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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started
in 1978 following a congressional mandate to develop quantitative apprais-
als of the major ground-water systems of the United States. The RASA
Program represents a systematic effort to study a number of the Nation’s
most important aquifer systems, which in aggregate underlie much of the
country and which represent an important component of the Nation’s total
water supply. In general, the boundaries of these studies are identified by
the hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in
the past. The broad objective for each study is to assemble geologic, hydro-
logic, and geochemical information, to analyze and develop an understand-
ing of the system, and to develop predictive capabilities that will contribute
to the effective management of the system. The use of computer simulation
is animportant element of the RASA studies, both to develop an understand-
ing of the natural, undisturbed hydrologic system and the changes brought
about in it by human activities, and to provide a means of predicting the
regional effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in
a series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system. Each
study within the RASA Program is assigned a single Professional Paper
number, and where the volume of interpretive material warrants, separate
topical chapters that consider the principal elements of the investigation
may be published. The series of RASA interpretive reports begins with
Professional Paper 1400 and thereafter will continue in numerical sequence
as the interpretive products of subsequent studies become available.

e Lo,

Gordon P. Eaton
Director
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CONVERSION FACTORS AND VERTICAL DATUM

Inch-pound units of measure used in this report may be converted to International System of
units (SI) by using the following factors

Multiply By To obtain
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.1894 meter per kilometer
foot per year (ft/yr) 0.3048 meter per year
gallon (gal) 3.785 liter
inch (in.) 25.40 millimeter
square mile (mi“) 2.590 square kilometer

Temperature: Degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by using the
formula °F = [1.8(°C)1+32.

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.






REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN, NEVADA-UTAH

GEOCHEMISTRY AND ISOTOPE HYDROLOGY OF REPRESENTATIVE
AQUIFERS IN THE GREAT BASIN REGION OF NEVADA,
UTAH, AND ADJACENT STATES

By James M. Tuomas, Aran H. WeLch, and MicaaeL D. DerTINGER

ABSTRACT

The Great Basin region of Nevada, Utah, and adjacent States,
contains approximately 260 basins, which form 89 ground-water flow
systems. These flow systems are primarily in unconsolidated basin-
fill deposits and in carbonate rock that surround the basin-fill depos-
its in the eastern Great Basin. This report briefly describes the
general quality and chemical character of the ground water, dis-
cusses in detail the geochemical and hydrologic processes that pro-
duce the chemical and isotopic compositions of water in the two
principal flow systems (basin fill and carbonate rock), delineates flow
systems in carbonate-rock aquifers of southern Nevada, and dis-
cusses ground-water ages and resulting flow velocities within those
carbonate-rock aquifers.

Water in aquifers of the Great Basin generally contains less
than 1,000 milligrams per liter of dissolved solids, except in natural-
discharge and geothermal areas. Aquifers in industrial, mining,
urban, and agricultural areas and aquifers containing highly soluble
evaporative salts and minerals may contain water having either dis-
solved-solids concentrations greater than 1,000 milligrams per liter
or elevated concentrations of constituents that are considered unde-
sirable for certain uses of the water or both. Generally, the chemical
character of ground water in the Great Basin is dominated by
sodium, calcium, and bicarbonate in basin-fill aquifers in the pre-
dominantly volcanic terrain of the western part of the basin; calcium,
sodium, magnesium, and bicarbonate in basin-fill aquifers in the
eastern part of the basin; and calcium, magnesium, and bicarbonate
in carbonate-rock aquifers in the eastern part of the basin. The chem-
ical character of ground water concentrated by evapotranspiration in
discharge areas is generally dominated by sodium, chloride, and sul-
fate.

In Smith Creek Valley in west-central Nevada, the chemical and
isotopic composition of ground water in a hydrologically closed basin-
fill aquifer evolves as the water moves from recharge areas to the dis-
charge area. Evapotranspiration concentrates the dissolved solids of
precipitation in the recharge areas. This concentrated precipitation
dissolves carbon dioxide gas and volcanic groundmass and pheno-
crysts (dominantly albite and anorthite), chalcedony precipitates
from the water, and kaolinite forms by incongruent dissolution, pro-
ducing a sodium calcium bicarbonate water. In addition, small
amounts of gypsum, potassium feldspar, and biotite dissolve. In the
terminal playa area, where the basin-fill deposits grade into finer

grained sediments, the exchange of calcium and magnesium in the
water for sodium on clay minerals causes the sodium calcium bicar-
bonate water to evolve into a sodium bicarbonate water. Calcium also
may be removed from the water by the weathering of plagioclase to
calcium sodium montmorillonite and the precipitation of a zeolite
mineral. In this part of the aquifer, the dissolution of carbon dioxide
gas, albite, anorthite, and potassium feldspar, the precipitation of
chalcedony, and the formation of kaolinite continue. In addition, sul-
fate is reduced to hydrogen sulfide gas. Where ground water dis-
charges by transpiration and evaporation, chloride-containing
evaporative salts dissolve and calcite and zeolite minerals precipi-
tate, causing the sodium bicarbonate water to evolve into a sodium
chloride water. Evapotranspiration of the ground water also results
in heavier deuterium and oxygen-18 compositions.

In the carbonate-rock aquifers of southern Nevada, water in
recharge areas dissolves calcite, dolomite, and carbon dioxide gas
and rapidly reaches saturation with respect to calcite and dolomite.
This water contains predominantly calcium, magnesium, and
bicarbonate. Heating of this calcite-saturated water during deep cir-
culation results in the precipitation of calcite. In most of the carbon-
ate-rock aquifers, the following reactions take place: Gypsum (or
anhydrite) dissolves, causing dolomite to dissolve, which in turn
causes calcite to precipitate (dedolomitization); chalcedony precipi-
tates; calcium and magnesium in the water exchange for sodium
in clays; kaolinite forms; and, in some spring areas, carbon dioxide
gas exsolves. In parts of the aquifers, water with high concentrations
of sulfate and sodium leak into the aquifer from an overlying low-per-
meability unit. In addition, halite dissolves, sodium and potassium
probably are added to the water by the dissolution of volcanic glass,
volcanic-rock minerals (dominantly albite and potassium feldspar),
and zeolite minerals (probably clinoptilolite); all of which are present
in parts of the study area. Thus, outside the recharge areas of the car-
bonate-rock aquifers in southern Nevada, sodium, sulfate, and chlo-
ride can be major constituents dissolved in the water. Waters within
the carbonate-rock aquifers that originate in different areas and con-
tain different chemical and isotopic compositions can mix, producing
a water that is chemically and isotopically different from the source
waters.

Regional ground-water flow systems in the carbonate-rock aqui-
fers of southern Nevada were delineated using deuterium, water
chemistry, and adjusted carbon-14 ages. The results are as follows:
(1) Ground water discharging at the terminus of the White River flow
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system (Muddy River springs) is a mixture of 40 percent Pahranagat
Valley water, 38 percent Sheep Range water, and 22 percent south-
ern Meadow Valley Wash water. (2) Ground water discharging at the
terminus of the Ash Meadows flow system (Ash Meadows springs) is
a mixture of 60 percent Spring Mountains water and 40 percent Pah-
ranagat Valley water. (3) Las Vegas Valley receives all, or almost all,
its ground water from the Spring Mountains (the Sheep Range may
supply a small amount to northern Las Vegas Valley). (4) Pahrump
Valley receives all its ground water from the Spring Mountains.

Ground-water flow velocities in the carbonate-rock aquifers cal-
culated from adjusted carbon-14 ages are slower than those calcu-
lated from hydrologic data. Velocities calculated from adjusted ages
range from 9.6 to 144 feet per year, whereas velocities calculated
from hydrologic data range from 50 to 740 feet per year. The discrep-
ancy in velocities indicates that ages and average hydraulic conduc-
tivities used for the calculations may be overestimated, and effective
porosity and flow path length may be underestimated.

INTRODUCTION

The Great Basin, as delineated in this study,
includes approximately 260 individual hydrographic
areas. These areas can be grouped into 39 flow systems
(Harrill and others, 1988), in which ground water flows
toward a common hydrographically low discharge area
(fig. 1). Some of the larger systems contain subsystems
that discharge water at intermediate (higher) posi-
tions. The principal aquifers within these flow systems
are basin-fill deposits and carbonate rock (Harrill and
others, 1988). Volcanic rock form aquifers of local
importance, but in Nevada less than 1 percent of total
ground-water withdrawal is from volcanic rock (Frick
and Carman, 1990, p. 354-356). Highly permeable
basin-fill aquifers can be surrounded by generally low-
permeability volcanic rock, or by high-permeability
carbonate rock. Where basin-fill aquifers are sur-
rounded by low-permeability rock, ground-water flow
is mostly contained within the basin-fill sediments.
Basin-fill aquifers are present primarily in the western
Great Basin, where volcanic rock predominate, and
they consist of single-valley, or multivalley, flow sys-
tems. In multivalley systems, the basin-fill aquifers are
linked by ground-water flow through basin-fill depos-
its. Basin-fill aquifers also may be hydrologically
linked by rivers because of the interaction of surface
water and ground water near the rivers. The basin-fill
aquifers surrounded by high-permeability rock (mostly
carbonate rock) are generally in good hydrologic con-
nection with the underlying and adjacent rock, result-
ing in deep (several thousand feet) and extensive
(hundreds of square miles) ground-water flow within
the basin-fill deposits and the surrounding rock.

Highly permeable carbonate-rock aquifers form
regional systems in which ground water flows in basin-
fill deposits and in carbonate rock that transmit the
flow beneath topographic boundaries. These flow
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FIGURE 1.—The 39 major flow systems of the Great Basin,

as delineated by Harrill and others (1983, fig. 3).
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systems are in the eastern part of the study area
(fig. 1), where sequences of carbonate rock generally
are more than 20,000 ft thick (Plume and Carlton,
1988).

In 1978, the U.S. Geological Survey began a series
of Regional Aquifer-System Analysis (RASA) studies to
aid effective management of the Nation's ground-water
resources by providing information on the hydrology
and geochemistry of the Nation's major aquifers (Ben-
nett, 1979). The Great Basin RASA study is the 10th in
this series. The objectives of the geochemistry part of
the RASA studies are to describe the quality of water in
aquifers on a regional scale and to determine the
geochemical processes that produce the observed water
chemistry. As work on the Great Basin RASA study
was nearing completion, the State of Nevada began a
study of the carbonate-rock aquifers of eastern and
southern Nevada involving the U.S. Geological Survey,
Bureau of Reclamation, and the Desert Research Insti-
tute. The overall objective of this study was to explore
the potential for developing the carbonate-rock aqui-
fers as water supplies (U.S. Department of the Interior,
1985). In the carbonate-rock aquifers study, geochemi-
cal information was used extensively to delineate
ground-water flow systems of southern Nevada. This
report incorporates the geochemical findings of both
studies.

PURPOSE AND SCOPE

The purposes of the study upon which this report is
based were to (1) briefly describe the general chemical
character of ground water in the Great Basin; (2) iden-
tify and illustrate by examples the processes that pro-
duce the chemical and isotopic compositions of water in
representative aquifers of the Great Basin; (3) delin-
eate ground-water flow paths and mixing of water in
the carbonate-rock aquifers of southern Nevada using
chemical and isotopic data; and (4) determine ground-
water ages and use these ages to calculate flow veloci-
ties of ground water in the carbonate-rock aquifers in
southern Nevada, and compare these velocities with
velocities calculated using hydrologic data.

The Great Basin RASA study encompassed most of
Nevada, the west half of Utah, and small parts of Ari-
zona, California, Idaho, and Oregon. This 140,000-mi?
area contains 39 ground-water flow systems (fig. 1;
Harrill and others, 1988, table 1). In this report, gen-
eral ground-water quality is briefly described for the
entire area and geochemical processes affecting chemi-
cal and isotopic compositions of ground water are
described in detail for two principal types of flow sys-
tems: a hydrologically closed basin-fill aquifer (Smith

Creek Valley) and a regional system in which ground
water flows through several valleys in basin-fill and
carbonate-rock aquifers (southern Nevada).

SAMPLING METHODS AND
GEOCHEMICAL DATA

Alkalinity, pH, temperature, specific conductance,
and dissolved oxygen were measured at each sampling
site. Water samples for major-ion analyses were fil-
tered through a 0.45-ym membrane filter and stored in
polyethylene bottles. Samples for cation analysis were
acidified to a pH of about 1.5 with nitric acid (Wood,
1976). Samples for nutrient analyses were stored in
opaque bottles, preserved with mercuric chloride, and
kept at 4°C until analyzed. Dissolved organic carbon
samples were filtered in a stainless steel assembly
using a 0.45-um silver membrane filter, stored in glass
bottles, and kept at 4°C until analyzed. Samples for
deuterium, oxygen-18, and tritium analyses were col-
lected in glass bottles. Samples for carbon-14 analysis
were collected in a 2-L linear polyethylene bottle that
was attached to the bottom of a 50-gal precipitation
tank. The tank was flushed with nitrogen gas prior to
being filled with water. The pH of the water was raised
to above 10 by adding a CO,-free sodium hydroxide
solution to convert all dissolved carbon to carbonate,
and then a CO,-free strontium chloride solution was
added to the water to precipitate strontium carbonate.
Samples for carbon-13 analysis were collected in a 1-L
glass bottle by flushing the bottle with several volumes
of sample water, filling the bottle with sample water,
and then precipitating strontium carbonate with a
CO,-free ammoniacal strontium chloride solution. For
both carbon isotope samples, suspended particles were
filtered out of the water with an in-line filter closed to
the atmosphere.

Major-ion and nutrient concentrations were deter-
mined by the National Water-Quality Laboratory of the
U.S. Geological Survey, in Arvada, Colo., and the
Desert Research Institute Laboratory in Reno, Nev.
Dissolved organic carbon was analyzed at the U.S. Geo-
logical Survey National Water-Quality Laboratory.
Deuterium and oxygen-18 were analyzed by the U.S.
Geological Survey Research Laboratory in Reston, Va.,
and the Desert Research Institute Isotope Laboratory
in Las Vegas, Nev. Carbon isotopes were analyzed by
the U.S. Geological Survey National Water-Quality
Laboratory, the Desert Research Institute Isotope Lab-
oratory in Las Vegas, Nev., and the Teledyne Isotope
Laboratory in Westwood, N.J. Tritium was analyzed at
the U.S. Geological Survey National Water-Quality
Laboratory and the Desert Research Institute Isotope
Laboratory in Reno, Nev.
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GENERAL CHEMICAL CHARACTER OF
GREAT BASIN GROUND WATER

Most water in the principal aquifers of the Great
Basin, except in natural discharge and geothermal
areas, contains less than 1,000 milligrams per liter
(mg/L) of dissolved solids. Ground water in industrial,
mining, urban, or agricultural areas, as well as in
areas affected by dissolution of readily soluble miner-
als, can contain dissolved-solids concentrations in
excess of 1,000 mg/L or constituent concentrations
above National and State drinking water standards, or
both (Lamb and Woodward, 1988; Parliman, 1988; Tho-
mas and Hoffman, 1988; Waddell and Maxell, 1988).

Water containing natural (in contrast to human-
affected) concentrations of dissolved solids exceeding
1,000 mg/L generally is in areas of evapotranspiration,
evaporite deposits, or geothermal activity. Evapotrans-
piration in areas of shallow ground water (generally
less than 20 ft below land surface) increases the dis-
solved-solids concentration of the residual water.
Evapotranspirative concentration is most prevalent in
ground-water discharge areas, such as playas, at the
distal end of flow systems.

Evaporite salts and minerals, such as gypsum and
halite, are highly soluble, and their dissolution results
in a marked increase in dissolved solids. Evaporite
salts and minerals are generally present in playa areas
and in carbonate rock of Permian and younger age in
the Great Basin (Hintze, 1980; Stewart, 1980).

Geothermal heating of water in aquifers generally
produces higher concentrations of dissolved solids
because the solubility of most minerals increases with
temperature. Geothermal waters also can contain high
concentrations of undesirable constituents, such as
arsenic, boron, fluoride, and lithium. Geothermal activ-
ity occurs in localized areas throughout the Great
Basin because of the extensional tectonic processes
that have formed the characteristic basin-and-range
structure (Fiero, 1986).

Human-induced degradation of water quality in
industrial, mining, urban, and agricultural areas of the
Great Basin is covered in several articles of the 1986
National Water Summary (Lamb and Woodward, 1988;
Parliman, 1988; Thomas and Hoffman, 1988; Waddell
and Maxell, 1988).

The chemical composition of water in basin-fill
aquifers of the Great Basin containing less than 1,000
mg/L dissolved solids generally is dominated by cal-
cium, sodium, magnesium, and bicarbonate. The chem-
ical composition of water in basin-fill aquifers
containing more than 1,000 mg/L dissolved solids gen-
erally is dominated by sodium, chloride, and sulfate.
The chemical composition of water in carbonate-rock
aquifers of the Great Basin generally is dominated by
calcium, magnesium, and bicarbonate. Sodium also can
be a dominant ion in these waters if volcanic rock or
clay minerals are present before the ground water
enters the carbonate-rock aquifers, or are found within
the aquifers.

The chemical composition of water recharging
aquifers in the Great Basin is derived from dissolution
of soil-zone minerals and CO, gas. Chemical composi-
tion can change along flow paths as different processes
take effect or as ground water comes in contact with
different minerals. The chemical types of ground water
in the principal aquifers of the Great Basin, based on
the dominant ions dissolved in the water, are shown on
four State maps at a scale of 1:500,000 (Thompson and
Chappell, 1984a, b; Thompson and Nutter, 1984;
Thompson and others, 1984) and in detail on 14 maps
showing most of the Great Basin at a scale of 1:250,000
(Welch and Williams, 1986a-d, 1987a—j).

Basin-fill aquifers in the western Great Basin are
derived by erosion of the predominantly volcanic rock
in mountains that surround the basins (Plume and
Carlton, 1988). Thus, these aquifers contain sediments
that consist of volcanic glass and minerals primarily
composed of sodium, potassium, calcium, silica, alumi-
num, and oxygen. Water chemistry in recharge areas
and the upgradient part of the aquifers is dominated by
sodium, calcium, and bicarbonate ions (Thompson and
Chappell, 1984a, b; Thompson and Nutter, 1984;
Thompson and others, 1984; Welch and Williams,
1986a-d, 1987a—j) because of the dissolution of volcanic
glass and minerals by COg-rich water. Most of these
basins and flow systems contain a discharging playa
area. Near, or within, these playa areas, the chemical
composition of ground water may evolve into a sodium
dominated water, and with increasing dissolved-solids
concentration, chloride and sulfate become dominant
over bicarbonate. The water type changes because of
(1) exchange of calcium and magnesium dissolved in
the water for sodium on clay minerals; (2) dissolution of
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evaporative salts and minerals in sediments in the dis-
charge area; (3) precipitation of minerals that removes
select ions from the water; or (4) any combination of
these processes.

Basin-fill aquifers in the eastern Great Basin are
derived by erosion of the predominantly carbonate- and
volcanic-rock mountains (Plume and Carlton, 1988).
Thus, these aquifers contain sediments that consist of
carbonate and volcanic minerals primarily composed of
calcium, magnesium, and carbonate, in addition to
sodium, potassium, silica, aluminum, and oxygen.
Water chemistry in recharge areas and the upgradient
part of aquifers, consisting mainly of carbonate rock, is
dominated by calcium, magnesium, and bicarbonate
ions, whereas aquifers consisting mainly of volcanic
rock are dominated by sodium, calcium, and bicarbon-
ate ions. Most basins in this part of the Great Basin do
not have discharging playas, instead the basin-fill
aquifers drain through carbonate rock to large springs.
Thus, water chemistry along a flow path generally
changes little in composition.

Carbonate-rock aquifers in the eastern Great Basin
are composed primarily of calcite and dolomite. Water
chemistry in recharge areas and the upgradient part of
these aquifers is dominated by calcium, magnesium,
and bicarbonate ions. As water flows through the car-
bonate-rock aquifers and comes in contact with volca-
nic rock and clay minerals, sodium ion concentration
increases. Some carbonate-rock aquifers in the south-
eastern Great Basin contain interbedded evaporite
deposits; as a result, sulfate, chloride, and sodium ions
may predominate in ground water in these areas.

GEOCHEMICAL AND ISOTOPIC
CHARACTERIZATION OF
REPRESENTATIVE
GREAT BASIN FLOW SYSTEMS

The Great Basin does not contain a single aquifer
(as is common in other regional ground-water flow sys-
tems, such as, the Floridan, Madison, and Ogallala
aquifers) but instead contains numerous aquifers. The
two principal types of flow systems in the Great Basin
are basin-fill and carbonate-rock aquifers. This report
discusses geochemical processes that produce the
major-ion chemistry and isotopic composition of ground
water in aquifers representative of these two types.
These processes are (1) evapotranspiration, (2) dissolu-
tion of minerals and CO, gas, (3) precipitation of min-
erals or formation by incongruent dissolution, (4) ion
exchange, (5) mixing of chemically or isotopically dif-
ferent waters, and (6) geothermal heating.

Ground water is concentrated by evapotranspira-
tion in areas of shallow water (less than about 20 ft
below land surface) generally in the discharge areas of
flow systems. This process is important in large areas
of shallow ground water, such as playas.

Dissolution of soil-zone minerals and CO, gas in
recharge areas of aquifers produces the chemical com-
position of water in the upper parts of aquifers. As res-
idence time of water in an aquifer increases,
constituent concentrations may increase until the
water reaches saturation with respect to the dissolving
mineral or gas. Water chemistry also changes as differ-
ent minerals along the flow path dissolve.

Precipitation or formation of minerals can change
the chemical composition of water because select ions
are removed from the water. Mineral precipitation, in
the principal aquifers of the Great Basin, is generally
the result of evapotranspirative concentration of the
water, temperature changes, or dedolomitization.
Evapotranspirative concentration of ground water
causes the water to become supersaturated with
respect to some minerals, resulting in precipitation of
those minerals. An increase in water temperature, gen-
erally caused by water circulating to depths of several
thousand feet, causes some minerals to precipitate. For
example, an increase in temperature from 10°C to 25°C
of a water that is saturated with respect to calcite
results in an approximately 25 percent decrease in
total carbonate content because of calcite precipitation
(Palmer and Cherry, 1984). Dedolomitization is the dis-
solution of dolomite and precipitation of calcite from a
water saturated with respect to calcite and dolomite
and undersaturated with respect to gypsum. This reac-
tion is driven by the dissolution of gypsum (or anhy-
drite). Dedolomitization also increases sulfate and
magnesium concentrations in the water.

Ion exchange removes one or more ions from the
water while simultaneously adding one or more ions to
the water. For example, calcium and magnesium ions
may be removed from the water by exchanging with
sodium and potassium ions on clay minerals.

Mixing waters of different chemical or isotopic com-
positions produces a water that is chemically or isoto-
pically different from the original waters. For example,
a mixture of 50 percent water with a chloride composi-
tion of 10 mg/L and 50 percent water with a chloride
composition of 30 mg/L would result in a water contain-
ing 20 mg/L chloride.

Increased temperature due to deep circulation of
ground water can increase or decrease the solubility of
minerals (Palmer and Cherry, 1984) and cause a shift
in the oxygen-18 composition of the water. For exam-
ple, chalcedony becomes more soluble with increasing
temperature, resulting in an increase in silica concen-
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tration with increased water temperature. Conversely,
calcite solubility decreases with increasing tempera-
ture and calcite precipitates, so increased temperature
removes calcium and carbon from the water. Higher
water temperature also can result in a shift in oxygen-
18 composition of the water because the exchange rate
of oxygen in water for oxygen in minerals increases
with increasing temperature (Gat and Gonfiantini,
1981).

GEOCHEMICAL EVOLUTION OF GROUND
WATER IN A TYPICAL BASIN-FILL AQUIFER

Typical basin-fill aquifers consist of unconsolidated
sedimentary deposits ranging from high-permeability
sand and gravel to low-permeability clay and silt.
These generally mixed deposits grade inward from
poorly sorted alluvial-fan deposits, consisting of boul-
ders to clay-size particles, around the margin of the
basin to well-sorted sand and gravel deposits and ulti-
mately into fine-grained playa deposits near the center
of the basin. In some valleys the basin-fill deposits are
surrounded and underlain by relatively low-permeabil-
ity rock, such as volcanic rock, and in other valleys the
basin-fill deposits are surrounded and underlain by
rock that includes relatively high-permeability carbon-
ate rock. Basin-fill aquifers surrounded by low-perme-
ability rock are found throughout the Great Basin but
are more common in the western part where low-per-
meability volcanic rock predominates. Smith Creek
Valley in west-central Nevada is a typical basin-fill
aquifer surrounded and underlain by low-permeability
rock.

In most basin-fill aquifers surrounded by low-per-
meability rock, ground water flows within the basin-fill
deposits and is discharged in an extensive area (tens to
hundreds of square miles), commonly a centrally
located playa surrounded by phreatophytic vegetation.
Smith Creek Valley is hydrologically closed. Precipita-
tion that falls within the topographic basin is dis-
charged within the basin, except in the extreme
southern part of the valley. Ground water flows south-
ward from this part, because in this area the aquifer is
hydrologically separated from the main basin-fill aqui-
fer by igneous intrusions that form a barrier to north-
ward ground-water flow (figs. 2, 3).

Smith Creek Valley encompasses 583 mi? and
ranges in altitude from about 6,000 ft above sea level at
the playa surface to more than 10,000 ft in the sur-
rounding mountains. Climate differs from arid (about
6 in. of precipitation a year on the valley floor) to semi-
arid (up to about 20 in. of precipitation) in the moun-
tains (Thomas, Carlton, and Hines, 1989, p. 5-8).

The principal source of ground-water recharge proba-
bly is precipitation in the mountains above an altitude
of 7,000 ft (Everett and Rush, 1964).

The hydrology of Smith Creek Valley has been
studied by Everett and Rush (1964) and Thomas, Carl-
ton, and Hines (1989). These studies describe the
hydrology of the shallow part of the basin-fill aquifer
and include a water budget for the basin. The ground-
water chemistry of Smith Creek has been described by
Thomas, Welch, and Preissler (1989).

