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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative 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 assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

ot AL s

Gordon P. Eaton
Director






CONTENTS

Purpose and scope ......

Previous investigations......cccccovvvveerverenrneennnns

Description of the carbonate-rock province...
Physiography .....cccviciinicnninieeeisecnereneenenenes
CHMAte ...coceririeniiiinice et rs s

Acknowledgments .........ccoceinievniincienn s
Ground water in the carbonate-rock province.................
Hydrogeology
Occurrence and movement of ground water ................
Conceptual evaluation of ground-water flow
General assumptions ...,
Model development ........ccocevnimiiiincnncnniseesccieneeenn
Application of finite-difference equations ..............
Model grid......cccovmencrinnnnrennccineeseesreeenes
Representation as a two-layer system .
Boundary conditions....
Modeling approach ............
Estimates of recharge.......c.ceivviniincreneccnnnsineceinicenne
Initial estimates of transmissivity and leakance ......
Model calibration ...
Limits of calibration ..
Simulation results .......cccvvrennnnnnn,
Estimated transmissivities .......cocccveieveveneinininieeeennes
Correlation of simulated ground-water flow to
regional geologic features ........cveccnnecernnccennnnnne
Distribution of flow into regions ......c..ccccecevrreneenienene
Flow regions
Death Valley region....

Description of subregions..
Big Smoky subregion ....
Clayton subregion..........
Mesquite subregion ...,

Flow region—Continued
Death Valley region—Continued
Description of subregions—Continued
Pahrump-Amargosa subregion ...........ccccninnnenns
Ground-water flow to Furnace Creek ...........
Ground-water flow to Ash Meadows..............
Colorado River region .....c...cvniinivccninneiciinonen
Inflow....
OULTIOW ..t e
Description of subregions.....c..onevcniiiiicninnnionn,
Penoyer subregion ..........
Las Vegas subregion ........ouiiininniininnnnn
Virgin River subregion .........cccoiniiiniiininninnnns
White River subregion.........ccniinniiiincnninnn

Description of subregions........ccccniiiniiiininnncnninee.
Escalante subregion
Spring-Steptoe subregion .......cccviiiiiiiiiieniiinns
Ruby subregion ......c.cciiniiniinnnnnien,
Clover-Independence subregion ..........ccoeveuennnnee
Utah Lake subregion ........ccceemevenercnieccinininnencns
Great Salt Lake Desert subregion ........c.cccceeue.

Description of subregions... .
Diamond subregion......c.ccoceniveneniininnininicnenn
Humboldt subregion ........ccoeiiiiiiiinnnniininvenonnn

Potential uses of model
Summary and conclusions ...,
References cited ......ccccevvnerinienninnnccnnccnnneonneensan.

ILLUSTRATIONS

Ficure 1. Map showing location and geographic features of study areas for Great Basin Regional Aquifer-System

Analysis (RASA) and carbonate-rock province
. Map showing hydrographic areas and location of Nevada Test Site .............
. Graph showing population growth in study area between 1900 and 1990
. Map showing distribution of average annual precipitation .....
. Map showing distribution of rivers and lakes in and adjacent to study area for Great Basin Regional

[0 LN

AQUITEr-SYStem ANALYSIS . .iiccciiririeriinieieiirte ettt sebe s s s sessesass sbesssbeesEsbst s ses s e be e bR E s b s bs bR R SRR SR e e bR b R b 0h

-3 O

. Geologic sections of Precambrian and Paleozoic rocks in carbonate-rock provinge........oinicnnnine
. Map showing principal source areas for ground-water recharge, areas where ground water is consumed by

evapotranspiration, and regional SPIINES ... e s e

8. Map showing distribution of estimated ground-water withdrawals by hydrographic areas for 1975 ...

9. Map showing finite-difference grid NEtWOTIK .......c.cccoicirieeciiiiicteere ettt sb e s b s sb e ab bbb st e bbb enaee

Page



VI

CONTENTS

Figure 10. Diagrams showing simulations of evapotranspiration as a function of water level .........cccccoeceuvereierserersrenrecnnnn.
11-20. Maps showing:

21.

22-25

26.

27-35

. Cells used to simulate spring discharge from lower model layer
. Wells tapping basin fill for which water-level data are available
. Wells, test holes, and mine shafts tapping consolidated rocks for which water-level data are available ..
. Distribution of recharge assigned to cells in upper model layer, and simulated recharge from rivers

. Principal rock types assigned to cells in upper model layer, and initial transmissivities used ....
- Estimated vertical leakance between cells in upper and lower model layers ........ccovvinniincrnnnnccninsincnnes
. Simulated evapotranspiration rates in cells in upper model layer, and simulated discharge from

. Areas where ground water is consumed by evapotranspiration........c..cccuue..
. Simulated steady-state ground-water levels, upper and lower model layers .
. Estimated transmissivities, upper and lower model 1ayers..........cccmieiineinnioconsaeessesesssessesaenes
Graphs showing frequency distributions of estimated transmissivities for cells in upper model layer on

basis of principal rock type, and for all cells in lower model 1ayer.......c.vcivenvninincrnnmnnne s

and lakes through general-head DOUNAATIES .......ccccecviieeririeniiiereiniie st sbe st s nes s b ebessssesebe s sens

rivers, lakes, and Death Valley through general-head boundaries ...........ccoviveecnreenneeernenercsensecssensiesenne

. Maps showing:

22.

23.

24,

25.

Relation between selected geologic features and simulated ground-water levels, areas of

evapotranspiration, and location of springs simulated in model........c.ccocvnmniniinccninicn.
Distribution of shallow-flow regions delineated in upper model layer in relation to areas where

ground water is consumed by evapotranspiration, simulated water levels in upper model layer,

and outcrops of IoW-Permeability TOCKS ......cccccviiimimierieeresiniit it sisee st esesessssssecssseesess s saesesssessuebenerebsassnes
Distribution of deep-flow regions and subregions delineated in lower model layer in relation to

metamorphic core complexes, low-permeability rocks, and magnetic source bodies; and

generalized directions of deep ground-water flow ...
Distribution of high transmissivities in lower model layer in relation to springs simulated in

model and to boundary of central corridor of thick carbonate rocks in south-central Nevada.................

Schematic diagrams showing conceptualization of ground-water flow from recharge areas in mountains
to discharge areas on basin floors, same conceptualization of ground-water flow but represented in
finite-difference computer model, and summary of water budget within area encompassed by a

deep-flow region on basis of computer-model OULPUL ......ccocecriiiiiiiiin b

. Maps showing:

217.
28.

29.
30.
31.
32.
33.
34.

35.

Distribution of vertical flow between model IAYETS .......cccocoieimimiiciiiai oot ssaeassssennns
Areas of assigned recharge, simulated discharge from upper model layer, and simulated discharge
from regional springs in Death Valley region ...
Simulated direction of ground-water flow for both upper and lower model layers in Death Valley
TEEAOIL 1oveiirisiuciiiiiinee et sse st b st s b s eess s eb s s b en st ettt st sr et bob s bt bR a A a0 SR SRS R R AR H o4 A H RSB R RSB B H S H O RS AR OO h SR SRS R BB LR s R e R AR b e R s R e e ees
Areas of assigned recharge, simulated discharge from upper model layer, and simulated discharge
from regional springs in Colorado RiVer Tegion ........ccoeeeeiiceinniiiiiie it
Simulated direction of ground-water flow for both upper and lower model layers in Colorado River
TEEIOI wiuiitiiirceiereitrn et st et et e e sa et e e bt st b e s snesese s s ebeatsee e s e s bebE b e a e R s s e SR SRS AL b s d e e bbb bbb e b e R SR e R R eSS RS ea bR e bR TS bR b sate
Areas of assigned recharge, simulated discharge from upper model layer, and simulated discharge
from regional springs in Bonneville TEZION .......ccccvieiimiinentiiii e e s e se s bt en
Simulated direction of ground-water flow for both upper and lower model layers in Bonneville region ...
Areas of assigned recharge, simulated discharge from upper model layer, simulated discharge from
regional springs, and simulated direction of ground-water flow for both upper and lower model
layers in Railroad Valley TEZION .......cccuiiiiicnininieneciieiinii it asb et en b sbs s s sb s s s e e b e eba s s s banes
Areas of assigned recharge, simulated discharge from upper model layer, simulated discharge from
regional springs, and simulated direction of ground-water flow for both upper and lower model
layers in upper Humboldt RiVEr TeZION .....ccccoeieiiininiciiciiniininiieiiisss st ssesse s bt esassssssssssssessssssusssanns

TABLES

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

. Selected statistics of estimated transmissivities in both model 1ayers ...
. Summary of estimated transmissivities for model cells corresponding to selected rock types in both

INOAEL JAYETS .covirieiiiireicren sttt et esas s e ss e sasas s e s as shs R b sh s b s bbb e s e bt ab s e s a s e hb e be s bbb S b e s b abbe b s R men e sh st a et et e s e s ben s

© 00 =~JO0 Ut

. Simulated ground-water flow budgets for:
. Death VAlley FEZION ...ccccviiiiiiciinicitesrnteesesne et e st se st saeassstsshossssseasabsbssE st e shoubeabssEebbsbesessbasbenasbasbsenbabeasansastassnsnns
. Colorado River region
e BONNEVIILE TEZIOM ..oviuieeuereniiecreniiieet et et stste et se e st e et e be s ssabesesbebeasssssasba e st saeas R b s b e b b s e s s b abe b e bt s b e st sasabsbsabe et sbsnbaR et bnaben
. Railroad Valley TEBIOMN ...ttt ettt e cn s sa s bbb s bbb s b e e s aea b b e bbb e bese s b et st e b s e st e et
. Upper Humboldt River region...................
. Five deep-flow regions of modeled area

48

50

52

54
55
57
60
66
68
74
77

86

90



CONTENTS

CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
cubic foot per second (ft3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per mile (ft/mi) 0.1894 meter per kilometer
gallon per day per foot (gal/d/ft) 0.01242 square meter per day
inch (in.) 25.40 millimeter
inch per year (in/yr) 25.40 millimeter per year
mile (mi) 1.609 kilometer
foot squared per second (ft2/s) 0.0929 meter squared per second
foot squared per day (ft2/d) 0.0929 meter squared per day
square mile (mi2) 2.590 square kilometer

Temperature: Degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) by

using the formula
°C = 0.5556 (°F-32).

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

VII






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. HARRILL, 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
overlie clastic and crystalline rocks of Cambrian and Precam-
brian age, respectively. Since the carbonate rocks were de-
posited, structural compression and extension, intrusive and
voleanic 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-
sins 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-
sis. 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, moving 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 two components. The
layers are divided into cells with dimensions of 5 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 conditions 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-rock aquifers,
(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 volcanic). In the lower
layer, transmissivities are greatest near regional springs and
in the vicinity of basins where ground-water discharge is con-
siderably more than the estimated recharge from the imme-
diately surrounding drainage area.

Simulated inflow to the modeled area is about 1.5 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
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in east-central Nevada and southwestern Utah. Southward
flow is toward Death Valley and the Colorado and Virgin Rivers;
northward 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 carbonate 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 carbonate-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, Idaho, 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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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

T I I 1 1 1 1 !

0
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

YEAR

Ficure 3.—Population growth in study 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 transposition 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 vicin-
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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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).
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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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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-

=

Ficure 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 ,cks 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:

2 (kex 2 + 2 (10 ) 4 2 (o222 - W = 521
ax(Kxxax +8y(Kyy8y 4az(Kzzaz) w Ssat (D
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where Kxx, Kyy, Kzz = hydraulic conductivity along x,
y, and z coordinate axes (units
of length per time);

h = 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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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. 104). Information required includes the
land-surface altitude of each model cell, the evapo-

A
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Land surface

Si - _Maximum Rer
ope Extinction depth

WATER LEVEL IN CELL

Land surface

Rgr at land surface
Extinction depth

EVAPOTRANSPIRATION RATE

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

=

Ficure 11.—Cells used to simulate spring discharge from lower
model layer. Cells correspond to selected springs shown
in figure 7.
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TABLE 3.—Summary of estimated transmissivities for model cells corresponding to selected rock types in both model layers

Transmissivities
(feet squared per second)

Percentage of model cells having transmis-
sivities (in feet squared per second) within
the following ranges

Geometric
mean of esti-
Initially mated post-
Number of  assigned calibration Less than  0.0006- 0.006-
cells value values 0.0006 0.006 0.18 0.18-0.66
UPPER LAYER
Carbonate rocks 480 0.25 0.0057 12 39 43 6
Basin fill 1,316 .02 .0060 15 31 46 8
Consolidated rocks of low
permeability 660 .002 .0027 28 37 33 2
LOWER LAYER
All rock types 2,456 25 .0030 30 48 20 2

all rock types (all model cells) in the lower layer.
Estimated transmissivities for each group of rocks
are log-normal distributions. The geometric mean
transmissivities for each group of rocks in the
upper layer and all rock types in the lower layer,
and the percentage of model cells within the trans-
missivity ranges shown in figure 20, are listed
in table 3.

The geometric means of estimated transmissivi-
ties for cells representing carbonate rocks and basin
fill are only 3 and 30 percent, respectively, of the
initially assigned values (0.25 and 0.02 ft%s), whereas
the geometric mean for cells representing consoli-
dated rocks of low permeability is 135 percent of
the initially assigned value. The geometric mean
of estimated transmissivities for all rock types
in the lower layer is only 1 percent of the ini-
tially assigned value. Overall, this mean closely
approximates the geometric mean for cells rep-
resenting consolidated rocks of low permeability,
rather than that of carbonate rocks.

In the upper model layer, the distribution of
estimated transmissivities for cells representing
carbonate rocks and basin fill are nearly the same
(table 3). In contrast, a greater percentage of cells
representing consolidated rocks of low permeability
have an estimated transmissivity of less than
0.0006 ft%/s (28 percent compared with 12 and
15 percent for cells representing carbonate rocks
and basin fill, respectively). In the lower model
layer, the distribution of estimated transmissivi-
ties for all cells is similar to the distribution for
cells representing consolidated rocks of low per-
meability in the upper layer, except that the lower
layer has a greater percentage of cells with esti-
mated transmissivities of less than 0.006 ft2/s (78

percent compared with 65 percent for cells rep-
resenting consolidated rocks of low permeability).

CORRELATION OF SIMULATED GROUND-
WATER FLOW TO REGIONAL GEOLOGIC
FEATURES

The most striking geologic structures in the
study area are the normal faults that separate
the basins and mountains. These faults are the
result of extension that has been occurring over
the past 17 million years. Normal faulting (mainly
the juxtaposition of basin fill and consolidated
rocks) is indirectly incorporated in the model, be-
cause columns in the grid are oriented parallel
to the general strike of the mountain ranges and
adjacent basins. Thus, differences in transmissivi-
ties between cells representing basin fill and con-
solidated rocks may indirectly simulate the effects
of these normal faults on ground-water flow.

Faults may provide vertical conduits for flow
or act as barriers to horizontal flow by offsetting
permeable rocks against low-permeability rocks.
Discontinuities in rock types along a fault would
cause a marked change in the hydraulic gradi-
ent across the fault (referred to as fault compart-
mentalization by Winograd and Thordarson, 1975,
p. 119). In addition, broken rock adjacent to faults
could act as a conduit if the rubble is porous and
not cemented, but could act as a barrier if the
rocks are highly cemented. The model simulates
average transmissivities and water levels for each
cell, thus water-level or permeability changes due
to faults within a cell cannot be represented. How-
ever, a step function of water-level change can
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be simulated across model-cell boundaries when-
ever adjacent cells have different transmissivi-
ties. Unfortunately, such changes can be masked
because water levels for each model layer are con-
toured using an averaging technique that draws
contours on the basis of a linear interpolation of
water levels between adjacent model cells and
because the large contour intervals (500 ft) were
chosen to show regional trends. Thus, marked
changes in water levels between individual cells
are generally not evident.

