GEOHYDROLOGY, AQUEOUS GEOCHEMISTRY, AND THERMAL REGIME OF THE

SODA LAKES AND UPSAL HOGBACK GEOTHERMAL SYSTEMS, CHURCHILL COUNTY, NEVADA

By F. H. Olmsted, Alan H. Welch, A. S. VanDenburgh, and S. E. Ingebritsen

U. S. GEOLOGICAL SURVEY

Water Resources Investigations Report 84-4054

Menlo Park, California
1984

ii



CONTENTS

Page
Abstract 1
Introduction-- - - 3
Purpose of present study 3
Regional setting——————=———————————————— —— -——— 3
Climate and vegetation——m=———mm—m e e e e e e e 6
Previous studies —— -—- 6
Methods of investigation———————w——wme——- - 7
Acknowledgments 10
Geology — —— e e e 11
Stratigraphy ——————— 11
Pre-Tertiary rocks -- 11
Tertiary System——-—-—-—-— 13
Quaternary System——————=——=—————————— 18
Structure 19
Physiography 20
Geohydrology————==—mmm e e e e e e e e e e e e e e 23
Regional hydrologic setting -- 23
Subdivisions of the ground-water system - 24
Occurrence and movement of ground water in the shallow subsystem—-—- 27
Ground-water budget —— 31
Estimates of lateral ground-water flow 34
Estimates of vertical ground-water flow ——— 39
Summary of ground-water budget estimates 58

iii



CONTENTS (Continued)

Page
Aqueous geochemistry— == e e e e e e e e e e e e e e 63
Major constituents —— 63
Minor constituents -— 71
Stable isotopes—————————————————————— - - 73
Geothermometry -- 76
Geochemical history of the thermal water - 82
Soda Lakes system—————————————m e e e e 82
Upsal Hogback system——-——-——-—--—- 83
Age of the thermal water -— 83
Subsurface temperature, heat storage, and heat discharge 86
Temperature-depth profiles in wells 86
Deep test wells 86
Shallow test wells 88
Subsurface temperature distribution and heat storage 91
Geothermal heat discharge - 97
Components of heat discharge 97
Modes of heat discharge —— 97
Radiation - 97
Convection————-——m—w—————— e e e e 98
Advection———=——m————— —-— 98
Conduction --- 98
Thermal conductivity -—=-- 98
Estimates of near-surface heat flow -——- 104
Method A—————————— e e e e e 108

iv



CONTENTS (Continued)

Estimates of near-surface heat flow (continued)

Method B -—

Summary and evaluation of estimates

Regional heat flow

Anomalous heat discharge -—

Conceptual models of the geothermal systems

Soda Lakes system -— -

Configuration and extent

Physiochemical nature of fluids

Source and flux of heat -

Source and flux of thermal fluid

Heat budget———--——————-

Hydrochemical budget

Water budget

Discussion of estimates

Movement of thermal fluid---

Origin and age of system

Upsal Hogback system--- -

Extent and configuration---

Physicochemical nature of fluids-

Origin and age of the system—————-

Summary and conclusiong——=————=——————— -—

References cited

Page

109
110
110
115
120
120
120
126
127
128
128
129
130
131
131
137
138
138
140
141
142

148



Plate 1.

Figure 1.

3-6.

7.

8.

ILLUSTRATIONS

Page
Geologic map of Soda Lakes and Upsal Hogback geothermal
areas showing locations of test wells and geologic
sections p§2ket
Geologic sections of the Soda Lakes and Upsal Hogback
areas p§2ket
Map showing location of the Soda Lakes and Upsal Hogback
geothermal areas, in west—central Nevada —— 4
Generalized columnar section of rocks and deposits penetrated
by ERDA Lahontan No. 1 test well-—- 12
Maps showing Soda Lakes and Upsal Hogback geothermal areas:
3. Altitude of water table, December 1979, 29
4. Altitude of confined water level representing a depth
of 30 meters, December 1979, Soda Lakes and Upsal
Hogback geothermal areas 30
5. Ground-water budget prism and altitude of adjusted
confined water level representing a depth of 30 meters,
December 1979, Soda Lakes and Upsal Hogback geothermal
areas 33
6. Ground-water budget prism showing average adjusted
lateral hydraulic conductivity of deposits between the
water table and a depth of 45 meters -- 35
Plot of specific discharge versus depth to water at selected
test-well sites 51
Map of ground-water budget prism showing estimated specific
discharge or recharge between the water table and a depth
of 45 meters -————————— 53

vi



ILLUSTRATIONS (Continued)

Page
Figure 9. Map of ground-water budget prism showing ground-water
evapotranspiration estimated on basis of phreatophytes
and surface conditions - ~-== 56
10. Diagrammatic longitudinal section of ground-water budget
prism showing budget items—-~-- 59
11-12. Sections showing:
11. Chloride concentrations along section E-E' (pl. 2),
extended e e e e e e e e e e e e e 65
12. Sulfate concentrations along section E~E' (pl. 2),
extended m———————————— — —-——- 67
13. Diagram showing proportions of major dissolved constituents
in well water from the Soda Lakes and Upsal Hogback thermal
systems and in Big Soda Lake, extended——====—m——m————a————-— 69
14. Plots of minor constituents versus chloride -— 72

15. Plot of stable-isotope composition of selected well waters---- 75
16. Plot of comparison of thermal-aquifer temperature estimates

by the quartz-silica and magnesium-corrected sodium-

potassium-calcium geothermometers — - --- 81
17. Plot of temperature-depth profiles in deep test wells in
Soda Lakes and Upsal Hogback geothermal areas—-——-—-———=—==——=—==-- 87

18. Plot of temperature~depth profiles in shallow wells

in Soda Lakes geothermal area- --- 89

19. Plot of temperature-depth profiles in shallow test wells

in Upsal Hogback geothermal area --=- 90

20. Map of Soda Lakes geothermal area showing depth to 150°C

isotherm e e e e e e e e e i e e e e e e 93

vii



Figure 21.

22.

23.

24.

25.

26.

27.

28.

29.

Table 1.

ILLUSTRATIONS (Continued)

Plot of relation of saturated bulk thermal conductivity to

matrix thermal conductivity and porosity where saturant

is water at 50°C-—=-——————————— —
Diagrammatic cross section of discharge parts of Soda
Lakes and Upsal Hogback geothermal systems——-——=—==——————————

Map showing Near-surface heat flow, Soda Lakes and Upsal

Hogback geothermal areas- -

Map showing Near-surface heat flow, hottest part of Soda

Lakes thermal anomaly -
Plot of relation of near-surface heat flow to area, Soda

Lakes and Upsal Hogback thermal anomalieg————————=————————
Sections H~H' and I-1' across Soda Lakes thermal anomaly-----

Section J-J' across hottest part of Soda Lakes thermal

anomaly - —————
Plot of boiling point of pure water at hydrostatic depth

and temperature profiles in hottest part of Soda Lakes

geothermal area - -

Diagram showing two hypothetical configurations of Soda

Lakes thermal flow system~-- -

TABLES

Major rock-stratigraphic units in the southern Carson

Desert and Hot Springs mountains, western Carson Desert-——-

viii

Page

103

105

116

117

118

122

123

133

135

Page

14



Table

10.

TABLES (Continued)

Inferred thermal and hydrologic properties of shallow,

intermediate, and deep ground-water subsystems in the Soda

Lakes geothermal area

Values of intrinsic permeability and thermal conductivity

assigned to materials classified in lithologic logs of

test wells ———————

Lateral ground-water flow above a depth of 45 meters through

sections A-A', B-B', and D-D', December 1979

Specific discharge or recharge at test-well sites estimated

by "hydraulic" method
Estimated rates of evapotranspiration from ground water
for various types of phreatophytes or surface conditions——-

Summary of estimates of specific discharge or recharge

at test-well sites
Estimated vertical ground-water discharge between the water

table and a depth of 45 meters within ground-water budget

subprisms ——
Estimated ground-water discharge by evapotranspiration

within ground-water budget subprisms, based on

phreatophytes and surface conditions

Thermal—~aquifer temperature estimates

ix

Page

25

36

38

42

46

47

55

57

77



Table 11.

12.

13.

14.

15‘

16.

17.

