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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 reportad
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
Length
millimetres (mm) 3.937 x 1072 inches (in)
centimetres (cm) .3937 inches (in)
metres (m) 3.281 feet (£t)
kilometres (km) 3,281 . feet (ft)
' 6214 miles (mi)
Area
square metres (m2) ' 10.76 square feet (££2) N
hectares (ha) 2.471 , acres (ac) -~
square kilometres} (km?) 247.1 (acres (ac
(103%m?) .3861 square miles (mi®)
Volume
cubic centimetres (em®) 6.10 x 10~2 cubic inches (ina)
litres (1) .2642 ) gallons (gal)
3.531 x 10 cubic feet (££3)
cubic metres (m3) 35.31 , cubic feet (££3)
8.107 x 10-% acre-feet (ac-ft)
Flow )
litres per second ( 1 s'l) 15.85 gallons per minute (gal min -1y
oo 25.58 acre-feet per year (ac-ft yr'l)-
Mass
grams (g) - 3.528 x 1072 ounces (o0z) )
kilograms (kg) 2.205 f pounds - (1lb) : y
Temperature: degrees Celsius to degrees Fahrenheit °F = 9/5 °c + 32 L
. . . ) Yo
-
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— THERMAL PARAMETERS
. Multiply "working units" By To obtain SI units
LJ Thermal Conductivity
Y} millicaiorieé per centimetre - o watts per metre °
8 second * degree Celsius : degree Kelvin
(10~3 cal em-! s-1 °¢c™1) 0.4187 (W m~L o1y
[} Thermal Diffusity
. square centimetres per - ‘ : square meters_per
[i second (em? s~1) 1.0 x l0-% second (m? s-1)
- Heat-flow (heat-flux density)
{E microcalories per square’ ' ' watts per square metre
. centimetre -+ gecond 4,187 x 10-2 (W m~2)
o (1078 cal em~? s~1) o
35 heat-flow unit (HFU)
- Energz.‘
- Lj calories (cal) 4,187 joules (J)
f;{] Heat Discharge
' calories per second (cal s~1) 4,187 ’ watts (W)
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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, hydraullc, 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 associated 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 (89-12°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 (v 3-4 -
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



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 lO calories per second at Buffalo Valley Hot Springs to
about 1% 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 10°8 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 o
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 flu;d
through the systems. The ultimate goal is to formulate conceptual and
mathematical models:that’ wlll describe the system dynamics, both before
and after develcpment.

- 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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Reserveir 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, 1374), 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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- Bureau of Reclamation; USGS, to the U. S. Geological Survey. DH indicates

Numbering System for Wells and Springs

In this investigation wells and springs are assigned numberé accord-
ing to the rectangular system of subdividing public lands, referred to
the Mount Diablo baseline and meridian.4 The first two elements of the
number, separated by a slash, are, respéctively, the township (north)
and range (east); the third element, separated from the second by a
hyphen, indicates the section number; and the lowercase ietters following
the section number indicate the successive gquadrant subdivisions 6f the
section. The letters, a, b, ¢, and d designaté, respectively, the north-
east, northwest, southwest, and southeast quadrants. Where more than
one well or spring is catalogued within the smailest designated quadrant,
thé last lowercase letter is followed by a numeral that designates the
order in which the feature was catalogued during the ihvestigation; For
example; well number 32/23-l4c6d 2 designates the second well recorded in
the SE%-SW%lSWk 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.

a drill hole (usually hydraulic-rotary method); AH, an auger hole. For

=~



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 fqllows: BH, Brady's Hot Springs area; BR, Black Rock:
Dése¥t 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 summény of the regional geology of northern and central
Nevada is based in large part on a recent paper by Hose and Taylor (197L).
Heat-flow data are chiefly ffom Sass and others (1971).
The area of study lies within the north-central part of the Basin

and Range province. The proviﬁce 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

. volcanic rocks.,

The Paleoczoic and Mesozoic rocks consist of both miogeoéynclinal
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 thét range in composition from

granite to gabbro.



The Tertiary Period wés 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 outcropé of northern
Nevada. The earliest eruptions began during the Oligocene, and the most

intensive activity ended sbout 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 compositibn.are much less abundant than
basalt, and silicic rocks younger than middle Teritiary are absent in most
of the region. However, White (written commﬁn., l9Th5 and Silbermen (oral
communication,1974) report rhyolité domes of Pleistocene age (1.1, 1.2, and
3.0 m.y.0ld 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. oid.

Cenerally north-trending gfabens, separated from the mountain blocks by
Basin aﬁd Range high-angle normal faults, are filled with late Tertiary
aﬁd 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 §art of the £fill

includes predominantly fine-grained strata of late Pleistocene Lake Lahontan.
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°1.524)
Heat-flow holes(s); number in
parenthesis is number of
holes on which the average
is based. 1.52, heat flow in
ucalem™ s
F 23
Outcrop of late Tertiary and
(or) Quaternary volcanic
rocks. Chicfly basalt Mlows
and pyroclastic rocks

Heat-flow data from Sass and
others (1971) and Roy and
others (1968)

Exposures of late Tertiary and
(or) Quaternary volcanic
rocks compiled from several
sources by Hose and Taylor
(1974)
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Figure 1.--Map of northern and centrai Nevada showing heat-flow measurements and exposures

nf Take Tertiarv and Onustarnarvy wnleaniec racke.




Pre-Tértiary structural features are numerous and varied and include
major thrust faults. On some of the thrust faults eugeosynciinal rocks
moved many tens of kilometres relatively eastward over ﬁiogeosynclinal
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_énd Range faulting. Total throw on some of these high-
angle normal fauits 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).

Probabiy aé a consequence of the relatively thin crust and a high-
temperature upper mantle, the northern éasin and Range province is
charactefized by heat flows éubstantially higher than the average for
continental areas (Sass and others, 1971). Data are not yet abundant
and are mosfly restricted to mbunfainous areas, commonly in mining districts.
Therefore, geheraliﬁaéions 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

2 -1
s

province range from about 1.5 to 2.5 HFU (cal cm™ « 10-6) (See

fig. 1.) Higher values have been measured at a few scattered test holes
and a sizéble 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 ofat lgast
several hundrea square kilometres extent may be related to crustal heat
sources (Sass and others, 1971, p. 6409).

However, signifiéant magmatic sources of heat in the upper crust,
such as characterize mdst 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 (orai commun. , 1974j,have long since cooled to temperatures
éhara;teristic of other rockgiof the-province. Younger volcanic rocks,
of latest Tertiary and Quatefpany age, are widely distributed throughout
the western pért of the province (fig. 1). 1In 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_shalléw-crustal magma chambers.



Basin and Range Faults and Thermal Springs

According to Hose and Taylor (197h), most, if not all, the hydrothermal

systems of northern and central Nevada are probably related to deep circula-

tion of meteoric watgr along Basin and Range faults rather than to shallow
crustal sources of heat, Knowledge of the distribution of Basin and Range
faults is therefore useful in prospecting for geotherm#l resources. The
known distribution of the Basin and Range faults on which movement has
occuﬁred in Pleistocene or Holocene time, based on a cémpilation from coﬁnty

geologic maps by Hose and Taylor (19Th), is shown on figure 2.

Figure 2 élso 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 thelgaéin and Range faults are shown on the

county geologic maps from w?iéh figure 2 was compiled. 'Mbsf thermal springs

‘ 7~ :
not on exposed fault traéés probably are nonetheless controlled by Basin

and Range faults thdt are concealed by unaffected valléy £il1ls., Signifi-

e
cantly, maqy/faults have only nonthermal springs, or no springs at all.
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Thermal springs may occur singly, in more or less equant clusters,
in long, linear arrays, or in irrégular groups. Single orifices within
a.hydrothermal-discharge area are uncommon; some spring areas contain
dozens or even hundreds of separate orifices., Discharges from individual
orifices range from a tfickle té several tens of litres per second. Many
thermil springs are depositing silica, calcium carbonate, or both; other
ép;ing areas contain only fossil spring deposits, which indicates a change

with time of temperature, discharge rate, water chemistry, or a combination

0of these factors.

[y

Discharge temperatures of thermal springs range from slightly above
mean annual air temperature (8°- 12°C) to slightly above boiling temperature
at atmospheric pressure (superheated). On figure 2, only those springs

are.shown for which geochemical data indicate a reservoir temperature of at

" least 150°C or in which the maximum temperature of the discharge is a%

least 65°C. Also shown are a few hot wells and fumarocles; all these

- features are listed in table L.

Subsurface temperatures at which thermal waters are in equilibrium

with reservoir rocks may be inferred from hydrochemical data. Siiica

concentration of the discharge water is a commonly used index of subsurface

temperature; other geothermometers include the ratio of sodium to potassium

| (Na/k) and more complex ratios of sodium to potassium plus calcium to sodium

A

(Na/K + 1/3 log VCa/Na; and Na/K + 4/3 log Vca/ila) (Fournier and Rowe,
1966; White, 1965; Ellis, 1970; Fournier and Truesdell, 1973; Fournier,

White andATruesdell, 1974).

11




Figure 2.-=- Map of northern and central Nevada showing Basin and
Range faults, thermal springs, hot wells, and fumaroles.

12
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o Baltazar
165, 162
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fumarole
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name of feature

165, 162, reservoir temper-
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geothermometer; figures in
parenthesis estimated by
cation geothermometer.

Fault traces compiled from
several sources by Hose and
Taylor (1974)

Thermal data from Mariner
and others (1974)
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Lbic laaliiermatl springs, heb wells, wial fumatoivs for whiloh aeodtic.deal data “ndlcate @ recetvelr

teaperalure of 150°¢ or wute or tn which dlscharge temperaiure excecds oh*C, -
{Data from Mariner and others, 1974, except as footnoted] . / k
. Discharge Estimated reservoir temperature

Spring, well, or fumarole . Location tompersture <)

. . . ' (°c) Silica  Ne-K Na-K-1/3 Ca Na-K.4/3 Ca . -
Lee Hot Springs 16/2034b (p) ' 88 173 62
Dixie Vailey Mot Springs 22/35-8a,4 k] 145 144 .t

Floming weil in Stillmater 19/31=7¢ 159 140

Funarole at Brady's liot ' ' 1/ 1/

Springs. 22/26-12 - i 183" 170 ) . -
Fumarole northeast of : ’ :
Soda Lake. ' 20/28-28¢ 9% . ) oo

Sulphur Hot Springs 31/59.11b - % - 183 181 _' B

' .- 190 178 -

ot Sulphur Spring 41/52. Ha 7 0 120 . .
tnazed hot spring ncar Welis  138/62.20 o s 167 184 ) ) . -
Unnated hot spring near Walis 33/62. 17a s1 40 TR 2
Unnazed hot spring near Carlin 33/53.33 79 ' . , a1
Unnased hot spring near ) . -

Ruby Harsh, o fsse 5 85
Ralti Het Spring - 24/48-33¢ 2 A : ™
Beowawe Hot Springs 31/48- 8d w18 _ 14 )
Beawane "stean” well 33/48 17> . % 2% 238 A
mgmn:tn::::? e Hot 33/40- 5d s 150 . 180 ) -

. Unng::;md:.spring near 36/4049&! ) A 74 us . 5
Double Hot Springs 36/26- 4b 80 uo ) 127 )
West Pinto Hot Spring (well) 49/28-30s (7) s 163 157 ‘

East Pinto Hot Spring " 40/28-298 (p) B 162 s , -

Dyks Hot Spring 43/30-25d 68 1 w7’ -
'

. Flo'mt:gs;i'lu ?nr Beltazor - o8/28m130 % .m ue .

| Beltagor Hot Springs . 46/26-1% 8o’ 163 152 .

' Spencer Hot Springs - 17/45=24a ” 123 . r
mn;::xh::::zf" in Seith 17/3%=11 asy - W 187 ] -
Buffalo Valley Hot Springs  29/41-224 i 128

- Wubuska Hot Springs 18/25-16d 87 us 152
Darrgugh "stean” wall T 1Y/43=17» 4 135 L}

Darrough Hot Springs 11/43-1 s 136 27 . -

' w?::: 3.1‘12,‘,‘3' u . afsese - B w2 1% . ' .
Xyle Hot Springs , - 29/%a= 1c K o 19¢ °
Unnazed hot spring near Trego . 34/2.3%55 (p) 86 128 120 -~
et poc T mfmemp) % us w 4 -
Leach Hot Springs A 32/38-36d ® 185 176 o : -
Great Boiling Sprime (Geriacn)  32/23-15b o 57 i !
"Gayger® st Fly Ranch . W/Be2 80 - . 1
Steacbott Springs © 18/20:308 4 o 2m , . L :

: .

v, -~
o : ..

1/ White, 1370, table 4 3./ Temparature of hottest orifice, measured by F. H. Olmsted in Auémt 1974,

14 ' ' _ -
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All these geothermometers must be used with caution; sources of
error and limitations of the methods are discussed by Fournier, White, and

Truesdell (1974) and by Mariner and others (13974). Temperatures listed

. in table 1 are those judged by Mariner and others (1974), who did most

of the sampling and all the analyses, as being most reliable.
Regional Hydrology

Virtually all ground water in northern and central Nevada is -derived

" from precipitation within the region. Generally eastward-moving storms

impinge on the mountain fanges and produce orographic precipitatién--

mountain summits may.receive yearly totals of more than 500 mm, whereas
valley floors, particula;ly the lower, western. valleys, receivé less

fhan 150 mm. Annual precipitation shown on figure 3 is based on maps by
Hardman (1936) and Hardman and Mason (1949). These workers had scanty data

for the higher, mountainous areas; their estimates for these areas are

based chiefly on indirect methods and are therefore less accurate than the

estimates for the valleys and lowlands, which are based on weather-station

records. Seasonal variations in precipitation are not large, except that

less precipitation occurs in the summer than during the rest of the year.

Most of the winter precipitation is snow.

In ground-water reconnaissance studies in Nevada by the U. S.
Geological Survey, estimates of ground-water recharge from precipitation
have been made on the basis of percentages of different ranges of pre-

cipitation derived empirically by Eakin and others (1951) from studies

15
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in eastern Nevada. These authors used the following figures:

Estimated annual precipitation Estimated recharge < precipitation
(mm) (in) . (percent) /
> 510 > 20 25
380-510 15-20 20
300-380 12-15 T
200~300 g-12 | 3
< 200 <8 0

Estimates based on these figures are, of course, uncertain; recharge
rates are probably highly variable from place to'place.

Estimates of recharge to the shallow ground weter system
have been ﬁade for the afeas ef the present stﬁdy, using the figures cited
above, by Sinclair (1963), Harrill (1970), Eakin and Maxey (1951), and
Cohen (1964). All these estimates, as well as estimates for the resf ofl
the state, are summarized by Scott and others.(197l). The amount of - SN
recharge water that reaches the deep, hydrothermal system thch

is of particular interest in the present study, is unknown.

Because of the high rates of potential evapotranspiration atAlow
altitudes (8 - 10 times the annual precipitation), little or no water
from precipitation infiltrates to the saturated zone in the valleys and
iow mountains, except where the water table is shallow (less tham about
lmn depth) and the caplllary fringe extends to the: land surface. However,
some of the runoff lnflltrates to the saturated zone near the apexes of
alluvial fans, where the streams debouch from the mountains onto the valley
slopes, especially where the deposits are coarse grained and highly
permeable. In addltlon, recharge takes place in the htgher parts of
the mountains, partlcularly through highly fractured or faulted zones.
A mantle of coarse colluvium or talus also facilitates recharge in areas -
of relatively abundant precipitation.

18
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In general, ground water moves in the direcfion of the potential

gradignt from areas of recharge to areas of discharge, usually in the

‘lowest parts of the basins. The pattern of flow may be complex, and

direction and rate of flow may vary markedly with depth as well as areally.
Grdund-water movement in the shallow zone, not far below the water table,
commonly is related closély to the'topography--uncohfined potentiometric
divides and topographic divides are coincident or nearly so. However,

flow in deeper zones may diverge substantially'from the flow in the
shallow zone, especially where permeable rocks or permeable zones, such

as faults, fractufes, and solution éhannels extend to considerable depth
in older rocks beneath unconsolidated valley fill. Examples of interbasin
ground-water movement have been recorded in several,regions in Nevada .
where mountains and interbasin divides are underlain by permeable rocks

such as some of the Tertiary tuffs and pre-Tertiary miogeosynclinal

-carbonate rocks.(See Eakin, 1966; Hunt and Robinson, 1960; Winograd, 1962;

Mifflin, 1968.) Dinwiddie and Schroder (1971) have documented subsurface
flow in greatly different directions between depths above 300 m and depths
of 1,500 - 2,100 m in Little Fish Lake, Monitor, Hot Creek, and Little

Smoky Valleys in central Nevada.

-~ 19
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Figﬁre 4,~<Map of northern and central Nevada showing principal areas

of ground-water recharge and discharge
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Thermal ground water generally circulates at great depths and there-
fore probably diverges substantially from shallow ground water in directions
and rates of movement, at least in places. Regional ground-water flow
at depth also may significantly affect heat flow. Sassand others (1971)
attribute abnormally low heat-flow vaiues in a large region in south-
central Nevada to transport of heat ﬁy water moving through carbonate
.rocks. Converéely, areas of abnormally high heat flow are at least‘ih
part related to upward convection of thermal ground water. The areas
descriﬁed later in this rgpqrt,belong to the-latter category.

Ground-water generally discharges in the lower parts of the basins

(fig. 4). Natural discharge takes place from springs and seeps, as

transpiration by phreatophytes where the water table is within about

20 m of the land surface, as evaporation from the soil where the water
table is within about 2 m of the land surface, and as inflow to perennial -
streams such as the Humboldt River. Artificial discharge consists of
water pumped from wells, especialiy in irrigated areas. Some of the
pumped water percolates back to the water table; the remainder is lost by
evapotranspiration. None of the region drains to the ocean; so all

water eventually is discharged by evapotranspiration.

SELECTION OF AREAS FOR STUDY
Selection Criteria
Several criteria were used in the preliminary selection of areas
for study:
(1) The area contains hot springs having high rates of flow, high
dis;harge temperature, and high source temperature.
(2) Subsurface data (test wells or geophysical data) suggest high

temperature, moderate to high permeability of reservoir rocks, or both.

22
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(3) The area constitutes a hydrologic system that has well-defined
boundaries; | | |

(4) The area is suitable for shallow test drilling.

(5) The area is reasonably accessible from paved roads or settlements.

(6) Relatively abundant hydrologic data are available.

(7) Relatively abundant geologic data are available.
As an overall guiding pr1nc1p1e, an attempt was made to choose areas in whlch a
maximum amount of information would be yielded at minimum cost and time.
Another criterion was used by the U. S. Bureau of Reclamation, with whom
the U. S. Geological Survey worked in the Carsoq Desert, one of the major
areas of study: The.area is near a present or planned electrica~power

transmission line, a market for electric power, or a market for desalted water.

Asltime went on, emphasis on the various criteria changed. Logistical
problems (criteria 4 and 5) became important, and two promising areas
that seemed to satisfy criteria 1 and 2 were omitted. Beowawe, a very
promising systeﬁ in the Whirlwind-Crescent Valley area, was omitted
because part of the area was not suitable for shallow test drilling.
Steambocat Springs, between Reno and Carson City, was omitted because

the area already had been studied extensively by White (1968) and others.

23




Areas Selected
The location of the areas finally selected for study is shown on

figure 5. The first two major areas were the southern Black Rock Desert,

especially the Gerlach KGRA (Known Geothermal Resources Area) where
hydrothermal discharge is indicafed at the land surface by hot springs;

and the Carson Desert, particularly the Stillwater-Soda Lake KGRA, where
two known principal hydrothermal systems do not include hot springs but

are indicated by wells and other indirect evidence. Initial fieldwork in
the southern Black Rock Desert involved test drilling in the Gerlach, Fly
Ranch-Granite Ranch, and Double Hot Springs areas, but virtually all later
work was done in the Gerlach area. Likewise, emphasis in the later phases
of the investigation of the Carson Desert was focused on the Soda Lakes-
Upsal Hogback area--the western one of the two known §rincipal hydrothermal

systems.
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Figure 5.--Map of northern and central Nevada showing areas selected for study.
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Four other areas weré added after the investigation was underway.
Brady's Hot Springs, Leach Hot Springs (Grass Valley), Buffalo Valley
Hot Springs (Buffalo Valley), and Sulphur Hot Springs (Rﬁby Valley)
(fig. 5). Test-well data were available for Brady's Hot Springs,.and
early production tests indicatedvhigh reservoir temperatures (>200%¢) in
comparison with most other geothermal areas in northern and central
Nevada. Leach Hot Springs, in Grass Valley, 44 km south of Winnemucca,
was selected primarily because of high subsurface temperature indicated
by several lines of evidence, accessibi;ity, and suitability for shallow
test drilling. Buffalo Valley Hot Springs, 46 km south of Battle Mountain,
is near a chain of late Tertiary or Quaternary basaltic cinder cones and
associated lava flows along the soﬁtheast m;rgin of Buffalo Valley. This
hydrothermal system is the only one of the present study in obvious
proximity to relatively young volcanic rocks. Although the rate of water
discharge is small and indicated reservéir temperature is only moderate,
the system is within the broad.area of high heat flow centered at Battle
Mountain. Other factors favorable for the selection of Buffale Valley
Hot Springs included easy accessibility, moderate suitability for
shallow test drilling, and concurrent geophysical invesfigations ﬁy
Lawrence Berkeley Laboratory. Finally, Sulphur Hot Spriﬁgs, in northern
Ruby Valley, 91 km by road southeast of Elko, was selected because of
high indicated reservoir temperature, accessibility, %nd suitability

for shallow test drilling.
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N / METHODS OF‘INVESTIGATION
= In this study, the primary emphasis was on the development and
f? evaluation of various reconnaissance methods of studying hydrothermal
:: systems of the types found in northern and central Nevada. The following
ij sections summarize the abtivitieé'in approximate chronological sequence.
.i ) . A possible sequence for an actual exploration prograﬁ would be somé-
i Lj what different, as will be explained later. |
gf? | Collection of Existing Data
i: The first step in the present investigation, and the logical first
: Ej step in most geothermal exploration programs, is to‘collect exisfing data.
% ) / Public agencies and private companies were canvassed for reports and
. informaﬁion on surface and subsurface geology, températuré and heat flow,
g? surface or airborne geophysical surveys, seismic activity, borehole
- <h>t_ geophysics,-geochemigtry, meteorology, botany, hydraulics, and water
E# ~ budgets. Availab;e sources of this informétion for 19 hydrographic areas
- or groups of areas in northern and central Nevada are presented by Olmsted
L-< and others (1973). The 19 areas include all the hydrothermal systems
] described in the present repért.
58
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Hydrogeologic Mapping 4
Several kinds of maps were made of hydrothermal discharge areaé
and surrounding lands at a scale of 1:24,000 or larger, and measurements
were made of the discharge, temperature, and s@ecific conductance of hot
springs; Mapping included geology, especially of structural featurés 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 pufposes of the geologic mapping
were to determine whether volcanic rocks young encugh 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 ph:eatophyiicvegetatiOn on the basis of earlier
reconnaissance.ground-watér studies of hydrographic,éréas 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-possibie
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 flucfuations 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»:equired. Accordingly, most holes were drilled or
bore.d to deptks 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 fest holes in the Carsen
Désert with hydraulic-rotary drilling equipment. Four of the holes were
drilled gnd completed‘to a depth of 50 m; én‘experimgntal 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 diametef, 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 hoies to the total drilled depth, using pipes that were'capped at
the bottom'énd filled with water. The pipes therefore were ﬁydraulically
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 experimeﬁtal heat-flow test \ —
hole in the Carson Sink, which was completed with a black-iron pipe of
5.1 cm (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 (X% in) nominal inside diameter. The smali 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 bo§ehclé-geophysical-logging tools.

Drilling techniques improved with experience. As a result, moét
of the later test holes were complcted to total drilled depths and
better geologic information was obtained. Usé 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 f@r precisé 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 substantiélly. The number of holes completed or the average depth
might thereby have been reduced by'as much as one-hélf. The hydrauiic

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 obtalnlng several kinds of borehole gecphysical logs that were o
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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

1

affected by a cement- fllled annulus were made thrcugh the pipes

rather. than in the open holes. Flnally, the exothermlc effect of curing

1

cement probably would have delayed thermal equlllbratlon of the test hole

with its surroundings for many days or weeks after completion, Because

1 3

many 31tes were selected as crllllng proceeded on the basis of temperatures

and thermal gradients measured in recently ccmpleted test holes, tlme was

not avallable for thermal equlllbratlon of a cemented test hole.

