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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS FROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals 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, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding 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 assiguned 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 interpre-
tive products of subsequent studies become available.

vt A Lorr

Gordon P. Eaton
Director
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REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN, NEVADA-UTAH

CONCEPTUAL EVALUATION OF REGIONAL GROUND-WATER FLOW IN
THE CARBONATE-ROCK PROVINCE OF THE GREAT BASIN, NEVADA,
UTAH, AND ADJACENT STATES

By Davip E. Prupic, James R. HarriLr, and THoMas J. BURBEY

ABSTRACT

The carbonate-rock province of the Great Basin, mainly
in eastern Nevada and western Utah, is characterized by thick
sequences of carbonate rocks of Paleozoic age. These rocks
averlie clastic and crystalline rocks of Cambrian and Precam-
brian age, respectively. Since the carbonate rocks were de-
posited, structural compression and extension, intrusive and
volcanic episodes, and erosion have greatly modified their dis-
tribution and thickness, and a variety of younger rocks and
deposits have been emplaced within and above them. The most
notable present-day physiographic features in the area are
associated with normal faults caused by tensional forces during
Tertiary time. The faulting has formed the north- to north-
east-trending mountain ranges and adjacent sedimentary ba-
gsins that characterize the terrane. The 100,000-square-mile
study area, with its abundant carbonate rocks, is referred to
in this report as the carbonate-rock province of the Great
Basin.

Regional ground-water flow in the province has been stud-
ied as part of the Great Basin Regional Aquifer-System Analy-
gis. The flow system is conceptualized as having (1) a relatively
shallow component, moving primarily from mountain ranges
to basin fill beneath adjacent valley floors, which is super-
imposed upon (2) a deeper component, maving primarily
through carbonate rocks. A computer model has been devel-
oped to simulate and thereby evaluate the regional flow. Two
model layers are used to simulate the twe components. The
layers are divided into cells with dimensions of § miles by
7.5 miles, elongate in a north-northeastward direction. The
maximum depth of flow in the province is unknown, but fresh-
water has been detected at depths as great as 10,000 feet.

The conceptualization and simulation of regional ground-
water flow includes several simplifying assumptions: Flow
through fractures and solution openings in consolidated rocks
is approximately equivalent to flow through a porous medium;
Darcy’s Law is applicable from a regional perspective; steady-
state canditions exist, in which estimates of present-day re-
charge equal natural discharge prior to ground-water
withdrawals; transmissivity is heterogeneous over the region
but is homogeneous and isotropic in each 37.5-square-mile
model cell; recharge is from precipitation in the mountain
ranges and percolation from rivers and lakes; and discharge
is by evapotranspiration, seepage to rivers and lakes, and
flow from regional springs. Although the assumptions are prob-
ably valid for parts of the province, the validity of each as-
sumption is unknown for the province as a whole. Therefore,

the simulation results do not completely replicate actual
ground-water flow throughout the province; rather, the in-
tent of the simulations is to provide a conceptual evaluation
of regional ground-water flow.

The model was calibrated by adjusting the transmissivi-
ties of cells in both model layers and the vertical leakance of
cells between layers during repeated simulations. Calibration
proceeded until simulated water levels and simulated discharge
as evapotranspiration and regional-spring flow generally agreed
with available water levels, the mapped distribution and es-
timated quantity of evapotranspiration, and the estimated flow
at regional springs. Because of (1) the scarcity of available
water-level data, particularly for the carbonate-rack aguifers,
(2) the uncertainty in the extent and thickness of the car-
bonate-rock aquifers, and (3) the uncertainty in the estimates
of ground-water recharge and evapotranspiration, other dis-
tributions and estimates of transmissivities and vertical
leakances than those calibrated may also adequately simu-
late water levels and discharge in the province. Nonetheless,
several inferences can be made regarding ground-water flow
in the province from the model results.

Transmissivities in the upper model layer are generally
greater in cells corresponding to basin fill and carbonate rocks,
and are less in cells corresponding to other consolidated rocks
(clastic, metamorphic, igneous, and velcanic). In the lower
layer, transmissivities are greatest near regional springs and
in the vicinity of basins where ground-water discharge is con-
giderably more than the estimated recharge from the imme-
diately surrounding drainage area.

Simulated inflow to the modeled area is about 1.6 mil-
lion acre-feet per year, which is only 3 percent of the esti-
mated total precipitation. This inflow does not include recharge
that discharges locally (that is, within the same 37.5-square-
mile model cell). Most ground-water flow is simulated in the
upper model layer; it moves from mountainous recharge ar-
eas to adjacent valley lowlands where it discharges by evapo-
transpiration. A total of 45 shallow-flow regions is identified
on the basis of horizontal flow between model cells.

In the lower layer, simulated flow is 428,000 acre-feet
per year, or only 28 percent of the total inflow. About half of
the flow is discharged to regional springs that represent the
discharge of deep flow through carbonate rocks. Seventeen
deep-flow subregions are identified on the basis of horizontal
flow between model cells. These subregions are further grouped
into five deep-flow regions on the basis of water-level pat-
terns. Simulated flow in the lower layer is generally south-
ward and northward from a large, topographically high area

D1



D2 REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN, NEVADA-UTAH

in east-central Nevada and southwestern Utah. Southward
flow is toward Death Valley and the Colorado and Virgin Rivers;
narthward flow is toward the Great Salt Lake Desert and
the upper Humboldt River, However, only small quantities of
deep flow are simulated as discharge to the Death Valley playa,
the Colorado and Virgin Rivers, the Humboldt River, and the
Great Salt Lake Desert. Instead, most of the flow is discharged
upgradient from these sinks. Within the topographically high
area of east-central Nevada, some deep ground water flows
to a land-surface depression in Railroad Valley.

In conclusion, most ground-water flow is relatively shallow,
moving from recharge areas in the mountain ranges to dis-
charge areas in adjacent valleys. Directions of shallow ground-
water flow do not correspond everywhere to directions of deep
flow. Deep ground-water flow mostly discharges at regional
springs or in areas of evapotranspiration upgradient from the
terminal sinks (the Great Salt Lake, the Great Salt Lake
Desert, the Railroad Valley and Death Valley playas, and the
Colorado, Virgin, and Humboldt Rivers). Interbasin movement
of ground water to the larger regional springs is through per-
meable carhonate rocks in areas where the rocks are thick
and continuous; elsewhere, consolidated rocks beneath the val-
leys and surrounding mountains are not highly transmissive,
suggesting that not all carbonate rocks are highly permeable
or that not all valleys and surrounding mountains are un-
derlain by carbonate rocks.

INTRODUCTION

Ground-water flow within an area dominated
by basin-fill and earbonate-rock aquifers was stud-
ied as part of the Great Basin Regional Aquifer-
System Analysis (RASA). The Great Basin RASA
project began in 1980 as a component of a na-
tional program designed to systematically study
large aquifer systems that constitute a major part
of the Nation’s water supply (Harrill and others,
1983, p. 2). Results of the Great Basin RASA
project, in addition to those described in this re-
port, include detailed studies of ground-water flow
in selected basins and analyses of regional
hydrogeology and geochemistry.

The area of the Great Basin RASA project is
about 140,000 mi2 and includes most of Nevada,
westernmost Utah, and small parts of California,
Oregon, ldaho, and Arizona (fig. 1). The project
area is characterized by northeast-trending moun-
tains and adjoining basins that are partly filled
with sediments derived from the mountains.
Ground-water flow in this area is typically from
recharge areas in and adjacent to the mountains
to discharge areas in the valley lowlands. Car-
bonate rocks, deposited in a shallow sea during
the Paleozoic Era, underlie large areas in the east-
ern two-thirds of the Great Basin. These rocks
can be highly permeable where thick sequences
are present, thereby providing conduits for the

interbasin movement of ground water (Eakin, 1966;
Mifflin, 1968; Winograd and Thordarson, 1975;
Gates, 1984, 1987; Dettinger, 1989).

Ground water is pumped primarily from un-
consolidated deposits that partly fill each of the
240 hydrographic areas (Harrill and others, 1983,
p. 5), most of which are topographically closed
or nearly closed basins (fig. 2). The hydrographic
areas usually contain a ground-water reservoir
in the basin fill and include the drainage area of
adjacent mountains. These hydrographic areas are
used by State and local agencies for planning and
management of water resources.

The general area underlain by carbonate rocks
is defined in this report as the carbonate-rock
province of the Great Basin and is bounded on
the east, south, and north by boundaries of the
Great Basin RASA project (Harrill and others,
1983; fig. 1). These boundaries include the Wasatch
Range and the Colorado Plateau to the east, the
Snake River drainage divide to the north, and
the predominantly Precambrian rock exposures in
the mountains to the south. The southern bound-
ary also includes hydrologic boundaries of the Vir-
gin and Colorado Rivers and Death Valley (fig.
1). The western boundary is generally the east-
ernmost extent of transitional-assemblage sedi-
mentary rocks of Paleozoic age (Plume and
Carlton, 1988, fig. 2). The transitional-assemblage
rocks are composed of limestone, shale, siltstone,
and quartzite (Stewart, 1980, p. 20). These rocks
separate coeval carbonate rocks deposited on a
broad shelf to the east from marine sedimentary
rocks of shale, chert, and quartzite and volcanic
rocks deposited in a deep-water basin to the west.
The province encompasses an area of about
100,000 mi2.

As of 1990, population in the province was
more than 2.3 million (U.S. Bureau of the Cen-
sus, 1991a, 1991b). Most of these people live along
the eastern border where perennial streams flow
from the Wasatch Range into the adjacent val-
leys, or near other sources of surface water such
as the Humboldt River and Lake Mead (fig. 1).
Almost three-quarters of a million people live in
the Las Vegas metropolitan area, and more than
a million people live in the vicinity of Salt Lake
City. Population densities averaged over the land
area in each county range from 2 to 980 people
per square mile in Utah and from less than one
person to 94 people per square mile in Nevada.

Population in the province at the turn of the
last century was less than 300,000 (fig. 3), and
most of the people lived in the vicinity of Salt
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Lake City where surface-water supplies are plen-
tiful. The number of people living in the prov-
ince increased slowly until after World War II.
Since World War II, the population has increased

fivefold. The marked increase in the number of
people living in Nevada (fig. 3) is largely in the
Las Vegas area, where the population increased
from about 16,000 people in 1940 to more than
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Ficure 2.—Hydrographic areas and location of Nevada Test Site. Hydrographic-area boundaries from Harrill

and others (1988).
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770,000 in 1990. As the number of people in the
province increases and surface-water supplies be-
come less available, additional sources of water
will be needed. One such source that has been
proposed (Hess and Mifflin, 1978) is the water
stored in the carbonate rocks beneath much of
western Utah and eastern Nevada.