TABLES (Continued)

Page

Estimated volume of reservoir and of effective pore space

more than 150°C, Soda Lakes geothermal system - 96
Comparison of values of thermal conductivity assigned to

unconsolidated deposits classified in lithologic logs

of test wells in geothermal areas in northern Nevada—-——-—-- 100
Thermal conductivity of saturated unconsolidated deposits

in core samples from the Carson Desert -—-- 101
Summary of near-surface heat flow at test well sites in

Soda Lakes and Upsal Hogback geothermal areas 112
Maximum estimated volume of effective pore space through

which piston flow of geothermal fluid occurs in Soda

Lakes geothermal system-- —— 136
Records of test wells ———- 154
Water-quality data 162




CONVERSION FACTORS AND ABBREVIATIONS
The metric system is used throughout this report, although some of the
original measurements and data were reported in inch-pound units. Thermal
parameters are given in the more familiar "working units" rather than in
the now-standard International System of Units (SI). The table below lists
metric and equivalent SI units for thermal properties, conversion factors
for permeability units in common usage, temperature conversion for degrees

Celsius to degrees Fahreheit, and water—quality units of measure used in this

report.
Multiply metric units By To obtain inch-pound units
Length
millimeter (mm) 3.937 x 1072 inch (in)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
. 2 . . 2
square centimeter (cm’) 0.1550 square inch (in")
square meter (mz) 10.76 square foot (ftz)
hectare (ha) 2.471 acre
square kilometer (kmz) 247.1 acre
. .2
0.3861 square mile (mi”)

X1



Multiply metric units By To obtain inch-pound units

Volume
. . 2 -2 .. .3
cubic centimeter (cm”) 6.102 x 10 cubic inch (in”)
liter (L) .2646 gallon (gal)
3.531 x 1072 cubic foot (£t3)
cubic meter (m3) 35.31 cubic foot (ft3)
8.107 x 10—4 acre foot (acre-ftt)
cubic hectometer (hm3) 8.107 x 102 acre foot (acre-ft)
cubic kilometer (km3) .2399 cubic mile (miB)
Fluid flow
liter per second (L/s) 15.85 gallon per minute
(gal/min)
25.58 acre-foot per year

(acre-ft/a)

cubic hectometer per year

(hm>/a) 8.107 x 102 acre-foot per year
(acre-ft/a)

kilogram per second (kg/s) 7.938 x 103 pound per hour
(1b/h)
Mass
-2
gram (g) 3.528 x 10 ounce (oz)
kilogram (kg) 2.205 pound (1b)

xi1



Multiply metric units By To obtain inch-pound units
Density
gram per cubic centimeter 62.43 pound per cubic foot

(g/cm’)

(1b/ft3)

Thermal parameters

Multiply "working units" By To obtain SI units
thermal-conductivity unit 418.4 milliwatt per meter
(tcu) degree kelvin (mW/m x K)
(1 tecu =1 10_3mca1/cm x s x °C)
calorie per gram per degree
Celsius 4.184 joule per gram
(cal/g °C) kelvin (J/g x K)
heat-flow unit (hfu) 41.84 milliwatt per square
meter second
(hfu = 1ycal/cm2 s) (mW/m2 X S§)
calorie (cal) 4.184 joule (J)
calorie per second (cal/s)/ 4.184 watt (W)

xiii



Conversion factors for permeability units in common usage are shown in the

chart below.

PERMEABILITY
H,0 at 60°F (15.6°C)
[ ]
10-3~ﬁm millidarcy Meinzer unit
10710 m? (gal/d f£e2) fe/d m/d
-2 -3 -4
one 1.013 1.848 x 10 2.471 x 10 7.531 x 10
-2 -3 -4
0.987 one 1.824 x 10 2.438 x 10 1.432 x 10
54.11 54.82 one 1.337 x 10°Y  4.075 x 1072
4.047 x 102 1.345 x 10° 7.480 one . 3048
1.328 x 10> 1.345 x 10° 2% .54 3.281 one

For temperature, degree Celsius (°C) is converted to degree Fahrenheit (°F)

by the formula,

Water—-quality units of measure used in this report are as follows:

°F = [(1.8)(°C)] + 32

Concen-

trations of dissolved constituents are given in milligrams per liter
(mg/L) and micrograms per liter ( g/L), which are equivalent to parts
per million (ppm) and parts per billion (ppb) for dissolved-solids concen-

trations less than about 7,000 mg/L.

micromhos per centimeter at 25°C (micromhos).

National Geodetic Vertical Datum of 1929 (NGVD of 1929):

Specific conductance is given in

A geodetic datum

derived from a general adjustment of the first—-order level nets of both

the United States and Canada, formerly called "Mean Sea Level."

NGVD of

1929 is referred to as "sea level" in this report.

xiv



GEOHYDROLOGY, AQUEOUS GEOCHEMISTRY, AND THERMAL REGIME OF THE
SODA LAKES AND UPSAL HOGBACK GEOTHERMAL SYSTEMS, CHURCHILL COUNTY, NEVADA
By F. H. Olmsted, Alan H. Welch, A. S. VanDenburgh, and S. E. Ingebritsen

ABSTRACT

The adjacent Soda Lakes and Upsal Hogback geothermal areas are in the
west—central Carson Desert, about 100 kilometers east of Reno, Nev. Both areas
represent the discharge parts of hydrothermal-convection systems in which rising
thermal fluid is swept northeastward and northward in the direction of lateral
ground-water flow within the uppermost 250 meters of nonmarine basin-fill
sediments and, at Upsal Hogback, interbedded basalt flows, rather than emerging
at land surface as thermal springflow.

The Soda Lakes thermal anomaly is strongly asymmetrical and elongated
toward the northeast. Its hottest parts, near the southwest margin, probably
coincide with the intersection of faults that trend north-northeast and north-
west. The faults provide steeply inclined conduits for thermal fluids that may
rise from depths of 3 to 7 kilometers within fractured Tertiary and (or) pre-
Tertiary rocks. Some thermal fluid ascends to within about 20 meters of the
land surface in the hottest parts of the anomaly, where near-surface heat flows
exceed 300 heat-flow units. The Upsal Hogback anomaly is less asymmetrical than
the Soda Lakes anomaly and is elongated toward the north rather than the north-
east. Its hottest part appears to overlie a north-trending buried bedrock ridge
where thermal fluid rises to a depth of about 245 meters, then moves laterally
within a basalt flow dated at 4.5 million years by the potassium-argon method.
Maximum near-surface heat flow within the anomaly is about 12 heat-flow units.

The dissolved-solids concentrations of undiluted thermal water in the Soda
Lakes and Upsal Hogback systems are, respectively, about 4,000 and 6,500
milligrams per liter, dominated by sodium and chloride. These character-
istics, along with stable-isotope data, suggest that the source of recharge to
each hydrothermal system is ground water that (1) was subjected to considerable
evaporation prior to deep percolation and (2) underwent only minor chemical
modification--principally cation exchange and and an increase in silica con-
centration, but limited net transfer of mass to the aqueous phase--within the
thermal aquifer.

Maximum temperatures measured within the Soda Lakes and Upsal Hogback



systems are respectively 199° and 78°C, at depths of 610 and 245 meters. Geo-
thermometer calculations suggest reservoir temperatures of 186°-209°C and 120°C
for the two systems.

Throughout the study area, most shallow ground water (less than 50 meters
below the water table) having a temperature in excess of 20°C exhibits the
geochemical imprint of one or more of the following processes, all of which
post-date thermal upflow: Mixing of thermal and nonthermal water, conductive
heating, steam loss, evaporation, and, near the Soda Lakes, acquisition of
sulfate of apparently volcanic origin.

Total area occupied by the Soda Lakes system is estimated to be 370 to 640
square kilometers; the depth of circulation of thermal fluid, 3 to 7 kilometers;
and the total volume, 1,100 to 3,800 cubic kilometers. The volume of the system
above a depth of 3 kilometers having temperatures equal to or greater than 150°C
is estimated to be 81+24 cubic kilometers of which 3.4+1.2 cubic kilometers
represents effective pore space. The total heat content or reservoir thermal
energy above 3 kilometers depth is estimated to be 7.0 x 1018 calories.
Upflow of thermal water from the deep part of the system is estimated to be on
the order of 1 million cubic meters per year, or 27 kilograms per second, which
represents a heat discharge of 5.3 megacalories per second. Assuming steady-
state conditions and once-through piston or displacement flow, the estimated
period of circulation of thermal fluid through the system probably is within the
range of 3,400 to 34,000 years.

The Upsal Hogback system occupies a total area of 140 to 230 square kilo-
meters, and thermal water is known to circulate at a depth of 245 meters beneath
the hottest part of the near-surface thermal anomaly. Upflow of 80°C water to a
depth of 245 meters is estimated to be about 830,000 cubic meters per year, or
26 kilograms per second, which represents a heat discharge of 1.7 megacalories
per second. Age of this water is about 25,000-35,000 years on the basis of a
radiocarbon determination. Other features of the system are unknown because of

the absence of test drilling below a depth of about 300 meters.