1

As a compromise solution, the annulus outside the pipe in most

{} test holes was backfilled with drill cattings or surface materials at
i the site. Where the backfill was well sorted, not in lumps, and fairly
| -:} .dry, a reasonably effective seal was obtalned However, in some holes,

M especially those where the available materials were clayey, cohesive, or
i ,
i

wet, the backfill tended to-bfidge in the annulus and to leave 2ones in

which water moves upward or downward in response to vertlcal potential

(' :

-gradlents. These zones are 1nd1cated.by abnormally low thermal gradient

(commonly straddled by intervals of high thermal gradient) and by
abnormally low den51ty and hlgh water content. on, respectlvely, the gamma-

gamma and the neutron borehole geophysical logs.

C—a

3l




Borehole Geophysical logging

After the test holes were drilled, various types of borehole

géophysical logs were made, primarily in order to better define the

physical characteristics of the 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 li;holbgic 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, néutron, and temperature logs all were routinely made of the test
Qellé. Logéing was done chiefly by R.A. McCullough of the U.S. Geological ;:) .
Survey, Denver; Coiorado, using truck-mounted equipment; some logs were
made iﬁ open holes with a portable "suitcase" ;pgger. The following
paragraphs briefly descpibe the logging techniques in the apprcximate
sequence in which they were used in the last test holes drilled during
the preseﬁt.inyestigation. It should be emphasized that none of the
techniques, by itself, is as.useful as an interpretive tool as sévéra%

techniques used conjunctively.
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would be fequired if such interpretations were made.

Single-point resistivity logs.--Sihgle-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, Unllke multiple-
electrode resistivity logs, single-electrode resistivity logs do not provide
-information about the chemiéal character of pﬁe 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 toocl. 1In 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.--Spontanecus-potential logs were made in

conjuriction 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 eafth materials, were used primarily
as a supplement to the resistivity logs in defining lithologic boundaries.
As with the resistivity log, an gncased fluid-filled hdle is reéuired.

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

as measurea by expandable arms or feelers mounted near the bottom of the

logging tool. Like the single-point tesistivity and spontaneous-potential

logs, callper logs were used only during the late stages of the drllllng 7
program. They are useful as a supplement to other logs in interg °%y;‘:f ZZ\
llthology and also in correcting some of the other logs for effec 3

variations in hole diameter. Although quantitative'interpretatic,4wﬁZ3u~ ,2%76—.

the gamma-gamma and neutron logs were not attempted, the caliper
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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
stﬁdy, almost all the gamma.logs were made in cased holes,lbut these logs
can also be made in fluid- or air-filled holes. The effective;ess 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 loé 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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Gammafgamma'log§.-—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 inte@sity of the radiation
measured by the detector is related to fhe bulk density of the materials,
and the gaﬁma—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_tﬁé saturated zone (or, more correctly, the
top of tbe saturated'part of the capillary fringe). In the water-filled
ﬁnconsolidated deposits penetrated by most of the test holes, sand and
gravel are charactefized by relatively high density, clay and silt
by relatively low density, owing to the lower porosity of the coarse;
grained materialé in comparison with the fine-grained materials. Iﬁ
the unsaturated zone, the relation is generélly reversed because of
the higher water content of the fine-grained materiais. Some difficulty
is éncounfgred in interpreting the gamma-gamma log where the diameter
cf‘the hole is variable, where the backfill in the annulus between the
pipe and the wall of the hole ié nonuniform, or where the backfill
material diffefs greatly from the adjacent materials. In 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 environment. 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 uéeful in supplementing the gammaegémma and other -logs

in lithologic interpretations and, particularly, in idenfifying tﬁe

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 betweén 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 poleé in order to
supplement the other data. The primary Qalue of the temperature log
lies in ité continuous record of change in temperature w;th depth. The
otﬁer temperatﬁre measurements, discussed in the next section, are
generally more accurate‘butvare made only at discrete points and thus
may fail to reveal thih zones of abnormal teﬁperature or thermal

gradient.
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Measﬁrements of Temperature and Thermal Gradient
.Measurements of §ubsurface temperature and thermal gradient were
bade in order t§ identif§ possible thermal areas, to determine the extent
of hydrpthefmal-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, tehperatures were measured of

discharging springs_and of a few flowing or pumping ﬁells.

'Maximum-recording mercury-in-glass thermometers 15 cm in length

- were used to measﬁre temperature of discharge from most springs and wells,

for early measurements of subsurface temperatures in test holes, and for
meésurement; of subsurface temperatufes higher than 100°C. Thermometers
were calibrated‘with a laboratbry standard mercury-glass thermometer, and
most measurements are probably accurate to + 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.l minute), then fetrieving“the thermometer, immersing it in
a water bath kept at about” 10° - 2d°C, and reading it with hand lens to
the nearest 0.2°C or 0.5°F (about 0.3°C). |

Most of the measurements of temperature and thermal gradient in the
test holes were made using a portable‘reel ﬁifh 152 m of three- |
conductor cable, fitted at the bottpm with a weighted probe containing -
a two-bead thermistor, and attéched to a.miniaturized wheafstone-bridge
circuit having a digi%al readout of temperature. The range of the
instrument is 0-100°C; the accuracy of the measurements within this range
probably is well within $0.5%. Howe?er, temperatures were read to 0.01°c,
and the relative error in measurements at adjacent depths probably is

no more than about O.OSOC. Temperatures and gradients were measured by

a7




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 same other
desired Aepth. The time requirea‘fbr stabilization or equilibration of thé
temperafure reading was about 1 minute, except where the thermal gradient
exceeded about loc'm-l, 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 7

Paul Twichell and John Sass of the U.S. Geoloéical Survey, using both
portable and truck-mounted equipment having thermistors as sensors.
Temperatures measured with this equipment are more accurate than thoée
measured with the digital thermometer and maximum thermometer, and readings
were reéorded to 0.001°C. This equipment is capable of measuring
temperatures well above 100°%.

Temperatures at a.depth of about 1 m were measured in the hottest
part of the Soda Lake-Upsal Hogback thermal anomaly in the Carson Desert
in order to better define the configuration of tﬁe anomaly. Measurements
were made with a thermistor mounted at the bottom of aﬁ aluminum wand 1 m
in length, which was inserted in ho;es made with either a hand driveg or
a soi1 auger.A'The thermistor probe was attached by way of a three--
conductor cable to the.digital.thermcmeter used for fhe measurements in
the test holeé. Readings were made at rggular time intervals for periods
as much as 40 min and temperatures were extrapolated to equilibrium

temperature by a method described by Parasnis (1971).
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In order to avoid the effects of seasonal fiuctuations in temperature,
thermal gfadients,at depths of less than 10-15 m bélow land-surface
datum, were not generally used in calculations' of heat flow. Temperatures
at depths of 30'm below the land surface and the;mal 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 uséd 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. Temperaturés.measured at depths less than
10-15 m-did provide useful information, especially'if measurements were
repeated at differenf timgs of the year. For example, average thermal
diffusivity of. the near-surface materials can be computed, using the
shallow temperatﬁre 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 aadition to obtaining geologic and temperature information, the
othef principal objective of the test-drilling program was'to
determine potentiﬁmetric 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, thé water-
.bearing zone at the bottom of the hole is confined and an upward or down-
ward potential gradient exists between that zoné and the water table.
Where time permitted and the water table was not too deep, companioﬁ 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 j)
difference in water level, divided by the depth of fhe 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). If 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-circﬁited hydréulically and the measured vertical potential gradient
is less than the true gradient. This situatioh probably exists at several
of the test-hole sites, but the magnitude of the difference has not been

determined. ) 5
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For many sites where water-table test holes (shalisw plezometers)
were not installed, an attempt was made tovdetermine the position of the
water table from the neutron or gamma-gamma log of the test holé. Primary
reliance was placed on the neutron lpg, 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 differenﬁ, and interpretation of the position
of the water table is highly uncertain. Another source of uncertainty
is the tﬁick capillary zone that is present above the waﬁer table in
fiﬁe-gfained 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 féasons,‘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 unconfinéd
and confined water levels differ byAseveral metres, és they do in pért
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 hbles, the well points or weli screens become
clogged with silt §r 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
these test holes. The time required.for equilibration can be shortened
withvdevelopment by air-lift pumping, surging, backflushing or othér

means.
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Laboratory‘Analyses of Cores

'Duiing the last stage of test drilling, cores were taken of different
materials to provide a representative range of geologie, hydrologic, and
thermal propertie; of the rocks within the several areas of study. Most
of the cores were ocbtained by driving a brass tube into previously
undisturbed maferial below the bottom of the drill hole; the cores were

contained in aluminum sleeves 15 cm in length and 6.4 cm in diameter

- inside the drive tube. Upon removal from the tube, the cores were capped

“top anld 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
Colorédo,. for geologic, mineralogic, hydrologic, and thermal-conductivity
‘analysis;

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

Thermal conductivity was measured wifh ‘a needle probe by both

the Denver and Menlo Park laboratories.

The purposes of thg core analyses were to assist in the definit;on
of the subsurface geology, to determine physical proﬁerties which can be
eorrelatéd with thermal conductivity so that the thermal-conductivity data
can be extrapolated on the basis of the physical properties inferred from
the Boreholé‘geophysical logs, to obtain thermal-conductivity data needed
for heat-flow estimates, and to obtain hydraulic parameters reguirgd

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

The major sampling and chemical analyses of the hot springs and wells
were done by Mariner and others (1974). During the presenf'study, sup-
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
bailing from several test holes in the Soda Lake-~Upsal Hogback area in the
Carsoﬁ Desert. The purpose of the sampling and analysis was to determine
whether the thermal water could be distinguished from shallow nonthefmal
ground water on the basis of chemicalAdifferences, and if so, the a@ount
and mechaﬁism of mixing of the two waters. Spécific conductance was
measured for all the samples of spring and well waters; a few analyses

included chloride and dissolved solids.
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Aeriél Photography. _

During the final stages of the field studies, aerial-photography was
tested as a methqd of identifying and outlining thermal areas. The Soda
‘Lakes-UpsalHogbéck 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 surroundiné
a fumarocle 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

comqun.,.197u) for localities in Yellowstone National Park. It is con-

. eluded that, given the optimum amount of snowfall and favorable weather

45
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conditions a day or so after the storm, sqowmelt photography is a wvaluable
and comparatively inexpensive method of defining areas of high heat flow..
Similar success has been reported by Koenig and others (13972) 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 photographs 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 unéxpected bonus, however, is the correlation of

a subtle vegetation pattern and color with warm ground in the Soda Lakes-

Upsal Hdgback area. The warm anomalies are those determined by the very

shallow (1 m depth) temperature survey and by the oblique snowmelt
photégraphy. 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 conciusions
as to the nature of the known hydrothermal systems in northerh and
central chada, simplified conceptual models'may;be formulated on the
basis of availab'le geologicai, geophysical, and geochemical data. From
cvidence 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 thcrmal waters
indicate that the systems are of the hot-water type rather than of
the vapor-dominated type (White, Muffler, and Truesdell, 1971; Mariner
and otﬁers, 1974, p. 27). Soﬁrces[of heat for the deeply circulating
water are believed to be a hot mantle beneath a relatively thin (530 km)
crust or, possibly in some!placcs, local heat sources Qithin the upper

part of the crust.

On the basis of the nature of the heat source,. two concectual models
of the hydrothermal systems in northern and central Nevada are postulated.
ﬁecause 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 methoda 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 fhe‘upper crust is absent. In the
secona model a local heat aource in the upper crust is superimposed

on the regional heat flow.
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Eaéh 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
briefiy in the fbllowing paragraphs.

rfn both models, the thermal water is assumed to be entirely or
predéminantlyvof meteoric ofigin. Runoff from mountainous areas, and
in a few places, irrigation Qater, moves downward through permeable
zones in consolidated rocks or through primary pore spaces in
unconéolidatédvdeposits; Iﬁdirect evidence, cited later, indicates that
the thermal water may circulate to depths ranging from less than 1 km,
toc 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 ffoﬁ'place to éiace;_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 canéist of highly fractured competent rocks, sandj aquifers
in clastié-rbcks, or éolufion openings in soluble rocks such as lime-
stone or dolomite. |

The laterally moving ﬁeéted water e;entgally 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.
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':The fléw of water in these systems is controlled by the hYdraulic.
gradient and the intrinsic permeability‘of tﬁe rocks. 4Generally, but
not‘élﬁays, the hydraulic gradient haé two components: 1) the gradient
caused by‘the higher altitude of the recharge area in felationhto the
dischérge areé, and 2) the gradient caused by the'greater density of
the'c§ld recﬁarée water in relatidﬁ to the hot,discharge water.‘ Théufirst
compgnenf'is predominanf in shallow, ﬁonthermal.ground—wéter systems, but -

the second component may be predominant in many hydrothermal systems. In

'fact,_aS'Whife (1968, p. Cl1) has pointed out, the area of recharge to

a hydrothermal system can have a lower altitude than the area of discharge.
Ih-this-instance, the poteqtial gradient is dominated by the secénd
componeﬁt .

Flow of water through the deep, hot parté 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.ﬁineraloidé with incfeasing temperature, especially those composed
of ;ilicé. On the other hand, flow may aec:ease, owing to the precipi-
tation qf other minerals, such as calcite, and.silica also may preciﬁitate
in the coolef, diécharge parfs of the system. |
Model of System Lackinga Shallow;CruStal Heat Source
The first conceptual model postulatés a hydrothermal systemAinlan

area of "normal' 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 having s

& shallow-crustal heat source. _-J;
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diagram, the near-surface thermal gradient and heaf flow are less than
"normal" (regional conductive values) in and near the area of downflow;ng
cold rechafge water and subSténtially above "normal" in and near the area
of upflowing hot water. The thermal gradien?s in the downflowing and
upflowing sections, indicated by the spacing of the isotherms, depend

in part on the velocities and magnifudes of flow. Where the velocity is
high the'gradient is small, and the converse is true. Where the veiqcity
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 fo the iand surface, the tempera-

ture decreases along the curve of boiling poin{ versus hydrostatic depth.

Depths to which the water circulates are large because of the
postulated absence of a local heat source iﬁ 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-wdter .
equilibrium temperatures indicated by the vafious chemical geothérmo-

meters. For example, if the regional heat flow is 2 HFU, the average

thermal conductivity of the rock is 6.0 x 10™3 ¢a1 em~! -1 og-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'depthfof ’
4.5 km in order to attain a temperature of 160°C and to a depth of

5.T 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 cm~l s-1 o¢-1,

the depths of circulation would be 1.9 km for 160°C and 2.h‘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 system lacking a shallow-

¢rustal heat sourcé is characterized by a comﬁaratively 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 fecharge water occurs, where heat flow is less
than "normal." Extent of tHe area where heat flow greatly exceéds
"normal" depends .in ﬁart odlthe temperature and flow rate of the rising
thermal water and in part on whether some of the rising water leaks from
the conduit into shallow aquifers, as is explained in the section, "Dis-

charge parts of the systems."

Model of System Having a Shallow-Crustal Heat Source

The second conceptual model differs from the first model in that a
‘local heat source in the upper crust is superimposed on the regional
heat flow postulated in the first model. The dimensions and nature of

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

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

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 befween 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}havevto circulafe 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.

'Deéths 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.

ﬁischarge Parts of the Systems
In addition to the classification describéd above, which is based
on the nature of the heat source, the hydrothermal systems may be grouped
according to the nature of‘their diécharge parts. Two models of the
discharge systems are‘coﬁsidered: (1) a system having a nonleaky discharge
coﬁduit, 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 pfecipitated 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 cdnduction through the conduit walls. Relatively large thermal
gradients are maintained tﬂrough the conductive zone. The surrounding
nonthermal ground water is heated, and the heat may be fransported
laterally by convectipn 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 thé system is almost entirely by conduction.
The thermal area surrounding the conduit sysfem, where éonductive heat
flow throﬁgh 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
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
, 'gystem having a nonleaky discharge conduit.
Figure 9.--(bottom) Diagrammatic cross section of a hydrothermal discharge
system having a leaky 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 ﬁear-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 tempér-
atures, thermai gradients, and heat flow would not greatiy exceed 'mormal”
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 the'near-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 iilustrates the essential featufes of a system having a
leaky discharge;conduit. In this type of system, some of the rising
fhermal water leaks laterally into aquiferé. 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-tﬁe leakage is small, littlé heat is transported
1atefally from the conduit system'ﬁy conVection, and the near-surface
distr%bution 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 objectlves 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 &esqribed in the preceding section: All hydrothermal discharge
takes place within a thermal area delineated by temperatures aﬁd'thermal
gradients above normal at shallow depths. The thermai area may or may not
contain hot spriﬁgs or‘fumaroles in its central part.

There are several modes of heat discharge from a thermal area: (1) vy
hot-spring &ischarge; (2) by lateral movement of warm ground water
beyond the margin of the thermal area; (3) by steam dischérged from
vents or fumaroles or by heated air that escapes from the soil surf;ce;
(L) by evaporation from hot-water surfaces; (5) by radiafion to the
atmosphere from‘warm soil and water surfaces; (6).by conduction fhrough
near-surface materials. Each of these mcdes is discussed briefly in

the following sections.

Heat Discharge by Springflow

In some of the systems studied, a sizable fraction of tpe 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 volﬁme 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-averags temperature of springflow: 63°C. Enthalpy: 63 cal gt

Mean adnnual temcerature at land surface: 8°C. Enthalpy: 8 cal g‘l .
Net enthalpy of springflow: , 55 cal g‘l

Springflow: 8.8 1s! - (8.9 x 103 em3s-1)

Density of water at 63°C: 0.982 g cm™3

Heat discharge = (55 cal g’l)(0.982 g em~3)(8.9 x 103 em3s71)

0.48 x 105 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 periocds ,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 dischabge byAsteam 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 répid so that the rising ﬁater boils in the upper part of the
conduit. As an example, consider once again the Suiphur 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
94oC. If all the heat loss from the reservoir'to the surface were in the
steam discharge (no conductive heat ioss), the pefcentage of the total
heat loss discharged as steam would be coﬁputed as follows:

Reservoir temperature: 186°C  Enthalpy of water: 188 cal g-!

- Surface boiling témperaturé: 94°C  Enthalpy of water: 94 cal g-1

Ambient surface temperature: . 8°C Enthalpy of water: 8 cal g'1

(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 mbst systems in nortﬁern and
central Nefada. At Sulphur Hot Springs and the othef spring areas investigated,

most 6f the sSprings discharge water at less than beiling témperature. A

~substantial pfoporqion of the heat loss between the deep reservoir and the

discharge outlets probably results from conduction and mixing of thermel

and nqntherﬁal water rather than discharge of steam from boiling pools,

vents, orAfumaroles. In the systems containing boiling sérings, the percentage
of the convective heat discharged as steem is estimated on the basis of the
computed equivalent volume of water Aischarged 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 e#aporation 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
& small amount is not-includeé, 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:substahtially higher than ambient air temperatures

most of the time. Radiative heat discharge can be determinedbwith 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'gfadients in
zones oﬁ'beﬁs of uniform thermal conductivity. Such gradients are
characteristic of mény depth intervals penetrated by most of the test
holes bored or drilled during this investigation. The thermal gradients,
together yith the estimated thermal conductivities of the materials in

the éqrresponding depth intervals, form the basis for estimates of con-

. ductive heat discharge from the thermal areas. Thermal gradients and

thermal conductivities ﬁefe measured by methods described in the section
"Methods of investigation!

Results of all laboratory measurement; of thermal conductivity of
core samples are given in fable 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 reéson, the data from the cores.chn be used to.infer
thermal conductivities of materials having similar properties such as
bulk density, porosity, and mineral composition. The errors that result
fréﬁ‘such an extrapolaﬁion are much iess than those that would result from
a similar extrapolation.qf hydraulic properties. Accordingly, the values
of thermal‘COnductiv;ty 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 wiil be well within plus or minﬁs 50
percent.
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Table 2.--Thermal conductivity of saturated core samples from U. S. Geolo-
gical Survey test holes B

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

Depth of - Thermal conductivity

Test sample Material . : -3 o1 =1 . -1
hole (m) - (x 107" cal em " s~ °C )
BR DH.l4 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
B 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 graveLL/. |
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-1 = 0.70=0.75  Sandy clay (hydro- 2.29

thermally altered
fluvial or eolian sand.

CD STH-42  0.60- 0.65 Sand.l/ ‘ 0.50; 0,47

1/ Sample nearly dry

g/ Porosity = 10 percent

63




Table 3.--Values of thermal conductivity assigned to lithologic

categories classified in interpreted logs.
[A11 materials assumed to be saturated with water]

Thermal conductivity

Litholoéic éaéegory o S ‘ (meal cmfl s'l °C'l)
Unconsolidated deposits
Gravél; céarse‘graveb.cléan gréveli gravel and
sand; sandy gravel. | 5.0
Sand and grayel; 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
Cla&; silty clay; clay and si;t _ 2.0
Semiconsolidated to consolidated deposits
Cemented grével; conglomerate L 6.0
Cemented sand; sandstone; sand;tone and Si;tstone;
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, fhe situation is analogous to the
flow of electric current through resistors in series. Therefore, the
heat flow throuéh a.series of beds of different thermal conductivity is
equa; to the thermal gfadient from top to bottom of the seriés.of beds,
multiplied by the'harmonic meaﬁ of their thefmal conductivities. The
harmonic mean (km) for a sequence of n layers is computed as

n Z,

Kn = 1 E
= (/K

where 2i = thickness of layer i and kj = thermal conductivity of layer‘i.
In appliéation, the harmeonic-mean thermal cénductivity is computed from the
lithologic log of the well, using the thermal-conductivity values given

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

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

for materials in the depth range 0-1 m,>which are ordinarily drier and
therefore poorer poﬁduﬁtors of heat than the underlying unsaturated materiais,
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=l1 m are:

Thermal conductivity

Material : . ( x10™ cal en! s=t °C_1)
Clay ' - 1.0
Silt; sand and clay | .8
Silty sand; sand and silt o7
Sand S
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‘Temperatures 30 m below thg land éurface and thermal gradients in the
test holes are tabulated for the measurements beliyed to be most reiiable--
that is, those measurements unaffected or only sliéhtly affected by thermal
disequilibrium from d:illing, seasonal temperature fiuctuaiiphs, convection
by upwaxrd or downward»ground-ﬁater flow across bedding, or convection by
upward or downward flow of water ip the annulus between the pipe and the
wall of the borehole. Heat discharge is then calculated by one or both
of two methods, for conveniénce 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 iﬁ thé top 30 m of materials,
‘except for heat discharged by springflow and steam diséhérge.
(2) The thermal anomaly is delimited by the isotherm at 30 m
. depth for which heat flow computed b& the method is approximately )
..ééﬁal to the‘average>féf the regiénf—generally the 15°C or 20°C
isotherm énd an estiméted.heat floﬁ ranging from‘about 2 io 5 HFU.
| (3)  The ﬁeat flow at any point is equél to the thermal gradient
compﬁtéd from the temperature difference between the 30.m isotherm
'and the land sﬁrfécé,'ﬁﬁltiplied by the harmonié mean of the thermal
conéuctivities of hofizontally stratified materials in the same depth
range. | |
L (W) Tﬁevmean annual temperature at the land surface through-
out the area of the thermal anomaly, which is.uséd 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

-

‘E} frgm 0 to 30 m depth is constant throughouf the area of the thermal
, anomaly and is equal to the average of the computed harmonic-mean
E} conductivities at allvthe 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 crudé; approximate

answers for most of the hydrothermal-discharge systems described in this

report. . For example, the assumption that all heat discharge from the area

A R BV

of the thermal anomaly is measured as conductive heat flow in the top 30 m

of meterials, except for heat discharged by springflow and Stéam diécharge,

3

introduces significant errors where thermal gradients are modified by upward

or downward convection or by boiling, or where heat is transported beyond the

L

area of the thermal anomaly by lateral ground-water flow. Another significant
source of error is the estimate of the harmonic-mean 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
Ei the land surface, bgcause the unce;tainty of the values of thermal

: conductivity assigned to the unsaturated materials is greater than that
.iv L; ’ of the values assigned to the satgrated matefials.< It is beiieved that,

in most of the estimates, the true heat diécharge is within the range of

1/2 to 2 times the estimated value.