GEOLOGIC FRAMEWORK

Consolidated rock and unconsolidated deposits in
Smith Creek Valley can be divided into three hydrogeo-
logic units: (1) low-permeability consolidated rock, (2)
high-permeability basin-fill deposits, and (3) low-per-
meability playa deposits (fig. 2). Consolidated rock sur-
rounds and underlies the unconsolidated basin-fill
deposits. Basin-fill deposits consist of poorly sorted het-
erogeneous sediments at the basin margin that grade
sequentially inward to well-sorted coarse-grained sedi-
ments, to mixed coarse-, medium-, and fine-grained
sediments (heterogeneous sediments), to fine-grained
playa sediments near the center of the basin (fig. 4).

The mineralogy of the basin-fill sediments and the
water chemistry reflect to differing degrees the mineral
composition of the rock composing the surrounding
mountains. About 95 percent of the exposed consoli-
dated rock are volcanic rock of Tertiary to Quaternary
age (Stewart and McKee, 1977; Kleinhampl and Ziony,
1985). Rock composing the Desatoya Mountains on the
west side of the basin and the southern Shoshone
Mountains on the east side of the basin is almost
entirely rhyolitic tuff. These mountain ranges are the
principal source areas for the basin-fill deposits and
also the source areas for approximately 95 percent of
the recharge to the basin (Thomas, Carlton, and Hines,
1989, p. 16).

The Desatoya Mountains are composed primarily
of an unnamed densely welded crystal-poor rhyolite
ash-flow tuff containing less than 10 percent phenoc-
rysts (Stewart and McKee, 1977, p. 42). Modal (miner-
alogic) analyses of this tuff (Barrows, 1972, p. 41 and
67) show that the phenocrysts consist mainly of plagio-
clase feldspar with lesser amounts of alkali feldspar
and quartz (table 1). Four plagioclase samples range in
calcium content from 17 to 45 percent (Barrows, 1972).
A crystal-rich biotite-bearing ash-flow tuff composes 15
percent of the rock exposed in the Desatoya Mountains
(Stewart and McKee, 1977); this tuff occupies the high-
est altitude zone of the range, the source area for about
35 percent of the recharge to the basin-fill aquifer
(Thomas, Carlton, and Hines, 1989). This tuff contains
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EXPLANATION

——=»  Chemical evolution path—
From recharge areas to
discharge area

Sample—Number refers to
table 3

CHLORIDE

PERCENTAGES OF MILLIEQUIVALENTS PER LITER

Ficure 6.—Chemical evolution of ground water in the basin-fill aquifer of Smith Creek Valley, Nev.

percolates below the root zone and dissolution of soil-
zone carbon dioxide gas and the volcanic ground-
mass and phenocrysts. These dissolution processes
are similar to dissolution processes in the Absaroka
Mountains in Wyoming (Miller and Drever, 1977)
and in the Oasis Valley in Nevada (White, 1979).
Constituents dissolved in precipitation are concen-
trated by evapotranspiration in the recharge areas.
This evapoconcentration is accounted for by assum-
ing the increase in chloride in the recharge water
(table 4) is due only to evapotranspiration before the
water percolates below the root zone.

Windblown gypsum is commonly deposited in
uplands of desert environments (Pewe, 1981) and
is the main component of dust in southern Nevada
(Ronald Amundson, University of California, Berke-
ley, oral commun., 1987; Marith Reheis, U.S. Geolog-
ical Survey, oral commun., 1987). Thus, gypsum is
the most likely source of sulfate dissolved in
recharge waters in Smith Creek Valley. Pyrite, if

present in the volcanic rock, also may supply sulfate
to the ground water in the upland areas. The
increase in chloride concentration was assumed to
result from evapotranspiration; however, part of the
increase could be from dissolution of salts contain-
ing chloride that have blown into the recharge area.
The small increase in magnesium concentration
[0.04 millimoles per liter (mmol/L; table 4)] is most
likely the result of magnesium biotite dissolution,
because biotite is in volcanic rock in the recharge
areas (table 1). Dissolution of illite, chlorite, or both,
which are in the basin-fill sediments, also may be a
source of magnesium. Aluminum and silica released
by the weathering of volcanic groundmass and phe-
nocrysts probably are removed from the water by
formation of kaolinite, or some other clay mineral,
and chalcedony (table 5). A mass-balance solution
for the evolution of precipitation, concentrated by
evapotranspiration, to recharge water is given by
mass-balance solution 1 in table 6.
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TABLE 6.—Mass transfer of constituents in Smith Creek Valley, Nev.!
[Symbol: --, phase not included in mass-balance calculation]
Mass-balance solutions? (millimoles per liter)
Phase
1 2 3 4 5 6

Albite [NaAlSigOg] 0.62 0.41 1.79 1.94 2.26 1.72
Anorthite [CaAl,;SisOgl .10 .19 .08 17 57 6.36
K-feldspar [KAlSizOg] .02 .06 .02 .02 .67 .26
Gypsum [CaSO4 2H,0] .08 .26 - - - 1.73
H,S (gas) - - -.22 -.22 -.22 -
CO, (gas) 87 1.51 3.71 3.71 3.71 -
Calcite [CaCO3] - - - - - ~-5.70
Halite {NaCl] - 42 .52 .52 .52 32.8
Mg-biotite [KMg3SizAlO,o(OH),] .01 04 - - - -
Chlorite (Mg Al Siz 0,¢(0OH)s] - - - - - .09
Chalcedony [SiO] -71 —-.66 -4.23 -3.22 - -
Kaolinite [AlSisO5(0OH),] -.43 -.45 -99 - -1.23 -3.21
Ca,Mg-Na exchange® - - 1.04 1.06 1.06 --
Ca/Na-montmorillonite [CaO.083Na0.167A12.33Si3.6701O(OH)Z] - - - -.99 - -
Clinoptilolite [(Nag 3Kg 4Cag 3)(AlSi5 O445)-4H,0] - - - - -1.62 -
Natrolite [Na2(Al2Si3Om)‘2H2O] - - - - - —4.24

1 Mass-transfer value is change in mass of indicated phase, calculated from changes in water chemistry between different water types. Negative value indicates transfer out of

solution, and positive value indicates transfer into solution.

2 Mass-balance solutions 1-6 correspond to mass balances between the following water types given in table 4:
1. From precipitation concentrated by evapotranspiration to recharge water;

2. From recharge water to sodium calcium bicarbonate water;

3-5. Three examples of mass-balance solutions for sodium calcium bicarbonate water to sodium bicarbonate water;
6. From sodium bicarbonate water to the most dilute sodium chloride water.

3 Positive value indicates calcium and magnesium in water are being exchanged for sodium on clay minerals. Values are millimoles of sodium per liter.

concentration increases from the reaction of carbonic
acid, which is derived from soil-zone carbon dioxide,
with the volcanic groundmass and phenocrysts in the
tuff-derived deposits. Magnesium concentration
increase is probably from biotite dissolution. Feldspar
hydrolysis releases cations and results in the formation
of kaolinite, or some other clay mineral, and chalce-
dony. A mass-balance solution for the evolution of
recharge water to sodium calcium bicarbonate water is
given by solution 2 in table 6.

EVOLUTION OF SODIUM CALCIUM BICARBONATE
TO SODIUM BICARBONATE WATER

Ground water in the aquifer evolves from a sodium
calcium bicarbonate to a sodium bicarbonate type in
the vicinity of the fine-grained playa area (tables 3, 4;
figs. 6, 7). Average calcium and magnesium concentra-
tions decrease from 28 to 14 and from 4.5 to 2.0 mg/L,
respectively; average sodium and bicarbonate concen-
trations increase from 35 to 112 and from 115 to
287 mg/L, respectively (samples from sites 46 and 7—
9; table 3). The removal of calcium and magnesium
from the water may be the result of several processes,
but the presence of montmorillonite in the discharge
area (table 2, fig. 7) indicates that cation exchange of

calcium and magnesium in the water for sodium
adsorbed on clays is the most probable process (table 6,
solution 3). The decrease in calcium concentration can-
not result from calcite precipitation because samples
from sites 4-9 are undersaturated with respect to cal-
cite (table 5). The ratio of calcium to magnesium
exchanged for sodium is based on the average ratio of
calcium to magnesium (4:1) in the sodium calcium
bicarbonate and sodium bicarbonate waters (table 4).

Calcium also may be removed by the weathering of
plagioclase to Ca/Na-montmorillonite [Cag ggsNag 167
A12‘338i3.67010(0H)2] (table 6, solution 4) or by the pre-
cipitation of a zeolite mineral, such as clinoptilolite
[(Nao_3K0'4Ca0‘3)(AlSi5012} 4H20] (table 6, solution 5).

All three solutions would increase sodium and
bicarbonate concentrations in the water by cation
exchange and dissolution of plagioclase and evapora-
tive salts, along with the addition of carbon dioxide gas.
Any mix of these processes is possible given the
observed chemistries.

An activity diagram for the system CaO-CO,-
Nay0-Si05-Al,05-H,0 (fig. 8) shows that the different
water types plot along a 2:1 slope, and in particular,
sodium bicarbonate waters plot close to the phase
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FiGure 8. —Aqueous activities for the system Ca0-CO4-Nay0-SiO,-
Aly03-H,0 in Smith Creek Valley, Nev. The phase boundary is
based on the thermodynamic data of Arnorsson and others
(1982). Chemical symbols: Ca?*, calcium; H*, hydrogen; Na*,
sodium. Bracketed items are ion activities.

boundary between Ca-montmorillonite and Na-mont-
morillonite as would be expected for either cation
exchange or formation of Ca/Na-montmorillonite.

Precipitation of zeolite minerals in the Smith
Creek Valley basin-fill aquifer is evidenced by the pres-
ence of zeolite minerals in the basin-fill deposits. Fur-
thermore, rhyolitic tuff and basin-fill aquifers derived
from rhyolitic tuff in southern Nevada, similar to those
in Smith Creek Valley, contain ground water in which
calcium is removed by weathering of tuff or tuff-
derived deposits to montmorillonite and by precipita-
tion of zeolite minerals, predominantly clinoptilolite
with a composition of (Nay 3K 4Cay 3)(AlSiz045)-4H,0
(Hoover, 1968; White, 1979; White and others, 1980;
Claassen, 1985).

Chloride and potassium concentrations increase
and sulfate concentration decreases as the water
evolves from a sodium calcium bicarbonate to a sodium
bicarbonate type. Chloride concentration increases
along the flow path by evapotranspiration of the water
and dissolution of chloride salts. Potassium concentra-
tion increases, probably because of K-feldspar dissolu-
tion. Sulfate concentration decreases along the flow
path probably because of the reduction of sulfate to
hydrogen sulfide gas and precipitation of FeS (Jones,
1966; Phillips and Van Denburgh, 1971; Eugster and
Jones, 1979) or possibly because of surface sorption
(Wood, 1978; Eugster and Jones, 1979), because more
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fine-grained sediments with larger surface areas are
present in the playa area. The sodium bicarbonate
waters are undersaturated with respect to gypsum
(table 5), so gypsum precipitation cannot be the cause
of the decrease in sulfate.

EVOLUTION OF SODIUM BICARBONATE TO THE MOST
DILUTE SODIUM CHLORIDE WATER

In the playa area, ground water evolves from a
sodium bicarbonate to a sodium chloride water
(tables 3, 4; figs. 6, 7). Constituent concentrations
increase because of the dissolution of evaporative salts,
evapotranspiration, and mixing.

Dissolution of evaporative salts probably is the
major source of increasing chloride and sodium concen-
trations as the water evolves from sodium bicarbonate
to sodium chloride type because (1) chloride and
sodium concentrations increase in about equal
amounts, (2) other constituents increase less than chlo-
ride, and (3) the isotopic composition of the dilute
sodium chloride water is similar to that of the sodium
bicarbonate water. Evaporative salt dissolution is the
simplest explanation consistent with all three observa-
tions.

Dissolution of evaporative salts containing chloride
and sodium should add these constituents to the water
in about equal amounts (Drever and Smith, 1978). The
approximately 30 mmol/L increase of chloride and
sodium observed as the water evolves from sodium
bicarbonate (samples from sites 7-9; fig. 7) to the most
dilute sodium chloride (sample from site 10; fig. 7)
water (table 4) supports this dissolution process. The
increase in sulfate, calcium, magnesium, and potas-
sium also may be from the dissolution of salts or min-
erals (table 6, solution 6) that are below saturation in
the water [table 5; also the saturation index of chlorite
(not shown) for the sample from site 10 is —1.4].

Sodium, sulfate, calcium, magnesium, and potas-
sium increase in concentration as the water evolves
from a sodium bicarbonate to sodium chloride water,
but they do not increase in proportion to chloride as
would be expected if evapotranspiration were occurring
(table 4, figs. 9-13). This is a second indication that dis-
solution of evaporative salts and minerals is a major
source of constituents. Constituent concentrations
resulting from salt or mineral dissolution would not
increase in proportion to chloride but, rather, would
increase in proportions determined by the chemical
composition of the soluble salt or minerals. If chloride
concentration were the result of only evapotranspira-
tion, then 60 to 80 percent of sodium, sulfate, calcium,
and magnesium ions and 92 percent of potassium ions
would have to be removed from the water to obtain the
chemistry observed in the most dilute sodium chloride
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water (sample from site 10, fig. 7). The sample, how-
ever, is below saturation with respect to most minerals
that could precipitate, thereby removing constituents
from the water, with the exception of calcite, which will
be discussed later. Thus, precipitation of most minerals
is unlikely.

The third indication that dissolution is the major
process producing a sodium chloride water is the isoto-
pic composition of the sample from site 10. Dissolution
of evaporative salts would not alter the isotopic compo-
sition of the water, whereas evaporation would shift the
isotopic composition of the water to a heavier (more
negative) value. The sample from site 10 has an isoto-
pic composition similar to the sodium bicarbonate
waters (samples from sites 7-9), indicating that the
sample has not been significantly evaporated (fig. 14).
In addition, the sample from site 10 was obtained from
66 ft below land surface, where evaporation would be
improbable. The sample from site 10 is below satura-
tion with respect to albite, so although another source
of sodium is not needed to obtain the sodium concentra-
tion in the sample, a small amount of sodium is proba-
bly added to the water by albite dissolution.

Transpiration also may be an important process for
increasing chloride and sodium concentrations as the
water evolves from a sodium bicarbonate to a sodium
chloride type. Transpiration can concentrate dissolved
solids in water to depths greatly exceeding evaporation
depths and, thus, could have increased constituent con-
centrations in water sampled from site 10. Phreato-
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tions in Smith Creek Valley, Nev.
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phyte roots will follow fresh water to depths exceeding
60 ft (P.A. Glancy, U.S. Geological Survey, oral com-
mun., 1989) and, unlike evaporation, transpiration has
been shown to concentrate dissolved solids in residual
water with little or no effect on isotopic composition
(Wershaw and others, 1966; Zimmerman and others,
1967, p. 576; Ziegler and others, 1976; Gat and Gonfi-
antini, 1981, p. 223-238; Szecsody and others, 1983;
Koltermann, 1984; White and others, 1985; Turner and
others, 1987). Thus, the observed higher constituent
concentrations and unchanged isotopic composition are
consistent with transpiration removing water and
thereby increasing constituent concentrations in the
residual water. However, transpiration could account
for only a 20 to 40 percent increase in constituent con-
centrations (or 8 percent for potassium), unless constit-
uents are being removed from the water as they become
more concentrated.

Mixing deeper water that contains lower dissolved
solids with shallower water that contains higher dis-
solved solids (whether by molecular diffusion, disper-
sion, or density-driven flow) is probably not an
important process for increasing constituent concen-
trations as the water evolves from sodium bicarbonate
to sodium chloride. The Peclet number calculated for
the fine-grained Smith Creek playa sediments is con-
siderably less than one, indicating that molecular dif-
fusion predominates over mechanical dispersion (Bear,
1972). This indicates that molecular diffusion of chlo-
ride and sodium ions from shallow briny water to
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greater depths is a possibility, whereas mechanical dis-
persion is less likely. Calculation of a Rayleigh number
relating diffusive flow to density-driven flow (Combar-
nos and Bories, 1975; Clifford Voss, U.S. Geological
Survey, oral commun., 1987) indicates that density-
driven flow does not occur in the Smith Creek playa
sediments.

A convincing argument against mixing deep and
shallow waters also comes from the stable isotope com-
position of the deeper sodium chloride water (samples
from sites 10 and 11; fig. 7). The molecular diffusion
rate of deuterium and oxygen-18 is greater than that of
chloride and sodium (Wang and others, 1953, p. 468;
Sherwood and others, 1975, p. 37), and mechanical
mixing mechanisms do not differentiate between ions
and isotopes. Therefore, if mixing is important, the
deuterium and oxygen-18 isotopes would mix as fast, or
faster, than the chloride and sodium ions. A mixture of
water containing low dissolved solids with water con-
taining high dissolved solids that was concentrated by
evaporation would have a mixed isotopic composition,
as well as intermediate ionic concentrations. However,
the deep sodium chloride water has a deuterium and
oxygen-18 composition similar to sodium bicarbonate
water unaffected by evaporation (fig. 14) and is differ-
ent from that of the shallow sodium chloride water,
which has been affected by evaporation. Therefore,
mixing (by whatever mechanism) of isotopically heavy
(less negative) water containing high chloride and
sodium concentrations is not indicated at depth (66 ft).
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trations in Smith Creek Valley, Nev.

Ground water may mix in the shallower part of the
aquifer beneath the playa or phreatophytic area sur-
rounding the playa, but not within the approximately
44-ft vertical interval between the shallow and deep
wells. In the deep wells, the isotopic composition of the
water shows little effect of evaporation.

Evaporation is not an important process for
increasing chloride and sodium concentrations as the
water evolves from a sodium bicarbonate to sodium
chloride type. This is shown by samples from sites 10
and 11, which were collected from 66 ft below land sur-
face in an area of upward flow. This water already has
evolved from sodium bicarbonate to sodium chloride
type in a zone well below that where evaporation
occurs. Also, as noted, significant evaporation would
produce an isotopic shift to heavier values, and this
was not observed in samples from sites 10 and 11.

Bicarbonate concentration decreases as the water
evolves from a sodium bicarbonate to a sodium chloride
water (table 4) because of calcite precipitation (table 6).
A sample from site 10 is saturated with respect to cal-
cite (table 5). Calcium concentration is approximately
5 percent of the bicarbonate concentration in the
sodium bicarbonate water, but precipitation of calcite
does not totally deplete calcium. Calcite precipitation
reduces bicarbonate concentration because calcium
ions are added to the water by the dissolution of gyp-
sum:

CaSO,-2H,0+ co§‘= CaCo, + soi‘ +2H,0. (1)

2 3
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Ficure 13.—Relation between potassium and chloride concen-
trations in Smith Creek Valley, Nev.

EVOLUTION OF DILUTE TO CONCENTRATED
SODIUM CHLORIDE WATER

Ground water in the playa area evolves from a
slightly saline (measured dissolved-solids concentra-
tion, 2,300 mg/L) to a briny (measured dissolved solids,
51,000 mg/L) sodium chloride water (samples from
sites 10-16; table 3, fig. 7). The increase in sodium con-
centration is proportional to the increase in chloride
concentration (fig. 9) as the water evolves from the
most dilute to most concentrated sodium chloride
water. This 1:1 increase can result from evaporation,
dissolution of evaporative salts, or transpiration.

A plot of deuterium in relation to oxygen-18 (fig. 14)
indicates that ground water is being removed in some
parts of the playa area by evaporation. A plot of deute-
rium in relation to chloride (fig. 15) shows that chloride
concentration increases in areas in which isotopic com-
positions of ground water are largely unaffected by
evaporation. The overall contribution of evaporation to
the chemical evolution of the water was estimated from
the stable isotope composition and chloride concentra-
tion by using the Rayleigh distillation equation (Dans-
gaard, 1964), assuming that chloride remains
conservative during evaporation. The Rayleigh distilla-
tion curve for evaporative concentration was calculated
using initial deuterium and chloride compositions of
the average sodium bicarbonate water (samples from
sites 7-9, table 3) and a fractionation factor (1.0079)
calculated for a basin-fill aquifer in northwestern
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Nevada (Welch and Preissler, 1990, p. 32-41). The
increase in chloride concentration in samples from
sites 13, 14, and 15 is accompanied by a moderate shift
in deuterium to heavier (less negative) values, indicat-
ing that some of the increase in chloride is caused by
evaporation. In contrast, the increase in chloride con-
centration in samples from sites 10, 11, 12, and 16 is
not accompanied by a deuterium shift characteristic of
evaporation and, thus, must be the result of other pro-
cesses.

Dissolution of evaporative salt could increase chlo-
ride and sodium concentrations more than evapora-
tion. Salt dissolution induces no isotope shift.
Dissolution of evaporative salts could greatly increase
chloride and sodium concentrations and would account
for the evolution of other constituents. For example,
sulfate concentration in the sodium chloride water gen-
erally increases at a rate greater than 1:1 with respect
to chloride (fig. 10). This increase requires addition of
sulfate, most likely from dissolution of gypsum, in
addition to concentration of sulfate by evapotranspira-
tion. If gypsum is dissolving, other salts probably also
are dissolving.

Transpiration is an important hydrologic process in
Smith Creek Valley that also may explain the increased
constituent concentrations. Approximately 70 percent
of ground water discharged from Smith Creek Valley is
transpired from the phreatophytic area surrounding
the playa (Thomas, Carlton, and Hines, 1989).
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Ficure 14.—Relation between deuterium and oxygen-18 in
Smith Creek Valley, Nev. The global meteoric water line
[6D=8(5'80)+10] is based on worldwide precipitation data
(Craig, 1961). The local water line [6D=6.82(5'80)-16.8] is
based on a linear regression of samples from sites 2 to 11
(see figs. 2, 7; table 3).
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Transpiration results in concentration of ions but
induces no isotopic shift, so it is also a simple and rea-
sonable explanation for concentration of constituents
in the sodium chloride water. Sodium chloride water
from shallow wells (22 ft deep) in or along the phreato-
phytic area that surrounds the playa (samples from
sites 12, 15, and 16) show the least effect of evapora-
tion, whereas samples from shallow wells (samples
from sites 13 and 14) directly beneath the playa surface
show the greatest evaporative concentration, as indi-
cated by the stable-isotope and chloride concentrations
(figs. 7, 14, 15). A limit to transpirative concentration of
dissolved solids in ground water is the unknown maxi-
mum salt tolerance of the phreatophytic plants in
Smith Creek Valley.

Other reactions also probably modify the chemistry
of the ground water as it evolves into a more concen-
trated sodium chloride water. For example, evapo-
transpirative concentration would result in an increase
of calcium, magnesium, and potassium concentrations
in proportion to chloride. However, the observed
increase in the concentrations of these three constitu-
ents generally is less than 1:1 with respect to chloride
(figs. 11-13). Thus, other processes also are affecting
calcium, magnesium, and potassium concentrations.
These constituents could be removed from the water by
precipitation of calcite and zeolite minerals, exchange
on clay minerals, and the formation of clay minerals. In
addition, dissolution of minerals and evaporative salts

REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN, NEVADA-UTAH

is probably adding calcium, magnesium, and potas-
sium to the water, as well as sodium, chloride, and sul-
fate.

GEOCHEMICAL AND ISOTOPIC DELINEATION
OF GROUND-WATER FLOW IN A TYPICAL
CARBONATE-ROCK AQUIFER

In carbonate-rock aquifers in the east half of the
Great Basin, ground water generally flows in the basin-
fill deposits and the underlying and adjacent carbonate
rock, thus resulting in large regional flow systems that
encompass numerous topographic basins and have cir-
culation depths of several thousand feet. The dominant
geochemical processes in these flow systems generally
are (1) dissolution of minerals and soil zone CO, gas,
(2) precipitation or formation of minerals, (3) mixing of
chemically or isotopically different waters, or both, (4)
ion exchange, and (5) geothermal heating due to deep
circulation.

The carbonate-rock aquifers in southern Nevada
are an example of these carbonate-rock flow systems
(fig. 16). The aquifers include two regional flow systems
that discharge in southern Nevada: the White River
flow system, which discharges at Muddy River springs
(fig. 16) and is a subsystem of the Colorado flow system
(fig. 1), and the Ash Meadows flow system, which dis-
charges at Ash Meadows springs (fig. 16) and is a sub-
system of the Death Valley flow system (fig. 1; Eakin,
1966; Mifflin, 1968; Winograd and Friedman, 1972;
Winograd and Thordarson, 1975; Hess and Mifflin,
1978; Thomas and others, 1986; Harrill and others,
1988; Dettinger, 1989; Kirk and Campana, 1990). In
the north-central part of the study area, ground water
also flows from the White River system to the Ash
Meadows system (figs. 16, 17). These flow systems
encompass thousands of square miles and include sev-
eral valleys. Recharge to these regional systems is from
several sources, and most of the flow discharges from a
common area that contains numerous springs. Smaller
carbonate-rock flow systems, such as the Las Vegas
Valley flow system, also are present in the study area.
In these smaller systems, recharge is primarily from
one source and water may discharge from the aquifers
in several places.

Geochemical processes that produce the chemical
and isotopic compositions of the water in carbonate-
rock aquifers were identified using stable and radioac-
tive isotopes, major-ion chemistry, mass-balance calcu-
lations, thermodynamic calculations, and mineral
identification. The isotopic and chemical compositions
of water from different areas were used further to
delineate regional flow systems. The primary processes
that produce the isotopic and chemical content of the
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TABLE 9.—Whole-rock chemical analyses of rock samples from southern Nevada

[Analyses by Nelson Shaffer, Indiana Geological Survey, Bloomington, Ind., except as noted. Analyses are recalculated to total 100.0 percent.
Rock analyses are expressed in weight percent of constituent oxides or, for calcium and magnesium, carbonates. Symbol: --, not determined.]

Site! Geologic unit or rock type sampled Si0y AlpOg3 FegO3 TiOy MnO CaCO3
E-1 Nopah Dolomite 1.05 0.12 0.061 0.009 0.010 53.9
E-2 Ely Springs Dolomite .25 .070 057 .008 010 54.8
E-3 Yellowpine Limestone 1.21 12 .057 .006 .008 97.7
E-5 Monte Cristo Limestone, Dawn Member® .30 .20 .10 - - 56.4
E-6  Sultan Limestone? 60 40 .05 - - 98.1
E-7 Carrara Formation Shale 70.3 13.5 5.30 .82 .10 2.07
E-8 Bright Angel Shale 57.4 22.1 7.97 92 .039 .87
E-9 Indian Springs Shale 70.1 18.8 2.94 1.25 .092 3.10

Site! Geologic unit or rock type sampled MgCO3 Nay0 K,0 Py04 SrO Total
E-1 Nopah Dolomite 448 0.011 0.050 0.016 0.006 100.0
E-2 Ely Springs Dolomite 4.7 .018 .067 .011 017 100.0
E-3 Yellowpine Limestone .79 .007 .036 .032 .019 100.0
E-5 Monte Cristo Limestone, Dawn Member? 43.0 - - - -- 100.0
E-6 Sultan Limestone? .90 - - - -- 100.0
E-7 Carrara Formation Shale 2.99 1.64 3.17 .13 .005 100.0
E-8 Bright Angel Shale 417 .59 5.75 24 .012 100.0
E-9 Indian Springs Shale 1.46 A7 1.48 .18 12 100.0

1See plate 1.