INTRODUCTION

Purpose of Present Study

This report summarizes the results of several years of intermittent field
studies of two geothermal systems that were included in an earlier reconnais-
sance of selected hydrothermal systems in northern and central Nevada (Olmsted
and others, 1975). The general objectives of the present study were to (1)
describe the geology and hydrology of two geothermal systems in the western
Carson Desert; (2) use information obtained from shallow drilling to provide
semi-quantitative estimates of the pre-development flux of heat and fluid
through the systems; and (3) incorporate available geophysical, geochemical, and
deep and shallow drilling information into conceptual models of the systems.
Much of the information used to accomplish the third objective was collected or
became available since the report of Olmsted and others (1975). The present
study uses analytical rather than digital-modeling techniques to accomplish the
stated objectives., Although the present report represents a refinement of the
earlier report by Olmsted and others (1975), the more recently obtained in-
formation permits a greater degree of confidence to be placed in the present
models of the systems.

In essence, therefore, the present study represents an improvement and
refinement of a part of the reconnaissance studies by Olmsted and others (1975).
However, as in the earlier studies, the nature and configuration of the presumed
deep geothermal reservoir remain largely speculative, although data recently made
available from deep drilling and geophysical exploration by private industry

(references UURI) permit more reasonable inferences about these features.

Regional Setting

The study area is in the west-central Carson Desert, about 100 km east of
Reno, Nevada (fig. 1). The Carson Desert, an egg-shaped area 120 km long
in a northeast direction by as much as 50 km wide, is the largest intermontane
basin in Nevada. The Carson Sink in the northeastern part of the basin 1is
barren, largely salt-encrusted, and nearly level, The surrounding lowlands
consist of sparsely vegetated sand dunes, sandy plains, and clay flats with
local relief of as much as 15 m. Present topography in large part is the result

of wind scour since the final dessication of Lake Lahontan, a large intermontane






lake that intermittently occupied much of northwestern Nevada during cooler and
wetter stages of the late Pleistocene and early Holocene (Morrison, 1964). The
Carson Desert is one of the deepest of the Lake Lahontan basins; the lowest part
of Carson Sink, at an altitude of about 1,172 m above sea level, lies 160 m
below the highest level reached by the lake,

Only deposits of Lake Lahontan and post-Lahontan age are exposed exten-—
sively on the basin floor. The basin is the terminal sink of the Carson and
Humboldt Rivers, and, like the terminal basins of other large Great Basin
rivers, it preserves a nearly complete sedimentary record of much of Quaternary
time because no sediment is removed by exterior drainage.

The Carson Desert is rimmed for the most part by low, barren mountains.
The highest range, the Stillwater Range on the east margin of the basin, reaches
a maximum altitude of 2,679 m at Job Peak, about 1,500 m above the lowest part
of the basin floor. The mountain ranges are composed of consolidated igneous,
sedimentary, and metamorphic rocks ranging in age from Triassic to Quaternary
(Willden and Speed, 1974). Similar rocks probably underlie the unconsolidated
basin fill and young basaltic rock units of the basin floor.

Hot springs are absent in the Carson Desert, but there are other kinds of
evidence of geothermal-resource potential within the basin. Basaltic rocks of
Quaternary or probable Quaternary age occur at Lone Rock 58 km northeast of
Fallon in the northeastern part of the Carson Sink, at Rattlesnake Hill 2 to 3
km northeast of Fallon, at Soda Lakes 10 to 12 km northwest of Fallon, and at
Upsal Hogback 17 to 21 km north of Fallon. Lone Rock may be the remnant of a
plug or neck (Garside and Schilling, 1979, p. 14); its age has not yet been
established by radiometric dating. Rattlesnake Hill consists of a series of
flows surrounding a central core of vent agglomerate (Morrison, 1964, p. 23).
One of the flows has been dated by the potassium-argon method at 1.03+.05 m.y.
(Evans, 1980, p. 20). Soda Lakes and Upsal Hogback both are much younger than
Lone Rock and Rattlesnake Hill and are of explosive rather than flow or shallow-
intrusive origin. Their nature and origin are discussed in a later section (p.
20).

Apart from Soda Lakes and Upsal Hogback, the only surface manifestation of
hydrothermal activity within the last 30,000 years in the Carson Desert consists
of a small tract of hydrothermally altered sand and clay and a few intermit-

tently active fumarolic vents surrounding an old well that encountered steam and



boiling water at a depth of about 18 m (Morrison, 1964, p. 117; Garside and
Schilling, 1979, p. 9). The site is 4 km north-northeast of Big Soda Lake and
is the hottest near-surface part of the Soda Lakes geothermal area.

As established by shallow test drilling during this and earlier studies,
the Soda Lakes geothermal area lies chiefly northeast of the old "steam" well,
between Soda Lakes and Upsal Hogback; the Upsal Hogback geothermal area is
largely east and north of the Hogback. Both thermal anomalies result from the
convective upflow of hot water from depth into aquifers at shallow to moderate
depths (20-245 m). A similar "hidden" hydrothermal convection system im-
mediately north of the small community of Stillwater in the eastern Carson
Desert has been described by Olmsted and others (1975, p. 87-98) and Morgan
(1982). Future test drilling and geophysical exploration may confirm the pre-

sence of other such systems in the Carson Desert.

Climate and Vegetation

Lying in the rain shadow of the Sierra Nevada 100-150 km to west, the
Carson Desert has a climate characterized by aridity and extremes of temper-
ature, both diurnal and seasonal. Precipitation averages about 100 mm or
less annually on Carson Sink and the immediately adjacent lowlands (Hardman,
1965). Average monthly temperature ranges from about 0°C in January to 23°C in
July (National Oceanic and Atmospheric Administration, 1975). Native vegetation
is sparse, consisting of perennial shrubs, many of which are phreatophytes, and
annuals and grasses that grow in the spring. Irrigated crops, chiefly alfalfa,
hay, and some grains, have been grown near Fallon and Stillwater since the early

1900's.

Previous Studies

Sources of data pertaining to the evaluation of the geothermal resources
of Carson Desert were included in a tabulation by Olmsted and others (1973,
p. 10-13) and are not listed here. Specific references to some of these sources
are made later in this report. More recent papers on the geology, hydrology,
and geophysics of the study area include Olmsted and others, (1975, p. 77-86;
already alluded to), Glancy and Katzer (1975), Stanley and others (1976),
Olmsted (1977), Evans (1980), and Stark and others (1980). Additional data are



available from open-file releases by the University of Utah Research Institute
(UURI) [1979 a through kl].

An earlier report by Olmsted and others (1975) summarized the information
available at that time and presented a conceptual model for the geothermal
system in the Soda Lakes area. Further work by Olmsted (1977) provided a more
detailed study of the near-surface temperatures, allowing further definition of
the extent of the thermal anomalies. The geologic structure has been studied
using a variety of geophysical techniques, including gravity (UURI, 1979k),
magnetic (UURI, 1979k), seismic (UURI, 1979d and e) and electrical (Stanley and
others, 1976; UURI, 1979a-c; and Stark and others, 1980). Lithologic and
temperature logs have also become available (UURI, 1979f-j). The data presented
in these studies 1is discussed further in the appropriate sections of this

report.

Methods of Investigation

The present study involved (1) the collection and analysis of existing
data, (2) hydrogeologic mapping, (3) test drilling, (4) borehole geophysical
logging of test wells, (5) measurements of temperature and temperature gradient,
(6) water-level measurements, (7) description and analysis of lithologic samples
from test wells, and (8) chemical analysis of water samples from test wells.
Most of these methods were described in some detail by Olmsted and others (1975,
p. 27-46). Instead of repeating all this material, the present discussion
focuses on changes in and additions to the techniques described in the earlier
report.

Existing data included the information summarized in the section "Previous
Investigations". The open-file releases by the University of Utah Research
Institute (1979a through j) were especially helpful in the later stages of the
study. Much information, however, is of a proprietary nature and is still held
in files of the energy-development companies that have prospected the area.

Hydrogeologic mapping consisted of the mapping of vegetation and soils by
P. A. Glancy (written commun., 1979) of the Carson City office of the Geological
Survey. Emphasis was placed on the identification of phreatophytes and the
assessment of their density and vigor so as to provide estimates of ground-water

evapotranspiration in the two geothermal areas.



Test drilling utilized the methods summarized by Olmsted and others (1975,
p. 28-31), but with a few important differences.