Several east-west-trending lineaments that
generally are at right angles to the north- to north-
east-trending normal faults have been discussed
in the literature (Roberts, 1964, 1966; Eaton, 1975;
Stewart and others, 1975, 1977; Ekren and oth-
ers, 1976; Rowley and others, 1978; Rowan and
Wetlaufer, 1981). These lineaments are usually
several tens of miles to a hundred miles long and
one to several miles wide. The lineaments tend
to be associated with disruption and termination
of mountain ranges, stratigraphic discontinuities,
east- to east-northeast-trending faults, mineral
belts, caldera boundaries, volcanic deposits, and
changes in both gravity and aeromagnetic gradi-
ents. Rowan and Wetlaufer (1981, p. 1414) pro-
posed that the east-west lineaments are conjugate
shears formed during and after middle Miocene
extension. Ekren and others (1976, p. 1) suggest
that the east-west lineaments are caused by deep-
seated crustal control. However, they are uncer-
tain whether the lineaments are partly the result
of conjugate shears or are caused by a continent-
wide fracture system.

Stewart and others (1977, p. 67) noted that
the Cenozoic igneous rocks crop out in generally
east-west-trending belts and that the rocks be-
come successively younger southwestward. The
oldest igneous rocks are about 34 to 43 million
years old near latitude 40°, and the youngest rocks
are about 6 to 17 million years old along an east-
west belt near latitude 37°. They postulated that
the volcanic front is related to igneous activity
localized along a southward propagating trans-
verse break or structural warp in a subducting
plate. A similar conclusion was reached by Ekren
and others (1976, p. 15), but they also noted that
the faulting along the lineaments became younger
toward the west and southwest ends, which agrees
with a southwestward decrease in the age of si-
licic volcanism.

The east-west lineaments could act as barri-
ers to ground-water flow because the features usu-
ally extend across many tens of miles to a hundred
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miles, are several miles wide, and may disrupt
the continuity of Paleozoic carbonate rocks by the
repositioning of less permeable intrusive and (or)
extrusive rocks, or by movement along left-lat-
eral strike-slip faults. The lineaments are shown
superimposed on the simulated water levels in
the upper and lower model layers in figure 22.
One lineament, the Oregon-Nevada lineament de-
scribed by Stewart and others (1975), trends in
a northwesterly direction essentially parallel to
the Walker belt, a zone of right-lateral shears.
The Oregon-Nevada lineament (also referred to
as the Cortez rift) is characterized by a north-
northwest-trending belt of closely spaced faults,
centers of volcanic activity during the late Mi-
ocene, and a conspicuous aeromagnetic anomaly.
Also shown in figure 22 are reported metamor-
phic core complexes and east-west-trending min-
eral belts.

Of the lineaments in figure 22, only the trans-
verse crustal boundary of Eaton (1975) corresponds
to a change in simulated water levels. Water levels
decrease southward, suggesting southward flow
across the lineament. Near the lineament, the
simulated water-level gradient ranges from about
40 ft/mi in the central part to 200 ft/mi at the
western end and near Death Valley. South of the
lineament, the water-level gradient generally de-
creases in the central part; the gradient from the
boundary to Ash Meadows is about 20 ft/mi. The
lineament is nearly coincident to the axis of the
southern part of the intermountain seismic belt
(Rowley and others, 1978) and generally marks
the southern limit of Cenozoic igneous activity.
The lineament is also coincident with a consid-
erable decrease in altitude of the valley floors;
north of the lineament, valley floors are gener-
ally 4,000 ft or more above sea level, whereas
south of the lineament, valley floors are 2,000 ft
or less above sea level. Water levels in the basin
fill generally follow changes in land-surface alti-
tudes of the valley floors. Except for a relatively
narrow band of high transmissivities in east-cen-
tral Nevada, low transmissivities are estimated
along the lineament (fig. 20).

The other lineaments shown in figure 22 do
not correspond as well as the transverse crustal
boundary to changes in simulated water levels,
although many of the regional springs (discharge
points in the lower model layer shown in fig. 22B)
may be controlled at least in part by structures
related to the lineaments. Transmissivities (fig.
20) are generally lower in model cells that corre-
spond to lineaments, although there is no con-
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ft2/s (fig. 25). By increasing transmissivities, simu-
lated evapotranspiration was decreased in northern
Big Smoky Valley and Tonopah Flat, and increased
in Clayton Valley, resulting in a better agreement
with the estimated water levels. The simulated
transmissivities bracket an estimated transmis-
sivity of 0.09 ft2/s (60,000 [gal/d])/ft) reported by
Rush (1968a, p. 27) for the area between Tonopah
Flat and Clayton Valley.

MESQUITE SUBREGION

The Mesquite subregion, at the extreme south-
ern end of the Death Valley region (fig. 28), en-
compasses only 490 mi2. The subregion generally
coincides with the Mesquite Valley hydrographic
area and with a shallow-flow region delineated
in the upper layer (fig. 23). The subregion bound-
aries generally correspond to boundaries of a flow
system delineated by Harrill and others (1988).
Inflow in the subregion is about 1,000 acre-ft/yr
and is recharge assigned to cells in the upper
model layer. A minor quantity (less than 500 acre-
ft/yr) is simulated as subsurface flow from the
Colorado River region in the upper layer. Dis-
charge, simulated as evapotranspiration in Mes-
quite Valley from the upper layer, is about 2,000
acre-ft/yr (table 4), approximating the 2,200 acre-
ft/yr estimated by Glancy (1968b, p. 26). The sub-
region does not contribute flow to either the
Pahrump-Amargosa subregion or the Colorado
River region. Most of the flow simulated in the
subregion is within the upper layer. Transmis-
sivities in the lower layer are among the lowest
in the entire modeled area (fig. 20B); they corre-
spond to an area of low-permeability rocks de-
lineated by Plume (1995) and shown in figure 23.

PAHRUMP-AMARGOSA SUBREGION

The Pahrump-Amargosa subregion encom-
passes about 12,700 mi?; it is the largest subre-
gion delineated in the Death Valley region (fig.
28). The subregion extends from Stone Cabin Val-
ley and the Kawich Range to the Ivanpah Moun-
tains in California. The northern and southern
boundaries of the subregion generally correspond
to the flow-system boundary delineated by Harrill
and others (1988). The eastern boundary of the
subregion does not extend as far eastward as that
of Harrill and others (1988). Hydrographic areas
included by them but excluded herein are Tikaboo
Valley, southern Railroad Valley, both parts of
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Three Lakes Valley, and northern ends of Groom
Lake and Kawich Valleys.

Recharge assigned to cells in the upper model
layer totals 60,000 acre-ft/yr, of which nearly two-
thirds is in the Spring Mountains. An additional
8,000 acre-ft/yr enters the subregion as subsur-
face flow from the Colorado River region in both
layers. Most of this ground-water inflow is in the
Spring Mountains, but about 700 acre-ft/yr en-
ters the subregion near the Pintwater Range.
About half of the simulated inflow along the Spring
Mountains is in the lower model layer. Subsur-
face inflow in these mountains is the result of
assigning cells along the crest, where flow is both
eastward and westward, to the Colorado River
region. About 1,000 acre-ft/yr enters the subre-
gion as underflow from the Railroad Valley re-
gion (table 4).

Simulated outflow from the subregion totals
70,000 acre-ft/yr (table 4), including 37,000 acre-
ft/yr as evapotranspiration from the upper model
layer, 22,000 acre-ft/yr as regional-spring discharge
from the lower layer, 8,000 acre-ft/yr as leakage
to head-dependent flow boundaries in the upper
layer associated with the Death Valley playa, and
2,000 and 1,000 acre-ft/yr as subsurface flow in
both layers to the Colorado River region and
Clayton subregion, respectively. Areas of evapo-
transpiration of shallow ground water in the sub-
region include those of Sarcobatus Flat, Oasis
Valley, Amargosa Desert near Ash Meadows,
Pahrump Valley, the lower Amargosa River near
Shoshone, and Death Valley (Harrill and others,
1988). The only area of evapotranspiration not
simulated is in Oasis Valley, where Malmberg and
Eakin (1962, p. 25) estimated 2,000 acre-ft/yr of
discharge along the channel of the Amargosa River.
Simulated ground-water flow in the area of Oa-
sis Valley is southward into Amargosa Desert and
then to Death Valley.

Total simulated discharge in Death Valley is
about 14,000 acre-ft/yr, which includes the flow
of Grapevine and Stainiger Springs at the north
end (fig. 28), leakage to the head-dependent flow
boundary cells associated with the playa, evapo-
transpiration at both the north and south ends
of the playa, and evapotranspiration near Fur-
nace Creek. Not including ground-water flow from
the Panamint Mountains to the west, estimated
discharge from the Death Valley playa is about
8,300 acre-ft/yr (Hunt and others, 1966, p. B38,
table 25). This value includes the flow of Nevares,
Texas, and Travertine Springs near Furnace Creek,
for which Hunt and co-workers estimated a total
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of 4,100 acre-ft/yr. Later, Miller (1977, p. 27) re-
ported a combined discharge of 2,700 acre-ft/yr.

Evapotranspiration also occurs in a marsh area
north of the playa, in Mesquite Flat, and at Grape-
vine and Stainiger Springs. Discharge in these
areas is not part of the 8,300 acre-ft/yr. Estimated
evapotranspiration from the marsh area is 3,000-
5,000 acre-ft/yr; at Mesquite Flat, it is a “few
thousand acre-ft/yr”; and the combined discharge
of Grapevine and Stainiger Springs is about 1,000
acre-ft/yr (Miller, 1977, p. 25, 33). Thus, total es-
timated discharge is greater than 12,000 acre-ft/yr
and is similar to the quantity simulated in the model.

Flow in the Pahrump-Amargosa subregion is
generally from recharge areas toward Death Val-
ley (fig. 29), although much of the recharge gen-
erated in the Spring Mountains is discharged
between the Spring Mountains and Death Val-
ley. In the southern part of the subregion, south
of Pahrump Valley, flow is generally westward.
Evapotranspiration is simulated in several model
cells south of Shoshone (fig. 28), but the quan-
tity is small. The cells correspond to the channel
of the Amargosa River, where only small, local-
ized areas of evapotranspiration are mapped by
Harrill and others (1988). Increasing the trans-
missivities in these cells would reduce the simu-
lated evapotranspiration and thereby allow more
ground-water flow to Death Valley. Little flow is
simulated in the area south of Shoshone because
estimated recharge is minor and transmissivities
in both model layers are low (fig. 20). Consoli-
dated rocks in this area have low transmissivi-
ties because the proportion of carbonate rocks is
small (fig. 23; Plume, 1995).

Westward flow is simulated in both model lay-
ers from the Spring Mountains to destinations
in Pahrump, Shoshone, and Death Valleys (fig.
29). Simulated evapotranspiration and regional-
spring discharge in Pahrump Valley is about
15,000 acre-ft/yr. This total is within the range
of 10,000 to 19,000 acre-ft/yr reported by Harrill
(1986, p. 46). Another 9,000 acre-ft/yr is simu-
lated as discharging near Shoshone (fig. 28). Es-
timated subsurface flow from Pahrump Valley to
the area near Shoshone is 6,000 to 18,000 acre-
ft/yr (Harrill, 1986, p. 46). The quantity simu-
lated in the model is 10,000 acre-ft/yr, of which
about 1,400 acre-ft/yr is simulated as flow from
Shoshone into Death Valley.

GROUND-WATER FLow To FURNACE CREEK

Flow to the springs at Furnace Creek, along
the east side of Death Valley, has been postu-
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lated to originate in Ash Meadows, or in Pahrump
Valley, with the flow passing through Ash Mead-
ows (Hunt and others, 1966, p. B39, B40), although
Winograd and Thordarson (1975, p. C96) asserted
that flow from Pahrump Valley to Ash Meadows
is unlikely. Discharge through head-dependent flow
boundaries in the Furnace Creek area is about
2,900 acre-ft/yr. An additional discharge of 2,600
acre-ft/yr is simulated as evapotranspiration in
two adjacent cells, making a total of 5,500 acre-
ft/yr. This discharge is only 400 acre-ft more than
that estimated by Hunt and others (1966, p. B38).

Flow to springs at Furnace Creek is simu-
lated from recharge areas in the Kawich Range,
Pahute Mesa, Yucca Mountain, the Belted Range,
and, to a much lesser extent, the Funeral Moun-
tains. Generally, flow is south from the recharge
areas to just west of Ash Meadows, then west
through the Funeral Mountains. No flow is simu-
lated directly from Ash Meadows to Furnace Creek.

Carbonate rocks crop out in a nearly continu-
ous band in the Funeral Mountains west of Ash
Meadows and provide an avenue of flow through
the mountains. Postulated sources of spring dis-
charge at Furnace Creek are direct flow from Ash
Meadows or downward leakage from the basin fill
beneath the central and south-central Amargosa
Desert (Winograd and Thordarson, 1975, p. C96).
Water in the basin fill may be from spring run-
off at Ash Meadows, from southward flow through
the Nevada Test Site, or from southeastward flow
through the upper Amargosa Desert. The chem-
istry of water from each of these areas is similar
to the water discharged at Furnace Creek
(Winograd and Thordarson, 1975, pl. 3).

Although no water is simulated as flowing di-
rectly from Ash Meadows to Furnace Creek, model
results do not rule out the possibility of underflow
between the two spring areas. Transmissivities
used in the model are averaged over a large area,
and only general trends have been simulated. Al-
though transmissivities could be adjusted to at-
tain underflow from beneath Ash Meadows directly
to Furnace Creek, existing data are as yet insuf-
ficient to justify such an adjustment.

GRrROUND-WATER FLOW TO AsH MEADOWS

Ash Meadows is the largest discharge area
in the Pahrump-Amargosa subregion and has been
studied for many years because of its proximity
to the Nevada Test Site, because of its close re-
lation to Devils Hole (habitat of an endangered
species of pupfish), and, more recently, because
of hydrologic studies regarding the feasibility of
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nuclear-waste storage at Yucca Mountain. Among
the studies discussing flow in the vicinity of Ash
Meadows are those of Winograd (1962, 1963),
Winograd and Thordarson (1975), Winograd and
Pearson (1976), Dudley and Larson (1976), Waddell
(1982), Czarnecki and Waddell (1984), Waddell and
others (1984), and Dettinger (1989). The most de-
tailed discussion on the possible sources of ground
water at Ash Meadows is presented by Winograd
and Thordarson (1975, p. C85-C92 and p. C108—-
C113).

Simulated discharge in the vicinity of Ash
Meadows totals about 26,000 acre-ft/yr, includ-
ing 17,000 acre-ft/yr of regional spring discharge
from the lower layer and 9,000 acre-ft/yr as evapo-
transpiration from the upper layer (fig. 28). The
simulated distribution of evapotranspiration ap-
proximates the distribution mapped by Harrill and
others (1988), except that areas of simulated
evapotranspiration extend farther upgradient from
the springs, whereas mapped areas extend far-
ther downgradient. Estimated discharge in this
area is 24,000 acre-ft/yr (Walker and Eakin, 1963,
p. 21-27), including 17,000 acre-ft/yr from regional
springs (table 1).

Recharge areas contributing flow to Ash Mead-
ows include mountain ranges as far north as the
southern ends of the Kawich and Belted Ranges
and as far east as the Pintwater Range and Spring
Mountains. The Spring Mountains account for
much of the recharge in southern Nevada. Con-
sequently, a large ground-water mound is simu-
lated beneath the mountains, from which flow is
radially outward. Northward flow from the Spring
Mountains is simulated to the Spotted Range (fig.
29), where the direction changes to westward flow
beneath Frenchman Flat and eventually south-
westward to Ash Meadows. Flow in the upper layer
from recharge in the Pintwater Range is simu-
lated as entering the subregion near Indian Spring
Valley.

Subsurface flow from Pahrump Valley, exclud-
ing direct flow from the north end of the Spring
Mountains, to the adjacent Amargosa Desert also
is simulated, but the quantity is only 1,400 acre-
ft/yr. None of this ground water is simulated as
discharging at Ash Meadows. Instead, the flow
moves southwestward toward Death Valley. Esti-
mates of flow between Pahrump Valley and Ash
Meadows range from as little as 3,000 to as much
as 13,000 acre-ft/yr, as summarized by Winograd
and Thordarson (1975, p. C90-C92). However, they
concluded that only a small percentage of Ash
Meadows discharge may actually originate in
Pahrump Valley. They based their conclusion on
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(1) the presence of low-permeability rocks between
the basins, (2) differences between the quality of
water discharging at Ash Meadows and ground
water in Pahrump Valley, and (8) the estimated
water-level gradient between the two areas.