2 Analysis from Longwell and others (1965, p. 157).

receives water from the southern part of the Meadow
Valley Wash flow system and, due to structural controls
(see previous section titled “Geologic Framework”),
receives most of the recharge to the Sheep Range
(figs. 16, 17, pl. 1).

The Ash Meadows flow system drains the French-
man Flat-Yucca Flat area to the northeast of the Ash
Meadows springs, and on the basis of water-level, iso-
topic, and geochemical data the Pahranagat Valley
area also supplies water to Ash Meadows springs
(Winograd and Friedman, 1972; Winograd and Thor-
darson, 1975; Winograd and Pearson, 1976). The scar-
city of wells between Frenchman Flat and Pahranagat
Valley and Frenchman Flat and Sheep Range limits
interpretation of ground-water flow in this area. How-
ever, geologic information (see section titled “Geologic
Framework”) indicates that the Pahranagat Valley
area is connected to Ash Meadows by a thick and con-
tinuous carbonate-rock section, whereas the Sheep
Range probably does not supply much water to the Ash
Meadows flow system (figs. 16, 17, 18).

Water levels in Las Vegas Valley indicate that the
valley receives water from the Spring Mountains and
Sheep Range (pl. 1). However, structural controls prob-
ably prevent significant amounts of recharge to the
Sheep Range from flowing into Las Vegas Valley
(figs. 17, 18). This conclusion is supported by ground-
water flow models of the basin-fill aquifers in Las
Vegas Valley by Harrill (1976) and by Morgan and

Dettinger (1996). Water levels also indicate that
ground water flows into southwest Las Vegas Valley
from Ivanpah Valley (pl. 1).

Water levels in Pahrump Valley indicate that
recharge from the Spring Mountains is the source of all
the water in Pahrump Valley (pl. 1). Water levels for
areas outside the thick carbonate-rock aquifers in
southern Nevada and southeastern California also are
shown on plate 1.

TABLE 10.—Sulfur content of rock samples from southern Nevada

[Analyses by Nelson Shaffer, Indiana Geological Survey,
Bloomington, Ind.]

Sulfur, as S

Site! Geologic unit sampled
(parts per million)  (percent)
E-1  Nopah Dolomite 22 0.0022
E-2 Ely Springs Dolomite 82 .0082
E-3  Yellowpine Limestone 72 .0072
E-4 Dawn Limestone 100 .0100
E-7  Carrara Formation Shale 29 .0029
E-8 Bright Angel Shale 94 .0094
E-9 Indian Springs Shale 130 .0130

1See plate 1.

Hydrologic data for southern Nevada indicate that
on a regional scale the White River fiow system, which
discharges at Muddy River springs, and the Ash Mead-
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TABLE 11.—X-ray diffraction analyses of insoluble residues from whole-rock chemical analyses of rock samples from southern Nevada

[Analyses by Nelson Shaffer, Indiana Geological Survey, Bloomington, Ind.]

Insoluble
Site! Geologic unit sampled residue Minerals identified?
(percent)
E-1  Nopah Dolomite 1.33 Quartz, illite, smectite, feldspar, and alunogen.
E-2  Ely Springs Dolomite .33 Quartz, illite, chlorite, kaolinite, palygorskite, and possibly K-feldspar.
E‘i Yellowpine Limestone 1.34 Quartz.
- Dawn Limestone .28 Quartz, clinoptilolite, illite, and an unidentified zeolite.
E-7  Carrara Formation Shale 93.12 Quartz, illite, feldspar, smectite, kaolinite, and possibly zeolites.
E-8  Bright Angel Shale 91.08 Quartz, palygorskite, smectite, and chlorite.
E-9  Indian Springs Shale 9428  Quartz, kaolinite, smectite, and illite.
1 See plate 1.

2 Listed in order of approximate abundance.

ows flow system, which discharges at Ash Meadows
springs, encompass large areas that contain several
topographic basins which drain to a common discharge
area (figs. 16, 17). In addition, both Muddy River
springs and Ash Meadows springs receive water from
the Pahranagat Valley area. Las Vegas and Pahrump
Valleys receive water primarily from recharge to the
Spring Mountains.

STABLE ISOTOPES OF THE GROUND WATER

Deuterium and oxygen-18 data can be used to help
delineate ground-water flow systems by identifying
water from different source areas. Most water in car-
bonate-rock aquifers of southern Nevada is chemically
similar because mineralogy of the carbonate rock is rel-
atively homogeneous, so the stable isotopes deuterium
and oxygen-18 become an important tool for delineat-
ing source areas and flow paths in this area.
Deuterium rather than oxygen-18 is used to delineate
flow systems in southern Nevada because it has been
used in previous studies (Winograd and Friedman,
1972; Claassen, 1985, 1986; Lyles and Hess, 1988;

Noack, 1988; Kirk and Campana, 1990) and generally
is not affected by water-rock interactions that can
change oxygen-18 compositions.

Deuterium data used for flow-system delineation
are primarily from samples analyzed by the U.S. Geo-
logical Survey research laboratory in Reston, Va. Addi-
tional deuterium data are included for samples
analyzed prior to 1973 by the U.S. Geological Survey
research laboratory in Denver, Colo. [after correcting
for interlaboratory differences, the deuterium values
analyzed before 1973 were divided by 1.03 (I.J. Wino-
grad, U.S. Geological Survey, written commun., 1985)]
and by the Desert Research Institute Isotope Labora-
tory in Las Vegas, Nev. An interlaboratory comparison
between the Desert Research Institute Laboratory and
U.S. Geological Survey Reston laboratory analyses
showed that the average difference between deuterium
values for 9 duplicate samples analyzed at the two lab-
oratories was less than 1.0 part per thousand (permil),
with only 1 sample difference greater than 2 permil;
the average difference for 18 samples (9 duplicate sam-
ples plus 9 samples from springs that have a constant

TABLE 12.—X-ray diffraction analyses of Miocene volcanic rocks from southern Nevada

[Analysis by Robert Mariner, U.S. Geological Survey, Menlo Park, Calif. Symbol: --, no mineral identified]

Minerals identified

Site! Geologic unit or rock type sampled

Major? Trace® Possible
V-1 Ash-flow tuff Plagioclase, quartz, biotite, hornblende, halite - -
V-2 Basalt Plagioclase - -
V-3 Ash-flow and ash-fall tuffs Quartz, plagioclase, K-feldspar - "
V-4  Basalt Plagioclase, clinopyroxene, olivine - Calcite
V-5 Kane Wash Tuff Clinoptilolite - Mordenite
V-6 Rhyolite lavas Quartz, K-feldspar, plagioclase - Cristobalite
V-7 Hiko Tuff Biotite, plagioclase, K-feldspar, quartz - -
V-8 Bedded tuff Quartz, plagioclase, K-feldspar, clinoptilolite Mica -

1 See plate 1.

2 Listed in order of approximate abundance.
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deuterium concentration over time) was less than
0.3 permil, with only 3 sample differences greater than
2 permil (data are in appendix A). For consistency, if a
sample site had data from the Reston laboratory and
either of the other laboratories, only the Reston labora-
tory data were used to determine the average deute-
rium composition for that site.

ISOTOPIC COMPOSITION OF GROUND WATER IN
SOURCE AREAS AND FLOW SYSTEMS

The average deuterium composition of ground
water in recharge areas and in flow systems contribut-
ing to the carbonate-rock aquifers of southern Nevada
(pl. 2) was determined from a data base compiled for
this study (appendix A). All the data were plotted to
eliminate samples significantly affected by evaporation
(fig. 19). All samples that plot to the right of the line
[8D=8(5'80)+0] are assumed to have undergone signif-
icant evaporation and were not used in calculating the
average deuterium composition of water from a sample
site (fig. 20, pl. 2). Most samples plot to the right of the
meteoric water line, indicating that water in southern
Nevada has undergone a small amount of evaporation
prior to infiltrating into aquifers.
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FIGURE 19. —Relation between mean deuterium and mean
oxygen-18 for ground-water samples from sites in southern
Nevada and southeastern California. MWL is the meteoric
water line (§D=8(5'80)+10; Craig, 1961).
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oxygen-18 for ground-water samples that have not undergone
significant evaporation, southern Nevada and southeastern
California. MWL is the meteoric water line (3D=8(5'30)+10;
Craig, 1961).

SPRING MOUNTAINS

Recharge from the Spring Mountains can be
divided on the basis of isotopic composition into
recharge from the central part of the mountains north
of the Sandstone Bluffs area and from the Sandstone
Bluffs area and everything south of that area (fig. 17;
pl. 2). The central part of the Spring Mountains reaches
an altitude of almost 12,000 ft, whereas the southern
part of the Spring Mountains (Sandstone Bluffs and
south of Sandstone Bluffs) reaches an altitude of only
about 8,500 ft. The difference in altitude results in
water in the higher central part having an average deu-
terium composition that is 9 permil lighter (more neg-
ative) than water in the lower southern part (table 13).

The average deuterium composition of Spring
Mountains recharge for the central part of the Spring
Mountains is ~99 permil (table 13). This deuterium
value is based on the average deuterium composition of
the two largest discharging springs, Trout Spring and
Cold Creek Spring (fig. 17), which also have the longest
sampling record (1968-89). Water from Trout Spring
has a mean deuterium composition of —97.7 permil,
standard deviation 1.3, for 19 samples, and water from
Cold Creek Spring has a mean deuterium composition
of —-100.1 permil, standard deviation 1.2, for 16 samples
(Winograd and Riggs, 1984; I.J. Winograd, U.S. Geolog-
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ical Survey, written commun., 1989; Thomas and oth-
ers, 1991). The average value of —-99 permil for the
central part of the Spring Mountains is the same as
that presented by Winograd and Riggs (1984) for
springs and wells in the Spring Mountains. Their data
included 9 samples in addition to their combined
28 samples at Trout Spring and Cold Creek Spring.
The average deuterium value agrees with other isotope
data collected during a shorter period from smaller
springs in the Spring Mountains (appendix A; pl. 2).

The average deuterium composition of recharge to
the southern part of the Spring Mountains is —90 per-
mil (table 13).

Deuterium values are different for the two parts of
the Spring Mountains, but within each part, deuterium
composition does not discernibly change with altitude
(fig. 21). Thus, deuterium composition of winter precip-
itation that recharges the Spring Mountains (Winograd
and Riggs, 1984) is not affected by altitude (deuterium
composition does not become lighter with increasing
altitude). Consequently, recharge from each part of the
Spring Mountains should have similar deuterium com-
position regardless of altitude.

SHEEP RANGE

The average deuterium composition of recharge to
the Sheep Range is —93 permil based on the average
deuterium value of 17 samples at six springs (table 13,
appendix A). This average deuterium composition is
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FIGURE 21.—Relation between mean deuterium composition and
altitude for spring and well samples that contain tritium in the
Spring Mountains, southern Nevada. Tritium indicates the
water was less than about 50 years old at the time of sampling.
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the same as that of water discharging from Corn Creek
Springs (-93 permil; appendix A, fig. 17, pl. 2). Corn
Creek Springs is on a fan on the southwest flank of the
Sheep Range and, therefore, should be representative
of water that flows either south to Las Vegas Valley or
west to Ash Meadows from the Sheep Range.

Six springs in the Sheep Range are at altitudes
from about 5,600 to 8,400 ft. Their average deuterium
composition changes by only 4 permil, so on the basis of
limited data, altitude probably does not affect the deu-
terium composition of water in the Sheep Range. Thus,
-93 permil represents the deuterium composition of
recharge to the Sheep Range, as is observed at Corn
Creek Springs, which is probably well-mixed water
from the Sheep Range.

SOUTHERN MEADOW VALLEY WASH FLOW SYSTEM

The average deuterium composition of ground
water in the southern Meadow Valley Wash flow sys-
tem (fig. 16) is —87 permil (table 13). This value is an
average for springs and wells in the Meadow Valley
Wash drainage south of Caliente, the Delamar Moun-
tains, the Meadow Valley Mountains, and the south-
west Clover Mountains (pl. 2).

‘WHITE RIVER FLOW SYSTEM

The average deuterium composition of springs
emanating from carbonate-rock aquifers in Pahrana-
gat Valley is —109 permil (fig. 17, pl. 2). This average
value is for samples from Ash and Crystal Springs that
were analyzed by the Reston laboratory (table 13). This
value agrees with data for previous samples from Ash,
Crystal, and Hiko Springs in Pahranagat Valley, which
were analyzed at the Denver and Las Vegas laborato-
ries (appendix A). These samples were chosen as repre-
sentative of water in the carbonate-rock aquifers of the
White River flow system that flows into southern
Nevada because they are large springs discharging
from the carbonate-rock aquifers upgradient from
Muddy River and Ash Meadows springs.

PALEOCLIMATIC EFFECTS ON ISOTOPIC COMPOSITION

Ground water discharging from the carbonate-rock
aquifers in southern Nevada is a mixture of waters that
were recharged primarily during the last 10,000 years
(see table 18; Winograd and Pearson, 1976; Benson and
others, 1983; Waddell and others, 1984; Claassen,
1985, 1986; Kirk, 1987; Benson and Klieforth, 1989;
Kirk and Campana, 1990). The average deuterium
composition of waters recharging the carbonate-rock
aquifers of southern Nevada would have had to remain
relatively constant during this time for deuterium to be
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TABLE 13.—Deuterium composition of ground water in source areas of
southern Nevada

[Analyses from U.S. Geological Survey research laboratory, Reston, Va.,
unless otherwise noted]

Delta

Site Number! deuterium gtafli&iu‘d
(permil) eviation
Central part of Spring Mountains
Trout Spring® 19 -97.7 1.3
Cold Creek Spring? 16 -100.1 1.2
Sites averaged 2 -98.9 1.7
Southern part of Spring Mountains
Bird Spring® 1 -88.0 -
Sandstone Spring 1 -89.0 -
BLM Visitors Center well 1 -89.0 -
Red Spring 1 -89.0 -
Willow Spring 1 -90.5 -
White Rock Spring 1 -91.0 -
Castilio well® 1 -94.0 -
Sites averaged 7 -90.1 2.0
Sheep Range
Wiregrass Spring 9 -94.3 1.8
Mormon Well Spring 3 -91.8 .8
Cow Camp Spring 2 -92.0 1.8
Lamb Spring 1 -92.5 -
Sawmill Spring 1 -92.0 -
Sheep Spring 1 -96.0 --
Sites averaged 6 -93.1 1.7
Southern Meadow Valley Wash flow system
Upper Riggs Spring 1 -88.0 --
Boulder Spring 1 -87.0 -
Kane Spring 1 -86.5 -
Grapevine Spring 1 -87.5 -
Willow Spring 1 -88.0 -
Caliente City well 1 -89.0 -
Bishop Spring 1 -85.5 -
Bradshaw well 1 -88.5 -
Railroad Elgin well 1 -86.0 -
Randono well 1 -87.5 -
Jensen well 1 -88.5 -
North Ella Spring 1 -86.5 -
Grassy Spring? 1 -85 -
Stock well® 1 -88.0 -
Sites averaged 14 -87.3 1.2
White River flow system
Ash Spring 1 -108.0 -
Crystal Spring 1 -109.0 -
Sites averaged 2 -108.5 0.7

! Number of samples per site, and number of sites averaged.
2 Data from 1.J. Winograd (U.S. Geological Survey, written commun., 1989).

3 Data from Desert Research Institute laboratory, Las Vegas, Nev. (Thomas and
others, 1991).

4 Unpublished data from Desert Research Institute laboratory, Las Vegas, Nev.
5 Data from Desert Research Institute laboratory, Las Vegas, Nev. (Kirk, 1987, p. 81).
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used to calculate mixing of water from different
sources. This seems unlikely because of climatic
changes during this period (Mifflin and Wheat, 1979;
Winograd and Doty, 1980; Spaulding and others, 1984;
Spaulding, 1985; Quade, 1986; Benson and Thompson,
1987; Quade and Pratt, 1989). However, a plot of
deuterium and carbon-14 (fig. 22) for water that was
recharged in the Spring Mountains shows that deute-
rium has remained relatively constant for a carbon-14
range of 1.9 to 100 percent modern carbon (pme). Deu-
terium composition varies by only a total of 6 permil,
with an average concentration of —-99 permil. A similar
plot for water recharged in the Sheep Range contains
fewer data points; it shows that deuterium composi-
tion varies by less than 2 permil for a carbon-14 range
of 13.7 to 96.8 pmc (fig. 23).

In summary, the deuterium composition of water in
the Spring Mountains, Sheep Range, and surrounding
areas has remained constant with time for a carbon-14
range of 1.9 to 100 pmec. Thus, deuterium can be used
to determine source areas, flow paths, and mixing of
ground water in the carbonate-rock aquifers of south-
ern Nevada.

FLOW-SYSTEM DELINEATION ON THE BASIS
OF DEUTERIUM

Deuterium composition of water discharging from
large springs in southern Nevada can be used to deter-
mine the sources of water that supply the springs and,
thus, help delineate flow paths. Mixing of isotopically
different waters from different source areas can be
determined from observed differences in the deuterium
composition of the ground water upgradient from the
springs. The two largest spring areas in southern
Nevada are Muddy River springs (36,000 acre-ft/yr) in
Moapa Valley, at the terminus of the White River flow
system, and Ash Meadows springs (17,000 acre-ft/yr) in
the Amargosa Desert, at the terminus of the Ash Mead-
ows flow system (figs. 16, 17). These spring flow rates
represent minimum ground-water flow, because addi-
tional water may be flowing past the springs in the car-
bonate-rock aquifers and because evapotranspiration
in the spring areas may include ground water that is
not discharged at the springs. However, the proportion
of water from different sources determined on the basis
of deuterium composition would be the same; only the
absolute amount from the different areas would
increase if the spring flow does not include all the water
in the carbonate-rock aquifers in the spring area. In
addition, the isotopic composition of water from wells,
or discharging from springs, in Las Vegas and
Pahrump Valleys can be used to determine sources of
water in the carbonate and basin-fill aquifers in these
areas.
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If deuterium is used as a tracer, the deuterium
composition of the different source areas has to be dif-
ferent. Although waters from the two major recharge
areas in southern Nevada, the Spring Mountains and
Sheep Range, are only 6 permil different in mean deu-
terium composition (table 13), a Mann-Whitney test
shows that the medians of the two populations are
detectably different at the 0.001 significance level.
Additional, and perhaps even more compelling, evi-
dence that deuterium values from the two areas are dif-
ferent is that deuterium composition of water along
flow paths from each area is the same as the deuterium
composition in the recharge area (pls. 1, 2). The mean
deuterium composition of 22 samples along flow paths
from the central part of the Spring Mountains is -98.4
permil (standard deviation 1.6) and ranges from —102.0
to —95.0 permil; the mean composition of 4 samples
along flow paths from the Sheep Range is ~93.6 permil
(standard deviation 0.5) and ranges from -94.0 to -93.0
permil. Consequently, although waters from these
recharge areas are only 6 permil different, they are sta-
tistically different populations, and ground water flow-
ing from each recharge area maintains the same
average deuterium value as the recharge-area water.
Thus, the mean values of -99 and -93 permil can be
used as the isotopic inputs for the two recharge areas.
Other significant sources of ground water in carbonate-
rock aquifers of southern Nevada are the southern part
of the Spring Mountains (deuterium composition is -90
permil), the White River flow system (deuterium com-
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FIGURE 22. —Relation between mean deuterium and carbon-14 for
water recharged in the Spring Mountains, southern Nevada.
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FIGURE 23.—Relation between mean deuterium and carbon-14 for
water recharged in the Sheep Range, southern Nevada.

position is ~109 permil), and the southern Meadow Val-
ley Wash flow system (deuterium composition is —87
permil; table 13).

WHITE RIVER FLOW SYSTEM

Muddy River springs discharge 36,000 acre-ft/yr of
water at the distal end of the White River flow system
(Eakin and Moore, 1964). The average deuterium com-
position of water from five springs in the Muddy River
springs area, including Big Muddy Spring, which is the
largest discharging spring, is —-98 permil (isotope anal-
yses from the Reston laboratory; appendix A). The
sources of water discharging from the springs were
determined from hydraulic gradients in the carbonate-
rock aquifers in this area (see section “Hydrologic
Framework” and pl. 1), the geologic and structural
ground-water flow constraints (see section “Geologic
Framework” and figs. 17, 18), and the average deute-
rium composition of possible source waters.

Water emanating from Muddy River springs can be
from three sources: (1) the Sheep Range, (2) the White
River flow system, and (3) the southern Meadow Valley
Wash flow system (including Kane Springs and
Delamar Valleys). Directly upgradient from Muddy
River springs is Coyote Spring Valley. In this valley, the
average isotopic composition of water from three wells
completed in carbonate rock is —101 permil, whereas
water from a well completed in basin-fill deposits is -94
permil. The basin-fill well is adjacent to one of the wells
completed in carbonate rock. A downward head gradi-



C36

ent of 0.12 ft/ft over about a 500-ft vertical interval
exists between the basin-fill and carbonate-rock wells
(Berger and others, 1988). This downward head gradi-
ent and the isotope value similar to that of average
Sheep Range recharge (-93 permil) indicate that
recharge from the Sheep Range probably flows prima-
rily through the basin-fill aquifer in Coyote Spring
Valley.

The basin-fill aquifer in Coyote Spring Valley is
bound on the east by the carbonate rock of the northern
Arrow Canyon Range and southern Meadow Valley
Mountains. In this area, the carbonate rock that com-
pose these mountains are exposed at land surface, and
water in the basin-fill aquifer mixes with water in the
carbonate-rock aquifers. This mixed water is observed
at Muddy River springs. Water from a well (MX-6;
fig. 17) completed in carbonate rock, about halfway
between the east edge of the Coyote Spring Valley
basin-fill aquifer and Muddy River springs, has a deu-
terium composition of -97 permil (pl. 2). This isotopic
composition is similar to Muddy River springs (-98 per-
mil) and is more evidence supporting the conceptual
flow and mixing model: water in the Muddy River
springs area is probably a mixture of Sheep Range
recharge water and water from the carbonate-rock
aquifers beneath Coyote Spring Valley. Using the aver-
age deuterium composition of Sheep Range recharge
water (-93 permil) and Coyote Spring Valley carbon-
ate-rock aquifer water (-101 permil) to determine the
sources of water at Muddy River springs (-98 permil)
results in a mixture of 38 percent (14,000 acre-ft/yr)
Sheep Range water and 62 percent (22,000 acre-
feet/yr) Coyote Spring Valley water.

Water in the carbonate-rock aquifers of Coyote
Spring Valley (deuterium composition of ~101 permil)
can be from two sources, the White River flow system
(deuterium composition of ~109 permil) and the south-
ern Meadow Valley Wash flow system (deuterium com-
position of —87 permil; pls. 1 and 2, figs. 16, 17). A
mixture of 64 percent (14,000 acre-ft/yr) White River
flow-system water and 36 percent (8,000 acre-ft/yr)
southern Meadow Valley Wash flow-system water
results in water isotopically the same as water in the
carbonate-rock aquifers in Coyote Spring Valley.

In summary, water discharging from Muddy River
springs is a mixture of 40 percent (14,000 acre-feet/yr)
White River flow-system water, 38 percent (14,000
acre-ft/yr) Sheep Range water, and 22 percent (8,000
acre-ft/yr) southern Meadow Valley Wash flow-system
water. The 14,000 acre-ft/yr contribution of White
River flow-system water to Muddy River springs is sig-
nificantly less than the 35,000 acre-ft/yr proposed by
Eakin (1966) on the basis of water-level data and
Maxey-Eakin recharge estimates (Maxey and Eakin,
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1949) but is similar to recent estimates by A.H. Welch
(U.S. Geological Survey, written commun., 1988) and
Kirk and Campana (1990). Welch estimated 18,000
acre-ft/yr of underflow from Pahranagat Valley to Coy-
ote Spring Valley on the basis of the isotopic composi-
tions of empirically derived Maxey-Eakin recharge
estimates for the entire White River flow system. Kirk
and Campana (1990) calculated a contribution of
16,500 to 19,100 acre-ft/yr for three different flow sce-
narios for the White River flow system on the basis of
Maxey-Eakin recharge estimates and water-level data
with a discrete-state compartment model using deute-
rium to calibrate their models. These flow-system
delineations are based on water-level data only, with no
consideration of geologic or structural constraints on
ground-water flow.

The Sheep Range contribution of 14,000 acre-ft/yr
is significantly higher than the estimated 2,000
acre-ft/yr of Eakin (1966), 3,000 acre-ft/yr of A.H.
Welch (written commun., 1988), and 5,000 to 6,000
acre-ft/yr of Kirk and Campana (1990). The greater
contribution of Sheep Range water compared to previ-
ous studies is balanced by not including 6,000-9,800
acre-ft/yr of ground-water from Dry Lake Valley, north
of Delamar Valley, because of geologic constraints to
ground-water flow (Dettinger and others, 1995) and
less underflow from Pahranagat Valley to Coyote
Spring Valley. Geologic constraints on Sheep Range
water flowing to the west and south, as previously dis-
cussed in the section titled “Geologic Framework,” indi-
cates that most of the recharge to the Sheep Range
probably flows to the northeast toward the Muddy
River springs area. The calculated contribution of
14,000 acre-ft/yr of Sheep Range water is higher than
the empirical Maxey-Eakin recharge estimate of 11,000
acre-ft/yr, but the amount is reasonable if most of the
recharge to the Sheep Range discharges at Muddy
River springs. Winograd and Friedman (1972) also pos-
tulated, on the basis of deuterium data, that the Sheep
Range may be a significant source of water discharging
from Muddy River springs.