In most other RASA studies, enough infor-
mation exists for comprehensive model simula-
tions and evaluations of ground-water flow in
regional aquifer systems. Although numerous wells
have been drilled within the carbonate-rock prov-
ince, most have been drilled into unconsolidated
deposits in the valleys and usually to shallow
depths, except at the Nevada Test Site. Thus, little
is known about the deeper and more regional
ground-water flow in the carbonate rocks. How-
ever, because of the greatly increased demand for
water and because of the potential for contami-
nation of ground water from underground test-
ing of nuclear weapons at the Nevada Test Site
(fig. 2) and from the possible storage and dis-
posal of nuclear and hazardous wastes, an im-
proved understanding of ground-water flow in the
province is needed.

POPULATION, IN MILLIONS

0 I 1 I L ! I 1 1
1900 1910 1920 1930 1940 1950 1960 1970 1080 1980
YEAR

FiGURE 3.—Population growth in atudy area between 1900 and
1990. Data from U.S. Bureau of Census (1913, 1921, 1952,
1983, 1991a, b).

PURPOSE AND SCOPE

The purpose of this report is to present a con-
ceptual evaluation of ground-water flow in the
carbonate-rock province, mainly in Nevada and
Utah, The evaluation is based on simulation re-
sults using the three-dimensional ground-water
flow model of McDonald and Harbaugh (1988).
The basic conceptual model for the province in-
cludes relatively shallow flow from recharge ar-
eas in the mountains to discharge areas in the
adjacent valley lowlands, superimposed over
deeper, more regional flow through carbonate
rocks. The concept is based on theoretical analy-
ses of regional flow by Freeze and Witherspoon
(1967, p. 623-634) where, in regions of hummocky
terrain, numerous relatively shallow flow systems
are superimposed over fewer deeper flow systems.
Results of the model analysis include: transmis-
sivity distributions, identification of shallow and
deep flow systems, and comparisons of simulated
flow and discharge to estimates presented in pre-
vious reports.

The original version of this report was pub-
lished in January 1991 as a U.S. Geological Sur-
vey interim Open-File Report and in September
1991 as a U.S. Geological Survey Professional
Paper. In November 1991, an error that resulted
from an inadvertent coding transpesition of the
cell-dimension variables DELR and DELC
(McDonald and Harbaugh, 1988, chap. 5, p. 8)
was discovered. This error produced an unintended
regional anisotropy in the model transmissivities
(Stillwater and others, 1992). As a result, the
model grid cell dimensions have been corrected
and the model recalibrated. David E. Prudic did
the recalibration and, along with James R. Harrill,
has revised the report to reflect changes result-
ing therefrom. In addition, Donald H. Schaefer
and James R. Harrill assisted in checking infor-
mation used in the model.

PREVIOUS INVESTIGATIONS

Surveys of geologic features in the Great Ba-
sin began in the late 1860’s under the leader-
ship of Clarence King, J.W. Powell, G.K. Gilbert,
A.R. Morvine, and E.E. Howell. Nolan (1943) sum-
marized available geologic information pertain-
ing to the entire Great Basin. Between 1938 and
the late 1970’s, numerous geologic investigations
were completed in the Great Basin region. The
results of all these studies and studies before 1938
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are summarized on a map of Nevada by Stewart
and Carlson (1978), a publication about Nevada
by Stewart (1980), and a map of Utah by Hintze
(1973). Since 1980, numerous articles have been
published that pertain generally to metamorphic
core complexes, geophysics, and geologic structure.
The hydrogeologic framework of the Great Basin
has been described by Plume (1995) as another
part of the Great Basin RASA project.

Ground-water investigations within the car-
bonate-rock province began in the early 1900’s.
Mendenhall (1909, p. 13) suggested that many of
the desert springs in southern Nevada are not
dependent on rainfall in the area immediately
surrounding the springs but that their source is
from distant mountains. Carpenter (1915, p. 18)
noted that rocks exposed in the mountains in
southeastern Nevada generally act to close the
adjacent valleys by making the sides and bottoms
of the valleys practically impervious. He did, how-
ever, state that several topographically closed val-
leys higher in altitude than adjacent valleys lose
water through fissures in the rocks because wa-
ter levels in the higher valleys are far below land
surface. Meinzer (1917, p. 150) reported that water
from a valley near Tonopah, Nev. (fig. 1), leaks
through a mountain range into an adjacent val-
ley. These are some of the earliest reports that
suggest the possibility of interbasin flow of ground
water within the carbonate-rock province.

Few additional ground-water investigations
were done until after World War II, when sev-
eral studies of selected basins commenced. These
studies generally focused on recharge and dis-
charge of ground water in individual basins. In
the early 1960’s, the State of Nevada and the U.S.
Geological Survey began systematic reconnaissance
studies of all unstudied basins in Nevada to de-
termine potential ground-water supplies. A simi-
lar series of investigations began in Utah in 1964,
The results of these investigations have been pub-
lished by the Nevada Department of Conserva-
tion and Natural Resources and the Utah
Department of Natural Resources, and most are
summarized in Eakin and others (1976). These
reports provide the basic estimates of recharge
and discharge used in this report.

Detailed discussion of interbasin flow also
began in the 1960’s. Hunt and Robinson (1960)
discussed the possibility of interbasin flow into
the Death Valley (fig. 1) area on the basis of chemi-
cal analysis of water samples from springs and
wells. Loeltz (1960) discussed the source of wa-
ter issuing from springs at Ash Meadows in the

Amargosa Desert near Death Valley (fig. 1).
Winograd (1962) discussed interbasin movement
of ground water at the Nevada Test Site. Winograd
(1963) also summarized ground-water flow between
Las Vegas Valley and the Amargosa Desert and
presented evidence for fault compartmentalization
of the aquifers in the region. Eakin and Moore
(1964) presented information about the uniformity
of discharge at Muddy River Springs in south-
eastern Nevada (fig. 1) and related it to interbasin
movement of ground water. Winograd and Eakin
(1965) and Eakin and Winograd (1965) presented
evidence and some economic implications of
interbasin flow of ground water in south-central
Nevada. Hood and Rush (1965) discussed the pos-
sibility of interbasin flow of water to and from
Snake Valley in western Utah (fig. 1). Eakin (1966)
presented information that described interbasin
flow in an area in southeastern Nevada that he
named the White River area. Shortly afterward,
Mifflin (1968) delineated ground-water basins for
all Nevada and concluded that interbasin flow of
ground water occurs wherever the consolidated
rocks in the mountains and beneath the valleys
are permeable or wherever the basins are con-
nected by unconsolidated deposits. The area of
interbasin flow through permeable consolidated
rocks is primarily within the carbonate-rock prov-
ince. Mifflin and Hess (1979) discussed regional
carbonate flow systems in Nevada. Gates and
Kruer (1981) discussed regional flow in west-cen-
tral Utah, and Gates (1984, 1987) discussed re-
gional flow in northwestern Utah and adjacent
parts of Idaho and Nevada.

The U.S. Geological Survey began a study in
1981 to evaluate potential hydrogeologic environ-
ments for isolation of high-level radioactive waste
in the Basin and Range physiographic province
of the southwestern United States. The study in-
cludes a much larger area than is described in
this report. Bedinger and others (1989, 1990} char-
acterized the geology and hydrology of the Death
Valley region and the Bonneville region; both ar-
eas are included in this study.

The most detailed information regarding
ground-water flow in carbonate rocks is at the
Nevada Test Site (fig. 2). Detailed studies began
in 1957 and included the drilling of several deep
test holes into carbonate rocks beneath the un-
consolidated and volcanic deposits in the viein-
ity of the Test Site during 1962-64. Numerous
reports have been written about the area. Most
of the work from 1957-64 is summarized by
Winograd and Thordarson (1975), which is the
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most detailed description of ground-water flow
through carbonate rocks in the province. Some
of the more recent reports that pertain to ground-
water flow near the Test Site include Winograd
and Pearson (1976), Waddell (1982), Claassen
(1983), and Waddell and others (1984).

In addition to test wells drilled in the vicin-
ity of the Nevada Test Site, many wells have been
drilled in the province for other purposes, including
several into carbonate rocks as part of the U.S.
Air Force MX missile-siting program in the Great
Basin. Selected hydrologic data collected for the
Air Force by the contractor, ERTEC, Inc. (or Earth
Technology, Inc., formerly FUGRO) are presented
by Bunch and Harrill (1984). Geochemical stud-
ies as a part of the Great Basin RASA project
and more recent studies of the carbonate-rock aqui-
fers in eastern and southern Nevada provide ad-
ditional evidence of interbasin flow (Welch and
Thomas, 1984; Thomas, 1988; Dettinger, 1989; Kirk
and Campana, 1990). Also, regional ground-wa-
ter flow in the vicinity of Fish Springs (fig. 1) in
western Utah was analyzed using a computer
model as part of the Great Basin RASA project
(Carlton, 1985).

DESCRIPTION OF THE CARBONATE-ROCK
PROVINCE

PHYSIOGRAPHY

The carbonate-rock province of the Great Basin
is characterized by a series of generally north- to north-
east-trending mountain ranges composed predomi-
nantly of carbonate rocks of Paleozoic age. The
intervening valleys are partly filled with detritus from
the mountains. Both the mountain ranges and the
valleys are generally 5 to 15 mi wide and are typi-
cally elongate, commonly 40 to 80 mi long. The moun-
tain ranges rise from 1,000 ft to more than 7,000 ft
above the adjacent valleys.

Altitudes of valley floors in the southern part
of the province range from below sea level to 3,000
ft above sea level. Death Valley (fig. 1) is the
lowest point in the province, as well as the Na-
tion, and at its lowest point is 282 ft below sea
level. Altitudes of valley floors in the province
exceed 6,000 ft in north-central Nevada, whereas
valley floors in western Utah are between 4,000
and 5,000 ft. Several of the mountain ranges in
the province exceed 10,000 ft in altitude. The high-
est mountains in the southern part are the Spring
Mountains west of Las Vegas with altitudes ex-

ceeding 11,000 ft. The Ruby Mountains in north-
ern Nevada exceed 12,000 ft, but the highest point
in the province, at 13,063 ft, is Wheeler Peak in
the Snake Range (fig. 1), which is in Nevada near
the border with Utah. The Wasatch Range in Utah,
which has several peaks that exceed 11,000 ft,
forms the eastern boundary of the study area.

