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Conversion of units

Metric units are used throughout this report, although many of the
measurements were made using English units. Thermal parameters are reported
in the older, more familiar "working" units rather than in the now-
standard SI (Standard International) units. The following table lists
metric and equivalent English units, and "working units" and equivalent
SI units for the thermal parameters

Multiply metric units By To obtain English units WE
ek
Length
millimetres (mm) 3.937 x 1072 inches  (in) 'f
centimetres (cm) . 3937 inches (in)
metres (m) 3.281 feet (ft) )
kilometres (km) 3,281 feet (ft) '
8214 miles (mi)
Area ?
square metres (m2) 10.78 square feet (£t2) .
hectares (ha) 2.471 _ acres (ac) 1
square kilometres} (km2) 247.1 (acres (ac% i
(101%m?) .3861 square miles (mi“)
Volume 'j
cubic centimetres (em3) 6.10 x 102 cubic inches (in®) .
litres (1) . 2642 ) gallons (gal) !
3.531 x 10~ cubic feet (££3) A
cubic metres (m3) 35.31 cubic feet (£t3)
8.107 x 10°% acre-feet (ac-£t) J»
Flow
litres per second ( 1 s~1) 15.85 gallons per minute (gal min -1 ;J
25.58 acre-feet per year (ac-ft yr‘l)
Mass [
|
.
grams (g) 3.528 x 1072 ounces (oz)
kilograms (kg) 2.205 ' pounds (1b)

Temperature: degrees Celsius to degrees Fahrenheit ©F = 9/5 °C + 32
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THERMAL PARAMETERS

Multiply "working units" By

Thermal Conductivity

millicalories per centimetre -
second ° degree Celsius
(103 cal eml s-1 o¢-1) 0.4187

Thermal Diffusity

square centimetres per

second (em? s-1) 1.0 x lo-4

Heat-flow (heat-flux density)

microcalories per square

centimetre - 3econd 4,187 x 10-2
(1076 cal em™% s~1)
heat~-flow unit (HFU)

Energz
calories (cal) 4,187

Heat Dischargg

calories per second (cal s~1) 4,187

To obtain SI units

watts per metre -*
degree Kelvin
(Wm1 oK-l)

sqQuare meters_per
second (m? s~1)

watts per square metre
(W m~2)

joules (J)

watts

(W)

XI
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PRELIMINARY HYDROGEOLOGIC APPRAISAL OF SELECTED HYDROTHERMAL SYSTEMS IN

NORTHERN AND CENTRAL NEVADA

By F.H. Olmsted, P.A. Glancy, J.R. Harrill, F.E. Rush, and A.S. Van Denburgh

ABSTRACT

Several hydrothermal systems in northern and central Nevada were
explored in a hydrogeologic reconnaissance. The systems studied comprise
those at Stillwater and Soda Lakes-Upsal Hogback in the Carson Desert,
Gerlach, Fly Ranch-Granite Range, and Double Hot Springs in the Black Rock
Desert, Brady's Hot Springs, Leach Hot Springs in Grass Valley, Buffalo
Valley Hot Springs, and Sulphur Hot Springs in Ruby Valley.

The investigation focused on (1) delineating of areas of high heat
flow associated with rising thermal ground water, (2) determining the
nature of the discharge parts of the hydrothermal systems, (3) estimating
heat discharge from the systems, (4) estimating water discharge from the
systems, (5) obtaining rough estimates of conductive heat flow outside areas
of hydrothermal discharge, and (6) evaluating several investigative tech-
niques that would yield the required information quickly and at relatively
low cost. The most useful techniques were shallow test drilling to obtain
geologic, hydraulic, and thermal data and hydrogeologic mapping of the
discharge areas.

The systems studied are in the north-central part of the Basin and
Range province. Exposed volcanic rocks of latest Tertiary and Quaternary
age are chiefly basaltic. Basaltic terranes are generally regarded as less
favorable for geothermal resources than terranes that contain large volumes
of young volcanic rocks of felsic to intermediate composition. Most of the
known hydrothermal systems are assoclated with Basin and Range faults which
are caused by crustal extension across the province. An area of high heat
flow centered at Battle Mountain and possibly other areas of high heat flow
may be related to crustal heat sources. However, some of the hydrothermal
systems studied appear to be related to deep circulation of meteoric water
in areas of "normal" regional heat flow rather than to shallow-crustal heat
sources.

Discharge temperatures of thermal springs in the region range from
slightly above mean annual air temperature (8°9-12°C at most places) to
boiling or slightly hotter. Geochemical data indicate that, in the major
systems, subsurface temperatures at which thermal waters equilibrate with
reservoir rocks range from 150° to more than 200°C. These data also indi-
cate that the major systems are of the hot-water type rather than the
vapor-dominated type. Depths of thermal-water circulation probably range
from 2 to 6 kilometres in areas of "normal" regional heat flow (v 2 heat-
flow units) and from 1 to 3 kilometres in areas of high heat flow (Vv 3-u4
heat-flow units) such as near Battle Mountain.

Most of the heat is discharged from the hydrothermal systems studied
by (1) conduction through near-surface materials heated as a consequence of
thermal-water convection, (2) convection as springflow, and (3) convection
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as steam discharge from spring pools, vents, fumaroles, and cracks. The rate
of heat discharge by radiation from warm ground and by convection as lateral
ground-water outflow is believed to be small in most systems and is not
estimated.

Estimates of net heat discharge from the systems studied range from
about 0.8 x 10 calories per second at Buffalo Valley Hot Springs to
about 14 x 10%calories per second at Stillwater. These estimates represent
the approximate magnitude of the excess heat discharge from the thermal
areas that results from the upward convection of hot water from deep sources.

Water discharges from the hydrothermal systems by springflow, evapo-
transpiration, steam discharge, and lateral ground-water outflow. Estimated
discharges range from about 0.2 x 108 cublc metres per year from the Buffalo
Valley Hot Springs system to about 3 x 10% cubic metres per year from the
Stillwater system.

In most of the hydrothermal systems studied and, by inference, in other
similar systems in northern and central Nevada, the scale for potential

.commercial development for production of electricity or for other uses may

be constrained by the natural discharge of heat and water. Greater rates

of production of fluid generally would result in decreases in both temperature
and pressure in the system. Exceptions to this limitation might occur at
favorable sites within broad areas of high heat flow such as the Battle
Mountain heat-flow high. At Buffalo Valley Hot Springs, for example, the
natural discharge of heat and water is small, but, because of the high
conductive heat flow and the low thermal conductivity of the valley fill,

a thermal reservoir might lie within economic drilling depths.

INTRODUCTION
Objectives of Study

The abundance and wide distribution of hot springs in northern and

central Nevada make this region a promising target for geothermal exploration .

Sporadic test drilling has been done at several thermal areas during the
past 10-15 years, but few advances have been made in the techniques of
exploration or in the delineation of geothermal systems. The U.S. Geological
Survey has selected northern and central Nevada as one of the first regions
in which to make reconnaissance studies designed as first stages in the
exploration and evaluation of geothermal resources on public lands in
the western States.

The troad objectives of the reconnaissance studies are to develop and
test geologic, geophysical, geochemical, and hydrologic techniques that
will find geothermal systems, determine the nature and magnitude of the
systems and their contained fluids, and determine the flux of heat and fluid
through the systems. The ultimate goal is to formulate conceptual and
mathematical models that will describe the system dynamics, both before
and after development.

Many kinds of data are required for the. formulation of the models.
These kinds of data may be grouped into threee principal categories:
(1) reservoir parameters; (2) fluid and temperature parameters; and
(3) system dynamics.
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Reservoir parameters include the three-dimensional distribution of flow
boundaries, effective porosity, intrinsic permeability, specific storage,
specific heat, thermal conductivity, and rock chemical and mineralogical
composition. Some of these parameters may be inferred from surface geologic
and geophysical evidence, but useful quantitative data generally must be
obtained by costly deep drilling into the geothermal reservoir.

Fluid and temperature parameters include the three-dimensional distri-
bution of temperature, fluid pressure, and fluid quality, both chemical
and physical. As with the reservoir parameters, drilling of numerous wells
into the reservoir is required for the acquisition of useful fluid and
temperature data.

System dynamics concerns the input to, movement through, and discharge
from, the system of heat and fluid. The last part of the cycle, the discharge,
is the part most easily studied in the early stages of a hydrologic
reconnaissance. Moreover, in the types of systems inferred from preliminary
geologic studies of northern and central Nevada by Hose and Taylor (1974),
the natural rates of discharge of both heat and fluid may place severe
constraints on the scale of economic development.

Accordingly, this study was designed to (1) delineate areas of high
heat flow associated with rising thermal ground water, (2) determine the
nature of the discharge from the hydrothermal systems, (4) estimate thermal-
water discharge from the hydrothermal systems, and (5) obtain rough estimates
of conductive heat flow outside areas of hydrothermal discharge, and
(6) evaluate several investigative techniques that would yield the required
information quickly and at relatively low cost.

Parallel investigations of northern and central Nevada by the U.S.
Geological Survey are those of the geology (Hose and Taylor, 1974), the
geochemistry of the principal hot springs (Mariner and others, 1974), the
regional heat flow (Sass and others, 1971), and the geophysical studies.
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Numbering System for Wells and Springs

In this investigation wells and springs are assigned numbers accord-
ing to the rectangular system of subdividing public lands, referred to
the Mount Diablo baseline and meridian. The first two elements of the
number, separated by a slash, are, respectively, the township (north)
and range (east); the third element, separated from the second by a
hyphen, indicates the section number; and the lowercase letters fcllowing
the section number indicate the successive quadrant subdivisions of the
section. The letters, a, b, ¢, and d designate, respectively, the north-
east, northwest, southwest, and southeast quadrants. Where more than
one well or spring is catalogued within the smailest designated quadrant,
the last lowercase letter is followed by a numeral that designates the
order in which the feature was catalogued during the investigation. For
example, well number 32/23-l4ccd 2 designates the second well recorded in
the SE4 SWk SWk section 14,T. 32 N., R. 23 E., Mount Diablo baseline and
meridian. In unsurveyed areas, a land net 1is projected from the nearest
adjacent surveyed land corners, and location numbers of wells and springs

are assigned accordingly.

In addition to the location number based on the public-land net,
all these wells and many other wells are assigned chronological numbers
within each area of study. The numbers are preceded by letters which
indicate the agency (or company) that drilled the well, the area of study,
and the method of drilling. Where more than one well was installed at a
single site, the chronological number is followed by a capital letter which
designates the order of installation. The letters USBR refer to the U. S.
Bureau of Reclamation; USGS, to the U. S. Geological Survey. DH indicates

a drill hole (usually hydraulic-rotary method); AH, an auger hole. For
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example USGS BR AH-3B refers to the second augered well at the third site

in the Black Rock Desert area (BR), by the U. S. Geological Survey. Area

designations are as follows: BH, Brady's Hot Springs area; BR, Black Rock
Desert area; BV, Buffalo Valley area; CD, Carson Desert area; GV, Grass

Valley area; RV, Ruby Valley area.

REGIONAL SETTING
Regional Geology and Heat Flow

The following summary of the regional geology of northern and central
Nevada is based in large part on a recent paper by Hose and Taylor (197h4).
Heat-flow data are chiefly from Sass and others (1971).

The area of study lies within the north-central part of the Basin
and Range province. The province is characterized by elongate north-
trending fault-block mountain ranges and intervening basins. Exposed
rocks are exceedingly varied and range in age from Precambrian to Holocene.
Major rock groups include Paleozoic and Mesozoic sedimentary and volcanic
rocks; intrusive rocks, chiefly of Mesozoic age; Tertiary volcanic and
sedimentary rocks; and late Tertiary and Quaternary sedimentary and minor
volcenic rocks.

The Paleozoic and Mesozoic rocks consist of both miogeosynclinal
and eugeosynclinal facies and include diverse types such as limestone,
dolomite, shale, quartzite, graywacke, chert, evaporites, lavas, and their
metamorphic correlatives. These rocks were intruded at different times,

chiefly during the Mesozoic, by magmas that range in composition from

granite to gabbro.
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The Tertiary Period was marked by widespread volcanism, interspersed
with the deposition of smaller amounts of nonmarine sediments. The volcanic . —
rocks consist chiefly of lava flows and ash flows of felsic to intermediate
composition which now comprise almost one-fourth of the outcrops of northern

Nevada. The earliest eruptions began during the Oligocene, and the most

.

intensive activity ended about 10 million years ago.
Minor volcanism in the province persisted into the Pleistocene. The ™
late volcanic rocks consist chiefly of flows and cinder cones of basalt, which
are widely scattered throughout northwestern Nevada (fig.l). Flows and
pyroclastic rocks of intermediate composition are much less abundant than
basalt, and silicic rocks younger than middle Teritiary are absent in most i
of the region. However, White (written commun., 1974) and Silberman (oral )
communication,1974) report rhyolite domes of Pleistocene age (1.1, 1.2, and
3.0 m.y.old in the Steamboat Hills and west flank of the Virginia Range
near Virginia City), and a dome on the east flank of the Virginia Range is .
1.5 m.y. old. L
Generally north-trending grabens, separated from the mountain blocks by
Basin and Range high-angle normal faults, are filled with late Tertiary
and Quaternary nonmarine sedimentary deposits. The thickness of the basin ;
fill in most valleys is poorly known but probably exceeds 1 km at many

places. In the northwestern part of the region, the upper part of the £fill _j
includes predominantly fine-grained strata of late Pleistocene Lake Lahontan. hj
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Pre-Tertiary structural features are numerous and varied and include
major thrust faults. On some of the thrust faults eugeosynclinal rocks
moved many tens of kilometres relatively eastward over miogeosynclinal
rocks. Movement on many of the faults has persisted to the present.

Present topography began to be outlined during the early or middle

Tertiary by Basin and Range faulting. Total throw on some of these high-
angle normal faults may be more than 2 km. The Basin and Range structural
features result from crustal extension; which Thompson and Burke (1973)
have estimated amounts to a total of about 100 km across the province.

As a consequence, the present crust is notably thinner than that in
adjacent regions and may be underlain by a plastic substrate (Stewart,1971).

Probably as a consequence of the relatively thin crust and a high-

temperature upper mantle, the northern Basin and Range province is .

characterized by heat flows éubstantially higher than the average for
continental areas (Sass and others, 1971). Data are not yet abundant

and are mostly restricted to mountainous areas, commonly in mining districts.
i Therefore, generalizations should be made with caution and with the under-

standing that they may be modified when more data become available.
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Most of the heat-flow values in the northern Basin and Range
province range from about 1.5 to 2.5 HFU (cal ™2 5™t x 10'6) (See
fig. 1.) Higher values have been measured at a few scattered test holes
and a sizable area of uncertain extent, centered near Battle Mountain,
has heat flow values that range from about 2.5 to 3.8 HFU. The localized
highs may, in part at least, reflect upward-convecting thermal ground
water, but the high heat flow in the Battle Mountain area of at least
several hundred square kilometres extent may be related to crustal heat
sources (Sass and others, 1971, p. 6409).

However, significant magmatic sources of heat in the upper crust,
such as characterize most of the known geothermal systems of the world, are
not known to be present in most of northern and central Nevada. There
are large volumes of silicic to intermediate volcanic rocks in the region,
but most are more than 10 m.y. old and, according to calculations by
A. H. Lachenbruch (oral commun., 1974),have long since cooled to temperatures
characteristic of other rocks of the province. Younger volcanic rocks,
of latest Tertiary and Quaternary age, are widely distributed throughout
the western part of the province (fig. 1). In places, these rocks might
be associated with shallow-crustal sources of heat. However, most of the
exposures are basalt, which is generally believed to be derived from the

upper mantle rather than from shallow-crustal magma chambers.




Basin and Range Faults and Thermal Springs

According to Hose and Taylor (197hk), most, if not all, the hydrothermal
systems of northern and central Nevada are probably related to deep circula-
tion of meteoric water slong Basin and Range faults rathe; than to shallow
crustal sources of heat. Knowledge of the distribution of Basin and Range
faults is therefore useful in prospecting for geothermal resources. The
known distribution of the Basin and Range faults on which movement has
occurred in Pleistocene or Holocene time, based on a compilation from county

geologic maps by Hose and Taylor (197k), is shown on figure 2.

Figure 2 ﬁlso shows the distribution of the major thermal springs
in northern and central Nevada. Most thermal springs are either on or
near Basin and Range faults, although the relation of some springs to faults
is embiguous. However, mapping of several hot spring areas during this
study revealed that not all the,gagin and Range faults are shown on the
county geologic maps from w@iéﬁ figure 2 was compiled. Most thermal springs
not on exposed fault trgégg’probably are nonetheless'controlled by Basin
and Range faults thdt are concealed by unaffected valiéy fills. Signifi-

cantly, many/;aults have only nonthermal springs, or no springs at all.
).
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METHODS OF INVESTIGATION

In this study, the primary emphasis was on the development and
evaluation of various reconnaissance methods of studying hydrothermal
systems of the types found in northern and central Nevada. The following
sections summarize the activities in approximate chronological sequence.
A possible sequence for an actual exploration program would be some-
what different, as will be explained later.

Collection of Existing Data

The first step in the present investigation, and the logical first
step in most geothermal exploration programs, is to collect existing data.
Public agencies and private companies were canvassed for reports and
information on surface and subsurface geology, temperature and heat flow,
surface or airborne geophysical surveys, seismic activity, borehole
geophysics, geochemistry, meteorology, botany, hydraulics, and water
budgets. Available sources of this informétion for 19 hydrographic areas
or groups of areas in northern and central Nevada are presented by Olmsted

and others (1973). The 19 areas include all the hydrothermal systems

described in the present report.
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Hydrogeologic Mapping
Several kinds of maps were made of hydrothermal discharge areas
and surrounding lands at a scale of 1:24,000 or larger, and measurements
were made of the discharge, temperature, and specific conductance of hot
springs. Mapping included geology, especially of structural features and
rock types related to hydrothermal activity; vegetation, with emphasis on
classification and description of phreatophytes; soils; and detailed

mapping of spring orifices. The chief purposes of the geologic mapping

were to determine whether volcanic rocks young enough to be possible sources

of heat were present, to assist in delineation of the hydrothermal-discharge

system, and to provide a basis for relating chemical character of the
discharge to rock types with which the thermal water has been in contact.
Vegetation and soils were mapped primarily to provide data needed for
estimating hydrothermal discharge by evapotranspiration. In deriving the
estimates, empirical annual rates of evapotranspiration were assigned to
several categories of phreatophyticvegetation on the basis of earlier
reconnaissance ground-water studies of hydrographic éreas throughout
Nevada by the U. S. Geological Survey.
Test Drilling

Thermal and hydraulic data from shallow (10 - 50 m) test holes were
used to determine the extent of areas of hydrothermal discharge. In the
Carson Desert, test-hole data were also used to prospect for possible
near-surface thermal anomalies between two known anomalies and to estimate
conductive heat flow at a site underlain by fine-grained deposits of low

permeability.
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Wherever possible, test holes were completed at depths of at least
30 m in order to avoid significant seasonal fluctuations in temperature.
Unlike test holes used to determine crustal heat flow, however, test holes
of depths sufficient to minimize the effects of heat transport by ground-
water flow were not required. Accordingly, most holes were drilled or
bored to depthks within easy reach of light-weight drilling or augering
equipment, generally 50 m or less.

