Stirling
" Quartzite and Johnnie Formation; little or none was dis-
charged from ‘shale or siltstone units.
_/  Geologic control of the springs varies. Most of the
carbonate-rock springs described by Hughes -are
probably localized by faults or joints, although three of
the high-yield springs (Deer Creek Spring, Lee Spring,
and Trout Springs) reportedly emerge from small
caverns. The springs discharging from the lower clastic
aquitard are probably chiefly controlled by faults. The

Spring and Willow Spring) may be due to damming of

. aquitard, which crops out near the springs (fig. 33).
Springs in the thick and crossbedded Aztec Sandstone

impermeable shales of the Triassic Chinle Formation. -

INTRABASIN MOVEMENT

described as moving laterally from recharge areas in the
flanking mountains toward discharge areas in playas,

fill has commonly been considered relatlvely im-

- Test Site, the valley-fill aquifers within Yucca and

SJFrenchman Flats are surrounded by Tertiary and older

Only 30 gpm discharged from the lower clastic aquitard, ,

discharge from two of the major springs (Cold Creek

the lower carbonate aquifer by the lower clastic.

discharge at the contact with the underlying relatively -

streams, or adjacent valleys. In addition, Tertlary and
pre-Tertiary bedrock underlying and flanking the valley

permeable in comparison with valley fill. At the Nevada

rocks; yet these valleys contain no “wet playas” —
playas representing the intersection of the land surface
and the water table — or perennial streams. On the con-
trary, depth to the water table beneath these valleys
ranges from 700 to 2,000 feet below the valley floors. The
great depth to water in these structurally and

‘topographically. closed  basins suggested to some

geologists (in the early 1950's) that the valley-fill and

‘older aquifers had never filled with ground water.

However, this early hypothesis is unreasonable because
the valley-fill aquifer in adjacent basins — western
Emigrant Valley and the Amargosa Desert — is nearly
saturated. Moreover, widespread lake deposits indicate
that most of the valleys in the study area contained lakes
during the Pleistocene pluvial periods.

.-.‘Test drilling has shown that the deep water table in
Yucca and Frenchman Flats is primarily due to the
drainage of water from the valley-fill and older Cenozoic
aquifers into the underlying and surrounding lower car-
bonate aquifer. In Yucca and Frenchman Flats, this in-
trabasin movement of ground water is downward from
the younger into the older aquifers; that is, the water is
semiperched. In other valleys, such as the Amargosa
Desert, southern Indian Springs Valley, and perhaps
eastern Jackass Flats, intrabasin movement is upward.

YUCCA FLAT

Ground water beneath Yucca Flat.occurs within
valley-fill, welded-tuff, bedded-tuff, and lower car-
bonate aquifers and within tuff, upper clastic, and lower
clastic aquitards (pl. 24 and B).

* The depth to water generally ranges from 535 to 1,915
feet beneath the surface, or from an altitude of 2,555 to
3,755 feet. Beneath the eastern two-thirds of the valley,
the part underlain by the lower carbonate aquifer (pl. 2B

and C), the range in depth to water and altitude of the

water table is considerably less; here the depth to water
generally ranges from 1,507 feet at well 81-69 near the
south (and topographically lowest) end of the valley to
1,915 feet at well 88-66 near the north (and
topographically highest) end of the valley, or from an
altitude of 2,422 to 2,555 feet above mean sea level.
Beneath the west-central and southwestern parts of the

l' valley, the area underlain chiefly by the.upper clastic
Ground water within the valley-ﬁll aquxfers of the in-
termontane basins of ' the Southwest is commonly‘

aqmtard (pl. 2B and C), the zone of saturation is con-
sxderably shallower and is more than a thousand feet
higher than levels in the eastern two-thirds of the valley.
. Plate 2B shows that the tuff aquitard is the principal
Cenozoic hydrogeologic unit within the zone of satura-

tion in the eastern two-thirds of the valley and that it is

unconfined through ‘most of its saturated extent. The
welded-tuff and the bedded-tuff aquifers are saturated
beneath the central and northern parts of the valley and
occur under both confined and unconfined conditions.
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The valley-fill aquifer is saturated in an area of less than
10 square miles, chiefly in the central part of the valley,
and it is unconfined.

Data obtained during drilling of two holes penetrating
the tuff aquitard provided the first clues on movement of
ground water within the Cenozoic rocks. When well
88-66 was 2,045 feet deep, the static water level was
1,915 feet beneath the surface (J. E. Moore and others,
1963). After the well had been deepened to 2,535 feet and
cased (but not cemented) to 2,121 feet, the water level
was 1,959 feet beneath the surface. No further physical
changes were made in the well for 5 months thereafter,
but the water level gradually declined another 20 feet.
After penetration of the lower carbonate aquifer
" (Pogonip Group) at a depth of 2,550 feet, the water level
in the well fell to 2,05522 feet (the head within the car-
bonate aquifer). The water level within the well
remained at 2,055+2 feet during subsequent penetration
of the carbonate aquifer to a depth of 3,422 feet.

A similar decline in head was documented in well
83-69a in east-central Yucca Flat (L. R. West and
William Thordarson, written commun., July 1965). At
well depths of 1,875 and 1,970 feet, the measured static
water level was 1,716 feet beneath the land surface. After
the hole was deepened to 2,430 feet (about 70 ft into the
underlying lower carbonate aquifer), the water level
dropped to 1,732 feet below the land surface. Later the
hole was deepened to 2,620 feet, or 260 feet into the lower
carbonate aquifer (Pogonip Group), and the static water
level in the aquifer was 1,780 feet below the land surface.

A comparison of the heads in wells tapping only the
Cenozoic aquifers with the head in wells tapping the
lower carbonate aquifer shows- a head differential
between Cenozoic and pre-Cenozoic rocks throughout
the eastern two-thirds of Yucca Flat. Plate 2C shows
that water-level altitudes in valley-fill and welded-tuff
aquifers are higher than the head in the lower carbonate
aquifer. Thus, ground water in the Cenozoic strata is
semiperched with respect to water in the lower carbonate
aquifer.

Water-level altitudes in wells tapping the Cenozoic
rocks indicate one, and possibly two, hydraulic sinks
along the longitudinal axis of Yucca Flat. One apparent
sink is in the vicinity of wells 83-68 and 84-68 in the cen-
tral part of the valley, and the second is near well 87-67a
in the north-central part of the valley (pl. 2C). The static
water level in wells in both the valley-fill aquifer and the
tuff aquitard beneath the southern sink ranges from
2,395 to 2,406 feet (wells 83-68, 84-68, 84-68a, and
84-68c); whereas levels in surrounding wells tapping
Cenozoic strata range from 2,422 to 2,455 feet (wells
81-67, 81-69, and 83-69a). In view of the documented

head changes with depth, it is important to emphasize |

that the centrally located sink is probably not a reflec-
tion of composite static levels of different depth inter-

HYDROLOGY OF NUCLEAR TEST SITES
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vals, The levels in three key wells (81-69, 33-cq {nd
83-69a) were measured after penetration of om, _3-170
feet of saturated rock, and these levels probably reﬂect
accurately the top of the semiperched water table.
apparent sink in the north-central part of the valley,
however, may reflect composite static levels.

Some average hydrauhc gradlents toward the ¢ n-
trally located sink are given in table 6; also given are
some average hydraulic gradients calculated
assumed predominantly vertical, rather than neatly
horizontal water movement through the tuff aquitatd.
As expected, the lowest horizontal gradients ocqur
between the pairs of wells in which at least one taps'a
Cenozoic aquifer. The computations of the averdge
horizontal gradients are based on assumed unifo m
transmissibility and on the absence of hydraulic barri rs
between control wells. Availability. of hehd
measurements for both the tuff aquntard and the lowér
carbonate aquifer in the same well or in wells a few hun-
dred feet apart permitted thc estimate of possible
average vertical hydraulic gradients. Both sets [of
gradients are used later to estimate the quantity of
ground-water flow toward the sink or downward into the
lower carbonate aquifer.

Because of a relatively low hydraulic gradient within
the lower carbonate aquifer (from less than 0.5 to 20ft
per mile) and the hydraulic sinks in the Cenozoic -~cks,
the difference in head between the Cey_ oic
hydrogeologic units and the lower carbonate aquifer is
least near the central part of the valley and greatest
along its periphery.

Ground water in the Cenozoic water-bearing units
probably cannot leave Yucca Flat without passxﬂg
through the tuff aquitard to the underlying and sur-

TABLEG — Hydraulic gradients in Cenozoic hydrogeologic uruts.

Yucca Flat
Wells between, or at, . Aversge hydraulic gradieat
which gradient Hydrogeologic unit
was calculated Feetperfoot .  Feet par mile
Near horisontal (low assumed
B0 e cmmcmmana Tuffaquitard o« e cceewu ’
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83698« ee e e e 40 ecememeaes
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rounding lower carbonate aquifer. It could move
jaterally out of the valley within the Cenozoic rocks only
through a narrow strip about three-fourths of a mile wide
at the south end of the valley (east of well 79-69a), where
the tuff aquitard is not surrounded by the lower car-
ponate aquifer at the altitude of the water table. (See pl.
9B.) Beneath this strip, the tuff aquitard at the southern
tip of Yucca Flat is hydraulically connected with the
aquitard beneath northernmost Frenchman Flat.

Gignificant lateral discharge through this strip is

probably unlikely for four reasons:

1. The very low fracture transmissibility and interstitial
permeability and the small cross-sectional area of
the aquitard preclude movement of a significant
quantity of water.

92, Underflow across this strip toward Frenchman Flat
would be subjected to drainage into the lower car-
bonate aquifer, which borders the strip on the east
and west..

3, Water levels in the Cenozoic rocks beneath central
and south-central Yucca Flat indicate a northerly,
rather than a southerly, hydraulic gradient.

4. The 11-foot difference in water level between the
southernmost well tapping the Cenozoic rocks in
Yucca Flat (well 81-69) and the northernmost well
(77-71a) tapping these rocks in Frenchman Flat
(pl. 2C) does not support lateral flow. Both wells
tap the welded-tuff aquifer, and the apparent
hydraulic gradient between them is less than 2 feet
per mile; the wells are about 7.5 miles apart.

‘However, if it is assumed that they are connected
hydraulically by lateral flow, which is chiefly
through the intervening strip of tuff aquitard (pl.
2B), then greater differences in water level and
hydraulic gradient are expectable between these
wells. The data in table 6 suggest that horizontal
components of hydraulic gradient in the aquitard
range from 11 to 32 feet per mile; the lowest
gradient indicates that the difference in water level
between these wells should be several tens of feet.
Both the apparent hydraulic sinks and the lower head
in the carbonate aquifer as well as the disposition of the

" * hydrogeologic units at the water table (pl. 2B) indicate

that ground water within the Cenozoic strata beneath
the eastern two-thirds of the valley cannot leave Yucca
Flat without entering the lower carbonate aquifer.
However, whether the ground water in the Cenozoic
rocks enters the carbonate aquifer primarily through

“radial flow toward the apparent hydraulic sinks or leaks

vertically into the carbonate aquifer throughout the

" valley, or both, cannot be ascertained from our present

data.’ ’
The position and the nature of the centrally located
hydraulic sink may be explained by one of- two

‘hypotheses or by a combination of both. The first

Cs5

hypotheses . that ground-water flow is centripetal
toward the sink, which represents an area of relatively
good hydraulic connection between the Cenozoic an

Paleozoic water-bearing strata. Hydraulic connection
could occur in one of two ways. An isopach map of the
valley fill and a structure-contour map of the pre-
Tertiary surface prepared by Livingston Chase and W. J.
Carr (written commun., Jan. and May 1965) indicate
that valley-fill, welded-tuff, and bedded-tuff aquifers
may locally be in direct contact with the lower carbonate
aquifer near the west border of the saturated wedge of

-Cenozoic strata shown on plate 2B, particularly in the

area between wells 81-67 and 84-68. This area is crossed
by the Yucca fault, a major normal fault traversing the

“entire length of Yucca Flat. Vertical displacement of the

lower carbonate aquifer (upthrown on the west) along
this fault between wells 81-67 and 84-68 is more than
1,000 feet. The altitude of the top of the lower carbonate
acuifer ranges from 1,000 to 1,700 feet above mean sea
level immediately west of the fault. East of t%e fault the
altitude of the base of the Cenozoic aquifers is about
1,000 to 1,500 feet. Thus, the base of the welded- or
bedded-tuff aquifer could be faulted against the top of
the lower carbonate aquifer. This condition could result
in the low water level in well 83-68, which taps the
valley-fill aquifer about 3,400 feet east of the fault.
Similar faulting may also explain the apparent sink in
the north-central part of the valley in the vicinity of well

87-67a (pl. 2C). The structure-contour map shows a\_J

1,000-foot displacement (upthrown on the west) of the
carbonate aquifer along the Yucca fault 3,000 feet west of
the well. ’ .

If a fault-controlled hydraulic connection exists in the
vicinity of the centrally located apparent hydraulic sink,
it is a poor one, because the water-table altitude in well
83-68 is about 15 feet higher than the potentiometric
level in the lower carbonate aquifer (alt 2,387 ft).

Furthermore, the suggested direct-contact hydraulic
"connection via the Yucca fault does not explain the
‘lowest Cenozoic water level in the valley, (alt 2,395 ft) in

well 84-68; the well taps 600 feet of tuff aquitard. In the
latitude of this well, displacement of the lower carbonate
aquifer by the Yucca fault is minor (fence D-3-D-4, pl.
24); another explanation must be sought for the water
level, which is only 8 feet higher than the head in lower
carbonate aquifer. Therefore, the 2,395-foot level in well
84-68 may represent a composite water level of several
zones of decreasing head within the 600 feet of aquitard
penetrated. : :

The proximity of wells 83-68, 84-68, and 87-67a (the
wells with the lowest water-table altitudes in the central
and north-central parts of the valley) to Yucca fault
suggests a mode of hydraulic connection other than
direct juxtaposition of the Cenozoic and Paleozoic

aquifers. The fracture transmissibility of the tuffu

e
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aquitard may have been greatly increased locally
through fracturing that accompamed movement along
Yucca fault. However, hydraulic tests of wells 84-68 and
87-67a did not indicate above average transmxssxbllxty of
the aquitard.’
Finally, neither ‘of the two geologlc condmons

proposed to explain the hydraulic . ‘connection of the
Cenozoic and Paleozoic strata satxsfactonly explains the‘

water level in well 81-67, which is about 3,500 feet west
of the Yucca fault. This well probably taps the bedded-
tuff aquifer. When first drilled, it reportedly had a
water-level altitude of 2,439 feet. After deepening the
hole from 1,575 to 1,800 feet, the driller reported a'water-
level altitude of 2,424 feet. Thus, the prepumping levels
in this well stood 29 to 44 feet higher than the lowest

 levels east of the Yucca fault. Hydrauli¢ isolation of this
aquifer from the trough is difficult to explam (fence E-2

to E-3, pl. 24) unless the Yucca fault is a hydrauhc
barrier.
A second hypothesx- iur the posmon and the nature of

the hydraulic sinks is that the water levels in the'|

Cenozoic units reflect valleywide downward leakage into
the lower carbonate aquifer after cessation of significant
recharge at the end of the last pluvial penod (roughly
9,000 yr ago). At the close of the pluvial perxod the water

table in both the Cenozoic rocks and the lower carbonate ‘

aquifer was probably hundreds of feet hxgher than pre-
sent levels, and the volume of saturated Cenozoic rock
was significantly greater. After reduction in recharge
rate at the close of the pluvial period, two mterrelated
factors might have favored a more rapid decline of water
table (within the Cenozoic hydrogeologxc units) near the

center ‘than hear the margins of the valley. First, the
recharge from storm runoff or precipitation was probably ‘
greater along the margins of the valley than on the valley

floor. Second, the tuff aquitard, structurally at’
successively higher altitudes with distance from the

" center of the valley, would partxcularly tend to retard

lateral flow from the margins of the valley after the water
table had dropped suﬁicxently to dram the overlymg
Cenozoic aquifers.

Data supporting the second hypothem are avaxlable'

from wells 83-69a and 88-66 in the east-central ‘and
northern parts of the valley, near the’ margm of the
presently saturated wedge of the tuff aquitard (pl 2B).
The top and the bottom of the tuff aqmtard in wells
83-69a and 88-66 are several hundred feet hxgher than

they are in more centrally located wells. The water Flevels’
in these two wells range from 31 to 131 feet higher than’

the water level in well 81-67, which has the next highest

water level. By analogy with the occurrence “of perched,

water in the aquitard, the high water levels in these two
wells' (83-69a and 88-66) may reflect extremely “low
transmissibility and structurally high position of the
aquitard coupled with more postpluvial recharge to the

' HYDROLOGY OF NUCLEAR TEST SITES

aquitard than that received by the centrally locateq
wells,

The water level in well 88-66, especially, illustrates ;

!
i

the ability of the tuff aquitard to hold ground water é

above the level in the lower carbonate aquifer. Plate 28
shows that the aquitard tapped by this well is sur.
rounded on three sides by the lower carbonate aquifer
and that the aquitard is less than a mile wide. Despite
the opportunity for drainage in three directions, the head
in the aquitard is 140 feet higher than that in the sur.
rounding carbonate aquifer.

The second hypothesis does not necessanly rule out
one or more geologlcally controlled hydraulic sinks, but
it does not require hydraulic sinks to eéxplain the con.

fi guratxon of the Cenozoic water levels. The water levels

probably reﬂect variable vertical drainage of pluvial

‘recharge into the lower carbonate aquifer via the tuff

aquitard. The highest levels, near the margins of the
present saturated zone, reflect the most recent recharge
and the structurally high position of the tuff aquitard;
the low levels reflect the oldest recharge and structurally
lower positions of the aquitard.

Leakage from the Cenozoic rocks into the lower car.
bonate aquifer can be estimated using either the
hypothesis of lateral flow toward a centrally located
sink(s) or the hypothesis of vertical leakage throughout
the valley. Assuming lateral flow through the tuff
aquitard toward the oentral hydraulic sink, flow was es-
timated using the equation @ = TIW. In the equation, T
is coefficient of transmxssxbxhty, in gallons per day per
foot; I is hydrauhc gradxent in feet per mile; Wis length
of the underflow strip, in miles; and Q is discharge, in
gallons per day. The centripetal flow is assumed to be
controlled by the tuff aquitard surrounding the Cenozoic
aquifers. A value of 150 gpd per ft, calculated from
hydraulic tests, was used for the coefficient of
transmissibility of the tuff aquxtard and an average
horizontal hydraulic gradient in the tuff aquitard of 25
feet per mile was suggested by data in table 6.. The
length of the underflow strip (W), about 15 miles, is the
approximate 'length of the contact separating the
welded- and bedded-tuff aquifers from the tuff aquitard
on the east, north, and south (pl. 2B); little inflow from
the west is likely. The calculated flow toward the sink is
about 40 gpm, or about 65 acre-feet annually. If water
also flows toward the questionable hydraulic sink in the
north-central part of the valley, an additional few tens of
acre-feet may dmcharge into the lower carbonate aquifer.
However, if, as is likely, the fractures in the tuff aquitard
are poorly connected, as noted in the underground
workings, then the coefficient of transmissibility (150
gpd per ft) derived from the hydraulic tests of wells is
much too high, and the actual flow toward t the sink may
be a fraction of 65 acre-feet annually.

Assuming that leakage from the tuff aquitard to the
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jower carbonate aquifer throughout the valley is vertical,
the volume of water in transit can be estimated using the
formula @ = PIA, where @ is discharge, in gallons per
day; P is coefficient of permeability, in gallons per day
per square foot; I is vertical component of hydraulic
gradient, in feet per foot; and A is cross-sectional flow
grea, in square feet. The median coefficient of
permeability (0.00006 gpd per sq ft) of the 38 analyses of
clayey tuff and clayey sediments listed in table 5 is used
for P. This value of the coefficient of permeability was
used on the assumption that the vertical leakage is con-
trolled principally by the clayey tuff and sediments at
the base of the tuff aquitard. A maximum vertical com-
ponent of hydraulic gradient (I) of 0.2 foot per foot is
suggested by the data of table 6. The area (4) occupied
by the tuff aquitard at an altitude of 2,400 feet is about
66square miles, orabout 1,850X10°® squarefeet. Usingthe
given values of P, I, and A, a downward leakage of only
gbout 15 gpm, or about 25 acre-feet per year, is
calculated. Hydraulic gradients one or more times
greater than 0.2 might occur within the basal clayey tuff
because its permeability is lower than that of zeolitized
tuff, but even gradients several times larger than 0.2 do
not increase the leakage to a significant magnitude.

Potentiometric contouring of the water table in
Cenozoic aquifers and aquitards in Yucca Flat is un-
warranted for two reasons. First, if the movement of
water is primarily downward throughout the valley, then
contours of such a system are misleading. Second, of the
10 water levels in Cenozoic rock in the eastern two-thirds
of the valley (pl. 2C), three are probably composite
levels, and a fourth is a reported level. A single poten-
tiometric contour, hachured to suggest downward move-
ment of water, is shown for the Cenozoic strata on the
regional potentiometric map (pl. 1).

The preceding discussion of the ground water within
the Cenozoic strata applies only to the eastern two-
thirds of the valley, where the potentiometric level in all
hydrogeologic units ranges from about 2,380 to 2,550
feet. In the vicinity of wells 83-66 to 83-66g, water was
found in both the tuff aquitard and the underlying
clastic aquitard at an altitude about 500 to 1,300 feet
higher than the water table in the Cenozoic rocks in the
eastern two-thirds of the valley. The high water table in
the tuff aquitard reflects the elevated potentiometric
level within the upper clastic aquitard; reasons for the
higher head within the upper clastic aquitard are dis-
cussed under ‘“Interbasin Movement.” Similarly,
because the potentiometric surface within the lower
clastic aquitard is hundreds of feet above that in the
lower carbonate aquifer, ground water within the
Cenozoic strata beneath the northeastern part of the
valley probably also occurs hundreds of feet above that
semiperched in the same rocks underlyins, the eastern
two-thirds of the valley. Most of the ground water in

these areas should lie within the tuff aquitard, because
water in the overlying bedded-tuff, welded-tuff, and
valley-fill aquifers probably has drained to lower levels
in the central part of the valley.

FRENCHMAN FLAT

Knowledge of the occurrence and the movement of
ground water within Cenozoic strata of Frenchman Flat
is based on data from 14 wells or test holes within the
valley and 4 wells along the periphery of the drainage
basin. The location of these wells, the altitude of the
water level in them, and the strata tapped by each are
shown in figure 31. The figure also shows the areal dis-
tribution of the hydrogeologic units; subsurface data
(Jan. 1967) are insufficient for construction of fence
diagrams across the valley or isopach maps and
structure-contour maps of the strata underlying this
valley.

The regional water table occurs in the major Cenozoic
hydrogeologic units at depths ranging from 518 to 1,176
feet beneath the valley floor, but perched water is found
at depths as shallow as 70 feet within the tuff and lava-
flow aquitards that crop out in the southwestern part of
the drainage basin (fig. 31). In general, the depth to the
water table is shallowest (about 700 ft) in wells on the
playa and increases to nearly 1,200 feet near the margins
of the valley; but exceptions occur in the northwest and
the southwest corners of the valley.

The altitudes of the static water levels of the wells
show several patterns:

1. Water-table altitudes in the Cenozoic rocks in the
eastern two-thirds of the valley (the area east of the
Mercury Highway) range from 2,386 to 2,411 feet
above mean sea level in nine wells. Of these levels,
the three lowest are in wells along the southeastern
half of the playa (Frenchman Lake), whereas the
water levels in six other wells, as much as 6 miles
north of the playa, range from only 2,40 to 2,411
feet above mean sea level (fig. 31).

2. Water levels in the two wells (79-69 and 75-73) tap-
ping the lower carbonate aquifer along the north
and the east peripheries of the valley are 10 to 30
feet lower than the levels in the Cenozoic
hydrogeologic units; the water level in well 73-66,
which taps the lower carbonate aquifer along the
southwestern edge of the basin, is also lower than
all but two of the wells tapping the Cenozoic
rocks. Thus, ground water in the Cenozoic rocks is
semiperched with respect to that in the lower car-
bonate aquifer.

3. Water-leve! altitude in two wells west of the Mercury
Highway (fig. 31) — wells 77-68 in the northwestern
part of the valley (the CP Basin) and well 73-68 in

Jl
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Ficurz 31. — Hydrogeology of Frenchman Flat.

the southwest corner — are nearly 400 and 600 feet
higher, respectively, than the water levels in wells
east of the highway.

The anomalously high water level in well 73-68
probably represents a perched zone of saturation within
the tuff aquitard. This well penetrated the tuff aquitard
at a depth of 165 feet and bottomed in the aquitard at a
depth of 1,504 feet. Drillers first reported water at a

. depth of about 660 feet. Several days after completion of
drilling, the water level stood 518 feet below land surface
(water-level alt 2,982+ 2 ft). Perched water at three other

nearby places within the tuff aquitard — Pavits Spring,
Cane Spring, and well 73-68 (fig. 31) — indicates that
the water level in well 73-68 is probably perched or
possibly semiperched. The altitudes of the perched
water at Cane Spring, Pavits Spring, and well 73-66 are
4,060, 3,940, and 4,068 feet, respectively, or roughly 1,000
to 1,100 feet higher than the level in the well 73-68; but
the aquitard, which crops out at these thres sites, is as
much as 600 to 700 feet higher than the top of the
aquitard (alt 3,335 ft) beneath the site of well 73-68.

The hills and the flanking valley floor in the
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EXPLANATION

i QT
| |
Valley-fll aquifer
Alluviel fan, fluvial, fangiomerete, lekebed, and mudflow deposits

. ‘rv -

Welded-tuff and bedded-tufl aquifers
Densely to semi-welded tuff of Piapi Canyon Group; interbedded vitric ash-fall
tuff is bedded-tuff aquifer

Tuff and lava-flow aquitards
Ash-fall end esh-flow tuff massively altered to zeolize or clay: lave flows: elso in-
clude tuffaceous end clayey lake depotits; predominantly rocks of Wehmonie,
Salyer, and Horse Spring Formations and Rocks of Pavits Spring
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o MDe.

Upper clastic aquitard
Argillite, quartzite, congiomerate. and mincr limestone of Eleana Formation;
overlain gt shallow depth by upper carbonate aquifer and by klippen of lower
aarbonate equifer and lower clastic aquitard
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Lower carbonate aquifer
Dolomite and limestone; minor shale and quartzite

Contact

.
— v em— G W—v—
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Fault

Arrows indicate direction of reiative movement; dashed where approximately
focated

HYDROGEOLOGIC AND GEOLOGIC UNITS

SYMBOL GEOLOGIC UNIT HYDROGEOLOGIC UNIT
QTal Valley filt Valley-fill aquifer
Tma Ammonia Tanks Membder of Timber )
Mountain Tuff

Tmr Rainier Mess Member of Timber
Mountain Tuff

Tpt Topopah Spring Member of Paint.
brush Tufl ’

Tph Sandstone and tuff of Hampel Hill
(lower part of Piapi Canyon
Group)

Tpw Tuff and sandstone of Piapi Canyon
Geoup, and tuff, sandstons, snd

Hthic Tulf of Wahmonde Forma-  * 1 a ave flow mesttons
tion undifferenticted

Wahmonie Formation «ndifTeren-
tiated

Dacite and rhyodacite lava flows
of Wahmonis Fornmtion

Tefl, sandstons, and lithic tuff
breccia of Wahmonie Forma-
tion

Ts Satyer Formation undifferentiated

Ttc Tuff of Crater Flat

Tpa Rocks of Pyvits Spring J

Be Paleozoic carbonats rock

Op Pogonip Geoup
€cu - Carrara Formation, upper half

I

} Lower carbonate aquifer

FIGURE 31. — Continued.

TERTIARY AND
QUATERNARY

TERTIARY

CAMBRIAN DEVONIAN AND

TO DEVONIAN  MiSSISSIPPIAN

HYDRAULIC SYMBOLS

NOTE: Al altitudes in feet; datum is mean sea levet:
potentiometric contours not drawn for reasons out-
lined in text

-1
@ IR (09

Test well
Well tapping lower carb. quifer: upper b
is well rumber: lower number is altitude of static
water level; symbol in parentheses is formation
tapped

13-68
0P (Twd)
3612 ¢ (Te: Toa)

@183 (Ru)

Test well
Well tepping tuff equitard and lower carbonate equifer;
upper number i weil number; lower numbers are
sltitude of static water level; P, perched water;
symbols in parentheses are formations tapped

13-
<m
@ Towat 31431

Test well
Well tapping Tertiary hydrogeologic units; upper rumber
it well number; lower number I aftitude of static
water level; symbol end number in parentheses are
formation tapped and its eiritude; symbol < denotes
well was dry

75-72
oI R (aTe)

Test well or water well
Well tapping valley-fUll aquifer: upper rumber is weil
nrumber; lower number is altitude of static water
level; R, reported waser level: symbol in parentheses
is formation tapped

-1
© 218 (QTa; Tea)

Test well
Well tapping both velley-fill aquifer and Tertiary hy-
drogeciogic units: upper rumber is well number;
lower rumber is eltitude of static water level; sym-
bols in parentheses are formurions tapped

ﬁ“'ﬂll
Spring
Number i3 altitude; P, perched or semiperched: symbol
in parentheses is formation supplying spring

Inferred ground-water barrier
Width of symbol not intended to represent width of
barrier, whick may renge from peversl tens to & few
thousend feet

’
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southwestern part of Frenchman Flat (fig 31), probably
contain perched or possibly semiperched ground water at
altitudes hundreds of feet above the water table beneath
the eastern two-thirds of the valley. The existence of
such a perched ground-water mound is likely because of
the extremely low gross transmissibility of the aquitards
and their structurally high position near the flanks of the
valley.

The anomalously high water level in well 77-68 in the
northwestern part of Frenchman Flat, an area called the
CP Basin (fig. 31), is due, at least in part, to low gross
transmissibility of the lava-flow aquitard. Well 77-68
penetrated 1,093 feet of the valley-fill aquifer and 150
feet of the welded-tuff aquifer. The water level in well
77-68 stands at a depth of 79615 feet, or at an alittude of
2,784 feet above mean sea level; this level is ap-
proximately 370 feet higher than water levels in either the
valley-fill or the welded-tuff aquifers east of the Mercury
Highway (fig. 31). Recause of the moderate to aigh
transmissibility of tae valley-fill and the welded-tuff
aquifers (table 3) and because of the very low hydraulic
gradient within these aquifers east of the Mercury
Highway, the anomalously high water level in well 77-63
cannot be ascribed to perching or semiperching of water
within strata of low gross transmissibility or to the ex-
istence of steep hydraulic gradients within the aquifers.
A hydraulic discontinuity must exist between the valley-
fill and the welded-tuff aquifers beneath the CP Basin
and the same aquifers beneath the eastern two-thirds of
the valley, as shown in figure 31.

The Cane Spring fault zone may extend
northeastward and form this barrier, either by offsetting
permeable units or by forming a curtain of fault gouge.
The outcrop pattern and the data from test hole 76-68
suggest that the lava-flow aquitard occurs at relatively
shallow depth beneath the arm of the valley connecting
the CP Basin to the remainder of the valley. This inter-
pretation is supported by a gravity map of the area (D.
L. Healey, oral commun., 1965), which shows a
northeast-trending gravity high connecting the unnamed
hills northeast and southwest of the highway.

In marked contrast to the two anomalous water levels
in the northweat and the southwest corners of the valley,
the water levels in nine wells tapping the valley-fill and
the welded-tuff aquifers east of the Mercury Highway
differ by only 25 feet; moreover, water levels in six of
these wells differ by only 2 fest.

The static water levels in five test holes in the northern
half of the valley probably represent the top of the zone
of saturation. The static levels in test holes 77-70, 77-71,
and 77-71a were measured only after completion of the
drilling; hence, any head changes with increasing depth
would be reflected in the levels obtained. The water level
in well 77-71b was measured after penetration of about
720 feet of saturated valley fill, yet its water-level

altitude is the same as that measured in the three nearby
wells that penetrated only 112 to 272 feet of the valley.
fill or the welded-tuff aquifer. The similarity of water.
level altitude in these wells suggests either little
downward movement in the Cenozoic aquifers in this
part of the valley or very small head losses accom-
panying vertical flow through the aquifers. The static
water level in well 76-70 (alt 2,410+2 ft) was measured
during a shutdown period before completion of drilling
but after penetration of about 452 feet of valley-fill
aquifer. This level is also considered representative of
the head at the top of the zone of saturation because of
its similarity to the other water-level altitudes within the
valley-fill aquifer. However, after this well had been
cased to 1,682 feet and drilled to 2,682 feet, about 1,330
feet into the lava-flow aquitard, the static water level
had dropped to an alittude of 2,392 feet, or 18 feet lower
than the level in the valley-fill aquifer. This drop in head
is further evidence that water in the Cenozoic strata in
Frenchman Flat is semiperched compared with that in
the lower carbonate aquifer, which underlies most of the
valley.

The key question on the measured water levels in the
three water-supply wells (73-70, 74-70b, and 74-70a)
concerns the amount of dewatering since pumping began
in the early 1950's. Hood (1961, p. 48-52) concluded that
the dewatering as a result of pumping from 1951 through
1960 could have been as much as 2 feet in well 73-70 and
as much as 8 feet in well 74-70a. A reevaluation of
Hood’s conclusions using more recent water-level data
suggests that dewatering in wells 74-70b and 74~70a (as
of 1961) was less than 4 feet. The water-level altitudes for
these wells (fig. 31) represent levels measured after well
74-70a had been shut down for 6 days in 1959 and after a
133-day shut-down of well 74-70b in 1960-61. These
water levels are probably within 4 feet of the static water
level under virgin conditions.

There is no detectable horizontal component of
hydraulic gradient among the test wells in the north half
of the valley or between these wells and water-supply
well 74-70a in the south half. If a hydraulic gradient ex-
ists, it is a fraction of a foot per mile. In contrast,
hydraulic gradients of up to 16 feet per mile seemingly
exist between the three wells along the west edge of the
playa. Reasons for the contrast between hydraulic
gradients in the north and south halves of the valley are
not clear, but the contrast appears real. Water levels in
the three watersupply wells and destroyed well 75-72
suggest that a hydraulic sink may exist in the vicinity of

-well 74-70b, and possibly near well 75-72. But the ex-

istence of a sink in the valley-fill aquifer tapped by these
two wells seems incompatible with the apparer: absence
of a gradient in this aquifer northwest of the playa.
Available subsurface geologic data are insuificient to
explain the water-level patterns. By analogy with con-
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ditions in Yucca Flat, the water levels in Frenchman
Flat may be interpreted as follows: the lower water levels
in wells 74-70b and 75-72 represent a hydraulic sink
formed by geologic conditions favoring a direct hydraulic
connection between the valley-fill aquifer and the un-
derlying lower carbonate aquifer. The apparent absence
of a8 hydraulic gradient in the valley-fill aguifer in the
northern half of the valley in turn suggests that a
northeast-trending hydraulic barrier that retards water
flow exists near the northwest end of the playa
(Frenchman Lake). The suggested barrier parallels the
trend of the major faults cutting both the Cenozoic and
the Paleozoic strata, including the Cane Springs fault
zone mentioned above as a possible barrier isolating the
CP Basin.