CLIMATE

Climate in the province is highly variable,
ranging from arid to semiarid on most of the valley
floors to humid alpine in the higher mountains.
Average annual precipitation on the valley floors
ranges from less than 3 in. in the Amargosa Desert
and Death Valley to about 16 in. in some of the
higher valleys in north-central Nevada and north-
ern Utah. Average annual precipitation in the
mountains ranges from about 8 in. in some of
the lower southern mountains to more than 60
in. in some parts of the highest mountains. Esti-
mated annual precipitation in the province is
shown in figure 4. Approximately 54 million acre-
ft of precipitation annually falls in the province.
The regionally averaged annual precipitation for
the province is less than 10 in., making it one of
the drier regions in the United States.

Houghton (1967) reported three sources of
precipitation in the province: (1) moisture from
the Pacific Ocean, (2) moisture from the Gulf of
Mexico, and (3) moisture evaporated within the
Great Basin. Much of the precipitation falls be-
tween October and May from storm fronts that
begin in the subpolar North Pacific Ocean. Gen-
erally, these storm fronts are much less frequent
in the southern part than in the northern part
of the province (north of latitude 40°). However,
unusually heavy quantities of precipitation from
Pacific storms can fall in the southern part of
the province (south of latitude 40°) when secondary
lows develop south of the subpolar fronts and move
inland.

Houghton (1967) also suggested that precipi-
tation from moisture that moves inland from the
Gulf of Mexico happens only during the summer,
when southeasterly winds carry moist tropical air
into the southern and eastern parts of the prov-
ince and produce scattered convective showers.
More recent information (Brenner, 1974) suggests
that these convective showers are from moisture
which moves northward from the Gulf of Califor-
nia along the Colorado River and that no pre-
cipitation is derived from the Gulf of Mexico. In
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addition, the source of most of the precipitation
in the southern part of the province is from tropi-
cal storms that originate in the Pacific Ocean near
Central America. These storms generally move out
to sea but occasionally move inland near north-
ern Mexico and southern California and dissipate
over Arizona, southern Nevada, and Utah (K.P.
Smith, University of Arizona, Tucson, oral
commun., 1986). The storms are most common
from late August to November but do not neces-
sarily occur every year.

Precipitation from water evaporated over the
QGreat Basin is associated with surface cyclones
(Houghton, 1967, p. 6) that usually develop in
the spring and fall. The storms are most frequent
from March until mid-June and gradually shift
from south to north but generally provide little
moisture,

Average annual temperature ranges from about
30°F in some high northern valleys to about 60°F
in the extreme southern valleys (Eakin and oth-
ers, 1976, p. 3). Temperatures are subject to large
daily and seasonal fluctuations. Daily fluctuations
in most valleys exceed 30°F, and 40°F changes
are not uncommon. Large variations in tempera-
ture are observed within short distances due to
the topography. Summer temperatures can exceed
100°F, particularly in the south, where the maxi-
mum summer temperatures can reach 120°F. Mini-
mum temperatures can drop below 0°F in the
northern part of the province.

Average annual humidity ranges from about
30 to 40 percent over most of the region and is
about 20 percent in the extreme south. Low hu-
midity, abundant sunshine, and light to moder-
ate winds result in rapid evaporation. Average
annual lake evaporation ranges from about 40 in.
in the north to more than 70 in. in the extreme
south (Kohler and others, 1959, pl. 2).

SURFACE WATER
The Great Salt Lake, in northwestern Utah,

has the largest area of any body of surface wa-
ter in the province (fig. 5). The size of the lake

=

Ficure 4.—Distribution of average annual precipitation.
Precipitation zones for Nevada from Hardman (1965); zones
for Utah and Ydaho from U.S. Weather Bureau (1963 and
1965, respectively); zones for California from Rantz (1972).
Precipitation zones near Death Valley and Amargosa Desert
modified from those of Winograd and Thordarson (1975,
p. 8).

varies considerably depending on the altitude of
the water surface in the lake, which has fluctu-
ated about 20 ft during 1847-1982 (Arnow, 1984,
p. 1). The average size of the lake during this
period has been 1,700 mi?, and the average lake
volume has been 16 million acre-ft. The lake is
unique in North America in that it is consider-
ably saltier than the oceans.

Most of the water that enters the Great Salt
Lake is surface runoff that originates as precipi-
tation in the nearby Wasatch Range. The major
rivers that feed the lake are the Bear, Weber, and
Jordan. Surface inflow to the lake averaged 1.9
million acre-ft/yr during 1931-76, whereas ground-
water inflow is estimated at 75,000 acre-ft/yr
(Arnow, 1984, p. 15, 16).

Lake Mead borders the south end of the prov-
ince and was formed after Hoover Dam was built
on the Colorado River near Las Vegas in the 1930’s.
The lake supplies water to parts of Nevada, Cali-
fornia, and Arizona. Tributary strcams that dis-
charge into Lake Mead, and that begin within or
border the province, include (1) the Virgin River,
which borders the southeastern edge of the prov-
ince, (2) the Muddy River, which begins at the
Muddy River Springs about 50 mi northwest of
Lake Mead, and (3) Las Vegas Wash, which discharges
water from Las Vegas Valley (fig. 5).

In addition to the rivers and streams that
drain into the Great Salt Lake and Lake Mead,
a few other river systems either begin within the
province or enter it from bordering mountains and
discharge into terminal sinks. The Sevier River
drains several high-altitude basins along the west-
ern margin of the Colorado Plateau and discharges
into ephemeral Sevier Lake (fig. 5). Its average
annual flow near where the river enters the prov-
ince is about 190,000 acre-ft for a 73-year pe-
riod, 1913-85 (ReMillard and others, 1986, p. 320).
The Humboldt River begins in northeastern Ne-
vada, flows westward, and exits the province near
Palisade (fig. 5) on its way to the Humboldt and
Carson Sinks. The average annual flow near Pali-
sade is about 290,000 acre-ft for a 77-year pe-
riod, 1902-06 and 1911-84 (F'risbie and others,
1985, p. 134). The Amargosa River, which is
ephemeral over most of its course, begins in south-
western Nevada (fig. 5) and flows south, west,
and then north on its way to Death Valley, which
is the terminus for both surface- and ground-wa-
ter flow in southwestern Nevada and southeast-
ern California.

Streams are considerably less common within
the interior of the province, however, than over
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nology, Inc., Denver, Colo., who discovered the
model-grid coding transposition discussed in the
section “Purpose and Scope.” Within the U.S. Geo-
logical Survey, we are grateful to Russell W. Plume,
who, along with Michael D. Dettinger, helped de-
fine the regional geologic features that may af-
fect ground-water flow in the province.

GROUND WATER IN THE CARBONATE-
ROCK PROVINCE

A detailed discussion of the hydrogeology in
the Great Basin, which includes the study area,
is presented in a companion report by Plume
(1995). A brief description of the rocks in the prov-
ince and their water-transmitting properties is
presented in the following section and provides
a basis for understanding the occurrence and
movement of ground water within the carbonate-
rock province.

HYDROGEOLOGY

The geologic features of the province are com-
plex and involve rocks that range in age from
Precambrian to Holocene. Its history includes
major episodes of sedimentation, volcanic activ-
ity, and tectonic deformation by both compressional
and extensional forces.

The oldest exposed rocks are Precambrian in
age and consist mostly of gneiss, schist, and gran-
ite. The province is part of an area in which ma-
rine sediments accumulated in a shallow sea near
the margin of western North America (referred
to as the miogeosynclinal belt of the Cordilleran
geosyncline) from late Precambrian time through
the Paleozoic Era and into the early Mesozoic Era.
During that period, more than 30,000 ft of ma-
rine sedimentary rocks accumulated in parts of
the province. These rocks include sequences of
clastic rocks that are mostly sandstone, quartz-
ite, and shale, and carbonate rocks that are mostly
limestone and dolomite. Rocks of late Precambrian
to Middle Cambrian age are dominantly clastic,
and those of Middle Cambrian to early Mesozoic
age are dominantly carbonates. The thickness of
carbonate rocks varies within the province. The
general distribution of clastic and carbonate rocks
from late Precambrian to early Mesozoic age are
shown in two geologic sections through the middle
of the province (fig. 6).

Beginning in Mesozoic time, the environment
of deposition of the rocks changed from marine
to continental. Rocks of this period include (1)
shale, sandstone, and conglomerate and lesser
quantities of freshwater limestone and evaporite
that range in age from Middle Triassic to middle
or late Tertiary; (2) volcanic rocks of middle Ter-
tiary to Quaternary age that range in composi-
tion from basalt to rhyolite; (3) intrusive rocks
of Jurassic to Tertiary age that are predominantly
granodiorite and quartz monzonite; and (4) since
about middle Miocene time, clastic deposits, re-
ferred to as basin fill, that consist of unsorted to
well-sorted clay, silt, sand, gravel, and boulders.

Geologic structure in the province is complex.
Thrust faulting during the Paleozoic and Meso-
zoic Eras superimposed older rocks on top of
younger rocks. Extensional (normal) faulting since
about middle Miocene time formed the north- to
northeast-trending mountains and basins that are
characteristic of the entire Great Basin. Strike-
slip faults found in parts of the Great Basin add
to the structural complexity of the region and prob-
ably are directly associated with compressive and
extensional events. Wernicke and others (1984)
suggest that the strike-slip faults are mostly re-
lated to extension. Estimates of their age range
from Early Jurassic to late Tertiary (Stewart, 1980,
p. 86). Two major sets of strike-slip faults are
present in the province: right-lateral faults in
southwestern Nevada and southeastern Califor-
nia that form a zone referred to as the Walker
belt (Stewart, 1980, p. 86), and left-lateral faults
in southern and southeastern Nevada (Stewart
and Carlson, 1978).

Isolated complexes of metamorphic rocks of
possible Mesozoic age (termed metamorphic core
complexes by Coney, 1980) have been identified
at four locations in the province: the Ruby Moun-
tains just south of Elko, the Snake Range east
of Ely, the Deep Creek Range north of the Snake
Range, and the Grouse Creek Mountains in north-
western Utah at the northern boundary of the
Great Basin with the Snake River drainage (fig.
1). The complexes generally consist of a mobile
metamorphic-plutonic basement terrane, overlain
by unmetamorphosed rocks that are deformed by
low-angle extensional faults. The two zones are
separated by a décollement, which is a surface
of dislocation (Coney, 1980, p. 15). Such complexes
probably act as barriers to deep ground-water flow.

The depositional thickness and lithology of the
Paleozoic sedimentary rocks are notable in their
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homogeneity over large areas in the province. Since
deposition, however, compression, extension, in-
trusive and volcanic episodes, and erosion have
greatly modified their distribution and thickness.
The actual thickness and distribution of the vari-
ous rock types at depth are not well known be-
cause the region is structurally complex and
because granitic rocks are more extensive at depth
than indicated by outcrops. The existence of in-
trusive and other crystalline rocks in the sub-
surface may act as barriers to regional
ground-water flow. The distribution of these rocks
in the carbonate-rock province was estimated from
aeromagnetic anomalies by Plume (1989, 1995).
Near the south end of the province a large
gravity gradient exists (Hildenbrand and Kucks,
1982; Saltus, 1984), which suggests that either
the depth to Precambrian basement is much less
or the rocks are more dense than in surrounding
areas. This gradient is referred to as the trans-
verse crustal boundary (Eaton, 1975; Eaton and
others, 1978). The possible effects of major struc-
tures and changes in rock types on ground-water
flow within the province are discussed in detail
in the section “Correlation of Simulated Ground-
Water Flow to Regional Geologic Features.”