Most of the water simulated as discharging
from Ash Meadows originates in the Spring Moun-
tains. Flow southward from Yucca Flat through
the Nevada Test Site to Ash Meadows is about
3,000 acre-ft/yr through the lower layer and 1,000
acre-ft/yr through the upper layer. This accounts
for about 15 percent of the total simulated dis-
charge at Ash Meadows. Subsurface outflow to
Death Valley from the two model cells represent-
ing the regional springs at Ash Meadows is only
200 acre-ft/yr.

The area contributing flow to Ash Meadows
differs from that of Winograd and Thordarson
(1975, pl. 1 and p. C85-C90) to the east and north-
east. They include recharge from the Desert and
Sheep Ranges east of the Pintwater Range and
subsurface flow from Pahranagat Valley, but do
not delineate the northern extent of the area. Their
boundary on the east side of the Sheep Range is
drawn on the basis of low-permeability clastic
rocks exposed along a thrust fault in the south-
ern (and highest) part of the Sheep Range
(Winograd and Thordarson, p. C87). More recent
evidence (Dettinger, 1989, p. 13) suggests that a
thick section of carbonate rocks is present beneath
the Sheep Range and that the underlying clastic
rocks are sufficiently high in altitude on the west
side of the Sheep Range to impede westward flow
of water recharging in the Sheep Range. This evi-
dence supports geochemical balances indicating
that nearly all recharge generated in the Sheep
Range may flow north and east toward Muddy
River Springs (Thomas, 1988).

The Desert Range, between the Pintwater and
Sheep Ranges, may be a more logical location for
a divide between the Death Valley and Colorado
River regions. Precambrian and Cambrian clas-
tic rocks are exposed in the central part of the
Desert Range (Winograd and Thordarson, 1975,
pl. 1). Dettinger (1989, p. 13) noted two areas
underlain by relatively thick sequences of carbon-
ate rocks near the boundary between Clark and
Lincoln Counties: the Pintwater-Spotted Range
area (Guth, 1988) and the Coyote Spring Valley
area (Guth, 1988; Wernicke and Axen, 1988, p.
1749). These two areas are connected to a simi-
lar area of thick carbonate rocks to the north and
may represent the principal conduits for regional
flow from east-central Nevada to Ash Meadows
and Muddy River Springs (Dettinger, 1989, p. 13).
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Although no flow is simulated in the model from
areas north of the Pintwater Range to Ash Mead-
ows, geologic evidence indicates that such flow
is possible.

The current boundaries of the deep-flow re-
gion are determined from model calibrations based
on measured water levels at a few sites and es-
timated discharges for each hydrographic area.
During model calibration, changing the hydrau-
lic properties near any one of the principal dis-
charge areas (for example, Las Vegas Valley,
Pahrump Valley, Ash Meadows, and Muddy River
Springs) resulted in changed flow quantities at
the other discharge areas. Such changes suggest
that the flow boundary between the Colorado River
and Death Valley regions is sensitive to hydrau-
lic properties near areas of discharge. Because
boundaries of flow regions are dependent on flow
from recharge areas to discharge areas, chang-
ing the flow quantity at a discharge area results
in a shift of flow-region boundaries. For example,
a five-fold transmissivity increase in two lower-
layer cells representing the regional springs at
Ash Meadows increased the simulated discharge
at Ash Meadows by about 3,000 acre-ft/yr and de-
creased the discharge at Muddy River Springs by
about 1,400 acre-ft/yr, indicating that the simu-
lated boundary between the two regions shifted
eastward. Similarly, a transmissivity increase in
five upper-layer cells on the east side of Las Ve-
gas Valley increased evapotranspiration in the
valley and reduced the simulated flow to Ash
Meadows and Pahrump Valley, suggesting that the
flow-region boundary moved westward in the
Spring Mountains.

Model results present but one possibility of
flow to Ash Meadows. Flow from Pahranagat Valley
to Ash Meadows is suggested by Winograd and
Friedman (1972, p. 3700), Thomas (1988), and Kirk
and Campana (1990). To simulate such flow in
the model, transmissivities could be increased
between the two areas. However, this would in-
crease the total discharge at Ash Meadows un-
less some of the flow currently simulated to the
springs is diverted elsewhere.

Northward flow from the Spring Mountains
may be inhibited by the Las Vegas Valley shear
zone (fig. 22). Evidence for this in one area is
presented by Winograd and Thordarson (1975, p.
C67). If the shear zone does block northward flow,
more water from the Spring Mountains may flow
toward Las Vegas Valley, and less to Ash Mead-
ows, than is simulated herein. Reducing flow to
Ash Meadows would allow for the simulation of
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flow from the Pahranagat Valley area to Ash
Meadows.

In summary, current boundaries of deep-flow
regions and subregions are based on limited es-
timates of water levels and on the distribution
of estimated recharge and discharge. The model
simulation provides one concept of flow from ar-
eas of recharge to areas of discharge. If the esti-
mates of recharge and discharge used in model
calibration are grossly incorrect, then the flow
boundaries as delineated in this report are also
incorrect. Model results suggest that the Death
Valley deep-flow region can be divided into sub-
regions that are virtually separate, compartmen-
talized flow systems. Model results also suggest
that estimated discharge at Ash Meadows can be
accounted for by flow from the Spring Mountains
and from recharge areas in and north of the Ne-
vada Test Site. If water from east-central Nevada
also discharges to Ash Meadows, as indicated from
geochemical evidence (Winograd and Friedman,
1972, p. 3700; Thomas, 1988), then either the es-
timates of discharge are too low or some (or all)
of the water currently simulated as flowing to
Ash Meadows actually flows elsewhere.

COLORADO RIVER REGION

The Colorado River region, in the southeast-
ern part of the study area (fig. 24A), encompasses
about 19,000 mi2. It includes four deep-flow sub-
regions in the lower layer—Penoyer, Las Vegas,
Virgin River, and White River (fig. 30)—and all
or part of 11 shallow-flow regions in the upper
layer (fig. 23). Little ground-water flow is simu-
lated between the deep-flow subregions, even
though water levels generally decline toward the
Virgin and Colorado Rivers.

Las Vegas Valley is the most intensively stud-
ied area in the Colorado River region of the study
area. A rapidly increasing population since World
War II has resulted in severe ground-water over-
drafts in the basin-fill aquifers. Several detailed
studies have been undertaken to assess the
ground-water resources in Las Vegas Valley and
to ascertain the changes caused by development
(Maxey and Jameson, 1948; Domenico and oth-
ers, 1964; Malmberg, 1965; Harrill, 1976; Mor-
gan and Dettinger, 1994). Several other studies
have been undertaken in an effort to explain
the origin of flow from large springs along the
course of the White River and at Muddy River
Springs (Eakin, 1966; Winograd and Friedman,
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end of the range of 25,000 to 35,000 acre-ft/yr
estimated for predevelopment discharge from Las
Vegas Valley. Only 2,000 acre-ft/yr is simulated
as subsurface leakage to Lake Mead and the Colo-
rado River in the upper layer. This total includes
about 1,000 acre-ft/yr from Las Vegas Valley and
another 1,000 acre-ft/yr from the area south of
Las Vegas Valley. The simulated quantity of leak-
age from Las Vegas Valley is similar to the 1,200
acre-ft/yr simulated by Harrill (1976, p. 50) and
the 2,000 acre-ft/yr simulated by Morgan and
Dettinger (1994). The quantity of eastward sub-
surface outflow from the area south of Las Vegas
Valley is comparable to the 1,100 acre-ft/yr from
Eldorado Valley estimated by Rush and Huxel
(1966, p. 17). Discharge also is simulated to Lake
Mead southeast of the Muddy Mountains, but the
combined flow in several cells there is less than
500 acre-ft/yr.

Subsurface flow to the White River subregion
and the Death Valley subregion account for the
remaining outflow from the Las Vegas subregion.
A small quantity of outflow (less than 1,000 acre-
ft/yr) is simulated to the White River subregion
from an area near the Muddy Mountains. Sub-
surface flow is simulated to the Pahrump-
Amargosa subregion of the Death Valley deep-flow
region along the crest of the Spring Mountains,
where boundaries of both the shallow-flow and
deep-flow regions are drawn across model cells.
Because cells are not subdivided when determin-
ing flow budgets for each subregion, those along
the crest of the Spring Mountains are assigned
to the Las Vegas subregion. As a result, subsur-
face outflow is used to account for the westward
component of flow from the crest. Of the 7,000
acre-ft/yr simulated to the Pahrump-Amargosa sub-
region, about half is in the lower layer.

Simulated flow in the subregion is mostly in
the upper model layer. About 76 percent of the
total inflow to the subregion is simulated through
the upper layer. Transmissivities in the upper layer
typically range from 0.006 to 0.18 ft2/s (fig. 204),
whereas in the lower layer, they range from 0.0006
to 0.006 ft2/s (fig. 20B). In Las Vegas Valley, the
transmissivities in the upper layer encompasses
the range of 0.02 to 0.12 ft%/s for basin fill re-
ported by Harrill (1976, p. 15, 16) and Morgan
and Dettinger (1994). Low transmissivities in the
lower layer south and east of Las Vegas Valley
correspond to an area where carbonate rocks are
thin or isolated (Dettinger, 1989, p. 14) and where
outcrops in the mountains are generally rocks of
low permeability (fig. 23; Plume, 1995).
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VIRGIN RIVER SUBREGION

The Virgin River subregion, on the east side
of the Colorado River region (fig. 30), encompasses
about 2,000 mi2. Simulated inflow totals 14,000
acre-ft/yr (table 5). Recharge assigned in the up-
per layer is about 9,000 acre-ft/yr, primarily in
the Bull Valley Mountains and Beaver Dam Moun-
tains. In addition, 2,000 acre-ft/yr is simulated
as subsurface inflow from the Bonneville deep-
flow region at the southern end of the Escalante
Desert (of which 800 acre-ft/yr is in the lower
layer), and about 3,000 acre-ft/yr is simulated as
flow from the White River subregion, mostly in
the upper layer.

Simulated outflow from the subregion totals
about 14,000 acre-ft/yr, of which 8,000 is evapo-
transpiration in the upper model layer, 5,000 is
leakage to the Virgin River from the upper layer
and 1,200 is discharge to Rogers and Blue Point
Springs south of Overton in the lower layer (table
5—value in table differs slightly from table 1 due
to rounding). Simulated evapotranspiration in
Beaver Dam Wash is about 5,000 acre-ft/yr (fig.
30). An additional 1,200 acre-ft/yr is simulated
as leakage at the head-dependent flow boundary
cell corresponding to the confluence of Beaver Dam
Wash and the Virgin River. Thus, total simulated
discharge along Beaver Dam Wash is 6,200 acre-
ft/yr. Estimated ground-water discharge in Bea-
ver Dam Wash includes about 150 acre-ft/yr as
evapotranspiration and 3,600 acre-ft/yr as leak-
age to the Virgin River for a total discharge of
about 3,800 acre-ft/yr (Glancy and Van Denburgh,
1969, p. 36, 47). Evapotranspiration simulated
along the lower Muddy River near Overton is about
3,000 acre-ft/yr—considerably less than the 11,000
acre-ft/yr estimated by Rush (1968b, p. 35; he re-
fers to the area as lower Moapa Valley). Much of
the ground-water recharge in this area is from
downward seepage of streamflow in the Muddy
River, and little is thought to enter the area ei-
ther as direct recharge from precipitation or as
underflow from adjacent areas (Rush, 1968b, p.
23-26). Secondary recharge to the upper model
layer of spring flow from Muddy River Springs
is not simulated in the model and may account
for the difference between simulated and estimated
evapotranspiration along the lower Muddy River.

The Virgin River below Beaver Dam Wash also
is simulated as a discharge area for ground wa-
ter flowing from recharge areas north of the river
(fig. 31). Some ground water probably seeps into
the Virgin River from recharge areas northwest
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and southeast of the river, but the location and
magnitude of this seepage is unknown (Glancy
and Van Denburgh, 1969, p. 36). The river reach
from Beaver Dam Wash to Lake Mead is gener-
ally a losing stream that supplies water to un-
derlying aquifers (Glancy and Van Denburgh, 1969,
p. 37). Much of the seepage from the river in this
reach is to the adjacent and underlying alluvium,
where most of it is discharged by evapotranspi-
ration. Shallow ground water not lost to evapo-
transpiration moves parallel to the river, and
therefore is not included in the model because it
is considered local flow.

The principal contribution of ground water to
the Virgin River in or near the modeled area is
about 50,000 acre-ft/yr of moderately saline wa-
ter from springs in the channel of the river along
a 7-mile reach near Littlefield, Arizona (Glancy
and Van Denburgh, 1969, p. 33, 36). These springs
were not specifically included in the model be-
cause they are at the model boundary. Further-
more, most of the water discharging at the springs
is Virgin River water that seeps into the under-
lying alluvium and carbonate rocks 9 to 15 mi
upstream and local recharge of precipitation
(Trudeau and others, 1983, p. 328).

Transmissivities in both model layers gener-
ally range from 0.0006 to 0.006 ft2/s. Because
transmissivities are nearly the same for both lay-
ers, about half of the recharge is simulated as
flow to the lower layer. Discharge from the lower
layer is primarily to the upper layer along Bea-
ver Dam Wash, the Muddy River, and the Virgin
River. Transmissivities assigned to model cells in
the vicinity of Beaver Dam Wash perhaps could
be increased slightly to reduce the quantity of
discharge as evapotranspiration along the wash
and increase upward leakage to the Virgin River.
Another alternative is to increase the vertical con-
ductance in the head-dependent flow boundary
used to simulate leakage to the river.

A zone of higher transmissivities is simulated
along the western margin of the subregion, from
Rogers and Blue Point Springs (fig. 11, No. 3)
northward to an area between the Mormon Moun-
tains and Beaver Dam Wash (fig. 20). Transmis-
sivities in this zone are based on calibration of
spring discharge at Rogers and Blue Point Springs.
During model calibration, transmissivities in the
lower layer were increased in cells at and north
of Rogers and Blue Point Springs. The springs
issue from carbonate rocks near the contact with
basin fill. Recharge in the adjacent Muddy Moun-
tains (fig. 31) is insufficient to supply all the flow
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to the springs. Simulated flow to the springs is
from the northern part of the subregion. Ground
water could potentially flow from Muddy River
Springs to Rogers and Blue Point Springs because
land surface at the latter springs is about 200
feet less in altitude than that at Muddy River
Springs (Thomas and others, 1986, pl. 2). How-
ever, differing isotope values for the two spring
systems (Thomas and others, 1991, p. 14, 19) and
the presence of low-permeability rocks near land
surface downgradient from Muddy River Springs
(Michael D. Dettinger, U.S. Geological Survey, oral
commun., 1987) suggest that underflow from those
springs is an unlikely source.

WHITE RIVER SUBREGION

The White River subregion, the largest de-
lineated in the Colorado River region, encompasses
about 12,800 mi? (fig. 30). The subregion bound-
ary generally corresponds to a shallow-flow-re-
gion boundary delineated in the upper model layer
(compare figs. 23 and 24). The White River sub-
region extends farther east and west of the flow
system defined by Eakin (1966), but does not ex-
tend as far north. The subregion includes Tikaboo
Valley and the Pintwater and Desert Ranges to
the west, and Lake and Patterson Valleys, Meadow
Valley Wash, and western Escalante Desert to the
east. The northern boundary extends to south-
ern Jakes Valley, whereas Eakin includes all of
Jakes Valley as well as Long Valley (Long Valley
is included in the Railroad Valley deep-flow re-
gion; see figure 34). The northern part of the flow
system delineated by Harrill and others (1988)
is the same as Eakin’s. Their flow system differs
to the east and south because they extend their
eastern boundary to the Virgin and Colorado Riv-
ers and their southern boundary to the bound-
ary of the study area.

Inflow to the subregion totals 150,000 acre-
ft/yr, of which recharge assigned to model cells
in the upper model layer is 146,000 acre-ft/yr
(table 5); the latter is more than 70 percent of
the total for the entire Colorado River region. Prin-
cipal areas of recharge include the White Pine,
Egan, and Schell Creek Ranges in the northern
part of the subregion; the Wilson Creek, Bristol,
and Quinn Canyon Ranges in the central part;
and the Sheep Range in the southern part (fig.
30). The remaining inflow is simulated subsur-
face flow from adjacent regions and subregions:
about 1,000 acre-ft/yr from the Railroad Valley
region, 2,000 acre-ft/yr from the Penoyer subre-
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gion, and 1,000 acre-ft/yr from the Las Vegas
subregion (table 5).