The low water-level altitudes in two of the three wells
(75-72 and 73-70) in the southeastern half of the playa
may reflect a relatively shallow depth to Paleozoic rocks
beneath the bottom of these wells. A gravity map
suggests that Paleozoic rocks may be only about 700 feet
beneath the bottom of well 75-72 and about 1,200 feet
beneath well 73-70. Proximity of the bottom of the two
wells (75-72 and 73-70) to the underlying carbonate
aquifer might facilitate downward drainage of the
Cenozoic strata if the tuff aquitard was fre “tured.
However, the low potentiometric level in production well
74-70b cannot readily-be attributed to the proximity of
the pre-Tertiary rocks, which the gravity map indicates
are roughly 2,400 feet beneath the bottom of this well.

The very low gradient in the valley fill in the northern
half of the valley may reflect extremely high
transmissibility, the lateral movement of very small
quantities of water through the aquifer, or a combination
of high transmissibility and small volume of water in
transit. The hydraulic tests of the valley-fill aquifers at
Nevada Test Site indicate that those aquifers have only
low to moderate transmissibility (table 3). Thus, the low
gradient must reflect the lateral movement of small
quantities of water. An alternative interpretation is that
there is little or no lateral movement within the valley-
fill or the welded-tuff aquifer in northern Frenchman
Flat; that is, the water is ponded above the lower car-
bonate aquifer by the surrounding and the underlying
older aquitards and by the postulated hydraulic barrier.

Ground water semiperched in the Cenozoic aquifers in
Frenchman Flat probably cannot leave the valley
without entering either the tuff or the lava-flow aquitard
or the lower carbonate aquifer. Geologic maps and a
gravity map of the Frenchman Flat area indicate that
the valley fill is enclosed on all sides by older rocks and

that the welded-tuff aquifer is probably surrounded and
underlain by either the lava-flow aquitard or the tuff
aquitard. That is, neither the valley-fill nor the welded-
tuff aquifer occurs beneath the 2,400-foot level along the
Periphery of the valley. Therefore, if ground water in the
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Cenozoic aquifers is to leave the valley, it can do so
either by lateral flow toward an adjacent valley through
the surrounding and underlying Tertiary aquitards or by
downward movement through the tuff aquitard into the
underlying lower carbonate aquifer. It could also move
laterally through the aquitard — for example, toward
the Ranger Mountains — and then enter the lower car-
bonate aquifer.

That ground water in the Cenozoic aquifers leaves the
valley by entering the lower carbonate aquifer rather
than by lateral movement into another valley via the
surrounding aquitards is suggested by the following:

1. Water-level altitudes in the Cenozoic strata in Yucca
Flat and Jackass Flats are virtually the same as
those in Frenchman Flat. This condition is incon-
sistent with lateral movement of significant quan-
tities of water through the aquitards because such
movement would require locally steep hydraulic
gradients and in turn would result in. markedly dif-
ferent altitudes of the water tables in thesevalleys.

2, The small (9-ft) range between the lowest water levels
(in Cenozoic rocks) in Yucca Flat, Frenchman Flat,
and Jackass Flats (pl. 1) suggests a common base
level to which the semiperched ground water in
these valleys drains, the head within the
widespread and highly transmissive lower car-
bonate aquifer.

3. The scant well data for the valley can be interpreted
to suggest internal drainage into the underlying
lower carbonate aquifer beneath the playa.

4. A structure-contour map of the Frenchman Flat ares
suggests that the lower carbonate aquifer rises
above the 2,400-foot level on all sides of the valley
except possibly the southwestern side (C. H. Miller
and D. L. Healey, written commun., Feb. 1965).
Thus, even if ground-water movement through the
aquitard is lateral or if the aquitard is missing,
water would still enter the lower carbonate aquifer
within the drainage area of the valley

The authors believe that the semiperched ground
water in the Cenozoic aquifers and aquitards leaves the
valley by downward leakage into the underlying car-
bonate aquifers. The water can move through struc-
turally controlled sinks as may exist beneath Frenchman
Lake, through vertical drainage throughout the valley, or
through both mechanisms operative in different parts of
the valley. By analogy with Yucca Flat, the magnitude of
such leakage should be no greater than 70 acre-feet an-
nually.

Available data do not justify construction of poten-
tiometric contours for the Cenozoic aquifers in the
valley. A single hachured contour, labeled 2,400 feet and
inserted on the small-scale regional potentiometric map
(pl. 1), indicates that drainage of ground water within
Frenchman Flat is probably internal.
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Because the water table in Frenchman Flat is con-
siderably shallower than that beneath Yucca Flat, the
saturated extent of the valley-fill aquifer in Frenchman
Flat is considerably greater than that in Yucca Flat. The
valley fill is saturated beneath an area at least 6 miles
long and at least 42 miles wide and thus has a minimum
saturated area of about 27 square miles. In contrast, the
valley fill in Yucca Flat is saturated beneath an area of
less than 10 square miles. The saturated thickness of the
valley fill in Frenchman Flat is probably at least 500 feet
within the polygon formed by lines connecting wells
74-70b, 74-70a, 76-70, 77-71, 77-71b, and 75~72. Thus
the valley-fill aquifer is of major importance in this
valley. The welded-tuff aquifer is probably of secondary
importance in Frenchman Flat: first, because it is buried
more deeply than valley fill, and second, because it is ab-
sent or very thin beneath the southern half of the valley.

OTHER VALLEYS

By analogy with Yucca and Frenchman Flats, leakage
of semiperched water is also probable beneath northern
Indian Springs Valley and northern Three Lakes Valley
(north of U.S. Highway 95), eastern Emigrant Valley,
and Desert Valley (fig. 1). The basis for the analogy is:
(1) The water table in the Cenozoic rocks beneath these
valleys is relatively deep (it generally ranges from 300 to
700 ft); (2) the basal Tertiary rocks (Horse Spring For-
mation or equivalent) are aquitards; (3) the Tertiary
rocks are underlain principally by the lower carbonate
aquifer; and (4) all these valleys, except Desert Valley,
are remote from major recharge areas; thus, the
probability of higher heads in the lower carbonate
aquifer than in the Cenozoic strata is unlikely.

In southern Indian Springs Valley, southern Three
Lakes Valley (south of U.S. Highway 95), east-central
Amargosa Desert, and possibly also eastern Jackass
Flats (fig. 1), the Cenozoic aquifers are recharged prin-
cipally by upward leakage from the lower carbonate
aquifer. This upward movement is related in part to
prominent hydraulic discontinuities within the lower
carbonate aquifer.

INTERBASIN MOVEMENT

Regional movement of ground water through the lower
carbonate aquifer flanking and underlying the valleys at
Nevada Test Site and vicinity is called interbasin move-
ment in this report. Such movement of ground water is
not significantly influenced by the topographic boun-
daries of the individual valleys. One of the major con-
trols of such movement is rather the disposition of the
lower carbonate aquifer and of the lower and upper
clastic aquitards (table 1). The lateral movement of
ground water through the carbonate aquifer integrates
several intermontane valleys into a single large ground-
water basin, the Ash Meadows ground-water basin.

EVIDENCE FOR INTERBASIN MOVEMENT

Water-level altitudes in wells tapping the lower car.
bonate aquifer in Yucca and Frenchman Flats, in Mer-
cury Valley, and in east-central Amargosa Desert offer
the most direct evidence of interbasin movement within
the lower carbonate aquifer (pl. 1). Water levels indicate
a hydraulic gradient from northwestern Yucca Flat and
from eastern Frenchman Flat toward the Ash Meadows
discharge area; the gradient generally ranges from 0.3 to

-5.9 feet per mile to the south and the southwest. The

water-level altitudes between well 88-66 in northern

Yucca Flat and Devils Hole, a cavern in the discharge

area, differ by only 58 feet; these control points are 58

miles apart. In the 53 miles between well 85-68 in north-

central Yucca Flat and Devils Hole, the difference in
water-level altitude is only about 28 feet; the apparent
hydraulic gradient is only 0.5 foot per mile. In this dis-
tance, the land-surface altitude of the valley floors drops
about 2,000 feet. Depth to the static water level in the
lower carbonate aquifer docreases from about 2,055 feet
below land surface to at least several feet above land sur-

"face. Plate 1 illustrates these relations.

The cited hydraulic gradients may be step-like rather
than smooth, as fault zones may locally compartmen-
talize the lower carbonate aquifer. Whether or not com-
partmentalization (discussed later in this report) exists
does not change the fact of decreasing potential energy in
a south and southwesterly direction from Yucca Flat
‘toward the Amargosa Desert.

Additional evidence for interbasin movement of
ground water is based on (1) the wide subsurface dis-
tribution of the lower carbonate aquifer, (2) the
similarity in water-level altitudes in the Cenozoic strata
in several valleys, (3) the chemistry of the ground water,
and (4) the anomalous relationship of the spring dis-
charge at Ash Meadows to the size of the apparent catch-
ment area for this discharge. These are discussed briefly
in the following paragraphs.

1. The lower carbonate aquifer occurs within the upper
several thousand feet of the zone of saturation
throughout most of the study area. It underlies
both the ridges and the saturated Cenozoic aquifers
and aquitards beneath the valley floors. The
saturated thickness of the lower carbonate aquifer
generally ranges from only a few tens of feet in the
vicinity of the areas where the lower clastic
aquitard is close to the surface (pl. 1) to possibly as
much as 10,000 feet beneath central Yucca Flat;
projections of mapped areal geology suggest that
saturated thickness of the lower carbonate aquifer

" is probably at least 4,000 feet thick beneath most of
the study area. Because of the widespread distribu-
tion of the lower carbonate aquifer, interbasin
movement of ground water through this aquifer is

both possible and probable.

o -
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9. The water-level altitudes in the Cenozoic aquifers and
aquitards in Yucca Flat, Frenchman Flat, Jackass
Flats, and northern Indian Springs Valley (north of
U.S Highway 95) differ by less than 170 feet; and
the lowest water levels in the three flats differ by
only 9 feet. By contrast, the water table in
Emigrant Valley, Kawich Valley, Gold Flat,
southern Indian Springs Valley (south of U.S.
Highway 95), and northern Three Lakes Valley
(north of U.S. Highway 95) range from 370 to 2,600
feet higher than the lowest water levels in the three
flats. The similarity in water-level altitudes in the
three flats and in northern Indian Springs Valley
suggests that these valleys are graded to a common
discharge area.

3. The chemical quality of water from the lower car-
bonate aquifer beneath Yucca and Frenchman
Flats closely resembles that of water emerging from
springs in the major discharge area at Ash
Meadows. In contrast, the chemical quality of
ground water from the lower carbonate aquifer in
other areas and of ground water in the Cenozoic
aquifers of Yucca and Frenchman Flats differs
merkedly from that of the water emerging in the
discharge area. (See discussion under ‘“Ground
Water Chemistry, Hydrochemical Facies, and
Regional Movement of Ground Water.”)

4. The marked anomaly between the large measured
spring discharge at Ash Meadows (about 10,600
gpm, or 17,100 acre-ft per yr) and the small size (a
few hundred square miles) and aridity of the
precipitation catchment area for this discharge is
suggestive of interbasin movement. This basic
hypothesis was first discussed by Omar Loeltz,
U.S. Geological Survey (1960).

The evidence for interbasin movement of ground water
through the lower carbonate aquifer at Nevada Test Site
and vicinity is strong. Since completion of test drilling at
Nevada Test Site, other hydrologists using the preceding
and other criteria have postulated that interbasin move-
ment of ground water occurs in other parts of the
miogeosyncline in the eastern one-third of Nevada.

Eakin (1965, 1966) stated, for example, that 13 inter-

montane valleys within or adjacent to the White River
drainage basin in east-central Nevada are hydraulically
integrated into a single ground-water basin by move-
ment of water through the Paleozoic carbonate rocks.
Maxey and Mifflin (1966) inferred that interbasin move-
ment of ground water best explains the uniform yield of
most of the highyield springs in the miogeosyncline.
Malmberg (1967) stated that approximately 12,000 acre-
feet annually leaves Pahrump Valley by subsurface out-
flow through the Paleozoic carbonate aquifers toward
California.

Ce3

INFLUENCE .. CLASTIC AQUITARDS AND MAJOR SHEAR
ZONES ON INTERBASIN MOVEMENT

Interbasin movement of ground water within the lower
carbonate aquifer is greatly influenced by major geologic
structures, particularly by folds that bring the lower
clastic aquitard close to the surface or by faults that jux-
tapose the lower or the upper clastic aquitards and the
lower carbonate aquifer. In some areas, such geologic
structures result in water levels differing as much as
2,000 feet between adjacent valleys or as much as 500
feet in carbonate aquifers within a single valley. In other
areas, where the clastic aquitards are absent, some ma-
jor faults within the carbonate rocks may also act as
hydraulic barriers, or ground-water dams, and may com-
partmentalize (but not necessarily totally isolate) the
carbonate aquifer. In still other areas, hydraulic barriers
may be totally absent; or more likely, they may not be
discernible because of the low hydraulic gradients. Areas
illustrating the effect of geologic structure on water
movement in the lower carbonate aquifer are discussed
in the following sections of the report.

NORTHEASTERN YUCCA FLAT-WESTERN EMIGRANT VALLEY

The alluvial apron west of Groom Lake playa in
Emigrant Valley (fig. 32) is bordered on the east, south,
and southwest by the lower clastic aquitard. Except
along the west edge of Groom Lake playa, the lower
clastic aquitard is exposed continuously on the east in
the Groom and Papoose Ranges for a distance of about
25 miles; the strata dip eastward. On the south and
southwest the lower clastic aquitard is discontinuously
exposed over a distance of 10 miles in the Halfpint
Range. Data from well 89-68 and geologic mapping in-
dicate that the lower clastic aquitard extends at least
another 2 miles northwest of the northernmost outcrop
in the Halfpint Range and that the northwestward-
vending clastic rocks are truncated by the Climax stock
_.ence diagram of Yucca Flat, pl. 24). A gravity survey
indicates that the pre-Tertiary rocks are now buried as
much as 4,000 feet beneath the floor of western Emigrant
Valley (D. L. Healy and C. H. Miller, written commun.,
1965).

The geologic and hydraulic section extending from
northeastern Yucca Flat to Groom Lake playa (fig. 32) is
approximately at right angles to the major structural
trends. Water levels in three widely spaced wells tapping
the valley-fill aquifer in western Emigrant Valley range
from 4,340 to 4,371 feet above mean sea level and in-
dicate a gentle hydraulic gradient sloping eastward
toward the playa at about 4 feet per mile. Water levels in
wells tapping older rocks immediately east and west of
western Emigrant Valley are considerably lower than
levels in wells tapping the valley-fill aquifier. The high

~—r



Cée4

HYDROLOGY OF NUCLEAR TEST SITES

E.S0008 11600 €. 72908 €.768, 000 115°4%’
T ] 4 r ¥
N. 50 0
R. 548 20
4
T e = =
<
3
3-§7 =
2014 12 3
=
o
23
']
N. 168,000 W\ ' -
\ ~ S
] S
|y = ST ooy Lake(riova
Bass from U.S. Geological Survey 1:250,000 Modified from Winograd and Thordarson
Caliente and Gold(leld, 1954 (1968, fig. 2). Geology compiled from unpub-
20,000-foot grid based on Nevada lished WWWME-N- Hiarichs,
coordinate system, central zons P. P. Orkild, and F. A. McKeown, and
Tschanz and Pampeyan (1961)
A a4
5000 - s s ; = r
R . | - .
5008’ ~ ' 2 91-7 R
Lo 9-Tha\ sg-74 ,%0-7%
1 ‘/\ \F‘ . Z -
400w 1 r""".“ \,”.“ tomtiometri wn |
| / [V =
| N¥ -
‘ P
2008 o 00 hhpw mile )\ |
2008 1-28 IJ- mile
Vartical exsggerstion x 19 HYDRAULIC SECTION
B ] | ;i k|
iﬂ }F EMIGRANT VALLEY il a EH

A YUCCA FLAT
: L

-2 Groom Lake (Paye) A’

2-1 -7 N S
e T Q=
" ) cpn -
GEOLOGIC SECTION Wedified from Winegrad mnd
S Therdurven (1968, fig. 3
] 2 4 s SMILES
a1 . L J
| L ) ] 1
® 2 4 § SKXILOMETERS

FiGURe 32. — Hydrogeology of Emigrant Valley.



SOUTH-CENTRAL GREAT BASIN, NEVADA-CALIFORNIA; NEVADA TEST SITE Cé5
EXPLANATION
a
zz
A - ; HYDRAULIC SYMBOLS
: = E Note: All alutudes and contours in feet; datum is mean sea level
[
) Ee
Valley-flll aquifer E 2 0.8
- @ Bitincs
3 ‘CpCl.'_ 5 2 Test well
- ) = = Well tapping 'gn-Tnmry hydrogeologic units: upper number is well
@ number: lower number is altitude of static water level: symbol
Lower clastic aquitard 3 5 parentheses is formation tepped
Moztly Stirling Quartzite end Johnnic Formation but elso inchides lower part of g ]
Cerrars Formation, Zabriskic Quartzite, snd Wood Canyon Formstion { g
<

Upland area

Contact

—ds - - -

——

Fault
Dashed where inferred. Bar and ball on downthrown side. Arows mdiulc direc-
tion of relative movement

HYDROGEOLOGIC AND GEOLOGIC UNITS

SYMBOL GEOLOGIC UNIT HYDROGEQLOGIC UNIT
QTal Quaternary and Tertiary valley fill Valley -fill aquifer
Tpi Piapi Canyon Group and Indian
Trail Formation undifferen-
tated . .
™ Ash-fall(?) tuff of Piapi Canyon(?) (= TUIT aquifer and aquitard
Group
Trk Rhyolite of Kawich Vailey
Pze Paleozoic carbonate rocks s
€b Bonanza King Formation } Lower carbonate squifer
€pi Lower Cambtian and Precambrian '
clastic rocks
pCs Stirling Quartzite and Precambrian Lower clastic aquitard
clastic and carbonate rocks
pEn Noonday(?) Dolomite

90-74
QIS TN
Test well
Well 1apping Tertiary tuff squifer; upper ber is well ber: lower
number i3 altitude of static weter level: symbol in parentheses it for-
mation tapped

93-1
omtT s
Test well
Well tapping Quaternary and Tertiary valiey-fill aquifer; upper number
is well number; lower Rumber is eltitude of siatic water level: symbol
in parentheses is formation tapped.

. §3 70 = = . =

Potentiometric contour
Shows aititude of potentiometric surface in Cencroic hydrogeologic
units; dashed where inferved; contowr intervel varighie

— 4500 e e

Potentiometric contour
Shows sltitude of potentiometric surface in pre-iertiery hydrogeologic
units; deshed where inferred: contour inter~el variabie

%-18
o

Test well, dashed where projected

FIGURE 32. — Continued.

and virtually flat potentiometric surface in the valley-fill
aquifer within western Emigrant Valley and the steep
hydraulic gradients developed in the older rocks in the
flanking areas probably are caused by a higher outlet for
discharge from the valley-fill aquifer than for the older
rocks and by a lower gross transmissibility of and a lower
hydraulic outlet for the clastic rocks that surround and
underlie western Emigrant Valley. The steep hydraulic
gradients on both ends of the cross section probably
reflect the movement of water through the thick lower
clastic aquitard or tuff aquitard toward points of lower
head in Yucca Flat and in eastern Emigrant Valley.
The high water level within the valley-fill reservoir
probably is due to impoundment by the impermeable
clastic rocks. Along the west edge of Groom Lake playa,
about 1,000 feet northeast of well 91-74, an outlier of
Precambrian quartzite (Stirling Quartzite) rises a few
feet above the playa surface (fig. 32). This outlierand a

gravity survey indicate that the Precambrian and Lower
Cambrian clastic rocks composing the Croom and
Papoose Ranges form a continuous buried ridge at very
shallow depth along the west side of the playa and under
well 91-74. The gravity survey also indicates that the
depth to bedrock increases steeply in both directions
from this buried ridge (D. L. Healey and C. H. Miller,
written commun., 1965). The buried ridge is probably
acting as the spillway for the valley-fill reservoir, which
is saturated to within 100 feet of the surface. That the
clastic rocks act as a hydraulic barrier or dam was first
hypothesized in 1957 by Omar Loeltz (written commun,,
1959).

The saturation of the valley fill to within 107 feet of
the land surface at well 91-74 in Emigrant Valley and
the slope of the potentiometric surface in that aquifer
toward the playa (where the clastic aquitard is largely

buried) suggest that very little water leaves the valley by —
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movement through the clastic aquitard. The lower
clastic aquitard thus acts as an effective hydraulic dis-
continuity between the lower carbonate aquifer down-
faulted beneath western Emigrant Valley (fig. 32) and
the same aquifer beneath northeastern Yucca Flat and
beneath eastern Emigrant Valley (east of the Groom and
Papoose Ranges).

Two qualifications of the preceding arguments are
necessary. First, an objection may be raised that water
levels in the Tertiary and Quaternary aquifers should
not be utilized as a reflection of heads within the lower
clastic aquitard. However, in Yucca and Frenchman
Flats, Indian Springs Valley, and Amargosa Desert,
water levels in the Cenozoic aquifers and aquitards
beneath the valley floors are usually within 100 feet of
levels in the underlying Paleozoic aquifers and
aquitards, except where true perched conditions exist
along the margins of the valleys. This fact, coupled with
the large differences in water levels between wells along
the east and west ends of the western Emigrant Valley
area, makes the use of water levels in Cenozoic rocks as
indicators of heads in the clastic aquitard appear valid.
Moreover, in both Emigrant Valley and the other areas
to be discussed, at least one control point in the pre-
Tertiary rocks is available.

The second qualification is that the hydraulic
gradients within the lower clastic aquitard may not be
continuous; the water levels may instead reflect discon-
tinuous levels within blocks of aquitard separated by
faults, Whether the gradients are continuous or steplike
does not materially change the principal interpretation,
namely that the lower clastic aquitard is an effective
hydraulic barrier.

NORTHWESTERN AND WEST-CENTRAL YUCCA FLAT

Water levels in wells of northwestern and west-central
Yucea Flat (pl. 2C) offer another example of the com-
partmentalization of the lower carbonate aquifer, but in
this case by the upper clastic aquitard. Northwestern
and west-central Yucca Flat is bordered on the west by
the upper clastic aquitard (Eleana Formation), which
forms Quartzite Mountain, the Eleana Range, and
several smaller unnamed ridges. These ridges extend
nearly 18 miles in a north-northeasterly direction and
form a nearly unbroken trend of the upper clastic
aquitard. The aquitard, which ranges from 4,000 to 8,000
feet in thickness, also underlies the western one-third of
the valley floor. The approximate sastern limit of the up-
per clastic aquitard at the 2,400-foot level is shown by
plate 2B and C.

The difference of water-level altitude within the lower
carbonate aquifer east and west of the area underlain
chiefly by the upper clastic aquitard is about 1,800 feet.
The water-level altitude within the lower carbonate
aquifer in central Yucca Flat ranges from 2,381 feet at
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well 79-69a at the south end of the valley to 2,415 feet in
well 88-66 at the northwest end. About 7 miles west of
well 83-66, well 87-62 (south of Rainier Mesa) also taps
the lower carbonate aquifer (pl. 2C); but here the poten.
tiometric surface of the aquifer is 4,189 feet above mean '
sea level. The lower carbonate aquifer at this site hag
been thrust over the upper clastic aquitard, as shown in
fence C-1 to C-2 of plate 24 and in the section on plate
1. The difference in water-level altitude is attributed
directly to the low gross transmissibility of the interven.
ing aquitard. The apparent hydraulic gradient within
the aquitard between the two wells is about 330 feet per
mile (pl. 1).

Data from several wells in the upper clastic aquitard
and one in the upper carbonate aquifer in west-central
Yucca Flat suggest that an apparent hydraulic gradient
as steep or steeper than the one cited also exists within
the upper clastic aquitard south of the wells cited in the
preceding paragraph. The gross stratigraphy and the
potentiometric surface at chese well sites is given in the
cross section of plate 2C. The section also illustrates
another example of compartmentalization of the car.
bonate aquifers by the upper clastic aquitard. Well
83-66¢ bottomed within the basal part of the upper car-
bonate aquifer, the Tippipah Limestone. The poten-
tiometric level within the limestone is, however, 500 feet
higher than levels within the lower carbonate aquifer or
the Cenozoic rocks about 2'z miles east of the well. The
marked difference in potentiometric level is again at-
tributed to the upper clastic aquitard being between the
two carbonate aquifers.

Beneath central and northern Yucca Flat, the lower
and the upper clastic aquitards (pl. 2B and C) isolate the
lower carbonate aquifer from adjacent valleys. Thus, any
interbasin movement of ground water into the lower car-
bonate aquifer would have to pass through and be con-
trolled by the transmissibility of the clastic aquitards.
However, an important distinction exists between the
upper clastic aquitard bordering the valley on the west
and the lower clastic aquitard bordering it on the
northeast. In western Yucca Flat the upper clastic
aquitard probably is underlain by thousanda of feet of
lower carbonate aquifer, whereas the lower clastic
aquitard beneath northeastern Yucca Flat is probably
underlain at depth principally by Precambrian clastic or
crystalline basement rocks. Thus, the upper clastic
aquitard need not necessarily retard the movement of
some ground water into Yucca Flat from the west or
northwest, because such movement could occur at
depths of several thousand feet through the underlying
carbonate aquifers. The effectiveness of the aquitard
may depern:d in part on the naturs of the Tippinip thrust
fault (pl. 24 and C). If the thrust dips steeply for several
thousand feet, it could partly isolate the lower carbonate
aquifer beneath the central part of the valley from
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equivalent strata to the west. If it does not dip steeply,
then the ground water in the upper clastic aquitard may
be semiperched above the underlying carbonate rocks.

SOUTHERN INDIAN SPRINGS AND THREE LAKES VALLEYS

Well data from southern Indian Springs Valley in-
dicate a marked compartmentalization of the lower car-
bonate aquifer within a single valley and within dis-
tances of a few miles. Potentiometric contours (fig. 33)
suggest two prominent west-trending hydraulic barriers
between the Nye-Clark County line and Indian Springs,
a distance of about 12 miles. The water-level altitude
becomes lower northward (fig. 33). The position of the
southerly hydraulic barrier almost coincides with the in-
ferred position of the Las Vegas Valley shear zone
(Longwell, 1960; Longwell and others, 1965) and may be
created by gouge developed along this shear zone (struc-
tural feature 13 on pl. 1). The northerly barrier may
result from the presence of the lower clastic aquitard
within the zone of saturation north of wells 66-75 and
67-73 (fig. 33). Observations by W. E. Hale (written
commun., 1963) suggest that the difference in water-
level altitude in this area is not due to steep gradients
developed within the lower carbonate aquifer. First,
water levels in the carbonate aquifer indicate a gentle
gradient of about 4 feet per mile to the west. Second,
pumping tests indicate coefficients of transmissibility of
about 11,000 and 20,000 gpd per ft (table 3); steep
gradients are unlikely to develop in such rocks. In other
words, the lower carbonate aquifer tapped by these wells
is part of a permeable block bounded on both north and
south by hydraulic barriers that separate it from other
aquifer blocks. Although the gross potentiometric con-
tours of figure 33 suggest a regional northerly movement
of water, the principal movement within the lower car-
bonate aquifer between the barriers may actually be to
the west, as is the regional movement of ground water
north of the barriers.

Water levels in three wells in southern Three Lakes
Vailey (fig. 33) also suggest a possible major hydraulic
barrier parallel to the Las Vegas Valley shear zone. Wells
65-82, 65-83, and 69-84 tap the valley-fill aquifer. The
average hydraulic gradient between the southerly two
wells is about 85 feet per mile, whereas the average
gradient between the two northerly wells is about 30 feet
per mile. Hydraulic gradients in the valley-fill aquifer in
surrounding valleys are commonly less than 60 feet per
mile and are usually less than 30 feet per mile. The
average gradient of 85 feet per mile in southern Three
Lakes Valley may reflect below-average transmissibility
of the valley fill, above-average quantity of water in
transit through the aquifer, or a hydraulic barrier within
either the valley fill or the underlying lower carbonate
aquifer. An above-average quantity of water in transit
through the valley fill might be due to upward leakage
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from the cark ate aquifer into the valley fill along a
hydraulic barrier.

A short-term pumping test indicates that the specific
capacity of well 65-82 is less than 1 gpm per foot of draw-
down (L. R. West, written commun., 1963). If this test is
representative of the valley-fill aquifer, it might explain
the rather steep hydraulic gradient; but if it does explain
the gradient, equally steep gradients are also expectable
between wells 65-83 and 69-84, which are farther from
the principal source of detritus, the Spring Mountains.
The authors tentatively conclude that the anomalous
hydraulic gradient within the valley-fill aquifer reflects a
hydraulic barrier in the lower carbonate aquifer ap-
proximately parallel to and between the 3,000- and
3,100-foot potentiometric contours of figure 33.

A major hydraulic barrier may also exist in the
vicinity of the village of Indian Springs. The valley-fill
aquifer supplies Indian Springs, the major gpririg in the
area. This spring, which discharges abouf 435 gpm, is
about 0.5 mile north of a ridge of the low onate

aquifer (fig. 33). The spring is pro f irectly b
upward leakage of w from the flanking and
probably underlying lower carbonate aquifer, for the

following reasons. (1) The extremely small catchment
area immediately upslope from the spring can hardly
yield the nearly constant discharge cited; conversely,
contribution from a larger catchment area, such as the
alluvial fans bordering the Spring Mountains, is
precluded by the intervening unnamed carbonate-rock
ridge 0.5 mile south of the spring, unless such recharge
passes through the carbonate rocks; (2) water-level data
presented by Maxey and Jameson (1948, app. I, p.
20-21) suggest an increase in head with increase in depth
of well, which in turn suggests that the valley-fill aquifer
is fed by an underlying aquifer. (3) The spring has a
high-level outlet near the carbonate-rock ridge.

The topographic setting of the spring suggests either
that a brimful carbonate aquifer spills over at a low point
n.ar the outcrop or that the carbonate aquifer is
. .mmed north of but close to the spring and, hence, the
water is forced to the surface. The absence of springs in
topographically lower carbonate-rock outcrops north of
U.S. Highway 95 probably rules out the first possibility,
whereas the water level in destroyed well 68-79, (fig. 33)
about 4 miles north of U.S. Highway 95, further supports
the idea of a hydraulic barrier north of Indian Springs
and probably north of the highway. The reported water
level in this well is at least 500 feet lower than levels in
the valley-fill reservoir adjacent to the highway
(Carpenter, 1915).

In summary, hydraulic data in southern Indian
Springs Valley indicate that the carbonate aquifer is
compartmentalized by two ground-water dams or
barriers; the northern barrier appears to be due to jux-
taposition of the lower clastic aquitard and the lower car-
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HYDRAULIC SECTION
Ficure 33. — Hydrogeology of

bonate aquifer (fig. 33), whereas the southern barrier
appears to be related to the Las Vegas Valley shear zone
and may be due to gouge developed along the major fault
zone. Well data near the village of Indian Springs and in
southern Three Lakes Valley suggest additional
hydraulic barriers which approximately parallel the Las
Vegas Valley shear zone (Longwell, 1960; Longwell and
others, 1965). Whether theses barriers are due to the jux-
taposition of the clastic aquitard and the carbonate
aquifers, to the development of gouge along the shear

GEOLOGIC SECTION
southern Indian Springs Valley.

zone, to the dragging of the clastic strata into the shear
zone, or a combination of these mechanisms is unknown.

SOUTHWESTERN MERCURY VALLEY

Two wells in southwestern Mercury Valley (fig. 33)
provide another example of the hydrologic effect of jux-
taposition of the lower clastic aquitard and the lower car-
bonate aquifer. Well 66-69 was drilled into the lower
clastic aquitard (Johnnie Formation). The water-level
altitude in this well is 2,415 feet above mean sea level.
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Ficure 33. — Continued.

Well 67-68, about 1.5 miles northwest of well 66-69, was | water level in the lower carbonate aquifer, about 30 miles
drilled into the lower carbonate aquifer (Nopah Forma- | away, in central Yucca Flat is noted to be only 17 feet
tion and Bonanza King(?) Formation). The water-level | higher (alt 2,387 ft) than in well 67-68. The authors
altitude in this well is 2,370 feet above mean sea level, or | believe that the higher water level in well 66-69 reflects
about 45 feet lower than the level in the adjacent well. | the low gross transmissibility of the lower clastic
The difference in levels does not appear striking until the | aquitard.
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ASHMEADQOWS

The most striking example of structural control of
ground-water movement within the lower carbonate
aquifer is the spring line at Ash Meadows in east-central
Amargosa Desert (pl. 1). These springs aline for about 10
miles in a northwesterly direction. This trend parallels
the strike of the lower carbonate aquifer as well as a ma-
jor fault zone delineated by a gravity survey of the region
(D. L. Healey and C. H. Miller, written commun., 1965).
The spring line and the details of the individual springs
are discussed in the section “Character and Geologic
Control of Spring Discharge.”