The 8,000 acre-ft/yr of ground water calculated to
flow from the southern Meadow Valley Wash flow sys-
tem to Muddy River springs agrees with previous esti-
mates by Welch (8,000 acre-ft/yr) and Kirk and
Campana (5,500-9,000 acre-ft/yr).

ASH MEADOWS FLOW SYSTEM

Springs at Ash Meadows discharge 17,000 acre-
ft/yr at the distal end of the Ash Meadows flow system
(Winograd and Thordarson, 1975). The average deute-
rium composition of the water from seven springs (the
six largest discharging springs plus Scruggs Spring)
is =103 permil (Winograd and Pearson, 1976;
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appendix A). The sources of water discharging from the
springs were determined on the basis of hydraulic gra-
dients in the carbonate-rock aquifers in this area (see
section titled “Hydrologic Framework” and pl. 1), the
geologic and structural constraints on ground-water
flow (see section titled “Geologic Framework” and figs.
17, 18), and the deuterium composition of possible
source waters.

The first carbonate-rock aquifer sample site that is
upgradient from Ash Meadows springs and has deute-
rium and water chemistry data is Army Well 1 (fig. 17).
Water from Army Well 1 has an average deuterium
composition of -104 permil (appendix A). Thus, given
the hydrologic position of the well and the isotopic sim-
ilarity of its water to Ash Meadows springs, water at
Army Well 1 is considered representative of water that
flows to Ash Meadows. This conclusion was previously
reached by Winograd and Friedman (1972), but they
also noted that the chemistry at Army Well 1 was more
dilute than water discharging at Ash Meadows. At a
carbonate-aquifer sample site about halfway between
Army Well 1 and Ash Meadows (Amargosa Tracer Well
2; fig. 17), deuterium data are lacking but oxygen-18
data are similar to data from Ash Meadows springs
(appendix B). Water chemistry also is similar, although
slightly more dilute, so this water also is considered
representative of flow to Ash Meadows. The water
chemistry from these two sites and how they relate to
flow in the Ash Meadows flow system is discussed in
the section titled “Water Chemistry.”

No water samples from carbonate-rock aquifer
sites upgradient from Army Well 1 had deuterium com-
positions similar to samples from Ash Meadows. Thus,
isotopically different waters must be mixing to produce
the deuterium composition measured at Ash Meadows
and Army Well 1. Given the hydrologic, geologic, and
structural constraints (see sections titled “Hydrologic
Framework” and “Geologic Framework”), the two near-
est carbonate-rock aquifer water sources upgradient
from Army Well 1 and Ash Meadows that could mix to
produce their deuterium composition are in the area of
Well C-1 in south Yucca Flat and Indian Springs
(fig. 17, pls. 1 and 2).

A mixture of 33 percent (6,000 acre-ft/yr) Well C-1
water (-111 permil) and 67 percent (11,000 acre-feet/yr)
Indian Springs water (—99 permil) is needed to produce
the deuterium composition of water at Ash Meadows
and Army Well 1 (~103 permil). The source of Indian
Springs water is recharge to the Spring Mountains, on
the basis of the hydraulic gradient (pl. 1) and deute-
rium composition of Indian Springs water, which is the
same as that of average Spring Mountains recharge
(-99 permil). The source of Well C-1 water is less obvi-
ous: three possible sources, on the basis of hydrologic,
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geologic, and structural constraints, are recharge to the
Eleana Range (or farther to the west in Pahute Mesa),
drainage of paleowater, or White River flow-system
water.

The Eleana Range contains 4,000 to 8,000 ft of
Devonian to Mississippian noncarbonate rock under
the west third of Yucca Flat (Winograd and Thordar-
son, 1975, "upper clastic aquitard”). Therefore, little
precipitation that falls on the Eleana Range probably
recharges the carbonate-rock aquifers in the Yucca Flat
area. Winograd and Thordarson (1975) estimated the
quantity of water flowing into the carbonate-rock aqui-
fers beneath Yucca Flat from both the west (Eleana
Range) and northeast (Emigrant Valley) is less than
250 acre-ft/yr. In addition, aeromagnetic interpreta-
tions by Bath and Jahren (1984) and recent interpreta-
tions of Tertiary extensional tectonics by Guth (1988)
indicate that little of the carbonate-rock aquifer under-
lies the Eleana Formation in this area; instead, the
Eleana Formation is probably underlain by noncarbon-
ate basement. Thus, the possibility that water in the
volcanic rock of Pahute Mesa, west of the Eleana
Range, flows at depth into the carbonate-rock aquifers
and then east to Yucca Flat is unlikely. No isotope data
exist for the carbonate aquifers beneath the Eleana
Range, so the isotopic composition of this water is
unknown.

Drainage of water recharged during the last glacial
episode is a possible source of water at Well C-1. How-
ever, Winograd and Doty (1980) show that water levels
in the carbonate-rock aquifers in the Nevada Test Site
area have fluctuated less than 100 ft during Wisconsin
time, and Jones (1982) shows fluctuations of less than
about 150 ft in the northern Frenchman Flat area
through most of Quaternary time. Thus, drainage of
paleowater is not probable.

White River flow-system water in Pahranagat Val-
ley is isotopically similar (-109 permil) to Well C-1
water (—111 permil) and, on the basis of hydraulic gra-
dients, could be flowing southwest to Yucca Flat (pl. 1).
Continuous, thick sequences of carbonate rock provide
a flow path for White River flow system water to
Frenchman Flat (fig. 17). Thus, of the three possible
sources of Well C-1 water, the White River flow system
is hydrologically and geologically the most likely.

Another possibility is that little water flows from
the Yucca Flat area to Ash Meadows. Winograd and
Thordarson (1975, p. 94) estimated the total flow
within the carbonate-rock aquifers beneath Yucca Flat
to the south to be less than 350 acre-ft/yr. A likely alter-
native is that water from Pahranagat Valley flows
through the Frenchman Flat area south of Well C-1
and mixes with Spring Mountains water, producing the
water at Ash Meadows. This interpretation is reason-



C38

able because the central core of thick, continuous car-
bonate rock extends from Pahranagat Valley to Ash
Meadows (fig. 17). Using the average isotope value of
Pahranagat Valley water (-109 permil) and Indian
Springs water (-99 permil) to produce Ash Meadows
water (=103 permil) results in a mixture of 40 percent
(7,000 acre-ft/yr) Pahranagat Valley water and 60 per-
cent (10,000 acre-ft/yr) Spring Mountains water. The
40 percent contribution of Pahranagat Valley water to
Ash Meadows spring discharge is in good agreement
with the 35 percent estimated by Winograd and Fried-
man (1972) and Winograd and Thordarson (1975).

The Spotted, Pintwater, Desert, and Groom Ranges
are assumed to contribute little water to the carbonate-
rock aquifers (fig. 17). This assumption agrees with
previous work by Winograd and Friedman (1972) and
Winograd and Thordarson (1975). These mountains,
with the exception of the Groom Range, are less than
7,100 ft in altitude and, therefore, do not receive large
amounts of winter precipitation that could become
available to recharge the carbonate-rock aquifers. The
Groom Range is composed mostly of Precambrian base-
ment rock and is not underlain by carbonate-rock aqui-
fers (M.D. Dettinger, U.S. Geological Survey, oral
commun., 1989); therefore, little precipitation in the
Groom Range recharges the carbonate-rock aquifers.
In addition, any potential recharge water in these
ranges generally is isotopically heavy; median deute-
rium composition of 13 samples from the Pintwater
and Groom Ranges is —90 permil (pl. 2; B.F. Lyles,
Desert Research Institute, written commun., 1986)
compared with recharge water in the Spring Moun-
tains (-99 permil) and water in the White River flow
system (-109 permil). This heavy deuterium composi-
tion severely limits the possibility that any significant
recharge to these mountains contributes to Ash Mead-
ows discharge.

As previously discussed, recharge to the Sheep
Range probably contributes little to spring discharge at
Ash Meadows due to geologic and structural con-
straints. The relatively heavy deuterium composition
of Sheep Range water (-93 permil), as compared with
Ash Meadows spring water (-103 permil), also limits
the percentage of Sheep Range water that could mix
with Spring Mountains and Pahranagat Valley water
to produce the deuterium composition measured at Ash
Meadows.

In summary, a mixture of 40 percent (7,000 acre-
ft/yr) Pahranagat Valley water and 60 percent (10,000
acre-ft/yr) Spring Mountains water discharging at Ash
Meadows springs is geologically, hydrologically, and
isotopically the most likely alternative. Previous work
by Winograd and Friedman (1972), Winograd and
Thordarson (1975), Winograd and Pearson (1976),
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Welch and Thomas (1984), and Kirk and Campana
(1990) postulated a 24 to 35 percent input of Pahrana-
gat Valley water to Ash Meadows, which is similar to
the 40 percent proposed by this isotopic mixing model.
The 60 percent Spring Mountains contribution also is
reasonable, if the previous estimate of about 65 percent
Spring Mountains plus Sheep Range water (Winograd
and Friedman, 1972; Winograd and Thordarson, 1975;
Winograd and Pearson, 1976) is assumed to be mostly
Spring Mountains water. This assumption seems rea-
sonable because the previous studies assumed that the
Spring Mountains and Sheep Range were isotopically
the same and no flow barriers existed between the
Sheep Range and Ash Meadows springs. Other evi-
dence to support the concept that recharge from the
Spring Mountains contributes 60 percent of Ash Mead-
ows springs discharge is as follows:

1. A Maxey-Eakin recharge estimate, which
assumes that only precipitation above 6,000 ft
becomes recharge, for the part of the Spring
Mountains that topographically drains to the Ash
Meadows flow system is 7,000 acre-ft/yr. This esti-
mate is lower than the 10,000 acre-ft/yr estimated
by the isotope mixing model, but ground-water
flow modeling studies of Las Vegas and Pahrump
Valleys (Harrill, 1976, 1986) indicate that Maxey-
Eakin recharge estimates for the Spring Moun-
tains underestimate recharge by about 20 to 35
percent.

2. Winograd and Thordarson (1975) suggest on the
basis of structural disposition that some recharge
south of the topographic divide in the Spring
Mountains flows northward into Indian Springs
Valley rather than southwestward into Pahrump
Valley.

3. In a recharge area such as the Spring Mountains,
which contains well-mixed water, as indicated by
the lack of isotopic depletion with increased alti-
tude (fig. 21), topographic divides probably have
less effect on the areas of recharge than in a
recharge area that contains less well-mixed
water.

LAS VEGAS VALLEY

Isotopic composition of ground water in the basin-
fill aquifers of Las Vegas Valley indicates that the aqui-
fers are supplied almost entirely by recharge to the
Spring Mountains. This conclusion agrees with
ground-water flow modeling studies by Harrill (1976)
and Morgan and Dettinger (1996). The average deute-
rium composition of water from 10 wells and springs in
northern Las Vegas Valley is -98 permil, ranging from
—101 to —96 permil (pl. 2). This average value is similar
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TABLE 15.—Saturation indices for selected minerals in water from carbonate-rock aguifers of southern Nevada!

[Calculated using computer program WATEQ4F (Ball and others, 1987)]

Site Calcite Dolomite Gypsum Halite Albite Kaolinite K-feldsy Chalcedony Analci
WHITE RIVER FLOW SYSTEM
Muddy River springs
Big Muddy Spring 0.0 -0.1 -14 -6.8 -14 1.9 -0.1 0.1 -3.2
Coyote Spring Valley
MX well 0.0 0.1 -1.8 -7.2 -14 1.7 0.0 0.2 -3.2
VF-2 well 2 3 -1.8 -7.2 -1.3 1.6 1 2 -3.2
Sheep Range
Wiregrass Spring 0.0 -0.3 2.7 -9.6 -4.0 0.9 -1.6 0.0 -5.9
Cow Camp Spring 1 1 2.4 1.7 -2.3 1.5 -1.3 1 -4.2
Mormon Well Spring 2 2 -2.5 -8.2 -2.8 1.4 -1.6 1 -4.8
Southern Meadow Valley Wash
Boulder Spring -0.3 -1.0 -3.1 -85 -1.0 2.3 0.7 0.4 -3.3
Kane Spring -4 -1.2 -2.5 -8.0 -1.0 2.6 9 .6 -3.5
Grapevine Spring 0 -2 -2.0 -7.9 -2.1 2.2 -5 2 -4.1
Willow Spring -.6 -1.9 -2.4 -1.4 .0 3.0 1.3 6 -2.5
Bradshaw well .3 -2 -1.7 —6.8 .0 2.8 14 7 -2.5
Railroad Elgin well 1 -2 -2.0 -6.9 .0 2.7 14 6 -24
Randono well 2 0 -2.0 -6.9 1 2.8 14 .6 2.4
Jensen well 4 3 -1.8 -6.9 2 2.7 14 .6 -2.2
Pahranagat Valley
Crystal Spring 0.2 0.3 -2.2 -8.3 -1.6 2.0 0.2 0.2 -3.6
Ash Spring .0 -2 -2.2 -8.2 -2.0 1.7 -3 1 -3.8
ASH MEADOWS FLOW SYSTEM
Ash Meadows springs
Ash Meadows springs 2 0.1 0.0 -1.8 74  -14 2.1 0.1 0.1 -3.3
Mercury Valley
Army Well 1 0.1 0.2 -2.0 -7.8 -2.2 14 -0.8 0.0 -3.9
Indian Springs Valley
Indian Springs 0.2 0.3 -2.5 -94 -3.5 1.2 -1.7 -0.2 -5.0
Central part of Spring Mountains
Sky Mountain well 0.1 -0.3 -2.1 -9.4 -3.6 1.4 -2.1 -0.1 -5.4
Summer Homes well -1 -5 -2.6 -10.2 -4.9 A4 -2.6 -3 -6.6
Willow Spring 1 -3 -2.5 -10.0 4.4 q -24 -2 -6.1
Deer Creek Spring no. 1 1 -5 -3.2 -10.7 -5.1 -3 -3.0 -3 -6.7
Deer Creek Spring no. 2 9 1.2 -2.9 -10.4 —4.4 -1 -2.2 -3 -5.9
Highway maintenance well 0.2 -0.2 -2.1 -10.2 —4.7 0.5 2.9 -0.3 -6.3
Rainbow Spring no. 2 .0 -.6 -2.8 -9.9 -5.0 4 -2.8 -3 -6.6
Trout Spring .6 .6 -2.9 -10.7 -4.9 -3 2.7 4 -6.4
Cold Creek Spring 2 -1 -2.6 -10.3 -4.6 .6 -2.6 -2 -6.2

Frenchman Flat

Test Well 3 0.2 0.3 -1.8 7.3 -2.0 1.0 —0.8 0.0 -3.6
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TABLE 15.—Saturation indices for selected minerals in water from carbonate-rock aquifers of southern Nevada'—Continued

Site Calcite Dolomite Gypsum Halite Albite Kaolinite K-feldspar Chalcedony Analcime
South Yucca Flat
C-1 Well 0.9 1.8 -1.9 -7.0 -1.5 0.5 -0.2 0.1 -3.3
LAS VEGAS VALLEY FLOW SYSTEM
Tule Spring area - North Las Vegas Valley
Martin well 0.2 04 2.6 -8.9 2.6 14 -0.9 0.0 -4.3
Racel well 2 4 -2.5 -9.0 -2.5 1.5 -9 .0 -4.3
Tule Spring State Park well 1 2 -2.5 -8.9 -2.4 1.8 -7 1 -4.3
Mulder weil 3 6 2.4 -8.6 -2.5 1.3 -1.1 .0 -4.3
Holland well -2 -4 -2.5 -9.2 -2.9 2.1 -1.2 0 -4.6
Southern part of Spring Mountains
Sandstone Spring -04 -1.0 -2.0 -8.8 -3.8 1.5 -19 -0.2 -5.5
BLM Visitors Center well 1 .0 -1.3 -8.8 -3.1 1.6 -1.5 -1 -4.7
Red Spring 2 .3 -24 -9.1 -3.2 1.5 -1.2 -1 -4.9
White Rock Spring -3 -8 -1.3 -8.5 -3.3 2.0 -1.6 -1 -4.9
Southwestern Las Vegas Valley
Tenaya well 0.0 0.0 -1.1 ~7.2 -2.2 2.0 -0.6 0.0 -4.0
Spanish Trail Country Club 1 1 -1 -8.4 -3.0 1.7 -1.3 -1 -4.6
Stocks Mill and Supply Co. .0 .0 -8 -84 -2.8 1.9 -1.1 -1 —4.5
Corn Creek Springs area
Corn Creek Spring 0.2 0.5 -2.5 -8.9 -2.6 1.8 -0.7 0.0 -4.5
Shown well -2 -3 -2.6 ~-8.9 -2.1 2.4 -2 3 —4.2
Brooks well 8 1.9 -2.6 -8.9 -1.8 1.1 -1 3 -3.8
Young well -2 1 -2.9 -9.0 -1.2 2.6 9 5 -3.6
PAHRUMP VALLEY FLOW SYSTEM
Pahrump Valley
Manse well 0.1 0.0 ~2.3 -9.5 -3.2 1.6 -1.6 -0.1 -4.9
Pahrump Spring well 2 4 -2.3 9.4 -3.2 1.3 -1.4 -1 -4.9
1 Saturation index = 108&%_}’% , where K, T = equilibrium constant at temperature T. By convention, positive value indicates mineral can precipitate

from solution, whereas negative value indicates mineral can dissolve if present. Data for aluminum concentration were not available for these sites, so a value of 10 ug/L was

used for all sites in calculating saturation indices.
2 Discharge-weighted average was used.

water; and (4) perhaps the strongest evidence of the
lack of oxidation of organic carbon is that a large
influx of organically derived CO, would cause a shift to
a lighter carbon-13 composition, and this is not
observed (see section titled “Ground-Water Age”).

Carbon-dioxide gas from rock units overlying the
aquifers was eliminated as a possible source of CO, gas
in the aquifer, even though large amounts of CO, gas
are present in some of the overlying rock units (D.C.
Thorstenson, U.S. Geological Survey, oral commun.,
1988), because (1) partial pressures of COg in rock units
overlying the aquifers are less than partial pressures of
COg in the aquifer waters, (2) the rates of diffusion and
dispersion for CO, gas into the aquifer waters would be
slow, and (3) there should be a shift to lighter carbon-

13 values instead of the heavier measured values (aver-
age carbon-13 of CO, gas in rock units overlying the
aquifers in the Nevada Test Site area of southern
Nevada is -16.5 permil; D.C. Thorstenson, oral com-
mun., 1988). However, exchange of large quantities of
dissolved carbon for carbon in calcite could balance the
input of some COy gas with light carbon-13.

WHITE RIVER FLOW SYSTEM

COYOTE SPRING VALLEY + SHEEP RANGE — MUDDY RIVER SPRINGS
(PATH 2-1)

A deuterium mass-balance calculation to deter-
mine sources of water emanating from Muddy River
springs, the terminus of the White River flow system,
indicates that water discharging from the springs con-
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sists of 62 percent water from the carbonate-rock aqui-
fers of Coyote Spring Valley and 38 percent water from
the Sheep Range. Mass-balance calculations based on
water-chemistry differences between the initial mix-
ture of Sheep Range and Coyote Spring Valley water
and final Muddy River springs water show that gyp-
sum, halite, albite, and K-feldspar dissolve; calcite and
chalcedony precipitate; and kaolinite forms (table 14).
Dolomite dissolves if cation exchange occurs, otherwise
dolomite does not dissolve or precipitate. The average
chemistry of water at Muddy River springs used for
mass balance calculations is from Big Muddy Spring.
Big Muddy Spring is the largest spring in the Muddy
River springs area with complete chemical and isotopic
data and is the only spring of the Muddy River springs
with carbon isotope data (appendix B).

Gypsum and halite dissolution are used as sources
of SOy, Cl, and Na in this model because seven wells
drilled in the area (Berger and others, 1988) indicate
that the Tertiary aquitard of the Ash Meadows flow
system does not exist in this part of the White River
flow system. The wells generally penetrate about 20 to
850 ft of unconsolidated sands and gravels which
directly overlie the carbonate-rock aquifers. In addi-
tion, samples from a well about 7 mi west of and upgra-
dient from Muddy River springs contain gypsum
{Berger and others, 1988). Sulfur isotope data indicate
that dissolved sulfate in Muddy River springs and Coy-
ote Spring Valley water samples (534S of 13.4 and
13.0 permil, respectively) could be derived from disso-
lution of gypsum in marine carbonates of Permian to
lower Triassic age (Claypool and others, 1980). Upper
Permian carbonate rock south and east of the Muddy
River springs area contain gypsum (Longwell and oth-
ers, 1965), so although gypsum has not been reported
in exposed Permian rock in the Muddy River springs-
Coyote Spring Valley area, gypsum may be present in
these rocks at depth. A more likely source of gypsum in
this area are the Tertiary Muddy Creek and Horse
Springs Formation units, which overlie the carbonate-
rock aquifers west of Muddy River springs (Longwell
and others, 1965). These formations contain evaporite
deposits, which include gypsum. A sample of gypsum
from the Muddy Creek Formation in southern Nevada
has a 84S of 14.0 permil, which is similar to that of
sulfate dissolved in Muddy River springs and Coyote
Spring Valley water samples. Evaporite deposits also
probably contain some NaCl in addition to the gypsum.

Cation exchange of calcium and magnesium in the
water for sodium in clay minerals also may be a source
of sodium in the water and can be used to replace albite
in the mass-balance reaction model. Clinoptilolite also
may be a source of potassium and can be used in place
of K-feldspar in the mass-balance reaction model. No
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thermodynamic data were available for clinoptilolite,
so the mineral saturation state and, therefore, the ther-
modynamic feasibility of this reaction could not be
determined.

In the mass-balance calculation that includes
exchange of calcium and magnesium in the water for
sodium in clay minerals, 0.12 mmol/L of carbon dioxide
gas is lost from the water. This loss is most likely from
degassing of the water in the spring area. Water from
most of the springs and wells tapping the carbonate-
rock aquifers contain gas bubbles, and because water
supplying the springs generally flows upward from the
rocks through unconsolidated deposits before reaching
land surface, spring waters may loose some of their
CO,, gas before being sampled.

The mass-balance reaction models are thermody-
namically feasible because gypsum, halite, albite, and
K-feldspar are all below saturation in Coyote Spring
Valley or Sheep Range samples (table 15), so they
would dissolve. Calcite and chalcedony are at or above
saturation, so they would precipitate. Kaolinite is
above saturation in the water and, thus, could precipi-
tate but more likely is formed by incongruent dissolu-
tion. Although dolomite is at saturation in the water, it
would dissolve because of dedolomitization. Dedolo-
mitization is the irreversible dissolution of gypsum
that results in the precipitation of calcite. Calcite pre-
cipitation causes the pH to decrease and thus dolomite
to dissolve (Back and others, 1983).

Mixing of 62 percent Coyote Spring Valley water
with 38 percent Sheep Range water, along with the
mass transfer of constituents in the modeled geochem-
ical reactions, can produce Big Muddy Spring water.
These processes are mineralogically and thermody-
namically possible using minerals identified in the
aquifers and assuming that either CO, in recharge-
area waters is higher than measured, or calcium and
magnesium in the water is exchanging for sodium in
clay minerals and COyis exsolving in the Muddy River
springs area (table 14).

WHITE RIVER + SOUTHERN MEADOW VALLEY WASH — COYOTE SPRING
VALLEY (PATH 3-2A)

A deuterium mass-balance calculation to deter-
mine the sources of water in the carbonate-rock aqui-
fers of Coyote Spring Valley indicates that 64 percent of
the water is from the White River flow system and 36
percent of the water is from southern Meadow Valley
Wash. Mass-balance calculations based on water chem-
istry for the initial mixture of White River flow system
and southern Meadow Valley Wash water and final
Coyote Spring Valley water indicate dolomite, gypsum,
halite, albite, and K-feldspar dissolve; calcite and chal-
cedony precipitate; and kaolinite forms (table 14).
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In addition, the concentration of CO, in the recharge
area waters would have to be higher than measured.
Calcium and magnesium exchange can be substituted
for albite as a sodium source, and clinoptilolite can be
substituted for K-feldspar as a potassium source, in the
mass-balance reaction models.

Thermodynamic calculations show that the mass-
balance reaction models are feasible (table 15), with
the exception of the dissolution of K-feldspar, which is
at saturation in the waters. Therefore, the small mass
transfer of potassium (0.12 mmol/L) is more likely due
to the dissolution of clinoptilolite, or perhaps, exchange
with calcium and magnesium in the water.

Mixing of 64 percent White River flow system
water with 36 percent southern Meadow Valley Wash
water, along with the mass transfer of constituents in
the modeled geochemical reactions, can produce the
water in the carbonate-rock aquifers of Coyote Spring
Valley. These processes are mineralogically and ther-
modynamically possible using minerals identified in
the aquifers and assuming that CO, in recharge areas
is higher than measured.

ASH MEADOWS FLOW SYSTEM

ARMY WELL 1 — ASH MEADOWS (PATH 5-4)

Deuterium data for the Ash Meadows flow system
show that water discharging at Ash Meadows springs,
the terminus of the Ash Meadows flow system, has the
same deuterium composition as water from Army Well
1, the first carbonate-rock well upgradient from the
springs that has deuterium, carbon isotope, and chem-
ical data. Mass-balance calculations for water chemis-
try, assuming the only source of sulfate and the major
source of sodium is leakage from the Tertiary aquitard,
for water flowing from Army Well 1 to Ash Meadows
springs, shows that calcite, albite, K-feldspar, and cli-
noptilolite dissolve; chalcedony precipitates; and
kaolinite forms (table 14). Calcite is at saturation in the
waters and should precipitate, however because of
changes in temperature and pressure along deep and
tortuous flow paths (Winograd and Pearson, 1976), cal-
cite is assumed to dissolve and precipitate. This calcite
dissolution and precipitation is indicated by the car-
bon-13 composition of the waters and results of mass-
balance models and is discussed in the section titled
“Ground-Water Age.”

A small amount of dolomite dissolves in the mass-
balance reaction model involving cation exchange, and
0.12 mmol/L of dolomite precipitates in the other two
reaction models. The improbability of dolomite precipi-
tating from these waters makes these two reaction
models unlikely. However, the model with dolomite
dissolution is also unlikely because both waters are sat-
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urated with respect to dolomite. Therefore, the 0.06
mmol/L of dolomite dissolution may represent (1) ana-
lytical error, (2) dedolomitization (if not all the sulfate
is from leakage, but a small amount of gypsum is
present to dissolve), or (3) temperature and pressure
differences—although dolomite would not precipitate,
these differences could result in water becoming under-
stated with dolomite along parts of the flow path.