OCCURRENCE AND MOVEMENT OF GROUND
WATER

Ground water is present in all the rock types
in the province. Basin-fill aquifers are the pri-
mary ground-water reservoirs. Most of the water
pumped from wells is from these aquifers. Car-
bonate-rock aquifers that underlie much of the
study area are also significant ground-water res-
ervoirs, particularly where the rocks are fractured
or where openings have been enlarged by disso-
lution. Most of the larger springs in the area is-
sue from carbonate rocks or from basin fill
overlying or adjacent to carbonate rocks. The other
types of consolidated rocks and the fine-grained
basin fill generally transmit only small quanti-
ties of water and act as barriers to ground-water
flow. However, there are some exceptions to this
generalization. Some volcanic rocks, namely

&=

Fioure 6.—Geologic sections of Precambrian and Paleozeic rocks
in carbonate-rock province (from Stewart, 1980, figs. 10
and 25). A4, Northern section of Mississippian through
Permian rocks. B, Southern section of Precambrian through
Devonian rocks.
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basalts and welded tuffs, can yield significant
quantities of water to wells where the rocks are
fractured over relatively large areas. Winograd
(1971) presents evidence that the welded tuffs are
aquifers in the vicinity of the Nevada Test Site
and in parts of Idaho. The welded tuffs are not
as extensive as the basin fill or the carbonate
rocks but where present could allow for the
interbasin movement of ground water. The Pre-
cambrian and Lower Cambrian clastic, metamor-
phic, and granitic rocks beneath the carbonate
rocks are relatively impermeable and probably
provide a lower limit to ground-water circulation.
The source of ground water in the province is
precipitation that falls directly onto the province
or in adjacent areas whose surface waters drain
into the province (for example, the Sevier River
in Utah, fig. 5). Most of the precipitation is lost
by evaporation or transpired by plants. Eakin and
others (1976, p. 6) estimated that only about 5
percent of the total precipitation in the Great
Basin becomes ground-water recharge. Much of
the recharge is from winter and spring storms
that produce heavy snows in the mountains; during
spring melt, the water seeps into permeable bed-
rock or flows off to adjacent valleys where some of
the water seeps into the basin fill. Areas estimated
to recharge ground water are shown in figure 7.
Much of the ground water in the carbonate-
rock province is discharged by evapotranspiration
(a combination of direct evaporation and transpi-
ration by plants) on the valley floors where the
ground water is near land surface, Figure 7 shows
areas in the province where ground water is con-
sumed by evapotranspiration. In addition to evapo-
transpiration, ground water is discharged by
numerous springs. Usually, this water seeps back
into the ground, is consumed by evapotranspira-
tion, or flows to a river that ends in a terminal
sink or leaves the study area. Many small springs
are present in the mountains. These springs typi-
cally represent perched local systems that are not
connected to surrounding and underlying ground
water. Numerous small springs are also present
in the valleys. These springs represent shallow
ground-water flow through basin fill that origi-
nates in the adjacent mountains or associated al-
luvial fans. Large springs that issue from

| carbonate rocks or from basin fill overlying car-

bonate rocks are present in several of the valleys.
These springs discharge ground water that has
moved through the regional flow systems in the
carbonate-rock aquifers from distant source areas.
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Mifflin (1968) classified springs in Nevada as
local, intermediate, and regional on the basis of
water chemistry, water temperature, and fluctua-
tion of flow from the springs. Regional springs
presumably represent the discharge of deep flow
through carbonate rocks. Locations of the regional
springs, as delineated by Thomas and others (1986)
using similar criteria, are shown in figure 7. The
largest concentration of regional springs is in a
small area at Muddy River Springs. The flow of
these springs totals about 36,000 acre-ft/yr (Eakin
and Moore, 1964).

Most ground-water withdrawals in the prov-
ince are from wells drilled into the basin fill be-
neath the valley floors because (1) people settled
in the valleys where the climate is less severe
than the mountains and where the land is more
suitable for agriculture, (2) ground water in many
of the valleys is generally within a few feet to
several tens of feet below land surface in con-
trast to generally deeper water levels in moun-
tain areas, and (3) the basin fill generally yields
large quantities of water to wells. Eakin and others
(1976, p. 15) reported yields as much as 8,600
gallons per minute from large-capacity wells in
north-central Utah.

Prior to World War II, most of the ground-
water withdrawals were from flowing wells drilled
into basin fill. Areas of flowing wells were con-
centrated largely along the eastern side of the
province in valleys adjacent to the Wasatch Range,
although several other valleys, including Las Ve-
gas Valley, also had flowing wells. Ground-water
withdrawals were generally small and constant
until after World War II, when more efficient
pumps and inexpensive energy greatly increased
the quantity of ground water withdrawn to irri-
gate crops and to supply a rapidly increasing popu-
lation. The total quantity of ground water
withdrawn in the province during 1975 was ap-
proximately 1 million acre-ft. Major areas of
ground-water withdrawals during 1975 are shown
in figure 8.

=

Ficure 7.—Principal source areas for ground-water recharge,
areas where ground water is consumed by evapotranspi-
ration, and regional springs (discharge exceeds 100 gal-
lons per minute; water chemistry indicates long flow time,
mostly within carbonate rocks). Recharge and evapotrans-
piration areas from Mifflin (1988, pl. 3); spring locations
and criteria from Thomas and others (1986, pl. 2).
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CONCEPTUAL EVALUATION OF
GROUND-WATER FLOW

Computer models are tools that can be used
effectively to help understand complex ground-
water flow systems., However, rarely are computer
models used to simulate ground-water flow over
such a large and geologically complex area as the
carbonate-rock province. Endless arguments could
be invoked as to the validity of the assumptions
and hydrologic values used in simulating ground-
water flow within the carbonate-rock province. For
this reason, it must be stressed that the com-
puter simulation discussed in this report is con-
ceptual in nature. Only broad concepts and
large-scale features can be inferred from the re-
sults of this study. Although a fairly detailed analy-
sis of ground-water flow will be discussed, it does
not intend to indicate that the study results pre-
sented here are adequate; in fact, the objective
in presenting a detailed analysis of ground-wa-
ter flow is to examine the possibility of the rela-
tively shallow flow regions being interconnected
by deep flow through carbonate rocks, and how
regional geologic features might affect the direc-
tion of flow and water levels.

GENERAL ASSUMPTIONS

In the carbonate-rock province, ground-water
flow takes place through the pores of basin-fill
sedimentary deposits and through the fractures
and solution openings of consolidated rocks. On
a regional scale, flow through fractures and so-
lution openings in the consolidated rocks is as-
sumed to be the same as flow through a porous
medium; that is, it was assumed that Darcy’s Law
is applicable. This assumption may be reasonable
because the model grid used to simulate regional
flow results in the averaging of hydraulic prop-
erties over 37.5-mi? areas. However, not enough
information is available for the study area to sub-
stantiate the assumption.

Model simulations assume steady-state con-
ditions prior to development, in which estimates
of current recharge (1950-80) equal estimates of
natural discharge prior to ground-water develop-
ment. That is, the model does not include ground-
water withdrawals., Whether current recharge
equals natural discharge is unknown. During the
late Wisconsin glaciation (from about 20,000 to
10,000 years ago), ground-water flow in the prov-
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ince may have been more than that of the present
day because the climate was significantly wet-
ter, with numerous lakes in the closed basins
(Hubbs and Miller, 1948). Ground-water levels and
spring discharge may not be in equilibrium with
the present-day recharge because of the long dis-
tances between areas of recharge and discharge.
That is, the water levels and spring flows may
still be declining in response to the drier climate
of today relative to that of 10,000-20,000 years
ago.

Evidence of a long-term water-table decline
at Ash Meadows, in the southern part of the prov-
ince near Death Valley (fig. 1), is presented by
Winograd and Szabo (1986). They estimated a slow
rate of decline—0.07 to 0.26 ft per 1,000 years.
This range of rates is based on (1) uranium-
disequilibrium dating of calcitic veins as much
as 160 ft (reported as 50 meters) higher than the
highest present-day water level at Ash Meadows
and as much as 8.7 mi (reported as 14 kilome-
ters) up the hydraulic gradient, and (2) the as-
sumption that the rate of decline has been constant
for the past 510,000 to 750,000 years. The cal-
citic veins are associated with other features in-
dicative of paleo-ground-water discharge. Further
evidence for a slow rate of water-table decline
near Ash Meadows is presented by Jones (1982)
in which he reports the water table beneath an
alluvial fan at the Nevada Test Site has been
within 160 ft (reported as 50 meters) of the present
level through most of Quaternary time. In con-
trast, the water table in some of the northern
valleys and, in particular, the Great Salt Lake
Desert must have declined at least several hun-
dred feet over the past 10,000-20,000 years as
ancestral Lake Bonneville shrank to the present
level of the Great Salt Lake.

The assumption of steady-state conditions can-
not be validated. However, the lack of long-term
trends in measured water levels in basin fill (in
areas not influenced by pumping) suggests that
a dynamic equilibrium or steady state exists (at
least prior to pumping) in many of the basins.
Because estimates of hydraulic properties and the
length of flow through the consolidated rocks are
generally unknown, deeper flow through carbon-

=

Fioure 8.—Distribution of estimated ground-water withdrawals
by hydrographic areas for 1975. Hydrographic areas from
Harrill and others (1988); estimates of ground-water with-
drawals for Utah from Sumison and others (1976); esti-
mates for Nevada from Bedinger and others (1984).

ate aquifers may not be in equilibrium through-
out the province. If deeper flow is not in equilib-
rium, then present-day discharge may be
responding to residual water levels related to re-
charge from previous wet periods, such as the last
glacial epoch, and the analysis of flow presented
herein may not represent actual flow everywhere.

Transmissivity in the province is assumed
heterogeneous because horizontal hydraulic con-
ductivities can change abruptly as a result of
changes in lithology. Heterogeneity is simulated
by varying the transmissivity among the model
cells. Transmissivity within a model cell, however,
is assumed homogeneous and isotropic, and is as-
sumed to represent an average for the cell. Abrupt
changes in transmissivities within a model cell
are not simulated in the model. Consequently, the
model is designed to simulate flow across regional
changes in transmissivity.