GENERAL SIGNIFICANCE OF THE HYDRAULIC BARRIERS

The hydraulic barriers cited suggest the presence of
ground-water dams not shown by the potentiometric
levels and contours. Hydraulic compartmentalization of
the lower carbonate aquifer is expectable throughout the
study area owing to the complex geologic structure.
Some areas, for example the area between eastern
Frenchman Flat and Ash Meadows (pl. 1), are seemingly
free of compartmentalization of the lower carbonate
aquifer. However, the absence of hydraulic barriers in
this area is probably only apparent. The examples of
compartmentalization discussed in this chapter were
chosen specifically because adequate well and geologic
control was available to demonstrate clearly the role of
the clastic rocks and perhaps that of the major shear
zones in controlling regional ground-water movement
through the lower carbonate aquifer. Actually, the
hydraulic barriers cited could have been detected from
the water-level data alone, without the aid of areal
geologic mapping or subsurface stratigraphic control.
But, the examples cited were chosen from areas close to
the margins of the flow system, where significant
differences in water level occur across the hydraulic
barriers. In other areas, such as Yucca and Frenchman
Flats and t.e region between Frenchman Flat and Ash
Meadows, the total drop in head within the lower car-
bonate aquifer is only a few feet. Consequently, detec-
tion of clastic-rock or fault barriers in such areas will
probably be impossibhle without considerable subsurface
control. For example, the head within a ridge of clastic
rocks buried beneath a valley but surrounded by car-
bonate rocks would probably be controlled by and con-
sequently be the same or nearly the same as that within
the adjacent carbonate aquifer. In this situation, water-
level data alone might not permit identification of the
clastic barrier. Similarly, major fault zones, in-
dependently of clastic strata, may locally compartmen-
talize the carbonate aquifer in the area between central
Yucca Flat and the Amargosa Desert; but evidence of
such fault barriers would not be apparent on the poten-
tiometric map. Water levels in four wells tapping the
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lower carbonate aquifer in eastern Amargosa Desert
suggest that compartmentalization may also occur ip
areas of low hydraulic gradient. All four wells are in the
NWu sec. 27, T. 16 S., R. 51 E., and only 400 feet
separates the two most widely spaced wells (the location
of one of these wells is shown on pl. 1 and fig. 34). Depth
to water is about 42 feet, Static levels in the three
westernmost wells are within 0.2 foot of each other, but
the level in the easternmost well is 0.5 to 0.7 foot lower
than in the other wells (R. H. Johnston, written com.
mun., May 1967). Flowmeter surveys indicating no flow
in the bore of the anomalous well preclude downward
movement as an explanation for the discrepancy. A
possible reason for the discrepancy is a hydraulic
barrier(s) between the easternmost well and the three

other wells.
Awareness of the probable occurrence of numerous

hydraulic barriers in the lower carbonate aquifer is ex-
tremely important for a realistic interpretation of the
regional potentiometric m#v (pl. 1). First, the change in
head between wells plotted on the potentiometric map
may locally be steplike, rather than smooth, because the
lower carbonate aquifer is probably compartmentalized
locally by fault or clastic-rock barriers throughout the
study area; the actual hydraulic gradients, therefore,
may be considerably smaller between barriers, but larger
across the barriers, than gradients shown on plate 1.
Second, because of the known, and probably numerous
unknown, hydraulic barriers cutting the lower carbonate
aquifer, the potentiometric contours may best be
regarded as illustrating the direction of decrease in head
within a compartmentalized aquifer system rather than
the exact direction of ground-water movement. Although
the regional movement of water in the aquifer is
probably roughly at right angles to the potentiometric
contours as drawn, local movement may depart greatly
from the regional average owing to either the anisotropy
and heterogeneity of the aquifer, the presence of
hydraulic barriers, or both. In the vicinity of some major
hydraulic barriers, ground water may move parallel to,
rather than across, the barriers. However, because of the
prominent difference in water level on opposite sides of a
barrier and because of the sparsity of well data, the
potentiometric contours drawn for such areas may

suggest flow at.right angl he barrier. For example,
in southern(Indian Springs Vall&( fig. 33) ground-water
flow between tlic barriers may actually be

principally to the west rather than to the north as
suggested by the 500-foot potentiometric contours.
The tightness of the hydraulic barriers is probably
highly variable. Where the lower carbonate aquifer is
completely surrounded by the lower clastic aquitard, as
in western Emigrant Valley, it is probable that little
water moves across the barrier despite large differences
(in places as great as 2,000 ft) in head. On the other
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pand, where the lower carbonate aquifer is only partly
juxtaposed against a clastic (or tuff) aquitard or contains
a barrier formed chiefly by gouge developed along a ma-
jor shear zone within the aquifer, the situation differs;
here & prominent difference in head need not necessarily
preclude the movement of important quantities of water
across the barrier. The author’s judgment on the
tightness of specific barriers is discussed at eppropriate
places in the text.

CONSTRUCTION AND INTERPRETATION OF
THE POTENTIOMETRIC MAP OF THE
LOWER CARBONATE AQUIFER

NOTES ON CONSTRUCTION

Two assumptions are generally made during construc-
tion of the potentiometric map of an aquifer: (1) the
water levels used represent only head in the aquifer of in-
terest; and (2) in the vicinity of the control wells, water
flows nearly horizontally through the aquifer. These
assumptions are generally fulfilled in the lower car-
bonate aquifer. First, because the key wells used in con-
structing the potentiometric map were drilled
specifically for the hydrologic study program, they per-
mitted careful control on the measurement of poten-
tiometric levels. Second, drill-stem tests and flowmeter
surveys indicate that flow in the lower carbonate aquifer
is probably horizontal in the vicinity of the key wells.

The potentiometric maps of the lower carbonate
aquifer for Yucca Flat (pl. 2C) and for the entire area (pl.
1) represent a synthesis of both hydraulic and geologic
data. Briefly, these maps were constructed as follows.
First, water-level contour maps were drawn using only
water-level data for the lower carbonate aquifer. On
another pair of maps, outcrops of both the upper and the
lower clastic aquitards were drawn; in addition, areas
where the clastic aquitards were likely to be the major or
only pre-Tertiary rock within the zone of saturation were
delineated. Next, on the assumptions that the clastic
aquitards are considerably less permeable than the car-
bonate aquifers and that the lower clastic aquitard is the
effective hydraulic basement for ground-water flow, the
contours were modified as follows: Where the contours
crossed into areas underlain by clastic rocks the contours
were sharply bent (refracted) to indicate the probable
steeper hydraulic gradients within the clastic aquitards.
In areas.where major water-level anomalies and geologic
mapping or gravity surveys suggested major discon-
tinuities, hydraulic barriers were shown. Thus, the poten-
tiometric maps represent a synthesis of hydraulic,
geologic, and geophysical data. Such a synthesis was
both reasonable and essential because contouring of the
water-level data without regard for geologic structure led
to several improbable local hydrologic conditions. In any
event, the major features (discussed in the next section)
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of the initial wa.cr-level contour map surprisingly were
not greatly affected by the synthesis with the geologic
and geophysical data.

Contours of the potentiometric surface in the Cenozoic
aquifers are also drawn on the regional potentiometric
map (pl. 1) for areas surrounding Nevada Test Site. In
some areas, these contours probably reflect the head in
the underlying lower carbonate aquifer; in other areas
they offer clues to the position of ground-water divides
within the clastic aquitards.

Several mechanical matters evaluated during the con-
struction of the contour map were (1) accuracy of
measurement of deep water levels, (2) effects of hole
crookedness and water-column density on water-level
measurement, and (3) effects of previous pumpage on
the static water levels measured. A discussion of the first
two items is presented by Garber and Koopman (1968)
and Winograd (1970).

The accuracy of the water-level measurements was
satisfactory for potentiometric contouring at the 10- and
20-foot intervals used on plates 1 and 2.

INTERPRETATION OF MAJOR FEATURES OF POTENTIOMETRIC MAP

Major features shown on the regional potentiometric
map (pl. 1) are the trough in the potentiometric surface
in Yucca Flat and the major trough that extends from
eastern Frenchman Flat to the Ash Meadows discharge
area in east-central Amargosa Desert.

The potentiometric surface within the lower carbonate
aquifer in Yucca Flat is marked by a prominent north-
northwest trending trough about 20 miles long and 2to 8
miles wide (pl. 2C). The apparent hydraulic gradient
along the axis of the trough ranges from a fraction of a
foot to 5.9 feet per mile. (See section on pl. 1.) The ap-
parent gradient along the flanks of the trough is as much
as 20 feet per mile. At its south end, the trough merges
with the major southwest-trending trough. The water
lev cls in wells 84-68d and 85-68 suggest a possible rever-
s. of hydraulic gradient within the trough in Yucca
Flat. Neglecting correction of the water levels for
temperature, the level in the southerly well (84-68d) is 1
foot higher than that in the northerly well (85-68). This
condition suggests a very low northerly gradient.
However, the water-level altitude calculated after cor-
recting the water column in well 84-68d for density is the
same as that in well 85-68. The water level in destroyed
well 85-68 was not corrected for temperature, because
temperature data were not obtained; if such a correction
had been made, it would probably have resulted in a
water-level altitude several feet higher than that in well
84-68d. In any event, & reversal in gradient in Yucca Flat
seems unlikely because of other water levels in the
valley.

The trough within the lower carbonate aquifer in Yus.

N’
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ca Flat may reflect variations in the transmissibility of
the lower carbonate aquifer, or it may be due to a series
of subparallel northward-trending hydraulic barriers.
The saturated thickness of the carbonate aquifer in-
creases westward between the east margin and the cen-
tral part of Yucca Flat (pl. 24). Near the east margin of
the valley, only the lowest part of the aquifer (the
Bonanza King Formation) is saturated, whereas toward
the west, successively overlying formations are
saturated; that is, westward from the east margin of
saturated carbonate rocks, the saturated thickness
probably increases from a few hundred feet to possibly
more than 10,000 feet. If this increase in thickness is ac-
companied by even a moderate increase in
transmissibility, it could explain the general position of
the trough. Alternately, because the trough crudely
parallels the Yucca fault, movement along this major
fault may have resulted in above-average fracture
transmissibility within the lower carbonate aquifer
beneath the center of the valley. However, available well
data are too scant to support or refute the relationship of
aquifer transmissibility to the Yucca fault or to any

other fault zone.
The extremely low hydraulic gradients along the

center of the trough do not necessarily reflect high
transmissibility. Low hydraulic gradients can be due to
high transmissibility or a small quantity of water moving
through the aquifer, or to a combination of both factors.
In Yucca Flat the quantity of water moving through the
system is small, probably less than 350 acre-feet an-
nually. (Estimates of the quantity of water moving
through the aquifer in Yucca Flat are developed in the
section “Sources of Recharge to the Lower Carbonate
Aquifer.”) Thus the very low gradient in the center of the
trough need not reflect high transmissibility, only a
transmissibility possibly greater than that along the
margins of the trough.

The trough also might reflect hydraulic barriers due to
faults within the lower carbonate aquifer. The regional
strike of major block faults cutting the lower carbonate
and of bedding in the blocks is northward and
northwestward. Underflow to the lower carbonate
aquifer is from both the east and the west, via the clastic
aquitards, and also from the overlying Cenozoic rocks. If
the northward-striking faults, possibly aided by the thin
clastic rocks within the aquifer, deflect only part of the
underilow southward (or parallel to the fault planes),
another explanation for the trough is possible. Namely,
southward diversion of some of the recharge by the block
faults, which dropped the aquifer as much as 4,000 feet
below the valley floor, would result in only a fraction of
the total recharge entering and moving southward within
the structurally deepest blocks of aquifer. The reduction
in quantity of flow carried bv the carbonate rocks
beneath the center of the valley would of necessity be ac-

companied by a lower potentiometric level it
transmissibility were constant.

Subsurface information and transmissibility daty
available in 1965 (table 3) are insufficient to indicate
which of the conditions, or what combination of con.
ditions, is causing the trough within the lower carbonate
aquifer beneath Yucca Flat. The authors favor the last of
the three explanations.

The second major feature of the potentiometric mapis
the trough that runs from east-central Frenchman Flat
to Ash Meadows (pl. 1), a distance of about 40 miles,
This trough is roughly outlined on the northwest and
east by the 2,380-foot potentiometric contour ( pl. 1) and
on the south by the 2,400-foot contour. It is about 15
miles wide at the Ash Meadows discharge area; about 5
miles wide beneath the Specter Range; and possibly as
much as 20 miles wide within the Nevada Test Site,
where its width is not well defined. The hydraulic
gradients within this trough range from 0.3 to about 1.5
feet per mile. The trough indicates that ground water
within the lower carbonate aquifer beneath Yucca,
Frenchman, and eastern Jackass Flats and beneath a
vast. area east, northeast, and southeast of the Nevada
Test Site is moving toward a prominent spring-discharge
area (Ash Meadows) in the east-central Amargosa
Desert.

That the part of the trough between the Specter Range
and Ash Meadows (pl. 1) represents a region of very high
transmissibility (1 to several million gpd per ft) is dis-
cussed in the next section of the report.

The high transmissibility of the carbonate rocks
beneath and southwest of the Specter Range may be due
to a greater thickness of aquifer, to a higher degree of
fracturing than found elsewhere in the study area, or to a
combination of both. Several cross sections through the
Specter Range (R. L. Christiansen, R. H. Moench, and
M. W. Reynolds, written commun., Mar. 1965) indicate
that the saturated thickness of the lower carbonate
aquifer beneath the Specter Range probably ranges from
5,000 to 8,000 feet. This thickness is more than double
that at some well sites; however, thickness alone cannot
account for the difference in transmissibility which,
beneath the Specter Range, is two to three orders of
magnitude greater than that at 8 of 10 well sites. The in-
crease in transmissibility must, therefore, be due to
above-average fracture transmissibility.

Geologic mapping suggests that the Specter Range
may, in general, be structurally more complex than most
of the ridges and hills within the study area (Burchfiel,
1965; Christiansen, Moench, and Reynolds, written com-
mun., Mar. 1965). Most of the fault-block ridges of pre-
Tertiary rocks at the Nevada Test Site are of simple
structure, even though the rocks themselves are highly
fractured. The Specter Range, by contrast, appears to be
a mosaic of fault blocks. Possible reasons for the intense
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deformation of the Specter Range strata were presented
by Burchfie] (1965), Stewart (1967), and Albers (1967).
They noted that the Las Vegas Valley shear zone
seemingly dies out east of the Specter Range quadrangle
(pl. 1), and they attributed the unexpected dis-
appearance of this major shear zone to large-scale bend-
ing of the miogeosynclinal rocks. That is, southeast of
the Specter Range, the shear zone, which is probably a
deep-seated strike-slip structure, cuts and displaces the
miogeosynclinal strata 25 to 40 miles; but in the
longitude of the Specter Range, the strike-slip move-
ment is taken up in the sedimentary cover by large-scale
bending (Albers, 1967). Evidence for this bending
northeast of the Specter Range is shown by the change in
strike of the axes of major folds in the pre-Tertiary rocks
{pl. 1). Figure 6 of Stewart (1967) and figure 4 of Albers
(1967) suggest that the axis of the Spotted Range syn-
cline (structural feature 7 on pl. 1) swings sharply to the
southwest and the south after passing through the
Specter Range. If their interpretation is correct, intense
fracturing of the pre-Tertiary rocks would be expectable
in the Specter Range area, because fracturing is com-
monly most intense near the crest of flexures.

A possible related explanation for the intense frac-
turing is suggested by the axes of the Spotted Range syn-
cline and the Pintwater Range anticline (structural
features 7 and 8 on pl. 1). The axes of these folds con-
verge as they approach the Specter Range. If both axes
pass through the Specter Range area, the carbonate
rocks now forming the range were subjected to relatively
tight folding with probable attendant intense fracturing.
Regardless of the interpretation favored, the Specter
Range lies at the intersection of two major structural
trends — the Las Vegas Valley shear zone and the
Spotted Range syncline (pl. 1). The high fracture
transmissibility of the lower carbonate aquifer beneath
the Specter Range is probably directly related to the
complex deformation of the aquifer in this area.

The very high transmissibility-of that part of the ma-
jor potentiometric trough between the Specter Range
and the Ash Meadows discharge area may be due in part
to downfaulted and buried segments of the upper plate
of the Specter Range thrust (structural feature 19 on pl.
1) and (or) the presence of solution channels, par-
ticularly near the discharge area. Four wells drilled in
the NWVi sec. 27, T. 16 S., R. 51 E., penetrated a possi-
ble thin thrust plate of Bonanza King Formation overly-
ing the Carrara Formation. This thrust plate may be
part of the upper plate of the Specter Range thrust fault
(pl. 1). If this upper plate is widespread elsewhere
beneath the trough and consists principally of carbonate
rocks, it could significantly increase the gross
transmissibility of the lower carbonate aquifer in this
area.

Northeast of the Specter Range the trough is poorly
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defined. The trough appears to widen greatly from about
5 miles beneath the Specter Range to perhaps as much
as 20 miles beneath eastern Frenchman Flat. Prediction
of the possible effects of particular geologic structures on
the distribution of transmissibility within the trough in
this area would be difficult.

LOWER CARBONATE AQUIFER TRANSMISSIBILITY DERIVED
FROM MAP

The potentiometric map can be used to calculate the
gross fracture transmissibility of the lower carbonate
aquifer underlying the Specter Range and other areas.
The Specter Range area is particularly well suited for
such a determination because both the width and the
depth of the aquifer, the hydraulic gradient, and the
volume of water moving through the system are known
within reasonable limits. Geologic sections through the
Spacter Range, prepared by R. L. Christiansen, R. H.
Moench, and M. W. Reynolds (written commun., Mar.
1965), indicate that the average width of saturated lower
carbonate aquifer beneath the range generally ranges
from 4.5 to 7 miles; the saturated thickness generally
ranges from 5,000 to 8,000 feet. The hydraulic gradient
between well 67-68, northeast of the Specter Range, and
well 65-62, southwest of the range (pl. 1), is 0.9 foot per
mile. This gradient assumes the absence of any
hydraulic barriers between the two wells. The volume of

water flowing through the Specter Range along the lines .

of cross section is considered equal to the average
measured spring discharge at Ash Meadows, about
10,600 gpm, or about 17,100 acre-feet annually (table 7).
That the discharge cited is probably a minimum and
that practically all the measured discharge passes
through this underflow strip will be established in the
section “Ash Meadows Ground-Water Basin.”

The gross transmissibility of the lower carbonate
aquifer beneath the Specter Range is calculated using |
the gbove information and the equation Q@=TIW, or
Tsxar, where @ is discharge, in gallons per day; [ is
hydraulic gradient, in feet per mile; Wis width of the un-
derflow strip, in miles; and T is coefficient of
transmissibility, gallons per day per foot. Using an
average width of 5.8 miles, the gross transmissibility is
about 3X10® gpd per ft. This value is probably a max-
imum because the hydraulic gradient beneath the
Specter Range (where the trough is narrowest) may be
two or three times that used.

The gross transmissibility of the aquifer within the
trough between the Specter Range and the Ash Meadows
discharge area is also in the millions. The apparent
hydraulic gradient in this area is about 0.3 foot per mile
(pl. 1). Using this gradient, underflow strips 8 to 14 miles
wide, and the same discharge, the calculated coefficient

~
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of transmissibility roughly ranges from 4X10* to 6x10°
gpd per ft. Based on the geologic mapping of R. L.
Christiansen, R. H. Moench, and M. W. Reynolds
(written commun., Mar. 1965), the thickness of car-
bonate rocks beneath this segment of the trough may be
expected to range from a few hundred feet near the lower
clastic aquitard, on the southeast border (pl. 1) of the
trough, to more than 8,000 feet near the lower clastic
aquitard, on the northwest border of the trough.

The coefficient of transmissibility of the aquifer within
the trough between the Specter Range and Mercury
Ridge (fig. 1), beneath Mercury Valley, cannot readily
be calculated, because the exact width of the trough is
poorly defined and the trough receives some recharge
from the southeast and the northwest in this reach.
Nevertheless, the trough's position within the regional
flow system and its low hydraulic gradient suggest that
the lower carbonate aquifer beneath at least parts of the
area probably has a gross coefficient of transmissibility
of greater than a million gallons per day per foot.

Northeast of Mercury Ridge the major trough is poorly
defined and probably receives recharge from the north,
the northeast, the east, and the southeast. The coef-.
ficient of transmissibility cannot be calculated because
neither the volume of water entering from each direction
nor the place of entry is well known.

The coefficient of transmissibility of the lower car-
bonate aquifer at the sites of wells 67-68 and 75-73 (figs.
33 and 31) is unexpectedly low (table 3) in comparison
with the coefficients of transmissibility inferred for the
aquifer beneath the major trough in the potentiometric
surface. Transmissibility of the aquifer in well 67-68 is
about 39,000 gpd per ft, and that in well 75-73 is about
3,800 gpd per ft (table 3). Both wells are in or along the
margin of the potentiometric trough. The discrepancy
may reflect the presence of aquifer blocks of low to
moderate transmissibility interspersed with highly
permeable blocks which control the regional poten-
tiometric lovels within the trough. The time-drawdown
plot for well 67-68 shows a hydraulic barrier (fig. 11), as
does an expanded-scale plot of data for well 75-73. These
barriers could preclude sampling of the surrounding
aquifer blocks of high transmissibility. In contrast to
data from these wells, data from wells 79-69 and 79-69a
at the southern tip of Yucca Flat and one of a group of
four wells southwest of the Specter Range in the NW%
sec. 27, T. 16 S., R. 51 E. (fig. 34), also in the trough,
suggest minimum coefficients of transmissibility of
200,000 to 900,000 gpd per ft.

The coefficient of transmissibility of the lower car.
bonate aquifer beneath central Yucca Flat probably
averages less than 10,000 gpd per ft. In this valley, the
low hydraulic gradient indicates relatively minor un-
derflow (less than 350 acre-ft per yr) moving through the
system rather than high transmissibility of the aquifer.

DEPTH OF GROUND-WATER CIRCULATION

Saturated thickness of the lower carbonate aquifer is
several thousand feet throughout much of the study area
and probably exceeds 10,000 feet in parts of the region.
Depth of ground-water circulation in the lower carbonate
aquifer is in part a function of the variation in fracture
transmissibility with depth and the degree of continuity
of the relatively thin clastic aquitards (Dunderberg
Shale Member of the Nopah Formation, Ninemile For-
mation, and Eureka Quartzite) interbedded within the
aquifer (table 1).

Drill-stem test data suggest that at least the upper
1,500 feet of the lower carbonate aquifer contains open
and interconnected fractures and that there is no ap-
parent decrease in fracture yield with depth. (See section
“Lower Carbonate Aquifer.”’”) Data from other areas in
the miogeosyncline indicate that water-bearing fractures
are open to depths far in excesa of 1,500 feet below the
top of a Paleozoic carbonate-rock sequence equivalent in
age to the strata composing the lower carbonate aquifer.
In the Eureka mining district, Stuart (1955) reported
that the entry of large quantities of water from carbonate
rocks (equivalent to the lower carbonate aquifer) at the
2,250-foot level flooded the Fad shaft. Drill-stem tests of
the Paleozoic carbonate rocks in oil-test wells in western
White Pine County indicate open fractures and fresh
ground water at depths of as much as 9,400 feet below
the top of the carbonate rock sequence (McJannett and
Clark, 1960).

In some areas where carbonate aquifers are nearly un-
deformed as in parts of the Appalachian Plateau, cir-
culation of ground water is retarded at the top of the first
interbedded clastic stratum that lies below the altitude
of the deepest surface drainage. This condition does not
prevail at Nevada Test Site and vicinity because the car-
bonate rocks are highly fractured and faulted. Detailed
geologic mapping (1:24,000 scale) at Nevada Test Site
shows that the relatively thin clastic strata included
within the lower carbonate aquifer are commonly offset
by normal faults and minor strike-slip faults of far
greater displacement than the thickness of these units.
Therefore, these clastic strata probably do not
significantly influence the depth of circulation in the
aquifer on a regional scale.

Several intuitive reasons suggest that fracture
transmissibility should decrease markedly with depth.
Moderate to high transmissibility of dense carbonate
rocks is commonly accepted as being due largely to
secondary porosity developed along fractures by solu-
tion. Solution of the carbonate rock within the zone of
saturation is principally a function of initial carbon diox-
ide content at the water table, rate of flow, pressure, and
temperature. However, because the primary source of
carbon dioxide is the soil zone, the concentration of car-
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ponic acid in ground water normally may be expected to
decrease both with depth in the aquifer and with dis-
tance from major recharge areas. In addition, owing to
the relatively great depth to water within the lower car-
ponate aquifer, one may argue that little vadose water
laden with carbon dioxide reaches the aquifer within the
zone of saturation. First, precipitation on ridges would
have to pass through several hundred to more than a
thousand feet of unsaturated carbonate rock; solution of
carbonate rock during passage through this vadose zone
might deplete some or most of the carbon dioxide. Sec-
ond, recharge to the valley floors would have to pass
through hundreds of feet of Cenozoic aquifers and
aquitards before it could enter the carbonate aquifer,
and the rate of such movement would be extremely slow.

The preceding reasons for possible decrease in fracture
transmissibility with depth neglected several important
factors. First, climate, topography, and structural posi-
tion of the Paleozoic carbonate rocks varied greatly
between Permian and Pliocene time. For example, the
absence of Mesozoic sedimentary rocks and the
moderate relief developed on the Paleozoic rocks before
deposition of the Tertiary tuffs and lake beds might have
been conducive to moderately deep circulation of ground
water in late Mesozoic and early Tertiary time, par-
ticularly if the climate was subhumid to humid. (Ad-
mittedly, the absence of evidence for karstification
beneath the Tertiary-Paleozoic unconformity does not
support the postulated climatic conditions.) Second, the
arguments treated the carbonate aquifer as an isotropic
reservoir and neglected the possible effect of anisotropy
on depth of circulation. For example, vadose water may
move vertically, more rapidly, and to greater depth in
the carbonate aquifer that is highly shattered, as
beneath the Specter Range, than in the aquifer
elsewhere in the study area.

Resolution of the question of depth of circulation
within the lower carbonate aquifer must await drilling
through and detailed drill-stem testing of the aquifer.
Locally, the entire thickness of aquifer may have signifi-
cant fracture transmissibility; thus, in the lower car-
bonate aquifer, water may be flowing to depths of
thousands of feet beneath the top of the aquifer, or down
to the lower clastic aquitard, the “hydraulic basement.”

ASH MEADOWS GROUND-WATER BASIN

The regional potentiometric map (pl. 1) indicates that
ground water beneath Nevada Test Site is tributary to
three major discharge areas: (1) Ash Meadows, in the
east-central part of the Amargosa Desert; (2) Alkali Flat,
near Death Valley Junction in southern Amargosa
Desert; and (3) Oasis Valley, between Beatty and
Springdale.

The Ash Meadows ground-water basin is defined as
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that area co. ‘ributing ground water to the springs at Ash
Meadows (fig. 1).

DISCHARGE AREA

A prominent spring line in the southeastern and east-
central part of the Amargosa Desert (Tps. 16-18 S., Rs.
50-51 E.), an area called Ash Meadows, is the dominant
feature of the discharge area of the Ash Meadows
ground-water basin. The hydrogeologic setting is given
in figure 34. The discharge area consists of the spring line
and an unnamed valley northeast of the spring line. The
valley contains & playa saturated to within a few feet of
the surface (T. 17 S., R. 51 E). The playa is drained to
the west by a tributary of Carson Slough (fig. 34). The
unnamed valley is bordered on the north by the Specter
Range and the Skeleton Hills, on the east by the
northwest end of the Spring Mountains, and on the
south and the southwest by several low ridges of pre-
Tertiary rocks. On the west, in the vicinity of the spring
line, the valley merges with the main surt of the
Amargosa Desert. The altitude of the playa is about
2,331 feet, and that of the surrounding ridges generally
ranges from 3,000 to 6,000 feet above mean sea level.

The valley northeast of the spring line is bordered by
prominent structural features as shown on plate 1 and in
figure 34. The Specter Range thrust fault, which brings
tightly folded Middle Cambrian and Precambrian car-
bonate and clastic rocks over Ordovician through Devo-
nian carbonate rocks, borders the discharge area on the
northwest (fig. 34). The Montgomery thrust (Hamill,
1966), which brings Lower Cambrian and Precambrian
clastic rocks over Ordovician to Devonian carbonate
rocks, borders the area on the southeast. On the
southwest, the discharge area is bordered by a major nor-
mal fault that was identified by the gravity survey of the
area. The normal fault (pl. 1) extends from Big Spring on
the southeast to a point about 5 miles north-northeast of
Lath-op Wells. D. L. Healey and C. H. Miller (written
commun., Mar. 1965) estimated that the Jisplacement
along this fault or fault zone (downthrown on the west)
ranges from 500 to 1,500 feet in the vicinity of Lathrop
Wells and is several thousand feet near Big Spring. The
hydraulic barrier, the boundary of the Ash Meadows
basin, and the normal fault shown on plate 1 (Ash
Meadows area) are actually coincident but are separated
on the plate for clarity. The actual position of the normal
fault is best approximated by the trend of the hydraulic
barrier.

The gravity survey indicates that Quaternary and Ter-
tiary rocks beneath the unnamed valley northeast of the
spring line may be as much as 3,500 to 5,000 thick and
that the structurally deepest part of this valley is im-
mediately northwest of the northwest edge of the playa.
The survey also indicates, as do the outcrops, that the
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HYDROGEOLOGIC AND GEOLOGIC UNITS
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€cl Carmrara Formation, lower part Lower clastic aquitard

HYDRAULIC SYMBOLS

NOTE: All sltitudes and contours in feet; datum is mean sea level. Aress
of significant evapotranspiration are at Ash Meadows and at Alkati Flat

and vicinity
e
Py Y
Test well
Well tapping pre-Tertiary Apdrogeologic uniss; upper number is well
number; lower numberis gititude of static weter level; symbols in
perentheses ere formations tspped
FIGURE 34. —

pre-Tertiary rocks form a continuous partly buried ridge
extending northward from Rogers Spring toward the
Skeleton Hills.

The areal distribution of the lower carbonate aquifer
and the lower clastic aquitard in the discharge area and
the relation of their distribution to the Specter Range
and Montgomery thrusts are shown by figure 34; the in-
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Continued.

.ferred distribution of the clastic aquitard within the 20ne

of saturation is shown on plate 1. ,
The hydrologic character of the Tertiary rocks beneath

the unnamed valley northeast of the spring line and

beneath the region immediately southwest of the spring

line are not well known, but available information\_/

suggests that these rocks are probably related to
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and are as impermeable as the tuff aquitard beneath the
Nevada Test Site. Along the north border of the un-
named valley the Tertiary rocks consist of the Rocks of
Pavits Spring and the Horse Spring Formation, which
are part of the tuff aquitard (table 1). Near the center of
the unnamed valley, rocks directly overlying the lower
carbonate aquifer in four holes driiled in NWY sec. 27,
T. 16 S., R. 51 E., consist of 250 to 310 feet of highly im-
permeable silty and clayey tuffaceous sandstone overlain
by 10 to 80 feet of basalt (Johnstcn, 1968).

Both geologic mapping (Denny and Drewes, 1965) and
the configuration of potentiometric contours of the
valley-fill aquifer suggest that the Tertiary rocks south
and southwest of the spring line are aquitards. Near the
north end of the Resting Spring Range (fig. 34), Denny
and Drewes described 800 feet of “fairly cemented
boulder fanglomerate™ resting with angular unconfor-
mity on Precambrian quartzite. Overlying the
fanglomerate is 2,000 feet of fine-grained clastic rocks
consisting of sandstone, claystone, and subordinate
amounts of conglomerate, siltstone, tuff, and freshwater
limestone. Their work suggests that the Tertiary rocks at
the south end of the spring line are probably chiefly
aquitards. That the Tertiary rocks southwest of the
spring line are aquitards is also suggested by geologic
and potentiometric maps for the area near the intersec-
tion of State Highway 29 and the Nevada-California line
{pl. 1). The maps show a significant tightening of poten-
tiometric contours for the valley-fill aquifer (pl. 1) near
the northwesternmost outcrop of Tertiary rocks shown
on the geologic maps (Denny and Drewes, 1965; R. H.
Moench, written commun., Mar. 19, 1965) and in figure
34. The steepening of hydraulic gradient may reflect low
gross transmissibility of the Tertiary rocks, coupled with
a thinning of the valley-fill aquifer.

Thus, available evidence indicates that the Tertiary
rocks northeast and southwest of the spring line are the
hydrogeclogic equivalents =f the tuff aquitard beneath
Nevada Test Site. Tertiary tuffs equivalent to the
bedded-tuff and the welded-tuff aquifers are apparently
absent in the discharge area.

Data from seven wells in Tps. 17-18 S, R. 50 E,,
suggest that permeability of the valley-fill aquifer im-
mediately southwest of the spring line is also generally
low. The specific capacity of these wells ranges from 0.4
to 10 gpm per foot of drawdown and has a median value
of 0.5 gpm per foot of drawdown (R. H. Johnston, written
commun., Mar. 1967). These wells penetrate about 450
to 840 feet of saturated valley fill. Lithologic logs based
on cuttings (furnished by Messrs. E. L. Reed and
Chester Skrabacz) indicate that the bulk of the valley-
fill deposits at these well sites are lake beds. The water
tapped by the wells probably comes principally from dis-
continuous gravel lenses interbedded with the lake beds.

HYDROLOGY OF NUCLEAR TEST SITES

GROUND-WATER DISCHARGE

Ground water discharges from the Ash Meadows areg
in east-central Amargosa Desert through springs, eva.
potranspiration, and underflow. The average spring dis.
charge amounts to about 17,100 acre-feet annually,
(about 10,600 gpm). The underflow and the eva.
potranspiration cannot be readily estimated.

CHARACTER AND GEOLOGIC CONTROL OF SPRING DISCHARGE

Thirty springs lie along a line trending N. 20°-25° W
that extends from the north end of Resting Springs
Range to lat 36°30’ N., a distance of about 10 miles (fig,
34}. A polygon enclosing the springs would be about half
a mile wide on its north end and about 3% miles wide
at the scuth end; 20 of the springs lie within a rectangle
10 miles long by 1 mile wide. The spring lineament
closely parallels the trend of the ridges that border most
of the springs on the cust. The altitude of the springs
ranges from about 2,200 to 2,345 feet, with the highest
orifices closest to the ridges of Paleozoic carbonate rock
(Bonanza King Formation). The highest water level in
the discharge area (2,359 ft above sea level) is that of the
pool in Devils Hole, a cavern in the Bonanza King For-
mation near the center of the spring line (fig. 34).

The springs are generally of similar geologic setting
and shape and are variously referred to as pool springs,
tubular springs, or ojos de agua (eyes of water). All but
one of the springs (a minor spring at Point of Rocks)
emerge from relatively flat-lying Pleistocene(?) lake
beds (clays and marls) and local travertine deposits. At
the surface the spring pools have a roughly circular out-
line and generally range from a few feet to 60 feet in
diameter (frontispiece). Some of the springs are 15 or
more feet deep. The pools narrow irregularly with depth
to relatively small orifices a fraction of the pool’s surface
diameter. Some orifices extend vertically downward,
whereas others trend diagonally downward from the bot-
tom of the pool. Where the walls of the pools are clearly
visible to depths of several feet, lake beds and travertine
are the only rock types exposed; no permeable gravel
beds are visible. Lips, overhanging ledges composed of
lake sediments or of travertine, are common on the

"deepest side of the pool (frontispiece). The water moving

up toward the surface of the pools is usually crystal clear
but carries fine silt in suspension. Reflection of light by
the silt particles gives the water a boiling appearance, an
aid in spotting the narrow orifices at the bottom of some
pools.

The spring discharge area is overgrown with a variety
of phreatophytes: copper rush (Juncus cooperi),
saltgrass (Distichlis spicata), saltbush (Atriplez
canescens), saltcedar (Tamarisk gallica), arrow weed
(Pluchea sericea), fat-hen saltbush (Atriplex hastata),
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FiGURE 35. — Major springs at Ash Meadows; interrelationships among discharge, specific conductance, temperature and
outcrops of the lower carbonate aquifer.

Torrey seepweed (Suaeda torreyana), and mesquite | spring discharges less than 20 gpm and is the only one
(Prosopis sp.). emerging directly from the lower carbonate aquifer in

One of a group of springs at Point of Rocks (fig. 34) | the Ash Meadows discharge area. However, ground
emerges directly from the lower carbonate aquifer. This | water also occurs in the lower carbonate aquifer in Devils
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Hole, where the water table is about 50 feet below land
surface; this cavern is described in the section “Lower
Carbonate Aquifer.”

Discharge, water temperature, and specific conduc-
tance of 11 of the highest hielding springs and water
temperature of 6 minor springs are summarized in figure
35. The total measured discharge of 24 springs discharg-
ing more than 1 gpm was about 10,300 gpm (about
16,600 acre-ft annually) in the summer of 1962 (Walker
and Eakin, 1963, table 8). The distribution of discharge
along the 10-mile spring line is greatest near the center of
the line (at Crystal Pool), but it is otherwise surprisingly
uniform.