The first U.S. Geological Survey test holes were bored with a truck
mounted power auger. The holes were bored to depths of 10-45 m with solid-
stem auger flights 1.5 m in length and about 10 cm in diameter. The U.S.
Bureau of Reclamation drilled early temperature test holes in the Carson
Desert with hydraulic-rotary drilling equipment. Four of the holes were
drilled and completed to a depth of 50 m; an experimental heat-flow
test hole in the Carson Sink was drilled and completed to 153.9 m.

In the first of the auger holes,galvanized-steel pipes of 3.8 cm
nominal inside diameter, fitted at the bottom with well points or well
screens, were installed to the bottom of the hole, or as close to the
bottom as possible. At many places, soft, caving materials prevented
penetration of the pipe and screen or point to the bottom, and a few
holes had to be completed at depths of less than 10 m. Owing to the
stability of the hydraulic-rotary drill holes maintained by the mud cake,
it was possible to complete all the early U.S. Bureau of Reclamation
test holes to the total drilled depth, using pipes that were capped at
the bottom and filled with water. The pipes therefore were hydraulically
isolated from the adjacent materials and provided only geologic and

thermal information instead of the
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hydrologic information also provided by the U. S. Geological Survey
test holes. With the exception of the experimental heat-flow test
hole in the Carson Sink, which was completed with a black-iron pipe of
5.1 em (2 in) nominal inside diameter, all the U. S. Bureau of Recla-
mation test holes in the Carson Desert were completed with black-iron
pipe of 3.2 em (% in) nominal inside diameter. The small diameter is
an asset in determining precise thermal gradients because thermal
convection within the pipe is minimized (Sammel, 1968). However,

the pipes are not accessible to most borehole-geophysical-logging tools.

Drilling techniques improved with experience. As a result, most
of the later test holes were completed to total drilled depths and
better geologic information was obtained. Use of the hollowstem auger
permitted installation of pipe to the bottom of the hole before the auger
flights were removed. Hydraulic-rotary drilling was used more often and
cores were obtained of representative geologic materials in the hydro-
thermal-discharge areas.

In a test hole used for precise measurements of potentiometric head

or thermal gradient, the annulus between the pipe and the walls of the hole

is usually filled with cement or other impervious material. The cement
prevents a hydraulic "short-circuit" of the natural system through the

annulus. However, for several reasons, the test holes were not cemented.

First, cementing each test hole would have increased cost and completion
time substantially. The number of holes completed or the average depth

might thereby have been reduced by as much as one-half. The hydraulic

and thermal data obtained from an individual hole was not quite as precise

as it could have been, however, data was obtained from many more holes from

greater depths. Second, an envelope of cement around the pipe would have

precluded obtaining several kinds of borehole geophysical logs that were
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needed for a reliable interpretation of the materials penetrated by the
test hole. Virtually all the radiation logs, which are the most severely
affected by a cement-filled annulus, were made thrcugh the pipes

rather than in the oper holes. Finally, the exothermic effect of curing
cement probably would have delayed thermal equilibration of the test hole
with its surroundings for many days or weeks after completion. Because
many sites were selecfed as drilling proceeded on the basis of temperatures
and thermal gradients measured in recently ccmpleted test holes, time was

not available for thermal equilibration of a cemented test hole.

As a compromise solution, the annulus outside the pipe in most
test holes was backfilled with drill cuttings or surface materials at
the site. Where the backfill was well sorted, not in lumps, and fairly
dry, a reasonably effective seal was obtained. However, in some holes,
especially those where the available materials were clayey, cohesive, or
wet, the backfill tended to bridge in the annulus and to leave zones in
which water moves upward or downward in response to vertical potential
gradients. These zones are indicated by abnormally low thermal gradient
(commonly straddled by intervals of high thermal gradient) and by
abnormally low density and high water content on, respectively, the gamma-

gamma and the neutron borehole geophysical logs.
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Borehole Geophysical logging

After the test holes were drilled, various types of borehole
geophysical logs were made, primarily in order to better défine the
physical characteristics of ﬁhe materials penetrated. During the early
stages of the investigation, natural-gamma logs (hereinafter referred to
as gamma logs) and a few temperature logs were made in the cased holes,
usually several days or weeks after the wells were completed. It soon
became apparent, however, that gamma logs, by themselves, were not
sufficient to define the lithologic characteristics and other important
physical characteristics of the materials. Accordingly, other logging
techniques were used, and, during the later stages of the logging program,
single-point resistivity, spontaneous potential, caliper, gamma, gamma-

gamma, neutron, and temperature logs all were routinely made of the test

wells. Logging was done chiefly by R.A. McCullough of the U.S. Geological .

Survey, Denver, Colorado, using truck-mounted equipment; some logs were
made in open holes with a portable "suitcase" logger. The following
paragraphs briefly describe the logging techniques in the approximate
sequence in which they were used in the last test holes drilled during
the preseﬁt investigation. It should be emphasized that none of the
techniques, by itself, is as useful as an interpretive tool as several

techniques used conjunctively.
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Single-point resistivity logs.~-Single-point resistivity logs were

made in fluid-filled holes drilled by the mud-rotary method, commonly at

the same time the spontaneous potential logs were made. Unlike multiple-

electrode resistivity logs, single-electrode resistivity logs do not provide

information about the chemical character of the formation fluid. They do,
however, indicate strata of contrasting electrical properties. These logs
are perhaps the most useful of all the logs in identifying the position

of tops and bottoms of strata. The single-point resistivity log is

regarded primarily as a stratigraphic or lithologic tool. In general,

water-filled clay and silt strata are indicated by zones of low resistivity;

sand and gravel are indicated by zones of high resistivity.

Spontaneous-potential logs.=-Spontaneous-potential logs were made in

conjunction with single-point resistivity logs in a few of the last test
holes. These logs, which record the natural electric potentials between
fluid in the borehole and adjacent earth materials, were used primarily
as a supplement to the resistivity logs in defining lithologic boundaries.
As with the resistivity log, an uncased fluid-filled hole is required.

Caliper logs.--Caliper logs record the average diameter of the hole,

as measured by expandable arms or feelers mounted near the bottom of the
logging tool. Like the single-point resistivity and spontaneous-potential
logs, caliper logs were used only during the late stages of the drilling
program. They are useful as a supplement to other logs in interpreting
lithology and also in correcting some of the other logs for effects of
variations in hole diameter. Although quantitative interpretations of

the gamma~gamma and neutron logs were not attempted, the caliper logs

would be required if such interpretations were made.
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Gamma logs.~- Gamma logs, record the natural gamma radiation

emitted by the earth materials penetrated by the test hole. During the

study, almost all the gamma logs were made in cased holes, but these logs

can also be made in fluid- or air-filled holes. The effectiveness of
the gamma log as a tool in lithologic interpretation depends on the-
differences in abundance of gamma-emitting minerals among the common
earth materials. If the differences between sand and clay, for example,
are consistent, these materials can be differentiated on the gamma logs.
At most places, however, interpretations made from gamma logs alone are
ambiguous, and other kinds of logs must be used in conjunction with the
gamma log for reliable analysis. This proved to be true in most of the
areas drilled. Clean, quartzose sands are relatively low in natural
gamma radiation and clays tend to be relatively high. Unfortunately,
many sands contain abundant potassium feldspar, micas, and other high-
gamma-emitting minerals and commonly are higher in natural gamma
emission than the interbedded clay and silt. At a few localities, the
gamma logs were useful in helping to identify beds of silicic ash

or tuff (very high gamma count) and basalt flows or sediments made

up chiefly of basalt detritus ( very low gamma count).
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Gamma-gamma logs.--Gamma-gamma logs are made with a probe that

contains a source of gamma radiation, separated by shielding from a
detector that measures the backscattered, attenuated radiation from the
borehole and surrounding materials. The intensity of the radiation
measured by the detector is related to the bulk density of the materials,
and the gamma~gamma log is sometimes referred to as a density log. In
all the areas of the present study, gamma-gamma logs.which were made in
the cased holes, were useful in identifying lithologic types and also
in determining the top of the saturated zone (or, more correctly, the
top of the saturated part of the capillary fringe). In the water-filled
unconsolidated deposits penetrated by most of the test holes, sand and
gravel are characterized by relatively high density, clay and silt

by relatively low density, owing to the lower porosity of the coarse-
grained materials in comparison with the fine-grained materials. In

the unsaturated zone, the relation is generally reversed because of

the higher water content of the fine-grained materials. Some difficulty
is encountered in interpreting the gamma-gamma log where the diameter

of the hole is variable, where the backfill in the annulus between the
pipe and the wall of the hole is nonuniform, or where the backfill
material differs greatly from the adjacent materials. 1In a few holes,
it is possible to identify zones of incomplete backfill or enlarged
(washed-out or caved) hole by intervals of abnormally low density

indicated by the gamma-gamma log.
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Neutron logs.-- Neutron logs indicate the water content (actually
the hydrogen content) of the borehole environmeﬁt. In the saturated
zone, the water content is a function of the porosity of the material;
clay and silt usually have higher porosity and higher water content than
sand and gravel. In the unsaturated zone, the relation of water content
to lithologic type is the same as it is in the saturated zone, so that
the response of the neutron log to the different materials is not reversed
above the water table as it is in the gamma-~gamma log. The neutron
logs proved very useful in supplementing the gamma-gamma and other logs
in lithologic interpretations and, particularly, in identifying the
water table or top of the capillary zone. Like the gamma-gamma log, the
neutron log also indicates zones of washed-out hole or incomplete backfill
in the annulus between pipe and hole wall.

Temperature logs.-- Although most of the temperature data used for

interpretive purposes was obtained using equipment that does not record
continuously, temperature logs were made in many test holes in order to
supplement the other data. The primary value of the temperature log
lies in its continuous record of change in temperature with depth. The
other temperature measurements, discussed in the next section, are
generally more accurate but are made only at discrete points and thus
may fail to reveal thin zones of abnormal temperature or thermal

gradient.
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Measurements of Temperature and Thermal Gradient

Measurements of subsurface temperature and thermal gradient were
made in order to identify possible thermal areas, to determine the extent
of hydrothermal-discharge systems, and to obtain the data needed to estimate
heat flow from the hydrothermal-discharge areas and from a few points out-
side the discharge areas. In addition, temperatures were measured of
discharging springs and of a few flowing or pumping wells.

Maximum-recording mercury-in-glass thermometers 15 cm in length
were used to measure temperature of discharge from most springs and wells,
for early measurements of subsurface temperatures in test holes, and for
measurements of subsurface temperatures higher than 100°C. Thermometers
were calibrated with a laboratory standard mercury-glass thermometer, and
most measurements are probably accurate to t 0.5°C. Temperatures in test
holes were measured by lowering a maximum thermometer attached by wire to
the end of a steel tape to the desired depth, allowing time for equilibration
(usually about 1 minute), then retrieving the thermometer, immersing it in
a water bath kept at about 10° - 20°C, and reading it with hand lens to
the nearest 0.2°C or 0.5°F (about 0.3°¢).

Most of the measurements of temperature and thermal gradient in the
test holes were made using a portable reel with 152 m of three-
conductor cable, fitted at the bottom with a weighted probe containing
a two-bead thermistor, and attached to a miniaturized wheatstone-bridge
circuit having a digital readout of temperature. The range of the
instrument is 0-100°C; the accuracy of the measurements within this range
probably is well within To.5%. However, temperatures were read to 0.01°c,
and the relative error in measurements at adjacent depths probably is

no more than about 0.05°C. Temperatures and gradients were measured by
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lowering the probe in the pipe in 0.6 or 1.2 m increments from a point

just below the water level in the pipe to the bottom or to some other

d ]

desired depth. The time required for stabilization or equilibration of the

temperature reading was about 1 minute, except where the thermal gradient

-1
exceeded about 1°C m , when as much as 3 minutes was required.

Temperatures and gradients in some test holes, including the

experimental heat-flow test in the Carson Sink, were measured by

L

Paul Twichell and John Sass of the U.S. Geological Survey, using both

]

»
!
!
L S——

portable and truck-mounted equipment having thermistors as sensors.
Temperatures measured with this equipment are more accurate than those
measured with the digital thermometer and maximum thermometer, and readings
were recorded to 0.001°C. This equipment is capable of measuring 3

temperatures well above 100°¢C. .

!

Temperatures at a depth of about 1 m were measured in the hottest

L

part of the Soda Lake-Upsal Hogback thermal anomaly in the Carson Desert

in order to better define the configuration of the anomaly. Measurements

were made with a thermistor mounted at the bottom of an aluminum wand 1 m

L

in length, which was inserted in holes made with either a hand driver or

]
—

a soil auger. The thermistor probe was attached by way of a three-

L

conductor cable to the digital thermometer used for fhe measurements in )
the test holes. Readings were made at regular time intervals for periods lJ
as much as 40 min and temperatures were extrapolated to equilibrium ;f
temperature by a method described by Parasnis (1971). -
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In order to avoid the effects of seasonal fluctuations in temperature,
thermal gradients at depths of less than 10-15 m below land-surface
datum, were not generally used in calculations of heat flow. Temperatures
at depths of 30 m below the land surface and thermal gradients within
the depth interval 15-45 m are the parameters most commonly used in the
analysis of the temperature and heat-flow patterns of the hydrothermal-
discharge areas. Temperatures used in the analysis were measured several
weeks to several months after completion of most wells in order to
minimize the thermal disequilibrium caused by drilling. However, during
the later stages of the field studies, it was learned that temperatures
measured only 2 or 3 weeks after drilling could be used without
introducing significant error. Temperatures measured at depths less than
10-15 m did provide useful information, especially if measurements were
repeated at different times of the year. For example, average thermal
diffusivity of the near-surface materials can be computed, using the
shallow temperature data to define the depth of the seasonal (winter-
minimum or summer-maximum) temperature wave. The temperatures at a depth
of only 1 m obviously have a sizable amplitude of seasonal fluctuation.
Therefore, measurements made in a given area at this depth had to be
made within as short a time as possible, and even so, the observed

temperatures had to be adjusted to allow for changes during the survey.
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Water-level Measurements

In addition to obtaining geologic and temperature information, the
other principal objective of the test-drilling program was to
determine potentiometric heads and directions of ground-water movement.
Depths to water in the test holes were measured by the wetted-tape
method and recorded to the nearest 0.003 m or, in a few less accurate
measurements, to the nearest 0.03 m. At many sites, the water-
bearing zone at the bottom of the hole is confined and an upward or down-
ward potential gradient exists between that zone and the water table.
Where time permitted and the water table was not too deep, companion test
holes or piezometers were installed by hand or power auger to a depth
slightly below thé water table in order to define the difference in depth
or altitude between the water table (unconfined potentiometric surface)
and the artesian water level (confined potentiometric surface). The
difference in water level, divided by the depth of the well point of the

deeper well below the water table, equals the vertical potential gradient,

which is customarily expressed as a dimensionless ratio. If the water table

is higher than the artesian water level in the deeper hole, the gradient
is downward (negative); if the reverse is true, the gradient is upward
(positive). 1If the annulus between the pipe and the wall of the hole is
not tightly sealed or is filled with material having higher vertical
hydraulic conductivity than the adjacent natural materials, the system is
short-circuited hydraulically and the measured vertical potential gradient
is less than the true gradient. This situation probably exists at several
of the test-hole sites, but the magnitude of the difference has not been

determined.
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For many sites where water-table test holes (shallow piezometers)
were not installed, an attempt was made to determine the position of the
water table from the neutron or gamma-gamma log of the test hole. Primary
reliance was placed on the neutron log, which generally shows a large
change in water content of the materials at the water table (actually the
top of the saturated part of the capillary fringe). The gamma-gamma log
usually indicates a similarly large change in density at about the same
depth. However, in a few test holes, the depths indicated by the two
logs are substantially different, and interpretation of the position
of the water table is highly uncertain. Another source of uncertainty
is the thick capillary zone that is present above the water table in
fine-grained materials (clay and fine silt). Where such a thick capillary
zone exists, the neutron and gamma-gamma logs probably indicate the top
of the saturated part of this zone rather than the water table. For
these reasons, water-table depths and altitudes interpreted from the
neutron and gamma-gamma logs are much less precise and reliable than those
measured with a tape in shallow piezometers. In most holes where the
water table is in sand or other coarse material, the range of uncertainty
may amount to only a few tenths of a metre, and where the unconfined
and confined water levels differ by several metres, as they do in part
of the Soda Lakes-Upsal Hogback area in the Carson Desert, a reasonably
reliable estimate of the vertical potential gradient may be made. However,
where the water table is a fine-grained material or where head differences
between confined and ;nconfined zones are small, usable data on vertical

potential gradients must await the installation of shallow piezometers.
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In many of the test holes, the well points or well screens become

clogged with silt or clay during installation. As a result, several ”?
.
weeks or months were required for water levels in the pipes to equilibrate -
with the water levels in the aquifers opposite the points or screens in o
these test holes. The time required for equilibration can be shortened M
"

with development by air-1ift pumping, surging, backflushing or other
means. i
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Laboratory Analyses of Cores

Duﬁing the last stage of test drilling, cores were taken of different
materials to provide a representative range of geologic, hydrologic, and
thermal properties of the rocks within the several areas of study. Most
of the cores were obtained by driving a brass tube into previously
undisturbed material below the bottom of the drill hole; the cores were
contained in aluminum sleeves 15 cm in length and 6.4 cm in diameter
ingide the drive tube. Upon removal from the tube, the cores were capped
top and bottom and sealed with water-proof, air-impermeable tape. Generally,
two 15-cm-long cores were taken from each 30 cm cored interval. One of
the cores was sent to the laboratory of the U.S. Geological Survey, Denver
Colorado, for geologic, mineralogic, hydrologic, and thermal-conductivity
analysis.

Analyses by the Denver laboratory included mineral identification
and clay-mineral identification, both by X-ray diffraction method; |
carbonate content, by CO2 absorption method; particle size; pore-size
distribution; vertical hydraulic conductivity; and thermal conductivity:
Bulk density and grain density also were determined.

Thermal conductivity was measured with a needle probe by both

the Denver and Menlo Park laboratories.

The purposes of the core analyses were to assist in the definition
of the subsurface geology, to determine physical properties which can be
correlated with thermal conductivity so that the thermal-conductivity data
can be extrapolated on the basis of the physical properties inferred from
the borehole geophysical logs, to obtain thermal-conductivity data needed
for heat-flow estimates, and to obtain hydraulic parameters required

for estimates of ground-water-flow rates.
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Chemical Analysis of Water . il
i

The major sampling and chemical analyses of the hot springs and wells

were done by Mariner and others (1974). During the present study, sup- N
plemental samples from numerous spring orifices were collected and analyzed -
in order to determine gross variations in water chemistry in relation to |
flow rates and temperatures. In addition, samples were obtained by o
bailing from several test holes in the Soda Lake-Upsal Hogback area in the
Carson Desert. The purpose of the sampling and analysis was to determine
whether the thermal water could be distinguished from shallow nonthermal -
ground water on the basis of chemical-differences, and if so, the amount
and mechanism of mixing of the two waters. Specific conductance was
measured for all the samples of spring and well waters; a few analyses

included chloride and dissolved solids. |
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Aerial Photography

During the final stages of the field studies, aerial-photography was
tested as a method of identifying and outlining thermal areas. The Soda
Lakes-UpsalHogback area and the Brady's Hot Springs area were selected for
the tests because the most detailed information about temperatures at
shallow depths and near-surface geologic conditions such as zone of hydro-
thermal alteration was available for those areas. Although the aerial
photography was done at the end of the investigation, it would ordinarily
be used during the initial stages of exploration as means of selecting
target areas for further study and of selecting optimum sites for test

drilling and geophysical exploration.