The source of all the sulfate and most of the sodium
added to the water was assumed to be leakage from the
Tertiary aquitard, as proposed by Winograd and Thor-
darson (1975). A sample from the upper part of the sat-
urated Tertiary aquitard overlying the carbonate-rock
aquifers in Mercury Valley (pl. 1) contained 3,600 mg/L
sulfate and 1,230 mg/L sodium, assuming 5 percent of
the reported sodium plus potassium is potassium
(Winograd and Thordarson, 1975, table 11). The
absence of gypsum or anhydrite in the Paleozoic car-
bonate-rock aquifers in this part of the Ash Meadows
flow system and the extremely low sulfur concentration
in two limestone, two dolomite, and three shale sam-
ples (table 10) also indicate the main source of sulfate
is probably a water of higher sulfate concentration,
rather than a result of gypsum dissolution. Most of the
increase in sodium (70 percent) also is assumed to be
leakage from the Tertiary aquitard. The remaining
increase in sodium is assumed to be from NaCl and,
thus, is equal to the increase in chloride. The NaCl may
be from connate sea water trapped in the marine
sediments that has been released by fracturing or from
dissolution of NaCl in shales present in the carbonate-
rock aquifers. A sample from the Tertiary aquitard
contained only 35 mg/L chloride (Winograd and Thor-
darson, 1975, table 11), so unless chloride is high in
other parts of the Tertiary aquitard this is not a likely
source of the increase in chloride. The discharge-
weighted average chemistry for the Ash Meadows
springs (Winograd and Pearson, 1976, p. 1130-1131)
was used for the mass-balance calculations. Thermody-
namic calculations show that the mass-balance reac-
tion models are thermodynamically feasible (table 15).

As previously noted in the section titled “Flow Sys-
tem Delineation on the Basis of Deuterium,” water
from Amargosa Tracer Well 2—about halfway between
Army Well 1 and Ash Meadows springs—lacks deute-
rium data, but the oxygen-18 composition of this water
is similar to Ash Meadows springs and probably repre-
sents water flowing to the springs. Chemically, this
water is similar to, although slightly more dilute than,
Ash Meadows springs water. This water could evolve
into Ash Meadows springs water by the same processes
as those determined for the evolution of Army Well 1
water, but with much smaller mass transfers of chemi-
cal constituents. Mass transfers of constituents in
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water are all calculated to be less than 0.10 mmol/L
between Amargosa Tracer Well 2 and Ash Meadows
springs, thus Amargosa Tracer Well 2 is not included as
a separate site in geochemical calculations.

Water from Army Well 1 can evolve chemically into
Ash Meadows water if calcium and magnesium are
exchanged for sodium and CO, gas enters the water
between the sample sites. The source of CO, gas would
be a water that is isotopically and chemically similar to
that of Army Well 1 water but contains a higher CO,
concentration. Alternatively, Army Well 1 water may
not be entirely representative of water in this part of
the flow system that discharges at Ash Meadows;
instead, a water containing higher CO, concentrations,
that is a mixture of Spring Mountains and White River
flow system water, may be evolving into Ash Meadows
water.

SPRING MOUNTAINS + WHITE RIVER — ASH MEADOWS (PATH 6-4)

A deuterium mass-balance calculation to deter-
mine sources of water emanating from Ash Meadows
springs (Army Well 1 water is isotopically similar to
water emanating from springs at Ash Meadows) indi-
cates that water discharging from the springs consists
of 60 percent Spring Mountains water and 40 percent
White River flow system water. Mass-balance calcula-
tions based on water chemistry of the initial mixture of
Spring Mountains and White River flow system waters
and final Ash Meadows springs water indicate that
dolomite, halite, albite, and K-feldspar dissolve; calcite
and chalcedony precipitate; kaolinite forms; and high
sulfate and sodium water leak from the Tertiary aqui-
tard into the carbonate-rock aquifers (table 14). Cal-
cium and magnesium exchange can be substituted for
albite as a sodium source, and clinoptilolite can be sub-
stituted for K-feldspar as a potassium source in the
models. The mass-balance calculations also require
that CO, concentration be higher than the average
measured value in recharge-area waters. Dolomite can
dissolve because most of the waters in the Spring
Mountains are undersaturated with respect to dolo-
mite (table 15) and gypsum also is present in parts of
the Spring Mountains, so dedolomitization also may
occur.

Mixing 60 percent Spring Mountains water with
40 percent White River flow system water, along with
the mass transfer of constituents in the modeled
geochemical reactions, can produce the water discharg-
ing at Ash Meadows springs. These processes are min-
eralogically and thermodynamically possible using
minerals identified in the aquifer and assuming that
COy in recharge areas is higher than measured.
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The mixture of Spring Mountains and White River
flow system waters also can produce water of the chem-
ical composition measured at Army Well 1, using the
same mass-balance reaction models (path 6-5 in table
14). As discussed in the section titled “Stable Isotopes
of Ground Water,” Army Well 1 water is isotopically
similar to Ash Meadows spring water and probably
represents mixed Spring Mountains and White River
flow system water. Thus, the mass transfers for the
intermediate step between the mixed water and Ash
Meadows spring water is omitted in determining ages
and flow rates in later sections of this report.

Indian Springs water also can be used as the input
chemistry for the Spring Mountains water. Similar
models result; however, because Indian Springs water
contains higher ion concentrations than the more
dilute samples in the Spring Mountains, the mass
transfers are less for models that use Indian Spring
water chemistry to represent Spring Mountains water
chemistry.

CoOLD CREEK SPRING — INDIAN SPRINGS (PATH 8-7)

Cold Creek Spring is about 12 mi directly upgradi-
ent from Indian Springs in the Spring Mountains
(fig. 17), is isotopically similar to Indian Springs, and is
one of two large springs with long-term records
(20 years) of chemical and isotopic data, thus it is used
as the Spring Mountains recharge water that flows to
Indian Springs. Mass-balance calculations, based on
water chemistry, between these waters shows that gyp-
sum, halite, albite, K-feldspar, and dolomite would dis-
solve; calcite and chalcedony (except if cation exchange
is involved) would precipitate; kaolinite would form;
and COy would exsolve (table 14). Gypsum and halite,
which are used as the sources for the small increases in
sulfate and chloride (0.08 mmol/L), could be in Permian
rock that the water flows through or in the Muddy
Creek Formation in the area of spring discharge. In the
area between Cold Creek Spring and Indian Springs,
the existence of a water with high sulfate and chloride
concentrations is unlikely. Calcium and magnesium
exchange can be substituted for albite, as a sodium
source, and clinoptilolite can be substituted for K-feld-
spar, as a potassium source, in the reaction models. The
reaction models are thermodynamically feasible
(table 15) if a small amount of chalcedony can either
dissolve or precipitate, because both waters are near
saturation with respect to chalcedony.

The chemical evolution of Cold Creek Spring water
to Indian Springs water is mineralogically and thermo-
dynamically feasible using known minerals identified
in the aquifers and assuming CO, is exsolving in the
Indian Springs and Cold Creek Spring areas. The
amount of CO, outgassing at Indian Springs and Cold
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Creek Spring, calculated using the computer program
PHREEQE (Parkhurst and others, 1980) and the
method of Pearson and others (1978), was 0.16 and
0.23 mmol/L, respectively. The total CO, outgassed,
0.39 mmol/L, is similar to the value from mass-balance
calculations, 0.54 mmol/L.

SPRING MOUNTAINS + TEST WELL 3 — ASH MEADOWS (PATH 11-4)

Hydrologic, geologic, deuterium, and chemical data
indicate the most likely sources of water discharging at
Ash Meadows springs are the Spring Mountains and
Pahranagat Valley. Test Well 3 (a well completed in car-
bonate rock east of Frenchman Flat) is along the flow
path between Pahranagat Valley and Ash Meadows
(pl. 1, fig. 17), and water from this area may be mixing
with Spring Mountains water to produce the water
observed at Ash Meadows springs, or this water may
already be a mixture of Pahranagat Valley and Spring
Mountains waters. However, no deuterium data exist
for Test Well 3. Mass-balance calculations based on
water chemistry between Pahranagat Valley and Test
Well 3 show that Test Well 3 water could evolve chemi-
cally from Pahranagat Valley water (path 10-9 in table
14). The mass-balance calculations assume leakage
from the Tertiary aquitard, and the model that includes
cation exchange has 0.13 mmol/L of calcite dissolving
(without leakage calcite would precipitate). The initial
and final waters are both saturated with respect to cal-
cite (table 15), but as stated previously, calcite may dis-
solve and precipitate because of temperature and
pressure differences along flow paths in the carbonate-
rock aquifers. Therefore, Test Well 3 water could have
a deuterium composition similar to that of Pahranagat
Valley water. Subsequently, a mixture of 40 percent
Test Well 3 water and 60 percent Spring Mountains
water would be needed to produce Ash Meadows spring
water. Mass-balance calculations for a mixture of 40
percent Test Well 3 water plus 60 percent Spring Moun-
tains water show the chemistry observed at Ash Mead-
ows could evolve chemically from this mixed water
(path 11-4 in table 14, table 15).

Winograd and Thordarson (1975) noted that the
chemical composition of the water at Test Well 3 is sim-
ilar to that of water discharging at Ash Meadows
springs and may represent already mixed water that
changes little chemically between the well and Ash
Meadows. This scenario, however, would require (1)
water in Test Well 3 be isotopically similar to Ash
Meadows water (an unknown); (2) some sodium be
removed from Test Well 3 water before reaching Ash
Meadows, or a more dilute water with the same isotopic
composition as water from Test Well 3 be mixed with
Test Well 3 water to achieve the chemistry at Ash
Meadows; (3) water flowing from Test Well 3 to Ash
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Meadows bypass Army Well 1 (as indicated by their
vast differences in chemistry), or Army Well 1 water
does not represent most water flowing to Ash Meadows
in this area, although it has a similar deuterium com-
position; and (4) the isotopic composition of Army Well
1 water be produced by some process other than mixing
of Spring Mountains and Pahranagat Valley waters up-
gradient from the well. If Test Well 3 water has an iso-
topic composition similar to Ash Meadows springs
water, then the most likely sources of Test Well 3 water
would still be a mixture of 40 percent Pahranagat
Valley water and 60 percent Spring Mountains water to
obtain a deuterium composition similar to Ash Mead-
ows springs. Mass-balance calculations based on water
chemistry, using 40 percent Pahranagat Valley water
and 60 percent Spring Mountains water to produce
Test Well 3 water, are thermodynamically feasible
(path 6-9 in table 14, table 15).

As stated in (2) of the preceding paragraph, Test
Well 3 water may mix with a more dilute water of sim-
ilar isotopic composition to produce the water discharg-
ing at Ash Meadows. Army Well 1 water could be such
a water, but only if Army Well 1 water is entirely from
the Spring Mountains and is not a mixture of Spring
Mountains and Pahranagat Valley waters. Then the
deuterium composition of Army Well 1 water would
represent a 4 permil shift in the average deuterium
composition of Spring Mountains water.

SPRING MOUNTAINS + YUCCA FLAT — ASH MEADOWS

Another less likely scenario for the origin of Ash
Meadows spring water (see section titled “Geologic
Framework”) is the mixing of water from south Yucca
Flat, represented by water from Well C-1, which is com-
pleted in carbonate rock, with Spring Mountains water.
Deuterium data indicate that a mixture of 33 percent
Yucca Flat water and 67 percent Spring Mountains
water could produce the deuterium composition of
water sampled at Ash Meadows springs. However, on
the basis of chemical mass-balance calculations using
the average chemistry of water from Well C-1 and
Indian Springs, none of the three reaction models is
thermodynamically feasible.

LAS VEGAS VALLEY

Recharge to Las Vegas Valley from the Spring
Mountains is from two different areas within the
mountains; each area has a unique isotopic signature.
Northern Las Vegas Valley receives an isotopically
light component of recharge from the central part of the
Spring Mountains, and southwestern Las Vegas Valley
receives an isotopically heavier component of recharge
from the southern part of the Spring Mountains.
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In addition, northern Las Vegas Valley may receive as
much as 15 percent of its water from the Sheep Range
(see section titled “Flow System Delineation on the
Basis of Deuterium”).

SPRING MOUNTAINS — NORTH LAS VEGAS VALLEY (PATH 13-12)

Mass transfers based on water chemistry were cal-
culated for the central part of the Spring Mountains to
the Tule Spring area of northern Las Vegas Valley
(table 14). Mass-balance calculations show that gyp-
sum, halite, albite, K-feldspar, and dolomite dissolve;
calcite and chalcedony precipitate (unless cation
exchange is involved); kaolinite forms; and CO,
exsolves. Calcium and magnesium exchange can be
substituted for albite as a sodium source, and clinop-
tilolite can be substituted for K-feldspar as a potassium
source, in the reaction models. The mass-balance reac-
tion models are thermodynamically feasible (table 15)
ifthe ground water is degassing in the Tule Spring area
and a small amount of chalcedony either dissolves, or
precipitates, because both waters are near saturation
with respect to chalcedony.

The chemical evolution of Spring Mountains water
to Tule Spring area water in north Las Vegas Valley is
mineralogically and thermodynamically feasible (table
15) using known minerals in the aquifers and assum-
ing that CO; is exsolving in the Tule Spring area. The
small amount of CO, outgassing (0.07 to 0.16 mmol/L)
is within the range of calculated values for samples
within the Tule Spring area.

SPRING MOUNTAINS + SHEEP RANGE — NORTH LAS VEGAS VALLEY
(PATH 17-12)

Mass-balance calculations based on water chemis-
try for a mixture of 85 percent Spring Mountains water
and 15 percent Sheep Range water (represented by
samples from the Corn Creek Springs area) produce
north Las Vegas Valley water (represented by samples
from the Tule Spring area). Results of these calcula-
tions are similar to results of the reaction model using
solely Spring Mountains water (tables 14 and 15).

SOUTHERN SPRING MOUNTAINS — SOUTHWEST LAS VEGAS VALLEY
(PATH 15-14)

Mass-balance calculations based on water chemis-
try from the southern part of the Spring Mountains to
southwestern Las Vegas Valley show that gypsum,
halite, albite, K-feldspar, and dolomite dissolve; calcite
and chalcedony precipitate; kaolinite forms; and CO,
exsolves (table 14). Calcium and magnesium exchange
can be substituted for albite as a sodium source, and
clinoptilolite can be substituted for K-feldspar as a
potassium source, in the reaction models. The chemical
evolution of southern Spring Mountains water to
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southwestern Las Vegas Valley water is mineralogi-
cally and thermodynamically (table 15) feasible using
known minerals in the aquifers.

PAHRUMP VALLEY

SPRING MOUNTAINS — PAHRUMP VALLEY (PATH 13-16)

Ground water in Pahrump Valley is isotopically
similar to average recharge water in the central part of
the Spring Mountains. Thus, ground water in Pah-
rump Valley should evolve chemically from recharge
water in the Spring Mountains. Mass transfers based
on water chemistry were calculated for water flowing
from the central part of the Spring Mountains to Pah-
rump Valley (table 14). Mass-balance calculations show
that gypsum, halite, albite, K-feldspar, and dolomite
dissolve; calcite and chalcedony precipitate (except if
cation exchange occurs, then chalcedony dissolves);
kaolinite forms; and CO, exsolves. Calcium and mag-
nesium exchange can be substituted for albite as a
sodium source, and clinoptilolite can be substituted for
K-feldspar as a potassium source, in the reaction mod-
els. The mass-balance reaction models are thermody-
namically feasible (table 15) using known minerals in
the aquifers, if chalcedony either dissolves or precipi-
tates, because the waters are close to saturation with
respect to chalcedony, and water degases CO, in the old
spring areas of Pahrump Valley. The small amount of
CO, outgassing is within the range of values calculated
for the two samples in Pahrump Valley.

SUMMARY OF MASS-BALANCE REACTION MODELS

Chemical mass-balance reaction models can be con-
structed for flow paths and mixing of water from differ-
ent areas in southern Nevada that were determined by
deuterium mass-balance calculations. The models are
based on water chemistry and mineralogy observed in
the flow system and leakage from the Tertiary aqui-
tard. The models are thermodynamically feasible,
except for flow from Yucca Flat to Ash Meadows
springs. Geologic information in this area also indi-
cates that flow from Yucca Flat to Ash Meadows
springs is small (Winograd and Thordarson, 1975). The
deuterium-derived flow paths and mixing of water from
different areas, as shown in figure 24, are supported by
chemical mass-balance calculations.

GROUND-WATER AGE

Ground-water age provides another constraint on
flow paths and mixing in southern Nevada. Ground-
water age must increase along a flow path, or be an
average age between the ages of two initial waters that
mix for flow paths or mixtures of waters to be probable.
The age of mixed water has to increase along a flow
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TABLE 17.—Carbon-13 composition of calcite and dolomite in

southern Nevada

Latitude Longitude Delta

o1 Geologic unit or (degree, (degree,

Site site sampled Rock type minute, mixiite, carbon-.113
second) second) (permil)

1 Yellowpine Limestone Calcite 364357 1144605 +2.5
2 Ely Springs Dolomite  Dolomite 362957 1151720 +.6
3 Nopah Dolomite Dolomite 363406 1152134 +.4
4 Dawn Limestone Calcite 365600 1141850 +2.6
5 Arcturus Limestone Calcite 392132 1152054 +2.7
6 Upper Cambrian Calcite 385918 1145725 +3.4
7 Simonson Dolomite Dolomite 390336 1145647 +.4
8 Sevy Dolomite Dolomite 360336 1145653 -1.4
9 Sevy Dolomite Dolomite 372749 1151134 -1
10 Sevy Dolomite (?) Dolomite 373153 1151358 -1
11 Laketown Dolomite Dolomite 390336 1145718 +.2
12 Lower Pogonip Group Calcite 385928 1145641 -5
13 Upper Cambrian Calcite 385921 1145704 -4
14  Test WellD -- 370428 11604 30 +3.7
15 Well USCN5 370335 1160130 +.4
16 Army Well 1 - 363530 1160214 +.6
17 Test Well 4 - 363454 1155008 +2.1
18 Test Well 2 - 370958 1160515 +2.3
19 Test Well F - 364534 1160659 +.9
20 Test Well 3 - 364830 1155126 +1.0
21 Test Well 1 - 370929 1161323 +.3
22 Well UE15D - 371233 1160229 +2.3
23 Tracer Well 3 -- 363212 1161347 +2.2
24 Well C-1 -- 365507 1160034 +.6
25 WellC - 365508 116 00 35 +1.2
26 Blue Diamond road cut -- 360205 1152345 +2.7

1 Data for sites 14-26 from Hans Claassen (U.S. Geological Survey, oral commun.,
1987).

The four models presented for each flow path in
table 18 demonstrate that the adjusted carbon-14 age
is extremely sensitive to the carbon-13 composition of
the dissolving calcite. Adjusted ages range from mod-
ern for vein-calcite dissolution to as old as 13,900 years
for primary calcite dissolution. When only calcite veins,
which are isotopically light compared with the primary
calcite, are dissolved, a large amount of carbon is
exchanged between the water and rock, resulting in
modern adjusted ages. This large amount of exchange
(greater than 10 mmol/L of carbon) is probably unreal-
istic, even in an area like southern Nevada with deep
fracture flow. The other extreme of dissolving only pri-
mary calcite can result in ages greater than 10,000
years in waters that are probably much younger, as
indicated by the hydrology of the area and the distinct
oxygen-18 record of precipitated calcite at Devils Hole,
Nev., which suggests an age of less than 10,000 years
for water in Devils Hole (I.J. Winograd, written com-
mun., 1991). In addition, the ubiquitous presence of
calcite veins in outcrops and cores from wells in south-
ern Nevada indicates some vein calcite should be
exposed to ground water. Thus, the carbon-13 composi-
tion of the dissolving calcite probably is between pri-
mary calcite (1.2 permil) and vein calcite (6.0 to -1.5
permil).
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5. The measured carbon-13 composition of the
final water is heavier (less negative) than the calcu-
lated composition (table 18). This difference is assumed
to be the result of dissolution and subsequent precipi-
tation of calcite caused by temperature and pressure
changes along the lengthy, deep, and tortuous flow
paths (Winograd and Pearson, 1976) and possibly
because of increased carbon exchange resulting from
increased calcite surface area caused by faulting. The
increase in calcite surface area, plus the exposure of
fresh surfaces, produced by fracturing and grinding
associated with faulting, would increase the exchange
rate of carbon between solution and calcite (Mozeto and
others, 1984). This additional input of carbon was
determined by accounting for the fractionation of car-
bon-13 in a hypothetical sequence of dissolving and
precipitating calcite using the Rayleigh distillation
equations (Plummer and others, 1991).

6. All carbon-13 fractionation factors used in the
computer program NETPATH were set for the fraction-
ation of carbon-13 during calcite precipitation for mod-
els 1-3, and calculated using the equations from
Deines and others (1974) for model 4. All CO, gas and
carbonate solution fractionations were calculated using
the equations from Deines and others (1974; table 18).
A carbon-13 fractionation factor of 3.01 (6.02 for car-
bon-14) was used for the equilibrium fractionation
between precipitating calcite and a carbonate solution
in models 1-3.

7. Mixing waters have similar histories. The car-
bonate-rock aquifers contain relatively homogeneous
mineralogies, and waters in the aquifers are similar in
chemical composition, indicating that most of the water
in the aquifers has undergone the same major
geochemical processes.

WHITE RIVER FLOW SYSTEM

Water discharging from the Muddy River springs
area was determined to be a mixture of 40 percent Pah-
ranagat Valley water, 38 percent Sheep Range water,
and 22 percent southern Meadow Valley Wash water.
To obtain the measured carbon-13 composition of
Muddy River springs water (fig. 25), carbon, in addition
to the calculated mass transfer (table 14), must be
cycled through the water by calcite dissolution and pre-
cipitation. The amount of carbon cycled depends on the
carbon-13 composition of the dissolving calcite
(table 18). As previously discussed, the average travel-
time (age) for the following interpretations will be for
the model that includes half primary and half second-
ary (vein) calcite dissolution.

The average traveltime from the three source areas
to Muddy River springs was calculated to be
5,000 years (model 3 in table 18). This age was calcu-
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TABLE 18.—Ground-water ages in carbonate-rock aquifers of southern Nevada

[Ages are corrected for mass transfer of carbon into and out of water, on basis of mass-balance calculations (table 14) and isotope data (table 16).
Adjusted ages were calculated using carbon-13 composition of sources and sinks, and taking inte account fractionation factors for these processes.
Carbon-13 fractionation for exsolution of COg gas is from Deines and others (1974). Carbon-13 fractionation for precipitating calcite for models 1-3
is from Tyler Coplen (U.S. Geological Survey, oral commun., 1991) and for model 4 is from Deines and others (1974). The mass-balance reaction
model using exchange of calcium and magnesium in water for sodium in clay minerals was used for age corrections (table 14). Abbreviations and
symbols: mmol/L, millimole per liter; pme, percent modern carbon; >, greater than; -- not determined]

Measured  Measured Calculated Ay Ay Age
o path Mode?  imitial final final Creled initial  adjusted  Measured o
termilfus)l e si%c e FEN] ( car %)3 carbon-14  carbon-14 tome) before
(permil)  (permil) (permil) oo (pme)? (pme) P present)®
White River Flow System
3A-1 1 -9.0 -6.0 -8.4 2.4 39.2 21.2 6.7 9,500
(Muddy River 2 >10 - modern
springs)® 3 5.2 12.3 5,000
4 -84 4.7 13.6 5,800
2-1 1 -76 -6.0 -75 1.7 24.7 16.9 6.7 7,600
(Muddy River 2 >10 - modern
springs) 3 3.5 12.0 4,800
4 ~7.5 3.0 13.2 5,600
3-2A 1 -8.4 -6.1 -7.5 1.5 311 19.8 7.3 8,200
{Coyote Valley) 2 >10 - modern
3 3.0 14.8 5,800
4 -7.4 24 16.6 6,800
Ash Meadows Flow System
6-4 1 -84 —4.9 -7.8 3.4 34.1 16.0 4.7 10,100
(Ash Meadows 2 >10 - modern
springs) 3 8.4 6.2 2,300
4 =71 6.7 8.6 5,000
8-7 1 -9.5 -7.6 -8.2 0.45 54.9 44.6 8.3 13,900
(Indian Springs) 2 >10 - modern
3 91 40.3 13,100
4 -8.1 .63 42.9 13,600
Las Vegas Valley

13-12 1 -9.5 -6.8 -8.2 1.0 53.1 34.5 116 9,000
(Tule Spring area) 2 >10 - modern
3 2.2 25.9 6,600
4 -8.1 1.7 29.2 7,600
17-12 1 -9.2 -6.8 -8.3 1.10 48.3 33.0 11.6 8,600
(Tule Spring area) 2 >10 - modern
3 2.3 24.8 6,300
4 -8.2 1.8 279 7,300
15-14 3 -10.4 —7.9 -5.8 -- 50.8 21.3 11.0 5,500

(Southwest Las 4 -5.7 - 21.3
Vegas Valley) 5,500

Pahrump Valley

13-16 1 -9.5 -8.0 -84 0.30 53.1 424 36.5 1,200
(Pahrump Valley) 2 >10 - modern
3 0.58 39.7 680
4 -8.3 0.40 41.4 1,000

1 Flow-path designations are same as those in table 14.

2Model 1 uses carbon-13 value for dissolving calcite of average primary calcite, 1.2 permil (table 17). Model 2 uses carbon-13 value for dissolving calcite of vein calcite,
taken as carbon-13 composition of calcite that would precipitate from an average water along flow path. Model 3 uses carbon-13 value for dissolving calcite assuming half the
calcite is primary calcite (1.2 permil) and half the calcite is vein calcite (carbon-13 of vein calcite is that used in model 2). Model 4 uses carbon-13 values of model 3 for dissolving
calcite. Models are described on p. 54.

3 Additional input of carbon, from calcite dissolution and subsequent precipitation, needed to match measured carbon-13 composition of water.

4 A, was calculated using modified Tamers approach with computer model NETPATH (Plummer and others, 1991) in recharge waters that contain measurable tritium
and as was determined by mixing for waters containing no tritium and less than 50 pme. In the case of one mixing water being from a recharge area, Ag was first calculated for
recharge water and then the mixed carbon-14 value was calculated using this value plus measured value for other water.