First, shallow wells were installed at most of the sites at which deeper
wells had been drilled in order to determine the position of the water table and
to measure the vertical component of the hydraulic gradient. Some of these
wells were finished with steel pipes fitted at the bottom with well-point
screens like the earlier wells, but the rest were completed instead with poly-
vinyl chloride (PVC) casings of 51 mm inside diameter with slots cut near the
bottom. Some of the deeper wells also were completed with PVC casings. At some
sites, as many as four wells ultimately were installed in order to determine
differences in water chemistry and vertical component of the hydraulic gradient
between different depth zones.

Second, most of the later wells, particularly those in the lower-lying
parts of the Upsal Hogback area, were completed by filling the annulus between
the casing and the drill-hole walls with cement grout instead of the drill
cuttings and surface material used in the earlier wells. This procedure mini-
mized the possibility for upward or downward flow of water in the annulus and
thereby assured more reliable measurements of temperature gradient and hydraulic
head than were obtained in the earlier wells. Most of the cemented wells
originally were fitted with steel caps at the bottom and filled with water to
permit temperature measurements. In the later stages of the study, these capped
wells were perforated near the bottom with explosive charges lowered on a wire,
in order to open the well to aquifers for the purpose of obtaining water samples
or water-level data, or both.

Finally, four of the later wells (Bureau of Reclamation wells 13B, 13C and
14A and Geological Survey well 64A) were drilled and completed to depths
substantially greater than the 45-m limit for the other test wells, including
those drilled for the earlier study (Olmsted and others, 1975, table 4). Bureau
of Reclamation wells 13B and 14A in the Soda Lakes area were drilled and
completed to a depth of about 150 m, and Geological Survey well 64A in the
Upsal Hogback area was drilled and cased to a depth of about 305 m. All these
wells provided exceedingly valuable information about the deeper subsurface
temperature regime, geology, water chemistry, and hydraulic heads.

All the types of borehole geophysical logs described by Olmsted and others
(1975, p. 32-36) were made in the later wells drilled in this study. Particular



emphasis was placed on the use of the gamma-gamma (density) and neutron (water-
content) logs in interpreting lithology. Many lithologic logs of earlier wells
were reinterpreted, using semi-quantitative analysis of these logs which per-
mitted a more detailed and accurate analysis of the materials penetrated,
especially with regard to their hydrologic properties.

Measurements of temperature and temperature gradient were made as described
by Olmsted and others (1975, p. 37-39). 1In addition to the earlier temperature
surveys at l-m depth in the Soda Lakes area (Olmsted and others, 1975, p. 38),
similar surveys were made of the Upsal Hogback geothermal area, as reported by
Olmsted (1977). Measurements at 1 m were continued at four sites in the Soda
Lakes area and at an increasing number of sites in the Upsal Hogback area.
Ultimately, 40 sites were measured in the latter area, and mean-annual temper-
ature at l-m depth for 1977 was estimated for all these sites and, by correla-
tion methods, for many of the earlier sites in the Soda Lakes area. All these
data were used, together with bottom-hole temperatures in the deepest test wells
at the same sites, to develop a more accurate estimate of near-surface conductive
heat flow than was made by Olmsted and others (1975, p. 66-67), using a similar
method.

Water-level measurements by the wetted-tape method were made in all the
test wells at 6-month intervals from December 1973 to December 1979 and in many
wells at more frequent intervals up to the spring of 1982. 1In the late stages
of the study, beginning in the fall of 1981, hydraulic-head measurements were
made with a pressure gage in the wells where water levels were above the top of
the casing (the wells flow when uncapped).

Analysis of cores taken from test wells included (1) general classification
and lithologic description, (2) mineral and clay-mineral identification by X-ray
diffraction, (3) carbonate content by Coz—absorbtion method, (4) particle-
size distribution, (5) pore-size distribution, (6) vertical hydraulic conduc-
tivity, (7) thermal conductivity, (8) bulk demnsity, and (9) grain density. In
addition potassium-argon data were obtained for three samples of basaltic and
andesitic rock from well 64A by E. H. McKee (written commun., 1981). Thermal
conductivity was measured with needle-probe apparatus by Robert H. Munroe
(written commun., 1973-78); and with steady-state comparator (divided-bar)
apparatus by W. H. Somerton (written commun., 1978); the other analyses were

made by the Hydrologic Laboratory of the U.S. Geological Survey, Lakewood,



Colorado.

The gathering of geochemical data consisted of the analysis of selected
unstable constituents and properties in the field along with the collection of
water samples that were sent to laboratories for analysis. Prior to sampling,
each Geological Survey well was pumped or bailed several times over a period of
several months., During the pumping and bailing effort, the volume of water
removed was recorded and samples were collected for specific-conductance de-
termination. These data were used to evaluate whether the water quality was
reasonably constant after at least several well-bore volumes of water had been
removed. Final sampling for laboratory analysis occurred only after the spec-—
ific conductance in several successive samples was found to be virtually cons-
tant. Final samples were collected by bailing the wells.

Chevron Resources Co. well 1-29 was sampled during a flow test at the
well, The sample was obtained from a side port on the discharge pipe. The
water was routed through copper tubing immersed in cold water to condense the
water vapor prior to sampling.

Field determinations were made of pH and alkalinity on all samples ana-
lyzed in 1978 and 1980 using the methods of Wood (1976, p. 12-18). The water
was filtered through a 0.45-um pore-size membrane (142-mm diameter) with
acidification of samples collected for cation analysis. Unacidified, filtered
samples were collected for anion and isotopic analysis. Samples for silica
analysis were diluted with distilled water to prevent polymerization where
oversaturation with respect to quartz was indicated by a preliminary field
measurement of silica. All samples collected for chemical analysis were placed
in plastic bottles that had been washed with acid. Glass bottles were used on

samples collected for isotopic analysis.
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GEOLOGY

Stratigraphy

Rocks and deposits exposed in the Carson Desert range in age from Triassic
to Holocene (Willden and Speed, 1974, pl. 1). Only deposits of late Quaternary
age are exposed within the study area, except for a small area of Tertiary
volcanic rocks in the eastern Hot Springs Mountains (pl. 1). Older rocks
and deposits similar to those in the surrounding mountains have been penetrated
by drilling, however. A nearly complete sequence was described by Horton (1978,
Appendix A) from the ERDA Lahontan No. 1 well near the southwest corner of
sec. 16, T. 19 N., R. 27 E., about 6 km southwest of Big Soda Lake. (See fig.
2.) A similar section was penetrated by Chevron Resources Soda Lake well 44-5
(pl. 1), 9 km northeast of the ERDA well. (See Sibbett, 1979, pl. 1).

Firm correlations of subsurface and exposed units are not possible on
the basis of present information: The stratigraphic interpretations made herein
and shown in figure 2 must therefore be regarded as tentative. A substantially
different interpretation was made by Sibbett (1979, pl. 1) and Sibbett and
Blackett (1982), as will be discussed in the following pages.

Pre-Tertiary Rocks

Pre-Tertiary rocks include chiefly clastic sedimentary rocks and minor
carbonate and volcanic rocks of Triassic and Jurassic age exposed in the Still-
water and West Humboldt Ranges and plutonic rocks of Jurassic and Cretaceous
age exposed in the Hot Springs Mountains as well as in the other two ranges just
mentioned (Willden and Speed, 1974). In the subsurface, the dacite porphyry
below a depth of 2,369 m in the ERDA Lahontan No. 1 well may be pre-Tertiary
(Horton, 1978, pl. 1); alternatively, the top of the pre~Tertiary section may be
at a depth of 2,554 m, where rocks described by Horton as meta-andesite and
granite porphyry were encountered (see fig. 2) Sibbett and Blackett (1982, p.
8), on the other hand, suggested that the dacite porphyry in Lahontan No. 1
could be part of the Truckee Formation of Tertiary age; according to this
interpretation, pre~Tertiary rocks probably were not penetrated by the Lahontan
No. 1 well and presumably lie at much greater depths than those yet penetrated

by any drill holes in the western Carson Desert.
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ALTITUDE, METERS DEPTH, METERS
1237

Sand, in part pebbly, arkosic to somewhat volcanic

251 BASE OF SHALLOW GROUND-WATER FLOW SYSTEM (BASE OF QUATERNARY)
Mudstone, limey, some shale and muddy sand
Pebble gravel

Sand, fine, andesitic; silt, mud, thin coaly layers near base

Sandstone, fine, and siltstone; bluish-white chalcedonic cement
Sandstone, volcanic, gray to tan; light blue chalcedonic cement

Siltstone to very fine sandstone, medium brown
Gravel, sandy, fine

Sandstone, fine, brownish- to greenish-gray

Siltstope and fine sandstone, thin-bedded, indurated dark to
grayish-brown; limestone near base

285 952 BASE OF THE QUATERNARY (?)