The first technique, tested in January 1974, was oblique aerial
photography of snowmelt patterns. About a year earlier, a tract surrounding
a fumarole and an abandoned shallow steam well between Soda Lakes and-
Upsal Hogback was bare of snow a day after a snowfall of 10 cm. The
pictures, taken from a U.S. Navy helicopter at altitudes of about 100-
200 m above ground level, clearly revealed this area and also two other
nearby patches of bare ground. Photographs taken the same day at Brady's
Hot Springs showed long narrow areas of snowmelt along the fault that
controls the discharge of the hydrothermal system. Depth of snow outside
the snowmelt areas was about 8 cm at Brady's Hot Springs and 5 cm in the
Soda Lakes-Upsal Hogback area. In all the areas, the snowmelt was caused
by very high rates of heat flow, probably at least 300 times the rates
outside the thermal areas, according to estimates by D. E. White (written
commun., 1974) for localities in Yellowstone National Park. It is con-

cluded that, given the optimum amount of snowfall and favorable weather
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conditions a day or so after the storm, snowmelt photography is a valuable
and comparatively inexpensive method of defining areas of high heat flow. .
Similar success has been reported by Koenig and others (1972) at Coso
Hot Springs in east-central California. White (1969) has used snowmelt
at hydrothermal areas in Yellowstone National Park to derive quantitative
estimates of heat flow; his methods could be combined with aerial photo-
graphy to yield heat-flow estimates of sizable areas at low cost, provided
factors such as topography, vegetation, and geology were favorable.
Vertical color aerial photographs of the same two areas were taken
in February 1974. The éhotographs overlap about 60 percenf along the
flight paths so that stereoscopic viewing is possible; the scale is
about 1:6,000. As expected from earlier visual aerial reconnaissance,
areas of hydrothermal alteration are revealed clearly on the photographs,
and detailed geologic mapping of the hydrothermal-.discharge areas is ‘
greatly facilitated. An unexpected bonus, however, is the correlation of
a subtle vegetation pattern and color with warm ground in the Soda Lakes-
Upsal Hogback area. The warm anomalies are those determined by the very
shallow (1 m depth) temperature survey and by the obiiﬁue snowmelt
photography. Inspection of the vegetation on the ground soon after the
color photographs were taken indicated that the anomalous pattern and
color resulted from an unusually dense and luxuriant stand of Russian

thistle (Salsbla K3li L. var. tenufdlia Fausch).
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CONCEPTUAL MODELS OF HYDROTHERMAL SYSTEMS

Although information is not yet sufficient to reach firm conclusions
as to the nature of the known hydrothermal systems in northern and
central Nevada, simplified conceptual models may be formulated on the
basis of available geological, geophysical, and geochemical data. From
evidence discussed briefly in the section, "Regional setting," it is
inferred that most, if not all, the systems are related to the deep
circulation of meteoric water in permeable zones associated with Basin
and Range faults. Chemical characteristics of the thermal waters
indicate that the systems are of the hot-water type rather than of
the vqpor-dominated type (White, Muffler, and Truesdell, 1971; Mariner
and others, 1974, p. 27). Sources of heat for the deeply circulating
water are believed to be a hot mantle beneath a relatively thin (@30 km)
crust or, possibly in some places, local heat sources within the upper

part of the crust.

On the basis of the nature of the heat source, two conceptual models
of the hydrothermal systems in northern and central Nevada are postulated.
Because of the severe limitations of the available information about the
real systems, each model is highly simplified and generalized and is
regarded mainly as a guide to methods of further study. The first model
postulates a system in an area of "normal" regional heat flow--that is,
an area in which the source of heat is a hot mantle beneath a relatively
thin crust and a local heat source in the upper crust is absent. In the
second model a local heat source in the upper crust is superimposed

on the regional heat flow.
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Each model has two variants which depend on the characteristics of the
discharge of the system. Before discussing the features that distinguish
the two conceptual models, the features common to both are described
briefly in the following paragraphs.

In both models, the thermal water is assumed to be entirely or
predominantly of meteoric origin. Runoff from mountainous areas, and
in a few places, irrigation water, moves downward through permeable
zones in consolidated rocks or through primary pore spaces in
uncensolidated deposits. Indirect evidence, cited later, indicates that
the thermal water may circulate to depths ranging from less than 1 km,
to more than 5 km. At greater depths, the excess of lithostatic over
hydrostatic pressure is sufficiently large to close all fractures or
other openings, and no appreciable permeability or flow of water exists.

At some depth, or perhaps at several depths, water moves laterally
beneath zones of less permeable rock and is heated by conductive heat
flow through the underlying impermeable rocks. The nature of the
permeable zone or zones through which the water moves laterally probably
varies froﬁ place to ﬁlace. In part the zone may be fault~controlled

conduit system: either the same fault through which the water moved

downward from the recharge area or a connected fault. The zone or zones

also might consist of highly fractured competent rocks, sandy aquifers
in clastic-rocks, or éolufion openings in soluble rocks such as lime-
stone or dolomite.

The laterally moving.heated water eventually encounters a conduit

or conduit system, generally associated with a Basin and Range fault,

through which it rises to a zone of discharge at or near the land surface.

48

—

% ‘l
V

Lo

»
H

[EO— ..,} | SN |

L

Ty

RN S VA |

M




JS—

£

-

The flow of water in these systems is controlled by the hydraulic
gradient and the intrinsic permeability of the rocks. Generally, but
not alﬁays, the hydraulic gradient has two components: 1) the gradient
caused by the higher altitude of the recharge area in relation to the
discharge area, and 2) the gradient caused by the greater density of
the cold recﬁarge water in relation to the hot discharge water. The-first
component is predominant in shallow, nonthermal ground-water systems, but
the second component may be predominant in many hydrothermal systems. In
fact, as White (1968, p. Cll) has pointed out, the area of recharge to
a hydrothermal system can have a lower altitude than the area of discharge.
In this instance, the potential gradient is dominated by the second
component .

Flow of water through the deep, hot parts of the hydrothermal
systems is enhanced by the decrease in viscosity with increasing temp-
erature and also by the increase in solubility of some common minerals
and mineraloids with increasing temperature, especially those composed
of silica. On the other hand, flow may decrease, owing to the precipi-
tation of other minerals, such as calcite, and silica also may precipitate
in the cooler, diécharge parts of the system.

Model of System Lackinga Shallow-Crustal Heat Source

The first conceptual model postulates a hydrothermal system in an
area of "mormal" regional heat flow, about 1.5 - 2.5 HFU. Pigupe 6 is
a diagrammatic cross section which shows the inferred flow of ground

water through the system and its effect on the distribution of temper-

- ature with depth. As shown by the spacing of the isotherms in the
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Figure 6.-- (top) Diagrammatic cross section of hydrothermal system lacking

a shallow-crustal heat source.

Figure T.-- (bottom) Diagrammatic cross section of hydrothermal system havin

a shallow-crustal heat source.
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diagram, the near-surface thermal gradient and heat flow are less than
"normal" (regional conductive values) in and near the area of downflowing
cold recharge water and substantially above "normal" in and near the area
of upflowing hot water. The thermal gradients in the downflowing and
upflowing sections, indicated by the spacing of the isotherms, depend

in part on the velocities and magnitudes of flow. Where the velocity is
high the gradient is small, and the converse is true. Where the velocity
of upflow is sufficiently high, little decrease in temperature occurs in
the conduit until boiling begins at the hydrostatic depth at which the
vapor pressure of the water equals the fluid pressure caused by the over-
lying column of water. From this depth to the land surface, the tempera-

ture decreases along the curve of boiling point versus hydrostatic depth.

Depths to which the water circulates are large because of the
postulated absence of a local heat source in the upper crust. The
depths may be estimated roughly on the basis of the regional heat flow,
assumed thermal conductivities of the rocks, and the rock-water
equilibrium temperatures indicated by the various chemical geothermo-
meters. For example, if the regional heat flow is 2 HFU, the average

thermal conductivity of the rock is 6.0 x 10~3 cal em~t g% oc-1 (a

reasonable value for granite), and the mean annual temperature at the
land surface is 10°C, the water would have to circulate to a depth of
4.5 km in order to attain a temperature of 160°C and to a depth of

5.7 km to attain a temperature of 200°C. If the materials through which
the water circulated were unconsolidated alluvial or lacustrine deposits
having a low thermal conductivity, say 2.5 x 103 cal em! s-1 o¢-1,

the depths of circulation would be 1.9 km for 160°C and 2.4 km for 200°C.
Actual depths of circulation in the systems where the regional heat

flow is "normal" for the northern Basin and Range province probably

range from about 2 to about 6 km.
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At shallow depths (less than about 50 m), a sSystem lacking g shallow-
crustal heat source is characterized by a comparatively small area

surrounding the points of water discharge (usually hot springs) where

the heat flow is greatly above "normal." Outside this area, heat flow

tends to approximate '"normal" values for the region except near places

where downflow of cold recharge water occurs, where heat flow is less
than "normal." Extent of the area where heat flow greatly exceeds
"normal" depends in part on the temperature and flow rate of the rising

thermal water and in part on whether some of the rising water leaks from

IS R

the conduit into shallow aquifers, as is explained in the section, "Dis-

'
| W—

£

charge parts of the systems."
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o

Model of System Having a Shallow-Crustal Heat Source ’

o

<

The second conceptual model differs from the first model in that a s

loc%l heat source in the upper crust is superimposed on the regional i}
heat flow postulated in the first model. The dimensidhs and nature of |

the local heat source are unspecified; the body of hot rock might be Z}

only a few square kilometres in extent, or it might underlie an area of =

' J

several hundred square kilometres, like the Battle Mountain high described

earlier. The general features of such a system are shown in a

diagrammatic cross section on figure 7.
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The important differences between the two models are the depths of
water circulation and the extent of the area of above-"normal" heat flow.
In the second model, the water does not have to circulate as deep to
attain a given temperature as it does in the first model, owing to the
greater heat flow resulting from the local heat source. For example,
consider a system within the Battle Mountain high where the conductive
heat flow might be 4 HFU instead of the "normal' regional value of 2 HFU.
Deﬁths of circulation would be only about one half as great as those
cited for the first model, perhaps on the order of 1-3 km. The area of
above-normal heat flow is considerably greater in the second model than

in the first, because the area of high heat flow near the discharge

outlets merges gradually with the surrounding area of above-normal heat flow

which overlies the local heat source.

Discharge Parts of the Systems

In addition to the classification described above, which is based
on the nature of the heat source, the hydrothermal systems may be grouped
according to the nature of their discharge parts. Two models of the
discharge systems are considered: (1) a system having a nonleaky discharge
conduit, and (2) a system having a leaky discharge conduit.

The essential features of the nonleaky system are shown diagram-
matically on figure 8. The vertical or nearly vertical conduit system
is isolated hydraulically from the adjacent deposits or rocks by imper-
meable walls formed by minerals precipitated from the thermal fluid.,or the
conduit system may consist of fractures in impermeable rocks which are
isolated from other fracture systems. All or nearly all the rising water

therefore discharges at the land surface as springflow.
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As shown on figure 8, heat is discharged laterally from the conduit
system by conduction through the conduit walls. Relatively large thermal
gradients are maintained through the conductive zone. The surrounding
nonthermal ground water is heated, and the heat may be transported
laterally by convection in the direction of the local hydraulic gradients.
If the upper part of the conduit system is surrounded by unsaturated
rocks, heat flow away from the system is almost entirely by conduction.
The thermal area surrounding the conduit system, where conductive heat

flow through near-surface materials is above "normal," is of the order of

0.5-5 km® on the basis of model studies by M. L. Sorey (oral commun., 1974)

and data obtained during this study.

Systems in which leakage from the upper part of the conduits is
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zero probably are rare or absent. The model described above is idealized .

and is only approached by some real systems.
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Figure 8.--(top)Diagrammatic cross section of a hydrothermal discharge
system having a nonleaky discharge conduit.

Figure 9.--(bottom) Diagrammatic cross section of a hydrothermal discharge
system having a leasky discharge conduit.
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A special case of a system having a leaky discharge conduit is one
where the leakage is into relatively deep aquifers, that is, aquifers at
depths of hundreds of metres below the land surface. The near-surface
temperature distribution associated with such a system in an area of
"normal" regional heat flow may closely resemble that associated with
a nonleaky discharge in an area having a local crustal heat source. That
is, the near-surface temperature anomaly would be extensive, but temper-
atures, thermal gradients, and heat flow would not greatly exceed 'normal"
values.

Another special case is a system in which shallow, nonthermal water
is not isolated hydraulically from the thermal water but mixes with it
as the thermal water rises to discharge at spring outlets. Such a
system is leaky in the sense that the conduit is not isolated hydraulically,
but thevnear-surface distribution of temperature tends to resemble that

of a system having a nonleaky discharge conduit. Identification of this

| type of system requires more abundant and detailed chemical and hydraulic

data than were obtained during this study.
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Figure 9 illustrates the essential features of & system having =2

leaky discharge conduit. In this type of system, some of the rising
thermal water leaks laterally into aquifers. The amount of leakage may
vary from a small proportion of the upward flow from the thermal reser-
voir to all the fléw, so that no water discharges as liquid at the

land surface. Where the leakage is small, little heat is transported
laterally from the conduit system by convection, and the near-surface
distribution of temperature is similar to that in the nonleaky-conduit
system. Where the leakage is large, as shown on figure 9, the near-
surface distribution of temperature is modified greatly because of
lateral convective heat transport by the movement of thermal water
through the aquifers intersected by the conduit system. As a result,
the extent of the thermal area defined by above-'"normal' temperatures
and thermal gradients in the near-surface materials is much greater

than that in the nonleaky system.
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ESTIMATES OF HEAT DISCHARGE

Two of the primary objectives of this study are to estimate the
discharge of heat and the discharge of water from the hydrothermal systems.
The estimates are based on an assumption implicit in the conceptual
models described in the preceding section: All hydrothermal discharge
takes place within a thermal area delineated by temperatures and thermal
gradients above normal at shallow depths. The thermal area may or may not
contain hot springs or fumaroles in its central part.

There are several modes of heat discharge from a thermal area: (1) by
hot-spring discharge; (2) by lateral movement of warm ground water
beyond the margin of the thermal area; (3) by steam discharged from
vents or fumaroles or by heated air that escapes from the soil surféce;

(L) by evaporation from hot-water surfaces; (5) by radiation to the .
atmosphere from warm soil and water surfaces; (6) by conduction through
near-surface materials. Each of these modes is discussed briefly in

the following sections.

Heat Discharge by Springflow

In some of the systems studied, a sizable fraction of the heat dis-
charge is by convection as springflow. All this heat eventually is lost
by other processes, such as radiation to the atmosphere from hot pool
surfaces and by heat of vaporization (evaporation). However, the net
quantity of heat discharged from a spring or spring system is most readily
computed as the product of the volume rate or mass rate of springflow and

the enthalpy or heat content of the water in the spring orifice in excess .
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of that remaining at ambient temperature. For example, consider the

springflow at Sulphur Hot Springs in Ruby Valley, one of the systems studied:

Weighted-average temperature of springflow: 63°C. Enthalpy: 63 cal g’l

Mean annual temrerature at land surface: 8°C, Enthalpy: 8 cal g'l
Net enthalpy of springflow: 55 cal g'1

Springflow: 8.9 1s7! (8.9 x 103 cm3s-!)

Density of water at 63°C: 0.982 g cm™°

Heat discharge = (55 cal g~1)(0.982 g em~3)(8.9 x 103 cm¥s™!)

0.48 x 106 cal s~!

The actual rate of heat discharge fluctuates in response to fluctuations
in springflow, temperature of discharge, and ambient air temperature; the
type of computation above is useful mainly for deriving rough estimates

of heat discharge for long periods ,such as a year.

Heat Discharge by Lateral Ground-Water Movement

Convective discharge by lateral movement of warm ground water may be
significant in hydrothermal systems having leaky discharge conduits or in
systems having nonleaky conduits where shallow ground water of nonthermal
origin is heated adjacent to the conduit. However, in this study,
the margins of the thermal areas are defined so as to include only ground
water significantly warmer than normal for the depth considered. There-
fore, discharge of heat by lateral movement of ground water beyond the

margins of the thermal area is generally small and is neglected.
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Heat Discharge by Steam ‘

Coﬁvective heat discharge by steam occurs where the temperature of the
thermal water in the deep reservoir substantially exceeds boiling tempera-
ture at 1 atmosphere and where the upward flow in the discharge conduit is
sufficiently rapid so that the rising water boils in the upper part of the
conduit. As an example, consider once again the Sulphur Hot Springs sys-
tem, where the reservoir temperature indicated by the silica—quarfz
geothermometer is 186°C (table 1) and the surface boiling temperature is
g94°C. If all the heat loss from the reservoir‘to the surface were in the
steam discharge (no conductive heat loss), the pefcentage of the total
heat loss discharged as steam would be computed as follows:

Reservoir temperature: 186°C Enthalpy of water: 188 cal g"l

Surface boiling temperature: 94°C Enthalpy of water: 94 cal g~i . B

Ambient surface temperature: 8°C Enthalpy of water: 8 cal g-!

(188 - 94) cal g-!
(188 - 8) cal g-!

= 52 percent
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The percentage in the above example undoubtedly exceeds the actual
percentage of heat discharged as steam at Sulphur Hot Springs and represents
an upper limit probably not approached in most systems in northern and
central Nevada. At Sulphur Hot Springs and the other spring areas investigated,
most of the springs discharge water at less than boiling temperature. A
substantial proportion of the heat loss between the deep reservoir and the
discharge outlets probably results from conduction and mixing of thermal
and nonthermal water rather than discharge of steam from boiling pools,
vents, or fumaroles. In the systems containing boiling springs, the percentage
of the convective heat discharged as steam is estimated on the basis of the
computed equivalent volume of water discharged as steam, as discussed later

in the section,"Estimates of water discharge,” and the enthalpy of the steam.

Heat Discharge by Evaporation from Hot-Water Surfaces

The quantity of heat discharged by evaporation from spring pools and
other hot-water surfaces is significant in many systems. However, most of
this heat is included in that measured as heat discharge by springflow
a small amount is not included, owing to the reduction in the measured

springflow resulting from evaporation.

Heat Discharge by Radiation

Heat discharge by radiation to the atmosphere from warm soil and
water surfaces may be significant near active outlets of fluid discharge,
such as boiling springs or fumaroles, or at other places where ground
temperatures are substantially higher than ambient air temperatures
most of the time. Radiative heat discharge can be determined with an
infrared radiation thermometer (Sekioka and Yuhara, 1974) or by snowfall
calorimetry (White, 1969). In most of the systems studied, the areas of
high radiative heat discharge are believed to be small, and the discharge

by this means is not estimated.
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Heat Discharge by Conduction

Conductive heat flow is indicated by linear thermal gradients in
zones oﬁ.beﬂs of uniform thermal conductivity. Such gradients are
chargcteristic of many depth intervals penetrated by most of the test
holes bored or drilled during this investigation. The thermal gradients,
together vith the estimated thermal conductivities of the materials in
the corresponding depth intervals, form the basis for estimates of con-
ductive heat discharge from the thermal areas. Thermal gradients and
thermal conductivities were measured by methods described in the section
"Methods of investigation!