The assumption of isotropy within a model
cell is reasonable for cells corresponding to ba-
sin fill, but may be unreasonable for cells corre-
sponding to consolidated rocks. Where flow is
through fractures, the fractures may have a pre-
ferred orientation that could produce a greater
transmissivity in one direction. However, aniso-
tropic conditions may not be the same through-
out the province because the orientation of
fractures in consolidated i scks is not the same
everywhere. Even though some types of consoli-
dated rock may be anisotropic, there is no com-
pelling reason to assume a regional anistropy for
the entire modeled area, and the model is not
capable of simulating anistropy in individual cells.
Furthermore, data is lacking to calibrate a model
whereby every cell corresponding to consolidated
rocks could have a greater value of transmissiv-
ity in one direction.

MODEL DEVELOPMENT

A three-dimensional finite-difference ground-
water flow model developed by McDonald and
Harbaugh (1988) was used for the computer simu-
lations. The model uses the basic partial differ-
ential equation for ground-water flow in an
anisotropic, heterogeneous porous medium with
a constant water density:
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where Kxx, Kyy, Kzz = hydraulic conductivity along x,
¥, and 2 coordinate axes (units
of length per time);

k = hydraulic head, referred to as
simulated water level in this
report (units of length);

W = volumetric flux per unit vol-
ume representing sources and
(or) sinks (units of per time);

S, = specific storage of the medium
(units of per length); and

t= time.

For simulation of steady-state (equilibrium)
conditions that do not include changes in simu-
lated water level with respect to time, the right
side of the equation is equal to zero and esti-
mates of specific storage are not needed. This is
the case for simulations used to conceptualize
ground-water flow in the carbonate-rock province.

APPLICATION OF FINITE-DIFFERENCE EQUATIONS

The partial differential equation for ground-
water flow can be closely approximated by finite-
difference equations, which are sets of algebraic
expressions that are solved simultaneously by us-
ing, in this model, the strongly implicit proce-
dure (McDonald and Harbaugh, 1988, chap. 12).
The solution of this algorithm involves designing
a three-dimensional grid system in which each
model cell within the grid exhibits specific hy-
drologic properties that best approximate the
physical setting of that area. The model solves
for unknown water level at the center of each
cell (called a node) by iterating through the fi-
nite-difference equations until the simulated wa-
ter-level change between the previous iteration
and the current iteration is less than a specified
quantity for all nodes. The original model used a
closure criterion of 5 ft; the value was reduced
to 0.1 ft during the recalibration process. This
closure criterion resulted in computed mass-bal-
ance errors of less than 0.05 percent. In addition
to the closure criterion, the acceleration param-
eter (a value that increases or decreases the simu-
lated water-level change at each iteration) was
adjusted and a value of 0.8 chosen, following re-
peated trial simulations.

MODEL GRID

The grid system used to simulate ground-water
flow in the province contains 60 columns, 61 rows,
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and two layers (fig. 9). The grid, oriented paral-
lel to the generally north-northeastward trend of
the fault-block mountains and adjacent valleys
in the province, has rectangular cells of uniform
dimension. The width of each cell is 5 mi along
the row direction (perpendicular to the fault-block
mountains), and the length is 7.5 mi along the
column direction (parallel to the fault-block moun-
tains). The length of each cell is greater than its
width because the mountain ranges and valleys
are typically longer than they are wide. The di-
mensions chosen for the grid are large enough to
minimize the number of cells in the model, yet
small enough to simulate the variation in topog-
raphy and physiography characteristic of the prov-
ince. Cells in the grid that are outside the
carbonate-rock province are not used in the model
simulation; each layer contains 2,456 active cells.

REPRESENTATION AS A TWO-LAYER SYSTEM

Commonly, different model layers are used to
simulate different hydrogeologic units on the ba-
sis of permeability contrasts between units. How-
ever, due to the complexity of the geologic
structures in the province, the uncertainty in the
thickness of the hydrogeologic units, and the lack
of data, the province is simply divided into two
layers. The upper model layer is used to simu-
late relatively shallow flow primarily through basin
fill and adjacent mountain ranges to depths of a
few thousand feet. The lower model layer is used
to simulate deep flow through consolidated rocks
beneath the basin fill and mountain ranges. The
actual depth to the base of deep flow is unknown,
but marine sedimentary rocks containing thick
sequences of carbonate rocks may be more than
30,000 ft thick (Stewart, 1980), and freshwater
has been identified from oil-exploratory wells in
Railroad Valley to depths as great as 10,000 ft
(Van Denburgh and Rush, 1974, p. 31). Calcu-
lated depths of ground-water flow in the prov-
ince range from about 3,700 to 10,000 ft, on the
basis of temperatures and silica concentrations
of water collected from selected wells and springs
(Carlton, 1985, p. 34-37; Thomas and others, 1990,
p. 56). A maximum depth for the lower model layer
may be, therefore, about 10,000 ft.

BOUNDARY CONDITIONS

In general, the model boundaries of the car-
bonate-rock province extend to mountain ranges
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consisting mostly of low-permeability consolidated
rocks, which are assumed to be no-flow bound-
aries. Carbonate rocks may extend northward be-
neath the basalts of southern Idaho. The
topographic divide between the Snake River drain-
age area in southern Idaho and the Great Basin
is assumed to act as a divide not only for near-
surface ground-water flow but also for deep flow.
Ground-water flow to the north of the Great Salt
Lake is not simulated in the model because the
lake is used as a hydrologic boundary for ground-
water flow in the model. The Great Salt Lake
occupies a low area with no surface outflow, and
it presumably is a sink for ground-water flow in
the northern part of the province. Carbonate rocks
may also extend westward from where the rocks
are exposed in the mountains. The western bound-
ary of the modeled area is along mountain ranges
in which the Paleozoic strata consist mostly of
transitional-assemblage sedimentary rocks (Plume
and Carlton, 1988, fig. 2). Although small quan-
tities of ground water may flow across these moun-
tain ranges, the western boundary is simulated
as a no-flow boundary. A no-flow boundary is also
simulated beneath the lower model layer. The
boundary represents the depth below which there
is little ground-water flow. The depth of the no-
flow boundary beneath the lower layer is unknown
because the depth below which flow ceases is gen-
erally unknown., Presumably, ground water does
not flow through the underlying Precambrian and
Lower Cambrian rocks.

Hydrologic boundaries are also used in three
other places along the edge of the modeled area:
Utah Lake, the Virgin River and Lake Mead, and
Death Valley (see figs. 5 and 9). These hydro-
logic boundaries are simulated as head-dependent
flow boundaries to the upper model layer, using
the general-head package of McDonald and
Harbaugh (1988, chap. 11). Flow across the head-
dependent flow boundaries is computed by mul-
tiplying the water-level difference across the
boundary with a hydraulic conductance term. The
water-level difference is determined by compar-
ing a specified head assigned to the boundary with
a simulated water level in the upper layer cell.
The hydraulic conductance term is the hydraulic
conductivity times the cross-sectional area of the
boundary through which flow is simulated divided
by the length of the flow path.

The head-dependent flow boundary allows flow
either to or from the model cell depending on
whether the simulated water level in the cell is
less than or greater than the specified head. The

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

boundary is applied above the upper model layer,
thus the conductance term used for each model
cell is in the vertical direction. An initial esti-
mate of vertical conductance was determined for
each cell by multiplying an approximate vertical
hydraulic conductivity with the planimetric area
of the model cell and then dividing by an esti-
mate of the vertical flow-path length. The length
of the flow path is assumed to be half the esti-
mated thickness of the basin fill, which probably
represents the average value of the flow length.
The conductance terms were adjusted during model
calibration.

The same type of boundary is used to simu-
late the interaction of ground-water flow with the
Sevier and Humboldt Rivers and selected tribu-
taries to the Humboldt River, where rivers flow
into or out of the modeled area (see figs. 5 and
9). The area used to compute the conductance term
for each model cell is the area of the river within
the cell.

Specified heads for the head-dependent flow
boundaries were estimated by overlying the model
grid onto U.S. Geological Survey 1:250,000-scale
topographic maps corresponding to the modeled
area. Specified heads for lakes are based on val-
ues listed on the maps, specified heads for dry
lakes are based on the land-surface altitudes of
the dry lakes, and specified heads for rivers were
estimated by approximating the average stream
altitude for each reach corresponding to a model
cell. Specified heads for the Humboldt River range
from 4,650 ft (cell: row 14, column 9) to 5,500 ft
above sea level (cell: row 7, column 21). Speci-
fied heads of 4,200 ft and 4,475 ft were assigned
to cells corresponding to the Great Salt Lake and
Utah Lake, respectively. A specified head of 4,519
ft was assigned to Sevier Lake, and specified heads
for the Sevier River range from 4,525 ft (cell: row
24, column 49) to 5,100 ft (cell: row 22, column
60). Specified heads for the Virgin River range
from 1,400 ft (cell: row 48, column 41) to 1,650
ft (cell: row 45, column 45). Specified heads for
Lake Mead range from 1,200 ft near the dam (cell:
row 53, column 37) to 1,205 ft near the
confluence with the Virgin River (cell: row 49,
column 41). A specified head of 800 ft above
sea level was assigned to the Colorado River
below the dam (cell: row 54, column 38). Speci-
fied heads for Death Valley range from 270 ft
below sea level in the central part (cell: row
54, column 14) to 10 ft above sea level at the
north and south ends (cells: row 50, column 10,
and row 58, column 18).
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Recharge to the model is simulated as a con-
stant flux to the upper model layer in cells that
correspond to mountain ranges. Recharge is not
simulated in model cells that correspond to val-
leys, because much of that recharge does not in-
filtrate into the deep part of the aquifer system,
Recharge in the valley is assumed to discharge
within the same general area, either as evapo-
transpiration or as flow to small springs.

Evapotranspiration is the principal mode of
ground-water discharge in the study area. This
discharge is simulated as a head-dependent flow
boundary in the upper model layer using the
evapotranspiration package of McDonald and
Harbaugh (1988, chap. 10). The simulation is based
on a discontinuous function related to land sur-
face (fig. 10A). Information required includes the
land-surface altitude of each model cell, the evapo-

A

Maximum
Ber

Lang surface

Slope = aximum Rer

g Extinction depth

WATER LEVEL IN CELL

Rey at land surtace
Siope = Extinctlon depth

EVAPOTRANSPIRATION RATE

FrGure 10.—Simulations of evapotranspiration as a
function of water level in a model cell, where
Rgr is evapotranspiration rate. A, Discontinu-
ous function given by McDonald and Harbaugh
(1988, chap. 10). B, Madified function used herein
to reduce numerical oscillation (see text section
titled "Boundary Conditions").

transpiration rate at land surface, and the depth
below land surface where evapotranspiration
ceases (extinction depth).