5, 730)(1'.( C-14 (adjusted)
In2 C-14 (measured)
compositions and fractionations of carbon inputs and outputs assuming no decay and C-14 (measured) is carbon-14 measured in water.

8 Age:( )), where C-14 (adjusted) is the carbon-14 composition calculated from mass-balance reaction model using carbon-14

§ Chemistry of White Rock Spring in volcanic terrain of Nevada Test Site was used to represent carbon-isotope chemistry of southern Meadow Valley Wash water. This
water has a carbon-13 composition of -11.2 permil and a carbon-14 composition of 91.0 pmc.
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This approach was taken because water levels in
springs and wells in the Spring Mountains probably do
not represent a regional water level, but instead repre-
sent local levels. In addition, tritium in water samples
from some wells and springs on alluvial fans of the
Spring Mountains indicates that traveltime of ground
water from the mountains to adjacent alluvial fans is
less than about 60 years. Thus, the flow of ground
water within the Spring Mountains to adjacent alluvial
fans is rapid, so flow in this part of the flow system is
omitted in determining flow velocities for the carbon-
ate-rock aquifers.

Effective porosity was chosen as 2.0 percent on the
basis of studies that measured or calculated porosities
in the carbonate-rock aquifers of southern Nevada
(Winograd and Thordarson, 1975; Berger, 1992; Kilroy,
1992). The effective porosity used in this study is sec-
ondary fracture porosity; the intercrystalline porosity
is minor compared with the fracture porosity of the car-
bonate rock (Winograd and Thordarson, 1975). Effec-
tive porosity was estimated by harmonic analysis of
water-level fluctuations in 11 wells and Devils Hole,
which penetrate the carbonate-rock aquifers in south-
ern Nevada (Kilroy, 1992). Effective porosity ranged
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from 1.0 to 4.4 percent, with an average of 2.2 percent
and a median of 1.8 percent. For 16 core samples, total
porosity ranged from 0.4 to 12.4 percent, with a mean
of 5.4 percent and a median of 5.5 percent (Winograd
and Thordarson, 1975). Total porosity was estimated
using geophysical methods for 43 zones in five wells
completed in carbonate rock in southern Nevada
(Berger, 1992). Total porosity ranged from 0.0 to 18.5
percent with a mean of 4.7 percent and a median of 4.2
percent.

Flow velocities calculated from adjusted carbon-14
ages range from 29 to 38 ft/yr, whereas flow velocities
determined from hydrologic data range from 50 to
540 ft/yr for the White River flow system (table 19).
Flow velocities calculated from hydrologic data are
about twice those calculated from adjusted carbon-14
data for two flow paths that have hydraulic gradients
of 3.3 ft/mi, and about 14 times greater for two other
flow paths that have hydraulic gradients of about
35 ft/mi.

The differences in flow velocity between the age
and hydrologic calculations could result from (1) the
calculated median hydraulic conductivity of the car-
bonate aquifers being too high, (2) the assumed effec-

TABLE 19.—Flow velocities in the carbonate-rock aquifers of southern Nevada, calculated from adjusted carbon-14 ages and hydrologic data

Flow velocity (feet per year)

Change in Hydraulic
Flo th Traveltime!  Distance? hydraulic gradient
W pa (years) (miles) head?® (feet per From From .
(feet) mile) carbon-14 hydrologic
ages? data’
White River Flow System
Coyote Valley to Muddy River springs 2,700 15 50 3.3 29 50
Sheep Range to Muddy River springs 5,400 30 100 3.3 29 50
Pahranagat Valley to Coyote Valley 6,900 50 1,800 36 38 540
Meadow Valley Wash to Coyote Valley 5,700 40 1,400 35 37 520
Ash Meadows Flow System
Spring Mountains to Ash Meadows springs 2,200 60 1,400 23 140 350
Pahranagat Valley to Ash Meadows springs 5,900 95 1,300 14 85 200
Las Vegas Valley
Central part of Spring Mountains to Tule Spring area 6,600 15 500 33 12 500
Southern part of Spring Mountains to southwest Las 5,500 10 500 50 9.6 740
Vegas Valley
Pahrump Valley
Spring Mountains to Pahrump Valley 680 10 500 50 78 740

1 Adjusted carbon-14 traveltime between two samples along a flow path, or for two mixing waters calculated by using equations 15 and 16. For mixing waters, traveltime is

dependent on hydraulic gradients of two flow paths.
2 Horizontal flow-path distance.
3 Differences in water level between source area and end of flow path.
4 Flow velocity was calculated by dividing distance by adjusted carbon-14 age.
5 Flow velocity was calculated by using equation 17.
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tive porosity being too low, (3) the actual flow paths
being longer than the horizontal flow-path distances,
(4) some combination of these factors, or (5) the
adjusted ages being too old. For the flow paths with a
gradient of 3.3 ft/mi, the average hydraulic conductiv-
ity used for calculating velocity may be 50 percent less
because measurements are few and the range is large:
hydraulic conductivity, 0.01 to 940 ft/d (Dettinger and
others, 1995). Effective porosity of 2.0 percent could be
higher because of the 1.0 to 4.4 percent range (Kilroy,
1992). A 50-percent greater flow-path length is proba-
ble, given that the flow-path distances are horizontal
distances and flow in the study area is fracture flow
that is tortuous and deep (generally thousands of feet).
Uncertainties in age calculations also can be substan-
tial, as discussed previously in the section titled
“Ground-Water Age.” Thus, average flow velocities for
these parts of the White River flow system probably are
in the range of 29 to 50 ft/yr.

The two flow paths in the White River flow system,
with hydraulic gradients of 35 and 36 ft/mi, have age-
calculated velocities of 37 and 38 ft/yr. These velocities
are in the range of the velocities calculated from age
and hydrologic data for the two flow paths with a
hydraulic gradient of 3.3 ft/mi. However, velocities cal-
culated from hydrologic data (520 and 540 ft/yr) are
about 14 times greater than the velocities calculated
from age determinations because of the high hydraulic
gradients. These higher gradients probably indicate
areas of lower hydraulic conductivity than was
assumed as an average for the flow path. The hydraulic
gradient is 36 ft/mi along the flow path from Pahrana-
gat Valley to Coyote Spring Valley. However, water
levels decline about 1,200 ft in less than 20 mi (pl. 1),
and most of this decline could be in a shorter distance,
thus, ground-water flow apparently is restricted
between the south end of Pahranagat Valley and the
north end of Coyote Spring Valley. A similar high gra-
dient also is present between Meadow Valley Wash and
Coyote Spring Valley. Both of these high gradients may
result from volcanic rock that overlie and intrude the
carbonate-rock aquifers (pl. 1), because volcanic rock
generally have lower hydraulic conductivity than the
carbonate rock (Winograd and Thordarson, 1975).
Thus, flow velocities calculated from hydrologic data
may overestimate the average velocities along these
flow paths. Velocities calculated from age account for
areas of low hydraulic conductivity and hence low
velocities, whereas velocities calculated from average
hydrologic data do not. Therefore, the age-calculated
velocities may be more representative of an average
velocity than those calculated from hydrologic data.
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The hydraulic gradient also could be high between
the Sheep Range and Muddy River springs. However,
the gradient used to calculate flow velocity is based on
the head differences between wells completed in basin
fill and carbonate rock in Coyote Spring Valley plus the
head differences between the wells completed in car-
bonate rock in Coyote Spring Valley and Muddy River
springs. Water in the well completed in basin fill is
assumed to represent water that recharges the carbon-
ate-rock aquifer beneath Coyote Spring Valley from the
Sheep Range (see the previous discussion on stable iso-
topes).

Flow velocities calculated using ground-water ages
are 140 and 85 ft/yr, as compared with 350 and 200 ft/yr
for velocities calculated from hydrologic data for the
Ash Meadows flow system (table 19). Flow velocities
calculated from hydrologic data are about 2.5 times
greater than age-estimated velocities. This difference
is probably the result of the same five factors as dis-
cussed for the White River flow system. The velocities
calculated from hydrologic data are about half the min-
imum velocity estimated by Winograd and Thordarson
(1975, p. 115) for the carbonate-rock aguifers beneath
the Specter Range approximately 15 mi upgradient
from Ash Meadows. Using their data for total discharge
and cross-sectional area and an effective porosity of 2
percent, a velocity of 280 ft/yr was calculated. This
value is about the average of the two velocities esti-
mated from the hydrologic data for this study. Thus,
average flow velocities in the Ash Meadows flow system
probably are in the range of 85 to 350 ft/yr.

Flow velocities calculated using adjusted carbon-14
age are significantly less than velocities calculated
from hydrologic data for flow paths from the Spring
Mountains to Las Vegas and Pahrump Valleys
(table 19). This large difference is a result of the steep
hydraulic gradient for the flow paths, as compared with
most other flow paths in the carbonate-rock aquifers,
and the relatively old ages of ground water in Las
Vegas Valley. The hydraulic gradients for these flow
paths are assumed high because recharge to the Spring
Mountains is at altitudes greater than 10,000 ft. For
these flow paths, the velocities calculated from hydro-
logic data may be more reasonable than velocities cal-
culated from age because the amount of recharge to the
Spring Mountains is large and ground water is
assumed to mound beneath the mountains and adja-
cent alluvial fans. The velocities calculated from
ground-water age for the flow paths that end at the
Tule Spring area and southwestern Las Vegas Valley
(table 19) are less than half the minimum velocity cal-
culated from age data for other flow paths in the car-
bonate-rock aquifers of southern Nevada. This age
difference indicates that the adjusted ages may be too
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old or that ground water is not flowing directly from the
Spring Mountains to these areas. In Pahrump Valley,
the relatively young ground-water age results in a
velocity of 78 ft/yr, which is in the range of other age-
calculated velocities, but still about an order of magni-
tude less than the velocity calculated from hydrologic
data. Thus, the average velocity for these flow paths
ranges from 78 to 740 ft/yr and probably is closer to the
high velocity because of the steep gradient. However,
the lack of measurable tritium in water samples from
these sites (table 16) indicates the velocity of 740 ft/yr
is a maximum.

In summary, flow velocities calculated from
adjusted carbon-14 ages are less than velocities calcu-
lated from hydrologic data. Thus, either the adjusted
ages are too old or the sparse hydrologic data do not
represent average hydraulic properties of the carbon-
ate-rock aquifers. As discussed in the section titled
“Ground-Water Age,” the ages could be much younger
if more vein calcite is exchanging carbon with the water
than the 50 percent assumed. On the other hand, age-
estimated flow velocities of 9.6 to 140 ft/yr are in the
range of velocities calculated for the Madison aquifer in
Montana, Wyoming, and South Dakota. The Madison
aquifer is a carbonate-rock aquifer in Montana, Wyo-
ming, and South Dakota. Flow velocities calculated
using adjusted ages range from 7.2 to 86.7 ft/yr, and
velocities simulated by ground-water modeling range
from 11.2 to 74.2 ft/yr, for 22 flow paths in the Madison
aquifer (Downey, 1984; Plummer and others, 1990,
table 12). Thus, velocities calculated from ground-
water age for the carbonate-rock aquifers of southern
Nevada have a similar, but slightly larger, range as
velocities for the Madison aquifer calculated from both
age and hydrologic data. These similar velocities indi-
cate that the adjusted ages of the ground water are
probably reasonable. However, the Madison aquifer is
not in an area of active extension like southern Nevada,
so flow within the Madison aquifer may not be prima-
rily along secondary fractures like in aquifers of south-
ern Nevada. Thus, a direct comparison of velocities in
the aquifers may not be valid.

The discrepancy in velocities calculated from age
compared with those calculated from hydrologic data
indicate that either the ages or the average hydraulic
conductivity may be overestimated, and effective poros-
ity and horizontal flow path lengths may be underesti-
mated. The large discrepancy in velocities calculated
from age and hydrologic data for flow from the Spring
Mountains to adjacent valleys indicates the lack of
knowledge about the recharge process for the carbon-
ate-rock aquifers in southern Nevada.
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IMPLICATIONS OF CHEMICAL AND
ISOTOPIC COMPOSITION OF
GROUND WATER IN AQUIFERS
OF THE GREAT BASIN

Major processes affecting the chemical and isotopic
composition of ground water in Smith Creek Valley are
similar to those in other hydrologically closed systems
of the Great Basin. The principal aquifers in these flow
systems consist of unconsolidated sedimentary depos-
its underlain by less permeable consolidated rock.
Numerous systems in which the flow is primarily in
basin-fill deposits that culminate in a discharging
playa area exist throughout the Great Basin (Harrill
and others, 1988). Near recharge areas, ground-water
chemistry results from the dissolution of primary min-
erals and soil-zone CO,. As the water moves downgra-
dient into finer grained sediments near the center of
the basin, ion exchange becomes an important process.
In the discharging playa area, evaporation, transpira-
tion, and dissolution of salts left behind by evapotrans-
piration are dominant processes affecting water
chemistry. Precipitation of secondary minerals and for-
mation of clays remove ions from water throughout the
flow system. Deuterium and oxygen-18 become heavier
(more positive) in the discharge area due to evapora-
tion.

Major processes affecting the chemical and isotopic
composition of ground water in the carbonate-rock
aquifers of southern Nevada should be similar to those
in carbonate-rock flow systems throughout the Great
Basin. The principal aquifers in these flow systems con-
sist of carbonate rock, but unconsolidated basin-fill
deposits also may be hydrologically connected with the
carbonate rock. Near recharge areas, ground-water
chemistry results from dissolution of primary miner-
als—mainly calcite and dolomite—and soil-zone CO,
gas. Mixing of chemically and isotopically different
waters produces ground water of chemical and isotopic
composition different from the initial waters. As the
water circulates to depth, geothermal heating causes
precipitation of calcite, removing calcium and bicar-
bonate ions from the water. Ion exchange, precipitation
of secondary minerals, and formation of clay minerals
removes ions from the water throughout the flow sys-
tem; exchange reactions also add ions to the water. The
carbon-isotope composition of the ground water
changes because of (1) the dissolution of calcite, dolo-
mite, and soil-zone COy gas, which adds carbon of dif-
ferent isotopic composition to the water, and (2) the
precipitation of calcite and outgassing of CO,, which
remove isotopically heavier (calcite precipitation) or
lighter (CO, outgassing) carbon from the system. The
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chemical and isotopic compositions resulting from
these processes can be used in conjunction with hydro-
logic and geologic information to determine sources,
flow paths, and mixing of water in carbonate-rock flow
systems. This information can be used to help deter-
mine rates and volumes of flow within the aquifers.

Carbonate-rock aquifers and hydrologically closed
basin-fill aquifers form the two principal types of flow
systems in the Great Basin. Other types may (1) be a
combination of the basin-fill and carbonate-rock sys-
tems, (2) involve ground-water flow primarily in volca-
nic rock, or (3) be affected by mixing with surface
water. In the Railroad Valley flow system in central
Nevada, for example, ground water flows in carbonate-
rock aquifers and volcanic rock and discharges from
the playa area of a basin-fill aquifer. The initial chemi-
cal character of water in this flow system is a result of
the dissolution of primary minerals and soil-zone CO,
gas. As the ground water flows into underlying carbon-
ate-rock aquifers, dissolution of carbonate-rock miner-
als, followed by precipitation of calcite (where water is
heated at greater depths), dominates. The chemical
composition of water flowing through volcanic rock
changes because volcanic glass and minerals dissolve.
In the discharge area, a playa surrounded by phreato-
phytic vegetation, evaporation and transpiration are
the dominant processes affecting the chemical and iso-
topic composition of the water. In addition, dissolution
of any salts formed previously as the result of evapo-
transpiration could be a major source of ions in the
water. Several processes, such as precipitation of sec-
ondary minerals, formation of clays, and ion exchange,
may occur throughout the flow system.

In the Pahute Mesa area of southern Nevada,
ground-water flow is primarily in volcanic rock
(Blankennagel and Weir, 1973). Processes affecting the
chemical and isotopic compositions of the water are
similar to those in the carbonate-rock aquifers, but the
mineralogy is different. The water chemistry results
from dissolution of volcanic glass and minerals (such as
feldspars) rather than carbonate-rock minerals. Pre-
cipitation of minerals, formation of clay minerals, and
ion exchange also are important processes affecting the
water chemistry (White, 1979; White and others, 1980;
Kerrisk, 1983).

In the Humboldt River basin-fill system of north-
central Nevada, the chemical and isotopic composition
of ground water is affected by mixing with surface
water in parts of the aquifer. Along the river, some sur-
face water infiltrates into the basin-fill aquifers, partic-
ularly during periods of high flow (for example see
Cohen and others, 1965, p. 79-80). Because the chemi-
cal and isotopic compositions of the surface water and
ground water are likely to be different, mixing of the
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two waters would produce a blend with a composition
intermediate to the two end-member waters. The pro-
portions of mixing end-member waters, along with any
subsequent hydrologic or geochemical processes that
affect the water chemistry, determine the chemical and
isotopic composition of the resulting blend. Unless a
river is a major source of recharge in such a system,
interaction between streamflow and water in the aqui-
fer affects the chemical and isotopic composition of the
ground water only adjacent to the river. However, in
areas of surface-water irrigation, water applied on the
land surface percolates to the shallow water table
(Loeltz and others, 1949, p. 33; Harrill and Moore,
1970, p. 74), thus affecting the chemical and isotopic
composition of ground water in those areas. The isoto-
pic composition of ground water changes due to the
infiltration of isotopically different surface water.

SUMMARY

This report, a product of the Great Basin Regional
Aquifer-System Analysis and Southern Nevada Car-
bonate studies, briefly describes the distribution of dis-
solved solids and the chemical character of ground
water in the study area; discusses the geochemical and
hydrologic processes that result in the chemical evolu-
tion of ground water in a hydrologically closed basin-fill
aquifer; discusses the geochemical and hydrologic pro-
cesses that produce the chemical and isotopic composi-
tions of ground water in carbonate-rock aquifers of
southern Nevada; delineates ground-water flow paths,
source areas, and mixing of waters in the carbonate-
rock aquifers of southern Nevada; discusses ground-
water ages calculated from mass-balance reaction
models and carbon isotopes; and compares the result-
ing age-calculated flow velocities with velocities deter-
mined using hydrologic data for the carbonate-rock
aquifers of southern Nevada. Smith Creek Valley, in
west-central Nevada, represents hydrologically closed
basin-fill flow systems, with ground water flowing pri-
marily through basin-fill aquifers. Carbonate-rock
aquifers in southern Nevada represent carbonate-rock
flow systems, in which ground water flows through
both basin-fill and carbonate-rock aquifers and under-
neath topographic divides through carbonate rock.

Water in the principal aquifers of the Great Basin
generally contains less than 1,000 mg/L of dissolved
solids, except in natural-discharge and geothermal
areas. Aquifers in industrial, mining, urban, and agri-
cultural areas, and aquifers containing highly soluble
evaporative salts and minerals, may have dissolved-
solid concentrations greater than 1,000 mg/L or ele-
vated concentrations of undesirable constituents, or
both. These areas of known higher dissolved solids, or
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elevated constituent concentrations, are shown in a
series of water-quality reports for States in the Great
Basin.

The general chemical character of water in princi-
pal aquifers of the Great Basin is dominated by sodium,
calcium, and bicarbonate in basin-fill aquifers of the
western Great Basin; calcium, sodium, magnesium,
and bicarbonate in basin-fill aquifers of the eastern
Great Basin; and calcium, magnesium, and bicarbon-
ate in carbonate-rock aquifers of the eastern Great
Basin. The chemical character of water concentrated by
evapotranspiration in discharging playa areas is gener-
ally dominated by sodium, chloride, and sulfate.

Geochemical and hydrologic processes that produce
the major-ion chemistry and isotopic composition of
water in aquifers throughout the Great Basin are iden-
tified for examples of the two principal types of flow
systems in the Great Basin: a hydrologically closed
basin-fill aquifer in Smith Creek Valley, west-central
Nevada, and a regional carbonate-rock aquifer system
in southern Nevada.

Chemical and isotopic compositions of water in the
basin-fill aquifer in Smith Creek Valley evolve as a
result of (1) evapotranspirative concentration of the
water, (2) dissolution of minerals and soil-zone CO,
gas, (3) precipitation, or formation by incongruent dis-
solution, of minerals, and (4) ion exchange. Water
recharging the basin-fill aquifer originates mainly as
precipitation in the surrounding mountains. Precipita-
tion in the recharge areas is concentrated by evapo-
transpiration. The concentrated precipitation
infiltrates to the soil zone where it dissolves CO, gas,
and volcanic groundmass and phenocrysts (dominantly
albite and anorthite), producing a sodium calcium
bicarbonate water. In addition, small amounts of K-
feldspar, gypsum, biotite, and possibly pyrite, illite,
and chlorite are dissolved, adding ions to the water.
Chalcedony precipitates, removing ions from the water,
and kaolinite (or some other clay mineral) forms, prob-
ably as the result of incongruent dissolution of the feld-
spars.

Calcium and magnesium in the water exchange for
sodium on clays in the playa area, where basin-fill
deposits grade to finer grained sediments. This
exchange results in the sodium calcium bicarbonate
water evolving into a sodium bicarbonate water. Cal-
cium also may be removed from the water by the
weathering of plagioclase to Ca/Na-montmorillonite
and the precipitation of a zeolite mineral. Ions are
added to the water by the dissolution of albite,
anorthite, K-feldspar, CO, gas, and salts containing
chloride. Ions are removed from the water by precipita-
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tion of chalcedony and reduction of sulfate to hydrogen
sulfide gas. Incongruent dissolution of feldspars proba-
bly results in the formation of kaolinite.

Evapotranspiration, dissolution of evaporative
salts containing chloride, and precipitation of calcite
and zeolite minerals are the main processes affecting
ground-water chemistry in the discharge area. These
processes result in the sodium bicarbonate water evolv-
ing into a sodium chloride water. Constituents also are
added to the water by dissolution of albite, anorthite,
K-feldspar, gypsum (or evaporative salts containing
sulfate), and chlorite, and kaolinite is formed by incon-
gruent dissolution of feldspars. Evaporation of shallow
ground water in the discharge area also causes the
water to become heavier in deuterium and oxygen-18.

Chemical and isotopic compositions of water in the
carbonate-rock aquifers of southern Nevada evolve as a
consequence of (1) dissolution of minerals and soil-zone
COq gas, (2) precipitation or formation of minerals, (3)
ion exchange, (4) mixing of chemically or isotopically
different waters, and (5) geothermal heating. Water in
the carbonate-rock aquifers originates primarily as
precipitation in the Spring Mountains and Sheep
Range. This water is concentrated by evapotranspira-
tion and obtains most of its ions from dissolution of CO,
gas, calcite, and dolomite in the recharge areas.
Recharge waters generally are saturated with respect
to both calcite and dolomite and contain predominantly
calcium, magnesium, and bicarbonate. These waters
circulate to depth, which causes the water to heat and
to precipitate calcite.

Throughout the carbonate-rock aquifers, calcite
precipitates, calcium and magnesium in the water
exchange for sodium in clays, chalcedony precipitates,
kaolinite forms, and in some spring areas CO, gas
exsolves. In large areas of the carbonate-rock aquifers,
gypsum dissolves, causing calcite to precipitate and
dolomite to dissolve (dedolomitization). In addition,
sodium and potassium probably are added to the water
by the dissolution of volcanic glass and minerals (dom-
inantly albite and K-feldspar) and zeolite minerals
(probably clinoptilolite), which are present in parts of
the study area. Sodium chloride salts also are present
in some parts of the study area and dissolve. In the Ash
Meadows flow system, downward leakage of water con-
taining high sodium and sulfate from the Tertiary aqui-
tard into the carbonate-rock aquifers is the primary
source of increased sulfate and sodium concentrations.
Thus, outside of the recharge areas of the carbonate-
rock aquifers in southern Nevada, sodium, sulfate, and
chloride can be major dissolved constituents in the
water.
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Waters of differing chemical and isotopic composi-
tions mix in the carbonate-rock aquifers. This mixing
can result in a water that is isotopically and chemically
different from the source waters. However, all the
waters generally are undergoing the same geochemical
processes, which produce waters of similar chemical
composition. Thus, the primary evidence of mixing in
the carbonate-rock aquifers is the modified isotopic
composition of the mixed water, compared to the mix-
ing waters. The mixing waters generally originate in
different areas, and therefore, have different isotopic
compositions.

The isotopic and chemical compositions of water in
the carbonate-rock aquifers of southern Nevada were
used to delineate flow systems. First, the deuterium
content of water in the carbonate-rock aquifers was
used to determine source areas, flow paths, and mix-
ing. Second, these deuterium-delineated flow paths
and mixing scenarios were checked for chemical feasi-
bility using mass-balance and mineral-equilibrium
models based on water chemistry and the geochemical
processes that are assumed to have produced the chem-
ical composition of the water. Third, adjusted carbon-
14 ages were determined from carbon-isotope data on
the basis of the mass-balance reaction models. These
ages provide another check on the flow path and mix-
ing scenarios because ground-water ages increase
along flow paths, and apparent ages change due to mix-
ing of different age waters.

These isotopic and geochemical models produced
the following results:

1. Ground water discharging at the terminus of the
White River flow system (Muddy River springs) is
a mixture of 40 percent (14,000 acre-ft/yr) Pah-
ranagat Valley water, 38 percent (14,000 acre-
ft/yr) Sheep Range water, and 22 percent (8,000
acre-ft/yr) southern Meadow Valley Wash water.

2. Ground water discharging at the terminus of the
Ash Meadows flow system (Ash Meadows springs)
is a mixture of 60 percent (10,000 acre-ft/yr)
Spring Mountains water and 40 percent (7,000
acre-ft/yr) Pahranagat Valley water.

3. Las Vegas Valley receives all, or almost all, of its
ground water from the Spring Mountains (the
Sheep Range may supply as much as 2,500 acre-
ft/yr to northern Las Vegas Valley).