Results of all laboratory measurements of thermal conductivity of
core samples are given in table 2. The cores obviously represent only a
very small sample of the materials in which thermal gradients were |
measured. Fortunately, however, thermal conductivities of porous granular
materials of the types penetrated by most of the test holes do not have
nearly as wide a range as the hydraulic conductivities of the same
materials. For this reason, the data from the cores.cén be used to infer
thermal conductivities of materials having similar properties such as
bulk density, porosity, and mineral composition. The errors that result
from such an extrapolation are much less than those that would result from
a similar extrapolation of hydraulic properties. Accordingly, the values
of thermal conductivity listed in table 3 are assigned to various cate-
gories of water-saturated unconsolidated and semi-consolidated to consol-
idated clastic sediments. If a reasonably accurate description of the
materials is made on the interpreted log, the error of most estimates of
the thermal conductivity probably will be well within plus or minus 50

percent.
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Table :.--Thermal conductivity of saturated core samples from U. S. Geolo-
gical Survey test holes.

[Measurements made with a needle probe by Robert Munroe, U.S.
Geological Survey, Menlo Park, California]

Depth of Thermal conductivity
Test sample Material -3 21 el a1
hole (m) - (x 100" cal em s~ °C )

BR DH-14 10.06-10.21 Lacustrine clay 1.86; 1.87
BR DH-15 14.63-14.78 Lacustrine sandy clay 2.05; 2.05; 2.03
BH DH-16  3.81-3.96  Alluvial gravel; silt 2.44; 2.62

and clay matrix.
BH DH-17 8.53-8.66 Alluvial silty sand 2.83; 2.69
GV DH-8 28.10-28.25 Alluvial silty sand 0.50

| and graveLi/.

GV DH-11 37.19-37.34 Tertiary mudstone 4.86; 3.84; 4.12
BV H-5 14.63-14.78 Lacustrine sand, silt, 2.93; 2.83

and clay.
RV DH-8 2.29-2.44 Alluvial sandy clay 3.74; 3.94; 3.92

3.66-3.81 Alluvial sand 3.45; 3.58; 3.34

BV DH-1 32.77-32.92  Vesicular basalt%/ 3.54
CD STH-l 0.70-0.75 Sandy clay (hydro- 2.29

thermally altered

fluvial or eolian sand.
CD STH-42 sanaY/ 0.50; 0,47

0.60-~ 0.65

1/ Sample nearly dry

g/ Porosity = 10 percent
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Table 3.-~Values of thermal conductivity assigned to lithologic

categories classified in interpreted logs.
[All materials assumed to be saturated with water]

Thermal conductivity

Lithologic category (mcal cm "~ s

1 1 °C-l)

Unconsolidated deposits

Gravel; coarse graved; clean gravel; gravel and

sand; sandy gravel. 5.0
Sand and gravel; gravelly sand 4.0
Sand and scattered gravel; coarse sand; sand; coarse

sand with thin beds of clay and silt. 3.5
Sand and silt; silty sand; fine sand 3.0
Silt, sand, and clay; sandy clay; clay and sand; silt;

clay and gravel; clay, sand, and gravel. 2.5
Clay; silty clay; clay and silt 2.0

Semiconsolidated to consolidated deposits
Cemented gravel; conglomerate 6.0
Cemented sand; sandstone; sandstone and siltstone;

siltstone and sandstone. 5.0

Claystone and siltstone; mudstone 4.5
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Most thermal gradients used in computations of heat flow are measured
or estimated for depth intervals that include more than one kind of material.
Virtually all these intervals are in horizontally stratified materials, so
that, with vertical (upward) heat flow, the situation is analogous to the
flow of electric current through resistors in series. Therefore, the
heat flow through a series of beds of different thermal conductivity is
equal to the thermal gradient from top to bottom of the series of beds,
multiplied by the harmonic mean of their thermal conductivities. The

harmonic mean (km) for a sequence of n layers is computed as

n Z.
Kn = 1 2
i=1 ( Zi/Ki

where z; = thickness of layer i and kj = thermal conductivity of layer i.

In application, the harmonic-mean thermal cdnductivity is computed from the
lithologic log of the well, using the thermal-conductivity values given

in table 3. On the basis of thermal gradients observed in test holes in several
areas of study, thermal conductivities of the unsaturated materials above

the water table are estimated to be 0.6 times the thermal conductivities of
corresponding saturated materials listed in table 3. An exception is made

for materials in the depth range 0-1 m, which are ordinarily drier and
therefore poorer conductors of heat than the underlying unsaturated materials,
owing to the removal of moisture by evapotranspiration. On the basis of

scanty core data, values of thermal conductivity assigned to three general
categories of material in the depth range O-1 m are:

Thermal conductivity

Material ( 10> cal cmt s~ °C-l)
Clay 1.0
Silt; sand and clay .8
Silty sand; sand and silt o7
Sand ’ .5




Temperatures 30 m below the land surface and thermal gradients in the
test holes are tabulated for the measurements beligred to be most reliable--
that is, those measurements unaffected or only sliéhtly affected by thermal
disequilibrium from drilling, seasonal temperature fluctuations, convection
by upward or downward ground-water flow across bedding, or convection by
upward or downward flow of water in the annulus between the pipe and the
wall of the borehole. "Heat discharge is then calculated by one or both
of two methods, for convenience designated as methods A and B, which are

described below.

Method A.--In method A, the simpler but generally less accurate
procedure, the following assumptions are made:

(1) All heat discharge from the area of the thermal anomaly
is measured as conductive heat flow in the top 30 m of materials,
except for heat discharged by springflow and steam discharge.

(2) The thermal anomaly is delimited by the isotherm at 30 m
depth for which heat flow computed by the method is approximately
equal to the average for the region--generally the 15°C or 20°C
isotherm and an estimétedhheat flow ranging from about 2 fo 5 HFU.

(3) The ﬁeat flow at any point is equal to the thermal gradient
computed from the temperature difference between the 30 m isotherm
and the land sﬁrface, multiplied by the harmonic mean of the thermal
conductivities of horizontally stratified materials in the same depth
range.

(4) Tﬁe mean annual temperature at the land surface through-
out the area of the thermal anomaly, which is used in computing the
thermal gradient for 0-30 m, is equal to the mean annual air temp-

erature at the nearest weather station.
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(5) The harmonic-mean thermal conductivity of the materials
from 0 to 30 m depth is constant throughout the area of the thermal
anomaly and is equal to the average of the computed harmonic-mean

conductivities at all the test-well sites within the area.

Because of the simplified assumptions and the uncertainty of the
values of some of the parameters, method A yields only crude, approximate
answers for most of the hydrothermal-discharge systems described in this
report. For example, the assumption that all heat discharge from the area
of the thermal anomaly is measured as conductive heat flow in the top 30 m
of materials, except for heat discharged by springflow and steam discharge,
introduces significant errors where thermal gradients are modified by upward
or downward convection or by boiling, or where heat is transported beyond the
area of the thermal anomaly by lateral ground-water flow. Another significant
source 6f error is the estimate of the harmonic-meen thermal conductivity of
the materials 0-30 m below the land surface. The error of the estimate is
relatively large where the water table is deeper than a few metres below
the land surface, because the uncertainty of the values of thermal
conductivity assigned to the unsaturated materials is greater than that
of the values assigned to the saturated materials. It is believed that,
in most of the estimates, the true heat discharge is within the range of
1/2 to 2 times the estimated value.

Method B.--Method B differs from method A in that heat-flow rates
are computed using thermal gradients measured in the test holes below the
water table and below the depth of significant seasonal fluctuation of
temperature instead of using average thermal gradients from O to 30 m
depth computed from temperatures at 30 m and land surface. Method B is
inherently more accurate than method A, for three principal reasons. First,
the thermal conductivities of the saturated materials used in method B
can be estimated within much narrower limits than the thermal conductivities
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of unsaturated materials, which at most places constitute a significant
proportion of the 0-30 m depth interval used in method A. Second, in
method B, only those depth intervals are selected for which the thermal
gradients appear to be essentially linear and conductive. In method A,
however, the computed gradient from 0 to 30 m probably reflects convection
as well as conduction at many places and therefore does not necessarily
yield valid estimates of conductive heat flow, Third, method B does not
use a constant thermal conductivity for the entire area of the thermal
anomaly as does method A. Instead, in method B, the conductivity is
assumed to vary laterally and is defined by the values calculated for
each test hole.

The computation procedure in method B is similar in several respects
to that in method A. The major difference is that, in method B, measured
thermal gradient and computed harmonic-mean thermal conductivity for the
corresponding interval are multiplied to give heat flow at each test-
hole site. Heat-flow isograms are then drawn from the test-hole data,
and the heat discharge from the area between two isograms is computed as
the product of the area and the geometric mean of the two heat-flow
isograms. The heat discharges of the areas between the pairs of heat-
flow isograms are then added to obtain the total heat discharge from
the thermal area. The boundary of the thermal area is placed at the heat-
flow isogram that is believed to represent the conductive heat flow of the
larger area surrounding the hydrothermal-discharge system.

The procedures in both methods described above provide estimates of
the total conductive heat discharge from a hydrothermal-discharge system.
For the purpose of estimating water discharge from the system by the

heat-budget method, described later, it is necessary to compute the
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amount of conductive heat discharge that results from rising thermal water,
for convenience called the '"net conductive heat discharge." The net
conductive heat discharge is computed as the total conductive heat discharge
minus the so-called "normal conductive heat discharge," which is defined

as the heat discharge from the thermal area that would have occurred without

the upflow of thermal water.
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ESTIMATES OF WATER DISCHARGE .

Water may discharge from a hydrothermal system as flow from springs

o

and wells, lateral ground-water outflow, evaporation from soil and water
surfaces, and transpiration by phreatophytes. In water budgets, evaporation -
and transpiration are usually grouped under the term evapotranspiration.
Evapotranspiration is the dominant mode of water discharge from each of
the hydrothermal systems studied; if a sufficiently large area surrounding
a thermal anomaly is included, all water is ultimately discharged by this )
process. In general, not all the water discharge from a thermal area is deep,
thermal water; some of it is shallow, nonthermal water of local derivation,
which may mix with the thermal water in variable proportions. 1In this

study, two methods are used to estimate the discharge of thermal and

nonthermal water from the hydrothermal systems: the water-budget method

L]

and the heat-budget method. The assumptions and procedures used in ‘

I

LS

i

computing water discharge by each of these methods are reviewed below.
Water-Budget Method ;]
In the water-budget method, it is assumed that tﬁé shallow part of
the hydrothermal system is in hydrologic equilibrium, where inflow equals ;]
outflow. Inflow items include recharge from local precipitation and runoff, ..
thermal-water upflow from the deep part of the system, and imported water «J
(generally insignificant). Outflow items are evapotranspiration, lateral :}

ground-water outflow,and springflow that leaves the budget area. Upflow

L

of thermal water is considered the unknown in the budget, and the hydrologic

equation is solved for this unknown. .
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Springflow.--In the systems studied, none of the springflow leaves
the budget area as liquid outflow; all the water is ultimately discharged
by evapotranspiration. However, for some purposes, it is useful to
estimate the discharge from spring orifices. (Discharge from flowing or
pumping wells is either zero or very small and is neglected in the budget
estimates.) Most of the spring-discharge rates are based on visual
estimates. Wherever possible, the estimates were made at channel sections
where the flow velocity was fairly uniform and where the areas of the
channel cross sections could be determined within narrow limits. Accuracy
of the visual estimates is believed to be within about + 30 percent for
discharges of several litres per second, but the percentage errors for
smaller discharge rates probably are larger. A few measurements of
spring discharge were made with a pygmy current meter. The accuracy
of these measurements exceeds that of the visual estimates and is believed
to be within about + 15 percent.

Evapotranspiration.--Evapotranspiration includes evaporation from

soil and water surfaces and transpiration by plants. Except for playas

and other non-vegetated areas, evaporation from ground surfaces is not

~ estimated as a separate budget item but is grouped with transpiration.

Evaporation from water surfaces, mostly spring pools, represents
only a small percentage of the total evapotranspiration discharge in
the areas of study and is not estimated separately, except'for the
Gerlach and the Sulphur Hot Springs thermal areas. Evaporation rates
from thermal pools at these two sites are estimated using a quasi-empirical
mass-transfer equation of Harbeck (1962). The data used in the equation

are average monthly temperature, humidity, and wind velocity, as measured
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at the Winnemucca WBO AP weather station. The following rates are computed

and used in this report: . .
Pool~surface temperature Estimated annual evaporation
: (°c) (metres)
10 1.3
20 3.4
40 13
60 36
80 88
An estimated rate of evaporation from playa deposits, 9 cm yr~!, is
based in part on a study of rates of upward ground-water flow in near-sur-
face deposits beneath Smith Creek Playa in central Nevada by M. L. Sorey
(written commun., 1971) and in part on published and unpublished estimates
made in other parts of Nevada by the U.S. Geological Survey. Sorey's .
estimate is derived from the degree of curvature of the thermal gradient,
which depends on the rate of vertical ground-water flow (Bredehoeft and
Papadopulos, 1965; Stallman, 1960; Sorey, 19715.. Depth to water at the
Smith Creek Playa sites averaged about 3.6 m below land surface (Sorey,
written commun., 1971), whereas the depth to water at the sites in this
. study ranges from about 0.3 to 1.5 m below land surface. Evaporation rates

for the playa deposits considered in this study therefore would be greater
than that at Smith Creek Playa on the basis of the smaller depth to water.
However, Smith Creek Playa lacks the salt crust present at the surface of
the playa deposits considered in this study. The salt crust is believed to
inhibit evaporation. For this reason, the evaporation rate for the playas
in this study is assumed to be no greater than that at Smith Creek Playa,

despite the lesser depth to water in the former playas.
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Actual rates of evaporation from playa surfaces probably are highly
variable and depend on several factors, among which are depth to the
water table, salinity of the water, temperature, and nature of the near-
surface materials. Although the rate for a given location is uncertain,
the total volume of evaporation from playa surfaces within the thermal
areas studied is small in comparison with the volume of evapotranspiration
from vegetated area. TFor this reason, large errors in the estiﬁate do
not greatly affect the estimates of total evapotranspiration.

Ground water is discharged by evapotranspiration where the roots
of phreatophytes penetrate to the capillary fringe or the underlying water
table, or where the capillary fringe extends to or near the land surface.
Rough estimates of ground-water evapotranspiration were obtained by
mapping types of phreatophytic vegetation, multiplying the area covered
by each type by an estimated annual rate of water discharge by that type,
and summing the products. Estimates of annual rates are based on data
from several sources, including Lee (1912), White (1932), Young and
Blaney (1942), Houston (1950), Robinson (1958, 1965), Blaney and Hanson

(1965), and Han and Price (1972).
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The estimated rates of evapotranspiration are regarded as approximate;
the actual rates may vary by a factor of 2 or 3, depending on depth to
water, soil type, salinity of the water, and other variables.

Lateral ground-water outflow.--Lateral ground-water outflow from the

budget area is a significant item in most of the systems studied but is
difficult to estimate accurately. The computation procedure is as follows.
First, the isotherm that delineates the thermal anomaly is used as the
position of the transmitting section. From available subsurface geological
data, supplemented by a reasonable guess as to thickness and character of
the materials transmitting water bélow the depths for which the data are
available, the intrinsic permeability and thickness of the transmitting
section are inferred. Next, the average horizontal potential gradient
normal to the transmitting section is estimated using water-level data from
the test holes. Finally, the outflow is computed as the average potential
gradient normal to the transmitting section multiplied by the product of
the area of the transmitting section, its average intrinsic permeability,

and the kinematic viscosity of the water.
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Water discharge as steam.--An unmeasured amount of water is discharged

as steam in those systems containing boiling springs. The actual discharge

is difficult to estimate. However, for purposes of this study, an

approximate estimate is derived as follows. The example is taken from

Sulphur Hot Springs, one of the systems studied.
Total springlow, including evaporation from pool surface: 0.28 x 103m3yr~l
Springflow at boiling temperature (from table 16): 0.03 x 106m3yr~1
Reservoir temperature (table 1): 186°C Enthalpy of water: 188 cal g-!

.Boiling temperature at surface: 94°C  Enthalpy of water: 94 cal g—l

Net enthalpy available for steam: ‘ 94 cal g~!
Enthalpy of steam-water mixture at 94°C: 543 cal g~!

Weight percent of steam at 94°C: 94/543 = 17.3 percent

Discharge of steam and boiling water (as equivalent water)

—_T 3yp-l
T o (0:03 x 105m3yr~Y)

0.036 x 106m3yr-1

= (

Discharge of steam (as equivalent water)

(0.036 - 0.03) x 106m3yr-1

0.006 x 106m3yr~!

This discharge is a very small percentage of the total water discharge and
is neglected. However, as discussed in the preceding section, the heat
dischargéd as steam is a much more significant fraction of fhe total heat
discharge that results from convective upflow of thermal water, owing to

the high enthalpy of the steam.




Heat—Budget Method

In the heat-budget method, it is assumed that the shallow part of
the hydrothermal system is in both hydrologic and thermal equilibrium--
that is, the inflow of both water and heat equals outflow. The method
yields an estimate of thermal-water discharge, provided that the source
temperature of the water indicated by the chemical geothermometgrs reflects
only the deep thermal water and ﬁot an admixture of the deep thermal
water and shallow nonthermal water. Information required to differentiate
thermal water from a mixture of thermal and nonthermal water was not
obtained in this study. In the absence of such information, it is
assumed that the chemicél (silica and cation) geothermometers indicate
the temperature of a deep source or sources.

In order to compute the discharge of thermal water, it is assumed
that the net heat discharge from the system is derived from rising thermal
water, which leaves the deep source or sources at the temperature indicated
by the silica or cation geothermometers. (The net heat discharge equals
the total heat discharge minus the discharge that represents "normal"
heat flow from the thermal area.) The net heat discharge is based on an
estimate derived by one of the methods described earlier in the section,
"heat discharge." The net heat content of the water is computed as
the difference between the temperature of the water at the deep source
or sources and the mean annual temperature at the land surface, multiplied
by the heat capacity of water, approximately 1.0 cal g'loc'l. The
discharge of thermal water is computed as the net heat discharge from
the thermal area, divided by the net heat content of the thermal water

at the deep source or sources.

76

L.

L L

L_.




-

)

—
w

,._.v—
LI

3

-

o

e

T
»

1
[om—

[ SR

1
>

o

2

CARSON DESERT

Hydrogeologic Setting

The Carson Desert is a large basin in west-central Nevada (fig. 10).

Fallon, the principal center of population and trading, is 90 airline

km east of Reno. The Stillwater-Soda Lake KGRA occupies a roughly
rectangular area of 91,140 ha in the south-central part of the

basin. The basin floor, which lies at altitudes of 1,170 - 1,250 m above
mean sea level, is immediately underlain by deposits of late Pleistocene
Lake Lahontan and by Holocene fluvial and eolian deposits. Bordering
mountains, as much as 1,500 m higher than the basin floor, are formed of

a variety of consolidated to semiconsolidated rocks of Paleozoic, Mesozoic,

and Cenozoic ages. Tertiary lavas and pyroclastic rocks of mafic to felsic

composition are widespread in the mountains and have been penetrated in

test wells beneath the basin fill. Maximum thickness of the unconsolidated

basin fill overlying the Tertiary volcanic or older rocks is not accurately
known but probably is at least 2 km.