Method B.--Method B differs from methoé A in that heat-flow rates
are coméuted using thermal gradients ﬁeasured in the test holes below the
water table and below the depth of significant seasonal fluc;uation of

temperature instead of using average thermal gradients from O to 30 m

depfh computed from temperatures at 30 m and land surface. Method B is
inherently mbre 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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. the thermal area. The boundary of the thermal area is placed at the heat-

of unsatuﬁated materials, which at most places constitute a significant
proportioﬁ 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 methoa A,
however, the éomputed 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 | g
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 léterally'and is defined by the values calcuiated for
each test hole.

| The computation procedure in method B is similar in several fespects
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 intérval 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

flow isogram that is believed to represent the conductive heat flow of the
l;rger area surrounding the hydrothermal-discharge system. . ‘

The procedufes in both methods described above provide estimates of
the total conductive heat discharge from a hydrothermal-discharge system.
For the purposé of éstimating water discharge from the system by tﬁe

heat-budget method, described later, it is necessary to compute the
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amount of conductive heat discharge that results from rising thémal water,
for convenience called the "net conductive heat discharge." The net
conductive héat discharge is computed as the totai 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
and wellg, 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, ndt all the water discharge from a thermal area is deep,
thermal water; some of it ié shallow, nonthermal water of local derivation,
which may mix with the thermal water in variable proportions. In this
study, two methods are used to estimate the discharge of thermal and
nonthermal water froﬁ the hydrothermal systems: the water-budget method
and tﬁe heat-budget method. The assumptions and procedures used in
computing water discharge by each of these methods are reviewed below.

Water-Bﬁdget Method

In the water-budget method, it is assumed that the shallow pért of
the hydrothérmal 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
(generally insignificant). Outflow items are evapotranspiration, lateral
ground-watér outflow,andepringflow that leaves the budget area. Upflow
of thermal water is considered the unknown in the budggt, 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.) Mbst of the spring-discharge rates are based on visual
estimates. Wherever pdssible, the estimates were made at channel sections
where the flow velocity was fairly uniform and where the areas of fhe
channei cross sections could be determined within narrow limifs; Accuracy
of the visual estimates 1s believed to be within about t 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

. fo be within about + 15 befcent.

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 fro@ 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 estiméted using a quasi-empirical
mass-ﬁransfer equation of Harbéck (1962). The data used in thé 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'l; is
based in part on a study of rates of upward ground-wateﬁ flow in near-sur-
face deposits beneath Smith Creek Playa in central Nevada by M. L. Sorey
(written commun., 1971) and in part onipublished 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.A Depth to water at the
Smith Creek Playa sites averaged about 3.6 m below land surface (Screy,
‘wpitten commun., 1971),.whereas the depth to water at the sites in this
.study ranges from about 0.3 to 1.5 m below land sufface. Evapération rates
for the playa deposits considered in this study thefefore 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 evapofation 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 fate for a given location is uncertain,
the total volqme of evaporation from playa surfaces within the thermal
areas studied is small-in comparison with the volume of evapotranspiration
from vegetated area. For 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 éenetrate 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 eaéh type by an estimated annual rate of water discharge by that type,

and stmming 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 bdt 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 éverage 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 ;ection multiplied by‘ﬁhe product of
the area of the transmitting secfion, 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

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

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

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

.Bbiling 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)

= (e 3yl
= (T 573 (0-08 x 108m3yr)

0.036 x 105m3yp-!

(0.036 - 0.03) x 105m3yp-l1

Discharge of steam (as equi#alent water)

0.006 x 10m3yr~!

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

the high enthalpy of the steam.
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Heat-Budget Method

In- the heat-budget method, it is assumed that the shallow part of

the hydrothefmal 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 geothermometers reflects
on}y the deep thermal ﬁater and ﬁot an admixture of the deep thermal"
wafer and shallow nonthermal water. Information required to differentiate
thermal waten_froﬁ a mixture of thermal and‘nénthermal wafer was not
obtained in this study.  In the absence of such information, it is

assumed that the chemical (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 :> h

that the net heat discharge from the system is depived from rising thermal

- water, which leaves the deep source or sources at the temperatwre indicated

by the silica or cation geothermometers. (The net heat discharge equals -
the total heat-discharge minus the discharge that represents "normalf
heat flow from the thermal area.) The net heat discharge is based on an
estimate derived by one of thé methods described ea:lier in the section,
"heat discharge." The net heat content of the water is computed as
thevdiffergnce between the temperature of the water at the deep source -
or sources andAﬁhe,mean annual temperature at the land surface, multiplied

by the heat capacity of.water, aéproximately 1.0 cal.g'loc'l.' The -

discharge of thermal water is computed as the net heat discharge from

g’

the thermal area, divided by the net heat content of the thermal water

at the deep source or sources.
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CARSON DESERT

Hydrogeologic Setting

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

e o —— tti e . o e e o b

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

km east of Reno. The Stillwater-Soda Lake KGRA occupies alroughly
rectangular area éf 91,140 ha in the south~central part of the‘

basin. The basin floor, which lies ﬁt altitudes of 1,170 - 1,250 m above
mean sea lével, is immediafely underlain by deposits of iate Pleistocene
Lake Lahontan and by Holocene fluvial and eolian deposits. Bordering
mountains, as much as 1,500 m higher thaﬁ the bésin floor, are formed-éf

a variety of conéqlidated to semicohsolidated rocks of Paleozoic, Mesozoic,
and Cenozoic ages. Tertiary lavas and pyroclastic.récks of mafic to félsic-

composition are widespread in the mountains and have been penetrated in

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

baéin fill overlying the Tertiary volcanic or.older rocks is not accurately
knoﬁn buf probabiy is at least 2 km. ‘
Basaltié rocks of Quatérqafy age are exposed atvseveral places within
the basin. Lone Réck, an isolated outcrop of basa;t, possibly a remnant
of»a volcanic plug or neck, rises about 27 @ abo?é the surrounding floor

of east-central Carson Sink. Rattlesnake Hill is a similar outcrop of basalt

. about 1.5km northeast of Fallon. Upsal Hogbaék is a cluster of several

cones of.basaltic tuff 16 km north of Fallon. The eruptions that formed
the canes occurred chiefly dufing an intérpluvial’time in the late Plei-
stocene, when Lake Lahontan was dry (Morfison, 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 iﬁ diameter, which are
rimmed by a mixture of pasaltic and nbnvolcanic debris blown out by

repeated gaseous eruptions. According to Morrison (1964, p. 72), the
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Figure 10.--Map of southern and central Carson Desert shoiring location of holes and
temperatures at a depth of 30 m.
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earliest eruptiﬁns Qay have been as early as or earlier than the first
eruptions at Upsal Hogback, 14 km to the north-northeast, but the ;atest
eruptions apparently were later than thoée 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.l0) 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 V
and ground-water recharge. Irrigation, partly with diverted water from

the Truckee River as well as with Carson River water, all stored at Lahontan

v Reservoii,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 wéter and leakage of irri-
gation-supply waéer 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 lO6 m3.' All this water eQentually is discharged by evapo-

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

to the saturated zone before it is discharged. ' In contrast, the estimated
potential ground-wéter rechargg 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-scaleAlateral movement is generally northeast and north toward the
Carson Sink. Sandy aquifers within a few tens of metres of the land
surface ﬁrobably 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 Oil Co. 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. Geolbgical Sur&ey 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 Soda Lakes (2Q/28-28ccb). The purpose was to

determine the extent of the thermal area assoéiated with the steam well
and béiieved to be also associated with Seda ﬁakes and Upsal Hogback.
Later, holes were drilled in the marginal parts of the Stillwater thermal
area in order to better delineate that feature. Teét 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. Gologieal Survey test holes in Carson Dwsert

Tpe_of completion: Cauing type ia indicated by "5t (a.tool" o "P* (PVC).
Wolls capped and f1lled with wator arc indicated dy “C". Wells with
vn{ll-po!nt sercena at bottom are indicated by "Sc®.,

"Depth to water table: Obtained from neutren (N) and (or) cazmma gamma (G2) log.

Accuracy varlable.

Static water level: Depth below land-surface datum.

Geophysical logs available: Gamma ("G"), gamma-gamma ("Gz"), neutron ("N%),
resistivity ("R"), Caliper ("Ca"), Conductivity ("Co®), and temperaturs (*T%),
. Static confined -
. . Casine Npth to water table water level
Depth land- | T Wtres
Vell metres Inside Type of surface  below  Source velaw Geophysical
Rusber Location  belew land  diameter completion  alt{tude land of Date land Date 1o
. scrface) {cm) - »_a) surface  data surface ivailable
DAl 19/78.9dda 0.77 3.8 st, S 1,36.8 el . 43  Wwo3s R
Me2 20/38-23bea 6.2 3.8 st, S 1,228 9.3 ¥ wohoL 9.6 MOz 0,06,
M3 20/28-Umbs LAk 3.8 s, % 1,9 21 ¥ Mos1s 211 o2 6,0l
Al 19/27-lasd 20.7 3.8 st, Se 1,219.7 1.5 B Mos18 312 mO0Ics 0,05,
DRSS 19/28-1Tobd 39.6 3.8 s, S 1L,224% 8.0 ¥ 700518 11.89  Tho21?  1,00,0,0,8
A4 1972713k W36 3.8, S, & 2.0 3 I 10518 676 ThO217  1,00,0,0%,1
] 0782w 17 a8 s, ¢ Laus ) & tmoras 0,%%
Me§  20/28-Kead - 39.0 3.8 st, S Las2r 27, N TS 5.2 W0 g,65,8
AB-9  20/28.20bdd 39.9 3.8 st, S 1,209 8.6 1 051 8.5 Th 02 2% ?,Ca,0,0", ¥
B0 R8-Umse  R.9 18 8, 8 (RTY 2.1 T oM W nmes  gda
AR-11  71/28-3ldds 9.4 3.8 s, ¢ 1,204 - - - - o
12 0/28-10ass 223 3.8 s, % 1,207 10.0 T Thokoh 1075 Thokdh  g6,8
AB-13 7U29-Thas  22.) 28, &, % 1,189 25 8 130516 245 WO22%  1,00,0,6°,K
A5-1L 19/29-lbaed  LS.20 3.8 0, S LBE2 LT, B 730518 260 713G 02  T,0,05,8° -
1515 19/%0-1Ccdd 5,20 3.8 s, % L,1%0.5 L3 N 10516 0. Tz 0,05,8 )
1B “17aby  LS.L8 3.8 s, % L1921 <1 I DS =00 Moz a,dF
A1 20/28-32asd 9.8 3.8 3, S La2.01  sa @ 10515 263 W03 1,c0,0,0
1 2072830 L8 3.8 s, % 2T 36 . F DIOS1h LA 0305 1,0,05,X
119 19/01-29cen RS - 38 &, % 1,1% 6.7 T BUR 68 NV 1,008
1920 1W/316dd 2079 2.8 ®, 0 1,1 2.6 » npuzn - . ?,0,0°,8
ABZL 19/31-9aba  LS.L8 3.8 , S LI 28 ¥ mpuzn .8 paw 1,00
422 /71-3eed LL18 2.8 s, Se L83 <28° K 130517 0.6 MICL1L  1,0,0°,8
1823 19/30-35w 2.1k 38 s, m 1,198 <18 @ ‘muu weuw noaie  t0d
A2k 15/M-2oad | bS.L2 3.8 st, S L,19%0 <14 @ mMpuur & neorle g
AN2S 20/71-18ebd  kS.26 3.8 st, % 1,162.0 < .8 » VUL .22 124 ° 0,0,
4525 19/NeaTews . b4 3 n,% LI8L <14 @ DRI wew Moyl | ned
COXM-1? 20/28-Ddade WS 2 P % . L 18 A WO .;n MWD "°5°?"
N30 19/27-12dea  18.3 2.8 s, % 122005  0.88 3 DU LT Mmws o o
D29 20/28-27cca L) .8 s % Lau.as. 7S P MO sas Man 1,081 i
ReX 20/28-2fcde 0.2 ‘3.8 st, % 120960 1.3 3 MUl em men o :
DBa)l 20/28-3asd  J4.7 3.8 St S 12160 X0 . | 70328 5.59 503 28 g,a°,»
M2 20/28-28ed M1 . 34 S, % 12068 6.2 5 MmO - énm maR 0,8,0,0%,X
a3} 20/28-28caa 5.8 8 R, % 12,3 67 @ 1morm S.25 Moz . wgo,
Bl 2/28-33ad k5.1 ¥ % 10591 ho I Mo’ 6® Moz Consd,a
: 1
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Experimental Heat-Flow Test Hole in Carson Sink

Using hydraulic-rotary drilling equipment, the Bureau of Reclamation
drilled an éxperimental heat-flow test hole neér the middle of the Carson
Sink, 43 km northeast of Fallon. The purpose of the experiment was to
determine the feaéibility of obtaining a heat-flow measurement in a
relative shallow test hole in fine-grained lacustrine and play; deposits.

It was hoped‘that upward ground-water movement in the poorly pérmeable

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
fhe same debth 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
uppér two cored intervals was incomplete, ahd the samples may represent
only the most.cohesivg, clay-rich deposits within those intervals. |
However; on the basis éf the borehole geophysical logs, especially the
gaﬁma—gamma and the neutron légs, the cores are believed to be represent-
ative of the average materials penetrated by the drill hole. Therﬁal

conductivity of the core samples was measured with a needle probe by

the Geothermal Laberatory of the U.S. Geological Survey in Menlo Park,

Calif., the resﬁlts 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~l (fig. 11).
The heat flow calculated from this gradient and an average thermal

3 cal cm'l s"l °C"l is 1.57 HFU. The

conductivity of -2.07 x 107
corrected heat flow, using an assumed rate of depoéition of the
lacustrine and playé sediments of 1 mm yr'l, is about 1.9 HFU

(John Sass, oral cothun., 1974).
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Iabie'soénThermal conductiviﬁy 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 Munroce, US Geol. Survey,

Menlo Park, California)

Thermal conductivities (xlo'3 cal em~ ! st °c'l)
: Position

Depth (m) A B C D Average
60.96 - 62.48 2.44  1.67 2.06 1.97  2.04
91l.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 2.16 2.10

Average from 8 samples

2011

2.07 % 0.02

\_/'z
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Alkali Flat 1), 10 July 1973

[Temperatures measured by P. Twichell and S. Chicoine,
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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 Lakes 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 least at the depths of most of the test holes

.(about LS 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 downwa;d increase in thermal gradient is believed to be
caused in part Ey the effects of circulation of ground water derived

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

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

air temperéture by 1arge~appliéations of relatively warm irrigation

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

eiié% outside the two known areas but are concealed by the éffects

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~érea is céntered near the $mall commuﬁity 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 abdﬁt 11 km loné
(nortﬁ-South) and 7 km wide. Most of the land is farmed and is traversed
By both irrigation canals and drains. Stillwéter 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 toﬁ of the saturated zone is within 2 m of the lana surface
throughout most of fhe area. Deposits‘within the'upper few hundred
metres afe chiefly lacustrine clay and silt; interbedded fine to medium
sand contains water under artesian pressﬁre. Artesian-pressure levels
(confined pofentiometric surfaces) in sand strata within 50 m of the
land surface are above the land surface, and the dominént potential
gradient is upward." Thé lateral component of the gradient is northward,
toward the Carsoh;Sink. Ground #ateb is discharged from the area by

underflow toward the north and by evapotranspiratioﬁ; the latter

undoubtedly is predominant.

87

e g e A g e e



Previous Information
General dimensions and near-surface temperatures of the Stillwater

thermal area were unknown many years age from numerous domestic and farm

‘wells. Deeper subsurface information was obtained in 1964 from the

0'Neill-Oliphant Reynolds 1 geothermal test well, drilled to a depth of
1,292 m neér the center of the area. The information from the test Qéll
was'éupplementéd by unpublished detailed gravity and magnetic surveys of
an area of 60 km? which includes most of the thermal feature. Areél.geology
was ﬁapped 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.(igou) gives areal variations in salinity and in several

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

Test Drilling
Nine shéllow test holes were bored by the U.S. Geological Survey
during the fall of 1972 in order to define the limits of the thefmal area
and to obtain geologic, hydrologic, and thermal data. Two additional holes

(USGS CD AH's 14 and 16) were bored west of the thermal area to supplement

" information from U.S. Bureau of Reclamation test holes and other wells

bearing on the possible presence of other thermal arveas between Stillwater
and Soda Lakes. Data for the U.S. Geological Survey test holes are given

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
fbr subsequent borehole geophysical 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 Wate:

Water samples were analyzed from the U.S. Geolbgical Survey test holes
near the margins éf the thefmal area, and Mariner and others (1974)
analyzed a sample from a well in Stillwater, near the'center of the
thexmal area, which was discharging a sﬁall amount of boiling water and
'steam. The Samples from the test holes (CD AH's 15, 23, and 24) repreéen§

chiefly infiltrated irrigation water of local origiﬁ; 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.

Ali four samples of water are similar in gross chemical characteristics,
although'there are significant differences ih some constituents between
the thermal wéter and the nonthermal water from fhe three test holes.

Dissolved solids range from about 4,500 to 6,500 mg 1-1 in the samples

. of nonthermal water and are about 4,300 mg 1-1 in the thermal water.

deium 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 sodiumepotassium-calcium geothermometers were, .

respectively, 159°C and 140°C (table l; 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 parfvof the thermal area are not available. For these reasons, only
a crude estimate of heat discharge is.pdssible, using method A described
in the section "Estimates of heat discharge"

A mean annﬁal'tempereture at land surface of 11°C is used in the
competatioe 6£ 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

1l

estimaﬁed'to be 2.5 x lO"3 cal cm s,":I'GC"l on the basis of the means

computed from the iogs of test holes CH AH's 15 and 22-26. This estimate

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

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

appear fo be less variable in thickness and character than those beneath other ;)

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 area are saturated or

nearly saturated to the land surface. Thus, there is less uncertainty as to the

value of the harmonlc-mean thermal conduetivity than in the other thermal
areas, where the water table 1s generally deeper.

The estimated total discharge of heat from the thermal area is 15 x lO6
cal s~1, The derivation of the estiﬁate is given in table 7. "Normal" heat

discharge from an'equivalent area would be 1.1 x 106

-6

cal s'l on the basis

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

Alkali Flat l'experimentel heat-flow test hole in the Carsomn Sink, 29 km to

6

the north. The excess heat discharge, 14 x 10° cal s-l, is interpreted as

resulting from convective upflow of deep thermal water as depicted in figure 13.
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Table 6.~--Temperature data for Fallon, Gerlach, Winnemucca, Battle Mountain, and Ruby Lake.

[Source of data: U. S. Department of Commerce, 1973, Climatological data,
Nevada, Annual Summary, 1973]. :
Average temperatures, in °C

Fallon Experiment . Battle Mountaiﬁﬂ

Month Station Gerlach Winnemucca Airport Ruby Lake

(1931-60) - (1931-56) (1931-60) - (1945-60) - (1941-60)
January : -0.8 | -0.9 2.7 =34 -3.6
February .2.2 1.7 '.2 1 .3 21.3
March 5.8 5.6 . 3.3 3.0 1.8
April 10.2 10.6 7.7 7.8 6.6
May 4.2 ~ 13.6. 12.1 12.3 11.0
June 18,3 ' 18.8 . 16.4 16.7 15,2
July 22.6 : 24.5 21.7 21.8 20.3
August | 21,2 . 23.3 19.8 19.9 19.2
September 16.9 18.8 14,8 14.9 | 14.6
October 11,1 123 8.7 9.1 9.0
November 4,2 4.6 , 2.1 2.2 2.2

December 4 .1 -1.2 =2.1 : -2.0

Annual ' 10.5 11.1 8.6 8.6 ‘ 7.7



ho

Table 7.-—Estimate of conductive heat discharge from Stillwater hydrothermal system on the basis
of method A described in the text.

Geometric Thermal 1/ Heat2 : Heat
Temperature mean gradient- flo Area discharge
range temperature _ _
(°c) (°c) (x102 °c en”l)  (x107° cal em® 57Y)  (x10'° em?)  (x10® cal s™1)
- 20-40 28.3 5.8 14 38.7 5.4
40-60 49.0 13 32 8.9 2.8
60-80 69.3 19 48 4.7 2.3
> 80 90.0 26 65 6.8 4.4
~ Totals 59.1 15
(1) Based on 11°C mean annual temperature at the land surface.
-3 cal em™? s"l'°C"l.

(2) Based-on harmonic-mean thermal conductivity of 2.5 x 10



The above estimate is regarded as approximate because of the paucity

- .
L —

=

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 undoubtedly extends beyond the 20°C isotherm at 30 m depth,

)

| SOURUSS A,

¢

which is used in the computation of heat discharge. Therefdre,,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 cal s-1, |

Thermal-Water Discharge

;-

3y & 2

Ground water discharges from the Stillwater thermal area by evapo-

transpiration, lateral ground-water outflow (chiefly northﬁard), 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

m m S i \

water is based on the silica-quartz geothermometer. (See table 1 and

-
&




Mariner and others, 1974, table 3.) The computation is as follows:
Net heat discharge = 14 x 106 cal s-1 = 4.4 x 101% cal yr-1
Net heat content of thermal water = (159°¢-11°¢)(1.0 cal g-1%-1) =

148 cal g’l

L -
4.4 x 10~ cal yr = _ 3.0 x 1012 g yp-1

1.48 x 102 ¢cal g1

Thérmal-water discharge =

This is equivalent to a discharge of 3.1 x 10§ m3 yr'l of water at 80°C

(the approximate near-surface temperatu:e), or to 3.3 x 10% m3 yr'l at

159°¢ (the inferred reservoir temperature).

Thus, 3.3 x lO6 m3 yrfl of water leaving the geothermal

reservoir at 159°C would carry 4.4 x 10 cal yr'l of heat, all

of which is assumed to be dischargéd by conduction through the near-
surface deposits within the thermal area. An additional 1 million cal s™d
or 3.2 x 1013 cal 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 Stilluatéf thermal area with high-angle Basin and
Range faults at Rainbow Mountain é-lO km to the south and uﬁpublishe&
magnétic and gravity data (O'Nei#l-oiiphanf) suggest that the near-
surface high temée:étures_result from rising thermal water along a north-
trending concealéd fault or fault zone, as shown on figure 13. The rising'
thermal water causes a mushrodming of the isotherms near the faﬁlt.. The
velocity of the upflow is sufficient .to maintain the temperatﬁre of the

water near the temperature of the deep source, which is inferred to be

. close to 160°C on the basis of geoqhemical data (Mariner and others, 1974).

tSee 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 fhe 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 "normal"
regional héat flow (the first conceptual model described in the section,
"Conceptual models of hydrothermal systems") rather-thap to\a shallow-
crustal heat source (the second conceptual model). Thé source of the
thermal water érobablyvlies at a gepth of several kilometres, well within
the pre-Tertiary basement. Admitted;y, 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-holé temperatures observed during drilling of the OfNeill-
Oliphént geothermal test well, which is about 0.7 km west of the inferred
fault thét carries the thermal-water upflow, indicate a reversal in
thermal gradient below a permeable sand aquifer of probable Tértiary age
at a depth of abopt 430 m. The temperéture in the sand aquifer was -
reported to be 156°C (Béuck, 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‘riges'along the inferred fault discharges laterally into the
sand aquifer, in which lateral flow is sufficiently rapid to maintain high
témperatures for considefable distances from the fault, as indicated
diagrammatically on figure 13.

High temperatures at shallow depths in domestic and farm wells in the
central paft of the Stillwater thermal area suggest that not ali the rising
thermal water moves lgterally 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.
Iemperatufés at a depth of 30 m exceed 80°C in the central part of"thé

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, ncme 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
pa;t of‘the Carson Desert, 12 km northwest of Fallon. The thermal area
is elongéted toward the north-northeast and lies between twé ceﬁters of

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

Previous Development
The tﬁermal area is undeveloped except for intermittent cattle
grazing. Adjaceﬁt lands to the south are irrigafed with water from |
Lahontan Reser?oir. Thémhydrothermal system.is unéeveloped at present,
although a steam well (20/28-28ccb5 was used in the past for steam baths.

No information about the construction 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 a part of this study in order to evaluate the near-surface

" geologic, hydrologic, and thermal characteristics of the area. An

additional test hole was drilled by the U. S. Bureau of Reclamation for
gsimilar purposes. Data for the'U. S. Geologicai Survey test holes are

summarized in table 4, Locations of the test holes are shown on figure 14.
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Figure 14.--Geologic map of Soda Lakes-Upsal Hogback thermal area showing
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Geology

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

The éolian and minop fluvial éediménts,-ghiefly sand, were assigned
by Morrison-(lgﬁu)‘to.the Turupah.Formation of latest Pleistocene age.
Birkeland and others (1971) revised its age to Holocene. However, on
Morrison's geologic map of thenarea (1964, pl.6), fhese-sediments:afe
grouped with aﬁ upper sand of the Sehoo.Formatioﬁvof Pleiétocéne age.