Outflow from the subregion is primarily dis-
charge to regional springs in the lower model layer,
which totals 96,000 acre-ft/yr. Discharge as evapo-
transpiration from the upper layer is only 47,000
acre-ft/yr. Discharge is simulated in three gen-
eral areas of the subregion that correspond to
mapped areas of ground-water evapotranspiration
and to regional spring discharge (Harrill and oth-
ers, 1988). The three areas are: Patterson and
southern Lake Valleys and Panaca Warm Spring
in the upper Meadow Valley Wash drainage, White
River and Pahranagat Valleys in the White River
drainage, and Muddy River Springs (fig. 30). Sub-
surface outflow to the Bonneville region simulated
through the upper layer from the Egan, Schell
Creek, and Wilson Creek Ranges (fig. 31) totals
about 2,000 acre-ft/yr (table 5). An additional 3,000
acre-ft/yr is simulated as outflow to the Virgin
River subregion, and 1,000 acre-ft/yr flows to the
Death Valley region near the Pintwater Range
(table 5; fig. 31).

Ground-water flow in the subregion is gener-
ally from north to south in both model layers (fig.
31), paralleling the Meadow Valley Wash and
White River drainages. Simulated flow is west
to east near the Sheep Range. More ground-wa-
ter flow is simulated in the lower layer in the
White River subregion than in any other in the
study area. Ground-water flow in most other sub-
regions is generally in the upper layer from re-
charge areas in the mountain ranges to discharge
areas in adjacent valleys. In contrast, about 69
percent of the total inflow to the subregion is simu-
lated as inflow to the lower layer. Downward flow
from the upper layer to the lower layer totals
113,000 acre-ft/yr. Discussion of flow and compari-
son of simulated to estimated discharge is sepa-
rated into three areas—flow along the Meadow
Valley Wash and White River drainages, and flow
to Muddy River Springs.

Ground-water flow in the lower model layer
is simulated from southern Lake Valley into
Patterson Valley, then southward to Panaca (fig.
31). Recharge areas contributing flow to Panaca
Warm Spring are primarily the Bristol and Wil-
son Creek Ranges. Overall, simulated discharge
in Patterson Valley and at Panaca Warm Spring
is about 13,000 acre-ft/yr, which is greater than
the 8,500 acre-ft/yr estimated by Rush (1964, p.
19, 22). Minor quantities of evapotranspiration
(totaling about 3,000 acre-ft/yr), which have been
estimated elsewhere along the axis of Meadow Val-
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ley Wash, are not simulated in the model. Simu-
lated evapotranspiration in southern Lake Val-
ley is 3,000 acre-ft/yr. Not all of the simulated
discharge in Lake Valley is included in the White
River subregion because the valley is bisected by
the boundary between the Colorado River and
Bonneville regions. When the additional 6,000 acre-
ft/yr of evapotranspiration simulated in northern
Lake Valley is added to that in southern Lake Valley,
total simulated discharge in Lake Valley is approxi-
mately the same as the 8,500 acre-ft/yr estimated
by Rush and Eakin (1963, p. 13).

South of Panaca, flow is toward Muddy River
Springs (fig. 31). Additional flow is added from
recharge areas in the Clover, Delamar, and Mor-
mon Mountains (fig. 30). A total of 13,000 acre-
ft/yr of underflow is simulated from lower Meadow
Valley Wash to the area near Muddy River Springs,
of which 9,000 acre-ft/yr is simulated in the up-
per layer. Estimated shallow underflow from
Meadow Valley Wash into the Muddy River drain-
age just downstream from Muddy River Springs
is 7,000 acre-ft/yr (Rush, 1968b, p. 26, 27).

Simulated ground-water flow along the White
River is generally southward in both model lay-
ers from White River Valley to Pahranagat Val-
ley, then southeast to Muddy River Springs. This
flow is consistent with water levels in the area
(Eakin, 1966, p. 258; Thomas and others, 1986).
Less ground-water flow is simulated through Jakes
Valley into White River Valley than was estimated
by Eakin (1966, p. 265). He estimated that about
25,000 acre-ft/yr may enter the White River Val-
ley from as far north as Long Valley (location
shown on figure 34). Although recharge in moun-
tains adjacent to Jakes Valley is included herein,
only 7,000 acre-ft/yr is simulated as underflow
from the Jakes Valley drainage basin into the
upper end of White River Valley, and no flow is
simulated from Long Valley. Simulated flow to
White River Valley is from the White Pine and
Egan Ranges. Discharge along the White River
includes about 25,000 acre-ft/yr from three groups
of regional springs simulated in the lower layer
near the axis of the valley and 14,000 acre-ft/yr
from evapotranspiration simulated in the upper
layer (fig. 30). Evapotranspiration from the up-
per layer includes the flow of small springs not
considered part of the regional group in the lower
layer. Simulated flow to the northern group of
springs and to Mormon Hot Spring is from the
Egan Range, whereas flow to the southern group
is from both the White Pine and Egan Ranges.
Estimated discharge in White River Valley is
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37,000 acre-ft/yr (Eakin, 1966, p. 261), which is
only 2,000 acre-ft/yr less than the total simulated
discharge from regional springs and evapotrans-
piration.

Simulated underflow from White River Val-
ley and adjacent Cave Valley (fig. 31) to the south
is about 27,000 acre-ft/yr, which is 13,000 acre-
ft/yr less than that estimated by Eakin (1966, p.
265). This underflow is toward Pahranagat Val-
ley, where discharge from three regional springs
in the lower layer is 24,000 acre-ft/yr and evapo-
transpiration in the upper layer is 10,000 acre-
ft/yr. Estimated spring flow in Pahranagat Valley
is about 25,000 acre-ft/yr (table 1; Eakin, 1966,
p. 261), nearly all of which is consumed by evapo-
transpiration in the valley. Although simulated
discharge from springs is nearly the same as the
reported spring flow, total discharge from
Pahranagat Valley is 9,000 acre-ft/yr more than
previously reported. Flow to the northern two
springs in Pahranagat Valley is simulated from
the White Pine, Egan, and Schell Creek Ranges.
Flow to the southern spring (Hiko Spring of Tho-
mas and others, 1986, pl. 2) is simulated from
the Quinn Canyon, Seaman, and Schell Creek
Ranges.

Simulated underflow from Pahranagat Valley
and adjacent Tikaboo Valley (fig. 31) to Muddy
River Springs is about 24,000 acre-ft/yr. This flow
is about 11,000 acre-ft/yr less than the 35,000
acre-ft/yr estimated as underflow from Pahranagat
Valley by Eakin (1966, p. 265). Tikaboo Valley
was not included in his conceptualization of flow
to Muddy River Springs. More recent studies based
on geology, water levels, and deuterium concen-
trations of water from regional springs in
Pahranagat Valley, at Muddy River Springs, and
at Ash Meadows (location shown in figure 28) in-
dicate that some ground water from within or near
Pahranagat Valley may flow southwest through
northern Tikaboo Valley to the regional springs
in Ash Meadows (Winograd and Friedman, 1972;
Thomas, 1988; Dettinger, 1989; Kirk and Campana,
1990). Estimates of underflow to Ash Meadows
range from about 4,000 acre-ft/yr (Kirk and
Campana, 1990, p. 385) to 7,000 acre-ft/yr (Tho-
mas, 1988). Perhaps flow in southern Tikaboo
Valley is toward the Muddy River Springs, whereas
flow in northern Tikaboo Valley is toward Ash
Meadows. Such a possibility is suggested by Harrill
and others (1988, pl. 2). Although no flow is simu-
lated from Pahranagat Valley to Ash Meadows,
such flow might be simulated by increasing trans-
missivities between the two places. However, to
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simulate the estimated spring flow at Ash Mead-
ows, some of the flow from the Spring Mountains
to Ash Meadows would need to be diverted ei-
ther to Las Vegas Valley or Pahrump Valley by
decreasing transmissivities in model cells at the
north end of the Spring Mountains.

Ground-water flow in the subregion that is
not discharged upgradient from the Muddy River
Springs is discharged as regional spring flow in
the lower layer or as evapotranspiration in the
upper layer. Simulated spring flow at Muddy River
Springs is 37,000 acre-ft/yr and evapotranspira-
tion along the Muddy River from the springs to
the confluence with Meadow Valley Wash is about
18,000 acre-ft/yr. The measured aggregate spring
flow is about 36,000 acre-ft/yr (Eakin, 1966, p.
261). The reach of the Muddy River between its
source at the springs and Lake Mead (fig. 31) is
perennial, but only part of the flow reaches Lake
Mead. The average annual flow of the Muddy River
near its confluence with Lake Mead is about 6,600
acre-ft/yr, which is based on a 12-year period,
1979-83 and 1985-91 (Garcia and others, 1992,
p. 72). Much of the streamflow is consumed by
evapotranspiration from phreatophytes and irri-
gated crops or is used for industrial and public
supply. A small percentage of the streamflow may
seep back into the ground.

Simulated ground-water discharge near Muddy
River Springs is about 19,000 acre-ft/yr more than
estimated. Perhaps some or all of extra discharge
can be accounted for in the uncertainty of esti-
mated evapotranspiration along the river. Another
possibility is that some ground water flows through
consolidated rocks beneath the river to discharge
into Lake Mead. This does not seem likely, how-
ever, because low-permeability rocks that are near
land surface downstream from the springs prob-
ably inhibit significant underflow to the lake
(Michael D. Dettinger, U.S. Geological Survey, oral
commun., 1987).

Simulated upper-layer flow to the area of
evapotranspiration at Muddy River Springs in-
cludes: 9,000 acre-ft/yr from Meadow Valley Wash;
5,000 acre-ft/yr from the southern Sheep Range;
3,000 acre-ft/yr from Pahranagat and Tikaboo
Valleys and the northern Desert, Pintwater, and
Sheep Ranges; and 1,000 acre-ft/yr from the Las
Vegas subregion. Simulated flow in the lower layer
to Muddy River Springs is mainly underflow from
Pahranagat and Tikaboo Valleys, and the Sheep,
Las Vegas, and southern Desert Ranges. Contri-
butions to regional springs include: 23,000 acre-
ft/yr from Pahranagat and Tikaboo Valleys; 8,000
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OUTFLOW

Simulated outflow from the Bonneville region
totals 889,000 acre-ft/yr and includes discharge
as evapotranspiration and leakage to Utah Lake,
Great Salt Lake, Sevier River, and Sevier Lake
from the upper layer; discharge to regional springs
in the lower layer; and subsurface flow to adja-
cent regions in both layers (table 6). Many areas
of discharge are simulated in the Bonneville re-
gion (fig. 32). Large parts of the region are occu-
pied by three deserts—the Great Salt Lake Desert
in the north, the Sevier Desert in the middle,
and the Escalante Desert in the south—in which
considerable ground water is discharged. Simu-
lated evapotranspiration for the entire region is
758,000 acre-ft/yr, which represents about 85 per-
cent of the total outflow. The remaining outflow
is to regional springs (64,000 acre-ft/yr), to head-
dependent flow boundaries representing leakage
to surface water bodies (59,000 acre-ft/yr), and
to adjacent regions (8,000 acre-ft/yr).

DESCRIPTION OF SUBREGIONS

ESCALANTE SUBREGION

The Escalante deep-flow subregion, in the
southern part of the Bonneville region (fig. 32),
encompasses about 4,000 mi2. The subregion ap-
proximately coincides with three shallow-flow re-
gions (compare figs. 23 and 24B). It also coincides
with the southern half of a flow system delin-
eated by Harrill and others (1988) that includes
the Sevier Desert. Simulated ground-water flow
in the subregion is from recharge areas in the
mountain ranges to discharge areas in adjacent
valleys. Inflow to the subregion totals about
141,000 acre-ft/yr. Recharge assigned to cells in
the upper model layer is 138,000 acre-ft/yr (table
6) and accounts for nearly all the inflow. The re-
maining 3,000 acre-ft/yr of simulated inflow is
subsurface flow from the Great Salt Lake Desert
subregion, primarily in the upper layer. Princi-
pal recharge areas include the Tushar Mountains
and Markagunt Plateau on the east side, Kolob
Terrace on the south side, and The Needles on
the west side (fig. 32). The mountains on the east
side of the subregion generally have more pre-
cipitation and runoff than most mountains in the
interior of the overall study area.

Outflow from the subregion is mostly evapo-
transpiration from the upper model layer. Simu-
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lated evapotranspiration in the subregion is about
139,000 acre-ft/yr (table 6), mostly in Beaver Val-
ley, the southern half of the Milford area, Parowan
and Cedar City Valleys, and the Escalante Desert
(fig. 32). Areas of simulated evapotranspiration
generally coincide with mapped areas of ground-
water evapotranspiration (Harrill and others,
1988). About 2,000 acre-ft/yr is simulated as sub-
surface flow to the Colorado River region, of which
about 800 acre-ft/yr is from the lower layer.
Most simulated flow in the Escalante subre-
gion is in the upper model layer. About 88 per-
cent of the total inflow to the subregion is
simulated through the upper layer. Transmissivi-
ties in the lower layer are generally less than
0.006 ft?/s except beneath the Escalante Desert
(fig. 20B), whereas values in the upper layer gen-
erally exceed 0.006 ft2/s (fig. 20A). Ground-water
flow is from the Tushar Mountains and Markagunt
Plateau on the east side toward the Escalante
Desert and southern Milford area (fig. 33). How-
ever, much of the simulated flow is discharged
in Beaver, Parowan, and Cedar City Valleys (fig.
32). Simulated evapotranspiration in these val-
leys is about 91,000 acre-ft/yr, which is consider-
ably less than the estimated discharge of at least
126,000 acre-ft/yr (Mower, 1978, p. 30; Bjorklund
and others, 1978, p. 17, 41). Estimated discharge
in these valleys includes water recharged locally
from streams crossing the valley floor. This local
recharge is not simulated in the model, which ac-
counts for at least part of the difference between
simulated and estimated discharge in the valleys.
Simulated underflow from Beaver, Parowan,
and Cedar Valleys westward to the southeastern
part of the Milford area and the eastern part of
the Escalante Desert is about 12,000 acre-ft/yr.
In contrast, less than 1,000 acre-ft/yr is estimated
as underflow to the Milford area and the Escalante
Desert (Mower, 1978, p. 33; Bjorklund and oth-
ers, 1978, p. 45). Estimated transmissivities in
this area are generally in the range of 0.0006 to
0.006 ft2/s in the lower model layer (fig. 20B) and
0.006 to 0.18 ft?/s in the upper layer (fig. 20A).
Decreasing transmissivities in the upper layer im-
mediately west of Beaver, Parowan, and Cedar
City Valleys would increase evapotranspiration in
the two valleys and decrease flow to the south-
ern Milford area and Escalante Desert. Decreas-
ing westward flow to the Escalante Desert is
reasonable because the simulated evapotranspi-
ration of 33,000 acre-ft/yr is about 7,000 acre-ft/
yr more than the quantity estimated by Mower
(1982, p. 34). Simulated flow to the Escalante
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timate includes the discharge of numerous small,
nonregional springs and seeps near the margin
of the valley floor.

In southern Steptoe Valley, simulated flow is
westward from the Schell Creek Range and east-
ward from the Egan and Cherry Creek Ranges
(fig. 33). Simulated evapotranspiration and re-
gional-spring discharge for the entire valley to-
tals 75,000 acre-ft/yr. In comparison, estimated
evapotranspiration in the valley, which includes
the discharge from regional springs, is 70,000 acre-
ft/yr (Eakin and others, 1967, p. 24). Simulated
evapotranspiration and regional spring discharge
in the southern part of Steptoe Valley (within the
Spring-Steptoe subregion) is 45,000 acre-ft/yr.

The simulated subregion boundary that splits
Steptoe Valley between two deep-flow subregions
does not correspond to either a topographic di-
vide of low relief or a water table divide in the
basin fill. The boundary may be an artifact of
the relatively large size of the model cells. The
principal directions of simulated flow in both layers
are east and west from the adjacent mountains
to areas of evapotranspiration on the valley floors.
Reducing the size of model cells might allow for
a small northward component of flow through the
valley that is not simulated with the larger cell
size.