Basaltic rocks of Quaternafy age are exposed at several places within
the basin. Lone Rock, an isolated outcrop of basalt, possibly a remnant
of a volcanic plug or neck, rises about 27 m above the surrounding floor
of east-central Carson Sink. Rattlesnake Hill is a similar outcrop of basalt
about 1.5km northeast of Fallon. Upsal Hogback is a cluster of several
cones of basaltic tuff 16 km north of Fallon. The eruptions that formed
the cones occurred chiefly during an interpluvial time in the late Plei-
stocene, when Lake Lahontan was dry (Morrison, 1964, p. 100). Soda and
Little Soda Lakes, 10 km northwest of Fallon, are within, respectively,
elliptical and circular craters, 1.6 and 0.3 km in diameter, which are
rimmed by a mixture of basaltic and nonvolcanic debris blown out by

repeated gaseous eruptions. According to Morrison (1964, p. 72), the
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earliest eruptions may have been as early as or earlier than the first
eruptions at Upsal Hogback, 14 km to the north-northeast, but the latest
eruptions apparently were later than those at the Hogback.

The lowest part of the Carson Desert is occupied by the Carson Sink,
a large bare playa, mostly dry, which is the sump for the Carson River
and, at times, overflow from Humboldt Sink. (See fig.1l0) Before
development of irrigated agriculture in the southern part of the basin in
the early 1900's, the Carson River was the chief source of water supply
and ground-water recharge. Irrigation, partly with diverted water from
the Truckee River as well as with Carson River water, all stored at Lahontan
Reservoir near the southwest corner of the basin, is now the important
source of ground-water recharge. Recharge takes place by penetration to
the saturated zone of both applied irrigation water and leakage of irri-
gation-supply water from unlined canals. Only a very small amount of
recharge to ground water in the basin is derived from local precipitation
and runoff. Average annual river releases from Lahontan Reservoir are

about 4,700 x 106 m3. All this water eventually is discharged by evapo-

transpiration, but a large fraction, probably more than one half, penetrates

to the saturated zone before it is discharged. 1In contrast, the estimated
potential ground-water recharge from the surrounding mountains is only

1.6 x 10° o’ yr"l (Glancy and Katzer, 1974).

Local patterns of ground-water circulation are complex, but the
large-scale lateral movement is generally northeast and north toward the
Carson Sink. Sandy aquifers within a few tens of metres of the land
surface probably transmit most of the water. Confined ground water at
greater depths moves more slowly and, in the vicinity of the Carson Sink,

moves mainly upward across confining beds of lacustrine clay and silt.
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Shallow Test Holes

Test drilling related to the present study began in 1972. The U.S.
Bureau of Reclamation installed iron pipes of 3.2 cm inside diameter,
capped at the bottom and filled with water, in several seismic-exploration
holes drilled by Standard 0il éo. of California at scattered sites in the
southern part of the~basin. Most of the holes are 33.5 m in depth and
were used to determine temperatures and thermal gradients. During the
fall of 1972, these holes were supplemented by four additional test holes,
drilled with a U.S. Bureau of Reclamation hydraulic-rotary drill rig to a
depth of 50 m and similarly completed with water-filled 3.2 .cm iron pipes.

During 1972 and 1973, the U.S. Geological Survey completed 34 test
holes in the Carson Desert. Data for these test holes are summarized in
table 4. The first drilling was done in an area surrounding the steam
well north-northeast of Sodalakes (20/28-28cchb). The purpose was to
determine the extent of the thermal area associated with the steam well
and believed to be also associated with Soda Lakes and Upsal Hogback.
Later, holes were drilled in the marginal parts of the Stillwater thermal
area in order to better delineate that feature. Test holes were also
drilled between the Stillwater and Soda Lakes-Upsal Hogback areas to
supplement temperature information obtained from earlier U. S. Bureau of

Reclamation test holes.
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Table u.--Mnta for U.S., Geological Survey teat holes in Carson Desert

Type of completion: Casing type is indicated by "St" (steol” or "P" (PVC).

Wells capped and filled with wator aro indicated by *C",

woll-point screens at bottom are indicated by "Scn.

Wells with

Depth to water tabla: Obtained from neutron (N) and (or) camma gamma (G2) log.

Accuracy variable,

Static water level:

Depth below land-surface datum,

Oeophysical 1ogs available: Gamma ("G"), gamma-gamma ( "02"), neutron ("N"),

resistivity {("R"), Caliper ("Ca"), Conductivity ("Co"), and temperature {"T*),

Static eonfined

Casing fopth to water table water level
Depth tani- Merres Motres
Well fetres Inside of surface  below  Source below Geophysical
musber Location  below land  dismeter complotion altftude land of Date land Date logs
surface) (em) - . m) surface  data surface available
COAR-1  19/28-9dca 0.7 3.8 St, Se 1,26.8 e .3 . 233 0328
MR- 20/28-21bea 6.2 3.8 st, S La2% 9.3 ¥ Wouoh 9.6 7022 GG.N
AH=3  20/28-1%bbb k.ol 3.8 st, Se 1,199 2.1 | 73 05 1S 2,17 7h 02 26 0,02‘l
Al 19/27-laad 20.7 a8 St, Se 1,219.78 1.5 | 730518 3.72 74 03 06 6,0 ,¥
AR-S  19/28-17udd 39.6 3.8 St, Se 1,22’l.% 8.0 ] 1730518 11.89 74 02 17 T,C0,0,0 , %
M6 19/27-13ect L6 3.8 st, Se 1,231 2.3 N 10518 6.7  Th0217  T,C0,0,05,K
AH-7  20/28-21cbb 27.7 3.8 St, C 1,213.26 7.3 02 Th 03 28 0,02,l
A8 20/28-3ead  39.0 3.8 st, S L,26.27 27, M MOSiL 5.2 70305 0,65,¥
a9 20/28-2Lbdd 9.9 2.8 st, s 1,209 . 8.6 ¥ 1051 850 Wmo0226  T,00,0,05,X
AR-10 21/28-2Lbba 3.9 3.8 St, Se 1,190 2.7 | 1305185 2.5 Th 02 26 G,0, %
MR-l 21/28-3ldde 9.4 3.8 s, © 1,204 - - - - o
AHel2 20/28-1Cass 22,3 3.8 St, Se 1,207 10.0 | 7% o4 04 10,75 7k oh ok O,OZ,I
AB-1) 21/29-Toac 22.3 3.8. St, Se 1,189 2.5° | 73 05 16 2.5 7402 26 T.CQ,G,Oz,l
A1l 19/29-lLach Ls.20 3.8 St, Se 1,19k.2 1.7, 730516 2,60 13 o6 02 7,6,0°,N
M-15 19/30-1Ccdd  LS.20 3.8 st, S 1,195 L3 ¥ 130516 0.2k 73ub12 G0N
AR16 «17abb L5.u8 3.8 S, Se ) 1,19?.1 <1 ] 730516 >0.30 73 04 12 g,q", %
ARe17 20/28-32aad 9.8 3.8 St, 8¢ 1,212,07 5.1 02 173 05 15 2.63 7L 03 08 1,C0,0,0
A1 20/28-32ade L8 3.8 St, S 1,272 36 " 730514  L60 740306  1,0,0°,M
M-19 19/31-29cen 3.9 - 3.8 st, Se 1,1% 6.7 I omBu2 & pBav  1,0,d,r
A20 13/316dad 2079 3.8 s, © 1,200 3.6 x nuz - - ,0,65,¥
2L 19/31-9%a  Ls.i8 3.8 st, 8 1,151 2.6 ¥ puz .8 Mmosid 1,0
222 20/31-Xecd 1118 3.8 st, Se 1,183, <2.8 R TI0S1T »OM6 MO T,0,05,K
1823 19/30-250 3914 3.8 s, 8 1,198 <18 @ ‘puw =2 Mmoo 19
AB2, 19/71-2Cbbd  LS.L2 3.8 st, Se 1,190 <16 @ Mmur 6 M0 6
25 20/31-18cbd  L5.26 3.8 st, &= 1,820 < .8 I PBuY w2 1216 ¢ 605
AN 19/0-17c00 1Sk 3.8 s, = 1,188  <1.6 @ Buw ww By 1,06
cOm2? 20/28-3abe LS s1 ?ose | L8 18 2 mon sa mazn ol
28 19/27-124ca  18.3 3.8 s, S 1220,05 0.2 ¥ Bu2 LY Mmoo  odxe
D29 20/28-27cca LB 38 s, se 1208 2.5 YOm0 sas ™o 1,06,
W 20/28-28cda  LO.2 *3.8 s, S 129,60 1.3 ¥ p»ns on mex 6
Ml 20/28-3inad 8.7 3.8 st, S 124,60 20 ¥ o328 5.5 TMoOI 28 G,0,K
W 20/28-20bch  LS.1 3.8 S, S 12368 6.2 O WO03Z - 6SNm MO A ©0,2,0,8%, %
W33 20/28-28ead  Lh.8 .8 &, % 1220 6.7 @ wos 52 moyw . modt
e 20/28-3%ech k8.1 U8 S, s 12891 ho ¥ k0328 678 Tho321  CoM0,0%
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Experimental Heat-Flow Test Hole in Carson Sink

Using hydraulic-rotary drilling equipment, the Bureau of Reclamation
drilled an experimental heat-flow test hole near the middle of the Carson
Sink, 43 km northeast of Fallon. The purpose of the experiment was to
determine the feasibility of obtaining a heat-flow measurement in a
relative shallow test hole in fine-grained lacustrine and playa deposits.
It was hoped that upward ground-water movement in the poorly permeable

deposits would be so slow that convective heat transfer would be minimal

The test hole was drilled to a depth of 153.9 m and completed at
the.same depth with 5.1 cm iron pipe, capped and filled with water for
temperature measurements. Cores were obtained at depths of 61.0 - 62.5
m, 91.4 - 93.0 m, 123.4 - 124.7 m, and 150.9 - 152.4 m. Recovery of the
upper two cored intervals was incomplete, and the samples may represent
only the most cohesive, clay-rich deposits within those intervals.
However, on the basis of the borehole geophysical logs, especially the
gamma-gamma and the neutron logs, the cores are believed to be represent-
ative of the average materials penetrated by the drill hole. Thermal
conductivity of the core samples was measured with a needle probe by
the Geothermal Laboratory of the U.S. Geological Survey in Menlo Park,
Calif., the results are given in table 5. The average thermal gradient,
measured in July 1973 with truckmounted equipment and 17-bead thermistor

probe, is 76.4°C km~1 (fig. 11).
The heat flow calculated from this gradient and an average themmal

3 1 s"l °c"l is 1.57 HFU. The

conductivity of 2.07 x 107~ cal cm”
corrected heat flow, using an assumed rate of deposition of the
lacustrine and playa sediments of 1 mm yr'l, is about 1.9 HFU

(John Sass, oral commun., 1974).
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Table S.QmThermal conductivity of core samples from U.S. Bureau of

Reclamation heat-flow test hole Alkali Flat 1 in Carson Sink

( Data from John Sass and Robert Munroe, US Geol. Survey,
Menlo Park, California)

Thermal conductivities (x10™ cal cm™> s! °C-l)
Position

Depth (m) A B C D Average
600% - 62048 2044 1067 20% 1097 2-04
9l.44 2.27 2.15 2.08 2.17
123.44 2.06 2.15 2.06 2.09
124 .66 1.91 2.04 1.94 1.9
150.88 -~ 152.40(1) 2.33 2.16 1.91 1,97 2.09
(2) 2.03 2.00 2.02

151.03 2.05 2.03 2.14 2.07
151.79 2.10 2.02 2.11 2.16 2.10

Average from 8 samples

2.07 £ 0.02
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Figure ll~Temperature profile in test-hole 22/31 -~ lObca (USBR
Alkali Flat 1), 10 July 1973

[Temperatures measured by P. Twichell and S. Chicoine,
U. S. Geological Survey]
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Thermal Areas

, The Carson Desert contains two known thermal areas where temperatures ‘

at a depth of 30m exceed 20°C: the first, centered near Stillwater in

the eastern part of the Stillwater-Soda Lake KGRA; the second, between

Soda lLakes and Upsal Hogback in the western part of the KGRA (fig. 10).

Other thermal areas likely are present, but test-hole data available

during this study are not sufficient to define their location or extent.
Temperature data obtained in test holes between the Stillwater and

the Soda Lakes~Upsal Hogback thermal areas suggest that the two systems

are not connected, at 1§ast at the depths of most of the test holes

(about L5 m). However, in a few deeper holes (about 150 m ),

thermal gradients generally increase below depths of about 50 to 100 m.

Drillefs' logs do not indicate that the deeper materials are finer grained.

Instead, the downward increase in thermal gradient is believed to be

caused in part by the effects of circulation of ground water derived .

from irrigation-water and river-water seepage in the near-surface deposits.
The downward incréase in thermal gradient also results from the warming

of the near-sﬁrface environment to temperatures abové!the mean annual

air temperéture by large appliéations of relatively warm irrigation

water dn;ing the growing season. It is possible that thermal systems

eiisf outside the two known areas but are concealed by the effects

of ground-water flow and infiltration of irrigation water in the over-

lying deposits.
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STILLWATER THERMAL AREA
Hydrogeologic Setting

The Stillwater thermal area is céntered near the small community of
Stillwater, about 20 km east-northeastof Fallon. The area enclosed by
the 20°C isotherm at a depth of 30 m forms an ellipse about 11 km long
(north-south) and 7 km wide. Most of the land is farmed and is traversed
by both irrigation canals and drains. Stillwater Point Reservoir lies
along the southeast margin of the area; a large tract of marshes and
shallow lakes lies to the northeast. The eastern and northern parts of
the thermal area are within the Stillwater Wildlife Management Area.

The top of the saturated zone is within 2 m of the land surface
throughout most of the area. Deposits within the upper few hundred
metres are chiefly lacustrine clay and silt; interbedded fine to medium
sand contains water under artesian pressure. Artesian-pressure levels
(confined pofentiometric surfaces) in sand strata within 50 m of the
land surface are above the land surface, and the dominant potential
gradient is upward. The lateral component of the gradient is northward,
toward the Carson Sink. Ground water is discharged from the area by

underflow toward the north and by evapotranspiration; the latter

undoubtedly is predominant.
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Previous Information

General dimensions and near-surface temperatures of the Stillwater . K
thermal area were unknown many years ago from numerous domestic and farm
wells. Deeper subsurface information was obtained in 1964 from the o
0'Neill-Oliphant Reynolds 1 geothermal test well, drilled to a depth of i
1,292 m near the center of the area. The information from the test well ‘
was supplemented by unpublished detailed gravity and magnetic surveys of
an area of 60 km2 which includes most of the thermal feature. Areal geology
was mapped by Morrison (1964); his maps (pls. 3 and 4) show the traces
of several faults formed during earthquakes in the summer of 1954. A
report by Stabler (1904) gives areal variations in salinity and in several

dissolved constituents of ground water, as well as depths to the water table.

Test Drilling

Nine shallow test holes were bored by the U.S. Geological Survey
during the fall of 1972 in order to define the limits of the thermal area .
and to obtain geologic, hydrologic, and thermal data. Two additional holes
(USGS CD AH's 14 and 16) were bored west of the therma% area to supplement
information from U.S. Bureau oftReclamation test holes and other wells
bearing on the possible presence of other thermal areas between Stillwater
and Soda Lakes. Data for the U.S. Geological Survey test holes are given 'q
in table 4. All the test holes were bored by power éuger and 3.8 cm diameter
galvanized-steel pipes fitted with well points or well screens were installed
for subsequent borehole gecphysical logging, temperature measurements, and

water-level measurements. Completed depths range from 20.8 to 45.5 m. .

-
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Chemical Character of Ground Water

Water samples were analyzed from the U.S. Geological Survey test holes
near the margins of the thermal area, and Mariner and others (1974)
analyzed a sample from a well in Stillwater, near the center of the
thermal area, which was discharging a small amount of boiling water and
steam. The samples from the test holes (CD AH's 15, 23, and 24) represent
chiefly infiltrated irrigation water of'local origin; the sample from the
well (19/31-7cda) probably represents deep thermal water. Depths of the
samples from the test holes range from 39 to 45 m; the depth and construc-
tion'of well 19/31-7cda are unknown.

All four samples of water are similar in gross chemical characteristics,
although»there are significant differences in some constituents between
the thermal water and the nonthermal water from the three test holes.
Dissolved solids range from about 4,500 to 6,500 mg 1-! in the samples
of nonthermal water and are about 4,300 mg 1~ in the thermal water.
Sodium and chloride are the dominant constituents in both waters. The
thermal water, however, is relatively high in silica, calcium, and fluo-
ride, whereas the nonthermal water is relatively high in bicarbonate.
More sampling is needed to establish clearly the criteria for distinguishing
thermal from nonthermal water and to provide an index for the amount of
mixing of the two waters.

The reservoir temperatures of the thermal water indicated by the
silica-quartz and- the sodium-potassium-calcium geothermometers were,

respectively, 159°C and 140°C (table 1l; Mariner and others, 1974, table 3).
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Heat Discharge

Only the general configuration of the isotherms at a depth of 30 m is

known (see fig.l2). Also, reliable data on shallow thermal gradients in the . ’

central part of the thermal area are not available. For these reasons, only
a crude estimate of heat discharge is possible, using method A described

in the section "Estimates of heat discharge
A mean annual temperature at land surface of 11°C is used in the
computation of average thermal gradients. This is the approximate average

of the mean annual temperatures at Fallon and Lahontan Dam, the two weather

stations within the Carson Desert. (See table 6 for temperature data for Fallon).

The harmonic-mean thermal conductivity for the depth interval 0-30m is
estimated to be 2.5 x 1073 cal cm¥s~loc™l on the basis of the means
computed from the logs of test holes CH AH's 15 and 22-26, This estimate

is believéd to be more reliable than those made in this study for the other

thermél areas for two reasons. First, the strata beneath the thermal area

appear to be less variable in thickness and character than those beneath other‘ _
4

areas. Strata several metres thick may be traced for several kilometres,
using their characteristic "signatures" on the gamma-gamma and neutron logs.
Second, the deposits throughout the entire thermal a?eé are saturated or
nearly saturated to the land surface. Thus, there is less uncertainty as to the
value of the harmonic-mean thermal conductivity than in the other thermal
aréas, where the water table is generally deeper.

The estimated total discharge of heat from the thermal area is 15 x lO6

cal s~l. The derivation of the estimate is given in table 7. "Normal" heat
6

discharge from an' equivalent area would be 1.1 x 10~ cal sl on the basis

-6

of an average corrected heat flow of 1.9 x 107" cal cm~2s™1 estimated at the

Alkali Flat 1 experimental heat-flow test hole in the Carson Sink, 29 km to

6 1

the north. The excess heat discharge, 14 x 10" cal s~

resulting from convective upflow of deep thermal water as depicted in figure 13.
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The above estimate is regarded as approximate because of the paucity
of data and the errors introduced by the simplified assumptions of method
A. Convective heat transfer by ground-water upflow probably affects
thermal gradients in the uppermost 30 m of deposits, so that the assump-
tion of linear conductive gradients in the depth range 0-30 m tends to
yield computed heat-flow values that are too small. In addition, the
thermal area undoub%edly extends beyond the 20°C isotherm at 30 m depth,
which is used in the computation of heat discharge. Therefore, it is
believed that the actual net heat discharge is substantially greater

than the computed value and probably is within the range of 15 to 25 x

106 ca1 s~1.

Thermal-Water Discharge

Ground water discharges from the Stillwater thermal area by evapo-
transpiration, lateral ground-water outflow (chiefly northward), and
discharge from domestic and farm wells (of which the net discharge is by
evapotranspiration and is relatively small). An unknown proportion of
the total discharge is shallow nonthermal water of local derivation.
Because of the difficulty in determining the proportions of thermal and
nonthermal water in the total discharge, and because the magnitudes and
directions of ground-water flow are poorly known, thermal-water discharge
is not estimated by the water budget method. Instead, a more reliable
estimate is made by the heat-budget method.