The Sehoo's age was reviséd by Birkeland and others (1971) to Pleistocene
and Holocene. Tﬁe 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 tesf'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 qlay of the Sehoo Formétion, from 9vto l10m., In
the. vicinity of the steam well, the caﬁping sand has been altered in ‘7\
part to kaolinite and various iron oxideslér hydroxides by hydrothermal

el

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 nonvolganié 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 (196L4) does not . - | >
specify the age or stratigraphic assignment of the beds underlying the (
Wyemaha Fgrmﬁtion within the thermal area. Presumably some of fhe deposits‘
represenf eérly stages of Leske 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 nértheast-étriking faults at the Soda Lakes and two north-
trendiﬁg 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 thé intervening thermallarea.
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

unconéolidated lacustrine, fluvial, and eolian deposits beneath the area.

Nonthermal water derifed from infiltrated irrigation water and Carson River
water to the south-southwest moves generaliy north-northeast, téward the
western Carson Sink. Thermal water rises from unknown depfhs, probably
ﬁhrough open fractures or faults, into the near-surface deéosits, whgre
it also moves laﬁerally toward the north-northeast, in the di:ection of

the potential gradient. The deep, thermal water prgbably 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.T7 m below
land surface. Seasonal fluctuations range from a few centiﬁetres to
about 1 m. At many places, confined'conditions exist at depths greater |
than a few metres below the water table, and the confined potentlometrlc
surface is either above 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 messured water level in the test hole for the difference in

potentiometric head between the depth of the well screen and a depth of
30 m, using the vertical potentlal.gradlent listed in table 8. ‘

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

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

the water table to deeper aquifers.
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Table 8.--Vertical potential gradients in Soda Lakes-Upsal Hogback area

£ S s S S S Gt R S

Depth to
Depth to Depth to water table confluvial .
Well Date top of from From potentio- .Vertical potential
screen Neutron log Gamma-gamma log metric gradient
(m) ' (m)

CDAH-2 T4 04 O 25.91 9.3 9.4 9.28 0
AH-3 73 05 15 43,56 2.1 2.4 2.08 0
AH-4 73 05 18 20.12 1.5 - 3.50 - .11
AH-5 73 05 18 38.71 8.0 8.7 11.83 - .13t
AH-6 73 05 18 42.98 2.3 2.1 6.57 - .1
AH-7 74 03 28 27.7¢ 2 - 7.3 (?) (?)

H . AH-8 73 05 14 37.95 2.7 2.7 5.15 - .071

3 AH-9 73 05 16.  39.32 8.6 8.7 8.65 0
AH-10 73 05 15 32.31 2.7 2.3 - 2.42 (?)
AH-12 74 O4 Oy 21.46 10.0 . "10.4 10.75 - .03%
AH-13 ° 73 05 16 21.18 2.5 2.5 - 2.3 + .01
AH-17 73 05 15 8.99 - 5.1 2.6 + .6u D
AH-18 73 05 14 41.15 3.6 3.7 4.88 - .03Y
DH-27 74 03 27 44,07 1.8(?) 7.3(2) 3.23 ()
AH-28 73 11 27 17.9 0.6% - 0.74 - .007
DH-29 74 03 27 43.95 2.5(?2) 6.0(?) 5.18 (2)
DH-30 73 11 15  39.93 1.3 - 0.45 >+ .02
DH-31 74 03 28 38.01 3.0(?) 6.2(?)' 5.59 (?)
DH-32 74 03 27 44,53 6.2 6.2 6.91 - .019
DH-33 74 03 28 43.95 - 6.7 5.25 + 038 D
DH-34W 74 03 28 Y, 4h 4.0 5.0 6.78 - .070%

1. Based on gamma-gamma log.

2.

Approximate depth to thick mud in pipé.



2. Upward gradients at a few well sites near the hottest parts of &

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

- aquifers. A part of the upward,movément probably reflects thermo-artesian

conditions-~that is, thermal convection in response to the lower density
of the hotfer water. Data are not Availabie 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 parf of the area.

L, Up#ard'leakage,'probably in response to discharge of ground water

by evapotranspiration, is indicated by the ver£ical gradients in wells in '
the northeastern part of the area, near Upsal Hogback. |

~ Although vertical potential gradients greatly exceed the lateral gradients
at mést places, rates of vertical ground-water flow are generally less than
rates of lateral flow. The contrast rezults from the extremely low vertical i:)
hydraulic conductivity of the confining Eeds of clay and silt as compared
to the high horizoﬁtal hydraulic conductivity of the sand aquifers. Most
of the large potential gradients are in the confining beds rather than
the aquifers§ the observed vertical gradient is the harmonic mean of veﬁy
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 fest holes were developed by air-lift pumping so tﬁat

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 chloridé;'aré summarized in table 9.‘ The :;suits
'indicate substantial variation in salinity; concentration of dissolved
solids ranges from about 600 to aboutIG,OOO‘mg l‘l, a tenfold-variatidn. -
This variation may be caused b& uneven mixing fro@.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 9) 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'tbe upflowiﬁg thermal water. Because of the evident
variability of the shallow nonthermai water in theLSystem; it may be
difficﬁlt to select chemical parameterslthat.wQuld distinguish the thermal

from the nonﬁhermal water.'
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Table 9.--Chemical analyses of water sémples from test holes in Soda

Lakes-Upsal Hogback Area. .

Depth to Specific éoncentration of
top of well condgctance | Dissolved Solids Concentration
Test ‘screen (micromhos | (mg 1-1) ' of chloride
hole (m) em~L at 25°¢)  Determined Computedé/ (mg 1-1)
CDAH-2 25.91 4,720 2,830 1,440
| AH-3 | 43,56 2,370 1,420 507
AH-4 20.12 5,890 | - 490
AH-8 37.95 612 | 160
AH-9 39.32 2,140 990
AH-10 32.31 4,150 2,490 1,020
AH-l2‘ 21.46 9,730 5,840 3,140
AH-18 - 41.15 1,030 618 124
1/

= Computed by multiplying specific conductance by 0.6.

A



1

-t

¥
r~......~
b

]

.

——

T

|
,‘_"\ -

|
L

VPSP |

—

—
P U

3

.

(—J

|

Subsurface Temperature Distribution

The distribution”ofrfemperéture at-a depth of 30 m below land surface
is shown on figure lé. Except for the hottest part of the afea, the
isotherms are based on temperatures measured in the test holes shown on.
the map. On the basig 6f the test-hole data, only one hot center, in the
vicinity bf the old steam well, is indicated. However, measurements made

at 1 m depth at 100 sites during the later stages of the fiéldwork‘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 center;d at the steam well and
ﬁhe soutﬁeastern high centered about 70 m west of test hole CD AH-17. Tﬁe
:same pattérn is shown on obliqué snow-melt photographs taken in.January 1974.
The southeastern thermal high is indicated byva dense growth of Rﬁssian
thistle, which is apparent on vertical color aerial photographs taken in
%ebruary 1974. The pattern strongly suggests that therma{ water rises into
near-surface aquifers fhrough somewhat elongate parallel or en echelon
conduits, possibly along conéealed faults. That at least a part of the
rising water is boiling is indicated by discharde of steam from the steam
well and a fumarole a few metres away aﬁa by high temperatures (up ﬁo more
than 90°C) at'depths of 1 m in nearby shallcow temperature holes.

The most-strikigg feature of the thermal areé 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 suggestsydispersion of thermal water in the direction qf
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regional ground-water flow from two sources of restricted extent. 1In
none of the other thermal areas studied is the effect of lateral heat

- ' ‘ : s 1
transport by ground-water flow so strlklng.r!

Heat Discharge

The heat carried by lateral flow of thermal water through shallow
sand aquifers is diécﬁarged by conduction through the neér-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 diséharge from the thermal:
area cannot be made.
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 em b g7t og™t on the basis of

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

- In additon, data are insufficient to define accurately

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

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

pattern shown on figure 16.
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Table-lo.-—Estimate of conductive heat discharge from Soda Lakes-Upsal Hogback
hydrothermal system on the basis of method A described in text.

Température Geoﬁetric-méan Therﬁal i/ ) Heat 2/ ~ Area Heat
range ) temperature gradient flow < discharge
(*c)y - (x 1072 ¢ cm'l) (x 107 cal em™? s"l) (x 10lO cm2) (x 10° cal s'l)
20 - 30 24.5 4.5 10 | 13.05 1.3

30 ~ 40 34.5 7.9 8 - 4.00 .72
40 - 60 _ 49.0 13 ' 30 i é.4o | T2
60 - 80 69.3 . 19 44 .83 .37
80 - 100 89.4 26 60 .64 .38
100 - 120 100.5 33 | 76 ) .17 .13

120 121.0 . 37 85 - .04 .03
Totals _ | 21.13 3.6

}/ Based on 11°C mean annual temperature at the land surface

3 1 -1

2/ Based on harmonic-mean thermal conductivity of 2.3 x 10™° cal cm” s~! °cT.
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The total near-surface conductive heat discharge, estimated by
method A, is 3.6 X 106 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 é.dépth of 30 m is computed on the basis of a "normal"

heat flow of 2 HFU:

10 6 1 1

(21.13 x 10 cmz)(2 x 107° cal em %™

) = 0.42 x 10%al s~
Net conductive heat discharge is then -
(3.6 - 0.42) x.lO6 caAJ.-s'-l =.3.2 X lOshéal s‘l
This estimate is considered closerto a minimum than to aﬁ avérage within
the probable range of values. Further studf;s,_presently underway, will
result in an improved estimate, using method B described in this repdrt;
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 1ll.

'

ifhe magnitude of the outflow inithe budéet cah be estimafed within
narrower limits than the magnitude of the inflow. Lake-surface evaporation
is computed as the produc§ of the free (non-vegetated) water-sufface area
(3.1 ka) and a net rate of annual evaporation 120 cm based on
estimates by Ru?h (1972) and Kohler and otﬁers'(1959). Lateral ground-water
outflow toward the north-northeast is computed on the basis of an average
horizontal potential gradient of 0.0017 detérmined from figure 15
an efféctive width of flow cross section of 10 km, and transmigsivity of
1,200 m2 day""'l at a prevailing temperature of 20°C. Discharge by ground-

water evapotranspiration is cémputed-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 m-3
OUTFLOW:
Evaporation from lake surfaces 3.7
Lateral ground-water outflow 7.5
Ground-water evapotranspiration 1.2
TOTAL OUTFLOW (ROUNDED) 12
INFLOW: . »
Seepage losses from irrigation canals 12
Infiltration to saturated zone from irrigated fields Unknown
Seepage loss from Carson River ‘Unknown
>12

TOTAL INFIOW (ROUNDED )
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The inflow items in the budget are difficult to estimate‘within
reasonable limits, The only item for which a feliable estimate has been
made is.séepage 1osées from irrigation canals. By a series. of tests
to determine effectivenééé of pheﬁical sealants in reducing seepage
losses,Afhe U. S. Bureau of Reélamation has -estimated the leakage from
major canals iﬁ the present study area at roughly 12 x 106 m3yr'l (10,000
ac-ft yr'l)(John Gallagher, written commun., 19T4). This item, by itself,
equals the estimated total outflow. Water lost from the Carson River by
;eepage prob#bly does not enter the Soda Lakes area during at least half
the 'year, owing to the high.ground-water levels maintained by leakage
from major canals (Lee and Clark, 1916, p. 683). Underflow of water that
has infiltrated to the saturated zone from irrigated fields also may be
similarly resfricted. However, present data are too scarce and incomplete
to evaluate these two items of ground-vater inflow to the study aréa;

The budget items most likely to introduce large errors in ﬁhe o#erall

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

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

'canals because they are the major items of outflow and inflow?

Nature of Hydrothermal System

Data obtained in this study permits only a sketchy and tentative
inference as to the nature of the Soda Lakes-Upsal Hogback hydrothermal
system.

The depth and extent offthe thermal reéervoir and the sbﬁrce 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 sourée of the riéing thermal water is not known but it is probably

much greater than lOSOC, 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 greéter than average for the
northern Great Basin region--berhaps 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 lé33~if a local heat source

is present.

The distribution of temperafure observed in the shallow test holés
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 sﬁrface, but none presently discharges
in hot springs. The thermal water flows laterally in‘the sand aquifers

toward the northeast or north-northeast, in the direction of the horizontal

L\_component of the potential gradient, but also moves more slowly upward

across the confining beds to discharge ultimately by evapotranspirafion.

(\~// Mixing of thermal and nonthermal waters probably 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

\,__i;dth of the zome of mixing is unknown.
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BLACK ROCK D,ES»ERT
Hydrogeologic Setting
The southern and central parts of the Black Rock Desert include
several groups of hot springs and surrounding thermal areas. 'fhrée 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

Fiat, which includes Ely Ranch KGRA, the water resources of the region are
fargely tndeveldped. Gfouﬁd»water is éumped for irrigation use at Hualapai.
Flat. The hot spriﬁgs are undevélopéd except for bathing and minor stock
.water éupply. Gerlach and Empire, the only communities, are in the south-
weétern part of the area, about 145 km by road north of Reno, Nevada.

The Black Rock Deserf consists of a larée playa having.several arms
or embayments and rimmed by rugged mountain ranges. The playa is nearly
flaf.and hg; 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 aré largely of fault-
block origin ;pd rise to alt;tudes as much as 2,740 m above sea level in
' thé‘Granité Range, 16 km north of Gerlach. The mountains and bordering
véasin and Rangé faults geneially trend north, but there are local departures
from the dominant pattern.

~ The mountains are composed of a variety of consolidated to seﬁi-
consolidated rocks which range in age from Paleozoic to Cenozoic (middle
'fertiar}). Volcanic rocks of Teriary age are extensive, but none are
known to be younger than about 15 m.y. (McKee and Mérvin, 1374). The
intervening basins are underlain to unknown depfhs »b.y-tmco.nsolidated
to semiconsolidated deposits of latejTertiary 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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Figure 1T7.--Map of southern Black Rock Desert showing location of
' test holes, wells, and thermal springs
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playa deposits of Holocene age; Coarse-grained near-shoré deposits are
locally abundant, as near Gerlach, and wave-cut shorelines are prominent
throughout the area on mowntain 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 evépof
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 rechérge takes place where storm runaff 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 bedro;k in the higher mountain areas. It is likely
th;t most of the recharge to the deep, thefmal éround-water system, is

thrqﬁgh 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 southerh 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-em
or 5.l-cm’pipes fitted with scréens or well points to permit aéquisitioh
of hydrblogic as well as temperature dafa. Test-hole data are suﬁmariied
in table 12; locations are shown §n 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

i N o A svice B o B

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" (FVC).
¥Wells capped and filled with water ars indicated by "C". Wells with
vell-point screens or perforations at bottom are indicated by "Sc".

Depth to water table: Depth below land-surface datum, Obtained from
neutron log. Accuracy about 23,5 metre except in clay where capillary
fringe may cause larger errors. :

Static water level: Depth below land-surface datum.

Geophysical logs available: Gamma ("G"), gamma-gamma ("02") , neutron ("N®),
resistivity ("™R*), and temperature (°T"), '

. . . T Static confined
Dapth cg Land- E%%ih to water table vater level
Well (metres Inside Type of surface .below Source below Geophysical
sunber loeation below land dlameter completion altitude land of Date land | Date logs Remarks
surface) {cm) _(m) surface  data . surface available
| OBRAR-1A  32/23-3debl Lh.2 38 s, % 1,908 - -, - +1.87 100 67
AB-1B  32/23-3deb2 1.8 50 P % . 1,948 19 X 13100 - - < Vater-table N\
B2 32/23-2l LS.l 3.8 %, % 1,199 - - - JJh Poch  0,65,nT A
MR RARAR2 2.7 51  .% & 1,191.9 2.6 ¥ 1o - - - ¥ater-table well
CMBeM R/23-Usedl 6.6 5 8, % 1933 0 - =L e T ;1 ma odur :
AR-3B  32/23-lced2  bS.1 3.8 8, 8% 11933 - - . om0 131004 06,6557
. AB-3 32/231beed3 2.0 51 P, 8 1,193.3 .8 X ooy - - . = Vater-tabl. weil |
ABlA  32/23-2tasdl  US.1 3.8, &, & 1,194 - - e L9 131008 0,65,8T .
BB 32/23-2M2 17 51 P& 1,1%6.86 LW N 2 RUN- N - " e vater-table well; .
, . (dry) bottom filled
- LA : -with silt,
M5 R/2F1aakd . 131 38 =, 8% 1,78 %) ¥ mogos ' - - admr
AB-6 R/2)-1besal W8 . .38 8, % 1,255 ° bé @ 770508 &3 100k 00,47
M7 32/2>194al  bS.1 38 %, % 1,963 58 ¥ 730508 6461 7310k 0,6°,M,T
AB-SA  32/23-3aabl . LS.1 3.8 %, 8 ‘1,192 - - - - »).55 131004 : .
AB-8D  2/23-3aam2 1.8 5. 7 1,928 1% x 731008 - - ‘e Mater-tadle well
. : e . £lled with md
. e o . A
AB-9 V232 ‘na 3.8 8, % 1,201 - - - 4 ni0n 66d,E?
AB-104 35/23-35%al 20,1 3.8 s, % 1,250 - . - UL 730510 ° 0,05,1,7
AR-10B | <3Se2 275 3.8 2, % 1,20 ¢ 1.0 x OS50 1.2 0SS 6,65,NT
Ml -3 - W 38 %, % 1,23 6.2 ] 0510 6% 730510 0,02 .
AB12° Y/%-3e  bSa 38  my: 1,202 - - - - e .
TABIA 3M/2)-3Sednl  1S.7 38 =% 1,150.2 . - . 355 TMioa 0,8 .
-8 3233w 31 51 P % },1%0.2, L N VoK - - . . Vatar-tadle well
Ik 32/2)-15cca . 5.6 3 &, % 1,208 - - e .22 1007 R b
815 32/23-10ctal 0.8 3. ®m, 8% 1,107 61 - - .55 WO B,
' ¢
\ bt
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Heat Flow Outside Thermal Areas

In July 1973, John Sass and R.K. Hose of the U.S. Geologicél 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 regiocnal
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:l , 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~1, 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 *
s-loc-1, (See table 2.) The corrected heat flow, therefore, is probably
not more than 2 H¥U--not unusually high for the northern Easin and Range
provipce. _ _

The thermal gradient in Cordero Black Rock T§-2, 2.5 km west-southwest
of TH-1, is 61.6°C ko™’ 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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- Figure lB.#-Teﬁperature 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]
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Thermal Areas
There are sevefal known thermal areas within the southern and central
Black Rock Désert area. Tﬁree of these have been classifiéd as Gerlach,
Fly Ranch, and Double Hot Springs KGRA's. All three areas have been explored
by test drilling dur;pg this stgdy, 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 1l 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 BlackiRock Range. U. S. Geological Survey
test hble BR AH-S9, S km north of Double Hot Springs, encountered warm ground
(although no temperatures were measured in this test hole sgbsequent to
completion), which éuggests thét 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 Hot
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 ﬁbrthwesf 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 subparallél
faults that cross Hualapai Flat in a northeasterly directién (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
'Ply Ranch. No thermal wafer discharges at the land surface. The presence
of the thermal area was first detected in a farm well, now abandoned and
filled in. Létér, Cordero Fly No. 3 test hole near the old well also
peﬁetrated thermal water, as did U.S. Geoiogical Survey test hole BR AH-9,
0.5 km“southwést of the Cordero Test hole. The temperature profile in
the C§rdefo teét hole indicates a reversal in thermal gradient below a
depfh'of 45 m, which suggests lateral flow of thermal watef 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 oﬁigin.
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 Cbmpany. Much more intensive study was made of this thermal area
than of the aforementioned areas; the reéults are described in some detail

-in the following section.

GERLACH THERMAL AREA
_ nggraphic and Geologic Settiné |

The Gerlach thermal area is at the south end of fhe Graﬁité Range
in southern Black Rock Desert (fig.l7). Most of the‘thermal area is
wiﬁhin the Gerlach KGRA, which encompasses 3,631 ha and includes the
town of:Gerlaéh. B

The £hermal area includes two major groups of springs and four
individual springs.A The'larger group, Great Boiling Springs, 1.4 km
northwest of Gerlach,_isAuSed for bathing and was the site of a small
bo:ax wprks many years ago. Mud Springs, 1.9 km west of Gerlach, is the

source of water for livestock,ahd irrigation of pasture.

128




3

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 Raﬁge throughout

most of its paths frqm probable fecharge areas high in the range to'where.
it rises into the unconsolidated deposits beneath the springs; The
distribution of expééed rocks and’déposits near the thermal area is shown
on figure 19. Both the unconsolidated deposits and the granodiorite are
altered hydrothermally along a fault west ofléreat Boiling SpfingS'and

in plaées 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 ﬁear the hot springs may represent rupture of incomp-
etent materials in responsé to movement along a siﬁgle fault zone in the
underlying granodiorite. |

The gfanodiorite is highly jointed within the area shown onvfigure
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. 420 - 50° W. 900 - 70° S.W.
N. 82° - 86° W. | 450 - 500 S.
N. 18° - 22° E.  140° - 45° N.W.
N. O -20W. 40° - u5° E.
N. 689 - 720 E.  ° 850 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 saturatad at shallqw depths through- |
out most af the Gerlach area. Ground water also occurs in open joints,
fractures, and faults in.the granodiorite and related plufonic rocks. Recharge
in the cantiguous draiﬁage areavis insufficient to sustain the discharge of
thermal water. Likely sowce areas for the deep- c1rculat1ng thermal water have
not ‘been dellneated prec1sely but are believed to be in the hlgher parts of
the Granite Range, 10-20 km north of the area of hydrothermal dlscharga.

Shallow ground water locally is unconflned but, because of the
abundance of clay and silt in the lacustrine dep051ts, ground water in these
deposits generally is confined at depths of only a few metres below the
water table. Because of the generally ahallow depths to water, the configurafion‘
of the unconfined potentio@etric 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 (figa.'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 khich indicate the water'
table or top of the saturated part of the capillary zone in single test holes,
and intefpolated differences in altitude between uncqnfiaed and confined
potentiometric surfaces (figs.20a and b).iTﬁa 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
laigestvupward gradiants 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 Sprihgs and Mud Springs.

Significant features of the four individual springs are listed below:

. . Discharge
‘Locatlon (1 s'l)
32/23-10baa 0.19 est.
32/23-10bac 1.0 est.
32/23-15acd 1.4 est.
32/23-15cab .06 est.

Temperature
' (°c) Remarks
54.4 Orifice in alluvium on the up-
thrown side of a fault scarp.
boiling Qrifice in alluvium on upthrown
side of fault. Is near out- :
crop cf altered granitic rocks.
. Prior to development by ditch-
ing flow was bnlylabout 0.19
1 s~t,
67.8 Orifice in alluvium. Linear
feature that may be fault. .
49.4 '

Orifice in alluvium along 0.7~

metre-high scarp.

‘The moét 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.




SET

Orific Te tuve
ombar PSS

LVSOITWR -

\0

12
13
Iy
1-3
16
\7
18
19
20
2l
e
23
24
25
(2
27
28
9
30
31
32
33
34

Orifice Tem
number (G
60.6 9 2re
H0.0 36 506
49.4 37 4819
Yya.2 38 644
50.0 34 522
333 40 356
367 4 589
433" 42 284
T2 43 433
505 Yy 567
317 4§ 94
339 H6 867
700 Y47 5t.1
36.7 48 92.2
356 "9 Sl
367 50 6l
518 L] 600
506 Y [NTTRY]
96l (Boiling) 53 34y
483 SN T70.0
894 5% T8
H0.6 56 589
483 57 867
333 58 y7.8
483 59 433
617 &0 $56°
333 61 661
428 62 733
478 63 6§18
63.3 64 S17
™Y 65 Ly ¥4
oM 66 611
H8-9 677 322
53.3 68 583
9 ‘.EO l?O Metres

re

—Z

Note; Ares very dynamic; \\
distribution of smaller venty

differs shightly From thot mapped  \N

in 1266 and witl probsbhy continue \\
1o change in the Future. \\

Estimated discharge (Iitres per second)
Borax Works Areqt
- #19 0.2-0.3

#68 3.8 (includea dlsrhorge From B 19)
Great Boiling Springs Area:

quhl;y pools 5.9

Figure 22.--Sketch map of Great Boiling Springs

~4

U/
S

\

Recent mud-vent
activity in this area

Springs
s

3

Field cbservirhens by J.R,
Harril, supplemented by
photo 2B-202 GS-CLY
and plne-table map by
George Berry snd GR.
Downg, 19€6.