Andesite, dark to greenish-brown
Siltstone; pink limestone and oil (?) shale near base

Sandstone, quartzose; pebbly sandstone, siltstone, and shale
near base

Siltstone, tuffaceous (?), grayish-white
Chalcedonic basalt nodules, disseminated pyrite

V290 Siltstone, varicolored, and _coarse arkosic sand interbedded.
BASE OF INTERMEDIATE GROUND—-WATER FLOW SYSTEM
Felsite (), gray, light brown, and pinkish-tan
Tuff, crystal vitric; cut by andesite dike at 1369 m
1412 Felsite (7), rag, Ij&ht brown, and ginkish-tan
BASE OF THE QUATERNARY (?) (SIBBET, 1979)
Basalt, brownish- to bluish-black
Soil zones

Basaltic andesite; calcite microveinlets and quartz amygdules
in top 30 m

Plagioclase andesite, fine grained (flow)

Trachytic andesite, fine grained

Basalt and andesite, interbedded

[ Trachytic andesite, fine grained
L. = =p B 2369 Dacite porghyry. sheared "‘”%
" q%m WA BASE OF TERTIARY ROCKS (?) (HORTON, 1979)
% %8 s Dacite porphyry, pinkish-brown to pale green
» K FEC La¥ VIT. Biotite dacite

. Dacite porphyry, pinkish-purple
2554

Meta-andesite and granite porphyr
2588 TOTAL DEPTH £ porphyry

-1137

-1317 v
1350 ERRY: Ll

Figure 2. —— Generalized columnar section of rocks and deposits penetrated

by by ERDA Lahontan No. 1 test well.
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Tertiary System

The Tertiary rocks of the southern Carson Desert were assigned to five
major rock-stratigraphic units by Morrison (1964) on the basis of field studies
in the Carson Lake quadrangle and the eastern Desert Mountains. Rocks of
similar age in the Hot Springs Mountains were assigned to eight map units in a
reconnaissance by Voegtly (1981). Table 1 presents a summary of all these units
and their inferred correlation.

Radiometric dating of volcanic rocks in the region suggests that some
of the age assignments by Morrison (1964) may require modification. Evans
(1980, p. 70) reported a potassium-argon age of 6.96+0.42 m.y. (whole-rock)
for a basalt sample from the Carson Desert. According to Evans (oral commun.,
1982), the sample came from the Dead Camel Mountains, about 19 km southwest of
Soda Lakes, and was interpreted to be correlative with the Bunejug Formation, as
mapped by Morrison (1964) in the Carson Lake quadrangle to the east. If the
inferred correlation is correct, the Bunejug Formation would be, at least in
part, of late Miocene age, rather than the Pliocene and Pleistocene age assigned
by Morrison (1964), and the age of the underlying Truckee Formation presumably
would be Miocene rather than Miocene and Pliocene.

In the absence of radiometric dates and sequences of rock types that can be
clearly related to those mapped by Morrison (1964) and Voegtly (1981), the age
and stratigraphic assignment of the rocks penetrated by the ERDA Lahontan No. 1
well (fig. 2) are unknown. Sibbett (1979, pl. 1) placed the top of the Bunejug
Formation at the top of a basalt sequence at a depth of about 1,400 m in the
Chevron Resources Soda Lake 44-5 well (which corresponds to a depth of 1,412 m
in the Lahontan No. 1 well--fig. 2) and assumed that all the overlying rocks
and deposits (chiefly sedimentary) were Quaternary. However, Sibbett's inter-
pretation apparently was based on an assumed Pliocene and Pleistocene age of the
Bunejug; if in fact the Bunejug is much older, then the top of the Tertiary
system must be at a much shallower depth in those wells.

Although not penetrated in the ERDA Lahontan No. 1 well, intercepts of
basalt or '"basaltic crystal ash" were penetrated at depths of 430-600 m in
Chevron Resources Co. Soda Lakes wells 44-5, 1-29, 11-33 and 63-33 (Sibbett,
1979, pl. 1). Sibbett described the basalt intercepts as dikes which presumably
intrude the Quaternary deposits. An alternative interpretation, however, is

that the basalt intercepts represent flows or perhaps sills rather than dikes:
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They are petrologically similar and occur at similar depths in all the wells
(Sibbett, 1979, pl. 1), and the underlying sediments are highly tuffaceous and
apparently somewhat consolidated, as is characteristic of the Truckee Formation
elsewhere in the Carson Desert area (see Morrison, 1964; Voegtly, 1981; Willden
and Speed, 1974). 1In any case, it seems likely that a substantial thickness of
the section above a depth of 1,400 m——perhaps several hundred meters——is Terti-
ary, not Quaternary, in age.

Further evidence for placing the Tertiary—-Quaternary boundary at a shal-
lower depth than interpreted by Sibbett (1979) is the presence of the basalt of
Ratttlesnake Hill at a depth of 150-180 m approximately 7 km east of the Chevron
Resources Soda Lake well 63-33 (Glancy, 1981) and basalt at a depth of 115 m in
well 64A, 2 km east of Upsal Hogback. The basalt of Rattlesnake Hill has
been dated by the potassium-argon (whole-rock) method as 1.03+0.05 m.y. (Evans,
1980, p. 20); this age corresponds to middle Pleistocene according to most
presently accepted time scales. There is no evidence to suggest the abrupt
westward thickening of the Quaternary section between Fallon and the Soda Lakes
area that would be required if the base of Quaternary were as deep as 1,400 m at
Chevron Resources well 63-33.

The basalt in well 64A yielded a K-Ar age of 4.7+1.0 m.y.for a core
sample from 122.8 m depth (E. H. McKee, written commun., 1981). The basalt
overlies predominantly sand, clay, and minor basalt layers to a depth of 260 m,
where andesite or basaltic andesite was penetrated. Samples of the latter from
depths of 262 and 263 m gave K-Ar ages of 4.7+1.6 m.y. and 4.4+2.0 m.y. (E.
H. McKee, written commun., 1981). Below the andesite are layers of tuff, mud-
stone, and basaltic sandstone. The basalts and andesites may be correlative
with the Bunejug Formation, as suggested by the similarity in the sequence of
rock types (see fig. 2).

In summary, rocks of Tertiary age beneath the Soda Lakes geothermal area,
as indicated by the log of ERDA Lahontan No. 1 well, consist essentially of a
lower section composed primarily of volcanic rocks and an upper section composed
chiefly of sedimentary rocks. The base of the lower section (top of pre-
Tertiary rocks) cannot be identified with certainty on the basis of present
information. It may lie at the top of a sheared dacite porphyry at a depth of
2,369 m. Alternatively, it may be at the top of a section composed of meta-

andesite and granite porphyry at a depth of 2,554 m. Still another possibility
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is that the base of the Tertiary was not penetrated by the ERDA well and thus
lies at a depth greater than 2,588 m. The base of the predominantly sedimentary
section can be identified with more assurance as being at a depth of 1,290 m.
The upper boundary of the Tertiary sedimentary rocks is uncertain, however. It
could be as shallow as 251 m, at the top of a laterally extensive thick bed of

limy mudstone, or as deep as 952 m, at the top of a bed of andesite (see fig.
2).

Quaternary System

The Quaternary System within the study area comprises lacustrine, deltaic,
fluvial, and eolian sediments, and basaltic deposits of pyroclastic origin.
Morrison (1964, p. 18) subdivided the upper part of this sequence (the late
Pleistocene and Holocene sediments) into three major rock-stratigraphic units--
Paiute Formation, Lahontan Valley Group, and Fallon Formation (see table 1).
The Paiute Formation, which consists of pre-Lake Lahontan subaerial deposits, is
not exposed within the study area but may be present in the subsurface. The
Lahontan Valley Group, a sequence of intertonguing deep~lake, subaerial, and
shallow-lake sediments, comprises in generally ascending order the Eetza,
Wyemaha, Sehoo, Indian Lakes, and Turupah Formations (Morrison, 1964, p. 28).
Only the Wyemaha Formation--a subaerial unit consisting of interbedded sand,
silt, and clay (the last locally organic-rich), and the Sehoo Formation--a
lacustrine unit--are exposed extensively within the study area (pl. 1). The
Eetza Formation may occur in the subsurface, and the Turupah Formation probably
is present as older dune deposits but was not differentiated by Morrison (1964)
from the sandy upper member of the Sehoo Formation in the area shown on plate
1. The Fallon Formation consists of alluvial, eolian, and shallow-lake sedi-
ments of Holocene age and is the youngest unit exposed within the study area.
The Fallon was differentiated by Morrison (1964) from older formations in the
eastern part of the Upsal Hogback area but not in the Soda Lakes geothermal area
(pl. 1).