The heat carried by the thermal water is assumed to be the excess
over normal conductive heat discharge from the thermal area, as derived
in the preceding section. Temperature at the deep source of the thermal

water is based on the silica-quartz geothermometer. (See table 1 and
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Mariner and others, 1974, table 3.) The computation is as follows: ’
Net heat discharge = 14 x 108 cal s=1 = 4.4 x 101% cal yr-1
Net heat content of thermal water = (159°C-11°C)(1.0 cal g‘1°C’l) =

148 cal gt
= 3.0 x 1012 ¢ yr‘l

5.4 x 107 cal yr

1.48 x 102 cal g1

1

Thermal-water discharge =

This is equivalent to a discharge of 3.1 x 10% 3 yr‘l of water at 80°C
(the approximate near-surface temperature), or to 3.3 x 106 m3 yr“l at

159°C (the inferred reservoir temperature).

3 yr"l of water leaving the geothermal

1

Thus, 3.3 x 10° m
reservoir at 159°C would carry 4.4 x 10 cal yr — of heat, all
of which is assumed to be discharged by conduction through the near-
surface deposits within the thermal area. An additional 1 million cal st

or 3.2 x 1013 ca1 yr~l of heat is discharged as so-called "normal" .

conductive heat flow from the area.
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Hypothetical Model of Hydrothermal-Discharge System

Alinement of the Stillwater thermal area with high-angle Basin and
Range faults at Rainbow Mountain 8-10 km to the south and unpublished
magnetic and gravity data (0'Neill-Oliphant) suggest that the near-
surface high temperétures result from rising thermal water along a north-
trending concealed fault or fault zone, as shown on figure 13. The rising
thermal water causes a mushrooming of the isotherms near the fault.- The
velocity of the upflow is sufficient to maintain the temperature of the
water near the temperature of the deep source, which is inferred to be
close to 160°C on the basis of geochemical data (Mariner and others, 1974).
(See table 1.)

The depth and nature of the deep thermal reservoir and the source
of recharge for the thermal water are unknown. On the basis of the
"normal' regional heat flow at the experimental heat-flow test hole in
the Carson Sink, 29 km to the north and temperatures reported
from the 0'Neill-Oliphant test well, the hydrothermal system appears to
be related to deep circulation of meteoric water in an area of '"mormal"
regional heat flow (the first conceptual model described in the section,
"Conceptual models of hydrothermal systems") rather than to a shallow-
crustal heat source (the second conceptual model). The source of the
thermal water probably lies at a depth of several kilometres, well within
the pre-Tertiary basement. Admittedly, however, the available data are
inconclusive. The sizable extent of the thermal area--which is consid-
erably larger than the other thermal areas studied--suggests that a local
heat source of restricted extent, perhaps of the order of several tens of

square kilometres, may be present.
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Bottom-hole temperatures observed during drilling of the O'Neillw
Oliphant geothermal test well, which is about 0.7 km west of the inferred
fault that carries the thermal-water upflow, indicate a reversal in
thermal gradient below a permeable sand aquifer of probable Tertiary age
at a depth of about 430 m. The temperature in the sand aquifer was
reported to be 156°C (Beuck, written commun., 1964), only slightly less
than the reservoir temperature of 159°C indicated by the silica-quartz geo-
thermometer (table 1). This information suggests that much of the thermal
water that rises along the inferred fault discharges laterally into the
sand aquifer, in which lateral flow is sufficiently rapid to maintain high
temperatures for considerable distances from the fault, as indicated
diagrammatically on figure 13.

High temperatures at shallow depths in domestic and farm wells in the
central part of the Stillwater thermal area suggest that not all the rising
thermal water moves laterally into the prominent sand aquifer of probable

Tertiary age; some of the water rises into the predominantly fine-grained

Quaternary deposits and discharges laterally into saﬁds within these deposits.

Temperatures at a depth of 30 m exceed 80°C in the central part of the

thermal area (figs. 12 and 13). The high temperatures at this depth probably

result from both upflow of water across the bedding of the predominantly

fine~grained lacustrine deposits and lateral flow in the relatively permeable

sands. However, ncne of the upflowing water discharges at the land

"surface except by evapotranspiration.
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SODA LAKES-UPSAL HOGBACK THERMAL AREA
- Location
The Soda Lakes-Upsal Hogback thermal area is in the west-central
part of the Carson Desert, 12 km northwest of Fallon. The thermal area
is elongated toward the north-northeast and lies between two centers of

late Quaternary basaltic eruptions, Soda Lakes and Upsal Hogback (fig. 10).

Previous Development
The thermal area is undeveloped except for intermittent cattle
grazing. Adjacent lands to the south are irrigated with water from
Lahontan Reservoir. The hydrothermal system is unaeveloped at present,
although a steam well (20/28-28ccb) was used in the past for steam baths.
No information about the comnstruction of the steam well is known to be

available, except that the well is reported to have been 18 m deep.

Test Drilling
During 1972 and 1973, the U. S. Geological Survey drilled 23 test
holes as g part of this study in order to evaluate the near-surface
geologic, hydrologic, and thermal charscteristics of the area. An
additional test hole was drilled by the U. S. Bureau of Reclamation for
similar purposes. Data for the U. S. Geological Survey test holes are

summarized in table 4, Locations of the test holes are shown on figure 1h.
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EXFLANATION

Note: EKolian zand of the Pallon and Turupah for-

mations is ignored on this map. It mantles the
eldexr units extensively, in places to depths of
10 to 40 feet. Lake sediments of tha Pallon
formation also are not mapped, but they occur
only in small areas below 3,950 feet altitude
and are rarely mors than a foot or two thick.

(=]

N

Sehoo Formation

Deop~lake sediments.

‘Qug, gravel. Smsll-douldec gravel
to psbble gravel, locelly with
sandy interbdeds.

Qes, sand; locally has sinor inter-
bedded gravel, silt, and clay.

In des and intertony with
volcanic sand comples of Soda Lake.

Que, clay, sile, and some sand;

Psllon Formation

Alluvies (only unit mapped).

ol Qfa, sand and pebbly sand in channels of Carson
River and Nassie Slough neer Upsal siding.

Qfat, finer alluvius, meinly silt, some sand -
and cley, in intexrchennel areas

(Time of Toysh soil formatiom)

Turupsh pormation (not mapped)
Bolian sand and local alluwium

DISCONFOMNITY

Indian Lakes j:omation

Subaerial sediwents. Alluvial sand
and pebbly sand {n former channels
of Carson River.

Qil, of late Sehoc~Indian Lakes age.

Qid, coevsl with regressive phase of
the dendritic member of the Sehoo

M| proportion of silt and sand is-

ug toward
o

! . (Time of Churchill soil formatiom)

N Wyemaha Formation

Shallow=lake and subeerial sediments. Basaltic subserially

Hydrothermally altered deposits
Chiefly kaolinite deposite formed

hydrothermal alteration of
eolian sediments and Sehoo sand

Volcanic sand complax of Soda Lake

Volcanic ezplosion dedris, msinly
sand, some silt and gravel, gen=-
erally with a few precent, rarely
as much as 60 perceat, basaltic
lapilli and very sparse bombe.

Qvs:, uppesr part, subserial, poorly
consclidated, amd probably of lats
Sehoa to Indian Lakes age. .

Qve:, lacustrine and semi-indurated
coneisting of about 60 feet of
horisontal beds cf middle Sehoo~
Indian Lakes ags, uncoaformably
overlying ‘4 to 15 feet of tilted
beds, exposed locally on the south~
esaet shore of Soda lake, and poseibly
of early Sehoo-Indian Lakes age

Basaltic tuff of Upsal Hogback

deposited tuff, moetly

Ows, noavolcanic shallow-lake and subserial sand and fine-gravel-sised Dasalt fragments,
sediments, mainly lake sand, minor laxs well ind d; and inter

. silt and clay; in western half of area in- with basaltic sand of the Wyemsha Formation; probably
cludes many areas, too smail to be mapped, mainly or estiraly of Wyemaha age

of intercalated eolian sand, and rarely,
within a few miles af the Carson River,
seringers of alluvial sand and pebbly sand.
Qube, dasaltic sand, and silt with several
percent to sore than 30 percent of basaltic
grains and scws 1 d dasaltic
sand, silt, and clay,; proportion of
daseltic grains increasas toward Upsal
Sogbeck; mostly lacustrine; intertongues
with Qws and gbt

(=]

Bet2a rormation
Lake gravel, mainly boulder gravel, locally
\ padble gravel and cobdle gravel
{not exposed in study area)
N {Time of Cocoon soil formation)
UNCONFORNITY

]

Volcanic rocks, undifferentiated

Dbrscomromrry

et
Contact

USSR S
Pault

Dashed where epp ly 1 d, & d where
concealed; queried where peodl 1 G, up

#ides D, downthrown side
K

o

Velcaniu vent

Geology mainly from Morrison, R. B., 1964 Plate 6.

Figure 14.~-Continued
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Geology

Exposed and near-surface Q;terials in the thermal area are
unconsolidated of late Pleistocene Lake Lahontan and a discontinuous capping
of eolian and minor fluvial sediments, largely reworked from the Lake
Lahontan deposits. The areal geology shown on figure 14 is based on mapping
by Morrison (1964, pl.6), modified during the present study in a small
area surrounding the old steam well.

The eolian and minor fluvial sediments, chiefly sand, were assigned
by Morrison (1964) to the Turupah Formation of latest Pleistocene age.
Birkeland and others (1971) revised its age to Holocene. However, on
Morrison's geologic map of the area (1964, pl.6), these sediments are
grouped with an upper sand of the Sehoo Formation of Pleistocene age.

The Sehoo's age was revised by Birkeland and others (1971) to Pleistocene
and Holocene. The sand overlies a clay member of the Sehoo on a surface

of moderate local relief, as revealed by data from the U.S. Geological
Survey test holes and by exposures on the sides of wind-scoured depressions.
Within the thermal area, the capping sand ranges in thickness from 0

to 5 m, and the underlying clay of the Sehoo Formation, from 9 to 10m. In
the vicinity of the steam well, the capping sand has been altered in

part to kaolinite and various iron oxides or hydroxides by hydrothermal
activity, ppobably chiefly vapor.

Beneath the Sehoo Formation clay is the Wyemaha Formation,
of Pleistocene age, generally sandy in the upper part, but containing
interbeds of clay and silt. The predominantly nonvolecanic deposits inter-
tongue with basaltic sands and lapilli tuff derived from the cinder cones
at Upsal Hogback. The basaltic tuff and cinders at Upsal Hogback are the
oldest exposed deposits near the thermal anomaly; they are probably coeval

with the lower part of the Wyemaha Formation.
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Within the depth range of the test holes, probably all the lower
deposits beiong to the Wyemaha Formation. Morrison (1964) does not
specify the age or stratigraphic assignment of the beds underlying the
Wyemaha Férma.tion within the thermal area. Presumably some of the deposits
represent early stages of Lake Lahontan.

Bedding in the area is nearly horizoﬁtal. Present topography is the
result chiefly of wind scour during Turupah time (Morrison, 1964).
Exposed faults or local flexures are rare. Morrison (1964) mapped two
small northeast-striking faults at the Soda Lakes and two north-
trendirig faults south of- Upsal Hogback. The latter two faults bound
an upthrown block of basaltic tuff of Upsal Hogback, flanked by
generally nonvolcanic deposits of the Wyemaha Formation.

Although few faults are exposed, the generally north-northeasterly

alinement of Soda Lakes, Upsal Hogback, and the intervening thermsal area

suggest faults at depth, possibly along a zone of rupture in the consolidated ‘

rocks of Tertiary and (or) pre-Tertiary age.

Hydrology “
Ground water moves both laterally and vertically through the
unconsolidated lacustrine, fluvial, and eolian deposits beneath the area.
Nor;therma.l water derived from infiltrated irrigation water and Carson River
water to the south-southwest moves generally north-northeast, toward the
western Carson Sink. . Thermal water rises from unknown depths, probably
through open fractures or faults, into the near-surface deposits, where

it also moves laterally toward the north-northeast, in the direction of

the potential gradient. The deep, thermal water probably mixes with the
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much shallower nonthermal water, but the extent of the zone of mixing or
diffusion is not known. Since the early 1900's irrigation and controlled
river flow have raised the water table throughout broad areas and have

greatly modified the natural flow pattern.
Throughout the thermal area, the water table is 1.5 to 10.7 m below

land surface. Seasonal fluctuations range from a few centimetres to
about 1 m. A%t many places, confined conditions exist at depths greater
than a few metres below the water table, and the confined potentiometric
surface is either aﬁove or below the water table. Configuration of the.
confined potentiometric surface representing a zone 30 m beneath the land

surface is shown on figure 15.

The map indicates a dominantly north-northeastward lateral potential gradient
of about 0.0017. The altitude of the confined potentiometric surface
representing a depth of 30 m beneath the land surface was computed by
adjusting the measured water level in the test hole for the difference in
potentiometric head between the depth of the well screen anﬁ a depth of
30 m, using the vertical potential gradient listed in table 8.

" Vertical potential gradients between the water table and screened
aquifer zones and depths to confined and unconfined water levels in the
test holes are given in table 8. These data indicate the following
conditions in the study area:

1. Downward potential gradients in the southwestern part of the
study area reflect downward movement of irrigation recharge water from

the water table to deeper aguifers.
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EXPLANATION

— —/202

Fotentiometric contour
Shows oftitvde of confined pa??offbnz'frk W45:7
surface Gontoer inferval 2 metres.

Datom /s mearn s level
o -4
is-2 .

Test hale. Number i< altrtude \ A3 \
& confined potentiometric q7-3 \
surfaee , 1n metres above mean \
sea level

N

T20N.

N
—

3 km

Figure 15 .= Map of Seda Lakes - Upsal Hegback thermal area shewing
configuration of cenfired potentiometric surface, 1973-74
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2. Upvard gradients at a few well sites near the hottest parts of .

the thermal area reflect the rise of thermal water into near-surface

a.quifers.‘ A part of the upward movement probably reflects thermo-artesian
conditions~~that is, thermal convection in response to the lower density
of the hotter water. Data are not available to estimate the relative
magnitude of thermo-artesian and true artesian effects.

3. Vertical potential gradients are nearly zero at a few sites northeast
of the hottest part of the ares.

4. Upward leakage, probably in response to discharge of ground water
by evapotranspiration, is indicated by the vertical gradients in wells in
the northeastern part of the area, near Upsal Hogback.

Although vertical potential gradients greatly exceed the lateral gradients

at most places, rates of vertical ground-water flow are generally less than

rates of lateral flow. The contrast rezults from the extremely low vertical .

hydraulic conductivity of the confining beds of clay and silt as compared
to the high horizo;xtal hydraulic conductivity of the sand aquifers. Most
of the large potential gradients are in the confining beds rather than

the squifers; the observed vertical gradient is the harmonic mean of very
high gradients through the confining beds and very low gradients through

the aquifers.
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Chemical Character of Ground Water

Water samples were collected by bailing from nine test holes in the area.
Before bailing, the test holes were developed by air-lift pumping so that
samples representative of water in the formation adjacent to .the well point
or well screen could be obtained. The gross characteristics of the water{
as indicated by the ;pecific conductance, concentration of dissolved solids,
and concentration of chloride, are summarized in table 9. The results
indicate substantial variation in salinity; concentration of dissolved
solids ranges from about 600 to about 6,000 mg l'l, a tenfold variation. -
This'variation may be caused by uneven mixing from place to place of
infiltrated dilute (?) river water and irrigation water with more saline
ground water.

Reasonably complete chemical analyses are available for only three
samples, from test holes CD AH-4, 8, and 9. These data (not shown in
table g) disclose the following chemical characteristics: (1) sodium
is the dominant cation in all three samples; (2) cation proportions are
variable; and (3) water from test hole AH-4 is extremely hard, whereas
the samples from test holes AH-8 and 9 are very soft.

No chemical data have been collected thus far that would allow
characterization of the upflowing thermal water. Because of the evident
variability of the shallow nonthermal water in the system, it may be
difficult to select chemical parameters that would distinguish the thermal

from the nonthermal water.




Table 9.--Chemical analyses of water samples from test holes in Soda

Lakes-Upsal Hogback Area.

®
B

o J

Concentration of

Depth to Specific

top of well conductance Dissolved Solids Concentration Tl
Test screen (micromhos (mg 1°1) of chloride 8
hole (m) em~l at 25°C)  Determined Computedij (mg 1-1) )
!
CDAH-2 25.91 4,720 2,830 1,440 ‘l

AH-3 43.56 2,370 1,420 507
AH-4 20.12 5,890 490 7
AH-8 37.95 612 160 -
AH-9 39,32 2,140 g @ -
AH-10 32.31 4,150 2,490 1,020 i}
AH-12 21.46 9,730 5,840 3,140 -
AH-18 41.15 1,030 618 124 §J
, |

1/

=~ Computed by multiplying specific conductance by 0.6.
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Subsurface Temperature Distribution

The distribution of temperature at a depth of 30 m below land surface
is shown on figure 16. Except for the hottest part of the area, the
isotherms are based on temperatures measured in the test holes shown on
the map. On the basis of the test-hole data, only one hot center, in the
vicinity of the old steam well, is indicated. However, measurements made
at 1 m depth at 100 sites during the later stages of the fieldwork indicated
two separate thermal highs, as shown on figure 16. Both highs are elongated
toward the northeast and are separated by a similar-trending area of lower
tempefature between the northwestern high centered at the steam well and
the southeastern high centered about 70 m west of test hole CD AH-17. The
same pattern is shown on oblique snow-melt photographs taken in January 1974.
The southeastern thermal high is indicated by a dense growth of Russian
thistle, which is apparent on vertical color aerial photographs taken in
february 1974, The pattern strongly suggests that therma{ water rises into
near-surface aquifers through somewhat elongate parallel or en echelon
conduits, possibly along concealed faults. That at least a part of the

rising water is boiling is indicated by discharge of steam from the steam
well and a fumarole a few metres away and by high temperatures (up to more
than 90°C) at depths of 1 m in nearby shallow temperature holes.

The most striking feature of the thermal area is its asymmetry.
The isotherms are elongated strongly toward the north-northeast, in the
direction of the lateral ground-water gradient. The hottest areas are
near the south-southwest margin so that horizontal thermal gradients are
large toward the south-southwest and small toward the north-northeast.

The pattern suggests dispersion of thermal water in the direction of

- g



118.0a
e N\ 2
\
\
2.4 \
sq} 13
/ T.20N.
/
/
/ 23 ng
/ 24
/
/ |
/
/
|
/ ! 26 2s
/ EXPLANATION
I e
. .Line £ equal temperature st a . ..
depth of 30m below land surface.
Lashed where vneartair, Irterval
10 arel 20 deorees Cefsivs
%34. 36
. Test hole
Nember, is Yemperatore, in dewees G/stis
,-/e»»pqu‘ ve & ~ed frem therma
R2BE. et eﬁéfi%‘;d';f'ﬁr '
o : 2 Ko

Figure 16.--Map of Soda Lakes-Upsal Hogback thermal area showing temperature

at a depth of 30 m, December 1973.
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regional ground-water flow from two sources of restricted extent. In
none of the other thermal areas studied is the effect of lateral heat

sy 1
transport by ground-water flow so strlklng.—!