Simulated flow in Butte Valley is westward
from the Egan and Cherry Creek Ranges and east-
ward from Butte Mountains (fig. 33). Simulated
evapotranspiration is 20,000 acre-ft/yr, the same
as that estimated by Glancy (1968a, p. 32). Within
the Spring-Steptoe subregion, simulated evapo-
transpiration in the southern part of Butte Val-
ley is 7,000 acre-ft/yr. A ground-water divide in
the basin fill is present near a topographic di-
vide that separates the northern one-third of the
valley from the southern two-thirds (Glancy, 1968a,
p- 11). In the model, the divide between deep-
flow subregions is south of the actual ground-water
divide, but a shallow-flow region divide in the
upper layer approximates the observed divide.

Depth to ground water beneath the playa at
the southern end of Butte Valley exceeds 50 ft.
The reason for the depressed water table is un-
known; phreatophytes in the central part of the
valley may consume enough ground water to keep
the water table depressed, or the ground water
in southern Butte Valley may flow generally south-
ward through underlying carbonate rocks to dis-
charge areas in adjacent valleys (Glancy, 1968a,
p. 11). Although Butte Valley could be a source
area for water discharging at Campbell Ranch
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Spring on the east side of the Egan Range (fig.
32), shallow ground-water flow is considered doubt-
ful because of a low hydraulic gradient between
Butte Valley and the springs and because a
ground-water mound from recharge in the Egan
Range would be a barrier to shallow flow between
the two valleys (Eakin and others, 1967, p. 21).

Deeper ground-water flow from Butte Valley
to Steptoe Valley beneath the Egan Range may
be possible. The rocks are largely carbonates and
may extend to great depth. In the model, a ground-
water mound is simulated beneath the Egan
Range, yet outflow in the lower layer is simu-
lated as deep flow from the southern end of Butte
Valley to Campbell Ranch Spring. In this area,
transmissivities computed in the lower layer cor-
respond to a zone of relatively high values (greater
than 0.006 ft2/s) that extends to the southern end
of the study area (fig. 25). The quantity of sub-
surface flow simulated in the lower layer from
southern Butte Valley to Campbell Ranch Spring
is 2,100 acre-ft/yr. The remaining 5,300 acre-ft/yr
of simulated flow to the spring is from nearby, in the
Egan Range.

Geochemical evidence seems to support the
concept of both long and short flow paths to
Campbell Ranch Spring. Detectable concentrations
of tritium in the spring water indicates that some
of the water discharging at the spring is from
recent (post-1952) precipitation (James M. Tho-
mas, U.S. Geological Survey, oral commun., 1986),
perhaps from the Egan Range. In contrast, the
carbon-14 content of the spring water (17 per-
cent of modern carbon) indicates that some of the
water may be several thousand years old, a rea-
sonable travel time for water from Butte Valley.

Whether ground water actually flows from
southern Butte Valley to Campbell Ranch Spring
is uncertain. Discharge simulated at the spring
is sensitive to relatively small transmissivity
changes in the lower layer. For example, increasing
transmissivities of model cells in White River Val-
ley results in decreased flow to Campbell Ranch
Spring because more water is diverted into White
River Valley.

RUBY SUBREGION

The Ruby subregion, in the western part of
the Bonneville region (fig. 32), encompasses only
550 mi2—the smallest of the six deep-flow sub-
regions. It includes the southern two-thirds of a
shallow flow region (fig. 23). The extent of the
subregion differs from a flow system delineated
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by Harrill and others (1988) in that their system
includes all of Ruby Valley and the northern third
of Butte Valley. Simulated ground-water flow in
the Ruby subregion is from the adjacent Ruby
and Butte Mountains to the floor of southern Ruby
Valley (fig. 33).

Simulated inflow to the subregion totals 34,000
acre-ft/yr, of which only 14,000 acre-ft/yr is from
recharge assigned to cells in the upper model layer
(table 6)—the rest is subsurface flow from adja-
cent subregions and regions. Most of the subsur-
face flow into the subregion is from the upper
Humboldt River region, where simulated inflow
along the Ruby Mountains is 16,000 acre-ft/yr
(11,000 acre-ft/yr of which is in the upper layer).
Inflow from the upper Humboldt River region is
the result of model discretization. Cells along the
crest of the Ruby Mountains (where simulated
flow is both east and west) had to be included in
either the Ruby subregion or the upper Humboldt
River region. Cells along the crest are assigned
to the upper Humboldt River region; thus, in the
simulated water budgets, flow eastward from the
crest is accounted for as subsurface outflow from
the upper Humboldt River region to the adjacent
Ruby subregion.

Simulated outflow from the Ruby subregion
is 34,000 acre-ft/yr, of which 32,000 acre-ft/yr is
evapotranspiration from the upper model layer
and 2,000 acre-ft/yr is subsurface flow to the Rail-
road Valley region, primarily in the lower layer
(table 6). In comparison, estimated evapotrans-
piration in the southern half of Ruby Valley, which
approximately coincides with the Ruby subregion,
is about 30,000 acre-ft/yr (Eakin and others, 1951,
p. 82).

Within the Ruby subregion, transmissivities
in the upper layer mostly range from 0.18 to 0.66
ft2/s beneath the valley floor, but are less than
0.006 ft%/s in the Ruby Mountains (fig. 204). Val-
ues in the lower layer follow a similar trend—
higher beneath the valley floor than beneath the
mountain block (fig. 20B).

The Ruby Mountains constitutes one of the
highest ranges in northeast Nevada and, conse-
quently, receives more precipitation, on the av-
erage, than all other nearby ranges. In the
northern Ruby Mountains, where metamorphic and
igneous rocks of low permeability are exposed (fig.
24A; Plume and Carlton, 1988, pl. 1), numerous
streams flow from the mountains to the neigh-
boring valley floors, because little precipitation
percolates into the rocks. Contrastingly, in the
southern Ruby Mountains, where carbonate rocks
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are exposed, few streams are present because most
of the precipitation percolates into these more
permeable rocks. Considerable ground water flows
locally through the carbonate rocks to the neigh-
boring valleys. For example, Ruby Lake, at the
southern end of the Ruby Valley, is fed by springs
and seeps discharging from carbonate rocks at
the base of the mountains.

The simulated division of Ruby Valley into
two separate subregions may be a result of the
large size of the model-grid cells. Available ground-
water levels in the basin fill do not indicate a
divide in Ruby Valley (Thomas and others, 1986,
pl. 1), although a topographic divide of low relief
separates Ruby Lake from the northern part of
the valley. The principal directions of simulated
ground-water flow in the model are eastward from
the Ruby Mountains and westward from the Butte
Mountains (fig. 33) to areas of evapotranspira-
tion on the valley floor. These flow directions are
accentuated in the model by the rectangular grid.

CLOVER-INDEPENDENCE SUBREGION

The Clover-Independence subregion, north of
the Ruby subregion on the west side of the
Bonneville region (fig. 32), encompasses about
1,400 mi2. The subregion incorporates all or part
of three shallow-flow regions in the upper layer.
The subregion includes Clover and Independence
Valleys and the northern parts of Butte and Ruby
Valleys. This subregion is slightly different from
the flow system delineated by Harrill and others
(1988), as they do not include northern Butte and
Ruby Valleys.

Simulated inflow to the subregion is 44,000
acre-ft/yr, of which recharge assigned to model
cells in the upper model layer totals 33,000 acre-
ft/yr (table 6). Principal recharge areas include
the Ruby Mountains, East Humboldt Range, and
Pequop Mountains (fig. 32). Subsurface inflow from
the upper Humboldt River region, simulated
through the lower layer along the Ruby Moun-
tains, is about 9,000 acre-ft/yr. An additional 2,000
acre-ft/yr is simulated as subsurface inflow through
the upper layer from the Great Salt Lake Desert
subregion.

Simulated evapotranspiration in the subregion
is 36,000 acre-ft/yr (table 6), including 10,000 acre-
ft/yr in northern Ruby Valley, 2,000 acre-ft/yr at
the north end of Butte Valley, and 24,000 acre-
ft/yr in Clover and Independence Valleys (fig. 32).
Regional-spring discharge simulated from the
lower layer in southern Clover Valley is 5,000 acre-
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ft/yr, at Warm Springs (table 1; figs. 11, 32). An
additional 3,000 acre-ft/yr is simulated as sub-
surface outflow to the Ruby subregion, about half
through the lower layer.

Ground-water flow is generally from recharge
areas in the mountains to discharge areas on the
valley floors (fig. 33). About 71 percent of the to-
tal inflow to the subregion is simulated through
the upper layer. In the lower layer, simulated flow
to Warm Springs is from the Ruby Mountains and
East Humboldt Range (fig. 33).

Estimated evapotranspiration in Clover and
Independence Valleys is about 29,000 acre-ft/yr
(Eakin and others, 1951, p. 110, 112), which is
the same quantity simulated in the model when
discharge from Warm Springs is included. How-
ever, estimated evapotranspiration in northern
Ruby Valley—about 38,000 acre-ft/yr (Eakin and
others, 1951, p. 82)—is 28,000 acre-ft/yr more than
the simulated quantity. Increasing the simulated
evapotranspiration in northern Ruby Valley by
reducing subsurface flow to Clover and Indepen-
dence Valleys would result in a similar decrease
in simulated evapotranspiration in the latter val-
leys. One alternative would be to adjust trans-
missivities in the Clover-Independence subregion
until more flow is from recharge areas to the east
and south. However, simulated flow from north-
ern Ruby Valley is not enough to account for the
28,000-acre-ft/yr discrepancy. The only logical area
where more flow can be simulated to northern
Ruby Valley is in the Ruby Mountains, either by
increasing recharge in model cells corresponding
to the mountain block or by adjusting transmis-
sivities in the area to divert more recharge from
the Ruby Mountains into northern Ruby Valley.
Perhaps some of the estimated evapotranspira-
tion is related to surface water. Many streams
flow from the east flank of the northern Ruby
Mountains onto the adjacent valley floor. These
streams are used for irrigation of meadow lands,
but some streamflow probably seeps into the
ground, where it is then discharged locally as
evapotranspiration. Local flow of this type is not
simulated in the model, because recharge and dis-
charge is not simulated in the same model cell.

UTAH LAKE SUBREGION

The Utah Lake subregion, in the northeast
corner of the Bonneville region (fig. 32), encom-
passes 1,400 mi2. The southern boundary of the
subregion generally corresponds to a flow-system
boundary by Harrill and others (1988) that sepa-
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rates ground-water flow to the Sevier Desert from
flow to the Great Salt Lake. Elsewhere, the sub-
region does not correspond to their flow system
because they consider Utah Lake a part of a larger
flow system that includes all tributary valleys
surrounding the Great Salt Lake. Some ground
water flows northward from Utah Lake toward
the Great Salt Lake; however, this was not simu-
lated in the conceptual model because both lakes
are treated separately.

Utah Lake, in Utah Valley, lies at the base
of the Wasatch Range, which is east of the lake
and outside of the modeled area. Streams that
head in the Wasatch Range are the major source
for irrigation water and one of the major sources
of recharge to ground water in Utah Valley
(Cordova and Subitzky, 1965, p. 12; Cordova, 1970,
p. 23). Because only areas west of Utah Valley
are simulated in the model, much of the estimated
ground-water recharge to the valley is not included
therein. Estimated ground-water discharge from
the northern part of Utah Valley exceeds 200,000
acre-ft/yr (Cordova and Subitzky, 1965, p. 19), and
discharge from southern Utah Valley exceeds
125,000 acre-ft/yr (Cordova, 1970, p. 30). Both
estimates do not include discharge from wells.
Only a small part of the estimated discharge in
Utah Valley is subsurface flow from areas west
of Utah Lake. Simulated discharge to Utah Val-
ley in the model includes only the ground-water
flow from areas west of Utah Valley. Estimates
of underflow from west of Utah Valley range from
10,000 acre-ft/yr (Feltis, 1967, p. 18) to 24,000
acre-ft/yr (Harrill and others, 1988).

Simulated inflow to the Utah Lake subregion
is 53,000 acre-ft/yr, all of which is recharge as-
signed to cells in the upper model layer (table
6). Principal recharge areas are the Oquirrh Moun-
tains and the East and West Tintic Mountains
(fig. 32). Simulated outflow from the subregion
includes 18,000 acre-ft/yr as evapotranspiration
from the upper layer, 22,000 acre-ft/yr as flow to
Utah Lake, and 13,000 acre-ft/yr as subsurface
flow, primarily through the upper layer, to Tooele
Valley in the Great Salt Lake Desert subregion.
In Utah Valley, total simulated discharge is 33,000
acre-ft/yr (fig. 32), which includes 11,000 acre-ft/yr of
evapotranspiration.

Flow in both model layers is generally from
recharge areas to Utah Lake (fig. 33). About 87
percent of the total inflow to the subregion is simu-
lated through the upper layer. Simulated underflow
to Utah Valley from areas to the west is more than
the estimated underflow of 24,000 acre-ft/yr (Harrill
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and others, 1988). Because the model boundary
north of the lake is along the northern Oquirrh
Mountains, some of the simulated underflow to
the valley may actually move east from the moun-
tains to the Jordan River (Waddell and others,
1987, p. 7). In the model, ground-water flow from
the Oquirrh Mountains is to Utah Lake, Rush
Valley, and Tooele Valley (fig. 33).

GREAT SALT LAKE DESERT SUBREGION

The Great Salt Lake Desert subregion extends
over much of western Utah and extreme eastern
Nevada (fig. 32) and has an area of about 29,500
mi?. It is the largest subregion delineated in the
entire study area. The subregion includes all or
most of 13 shallow-flow regions (fig. 23). The sub-
region differs from the flow system delineated by
Harrill and others (1988) in that it includes the
Sevier Desert and valleys adjacent to the Great
Salt Lake in Utah, and Goshute and northern
Steptoe Valleys in eastern Nevada (fig. 32). Al-
though the Great Salt Lake Desert and the Great
Salt Lake are delineated by Harrill and others
(1988) as separate flow systems, the topographi-
cally lowest discharge areas in the two flow sys-
tems constitute one virtually continuous area that
can be considered a single large system (Gates,
1987, p. 83). Sparse water-level data suggest that
some ground water may flow from the Sevier
Desert and Goshute Valley to discharge areas in
the Great Salt Lake Desert (Gates, 1987, p. 84;
Harrill and others, 1988), implying that these ar-
eas also could be included with the Great Salt
Lake Desert as part of a single flow system.

Inflow to the subregion is 542,000 acre-ft/yr,
of which 524,000 acre-ft/yr is from recharge as-
signed to cells in the upper model layer. Princi-
pal mountain ranges, where recharge exceeds
30,000 acre-ft/yr apiece, are the Pavant Range,
Oquirrh Mountains, Stansbury Mountains, and
Deep Creek Range in Utah, and the southern
Schell Creek and Snake Ranges in Nevada (fig.
32). Simulated inflow from adjacent regions and
subregions, primarily through the upper layer,
includes 13,000 acre-ft/yr from the Utah Lake sub-
region and 5,000 acre-ft/yr from the Colorado River
region (table 6). Underflow from the Utah Lake
subregion is in the vicinity of Oquirrh Mountains
and Rush Valley, whereas underflow from the Colo-
rado River region is near Hamlin Valley (fig. 33).

Simulated outflow from the subregion includes:
442,000 acre-ft/yr as evapotranspiration from the
upper model layer; 37,000 acre-ft/yr as leakage
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through head-dependent flow boundaries to the
Great Salt Lake, the Sevier River, and Sevier Lake
in the upper layer; 52,000 acre-ft/yr as regional-
spring discharge from the lower layer; and 11,000
acre-ft/yr as subsurface flow to adjacent subre-
gions and to the upper Humboldt River region
(table 6). Principal areas of ground-water discharge
include: Rush, Skull, and Tooele Valleys at the
south end of the Great Salt Lake; the Sevier River
drainage, Pavant Valley, and northern Milford area
in the southeastern part of the subregion; the Great
Salt Lake Desert, Tule Valley, and Snake Valley
in western Utah; and the south end of Spring Val-
ley, the north end of Steptoe Valley, and all of
Goshute Valley in eastern Nevada (fig. 32). Regional-
spring discharge is from two areas on the margin
of the Great Salt Lake Desert—Fish Springs and
Blue Lake and Little Salt Springs—and from Twin
Spring in Snake Valley, and Nelson Spring in north-
ern Steptoe Valley (figs. 11, 32; table 1).