Other Quaternary units exposed within the study area (pl. 1) consist
of the basaltic tuff of Upsal Hogback, which is coeval with the Wyemaha Forma-
tion, and the volcanic-sand complex of the Soda Lake which is generally coeval
with the Sehoo Formation but may include deposits as old as the Eetza Formation

in the lower part (Morrison, 1964, p. 38, 72).
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No attempt was made to assign deposits below the Wyemaha Formation to
particular formations or stratigraphic units in the logs of the test wells.
Most of the test wells 45 m deep or less probably do not penetrate beds below
the Wyemaha. The most consistent marker is the lower, clay member of the
Sehoo Formation, which was penetrated in most USGS test wells and lies at or
near the land surface over much of the study area (pl. 2). The coarser deposits
tend to occur as lenticular or ribbonlike bodies; the finer deposits, as
exemplified by the lower member of the Sehoo Formation, tend to be more contin-
uous laterally. (See pl. 2) 1In addition to the lower member of the Sehoo
Formation, an undated bed having very high natural gamma radiation--possibly a
silicic ash or tuff--could prove to be an excellent time-stratigraphic marker in
the Upsal Hogback geothermal area (pl. 2).

As discussed previously, the subsurface boundary between the Tertiary
and Quaternary Systems cannot be defined within narrow limits with data pres-
ently at hand. In the ERDA Lahontan No. 1 well it probably lies somewhere
between depths of 251 and 972 m (see fig. 2). 1In test well 64A east of Upsal
Hogback, it can be no deeper than 115 m, the depth to the top of the basalt
dated at 4.7+1.0 m.y. (E. H. McKee, written commun., 1981), and it may be much
shallower. Assuming a uniform rate of deposition, the 150-180-m depth of the
top of the million-year-old basalt of Rattlesnake Hill 7 km east of Chevron
Resources well 63-33 (pl. 1) suggests a thickness there of about 300-360 m for

Lake Lahontan and post-Lake Lahontan sediments.

Structure

The Carson Desert is in the western part of the Basin and Range province.
This region 1is characterized by generally east-west crustal extension and
associated normal faulting (Stewart, 1971). Present topography in the Carson
Desert reflects displacements along northwest- to northeast-trending high-angle
normal faults, modified by deposition of sedimentary and volcanic rocks that
partly fill the basin.

Although early Tertiary deformations in the region were mostly compres-
sional, high-angle-normal faulting related to extensional strain has dominated
during the last 17 m.y. (Stewart, 1971, p. 1036). Tertiary rocks beneath the
Soda Lakes geothermal area are transected by high-angle normal faults, as

indicated by seismic data (University of Utah Research Institute, 1979d). This
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style of deformation is consistent with that seen in other parts of the Carson
Desert., The degree of deformation of Tertiary rocks increases with age, and
several episodes of Tertiary faulting are indicated (Morrison, 1964, p. 15,
16).

A complex configuration of the present buried bedrock surface within the
study area is indicated by the results of gravity, seismic, magneto-telluric,
and resistivity surveys. Reflection-seismic gravity, and ground-magnetic data
(UURI, 1979d and k) indicate a set of concealed northwest-trending faults
beneath the Soda Lakes anomaly. Gravity data (UURI, 1979k) indicate the pre-
sence of a north-trending bedrock ridge in the vicinity of well 64A, the loca-
tion of the hottest known part of the Upsal Hogback thermal anomaly, although
the ground-magnetic data do not definitely indicate a ridge. If the ridge
reflects the presence of buried normal faults like those beneath the Soda Lakes
thermal anomaly, rising thermal water may be localized in fault zones having
high vertical permeability.

The north-northeast alinement of Soda Lakes, Upsal Hogback, and the inter-
vening Soda Lakes thermal anomaly may indicate a concealed fault or fault zone
having this orientation (Olmsted and others, 1975, p. 104). Linear features
mapped by Sibbett (1979, fig. 2) are consistent with this trend. The hottest
part of the Soda Lakes thermal anomaly therefore may coincide with the inter-
section of faults that trend north-northeast and northwest.

Except for several northeast- to north-trending high-angle faults of
small apparent displacement mapped by Morrison (1964) at Soda Lakes and at or
near Upsal Hogback, the exposed deposits of the Lake Lahontan deposits in the
study area do not appear to be transected by faults. Bedding in these deposits
is nearly horizontal, although some horizons, such as the contact of the Wyemaha
and the Sehoo Formations, appear to dip slightly northeast, toward the Carson
Sink. Some of the dip may indicate syndepositional topography, but at least
part probably is the result of post-depositional downwarp caused by differential

compaction.

Physiography

The Soda Lakes and Upsal Hogback geothermal areas lie in the west-central
Carson Desert, about 15-30 km northwest and north of Fallon (fig. 1). The two

areas are named for the most prominent physiographic features in this part of
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the Carson Desert.

Soda Lake (or Big Soda Lake as it is sometimes called), about 1.1 by 1.5 km
across and 63 m in maximum depth, and Little Soda Lake, just south of Big Soda
Lake and 0.3 km in diameter and 17 m in maximum depth (Rush, 1972), occupy
craters formed by repeated explosive eruptions. The eruptions deposited
a rim of loose to semi-consolidated basaltic and nonvolcanic debris on all sides
of the craters except the southwest, presumably the direction of the prevailing
winds during the eruptions. The rim is roughly oval, 2-4 km across, and
has a maximum altitude of 1,251 m--35 m above the present level of the lakes--on
the northeast side. The outside of the rim, which has an average slope of about
0.08 (4-5°), appears to be umnmodified by shoreline processes that would be
associated with former stages of Lake Lahontan above the 1,220-m altitude of the
base of the cone. This evidence suggests that the most recent eruptions that
formed the present cone took place within the last 6,900 years (Garside and
Schilling, 1979, p. 14).

Upsal Hogback, 10-15 km north-northeast of Soda Lakes, is a group of
overlapping low, broad cones composed of moderately to highly indurated basalt
cinder tuff formed by multiple explosive eruptions. Included in the tuff are
accidental blocks as much as 1 m in diameter of basalt, andesite, and welded
tuff similar to rocks of Tertiary age mapped by Voegtly (1981) in the Hot
Springs Mountains to the northwest. Four to possibly as many as seven vents are
evident (Morrison, 1964, p. 38). The youngest and best defined vent is at the
northern end of the Hogback. 1Its crater is nearly circular and 800 m in dia-
meter. The highest point on the Hogback, 1,267 m above sea level and about 60 m
above the flanks and 47 m above the present floor of the crater, is on the
northern rim of a cone at the south end. The older, less well-preserved cones
are on the west flank of the Hogback, where their shapes and stratigraphic
relations with adjacent sedimentary deposits are obscured by erosion and subse-
quent lacustrine deposition.

The tuff beds dip radially outward from the craters at angles ranging from
2 to 15 degrees on the flanks and at steeper angles toward the vents (Morrison,
1964, p. 38). Most of the dips are steeper than the present slopes, which have
been subsequently modified greatly by shoreline processes during high stands of
Lake Lahontan. The eruptions occurred during a time when the lake was dry or

possibly at a lower level, as indicated by intertonguing of the basalt tuff with
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nonvolcanic sediments of the Wyemaha Formation, a subaerial deposit (Morrison,
1964, p. 38). Evidence presented by Morrison (1964, p. 38, pl. 10) indicates the
eruptions that formed the Hogback took place during the interval 30,000 to
45,000 years ago. Basaltic debris in the lower part of the Sehoo Formation,
which overlies the Wyemaha, suggests an age of 25,000-30,000 years for the
latest eruptions (Garside and Schilling, 1979, p. 14; Berkeland, Crandall, and
Richmond, 1971: Quaternary Research VI, no. 2, p. 208-277.)

The landforms surrounding Soda Lakes and Upsal Hogback are largely pro-
ducts of eolian processes. Wind scour and deposition have created a landscape
of undrained depressions and intervening sandy flats locally mantled with small
dunes.