Discharge measurements presented by Walker and
Eakin (1963) for a few of the 11 major springs extend
back to 1910. These measurements show a substantial
decrease in the discharge at some springs but no signifi-
cant decrease at others. No firm conclusions can be
drawn from the appacent variation in discharge because
of the uncertain accuracy of the older measurements and
possible variations in discharge caused by-alteration of
the spring orifices by man. However, the similarity of the
discharge measurements at several springs suggests that
there has been no significant variation in total discharge
since the turn of the century. Measurements at 17 com-
mon springs in 1953 and 1962 suggest no significant
change in discharge in this period of time. This conclu-
sion is supported by measurements of water-level fluc-
tuation in Devils Hole between 1945 and 1960. These
measurements indicate that changes in water level of the
pool are short term and due only to changes in
barometric pressure, earthquakes, and earth tides (0. J.
Loeltz, written commun., 1960); measurements made
between 1963 and 1967 substantiate Loeltz’s evaluation.

TaBLE 7. — Spring discharge at Ash Meadows in 1953 and 1962
[Data from Walker and Eakin (1983))

Number of T?i':n annual

Total
discharge

prings Month and year ischarge
measured {gpm) (acre-ft per yr)
1?7 Jan. and Feb. 1363 __ _ 10,300 17,600
17 July1962 .. .._.. 10,300 18,600

Head gradients, temperature of water, and chemical
quality of water suggest that water emerging from the
pool springs is derived vy upward leakage from the lower
carbonate aquifer, which flanks and underlies the
Quaternary strata at the spring line.

The potentiometric surface in the carbonate aquifer at
Devils Hole is 14 to 159 feet higher than the orifice
altitudes at the spring pools (fig. 34). Thus a positive
head gradient exists for moving water upward from the
carbonate aquifer into the overlying sedimentary
deposits and to the land surface, provided an avenue of
permeability is available. The possible nature of the flow
path is discussed elsewhere in this chapter.

A comparison of water temperature in the lower car-
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bonate aquifer, at the spring pools, and in the Quater.
nary strata suggests that the springs are fed by the car.
bonate aquifer. The water temperature in Devils Hole
and at Point of Rocks Springs (where water discharges
directly from the carbonate aquifer) ranges from 33.5° to
34.0°C (fig. 35). The temperature of water from springs
whose discharge exceeds 1,000 gpm ranges from 27.0° to
33.0°C; water temperature of lower yield springs varies
from 23.0° to 34.5°C. These temperatures are 4.5° tq
16.0°C higher than the mean annual air temperature at
Lathrop Wells (18.5°C). Periodic temperature
measurements reported by Walker and Eakin (1963,
table 8) and Miller (1948, table 41) and made by the
senior author indicate no seasonal or long-term variation
(since 1930) in water temperature at the major springs.
In contrast to the temperatures of the springs,
temperatures of water from deep wells tapping the
valley-fill deposits at, and west of, the spring line range
from 19.5° to 28.5°C but are usually less than 24.5°C.
These data suggest, in a general way, that the spring dis-
charge, though emerging from Quaternary lake beds, is
fed by direct leakage from the lower carbonate aquifer.
Areal variations of spring-water temperatures at Ash
Meadows offer further evidence that the pool springs are
fed by the carbonate aquifer. Springs within a half mile
of the carbonate-rock ridges that border the discharge
area on the northeast (fig. 35) have water temperatures
above 32.0°C, regardless of their discharge rate, whereas
springs at greater distances from the ridges have water
temperatures that are generally lower than 32.0°C and
that appear to be related to discharge rate (compare, for
example, Fairbanks and Soda Springs). This pattern is
explainable as follows. Water in the carbonate aquifer,
as mentioned above, is 33.5° to 34.0°C, and the mean an-
nual temperature in the region is about 18.5°C. Waterin
the upper several hundred feet of the valley fill at Ash
Meadows, on the other hand, is about 19.5°C, as in-
dicated by temperature of water flowing from wells
17/50-15a1 and 17/50-29d1 (fig. 34); these wells are
respectively 464 and 471 feet deep (Walker and Eakin,
1963, table 3). Thus, a temperature gradient is present
for transporting heat from the carbonate rocks to the
land surface. Near the carbonate-rock ridges, where the
buried carbonate aquifer is shallowest, water moving to
the surface along a funnel or fault zone (see below) has
little time to come into temperature equilibrium with
the cooler surrounding Quaternary and Tertiary
sediments; hers, even springs with discharges as low as
100 gpm have water temperatures as high as 33.5°C.
However, at greater distances from the ridges (where the
aquifer is buried at depths of hundreds to probably more
than 1,000 ft), the traveltime of water from the car-
bonate aquifer to the surface is generally longer, permit-
ting greater loss of heat to the surrounding sediments.
Furthermore, if depth to the aquifer at adjacent springs
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is equal, the spring with the higher discharge should
reach the surface at a higher temperature because the
peat content of the springs is directly proportional to dis-
charge, but the heat-dissipation rate in the surrounding
eediments is roughly independent of discharge.

The specific conductance of water from 11 major
springs (discharge about 100 gpm or more) emerging
from the lake beds ranges from €640 to 750 micromhos per
«m at 25°C (fig. 35); the specific conductance of water
from 8 of these springs ranges from 640 to 675 micromhos

r cra at 25°C. The specific conductance of water from
pevils Hole and Point of Rocks Springs ranges from 645
to 686 micromhos per cm at 25°C. By contrast, the
specific conductance of water from wells tapping the
valley-fill aquifer in the central Amargosa Desert
generally ranges from 300 to more than 1,000 micromhos
per cm at 25°C (Walker and Eakin, 1963, tables 3 and 9).
The consistent similarity between the specific conduc-
tance of the ground water from the pool springs and that
of water in the lower carbonate aquifer is a third indica-
tion that the springs are fed by upward leakage from the
flanking and underlying lower carbonate aquifer.
Complete chemical analyses of these waters, discussed
in another chapter, also support this conclusion.

In summary, head differentials, water temperature,
and water chemistry all indicate that water emerging
from the spring pools (developed in the Quaternary
strata) originates from the underlying and flanking lower
carbonate aquifer. Two questions now merit brief ex-
smination. First, what geomorphic or structural
feature(s) is responsible for forcing water in the car-
bonate aquifer to the surface at Ash Meadows? Second,
how were the orifices developed in the relatively im-
permeable lake beds and other Cenozoic sediments, and
what is their character at depth?

The spring line could be caused by topographic,
stratigraphic, or structural geologic factors, or by a com-
bination of factors. The spring line might simply be at-
tributed to an intersection of the water tatle in the lower
carbonate aquifer and the land surface. However, the
lower carbonate aquifer crope out in the southwestern
and southem parts of the Amargosa Desert (NW% sec.
35, T. 27 N., R. 4 E.) and at the north end of Eagle
Mountain (SE% sec. 7 and SWY sec. 8, T. 24 N, R. 6
E.) at altitudes as much as 120 to 160 feet lower than the
water level in Devils Hole. If the topographic setting is a
factor controlling the spring line — that is, the carbonate
reservoir is brimful and overflows near Ash Meadows —
then spring discharge should also occur near the
topographically lower outcrops of the lower carbonate
aquifer; no such discharge occurs. Moreover, topography
does not explain the large pool springs, such as Fair-
banks Spring, Crystal Pool, and Big Spring, which
emerge from lake sediments at distances of as much as 2
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Severa! factors suggesting that the spring line is fault
controlled follow:

1. Linearity of the spring line for a distance of 10 miles. ™~

2. Recent(?) faults that cut the lake beds parallel the
spring line and lie immediately west of several
springs.

3. Parallelism between the spring line and the strike of
both bedding and the faults cutting the carbonate
bedrock.

4. A major displacement in the pre-Tertiary rocks — the
inferred gravity fault (pl. 1) — parallels and nearly
coincides with the spring line (D. L. Healey and C.
H. Miller, written commun., Mar. 1965).

More than a single fault zone may control the spring
discharge. The inferred gravity fault (shown as an
hydraulic barrier in figure 34) lies as much as a mile
southwest of a line connecting Fairbanks, Rogers,
Longstreet, and Point of Rocks Springs, and it may serve
as the barrier for these springs (fig. 34). However,
Crystal Pool and Big Spring, which together contribute
about 40 percent of the measured discharge of the line of
springs, are as much as 1 mile west of the inferred gravity
fault and are over lows on the gravity map beneath
which the pre-Tertiary rocks are probably buried several
thousand feet (D. L. Healey and C. H. Miller, written
commun., Mar. 1965). One or more other faults may be
needed to explain these springs, although the springs
could be fed by eastward dipping funnels (see discussion
below) originating east of the gravity fault.

Several hypotheses may explain the geological
character of the fault-controlled hydraulic barrier(s).
The simplest hypothesis is that the lower carbonate
aquifer, cropping out in the ridges east of the spring line,
is completely or partially dammed by downfaulted Ter-
tiary and Quaternary aquitards. R. L. Christiansen (oral
commun., Mar. 1966) suggested this hypothesis to the
authors. Christiansen’s hypothesis is strengthened by
consideration of the stratigraphic position of the car-
bonate rocks composing the ridges immeuiately east of -
the spring line. These ridges consist of the Bonanza King
Formation (Middle Cambrian age), which, except for
several hundred feet of carbonate rocks at the top of the
Carrara Formation, constitutes the oldest and
stratigraphically the lowest formation within the lower
carbonate aquifer (table 1). Thus, downfaulting of the
relatively impermeable Cenozoic rocks, which may
aggregate more than 3,000 feet, against the lower car-
bonate aquifer and the underlying lower clastic aquitard
could effectively seal the lower carbonate aquifer and
force the water to discharge from it east of the fault zone.
The gravity map indicates that the pre-Tertiary surface
is downdropped 2,000 to several thousand feet (along the
inferred gravity fault) immediately west of a line con-
necting Longstreet and Point of Rocks Springs. Thus,

miles from outcrops of the lower carbonate aquifer.

S—r

partial juxtaposition of the Tertiary rocks and the lower—"
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clastic aquitard is possible with attendant damming of
the lower carbonate aquifer. The presence of Tertiary
rocks in discontinuous northwest-trending outcrops
between Ash Tree Spring and Grapevine Springs (fig.
34) does not preclude them at depth beneath the spring
line, because a northwest-trending gravity low occurs

between the two trends. . .
Normal faulting may satisfactorily explain the

geologic control of the springs in the southern half of the
spring line, but it may not offer adequate explanation for
the springs northwest of Longstreet Spring. Geologic
mapping indicates that the buried lower carbonate
aquifer is probably much thicker east of Fairbanks,
Longstreet, and Rogers Springs than south of Longstreet
Spring (Denny and Drewes, 1965, and R. H. Moench,
written commun., Mar. 1965). In addition, the displace-
ment on the inferred gravity fault decreases northward;
near Crystal Pool the displacement of several thousand
feet is.indicated by the gravity survey, whereas at the
northwest end of the spring line the displacement may
amount to only 1,000 to 2,000 feet. Accordingly, although
juxtaposition of the Tertiary and Quaternary aquitards
against the lower carbonate aquifer could markedly
reduce the cross-sectional area of flow through the car-
bonate rocks, complete blockage of the aquifer in this
area is less likely unless the fault zone itself is relatively
impermeable. Thus, some ground water in the lower car-
bonate aquifer (northwest of Longstreet Spring) might
move directly into the central Amargosa Desert without
being forced upward into the Quaternary and Tertiary
valley fill.

A second hypothesis to explain the spring line requires
curtailment of the lower carbonate aquifer through
either (1) fault juxtaposition of the aquifer and the lower
clastic aquitard or (2) folding of the clastic aquitard into
a structurally high position. The bulk of the north-
northwest trending Resting Springs Range consists of the
lower clastic aquitard, specifically rocks of the Wood
Canyon Formation and the Stirling Quartzite ({ig. 34).
At the north end of the Resting Springs Range the lower
clastic aquitard is overlain by Tertiary clastic rocks that
trend northwestward to Ash Tree Spring, a distance of
about 12 miles from the northernmost outcrop of the
lower clastic aquitard in the range (fig. 34). The Tertiary
outcrops indicats that the pre-Tertiary rocks are close to
the surface in this area, and the gravity map suggests
that they may be buried at depths as shallow as 2,000
feet below the surface just west of the spring line (D. L.
Healey and C. H. Miller, written commun., Mar. 1965).
If the Tertiary rocks-west of the spring line are underlain
principally by the lower clastic aquitard, as they are at
the north end of the Resting Springs Range, the lower
clastic aquitard could serve as a principal or secondary
hydraulic barrier responsible for the spring line. The
areal dispositions of the lower clastic aquitard and the
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lower carbonate aquifer could presumably have been ey
during pre-Tertiary deformation, and subsequent Tep.
tiary block faulting would have created the gravity
anomaly reported by Mesars. Healey and Miller (writtep
commun., Mar, 1965).

A third hypothesis involves a major strike-slip fayjt
zone mapped in Stewart Valley by R. L. Christiansen
R. H. Moench, and M. W. Reynolds (written commun.:
1964) and shown on plate 1 (structural feature 17). Thig
postulated major fault zone trends almost parallel to the
spring line. If the strike-slip fault zone continues in the
subsurface northwestward beyond Stewart Valley, the

mapped area, it might create the hydraulic barrier
described either by virtue of gouge developed along it or :

through juxtaposition of Paleozoic carbonate and clastic
rocks.

The authors favor the idea that the ground-water
barrier is caused by normal faulting of the poorly
permeable Cenozoic rocks against the loier carbonate
aquifer. Of course, a co.abination of two or all three of
the hypotheses may explain the hydraulic barrier. On

P e

plate 1(sec.A-A’), the barrier is diagrammatically shown _

as a combination of the first and second hypothesis.

Granting that the spring line is structurally controlled .

and that the spring water originates within the lower car.
bonate aquifer, how does the water move upward

through the relatively impermeable Cenozoic strata to :

become concentrated in the funnel-shaped spring pools?
If the hydraulic barrier(s) is caused principally by pre-
Tertiary structural curtailment of the lower carbonate
aquifer, then it is possible that the major springs may
reflect the approximate position of pre-Tertiary springs,
some of which, owing to hydrostatic head, continued to
flow during deposition of both the Tertiary and Quater-
nary sediments. If this occurred, each spring is probably

- chvove oy - -

fed by a sand- and silt-filled funnel which extends -

irregularly downward to the lower carbonate aquifer and

which is surrounded by generally impermeable Cenozoic '
strata. Some leakage from the postulated funnels to the !

gravel lenses within the Cenozoic sequence probably oc-
curs, but the rate of such leakage is retarded by the
probable discontinuous nature of these lenses. If the
spring line was created in middle to late Tertiary time by
fault juxtaposition of the Tertiary aquitard against the
lower carbonate aquifer, then the position of the orifices
may be controlled in part by fault zones, most of which
have since been obscured by deposition of the youngest
Quaternary lake deposits. Hydrostatic head, again,
might have enabled major springs to maintain

themselves by piping during deposition of the Quater- |

nary lake and other valley-fill deposits.

Evidence that a major spring once discharged from
Devils Hole follows. Devils Hole, with a reported
minimum depth of 365 feet, is about 70 feet long and 30
to 40 feet wide; at the water surface, 50 feet below land
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qurface, the pool is about 40 feet long and 10 feet wide
(Worts, 1963). Although the water level in Devils Hole
pas probably been constant for the last 15 and possibly
50 years, several bits of evidence indicate that it fluc-
ruated widely in the geologic past and that a large spring
once emerged from the hole. Water-level fluctuations of
ibly as much as 20 feet are recorded on the walls of
the sink itself. Figures 36 and 37, photographs taken in
the sinkhole, show former stands of the water.
Geologic and zoological evidence suggests that the
water level in Devils Hole was once at the surface. Denny
and Drewes (1965, p. L30-L31) reported a lobate sheet of
spring deposits adjacent to Devils Hole. They stated:

. Just west of Devils Hole a sheet of spring deposits * * * measures
soughly 500 by 1,500 feet and mantles ridges and shallow gullies. The
edge of the sheet is lobate and the fingers point downwash. The
deposits are at least 2 feet thick, thinning to a few inches near their
borders; on the ridges they overlie a desert pavement. An east-trending
narrow band of slightly more massive deposits suggests seepage along a
fissure. The sheet is draped over the landscape and is perhaps the relic
of & wet meadow which surrounded & flowing spring.

Fish in Devils Hole and in major spring pools (Miller,
1946, 1948; Hubbs and Miller, 1948) provide possible
zoological evidence for interconnected pluvial lakes in

FIcURE 36. — Solution notches (bracket! .narking water levels as
much as 4 feet above 1966 water level of pool at Devils Hole.
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FIGURE 37. — Possibie former stand of water (horizonts' line in
middle ground) about 20 feet above 1966 water level on south wall of
Devils Hole. Bonanza King Formation dips 45° to the right, or west.

both Amargosa Desert and Death Valley. The small fish
{Cyprinodon) presumably survived the dessication of
lakes at the end of the last pluvial period by adapting to
living in the spring pools. Presumably with decline of the
water level, some of the fish population retreated into
the depth of Devils Hole, where they live today.
Eleven of 30 springs discharge more than 98 percent of
the water at Ash Meadows, and 5 of them (Fairbanks,
Longstreet, Crystal Pool, King, and Big Springs) dis-
charge about 80 percent of all the water at Ash Meadows
(fig. 35). When considered together with the preceding
discussion of Devils Hole, these large discharges from
five widely spaced springs may be evidence that all the
major pool springs originate as flow concentrated by
werns-developed within the lower carbonate aquifer. If
~avernous control were lacking, the spring lir. might be
more continuous, and the discharge from individual
springs would be much smaller. However, hydraulic
tests of the lower carbonate aquifer indicate that frac-
ture transmissibility of the aquifer can be as great as
900,000 gpd per ft and that the transmissibility is highly
variable from well to well or at depth within a single
bore. Therefore, the pool springs might also originate
from highly fractured and transmissive areas within the
lower carbonate aquifer as well as from caverns. For ex-
ample, a block of highly fractured carbonate rock even as
small as 40X40%40 feet could serve as a highly efficient
natural infiltration gallery capable of discharging hun-
dreds of gallons per minute under small head differen-
tials; solution caverns need not be invoked as the sole
source of the high-yield pool springs. The authors favor
solution-cavity control of the discharge pattern.
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UPWARD LEAKAGE FROM LOWER CARBONATE AQUIFER BENEATH
VALLEY NORTHEAST OF SPRING LINE

Discharge from the lower carbonate aquifer is upward
into the Cenozoic rocks underlying the unnamed alluvial
valley and playa northeast of the spring line (fig. 34).

Stands of mesquite and other phreatophytes fringing
the east side of the playa (pl. 1) indicate a shallow water
table in the vicinity of the playa. The fluffy texture of
surface materials underlying parts of the playa and the
high moisture content of the sediments within a foot or
two of the surface are additional indications of a shallow
water table. In the southwestern corner of the playa,
several small pits excavated during mining of clay in-
tersect the water table. The altitude of the floor of the
playa is 2,331 feet above mean sea level, or about 30 feet
lower than the head within the iower carbonate aquifer
at Devils Hole and at well 65-62 north of the playa. With
this head differential, some upward leakage of -vater
from the lower carbona . aquifer into the Quatemary
and Tertiary rocks is certain.

Altitude of the water level in wells 16/51-28d1,
16/51-36al, and 17/51-1al, which tap the valley-fill
aquifer, indicate that some leakage also is probably up-
ward in areas beyond the playa; these levels are 17 to 61
feet lower than the head in well 65-62, which taps the
lower carbonate aquifer.

The quantity of upward leakage from the lower car-
bonate aquifer into the Cenozoic rocks is difficult to es-
timate. In Yucca Flat an estimate of downward leakage
could be made because, owing to the deep water table,
virtually all the crossflow had to move through the tuff
aquitard. However, in the unnamed valley the water
table ranges from 454 feet below the surface at well 65-66
to a few tens of feet below the surface near the playa (fig.
34). Because of the shallow water table, the valley-fill
aquifer and the lower carbonate aquifer may locally be in
direct contact where the carbonate aquifer forms shallow
buried ridges if the relatively impermeable Tertiary
strata are absent (owing to nondeposition or erosion).
Conversely, beneath the structurally deepest parts of the
valley, crossflow between aquifers would be greatly
retarded (as in Yucca Flat) by the probable thick section
of Tertiary strata between the lower carbonate aquifer
and the valley fill. By analogy with Yucca Flat, where
the leakage probably amounts to less than 100 acre-feet
annually, the upward leakage in this area is believed to
be less than 1,000 acre-feet annually because of the low
gross transmissibility of both the basal valley fill and the
Tertiary rocks.

The upward leakage into the valley-fill aquifer may
leave the valley in two ways. The principal ground-water
flow is probably toward the playa to replenish the dis-
charge by evapotranspiration. Some water may flow
westward toward the main part of the Amargosa Desert
through the area between Longstreet Spring and the hills
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of carbonate rock in sec. 28, T. 16 S., R. 50 E. Such flow
is probably retarded by (1) the low permeability of the
valley fill between Longstreet and Fairbanks Springy
and (2) possible upward leakage from carbonate rocks
buried at relatively shallow depths between Fairbanks
Spring and the hills north of the springs.

ESTIMATES OF EVAPOTRANSPIRATION

Ground water is also discharged from the region by
evaporation from playa surfaces and through transpira-
tion by phreatophytes. The major areas of
evapotranspiration are shown on plate 1. Estimates of
evapotranspiration made by Walker and Eakin (1963, p.
21-24, and table 7) suggest that the water discharged by
phreatophytes at Ash Meadows may be derived entirely
from recycled spring discharge. They estimated a tota)
evapotranspiration in the Amargosa Desert of about
24,000 acre-feet annually, 10,500 acre-feet of which oc-
curs at Ash Meadows; the remainder represents dis.
charge from playa surfaces, chiefly Alkali Flat
(southeast of Death Valley Junction; pl. 1 and fig. 34),
and an area of very shallow water table (1-3 ft) extend-
ing several miles north and northeast of this playa.

St

Nevertheless, the possibility that some of the

phreatophytes at Ash Meadows are fed by water which
has leaked up from the carbonate aquifer, rather than by
recycled spring discharge, cannot be dismissed until a
detailed study of evapotranspiration and the spring
runoff regimen is made. Until such a study is done, the
spring discharge (about 17,000 acre-ft annually) is con-
sidered the most accurate available measure of discharge
from the lower carbonate aquifer at Ash Meadows.

POSSIBLE UPWARD LEAKAGE SOUTH OF LATHROP WELLS

Upward flow from pre-Tertiary rocks into the valley-
fill aquifer may also occur along a 10-mile strip between
Lathrop Wells and well 16/49-28d1 (fig. 34). The con.
figuration of potentiometric contours for the valley-fill
aquifer in this area suggests a hydraulic discontinuity
that parallels the inferred gravity fault (fig. 34). The dis-
continuity, indicated by apparent change in direction of
ground-water flow and the steepening of hydraulic
gradient, may reflect upward crossflow.

The geologic map and the sections of R. L.
Christiansen, R. H. Moench and M. W. Reynolds
(written commun., Mar. 1965) suggest that pre-Tertiary
rocks within the zone of saturation between the inferred
gravity fault on the west, the Specter Range thrust on
the south, and the northern one-third of the Specter
Range on the east (fig. 34) consist principally of lower
clastic aquitard overlain locally at shallow depth by the
lowest part of the lower carbonate aquifer; these rocks
form the bulk of the upper plate of the Specter Range
thrust fault (pl. 1 and fig. 34). Their interpretation that
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the lower carbonate aquifer is underlain by the clastic
aquitard at shallow depth is supported by data for well
68-60, where the water table is 674 feet below land sur-
face. Well 68-60 penetrated the lower carbonate aquifer
in the interval 160 to 400 feet and the lower clastic
aquitard in the interval 400 to 910 feet.

The inferred gravity fault affects the distribution of
the pre-Tertiary rocks. At a point about 1 mile east of
Lathrop Wells, the gravity survey suggests a displace-
ment (downthrown on the west) of the Tertiary-pre-
Tertiary surface of 500 to 1,500 feet (D. L. Healey and C.
H. Miller, written commun., Mar. 1965). At a point
about 1 mile southeast of the intersection of the inferred
gravity fault with the trace of the Specter Range thrust,
the displacement is about 1,200 to 2,200 feet.

The configuration of the potentiometric contours for
the valley-fill aquifer probably reflects westward
drainage of a ground-water ridge possibly formed by up-
ward leakage along one or more fault zones paralleling
and including the inferred gravity fault (fig. 34) and
drainage of poorly permeable valley fill toward more
transmissible valley fill west of the fault zone. These
possibilities are supported by analogy with hydrologic
conditions along the inferred gravity fault adjacent to
the spring line and by drillers’ log of wells 16/49-14al and
16/49-23a1 (Walker and Eakin, 1963); these logs indicate
that the valley fill tapped by these wells is composed
chiefly of clay.

The quantity of upward leakage in this area is
probably small, because such leakage probably
originates principally from the lower clastic aquitard.

MAGNITUDE OF POSSIBLE UNDERFLOW ACROSS THE
DISCHARGE AREA

In addition to discharge at the spring line (about
17,000 acre-ft per yr), discharge through upward leakage
within the unnamed valley northeast of the spring line
(1,000 acre-ft per yr, estimated), and possible minor dis-
charge along the inferred gravity fault south of Lathrop
Wells, some ground water probably alsc moves
southwestward across the Ash Meadows discharge area
through the lower carbonate aquifer. Between
Longstreet Spring and the southwest corner of T. 16 S.,
R. 50 E., the carbonate aquifer may be imcompletely
blocked by Tertiary aquitards, and some underflow may
move westward through the lower carbonate aquifer and
Cenozoic aquitards. (See section “Character and
Geologic Control of Spring Discharge.”)

The magnitude of the hypothesized underflow across
the spring line into the central Amargosa Desert cannot
be approximated despite the availability of crude es-
timates of discharge from central and southern
Amargosa Desert. Ground water can leave central and
southern Amargosa Desert either by underflow and
evaporation in the vicinity of Eagle Mountain (fig. 34) at

the south end of the valley or by underflow through the
lower carbonate aquifer toward Death Valley. Walke

and Eakin (1963, p. 22) estimated underflow toward the—’
south to be about 500 acre-feet annually. The evapora-
tion from Alkali Flat and vicinity north of Eagle Moun-
tain may amount to more than 10,000 acre-feet annually.
Westward movement of ground water from the
Amargosa Desert to the Furnace Creek area in Death
Valley was suggested by Hunt and Robinson (1960) and
by Hunt, Robinson, Bowles, and Washburn (1966) on the
basis of a similarity of the chemistry of spring water in
both areas; they further hypothesized that ground-water
flow between the two areas is through fault zones. The
total discharge from the Furnace Creek area, about 30
miles west of Devils Hole, is reported to be 3,150 gpm
(Hunt and others, 1966, table 25), or about 5,100 acre-
feet annually.

The regional potentiometric map (pl. 1) and water
chemistry (pl. 3) show that the ground water in central
and southern Amargosa Desert is derived from three
sources: (1) possible underfiow across tne spring line plus
recycled spring discharge, (2) flow from Jackass Flats,
and (3) flow from northwestern Amargosa Desert. Thus,
until the magnitude of the contribution from each of
these sources is known, as well as the head relationships
between the lower carbonate and the valley-fill aquifers
in central and southern Amargosa Desert, no reliable es-
timate of underflow across the spring line at Ash

Meadows is possible, even were precise data on discharge™~

in and underflow out of the central and the southern
Amargosa Desert available.

In summary, in view of possible underflow beneath the
spring line, the measured spring discharge of about
17,000 acre-feet annually must be considered the
minimum quantity of ground water in transit through
the lower carbonate aquifer at Ash Meadows.

AREAL EXTENT OF THE GROUND-WATER BASIN

Definition of the hydrologic bounde~y of the Ash
Meadows ground-water basin is greatly hindered by the
complexity of the geologic structure, the limited poten-
tiometric data, and, most critically, the interbasin
movement of ground water through the thick and areally
extensive lower carbonate aquifer. Interbasin movement
precludes straightforward use of topographic and
isohyetal maps to pinpoint possible hydrologic divides.
An estimate of the minimum area of the Ash Meadows
ground-water basin, based on isohyetal, potentiometric,
and geologic evidence discussed below, is shown on plate
1. The boundary should be considered a first approxima-
tion at best. :

INFERRED FROM ISOHYETAL MAP
In a region of known or inferred interbasin movement

of ground water, use of an isohyetal map to estimate the ~—"
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boundaries of a basin is severely limited. Yet, certain
patterns evident on the isohyetal map of the study area.
(fig. 3) may provide clues for at least a part of the bound-
ary of the Ash Meadows ground-water basin. The mean
annual precipitation in Amargosa Desert, Yucca Flat,
Frenchman Flat, Jackass Flats, Indian Springs Valley
(except the southernmost part), and Three Lakes Valley
(except the southernmost part) ranges from 3 to 8 inches.
On the Spring Mountains and the Sheep Range the
mean annual precipitation generally ranges from 10 to 25
inches; and on the Belted, Timpahute, and Pahranagat
Ranges it ranges from 10 to 14 inches. This distribution
of precipitation suggests that the Spring Mountains and
the Sheep Range may form the southern and eastern
border of the Ash Meadows ground-water basin and that
the Belted, Timpahute, and Pahranagat Ranges may
form the northwestern, northern, and northeastern
borders. On the southwest, specifically in the area
between the south end of Shoshone Mountain and the
northwest end of the Spring Mountains, the mean an-
nual precipitation amounts to about 6 inches. Thus, the
isohyetal map suggests that the regional drainage of
ground water is toward Ash Meadows and that possibly
eight intermontane valleys — Three Lakes, Desert, In-
dian Springs, Emigrant, and Mercury Valleys and Yuc-
ca, F'renchman, and Jackass Flats — might be tributary
to the discharge area.

Two important considerations limit use of the
isohyetal map: (1) areal variations in rock type and soil
cover, and (2) interbasin movement of water. For exam-
ple, less infiltration may occur in welded-tuff than in
carbonate-rock terrane because of the greater density
and solution alteration of fractures in the carbonate
rocks and because of clayey soil developed on the tuff.
Thus, as much or more recharge may result from 6 inches
of annual precipitation on the fractured carbonate rock
of the Spotted Range than from 12 inches on the welded
tuffs capping the highest parts of the Belted Range.

If recharge could somehow be accurately estimated
from the isohyetal map, taking differences of rock type,
soil development, precipitation type, and slope into ac-
count, the map would still not serve as a positive in-
dicator of the hydrologic boundary of the Ash Meadows
ground-water basin. Near the margin of a ground-water
basin, recharge of as little as a few tenths of an inch of
water annually to the principal aquifer influences the
position of the ground-water divide in that aquifer.
However, the addition of several times this recharge near
the center of the system, where the volume of ground
water in transit may be several hundred times the
recharge cited, may do no more than create a minor
mound in the potentiometric surface; such a mound
need not significantly affect regional flow patterns in
thick aquifers (T6th, 1963). Thus, the possibility of a
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shallow ground-water mound beneath a ridge of ca,.
bonate rock receiving relatively moderate precipitatioy
— for example, the northern Spotted Range (8 to 9in.) or
the Pahranagat Range (10 to 12in.) — cannot be cited ay
proof that the mound forms a hydrologic boundary of the
basin even should the quantity of recharge and the pos;.
tion of the mound within the basin be known. !

Despite these qualifications, the isohyetal map
suggests that the Spring Mountains and the southem
half of the Sheep Range — the highest ranges in southem
Nevada — could serve as the southern and the eastery .
hydrologic boundaries of the Ash Meadows basin. The -
highest parts of both ranges are composed chiefly of the
lower carbonate aquifer, which should be conducive to
maximum infiltration. If these ranges mark the ap.
proximate southern and eastern boundaries of the basin,
then both Three Lakes and Indian Springs Valleys are
probably within the Ash Meadows ground-water basin,

Use of the isohyetal map (fig. 3) as an indicator of the
basin boundary may also be justifiable for areas of
relatively low precipitation (10 to 16 in.), such as the
northwestern Spring Mountains, which are underlain
chiefly by the lower clastic aquitard. But, use of this
map to establish hydrologic divides in areas of similar
precipitation that are underlain by the lower carbonate
aquifer is risky.

INFERRED FROM POTENTIOMETRIC MAP

The regional potentiometric map (pl. 1) indicates that
most or all of Yucca Flat, Frenchman Flat, eastern
Jackass Flats, southern Indian Springs Valley (south of
U.S. Highway 95), Mercury Valley, and the unnamed
valley northeast of the spring line in east-central
Amargosa Desert are tributary to the Ash Meadows dis-
charge area. The contours for the lower carbonate
aquifer also indicate that ground water flows into
Frenchman Flat from the east and the northeast. This
condition suggests that northern Indian Springs Valley
{north of U.S. Highway 95), northern Three Lakes Valley
{north of U.S. Highway 95), and possibly Desert Valley
may also be tributary to the basin.

The potentiometric contours for the valley-fill aquifer
and for the Tertiary aquifer and aquitards also provide
information on segments of the hydrologic boundary of
the Ash Meadows ground.water basin. The poten-
tiometric contours for the valley-fill aquifer in
northwestern Las Vegas Valley indicate that water in
this aquifer is moving southeastward, whereas the con-
tours for southern Three Lakes Valley indicate that this
water is moving northward (pl. 1). A divide is indicated
in an area near the intersection of U.S. 95 and Nevada
State Highway 52, but its exact position cannot be iden-
tified with existing well control. This ground-water
divide in the alluvium probably reflects a divide in the
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jower carbonate aquifer, because elsewhere in the study
grea head changes in the Cenozoic rocks closely reflect
pead changes in the underlying pre-Tertiary rocks.

The approximate position of a divide on the northwest
side of the Ash Meadows basin is also shown by the

tentiometric contours for Cenozoic rocks beneath
Emigrant Valley and Pahute Mesa (pl. 1).
Southeastward movement of ground water is indicated
beneath western Emigrant Valley and southwestward
movement beneath Pahute Mesa. The ground-water
divide between the basins may lie beneath the Belted
Range, which separates the two areas contoured.

Two areas that are not tributary to the Ash Meadows
ground-water basin are also delineated by the poten-
tiometric contours for the valley-fill aquifer. The poten-
tiometric contours, the hydraulic barrier(s) extending
from Lathrop Wells to Big Spring, and the disposition of
the lower clastic aquitard east of Lathrop Wells (pl. 1)
indicate that ground water beneath central Amargosa
Desert and southwestern Jackass Flats does not dis-
charge at Ash Meadows and is not part of the ground-
water basin. This is the same conclusion reached by O. J.
Loeltz (written commun., 1960) on the basis of water-
level data alone. Contours also suggest that ground-
water in Pahrump Valley is not moving toward Ash
Meadows..