Simulated flow in the subregion is primarily
in the upper layer from recharge areas in the
mountains to discharge areas on the adjacent val-
ley floors. About 78 percent of the total inflow is
simulated through the upper layer. Flow enter-
ing the lower layer from the upper layer is about
115,000 acre-ft/yr. Much of the flow in the lower
layer is concentrated in three general areas where
estimated transmissivities exceed 0.006 ft?/s: a
relatively small area at the south end of the Great
Salt Lake, extending to Rush Valley; a relatively
long and narrow area extending from the south
end of the Great Salt Lake Desert to Wah Wah
Valley; and a relatively small and narrow area
extending southwestward from Blue Lake and
Little Salt Springs in extreme western Utah (fig.
25). Of the simulated flow entering the lower layer
from the upper layer, 45 percent is discharged
at regional springs.

Most of the simulated flow toward Great Salt
Lake is discharged before reaching it. Simulated
leakage to Great Salt Lake is only about 3,000
acre-ft/yr. Much of this (about 2,700 acre-ft/yr)
is at the north end of Tooele Valley. The remain-
ing 300 acre-ft/yr is simulated along the shore of
the Great Salt Lake north of Skull Valley (fig.
32). Estimated ground-water leakage to the Great
Salt Lake from Tooele Valley is 3,000 acre-ft/yr
(Razem and Steiger, 1981, p. 17). The area along
the Great Salt Lake northwest of Tooele Valley
discharges little, if any, ground water directly to
the lake (Arnow, 1984, p. 16).

Simulated flow at the south end of the Great
Salt Lake is primarily from recharge areas in the
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Oquirrh, West Tintic, Stansbury, and Cedar Moun-
tains to areas of discharge in Rush, Tooele, and
Skull Valleys (fig. 33). Simulated discharge in
these valleys is 99,000 acre-ft/yr (fig. 32), which
is within the range estimated by previous inves-
tigators. The estimates range from 94,000 acre-
ft/yr to 113,000 acre-ft/yr, as follows: Rush Valley,
27,000 acre-ft/yr (Hood and others, 1969, p. 28);
Tooele Valley, 23,000 as evapotranspiration and
17,000 as spring discharge (Razem and Steiger,
1981, p. 16); and Skull Valley, 27,000 to 46,000
acre-ft/yr (Hood and Waddell, 1968, p. 29). About
16,000 acre-ft/yr is simulated as ground-water flow
from Rush Valley into Tooele Valley, of which 6,000
acre-ft/yr is by way of the lower layer.

Simulated flow in the Sevier Desert area is
generally toward the Sevier River and Sevier Lake
(fig. 33). About 89 percent of the total inflow to
this area is through the upper layer, because es-
timated transmissivities in the lower layer are
less than 0.006 ft2/s (fig. 20B). Simulated discharge
as evapotranspiration from Sevier Desert and as
leakage to the Sevier River and Sevier Lake is
44,000 acre-ft/yr, which is considerably less than
estimated by previous investigators. Estimated
ground-water discharge, excluding subsurface out-
flow, in the Sevier Desert ranges from 83,000 acre-
ft/yr (Holmes, 1984, p. 27) to 175,000 acre-ft/yr
(Mower and Feltis, 1968, p. 52). Some of the dif-
ference between the quantity of discharge simu-
lated herein and that reported by Holmes (1984,
P- 27) is due to an additional 24,000 acre-ft/yr of
recharge he estimated as seepage from canals,
reservoirs, and unconsumed irrigation water. Re-
charge from irrigation water is not included in
the model because it is assumed to be local flow
and because only a net recharge or discharge is
simulated for each cell. Another reason for the
difference is that Holmes (1984, p. 27) simulated
about 27,000 acre-ft/yr of underflow from Pavant
Valley to the Sevier Desert. This value is consid-
erably higher than the 3,400 acre-ft/yr simulated
herein and the 14,000 acre-ft/yr estimated by
Mower (1965, p. 54).

Evapotranspiration is simulated over a large
area of the Great Salt Lake Desert (fig. 32); how-
ever, the total is about 14,000 acre-ft/yr. More
evapotranspiration actually occurs in this area
than is simulated in the model, but much of the
additional discharge is derived from local precipi-
tation on the desert floor. Estimated evapotrans-
piration from the Great Salt Lake Desert is 84,000
acre-ft/yr. It includes about 69,000 acre-ft/yr of
local evaporation from mud and salt flats (Gates,
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1984, p. 244). If this local discharge is not in-
cluded, the model-simulated quantity is about the
same as the estimated quantity. The combination
of only small quantities of ground-water discharge
and low hydraulic gradients results in transmis-
sivities that are generally very low—less than
0.0006 ft2/s (fig. 20). Whether these values are
representative of the actual transmissivities is
uncertain because the model results in this area
are insensitive to changes in assigned transmis-
sivities in either model layer and vertical
leakances between the layers.

Simulated flow in the southwestern part of
the subregion is generally toward a band of high
transmissivities (between 0.18 and 0.66 ft?/s; fig.
20) estimated in both layers that extends from
Wah Wah Valley to Fish Springs Flat at the south
end of the Great Salt Lake Desert (fig. 33). The
band of high transmissivities correlates to a zone
of relatively thick, flat-lying carbonate rocks that
acts as a major conduit for ground-water flow
(Carlton, 1985, p. 53).

Simulated outflow as evapotranspiration and
as regional-spring discharge in the southwestern
part of the subregion totals 144,000 acre-ft/yr, ex-
clusive of southern Spring Valley. Simulated evapo-
transpiration includes 36,000 acre-ft/yr in southern
Spring Valley; 12,000 acre-ft/yr in Hamlin Val-
ley; 5,000 acre-ft/yr in Pine Valley; 56,000 acre-
ft/yr in Snake Valley; 32,000 acre-ft/yr in Tule
Valley; and 9,000 acre-ft/yr in Fish Springs Flat
(fig. 32). Simulated regional-spring discharge from
the lower layer totals 30,000 acre-ft/yr: 4,000 acre-
ft/yr from Twin Spring in Snake Valley and 26,000
acre-ft/yr from Fish Springs (fig. 32).

The simulated outflow in this part of the sub-
region, exclusive of southern Spring Valley, is
about 12,000 to 20,000 acre-ft/yr less than the
estimated discharge of 156,000 to 164,000 acre-
ft/yr. Estimated discharge by valley is as follows:
Snake and Hamlin Valleys, 80,000 acre-ft/yr
(Hood and Rush, 1965, p. 24, 25); Pine Valley,
7,000 acre-ft/yr (Stephens, 1976, p. 17); Tule
Valley, 32,000 to 40,000 acre-ft/yr. (Stephens,
1977, p. 19; Gates and Kruer, 1981, p. 36); Wah
Wah Valley, 1,500 acre-ft/yr (Stephens, 1974b,
p. 27); and Fish Springs Flat, about 35,000 acre-
ft/yr, including the flow from Fish Springs
(Bolke and Sumsion, 1978, p. 13). Most of the
difference between simulated and estimated dis-
charge is in Snake, Hamlin, and Tule Valleys,
where the simulated quantity is 12,000 to 20,000
acre-ft/yr less than the estimated quantity. Per-
haps a larger area than that simulated contributes
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flow to this part of the Great Salt Lake sub-
region.

As with many of the relatively large springs
in the study area, discharge at Fish Springs
greatly exceeds the quantity of recharge estimated
for the topographic drainage area. Estimated re-
charge in Fish Springs Flat is only 4,000 acre-ft/yr
(Bolke and Sumsion, 1978, p. 9), suggesting that most
of the spring flow is from adjoining basins. Evidence
for interbasin flow to Fish Springs Flat is based
on the presence of carbonate rocks that crop out
in several mountain ranges to the south; the im-
balance in water budgets (Gates and Kruer, 1981,
p. 31), where recharge exceeds discharge in Snake,
Pine, and Wah Wah Valleys; and the indication
from water-level data that ground-water flow is
eastward from Snake Valley, northward from Pine
and Wah Wah Valleys, and perhaps westward from
Sevier Desert toward Fish Springs (Gates, 1987,
p. 85).

Simulated flow entering Fish Springs Flat
from adjacent areas differs between model lay-
ers. Simulated flow in the upper layer is prima-
rily from the east and southeast, whereas
simulated flow in the lower layer is primarily from
the south and west (fig. 33). Total inflow to the
upper model layer is about 10,300 acre-ft/yr, in-
cluding 1,700 acre-ft/yr as recharge from moun-
tain ranges, 4,200 acre-ft/yr as underflow from
areas to the east, 1,600 acre-ft/yr as northward
flow from Tule Valley, 900 acre-ft/yr as
northwestward flow from Sevier Desert, 300 acre-
ft/yr as eastward flow from Snake Valley, and 1,600
acre-ft/yr as upward flow from the lower layer.
Total outflow equals inflow and includes 8,700
acre-ft/yr as evapotranspiration and 1,600 acre-
ft/yr as northward flow to the Great Salt Lake
Desert. Total inflow to the lower layer is about
27,200 acre-ft/yr, including 19,700 acre-ft/yr as
northward flow from Tule Valley, 6,500 acre-ft/yr
as eastward flow from Snake Valley, and a com-
bined 1,000 acre-ft/yr as westward and
northwestward flow from areas to the east and
Sevier Desert. Total outflow equals inflow and in-
cludes 25,700 acre-ft/yr as regional flow at Fish
Springs and 1,600 acre-ft/yr as leakage to the up-
per layer. Eastward flow in the lower layer from
Snake Valley to Fish Springs is mostly from re-
charge in the Deep Creek Range (fig. 33)—a source
area suggested by Gates and Kruer (1981, p. 32).

At least half of the simulated flow to Fish
Springs Flat from Tule Valley originates in the
Snake Valley drainage basin. Of the 23,000 acre-
ft/yr simulated as entering Tule Valley in the lower
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layer, 14,000 is underflow from Snake Valley
through the Confusion Range and 9,000 is from
Wah Wah Valley.

Available water-level data suggest that sub-
surface flow from Sevier Desert to Tule Valley
and, thence, Fish Springs Flat is likely (Gates,
1987, p. 85). Not counting northward flow from
Wah Wah Valley through the extreme western side
of Sevier Desert, about 1,200 acre-ft/yr is simu-
lated as subsurface flow from Sevier Desert to
Tule Valley and, thence, Fish Springs Flat. Com-
bining the 1,200 acre-ft/yr with the 1,600 acre-
ft/yr simulated as direct underflow from Sevier
Desert to Fish Springs Flat results in 2,800 acre-
ft/yr as underflow from Sevier Desert to adjoin-
ing areas along the westside. This quantity is less
than the 8,800 acre-ft/yr simulated by Holmes
(1984, p. 27). Although the quantity of flow from
Sevier Desert to Tule Valley and Fish Springs Flat
is different in the conceptual model than that de-
termined by Holmes, both values are considered
approximate because the hydraulic properties of
rocks west of the Sevier Desert are largely un-
known.

Ground-water levels along the west and north
sides of the subregion generally decrease toward
the Great Salt Lake Desert (figs. 19, 23, and 24).
Simulated flow in this part of the subregion is
primarily through the upper layer from recharge
areas in the mountains to discharge areas in ad-
jacent valley floors. In general, simulated evapo-
transpiration in valleys west and north of the
Great Salt Lake Desert (fig. 32) approximates es-
timated values. Estimates of discharge are as fol-
lows: Goshute Valley, 10,000 acre-ft/yr (Eakin and
others, 1951, p. 28); Deep Creek Valley, 14,000
to 17,000 acre-ft/yr (Hood and Waddell, 1969, p.
25; Gates and Kruer, 1981, p. 26, 36); Pilot Creek
Valley, 4,600 acre-ft/yr (Harrill, 1971, p. 29); Thou-
sand Springs Valley, 5,700 acre-ft/yr (Rush, 1968c,
p. 35); Pilot, Grouse Creek, and Park Valleys,
7,400, 11,000, and 16,000 acre-ft/yr, respectively
(Stephens, 1974a, p. 30). A small quantity of
ground-water flow (less than 2,000 acre-ft/yr) is
simulated between several hydrographic basins.
For example, about 1,700 acre-ft/yr is simulated
from Goshute Valley to Pilot Creek Valley. This
is slightly more than the 1,000 acre-ft/yr estimated
by Harrill (1971, p. 28).

More than half of the flow simulated in the
lower layer on the west side of the Great Salt
Lake Desert is discharged at Blue Lake and Little
Salt Springs (fig. 32). Ground-water flow to these
springs, as simulated in the model, is mostly from
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TABLE 7.—Simulated ground-water flow budget,
Railroad Valley region

[All amounts are in acre-feet per year (acre-ft/yr), rounded to
nearest 1,000 acre-ft/yr. Amounts of mountain recharge are
assigned, as described in text section title "Estimates of
Recharge"; all other listed amounts are determined from model
simulation]

Budget component and
(in parentheses)
model layer involved

INFLOW
Mountain Recharge (upper) 132,000
Subsurface inflow from
adjacent regions (both) 2 2,000
Subsurface inflow from
adjacent subregions (both) 0
Total inflow 134,000
OUTFLOW
Evapotranspiration (upper)b 86,000
Regional springs (lower) 24,000
Subsurface outflow to
adjacent regions (both) € 23,000
Subsurface outflow to
adjacent subregions (both) 0
Total outflow? 133,000

4 From Bonneville region.

b Includes evapotraaspiration of flow from small springs
that are assumed to be discharging from upper layer; does
not include evapotranspiration of flow from regional springs
that are simulated to be discharging from lower layer.

¢ Includes 8,000 acre-ft/yr to Death Valley region, 1,000
acre-ft/yr to Colorado River region, 4,000 acre-ft/yr to
Bonneville region, and 10,000 acre-ft/yr to upper Humboldt
River region.

4 Total cutflow does not equal total inflow due to rounding
of individual values.

model cells in the Hot Creek Range were assigned
lower transmissivities. This was not done because,
during model calibration, the discharge in Little
Fish Lake Valley was grouped with the discharge
of Hot Creek Valley to reduce the number of com-
parisons between simulated and estimated dis-
charge.

The simulated areal distribution of evapotrans-
piration in Little Smoky and Long Valleys agrees
with the mapped areas of evapotranspiration
(Harrill and others, 1988). In Little Smoky Val-
ley, simulated evapotranspiration is at the north
end of the valley (fig. 34), adjacent to the dis-
charge from Fish Creek Spring. Simulated dis-
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charge in this area is about 6,000 acre-ft/yr (fig.
34), which is slightly more than the 5,200 acre-
ft/yr estimated by Rush and Everett (1966a, p.
27). In Long Valley, simulated evapotranspiration
is also at the north end (fig. 34); however, the
quantity is about 3,000 acre-ft/yr more than the
2,200 acre-ft/yr estimated by Eakin (1961a, p. 23).
The additional discharge in northern Long Val-
ley represents flow from the adjacent Butte and
Ruby Mountains.

No evapotranspiration is simulated in Ante-
lope Valley (fig. 34), west of Little Smoky Valley,
even though 4,200 acre-ft/yr is estimated by Rush
and Everett (1964, p. 21). During model calibra-
tion, estimated discharge in Antelope Valley was
grouped with that in Kobeh Valley. The model
distribution of discharge in Antelope and Kobeh
Valleys probably would agree more closely with
the observed distribution if upper-layer cells in
Antelope Valley were assigned lower values of
transmissivity.

DESCRIPTION OF GROUND-WATER FLOW

Simulated ground-water flow is generally in
the upper layer from recharge areas in the moun-
tains to the adjacent valley floors (fig. 34). In
the Railroad Valley region, about 68 percent of
the total inflow is simulated through the upper
layer. Downward flow from the upper layer to the
lower layer totals 41,000 acre-ft/yr. Most of the
flow in the lower layer is to regional springs and
leakage to the upper layer on the floor of Rail-
road Valley. Of the simulated flow entering the
lower layer from the upper layer, about 60 per-
cent is discharged at regional springs.