The depressions are crudely semicircular to irregular in plan, range
upward to 2 km in maximum dimension (most commonly oriented easterly or east-
northeasterly), and have floors as much as 12 m below the level of the adjacent
sandy flats. Most of the depressions are floored by clay or silt of the Sehoo
Formation (p. 18), but a few deeper ones expose sand of the underlying Wyemaha
Formation (see pl. 1). Because of the rise in the water table following the
advent of irrigation to the south and east in the early 1900's, many of the
deeper depressions now contain small perennial or seasonal lakes and ponds.
In the Soda Lakes area, the sandy flats between the depressions define a nearly
plane original surface, formed on the upper sand member of the Sehoo Formation,
which slopes north-northeastward from an altitude of about 1,220 m near Big Soda
Lake in the southwestern corner of the study area to about 1,210 m above sea
level at the southern end of Upsal Hogback. This surface generally is absent
in the Upsal Hogback area, where, apart from the Hogback itself, most exposures
are of the stratigraphically lower Wyemaha Formation. In the northeastern part
of the Upsal Hogback area, the exposures of Wyemaha stand 1-2 m below adjacent
terrace-like remnants of the Sehoo Formation. The exposures of Wyemaha Forma-
tion are at altitudes as low as 1,179 m above sea level at the northeastern
corner of the study area. A few exposures of clay and silt of the lower member
of the Sehoo Formation north of Upsal Hogback rise as much as 4 m above adjacent
exposures of the Wyemaha Formation (pl. 2).

Sand dunes, most of which overlie the sandy flats described above, but some
of which occupy parts of the depressions, range from irregular small mounds and
ridges 1 m or less in height to elongate features as much as 6 m in height. The
long axes of these larger features are oriented roughly east-northeast, presum-
ably parallel to the former prevailing wind direction that shaped them. Most of

the dunes are presently inactive and are mantled with perennial shrubs.
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GEOHYDROLOGY

Regional Hydrologic Setting

The Carson Desert is the undrained depression that forms the sump for the
Carson River and, at times, the Humboldt River by way of overflow from the
Humboldt Sink through the White Plains hydrographic area (fig. 1). The major
source of ground-water recharge in the Carson Desert is water from the Carson
River. Since 1906, the flow of the Carson River downstream from Lahontan
Reservoir has been augmented by water from the Truckee River diverted by way of
the Truckee Canal. Before irrigation development in the early 1900's, recharge
from the Carson River to the ground-water system took place by seepage through
channel bottoms of its natural distributory system and by overbank flooding.
Today, most Carson River water, along with the imported Truckee Canal water, is
used for irrigation. Ground-water recharge takes place largely by percolation
of applied irrigation water to the saturated zone and by leakage from unlined
irrigation canals. Irrigation is concentrated largely in the Fallon and Still-
water areas, generally south and east of the study area. Since extensive
irrigation began about 1906, ground-water levels have risen as much as 18 m near
Soda Lakes (Rush, 1972).

Ground-water recharge from local precipitation on the Carson Desert is
believed to be small. Average annual precipitation ranges from less than 100 mm
on the Carson Sink in the lowest part of the basin to more than 400 mm on the
summits of the Stillwater Range (Hardman, 1936; Hardman and Mason, 1949). 1In
the lower parts of the basin, potential evapotranspiration may exceed precipita-
tion by a factor of 10 or more. Little precipitation infiltrates to the satu-
rated zone except where the water table is within 1 or 2 m of the land surface
and the capillary fringe extends at times to the surface. In addition to the
areas of shallow water table, ground-water recharge probably takes place
in the higher parts of the mountains and also near the apexes of alluvial fanms,
where ephemeral streams debouch onto coarse permeable fan deposits.

Glancy and Katzer (1975), using an empirical method developed by Eakin and
Maxey (1951), estimated potential recharge from local precipitation at approx-

imately 1.6 x 1()6 m3/a, or only about 0.2 percent of the total precipitation
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on the Carson Desert. By comparison, recharge from excess applied irriga-
tion water and flow of Carson River may exceed one half of the approximately 480
X 106 m3/a average annual release from Lahontan Reservoir (Olmsted and others,
1975, p. 80). The estimate of Glancy and Katzer (1975) for local recharge may
be low, however; their estimate did not include potential recharge in areas of
shallow water table.

Because of the absence of surface drainage from the Carson Desert and of
the probable absence of thick sequences of permeable consolidated rocks in the
mountains, ground-water movement out of the basin is believed to be negligible.
Almost all water entering the basin is discharged eventually by evapotranspira-
tion. Evaporation takes place from ponds, lakes, reservoirs, and other bodies
of surface water and from areas of bare soil. Phreatophytes and irrigated crops
transpire large volumes of water. Important areas of natural ground-water
discharge are Carson Sink, Carson Lake, and Four Mile Flat (fig. 1).

Large-scale lateral movement of ground water in the Carson Desert is toward
the areas of natural discharge mentioned above. Sand aquifers within a few
tens of meters of the land surface probably transmit ground water most rapidly.
Water at greater depths moves more slowly. Near areas of ground-water dis-
charge, confined ground water at depth moves upward across confining beds of
clay and silt, In recharge areas, especially in the irrigated lands, the

vertical component of ground-water flow is mainly downward.

Subdivisions of the Ground-Water System

The ground-water system beneath the study area is herein subdivided into
shallow, intermediate, and deep subsystems on the basis of differences in
the hydrologic properties of the geologic materials and inferred differences in
the ground-water-flow regime. The scanty data available from deep test drill-
ing suggest that the subsystem boundaries are locally difficult to definme or
gradational and probably will require revision as new data are acquired.
The inferred thermal and hydrologic properties of the three subsystems, the
four major geologic units that they comprise, and the approximate average
depths to major boundaries in the Soda Lakes area, are summarized in table 2, A
brief description of each subsystem follows.

The shallow subsystem generally is coextensive with the Quaternary System

discussed in the preceding section on geology. These fluvial, lacustrine, and
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Table 2, —— Inferred thermal and hydrologic properties of shallow, inter-

mediate, and deep ground-water subsystems in the Soda Lakes

geothermal area

Major Thermal Effective Nature of
Depth Subsystem geologic unit conductivity porosity pore space
(thermal
conductivity
(km) unit) (percent)
0-0.25 Shallow Quaternary 3.5 15 Intergranular
deposits
0.25-1.3{ Inter- Tertiary and Chiefly inter-
mediate Quaternary sedi- 4.0 10 granular;
mentary rocks some fractures
1.3-2.5 Tertiary volcanic 5.0 5 Chiefly
rocks fractures;
some inter-
granular (?)
2.5-4.0 Deep Pre-Tertiary 6.0 2 Fractures;
rocks solution
channels
4,0-6.0 8.0 1
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eolian deposits generally are unaltered and unconsolidated. Maximum thickness
is uncertain because of the uncertain or gradational boundary with the underly-
ing intermediate subsystem but probably is less than 400 m. The average thick-
ness may be about 250 m in the Soda Lakes geothermal area (table 2) and somewhat
less in the Upsal Hogback area. Ground water moves chiefly through inter-
granular pores in the shallow deposits, and the directions and approximate
rates of movement generally are well understood.

The intermediate subsystem consists predominantly of slightly to moderately
consolidated sediments of Tertiary (?) age with minor intercalated basalt,
probably in the form of flows but possibly including sills or dikes (Sibbett,
1979, p. 8). The sediments are distinguishable from the overlying deposits of
the shallow subsystem by their somewhat indurated and altered character and by
the abundance of ash, tuff, and diatomite. The intermediate subsystem probably
averages slightly more than 1,000 m in thickness beneath the Soda Lakes area
(table 2); beneath the Upsal Hogback area the thickness is unknown. As in the
shallow subsystem, ground water presumably moves chiefly through intergranular
pores, but average permeability probably is substantially less than that of the
shallow subsystem, owing to the somewhat indurated and altered character of the
deposits. Fractures may form locally important flow channels, especially in
the more indurated zones. The direction of ground-water flow in the inter-
mediate subsystem is poorly known because of the general absence of hydraulic-
head data from test drilling.

The deep subsystem is composed predominantly of volcanic rocks of presumed
Tertiary age and pre-Tertiary igneous, metamorphic, and sedimentary rocks.
Owing to their low primary porosity and their highly indurated character, these
rocks are hydrologically distinct from those of the overlying two subsystems,
Ground-water flow probably takes place primarily in fractures and other secon-
dary openings related to cooling, faulting, or dissolution of rock by ground
water., Information on ground-water flow in the deep sub-system is limited.
Water levels in the ERDA Lahontan no. 1 well indicate a head of 1,173.59-
1,173.80 m above sea level (U.S. Geological Survey, unpub. data, 1977-1981) for
the perforated interval 1,434-1,437 m below land surface. This apparently indi-
cates a deep potential gradient away from the Carson Sink as a well drilled in
the sink (T.C.I.D. No. 1) drilled to a depth of 1,145 m below land surface flows

at the surface (Garside and Schilling, 1979, p. 17). Using the surface elevation
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as a minimum head for the T.C.I.D. well (1,181 m above sea level), then there is
approximately a 7 m hydraulic potential to the southwest——away from the sink.
This apparent reversal in hydraulic potential from that seen in the shallow
subsystem over a distance of about 50 km is one indication that ground-water
flow in the deep subsystem probably is complex and largely not understood at
this point. A potential for flow toward Dixie Valley to the east is indicated
by the fact that the land surface in the lowest part of that valley is about 150
m lower than the lowest part of the Carson Sink. However, as stated earlier
(p.24), the thick sequences of permeable consolidated rocks that would transmit

such flow probably are absent.