Because water levels in the valley-fill and welded-tuff
aquifers of northwestern Jackass Flats and northwestern
Amargosa Desert are higher than the water level in
Devils Hole (alt 2,359 ft), it may still be argued that
water can move from these areas toward Ash Meadows
(pl. 1). Such postulated flow might occur not through the
Cenozoic aquifers, which appear to contain no areally ex-
tensive aquitards to maintain the head needed, but
rather through the lower carbonate aquifer, which could
maintain the necessary head due to regional confine-
ment by the tuff aquitard. Unfortunately, this argument
fails to explain the absence of spring discharge fror-
several outcrops of the lower carbonate aquifer in the |
central Amargosa Desert; these outcrops (location give.
previously in the section “Character and Geologic Con-
trol of Spring Discharge™) are lower than the water level
in Devils Hole and should discharge some water if the
source of the Ash Meadows discharge is north or
northwest of the spring line. The proposed origin from
carbonate rocks beneath the northwestern Amargosa
Desert also ignores the widespread distribution of the
lower clastic aquitard beneath this part of the Amargosa
Desert. That the clastic aquitard, rather than the car-
bonate aquifer, probably underlies the Cenozoic strata is

Well anticline, and well 2506 (pl. 1), which penetrated
the lower clastic aquitard immediately beneath the

Cenozoic rocks.

cer

INFEAnED FROM MAJOR GEOLOGIC FEATURES

The areal and inferred subsurface disposition of t}
lower clastic aquitard, the hydraulic basement, permits—
an estimate of the position of parts of the boundary
shown on plate 1. Geologic character and extent of the
Gass Peak thrust fault (structural feature 12 on pl. 1)
suggest that most of the recharge to the Sheep Range,
particularly to the highest part of the range, may be
diverted westward toward Three Lakes and southern
Desert Valleys. The thrust fault brings Cambrian and
late Precambrian carbonate and clastic rocks over
Mississippian to Permian carbonate rocks (Bird Spring
Formation). Where exposed, the base of the upper plate
consists of the lower clastic aquitard, specifically the
lower part of the Carrara Formation, the Wood Canyon
Formation, Stirling Quartzite, and Johnnie Formation.
Although the lower clastic aquitard is exposed only adja-
cent to the southern 25 miles of the fault trace, it is
probably close to the surface beneath the i-ferred trace
of the fault in northernmost Clark and southernmost
Lincoln Counties. There, westward-dipping Middle and
Upper Cambrian rocks crop out west of the inferred fault
trace, and overturned Mississippian and younger rocks
crop out east of the fault trace (Longwell and others,
1965, p. 76 and plate I; Tschanz and Pampeyan, 1961).
The argillaceous clastic rocks at the base of the upper
plate are missing from outcrop possibly because they are
more susceptible to erosion in an arid climate than ar
carbonate rocks.

Clastic strata are inferred to underlie the carbonate
strata for some distance west of the fault trace for three

‘reasons. (1) Both the thrust surface and the bedding

planes dip westward. (2) Other westward-dipping major
thrust faults in the region (Tippinip, Wheeler Pass, and
Montgomery thrust faults) contain westward dipping
clastic strata at the base of the upper plate, which
suggests that the clastic strata served as the glide plane
for the thrust-fault movement, and (3) the fault plane
generally dips at a steeper angle than the bedding in the
upper plate and hence displaces older clastic rocks with
depth; that is, the thrust surface does not cut out the
clastic strata but rather increases their thickness (in the
upper plate) downdip from the fault trace. (See cross
section B-B’, pl. 1 of Longwell and others, 1965.)
Because of the low gross transmissibility of the clastic
rocks, their nearly continuous exposure east of the
highest part of the Sheep Range, and their westward dip,
they probably form a highly efficient barrier to the
eastward movement of ground water within the car-
bonate rocks. If there were no clastic aquitard or if the
aquitard were horizontal or were deeply buried, one
might assume that approximately half the recharge to
the Sheep Range moves eastward and half moves

~—
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westward; but because of the described disposition of the
aquitard, most of the recharge to carbonate rocks in the
Sheep Range probably moves to the west toward
southern Desert and Three Lakes Valleys. However, the
phreatophyte lineament and minor spring discharge
(about 125 gpm) at Corn Creek Ranch and the poten-
tiometric contours for the valley-fill aquifer in
northwestern Las Vegas Valley (pl. 1) suggest that some
recharge probably also moves southward and thence
southeastward into Las Vegas Valley through the valley-
fill aquifer.

The movement of significant quantities of ground
water eastward across the Gass Peak thrust where it is
covered by valley fill opposite the northern half of the
Sheep Range (pl. 1) is possible but unlikely. Opposite
the southern and by far the loftiest part of the range,
major springs are absent at the contact of the lower car-
bonate aquifer with the lower clastic aquitard (altitude
of contact generally ra ..s from 4,000 to 6,000 ft). The
only significant low-level spring — one at Corn Creek
Ranch — emerges at an altitude of about 3,000 feet. This
suggests that the carbonate reservoir beneath the Sheep
Range is not full of water even opposite the highest and
wettest part of the range. By analogy, opposite the
northern and much lower half of the range, the water
table in the carbonate aquifer may also be lower than its

- buried contact with the clastic aquitard. If the lower car-
bonate aquifer is saturated above the altitude of its
buried contact with the clastic aquitard, eastward move-
ment would occur only if the tuff aquitard were absent
above the buried pre-Tertiary-Tertiary unconformity. In
summary, some ground water undoubtedly moves
eastward through, or over, the clastic aquitard, but the
quantity is probably insignificant compared with that
moving westward (and possibly southward) through the
carbonate aquifer.

If most of the recharge to the Sheep Range is deflected
westward by the subsurface disposition of the clastic and
carbonate rocks, then both Three Lakes and southern
Desert Valleys are within the Ash Meadows ground-
water basin.

The structural disposition of the lower carbonate
aquifer and the lower clastic aquitard also suggests that
recharge to the Spring Mountains in the central part of
Tps. 18-19 8. and Rs. 54-55 E. is tributary to southemn
Indian Springs Valley, but not to Pahrump Valley as in-
dicated by position of topographic divide (pl. 1). In this
area the aquifer lies within the center of a major
northward-plunging syncline (structural featurs 15 on
pl. 1) and is surrounded by the lower clastic aquitard on
the southeast, south, and southwest. Thus, unless the
aquifer is brimful, a condition not supported by the oc-
currence of major contact springs (at the contact of the
carbonate aquifer and the lower clastic aquitard),
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recharge should be deflected north into the Ay
Meadows ground.-water basin.

Disposition of the clastic aquitard was also used to ey,
timate a part of the northwestern and southwesten,
boundary of the ground-water basin shown on plate |
Further discussion of the southwestern boundap,
(specifically the region between Ash Meadows apg
Pahrump and Stewart Valleys) is given in the sectioy
“Relation to Pahrump Valley Ground-Water Basin.”

EXTENT OF BASIN

A synthesis of the preceding isohyetal, potentiometric,
and geologic evidence permits a first approximation of
some boundaries of the Ash Meadows ground-wate
basin, except at the north and northeast (pl. 1). The
preliminary basin boundaries encompass an area of
about 4,500 square miles; included in the basin are 10 in.
termontane valleys (Desert Valley, Three Lakes Valley,
Indian Springs Valley, Emigrant Valley, Yucca Flat,
Frenchman Flat, eastern Jackass Flats, Mercury Valley,
Rock Valley, and the unnamed valley in east-central
Amargosa Desert).

A northeast boundary for the Ash Meadows ground.
water basin cannot be defined on the basis of available
geologic or hydrologic evidence. The geologic map of Lin-
coln County (Tschanz and Pampeyan, 1961) was ex.
amined for possible geologic structures which could serve
as hydraulic barriers between the north end of the Sheep
Range and the north end of the Groom Range; however,
no outcrops of the lower clastic aquitard occur in the
hills and ridges surrounding Desert Valley and
Pahranagat Valley or in the hills separating these valleys
from Coal, Garden, and Penoyer (Sand Spring) Valleys.
Moreover, the ages of the carbonate rocks shown by the
map suggest that the lower clastic aquitard is probably
buried thousands of feet beneath the base of the ridges-
and hills and at still greater depths beneath the valley
floors. Qutcrops equivalent to the upper clastic aquitard
(the Eleana Formation) are scattered throughout the
area, but these clastic strata aggregate only a fraction of
the thickness of the Eleana Formation at the Nevada
Test Site (7,900 ft); the Devonian and Mississippian
clastic rocks in the Desert Valley-Pahranagat Valley
area aggregate less than 1,500 feet in thickness.

Available water-level data also suggest that ground
water may enter the Ash Meadows ground-water basin
from Pahranagat, Coal, or Garden Valleys to the
northeast. The lowest water-level altitudes in those
valleys are 700 to more than 2,000 feet higher than levels
within the central Ash Meadows basin (Eakin, 1966).

Eakin (1966) suggested a geologic mechanism that
may in part control southwesterly movement of water
from southern Pahranagat Valley toward Desert Valley,
although he did not suggest such movement. At the
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south end of Pahranagat Valley, near Maynard Lake (pl.
1), the hydraulic gradient shown by Eakin (1966) in-
dicates a barrier within the lower carbonate aquifer.
Eakin suggested that the barrier at the south end of
pahranagat Valley is formed by a major fault zone tren-
ding southwestward for about 16 miles (structural
feature 10 of pl. 1). If this fault (or a nearby major strike-
olip fault zone; feature ¢ of p. 1) is responsible for dam-
ming the lower carbonate aquifer, it may also deflect
some ground water in the aquifer to the southwest
toward Nevada Test Site.

Thus, the northeastern extent of the basin cannot be
precisely defined from available data; however, the Ash
Meadows ground-water basin probably extends at least
to the Pahranagat and Timpahute ranges and may

ibly include areas further north and east.

Eakin (1966) included Pahranagat, Coal, and Garden
Valleys within another vast interbasin ground-water
system. He considered the western and the southwestern
topographic divides of these valleys as equivalent to a
ground-water divide that separates them from Desert
Valley. However, he presented no specific hydrologic or
geologic evidence in support of the coincidence of the
ground water and topographic divides. Precipitation on
the Pahranagat Range, which separates Pahranagat
Valley from northeastern Desert Valley, ranges from 8 to
12 inches but is mostly less than 10 inches (fig. 3). In ad-
dition, a 10-mile-long area between the north end of the
Sheep Range and the south end of the Pahranagat Range
receives only 7 to 8 inches precipitation (fig. 3). The
Timpahute Range, which separates northern Desert
Valley from Garden and Coal Valleys, receives 8 to 14 in-
ches precipitation. Because of the low precipitation on
these ranges, there need not be a ground-water divide
beneath these ranges significant enough to affect
regional flow patterns in the lower carbonate aquifer.

In summary, hydraulic connection between the Ash
Meadows ground-water basin as delineated on plate 1
and the areas northeast of the basin is probable because
(1) the occurrence of interbasin movement in the lower
carbonate aquifer in both regions, coupled with the
absence of the lower clastic aquitard with the upper part
of the zone of saturation between the regions; (2) signifi-
cant head differences; and (3) the low precipitation (7 to
14 in.) on the carbonate-rock ridges separating the
regions. An estimate of the magnitude of underflow into
the Ash Meadows basin from the northeast is given in
the section “Underflow from the Northeast.”

Underflow southward from the Penoyer Valley, north
of Emigrant Valley, may also occur. Such underflow,
through either the Cenozoic or the Paleozoic aquifer,
would have to pass through or over the lower clastic
aquitard, which surrounds western Emigrant Valley (pl.
1), before entering the central part of the Ash Meadows
basin.

Cs9

RELATION TO LAS VEGAS GROUND-WATER BASIN

The approximate boundary of the Ash Meadows
ground-water basin (pl. 1) suggests the need for revision
of the boundaries of the Las Vegas ground-water basin.

Recharge, regional movement, and discharge of
ground water from and the boundaries of the Las Vegas
Valley were discussed by George Hardman (written com-
mun., 1931), Maxey and Jameson (1948), and Malmberg
(1961 and 1965). All four hydrologists considered the
Spring Mountains to be the principal area contributing
recharge to the valley-fill reservoir of the Las Vegas
ground-water basin, although some recharge from the
Sheep Range was inferred. The regional direction of
ground-water movement in the valley-fill aquifer was
shown to be eastward and northeastward from the
Spring Mountains toward the valley and then
southeastward toward discharge areas in and east of the
city of Las Vegas. Southeastward movement in the
northwestern part of the Las Vegas Valley is shown by
the potentiometric contours of plate 1. The contours are
modified from Malmberg (1965, pl. 3).

These four hydrologists considered the ridges and

-mountains flanking the basins to be relatively im-

permeable, and, in effect, they used topographic divides
in outlining the boundaries of the Las Vegas ground-
water basin. The boundaries assigned by each to the
ground-water basin differed somewhat, however. George
Hardman (written commun., 1931) concluded that
ground water in Indian Springs Valley, Three Lakes
Valley (which he called Owens Dry Lake and Mormon
Guich), and Ivanpah Valley (about 40 miles south-
southwest of Las Vegas) is tributary to the Las Vegas
basin. Maxey and Jameson (1948) did not mention Ivan-
pah Valley and excluded Indian Springs Valley. Their
plate 2 shows a south-west trending topographic divide
that crosses U.S. Highway 95 about 4 miles east of In-
dian Springs. North of the highway, the divide follows
the crest of the Pintwater Range; south of the hichway, it
follows Indian Ridge (fig. 1) and continues south to the
Spring Mountains. Maxey and Jameson (1948) included
at least the southern part of Three Lakes Valley within
the Las Vegas basin. Malmberg (1961, pl. 1), like Hard-
man, considered Ivanpah Valley and Three Lakes Valley
to be tributary to the Las Vegas ground-water basin, but
he included only the southern part of Indian Springs
Valley.

Until recently, the hydrology of the Indian
Springs-Three Lakes Valley area was virtually un-
known. Few wells had been drilled within the region, and
they penetrated only the valley-fill aquifer to shallow
depths. Sparsity of data probably accounts for the differ-
ing ground-water boundaries that George Hardman
(written commun., 1931), Maxey and Jameson (1948),
and Malmberg (1961 and 1965) suggested for the Las
Vegas ground-water basin. Hydrologic and geologic data
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available since the completion of their work indicates
that Indian Springs Valley and most, if not all, of Three
Lakes Valley are within the Ash Meadows ground-water
basin (pl. 1). However, the exact position of the divide
between the Ash Meadows and Las Vegas Valley ground-
water basins is still open to question.

Corn Creek Springs and the northwest-trending
phreatophyte lineament at the south end of the Sheep
Range (pl. 1) indicate that some of the recharge to the
Sheep Range probably flows into Las Vegas Valley,
rather than toward Three Lakes Valley. The
phreatophyte lineament is controlled by faults (Haynes,
1965); the lineament also nearly coincides with the posi-
tion of the Las Vegas Valley shear zone (structural
feature 13, pl. 1). That this recharge to Las Vegas Valley
probably does not exceed a few thousand acre-feet an-
nually is suggested by the following:(1) Geologic struc-
ture suggests that the lower clastic aquitard may be pre-
sent along the Las Vegas Valley shear zone; and (2) the
discharge of Corn Creek Springs is only 125 gpm
(Malmberg, 1965, table 8), and that of other springs in
the area is but a fraction of this amount.

RELATION TO PAHRUMP VALLEY GROUND-WATER BASIN

Plate 1 indicates that ground water in Pahrump Valley
and in Stewart Valley is not tributary to the Ash
Meadows ground-water basin. However, a wide
divergence of opinion exists on the degree of hydraulic
connection of these areas.

Loeltz (written commun., 1960) noted that recharge to
the Pahrump Valley ground-water basin, estimated by
Maxey and Jameson (1948), greatly exceeded estimates
of natural discharge from Pahrump Valley. He therefore
concluded that some of the discharge at Ash Meadows
probably came from the southwest slope of the Spring
Mountains via Pahrump Valley. Also favoring such flow,
according to Loeltz, are the following factors: (1) The
westward slope of the potentiometric surface in
Pahrump Valley; (2) the altitude of ths water surface in
Pahrump Valley, which is several hundred feet higher
than that in Devils Hole; (3) possible hydraulic conduits
through the highly deformed carbonate rocks that form
part of the topographic boundary between the two areas;
and (4) the possibility that the chemical quality of the
ground water in Pahrump Valley might change between
the two areas and attain the same chemical quality as
that discharged by the springs. Loeltz also recognized,
however, that some of the spring discharge might have
come from areas to the north and northeast of Ash
Meadows.

On the basis of Maxey and Jameson’s work (1948) and
estimates of natural discharge in Pahrump Valley,
Walker and Eakin (1963, p. 21) suggested that possibly
13,000 of the 17,000 acre-feet of annual spring discharge
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at Ash Meadows is derived from Pahrump Valley anq
that the remaining 4,000 acre-feet of discharge is deriveq
annually from carbonate rocks northeast of Ash
Meadows. Winograd (1963), on the basis of an oral com.
munication from G. T. Malmberg (1962), stated “that
about 11,000 acre-feet of the spring discharge at Ash
Meadows represents underflow from Pahrump Valley via
carbonate aquifers.” Hunt, Robinson, Bowles, and -
Washburn (1966) concluded that “Pahrump Valley
seems to be the source of the ground-water discharge at
the large springs at Ash Meadows and possibly at some
of the other large warm ones farther south in the
Amargosa River drainage.” Their conclusion was pri.
marily based on the arguments stated by Loeltz (1960)
and supplementary geomorphic evidence. They placed
greater emphasis on the similarity of the chemistry of
water in the Pahrump Valley-Ash Meadows area than
did Loeltz, but, like Loeltz, they did not assign a value
for the percentage of the total Ash Meadows discharge
presumably derived from Pahrump Valley. Nor did they
discuss possible underflow toward Ash Meadows from
the north or northeast.

Since the completion of the fieldwork associated with
the preceding studies, Malmberg (1967, p. 32-33) com-
pleted a study of the ground-water hydrology of
Pahrump Valley, and R. H. Moench (written commun.,
Mar. 1965) mapped the geology of the hills between
Pahrump Valley and Ash Meadows. On the basis of his
own work and the geologic mapping of Moench,
Malmberg concluded that 12,000 acre-feet per year of
ground.water underflow leaves Pahrump Valley through
both the Paleozoic carbonate rocks (10,000 acre-ft per yr)
and the valley-fill aquifer (2,000 acre-ft per yr). He
believed that most of this underflow is toward the Nopah
and Resting Spring Ranges, which border Pahrump
Valley on the southwest (pl. 1), but said ‘‘part may move
northwestward through a thin section of carbonate rocks
or along major fault zones to the springs at Ash
Meadows.” The evidence Malmberg (1967, p. 24) cited
in favor of a southwestward movement of the bulk of the
underflow is the following: (1) “Except for a small wedge
of carbonate rocks north of Stewart Valley, the reservoir
is terminated by structural deformation along the
northwest side of Pahrump Valley, where quartzite and
other poorly permeable rocks crop out”; (2) the poten-
tiometric contours for the valley fill indicate
southwestward movement of water across the valley
(Malmberg presumed that the direction of flow in the
carbonate rock reservoir also is southwestward); (3) the
configuration of the potentiometric contours and the
absence of a shallow water table beneath southwestern
Pahrump Valley suggests that ground water is moving
into rather than being dammed by the Nopah and
Resting Spring Ranges (the Nopah Range is composed
predominantly of carbonate rocks, which favor such
movement; the Resting Spring Range, on the other
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pand, has a clastic-rock core); and (4) water quality does
got support movement of water from Stewart Valley
toward Ash Meadows.

Malmberg (1967, p. 25-26) did not discount the

ibility of some movement to the northwest because
(1) “The small wedge of carbonate rocks north of
Stewart Valley provides a potential avenue of flow
gorthwestward to the springs in Ash Meadows — Last
Chance, Bole, Big, and Jack Rabbit Springs, which issue
gt depth from carbonate rocks” and (2) the head
differential between northern Stewart Valley and Ash
Meadows (about 80 ft) favors northwestward movement.
He concluded, “until the head distribution in the car-
bonate rocks in Pahrump and Stewart Valleys and in the
intervening area to the northwest is known, the
possibility of northwestward flow to the springs must re-
main unresolved.”

Hughes (1966) inferred in his study of springs in the
Spring Mountains that as much as 3,000 acre-feet of
water may move annually toward Ash Meadows from the
Spring Mountains via Pahrump Valley and that the
remainder of the Ash Meadows discharge comes from the
north and northeast.

In summary, these cited studies suggest that as much
as 13,000 or as little as 3,000 acre-feet of the yearly dis-
charge at Ash Meadows (roughly 75 and 20 percent of the
spring flow) is derived from Pahrump Valley via un-
derflow through Paleozoic carbonate rocks.

The authors of this report conclude that at most only a
small percentage of the Ash Meadows discharge
originates in Pahrump Valley. Evidence for this follows:

1. The lower clastic aquitard crops out in a nearly con-
tinuous band between Pahrump and Stewart
Valleys and the east-central Amargosa Desert (pl.
1). Geologic sections by R. H. Moench (written
commun., Mar. 1965) suggest further that the
lower clastic aquitard is probably also the principal
pre-Tertiary rock within the zone of saturation
beneath the small valleys and arroygs separating
the ridges of pre-Tertiary rocks (pl. 1). Minor car-
bonate strata also occur locally within the zone of
saturation, as suggested by Malmberg (1967), but
the cross sections indicate that they are not con-
tinuous between Pahrump and Stewart Valleys
and the Amargosa Desert; if the cross sections are
in error, the carbonate rocks still do not constitute
an important fraction of the pre-Tertiary rocks
within the zone of saturation. The distribution of
the clastic rocks between the north end of Stewart
Valley and the Johnnie mining district is controlled
by the Montgomery thrust fault (structural feature
16 of pl. 1), which resembles the Gass Peak and the
Wheeler Pass thrust faults. The fault plane dips
westward at an angle in excess of 25°. The base of
the upper plate consists of late Precambrian clastic
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rocks that dip westward and northwestward but
generally at a gentler angle than the fault plane.

The overridden rocks consist of Devonian to
Mississippian carbonate rocks. Thus, this thrust
probably isolates ground water in the lower car-

bonate aquifer and in the Cenozoic aquifers in

northwestern Pahrump Valley from the same

aquifers in the east-central Amargosa Desert. Data

on interstitial permeability and fracture

transmissibility in similar rocks in Yucca Flat were

used to estimate the potential maximum underflow

through a 10-mile-long strip of the lower clastic

aquitard (between the northern Stewart Valley and

a point near Johnnie). The lower clastic aquitard

was assumed to be 10,000 feet thick (full

thickness); the hydraulic gradient was assumed to

be 200 feet per mile. (This represents a probable

maximum gradient, because the difference in water

level between northwestern Pahrump Valley and

Devils Hole is about 200 ft.) A permeability value

of 0.0001 gpd per sq ft was taken from table 4; this

value is the maximum listed for interstitial

permeability. The calculated underflow amounts

to 2,000 gpd, or about 1 gpm. Evidence that

regional flow through the clastic aquitard is

probably controlled by flow through interstices

rather than through fractures was presented in the

section “Lower Clastic Aquitard.” Nevertheless,

assuming an improbable average coefficient of

transmissibility of 1,000 gpd per ft between the two

areas and a hydraulic gradient of 200 feet per mile,

an underflow rate of about 1,400 gpm, or about 13

percent of the Ash Meadows spring discharge, is

computed.

2. Comparison of the chemical quality of the water in
Pahrump and Stewart Valleys with that at Ash
Meadows precludes movement of significant quan-
tities of water from these valleys toward Ash
Meadows. Such a comparison is discussed under
“Ground-Water Chemistry, Hydrochemical Facies,
and Regional Movement of Ground Water.”

3. Depth to and altitude of the water table in Stewart
Valley and in northwestern Pahrump Valley also
suggest that these valleys are separated from Ash
Meadows by a relatively impermeable barrier. The
water table beneath the playas in northern Stewart
and northwestern Pahrump Valleys is only a few
feet below the surface, or at an altitude of about
2,440 and 2,550 feet, respectively (Malmberg, 1967;
pl. 1). These water-level altitudes are about 80 and
190 feet higher than the water-level altitude (2,359
ft above mean sea level) in the lower carbonate
aquifer at Devils Hole. In contrast, the water table
beneath the playa in southwestern Pahrump Valley
is at an altitude of about 2,420 feet (Malmberg,

1967; pl. 1), but it is fully 100 feet below the playa
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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 ‘he
lower carbonate aauifer. Malmberg’s (1967) poten-
tiometric contou:s 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 Paleczoic
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
approximata 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 ischyetal contour roughly cor-
responds with the lowest outcrop of Paleozoic bedrock,
Precipitation on the lower Desert, Pintwater, and
Spotted Ranges was estimated only for thoee parts of the
ranges receiving 8 inches or mare rainfall. This
amounted to about 60,000 acre-feet.

HYDROLOGY OF NUCLEAR TEST SITES

Thus, a total of about 570,000 acre-feet of precipity.
tion falls annually within the basin on prominent ridge,
and mountains that are composed principally of th,
lower carbonate aquifer. This quantity is an approxims.
tion at best: precipitation that falls on carbonate-rocy
outcrops at low altitudes in the Spotted, Pintwater, o,
Desert Ranges or on the other minor hills and ridges i,
the region was not included; conversely, some of the
precipitation included in the tabulation falls on the
valley fill bordering the mountains, or on clastic rock,
and not on the lower carbonate aquifer; it should be syp.
tracted from the total. The preceding estimate could
have been refined by planimetering the area of
carbonate-rock outcrop for select altitude zones and by
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 by
carbonate rocks was not estimated because recharge to
either the lower carbonate aquifer or the younger
aquifers beneath such areas seems improbable under
present climatic conditions. Moreover, recharge to car-
bonate rocks beneath the valleys is ccatrolled by the tuff
aquitard.

Assuming that the spring discharge at Ash Meadows is
derived principally from precipitation falling on
carbonate-rock uplands within the boundaries of the Ash
Meadows basin (pl. 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
into 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 comparison of the deuterium content of ground water
in Pahranagat Valley, along the flanks of tlkie Spring
Mcuntains and Sheep Range, and at Ash Meadows in-
dicates that possibly as much as 35 percent (about 6,000
acre-ft annually) of the Ash Meadows discharge may
enter the basin from the northeast. The deuterium data
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are discussed in the section *‘Underflow from
Pahranagat Valley.”

DOWNWARD LEAKAGE FROM CENOZOIC ROCKS

A minor source of recharge to the lower carbonate
aquifer is downward leakage of ground water
semiperched in the Cenozoic rocks. In Yucca Flat, the
magnitude of downward leakage was estimated, on the
basis of hydraulic data, to be in the range of 25-65 acre-
feet per year. Downward leakage of similar magnitude is
probable also in Frenchman Flat.

By analogy with Yucca and Frenchman Flats,
downward leakage of water probably also occurs beneath
Desert Valley, eastern Emigrant Valley, the northern
two-thirds of Three Lakes Valley, and the northern two-
thirds of Indian Springs Valley. These four valleys have
hydrogeologic settings similar to those of Yucca and
Frenchman Flats. (See section ‘‘Intrabasin
Movement.”) The vertical leakage of the semiperched
water in these valleys may also be on the same order.
The aggregate leakage beneath the six valleys is es-
timated, then, to be between 150 and 400 acre-feet per
year, or less than 3 percent of the discharge at Ash
Meadows. Calculations of leakage based on
hydrochemical evidence are given below in the section
“Estimates of Downward Crossflow from the Tuff
Aquitard into the Lower Carbonate Aquifer.”

QUANTITY DERIVED FROM NORTHWEST SIDE OF BASIN

The quantity of recharge entering the lower carbonate
aquifer from the northwest side of the basin is probably
only a few percent of the measured discharge at Ash
Meadows. The northwestern border of the Ash Meadows
basin is defined approximately by the crest of Belted
Range, Rainier Mesa, and Eleana Range uplands, which
receive 8 to 14 inches of annual rainfall. An estimate of
the quantity of this precipitation that eventually reaches
the lower carbonate aquifer within the central and
southwestern parts of the basin may be obtained by
calculating the eastward and southward underflow
across the nearly continuous trend of clastic rocks ex-
tending from the north end of the Groom Range to
western Jackass Flats (pl. 1); this trend is as much as 15
miles east of the basin boundary (pl. 1).

The annual quantity of basinward underflow through
the lower clastic aquitard and into the lower carbonate
aquifer between the northeast end of Groom Lake playa
and northern Yucca Flat is probably less than 40 acre-
feet. This value was determined by applying the follow-
ing values of T, I, and L to the underflow equation
(Q=TIL). The coefficient of transmissibility, T,
assumed to be about 1 gpd per ft, was determined by
multiplying the highest value of coefficient of interstitial
permeability measured in the laboratory (0.0001 gpd per
sq ft; table 4) by 10,000 feet, & maximum probable
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thickness of aquitard. The apparent hydraulic gradient,
I, within the lower clastic aquitard ranges from 250 to
1,300 feet per mile (fig. 32); a gradient of 1,000 feet per
mile was used to maximize the underflow. The length of
underflow strip L, is about 35 miles; it is the distance
measured along the inferred contact between carbonate
and clastic rock between the northeast end of the playa
and the northern tip of Yucca Flat (pl. 1).

Eastward underflow into the lower carbonate aquifer
(east of the Groom Range) between northeastern Groom
Lake playa and the north end of Groom Range may
amount to about 20 acre-feet annually if hydraulic
gradients as steep as those shown in figure 32 occur
beneath clastic rocks of the Groom Range.

Eastward underflow through the valley-fill aquifer
between the Groom and the Papoose Ranges (fig. 32) also
probably reaches the lower carbonate aquifer beneath
eastern Emigrant Valley after passage through the tuff
aquifers and aquitards. The coefficient of
transmissibility of the valley-fill aquifer is not less than
30,000 gpd per ft in two wells (91-74 aad 91-74a) in
western Emigrant Valley (table 3), and the hydraulic
gradient may be as much as 4 feet per mile toward the
playa (fig. 32). The playa is about 3 miles wide, but the
clastic aquitard is above the zone of saturation locally
(fig. 32). Assuming a coefficient of transmissibility of
30,000 gpd per ft, a hydraulic gradient of 4 feet per mile,
and an underflow strip 1.5 mile wide, the flow across the
barrier via the valley-fill aquifer is about 200 acre-feet
annually. This figure is probably a maximum value
because thinning of the valley-fill aquifer near the buried
aquitard would probably result in a reduction in
transmissibility.

Underflow through the Cenozoic aquifers elsewhere
along the boundary between carbonate and clastic rock
between northern Groom Range and northern Yucca
Flat appears negligible. The valley-fill aquifer west of
Groom Lake is nearly fully saturated only because of the
damming effect of the clastic aquitard, which nearly sur-
rounds western Emigrant Valley. However, in general,
the Cenozoic aquifers are probably unsaturated
because of their structurally high position; in Yucca
Flat, for example, the Cenozoic aquifers are unsaturated
along the borders of that valley. The tuff aquitard,
however, may be saturated in a structurally high posi-
tion because of its very low transmissibility; but owing to
its thinness, underflow through the tuff aquitard is
probably a fraction of that through the thick lower
clastic aquitard.

Eastward underflow into the lower carbonate aquifer
beneath central Yucca Flat can follow two routes: (1)
flow through the upper clastic aquitard (pl. 2),.and (2)
flow through the lower carbonate aquifer underlying the
upper clastic aquitard. Underflow through the Cenozoic
aquifers overlying the upper clastic aquitard is unlikely
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for reasons outlined in the preceding paragraph; minor
underflow through the tuff aquitard is possible.

Maximum flow through the upper clastic aquitard
along the west side of Yucca Flat is about 30 acre-feet
annually when computed with the same values for
transmissibility and hydraulic gradient used to calculate
flow through the lower clastic aquitard.

The quantity of eastward underflow into Yucca Flat
through the lower carbonate aquifer underlying the up-
per clastic aquitard is difficult to estimate and probably
depends in part on the subsurface nature of the Tippinip
thrust fault. (See discussion in section “Northwestern
and West-Central Yucca Flat.”) Available data suggest
such underflow is probably minor. First, the high water-
level altitudes (3,800 ft) in the upper clastic aquitard
beneath the western half of Yucca Flat (pl. 2, C) suggest
that the head within the underlying lower carbonate
aquifer may be considerably higher than that in the
same aquifer east of the Tippinip thrust fault (pl. 2C);
this in turn suggests a hydraulic barrier between the car-
bonate rocks east and west of the fault. However, the
water in the aquitard may be semiperched above the
lower carbonate aquifer, whose head is no higher than
beneath central Yucca Flat (alt about 2,400 ft). Second,
the CP thrust fault (structural feature 2 on pl. 1),
believed to extend as far southwest as northwestern
Jackass Flats, may be rooted in Precambrian clastic
rocks (Barnes and Poole, 1968); this fault may thus
structurally and hydraulically isolate carbonate rocks of
western Yucca Flat from similar rocks west of the fault.
Third, the Eleana Range and Shoshone Mountain are
bordered on the west by the eastern rim of two calderas,
the Timber Mountain caldera (Carr, 1964; Christiansen
and others, 1965) and the Silent Canyon caldera (Noble
and others, 1968; Orkild and others, 1968). The ap-
proximate position of the rim of the Timber Mountain
caldera is shown on plate 1; this caldera generally ranges
from 15 ¢o 20 miles in diameter. The Silent Canyon
caldera is centered beneath Pahute Mesa immediately
north of the Timber Mountain caldera; this caldera is
roughly elliptical in plan and measures 10 by 14 miles
(Orkild and others, 1968). Test drilling has shown that at
least 13,500 feet of volcanic rocks underlie the Silent
Canyon caldera. Gravity surveys suggest that the Silent
Canyon caldera may be underlain by as much as 15,000
to 16,000 feet of Tertiary volcanic rocks and the Timber
Mountain caldera by as much as 12,000 feet of volcanic
rocks (D. L. Healey and C. H. Miller, written commun.,
1966). Whether these volcanic rocks are underlain
directly by pre-Tertiary miogeosynclinal rocks or are un-
derlain directly by a magma chamber or whether the
miogeosynclinal rocks are present, but largely dis-
membered by stoping, will probably never be known.
However, limited outcrops of silicic intrusive rocks
within the Timber Mountain caldera suggest that a
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magma chamber may underlie the volcanic rocks filling
the caldera. In summary, because of the two majo,
volcano-tectonic features briefly described and possibly
the CP thrust fault, the lower carbonate aquifer un.
derlying the upper clastic aquitard in western Yucca
Flat and northern Jackass Flats is probably not stryc.
turally or hydraulically continuous with the carbonate
aquifer (if any) beneath the two calderas or beneath
areas west and north of the calderas. Therefore, the
quantity of eastward underflow through the lower car.
bonate aquifer into Yucca Flat may be restricted to
downward leakage from the overlying upper clastic
aquitard and possible lateral movement eastward from
the tuff and lava-flow aquitards beneath the calderas,
Such underflow is unlikely to exceed 200 acre-feet an.
nually. Similarly, the flow into the basin across the east.
west-trending contact of the upper clastic aquitard and
the lower carbonate aquifer, between northwestern
Frenchman Flat and northeastern Jackass Flats (pl. 1),
is probably less than 100 acre-feet per year.