In Railroad Valley, estimated discharge is
27,000 acre-ft/yr greater than estimated recharge,
which led Van Denburgh and Rush (1974, p. 28)
to suggest additional ground-water inflow from
adjacent valleys west and north of Railroad Val-
ley. The imbalance between recharge and discharge
in Railroad Valley is also reflected in the model,
where assigned recharge in the drainage basin
is less than the simulated discharge. The differ-
ence is balanced by subsurface inflow from adja-
cent areas. Flow is simulated from the Monitor
and Hot Creek Ranges toward southern Railroad
Valley (fig. 34). This flow direction is consistent
with the orientation of deep flow in both carbon-
ate and volcanic rocks as reported by Dinwiddie
and Schroder (1971, p. 62-64). Simulated underflow
entering Railroad Valley from the west is about 7,600
acre-ft/yr, of which 4,900 acre-ft/yr is in the lower
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layer. Estimated flow from Hot Creek and south-
ern Little Smoky Valleys to Railroad Valley is
about 3,000 acre-ft/yr (Rush and Everett, 1966a,
pP. 26). Discharge to springs on the west side of
Railroad Valley is simulated as flow from recharge
in the Hot Creek Range, by way of southern Little
Smoky Valley. Discharge to springs on the east
side of Railroad Valley is simulated from the ad-
jacent Grant Range (fig. 34).

In the model, flow to the large regional springs
at Duckwater is mostly from the north (fig. 34).
This flow is controlled by a zone of high transmis-
sivities in the lower layer that extends from the
north end of Long Valley to Muddy River Springs
in southern Nevada (transmissivities there range
from 0.006 to 0.66 ft2/s, as shown in fig. 25). About
16,000 acre-ft/yr is simulated as southward flow
to the springs at Duckwater. More than 90 per-
cent of this flow is from the northern White Pine
Range. Simulated flow from the Pancake Range
west of the springs is only 600 acre-ft/yr. Not all
flow entering the model cell that represents the
Duckwater regional springs is discharged as spring
flow. Some deep flow (about 3,800 acre-ft/yr in the
lower layer) continues southward to the playa in
Railroad Valley. There, flow in the lower layer leaks
upward into the upper layer near the north end of
the playa where it is discharged as evapotranspi-
ration. Whether deep flow through carbonate rocks
continues southward from Duckwater Springs to
the playa in Railroad Valley is unknown. In the
model, southward flow from areas to the north is
needed to balance simulated evapotranspiration with
estimated evapotranspiration.

In Long Valley, estimated recharge exceeds es-
timated discharge (Eakin, 1961a, p. 1). Subsurface
flow from Long Valley is postulated as moving ei-
ther south to White River Valley (Eakin, 1961a, p.
1) or west to Newark Valley (Mifflin, 1968, p. 42).
Both flow directions are shown by Harrill and others
(1988). Simulated flow from Long Valley to New-
ark Valley is 12,700 acre-ft/yr; about 8,800 acre-
ft/yr is simulated through the lower layer. In the
lower layer, much of the ground-water flow is from
Long Valley through eastern Newark Valley to the
regional springs at Duckwater. Actual flow may dif-
fer from simulated flow because of uncertainties
in the estimation of recharge and because hydrau-
lic properties of the rocks are largely unknown.

The boundary between Railroad Valley region
and upper Humboldt River region extends across
northern Newark Valley to the western edge of
Long Valley. Simulated flow from the Railroad Val-
ley region to the upper Humboldt River region
in Newark Valley through the upper and lower
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layers is 5,400 and 1,600 acre-ft/yr, respectively.
Simulated flow moving across this boundary is
mostly discharged as evapotranspiration in New-
ark Valley.

The boundary between Railroad Valley and
upper Humboldt River region also extends across
northern Antelope Valley and southern Fish Creek
Range (fig. 34). Ninety-eight percent of the flow
across this part of the boundary is simulated in
the upper layer. Qutflow of 4,900 acre-ft/yr from
the Railroad Valley region is simulated from An-
telope Valley to Kobeh Valley. Inflow of 1,800 acre-
ft/yr is simulated in the Fish Creek Range.

Simulated flow to Fish Creek Spring in north-
ern Little Smoky Valley is mostly from the west
and south (fig. 34), where transmissivities in the
lower layer are greater than 0.006 ft2/s (fig. 25).
Simulated flow from the west is 1,600 acre-ft/yr,
mostly from Antelope Valley. (Rush and Everett
[1966a, p. 23, 25] have postulated that Antelope
Valley is the source of the spring flow.) Simu-
lated flow from the south is 1,100 acre-ft/yr, mostly
from the northern Hot Creek Range. Only 50 acre-
ft/yr of spring flow is simulated from the north
and the northeast in the adjacent Fish Creek
Range. In Antelope Valley, ground-water flow in
the upper layer of about 4,900 acre-ft/yr is simu-
lated northward to Kobeh Valley.

The simulated flow to the spring from the west
and south, although consistent with the general
directions of ground-water flow on the basis of
available water-level data, must cross the Oregon-
Nevada lineament that trends southeastward
through at least part of the Railroad Valley re-
gion (the lineament is shown in fig. 22B). Areas
of observed ground-water discharge in Antelope
and Kobeh Valleys begin upgradient from this lin-
eament, suggesting that it may act as a barrier
to ground-water flow northwest of the springs.
The lineament is marked by a zone of closely
spaced northwest-trending faults that are seg-
mented by many northeast-trending basin-and-
range faults (Stewart and others, 1975, p. 266).
Northwest of Antelope Valley, the lineament is
associated with a subsurface magnetic body that
may be related to low-permeability rocks (fig. 244;
Plume, 1995). The degree to which the lineament
impedes eastward and northward flow from An-
telope Valley and northern Hot Creek Range, re-
spectively, is unknown. If structures along the
lineament are a barrier to flow, then the most
likely alternative source for discharge at Fish
Creek Spring is the Fish Creek Range, and the
distribution of transmissivities in the lower model
layer would be different from those simulated.
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TABLE 8.—Simulated ground-water flow budget, Humboldt River region

[All amounts are in acre-feet per year (acre-ft/yr), rounded to nearest 1,000 acre-ft/yr. Amounts of mountain recharge are
assigned, as described in text section title "Estimates of Recharge"; all other listed amounts are determined from model
simulation]

Budget component and Entire upper

(in parentheses) Diamond Humboldt Humboldt River
model layer involved subregion subregion region
INFLOW

Mountain recharge (upper) 61,000 113,000 174,000
Subsurface inflow from adjacent regions (both) % 11,000 b 1,000 12,000
Subsurface inflow from

adjacent subregions (both) 0 € 6,000 @

Leakage 0 € 3,000 € 3,000
Total inflow 72,000 123,000 189,000
OUTFLOW
Evapotranspiration (upper) 61,000 70,000 131,000
Regional springs (lower) 4,000 0 4,000
Subsurface outflow to
adjacent regions (both) 0 £ 25,000 25,000
Subsurface outflow to
adjacent subregions (both) k 6,000 0 @
Leakage (upper) 0 28,000 128,000
Total outflow/ 71,000 123,000 188,000

2 Includes 10,000 acre-ft/yr from Railroad Valley region and 1,000 acre-ft/yr from Death Valley region.
b Tncludes 600 acre-ft/yr from Bonneville region and 400 acre-ft/yr from Death Valley region.

¢ From Diamond subregion.

4 Net flow among subregions within upper Humboldt River region is zero.

¢ From Humboldt River and selected tributaries.

S Includes evapotranspiration of flow from small springs that are assumed to be discharging from upper layer; does not include
evapotranspiration of flow from regional springs that are simulated to be discharging from lower layer.

2 To Bonneville region.
’.' To Humboldt subregion.
! To Humboldt River and selected tributaries.

J Total cutflow does not always equal total inflow due to rounding of individual values.

simulated as flowing northward from Antelope
Valley into Kobeh Valley in the upper layer (fig.
35); about 1,200 acre-ft/yr is simulated as south-
ward flow from the Fish Creek Range at the south
end of Diamond Valley into the Railroad Valley
region.

Total simulated outflow from the subregion
is 71,000 acre-ft/yr. Simulated evapotranspiration
from the upper model layer and discharge to re-
gional springs in Diamond Valley from the lower
layer total about 65,000 acre-ft/yr, which is ap-
proximately the same as the estimated discharge
of 61,000 to 63,500 acre-ft/yr from Newark, Kobeh,
and Diamond Valleys: 16,000 to 18,500 acre-ft/yr
in Newark Valley (Eakin, 1960, p. 15, 16), 15,000

acre-ft/yr in Kobeh Valley (Rush and Everett, 1964,
p. 20), and 30,000 acre-ft/yr in Diamond Valley
(Harrill, 1968, p. 33).

Ground-water flow in the subregion is prima-
rily from recharge areas in the mountains to dis-
charge areas on the valley floors. About 83 percent
of the total inflow to the subregion is simulated
through the upper layer. Downward flow from the
upper layer to the lower layer totals 9,500 acre-
ft/yr. Of the flow in the lower layer, 4,400 acre-
ft/yr is discharged at Shipley Hot Spring and
Bailey Spring on the west side of Diamond Val-
ley (fig. 35, table 1). Transmissivities simulated
in the lower layer are less than 0.006 ft%/s through-
out most of the subregion (fig. 20B); southwest
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of the regional springs, in contrast, values range
from 0.006 to 0.18 ft2/s (fig. 25). Simulated trans-
missivities in the upper layer are generally less
than 0.18 ft2/s, except in Kobeh and Diamond Val-
leys where they range from 0.18 to 0.66 ft2/s (fig.
20A). Estimated transmissivities for basin fill,
based on pumping tests at six water wells in south-
ern Diamond Valley, range from 0.04 to 0.4 ft%/s
(27,000 to 250,000 gal/d/ft; Harrill, 1968, p. 15).
These values are in the same range as those simu-
lated in the model.

Simulated ground-water flow to Shipley Hot
Spring and Bailey Spring on the west side of
Diamond Valley (table 1, fig. 35) is from the
Roberts Mountains southwest of the springs.
This is the same source area for an estimated
9,000 acre-ft/yr of subsurface flow from Gar-
den Valley (Harrill, 1968, p. 25, 26)—a small
basin on the west flank of the Roberts Moun-
tains that is tributary to Pine Valley (not shown
in fig. 35). The estimate is based on an imbal-
ance between recharge and discharge in Gar-
den Valley and a hydraulic gradient of 25 to
120 ft/mi from that valley to Diamond Valley.

HUMBOLDT SUBREGION

The Humboldt subregion encompasses about
5,100 mi2. It includes all or part of six shallow-
flow regions in the upper layer (fig. 23). The sub-
region generally corresponds to the flow system
of Harrill and others (1988) along the east and
south boundaries, except they exclude Grass Valley.
To the north and west, their flow system includes
basins tributary to the Humboldt River that ex-
tend beyond the modeled area. Simulated inflow
to the subregion is 123,000 acre-ft/yr, of which
113,000 acre-ft/yr is recharge assigned to cells in
the upper model layer, 3,000 acre-ft/yr is flow from
head-dependent flow boundaries in the upper layer,
6,000 acre-ft/yr is subsurface flow from the Dia-
mond subregion, and 1,000 acre-ft/yr is flow from
the Bonneville and Death Valley regions (table
8). Simulated outflow from the Humboldt subre-
gion includes 70,000 acre-ft/yr as evapotranspi-
ration from the upper layer, 28,000 acre-ft/yr as
leakage to head-dependent flow boundaries in the
upper layer, and 25,000 acre-ft/yr as subsurface
flow to the Bonneville region. The latter is from
model cells along the crests of the Ruby Moun-
tains, where horizontal flow in both layers is east-
ward and westward (fig. 35). Model cells along
the crests are included in the water-budget com-
putation for the upper Humboldt River region.

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

Thus, eastward flow along the crests of these
ranges is accounted for as simulated subsurface
outflow to the Bonneville region; about 11,000 acre-
ft/yr is simulated through the upper layer, the
remaining 14,000 acre-ft/yr is simulated through
the lower layer.

Ground-water flow in the subregion is simu-
lated from recharge areas in the mountain ranges
to discharge areas on the adjacent valley floors
and to the Humboldt River (fig. 35). About 73
percent of the total inflow to the subregion is simu-
lated through the upper layer. Transmissivities
in the lower layer are less than 0.006 ft%s through-
out the subregion, with values less than 0.0006
ft2/s on the west side (fig. 20B). Transmissivities
in the upper layer are generally less than 0.006
ft2/s in the northern Ruby Mountains and East
Humboldt Range, which corresponds to the low-
permeability rocks that crop out in these moun-
tains (Plume, 1995), and between 0.006 and 0.18
ft2/s in the valley lowlands and areas north of
the Humboldt River (fig. 20A).

The generally low transmissivities in the lower
layer may be related to thinning of the Paleozoic
carbonate rocks. Outcrops of deep-water clastic
rocks, chert, and volcanic rocks of Triassic to Cam-
brian age become increasingly abundant west of
the Ruby Mountains, and correspondingly, out-
crops of Paleozoic carbonate rocks become less
abundant (Plume and Carlton, 1988). Locally, how-
ever, volcanic and carbonate rocks in the subre-
gion may be highly permeable and may transmit
moderate quantities of ground water to discharge
points near the river. The springs near Carlin
may be an example of this.

In valleys south of the Humboldt River, simu-
lated evapotranspiration is 47,000 acre-ft/yr, in-
cluding: 14,000 acre-ft/yr for two areas in
Huntington Valley, 22,000 acre-ft/yr in Pine Val-
ley, 6,000 acre-ft/yr from Crescent Valley, and 5,000
acre-ft/yr in Grass Valley (fig. 35). Estimated
evapotranspiration in these valleys totals 57,000
acre-ft/yr: 21,000 acre-ft/yr in Huntington Valley
area (Rush and Everett, 1966b, p. 21, 22), 24,000
acre-ft/yr in Pine Valley (Eakin, 1961b, p. 22, in-
cludes 5,000 acre-ft/yr as leakage to Pine Creek),
12,000 acre-ft/yr in Crescent Valley (Zones, 1961,
p. 21), and 12,000 acre-ft/yr in Grass Valley
(Everett and Rush, 1966, p. 16). Crescent and
Grass Valleys are on the edge of the modeled area
and recharge from mountain ranges on the west
sides of the valleys is not simulated. Consequently,
the simulated discharge in these valleys is ap-
preciably less than the estimated quantity.
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Total simulated discharge (as evapotranspiration
and leakage to head-dependent flow boundaries) along
the Humboldt River is 52,000 acre-ft/yr (fig. 35). This
quantity represents only a fraction of the total
estimated evapotranspiration and streamflow in
the Humboldt River valley above Palisade (Eakin
and Lamke, 1966, p. 59, 60). Simulation of re-
gional ground-water flow with the model did not
account for the local circulation of water adja-
cent to the Humboldt River; rather, the model is
designed to assess the potential for regional flow
from distant sources to regional discharge areas.
In the upper Humboldt River region, the quan-
tity of simulated deep flow (flow through the lower
model layer) to the Humboldt River is small (a
few thousand acre-ft/yr) compared to local flow
between the river and its alluvium.

POTENTIAL USES OF MODEL

The ground-water flow model of the carbon-
ate-rock province is unlike most models in that
the extent of aquifers and their hydraulic prop-
erties are generally unknown in the province; thus,
the model greatly simplifies flow through a com-
plex geologic region. Simulation results are based
on assuming recharge to the province is known
with the distribution of transmissivities simulated
to match the general distribution of water levels
and estimates of discharge. However, water lev-
els in consolidated rocks are generally unknown,
and estimates of recharge and discharge are known
only approximately. Consequently, other, equally
valid distributions of transmissivities may be found
that permit the model to be calibrated to the ex-
isting water-level data and estimates of recharge
and discharge. The model may be best suited for:

¢ Simulating alternative transmissivity distri-
butions to evaluate potential source areas of
regional springs,

¢ Simulating the effects of differing recharge
rates on regional ground-water flow, and

¢ Simulating the effects of changing location
of discharge on regional ground-water flow.

Therefore, the potential uses of the model are
limited. The model is not suited to predict accu-
rate water-level declines that would result from
pumping ground water in the province. Also, the
model is not suited to predict the accurate rate
of change in natural discharge caused by pump-
ing, because the model has not been calibrated
to any transient simulations.

D93

SUMMARY AND CONCLUSIONS

This report describes the results of a com-
puter-model-based analysis of regional ground-
water flow in the eastern Great Basin, a
100,000-mi? area that lies mostly in eastern Ne-
vada and western Utah, with small parts in north-
western Arizona, eastern California, and southern
Idaho. The original version of this report, pub-
lished in 1991, presented results that subsequently
proved to be adversely affected by a transposi-
tional error in the computer data files that de-
fine the model-cell dimensions. This error produced
an unintended regional anisotropy in hydraulic
conductivity. The results reported herein consti-
tute a reanalysis of regional flow after the trans-
position was corrected and the computer model
recalibrated.