The equation used to simulate evapotranspi-
ration was modified because numerical oscillations
developed in some cells during initial simulations
as a result of the discontinuous function at land
surface. To alleviate the oscillations, the equa-
tion was changed so evapotranspiration rates con-
tinued to increase even when the simulated water
level in a cell was above land surface (fig. 10B).
Although this reduced the numerical oscillations
in the model, the simulated water level in cells
with evapotranspiration were compared with land
surface following each simulation to determine if
the water level in a cell exceeded land surface
and produced an unrealistic discharge. Where it
did, transmissivities and vertical leakances were
changed to lower the simulated water level.

Land-surface altitude, evapotranspiration rate
at land surface, and extinction depth are speci-
fied for all active cells in the upper layer. A uni-
form extinction depth of 20 ft is assumed.
Evapotranspiration rates at land surface vary from
42 in, in the northern part of the study area to
72 in. in the extreme southern part, and gener-
ally follow the distribution of annual lake-evapo-
ration rates for the period 1946-55 presented by
Kohler and others (1959, pl. 2). A lower rate of
12 to 25 in/yr is assumed in the Great Salt Lake
Desert because, in areas where ground water has
a high salinity, the rate of evaporation and tran-
spiration is less (van Hylckama, 1974, p. 28). Land-
surface altitude for all model cells was determined
from digital elevation data obtained from the Na-
tional Geophysical Data Center (National Oceanic
and Atmospheric Administration, Boulder, Colo.).
These data represent a regular sampling of land-
surface altitudes at an interval of 1 minute in
geographic coordinates. This corresponds to a spac-
ing between values of about 4,800 ft in an east-
west direction and about 6,000 ft in a north-south
direction. Approximately 35 altitude values were
used to compute the average land-surface alti-
tude of each model cell.

Only a few of the numerous springs discharg-
ing in the study area are specifically simulated
by discharge cells in the model. Most small springs
in the study area are assumed to be discharging
from the upper model layer. This springflow is
included in the simulated evapotranspiration. All
large springs, and several smaller springs listed
by Thomas and others (1986, pl. 2), are herein
termed “regional springs.” The flow of these
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springs is simulated as discharge from the lower
model layer, and therefore is not a component of
simulated evapotranspiration from the upper layer.
Model cells corresponding to springs or a group
of springs simulated as discharging from the lower
layer are shown in figure 11. In Death Valley,
spring flow from Texas, Nevares, and Travertine
Springs near Furnace Creek is not simulated as
discharge from the lower layer, because it is in-
cluded in the discharge from the head-dependent
flow boundary.

The drain package (McDonald and Harbaugh,
1988, chap. 9) is used to simulate spring discharge
from cells in the lower model layer that corre-
spond to the location of selected regional springs.
Discharge from these cells is simulated whenever
the water level in the cell exceeds a specified head
for the drain. No discharge is simulated when-
ever the water level is below the specified head.
Land-surface altitudes of the springs, listed by
Thomas and others (1986, pl. 2), are used as the
specified head. A representative altitude is used
in cells that include more than one spring. Dis-
charge from the drain (spring) is alse dependent
on a conductance term (McDonald and Harbaugh,
1988, chap. 9, p. 5). A single conductance value
is used for all springs. Initially, a value of 3 ft2/s,
large enough that discharge from the cell was not
controlled by the conductance term but rather by
transmissivity of cells in the lower layer, was used.
The value was increased to 10 ft2/s during model
calibration without any effects to simulated spring
discharge.

MODELING APPROACH

Simulation of ground-water flow in the car-
bonate-rock province required a slightly different
approach from that used for most modeled areas,
because all the variables in the ground-water flow
equation (eq 1) either are unknown over large
parts of the area or are only approximately known,
The locations of recharge and discharge areas are
generally known, although the quantities of re-
charge and discharge are only approximately
known. Water levels in the upper part of the ba-
sin fill are generally known (Thomas and others,
1986), but water levels in the consolidated rocks
beneath the basin fill are known only at a few
locations. Also, the existing water-level measure-
ments represent only the uppermost part of the
basin fill and the consolidated rocks, because wells
penetrate only a small part of their total thick-
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nesses. Water levels are generally unknown in
the mountains because only a few wells exist there.
Hydraulic properties of shallow basin fill are gen-
erally known because numerous wells have been
drilled into the basin fill. Estimates of hydraulic
properties of the various consolidated rocks are
largely unknown, except at a few locations such
as the Nevada Test Site. In addition, the subsur-
face geology is largely unknown, as is the depth
of ground-water flow. '

The general approach used to simulate re-
gional ground-water flow in the province was to
adjust transmissivities and vertical leakances until
(1) water levels in both model layers approximated
the estimated water levels, (2) evapotranspira-
tion in the upper layer approximated the quan-
tity and distribution of ground-water
evapotranspiration estimated for each hydro-
graphic area, and (3) simulated discharge from
the lower layer approximated the discharge at
regional springs.

Estimated water levels used to compare with
simulated values are based on contours by Tho-
mas and others (1986) in both the basin fill and
consolidated rocks. Water-level data are concen-
trated in the basin fill because these deposits gen-
erally yield at least moderate quantities of water
at shallow depth. The locations of measured wells
in basin fill are shown in figure 12. In contrast,
water-level data in consolidated rocks are sparse.
These data include measurements from wells, test
holes, or mine shafts that penetrate consolidated
rocks in the mountains or beneath the basin fill,
and land-surface altitudes at regional springs (Tho-
mas and others, 1986, pl. 2). The locations of mea-
sured wells, test holes, and mine shafts completed
in consolidated rocks are shown in figure 13.

For initial model calibration, a water-level
altitude was estimated for each cell in the upper
model layer and for selected cells in the lower
layer. A water-level altitude was estimated for
cells in the upper layer by superimposing the
model grid over the map of water levels in basin
fill (Thomas and others, 1986, pl. 1) and deter-
mining an average water level for each cell in
an area where water-level contours had been
drawn. Water-level contours drawn by Thomas and
others for some basins, in particular Las Vegas
Valley, show the effects of ground-water withdraw-
als. In these basins, water levels measured prior

=

FiGURE 11.—Cells used to simulate spring discharge from lower
model layer. Cells correspond to selected springs shown
in figure 7.
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(modified from Thomas and others, 1986, pl. 2).
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to the withdrawals were used. Water-level alti-
tudes in cells corresponding to basins with sparse
data were estimated from the measurements at
individual wells, from the altitude of springs dis-
charging on the valley floor, or from an average
altitude of areas of evapotranspiration. Water-level
altitude for cells corresponding to mountainous
regions was interpolated from adjacent valleys and
from the average land-surface altitude estimated
for the cell. A water-level altitude was estimated
for some cells in the lower model layer by super-
imposing the model grid over the map of water-
level contours for consolidated rocks (Thomas and
others, pl. 2). The value assigned to a cell corre-
sponded to the average altitude indicated by the
contours. Most cells in the lower layer do not have
an estimated water level.

For final model calibration, the estimated
water-level altitudes of only selected cells were
used to compare with simulated water levels. Cells
in the upper model layer were selected if they
corresponded to (1) an area where water-level con-
tours in basin fill had been drawn by Thomas
and others (1986, pl. 1) or (2) a measured water
level in a well. Cells in the lower layer were se-
lected if they corresponded to a measured water
level in a well, test hole, or mine shaft, or the
land-surface altitude of a regional spring. In the
upper layer, 773 cells out of a total 2,456 active
cells had an estimated water level, whereas in
the lower layer, only 144 cells out of 2,456 had
an estimated water level.

ESTIMATES OF RECHARGE

The method used to estimate recharge in Ne-
vada and Utah is reported by Maxey and Eakin
(1949, p. 40, 41) and Eakin and others (1951, p.
26, 27). Their method assumes that recharge 1s
principally from precipitation in the mountains.
The quantity of recharge is based on a percent-
age of the total volume of annual precipitation
that falls within a selected altitude interval. Per-
centages range from O percent for areas where
annual precipitation is less than 8 in. to as much
as 40 percent in the highest parts of the Wasatch
Range, where annual precipitation is more than
40 in. The original percentages listed by Maxey
and Eakin (p. 40, 41) are based on trial-and-er-
ror calculations in which estimates of recharge
are set equal to estimates of ground-water dis-
charge from natural losses. Although recharge is
estimated by this empirical method in Utah, the
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percentage of recharge applied to each precipita-
tion zone varies considerably between hydrographic
areas. The reason for the variation is that the
estimates of recharge are adjusted to match es-
timates of discharge. The original percentages of
recharge applied to each precipitation zone have
also been adjusted subjectively when applied to
other hydrographic areas in Nevada. Thus, the
percentage of precipitation estimated to become
recharge for a particular precipitation zone may
vary by several percent among different hydro-
graphic areas in both Nevada and Utah, Watson
and others (1976) quantitatively evaluated the
method for estimating recharge and concluded that
the method could not reliably predict recharge
other than provide an approximation.

Estimates of recharge for a given mountain
range were obtained by determining the areas
within each precipitation zone from maps of av-
erage annual precipitation for Nevada and Utah
(Hardman, 1936, 1965; U.S. Weather Bureau,
1963). The estimate of recharge for each moun-
tain range was then compared and revised to be
consistent with the estimated recharge for indi-
vidual hydrographic areas or seclected groups of
areas. Finally, the distribution of recharge areas
was compared with areas of principal recharge
as delineated by Mifflin (1988, pl. 3). The distri-
bution of recharge assigned to cells in the model
is shown in figure 14.

Total annual recharge within the modeled area
is about 1.5 million acre-ft. The quantity of pre-
cipitation that is estimated to recharge the aqui-
fers in the province is about 3 percent of the
estimated total annual precipitation. This approxi-
mation is slightly less than the 5 percent reported
by Eakin and others (1976, p. 6). However, they
include hydrographic areas that receive water from
the much wetter Sierra Nevada, the mountains
in extreme northern Nevada, and areas along the
north and east sides of the Great Salt Lake that
receive some water from the Wasatch Range. They
also exclude several hydrographic areas in the
much drier southeastern Nevada. Thus, the 3-per-
cent estimate is probably reasonable. Also, the
estimates of recharge presented herein, and in
most of the numerous reconnaissance reports, do
not include water that locally recharges ground
water only to be discharged nearby.