The total underflow of water into the lower carbonate
aquifer from the northwest side of the Ash Meadows
ground-water basin probably amounts-to less than 600
acre-feet per year, or about 4 percent of the measured
discharge at Ash Meadows.

The estimated quantity flowing into the lower car-
bonate aquifer beneath Yucca Flat, from both northeast
and west, is about 250 acre-feet per year, or about 1 per-
cent of the discharge at Ash Meadows. The lower car-
bonate aquifer beneath Yucca Flat is also recharged by
downward leakage of water semiperched in the Cenozoic
hydrogeologic units; this leakage probably ranges from 25
to 65 acre-feet per year. (See section “Intrabasin
Movement.”) Precipitation falling directly on the low
carbonate-rock ridges bordering Yucca Flat on the east
probably contributes minor recharge. The total flow
within the lower carbonate aquifer beneath Yucca Flat
probably is less than 350 acre-feet per year.

OASIS VALLEY-FORTYMILE CANYON
GROUND-WATER BASIN

Ground water beneath the western half of Nevada
Test Site — the Pahute Mesa-Timber Mountain area —
is not tributary to the Ash Meadows ground-water basin.
This ground water, predominantly in Tertiary tuff and
rhyolite, moves southwestward toward discharge areas in
Oasis Valley (pl. 1) ahd probably also moves southward
toward the Amargosa Desert through western Jackass
Flats. This area is tentatively considered part of a single
ground-water basin, informally designated the Oasis
Valley-Fortymile Canyon basin, which is tributary to
the central and northwestern Amargosa Desert.

The hydrologic boundaries of the Oasis Valley-For-
tymile Canyon ground-water basin have not yet been
fully defined. Malmberg and Eakin (1962) recognized
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that the boundaries of the area contributing ground
water to this basin need not correspond with the surface
drainage basin. Test drilling on Pahute Mesa in 1963-65
substantiated their prediction (R. K. Blankennagel and
J. E. Weir, written commun., 1966). The generalized
potentiometric contours for the Pahute Mesa area (pl. 1)
suggest that some ground water flows from Pahute Mesa
toward Oasis Valley and that the water beneath Pahute
Mesa may, in turn, be derived from Kawich Valley to the
northeast. Thus, interbasin movement of water also is
through the volcanic rocks (at least the younger volcanic
rocks) within the Oasis Valley-Fortymile Canyon basin.
A tentative position of the ground-water divide between
the Ash Meadows ground-water basin and the QOasis
Valley-Fortymile Canyon ground-water basin is shown
on plate 1.

The ground-water hydrology of the Oasis Valley-For-
tymile Canyon ground-water basin was described by
Blankennagel and Weir (1973).

PROBABLE HYDRAULIC CONNECTION
BETWEEN CENTRAL AMARGOSA DESERT
AND FURNACE CREEK WASH-NEVARES
SPRINGS AREA IN DEATH VALLEY

The Furnace Creek Wash-Nevares Springs discharge
area lies in east-central Death Valley (fig. 1 and pl. 1).
Altitudes in the area range from 200 feet below to about
1,000 feet above sea level. The area is the center of
tourism in the Death Valley National Monument and in-
cludes the following wellknown attractions: Furnace
Creek Inn, Furnace Creek Ranch, Texas Spring
campground, and Zabriskie Point. Furnace Creek Wash
(pl. 1), a major northwestward draining arroyo, marks
the southwestern border of the area, and the Funeral
Mountains mark the northeastern border; the Death
Valley salt pan borders the area on the west.

Annual precipitation at Furnace Creek Ranch (alt 168
ft below sea level) is 1.66 inches (47-yr record), and pan
evaporation at Cow Creek (alt about 160 ft below sea
level) is 149 inches (3-yr record). The average annual
temperature at Furnace Creek Ranch was 24.0°C for the
period 1911-52; for the same period the average July
temperature was 39.0°C, and the average January
temperature was 10.5°C. Temperatures of 49.0°C or
higher are not uncommon during May through
September; & high of 56.5°C has been recorded in July
(Hunt and others, 1966, p. B7-B9).

Water for the area is derived principally from three
groups of springs — Travertine Springs, Texas Spring,
and Nevares Springs (pl. 1). The hydrogeologic setting at
these springs was described briefly by Pistrang and
Kunke! (1964) and by Hunt, Robinson, Bowles, and
Washburn (1966). Travertine and Texas Springs issue
from Quatemary gravels underlain at shallow depth and
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partly surroun.ucd by Tertiary lacustrine deposits. These
springs discharge about 850 and 225 gpm, respectively;
the water temperature is about 33.5°C. Travertine
Springs are about 400 feet and Texas Spring 380 feet
above sea level. The main spring at Nevares Springs
emerges from a travertine mound about 100 feet from an
outcrop of the lower carbonate aquifer (Bonanza King
Formation). Discharge of this spring is 270 gpm; the
temperature of the water is 40.0°C, and the altitude of
the spring is 937 feet above sea level. Ground water is
also discharged by small springs, evapotranspiration,
and seepage into tunnels and tile fields.

The estimated total discharge in the area is about
2,500 gpm, or about 4,100 acre-feet per year (Pistrang
and Kunkel, 1964, table 4). Hunt, Robinson, Bowles,
and Washburn (1966) estimated a total discharge of
about 3,200 gpm (about 5,100 acre-ft) for a larger dis-
charge area than that considered by Pistrang and
Kun'cel.

Pistrang and Kunkel (1964) considered the lischarge
to be derived from precipitation on the highlands border-
ing Death Valley on the east, The estimated size of the
catchment area was between 30 and 150 square miles.
They suggested that the spring discharge is fed by a com-
bination of ground water moving along faults in pre-
Tertiary and Tertiary rocks, through travertine con-
duits, and through permeable gravel lenses. In contrast,
Hunt, Robinson, Bowles, and Washburn (1966, p. B40)
suggested that the spring discharge “is derived directly
from Pahrump Valley, by movement along faults in the
bedrock under the valley fill.” Elsewhere in the same
report (p. Bl) they suggested that the discharge is
derived from Pahrump Valley ‘“by way of Ash

Meadows.”
The major springs in the Furnace Creek

Wash-Nevares Springs area — Travertine Springs, Tex-
as Spring, and Nevares Springs — are probably fed by
mward leakage from the lower carbonate aquifer, as are
major springs at Ash Meadows, Pahranagat Valley, and
«..dany other places in eastern Nevada. Hunt and Robin-
son (1960) suggested that the major springs in the Fur-
nace Creek Wash-Nevares Springs area, though they
emerge from Quaternary deposits, represent discharge
from Paleozoic carbonate rocks, but they offered no sup-
porting evidence. Evidence in support of this belief
follows:

(1). Nevares Springs, at the foot of the Funeral Moun-
tains (pl. 1), are about 100 feet from the
topographically lowest outcrop of the lower car-
bonate aquifer (Bonanza King Formation) in the
area (Hunt and Mabey, 1966, pl. 1). Minor seeps
emerge directly from the carbonate aquifer a few
hundred feet south of the main spring. The setting
of these springs is generally similar to that of major
springs at Ash Meadows, in Indian Springs Valley,
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and in Pahranagat Valley; in those valleys (and
elsewhere in eastern Nevada) springs also emerge
from Paleozoic carbonate rocks, or from valley fill
adjacent to carbonate rocks, at topographically low
outcrops in, or along the margins of, the intermon-
tane valleys.

(2). At Ash Meadows the springs closest to the outcrop
of the lower carbonate aquifer generally had the
highest temperature. (See section “Character and
Geologic Control of Spring Discharge.”) This same
relation exists among the major springs in Death
Valley. The temperature of water from Nevares
Springs is about 6.5°C higher than that of water
from Texas or Travertine Springs, even though
Nevares Springs are about 540 feet higher in
altitude. The higher temperature of Nevares
Springs is explained by the direct hydraulic con-
nection between the lower carbonate aqu.fcr and
the spring orifice.. in contrast, pre-Tertiary car-
bonate rocks are at least hundreds and possibly
more than 2,000 feet below the surface at Texas and
Travertine Springs (Mabey, 1963); accordingly,
lower temperature would be expected at these
springs due to loss of heat to the Tertiary rocks dur-
ing movement of water from the carbonate aquifer
to the surface.

(3). As noted by Pistrang and Kunkel (1964, p. Y32) and
by Hunt, Robinson, Bowles, and Washburn (1966,
p. B38), the chemical quality of the water from the
three major springs is nearly identical. Water
chemistry thus provides a further clue that water
from Travertine and Texas Springs, like that at
Nevares Springs, is derived from the lower car-
bonate aquifer.

Notions regarding the nature of the hydraulic
barrier(s) forcing water out of the carbonate aquifer at
Nevares Springs and the mode of hydraulic connection
between the spring orifices and tae deeply buried car-
bonate aquifer at Texas and Travertine Springs are not
discussed here. Several models can be visualized through
- the geologic maps, cross sections, and block diagrams
presented by Hunt and Mabey (1966) and by Pistrang
and Kunkel (1964).

Underflow toward Death Valley through the lower car-
bonate aquifer requires that three conditions be met.
First, the lower carbonate aquifer must extend from the
Furnace Creek Wash-Nevares Springs area to the cen-
tral or south-central Amargosa Desert; second, a
favorable hydraulic potential must exist for movement
westward through this aquifer; and third, a source(s) of
recharge to the lower carbonate aquifer must be

available.
The lower carbonate aquifer crops out in a nearly con-

tinuous band between the south-central Amargosa
Desert and the Furnace Creek Wash-Nevares Springs
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area (Jennings, 1958). The Death Valley sheet of the
geologic map of California (Jennings, 1958) ang the
geologic map of Death Valley by Hunt and Mabey ( 196g)
show that carbonate rocks, Cambrian through Devonig,
in age, crop out across the south end of the Funery
Mountains; the strata extend from T. 26 N., R. 5 E., anq
T. 27 N, R. 4 E,, on the east (where they border south,
central Amargosa Desert) to Nevares Springs on the
west, a distance of about 20 miles. The approximately
wedgelike outcrop pattern tapers from about 12 miley
wide on the northeast and east to less than 1 mile wide g
Nevares Springs. Paleozoic carbonate rocks are absent in
the parts of the Funeral Mountains and the Black Mouyp.
tains that border this carbonate-rock wedge on the nort),
and south (pl. 1). Thus, assuming that the carbonate
rocks also are within the zone of saturation, a possible
route exists for interbasin movement of ground water
from the south-central Amargosa Desert to the area of
major spring discharge in Death Valley.

The assumption that the carbonate rocks are thick
enough to lie within the zone of saturation appears safe,
The geologic map of the area by Jennings (1958) shows
that the bulk of the carbonate rocks cropping out
between south-central Amargosa Desert and Furnace
Creek are of Ordovician age or younger; hence,
thousands of feet of carbonate rocks probably lie within
the zone of saturation, the top of which ranges from 900
to 2,200 feet in altitude. Therefore, the lower clastic
aquitard is unlikely to lie above the zone of saturaticn in
a continuous band between the two valleys. The lower
carbonate aquifer between the south-central Amargosa
Desert and the Furnace Creek Wash-Nevares Springs
area thus afford an avenue for ground water to move
from the Amargosa Desert into Death Valley.

A hydraulic gradient with a westward component
should exist within the lower carbonate aquifer because
the difference in the land-surface altitude between the
south-central Amargosa Desert (2,400 ft) and the
Nevares Springs area (937 ft) is nearly 1,500 feet. The
water level in the valley-fill aquifer in south-central
Amargosa Desert ranges from about 2,100 to 2,200 feet
above mean sea level, or about 1,200 feet above the
orifices of Nevares Springs. The distance between
south-central Amargosa Desert and Nevares Springs
ranges from 10 to 20 miles and suggests an average
hydraulic gradient of 60 to 120 feet per mile between the
two areas. This gradient, which is anomalously high for
the lower carbonate aquifer, suggests that one or more
hydraulic barriers probably exist within the lower car-
bonate aquifer in the area.

Ground water in the lower carbonate aquifer beneath
the south-central Amargosa Desert may be derived from
two sources: direct southwestward underflow from the
Ash Meadows ground-water basin through the lower car-
bonate aquifer (assuming the aquifer is extensive
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peneath the central Amargosa Desert), and downward
leakage from the valley-fill aquifer beneath the central
and south-central Amargosa Desert. Water in the valley-
fill aquifer may have been derived from spring runoff at
Ash Meadows, from Jackass Flats, or from northwestern
Amargosa Desert. Important quantities of water from
the valley-fill aquifer could leak downward only if the
head in the valley fill beneath the central and south-
central Amargosa Desert were higher than that in the
underlying carbonate aquifer and if the lower carbonate
aquifer and valley fill were in direct hydraulic continuity
near buried structural highs where the Tertiary aquitard
may not have been deposited or may have been removed
by erosion prior to deposition of the valley fill. Data on
the head relation between the two aquifers beneath the
central 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
17,000 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,
which borders Stewart Valley and Chicago Valley on the
west, is composed chiefly of the lower clastic aquitard
(pl. 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
in the immediate vicinity of or are within Nevada Test
Site, and the aquifer or aquitard sampled is known
beyond a reasonable doubt. Many of these 40 wells were
sampled 2 or more times. In several of the test holes
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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 ~ublished, 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 bicarbonate; (b) calcium and
magnesium bicarbonate; and (¢) mixed. The
sodium and potassium bicarbonate type is found in
tuff aquifers and aquitards, and in the valley-fill
aquifer in Emigrant Valley, Yucca Flat,
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 arbonate-
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 tuffacecus 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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rocks within the Nevada Test Site and that such
water predominates in the Amargosa Desert.

2. From dissolved-solids content Schoff and Moore
(1964, p. 56 and 57) concluded that appreciable
ground water in the Cenozoic aquifers beneath
Emigrant Valley is not moving into Cenozoic
aquifers in Yucca Flat, becuase the dissolved-solids
content of water in both valleys is similar. The
average dissolved-solids content of water from the
Amargosa Desert is “twice that for water in Indian
Springs Valley and substantially greater than the
dissolved solids in most water of the Test Site. The
maximum for the Amargosa Desert is the greatest
in the region. The dissolved solids point to the
Amargosa Desert, therefore, as the destination to
which ground water may be going, not as the place
from which it comes.”

3. From the sodium content Schoff and Moore (1964, p.
60) concluded that:

[a] The water in the Paleozoic carbonate rocks underlying the
Test Site is in part recharged by percolation downward through
tuff or through alluvium containing detrital tuff, or both. The
water entering the carbonate rocks in this manner is generally a
sodium potassium type, which when added to the calcium
magnesium type already in the rocks yields a water of mixed
chemical character.

{b] The water in the carbonate rocks of the Test Site may be
moving toward the Amargosa Desert, where the water generally
is of mixed chemical character, [has] a generous amount of
sodium, and {is) more concentrated than [water} within the
Test Site. Not all the water reaching the Amargosa Desert,
however, need come from the Test Site.

{¢] The water of Indian Spring Valley has had little oppor-
tunity for contact with tuff or tuffaceous alluvium, or with
another rock material containing much soluble sodium. This

water probably entered the rocks as recharge on the upper
slopes of the Spring Mountains, which lie to the south. The
mountains contain extansive outcrops of carbonate rocks, from
which c:lcium and magnesium could be dissolved.

[d] The water in the carbonats rocks is not moving southward
from the Test Site to Indian Spring Valley. If it did so, the
waters of Indian Spring Valley would contain more sodium, and
also would probably be higher in dissolved solids.

The cited observations and conclusions of Schoff and
Moore (1964) generally appear sound.

Hunt, Robinson, Bowles, and Washburn (1968, p.
B40) compared the chemistry of ground water at Ash
Meadows with that at Furnace Creek Wash (in Death
Valley) and with that in Pahrump Valley. They con-
cluded that Pahrump Valley is the source of the spring
discharge at Ash Meadows. They argued further that the
chemical quality of the major springs in the Furnace
Creek Wash area ressmbles that of water from Ash
Meadows and that Fuhrump Valley is also its source.

HYDROLOGY OF NUCLEAR TEST SITES

HYDROCHEMICAL FACIES

The chemical character of ground water is influenceq
by many variables. Several cited by Back (1966) include.
(1) Chemical character of the water as it enters the zon,
of saturation; (2) distribution, solubility, and adscrptioy,
capacity of minerals in the rocks; (3) porosity anq
permeability of the rocks; and (4) the flow path of the
water. The flow path introduces variables such as mix.
ture of water from two sources, changes in pressure ang
temperature with depth, and rate of flow. Withiy
geographically restricted areas, ground water from 5
single aquifer or related group of aquifers may have g
relatively fixed chemical character imposed by the listed
variables. This chemical character is referred to in some
recent literature as hydrochemical facies (Back, 1966;
Seaber, 1965).

Plate 3 shows regional patterns of hydrochemica)
facies at Nevada Test Site and vicinity. Pie diagrams
represent the equivalents per million of major cations
and anions. On plate 3, Nevada Test Site and vicinity
have been divided on the basis of geography, known
hydrologic setting, and hydrochemical character. The
several areas and the generalized chemical characteris-
tics of their waters are summarized in table 8. The me-
dian character of sampled ground water for each area is
depicted graphically in figure 38. Whereas space
precluded plotting of pie diagrams for each available
analysis on plate 3, all representative analyses, except as
noted hereafter, are included in the statistical summary
in table 8. Plate 3 and table 8 confirm the three types (or
facies) of water defined by Schoff and Moore (1964),
suggest two other facies, and identify an area where
three facies mix. Four of the five facies are defined in
table 9. The calcium magnesium bicarbonate facies,
which Schoff and Moore identified in southern Indian
Springs Valley (area IB, pl. 3), also is found in southern
Three Lakes Valley (IB), northwestern Las Vegas Valley
(IB), and Pahrump Valley (IC), as well as within the
Spring Mountains (IA). It is also found in Pahranagat
Valley (ID), where prominent valley-level springs dis-
charge from the lower carbonate aquifer. Water of this
facies occurs in the cited areas in wells tapping either the
lower carbonate aquifer or the valley-fill aquifer rich in
carbonate-rock detritus; water from perched or valley-
level carbonata rock springs in these areas is also of this
facies.

The sodium potassium bicarbonate facies, noted by
Schoff and Moore (1964) for ground water from western
Emigrant Valley (area IIB), Yucca Flat (IIC),
Frenchman Flat (D), and Jackass Flats (IIE), also is
found in water beneath Pahute Mesa (IIF) and Qasis
Valley (IG), northwest and west of Nevada Test Site.
This water is found in tuff, rhyolite, and valley-fill
aquifers rich in volcanic detritus; rarely, as in well 84-67
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FIGURE 38. — Chemical types of the ground water at Nevada Test Site
and vicinity. Roman numerals refer to map numbers and areas listed
in table 8 and shown on pl. 3J; circles with crosses represent pop-
ulations 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 ITIB), is
designated the calcium magnesium sodium bicarbonate
facies in this report. This water occurs within the lower
carbonate aquifer between Ash Meadows and eastern
Nevada Test Site. As noted by Schoff and Moore (1964),
water from two wells tapping Cenozoic rocks in Yucca
Flat (well 83-68 tapping the valley-fill aquifer and well
81-67 tapping the bedded-tuff aquifer) also is of mixed
character (pl. 3). The dissolved-solids content of water
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from these wells is, however, 100 mg/l (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 81-67 appears reasonable;
namely, that water tapped by this well is derived from
Paleozoic strata, which occur about 1 mile west of the
well (pl. 2B). However, this explanation is not applicable
to the anomalous water from well 83-68; nor, for that
matter, is it consistent with the sodium potassium bicar-
bonate water from well 84-67, which taps thin carbonate
strata within the upper clastic aquitard.

Two other facies are suggested by plate 3: a playa
facies (area V), which appears restricted to the “wet”
playas (playas from which ground water is discharged by
evapotranspiration) or to shallow wells in discharge
areas; and a sodium sulfate bicarbonate facies, which
appears to be restricted to the springs in the Furnace
Creek Wash-Nevares Springs area (area VI) and to a few
wells in the west-central Amargosa Desert. The
chemistry of the playa facies is highly variable, depen-
dent in part on the depth of the sampling well; a formal
definition of this facies is not attempted in this report.

Analyses of water from selected wells in western
Pahrump and Stewart Valleys were excluded from the
statistical summary presented in table 8. These wells are
less than 100 feet deep and are generally on or along the
periphery of the playas in northwestern Pahrump and
Stewart Valleys, where the water table is shallowest, less
than 20 feet below the surface. Most of the excluded
wells are less than 40 feet deep. The water from some of
these wells is more highly mineralized than the water
from most deeper wells in Pahrump Valley. Choice of the
100-foot depth limitation was arbitrary. Generally, the
highest mineralization was found in wells drilled to
depths of 35 feet or less on or along the playa in Stewart
Valley. The generally higher mineralization of water
from these shallow wells is probably due to accumulation
0. solutes in water within the fine-grained salt-incrusted
. Jiments that characterize valley-fill deposits in the
vicinity of wet playas. Ground water in such sediments
in areas of upward movement of water is neither
hydrologically nor chemically similar to that of the
deeper wells tapping the valley-fill aquifer in Pahrump
Valley. Water from the deeper wells is of the calcium
magnesium bicarbonate facies (pl. 3), whereas water
from many of the shallow wells belongs to the playa
facies. Water of the playa facies is also found in shallow
wells along the periphery of Alkali Flat at the south end
of the Amargosa Desert (north of Eagle Mountain, fig.
34).

Along the margins of the study area, in Pahranagat
Valley and at Furnace Creek Wash in Death Valley, only
analyses from major springs discharging from the lower
carbonate aquifer at valley level were used in the tabula-
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TasLE 8. — Chemical constituents of ground watey

{All constituents reported in milliequivaleny,

Map number and ares tpl. 3}

Hydrogeologic setting

Number of

Ca+Mg

Na+K HCO,+CO.

samples'

Range

Median

Mean

—

Range Median Mean | Range Median  Megq

Calkium magnesium bicarbonate facies

Ic

Sprihg Mountawns® _ _ _ . __ Major cec ares; highest
arts underiain pﬂnmpally
y Pllco:mc carbonate
rocks. Water sampled from
parchad springs.
Piedmont slluvial plain
bordering Spring Moun.
taing on the northeesst.
Water sampled from both
valley-fill and lower car.
bonate aquifers.
Piedmont ailuvial plain
rdering Spring Moun.
teins an the southwest.
Water sampled from
valley-fill aquifer only.
Msjor dischsrge area for
lower csrbonate squifer:
high-yisid springs sampled.

Northwest Las Vegas Valley:
southern Thres Lakes
Vatley: southern Indian
Springs Valley.

Pahrump Valley*

Paheanagst Valley _ __ __ .

4

10

46-58

3.1-63

32-12

3442

49

4.0

4.5

4.1

5.0

42

5.2

3.9

00507 010 03 4455 4T 4g

3.0-47 kg ki

-22-2.0 .57(25) .86 33-85 39 42

1.1-18 X} 14 3845 43 42

Sodjum potassiuzm bicarbounats facieo

IA-1

flA-2

IIA-3

us

fiC

1]

e

ur

G

Rainier Mess - - - - - o = Minor recharge ares: ground
water perched in tuff
aquitard sam

Hills west of Yucce aud Minoe recharge -ru. ground
Frenchman Flats. water perched in tuff and

lava-flow aquitsrds

sampled.

Minor recharge ares; ground
water perched in tuff

uitard sampled.

Hydraulicsily cloud basin
‘with minor discharge to
esst. Watsr sampled from
valley-fill and tuff
aquifers(?) and squi 8

Ground water semiperched in
valley-Gill and tuff squifers
and aquitards above un-
derlying lower carborate
aquifer; on .: Cenozoic
strata sampl

Ground water semiperched in
valley-fill snd tull aquifers
and aquitsrds above un-
dcriym( lower carbonate

: only C

strats sampl

Ground wmt m wldnd taff

noutlwud mto Amargoss
Desart.

Hills west of Ossis Valley.

Emigrant Valley _ ______.

Yueca Flat

Pahute Mess - ... .. -~ Ground water in tuff and
rhyoluo - mhn and

-q]m anyon
....... -« Major discha ares for
water in :‘:Idod tuff
aquifer of QOasis Val-
ley-Fortymite Canyon

-watae basin.

Oasis Valley

24

10

17

0.01-1

18-2.4

-18-.52

4

.87

72

.42

1.4

3

2.4

0.72-4.3 14 1.7 0.79-2.3 1220 1.3

1.0-4.5 L7 19

2.5-2.3 28 28 19-25 23 2.2

2.5-40 32 3.2 28-36 29 30

1.9-4.0 3.4 3t 2.5-3.4 a3

45-7.2 5.7 58 29-63 4.9 47

1.9-7.0 22 3.7

1.7-2.1 2.0 19

1.1-5.2 22 23

3598 5.5 8.1 2.6-8.7 45 47

Cajcium maguesism sodium bicardesate facies

flIA

Ash Mesdows ... ... Principel discharge ares for
-u&:rdu lower carbonats
aquifer of Ash Meadows

€ I A Arsa of upward leskage of

t- srgosa !
.[;ou::m" mers watse from lower carbonsts
squifer into vsiley-fill

squifer.
Eastemn Nevads Test Site*. Amd ;:‘i:‘wb-n' mm
nunhn‘::r
lowsr carbonats aquiles.

3.5-4.2

32-38

1.1-5.9

4.0

s

42

39

4

43

3.1-48 38 s 5.0-5.2 3.0 5.0

2.8-88 13 39 3.4-5.7 45 4.5

1.7-5.9 38 37 4.2-868 50 EX ]

Sedium sulfate bicarbenais facies

Furnace Creek Wash- Major discharge sres for
anrv Springs ares.  water in lower carbomats

3

3339

34

3.8

6372 70 83 3.2-58 8.7 5.8

. aquiler.
'Number in p h after select i ber of lew when less than shown in number of samples
colum
xcludes Grapevine inerslized zone in h § M {
oo ol s han 100 & Somy o wtorn Bubearap ead Stewert Valleys: such welle are prine

cipally ‘Euhlh :d
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in the Nevada Test Site and cicinity
per liter, except as indicated)

Cio1

. Dissolved solids
§0,+Cl Ca+Mg HCO,+CO. S$i0, (mg/1) H Residue mvnlpo;utlc:(nmrtn )wo-cm Data
sources
Range  Median  Mean C: Io‘g":‘,:,;t‘, "CQ{&CR,‘,:ﬂ;,* a Range  Median  Mean Renge  Medisn  Mean
Calclum magnesium bicarbonate facies — Coatinued )
1.15-0.60 0.38 0.38 98 /] 6.5-33 8.4 L} 232-351 48 270 Mng and Jnmmn (19¢8);
R eo Survey files,
#0-2.5 48 ” 93 88 6.6-25 1549 18 200-340 216 235 Do.
1.1 1.8 8 ] 838 20621 0 208-822 290(2%) 354 Mll? and Jlmmn (1948);
. Survey files,
Carson Cny Nev.
9-1.1 1.0 1.0 s 81 -3 A 32 - 270 ___  Eakin (1963)
Sodium potassium bicarbonate facies — Continued
0211 0.48(23) 0.5 7 kit -1 52 S4 91- 424 192 220 Clebsch and Barker (1960).
10-1.9 67 90 35 0 32-66 S0 5t 166- 330 190 228 J. E. Moore (1961); Schoft
and Muure (1964).
91-1.8 | I O 1.2 20 68 52-55  S4(2) S4 171- 266 24 7 Malmberg and Eakin (1962).
38-.66 62 82 ] 83 77-8 88 83  268-310 279 286 J. E. Moore {1961); Scholl
and Moore (1964); U.S.
Geol. Survey files. Denver,
Colo.
50-2.3 62 1.1 24 84 81-107 74 78 274- 370 26 37 Do.
Ti-18 8 Ll 3 86 5580 56 57 337- 451 363 386 Do.
.68-10 12 41 23 * 85-67 %8 0 211- 886 236 “ Do.
17-6.0 B 3 1.7 10 n 41-%0 “ 45 117- 583 42 b1 U.S. Geol. Sutvey files,
Denver. Colo.
1.6-5.9 2.2 2.7 20 7 54-62 65(2 62 330-1,0M1 532 580 Malmbery and Eskin (1962).
Calclum sizm esdivm bicard facles — C d
2.2-3.1 22 28 51 ™ 20-3 2 u 413-500 420 441 Walker and Eakin (1963);
Scholl and Moore (1964);
U.S. Geol. Survey files,
Denwver, Colo.
1.3-5.0 19 2.7 5 k) 18-20 18 19 342-848 Ine [} Do.
1.6-4.1 2.4 2.4 £ [ -] 13-4 n 2 323-808 a7 5 4. E. Moore (1961); Schnff and
Moore (1964); US. Geal.
Survey Files, Denver. Colo
Sedinm suifate bicarbeaate facies — Coatinued
4.5-48 48 L X 2 56 o =s(1) 816-716 25 852 Pistrang and Kunkel (1964).
‘Excludes 3 wells ta, wdnlww r aquifer in north Yucca Flat. The dissolved-eolids content of 2 of
thnnwells(l‘hezlnd ) is abnormally low. Tl\hmndﬂu atting of the weils suggest only local

recharge: the third well (84-67)

$Data f mhmﬂdudmwmbnm(uumwh“ﬁ' ( V) omitted becauss
ol preciudes meaningful statistical m

hydrogeologic sstting of these areas

WMmmMATY; 308 text
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tion. 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 facies at the Nevada Test
Site and vicinity

age range of milliequi per
L liter of major constituents’

| (acien

Ca+Mg Na+K HCO,+COy S0, +Cl1

Calcium magnesium

bicarbonste .- . .- 75-100 0-25 80-30 10-20
Sodium potassium
c l?ic_arboruu - 5 35 65-96 65-85 1538

bicarbonate . __.__ 50- 55 45-50 70 30
Sodium sulfate

bicarbonste . - ... 30 70 60 40

‘Minor constituents such as Li, Sr. No., and F are not mcludod in cltlon -anion percentages;
percentages are taken (rom median values in table 8 and

[

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 aquifer is derived
from several wells at Nevada Test Site, three oil-test
wells drilled northeast of Nevada Test Site, and a com-
parison of the water from wells at Nevada Test Site with
discharge from the springs at Ash Meadows.

Well 89-68 was drilled to a depth of 6,000 feet in
northern Yucca Flat (pl. 2). Between 1,773 and 5,290
feet, the bore penetrated the lower clastic aquitard
(Stirling Quartzite, 1,773-2,360 ft; Johnnie Formation,
2,360-5,290 ft; and the Noonday(?) Dolomite,
5,290-6,000 ft). A major permeable fault zone was found
between the Johnnie Formation and the Noonday(?)
Dolomite. Analyses of water samples from two intervals
(1,785-1,940 and 1,785-6,000 ft) are given in table 10.
The tv.o analyses indiceta little change in chemical
quality with depth. The upper interval was sampled
when the well was 1,940 feet deep. The drill-stem test
data indicate that most of the water of the second sam-
ple came from depths greater than 2,170 feet and that a
significant quantity of it, probably more than half, may
have come from the permeable fault zone at a depth of
about 5,290 feet. Heads measured during drill-stem
testing indicate that the second sample does not reflect
water that moved downward along the bore from upper
to lower zone during or after drilling. The analyses
suggest that the water quality in the lower clastic
aquitard is relatively uniform to depths of several thou-
sand feet. The absence of a significant change in the
chemistry of water within the lower clastic aquitard
suggests that the water in the lower carbonate aquifer
may also be relatively uniform chemically to depths of
several thousand feet.

HYDROLOGY OF NUCLEAR TEST SITES

TaBLE 10. — Chemical analyses of water from test wells 89-68 ang
67-88, Yucca Flat and Mercury Valley, Nye County

[Values for chemical constituents are in milligrams per litsr. Analysss by U.S. Geol. Sun.,

Denver, Colo)
Well 39-68 Well 67-68
Depthinterval (R} ____  1,785-1.940 1.785-8.000 786-1,050 L.333-| g
Silica(SiO)) _-__._- 8.5 17 20 2
“Alcmm | .(’M-:i ..... ﬁ 05 48 I
egnesium (Mg) _ ____ 1 2t
Sodium (N&} . __..__. 98 96 38 %%
Potassium (K} __..___ 18 18 4.9 39
Bicarbonate (HCO,) _ . _ 357 384 254 256
Carbonate (COs) _ - ___ 0 0 0 0
Sulfate (S0 - oo -~ ] 54 58 53
Chloride (Cl) _Z_____ 17 1 17 16
Specific conduccance
(»mhoa per cm at 25°C) 718 720 483 354
PH . 7.7 78 75 1

Test hole 67-68 was drilled to a depth of 1,946 feet in
southern Mercury Valley (fig. 33). In the zone of satura.
tion, carbonate rocks of the Nopah Formation (table 1)
are between 786 and 1,168 feet, the Dunderberg Shale
Member of the Nopah Formation between 1,168 and
1,333 feet, and the carbonate rocks of the Bonanza King
(?) Formation between 1,333 and 1,946 feet. Through use
of two strings of cemented casing and packers, the
Nopah Formation and the Bonanza King (?) Formation
were test pumped separately. At the conclusion of each
test, a water sample was collected and analyzed. The
results of these analyses are shown in table 10. Drill-stem
tests of the Nopah Formation indicated that the sample
for this formation actually came from the interval
786-1,050 feet. The drill-stem tests also indicated that
the head in the Bonanza King (?) Formation was
possibly as much as 4 feet higher than that in the upper
aquifer.

A comparison of the chemical analyses of the water
from the Nopah and Bonanza King(?) Formations in-
dicates that the water in the two formations is prac-
tically identical. The near identical nature of the
chemical quality of water from both aquifers may reflect
natural upward crossflow through the Dunderberg Shale
Member, which separates the two carbonate aquifers at
the well site. Such crossflow is possible because of the 4-
foot head differential that may exist and because the
Dunderberg, a thin clastic unit, is rarely continuous
areally, owing to normal faulting and its tendency to be
pinched out along major faults and tight folds. If
crossflow in the region of well 67-68 is upward and is
principally responsible for the similarity in water
chemistry noted for the two sampled intervals, then
water of relatively low mineralization probably occurs in
the lower carbonate aquifer at depths even greater than
that penetrated by the well.

Specific conductancs of water swabbed from two other
test holes, wells 88-66 in Yucca Flat (pl. 2) and 66-75
(fig. 33) in southern Indian Springs Valley, suggests no
increase in dissolved-solids content in the upper 800 feet
of the lower carbonate aquifer. However, these data, ob-
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tained from additive drill-stem tests, are not as reliable
gs the data reported for wells 83-68 and 67-68.