Heat Discharge

The heat carried by lateral flow of thermal water through shallow
sand aquifers is diécharged by conduction through the near-surface
deposits. Thermal gradients measured in most of the test holes are
affected by vertical ground-water flow, however, so that reasonably

accurate estimates of the conductive heat discharge from the thermal

area cannot be made. In additon, data are insufficient to define accurately

the positions of the cooler isotherms, especially in the eastern and
southeastern parts of the area. For these reasons, only a crude esti-
mate of the heat discharge is made, using method A described earlier. As

’

in the Stillwater thermal area, the 20°C isotherm at a depth of 30 m is
used as the boundary of the hydrothermal-discharge area, and the mean
annual temperature at the land surface is assumed to be 11°C. The
harmonic~mean thermal conductivity of the materials in the depth range

0-30 m is estimated to be 2.3 x 10°° cal c:m"l s7Logl on the basis of

the procedure described in the section "Estimates of heat discharge"

1/ Recent data not publicly available from proprietory sources suggest that
not all the asymmetry of the thermal area is due to lateral transport of
heat by north-northeastward ground-water flow; a part of the asymmetry
may be due to leakage of rising thermal water into progressively deeper
aquifers toward the north-northeast. The recent data also indicate that

the conduits may be more elongate than is suggested by the temperature

pattern shown on figure 16.
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The total near-surface conductive heat discharge, estimated by
method A, is 3.6 x lO6 cal s-l. Derivation of the estimate is given in
table 10. 'Normal" conductive heat discharge from the area enclosed by

the 20°C isotherm at a depth of 30 m is computed on the basis of a "normal"

heat flow of 2 HFU:

(21.13 x 10 cmz)(2 x 10°% cal em s

= 0.42 x 10%ca1 7t

Net conductive heat discharge is then

(3.6 - 0.42) x 10° cal s = 3.2 x 10® car s7*

This estimate is considered closerto a minimum than to an average within

the probable range of values. Further studies, presently underway, will

result in an improved estimate, using method B described in this report.

Water Budget
Data required for an estimate of thermal-water discharge from the

Soda Lakes-Upsal Hogback system are not available. Instead, a generalized
ground-water budget for the tract that includes the irrigated land
surrounding Soda Lakes as well as the thermal area to the north-northeast

is presented in table 1l.

4

The magnitude of the outflow in the budget can be estimated within
narrower limits than the magnitude of the inflow. Lake-surface evaporation
is computed as the product of the free (non-vegetated) water-surface area
(3.1 ka) and a net rate of annual evaporation 120 cm based on

estimates by Rush (1972) and Kohler and others (1959). Lateral ground-water
outflow toward the north-northeast is computed on the basis of an average
horizontal potential gradient of 0.0017 determined from figure 15

an effective width of flow cross section of 10 km, and transmissivity of

2

1,200 m day'l at a prevailing temperature of 20°C. Discharge by ground-

water evapotranspiration is computed-on the basis of an area of 20 km2 and

an assumed average rate of 6 cm per year.
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Table 1l--Ground-water budget for Soda Lakes-Upsal Hogback Area

Annual volume

Budget item of water -~

(x 106 m3 -

OUTFLOW: -
Evaporation from lake surfaces 3.7 )
Lateral ground-water outflow 7.5 -
Ground~water evapotranspiration 1.2 )

12 -

TOTAL OUTFLOW (ROUNDED )

INFLOW: .
Seepage losses from irrigation canals 12 .
Infiltration to saturated zone from irrigated fields Unknown -
Seepage loss from Carson River Unknown ?J
TOTAL INFLOW (ROUNDED ) >12 J
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" The inflow items in the budget are difficult to estimate>within
‘{' N reasonable limits. The only item for which a relisble estimate has been
made is seepage losses from irrigation canals. By a series of tests

to determine effectiveness of chemical sealants in reducing seepage

losses, the U. S. Bureau of Reclamation has estimated the leakage from

-
[

major canals in the present study area at roughly 12 x 106 m3yr’l (10,000

ac-ft yr"l)(John Gallagher, written commun., 1974). This item, by itself,

2

equals the estimated total outflow. Water lost from the Carson River by

[i seepage probably does not enter the Soda Lakes area during at least half
the year, owing to the high ground-water levels maintained by leakage

i

(! from major canals (Lee and Clark, 1916, p. 683). Underflow of water that

(j has infiltrated to the saturated zone from irrigated fields also may be
!
' similarly restricted. However, present data are too scarce and incomplete

to evaluate these two items of ground—vater inflow to the study area.

—

‘ The budget items most likely to introduce large errors in the overall

™

[N—

budget, if sizeble percentage errors exist in their evaluation, are the

estimates of lateral ground-water outflow and seepage losses from irrigation

2

canals because they are the major items of outflow and inflow.

1
| SPT—

Nature of Hydrothermal System

Data obtained in this study permits only a sketchy and tentative

ey
e i

. inference as to the nature of the Soda Lakes-Upsal Hogback hydrothermal

{} system.

The depth and extent of the thermal reservoir and the source of
the recharge are. unknown, although the most likely source would appear to

be the Carson River and the irrigation system to the south. Temperature

[] of the source of the rising thermal water is not known but it is probably
[} much greater than 105°C, the highest temperature observed in the test

holes.
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Spérse and somewhat equivocal data from tesf holes and wells less
than 200 m in depth throughout the Carson Desert suggest that heat flow
outside the known convective hydrothermal systems, Stillwater and Soda
Lakes~Upsal Hogback, probably is not much greater than average for the
northern Great Basin region--perhaps on the order of 2 HFU. However,
local shallow heat sources of restricted extent cannot be ruled out with
present information. Thus, it seems most likely that the thermal water
in the Soda Lakes-Upsal Hogback system has circulated to depths of several
kilometres, but depths of circulation would be less if a local heat source

is present.

The distribution of temperature observed in the shallow test holes
in this study suggests that the tﬁermal water rises along steeply inclined,
perhaps vertical, fault-controlled conduits and discharges into sand
aquifers between confining beds of lacustrine clay and silt. Some of the
thermal water nearly reaches the land surface, but none presently discharges
in hot springs. The thermal water flows laterally inithe sand aquifers
toward the northeast or north-northeast, in the direction of the horizontal
component of the potential gradient, but alsc moves more slowly upward
aéross the confining beds to discharge ultimately by evapotranspiration.

Mixing of thermal and nonthermal waters probablf occurs along the
margins of the thermal-water upflow and in the shallow aquifers. However,
the mechanisms of the mixing process are poorly understood, and the

width of the zone of mixing is unknown.
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BLACK ROCK DESERT
Hydrogeologic Setting
The southern and central parts of the Black Rock Desert include
several groups of hot springs and surrounding thermal areas. Three of
the areas have been classified as Known Geothermal Resources Areas (KGRA's):

Gerlach, Fly Ranch, and Double Hot Springs (fig. 17 ). Except for Hualapai

Flat, which includes Fly Ranch KGRA, the water resources of the region are
Yargely undeveloped. Ground water is ﬁumped for irrigation use atHualapai
Flat. The hot springs are undeveloped except for bathing and minor stock
water supply. Gerlach and Empire, the only communities, are in the south-
western part of the area, about 145 km by road north of Reno, Nevada.

The Black Rock Desert consists of a large playa having several arms
or embayments and rimmed by rugged mountain ranges. The playa is nearly
flat and has an altitude of about 1,190 m above mean sea level. Piedmont
slopes between the playa and the mountains are generally narrow and occupy
only a minor part of the total area. The mountains are largely of fault-
block origin and rise to altitudes as much as 2,740 m above sea level in
the Granite Range, 16 km north of Gerlach. The mountains and bordering
ﬁasin and Range faults generally trend north, but there are local departures
from the dominant pattern.

The mountains are composed of a variety of consolidated to semi-
consolidated rocks which range in age from Paleozoic to Cenozoic (middle
Tertiary). Volcanic rocks of Teriary age are extensive, but none are
known to be younger than about 15 m.y. (McKee and Marvin, 1974). The
intervening basins are underlain to unknown depths by unconsolidated
to semiconsolidated deposits of late Tertiary and Quaternary age.

The upper part of this fill consists of predominantly fine-grained

deposits of Lake Lahontan (late Pleistocene), overlain by similar
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Thermal spring

fo) Cordero Black Rock TH-2

Cordero Mining Co.
test hole and name

BRAH-120

U.S. Geological Survey
test hole and name

75d

Well used as data point,
and location number

Boundary of KGRA
(known geothermal resource area)

VH-40°45°




playa deposits of Holocene age. Coarse-grained near-shore deposits are
locally abundant, as near Gerlach, and wave-cut shorelines are prominent
throughout the area on mountain slopes below an altitude of 1,335 m.

The playa floor of the Black Rock Desert serves as a sump for the
Quinn River and local runoff from the bordering mountain ranges. Ground
water also discharges by evaporation from the playa and by evapo-
transpiration from the adjacent piedmont slopes, where the water table
is within reach of the roots of phreatophytes. Ground-water discharge
has increased in Hualapai Flat since the advent of irrigated agriculture
in the early 1960's (Harrill, 1969).

Recharge to the ground-water system in the southern and central
Black Rock Desert occurs chiefly in the Granite Range and to a lesser
degree in the northern Black Rock Range and the Selenite Range (fig.l7).
The highest part of ‘the Granite Range, about 16 km north of Gerlach,
receives more than 500 mm average annual precipitation (fig.3), in large
part as snow. This area probably is the main source of recharge for
the southern Black Rock Desert.

Some recharge takes place where storm runoff and snowmelt runoff
crosses the small alluvial fans and piedmont slopes, but a significant
part also takes place directly through fractured, weathered, and
colluvial-mantled bedrock in the higher mountain areas. It is likely
that most of the recharge to the dee§, thermal éround-water system, 1is

through the bedrock of the high mountain areas.
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Test Holes

The U. S. Geological Survey bored or drilled 23 test holes in the
central and southern Black Rock Desert as a part of this study. The test
holes range in depth from 1.7 to 45.7 m. All are finished with 3.8-ecm
or 5.1-cm pipes fitted with screens or well points to permit acquisition
of hydrologic as well as temperature data. Test-hole data are summarized
in table 12; locations are shown on figures 17 and 19.

In 1972 the Cordero Mining Company drilled eight temperature test
holes in the same area. These holes were finished with 3.2-cm black~iron
pipes, capped at the bottom and filled with water. The holes range in

depth from 111.3 to 274.3 m. Locations are shown on figures 17 and 19.
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Table 12 .--Data_for U.S. Geological Survey test holes in Black Rock Desert

Type of completion: Casing type indicated by "St* (steel) or "P" (pvc).
Wells capped and filled with water are indicated by "C". Wells with
well-point screens or perforations at bottom are indicated by "Sc".

Depth to water table: Depth below land-surface datum. Obtained from v
neutron log. Accuracy about 20.5 metre except in clay where capillary
fringe may cause larger errors.

Static water level: Depth below land-surface datum.

Qeophysical logs available: Gamma ("'G"), gamma-gamna ("02"), neutron ("N"),
resistivity ("R"), and temperature (°T").

w ;

.j L L

L i

. . . . Static confined
Pepth Caaing Land- th to water table water level
Well (matres Inside Type of surface below Source - below Oeophysical
number Iocation  below land diameter completion altitude  land of Date land |, Date logs Remarks
surface) {cm) =) surface  data surface availadle
BAR-IA  32/23-3debl Lk.2 3.8 s, S 1,194.8 - -, - +1.87 73100 o7
AB-1B 32/23-3ck2 1.8 51 P& L1548 119 X BWO - - < lVater-tadlegm "
a2 32/23-2001 LS 38 8, &  1,197.9 - - - A Pl 60N .
A-28  32/23-21bbb2 2.7 Sel P % 1,197.9 2.4 o 731004 - - - ¥ater-table well
A 32/23-Ukedl 6.6 3.8 &, 8%  .1,193.3 - - - 91 mBLA 0T :
AB3D  32/23-lhecd2 15,1 3.8 s, 8%  1,19.3 - - - »2.04 731008 0,6%,NT
AB-X  32/23-lbecdd 2.0 .1 P, % 1,193.3 .8 X BOAH - - .- Water-tadlo weil
ABUA  32/23-Zlaefl 1S 38, m, 8 1,196 . - - ™% 14 66T
AH-SB C 32/23-21a42 17 51 P& 3,196.6  SLu 1w - - "= Vater-table well;
. (dry) bottom filled
IR : -with sa1t.
-5 32/23-16eadl 131 3.4 e, 8 1,214.6 7.3 ] 730508 - - gd4nT
AB-§  32/23-16cmcl  Uk.8 .38 at, 8 1,255 ° 46 °«x 730508 6.3 731004 G,0°KT
AB-7  32/23-13dasl  MS.1 38 8, % 1,963 S5 N 730508 661 13100k 0,6%,1,7
AH-BA  32/23-3eabl  US.) 38 %, & L1924 - - - - 3.5 131004 . -
AB-8B  32/23-3ead2 1.8 $.1. P % 1,192.4 1.2% x 31008 - - ' - ¥ater-tadle well
.o, - £111ed with mud
. > 40 ch.
AR9 33232 ‘a1 3.8 s, 8 1,20t - . - 68 TR 6N
AB-108 J5/23-35pel 20,1 2.8 t, % 1,250 ¢ - - - w8 30510 ° 6,057
AB-10B . -3me2 2.k 3.8 o, 3 1,250 ¢ 1.0 x 730510 N2 70510  0,05,%,7
A1l <3ed h.1 3.8 8, % 1,250 2 6.2 X 730510 " 6.3 730510 0,057
AB-12 3/2%-3  bSa 38 s, % 1,202 - - - - e T .

AR1M 33/23-35edwl  bS.7 3,8 &, 8%  1,19.2 - - - 355 1w 0,0 .
AB-138 3V23-35ca? 3.1 51 P& L,190.2, L.13 X LA RUY "N - - Water-table well
DRl 32/23-1%eea  L5.6 3.8 o, 3% 1,201.5 - - - .22 731007 R
DN-15  32/23-10chal X8 3.8 2, % 1,210.7 6.1 - - 208 10T %
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Heat Flow Outside Thermal Areas

In July 1973, John Sass and R.K. Hose of the U.S. Geological Survey,
Menlo Park, Calif., made temperature measurements in the Cordero Mining
Co. test holes in support of this study. Six of the eight holes are within
areas affected by convection of thermal water and provide data to supple-
ment information from the U.S. Geological Survey test holes. However,two
of the holes are in the central part of the Black Rock Desert, at places
apparently unaffected by local convection of thermal water. The témpérature
measurements in these two holes furnish general information on regional
heat flow similar to that obtained from the U.S. Bureau of Reclamation

experimental heat-flow test hole in the Carson Sink described earlier.

The temperature profile in Cordero Black Rock test hole 1 , 2 km
south of Black Rock, is presented in figure 18. The thermal gradient for
the depth interval 54.9 to 204.2 m is 75.8°C km'l, about the same as that
measured in the heat-flow test hole in the Carson Sink. The driller's log
of the Cordero test hole reports predominantly clay (probably lacustrine)
throughout the measured interval. The average thermal conductivity of the
lacustrine clay is likely about the same as that measured in the cores
from the test hole in the Carson Sink, that is, about 2 x 10~ 3cal cm-l
s~loc-1, (See table 2.) The corrected heat flow, therefore, is probably

not more than 2 HFU--not unusually high for the northern Basin and Range

province.
The thermal gradient in Cordero Black Rock TH-2, 2.5 km west-southwest
of TH-1, is 61.6°C ™} for the depth interval 68.6 -~ 274.3 m, even less

than that in TH-1. The corrected heat flow at the site of TH-2 may be no
more than about 1.5 HFU.
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DEPTH BELOW LAND SURFACE, IN METRES

O | { L) L) 1 | ] § L B | §  § |
20 | -
i
Ho . -
60 o
80 I ': Thermal gradient -
. 54.9-204.2 m
* 75.8°C Km"l
(OO - .: p
120 + -
‘L*O - 'c -
{60 - .“ -
180 —
200 |- -
220 h 1 L L g 1 1 1 4 1
I0 12 14 (6 (8 20 22 24 26 28 30 32

TEMPERATURE, IN DEGREES CELSIUS

Figure 18.~=Temperature profile in Cordero Black Rock 1

temperature test hole, 13 July, 1973

[Temperatures measured with thermistor equipment
by John Sass and R. K. Hose, U. S. Geological Survey]

126

L.*.... ) o

1

L

P S R

1}



)

20

- ot

Thermal Areas
There are several known thermal areas within the southern and central
Black Rock Desert area. Three of these have been classified as Gerlach,
Fly Ranch, and Double Hot Springs KGRA's. All three areas have been explored
by test drilling dur%pg this study, although in only the Gerlach area were
sufficient holes drilled to define the extent of the near-surface thermal
anomaly. In addition to the above three areas, thermal areas of unknown
extent surround the hot springs near Trigo, 25 km northeast of Gerlach,
and West Pinto and East Pinto Springs, 90 km northeast of Gerlach.
.Double Hot Springs form two large orifice pools at the north end of
a chain of hot springs some 11 km in length. The springs are probably
along a Basin and Range fault on the west side of a range of low hills
which constitutes the southern Black Rock Range. U. S. Geological Survey
test hole BR AH-9, 9 km north of Double Hot Springs, encountered warm ground
(although no temperatures were measured in this test hole subsequent to
completion), which suggests that the thermal area associated with the Double

Hot Springs fault extends at least 9 km north of those springs.

The hot springs at Fly Ranch, in the Hualapai Flat area (Wards Hét
Springs on fig. 17), appear to be a part of only one of several localized
hydrothermal systems, although available information is insufficient to
define the extent and nature of these systems. Test holes BR AH-10A, B,
and 11, 2.6-3.1 km northwest of the springs, and flowing thermal wells
penetrate warm ground, but an unused farm well 33 m in depth only 1 km
east of the springs contains water of near-normal temperature. The
thermal areas near Fly Ranch may be related to a series of subparallel
faults that cross Hualapai Flat in a northeasterly direction (Harrill, 1969,

p. 1).
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A thermal area of unknown extent is present near the south end of
Hualapai Flat,; about 1.5 km south of Granite Ranch and 10 km south of
‘Fly Ranch. No thermal water discharges at the land surface. The presence
of the thermal area was first detected in a farm well, now abandoned and
filled in. Later, Cordero Fly No. 3 test hole near the old well also
penetrated thermal water, as did U.S. Geoiogical Survey test hole BR AH-9,
0.5 km.southwest of the Cordero Test hole. The temperature profile in
the Cordero test hole indicates a reversal in thermal gradient below a
depth of 45 m, which suggests lateral flow of thermal water through an
aquifer at that depth. The thermal water presumably moves into the aquifer
from much greater depth along a concealed conduit, probably of fault origin.

The thermal area at Gerlach was explored with 18 shallow test holes
of the U. S. Geological Survey and 3 deeper test holes of the Cordero
Mining Company. Much more intensive study was made of this thermal area
than of the aforementioned areas; the results are described in some detail
in}the following section.

GERLACH THERMAL AREA
Geographic and Geologic Settiné '

The Gerlach thermal area is at the south end of the Granite Range
in southern Black Rock Desert (fig.17). Most of the thermal area is
wiihin the Gerlach KGRA, which encompasses 3,631 ha and includes the
town of Gerlach.