=

Ficure 14.--Distribution of recharge assigned to cells in up-
per model layer, and simulated recharge from rivers and
lakes through gencral-head boundaries.
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FIcure 15.—Principal rock types assigned to cells in upper model layer, and initial transmissivities used.
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INITIAL ESTIMATES OF TRANSMISSIVITY AND
LEAKANCE

Initial estimates of transmissivity for the up-
per model layer are grouped into three geologic
units. The estimates were made to provide a start-
ing point for the calibration process in which trans-
missivities were modified. The geologic units
within the modeled area are grouped into three
principal types (Harrill and others, 1988; Plume
and Cariton, 1988): (1) basin fill, which includes
Tertiary tuffs, terrigenous sediments, and Qua-
ternary stream, alluvial fan, and lacustrine de-
posits; (2) thick sequences of carbonate rocks of
Paleozoic and early Mesozoic age, and (3) other
consolidated rocks, which include clastic sedimen-
tary rocks, intrusive and extrusive igneous rocks,
metamorphic rocks, and locally thick units of Ter-
tiary clay and silt. Figure 15 shows how the prin-
cipal rock types are distributed in the upper layer.
The basin-and-range physiography can be easily
distinguished with the resolution provided by the
5-mi by 7.5-mi grid.

Carbonate rocks are assumed to have the high-
est transmissivity. The initial transmissivity as-
signed to cells in the upper model layer
representing carbonate rocks was 0.25 ft%/s, within
the range of values reported by Winograd and
Thordarson (1975, table 3 and p. 78), Bunch and
Harrill (1984, p. 119), and Plume (1989). Reported
values range from about 0.002 ft%/s (200 ft2/d) to
about 9 ft?/s (800,000 ft2/d). Initial transmissiv-
ity assigned to cells representing other consoli-
dated rocks was 0.002 ft%/s; the initial value
assigned to cells representing basin fill was 0.02
ft?/s, within the range of values presented by
Winograd and Thordarson (1975, table 3) and
Bunch and Harrill (1984, p. 115). A uniform value
of 0.25 ft?/s was initially assigned to all cells in
the lower layer.

Transmissivities of each rock type actually
vary widely due to either changes in thickness
or differing hydrologic properties of the rocks. The
transmissivities for each model cell changed during
model calibration. The vertical resistance to
ground-water flow is simulated in the model with
a vertical leakance term. Vertical leakance is de-
fined as the vertical hydraulic conductivity di-
vided by length of flow path (Lohman, 1972, p.
30). A vertical leakance of 1 x 10711 per second
was initially assumed for all cells. No attempt
was made to distinguish leakance values accord-
ing to hydrogeologic conditions because of the un-
certainty of the geologic units at depth and because

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

of uncertainties in estimating the vertical hydrau-
lic conductivity and the length of the flow path.
The vertical leakances also changed during model
calibration,

MODEL CALIBRATION

Initial model calibration began by assigning
an estimated water level to each model cell. In
many cells, particularly in the lower layer, the
assigned water levels were interpolated and ex-
trapolated from data many miles away. Transmis-
sivities of cells in the upper and lower model layers
and vertical leakances of cells between layers were
initially adjusted on the basis of comparing simu-
lated water levels to these assigned to the model
cells. Two computer programs were written and
used to automatically adjust both transmissivi-
ties and vertical leakances. The first program ad-
justed transmissivities in cells where the simulated
water levels were either too high or too low com-
pared to the assigned water levels, Transmissivi-
ties were increased or decreased depending on the
ratio of the simulated water level to the assigned
water level. The method worked reasonably well
because simulated heads were either too high or
too low over large regions of the model.

The second program adjusted vertical
leakances between adjacent cells in the upper and
lower model layers during alternate simulations.
Vertical leakances were adjusted using the ratio
of the simulated water-level difference to the as-
signed water-level difference as expressed in the
following equation (Williamson and others, 1989,
p. 32):

Lnew = Lold # FAC * (AHVmod/AHVas)

where Lnew = the adjusted vertical leakance
value;

Lold = the previous vertical leakance
value;

AHVmod = the simulated water-level differ-
ence of adjacent cells between the
upper and lower model layers;

AHVas = the assigned water-level difference
of adjacent cells between the up-
per and lower model layers; and

FAC = 0.9 when the ratio of AHVmod to
AHVas is less than 1, 1.1 when the
ratio is greater than 1, and 1.0
when the ratio is 1.
The computer programs do not correctly adjust
transmissivities or vertical leakances on the first
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computation because flow to and from a cell may
change after adjusting the vertical leakance and
the transmissivities in adjacent cells. Thus, the
process involved numerous simulations that al-
ternately adjusted transmissivities and vertical
leakances. The use of these programs ceased once
the simulated water levels over the entire model
generally matched the water levels presented by
Thomas and others (1986).

The final part of model calibration involved
(1) testing the range in transmissivities and ver-
tical leakances calculated from the initial cali-
bration by comparing the simulated water levels
in 778 selected cells in the upper layer and 144
cells in the lower layer where water levels had
been estimated from the maps by Thomas and
others (1986), (2) making regional and local
changes to transmissivities and vertical leakances
until simulated discharge as evapotranspiration
in the upper model layer and regional spring flow
in the lower layer approximated estimated val-
ues, and (3) adjusting conductance values at head-
dependent flow houndaries.

Transmissivities following the initial calibra-
tion ranged from 2.5 x 1074 to 2.5 ft%/s in the
upper layer and from 2.5 x 1074 to 2.5 x 1071 ft2/s
in the lower layer. During the final phase of model
calibration, both transmissivities and vertical
leakances were rounded to the nearest exponent
(1 x 1074 1 x 1073; 1 x 1072; and so forth) with-
out affecting the simulation results. The round-
ing of both transmissivities and vertical leakances
is reasonable because of the lack of information
on the extent and distribution of aquifers, their
hydraulic properties, and the lack of ground-wa-
ter levels in many areas. Such groupings also sim-
plified the final calibration while reasonably
duplicating regional ground-water levels, and the
distribution and quantity of discharge. The best
match with estimated water levels and discharge
was simulated when the grouped transmissivities
were multiplied by a factor of 2.2 in the upper
layer and when the values were multiplied by a
factor of 3.3 in the lower layer. In a few areas,
transmissivities were further multiplied by a factor
ranging from 2 to 5. Even though transmissivi-
ties are generally grouped by a factor of 10, the
range in simulated transmissivities did not change
greatly from the initial calibration. In the upper
layer, transmissivities following final calibration
ranged from 2.2 x 1075 to 2.2 x 101 ft%s; both
the minimum and maximum values are about 10
times less than the initially calibrated values. In
the lower layer, transmissivities following model

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

calibration ranged from 3.3 x 1075 to 6.6 x 1071
ft?/s.

Vertical leakances following initial calibration
ranged from 1 x 10718 to 3 x 109 per second.
During final calibration, increasing vertical
leakances of less than 1 x 10713 to that value
produced little difference in simulated water levels
and discharge. Similarly, decreasing values greater
than 1 x 10711 to that value also produced little
differences. Finally, all other leakance values were
rounded to values of 1 x 1071, 1 x 10712, or 1 x
10-13 per second. The distribution of vertical
leakances is shown in figure 16.

The average vertical leakance for all model
cells is 4 x 10712 per second. Overall, 62 percent
of cells (1,517 of 2,456) have a value of 1 x 10712
per second, 34 percent (833 cells) have a value
of 1 x 10~ per second, and only 4 percent (106
cells) have a value of 1 x 10713 per second. Most
of the cells (95 out of 106) having the lowest ver-
tical leakances are in or adjacent to the Great
Salt Lake Desert. More than half of the cells hav-
ing the highest leakances (455 out of 833) are in
the central third of the modeled area (rows 21 to
40). In contrast, only 17 percent of the cells hav-
ing the highest leakances (140 out of 833) are in
the southern third of the modeled area (rows 41
to 61). In the central part, about half of the highest
leakances correspond to mountain ranges, whereas
in the southern third, 60 percent correspond to
mountain ranges.

The magnitudes of the computed transmis-
sivities and vertical leakances are dependent on
the quantity of assigned recharge. Increasing re-
charge results in a corresponding increase in dis-
charge and requires a proportional increase in
transmissivities and vertical leakances to main-
tain the same head gradients. The estimates of
recharge are only approximations; thus, recharge
was increased by a factor of 2 and decreased by
a factor of 2 during model calibration to evalu-
ate its effect on transmissivities and vertical
leakances.

Conductances used for the head-dependent
flow boundaries range from 0.005 ta 0.5 ft*/s and
average 0.13 ft%/s for the 94 cells. Only one cell
has a value of 0.005, and three have a value of
0.5. Conductances are slightly different between
the different areas. Conductances for the Humboldt
River range from 0.1 to 0.5 ft%s and average 0.24
ft?/s; more than half of the cells (11 of 20) have
a value of 0.3 ft%s. Conductances for the Great
Salt Lake and Utah Lake are 0.1 ft%/s, except
for four cells along the Great Salt Lake, which
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have a value of 0.15. Conductances range from
0.01 ft%/s for the upstream reaches of the Sevier
River to 0.15 for Sevier Lake; conductances for
the Sevier River average 0.07 ft%s. Conductances
for the Virgin River are 0.01 ft%s, except for the
northernmost cell, which is 0.02 ft%/s. Conductances
for Lake Mead are also 0.01 ft%/s, except for the
two cells nearest the dam, which are 0.5 ft2/s. The
conductance for the one cell representing the Colo-
rado River below the dam is 0.005 ft2%/s. Conduc-
tances for Death Valley are 0.1 ft%/s.

Because flow to and from the head-dependent
boundaries are generally controlled by the esti-
mated transmissivities of the model cells, chang-
ing conductances does not greatly affect the
simulation results. For example, decreasing the
conductances for cells that have a value of 0.5
ft%/s to 0.1 fi%/s resulted in a slight decrease (0.1
ft3/s) in discharge and recharge along the
Humboldt River and no change to discharge at
Lake Mead. Increasing the conductances for nine
cells along the Sevier River which had values less
than 0.1 ft%s by a factor of 10 resulted in a 10-
percent increase in discharge (5 ft3/s increase) to
the Sevier River, a corresponding decrease in simu-
lated evapotranspiration, and consequently, no
change in the simulated discharge from the area.

Total simulated spring discharge from the
lower model layer is only 0.5 percent greater than
the total estimated discharge (table 1). However,
the percentage difference between simulated and
estimated discharge for individual springs is gen-
erally more. For example, simulated discharge at
Warm Springs (table 1) is 152 percent of the es-
timated discharge.