%
Great Boiling



LET

Dug down 0.3 -1-0m with shewe/. Silt acted as insukator:
Temperatures initially measured at orifiazs 3 (75-5°C),
7(48.3°C), and 8(67.2°C} were significantly hotter
than femperatues measored affer digging .

?

Figure 23.--Sketch map of Mud Springs

300 I e B

IR Y B
; Hydrothermally | .
altered smnod iorite (
, /N
277\
s \\
/// \\
_ s \\
e X N
ot \\
-
. T \ \
- \
— \
= = ‘
- —
o8 : —:_’::" W\ Sinter 3 -7 N\
s ///// \\ .'2 :// \
o7 Prte \
-
o9 z =7 P | .
/7 .
/ 7 — Taps into Gerlach pipetine,
/ 4 Used for stock werters
/' Flow aboot 09 16 on  _13
/= 31 Joly 1973 : =
/77
’y \i\_\\
Orifice Temperature Flow Date )
amber (°C)  (1e”) 1973 z
Mamposl T73.3
Small vent 867 3@ S Oct
2 606 1.4 S50ct
i 3 500 — 3lJol
Pool 53.4
4. [vet 380 — 3t
5 728 — 31dul
6 378 — 3tJyul
7 uy  — 3l gul P
-] 54— 3iJdul ¥
q 386 — 1972 o
10 HU4Y4 0.06 SOt
\l BH.Y — 3l Jul
12 S5t — 31 Jul . .
i3 656 — 3idul Field observations by
MNote: OriFices not flowing were partly clogged with silk J-R. Harrill, July and

October 1973

50 {00 Metres . ) )




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,

és 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 Corde;o Mining Company. Temperatures measured in hot-sp:ing 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 depfh 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 lack{ng;

the positiqn of the isotherms shown on figure 24 is based on the assumption
that the thermal area is bilaterally symmetrical.

Ihe thermal area is elongatea toward the north-northeast and southwest,
and the hottest parts surround the major hot springs. The elongation is
obviously relafed to the»faults that control the positions of the hot springs.
Close similarity of the temperatgre pattern to the configuration of the
unconfined and confined potentiometric surfacev(tompare figs. 20a, 26b, and
24) also sugge;ts cpnvective 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 7,61g vmhos em™ Reservoir temperature is
167°C by the silica-~quartz geothermometer, 175°C by the sodium-potassium

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

Heat is discharged from the Gerlach hydrothermal syétem principally
by conduction through near-surface méterial, 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 températures of the
flow were measured in the throats of the orifices, before significant
cooling had occurred. Heat dischargé 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

DN

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. - o
The conductive heat discharge is estimated by method A, using the

following assumptions:.
| (1) Mean annual temperature at the land surface is 11°C, the
.approximﬁte long-term mean annual temperature at Geriacﬁ:(table 6).‘A
| _(2) The 15°C isothérm 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 10-3 cal em™t sloc™t
thé 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 valués, the estimatg of conductive heat.discharge by
method A is 5.7 X iosical sfl. Derivation of the estimate is given in
table 13. |

The estimate of conductive heat discharge by method B is 4.4\3 lO6
cal s;l, significantiy less than the estimate by method A. The>de£iva-

tion of the estimate is given in table 14.

Heat discharge by springflow.--Heat discharge by springflow is
-1

]

computed on the basis of an average springflow of 5.6 x 105 m3 yr T at 4

an average temperature of 80°C as

6 5 1

[(80 - 1l)cal g;l] [(0.972 x 10" g m-a)(5.6 x 10° m° yr )]

3.8 x 10°° cal yr-l
1

1.2 x 10° cal s~ |
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 ﬁpflowing
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 dispers
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Table 13.—Estimate of conductive heat discharje from Gerlach hydrothermal system on the basls

. (2) Based on harmonic-mean thermal conductivity of 2.6 x 167 cal ! 67t ¢-l.

of method A doscrlbe_d In text. ] . .

‘Geomatric . Thermal v/ Heae‘, ) Heat

Temperature mean ) gradient flow Area . «d{scharge

Ifg‘.;ﬁ tm?géa)tun (xJ.O'3 ‘¢ cn"ll ()d.O“,"j cal <:n:'2 s'l') (xlo10 :mz) (;:10G f:al s'l) )
15220 17.3 2.1 5.5 . 9.0 0.50 -
20-30 4.5 4.5 . 12 3.3 . .40 ;
3040 4.6 7.9 2 14 29
40-50 49.0 .13 34 18 - sl '
60-50 69.3 [ETI T R 1.4 69 ;
80-100 89.4 2 : 63 _ 1.5 1.0 ) .

100.120 . 109.5 1 84 2.1 1.8
> 120 ' 121 a7 96 5 48 ’

Totals . 20.7 . 5.7

(1) Based on 11°C mean annual temperaturs at the land surface. '

Table 14.~--Estimate of qonductivu. heat. discharge from Gerlach'hydrothermal ;
systen on the basis of method B described in the text. '
Gecemetric-mean Area Heat discharge -
Range in heat flow heat flow N
(HFy) (uru) @ @) (x10° sl

B 2-10 L 1% 11.2 0.50

Iy 10-50 ) 2 s.7 1.3

so-100 n 2.7’ 1.9

. »100 1o .88 B
Totals . 20.3 . SN i

°
-/’.
\‘.. B
.\ -
7
. * p
. /
L
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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

{3 most of the steam produced by boiling in the conduit system as the thermal
i water riées to the surface condenses befofe discharging to the atmosphere.
(} The heat released by4condensation probably is discharged by éqnductioh
[} through near-surface deposits or by augmented springflow.

l ,

Data are not available from which to base an estimate of heat

discharge as vapor. Some heat doubtless does escape as steam from the.

3

few boiling pools or as heated air or steam from vents or cracks, but

]

—
[ p—

it is believed that this discharge amounts to less than 20 percent of

that by spfingflow--perhaps»about 0.2 x 10% cal s-l.

3

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 lO6 cal s-l)

L Method A  Method B
- Conduction through near-surface materials 5.7 | 4.y
i Convection by springflow L2 1.2
Convectioﬁ by steam or heated air , .é .2
Total j 7.1 5.8

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

—J 3

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

=3

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

effects of the upflow of thermal water.

=3

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

isotherm at 30 m depth is 3.4 x 1078 ca1 em™2 571, Thus, the "normal"

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

(see table 13) is:
10

- 1
6 2 l)

(20.% x 10 cm2) (3.4 x 10 " cal em s )= 0.70 x 10°% ca1 s™H

Y
J
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- conductive heat discharge, 0.70 x lO6 cal s~

_almost all the outflow, is estimated to be about 1.7 x 10° m

The estimate of net heaf discharge by method A is therefore equal to °

the total heat discharge, 7.1 x 106 cal s-l, minus the "normal"

1 1

, or 6.4 x 10° ca1 s7L.

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

2%x10°°% cal cu? s7t. The "normal" heat discharge is then

1

10 2y = 0.41 x 10° cal s7T.

6 2 -l)

(2x 10 cal em s ~)(20.3 x 10
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

- -1
heat discharge, 0.4l x lO6 cal s l, or 5.4 x 106 cal s ~.

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

Water-budget method.--Qutflow items in the water-budget method are

ground-water evapotranspiration and lateral ground-water outflow from

the thermal area. Ground-water evapotranspiration, which constitutes

3 =1
yr .

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 averége transmissivity of 30 m2 day'l; is less than 0.1 x 106

m3 yf-l. Thus, the total oufflowvis estimated to be the sum of ground-water

evapotranspirafion and lateral ground-water outflow, or 1.8 x lO6 m3 yr'l.

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

E/ Average
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. ] Area " Annual eVapotrénspiration
Type of'vegetation ' ~ Depth - Volume
(x 10° n° (cm) (x 10° n°
Lush grass and tules;
includes afeas.of
spring-supported
vegetation and warm
ground. 850 100 850
Saltgrassl 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 51 Y 1,700



Inflow iteps in the water budget are recharge from local precipitation
and runoff, imported'water, and upflow of thermal water from deep sources. ;o
- Recharge from local precipitation and runoff, computed by methods described -
by Eakin and others (1951)‘aﬁd Sinclair (1963), is about 0.2»x 1064m3 yrfl.
Imported water, which consists of water piped to Gerlach from Granite and
Graden Springs in the Granite Range to the north, is about 0.1 x 10° ° yr';.
Upflow of thermal water is computed by balancing inflow and éutflow in the

hydrologic equation: ' -

(Thermal-water upflow) = (total outflow) -~ (recharge + imported water)

(1.8 x 10° 0> yr~') - (0.2 + 0.1) x 1° n° yr~! _

1.5 x lO6 m3 yr‘l ‘ -

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

the heat-budget method as follows. Temperature of the thermal water o
leaving the deep sources is assumed to be 171°C, the average of the‘ —> 5
temperatures indicated by the silica-quartiz geothermométer (167°C) and 1
the sodium;potassium geothermometer (175°C) (Mariner and others, 1974,
table 3). Average surface temperature is assumed to b; 11°C, so. the net
heat content of the thermal water is (171° - 11°c)(1.0 cal g'l °C'1) = -
160 cal g'l. Net discharge from the thermal area is 6.4 x 10° cal ™t

on the basis of the estimate by method A and 5.4 x 10° ca1 s~} by.method B.
Thus, the discharge of thermal water computed by method A is:

6 -1
. ls : - X
6410 ca . = 4.0 X lO4 g s‘l, or 1.3 x 105 m3 yr l, i

1.6 x 102 cal g~ T "

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

6 -1 . ' :
5.4 x 10" cal s -
3 v l. -/

= 3.4 x lO4 g s'l, or l.l»x_lO6 m

1.6 x 102 cal g~
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The estimate of 1.1 x lO6 m® yr-l by method B is believed to be the more
reliable of the two estimates. Both estimates are somewhat less than the
estimate of 1.5 x 106 n3 yr~1 by the waterQbudget method. The reason for

the difference is wmnecertain. 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 ﬁnderlies most; if.not ail, of the thermal area. Thickness of thé
overlying basinfilling deposits of Teftiary (?) and Quaternary agé is not
known; the thickness may exceed 2 km near the center of the basin, buf the
deposits probably are much thinner beneath'the épring area. The nearest'
exposures of Tertiary volcanic rocks are 7.gm from thelspring aréa, and
none of the rocks is known to be less' than 15 m.y. in age. Geochemical .
data indicate a waﬁer;roqk equilibrium temperature of about 170°¢ (table 1,
Mariner and others, 1974). Data from test holes in fine-grained lacustrine

deposits putside the area affected by convective upflow of thermal water

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

147



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, fhe
water pfobably circulates through secondary opeqings, such as open
fractures in the fault zones or in open joints. The nature and e%tentAof
mekthmﬂE%wwhcmmtmiﬁwmdﬁmr%mmMemmﬁmy
from available data. |
The thermal water moves through faults, joints, and other fraétures;
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 watef moves
rapidly enough to maintain a temperature close to that of its deep source
until it begins to boil at a hyd:ostatic depth of approximately 55-60 m
beneath the main outlets of Great Boiling Springs. Upward movement is
slower through the fault zones nérthwest and southeas; of Gféat Beiling
Springs, and boiling may not occur in these conduits. The discharge-
‘cpnduit system appears to be of the leaky type. Thermal water probably
leaks laterally from the upper parts of all the con&uits 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 water 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 conductiocn
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 ié in northwestern,Ruby'Vélley
and in south-central Elko County (fig. 5). The springs are in sec. 11,
T. 31 N., R. 59 E., at an altitude of about 1,845 m. Elko, the prinﬁipal

center of‘population and trading in the region, is 97 km by road to the

northwest. The thermal areas has not been classified as a KGRA, but

is within lands classified as valuable prospectively for geothermal resources.

Test Drilling

The U. S. Geological Survéy‘drilled or bored 11 test holes at
Su;phur Hot Springs-as part of this Study. Additional éhallow holes were
augered at three of the sites to determine ‘depth to the wager table and

- vertical potential gradient. Six of the test holes were bored with

' Hhollowstem auger during the spring of 1973; five holes were drilled by
the hydraulic-rotary method duriné the fall of the same year. All but
two'of the holes ha?e_screen or perforated pipe at the bottom and are
 therefore used for water-level méasurements as well as for témperature
measurements. Test holes AH-6 and'DH-l} are capped at the bottom and
filled with water for temperature measﬁrements.Data for the test hgles

are presented in table 16.
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Table 15 .--Data for U. S. Geological Survey test holes in
Sulphur Hot Springs thermal area

Type of completion:: Casing type is indicated by "St" (steel) or "P" (I;VC).

Wells capped at bottom and filled with water are indicated by "C". Wells 7,
) -
with well-point screens at bottom are indicated by "Se". -Plastic well -
casing (PVC) that is slotted or perforated at the bottom are indicated by "S1". -
» : ' 8
Depth to water table: Source of data; "G" indicates geophysical logs and vl
"M" indicates measured. - : -
Ceophysical loglavnlébléz Gamma {"G"), gamma-gamma ("02"), neutron ("N"), . i
and temperature ("T"), L . ' -
N Statiec confined ¢‘
Casing Depth to water table water level
Cepth Land- Metres Metres
Well (Metres Inside Type of surface below Sourcs below . Geophysical .
¢ susker Location below land diameter completion  altitude land of Date land Date 10;5‘ Rerarzs
: : . surface) fem) {m) surface  data surface availanle
L BRAE N/S-ilecc 1558 5.1 ?, 1865 82 0 ° 10Sck 1017 131018 o,c:,u,r dear gravel pit
| sma et W98 52 ? 0 1852.9 L3 0 DSU L6 MO GELET  Inmids femce, 20
19-28 Zeet” 9.1 3B51 SUR % 125 38 0 . oSk LIS 731018 00 ,NT  Swesite s 2
avdl . - . - .91 731018 G,6°,N,T On Nameo: -
28-3A 1andl  35.86 5.1 P, S 1838.3 . v {0_97 73 05 03 ' . “’/
1538 M2 1.5 5.1 P8 18383 - e N . S ELE Same site as & ..
-4 dd  38.8 $1 ? % 1833.7 - - - ) g.a‘;z B GOLET W S el of tru
. . : . PP 2 . B
=5 Ude  38.80 3.8 st, & B0 M2 M BLOA %'112 Bl B 6,c%,0,1 ®r. ¥ edge et wrasl
ey Wads  W.TS s1 - P e 18584 - - R 0,52 sty sa
. : ) ~ 2, e
=|-7 acd 6.8 5.2 Ar. 2 1833.4 - - - .89 73 29\}? 6,0,5,7 wwﬂ?(t:r G;u::::
561 12enal  WS.h2 . M8 st, % 1821.0 - - . 0.8 105 . 0,054  Sof fenze, 37z -
as-s8 12c%a2 .08 5. ?a 16827.0 - s - L T3ROS . Sape site 29 82
18-9 24 .35 5.1 T VX 23 @ PBnos 302 13102 00,3  3of fencs line, >
10 lsed  L3.89 1. P& 180.0 B3 B BNG  ky MW o,ﬁ,x . Hef tral jet, 3=
: - - - Lottt e
BE-1 3dda 12.80 5.3 L A 1869.0 (seo re- L LER R %0,% -P:ui:;.:.lﬂt:‘
- . parks) . RN . table at 7.5 o.
g ' ' " :
z . .
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Geology

The rocks in the»viéinity‘of'Sulphur Hot Springs include unconsélidated
rocks of pre-Tertiary age, several kinds of unconsolidated deposits of

late Tertiary apd Qdaternary agé, and sinter. The surface distribution of

the various kinds of rocks and deposits is shown on figure 25.

Consolidated rocks are exposed in the Ruby Mountains about 1 km west
of Sulphur HotASprings. Accprding to Hope (1970), the rocks as far west ,
of the~springs as the top of the mountain ridge are entirely metamorphosed
limestone of Paleozoic age. However, granitic boulders on the alluvial fan
of Lutts Creek, just north of the hot spfings, indicate nearby exposures
of this type of rock. Much of the coarse sand and gravel in tﬁe alluviala-
fan énd lake depoéits near'the springs contains feldspars and‘micas, which
suggests possible derivatiop of thesé deposits from a granitic terrane.

The'unconsolidatEd deposits include pedimenﬁ deposits, slope wash,
and colluvium, alluvial-fan deposits, and lake deposits.

The pediment.déposits are chiefly coarse sand and gravel which form
a veneer on a pediment between the principal Basin and Range fault aléng
.the east margin of the Ruby Mountains aﬁd the steep fault-line escarpment

west of the fault. :
The slope wash and colluvium lie to the east of the principal fault.

These deposits consistlof a poorly sorted; crudely'stratified ﬁixture of
gravel, sand, and silt, deposited on a gently sloping alluvial apron
above the highestlshoréline ofDaAPleistocene lake (above an altitude of
about 1,850 m above mean sea level).

The aiiuvial-fan deposits underlie the alluvial fan of Lutis Creek,
about 0.5 to 2.5 km north of Sulphur Hot Sprihgs. These deposits are
typically coarse grained and include boulders as much as 1 m in diameter,
buﬁ they.are-poorly sorted and include so much silt and clay tﬁat éheir :

1 4

permeability is generally low. The lake deposits lie below the highest
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Figure 25.--Geologic map of Sulphur Hot Springs thermal area showing
location of test holes.
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EXPLANATION

Qsl |9sd
Sinter_

Chiefly white to light-gray opaline sinter at Sulphur
Hot Springs and at sites of former hot springs to the
southwest |
Qsl, consolidated phase covered by sod in northwest
part of present spring mound.

Qs2, consolidated and fragments of gravel and sand

' size. On present spring mound, forms irregular
terraces decreasing in altitude to the southeast

Qlc jQlg
Lake deposits

Deposited in a shallow lake occupying valley floor
and lower slopes of alluvial apron at base of Ruby
Mountains.

Qle, clay, silt, sand; poorly sorted; mostly soft
and wet because of shallow water table

Qlg, Gravel and sand, well sorted; forms bar 3-15 m
higher than adjacent valley floor and oriented
generally perpendicular to mountain front

Qf
Alluvial fan deposits

Gravel, sand and boulders; some silt and clay; poorly
sorted, chiefly unconsolidated. Surface slope
decreases from about 0.08 at apex of fan to about
0.04 at distal margin

QTc
Slope wash and colluvium

Gravel, sand and silt; poorly sorted; deposited on a
gently sloping alluvial apron above level of a
Pleistocene lake

[aze |
Pediment deposits

Sand and gravel veneering a pediment underlain by
limestone

o€
Consolidated rocks, undifferentiated

Probably chiefly metamorphosed limestone within area
showm on map; granitic intrusive rocks probably-present
outside mapped area

Contact
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of several shorelines of lakes which occupied Ruby Valley dﬁring pluvi;l
stages in thg late Pleistocene. The deposité are classified on figure 25
in two major facies: (l) fine-grained lake-bottom deposits, chiefly clay,
silt, and fine sand; and (2).coarse sand and fine gravel, which form a
near-shore bar 3-15 m above the surface of the lake-bottom deposits.

The sinter consists of white to light gray earthy amorphous silica
(probably‘opal) deposited Ey both present and aﬁcestral hot springs. . The
sinter at éulphur Hot Springs forms a conspicuous mound about 450 m in
diameter and 2-10 m above the adjacent alluvial apron. The northwest part -

of the mound is covered by sod génerally less than 1 m thick and is identified ’

separafely on figure 25,

A major Basin and Range normal fault forms the contact of the .
unconsolidated rocks and unconsolidated deposits at the mountain front
(fig. 25). Another fault was mapped in the unconsolidated deposits,
parallel to the major fault and about half the distance between Sulphur .
Hot Springs and the major'fault. The tracé of the second fault is ~*) h
concealed by the iake gravel bar on thg south and the alluvial-fan
deposits of Lutts Creek on the north. - Other linear features are apparent
on aerial photographs and are shown on’figure 25. Ihése features may be
minor faults. -

HYdrology oo

Most of the ground water and streamflow in the Sulphur Hot Springs
aréa originates as snowmelt in the Ruby Mountains. The snowmelt runs
off chiefly in the spring and early summef and is used for irrigation.-
The area north aﬁd northeast of the hot springs (fig. 25) receives
irrigation water from Lutts Creek, some of which percolates downward to
the water table. The dépﬁh of circulation of the locally derived water -
is not known but probably does not exceed a few hundred metres. The

deep-circulating thermal water is almost certainly derived.from recharge
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in the Ruby Mountains to the‘west, but the exact lqcétion and extent of
the recharge areé or areas are not known.,

}Ground water occupieé intergranular pore spaces of .the dnconsolidated
deposits and fractures and solution'openings of the limestone bedrock and
the sinter. Throughout most of the lowlands the wéter tabie is within a

few metres of the land surface. Depths to the water table increase west-

ward, toward the mountains. The ground water is generally unconfined but

is confined locally by poorly permeable lenses of lacustrine clay and silt.
Ground-water movement in the vicinity of the hot springs is generally

southeastward, as shown in figurebzs. Movement is from the alluvial apron,

where streamflow and irrigation water percolate downward to the water table,
towa;d‘the discharge area on the Qalley floor. Most of the discharge area
that receives flow from the thermal area is.southeast of the area shown in
figure 26. Hoviever, watgr is also discharged by evapotranspiration on the

spring mound and surrounding area, as shown in figure 27.

A mound of hot water underlies the spring mound of Sulphur Hot'
Springs (fig. 26). A part of the mounding'is a result.of the thermo-
artesiaﬁ effect (low~-density hot water "floating" in the surrounding coolef
denser water), bu£ an unknown proportion of the mdunding probably results
;lso from true artesian conditions. Because many of the spring pools
overflow, the potentiometric surface of the ground-water body that supplies

the springflow is higher than the pools.

The Hot Springs
Sulphur'Hot'Springs,probabiy named for their odor of hydrogen
sulfide, flow from a sinter mound above a Southeastward sloping alluvial

apron which separates the valley floor to the east from the'mOUntains to

the west. The mound is roughly circuiar and has a diameter:of about

450 m (fig. 26). It rises 2-10 m above the surrounding alluvial apron.
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EXPLANATION

[ 1

Unconsolidated valley fili

1

Consolidated rocks
Vijo

~ Fault

U, upthrown side

[). downthrown side

....--n-o.. s aeeme 4,
v
o

/w——“

Water-level contours
Altitude in metres above a datum 1,800 m above mean sea
level. Solid lines indicate 10-m-interval countours;

dotted lines, 2-m-interval contours. Contours dashed
where location is uncertain.

o N7
Test hole and altitude of water table

Altitude in inetres above a datum 1,800 m above mean sea
level.

» 0§
Spring and altitude

Altitude in metres above a datum 1,800 m above mean sea
level. .

A 289

Stream site and altitude of water table

Altitude in metres above a datum 1,800 m above mean sea
level.

‘Figure 26.--Map of Sulphur Hot Springs thermal area showing configuration of water table,April 1973.
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RSqe EXPLANATION

Mostly big sage (0.5-0.8 w high) and xerophytic
grass. DTW variable, but probably >3 m,

Crested—wheat grass planted where "A" above has -
been removed. Some big sage remains.

Wet meadow. DTW is less than about 1 m. Dries
out enough to support vehicles in summer.
Irrigated. :

Very wet meadow. DTW is at LSD. Standing water
over much of area. Recelves some irrigation water
in some areas. Dries some during summer.

Saltgrass and associated vegetation with salt
accumulation on land surface. Ground damp. DTW
‘probably 0.6 to 1 m. Most places the density of
grass is low (10%). Very wet with dense vegetation
on west and north flank of main spring pool.

Rabbitbrush and some saltgrass (and other varieties
of grass). Some big sage. DIW is probably 0.6-~1.8 m.

Mostly rabbitbrush and xerophytic(?) grass. DITW
probably 0.6-1.5 m.

- Crested-wheat grass planted where "G" above has \
been removed. Some rabbitbrush remains. Minor

amount of greasewood present, locally. DIW probably

1-5 m.-

Field of alfalfa and grass, mixed, Irrigated.

Big sage and rabbitbrush. Probably representative
of nearby -areas before clearing. DIW probably
1.5-3 m.