Occurrence and Movement of Ground Water in the Shallow Subsystem

The unconsolidated deposits of the shallow ground-water subsystem through-
out the study area are saturated with ground water below depths ranging from
less than 1 m in the floors of undrained depressions and the lowest lying
playas to more than 70 m beneath the higher parts of Upsal Hogback. At most
places within the Soda Lakes area, the depth to the water table ranges from
about 1.5 to 11 m; in the Upsal Hogback area, outside the Hogback itself,
the depth ranges from about 0.5 to 20 m. Seasonal fluctuations in the water
table from place to place range from less than 0.1 m to about 1 m. No definite
long-range trend upward or downward has been noted in recent years, although
since the early 1900's, when irrigation began in the Carson Desert, the water
table has risen by as much as 18 m in the southwest part of the study area, as
indicated by the reported rise in stage of Soda Lakes from 1906 to 1930 (Rush,
1972).

Confined conditions exist throughout most of the saturated deposits.
However, unconfined conditions are present to depths as much as several meters
below the water table where the water table is in coarse-grained deposits. The
confined potentiometric surface is above the water table in or adjacent to areas
of ground-water discharge by evapotranspiration, indicating an upward component
of the hydraulic gradient, The reverse is true in or adjacent to areas of
ground-water recharge.

Directions of ground-water movement in the shallow ground-water subsystem
may be inferred from observed lateral and vertical components of the hydraulic

gradient,
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Lateral hydraulic gradients are defined by the configuration of potential
surfaces represented by altitudes of water levels in the test wells. At most
test-well sites, some degree of confinement at depths more than a few meters
below the water table is indicated by the presence of laterally extensive thick
fine-grained beds and by upward or downward vertical components of the hydraulic
gradient. Therefore, the configurations of potential surfaces vary with
the depth of the aquifers in which the wells are screened, and lateral hydraulic
gradients at different depths are correspondingly variable.

The configuration of the water table in mid-December 1979, as indicated in
very shallow piezometer wells screened just below the water table, is shown in
figure 3. The altitude of the water table at each well site was computed by
adjusting the measured water level in the shallowest test well for difference in
head between the depth of the center of the screen in that well and the water
table, using the vertical component of the hydraulic gradient indicated by
measurements in the shallowest and the next deeper well at the site.

In constructing the water-table contours depicted in figure 3, account
was also taken of the fact that, in some undrained depressions and low-lying
playas where the water table is within about 2 m of the land surface, its
configuration 1is analogous to a seepage surface, except that the water dis-
charges by evapotranspiration instead of by seepage. Where evaporation and
transpiration rates are insufficient to maintain the water table below the land
surface, free-water surfaces of small lakes and ponds indicate its position.

As shown in figure 3, the direction of the lateral gradient of the water
table is generally northeastward, and the gradient generally decreases in that
direction. There are, however, significant departures from that generalization,
chiefly related to the topographic influences described above. The water-table
configuration, therefore, is an unreliable guide to the directions and rates of
lateral ground-water flow at appreciable depths below the water table. For this
reason, in order to calculate the average direction and rate of ground-water
flow through the zone from the water table to a depth of 45 m below land
surface, water levels representing a depth of 30 m below land surface were
selected, as discussed below.

Configuration of the confined potentiometric surface representing a depth

of 30 m below land surface in mid-December 1979 is shown in figure 4. Because
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most of the test wells are not screened at a depth of exactly 30 m, water levels
measured in those wells were adjusted to levels representing a depth of 30 m by
computing the difference in head between the depth of the center of the well
screen and a depth of 30 m, using the vertical component of the hydraulic
gradient at the site. At some well sites, measured vertical hydraulic gradients
were adjusted for the '"short—circuit" effect of vertical flow of water through
the annulus outside the well casing above the screen at the bottom of the well.
Adjustments were made where low-density material near the bottom of the well was
indicated by the gamma-gamma log and where confined water levels representing a
depth of 30 m obviously were anomalous in comparison with levels from adjacent
sites at which annular flow is believed to be insignificant. The magnitude of
the effect of annular flow on the vertical hydraulic gradient at each well site
is indicated by the ratio of the hydraulic gradient interpolated from the maps
of the unconfined and confined water levels (figs. 3 and 4) to the gradient
actually measured in the wells at each site. This ratio, termed herein the
"eradient adjustment factor", is discussed later in the section on estimates of
vertical ground-water flow (p. 41).

Like the water table, the direction of the confined hydraulic gradient is
northeastward, and the gradient decreases in that direction, but the configura-
tion of the confined potentiometric surface is much more regular than that of
the water table. The confined potentiometric surface is thus much less affected

by topographic irregularities than is the water table.

Ground-Water Budget

One of the principal objectives of the study was to derive a water budget
or budgets for the portion of the shallow ground-water subsystem having data
available from test drilling. The primary purpose of the ground-water budget
was to provide estimates of the rate of discharge of thermal water from a
deep source or sources. A secondary purpose was to estimate vertical ground-
water flow rates between a depth of 45 m and the water table in order to
provide a comparison with rates calculated from measured vertical hydraulic
conductivities. The "best estimates" of vertical ground-water flow rates
(specific discharge or recharge) were then used to adjust estimated conductive
heat flows in this depth interval for convective effects, using a method given

by Lachenbruch and Sass (1974, p. 641-643).
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The budget involves estimates of annual rates of ground-water flow, both
lateral and vertical, through a prism of sediments between the water table
and a depth of 45 m below the land surface, for convenience termed the "budget
prism". The width of the prism was constrained by the lateral limits of reason-
ably adequate water~-level control in the southwest part of the Soda Lakes
geothermal area, as shown in figure 5. The depth limit of 45 m was the approx-
imate depth of most of the Geological Survey test wells. Obviously, this depth
is substantially less than the total thickness of the shallow ground-water
subsystem at most places within the study area, and estimated rates of lateral
ground-water flow do not represent total lateral flow through the subsystem.

It would have been preferable, of course, to have used a particular aquifer
or aquifer zone, rather than an arbitrary depth below land surface, for the base
of the budget prism. However, as shown in the geologic sections (pl. 2), no
such widespread aquifer exists. Also, the land surface is irregular in parts of
the area, so that the base of the budget prism is not a plane surface. The
saturated thickness of the prism therefore is not constant. However, the range
in saturated thickness is not large, except under the higher parts of Upsal
Hogback, where the depth to the water table actually exceeds 45 m. Beneath the
Hogback, therefore, the base of the budget prism is considered to be at the same
altitudes as on the flanks of the Hogback, rather than at a depth of 45 m,

Four sections, designated A-A', B-B', C-C', and D-D', were established
across the budget prism; sections A~A' at the southwestern edge, D-D' at the
northeastern edge, and the two ground-water flow lines that represent the
limits of reasonably adequate water-~level control, define the lateral limits of
the budget prism (fig. 5). As thus defined, all lateral ground-water flow above
a depth of 45 m is through the four sections (A-A' to D-D'); no flow occurs
across the side boundaries of the prism.

Implicit in the budget estimates is the assumption of steady-state con-
ditions. Conditions observed in 1979 were assumed to represent long-term
average conditions so that net changes in ground-water storage in the prism
were zero-—annual rates of ground-water outflow were equal to annual rates
of inflow. Lateral ground-water flow through each of the three budget subprisms

delineated by the sections was estimated, as described below.
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Estimates of Lateral Ground-Water Flow

The lateral component of ground-water flow through each of the four sec-
tions across the the budget prism, for convenience abbreviated hereinafter as
lateral ground-water flow, was computed as the product of the saturated thick-
ness, the width of the section, the average lateral hydraulic conductivity, and
the average lateral hydraulic gradient perpendicular to the section.

Lateral hydraulic gradients in mid-December 1979 representing a depth of 30
m below the land surface (fig. 4) were discussed <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>