The ﬁhermal area includes two major groups of springs and four
individual springs. Theilarger group, Great Boiling Springs, 1.4 km
northwest of Gerlach, is used for bathing and was the site of a small
borax works many years ago. Mud Springs, 1.9 km west of Gerlach, is the

source of water for livestock and irrigation of pasture.
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The hot springs issue from unconsolidated lacustrine and alluvial
deposits, but the thermal water probably has been in contact with
granodiorite and related plutonic rocks of the Granite Range throughout
most of its paths from probable recharge areas high in the range to where
it rises into the unconsolidated deposits beneath the springs. The
distribution of expaged rocks and deposits near the thermal area is shown
on figure 19. Both the unconsolidated deposits and the granodiorite are
altered hydrothermally along a fault west of Great Boiling Spfings and
in places are difficult to distinguish from each other.

" Basin and Range faults are prominent, as shown on figure 19.
Deposits as young as Holocene are offset. Some faults in lacustrine and
alluvial fan deposits near the hot springs may represent rupture of incomp-
etent materials in response to movement along a single fault zone in the
underlying granodiorite.

The granodiorite is highly jointed within the area shown on figure
19. Spacing of joints ranges from a few centimetres to several metres.

Approximate strikes and dips of the most prominent sets are listed below:

Strike Dip
N. 42° - 50° W. 90° - 70° S.W.
N. 82° - 86° W. 45° - 50° S.
N. 18° - 22° E. 40° - 45° N.W.
N. 0 - 2° W. 40° - 450 E.
N. 68° - 720 E. 85° N. - 85° S,

Figure 19 also shows lineaments apparent in the field or on aerial
photographs but of undetermined origin. Lineaments in the Granite Range
may be traces of joints or faults; those in the unconsolidated deposits

may be fault traces.
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Hydrologic Setting

The unconsolidated deposits are saturated at shallow depths through-
out most of the Gerlach area. Ground water also occurs in open joints,
fractures, and faults in the granodiorite and related plutonic rocks. Recharge
in the contiguous drainage area is insufficient to sustain the discharge of
thermal water. Likely source areas for the deep-circulating thermal water have
not been delineated pr;cisely but are believed to be in the higher parts of
the Granite Range, 10-20 km north of the area of hydrothermal discharge.

Shallow ground water locally is unconfined, but, because of the
abundance of clay and silt in the lacustrine deposits, ground water in these
deposits generally is confined at depths of only a few metres below the
water table. Because of the generally shallow depths to water, the configuration
of the unconfined potentiometric surface (water table) is similar to,that
of the land surface. (See fig.20a). This suggests that in much of the
thermal area the water table is analogous to a surface of seepage, except
that the water discharges by evapotranspiration instead of by seepage.

Both unconfined and confined potentiometric surfaces (figs. 20a and b)
indicate mounding of ground water near springs and movement from the Granite
Range toward the playa.

Vertical potential gradients (fig. 21) are computed from water-level
measurements in paired test holes, geophysical logs which indicate the water
table or top of the saturated part of the capillary zone in single test holes,
and interpolated differences in altitude between umconfined and confined
potentiometric surfaces (figs.20a and b). The gradients indicate downward
movement of ground water in a narrow band of coarse-grained deposits adjacent
to the mountains and upward movement in most of the remaining area. The
largest upward gradients are near the hot springs and probably are due to

temperature-induced differences in density of the water.
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Principal Hot Spring Groups

The principal hot spring areas consist of 4 small individual springs

and two major spring areas, Great Boiling Springs and Mud Springs.

Significant features of the four individual springs are listed below:

Discharge Temperature
Location (1 s'l) (°c) Remaxks

32/23-10baa 0.19 est. 54.4 Orifice in alluvium on the up-
thrown side of a fault scarp.

32/23-10bac 1.0 est. boiling Orifice in alluvium on upthrown
side of fault. Is near out=-
crop of altered granitic rocks.
Prior to development by ditch-
ing,flow was only about 0.19
1s™t.

32/23-15acd 1.4 est. 67.8 Orifice in alluvium. Linear

feature that may be fault.
32/23-15cab .06 est. 49.4 Orifice in alluvium along 0.7-

metre-high scarp.

The most prominent features of the Great Boiling Springs area are shown

in figure 22.

Figure 23 shows the most prominent features of the Mud Springs

area. Springflow may fluctuate above and below quantities listed in the

figures but insufficient data are available to document the magnitude of any

fluctuations.
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Subsurface Temperature Distribution
The general configuration of the Gerlach thermal area is indicated
by the distribution of temperature at a depth of 30 m below land surface, ‘ : ‘

as shown on figure 24 , The map is based chiefly on temperature measurements
made in July and October 1973 in test holes of the U. S. Geological Survey

and the Cordero Mining Company. Temperatures measured in hot-spring orifices

are extrapolated to temperatures at 30 m by using thermal gradients in
nearby wells or, where the springs are boiling, by using the relation of
boiling temperature to hydrostatic depth at the altitude of Gerlach
(~~1,200 m). Control for the temperature distribution in the basement

rocks in the western and northern parts of the thermal area is lacking;

the position of the isotherms shown on figure 24 is based on the assumption

that the thermal area is bilaterally symmetrical.

The thermal area is elongated toward the north-northeast and southwest,

and the hottest parts surround the major hot springs. The elongation is

] 3
JUR—

obviously related to the faults that control the positions of the hot springs. .
Close similarity of the temperature pattern to the configuration of the
unconfined and confined potentiometric surface (compare figs. 20a, 20b, and

24) also suggests convective heat transport by lateral as well as vertical

ground-water movement. The approximate limits of the thermal area are
defined by the 15°C isotherm; "normal temperatures at 30 m for the region

are about 13° -~ 15°C.
Chemical Character of Springflow

Discharge water from one of the hottest orifices at Great Boiling
Springs was analyzed by Mariner and others (1974). Concentration of
dissolved solids is high in comparison with most other hot-spring waters
sampled in northern and central Nevada. Sodium and chloride are the
dominant constituents. Specific conductance determined by Mariner and
others (1974, table 2) is 7,610 umhos ent, Reservoir temperature is
167°C by the silica-quartz geothermometer, 175°C by the sodium~potassium

gecthermometer (Mariner and others, 1974, table 3).
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Heat Discharge

Heat is discharged from the Gerlach hydrothermal syste@ principally
by conduction through near-surface material, by springflow, and by
discharge of steam or heated air. Heat discharge by lateral ground-water
movement is not considered significant, because the boundary of the
thermal area is placed at the 15°C isotherm at a depth of 30 m, where
the temperature of the ground-water outflow is only slightly above the
"normal" temperature for the area. Heat discharge by evaporation from
hot-water surfaces is not estimated as a separate item. Almost all this
discharge is included in the springflow, because temperatures of the
flow were measured in the throats of the orifices, before significant
cooling had occurred. Heat discharge by radiation from warm soil or
water surfaces also is not estimated; data on which to base an estimate

are not available. However, it is believed that the radiative heat

discharge is small in comparison to the conductive and convective discharges.

Conductive heat discharge.--Discharge of heat by. conduction through

near-surface materials in the Gerlach hydrothermal system is estimated

by methods A and B described in the section, "Estimates of heat discharge."

As in most of the other thermal areas, method B is believed to provide

the more reliable estimate.
The conductive heat discharge is estimated by method A, using the

following assumptions:
(1) Mean énnual temperature at the land surface is 11°C, the
approxim&te long-term mean annual temperature at Geriach-(table 6).
(2) The 15°C isotherm at 30 m depth encloses the area of excess

heat flow related to the hydrothermal-discharge system.
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(3) The average thermal conductivity of the materials in the depth
range 0-30 m throughout the thermal area is 2.6 x 10°° cal em™* s—l°C-l,
the average of the computed harmonic-mean thermal conductivities of the
deposits penetrated by test holes BR AH 1-8, 13, and DH 14 and 15.

Using these values, the estimate of conductive heat discharge by
method A is 5.7 x 108 cal s-l. Derivation of the estimate is given in
table 13.

The estimate of conductive heat discharge by method B is 4.4 x lO6

cal s—l, significantly less than the estimate by method A. The deriva-

tion of the estimate is given in table 1lu.

Heat discharge by springflow.--Heat discharge by springflow is

computed on the basis of an average springflow of 5.6 x lOs m3 yr_l at

an average temperature of 80°C as

[(80 - 11)cal g'l] [(0.972 x 10° g m 2)(5.6 x 10° m° yr”l)]

3.8 x 10°° cal yr =+

"

"

1.2 x 10° cal s7%
Heat discharge by steam or heated air.--The large difference in

temperature between the source of the thermal water (about 171°C, as
indicated by the chemical geothermometers) and the discharge at land
surface (96°C or less), together with the substantial rate of springflow,
suggests the possibility that much of the heat carried by the upflowing
thermal water is discharged as vapor (steam) or as heated air. Theore-
tically, as discussed in the section "Estimates of heat discharge"

as much as one half the total heat carried by the thermal water

as it leaves the deep source might be discharged in this manner. However,
the evidence at Gerlach suggests a much smaller discharge. Instead of

appearing in a single boiling spring, most of the springflow is dispersed

14l
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Table 13.-.Estimate of conductive heat discharge from erlach hydrothermal system on the basis

of method A describegi In text. ‘
‘Geomotric Thernal | / Heat, ) Heat
Temperature mean gradiented fiom Area «d{scharge
1(’:33" tm;():aéa)tun (xl.o'3 °c ua'l) (xm"‘ cal em™ s'l) (xlom cmz) (xl()6 cal s'l)
15.20 17.3 2.1 5.5 9.0 0.50
20-30 24.5 4.5 12 33 «40
30-40 34.6 7.9 21 1.4 29
40-50 49.0 .13 34 1.5 - 31
60-80 69.3 1o 9 1.4 69
80-100 89.4 % a8 1.5 1.0 '
100-12) 109.5 a3 86 2.1 1.8
> 120 121 a2 % 5 8
Totals 20.7 . 5.7
(1) Based on 11°C mean annual temperature at the land surface. '
- {2) Based on hsrmonic-mean thermal conductivity of 2.6 x 10~ cal ca™! 57* o,

Table 14,--Estimate of condnctlwg hext. discharge from Gerlach-hydrotherwal
systen on the basis of method B described in the text.

Geometric-mean Area Heat discharge
fange in heat flow heat flow
(Hrv) (xrv) ot a®)  (x20° cars 7Y
2-10 .5 1.2 0.50
- 10-50 2 5.7 1.8
$0-100 7 2.7 1.9
>100 uo .68 .78
Totals . 20.3 P
A .
KN
1y
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throughout numerous orifice pools in which the temperatures are generally
less than boiling (figs. 22 and 23). It seems likely, therefore, that
most of the steam produced by boiling in the conduit system as the thermal
water rises to the surface condenses before discharging to the atmosphere.
The heat released by condensation probably is discharged by conduction
through near-surface deposits or by augmented springflow.

Data are not available from which to base an estimate of heat
discharge as vapor. Some heat doubtless does escape as steam from the
few boiling pools or as heated air or steam from vents or cracks, but
it is believed that this discharge amounts to less than 20 percent of

1

that by springflow--perhaps about 0.2 x 108 cal s7t,

Total heat discharge--The estimated total heat discharge from the

Gerlach hydrothermal system is the sum of the conductive heat discharge,
as estimated by methods A and B, the heat discharge by springflow, and

the heat discharge by steam or heated air:
Heat discharge (x 106 cal s-l)

Method A Method B

Conduction through near-surface materials 5.7 L4
Convection by springflow 1.2 1.2
Convection by steam or heated air .2 .2

Total 7.1 5.8

Net heat discharge.--The net heat discharge from the system is the

total heat discharge minus the so-called "normal" heat discharge--the

heat discharge that would have occurred from the thermal area without the
effects of the upflow of thermal water.

On the basis of method A, the "normal" heat flow at the 15°C

isotherm at 30 m depth is 3.4 x 107% cal en? s7L. Thus, the "normal"

conductive heat discharge from the area enclosed by the 15°C isotherm

(see table 13) is:

- -2 - 6 -1
(20.7 x 100 en?) (3.4 x 107° cal en 2 s71) = 0.70 x 10° cal s70)
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The estimate of net heat discharge by method A is therefore equal to

the total heat discharge, 7.1 x 108 cal s-l, minus the "normal"

1 1

conductive heat discharge, 0.70 x 106 cal s, or 6.4 x 106 cal s .

On the basis of method B, the "normal' heat flow is assumed to be

8 2 -1

2x10 ° cal em “ 8. The "normal" heat discharge is then

6 2 10

(2 x 1078 cal em? s71)(20.3 x 10*° cn?) = 0.41 x 10° cal s71.
The estimate of net heat discharge by method B is therefore equal to the
total heat discharge, 5.8 x 106 cal s-l, minus the "normal" conductive

heat discharge, 0.41 x 10% ca1 s7%, or 5.4 x 108 ca1 s71.

Water Discharge
Water discharge from the Gerlach hydrothermal system is estimated
by the water-budget and the heat-budget methods described in the section
"Estimates of water discharge"

Water-budget method.~--OQutflow items in the water-budget method are

ground-water evapotranspiration and lateral ground-water outflow from

the thermal area. Ground-water evapotranspiration, which constitutes

almost all the outflow, is estimated to be about 1.7 x 1° m° yr“l.

Derivation of the estimate is given in table 15. Lateral ground-water

outflow, computed using the horizontal components of the confined potential

gradient along segments beneath the 15°C isotherm at 30 m depth and an

estimated average transmissivity of 30 m2 day'l, is less than 0.1 x 106

3 =1

m~ yr . Thus, the total outflow is estimated to be the sum of ground-water

6 3 =1

evapotranspiration and lateral ground-water outflow, or 1.8 x 10" m~ yxr .

This total includes both thermal and nonthermal water discharge.
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Table 15.~-Estimate of ground-water evapotranspiration within the
Gerlach thermal area.

Area

Annual evapotranspiration

Type of vegetation Depth Volume
(x lO3 m2 (cm) (x 103 m3

Lush grass and tules;

includes areas of

spring~-supported

vegetation and warm

ground. 850 100 850
Saltgrass 770 45 350
Greasewood and saltgrass 1,700 18 310
Saltgrass, pickleweed, and

bare soil. 69 24 17
Greasewood 1,900 6 110
Playa 260 9 23

Total (rounded) 5,500 5 Y 1,700

3/ Average
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Inflow items in the water budget are recharge from local precipitation

]

and runoff, imported water, and upflow of thermal water from deep sources. .

Recharge from local precipitation and runoff, computed by methods described -
by Eakin and others (1951) and Sinclair (1963), is about 0.2 x 106 m3 yr'l. ‘J
Imported water, which consists of water piped to Gerlach from Granite and —7
Graden Springs in the Granite Range to the north, is about 0.1 x 106 m3 yr'l. “
Upflow of thermal water is computed by balancing inflow and outflow in the j}
hydrolqgic equation: -

(total outflow) - (recharge + imported water)

(1.8 x 16° 0° yr™1) - (0.2 + 0.1) x 1° o yr~

1.5 x 10° m3 yr"l i

(Thermal-water upflow) .
1 ?

Heat-budget method.--~The upflow of thermal water is computed using

the heat-budget method as follows. Temperature of the thermal water .
leaving the deep sources is assumed to be 171°C, the average of the .
temperatures indicated by the silica-quartz geothermometer (167°C) and
the sodium-potassium geothermometer (175°C) (Mariner and others, 1974,

table 3). Average surface temperature is assumed to be 11°C, so the net
1

]
L2

heat content of the thermal water is (171° - 11°C)(1.0 cal g~

160 cal g'l. Net discharge from the thermal area is 6.4 x 1% cal st

on the basis of the estimate by method A and 5.4 x lO6 cal s"1 by method B.

3

Thus, the discharge of thermal water computed by method A is:

! 3 -1

6 -
. al s :
6.4 x 10" ca = 4.0 x 10* g 571, or 1.3 x 10° &° yr™,

R

1.6 x 102 cal g"l

at an average discharge temperature of 80°C, and by method B is

N
L
>

5.4 x 106 cal S'-l

®
L

.- -1
= 3.4 x lO4 gs l, or 1.1 x lO6 m3 yr .

18 J

1.6 x 102 cal g~
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6 nd yr-l by method B is believed to be the more

The estimate of 1.1 x 10
reliable of the two estimates. Both estimates are somewhat less than the
estimate of 1.5 x 106 w3 yr-1 by the water-budget method. The reason for

the difference is uncertain. The water budget is dominated by the discharge

of thermal water by evapotranspiration from areas of phreatophytic vegetation.

Errors in estimated rates of use by the more heavily water-using types

such as salt grass and tules (table 15) could result in an overestimate by
the water-budget method. Alternatively, the estimated rates of heat flow

used in the heat-budget method could be too small. Further studies are needed

to resolve the discrepancy.

Inferred Nature of Hydrothermal System

Although the three-dimensional distribution of temperature, litho-
logic characteristics, and fluid potential is not known in detail for the
Gerlach hydrothermal system, some of the broad features of the system may

be inferred with reasonable confidence.

Exposed bedrock is almost entirely Mesozoic granodiorite, and similar
rock underlies most, if not all, of the thermal area. Thickness of the
overlying basinfilling deposits of Tertiary (?) and Quaternary age is not
known;'the thickness may exceed 2 km near the center of the basin, but the
deposits probably are much thinner beneath the spring area. The nearest
exposures of Tertiary volcanic rocks are 7 km from the spring area, and
none of the rocks is known to be less than 15 m.y. in age. Geochemical
data indicate a water-rock equilibrium temperature of about 170°c (table 1,
Mariner and others, 13974). Data from test holes in fine-grained lacustrine

deposits outside the area affected by convective upflow of thermal water

indicate "normal" heat flow for the northern Basin and Range province (about

17




1-1/2 - 2 HFU). A local shallow-crustal heat source therefore appears

unlikely but cannot be completely ruled out from present information.

With "normal" heat flow, the equilibrium temperature, and the geology

' -

inferred above, the depth of circulation of the thermal ground water probably

is on the order of 3-6 km, well within the granodiorite basement rock.
Primary porosity of this kind of rock is virtually zero. Instead, the
water probably circulates through secondary openings, such as open
fractures in the fault zones or in open joints. The nature and ektent of
the deep thermal reservoir cannot be inferred with reasonable certainty
from available data.

The thermal water moves through faults, joints, and other fractures,
and probably is recharged from precipitation in the higher parts of the
Granite Range north of Gerlach, and rises along fault-controlled conduits
in the granodiorite into the overlying sediments. The rising water moves
rapidly enough to maintain a temperature close to that of its deep source
until it begins to boil at a hydrostatic depth of approximately 55-60 m
beneath the main outlets of Great Boiling Springs. Upward movement is
slower through the fault zones northwest and southeas; of Great Boiling
Springs, and boiling may not occur in these conduits. The discharge-
conduit system appears to be of the leaky type. Thermal water probably
leaks laterally from the upper parts of all the conduits into sandy
aquifers in the basin-fill sediments, where it moves laterally in the
direction of the potential gradient. The hot water may mix with shallow
nonthermal watef in some of the aquifers. The thermal gradients below

some aquifers is reversed, as observed in several test holes down the
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potential gradient from faults. Heat is discharged chiefly by conduction
through the predominantly fine-grained sediments near the land surface, by
springflow, and by steam or hot air escaping from boiling pools, vents,

and cracks in the ground.

SULPHUR HOT SPRINGS THERMAL AREA
. Location
The Sulphur Hot Springs thermal area is in northwestern Ruby Valley
and in south-central Elko County (f<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>