During final model calibration, conductance
values used to simulate spring discharge were
changed to test their sensitivity. Initially, a uni-
form value of 3 ft%/s was assigned to each spring.
This value is more than two orders of magnitude
greater than the initial conductance value assigned
between layers (vertical leakance multiplied by
cell area), Increasing the conductance value for
springs to 10 ft%/s did not affect discharge from
the lower layer, indicating that the discharge was
dependent on flow from adjacent model cells. The
higher conductance values resulted in slightly re-
duced water levels in cells where spring discharge
was simulated, because not as much head differ-
ence was needed to simulate flow through the
springs. A value of 10 ft%/s was used during fi-
nal model calibration, Spring discharge was ex-
tremely sensitive to changes in both transmissivity
and vertical leakance.
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Land-surface altitude assigned to each model
cell in the upper layer controlled the distribu-
tion of evapotranspiration and water levels in cells
where evapotranspiration was simulated. Initially,
land-surface altitudes assigned to each cell were
averaged values. This did not produce a reason-
able distribution of evapotranspiration and wa-
ter levels in some areas of the model. Adjusting
transmissivities and vertical leakances did not
always improve results. Areas of evapotranspira-
tion are generally confined to the lowest parts of
a valley. Consequently, minimum land-surface al-
titudes from the one-minute data were used in
areas of known evapotranspiration.

Because evapotranspiration did not reach a
maximum rate when water levels exceeded land
surface (fig. 10B), simulated water levels in cells
with evapotranspiration were compared with the
assigned land-surface altitude. Whenever water
levels exceeded land surface, transmissivity and
leakance values in that cell, and sometimes in
surrounding cells, were changed to lower heads
below land surface. Evapotranspiration of ground
water was assumed to occur only from basin fill
in the valley lowlands. Thus, the transmissivity
and leakance values were increased in a model
cell corresponding to consolidated rocks whenever
evapotranspiration was simulated in such a cell.
Final distribution of simulated evapotranspiration
is shown in figure 17. The simulated distribu-
tion generally corresponds to areas mapped by
Harrill and others (1988, pl. 2). Areas mapped
by Harrill and others are shown in figure 18.

The model was deemed calibrated when simu-
lated discharge approximated the mapped distribu-
tion and estimated discharge in each hydrographic
area. In addition, computed water levels were matched
as closely as practical with estimated values. For the
best-fit simulation, 86 percent of the simulated wa-
ter levels (666 out of 773 model cells) were within
250 ft of the estimated water levels for the upper
layer and 76 percent (109 out of 144 cells) were within
250 ft for the lower layer.

The 250-ft criterion used for calibration pur-
poses is only 3 percent of the total water-level
difference in the model. The maximum simulated
water level is more than 7,000 ft above sea level,
along the eastern side of the model; in contrast,
the minimum is below sea level, in Death Valley.
Water-level differences between adjacent model
cells commonly exceed 250 ft; in a few locations,
they exceed 500 ft. The distribution of water levels
in both model layers for the best-fit calibration
is shown in figure 19.



TasLe 1.—Estimated discharge of regional springs compared with simulated discharge following model calibration

Discharge
Map {acre-feet per year)
number
Regional spring (fig. 11) Estimated  Simulated Source of discharge estimate
Manse Springs 1 4,300 3,900 Maxey and Jameson, 1948, p. 9-10
Ash Meadows area (several springs) 2 17,000 17.000 Winograd and Thordarson, 1975, p. C78-C80
Rogers and Blue Point Springs 3 1,500 1,200 Rush, 1968b, p. 39
Muddy River Springs 4 36,000 37,000 Eakin, 1966, p. 264
Grapevine and Stainigers Springs 5 1,000 720 Miller, 1977, table 4
Pahranagat Valley (several springs) 6 25,000 24,000 Eakin, 1963, p. 20
Panaca Warm Spring 7 7,900 9,900 Rush, 1964, table 9
Hot Creek Ranch Springs 8 1,800 2,000 Rush and Everett, 1966a, table 9
Lockes (several springs) 9 2,400 2,800 Van Denburgh and Rush, 1974, p. 23. 50-52
Blue Eagle and Tom Springs 10 3,700 3,200 Van Denburgh and Rush, 1974, p. 25, 50-51, Mifflin
1968, table 4
Moon River and Hot Creek Springs 11 13.000 13,000 Mazxey and Eakin, 1949, p. 37
Mormon Hot Spring 12 3,100 2,200 Maxey and Eakin, 1949, p. 37
Northern White River Valley (several springs) 13 12,000 10,000 Maxey and Eakin, 1949, p. 39
Duckwater (Big and Little Warm Springs) 14 11,000 13,000 Van Denburgh and Rush, 1974, p. 23, 50-52
Fish Creek Spring 15 3,900 2,800 Rush and Everett. 1966a, table 9
Twin Spring 16 2900 4,000 Hood and Rush. 1965, table 9
Campbell Ranch Spring 17 7,700 7,400 Eakin and others, 1967, table 4
Shipley Hot Springs and Bailey Spring 18 5,700 4.400 Harill, 1968, p. 31
Fish Springs 19 27,000 26,000 Bolke and Sumsion, 1978, p. 10
Nelson Springs (Currie Springs) 20 2,200 1,800 Eakin and others, 1967, table 4
Blue Lake and Little Salt Springs 21 18.000 20,000 Gates and Kruer, 1981. table 8
Warm Springs 22 3,300 5,000 Eakin and others, 1951, p. 108
Total discharge, all regional springs (rounded) 210.000 211,000
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Ficure 17.—Simulated evapotranspiration rates in cells in upper model layer, and simulated discharge from rivers, lakes, and
Death Valley through general-head boundaries.
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Conductance values used to simulate the in-
teraction of ground water with surface water (gen-
eral-head boundaries in fig. 9) were changed
during model calibration until the simulated wa-
ter-level gradients near the boundaries approxi-
mated the estimated gradients.

LIMITS OF CALIBRATION

Results from the model simulation are only
approximate because uncertainties exist in the
distribution and quantity of recharge and because
water levels in the consolidated rocks are unknown
over much of the area. Although discussed in de-
tail, the model results are conceptual because ac-
tual values are not known for any of the variables
in the ground-water flow equation. In particular,
other, equally valid, distributions of transmissivity
may be found that permit the model to he cali-
brated to the existing information. Model results
are also dependent on the general assumptions
discussed previously.

Transmissivities estimated for both model lay-
ers are in part dependent on the quantity and
distribution of recharge used in the model, par-
ticularly for model cells that correspond to moun-
tains. Recharge is simulated in the mountains
except where head-dependent flow boundaries are
used to simulate the interaction of ground water
with surface water. Simulating all recharge in
mountains that consist of carbonate rocks is prob-
ably reasonable because little surface water flows
to the nearby valleys. But in mountains that con-
sist of low-permeability rocks, much of the water
flows into nearby valleys where recharge occurs
mostly on the adjacent alluvial fans. Thus, the
transmissivities estimated for model cells that
represent these mountains are probably higher
than the actual transmissivities.

Transmissivities in the upper model layer are
highly sensitive to changes in both the quantity
and location of recharge. Transmissivities for the
lower model layer are not as sensitive to changes
in recharge, because recharge is not added di-
rectly to cells in this layer. Recharge to the lower
layer is dependent on the leakage between the
upper and lower layers, which is controlled by
the vertical leakance.

Errors in the estimates of recharge are un-
known but locally could be well in excess of 100
percent. If recharge is increased in the model by
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100 percent, a similar distribution of water levels
could be simulated by proportionately increasing
transmissivities and vertical leakances. Because the
model assumes steady-state conditions, discharge
would also increase by 100 percent. However, a dif-
ferent distribution of transmissivity and vertical
leakance near regional springs would be needed if
the additional recharge was forced to discharge as
evapotranspiration instead of allowing spring dis-
charge to increase as well.

Estimates of water levels used to calibrate
transmissivities in the lower model layer are based
on limited data. Locally, transmissivities could be
changed an order of magnitude, and model re-
sults might still be reasonable with respect to
areas of estimated water levels and quantities of
simulated discharge. Large cell sizes and the gen-
eralization of transmissivities result in a more
gradual change in simulated water levels than
might be expected from abrupt lateral and verti-
cal changes in geologic units observed in the study
area. Where geologic structures are barriers to
flow in south-central Nevada, water-level differ-
ences between adjacent valleys are as much as
2,000 ft (Winograd and Thordarson, 1975, p. 63).
With cell sizes of 5 mi by 7.5 mi, the model tends
to smooth such large differences.

The model is designed to simulate ground-
water flow at a regional scale. Orientation of the
columns in the model grid corresponds to the gen-
eral trend of range-front faults. These faults are
thus parallel and perpendicular to the two direc-
tions of horizontal transmissivity. However, range-
front faults are not the only faults present in the
province. The mountains are extensively faulted,
as presumably are the rocks beneath the basin
fill. Orientation of the model grid to coincide with
the range-front faults therefore may be unneces-
sary. Also, transmissivity in one of the two prin-
cipal directions could be changed with respect to
the other direction over the entire modeled area,
although no compelling reason was discovered to
simulate such a condition. Anisotropy probably
exists on a more localized scale, but available com-
puter programs do not allow anisotropy to be speci-
fied by individual model cells. Localized anisotropic
conditions could be simulated by reducing the di-
mensions of the model cells. The simulation of
ground-water flow with smaller cell dimensions
is not beyond the scope of this study. However,
insufficient data over large areas preclude such
a detailed simulation.
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SIMULATION RESULTS

Discussion of the simulation results has been
divided into three sections: (1) estimated trans-
missivities, (2) correlation of ground-water flow
to regional geologic features, and (8) distribution
of flow into regions.

ESTIMATED TRANSMISSIVITIES

Transmissivities in both model layers were
estimated by adjusting the initial values until
simulated water levels generally agreed with es-
timated water levels and the quantity and dis-
tribution of simulated discharge approximated
those of the estimated discharge. The transmis-
sivities are also dependent on the quantity and
distribution of recharge assigned to cells corre-
sponding to mountain ranges. Estimated trans-
missivities for the upper and lower model layers
are shown in figure 20.

Errors in transmissivities are unknown, but
the estimates could be off by a factor of 5 or more.
Other uncertainties used in the model also re-
sult in unknown errors, especially the assump-
tion of isotropy in each 37.5-mi% model cell in an
area of complex geology. Consequently, transmis-
sivities are discussed using the qualitative terms
listed as follows:

Qualitative Transmissivity range
term (feet squared per second)
Lowest....coeenimiiiniins <0.0006
Low ... 0.0006-0.006
High...... 0.006-0.18
Highest v 0.18-0.66

In the upper model layer, no distinct pattern
of transmissivities is simulated (fig. 204), per-
haps because of areal variability in the quantity
and distribution of recharge. Highest transmis-
sivities are scattered in small groups of cells
throughout much of the province., Lowest trans-
missivities are concentrated in the Great Salt Lake
Desert, in the vicinity of Death Valley, and in
the extreme southern part of the province. Low
values are assigned in the Great Salt Lake Desert
to match estimated ground-water discharge. Cir-
culation of fresh ground water in this area is as-
sumed minimal because the area is underlain by
an extensive body of s