Large cottonwood trees. Beneath trees, ground
covered with meadowgrass. DIW probably 1.0-2.0 m.

ROy

‘E —_—— Road or trail R Willows along creek and in marsh areas. DTW is
— e ——— (batraot . leas than 0.6 m. Height ranges from 2-5 m mostly.
i iz ’ 7 Low brush, unidentified, growing in wet area.
|3 Height ranges between 0.3-0.5 m. .Probably
phreatophytic. : .
° 1000 - ’ 2000
L . | neTRES (Q Main pool of Sulfur Hot Sprinmg.

Figure 27.--Map of Sulphur Hot Springs thermal area showing distribution of vegetation types.



about 1,200 m2; the overflow rate is estimated to have been about 3.8 1s”

" main pool, is estimated to have been' 8.2 1 s'lin April 1973. The smaller

The southeast side of the mound is terraced, but the remainder is a ) “}f
smooth low dome. | |

The sinter extends to unknown depths within the valle&-fill deposits.
Thickness of the undeflying and surrounding valley-fill deposits also is
unknown. The geologic setting suggests, however, that thé fill is much
thinner beneath the springs than it is farther east, toward the axis of
the valley.

A total of 101 spring pools was inventoried in this study. The
spring data are presented in table 17. Maps showing configuration of
the water table, distribution of spring-pool overflow, disbharge temperatures
at spfing orifices,Aand specific conductance of spring-water samples are :
given on-figures 28 a-d. Many other pcols and orifices were not included
in the inventory because of their small size.

Thirty-two pools overfiow. Maximun flow is from the so-called ' :) .
"main pool;" the largest of the pocls. This pool'has a surface area of
1 -
in April 1973. The combined surface area of all the:rémaining pools is

about half that of the main pool. Flow from all pools, including the

overflowing pools surround the main pool, except to the east, where they :
are generally absent, as shown in figure 28b.

Altitudes of the pool surfaces are shown on fiqure 28a.. Although the
main pool is near.the.center of the mound, water levels are higher in 11
smaller pools té the north and south. The highest pool was 3.04 m higher

than the lowest pool in April 1973. -
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Figure 28a.--Maps of Sulphur Hot Springs mound showing configuration of water table.
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overflow.
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Figure?Bc.-—-Maps of Sulphur Hot Springs mound showing discharge temperatures at spring orifices.
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The temperatures in the pool orifices ranged from 28° to 96° (super-
heated) in April 1973 (fig. 28c.). The hottest pools are in an east-west

basin array north of the main pool and in a second group east of the main

pool. No relations are-appareht,between.temperature and altitude, discharge

(overflow), or specific conductance of the pools (fig. 28d). Data for Sulphur

Hot Springs are listed in table 17.

i

Chemical Character of Springflow
Water from one of the hottest overflowing pools at Sulphur Hot
Springs'was analyzed by Mariner and others (l?74). The silica-quartz
geothermpmeterv(Fournier, White and Truesdell,11974) indicates a reservoir
tegperature of 183°-190°C, one of the highest of all the hot springs
saﬁpled in northern and central Nevada (table 1; fig; 2). The abundance

of sinter corraborates the high'indicated temperature.

Subsurface Temperature Distribution
The distribution of tempefature at a depth of 30 m below the land

surface is shown on figure 29. The temperature pattern in the central,

northern, eastern, and southern parts of the thermal area may be inferred
with reasonable confidence on the Basis 6f the test-hole data. Héwever,
no data are available for the westérn‘part of the area. Abnormally high
ﬁemperéture and thermal gradient at shallow depth in test hole DH-1l1
suggest tha; the major fault 175 m to the west is ; secondary source of
heat, but the extent of fhe-high temperatures associated with the source
is unknown. Additional test holes would be required to delineate the
thermal area associated with the fault.

| The thermal area surrounding the.springs';s crﬁ@ely circular, but.the
hottest part, at the hot springs, is somewhat northeast of the center of

the cooler isotherms. Comparison of the water-table contours (fig. 26)
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Table 17.--Data for .Sulphur Hot Springs, 13973

&M!m remarkss

. 1. Numbered counterclockwise starting at ditch outlet 6. Approximate;. first number is length;
from Si side of main pool . second 1is width ;| to length N
;: :::::::‘:::: 'af. bebowl i.m:-nhoal. n=neck : ;
L « Approximate
4. Above an altitude of 1,800 m (73 07 18)
5. Above (+) or below (-) main pool water 9 “ll-?:;:;iloig;;;lly at deepeat polnt
. level or 1844.46 (73 07 08) 10. Estizated (April 1973)
' _ . 11. Sampled 73 07 19 .
T ~7 3 3 S 5" T ] T il 139 : vy
Elevation i
. of pool Spea
Distance ) in . . cifa
Direction from near Altitude veférence Maximua Tem. ic
to edge of of water to main Pool . depth pere . Orifice cone
Orifice center of main pool surfaca pool dimensions -Pool of pool aturs discharge ducte
mober main pool (=etres) (natrss) (metres) (metres) shape (metres) (°C) 1 sl ance Remarks |
Main pool - - 43.99 - 55235  s,n — 38 3.3 647
"1 [12 .29 4.8 w008 T.6x4.8 b 2.1 60  0.1-0.2 636 . .
2 N8IE 64.2 - 43,54 - A4S 6.1 x3.0 b,s 1.5 23 & +1 700 ’
: "3 - NS3E 73.0 42063 2137 7.6x30 b 1.8 [ +25=3 612  Undercut .3-9 = on
» . ) . oost sides.
8 NS2E 3.7 M2 +.@ 27x12 b . 87 <.l 625 * Discharge flows into
. ] zain pool, ’
s M4E 229 MU +.05 535x.9 s 5 & 0 629 Soall orifice .9 3 amay,
. «15 & ft deep; dise
charge is <l .1 I/s
flowing when sampled.
.6 NalE 62 .01 -9 2.7x18 & LA Ta <.l 614 Distance 22.0 »
?  N27E 2.9 4.0 +.07 3.0x21 b K 7} i 625 Channel to E.
. . . ) - M Distance 11.9,
8. NGE 218 43.64 - o35 2.7x2.4 Db,z 1.2 10 ol 614 Water channels on all
. sides. Distance 8.7 =
18,3 m. Steel pipe,
5.1 cm diameter in
ri . .
e. fice .\)
9 Mlow 1.9 “.04 +0.15 2.1 x 2.1 b 4. & <.1 .
10 N1SW 59.8 43.29 =70 2.1x1.8 b,s ) 70 ol 609
1 Nlw 59.3 43.2% =75 2.7 x .9 b,s . 3 39 0 632 Altitude is suqﬁuy
A : . higher than no. 10.
‘ Distance 7.3 n.
Roll of wire near.
. 12 NOE 413°. 4340 «S8 Sx .5 b.a s ] <1 S50 Distance 12.8- 18.3 a. Not
. * - e flowing when sampled.
] 4.7 43.53 43 " l2x .9 b .2 %8 621 Distance 13.14= .22
b 2o 8.7 43.58 avid 1.8 x 1:5 -] 9 58 Q 621 Sixeinch vertical wall
. . above ntc.: surface. -
z 15 45.9 42.89 «l.12 4.8 x 3.7 b8 1.7 a1 ] 607 .6 o vertical wall
’ o . ’ : above watexr suzface.
8 35w 4.9 42.87 caldd2 1.8 x 1.5 - 3 k-1 o 621 Distance 14.iS5« 4.88 o
. : i
17 nioN 508 42.87 «l.13 9 x b b,s 1.1, 80 0 600 Distanca 17.16= 2.44 m
‘ 18 04y - 55.0 2.7 «1.23 S x 3 ol &7 - 0 614 Distance 18.17= 3.96 a
19 REIW 43.9 43.19 «.80 21 x..21 b 33 .88 ] 659 Receiving flow when
: : sampled.
20 N7IW * 503 43.28 -4 T2 3 ] 2 58 0 657 Distance 20.19=~ 8.3 m
- B . ’ °  when sazpled.
2 NSow 273 43.90 «0.10 3.0x 2.4 b 12 s &.1 632
2 H7iN ‘13.8 43.88 eed2 12 x 1.2 b,s S 54 0 s
. ;
.‘_'—-/
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Table 7.-~Contlinued ' ) .
1 < . 5 ] ] 3] L 5 3 - 10 11 12
Elevation
of pool Spea
' Distance in - cifa
Direction from near Altitude refercnce - Maximum Tem- ’ ie
to edge of of water to main Pool depth per=- Qrifice con-
Orifize center of main pool surface paol dimersions Pool of pool ature discharge ducte
nuber maln pool (zetres) (metres) (metres) (metres)® shape (zetres) (°C) (1s~1) ance Remarks
23 s82u 22.9 43.48 " a52  6x .6 b,s B ¥ S6 o} 590 Steel pipe in orifice
2 " s64u 2.8 43.97 @ 12x .9 b,s 5 86 o 632
25 SsSW 6.4 43R .08 O6x.5 N . % 0 586 Boiling hard. Distance
. 5«24 = 4.6 g. '
2 sse% 0.3  43.3 <26 10.7x2.4 bs .5 e~ . o g -0 7iaseparstes
. . main pool from o 26
27 S65% 2l.1. 43.47 =53 1.5x 1.5 b,s 2.4 95 .6 1.3 598 Distance between
A . 27 and 26= 10.1 = N
' . Lumber in orifice.
28 S62W 36.7 43.53 =45 S x .3 ¥ 2 80 o 580 Distance 28227 = 17.4 o
, sa6u 50.5 43.05 -55 1.8 x 1.2 b,s .6 69 2.1 610
3 833K 82.6 42.19 -1.80 16.7x6.1- b 1.5 47 See remarks 656 Receives inflow of
T .32 1Y/s (T32°)
Qutflow is 1.58 1/s
4 Pool used for
swimning.
31 S5 89.9 . 42.15 «1.85 3.0x15 b .9 68 See remarks 636 Receives inflow o.f
. ) . - ‘ . .32 I/s (T=35°).
' . Outflow is .63 1/s
' . Inflow is from no.
30. Distance
o : between 31 and 30 =
) ‘ 2.8 o
32 S48W 51,7 42.18 1.8 1.2x 1.2 b3 S sl .1 ST7 Distance between 32
. . . . and 31 = 3.7 a.
. . ’ Not flowing when .
i ) sampled.
sa™ 90.8 42.20 . -1.20 3x.2 b 2 T ] 568 Distance between 33
. - . and 32 » 1.8 m.
34 . sasw $8.17 42.19 -1.90 1.2x.9 b 1.5 64 - <l 632 9.2 m N of no. 32,
. Undercut.
s S3M 5.2 42.76 =l.23 3.7x 3.0 Db,s 2.1 &5 ol 629 2.8 m N of ditch
. * . running to no. 30.
Teaperature in
eabayment « 71°C.
Two small orifices
. ‘ 2.44 0S5 and 2.74
3 s324 71.56 42,81 119, 9x.9 b, 2.4 g 0 600 1.8aN of ditch.
n sam™ 71.58 - 42.89 «l.10 A8 x 46 D 1.5 59 L] 618 4.5 m N of ditch.
. ) ) ) Watsr turbid.
R as S2ow 7.6 42.92 -1.08 1.2x .6 b3 1.5 45 [+] 728 v 4.6 a N of ditch.
- . . Water turbid.
39 SBN T 6.4 44.36 +.37 4.5x 2.4 D8 1.2 a2 2. 638 At mepsuring point of
. . ’ . « I, .9 a deep.
Distance between
39 and 26» 6.4 o.
40 284 30.28 43.88 ..l 3.7x27 b 1.8 39 <. 582
41 . S&w 29.36 . 43.78 -2l - 8x.9 Db 1.5 3 0 560
42 s23w 275 43,79 ° - 46 x 48 D 3 6 0 S50  Distance betwsen 42
. : and 41 » 1.8 m,
43 SN 29.36  43.80 «20 - - - - . 0 550
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Table P{y~Lontinued

T r4 > ~Z S "5 7 g k] R 193 T2 -
Elevatian . 2
of pool Spea
Distancs in . . cif-
Direction frca near Altitude reference Maximum Tema : ic .
to edge of of water to nain Pool depth per= Orifice CON-~
Orifice center of main pool suiface pool dimensions Pool of pool aturs discharge duct-
number  main pool  (metres) (metres) (metres) . (metres) shape (metres) (°C) Q1 s=1) ance Remarks
L) §33% 44,95 43.25 «0.73 9x .8 bs 0.9 52 Q 636 Distance 44-40s20 18.3 n
* ’ distance 44.29#20.2 a.
45 S3™ $0.46 43.30 .70 A5 x .18 n 9 89 0 574
46 Sasn 52,29 43.28 -7l L9 x .09 n .3 2. 0 561 Slightly larger diameter
. . neck, 2m S, 1.22 »
deep, No. 4% iz
. 2.8 m SW.
47 - S45W §2.39 42.75 -l.24 27 x 27 o 1.2 k(] 0 512 In grass, S of No. —
43 Sacw 6147 8233 1.6 S2.21 b, 2 7% 0 598  S.5 o W of no. 47
49 s4on 61.47 42,95. «1.04 926 "h -] n 0 517 11.0 @ W of no. 48
and 9.2 m N of no. 45.
50 © 835w 66.97 42.84 1,16 b x S5 b8 1.8 63 ] 467 R m S of diteh %o
p ) : no. 30.
51 SN 65.14 42.93 «1.07 46 x J b,s 6 n o 4358 1.8 m S of ditch. Not
. . T flowing when sampled.
32 sS23% 47.71 43.57 - 42 9 x .8 b,s,n 2.4 al o1 602
53 S18% &.9 43.45 - 45 4 x 3 b,n 1.8 33 4] 673 4.6 m ¥ of 52; south
. end of line.of 3.
54 -S18W - 47.71 43.57 - 42 24 % .18 n 1.5 78 Q 590 4.5 m ¥V of no. 52 and
1.8 a S of no. 53.
53 ‘ Sisw 50.48 43.57 - 42 . 9 x 8 n 2.4 k- [+] 593 North end of line of
. : 3 (nos. $3-55).
56 s1en 60.55  43.37 . &3 27x .27 n - .2 57 ] 575 10.1 o N of no. 55. RN
Rlowing when sacpled. —)
57 ss5m 155.96 4132 . .2.67 7.3x4.9 bs 1.8 S5 See remarks 648 NE of no. 30. Teme . '
. . ’ perature rot at
* maxious depth.
. Inflow to orifice =
. .95 1/s (37°). Outa
. tlow « 1.25.1/s.
58 S404 155.98 . 41.86 -2.14 4.8 x2.4 8 - 87 ‘4.3 600 4.8 a'S of fance
59 sioW 1.1 43.60 39 26 x .24 8.0 8 [} (] 583 y
80 S19w 81.47 3 43.35 . -85 Sx 8 b,8,n 1.8 a9 00 629 5.5 m S of diteh to
. . no. 30. )
81 Sl 60,35 43,28 w3 24215 ban 1.2 70 3 600 5.5 a¥Wof no, 60,
: Lumber (4"x8%)in
orifice.
(-3 s 37.80- 43.44 =35 21 x 1.8 bd,;sn 1.5 T4 4] 609 9.2‘.': W of no. &1
L) 28 £3.21 4333 = 27Tx.21 s, 3 69 O S59 2.0 of ditch to
' ng. 30. 4.6 a to
NaS ditch alinesent.
o4 Sl 50.46 43.57 ».42 1.2x .9 b8 ] [ ] 0 - 568 3.7 =mWof no. 59
) siov 4954 4350 - w40 Jd2x 02 n 9 = 0 61 .SoWofn. 64
[ ] Siow 48.79 43.51 -d9 46 x .3 n 1.3 - 43 -] 618 3.7m S of no. 63
&7 S1E 44,04 43.77 3 A3 x 43 D ] 0 0 S84 5.5 m ¥ of na. 66
68 S 6.7 43.52 -ed8 76X M43 b 1.5 33 [} S07 8.3 m SWof no. 63 .
. and 9.2 3 SE of
no. 67, Saall
orifice (.15 a x .05 a)
\ 2.8 o SE, slightly :
wara. Scall orifice
. (.08 2 x .08 a)
: 6.4 » SSE.
&
‘ .
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b3 < 4 5. o 7 g k4 10 RS 1
Elsvation -
of pool Spe-
: Distance in cif. -
Direction froo near Altitude zeference H Maxioum  Tem . le
- to edge of of water to main Pool depth per Orifice Qon=
Orifice center of main pool surface pool ~ dimensions Pool of pool ature dischargs ducte
nuzber ain pool (meires) (metres) (metres) - (metrss) shaps (metres) (°C) (1s=}) ance Remarks

69 SiE 33.03 44.§ +0.25 1.2x.9 b * .9 64 o+ 829 )

70 s 2,69 4.0 ¢ .04 9%x.9 n 15 56 0+ 648 5.5 o SSE of no. 69.
Not flowing when
sazpled.

n S2E ‘17.43 431 e 32, 2.1x1.2 b 1.2 61 1 ' 632 8.3a350fne.70

T2 . SE 9.17 44,30 + 31 3.7x3.0 b 1.5 7 2w 3 625 11.0 o SW of no, 71,

. . Discharge flows into
main pool. Small
D orifice 1.8 o N«
] S38E 24.77 44,18 + .16 7 4;0 x 3.0 b= 9 66 .2 = 3 621
. . :
74 S4TE 2,94 43.88 - W11 l.2x6 b,n 9 90 [} 600 Distance between no. 73
' , : and 74 » 2.8 m.
Complex of 5 orifices
over a distance of
_ ) ‘3.7 m.
™ sasE 2.2 43.88 a2 - - - - 0. 596 Cooplex of about 25
) szall orifices withm
in a circle having
e as : - . 8 diameter of 7.3 a.
R All are small.
7 NSSE . 87.16 4330 . .70 15x 9 s8b 913 60 .1« .3 723 Turbid and swampy
- e
1 \‘.-.
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' Figure 29.--Map of Sulphur Hot Springs thermal area showing
30 m, fall 1973.

6

kY 3 — g o—
T
N

e
it
"

o
//
U
-

[ R———
= 4
Vo]

EXPLANATION

Unconsolidated valley £111

/11

Consolidated rocks
v /o
Fault

U, upthrown side

D' downthrown aide

. «

cauts Saee A0R  dunqe
aoet

-

— 4

Water-level contours

o,-—---—-—-

" Show altitude in metres above a datum 1,800 m

above mean oea level. Solid lines indicate
10-m-interval contoure; dotted linas,
2-w-interval contoura. Dashed where uncertain.

e 377
Teat hole. Number is altitude of water table,

in metres above a datum 1,800 m above mean
sea level.

o /05

Spring. Number is altitude, in metres above a datum
1,800 o above mean sea level.

A 289

Stream site. MNumber is altitude of water table,

in wetres above a datum 1,800 @ above mean
eea level.

temperature at a depth of




L

)

A

)

.

e
i,

)

o

,J.

1
——

ey, T

G

end

e S s N S R

3

and the isotherms (fig.29) does not indicate rapid transport of
heat by lateral flow of ground water in very shallow aquifers like that
in the Soda Lakes-Upsal Hogback area in the Carson Desert . The

southerly extension of above-normal temperatures may be related to the

occurrence of earlier hydrothermal activity south of the present hot springs,

as reflected by sinter deposits just west of test hole AH-1 (fig.25).

Another possible explanation of the wide spacing of the isotherms south

-of the hot springs is that thermal water rises into and flows lateraily

in aquifers at depths greater than 30 m in that part of the area.

Heat Discharge

——— "

Moét of the heat.disﬁharge’from the Sulphur Hot Springs hydrothermal
system is by conduction through near-surface materials and by convection
in springflow and steam discharge.- Boundaries of the thermal area are
drawn so as to miﬁimize‘heat discharge by lateral ground-water outflow.

Heat discharged as evaporation from hot-water surfaces is included in

" that measured as springflow. Radiative heat discharge from warm soil or

A e e v
water surfaces may be significant locally, but the areas of high radiative

discharge are only a small fraction of the entire thermal area. The total

heat discharge by radiation is believed to be small and is not estimated

as a separate item in the heat budget.

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

near-surface materials at Sulphur Hot Springs is estimated by method

A described in the section, "Estimates of heat discharge.”" The total

. conductive heat discharge is estimated to be 1.43 xlOs cal s—l. Derivation

of the estimate is given in table 18.
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Table 18 .-~Estimate of conductive heat discharge from Sulphur Hot Springs hydrothermal gsystem on the
basis of method A described in the text.

Geometric ‘ Thexmal " Heat | Heat
Temperature ~mean : gxadientﬁ/ flo Area discharge
iegge tem?iégture (xl()"3 °c cm'l) (x10'6‘ca1 em™2 s—l) (xlO10 cm2) (x106 cal s'l)
12-20 15,5 25 : 6.5 7.31 0.48
20-30 24.5 5.5 14 | ‘ 3.02 42
30-40 34.6 8.9 23 o6 . 2T
40-60 49.0 Y 36 ~ .29 .10
60-80 69.3 20 | | 52 .16 | .08
> 80 98.0 30 78 .10 < .08
e

Total : 12.0 1.43

" (1) Based on 8.0 °C mean annual temperature at the land surface.

(2) Based on harmonic-mean thermal conductivity of 2.6 x 107> cal cm~! st oc7l.
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An attempt was made to estimate conductive heat discharge by method
B, but data are insufficient to define heat-flow isograms in the western

part of the area, along the major fault 1 km west of the springs. Computed

heat flow at test hole DH-11, about 175 m east of the fault, is 58 HFU,

which is higher thén the heat flow at any éf the other test holes and
prpbably about as high as that on the margins of the spring ﬁound.' A
heat-flow ﬁigh is §éry'likely associated ﬁith the fauit as well as with
the hot.springs,.but the extent and configuration of this second-high
cannot be determined with present data.

- Method B does, however, provide the most reliable data that indicate
the magnitude of the heat fiow near the margin of the thermal area.
Computed heat-flow values at test holes DH-8A and DH-10 are respsszizg;y .
4.8 and 3.9 HFU. Both sites are a short distance within the thermal
area, as defined by the 12°C isotherm on figure 29. Therefore, the so-
called "normal" heat flow on the margin of the thermal area may be about
3 HfU. Using this heaf flow over the thermal area, the "mormal" heat

discharge is estimated to be
10

6 2 -1
s

(12.0 x 10 cmz)(a.o x 10~

- 2
cal'em ]

) = 0.36 x 10° cal s v
- ST T A LI - e

Therefore, the net conductive heat discharge that results from the rising

thermal water is estimated to be total conductive heat discharge minus

"normal" heat discharge for the area,

6 1

(1.43 - 0.36) x 10° cal st = 1.07 x 10° ca1 s71.

HeatAdischarge by springflow.--Convective heat discharge by spring-
-~

flow is estimated to be 0.48 x lO6 cal sfl on the basis of an average

flow of 8.9 1 s-l from the spring orifices (spring-pool overflow plus
evaporation from pool surfaces), an average discharge temperature of 63°C,

and a mean annual air temperature of 8°C.
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Heat discharge by steam.-- As discussed in the sections, " Estimates

of heat discharge" and "Estimates of water discharge," only a part of the

heat loss between the thermal reservoir and the land surface is represented

by steam discharge. The discharge of steam from boiling pools (as equivalent

water) is estimated to be 0.006 x lO6 m3 yr-l, as explained in the sectionm,

"Estimates of water discharge" . The heat discharged by this
steam is computed as the product of the mass flow rate and the enthalpy

of the'steam:

2 l) 12

3.3 x 10%2 cal yrt
6

(6 x 10° g yr 1)(5.43 x 102 cal g~

0.10 % 10° x 10% ca1 g7t

The remainder of the heat loss between the thermal reservoir and
the land surface is believed to be included in that .measured as conduction
and as springflow augmented by the steam condensed in and near the conduit

system.

Net heat dischagge.-—The>net heat discharge from the hydrothermal

system that results from the convective upflow of the thermal water is
computed as the sum of the net conductive heat discharge, the convective

heat discharge by springflow, and the convective heat discharge by steam:

(x 10° ca1 s™1)
Net conductive heat discharge 1.07
Convective heat discharge by springflow .u8
. Convective heat discharge by steam .10
Total (rounded) 1.6
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Water Discharge
G:dqnd water discharges. from the Sulphur Hot Springs thermal area
by springflow, evapotranspiration ffom the spring-mound area, and lateral
subsurface outflow. Total ground-water discharge, which may include
nonthermal és well as thermél water, is estimated by the water~budget
mefhod. 'Thermal-water discharge is estimated by the heat-budget method.