Data from three deep oil tests in White Pine County in
east-central Nevada indicate that rocka stratigraphically
equivalent to the lower and upper carbonate aquifers
contain water of low dissolved-solids content to depths
as great as 10,000feet. McJannett and Clark (1960, p.
948-250) summarized the results of drill-stem tests of
three oil-test wells in White Pine County. In one well
(16N/56-31), the Lone Mountain Dolomite (Silurian)
reportedly contained fresh water in the depth interval
9,405-9,431 feet. A second well (15N/59-17), tested the
Chainman Shale (Mississippian), the Joana Limestone
(Mississippian), and the Nevada Formation (Devonian).
Shaly limestone of the Chainman Shale reportedly con-
tained either fresh water or drilling fluid in the interval
3,770-4,053 feet. The top 39 feet of the Joana Limestone
reportedly includes cavernous zones ranging from 2 to 9
feet in thickness, into which circulation was repeatedly
lost. A drill-stem test of the cavernous interval, from
4,065 to 4,008 feet, reportedly recovered 1,890 feet of
fresh water. Drill-stem tests of the Nevada Formation
were made in the intervals 4,437-4,865, 4,867-5,020, and
5,023-5,117 feet; each zone reportedly yielded fresh
water containing only 1 grain per gallon (or 17 mg/l) of
chloride (McJannett and Clark, 1960, p. 250). By com-
parison, the chloride content of water from the lower car-
bonate aquifer at Nevada Test Site and vicinity is 15-30
mg/l. In a third oil-test well (20N/60-32), nine drill-stem
tests were made of Permian carbonate rocks in the inter-
val 4,000-8,600 feet; only drilling fluid or fresh water was
reportedly recovered during the tests.

A comparison of the spring water at Ash Meadows
with that within the lower carbonate aquifer beneath
Nevada Test Site also suggests that the chemical-
constituent content in the lower carbonate aquifer does
not vary markedly with depth. Data in table 8 and in
figure 38 indicate that the chemical quality of the water
within the lower carbonate aquifer beneath Nevada Test
Site (area [IIC) is remarkably similar to that of the water
discharging from the major springs at Ash Meadows
(area IIA).

The principal source of spring discharge at Ash
Meadows is probably ground water moving
southwestward within the lower carbonate aquifer (pl.
1); the chemical similarity between the springflow and
the waters of area IIIC certainly does not contradict this
assumption. In fact, Schoff and Moore (1964) considered
it as proof of the southwestward movement of ground
water. The samples of area ITIC represent only the upper
1,000 feet of the lower carbonate aquifer, which locally is
several thousand feet thick. The chemical character of
Ash Meadows springs, on the other hand, must repre-
sent, by virtue of the large discharge and its structural
control, a chemical integration of water from the entire
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thickness of the lower carbonate aquifer within the Ash
Meadows ground-water basin. Hence, the chemical
similarity suggests that dissolved-solids content does not
change significantly with depth in the carbonate aquifer
at Nevada Test Site and vicinity. An alternate explana-
tion is that water quality may deteriorate with depth but
that such deterioration is not reflected at Ash Meadows
because of an accompanying reduction in fracture
transmissibility of the lower carbonate aquifer with
depth.

In summary, chemical data from four wells at Nevada
Test Site and three deep oil tests in east-central Nevada,
as well as a comparison of the chemical quality of spring
water at Ash Meadows with that of water in the lower
carbonate aquifer beneath Nevada Test Site and
vicinity, indicate no significant increase in the dissolved-
solids content of water in the lower carbonate aquifer to
depths of several thousand feet.?

SOURCES OF SODIUM AND SULFATE IONS IN WATER OF
THE LOWER CARBONATE AQUIFER

Of the five hydrochemical facies, the calcium
magnesium sodium bicarbonate facies is of major impor-
tance for mapping the movement of ground water in the
Ash Meadows basin. The origin of this facies, as
suggested by the sodium and sulfate content of ground
water, is discussed in this chapter, and the use of the
facies for determinationof the origin of the Ash Meadows
spring discharge is the subject of the next chapter.

Ground water within the lower carbonate aquifer
beneath Nevada Test Site (area IIIC of table 8) and at
Ash Meadows (area IIIA) differs significantly from water
in the lower carbonate aquifer elsewhere in the study
area. The principal difference is in the milliequivalents
per liter (meg/1) of sodium plus potassium and of sulfate
plus chloride. For the water in the lower carbonate aquifer
northeast (area ID) and southeast (areas IA, IB, and IC) of
1} «vada Test Site (pl. 3; table 8), median values of sodium
srd potassium range from 0.1 to 1.« meq/l;
wnereas for water in the same aquifer beneath Ash
Meadows and at Nevada Test Site (areas IIIA and [IC),
median values range from 3.6 to 3.8 meqg/l. The sulfate
and chloride content of water in the lower carbonate
aquifer southeast and northeast of Nevada Test Site
ranges from 0.38 to 1.1 meq/l; wherees beneath Ash
Meadows and at Nevada Test Site, it ranges from 2.2 to
2.4 meq/l. Similarly, the median dissolved-solids content
ranges from 216 to 290 mg/l southeast and northeast of
the site and from 420 to 437 mg/l beneath the site and at
Ash Meadows. These variations are summarized in table
8.

‘In the Las Yogas area and elsewhere in eastern Neveds. miogecsynclinal carbonate rocks
{chielly of P:~mian age} are interbedded with sedimentary gypsum or with clastic rocks con-
taining detr-t7] gypsum. In such arees, ground water in the Paleosoic carbonats aquifers may
be highly #.neralized (even at relatively shallow depthe) in comparison with water in the
gypsum-fres Jatecscic carbonats rocks of the Ash Meadows ground-water basin.
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In the ion pairs (sodium plus potassium and sulfate
plus chloride), sodium and sulfate are the principal ions.
Potassium typically ranges from only 5 to 10 percent of
the sum of sodium and potassium, whereas chloride
typically ranges from 25 to 35 percent of the sum of sul-
fate and chloride. These percentages persist in all the
areas in table 8.

The discussion that follows pertains in general only to
sodium and sulfate ions. For convenience, the median
values of the ion pairs sodium plus potassium and sul-
fate plus chloride for areas IA-IIIC (table 8) are taken as
representative of scdium and sulfate, respectively. This
shortcut seems justifiable because of the cited
dominance of Na (90-95 percent) and SO, (65-75 per-
cent) in the ion pairs for each group and the magnitude
of the difference, between select areas. The sodium or
the sulfate content of water from individually cited
wells, on the other hand, will always pertain only w0 a
single cation or aniou..

SODIUM

The principal source of sodium ions within the lower
carbonate aquifer beneath Nevada Test Site is ground
water that originated in or passed through the Tertiary
tuff aquifers and aquitards.

Median vaiues of sodium for ground water in areas IA,
IB, and IC (pl. 3; table 8) are, respectively, 0.1, 0.3, and
0.6 meq/l (roughly 2-15 mg/1). The water from these
areas was derived directly from either the lower car-
bonate aquifer or the valley-fill aquifer rich in
carbonate-rock detritus. The low sodium content is ex-
pected of water from these aquifers in the areas
represented by areas IA to IC because minerals (for ex-
ample, plagioclase feldspar and halite and other
evaporites) that normally contribute sodium to ground
water are either absent or sparse in the aquifers of these
areas.

The median value of sodium for ground water in areas
[IB to IIG ranges from 2.2 to 5.7 meq/l (roughly 50-130
mg/l). This water comes directly from either Tertiary
tuff aquifers and aquitards of rhyolitic or quartz latitic
composition or valley fill rich in tuff detritus. Sodium
comes chiefly from the alteration of rhyolitic glass
(shards and pumice), plagioclase feldspar (this and
cristobalite are the chief devitrification products of
rhyolitic glass), and perhaps zeolite minerals, which
together constitute the bulk of these volcanic rocks.
Leaching of sodium from glassy and crystalline tuffs at
the Nevada Test Site was discussed at length by Lipman
(1965) and Hoover (1968).

The low sodium content of water from the lower car-
bonate and valley-fill aquifers bordering the Spring
Mountains contrasts- markedly with the higher sodium
content of ground water derived from the volcanic
terrane of Nevada Test Site and vicinity. This contrast

and the absence of any obvious important source
sodium in the carbonate rocks beneath or flanki,
Nevada Test Site suggest that much, probably most, o
the sodium within the lower carbonate aquifer beneaty,
Nevada Test Site (area IIIC) comes from ground wate,
that has moved through tuffaceous aquifers ang
aquitards of rhyolitic or quartz latitic composition.

Sodium ions may enter the lower carbonate aquife,
beneath Nevada Test Site in three ways. Some mgy
originate in semiperched ground water in the tyg
aquitard and enter the carbonate aquifer by downwarg
crossflow in Yucca and Frenchman Flats and possibly
also in the valleys east of Nevada Test Site (northern Iy.
dian Springs, northern Three Lakes, eastern Emigran;,
and Desert Valleys). A second mechanism involves the
movement of ground water upward from the lower car.
bonate aquifer into the tuff aquitard and then back down
into the carbonate aquifer. Upward movement might oc.
cur, for example, in the vicinity of ground-water barriery
within the carbonate aquifer. Once the water enters the
tuff aquitard, sodium might be picked up by the ion ex-
change of calcium (in the carbonate-aquifer water) for
sodium during contact of the water with the zeolitic and
clayey minerals common within the aquitard. A third
source of some (possibly one-third) of the sodium is im.
portation, through the carbonate aquifer, from the
region northeast of Nevada Test Site, mostly from
Pahranagat Valley (area ID). The water emerging from
the lower carbonate aquifer in Pahranagat Valley con-
tains about five times as much sodium as that in area IB
— namely in southern Indian Springs, southern Three
Lakes, and northwest Las Vegas Valleys — but this
amount of sodium is only about one-third that in the
lower carbonate aquifer at Nevada Test Site (area IIIC)
or at Ash Meadows (area IIIA). The high sodium content
of the water from the upper carbonate aquifer in
Pahranagat Valley is not unexpected. As in the Nevada
Test Site area and in much of the area between
Pahranagat Valley and Nevada Test Site, the Paleozoic
strata in the ridges flanking Pahranagat Valley and sur-
rounding valleys are commonly overlain by rhyolitic
volcanic rocks, chiefly ash-flow tuffs and associated tuf-
faceous sedimentary rocks. Therefore, these rocks
probably also occur locally within the zone of saturation
and probably contribute sodium to the lower carhonate
aquifer in areas of downward crossflow.

Of the three possible sources, the second appears least
likely for two reasons. First, the zeolitized and clayey
tuff aquitard at the base of the Tertiary strata both at
and east of Nevada Test Site would tend to retard up-
ward crossflow from the lower carbonate aquifer into the
Tertiary rocks and also the return flow. Second, table 8
and figure 39 show no apparent reduction in calcium and
magnesium content between areas IB or ID and areas
IIIC and IIIA; such a reduction would be expected if ion
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FIGURE 39. — Regiona! variations in Na+K and Ca+M;g
within the lower carbonate aquifer. Roman numerals refer
to map numbers and areas listed in table 8; media- values
are from the same table,

exchange were a significant factor in the pickup of
sodium.

Although ground water within Tertiary aquifers and
aquitards is probably a logical principal source for the
sodium in water within the lower carbonate aquifer, a
major problem remains. The sodium content of water in
the carbonate rocks beneath Nevada Test Site (area
IIIC) is slightly greater than that of water in the Tertiary
rocks of Emigrant Valley (area [IB) and Yucca Flat (area
IIC) and in the lower carbonate aquifer in Pahranagat
Valley (area ID). Only the sodium content of ground
water from the Tertiary and Quaternary aquifers of
Frenchman Flat (area IID) is greater than that of water
in the carbonate rocks. This indicates (1) still another
source of sodium in addition to those outlined, (2) that
downward leakage of water from Cenozoic rock in
Frenchman Flat and perhaps other valleys constitutes a
significant part of the Ash Meadows discharge (an
assumption not supported by hydraulic data; see section
“Intrabasin Movement,”) or (3) that the sodium content
of ground water in the Tertiary rocks increases markedly
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with depth or with stratum tapped. Evidence presented
in the section on sulfate suggests that the sodium cor
tent of the ground water in the basal strata of the tuf
aquitard, in the southern part of Nevada Test Site, is, at
least locally, significantly greater than that of water
sampled from the upper part of the zone of saturation in
areas [IB, IIC, and IID.

Because the chemical quality of water in the lower car-
bonate aquifer in eastern Frenchman Flat (well 75-73) is
almost identical with that of water at Ash Meadows (pl.
3; table 8), most of the sodium may have entered the
lower carbonate aquifer (from the overlying tuff
aquitard) principally in the valleys east or northeast of
Frenchman Flat (namely, northern Indian Springs,
northern Three Lakes, eastern Emigrant, and Desert
Valleys). By analogy with hydrologic conditions in Yuc-
ca and Frenchman Flats, such downward leakage is
possible in the cited valleys for reasons outlined in the
section “Intrabasin Movement.”

SULFATE

The increase in sulfate content of water in the lower
carbonate aquifer between areas northeast and southeast
of Nevada Test Site and the Nevada Test Site-Ash
Meadows area is significant, although it not as marked
as the increase in sodium content. (See table 8.) The sul-
fate content of water in the carbonate aquifers increases
120 percent between Pahranagat Valley (area ID) and

Ash Meadows (table 8) and about 360 percent between~—"

the northeast flank of the Spring Mountains (area IB)
and Ash Meadows. Moreover, the sulfate content within
the lower carbonate aquifer beneath Nevada Test Site
and Ash Meadows is three to four times that within
Cenozoic aquifers or aquitards sampled in Emigrant
Valley, Yucca Flat, and Frenchman Flat (areas IB, IIC,
and IID) (table 8). Three sources of sulfate ion are
possible: (1) sulfide and sulfate minerals in granitic
stocks, “altered carbonate rocks, and altered volcanic
rocks; (2) evaporite deposits within the Paleozoic car-
bonate strata; and (3) evaporite deposits within the
basal Tertiary volcanic(?) strata in areas of downward
crossflow, .

Granitic stocks and altered carbonate and volcanic
rocks occur locally within Nevada Test Site and may
also occur within the zone of saturation east of Nevada
Test Site. Oxidation of sulfide minerals such as pyrite or
possible solution of sulfate minerals such as alunite —
KAlL(OH)s(SO4)2 — might serve as a source of sulfate
ions. For example, in ground water perched in the
Climax stock in northern Yucca Flat, sulfate content
(exclusive of chloride) ranges from about 7 to 21 meq/1
(Walker, 1962). The high sulfate is presumably due to
oxidation of pyrite, which is common along fractures in
the rock. Similarly, the high sulfate content (about 9

megq/1) of water from well 74-61, in central Jackass Flats,—
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may be due to movement of ground water through rocks
similar to those exposed in the Calico Hills, 5 miles north
of the well. The Calico Hills consist of hydrothermally
altered volcanic strata that locally contain abundant
pyrite and alunite. However, the sulfate content of two
other wells in Jackass Flats (74-57 and 73-58) — one of
them no farther from the Calico Hills than well 74-61 —
is less than 0.5 meq/l.

Although altered volcanic and carbonate rocks, or
stocks, may locally influence the sulfate content of water
within the carbonate aquifers, they are not considered an
important regional source of sulfate because (1) their
distribution is limited, and their size is relatively small;
(2) the transmissibility of stocks and altered volcanic
rocks is usually very low; and (3) pyrite and other sul-
fides presumably are oxidized chiefly in the vadose zone
and perhaps also in the uppermost part of the zone of
saturation but the aridity of most of the region precludes
movement of much (if any) water through the vadose
zone. These factors tend to prevent the contact of a
significant volume of ground water with these sources of
the sulfate.

A second potential source of sulfate in the ground
water within the lower carbonate aquifer is evaporite
deposits, specifically gypsum laminae or strata within
the Paleozoic rocks east of Nevada Test Site, Sedimen-
tary gypsum occurs in the Permian and Triassic rocks in
the southeastern one-third of the Spring Mountains and
in several mountain ranges east of the study area, but no
gypsum or other evaporites have been reported in the
Paleozoic rocks older than Permian in the study area.
Furthermore, the geologic maps of Clark and Lincoln
Counties indicate that no Permian or Triassic rocks oc-
cur in the ridges flanking Indian Springs, Three Lakes,
or Desert Valleys. Permian rocks are probably absent
also in the subsurface, because most of the exposed rocks
are Devonian or older, which indicates generally deep
erosion cf the Paleozoic sequence in the area east of
Nevada Test Site. Permian carbonate rocks composing
the upper carbonate aquifer are present in western Yuc-
ca Flat, but these strata include no evaporites. Actually,
the chemical quality of water in the area east of Nevada
Test Site indicates that neither gypsum nor other
sulfate-bearing evaporites occur in significant amount
within the Paleozoic strata there. The chemical in-
fluence of any evaporites along the margins of the Ash
Meadows ground-water basin is presumably already
reflected by the water quality of areas IA, IB, and ID
(table 8); the sulfate in these waters is negligible in com-
parision with quantities in ground water from terrane
containing sedimentary gypsum.

The most likely source of the additional sulfate within
the water of the lower carbonate aquifer beneath areas
IIMA-IIIC is the solution of gypsum from the basal strata

composing the tuff aquitard. In the southern half of
Nevada Test Site, the oldest Tertiary rocks consig
primarily of tuffaceous sedimentary rocks, claystons
and freshwater limestone of the Rocks of Pavits Spriné
and the Horse Spring Formation (table 1). Laminae of
gypsum have been reported in the Rocks of Pavits Spring
near Mercury, Nev. (E. N. Hinrichs, oral commun,
1966). Longwell, Pampeyan, Bowyer, and Roberts (1965
p. 45-48) reported gypsum in the Horse Spring Forma.
tion in eastern Clark County, and Denny and Drewe,
(1965, p. L18) mentioned sparse gypsum in the Tertiary
claystone south of Ash Meadows. Thus, in areas of
downward crossflow beneath Nevada Test Site, solution
cf the gypsum in these basal Tertiary strata could adg
important quantities of sulfate to water in the lower car.
bonate aquifer.

Because the chemical quality of water in the lower car.
bonate aquifer beneath eastern Frenchman Flat (wel]
75-73) is almost identical with that of water discharging
at Ash Meadows (pl. 3), sulfate-rich water may leak
downward principally east or northeast of Frenchman
Flat, in northern Indian Springs and Three Lakes
Valleys. The Horse Spring Formation crops out in ridges
bordering these valleys and probably also underlies these
valleys in the zone of saturation. Gypsum within this for.
mation probably constitutes a source of sulfate, if
downward crossflow occurs.

Direct evidence for very high sulfate and sodium con-
tents in ground water from the basal Tertiary rocks com-
posing the tuff aquitard is derived from well 68-69, and
evidence of moderate increases in sulfate and sodium
with depth is suggested by well 73-66. Well 68-69, in
central Mercury Valley (fig. 1), bottomed at a reported
depth of 1,220 feet in saturated Tertiary sedimentary
rocks (fig. 33). The interval from 500 to 1,220 feet con-
sists of siltstone, mudstone, and shale (B. D. Jorgensen,
written commun., 1951); these strata tentatively cor-
relate with the Rocks of Pavits Spring, although they
might also be in the Horse Spring Formation (table 1).
Jorgenson reported that the chief aquifer is a 5-foot-thick
pinkish medium-grained sandstone at a depth of about
1,133 feet; the yield of this sandstone was reported as less
than 5 gpm. A chemical analysis of water bailed from
well 68-69 reported by Schoff and Moore (1964, p. 27) is
presented in table 11. The water is unlike other waters
described in this report. Sodium constitutes about 75
percent of the total cations, and sulfate about 95 percent
of the anions. A pie diagram for this water is not shown
on plate 3 because, even if drawn to half scale, it would
obscure large parts of the map. In a discussion with Mr.
8. R. McKinney of Las Vegas, Nev., the driller of well
68-69, the senior author learned that water from well
74-70a (in Frenchman Flat) and some aqua gel were
used in drilling the well with cable tools, but no gypsum
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TABLE 11. — Chemical anaclysis of water from test well 68-69, | TABLE 12. — Chencal analyses of water from three depth intervals in
Mercury Valley, Nye County test well 73-66, Rock Valley, Nye County
Milliﬁ:;u Milli-quliivdonn [Analyses by U.S. Geol. Survey, Denver, Colo]
(7
g Ladd Depth intarval () —— o oowommmmme e T-683 1.565-1,686  3.140-3.400
T L ‘23 _———
?:.ni:fum:g'n)i ...................... 281 4.02 Major coustituents, in milligrams per liter
\hgmnum (Mg} 90 7.40
Sodium (N&) .- -- 1,290 56.12 32 " an
Bicarbonate (HCOn) 98 1.81 13 4.0 68
Carbonate (COy) Tr - 1.0 0 0
Sulfate (SO0 -m o C T I-LTClTC 3,600 74.99 ] 424 63
Chlonde(Ch _____ZCITTIITZTITIICCIC 15 » 6.4 .. 96
Dissolved solida{sum) — o o o o e e e e e - 5.420 _——— 199 e 273
Hardness a3 CaCO  (t0t8)) oo e e 1,070 ——— 0 8 0
P a1 e g; 1 ég "ﬂ
. ete, dissolved
T ST e S el CHE S S i v p—rr
Erroneously repo o % by oore { P Dissolved solids. 1n milligrams per liter
calculated _ _ o ___________ n 981 54
Hndnm as milligrams per liter CaCOs:
Nomeadbonate -220772II00TI0 ) 9 o

cement was used. The chemical analysis should be | speciieconductance """~ """"""~
representative of water from the Rocks of Pavits Springs | ™o rrema 0 ---------- &1, e e

emperature (*°C) . _ _ _ ____ ______ 220 333 64.5

or, perhaps, from the Horse Spring Formation.

According to Schoff and Moore (1964, p. 28):

the unusual character of the water from well 68-69 suggests that the
confining layer under the zone of saturation provides a relatively tight
seal. The mineralized water seems not to appear in wells tapping other
aquifers. The well is less than 3 miles “upstream” from well 67-68,
which taps carbonate rocks and has water containing only 330 mg/1 dis-
solved solids and 38 mg/l sodium (28 percent of total cations). No more
than a trickle of the mineralized water can be reaching the carbonate
rock aquifer at well 67-68.

This observation has merit because nowhere in the lower
carbonate aquifer is the sodium content more than 100
mg/] or the sulfate content more than 200 mg/l. The slow
rate of leakage from the Cenozoic aquifers, which Schoff
and Moore (1964) inferred, is supported by the hydraulic
tests of the tuff aquitard in general and of the Rocks of
Pavits Spring in particular.

Chemical analyses of perched (or semiperched)
ground water tapped by well 73-66, in Rock Valley,
southeast of Skull Mountain (fig. 1), indicate an increase
in quantities of sulfate and sodium with depth in water
within the tuff aquitard (Wahmonie Formation, Salyer
Formation, Tuff of Crater Flat, and Rocks of Pavits
Spring). Laboratory analyses of water swabbed from the
hole during drill-stem tests of the tuff aquitard (depth
intervals 77-693 and 1,565-1,695 ft) and pumped from
the lower carbonate squifer (depth in interval
3,140-3,400 ft) are givem in table 12. The first two
analyses suggest a marked increase in sulfate and
sodium to a depth of about 1,700 feet in the tuff
aquitard. The content of these ions in the carbonate
aquifer (third analysis) is presented for comparison.

The anomalously high sulfate content of water from
well 68-69 and the threefold increase in sulfate with
depth in the tuff aquitard in well 73-66 is believed due to
solution of gypsum within the basal strata of the tuff
aquitard. An explanation for the much higher sodium
content in water from wells 68-69 and 73-66 than that in
water from Tertiary and Quaternary strata in areas IIB

to IIN, and for the increase in sodium with depth in well
73-66, is difficult because of the absence of inf-rmation
on the zeolite, clay, and evaporite mineralogy of the
aquitard at these well sites. The sodium content of these
well waters is tentatively attributed to one or more of the
following: (1) Ion exchange of calcium, derived from
solution of gypsum, for sodium in clays within the
aquitard; (2) possible presence of sodium-bearing
evaporite minerals, such as trona or nahcolite, in the
basal tuff aquitard; and (3) possible continued altera-
tion, by downward-moving water, of the sodium-rich
zeolite minerals (clinoptilolite, mordenite, and
analcime) that compose the bulk of certain strata within
the aquitard. The strong tendency of sodium to remain
in solution (Hem, 1959, p. 84-85) would enhance any of
these mechanisms. Regional relations among absolute
quantities of Na+K, SO,+Cl, and HCO;+CO; in the
lower carbonate aquifer are shown in figure 40.

In summary, ground water of the calcium magnesium
Fcarbounate facies found in the lower carbonate aquifer
ailong the periphery of the Ash Meadows gr~und-water
vasin (areas [A, IB, and ID) is converted to the water of
the calcium magnesium sodium bicarbonate facies,
found in the aquifer beneath the central and
southwestern parts of the basin (areas IIA-IIC), by
means of downward leakage of sodium- and sulfate-rich
water from the tuff aquitard. The higher sodium and sul-
fate contents of water in the carbonate aquifer beneath
areas IIIA-IIIC than in water in the overlying Cenozoic
aquifers and aquitards of areas IIB-IID, the proposed
source of the sodium and sulfate, reflects sampling posi-
tion. Wells in areas IIB-IID mostly tap water from the
upper part of the zone of saturation within the Cenozoic
hydrogeologic units and therefore do not reflect increases
in sodium and sulfate believed to occur within the tuff
aquitard with depth.
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FIGURE 40. — Regional variations in Na+K, HCO0,+CO,, and
S0,+Cl within the lower carbonate aquifer. Roman numerals refer
to map numbers and areas listed in table 8; median values are from
the same table.

HYDROCHEMICAL EVIDENCE FOR REGIONAL
GROUND-WATER FLOW

Hydrochemical facies provide some quasi-
-independent evidence on the ldirection of ground-water
movement in the lower carbonate aquifer, the magnitude
of the intrabasin movement of ground water, and the
boundaries of the Ash Meadows basin.

' HYDRAULIC CONNECTION BETWEEN PAHRUMP VALLEY
AND ASH MEADOWS

On the basis of water chemistry and head relation,
Hunt, Robinson, Bowles and Washburn (1966, p. B28)
suggested that the spring-water discharge at Ash
Meadows comes from Pahrump Valley. They stated:
“Water in Pahrump Valley is a bicarbonate water very
similar to that at Ash Meadows * * * .”” They were cor-
. rect in noting that water in both areas is rich in calcium,
magnesium, and bicarbonate, but they did not note the
* significantly larger amounts of sodium, potassium, sul-
fate, chloride, and dissolved solids in the water of Ash
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Meadows. This is shown by position of populations Ie
(Pahrump Valley) and IIIA (Ash Meadows springy) i
figure 38 and by the data in table 8. First, sodium anq
potassium, which constitute only about 10 percent of th,
cations in ground water from Pahrump Valley, cop.
stitute about 50 percent of the cations in the spring dj,.

| charge at Ash Meadows. Second, sulfate and chloridy,

which constitute about 20 percent of the anions i,
Pahrump Valley, constitute about 30 percent at Agj
Meadows. And last, the median dissolved-solids conten,
of the Pahrump water is 290 mg/], in contrast to 420 mg)
at Ash Meadows. If Hunt, Robinson, Bowles, anq
Washburn (1966) could have seen all the analyses useq
by the authors of this report, particularly analyses of
water from the lower carbonate aquifer, their conclusion
on similarity of the waters would probably have beey
different.

The differences between the waters do not in
themselves rule out the possibility of northwestwarg
movement of ground water from western Pahrump
Valley (or from Stewart Valley) into Ash Meadows,
Could the chemical quality of the ground water change
during movement between the two areas through either
the valley-fill or the lower carbonate aquifer? This
possibility appears slim for two reasons. First, analyses
of water from the valley-fill aquifer in Pahrump Valley
and data presented by Malmberg (1967, pl. 5) fail to
reveal a progressive westward increase in sodium and
potassium, sulfate and chloride, or dissolved-solids con-
tent of water in this aquifer. Only water from the very
shallow wells (less than 100 ft and usually less than 40 ft
deep) on and along the periphery of the playa in Stewart
Valley has a similar or greater content of the ions in-
dicated and of dissolved solids; however, this water is of
the playa facies and, in any event, does not resemble
that discharging from the major springs at Ash Meadows
(pl. 3; table 8). Thus, water in the valley-fill aquifer is
not a likely source of the water discharging at Ash
Meadows. Second, the water in the lower carbonate
aquifer beneath Pahrump Valley, although not sampled
in wells, is also unlikely to contain the necessary quan-
tities of sodium and potassium for reasons outlined
below. The only sodium-rich ground water within the
study area, except the playa facies, is in or has passed
through rhyolitic volcanic aquifers or aquitards. If such
strata underlie the valley fill beneath Pahrump Valley
and if ground-water movement were downward from the
Cenozoic rocks into the Paleozoic carbonate strata (as in
Yucca or Frenchman Flats, for example), then the water
in the carbonate aquifers beneath Pahrump Valley
might contain quantities of sodium and potassium
equivalent to those in the water at Ash Meadows.
However, the direction of crossflow in northwestern
Pahrump Valley is upward from older to younger rocks,
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as indicated by flowing wells, springs, and areas of
phreatophyte discharge. Therefore, the sodium and the
potassium contents of water in the lower carbonate
aquifer beneath Pahrump Valley are probably similar to
those of water in the carbonate aquifer in the Spring
Mountains (area IA) and in Indian Springs Valley (area
IB). (See table 8 and pl. 3.)

The remarkable chemical similarity of the discharge
at all the major springs at Ash Meadows (pl. 3,; table 8)
also suggests that little of the water discharging at Ash
Meadows comes from Pahrump Valley or from Stewart
Valley. If significant inflow were derived from these
valleys, the spring discharge at the southeast end of the
spring line (for example, at Big Spring or at Jack Rabbit
Spring, fig. 34) would probably more closely resemble
the ground water in Pahrump or Stewart Valleys than
springs at the north end of the spring line 9 miles dis-
tant; such a resemblance does not exist. Some interbasin
movement between Pahrump and Stewart Valleys and
Ash Meadows must occur because of the head difference
between the two areas, but the quantity of such move-
ment probably doés not exceed a few percent of the Ash
Meadows discharge at most. (See calculation of un-
derflow in the section “Relation to Pahrump Valley
Ground-Water Basin.”)

DIRECTION OF GROUND-WATER MOVEMENT WITHIN
THE LOWER CARBONATE AQUIFER BENEATH
NEVADA TEST SITE

Schoff and Moore (1964) suggested that ground water
within the carbonate aquifers at Nevada Test Site (pl. 3,
area [IIC) must be moving southwestward toward Ash
Meadows. They noted that water from the carbonate
and valley-fill aquifers in southern Indian Springs Valley
(area IB) contained little sodium (with minor
potassium) and less dissolved solids than water from the
lower carbonate aquifer at Nevada Test Site; they
therefore ruled out the possibility of southeastward
movement from the test site to southern Indian Springs
Valley. They did not consider eastward movement into
northern Indian Springs Valley. Inherent in their use of
sodium as a chemical tracer is the fact that sodium, once
in solution, tends to stay in solution (Hem, 1959, p.
84-85).

Additional evidence in support of Schoff and Moore’s
conclusions is provided by figure 38 and table 8. The
water of area ITIC closely resembles that discharging at,
and in the unnamed valley northeast of, Ash Meadows
(areas ITIA and IOIB), but it differs significantly from
water in Indian Springs, Three Lakes, and northwest Las
Vegas Valleys (area IB) and Pahranagat Valley (area
ID). Not only does the water in the lower carbonate
aquifer of Nevada Tes’ Site contain markedly more
sodium and potassium than does the water in Indian

C109

Springs, Three Lakes, northwest Las Vegas Valleys and
Pahranagat Valley, but also it contains more sulfate and
chloride. In contrast, the very close similarity of water ir

carbonate aquifers beneath the Nevada Test Site to that—"

in Ash Meadows suggests that water of the Nevada Test
Site is probably moving southwestward. However,
southeastward or eastward movement of water into In-
dian Springs Valley probably cannot be ruled out on the
basis of chemical evidence alone, because of the possible
dilution of water derived from the Nevada Test Site by a
significantly larger volume of water derived from the
Spring Mountains.

ESTIMATES OF DOWNWARD CROSSFLOW FROM THE TUFF
AQUITARD INTO THE LOWER CARBONATE AQUIFER

The variations in chemical quality of the ground water
within the lower carbonate aquifer beneath and east of
Nevada Test Site (area IB, ID, and IIIC, pl. 3) and the
chemical difference between these waters and those in
the tuff aquitard suggest that the chemical data can be
used to compute the approximate magnitude of
downward crossflow of semiperched water from the
aquitard (underlying the valleys in and east of Nevada
Test Site) into the lower carbonate aquifer.

In the discussion that follows, milliequivalents-per-
liter values of the ionic pairs sodium plus potassium and
sulfate plus chloride for areas IA-IIIC (table 8) are taken
as representative of sodium and sulfate, respectively.
Justification for this shortcut was given in the section

“Sources of Sodium and Sulfate Ions in Water of the \__-

Lower Carbonate Aquifer.” The sodium or suifate con-
tent of water from two cited wells, on the other hand,
pertains to a single cation or anion.

Computation of crossflow is based on the following
equations (Hem, 1959, p. 231):

QiC1+Q:C:=Q1C;5, and Q1 +Q,=Q;,

where @, is the discharge rate of the more saline water,
Q: is the discharge rate of the less saline water, @; is the
discharge rate of the mixture (that is, @;=Q,+Q), and .
the constants C,, C,, and C; represent the concentrations
of the tracer constituent (sodium, for example) in the
three discharges. Use of this formula at Nevada Test Site
rests upon the following assumptions: (1) Sodium and
sulfate in water of the lower carbonate aquifer are
derived principally by flow from the overlying Tertiary
rocks; (2) the cited chemical quality of the ground water
from wells 68-69 and 73-66 (tables 11 and 12) is
representative of water in the basal part of the tuff
aquitard beneath the valleys east and northeast of the
Nevada Test Site; (3) sodium and sulfate remain in solu-
tion once introduced into the lower carbonate aquifer;
and (4) mixing of water from the tuff aquitard with water
in the lower carbonate aquifer is complete at Ash
Meadows.
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In applying the computatién to the study area,
equations above are combined as follows:

- (C3~Cy) )
(Ci—Cy)

@ is the downward leakage of semiperched water from
the tuff aquitard (the unknown), and Q; is the measured
spring discharge at Ash Meadows, roughly 10,000 gpm.
Similarly, C; represents the tracer concentration in the
spring water at Ash Meadows (see table 8); C; is the
same parameter for water within the carbonate aquifer
along the periphery of the Ash Meadows basin (an
average of the median values listed in table 8 for areas IB
and ID); and C, applies to ground water in the basal part
of the tuff aquitard (as represented by water from wells
68-69 and 73-68) (tables 11 and 12).

Using sodium as the tracer, with values of 56 (well
68-69), 0.8, and 3.8 meq/l, respectively, for C,, C;, and
C,, the computed downward leakage (@) is about 550
gpm. The maximum sodium content of the water in well
73-66 is about one-third that in well 68-69 (18 versus 56
meq/l); the lower concentration indicates leakage of
about 1,700 gpm. Because the water from well 73-66 is
perched and was collected about 1,500 feet above the
lower carbonate aquifer, it may not be as representative
of water in the basal strata of the tuff aquitard as that
collected from well 68-69.