4. Pahrump Valley receives all its ground water
from the Spring Mountains.

Flow velocities calculated from adjusted carbon-14
ages are less than velocities calculated from hydrologic
data. This difference indicates that the ages or average
hydraulic conductivities may be overestimated, and
effective porosity and horizontal flow path lengths may
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be underestimated. Calculated ground-water ages are
sensitive to the carbon-13 composition of the dissolving
calcite. To determine ages for velocity estimates,
50 percent of the dissolving calcite was assumed to be
vein calcite. Calculated ground-water ages could be
much younger if more vein calcite, which has a lighter
carbon-13 composition than the primary calcite, is dis-
solving. Knowledge about the recharge process for the
carbonate-rock aquifers of southern Nevada is insuffi-
cient to explain the large difference in velocities calcu-
lated from age and hydrologic data for flow from the
Spring Mountains to adjacent valleys.
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APPENDIX A.— Deuterium and oxygen-18 compositions of water from wells and springs in southern Nevada and
southeastern California between latstudes 35 and 38 degrees north, and longitudes 114 and 117 degrees east

[Average deuterium composition for each site is plotted on plate 2. Permil values of deuterium and oxygen-18 are reported relative to V-SMOW]

Latitude

Longitude

Site name ng‘;g‘: ::: 5:1?:1::: D(;';:::;;n O(););%Ie:{l:;S Date Source!
second) second)

Cresent Spring 352843 1151047 -73.0 9.4 06-22-85 2
Pine Spring 353425 11509 23 -88.0 -11.9 06-22-85 2
Ora Hana Spring 353725 11504 07 -72.0 -84 06-22-85 2
Saratoga Spring 3540 53 116 25 18 -90.5 -10.8 04-23-82 1
MecClanahan Spring 354142 1151105 -67.0 -7.2 06-21-85 2
Test Hole Al-1 (505 feet) 354528 11515 05 -91.0 -9.3 -- 2
Test Hole Al-1 (625 feet) 354528 11515 05 -94.0 -10.9 - 2
Test Hole A1-2 (408 feet) 3546 04 11515 46 -94.0 -12.4 - 2
Test Hole Al-2 (485 feet) 3546 04 11515 46 -95.0 -11.0 - 2
Test Hole A3-3 (580 feet) 354716 1152039 -90.0 -10.7 - 2
Test Hole A3-3 (600 feet) 354716 11520 39 -87.0 -10.5 - 2
Test Hole A3-3 (740 feet) 3547 16 11520 39 -97.0 -13.6 - 2
Test Hole A3-3 (855 feet) 354716 11520 39 -89.0 -10.2 - 2
Test Hole A3-3 (890 feet) 354716 1152039 -94.0 -11.2 - 2
Jean Prison Well 354718 11520 43 -94.0 -10.4 - 2
Jean Prison Well 354718 11520 43 -95.0 -12.1 06-21-85 2
Test Hole A3-2 (740 feet) 354743 11521 34 -93.0 -10.8 - 2
Test Hole A3-2 (840 feet) 354743 11521 34 -91.0 -11.5 - 2
Test Hole A3-1 (833 feet) 354813 11522 38 -89.0 -10.8 - 2
Test Hole A3-1 (903 feet) 354813 1152238 -88.0 -10.5 - 2
Rosechrist Well 354818 1154141 -94.0 -13.20 09-27-86 1
Castillo Well 355002 1152609 -94.0 -12.8 06-21-85 2
Tecopa Hot Spring 355219 116 1350 -98.0 -12.85 06-30-85 1
Bird Spring 355320 1152212 -88.0 -11.7 06-23-85 2
Arizona Seep Spring (Black Canyon #13) 355542 11442 20 -82.0 -10.0 01-00-81 9
Wilson's Tank 35 56 02 115 25 28 -87.5 -10.9 06-22-85 2
Bighorn Sheep Spring (Black Canyon #12) 35 56 22 114 44 06 -80.5 -10.2 01-00-81 9
Ringbolt Rapids Spring (Black Canyon #10) 355739 1144326 -83.5 -11.1 03-00-82 9
Sky Harbor Airport 3558 16 11508 50 -95 -13.1 02-28-86 16
Shoshone Spring 355848 116 16 23 -94.5 -12.9 04-25-82 1
Palm Tree Cold Spring (Black Canyon #7) 3559 42 1144415 -82.0 -10.5 03-00-82 9
Tenaya Well 36 00 42 1151505 -92.0 -12.3 05-10-83 1
Showboat Country Club #2 36 0251 11504 48 -97 -13.3 02-27-86 16
Genstar Gypsum Plant - 360304 115 23 43 -86 -12.3 07-11-86 16
Flowing Well (DRI LG153) 360322 1150308 -100.0 -12.9 05-11-83 1
Sandstone Spring #1 36 0347 115 28 09 -89.0 -12.20 06-25-85 1
Sandstone Spring #1 36 03 47 11528 09 -90.0 -12.7 06-25-85 2
Sunset Park Well 36 03 49 115 06 49 -94.0 -12.7 05-09-83 1
Gravel Pit Well 36 0517 114 56 32 -76.0 -1.8 05-12-83 1
Spanish Trail Country Club Well 36 05 56 11515 38 -89 -12.2 03-13-86 16
Stocks Mill & Supply Co. Well 36 06 07 1151546 -86 -12.4 03-13-86 16
Tropicana Country Club South #1 36 06 22 1151009 -95 -13.2 05-16-86 16
Sands Hotel And Casino #3 360728 11510 09 -98 -13.5 05-16-86 16
Sparklettes Drinking Water Co. 36 07 41 1151145 -99 -13.6 04-22-86 16
BLM Visitors Center 36 07 44 115 26 03 -89.0 -12.25 06-30-85 1
Las Vegas Country Club 36 08 20 11508 49 -100 -13.7 07-08-86 16
Hartzski Well 3608 36 11515 47 -90 -12.4 03-04-86 16
Red Spring 36 08 40 1152510 -89.0 -12.25 06-26-85 1
Red Spring 36 08 40 1152510 -93.0 -12.2 06-26-85 2
Manse Well 360917 1155342 -99.0 -13.55 06-27-85 1
Manse Spring 360921 1155410 -97.0 - 08-00-68 3
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APPENDIX A.—Deuterium and oxygen-18 compositions of water from wells and springs in southern Nevada and

southeastern California between latitudes 35 and 38 degrees north, and longitudes 114 and 117 degrees east—Continued

Latitude Longitude i
Site name i:;ﬁ:z:” 5:;1&1: ::” D(ep\;f;el;\]l)m Oéyeﬁ:iﬁs Date Source!
second) second)

Manse Spring 36 09 21 1155410 -101.0 - 03-00-70 3
DRI Well LG047 360933 11505 51 -101.0 -13.6 05-11-83 1
Shetland Mutual Water Users Association 360939 1151033 -100 -13.5 03-06-86 16
LVVWD #1A 36 09 39 11513 32 -94 -13.2 05-14-86 16
Willow Spring 360941 11529 51 -90.5 -12.3 06-26-85 1
LVVWD #11A 36 09 52 1151122 -97 -13.4 06-13-86 16
Kiup Spring 36 09 56 11543 28 -93.0 -12.7 06-28-85 1
Cave Spring 36 09 58 115 35 52 -93.0 -12.8 06-28-85 1
Union Pacific Railroad Well #3 36 10 05 1150913 -100 -13.8 04-09-86 16
LVVWD #7A 36 10 06 1151123 -96 -13.2 06-17-86 16
Sky Mt. Resort 361013 11534 44 -96.5 -13.25 06-28-85 1
LVVWD #14 361018 1151122 -97 -13.2 05-06-86 16
‘White Rock Spring 3610 27 1152843 -91.0 -12.5 06-26-85 1
LVVWD #15A 361031 1151123 -97 -13.8 05-14-86 16
LVVWD #34 361031 11511 06 -99 -13.6 05-16-86 16
LVVWD #16 361031 1151139 -97 -13.6 06-04-86 16
LVVWD #17 361031 11511 39 -97 -13.5 06-04-86 16
LVVWD #18A 361112 11514 38 -94 -13.4 06-06-86 16
LVVWD #45 3611 50 1151213 -101 -14.0 05-13-86 16
LVVWD #22A 3612 05 1151543 -100 -14 03-27-79 2
NLVWD Robinson Well 361217 1151141 -100 -14.1 06-03-86 16
Pahrump Spring Well 361227 1155901 -97.0 -13.55 06-27-85 1
NLVWD West Cheyenne Well 361238 1151121 -104.0 -13.5 05-10-83 1
NLVWD West Cheyenne Well 361238 1151121 -100 -13.8 06-12-86 16
Nellis AFB #13 361244 11503 00 -98 -13.8 04-03-86 16
Trout Spring 361322 11540 59 -99 - 03-28-70 3
Trout Spring 361322 115 40 59 -99.1 -14.1 06-04-73 4
Trout Spring 361322 115 40 59 - -13.8 09-07-73 4
Trout Spring 361322 115 40 59 - -13.8 11-14-73 4
Trout Spring 36 13 22 115 40 59 - -13.7 03-25-74 4
Trout Spring 3613 22 115 40 59 -98.4 -13.85 12-08-74 4
Trout Spring 361322 11540 59 -97.6 -13.30 05-01-75 4
Trout Spring 361322 11540 59 -96.2 -13.35 11-11-75 4
Trout Spring 361322 11540 59 -99.8 -14.02 02-16-76 4
Trout Spring 3613 22 115 40 59 -98.6 -13.90 11-17-76 4
Trout Spring 3613 22 11540 59 -98.8 -14.10 03-08-77 4
Trout Spring 361322 115 40 59 -99.0 -14.10 05-13-77 4
Trout Spring 361322 11540 59 -98.6 -13.45 11-19-77 4
Trout Spring 3613 22 11540 59 -96.0 -12.85 03-21-78 4
Trout Spring 3613 22 115 40 59 -97.0 -12.90 05-08-78 4
Trout Spring 3613 22 11540 59 -96.0 -13.20 05-04-83 4
Trout Spring 361322 115 40 59 -95.5 -13.05 05-16-83 4
Trout Spring 361322 115 40 59 -99.5 -13.65 11-30-83 4
Trout Spring 361322 11540 59 -96.5 -13.65 03-19-84 4
Trout Spring 361322 115 40 59 -97.0 -13.7 06-30-87 2
Trout Spring 3613 22 11540 59 -96.5 -13.70 03-24-88 4
Trout Spring 361322 115 40 59 -97.0 -13.70 04-04-88 1
Trout Spring 361322 11540 59 -98.5 -13.70 12-11-88 1
Trout Spring 3613 22 11540 59 -97.0 -13.60 06-21-89 4
Well 5 Franklin Lake Nr Death Valley 3614 06 11617 32 -93.5 -11.1 11-21-83 1
Well 10 Franklin Lake Nr Death Valley 3614 06 11617 39 -91.0 -10.0 11-21-83 1
NLVWD Desert Aire Well 361415 1151216 -102 -14.0 03-06-86 16
Lake Mead Base Well #3 361421 11500 16 -101.5 -13.80 09-29-86 1
Lake Mead Base Well #3 361421 11500 16 -103.0 -13.8 09-29-86 2
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southeastern California between latitudes 35 and 38 degrees north, and longitudes 114 and 117 degrees east—Continued

Latitude Longitude .
Site name E:fx;‘ru::,’ ig;gru::’ Di;ﬁ::;;n O(:gg;nlﬁs Date Source!
second) second)

Craig Ranch Country Club #2 261429 11509 00 -106 -14.5 03-04-86 16
Rainbow Spring #2 3614 36 1153755 -96.0 -12.4 08-19-82 2
Peak Spring Canyon Creek 36 14 40 1154309 -92.5 -13.10 09-27-86 1
Peak Spring Canyon Creek 36 14 40 115 43 09 -93.5 -13.4 04-07-87 1
Peak Spring Canyon Creek 3614 40 11543 09 -92.0 -13.0 06-09-87 1
Peak Spring Canyon Creek 36 14 40 11543 09 -92.5 -12.95 08-03-87 1
Peak Spring Canyon Creek 36 14 40 1154309 -97.5 -13.5 11-10-87 1
Peak Spring Canyon Creek 36 14 40 1154309 -98.0 -13.70 03-08-88 1
Peak Spring Canyon Creek 36 14 40 11543 09 -101.0 -13.85 04-05-88 1
Peak Spring Canyon Creek 36 14 40 11543 09 -98.5 -13.85 05-17-88 1
Peak Spring Canyon Creek 3614 40 11543 09 -95.5 -13.60 06-23-88 1
Peak Spring Canyon Creek 3614 40 11543 09 -95.5 -13.25 09-06-88 1
Peak Spring Canyon Creek 36 14 40 11543 09 -94.5 -13.30 10-18-88 1
Peak Spring Canyon Creek 36 14 40 11543 09 -94.5 -13.45 11-25-88 1
GS-18 Franklin Lake Nr Death Valley 361451 116 17 08 -66.5 2.5 11-18-83 1
Nellis AFB Well #4 36 14 56 11500 15 -95 -13.2 04-03-86 16
Well 13 Franklin Lake Nr Death Valley 36 14 57 116 18 34 -92.0 -11.3 11-17-83 1
Calnev Pipeline Well 361459 11502 39 -98.0 -13.1 00-00-86 1
GS-15 Franklin Lake Nr Death Valley 361527 1161713 -66.0 2.1 11-14-83 1
GS-15 Franklin Lake Nr Death Valley 361527 1161713 -62.0 -1.5 10-20-84 1
Pat Well 361545 1151937 -92.0 -12.9 03-31-87 2
Echo Spring 36 1555 11539 29 -94.5 -12.8 04-16-80 2
GS-4 Franklin Lake Nr Death Valley 3616 00 116 16 22 -93.5 -10.4 11-16-83 1
GS-4 Franklin Lake Nr Death Valley 3616 00 116 16 22 -93.5 -10.3 10-18-84 1
Highway Maintenance Well 361617 11535 38 -96.0 -12.2 08-19-82 2
GS8-12 Franklin Lake Nr Death Valley 3616 35 1161721 -76.0 -6.6 11-14-83 1
GS-12 Franklin Lake Nr Death Valley 3616 35 1161721 -77.0 -6.7 10-27-84 1
Taylor's Steak House Rest. 36 17 08 11514 41 -101 -13.7 11-03-86 16
Martin Well 361725 1151435 -100.0 -134 06-30-85 2
GS-8 Franklin Lake Nr Death Valley 36 1727 1161709 -100.0 -12.9 11-19-83 1
Grapevine Springs 361803 11529 25 -91.0 -11.6 06-28-85 2
Grapevine Springs 361803 1152925 -92.0 -13.2 07-09-87 2
Deer Creek Spring #1 361827 1153813 -97.0 -14.1 06-28-85 2
Deer Creek Spring #1 36 18 27 1153813 -100.0 -14.0 03-30-87 2
Deer Creek Spring #2 361827 1153737 -98.0 -13.45 06-28-85 2
Racel Well 36 18 40 1151539 -99.0 -13.3 05-10-83 1
Gilbert Well 3618 45 115 25 06 -98.0 -12.7 08-20-82 2
Well 15 Franklin Lake Nr Death Valley 36 1851 116 16 60 -98.0 -12.7 11-21-83 1
Stewart Well 361910 11540 20 -100 -134 06-24-86 2
Tule Spring State Park Well 361914 11516 00 -100.0 - 01-00-69 3
Tule Spring State Park Well 361914 11516 00 -100.0 -11.5 08-20-82 2
Tule Spring State Park Well 361914 11516 00 -99.0 -13.4 06-30-85 2
Clark Spring 361914 1154315 -93.5 -12.9 06-29-85 1
Clark Spring 361914 1154315 -99.0 -13.7 06-24-87 1
Mulder Well 361925 1151322 -97.0 -13.2 06-25-86 2
Mifflin Well 361932 115 25 23 -100 -12.6 08-20-82 2
Lee's Oasis Well 361948 11518 55 -98.0 -13.4 06-24-86 2
Holland Well 36 20 00 11517 00 -98.0 -12.6 08-20-82 2
Summer Homes Well 36 20 06 1153918 -99.5 -13.80 09-26-86 1
Summer Homes Well 36 20 06 1153918 -101.0 -13.5 09-26-86 2
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southeastern California between latitudes 35 and 38 degrees north, and longitudes 114 and 117 degrees easti—Continued

Latitude Longitude
Site name gfﬂ::: (x:ﬁ z: D(ep“ei?u'i‘;“ Oéiggliﬁs Date Source!
second) second)