Ground-water flow in the eastern Great Ba-
sin has been evaluated as part of the U.S. Geo-
logical Survey’s Great Basin Regional
Aquifer-System Analysis. The area is referred to
as the carbonate-rock province because, during
the Paleozoic era, thick sequences of limestone
and dolomite were deposited in a shallow sea that
inundated the area. Since then, many episodes
of sediment deposition, volcanic activity, erosion,
and tectonic deformation by both compressional
and extensional forces have altered the extent and
thickness of the carbonate rocks. The present-day
physiography, which is characterized by north- to
northeast-trending mountain ranges separated by
intervening valleys that are partly filled with sedi-
mentary deposits eroded from the adjacent moun-
tains, is the result of normal faulting caused by
extension that began about 20 million years ago.
Relief between the block-faulted mountains and
the adjacent valley floors ranges from 1,000 ft to
more than 7,000 ft.

Shallow ground-water reservoirs in the ba-
sin fill supply most of the current (1992) pumpage
from wells in this geologically complex terrain.
Aquifers in the underlying carbonate rocks are
largely undeveloped; regionally, however, these
aquifers are important because they provide an
avenue for interbasin ground-water flow. The
source of ground water in the province is pre-
cipitation, most of which falls in the higher moun-
tain ranges. Ground-water discharge is mostly by
evapotranspiration in the low parts of the many
valleys. Some ground water also discharges from
small, local springs. Such springs are fed by re-
charge that originates nearby. In contrast, ground
water discharging at larger, regional springs
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issuing from the carbonate-rock aquifers originates
in distant mountain ranges.

Ground-water flow in the province is concep-
tualized as consisting of two components: a rela-
tively shallow one in which the flow is from
mountain ranges to adjacent valleys, and a deeper
one in which the ground water is transmitted
through carbonate rocks beneath mountain ranges
and valleys to discharge areas at distant springs
or terminal sinks. The maximum depth of flow
in the province is unknown, but freshwater has
been detected at depths as great as 10,000 ft. A
three-dimensional ground-water flow model was
used to simulate the concept of shallow flow sys-
tems superimposed over deeper flow systems and
to evaluate regional flow. The modeled area is
divided into rectangular cells, 5§ mi wide and 7.5
mi long, that are elongate in a north-
northeastward direction. Two model layers are
used to simulate the shallow and deeper flow
systems.

The conceptualization and simulation of re-
gional ground-water flow includes the following
simplifying assumptions: (1) Fractures and solu-
tion openings in consolidated rocks can be repre-
sented on a regional scale as a porous medium.
(2) Darcy’s Law is applicable on a regional scale
to flow through the fractures and solution open-
ings and across abrupt changes in lithology. (3)
Steady-state conditions exist, in which estimates
of present-day recharge equal estimates of dis-
charge (the discharge estimates used for each val-
ley are based on conditions prior to ground-water
development). (4) Horizontal transmissivity is
heterogeneous in the region, but it is homogenous
and isotropic within each 37.5-mi2 model cell. (5)
Recharge is from precipitation in the mountain
ranges and is based on previously published es-
timates. (6) Rivers and lakes that border the prov-
ince, as well as the Death Valley playa, can be
either a source or a sink for ground-water flow.
(7) Discharge from regional springs is known, and
flow to the springs is through carbonate rocks.
(8) Spring flow not simulated as discharging from
carbonate rocks is included as part of the dis-
charge from shallow ground water. Although these
assumptions are probably valid for parts of the
province, the validity of each assumption for the
entire area is not known. Because of the uncer-
tainty of these assumptions and because the ex-
tent, thickness, and hydraulic properties of the
carbonate aquifers throughout most of the prov-
ince are largely unknown, simulation results do
not perfectly replicate actual ground-water flow
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in the province. The results do, however, provide
a simplified concept of the distribution of recharge,
discharge, and flow in the province within the
limitations of current understanding and the limi-
tations of the model simulations.

The computer model was calibrated by adjust-
ing transmissivities of cells in both model layers
and vertical leakances between layers during re-
peated simulations. Calibration proceeded until
simulated water levels and simulated discharge
as evapotranspiration and regional-spring flow
agreed with available water levels in most places,
with the mapped distribution and estimated quan-
tity of evapotranspiration, and with the estimated
flow at regional springs. The magnitude of the
estimated transmissivities and vertical leakances
in the model is dependent upon the quantity of
recharge used in the simulation. Estimates of re-
charge are approximate and could differ from ac-
tual recharge by 100 percent or more. Therefore,
the estimated transmissivities and leakances in-
clude an uncertainty equal to or greater than that
of the estimated recharge. Additional uncertainty
in the distribution of transmissivities and
leakances results from the scarcity of available
water-level data (particularly for the carbonate-
rock aquifers), the lack of information on the ex-
tent and thickness of the basin-fill and
carbonate-rock aquifers, and the lack of knowl-
edge on the distribution of recharge. Because of
the uncertainty in the transmissivities and ver-
tical leakances, other distributions may adequately
simulate water levels and discharge in the prov-
ince. In addition, the estimated transmissivities
should be considered only on a regional basis be-
cause the values represent an average for all rocks
and deposits included within the 37.5-mi2? area
of a model cell. The hydraulic properties of the
various rocks and deposits within even a single
cell can vary by several orders of magnitude.

In the upper model layer, transmissivities
range from 0.000022 to 0.22 ft%s. Transmissivi-
ties are generally greater than 0.006 ft2/s for cells
corresponding to basin fill and carbonate rocks
and are less than 0.006 ft2/s for cells corresponding
to other consolidated rocks (which are assumed
to be of low permeability). Lowest transmissivi-
ties are simulated in the Great Salt Lake Desert,
where an extensive body of ground water is sa-
line and the circulation of freshwater is minimal.

In the lower model layer, estimated transmis-
sivities range from 0.000033 to 0.66 ft2/s. Trans-
missivities greater than 0.006 ft2/s are simulated
in the vicinity of regional springs or in areas where
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ground-water budgets indicate interbasin flow.
These zones of higher transmissivity may be re-
lated to places in the province where thick se-
quences of Paleozoic carbonate rocks are still
present. The highest transmissivities are simu-
lated in narrow bands associated with regional
springs in the White River Valley in eastern Ne-
vada, the Muddy River Springs in southern Ne-
vada, and Fish Springs in west-central Utah.
Transmissivities less than 0.006 ft2/s are simu-
lated throughout much of the province. Lowest
transmissivities are simulated for the Great Salt
Lake Desert, for Death Valley, and for the ex-
treme southern end of the province.

Only one of several extensive east-west-trend-
ing lineaments could be correlated with a marked
change in the simulated and measured water-level
trends. This lineament, called the transverse
crustal boundary, extends across southern Nevada.
It generally corresponds to the southern extent
of Cenozoic volcanism in the province, to a con-
siderable southward decline in the altitude of the
valley floor, to a change in gravity, and to the
location of left-lateral shears. Except for a nar-
row zone of high transmissivities in eastern Ne-
vada, assigned values in the lower model layer
are less than 0.006 ft2/s along the lineament.

The lack of correlation of marked changes in
simulated water levels and transmissivities, as
well as observed water-level trends, across other
lineaments north of the transverse crustal bound-
ary might be due to disruption of the lineaments
by younger faulting. However, several regional
springs are near the lineaments, which suggests
that segments along some of the lineaments may
restrict regional ground-water flow.

The model simulates the concept of numer-
ous shallow-flow regions superimposed upon fewer
deep-flow regions. A total of 45 shallow-flow re-
gions are identified in the upper model layer on
the basis of horizontal flow between cells. In the
lower layer, flow is grouped into deep-flow regions
and subregions. A total of 17 deep-flow subregions
are delineated, also on the basis of horizontal flow
between cells. The subregions are, in turn, grouped
into five deep-flow regions on the basis of areas
having simulated water levels that generally de-
cline toward one of five regional discharge areas.
These are named the Death Valley, Colorado River,
Bonneville, Railroad Valley, and upper Humboldt
River regions. Simulated water levels are gener-
ally highest in southwestern Utah and east-cen-
tral Nevada, where altitudes of the valleys floors
are highest. From this area, water levels gener-
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ally decrease northward toward discharge areas
in the upper Humboldt River and Bonneville re-
gions and southward toward discharge areas in
the Colorado River and Death Valley regions.
Within the area of high water levels in east-cen-
tral Nevada, some of the ground water flows to
a terminal sink in Railroad Valley.

Water budgets for each of the deep-flow re-
gions are summarized in table 9. The budgets in-
clude flow within the overlying shallow-flow
regions. The budgets list cross-boundary flow be-
tween regions because cells that straddle a flow-
region boundary are assigned to only one of the
two regions and because simulated flow in the
shallow-flow regions is not everywhere in the same
direction as that in the underlying deep-flow
regions.

Most of the simulated flow is in the upper
model layer. Total simulated inflow is about 1.5
million acre-ft/yr (about 3 percent of the total pre-
cipitation), with all but 3,000 acre-ft/yr assigned
as recharge to the mountains (table 9). This in-
flow does not include recharge that is discharged
locally—that is, within the same 37.5-mi2 model
cell. If this recharge were included, the estimated
total inflow would be considerably more. Simu-
lated outflow is mostly from the upper layer as
evapotranspiration (about 1.2 million acre-ft/yr)
and as leakage to surface-water bodies and to the
Death Valley playa (about 100,000 acre-ft/yr). Most
of the simulated flow in the lower layer is in ar-
eas of high transmissivities. Flow is downward
in recharge areas, then lateral to regional springs
or to areas of discharge from the upper layer. Total
simulated flow in the lower layer is 428,000 acre-
ft/yr, or only 28 percent of total inflow. About half
the flow through the lower layer (211,000 acre-
ft/yr) is simulated as discharge to regional springs.
This simulated total is only 0.5 percent more than
the estimated total for the regional springs.

Simulated regional-spring flow is extremely
sensitive to changes in transmissivities in both
layers and to changes in vertical leakance between
layers. For example, increasing transmissivities
in the lower layer between Ash Meadows in
Amargosa Desert and Death Valley results in less
spring flow at Ash Meadows and greater flow to
Death Valley. Similar results are simulated at
Muddy River Springs in southern Nevada and Fish
Springs in west-central Utah when transmissivi-
ties are increased downgradient from the springs.
Even minor changes to the assigned hydraulic
properties can result in changes to the discharge
at regional springs. The final assigned distribution
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TaBLE 9.—Simulated ground-water flow budgets for five deep-flow regions of modeled area

[All amounts are in acre-feet per year (acre-ft/yr), rounded to nearest 1,000 acre-ft/yr. Amounts of mountain recharge are
assigned, as described in text section title "Estimates of Recharge"; all other listed amounts are determined from model

simulation]
Upper
Budget component and Death Colorado . Railroad Humboldt Entire
(in parentheses) Valley River Bonneville Valley River modeled
model layer involved region region region region region area
INFLOW
Mountain recharge (upper) 161,000 202,000 855,000 132,000 174,000 1,524,000
Subsurface inflow from
adjacent regions (both) % 16,000 b 5000 € 34,000 42000 12,000 ”
Leakage (upper) 0 0 0 0 £ 3,000 3,000
Total inflow 177,000 207,000 889,000 134,000 189,000 1,527,000
OUTFLOW
Evapotra.nspirationh (upper) 147,000 91,000 758,000 86,000 131,000 1,213,000
Regional springs (lower) 22,000 97,000 64,000 24,000 4,000 211,000
Subsurface outflow to .
adjacent regions (both) i3000 710,000 kgooo 123000 ™ 25000 0
Leakage (upper) 8,000 2 7,000 ? 59,000 0 928,000 102,000
Total outflow” 180,000 205,000 889,000 133,000 188,000 1,526,000

a Includes 8,000 acre-ft/yr from Colorado River region and 8,000 acre-ft/yr from Railroad Valley region.
b Includes 2,000 acre-ft/yr from Bonneville region, 1,000 acre-ft/yr from Railroad Valley region, and 2,000 acre-
ft/yr from Death Valley region.
€ Includes 4,000 acre-ft/yr from Railroad Valley region, 25,000 acre-ft/yr from upper Humboldt River region, and
5,000 acre-ft/yr from Colorado River region.
From Bonneville region.
€ Includes 10,000 acre-ft/yr from Railroad Valley region, 1,400 acre-ft/yr from Death Valley region, and 600 acre-
ft/yr from Bonneville region.
Net flow among regions within modeled area is zero.
£ From Humboldt River and selected tributaries.
R Includes evapotranspiration of flow from small springs that are assumed to be discharging from upper layer; does
not include evapotranspiration from regional springs that are simmulated to be discharging from lower layer.
! Includes 1,000 acre-ft/yr to upper Humboldt River region and 2,000 acre-ft/yr to Colorado River region.
J Includes 2,000 acre-ft/yr to Bonneville region and 8,000 acre-ft/yr to Death Valley region.
K Includes 5 ,000 acre-ft/yr to Colorado River region, 2,000 acre-ft/yr to Railroad Valley region, and 1,000 acre-ft/yr
to ugper Humboldt River region.
Includes 8,000 acre-ft/yr to Death Valley region, 10, 000 acre-ft/yr to upper Humboldt River region, 4,000 acre-ft/yr
to Bonneville region, and 1,000 acre-ft/yr to Colorado River region.
™ To Bonneville region.
" To Death Valley playa.
¢ Includes 5,000 acre-ft/yr to Virgin River and 2,000 acre-ft/yr to Lake Mead and Colorado River.
? Includes 34,000 acre-ft/yr to Sevier River and Sevier Lake, 22,000 acre-ft/yr to Utah Lake, and 3,000 acre-ft/yr to
Great Salt Lake.
4 To Humboldt River and selected tributaries.
T Total outflow does not always equal total inflow due to rounding of individual values.

of transmissivities and vertical leakances results | plicate measured and estimated values. However,
in simulated water levels, regional-spring flows, | other combinations of transmissivities and verti-
and evapotranspiration rates that reasonably du- | cal leakances may be possible that also would
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reproduce measured water levels and estimated
discharge in the province, but would result in dif-
ferent patterns of ground-water flow and differ-
ent configurations of flow-region boundaries.
The simulation results presented in this re-
port are only approximate because of uncertain-
ties in the quantity of recharge to and
evapotranspiration from the aquifers in the prov-
ince and because the extent, thickness, and hy-
draulic properties of the carbonate aquifers are
largely unknown. Nonetheless, several general con-
clusions can be made on the basis of available
information and the model simulations:

® Most ground-water flow in the province is
relatively shallow, moving from recharge ar-
eas in the mountain ranges to discharge ar-
eas in the adjacent valleys.

* Directions of shallow ground-water flow do
not everywhere correspond to the directions
of deep ground-water flow.

* Most consolidated rocks beneath the valleys
and surrounding mountains are not highly
transmissive, suggesting either that not all
carbonate rocks are highly permeable or that
not all valleys and surrounding mountains
are underlain by carbonate rocks.

¢ Ground-water flow to the larger regional
springs is through permeable carbonate rocks
that transmit water from distant recharge
areas beneath intervening mountains and
valleys.

¢ Only small quantities of deep flow discharge
at the terminal sinks (the Great Salt Lake,
the Great Salt Lake Desert, the Railroad Val-
ley and Death Valley playas, and the Colo-
rado and Virgin Rivers); rather, most of the
deep flow discharges at regional springs and
in areas of evapotranspiration upgradient
from the terminal sinks.

® Only small quantities of deep flow are simu-
lated in the upper Humboldt River region,
because most of the ground water discharg-
ing along the river is from local flow associ-
ated with the river.

The model is a simplification of flow through
a geologically complex region, in which hydrau-
lic properties can change abruptly because of
changes in lithology. The lack of information on
the extent of aquifers, their hydraulic properties,
and the distribution of water levels in the aqui-
fers precludes developing a model in which only
one distribution of transmissivity is possible. The
model, therefore, may not reliably predict water-
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level declines that would result from pumping
ground water in the province nor simulate the
rate of change in natural discharge caused by
pumping. The model may be best suited for simu-
lating different transmissivity distributions to
evaluate potential source areas of regional springs
and for simulating long-term effects of changing
recharge and discharge on regional ground-water
flow.
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