Water-budget method.--Dischafge from the spring mound includes

overflow from the orifice pools, evaporation from the ‘pool surfades,'
evapoctranspiration, aﬁd lateral subsurface flow.
Thirty-two pools overfléw. The estimated totél overflow discharge is
8.2 1s™t (0.26 x 10° w yr_l); About half the total originates from the
main pool. The above conclusions are based on observations made in
April 1973. Slightly different flow rates were observed at other times.
Average annual evaporation from the surface of the orifice pools is
estimated to be between 17,000 and 25,000 m>, or about 20,000 m° of water.

. . ) 2 '
estimate is based on a water-surface area of 1,700 m, an average water

temperature of 40°-45°C, and an average annual evaporation rate of 10-15 m.

Evapotranspiraﬁion of grdund water from the spring mound is by two
processés: (1) evapotrahspiratiqn by phreatophytes rooted in a shallow
water table and (2) plant use of water that reaches the surface by
upward seepage from fhe western and northern flanks of the spring mound.
On these two flanks of the mound, dense low vegetation covers an area of

2

about 8,000 m“. The discharge rate in this area is probably about

-1 ; . 2 ..
120 cm yr l. In the remainder of the area, about 45,000 m, the pr1nc1pal'

phreatophyte is saltgrass, but some rabbitbrush is also present. The
discharge rate is probably about 10 cm.yr'l. Thus, from the entire area

A, 3 .l
of the mound, the evapotranspiration discharge is about 14,000 m™ yr .
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Lateral flow in the subsurface from the hydrothermal system to the
regional ground-waéer system is likely because of the higher fiuid potentials
in the hydrothermal system. The réte of flow probably is small, however,
'owiné to the low permeability of the sinter and cemented deposits surround-
ing the spring conduits. No estimate of the lateral subsurface outflow
is attempted. |

Ground-water discharge from the hydrothermal system in the spriﬂg-

mound area is summarized as follows:

Discharge
(3106 o yr-l)
Spring-pool overflow o 4 | 0.26
Evaporafion from pool surfaces .020
Evapotranspiration - .014
.29

Total (rounded)

-Heat-budget method.--Upflow of thermal water from the deep part of
the hydrotherﬁal system is coﬁputed, using the heat-budget method, as
follows. Temperature of the watér leaving the deep reservoir is assumed
to be 186°C on the basis of the silica-quartz geothérﬁometer (table 1;
Mariner and others, 1974, table 3). Mean annual temperature at theAland
surface is assumed to be 8°C on the basis of data from the Ruby Lake

~ weather station (table 6). Net enthalpy of the water is
(188 - 8) cal g~ = 180 cal g™t
Net heat discharge from the hydrothermal system is estimated to se 1.6 x
10% ca1 s-l, as described in the preceding section. Thermal-water N

discharge is therefore

1 7

-6 m° g™*)(3.16 x 10

1.6 x 10° cal s~
2

-1 -1
(1.018 x 10 s yr )

cal g_l

1.8 x 10
| = 0.29 x 10° m° yrt
at an average discharge temperature of 63°C.
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Comparison of two estimates.--The two estimates of thermal-water

dischafge are in good agreement, which sﬁggests that virtually all the
discharge estimated by the watér—budget method. represents thermal water
having a source température indicated by thé silica—quartz geothermometer.
if any ’admixea waters frém shallower séurces are included in the

discharge, the temperature of the deep source must be higher than the

183°-190°C indicated temperature.

Inferred Nature of Hydrothermal System
The depth, extent, and nature of the thérmal reservoir are unknown.
It seems likely, however, that éarbonate rocks like those exposed in the
Ruby Mbuﬁtains west of Sulphur Hot Springs contain secondary openings formed
or (and) enlarged by solution which provide channelways through which ground
water circulates to depths of several kilometres.
Presence or absence of a local crustal heat source cannot be determined

from presént data. Ambiguous data from phe shallow test holes drilled in

~thisvsfudy indicate gbove-average heat flow (3 HFU) outside the thermal ares,

but deeper drilling is needed to confirm or deny this iInterpretation.

Sources of regharge to the hypothermal system likewise are not known
specifically, but the most likely general srea is the higher part of the
Ruby Mountains, several kilémetres west of the hot springs.

| Distriﬁution'of teﬁperatures at depths less than 50 m suggests that the

thermal water rises néarly vértically in a conduit system under the spring
mound. -

The configuration of the conduit system is not known, but the principal
Basin and Range fault at the east base of the Ruby Mountains probably confains
the principal deep cbnduifs for the rising thermal water. Other faults, toward

the east, msy be branches of the main fault and masy provide avenues for the
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thermal water to rise into the pfesent spring mound; vhich is 1 km east of
the main fault.

The upflow of thermal water may be sufficiently rapid so that the deep
reservoir temperature of 180° - 190°C indicated by the silica- quartz geothermo-
meter (table 1; Mariner and others, 197:) is maintained until the boiling
point is reached at a hydrostatic depth of about 100 ; 110 m beneath the

spring mound.
Little heat may be lost until this point is reached, except by conduction

laterally through the walls of the condult system.

Distribution of shallow teﬁperatures suggests that discharge of water
from the conduit system into near-surféce-aquifersin the Tertiary and Qﬁaternary
sediﬁents is small. Leakage into z§nes deeper than about 50 m is not precluded

by available data, however,'
| LEACH HOT SPRINGS THERMAL AREA

Location
Leach Hot Springs'are in Grass Valley, iﬁ Pershing County, about 45 km
by road south of Winnemucca, Nevada (fig. 5). The springs are at the base
of a low fault escarpment near the east side of the valley, in the SE4.
sec. 36, T. 32 S., R. 38 E., Mount Diablo baseline and meridian. The.
surrounding aréa is used intermittently for cattle grazing, and the spring-
flov is\used for watering stock aﬁd for irrigation at a ranch just west.of

the springs. An area of 3,612 ha surrounding the springs has been classified

as the Leach Hot Springs KGRA.

Test Drilling
Eleven test holes were drilled near Leach Hot Springs as a part of

this study. The holes were drilled by the hydraulic-rotary method and range
in depth from about 17 to about 50 m. The first seven holes were drilled in

the spring of 1973 by the U.S. Bureau of Reclamation, the last four holes,
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Table 19.-.Data for U.S. Geological Survey test holes in

! o ) the Leach Hot Springs thermal area
{7 Well number: Wells 1.7 drilled duriné June 12-19, 1973, using rotary rig
~ and "Revert” mud. Wells 8-1l1 drilled during October 29 - November 2,
‘(7 1973, using rotary rig and "Revert" mud. ‘

r.
-

Type of coﬁpletion: Casing type is indicated by "St" (3.8-cm nominal

inside diameter steel) or "P" (5.l-cm nominal inside diameter PVC,

topped by 2-m length of 5.l-cm steel casing). Wells capped and fiiled.

N with water are indicated by "C". Wells with well-point screens at

I

bottom are indicated by "Sc".

J

Depth to water table: Depth below land-surface datum, obtained from

.

neutron (N) log.

3

Static water level: Depth below land-surface datum.

M - Geophysical log available: Gamma ("G"), gamma-gamma ("Gz"), neutron ("N"),

:esistivity ("R"), and temperature'("T").

. ' Statie confined Approximate
Casing Depth to water table vater level ) depth to
Depth — land-  Teires =TS Tertiary
Well ( metres Inside Type of surface below Source below Geophysical sediment
number location below land diameter completion altitude land of . Date land Date logs mme: ary
~ surface) (em) . (m) surface data surface available (:)s
B oVIR-l  33/3%8-ldbe  US.17 5.1 P, Se | 1,073 126 1 IS 1238 732U G,6L,ET o
-2 32/)3-30ace  50.05 5.1 5e 1,168.5  40.8 ¥ v - - adEmr 8.4 2
i) “RNets U999 5.1 Ly k524 222 ¥ nuy . - eddar 5.
Y Db 32/38-25dde 19.8) 5.1 ne 1L,129.5 236 ¥ BnRu - - odmr 18.6 (1)
U -5  32/39-3cad 27,10 . S.1 P C 1,L81,9 7.1 ¥ nuu - - a,8%,x1,7 7.3
D6 U/%-lase  L5.02 2.8 st, S LU%2 167 x BUL B BRU 6E,NT 9.k
D7 32/38-25ed  50.50 5.1 P S 1,3%6.0 2.4 5 B0 %33 131215 6,657 W2
' 8-8 J5dba . L8 5.1 P, S 1,39.2 3.2 ¥ 771109 2318 731213 G,0LKR,T iy 8
D6-9 -¥dcb  5.02 3.8 st, S L% %.2 ] 7311 a0 70807 g¢?n7 4.0
m-10 -¥ada 1% 3.8 st, ¢ 1,326 . .- - 577 731215 G s
-1 -%ud W8 3.8 s, % L2 9.5 x VUV 232 11215 6,¢,NRT " 30.6 (2)
N \ .
3

4. May not have reached equilibriun watsr level. . W
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Table 20

.==Data for selected water wells near Leach Hot Springsi/

, Land-

. Perforated surface Static water level State

Depth intexval altitude Mety Dat ‘ log -

Location (metres) (metres) (metres) &s € ‘numbex -
31/38-26abb 60 5256 1,472 46 47 Q7 12 ' 309
32/39-32abc 90" 53-.88 1,460 42 58 05 22 4082
32/38-18acc 41 - 40-41 1,378 24 55 Q9 22 270
-33bcc 76 43.76 1,401 b/ 39 731029 8621
-36cba 45 30-45 1,398 b/ 25 7306 14 6424
33/38-32bab 18 17-.18 1,352 61 10 03 269

9

a/ Data from Cohen (1964, table 8) and files of Nevada State Engineer.

b/ Depth below land-surface datum; datum for other water levels unknown.
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-in the fall of 1973 by the U.S. Geological Survey. Because of the substantial

depths to water in parts of the area;.fbur of the holes were furnished with
pipes capped and filled with water rather thah with pipes fitted with well
points. The test-hole data are'given in fable 19.

Data for selected Qatér wells near Leach Hot Springs are presgnted in
table 20. Static water levels were measured in two of these wells

during this study.

Geology
“Rocks exposed near Leach Hot Springs range from consolidated rocks
of Paleozoic age to unconsolidated alluvial and éolluvial deposits of
Holocene age. Areal distribution of units classified in this study is

shown on figure 30. The springs issue from late Pleistocene or Holocene

alluvial deposits, but the thermal water undpubtedly has flowed through
older rocks like those exposed nearby to the east.

The consolidated rocks of pre-Tertiary aée are grouped into one unit
on figure 30. Included in this unit are the Pumpernickel Formation, the
Havallah Fofmation, the Koipato Group, and the China Mountain qumation

(Tatlock, 1969).

The Pumpernickel Formation, of Pennsylvaniah'and Permian age, is the mest

extensively exposed unit on the west flank of the mountains east of Leach

Hot Springs. The éxposed rocks include greenstone (altered‘lavas), dark-
gray chert; argillite, ahd minor sandstone ana limeétone, all of probable
eugeosynclinal affinities.

The?Pumpernickel'Formation is overlain by, or is in fault contact with,
the Havaliah Formation of Pennsylvanian and Permian age. Within the area
of figure 30, the Havallah consists chiefly of chert, quartzite, and

somewhat calcareous slate.
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H. Olmsted, 1973

Figure 30.--Geologic map of Leach Hot Springs thermal area showing
location of test holes.
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Pleiatocene.and Holocene

Pleistocene

Pliocene and (or)
Pleistocene

A

A

- clay.

LEACH HOT SPRINGS AREA

Qa

Alluvium

Unconsolidated fluvial deposits
ranging from gravel to silt and
clay. Forms thin pediment cover
on flanks of mountains but thickens
valleyward. Caliche fragments and
coatings locally abundant

Qsf 1

Fragmental sinter

Pebbles, granules, and sand-size
fragments of white to light-gray
opaline sinter downslope from
Leach Hot Springs

Qos

01d sinter’

Hard, dense chalcedonic sintef, in
places associated with partly .
silicified and kaolinized alluivum;

-exposed on upthrown 'side of Leach

Hot Springs faylt

QTg

01d gravel deposits

Unconsolidated to semiconsolidated
deposits of local provenance
ranging from boulders to silt and
Obscurely bedded, slightly
deformed (tilted). Exposures
deeply dissected

o DH-1

Test hole

. EXPLANATION

QUATERNARY

TERTTARY AND (OR)
QUATERNARY

181

-Greenish-gray to pink welded tuff

_ silicic to intermediate flows and

‘holoerystalline rock composed of

Ts

Sedimentary rocks

Predominantly fine-grained semicon-
solidated deposits ranging from.
silicic ash and tuff and tuffaceous
sand to claystone, mudstone, and
marl. Slightly to moderately
deformed. Characteristically

pale gray, yellow, or green

Tt

Tuff

of rhyolitic or rhyodacitic
composition

plc

Consolidated rocks, undivided

Includes wide variety of unmeta-
morphosed to slightly metamorphosed -
sedimentary and volcanic rocks.
Chert, argillite, greenstone, and

A4

PRE-TERTIARY

pyroclastic rocks are most promi-
nent within area of map

bs

Basalt

Av
AGE UNKNOWN

Dense, dark gray to browmnish-gray

plageoclase laths, pyroxene,
altered olivine(?) and opaque

minerals
Contact
Dashed where approximately located
U
D cesenans
Fault

Dotted where concealed. )
U, upthrown side; D, downthrown
side .

TERTIARY




The Koipato Group, of Pefmian age, is exposed in the bedrock
outlier near the southeast cornmer of figure 30. There it consists
chiefly of sliéhtly metamorphosea lavas or jgnimbrites of silicic to
intermediate composition.

The Koipato Group is overlain unconformably by, or is in fault
contact with, the China Mountain qumation of Triassic age. Within the
area of figure 30, the China Mountain Formation includes light-colofed
chert or fine-graine& quartzite, limestone, dolomite, and argillite..

Basalt of unknown age cropé out in a low hill on the upthroﬁn side
of a fault 1.2 km southgast of the hot-éprings.' The basalt is dark gray,
weathers to brown or brownish gray, and contains abundant plagiociase,
pyroxene, altered olivine, and opaque minherals.

Tuff of Tertiary age (Tatlo;k, 1969) crops outbin a small area on
the west margin of the bedrock exposures, about 3 km northeast of the
hot springs. The rock is greeﬁish gray to pink and appears to be a welded
tuff of rhyolitic or dacitic composition. |

Overlying the consolidated rocks of pre-Tertiary and Tertiary age are
unconsolidated fo semiconsolidated sediﬁentary rocks which rahge in age
from late Tertiary to Holocene. These rocks comprise éhe following units,
shown on figure 30: sedimentary rocks (Tertiary); old gravél deposi;s
(Tertié;y and (or) Quaternary); and alluvium. In addition, two units,

designatéd as old sinter and fragmental sinter, are exposed near the hot

springs. A
The sedimentary rocks of Tertiary age underlie buried pediment

surfaces, are exposed in several ravines in the eastern and northeastern
parts of the area, and are penetrated by several of the test holes beneath
alluvium of Quatérnary age.' The rocks are semiconsolidated and include
claystone, mudstone, marl, tuffaceous sand, silicic ash, and tuff. The

beds are slightly to moderately déformed; dips of as much as 30° were
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observed in the northeastern part of the area. The near—surface parte of the
conduits that carry the flow of the hot epriﬁgs are probably within the
Tertiary sedimentary rocks. |

The o0ld gravel deposits form hilly exposures en the west flank of
the_mountains east of the hot springs and may underlie the ailuvium farther

west. These deposits are unconsolidated to semiconsolidated, obscurely bedded,

" and form an ill-sorted assemblage of debris-flow, colluvial, and fluvial

deposits which range from boulders to silt and clay. The deposits are mlldly

deformed; gentle easterly dips were observed at a few localltles.

Unconsolidated deposits, classified on figure 30 as alluvxum, blanket

the older rocks throughout most of the thermal area. The alluvium ranges

from gravel to silt and clay and at most places is poorly sorted and

obscurely bedded. Caliche forms fragments and coatings on pebbles in many

expoeures and was observed in test-hole cuttings. In the eastern parts of

the area, the'ailuvium forms a pediment veneer only a few metres thick,
but the thiekness increases westward, toward the axis of Grass Valley,
particularly west of the hot springs fault.

The old sinter is exposed on the upthrown side of the hot springs

fault scarp from just south of the hot springs to a point about 0.6 km

northeastlof the hot springs (fig. 30). The sinter is compesed chiefly

of dense chalcedony rather than the opaline sinter now being deposited and

is commonly associated with partly silicified and kaolinized alluvium.

The sinter may have been reconstituted from opai to chalcedony considerably

after the time of original deposition.

The fragmental sinter is composed of pebble-, granule-, and sand-

size fragments of white to light-gray opaline sinter downgradient from

Leach Hot Springs. The fragments obviously have been distributed by

the runoff from the springs.
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The Leach Hot Springs area is traversed by numerous faults. Faults

within the pre-Tertiary rocks are not shown on figure 30. The faults

‘'shown are Basin and Range normal faults on which the downthrown sides

are toward the west OTr northwest.

Most significant to this study is the somewhat sinuous fault that °
extends generally northward from the hot sprinés.- The trace of this.
fault is concealed south of the hot springs, but sevéral prominent
cracks in the alluvium 1.5 km south-southwest of the springs (fig.30).
may represent response of near-surface materials to displacement alongl

the buried southerly continuation of the hot springs fault.

' A fault marked by a low escarpment in the alluvium about 0.6 km
east of the hot springé may be a branch of the main hot springs fault,
although the traces of the two faults do not appear to join northeast
of the springs. The trace of the eastern fault is concealed south of
the exposure of basalt on the upthrown side, but the fault 3-4 km south
of the hot springs very likely is the same fault (fig. 30).

A third Basin and Ranée fault marks the west edge of the bedrock
exposures from a point east of the hot springs northwa;d for about 3 km.
Farther south, the'faﬁl; trace is concealed by pedimeﬁt gravel (alluvium),
but the older gravel deposits and the sedimentary rocks of Tertiary age

apparently are cut by the fault.

B Hydrology?

Precipitation is the source of virtually all ground water in the
Leach Hot Springs area. The quantity'éf thermal water'discharged by the
springs is ﬁuch;greéfer than the quantity of recharge in the approximately
5 km2 drainage area tributafy to the hot Springs. However, precipitation
in the adjacent mountainous area is caﬁable of generating much of the

flow. For example, the recharge in the 106 km2 area that includes the
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drainade basin of Sheep Ranch Canyon about 10 km northeast of the springs

on the basis of the relation of recharge to altitﬁde and preci§itation
used by Cohen (1964; p. 19). The quantity is about fhree times the
estimated discharge of thermal water. Thps, although-thg specific
recharge areas that feed the deep-circulating thefma; system are unknown,
no great lateral distance of ground-water movement seems necessary. The
most probéble source areas are generally east of the hot springs;.in'the
Sonoma Range.

The sedimentary deposits are unsaturated to depths of more than 20 m
in most of the area Sur;ounding.the hot springs. However, depths to the

water tab;erare less than 20 m immediately adjacent to the springs and in

“and Panther'Canyon 14 km southeast of the springs is about 1.2 x lO6 m3 yr'l

the area southeast of the ground-water barrier that extends south-southwest

of the hot springs, in sec. 1, T. 31 N., R. 38 E. Ground water is both

confined and unconfined throughout the thermal area. Because of widespread

lenses of clay and silt, ground water may be confined at depths only a

few metres below the water table.

The general ground-water-flow pattern and the configuration of the

water table are shown in figure 31. Ground-water barriers (along faults)

and upwelling thermal water exert important controls on directions of
movement. The barriers and the thermal water appear to redirect the flow
of nonthermal ground water, particularly south and east of the springs.
Vertical ‘components of ground-watgr flow apparently are small in
most of the area,. Where the water level in the pipe and the water table
indicated by the neutron log approximately coincide,'as in holes DH-1,

7, 8, and 11 (table 19), ground-water flow presumably has little if any
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vertical component. However, at the site of DH~S, between the two aieas
of emerging thermal water the potential gradient indicates a predominantly
upward flow, whereas at DH-G, downgradient from the hot sprlngs, a downward
component of flow is lndlcated Unfortunately, vertical potentlal gradients
are not known at DH's 2-5 and 10, so the picture of vertical ground-water

movement is incomplete.

Water-level and temperature data (flgs 31 and 33) suggest that
areas of upwelling thermal water are related to the hot springs fault.

Althoogh the thermal water emerges as springflow at only two places, the

‘area:of upwelling apparently extends at least 600 m northeast of the

springs.

Ground water discharges at the lend surface es springflow and evapo-
transpiration. Some thermal ground water may also leave the hot-spring
area as subsurfaoe outflow. Estinates of ground~water discherge are}
given in a later section,

The Springs

Leach Hot Springs are at the base of a fault escarpment about 6-10 m

in height. Materials exposed near the eprings consist of ill-sorted

alluvial and colluvial gravel, hydrothermally altered gravel deposits,

‘chalcedonic old 51nter, opaline young sinter, and tufa. The springs include

at least 29 1dent1f1able orifices within an area of about 3,000 m2. A

warm spring about 670 m south—southwest of the main spring cluster appears
to be controlled'by;the same fault, but the trace of the fault is concealed
there by unaffected alluvium. |

The main spring cluster consists eseentielly of two linear arrays of
orifices; both oriented ebout N. 20° E., parallel to the trace of the faulf

(See fig. 32 .) The western array forms a narrow linear zone about 30 m
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Spriﬁg_pool and orifice

-

el
Number indicates orifice referred to.in table 2%; dot

indicatcs'location of orifice

] .
Channel carrying hot-spring discharge
Dashed where in culvert beneath road
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Pool or marsh with grass or tules

Figure 32.--Sketch map of Leach Hot Springs

188

y/
2

PRETN

.
PR

sy

-,y

ooy



T

o

3

|

-

-

]

L

B

L.

s B it R

-3

west of the fault trace, which is inferred to be at the base of the escarp-
ment and.along the western edge of the exposures of old sinter shown on
figure 30. The eastern array lies along the fault trace.

The spring orifices are characterized by a broad range of flow
rates and tempefatures (table 21).ATotal discharge froﬁ orifices 1-29
in November 1973_was‘about 11-1/2 1 s~1, of #hich almost 80 percent was
from six major orifices in the western linear array. The 30-m offsef'of J
these orifices ffom the fault trace suggests that thé zone of priﬁcipél
discharge has migrated westward with time as former conduits bécame'cloggea
#nd finally sealed near the land surface by mineral precipitation (principally
sinter);A The limited data in table 22 suggest that total spring discharge
may not vary‘much with time. The average discharge, used later in estimates
of discharge of heat and water from the hydrothermal system, is estimated

to be 12-1/2 1 s-l, or 0.40 x 106 m3_yr-l. Weighted-average temperature

of the spring discﬁarge, computed from table 21, is 79.6°C for orifices

1-29 and 77.5°C for all orifices (1-30).
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of flow from

individual orifices at Leach Hot Springs

Specific
conduct-
: ance3/
Temperature * Discharge (micromhos Chloride
_ (ec)/ - ~ (litres ger . per cm (c1)
Orifice 1938 1973-T4 second)1/ at 25°C) (mg_1-1)3/
1 85 .  83.3-85.0 1.7 - ' 796 "28
2 - 83.3-85.0 - - -
3 - 77.5-78.8 2.1d - -
4 - 81.9-8306 ou2 ’ - -
5. 83-1/2 82,2-83.6 < .01 : - -
7 . 73 62.8—70,0 .34 773 28
7A .- 73.6 . - : -- -
8 - 33.9 <.01 . - -
9 . 59-1/2 3.4 <.01 - --
10 87 43.3 <.01l - - -
11 73-1/2 65.3-66.4 .06 . 797 -
12 gh 91.1-92.3 .06 833 32
13 85-1/2b 86.9-93.6 .71d 784 28
14 - 70.3-72.8 .01 - -
14A - 75.0-75.4 .234 - -
15 gl 94,2-95.6b <,01 613 15
16 - 91.7-95.0 <.01 - -
17 78 74.2-77.8 .58d - 803 -
17A 77.8
18 -- . 80.8-82.8 .06 -- --
20 - 38.1-47.2 <.01 819 -
21 - 47.2 < .0l - -
22 79-1/2 80.6-81.4 2.04 788 28
23 - 78.6-80.6 ' 2.04 . - -
24 - 78.1-79.2 .11 - -
25 72 67.2-70.3 .08 797 -
27 71 47.2-56.1 <.0l1 - -
- 29 - 41.5-48.6 .40 890 30
Total flow, orifices 1-29 11.3 N -
30 - 34,.5-39.0 .59 812 . 28
Total flow, all orifices 11.9 - ;_

1390
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Footnotes

Temperatures for 1938 measured.by Dreyer (lQMO,p.22)eometime between
1 Sep. and 15 Oct., and may be accurate to nearest 0.6°C (1°F).
Temperatures for 1973-74 measured one or more times from € May 1973
to 24 September 1974, Boiling indicated by '"b".  Measurements in
1973-74 were made using a single maximum thermometer, lowered as
deeply as possible into orifice. Accuracy probably about t g,3%C.