G.P. Apex Well 36 20 28 114 55 36 -97.5 -13.35 09-29-86 1
G.P. Apex Well 36 20 28 114 55 36 -98.0 -13.45 09-30-86 1
G.P. Apex Well 36 20 28 114 55 36 -96.0 -13.8 09-30-86 2
Cortney Well 36 20 42 1152052 -96.0 -12.1 08-21-82 2
Adams Well 36 20 47 11519 50 -98.0 -12.7 08-20-82 2
Paiute Indian Reservation Well 36 21 02 11520 33 -98.0 -14.0 08-21-86 2
Big Spring 362230 116 16 25 -104.0 - 01-00-69 3
Big Spring 3622 30 11616 25 -104.0 - 03-00-70 3
Big Spring 36 22 30 11616 25 -102.0 -134 05-24-73 6
Big Spring 362230 116 16 25 -102.0 - 03-09-75 6
Rogers Spring 362239 114 26 38 -92.0 -12.2 07-21-81 1
Grace Petroleum Arrow Canyon Water Well 36 22 58 11454 60 -96.0 -13.7 04-26-82 1
Blue Point Spring 362321 114 25 26 -93.5 -12.50 07-01-85 1
Blue Point Spring (Duplicate Sample) 36 23 21 114 25 26 -92.5 -12.35 07-01-85 1
Blue Point Spring 362321 114 25 26 -93.0 -124 06-24-85 2
Genstar Well 362329 11454 14 -97.0 -13.05 03-31-86 1
Point of Rocks (King) Spring 3624 05 11616 14 -106.5 - 08-00-68 3
Point of Rocks (King) Spring 36 24 05 116 16 14 -101.0 - 01-00-69 3
Point of Rocks (King) Spring 36 24 05 11616 14 -104.0 -- 03-00-70 3
Point of Rocks (King) Spring 3624 05 116 16 14 -104.0 - 03-03-75 6
Point Of Rocks (King) Spring 36 24 05 11616 14 -102.0 -13.6 03-09-81 1
Cold Creek Spring 36 24 50 11544 20 -97 - 08-24-68 3
Cold Creek Spring 36 24 50 11544 20 -102 - 01-27-69 3
Cold Creek Spring 3624 50 11544 20 -103 -- 03-30-70 3
Cold Creek Spring 36 24 50 11544 20 -99.1 -14.1 05-31-73 4
Cold Creek Spring 3624 50 11544 20 -98.4 -14.2 08-29-73 4
Cold Creek Spring 36 24 50 11544 20 - -13.8 11-13-73 4
Cold Creek Spring 36 24 50 11544 20 - -13.9 04-04-74 4
Cold Creek Spring 3624 50 115 44 20 -100.4 -13.80 12-09-74 4
Cold Creek Spring 36 24 50 11544 20 -100.0 -13.75 04-28-75 4
Cold Creek Spring 36 24 50 11544 20 -98.0 -13.30 11-10-75 4
Cold Creek Spring 3624 50 11544 20 -100.4 -13.95 11-16-76 4
Cold Creek Spring 36 24 50 11544 20 -100.7 -14.20 02-17-77 4
Cold Creek Spring 3624 50 1154420 -101.8 -14.15 05-12-77 4
Cold Creek Spring 3624 50 11544 20 -101.5 -13.85 11-18-77 4
Cold Creek Spring 3624 50 11544 20 -99.5 -13.15 03-20-78 4
Cold Creek Spring 36 24 50 11544 20 -98.5 -13.15 05-06-78 4
Cold Creek Spring 36 24 50 11544 20 -102.5 -14.00 12-04-82 4
Cold Creek Spring 36 24 50 11544 20 -100.5 -13.75 05-02-83 4
Cold Creek Spring 36 24 50 11544 20 -100.5 -13.65 05-15-83 4
Cold Creek Spring 36 24 50 11544 20 -99.5 -13.85 12-12-83 4
Cold Creek Spring 36 24 50 115 44 20 -99.0 -13.8 03-31-87 2
Cold Creek Spring 3624 50 11544 20 -100.0 -13.75 04-05-88 1
Willow Spring 36 25 00 11545 47 -97.0 -13.9 06-02-73 5
Willow Spring 36 25 00 1154547 -98.0 -13.4 06-26-85 2
Willow Spring 36 25 00 115 45 47 -98.0 -13.60 04-05-88 1
Young Well 362511 115 22 58 -93.0 -12.80 09-25-86 1
Crystal Pool Spring 362514 1161921 -106.5 - 08-00-68 3
Crystal Pool Spring 362514 1161921 -103.0 - 01-00-69 3
Crystal Pool Spring 362514 1161921 -104.0 - 03-00-70 3
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Crystal Pool Spring 362514 1161921 -102.0 -13.7 05-24-73 6
Crystal Pool Spring 362514 1161921 -104.0 - 03-04-75 6
Brooks Well 3625 20 1152240 -93.0 -12.7 06-24-86 2
Valley of Fire Well 36 2521 114 3252 -82.0 -10.6 06-24-85 2
Shown Well 36 25 31 115622 44 -94.0 -13.00 09-25-86 1
Amargosa Well #20 (Ash Tree Spring) 362535 11624 32 -102.0 -12.4 03-06-74 8
Seruggs Spring 36 25 59 116 18 28 -103.0 - 03-10-75 6
Corn Creek Spring Well 36 26 20 115 21 26 -95.0 - 01-00-69 3
Corn Creek Spring Well 36 26 20 1152126 -94.0 - 03-00-70 3
Corn Creek Spring 362620 115 21 26 -96.0 -13.0 06-29-85 2
Corn Creek Spring 36 26 20 11521 26 -93.0 -12.85 09-25-86 1
Corn Creek Spring 3626 20 11521 26 -93.0 -12.9 06-17-87 1
Corn Creek Spring 3626 20 11521 26 -93.5 -12.9 01-05-88 1
Travertine Spring 36 26 27 116 49 49 -105.5 - 03-00-70 3
Travertine Spring 36 26 27 116 4949 -102.0 -13.7 04-22-82 1
Big Timber Spring 36 26 42 11555 37 -93.0 -13.3 06-27-85 2
Dry Lake Valley Well 362718 114 50 38 -97.5 -13.30 07-01-85 1
Grapevine Springs 362727 11601 35 -92.5 -12.75 06-28-85 1
Texas Spring 362728 1165011 -105.0 - 03-00-70 3
Texas Spring 36 2728 11650 11 -102.0 -13.7 04-22-82 1
Corn Creek Well 36 2753 11523 54 -95.5 -13.55 12-02-86 2
Longstreet Spring 3628 03 1161931 -103.0 - 03-10-75 6
Silver Flag Alpha Well 36 28 34 11526 45 -99.0 -13.7 12-18-87 2
Rogers Spring 36 28 46 1161931 -102.0 - 03-09-75 6
Amargosa Well #18 3629 04 116 28 08 -102.0 -13.0 03-06-74 8
Fairbanks Spring 362925 116 20 29 -103.0 - 08-00-68 3
Fairbanks Spring 362925 116 20 29 -103.0 - 01-00-69 3
Fairbanks Spring 362925 116 20 29 -104.0 - 03-00-70 3
Fairbanks Spring 36 29 25 116 20 29 -103.0 -13.6 05-23-73 6
Amargosa Well #17 3629 38 116 27 00 -105.0 -12.8 03-01-74 8
Amargosa Well #16 3629 38 116 30 01 -104.0 -12.7 03-01-74 8
Amargosa Well #15 363028 116 30 26 -104.0 -13.0 03-05-74 8
Nevares Spring 363044 116 49 14 -105.5 - 03-00-70 3
Nevares Spring 36 30 44 11649 14 -104.0 -13.6 04-22-82 1
Divide Well 36 30 45 115 28 05 -98.0 -13.7 07-26-87 2
Indian Springs Prison Well #1 36 30 52 11533156 -102.0 -13.7 06-26-85 2
Amargosa Well #30 363124 116 24 02 -104.0 -13.7 06-24-79 8
Amargosa Well #14 363128 116 30 24 -98.5 -12.6 03-04-74 8
Mathew's Well 36 31 32 116 24 00 -104.0 -13.7 05-11-81 1
Old Dry Well 363135 1152813 -95.0 -13.2 12-19-87 2
Alpha Post Well 36 3206 11533 65 -98.0 -13.2 06-23-86 2
South Black Hills Well 363212 11524 03 -87.0 -12.10 08-05-87 1
South Black Hills Well 363212 11524 03 -88 -11.9 08-05-87 2
Amargosa Well #13 363219 116 30 24 -102.0 -13.0 03-05-74 8
Amargosa Well #21 363248 116 25 07 -99.0 -13.2 06-25-79 8
Amargosa Well #11 36 3249 11629 19 -101.0 -13.1 03-05-74 8
Rancho Amargosa Well 36 32 52 116 32 30 -99.0 -11.9 05-12-81 1
South Hidden Valley Well 36 33 08 114 55 30 -90.5 -11.20 03-28-86 1
Amargosa Well #10 363313 11628 12 -97.5 -13.2 06-26-79 8
Amargosa Well #9 363316 116 29 45 -102.0 -12.6 03-01-74 8
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Albitre Well (Formerly Thiede's Well) 363320 11628 09 -97.5 -11.6 05-06-81 1
Amargosa Well #50 36 33 25 116 3550 -104.0 -13.6 06-25-79 8
Indian Springs #2 36 33 54 115 40 06 -98.0 - 08-00-68 3
Indian Springs #2 36 33 54 115 40 06 -100.0 - 01-00-69 3
Indian Springs #2 363354 115 40 06 -101.0 -- 03-00-70 3
Indian Springs #2 36 33 54 115 40 06 -93.0 -11.9 06-23-86 2
Indian Springs #2 36 33 54 115 40 06 -97.0 -12.9 06-18-87 1
Indian Springs #2 36 33 54 11540 06 -101.5 -13.7 01-04-88 1
Indian Springs #1 36 33 56 115 40 06 -96.5 -12.7 06-18-87 1
Indian Springs #1 36 33 56 115 40 06 -101.0 -13.7 01-04-88 1
Indian Springs #3 36 33 56 11540 05 -93.5 -12.6 06-18-87 1
Indian Springs #3 36 33 56 11540 05 -100.0 -13.5 01-04-88 1
Amargosa Well #23 36 33 58 116 3237 -103.0 -13.4 03-31-71 8
Amargosa Well #29 36 3359 11626 12 -105.0 -13.8 03-31-71 8
Nichols' Well 36 34 05 116 3240 -103.0 -13.0 05-06-81 1
Amargosa Well #8 363410 1162735 -103.0 -13.4 03-01-74 8
Amargosa Well #25 363424 116 33 25 -102.0 -13.4 03-31-71 8
Cook's Well 363425 116 23 50 -104.0 -13.4 05-08-81 1
Fox Well (Formerly Kirker's Well) 363425 116 33 20 -101.0 -12.2 05-10-81 1
Amargosa Well #27 3634 37 1162519 -105.0 -13.8 04-01-71 8
Indian Springs AFB Well #1 36 34 47 11540 47 -96.0 -13.0 06-27-85 2
Amargosa Well #47 363449 116 36 38 -102.0 -13.1 03-31-71 8
Amargosa Well #5 36 34 56 1162841 -99.5 -13.2 11-17-72 8
Cow Camp Spring 36 35 01 1151826 -90.5 -12.6 10-28-81 1
Cow Camp Spring 363501 1151826 -93.0 -12.6 05-10-83 1
Amargosa Well #4 36 35 28 116 28 42 -103.0 -13.2 03-04-74 8
Army Well No. 1 36 35 30 116 02 14 -104.0 - 01-00-69 3
Army Well No. 1 363530 116 02 14 -103.0 - 03-00-70 3
Amargosa Well #3 363718 116 26 32 -102.0 -12.8 11-20-72 8
Wiregrass Spring 36 38 00 1151229 -94.0 -12.8 10-28-81 1
Wiregrass Spring 363800 1151229 -96.0 -12.7 05-11-83 1
Wiregrass Spring 36 38 00 1151229 -94.0 -12.85 10-09-86 1
Wiregrass Spring 36 38 00 1151229 -94.0 -12.9 10-09-86 2
Wiregrass Spring 36 38 00 1151229 915 -12.80 03-20-87 1
Wiregrass Spring 36 38 00 1151229 -92.0 -12.50 06-17-87 1
Wiregrass Spring 36 38 00 1151229 -94.0 -12.8 08-04-87 1
Wiregrass Spring 36 38 00 1151229 -97.0 -12.8 01-05-88 1
Wiregrass Spring 36 38 00 1151229 -95.5 -12.95 04-06-88 1
Wiregrass Spring 36 38 00 1151229 -94.5 -12.85 12-12-88 1
Juanita Spring 363813 1141451 -87.0 -11.65 01-25-86 1
Wamp Spring 36 38 30 11504 12 -81.0 -10.60 03-20-87 1
Mormon Well Spring 36 38 38 11505 52 92.5 -12.9 10-27-81 1
Mormon Well Spring 36 38 38 11505 52 -91.0 -12.5 05-09-83 1
Mormon Well Spring 36 38 38 11505 52 -92.0 -12.6 10-07-87 1
Weiser Wash EH-2 (235 feet) 36 38 50 114 3855 -70.0 -6.7 10-05-85 13
Weiser Wash EH-2 (255 feet) 36 38 50 1143855 -69.0 - 10-05-85 13
Weiser Wash EH-2 (295 feet) 36 38 50 114 38 55 -71.0 - 10-05-85 13
Weiser Wash EH-2 (335 feet) 36 38 50 114 3855 -79.0 -9.3 10-05-85 13
Weiser Wash EH-2 (375 feet) 36 38 50 114 3855 -86.0 - 10-05-85 13
Weiser Wash EH-2 (395 feet) 36 38 50 114 38 55 -97.0 - 10-05-85 13
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Weiser Wash EH-2 (415 feet) 36 38 50 114 38 55 -101.0 - 10-05-85 13
Weiser Wash EH-2 (495 feet) 36 38 50 114 38 55 -97.0 - 10-05-85 13
Weiser Wash EH-2 (535 feet) 36 38 50 114 38 55 -99.0 -12.9 10-06-85 13
Weiser Wash EH-2 (555 feet) 36 38 50 114 38 55 -100.0 - 10-06-85 13
Weiser Wash EH-2 (655 feet) 36 38 50 114 38 55 -103.0 -13.0 10-06-85 13
Weiser Wash EH-2 (675 feet) 36 38 50 114 38 55 -105.0 -14.3 10-06-85 13
Weiser Wash EH-2 (715 feet) 36 38 50 114 38 55 -102.0 - 10-00-85 13
Weiser Wash EH-2 (735 feet) 36 38 50 114 38 55 -102.0 - 10-00-85 13
Weiser Wash EH-2 (755 feet) 36 38 50 114 38 55 -96.5 - 10-00-85 13
Weiser Wash EH-2 (775 feet) 36 38 50 114 3855 -102.0 - 10-00-85 13
Weiser Wash EH-2 (795 feet) 36 38 50 114 38 55 -101.0 - 10-00-85 13
Weiser Wash EH-2 (815 feet) 36 38 50 114 38 55 -99.5 - 10-00-85 13
Weiser Wash EH-2 (835 feet) 36 38 50 114 38 55 -92.0 - 10-00-85 13
Weiser Wash EH-2 (875 feet) 36 38 50 114 3855 -101.5 -13.4 10-08-85 13
Weiser Wash EH-2 (895 feet) 36 38 50 114 38 55 -99.0 - 10-00-85 13
Weiser Wash EH-2 (955 feet) 36 38 50 114 38 55 -102.0 - 10-00-85 13
Weiser Wash EH-2 (981 feet) 36 38 50 114 38 55 -98.0 - 10-00-85 13
Weiser Wash EH-2 (997 feet) 36 38 50 114 3855 -104.0 - 10-00-85 13
Weiser Wash EH-2 (1,017 feet) 36 38 50 114 38 55 -90.0 - 10-00-85 13
Weiser Wash EH-2 (1,055 feet) 36 38 50 114 38 55 -96.5 - 10-00-85 13
Weiser Wash EH-2 (1,075 feet) 36 38 50 114 38 55 -92.0 - 10-00-85 13
Weiser Wash EH-2 (1,095 feet) 36 38 50 114 38 55 -99.0 -12.1 10-14-85 13
Weiser Wash EH-1 (drilling water) 3639 37 114 3752 -97.0 -13.0 - 13
Weiser Wash EH-1 (105 feet) 36 3937 114 3752 -95.0 - 10-00-85 13
Weiser Wash EH-1 (135 feet) 36 39 37 114 3752 -98.0 -13.0 10-02-85 13
Weiser Wash EH-1 (175 feet) 363937 114 3752 -95.0 - 10-00-85 13
Weiser Wash EH-1 (215 feet) 36 39 37 114 3752 -95.0 - 10-00-85 13
Weiser Wash EH-1 (235 feet) 36 39 37 114 3752 -94.0 - 10-00-85 13
Weiser Wash EH-1 (255 feet) 36 3937 114 37 52 -96.0 - 10-00-85 13
Weiser Wash EH-1 (295 feet) 36 39 37 114 3752 -96.0 -13.4 10-03-85 13
Weiser Wash EH-7 (175 feet) 364014 114 3153 -91.5 -12.3 04-05-86 13
Weiser Wash EH-7 (305 feet) 364014 114 3153 -90.0 -13.5 04-06-86 13
Weiser Wash EH-7 (405 feet) 3640 14 114 31 53 -92.0 -12.5 04-09-86 13
Weiser Wash EH-7 (505 feet) 3640 14 114 3153 -93.5 -12.2 04-09-86 13
Weiser Wash EH-7 (615 feet) 364014 114 31 53 -96.0 -13.1 04-00-86 13
Weiser Wash EH-7 (USGS composite sample) 3640 14 114 3153 -91.0 -12.45 03-19-87 1
Keane Wonder Spring 3640 25 116 55 11 -99.5 -13.0 04-23-82 1
Weiser Wash EH-8 (drilling water) 364026 11434 33 -94.0 -12.1 05-10-86 13
Weiser Wash EH-8 (115 feet) 36 40 26 114 34 33 -90.0 -12.5 05-10-86 13
Weiser Wash EH-8 (175 feet) 36 40 26 114 34 33 -92.0 -12.5 05-10-86 13
Weiser Wash EH-8 (195 feet) 3640 26 114 34 33 -97.0 -13.7 05-10-86 13
Weiser Wash EH-8 (225 feet) 36 40 26 114 3433 -97.0 -13.8 05-10-86 13
Weiser Wash EH-8 (244 feet) 36 40 26 114 34 33 -96.0 -13.6 05-10-86 13
Sawmill Spring (Sheep Range) 3640 50 11510 34 -92.0 -12.85 05-19-88 1
Weiser Wash EH-6 (85 feet) 36 40 54 114 3412 -86.0 -11.3 03-24-86 13
Weiser Wash EH-6 (145 feet) 36 40 54 1143412 -94.5 -12.8 03-24-86 13
Weiser Wash EH-6 (295 feet) 36 40 54 11434 12 -105.0 -14.3 03-25-86 13
Weiser Wash EH-6 (304 feet) 36 40 54 11434 12 -99.0 -12.3 03-25-86 13
Weiser Wash EH-6 (335 feet) 36 40 54 114 34 12 -99.0 -14.6 03-26-86 13
Weiser Wash EH-6 (455 feet) 36 40 54 114 34 12 -100.0 -13.1 03-26-86 13
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CSV-3 Well 36 41 27 114 55 30 -75.0 -10.3 10-07-87 1
Weiser Wash EH-3 (295 feet) 364132 114 3132 -92.0 -12.1 02-02-86 13
Weiser Wash EH-3 (355 feet) 3641 32 114 3132 -90.0 -12.7 02-02-86 13
Weiser Wash EH-3 (455 feet) 36 41 32 1143132 -90.0 -12.2 02-02-86 13
Weiser Wash EH-3 (545 feet) 364132 114 3132 -93.0 -134 02-02-86 13
Weiser Wash EH-3 (795 feet) 364132 1143132 -91.0 -13.2 02-05-86 13
Weiser Wash EH-4 (165 feet) 364223 1144258 -100.0 -13.2 03-18-86 13
Weiser Wash EH-4 (285 feet) 364223 114 42 58 -96.0 -12.8 03-18-86 13
White Rock Spring 3642 30 11514 20 -82.0 -9.9 10-29-81 1
‘White Rock Spring 364230 11514 20 -85.0 -9.8 05-10-83 1
Pederson's Warm Spring (M-13) 36 42 36 1144254 -98.0 - 01-00-69 3
Pederson's Warm Spring (M-13) 36 42 36 1144254 -97.0 - 03-00-70 3
Pederson's Warm Spring (M-13) 36 42 36 1144254 -97.0 -12.75 10-30-85 1
Iverson's Spring 3642 37 114 42 43 -97.0 - 03-00-70 3
Spring Feeding Moapa 3642 53 114 43 05 -97.0 - 03-00-70 3
Big Muddy Spring Area (M-8) 364315 114 43 39 -99.0 -12.75 10-30-85 1
Big Muddy Spring 3643 20 114 4248 -98.0 - 03-00-70 3
Big Muddy Spring 3643 20 114 42 48 -96.5 -12.9 07-22-81 1
Big Muddy Spring 36 43 20 114 42 48 -98.0 -12.75 10-30-85 1
Big Muddy Spring 3643 20 114 42 48 -99.0 -13.0 01-07-88 1
Big Muddy Spring 3643 20 114 42 48 -98.0 -14.0 - 2
Big Muddy Spring Area (M-9) 36 43 33 114 43 38 -96.5 -12.45 10-30-85 1
Weiser Wash EH-5A (65 feet) 36 43 58 114 44 36 -99.0 -13.1 03-05-86 13
Weiser Wash EH-5A (205 feet) 36 43 58 114 44 36 -98.0 -12.9 03-05-86 13
Weiser Wash EH-5A (265 feet) 36 43 58 11444 36 + -107.0 -13.7 03-12-86 13
Well J-12 (NTS) 36 45 54 116 23 24 -99.0 - 01-00-69 3
Well J-12 (NTS) 36 45 54 116 23 24 -97.5 -12.8 03-26-71 10
Nuclear Engr. Co. Well 36 45 58 11641 10 -108.5 - 12-00-68 3
ERTEC MX-6 Well 36 46 04 1144713 -97.0 -12.95 09-28-86 1
ERTEC MX-6 Well 36 46 04 114 47 13 -99.0 -13.1 09-28-86 2
CSV-2 Well 36 46 50 1144320 -98.0 -12.85 01-26-86 1
USW VH-1 (Amargosa Well #55) 36 47 32 116 33 07 -108.0 -14.2 02-11-81 10
ERTEC MX-4 Well 3647 44 114 53 32 -102.5 -13.0 12-23-80 1
ERTEC MX-5 Well 364744 114 53 32 -99.5 -12.9 07-22-81 1
Well 5B 36 48 05 115 58 08 -106.5 - 01-00-69 3
Well J-13 36 48 29 116 23 40 97.5 -13.0 03-26-71 10
Railroad Well Farrier 36 48 49 114 39 14 97.5 -12.5 02-04-84 1
Sand Spring 3649 30 11534 05 -88 -11.9 01-03-88 2
UE-25P-1 36 49 38 11625 21 -107.5 -13.7 02-11-83 11
UE-25P-1 36 49 38 116 25 21 -106.0 -13.8 05-12-83 11
USW H-3 36 4942 116 2760 -101.0 -13.9 03-13-84 1
UE-25C-1 36 49 47 116 2543 -102.0 -13.5 09-30-83 1
UE-25C-2 36 49 47 116 25 43 -101.0 -134 03-13-84 1
UE-25C-3 36 49 47 116 25 43 -103.0 -13.5 05-09-84 1
USW H-4 36 50 32 116 26 54 -104.0 -14.0 05-17-82 10
USW H-6 36 50 49 116 28 55 -106.0 -13.8 10-16-82 10
Tim Spring 36 50 58 1153410 -99 -13.2 01-02-88 2
UE-25B-1 (Amargosa Well #57) 36 51 08 116 26 23 -99.5 -134 08-07-81 10
UE-25B-1 (Amargosa Well #57) 36 51 08 116 26 23 -101.0 -134 09-01-81 10
UE-25B-1 (Amargosa Well #57) 36 51 08 116 26 23 -99.5 -13.5 07-20-82 10
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USW G-4 3651 14 116 27 04 -103.0 -13.8 12-09-82 10
USW H-5 365122 116 27 55 -102.0 -13.6 07-03-82 10
USW H-5 36 51 22 116 27 55 -102.0 -13.6 07-26-82 10
USW H-1 (Amargosa Well #56) 36 51 58 116 2712 -102.0 -13.4 10-01-80 8
USW H-1 (Amargosa Well #56) 36 51 58 11627 12 -103.0 -134 10-20-80 10
USW H-1 (Amargosa Well #56) 36 51 58 116 2712 -101.0 -13.5 12-08-80 10
Dejesus Spring 36 52 28 11534 45 -100 -13.1 05-09-87 2
VF-2 Well 36 52 30 114 56 44 -101.0 -12.95 02-05-86 1
VF-2 Well 36 52 30 114 56 44 -101.0 -13.1 01-06-88 1
VF-1 Well 3652 32 1145544 -94.0 -12.6 01-06-88 1
Well 12S/47TE/19ADC 36 52 41 1164519 -104.0 -13.3 -- 7
Well 12S/47E/20BBB 365301 116 45 02 -106.0 -13.6 - 7
Littlefield Road-Cut Spring 36 53 42 113 54 54 -97.5 -12.8 07-01-88 1
Sheep Spring (Sheep Range) 365342 115 06 53 -96.0 -13.35 05-19-88 1
Well 12S/47TE/TDBA 365419 116 45 26 -108.0 -13.9 -- 7
Well 12S/47E/6CDD 36 54 52 116 4542 -102.0 -13.3 - 7
Hackberry Spring 36 55 04 114 26 16 -87.0 -12.3 02-05-84 1
Well C-1 36 5507 116 00 34 -110.5 - 01-00-69 3
Well 11S/47E/32DDA 36 55 52 116 44 03 -102.0 -13.4 - 7
Horse Spring 36 56 29 114 26 47 -89.0 -12.7 02-05-84 1
UE-29A-2 36 56 29 116 22 26 -93.5 -12.8 01-08-82 10
UE-29A-2 36 56 29 116 22 26 -93.0 -12.8 01-15-82 10
UE-29A-1 36 56 29 116 22 26 -92.0 -12.1 01-29-82 1
Lamb Spring (Sheep Range) 36 56 42 11506 21 -92.5 -13.15 05-19-88 1
Well 118/47E/28DAC 36 56 53 116 43 06 -109.0 -14.1 - 7
Well 11S/47TE/28ACC 36 5707 116 43 22 -108.0 -14.1 -- 7
Desert Dry Lake Well 365711 11511 51 -98.0 -13.10 03-18-87 1
Peach Spring 36 57 16 1141723 -76.5 -10.4 02-06-84 1
Gourd Spring 36 57 31 11417 30 -77.5 -10.6 02-06-84 1
Well 11S/47E/21DBB 36 57 55 116 43 22 -108.0 -14.0 - 7
Davies Spring 36 57 56 114 30 07 -89.0 -12.5 02-06-84 1
Well 11S/47E/16DCA 36 58 36 116 43 13 -110.0 - - 7
Quartz Spring 365910 11536 00 -88 -11.6 01-02-88 2
Well 11S/47E/5CDA 370025 116 44 35 -108.0 -14.1 -- 7
Well 11S/47E/ACAD 370032 1164329 -108.0 -14.0 - 7
Well 10S/47E/33AAB 370159 116 42 29 -108.0 -14.0 - 7
Well 10S/47E/31AAB 370159 116 45 06 -102.0 -13.3 - 7
UE-16F 370209 116 09 25 -105.0 -14.9 09-25-77 12
Well 10S/47E/27CBA 3702 26 116 41 39 -110.0 -14.3 - 7
Well 10S/47E/30BBC 370245 116 46 05 -102.0 -13.4 -- 7
Well 10S/47E/14BAB 370437 116 37 40 -112.0 -14.5 -- 7
Willow Spring KSV-1 370534 114 49 52 -88.0 -11.6 02-03-84 1
Grapevine Spring KSV-2 370808 114 42 02 -87.5 -12.0 02-03-84 1
Well #8 (NTS) (Amargosa Well #64) 37 09 56 1161721 -104.0 -13.0 03-24-71 8
Snow Spring 371049 114 07 53 -79.5 -10.0 11-13-86 1
Jensen Well 371103 114 2752 -88.5 -11.6 04-10-85 1
Maynard Lake Spring 371130 11502 02 -94.0 -12.3 01-14-85 2
Lone Tree Spring 371207 11503 32 -89.5 -10.9 01-14-85 2
U-20A2 371434 116 25 51 -114.0 -14.8 - 7,14
Kane Spring KSV-3 371446 1144221 -86.5 -11.9 02-02-84 1
Boulder Spring KSV-4 371612 114 3844 -87.0 -12.6 02-02-84 1
Irrigation Well 3716 46 1150711 -91 - - 15
UE-19E 371750 1161959 -109.5 -14.0 -- 7,14
UE-19GS 371830 116 21 53 -113.5 -14.5 -- 7,14
Randono Well 371926 114 30 08 -87.5 -11.7 02-03-84 1
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Cane Spring 3720 27 11544 50 -88 -9.5 05-15-85 2
Bradshaw Well 3720 57 114 32 38 -88.5 -11.4 02-01-84 1
Stock Well 37 20 58 114 4530 -88 -- - 15
Railroad Well 372104 114 32 02 -86.0 -11.6 01-31-84 1
Upper Riggs Spring 3722 06 114 38 52 -88.0 -11.9 02-02-84 1
Sheep Spring 372402 11416 37 -87.0 -12.0 06-03-85 1
Cattle Spring 372457 1154505 -85 9.4 05-15-85 2
Bishop Spring 372507 114 38 26 -85.5 -11.7 02-02-84 1
Rock Spring 372553 1154123 -86 -10.9 05-15-85 2
Quail Spring 372629 1154101 -92 -11.9 05-15-85 2
Hells Acre Guleh Spring 372737 11507 29 -93.0 -12.3 01-14-85 2
Ash Spring 372749 1151134 -107.0 - 08-00-68 3
Ash Spring 372749 11511 34 -109.0 - 01-00-69 3
Ash Spring 372749 11511 34 -112.0 - 03-00-70 3
Ash Spring 372749 1151134 -108.0 -14.1 07-20-81 1
Ash Spring 372749 11511 34 -108 -12.3 - 2
Indian Spring 372750 11544 28 -88 -10.4 05-15-85 2
Rabbitbrush Spring 37 28 56 1154128 -89 -11.2 05-14-85 2
Bullwhack Spring 372945 11545 47 -88 -10.2 05-17-85 2
North Ella Spring 3729 57 114 27 09 -86.5 -11.6 06-03-85 1
Ramone Mathews Well 373136 11414 39 -92.0 -12.3 06-03-85 1
Crystal Spring 373153 115 13 58 -109.0 - 08-00-68 3
Crystal Spring 373153 11518 58 -110.0 - 01-00-69 3
Crystal Spring 373153 11513 58 -109.0 - 03-00-70 3
Crystal Spring 373153 11513 58 -109.0 -14.3 07-20-81 1
Crystal Spring 373153 11513 58 -110 - - 2
April Fool Spring 373214 11544 19 -89 -10.7 05-16-85 2
Grassy Spring 373228 1144727 -85.0 -10.9 01-14-85 2
Acoma Well 373255 1141023 -95.0 -12.6 06-03-85 1
Meadow V. Wash Below Caliente 373327 114 33 54 -93.5 -12.83 11-13-86 1
Hiko Spring 373634 1151251 -111.0 -- 08-00-68 3
Hiko Spring 3736 34 11512 51 -110.0 - 01-00-69 3
Hiko Spring 373634 1151251 -110.0 - 03-00-70 3
Hiko Spring 373634 1151251 -110.0 -15.3 01-14-85 2
Hiko Spring (Duplicate Sample) 3736 34 11512 51 -105.0 -14.0 01-14-85 2
Clover Creek 3736 47 1142821 -87.5 -11.8 11-13-86 1
Caliente City Well 3736 57 114 30 48 -89.0 -124 01-31-84 1
Caliente Hot Spring 373716 11430 34 -109.0 -14.5 04-10-85 1
Irrigation Well 373810 11512 54 -109 - -- 15
Meadow V. Wash At Cove Canyon 373915 1142945 -98.0 -12.6 11-13-86 1
Pahroc Spring 373952 11458 47 -89.0 -12.5 01-14-85 2
SK-18 (MX 10" Well) 374215 114 4531 -95 - - 15
Mustang Spring 3744 09 1145514 -91.0 -12.6 01-14-85 2
The Seeps 374422 11534 32 -98.0 -13.3 01-15-85 2
Weaver Well 374441 11425 28 -101.0 -13.1 06-04-85 1
Cedar Spring 374505 116 16 25 -101.0 -13.6 01-15-85 2
Well B-1 Tonopah Test Range Nellis B&G RG 374506 116 29 23 -110.0 -14.0 09-10-80 1
Cedar Pass Well 374507 116 28 57 -110.0 -14.0 -- 2
John Wadsworth Well 37 46 07 11424 25 -101.0 -12.9 06-04-85 1
Bennett Spring 374708 1143141 -103.0 -13.7 04-10-85 1
Sandia 6 374703 116 4505 -124.0 -15.2 - 2
Lester Mathews Well 374737 114 23 59 -103.0 -13.3 06-04-85 1
Panaca Town Well 374750 11423 57 -106.0 -14.0 06-04-85 1
Panaca Spring 374824 114 22 47 -106.0 -13.9 04-26-84 1
Panaca Spring 374824 1142247 -108.0 -14.0 04-08-85 1
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APPENDIX A.— Deuterium and oxygen-18 compositions of water from wells and springs in southern Nevada and

southeastern California between latitudes 35 and 38 degrees north, and longitudes 11} and 117 degrees east—Continued

Latitude Longitude
Site name (degree, (degree, Deuterium 0xygen:18 Date Source!

minute, minute, (permil) (permil)

second) second )
Panaca Spring 374824 114 22 47 -106.5 -14.2 11-11-86 1
Panaca Spring 374824 114 22 47 -107 -14.4 - 2
North Lee Well 374928 11423 04 -101.0 -13.3 06-04-85 1
Well 9 375115 116 43 06 -113.0 -14.3 - 2
Delmues Spring 375136 1141920 -104.0 -13.4 04-08-85 1
Georges Spring 375137 116 20 57 -98.0 -13.6 01-15-85 2
Meadow Valley Wash Above Delmues Spring 375140 1141918 -98.0 -12.8 04-08-85 1
Well 1A 375300 116 46 53 -118.0 -14.5 - 2
Oxborrow Well 375310 1141817 -92.0 -11.8 06-05-85 1
Flatnose Spring 375346 11413 33 -101.0 -13.4 04-08-85 1
White Rock Spring 375346 1150111 -90.0 -12.1 01-13-85 2
Upper Conners Spring 375410 114 33 38 -100.0 -13.9 11-11-86 1
Runoff At Pine Spring 375429 114 32 56 -99.0 -134 04-07-85 1
Lime Spring 375452 1143225 -97.0 -12.9 04-07-85 1
Deadman Spring 3755 07 1143229 -99.0 -13.3 04-07-85 1
Oceana Spring 375507 115 09 26 -87 -- - 15
Highland Spring 375516 114 32 56 -98.5 -13.3 04-07-85 1
Highland Spring 375516 114 32 56 -98.0 -13.2 11-11-86 1
Pioche Municipal Well 375733 11424 51 -108.5 -14.4 11-10-86 1
Edan Creek Ranch Spring 375812 116 22 53 -99.0 -13.9 01-15-85 2

1 Sources of data:
1 U.S. Geological Survey (unpublished).
2 Desert Research Institute (unpublished).

3 Winograd and Friedman (1972). Deuterium values were multiplied by 0.97 to make comparable with deuterium data from the U.S. Geological Survey

Laboratory, Reston, Va. (1.J. Winograd, U.S. Geological Survey, written commun., 1985).

1.J. Winograd, (U.S. Geological Survey, written commun., 1989).
1.J. Winograd, (U.S. Geological Survey, written commun., 1986).

4
5
6 Winograd and Pearson (1976).
7 Waddell and others (1984).
8 Claassen (1985).
9 McKay and Zimmerman (1983).
10 Benson and others (1983).
11 Craig and Robison (1984).
12 Dinwiddie and Weir (1979).
13 Schroth (1987).
14 White and Chuma (1987).
15 Kirk (1987).
16 Noack (1988).
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