Using sulfate as the tracer, with values of 75 (well
68-69), 0.75, and 2.2 meq/l respectively for C,, C;, and
Ci, the computed downward leakage is 200 gpm. Water
from the tuff aquitard tapped by well 73-66 cannot be
used to determine leakage because the sulfate content of
this water is about the same as that in the lower car-
bonate aquifer at Ash Meadows.

Finally, using dissolved-solids content as a measure of
leakage and 5,420 (well 68-69), 245, and 420 mg/l for C,,
Cs, and C», respectively, Q. was found to be about 350
gpm. If the maximum diss~lved-solids content of tuff
water from well 73-68 (about 1,000 mg/l) is used instead
for C\, then @, amounts to about 2,300 gpm.

The preceding computations suggest that downward
leakage from the tuff aquitard within the intermontane
basins of the Ash Meadows ground-water basin into the
lower carbonate aquifer is only a few percent to perhaps
as much as 20 percent of the discharge at Ash Meadows.

Estimates of downward leakage computed using only
the analysis of water from well 68-69 are of the same
magnitude as estimates obtained from hydraulic data.
The aggregats leakage of semiperched water beneath the
six valleys is estimated roughly as 150 to 400 acre-feet
per year, on the basis of hydraulic data. (See section
“Sources of Recharge to the Lower Carbonate Aquifer.”)
Leakage computed using the chemical analyses and the
saltdilution formula ranges from 200 to 550 gpm(about

&

300-900 acre-ft per yr). Thus, both methods, though
crude and subject to one or more assumptions, indicate
that the semiperched water may coatribute only a few
percent (1-5) of the ground water in the lower carbonats
aquifer.

UNDERFLOW FROM PAHRANAGAT VALLEY

Underflow from Pahranagat Valley (ID)
southwestward into the Ash Meadows ground-water
basin through the lower carbonate aquifer is compatible
with available chemical data. The spring water in
Pahranagat Valley has about one-third as much sodium
and potassium as that at Nevada Test Site and Ash
Meadows. Similarly, the Pahranagat water has about
one-half as much sulfate and chloride as that at Nevada
Test Site and Ash Meadows. If movement is
southwestward from Pahranagat Valley toward Nevada
Test Site, downward crossflow from the tuff aquitard
into the carbonate aquifer beneath Desert, northern
Three Lakes, and northern Indian Springs Valleys could
readily transform the chemical quality of Pahranagat
water into that of water in the lower carbonate aquifer
beneath eastern Frenchman Flat.

A comparison of the deuterium content of ground
water in Pahranagat Valley, along the flanks of the
Spring Mountains, and at Ash Meadows indicates that
about 35 percent of the Ash Meadows discharge couid
originate from Pahranagat Valley (and possibly Garden
and Coal Valleys). This conclusion is from the work of I.
J. Winograd and Irving Friedman (1969, 1972). A sum-
mary of their work follows.

Winograd and Friedman sampled major low-level
springs in Pahranagat Valley, at Ash Meadows, and
along the flanks of the Spring Mountains and the Sheep
Range. The springs sampled discharged either directly
from the lower carbonate aquifer or from valley fill
believed to be fed by the carbonate aquifer. Their data
are given in table 13.

TABLE 13. — Summary of deuterium content of water from major
springs, southern Great Basin, Nevada-California

[Anslyses by U.S. Geol. Survey, Denver, Colo}

Numberof Number 8D {permil devistion from SM.O.W )

Area sources
sampled samples Range Mean Median Standard
devistion
Pahransgat
Valley . .- 3 9 -110t0 =113 -113 -113 1
S S'h«p Range 8 12 9Tto ~108 102 102 3
Ash Mesdows . _ N 18 -Bto-110 -108 -107 3

The deuterium content of these waters is reported as
permil deviations (35 ) from S.M.0.W. (Standard Mean
Ocean Water). Winograd and Friedman showed that the
differences between the means of the three areas is
statistically significant at the conservative 0.01 level.
Comparing the means, they argued that about 35 per-
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cent of the Ash Meadows discharge comes from the lower
carbonate aquifer beneath Pahranagat Valley rather
than from recharge to the Spring Mountains or Sheep
Range. However, they pointed out that other inter-
pretations of the deuterium data are possible.

At this writing, it appears sate only to say that the
deuterium data are consistent with the hypothesis (for-
mulated on the basis of geologic, hydrologic, and
hydrochemical data) that water enters the Ash Meadows
ground-water basin from the northeast.

GROUND-WATER MOVEMENT IN AMARGOSA DESERT

Examination of data for Amargosa Desert on plate 3
provides some evidence on ground-water movement in
that valley. This evidence pertains to directions of
crossflow in the east-central Amargosa Desert, position
and possible effectiveness of the hydraulic barrier
responsible for the spring discharge, and sources of water
within the central part of the Amargosa Desert.

UPWARD CROSSFLOW IN THE EAST-CENTRAL AMARGOSA DESERT

The chemical quality of water from wells 17/52-8¢cl
and 17/51-1al (fig. 34 and pl. 3) in the east-central
Amargosa Desert, in the unnamed valley northeast of
the Ash Meadows spring line, suggests direct upward
crossflow from the lower carbonate aquifer into the
valley fill. Well 17/52-8¢1 is 400 feet deep and may tap
the lower carbonate aquifer as well as the valley-fill
aquifer; well 17/51-1al is 135 feet deep and penetrates
only valley fill (Walker and Eakin, 1963, table 3). A
gravity map of the area indicates that the Paleozoic
rocks are probably more than 1,500 feet below land sur-
face at well 17/51-1al. The chemical character of the
water from these wells (see area IIIB on pl. 3 and in table
8) closely resembles that of water discharging from the
springs at Ash Meadows, but it differs from that of water
in valley-fill aquifers in other valleys within the study
area. However, the median concentrations of principal
ions in the well waters are 10 to 20 percent lower than
median values for the same ions in the major springs at
Ash Meadows, and the median dissolved-solids content
is about 10 percent lower. The difference in absolute
jonic content suggests that the upward leakage from the
lower carbonate aquifer may have been diluted by
ground water of lower dissolved-solids content. Such
ground water might well have originated from local
recharge; local recharge from runoff is likely in this part
of the Amargosa Desert because the depth to water table
is very shallow — only 33 feet at well 17/52-8¢1 and 60
feet at well 17/51-1al.

High sodium, sulfate, and dissolved-solids contents
and low calcium and magnesium contents of water from
well 65-66 (pl. 3), relative to wells 17/51-1al and
17/52-8cl, are puzzling; they may result from upward
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leakage, which was forced to pass through a great
thickness of tuff aquitard enroute to the valley-fill(?)
aquifer.

SOURCES OF WAm IN THE CENTRAL AMARGOSA DESERT.

The chemical quality of ground water in the valley-fill
aquifer varies greatly from place to place in the central
Amargosa Desert (area IV, pl. 3) and thereby contrasts
with the more uniform chemical quality of water in the
aquifer in surrounding areas. Water belonging to three of
the four hydrochemical facies of table 8, as well as to the
playa facies, is found in this area (pl. 3); cnly the
calcium magnesium bicarbonate facies is absent. Some
of the water in the area west of the Ash Meadows spring
line is of the calcium magnesium sodium bicarbonate
facies, Water in the area between well 74-57 in western
Jackass Flats and well 16/48-23bl, northwest of the T
and T Ranch, is of the sodium and potassium bicar-
bonate facies. Pie diagrams of water from two :-ells in
the west-central and the northwestern parts of the valley
(wells 13/47-35a and 16/48-17al) resemble the pie
diagrams of the sodium sulfate bicarbonate facies found
in Death Valley (area VI). Finally, water from shallow
wells in the Death Valley Junction area is of the playa
facies; these wells are along the periphery of Alkali Flat,
where the depth to water ranges from 0 to 5 feet. Water
from one spring and one well does not fit this general
geographic distribution. Water from Ash Tree Spring
(17/49-35d1), for example, is of the sodium and
potassium bicarbonate facies, which differs from sur-
rounding sources. Water from well 17/50-29d1, west of
the inferred hydraulic barrier (fig. 34), is of the playa
facies. ,

The pattern just described indicates that ground
water in the central Amargosa Desert is probably derived
from at least three sources. Water of the calcium
ir .gnesium sodium bicarbonate facies most likely comes
from flow across the hydraulic barrier responsi*le for the
spring line at Ash Meadows. Water of the sodium
potassium bicarbonate facies southwest of Lathrop
Wells probably comes from western Jackass Flats, and
water in the west-central and northwestern Amargosa
Desert probably comes from QOasis Valley. Thus, the pie
diagrams of plate 3 suggest that water enters the central
Amargosa Desert from the east, north, and northwest.

Because of the diversity of source areas for the ground
water and uncertainties about the aquifers tapped by the
deeper wells in the central Amargosa Desert, no attempt
was made to define this water statistically, as was done
for the other populations in table 8.

Several other hydrologic inferences regarding the cen-
tral Amargosa Desert may be made from the available
chemical analyses, however:

1. The dissolved-solids content of water from wells
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74-57, 73-58, 15/49-22al, 16/49-9¢l, 16/48-15al,
and 16/48-23bl is significantly less than that of
water from other wells in the desert (pl. 3). In fact,
the first four wells yield the most dilute water
sampled in the study area, except for southeastern
Pahute Mesa. The six wells cited are along For-
tymile Wash or its distributaries. Timber Moun-
tain and Pahute Mesa highlands are tributary to
this prominent arroyo via Fortymile Canyon (fig.
1). The location of the cited wells along this
drainage suggests that the low dissolved-solids con-
tent may reflect recharge primarily via infiltration
along the arroyo bed rather than underflow from
areas north of Jackass Flats. Such infiltration may
not have been a significant source of recharge since
the last pluvial.

2. The low mineralization of the water tapped by wells

15/49-22al and 16/49-9¢1 (west and couth'vest of
Lathrop W .is) contrasts sharply with the
mineralization of the water from wells 15/50-18¢5
and 16/50-7cl (at and south of Lathrop Wells).
This contrast, suggesting that little ground water is
moving westward through the valley-fill deposits in
the area, is supported by water-level and geologic
data presented in the section ‘‘Possible Upward
Leakage South of Lathrop Wells.”

3. Chemical quality of water from well 17/50-29d1

resembles that of the playa facies despite the well’s
proximity to the spring line, about 3 miles, and its
relatively great depth, 530 feet. Water closely
resembling the spring discharge would have been
expected from a well of this depth and location.
The well was flowing about 5 gpm when sampled in
1962 (Walker and Eakin, 1963, table 3); at time of
sampling the bore was open to a depth of 471 feet.
The driller's log of this hole indicates alternating
clay and limestone strata to a depth of 245 feet, and
sand, gravel, and clay between 245 and 530 feet.
Evidence that the aquifer(s) tapped by well
17/50-29d1 is poorly connected to the lower car-
bonate aquifer was provided by a short pumping
test. Throughout a 4-hour pumping test the water
temperature remained at 19.5°C (R. H. Johnston,
written commun., Mar. 1967), sbout 8.3°C lower
than that in the lower carbonate aquifer, 3.5°C
lower than that of the coolest major spring (Soda
Spring; see fig. 35), and only 1.0°C above the mean
annual temperature at Lathrop Wells, The test also
showed that the gravel aquifer(s) was cut by at
least one negative hydraulic boundary (R. H.
Johnston, written commun., Mar. 1967). The low
temperaturs, in particular, indicates that ths water
tapped by the well does not come directly from the
lower carbonate aquifer. The anomalous chemical
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character of water from well 17/50-29d1 may refle

slow movement of water through Cenozo
aquitards.

POSSIBLE SOURCE OF SPRING DISCHARGE AT FURNA(
CREEK WASH-NEVARES SPRINGS AREA, DEATH VALLE

Hunt, Robinson, Bowles, and Washburn (1966) co
cluded that the water discharging from the major sprin
in the Furnace Creek Wash-Nevares Springs area
derived from Pahrump Valley. They stated (p. B40):
However, the composition of the water discharging in Death Val
differs in detail from that in the valley fill above Eagle Mountain *
but it is much like the water at the Ash Meadows springs, whi
suggests that the water discharging in Death Valley has had the sa
history as that discharging at Ash Meadows. Probably the water d
charging at the springs in Death Valley, like that at Ash Meadows.
derived directly from Pahrump Valley by movement along faults int
bedrock under the valley fill.

Plate 3, and table 8 indicate that the spring dischar
in the Furnace Creek Wash-Nevares Springs area diffe
markedly in chemical quality from the water
Pahrump Valley and to a lesser, but significant, exte
from spring discharge at Ash Meadows. Such differenc
alone do not preclude the movement postulated !
Hunt, Robinson, Bowles, and Washburn (1966), becau
the chemical quality of the water may change enroute
Death Valley. However, the available chemical analys.
suggest a more likely source for the Furnace Crec
Wash-Nevares Springs water than ground water :
Pahrump Valley. Figure 38 suggests that the Deas
Valley water may be a mixture (with addition of sulfa
and chloride) of water from Qasis Valley (area IIG) ar
Ash Meadows (area [TIA). Plate 3 suggests that the wat
may be closely related to that in valley fill beneath tl
west side of the Amargosa Desert. (See pie diagrams f
wells 13/47-35a, 16/48-17al, and 27N/4-27b2
Therefore, on the basis of chemical quality of water, tl
spring discharge at the Furnace Creek Wash-Nevar
Springs area seems to come from water in the valley-f
aquifer of the central and northwestern Amargosa Dese
rather than directly from Pahrump Valley or fro
Pahrump Valley via Ash Meadows. Whether water in t/
valley-fill aquifer can enter the lower carbonate aquifi
and thereby reach Death Valley, cannot, however, |
evaluated until head relations between these aquifers a
determined for the central and south-central Amargo
Desert.

SUMMARY OF HYDROCHEMICAL EVIDENCE ON REGION:
MOVEMENT OF GROUND WATER
Major inferences pertinent to the. ground-wat
regimen, made largely on the basis of hydrochemic
variations, are as follows:
1. Ground water beneath Nevada Test Site mov
towards the Ash Meadows area.
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2. Chemical quality of the water within the lower car-
bonate aquifer may not change markedly with
depth. Potable water may be present to depths as
great as 10,000 feet in the Ash Meadows ground-
water basin.

3. Sulfate and sodium contents in ground water in the
tuff aquitard Yeneath the Nevada Test Site in-
crease with depth, at least locally.

4. Ground water within the tuff aquitard drains into the
underlying lower carbonate aquifer beneath
Nevada Test Site and possibly also beneath the
valleys east and northeast of Nevada Test Site.

5. Leakage of water from the tuff aquitard into the lower
carbonate aquifer is probably less than 5 percent of
the water discharged at Ash Meadows.

6. Ground water may move into the Ash Meadows basin
from Pahranagat Valley and if so, may constitute
as much as 35 percent of the spring discharge at

, Ash Meadows.

7. Ground-water movement from Pahrump or Stewart

) Valleys into the Ash Meadows area is minor.

. 8. Ground water within the central Amargosa Desert

comes from the east, the north, and the northwest.

© 9. Flow from the central Amargosa Desert into Death

‘ Valley is the most likely source of the major spring

discharge in east-central Death Valley.

GROUND-WATER VELOCITY

A major objective of the study of the hydrogeology of
~ Nevada Test Site and vicinity was a determination of the
~ ground-water velocity in the principal aquifers and
aquitards. Velocity was determined for ground water in
the tuff aquitard in Yucca Flat and for water in the lower
carbonate aquifer in central Yucca Flat and beneath the
Specter Range. Velocity was not estimated for ground
water in the welded-tuff and valley-fill aquifers because
in Yucca and Frenchman Flats the movement of water
through these rocks is controlled by the surrounding and
underlying tuff aquitard.

Ground-water velocity in the tuff aquitard was deter-
mined using the equation

PI

V=_I

7.48p

where V is velocity, in feet per day; P is interstitial
' permeability, in gallons per day per square foot; [ is the
hydraulic gradient, in feet per foot; and p is interstitial
effective porosity expressed as a decimal. (A correction
for the effect of temperature on permeability may also be
incorporated into the formula but is not necessary for es-
timating velocity at Nevada Test Site. The possible
variations in P, I, and p far exceed corrections for

(1)
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temperature.) Values for P, p, and I were obtained from
tables 5 and 6.

Ground-water velocity in the lower carbonate aquifer
was determined using the equation

Q=Apv, (2)

where @ is underflow, in cubic feet per day; A is the
cross-sectional area of flow, in square feet; p is effective
fracture porosity, expressed as a decimal; and v is
velocity, in feet per day. Values for @, A, and p were ob-
tained from data in this report or were estimated.

The velocity determinations are crude in that they
vary by two to three orders of magnitude at each of the
three places where velocity was computed. Nevertheless,
the determinations are still valuable (for example, for
first approximation of the movement of certain
radionuclides) because of the major differences between
the velocity in the tuff aquitard beneath Yucca Flat, in
the lower carbonate aquifer beneath central Yucca Flat,
and in the lower carbonate aquifer beneath the Specter
Range.

VELOCITY OF MOVEMENT FROM THE TUFF AQUITARD
INTO THE LOWER CARBONATE AQUIFER IN YUCCA FLAT

Ground water in the tuff aquitard beneath Yucca Flat
is semiperched above the lower carbonate aquifer and is
slowly draining into the deeper aquifer through the
clayey tuff at the base of the aquitard or by movement
toward a centrally located hydraulic sink. Movement of
water in the aquitard by either method is probably con-
trolled by interstitial permeability.

The estimated average velocities are given in table 14,
which shows flow rates for two limiting conditions and
for an intermediate condition. For first condition, where
P=0.00005 gpd per sq ft and p=10 percent (or 0.10 for
computations), the interstitial permeability of the
clayey tuff exerts principal control on the rate of
downward movement. This condition results in a
minimum value of velocity. For the third condition,
where P=0.005 gpd per sq ft and p=30 percent, the in-
terstitial permeability of zeolitized tuff controls
downward movement of water and results in maximum
velocity values. These permeability and porosity values
approximate the median values determined from
laboratory analyses of cores of zeolitized and clayey tuff
and clayey sediments. (See table 5.) The limiting values
of the vertical hydraulic gradient for each condition are
taken from table 6. The average hydraulic gradient
within the clayey tuff at the base of the aquitard may be
greater than the 0.2 foot per foot, but even a threefold in-
crease in gradient does not produce a significant in-
crease in average velocity.

The significance of the computations in table 14 is
that the average velocities of downward movement are
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TABLE 14. — Estimated ground-water velocity in tuff aquitard, Yucea Flat, Nye County

Interstitial Effective Hydraulic Average vertical Years for Volume of
permeability i itial ient velocity water downward
(gpd per porosity (ft to move leakage

q £ty (parcent) pet ft} Feet Feet 1.000 (nere-ft
P) p) {7 perday  peryear ft peryr)
0.00005 0 0.02 1x10-* 5x10-* 2x10* 2
.2 1X10-% 5x10-3 2x10° 20
.0005 20 .02 7x10-% 2Xx10~ 4x10° 20
2 7X10°% 2x10-? 4x10* 200
.005 30 .02 4x10-% 2x10-? 6104 200
.2 4X107¢ 2x10-! 6x10° 2,000

A vertical flow through area of 66 sq mi (sbout (8x 10 sq ft)

extremely small regardless of input data. Estimated ver-
tical velocities range from 5x10-* to 0.2 foot per year.
Most of the data in the table represent permeability
measured approximately parallel to bedding, which is
generally greater than vertical permeability. If data on
vertica] permeability were available, flow rates in the
table would probably be somewhat smaller than shown.

The average vertical velocities in table 14 are reduced
significantly if the water in the tuff aquitard is assumed
to move laterally toward a sink in the center of the valley
from which it then moves vertically into the lower car-
bonate aquifer. (See section “Intrabasin Movement."”)
The average horizontal component of hydraulic gradient
in the tuff aquitard ranges from 14,, to 13 of the ver-
tical gradient. (See table 6.) The average velocities given
in the table would be reduced proportionately if move-
ment were predominantly horizontal.

Velocities in table 14 may be used to obtain rough
values of the age of ground water within the tuff
aquitard. The saturated thickness of the tuff aquitard
ranges from a few to as much as 1,500 feet. Assuming an
average saturated thickness of 1,000 feet, the average
time needed for a water particle to move from the top to
the bottom of the tuff aquitard is about 6,000 to
2,000,000 years; if lateral movement to a centrally
located hydraulic sink is assumed, considerably older
ages are indicated, at least for the water in the lower
parts of the aquitard. Because the head differential
between the tuff aquitard and the lower carbonate
aquifer probably was greater during and immediately
after the close of the last pluvial period (about 9,000 yr
ago), ground watar near the base of the tuff aquitard to-
day probably moved through higher parts of the aquitard
in less time than present hydraulic gradients suggest.

A carbon-14 date of water from the valley-fill aquifer
in Frenchman Flat suggests that the age of the ground
water in the tuff aquitard is probably in the range of
several tens of thousands of years. This water, from well
74-70a (fig. 31), is about 13,000 years old (Grove and
others, 1969). Accordingly, water in the tuff aquitard
beneath this well site is probably at least several tens of
thousands of years old; an age of several hundred thou-
sand years is not beyond imagination for waters near the
base of the aquitard in Yucca or Frenchman Flats.

VELOCITY WITHIN THE LOWER CARBONATE AQUIFER
BENEATH CENTRAL YUCCA FLAT

Average ground-water velocity within the lower cap.
bonate aquifer beneath central Yucca Flat was es.
timated through use of the formula Q@ =Apv. The formuls
requires an estimate of the flow through the aquifer (g,
in cubic feet per day), the cross-sectional area of flow (4,
in square feet), and the effective fracture porosity (p, as
a decimal). Of the vanables, the volume (Q) and the
cross-sectional area (A) of flow are reasonably welj
known. However, the magnitude of the effective fracture
porosity (p) is difficult to estimate. It may be as large as
1 or 2 percent, a value suggested by examination of out-
crops of the carbonate aquifer, or conceivably as low as
0.01 percent, suggested by the sparseness of water.
bearing fractures penetrated in test holes. Thus, a varia.
tion of two orders of magnitude in effective fracture
porosity is possible. In contrast, estimates of the volume
of flow and the cross-sectional area of flow are probably
in error by less than a factor of 2 or 3.

The area of underflow (A) used in the computation of
velocity across central Yucca Flat was assumed to be 10
‘miles long and 5,000 feet thick. The fence diagram for
Yucca Flat (pl. 24). and cross sections by Harley Bames
(unpub. data) suggest that the underflow area may be as
much as 1Yz to 2 times as large as the assumed area but
refinement of the area of underflow is not warranted
because of the potentially large variation in effective
porosity.

The quantity of water moving through the lower car-
bonate aquifer beneath central Yucca Flat probably is
less than 350 acre-feet per year (see discussion in section
“Quantity Derived From Northwest Side of Basin,”’) and
is considered equivalent to the sum of (1) downward
leakage from the tuff aquitard; (2) underflow into the
aquifer from east and west through the lower and upper
clastic aquitards; and (3) possible underflow into the
aquifer from the west through the lower carbonate
aquifer, which underlies the upper clastic aquitard.

Estimates of the velocity in the lower carbonate
aquifer beneath central Yucca Flat for the cited values
for Q and A are summarized in table 15. The estimated
velocity ranges from 0.02 to 2.0 feet per day, or from 6 to

600 feet per year. The variation of two orders of




magnitude reflects the uncertainty of the magnitude of
effective fracture porosity. The velocity estimates for

each assumed porosity are maximum values, because

: the cross-sectional area used was a minimum area and
- because only half of the 350 acre-feet is likely to have

originated north of the centrally located section of un-
derflow.

The velocities cited in the table are average velocities,
and locally the velocity may exceed the average by
several times. Marked areal variations in fracture
transmissibility of the aquifer are expected, as is in-
dicated by the spread of three orders of magnitude in
values of fracture transmissibility (table 3). Discussion

-of the possibility of above-average velocities on a

regional scale is presented in a following section of the
report.

VELOCITY WITHIN THE LOWER CARBONATE AQUIFER
BENEATH SPECTER RANGE

An estimate of probable upper limits of ground-water
velocity within the lower carbonate aquifer in the study
area is obtained by computing the average flow rate
through the Specter Range. Such flow rates are of value
in evaluating those estimated for the lower carbonate
aquifer in Yucca Flat.

The cross-sectional area of flow is assumed to be 5
miles long and 5,000 feet thick. Flow through the cross
section is considered equivalent to the measured dis-
charge at Ash Meadows, about 17,000 acre-feet per year.
The average porosity is assumed to range from 0.01 to 1
percent; these values probably satisfactorily bracket the
possible range in effective fracture porosity of this
aquifer. Ground-water velocity ranges from 2 to 200 feet
per day. (See table 15.) The spread of two orders of
magnitude in values of average velocity is due to uncer-
tainty of the average fracture porosity.

The average-velocity estimates for the Specter Range

- area are considered to be probable upper limits of

velocities for the lower carbonate aquifer, because
beneath the Specter Range virtually the entire discharge
of the Ash Meadows basin passes through a minimum
underflow area. The possible errors in @ and A are
probably less than 100 percent. Elsewhere in the flow
system, the ground-water velocity must be considerably
smaller either because @ is markedly smaller, as in Yuc-
ca Flat, or because A is much larger, as it probably is
beneath Frenchman Flat.

The estimated average velocities beneath the Specter
Range are about 100 times larger than those for the lower
carbonate aquifer beneath central Yucca Flat. This
difference principally reflects the differences in values of
Q. The velocity within the lower carbonate aquifer
beneath Yucca Flat is about 10° to 10¢ times greater than
the estimated velocity within the tuff aquitard (table
14).
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TABLE 15. — Est -~ted ground-water velocity in lower carbonate
aquifer beneath central Yucca Flat and Specter Range. Nye County

Assumed
average
effective
fracture

Average velocity

Years for water
to travel ! mife

Area
Feet
per year

' Feet
porosity per day
{percent}

Central 1.0
Yucca .
Flat. 1

Specter
Range. 5

oo 08888

9
, 5
60,000 .09

EVIDENCE BEARING ON POSSIBLE FLOW THROUGH
INTEGRATED SOLUTION CHANNELS OR HIGHLY
PERMEABLE FRACTURE ZONES OF REGIONAL EXTENT

Three prominent solution caverns in or near the study
area — Devils Hole, Gypsum Cave, and Worthington
Cave — and the widespread development of caverns
beneath other carbonate-rock terrane raise the
possibility that a regionally integrated cavern system
may exist beneath the study area. Such a system could
readily result in flow velocities an order of magnitude
higher than the average velocities cited for the Specter
Range. Similarly, if zones of above-average fracture
transmissibility are well connected regionally, the
average flow rates cited would not be of value for current
and future radiologic-safety appraisals of Nevada Test
Site. These two possibilities are examined below.

Outcrop observations and drill-hole data for the
Nevada Test Site and vicinity, presented in the section
“Lower Carbonate Aquifer,” indicate that solution
caverns probably are not important controls of the
regional movement of ground water. Furthermore, if an
undetected integrated system of solution channels ex-
ists, it must have formed after the cessation of the block
feulting (since late(?) Pliocene or early Pleistocene),
wiach would have dismembered channels formed earlier
& 4 probably brought some to view.

The following suggest that development of extensive
solution networks in the study area since the late
Pliocene or early Pleistocene is unlikely:

1. The climate of most of the study area may have been
semiarid during part or all of the Pleistocene. Much
of the present relief of the Sierra Nevada developed
during Pleistocene time, but some may have
developed before early Pliocene (Christiansen,
1966, p. 177). Therefore, the study area probably
was in the rain shadow of the Sierra Nevada at
least during a part of the Pleistocene. Development
of soils rich in organic matter, the major source of
carbon dioxide in ground water, was probably
marginal during this time except on the Spring
Mountains and Sheep Range.

SN
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2. If major cavern development is restricted to the zone
immediately beneath a water table, as suggested
by recent work (Davies, 1960; White, 1960; G. W.
Moore, 1966a,b; and Bedinger, 1966), then solution
is significant only beneath those areas where the
lower carbonate aquifer is under water-table con-
ditions — namely, beneath the ridges. Solution
would be unlikely where the aquifer is buried by
tens to hundreds of feet of saturated Tertiary rocks.
In the Allegheny Plateau, Davies (1960) noted that
“numerous deep oil wells that have penetrated the
otherwise cavernous Mississippian and Devonian
limestones have not encountered any significant
cavern openings where the cover over the limestone
is more than 100 feet thick and the site of the well is
away from major valleys.” Solution in the zone of
saturation may not even occur in southern Nevada,
even beneath areas where the aquifer is uncon-

_ fined, because the available carbon dioxide might
be completesy used in dissolving carbonate rocks in
the vadose zone, hundreds to more than 1,500 feet
thick.

3. Except near major discharge areas, solution caverns
formed at or near the water table during any of the
pluvials would now be several feet to possibly tens
of feet above the water table,

4. Finally, even in humid areas most explored caverns
are only a few thousand feet long. The passages in
the largest of the caverns aggregate several miles in
length, but most caverns are areally small features.
Moreover, most of the major caverns occur along
large valleys; the passages in the major caverns
decrease in size, though they are more numerous, in
the part of the cavern away from major valleys
{Moore, 1960, 1966a).

In conclusion, some solution caverns are found within

the carbonate aquifer, and, undoubtedly, others will be
discovered by drilling, particularly near major discharge
areas. However, the probability for regionally integrated
solution channels through which ground water flows at

high velocities over distances of miles appears low, ex-
cept in the immediate vicinity of the major discharge
area and possibly in the vicinity of major hydraulic
barriers.

If regionally integrated zones of above-average frac-
ture transmissibility exist, they also probably formed
after the middle to late Tertiary block faulting. Qutcrop,
drill-hole, and potentiometric data and geologic map-
ping suggest that klippen (erosional remnants of
overthrust sheets, or gravity slump blocks) and rocks in
areas of intense structural deformation (that is, the
Specter Range) have above-average fracture
transmissibility. Most of the deformation of the
Paleozoic carbonate rocks occurred during the Late
Cretaceous and early Tertiary orogeny. The overthrust

sheets and other structures in the Paleozoic rocks pots,
tially favoring high transmissibility are now discop
tinuous due to (1) the deep erosion of the carbonate roq,
postdating the orogeny and (2) the repeated offset o
these rocks by middle to late(?) Tertiary block faulti,
Thus, if zones of above-average fracture transmissibilit}.
are to be continuous over distances of miles, avenues o
above-average transmissibility must exist along the Ty,
tiary fault planes. Possible evidence against gy
hydraulic connection is suggested by the presence of one
or more hydraulic barriers in two-thirds of the wells tey,
pumped.

In summary, the authors are not claiming that 4
zones of above-average fracture transmissibility ap
isolated from each other, that individual or combineg
zones may not extend for thousands of feet, or that th,
rocks in some areas, such as the Specter Range, are ng
more transmissible than rocks in other areas, such g
Yucca Flat. They believe that zones of above-averag
fracture transmissibility are probably separated by
zones of average and below-average transmissibility ang,
therefore, that the continuity of zones of above-averag
transmissibility over distances of tens of miles is im.
probable.

RECOMMENDATIONS FOR FURTHER STUDY

Because of the geologic complexity of the region, the
drilling of tens of additional deep test holes, although it
would increase the qualitative knowledge of the system,
might not result in a quantitative understanding of the
hydrogeology of the area. However, the following three
steps are suggested as a modest means of testing and

-adding to existing knowledge when and if a reevaluation

of the hydrogeology of the area is required.

1. Study of the isotopic content of water from all wells
and major springs in the study area, including the
large springs in Pahranagat, Pahrump, and Death
Valleys. The isotopes of importance are C'¢, C¥*, I,
D, 0%, and, possibly, S**. Water from the base of
the tuff aquitard should also be sampled and dated
wherever possible, in order to evaluate the in-
fluence of the downward leakage on the isotopic
content of the water in the lower carbonate aquifer.

2. Drilling of three additional test holes through the en-

tire thickness of the lower carbonate aquifer to

determine changes in character, frequency,
permeability, head, and water chemistry of the
water-bearing fractures with depth. One hole
should be drilled near the center of the major
trough in the potentiometric surface (pl. 1) either
immediately northeast or southwest of the Specter
Range. A second hole should be drilled in northern
Desert Valley in the vicinity of the southernmost

dry hole shown on plate 1. The third well should be
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drilled in the narrow valley between southern
Sh:ep 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.

SUMMARY

\_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.

Precambrian to Middle Cambrian strata are
predominantly quartzite and siltstone 10,000 feet thick.
The Middle Cambrian to Upper Devonian strata are

chiefly limestone and dolomite 15,000 feet thick. Upper

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

e
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Permian rocks are chiefly limestone about 4,000 feet
thick. No major unconformities or disconformities
marked by deep subaerial erosion of underlying rocks oc-
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 of
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
hydraulic properties, lithologic character, and
stratigraphic position. The hydrogeologic units, in order
of decreasing age, are: Lower clastic aquitard, lower car-
bonate aquifer, upper clastic aquitard, upper carbonate
aquifer, tuff aquitard, lava-flow aquitard, bedded-tuff
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
interstitial permeability rather than fracture
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.

The water-bearing fractures are probably solution-
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modified joints, fault zones, and breccia. Drill-stem tests
in eight holes suggest that the water-bearing fractur .
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
raverns 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 Jis-
tributed, the upper .iastic 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
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mudflow, fluvial deposits, and lake beds. The coefficien,
of transmissibility of the valley-fill aquifer at six wel|
sites ranges from 800 to about 34,000 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 th,
saturated thickness of the hydrogeologic units diffe,
from unit to unit and place to place. The structural relief
on the pre-Tertiary hydrogeologic units common]y
ranges from 2,000 to 6,000 feet within distances of a fey
miles and locally is as much as 500 feet within distances

-of 1,000 feet. Thus, the lower carbonate aquifer, which is

generally buried and fully saturated at depths of hun.

"dreds to thousands of feet below most valley floors, is

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, or
largely, above the zone of saturation. Also, because of
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

table. The coefficient of transmissibility of this aquitard{.ridges-and valleys of the study area.

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-
terstitial permeability 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,

Vertical displacement, ranging from hundreds to
thousands of feet along block faults, affects the subsur-
face disposition and saturated thicknesses of the tuif
aquitard and the welded-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 toff
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
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hydrogeologic units. Interbasin movement characterizes
flow through the lower carbonate aquifer underlying
most ¢! the valleys and ridges of south-central Nevada.
Within the Nevada Test Site, water moves south and
yuthwestward beneath Yucca and Frenchman Flats,
‘lﬂercury Valley, and the east-central Amargosa Desert
toward a major spring discharge area, Ash Meadows, in
the Amargosa Desert. The hydraulic gradient ranges
from 0.3 to 5.9 feet per mile. Interbasin movement
through the carbonate rocks is significantly controlled by
geologic structure. In the vicinity of major structures,
the lower carbonate aquifer is compartmentalized either
through its juxtaposition against the lower or upper
clastic aquitard along major normal or thrust faults, by
the 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
such 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
-~veral intermontane valleys northeast of the study area
\_J4m 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 MNeadows 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
that has moved only through the lower carbonate aquifer
or through \alley 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 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 mgA)
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 probabl:- less than 5 percent of
the spring discharge at Ash Meadows.

4. Underflow into the Ash Meadows basin, from
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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