Discharges are measured, estimated, or calculated by difference

.(the latter values are indicated by "d"). Data collected Nov. 1973,

Accuracies generally range from t 50 percent or more for the smallest

quantities to t 10 percent or less for the largest quantities.

Recorded values do not include an allowance for loss by evaporation

but sueh a loss probably represents a very small part (perhaps 1-2 percent.
of the total flow. |

Samples collected 2 Nov. 1973 except: Orifice 29, 1lu4 Nov.
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Table 22.--Total discharge of Leach Hot Springs orifices

1-29,

1947 and 1973-74

Discharge
Date (1/s) Source'of data
47 05 05 11 ‘Current—meter measurement, files of U.S. Geol. Survey
73‘11 13-14% 11-1/2 Tablé orifices 1-29
74 Q1 22 12 Estimate based on staff-gage reading
74 04 0S5 | 13-1/4 Do.
74 05 31 14 Do.
74 Q7 05 13-1/2 Do.
74 08 06 13 | Do.
74 09 24 12 Do.
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Chemical Character of Springflow

The genefal chemical character of water from Leach Hot Springs 1is
indicated by the analysis from Mariner and others (1974, p.13) iiStedvin .
table 1. (The sample was collected from orifice 13 but may have included
a small amount of overland flow from orifice 12; see fig. 32 and table 21.)

The dissolved solids, which are dominated by sodium, bicarbonafe, and

silica, total about 580 mg l-l. Estimated reservoir fempefature is 155°C

by the silica-quartz geothermometgr, or 176°C by the sodium-potaSsiﬁm—calcium
geotherﬁometer-(table 1, Mariner and others, 1974, table 3.

Déter@inationé of specific conductance aﬁd chloride for selected
orifices (table 21) pfovide an index of chemical variability from spring
to spring. Specific conducténce ranges from 613 to 890 ﬁicromhos per cm,
although'sémples from major orifices (flow-rate more than 0.5 1 s'l) have
a smaller range, from 784 to 812 mmhos cm +. No systematic variation

in chemical character with orifice location or discharge temperature is

apparent.

~ Subsurface Temperature Distribution

The extent and configuration of the thermal area are indicated by
the distribution of temperature at a depth of 30 m below the land surface,

as shown on fiéure 33. The isotherms have a roughly elliptical pattern
centered at the hot springs. The long axis of the ellipse trénds north-
eastward, in the direction of the fault that controls the position of the
hot springsf The 15°C isotherm approximately defines the outer limit of
the thermal area. The area is about 3.0 by 3.9 km anduhas an extent of

about 8.5 kme.
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Figure 33. — Map of Leach Hot Springs thermal area showing temperature at

a depth of 30 m, December 1973
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The hottest area extends from the springs northeastward about 600 m,

along exposures of old sinter and hydrothermally altered alluvium. Temp-

eratures at a depfh of 30 m within the narrow, elongate area probably

3

exceed 100°C--somewhat above the land-surface boiling temperature of about

AE::j

95.5°C.

Comparison of the temperature pattern (fig. 33) with the configuration

of the water table (fig. 31) suggests that transport of heat by lateral

[

[
L

ground-water flow is not nearly as significant as that at the Soda Lakes-
Upsal Hogback or Gerlach thermal areas. If appreciable quantities of

thermal water discharged into shallow aquifers instead of at the spring

()

orifices, the lateral transport of heat in the direction of the ground-

-

-

water potential gradient would produce a thermal anomaly elongated toward

the west or northwest instead of toward the northeast. It is inferred

—

that, if any significant amount of thermal water discharges laterally

LJ from the spring-system conduit or conduits, it does so at depths greater
[] than the 40-50 m penetrated by most of the test holes.

Heat Dischapge

Heat is discharged from the Leach Hot Springs hydrothermal system
chiefly by conduction through near-surface materialg, by convection as
, springflow, and by convection as steam. Each of these modes of heat

discharge is discussed briefly below.

Conductive heat discharge.--Conductive heat discharge from the

thermal area is estimated by both methods described in the section,
"Estimates of heat discharge." The estimate by method A is considered

" less reliable than that by method B because of the considerable thickness

of unsaturated material in the depth range 0-30 m in which the estimated

thermal conductivity is more uncertain than it is in saturated material.

L | o185 :




The following values are used in the derivation of the estimated

/

Total conductive heat discharge by method A:

Mean annual temperature at the land surface = 3°C
1

Harmonic-mean thermal conductivity, 0-30 m = 2.1 X 10“3 cal em ~ s

Boundary of thermal area = 15°C isotherm at 30 m depth (8.45 km2)

Using these values, the estimated total conductive heat discharge

from the thermal area by method A is 0.99 x 106 cal s-;. Derivation of

the estimate is given in table 23.

Net conductive heat discharge from the thermal area is computed using

an estimated "normal" conductive heat flow of 2 HFU:

[0.99 x 10° ca1 s 13- [(2.0 x 1078 cal a2 s71)(8.45 x 10*° m?)]

= 0.82 x 10° cal st

Total conductive heat discharge from the thermal area is estimated
by method B at 1.00 x lQG'cal s™1, about the same as the estimate by
method A. The distribution of heat flow within the thermal area, as
interpreted from the heat-flow values computed at the test-hole sites,
is shown on figure 34. Derivation of the estimate is given in table 24.

Net conductive heat discharge is estimated by method B, using a

"normal" heat flow of 2 HFU and a thermal area of 8.03 km2:
£¢1.00 x 10° cal s™1)1 - [(2.0 x 107° cal em™? s1)(8.03 x 1010 em?)]
= 0.84 x 10° cal ™t
g
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Table 23 catsblinate of combin Live heat di;c'h.n‘-_:é- from _-';‘.-;ic:s Hot tipvings
hydrotheeral systea en Lhe basls of method A Junceribed Lo
Lthe text.

PURPYR

C-\u trie The £ Heat
Terperature anan grodient= Area dircha s
P tepenatire o 1 " . vy . :
2 ) oom teewn ) T est 6T (et aT) (e et 60)
15 - 20 I Y . S ' 8.4 0.32
. i : ° /'
20 -3 24.5 L) ’ 1t Lsd a7
20 - 40 M5 8.5° 18 YO .092
40 & 60 R 13 - 2 S § 3
s0i80 823 20 . a2 22 Jdo -
80 & 10 89.4 27 - S I g 10
; i T ' ot
1100 - 120 085 7 2 I 71 . .11 . .078
>0 2 0 3 7 e 06
Tetal s 8.435 '0.99
Y ,
= Based on.9°C mean-annual temperature at land surface
Y Based on harmonic-mean thermal econductivity of 2.1 x 1077 cal ! s-l a7
Table 24 .——Estimate of conductive heat di scharge Sros Leach Hot Serings -
. hydrothermal system on the basis of method B descriied in
<~ the text.
- Geonetricamean Area .Heat discharge
. Range in heat flow heat fiow w2 -6 -
(HFY) ° (4FY) (x .0*" e2®)  (x .9 cals™")
2-10 4.5 .8 . 0.2
10 = 20 181 1.35 .28
20 - 50 316 .88 .28
SC - 100 70.7 30 .21
W32 ol .0. .32
Tota. ' 2.03 1.00
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Figure 34.--Map of Leach Hot Springs thermal area showing estimated ﬁear-
surface heat flow.

198




[

—

—J

-

1

g
| I

]

S0

[P

e

fa

)

o = 3

3 3

Convective heat discharge by springfléw.--Heat discharge by spring-

Heat discharge by steam

flow is estimated using the following data:

1 1

Average springflow = 12-1/2 1 s~ = 12.5 x 10 em® s~

Weighted~average temperature of springflow = 77.5°C;_

enthalpy = 77.5 cal g *

Mean-annual temperéture at land.surface = 9°C;
enthalpy = 9 cal g-l

Net enthalpy of springflow = 68.5 cal g‘l

Density of water at 77.5°C = 0.973 g em™

3em® s71)(68.5 cal g 1)(0.973 g en” )

0.83 x 10° cal s+

"

Heat discharge = (12.5 x 10

Convective heat discharge by steam.-- Heat discharged as steam from

boiling springs is estimated using the following data:

Boiling-spring discharge (volume rate) = 0.78 1 st = 0.025 xilosmayr-
Deﬁsity of water at 95°C = 0.962 g c:m-‘3

3

Boiling-spring dischargé (mass rate)

(0.025 x 10° ndpx™h)

(0.962 x 10° gm

2.4 x lQlo’g yr_l

Reservoir temperature.(Sioz) = 155°C; enthalpy of water = 156 cal g-l

95 cal g-l

Boiling temperature'at surface = 95°C; enthalpy of water

61 cal g-l

Net enthalpy available for steam

Enthalpy of steam-water mixture at 959C = 542 cal g-l

Weighf pefcent of steam in discharge = 61/542 = 11.3 percent
10 2

cal g1)
1

g v 1)(5.42 x 10
1

(0.113)(2.4 x 10

12

1.57 x 1072 cal yr~t = 0.05 x 10° cal s~
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Net heat discharge from hydrothermal system.--The net heat diécharge

from-the‘Léach Hot Springs hydrothermal system is computed as the sum of
the net conductive heat discharge, the heat discharge by spring-flow,

and the heat discharge by'steam: | ' ‘Heat diécharge
' (x 108 cal s-1)

Net conduction through near-surface materials -0.84

‘Convection by springflow .83

Convection by'steém | : ' .05
Total » ‘ 1.7

Water Discharge

Discharge of thermal ground water from the system includes spring-
 flow, steam (as-equivalent water), evapotranspiration, and subsurface
outflow. The magnitude of the discharge is estimated by both the water-
budget and the heat-budget methods.

Water-budget method.--The dominant mode of discharge is springflow.

_ On'the basis of measurements made from November 1973 to September 1974,

the average springflow is estimated to be 12-1/2 1 s-l,'or 0.40 x lO6

n2 yoL.  (See tables 21 and 22.)

Discharge of steam (as equivalent water) probably is very small.

On the basis of data given in the preceding section, the discharge is

€0.113)(2.4 x 10" g yr™) = 0.0028 x 10° m® ypt

(0.962 x 106 g m™3)

or less than 1 percent of the discharge as springflow,
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The discharge'of thermal ground water by evapotranspiration is
difficﬁlt to estimate. Some of the thermal area is occupied by phreato-

phytes and irrigated cropland (compare figs. 33 and 35), but most of this
vegetation probably is supported by percolating springflow rather than by
thermal ground water that h;s not previously emerged gt-the land surface.
fhis'iﬁference is sﬁpoorted by the fact that the depth to ﬁéter is greater.
than 20 m throughout most of the area downslope from the sprlngs occupled
by phreatophytes or lrrlgated crops (fig. 35). Evapotransplratlon of
thermal ground water'occurs enly near the springs and may amount to no
more than about 0.012 x lO6 m3 y;‘l on the basis of an area of 60,000 m2
and an estimated water use of 20 cm yr-l. Total evapotranspiration of
thermallwéter; most of which is probably‘infiltrated springflow, is

estimated to be about 0.056 x 108 ® yr-l on the basis of areas and use

:rafes given in table 25.

'Lateral subsurface outflow of thermal water cannot be estimated

within narrow limits from present data. A very rough estimate of 0.06 x

106 m3 yr -1 is made on the basis of an assumed width of transmlttlng

seofion of 1, 000 m, an average potential gradient of 0.017, and an

average transm1381v1ty of 10 m2 day l.

Total discharge of thermal water is ‘then estimated by the water-

bodget method as:

N | T x iOs m° yr-l
Spfingflow ' ' 7'_ o - 0.40
Stéaﬁ discharge'(waoef equivalent) f B f o .003
Evapotranspiration ..1' —: . Lo12
Laferal subsurface outflow - AR .06
N Total TR 0.48
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EXPLANATION

Phreatophytes Associated with
Dominantly Thermal Ground Water

Dense saltgrass

Saltgrass with greasewood
and (or) rabbitbrush

Greasewood, with or
without rabbitbrush

Presently irrigated
lands (1973)

Phreatophytes Associated with
Dominantly Nonthermal Ground
Water

Greasewood, rabbitbrush,
and some saltgrass

Greasewood

913

Well, number is depth to
water table, in metres



X i Table 25 .~-Estimated average annual evapotranspiration of dominantly
-thermal water at Leach Hot Springs, for natural conditions.
) -
P
s
- ‘
Depth to . .
- Phreatophytes Ar§§ > water EvapotranSp;raglon
5 (x 10" m (m) ~ (m/yr) (x 10" m/fyr)
‘ Dense saltgrass, with or
) ,
L without greasewood and (or) | |
- rabbitbrush. 28 0.3?  0.25 -7
[ .
A Dense to scattered saltgrass
[1 , with greasewood or rabbitbrush. 73 Betler .18 13
Greasewood, with or without

[] rabbitbrush. - 310 (a) .06 19

; ‘ Scattered greasewood 580  (a) .03 17

(" '
4 Total 990 - -- 56

(a) Depth.to water table exceeds 20 m throughout most of area;

phreatophytesvapparently uSe thermal ground water percolating in

3

unsaturated zone above water table.
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Heat-budget method.--Discharge of thermal water is computed by the

heat-budget method, using the following data:
Reservoir temperature (table 1) = 155°C; enthalpy of water = 156 cal g  *~

Mean-annual temperature at surface = 9°C; enthalpy of water =9 cal'g-l .

Net enthalpy of water at source ; = 147 cal g 1 -

Net heat discharge = 1.7 x 108 ca1 57t = 5.4 % 1013

cal yrt
Density of discharge water at 77.5°C = 0.973 x lO6 g m-s_ '
5.4 x 1005 cal yr =, 0.973 x 10° g m™°

1.57 x 102 cal gL | g o

Water discharge

0.38 x 10% o° yr-l

If the reservoir temperature of 176°C from the sodium-potassium-
calcium geofhermometer (table 1) is used instead of the silica-quartz
temperature of 155°C, the estimated water discharge is
5.4 x lO13 cal yr*l
1.69 x 102 cal g-1

+ 0.973 x 10% g p73

= 0.33 x 10%m® yrt

Discussion of.water-budget and heat-budget estimates.--The

estimate of thefmal-water diécharge by the water-budget method, O;#8 x

105 3 yrfl exceeds the estimates by the heaf-budget,metﬁod,o.as and 0,33
%106 3 yr’l, by perhaps‘signifiéaﬂt margins. The reason for the differences
in the éstimates is unceftain._Possibly, the estimated heat discharge used .
in the heéﬁ—budget method is too small. Altermatively, the estimates

of evapotransﬁiration and lateral subsurface outflow and the measurements

of springflow used in the water-budget method may be too lérge. or, .

the springflow may include admixed shallo; ground water of nonthermal

origin. More data are requiréd to refine the estimates of discharge of

* both water and heat from the hydrothermal system.

ey r..m-,|, e ;T ¢ o PRI
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. - | Hyﬁothetical Model of Hydrothermal—Discharge System
. No test drilling to depths greater than 50 m has been done at Leach:
1 Jij Hot Springs. For this reason, only the'general nature of the hydrothermal-
M discharge sysfem?'can be inferred with feasonable assuranée.
& If no local shallow'sourée of heat is present beneath the thermal area
E} depth of circulation of the thermal Qater may be estimated within breoad
limits frdm the quotient of the heat flow outside the area affected by
{E B convectlve upflow and the thermal conductivity of the rocks. The .
% - Leach Hot Sprlngs area lies within the "Battle Mountaln hlgh" (heat-flow
U high) of Sass and others (1971, p.6407,6409) where heat-flow values ranging
{} from 2. 5 to 3.8 HFU were determined at several test- hole sites. The
T higheét heat flow was, in fact, measured at Panther Canyon, only 7 1/2 km
E} southeast of the hot springs. However, less reliable data from tést
. holes drilled immediately outside the thermal area during this
L

investigafion indicate heat flows of perhaps no more than 2 HFU. Thermal
i conductivities of the Tertiary and pre-Tertiary rocks probably range

-3 -1 -1 0,-1
from about 4 to 8 x 107 cal ecm™ ~ s C ~. ( See tables 2 and 3 for
Tertiary sedimentary rocks;'also‘Birch, and others, 1942, table 17.)

Thus, thermal gradients outside the thermal area may range from:

2 x 100 cal cn? s7! -
=3 T =T 4.~
4. -l L 8x 10 calan s °CT
2.5 x 10 C cm "(25°C km ™)
‘ to 3.8 x 10° cal an® s~ =

4 x lO"3 cal cm"l s'l°C

-4

-1 -1 )
9.5 x 107" °Ccm ~ (95°C km ). On the basis of the quartz-silica geo-

thermometer, the reservoir or equilibrium temperature of the thermal water

" is about 155°C (table l; Mariner and others, 1974, table 3 .) The depth of

circulation would therefore be within the range of 155° = g °C to
. 95°C k'

155° - g °C r) Or 105 tO 5'9 krn.
25°C ™
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The thermal water probably rises along a steeply inclined conduit

‘or conduit system associated with the hot springs fault. As in most of gi

the other systems discussed in this report, the rate of rise may be
sufficiently rapid so that the temperature of the water decreases but
slightly until it boils at a hydrostatic depth of perhaps 40-50 m _
beneath the springs. |
As.discussed previously distribution of temperatures at .
‘dépths of less than 50 m suggests that most of the thermél water discharges’
from the spring orifices, rather than from the conduit system laterally
into shallow aquifers. Heat is lost by conduction through the walls of
the conduit or conduit system, and shalloﬁ grouné watef of nonthermal
origin is heated as it approaches the spring area. Some of tﬁe water
boils all the way to the surface and steam is discharged from a few

boiling spring pools.

J

The fault immediately east of the hot springs fault may also transmit

thermal water upward, but data are insufficient to confirm or deny this

possibility. Additional test drilling may indicate that faults other than

- the main hot springs fault also are the loci of near-surface high-

\

temperature anomalies.

BRADY'S HOT SPRINGS THERMAL AREA
Location and Geologic Setting
The Brady's Hot Springé,therﬁal area is on the northwest flank of
the Hot Springs Mpuntains, in the western part of Hot Springs Flat, in
Churchill County, Nevada. The area is about 27 km northeast of Fernley,

Nevada, and is traversed hy U. S. Interstate Route 80. A large part of

the area has been classified as the Brady Hot Spring KGRA, which encompasses 9

about 2,346 ha.
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The hot springs, no.longer flowing since several deep geothermal test

holes were drilled and tested in the early 1960's, are along a fault or

. fault zone that traverses a pediment and alluvial apron at the foot of

the‘Hot Springs Mouritains. Alluvial-fan and pediment deposits predominate
at tﬁe surface, but many other rock types are exposed of'dccur beneatﬁn
these deposits (fig. 36).

Four maiﬁ types of rocksvaie exposed near the thermal area:
(1) volcanic rocké of Te;tiary‘and possibly early Quaternary age, chiefly
basalt, in the mountains east of the springs; (2) sedimentary chks of
Tertiary age copsisting of saﬁdstone, shale, tuff, diatomite; and minor

limestone; (3) lake deposits, mostly clay, silt) and sand, and tufa

coatings, all of late Pleistocene Lake Lahontan; and (4) coarse alluvialw

fan and'pédiment deposits. In addition, the rocks and deposits along the

. major fault, referred to for convenience as the Hot Springs fault, have

been altered to many different minerals, and sinter has been deposited by
hydrothermal activity}' DistributionAof the mapped units is shown on
figure 36. |

The former hot épriﬁgs, warﬁ ground, hydrothermally altered deposits,
and other manifestatiqhs of hydrothermal activity all are controlled by the
Hot Springs fault. The fault 1s a normél fault of unknﬁwn diSpiaCement,
dipping steeply westward, with the downthrqwn side to the west.‘ Other.
faults and linear features were mapped by Anctil and others (1960) and
were mapped from aerial photographs duringvthe present study (figs; 36 and 37).

- The Hot Springs fault zone within the thermal area was‘mapped in:

detail during this study (fig. 37). Mapped features include steam ventg,

3
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Geaiogy Frome Anchil end cwhars
(1960); sadiRed by F €. Boph,
28-T9 -

Figure 36.--Geologic mep of Brady's Hot Springs thermal area showing
) location of test holes.
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extinct spring orifices, areas of snowmelt caused by.geothermal flux

observed during February 1974, and areas where the hydrogeologic environ-
ment has been altered by hydrofhermal discharge associated with/the springs.
The alteration includes deposition of tufa, sinter,-énd salts, silicification
of rocks, oxidation of metallic elements to orange, yellow, and white deposits,
formation of kaolinite, and the noticeable discharge at the land surface of "
either heat or vapor. In addition, figure 37 shows the sites of large-

diameter exploratory wells.
Test Drilling -

Twenty-two test holes were bored or drilled at 21 sitesvby the
U. S. Geological Survey and thé U; S. Bureau of Reclamation in order to
determine shallow subsurface temperatures and thermal gradients and to
evaluate thé movement of ground wéter. Locations of the test holes are

shown on figure 36, and selected data for the test holes are listed in

table 26.

Hydrologic Setting
Discharge of thermal Water in the Brady's Hot Springs area is small
enough to be derived from local ground-water recharge. However, deep
circulation is suggested by the high water temperatures. Boundaries of
the deep circulating system were not delineated by this study. The recharge
area of the thermal system could be outsidé the locél_drainage area,
Ground water occurs in alluvial and lacustrine deposits at shallow

to moderate depth in the western part of the thermal area. Depth to the

‘water table generally increases farther east, toward the Hot Springs

Mountains,. where most ground water occurs in joints and other fractures

in the sedimentary and volcanic rocks of Tertiary age. An exception to

the eastward deepening of the water table is a narrow zone along the Hot
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Table 28.==it:a Yor U, 8. Geolopical Survey test holes in Drady's Hot Springs

thermal arcie

Type of eompiction: -Casing typu indicated by »5en. (steel) or "P" (PVC),
Wells capped and filled with water are indicated by "C". Wells with
well-point screuons or perforations at bottom are indicated by "Se”,

Dooth to water table: Depth below land-surface datum. Obtained from
neutron log. Accuracy about 20.5 metre except in clays where capillary

fringe may cause larger errors.

Statiec water level: Depth delow land-surface datua.

Geoohvsical loes available: GCamma ( sg®), gamma-gamma ( "62"), neutron ("N®),

resistivity ("R"), and temperature ("I").

Static conlined
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Casing Orpth £ wesse S1%le wates laval
Depth - Land-  Vetres Tatres
Yoll (retres Inside ype of surface below  Sourze below Ceophysical
aunder Locatim below land diameter co”pletion altitude ‘*land of ate land Date lege
__surfice) {en) (m) surface d1ta surface a7atladle
BUR-A  22/36-1%0l 22, 3.8 3, S LA1L 2.0 e nUY 2.8 121 66,T
o - - = A% T
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Bl 22/2%-1ced  LLS 38 8, % 1,22 2.3 ¢ mpuy a2 D12y adr
- - - M T
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BUB-h - 22/35-1ab AL 3.8 8, Se 1,237 - - - % mrA O
BUR-S  21/%-Xced | X0.2 .8 S, % 1,25 8.2 ¥ .pup wuH nua. 6eut
BURS  2)/%-35ad 166 38 S, % 1,258 S @ ®prag wnr pura Gl
BuH.? 222 X.h 28 1,24 a7 ¥ BUB LW UB 0,6
BUS-S  22/i-Lads  X%.0 38 M, o L2 n? X BRLY L2 pBua 6cNT
- - - e ThS 09
AR /%1544 1846 38 %, s 1,238 6.3 d Dura 1.8 pua o6
WD 2/l 1) s1 ne T Lwm | IR R - - 68,8
BARI 2V/%-3ed 3 3.8 S, % * XY 3 BRI &S WA 06K
HOLL1 22Ny 4 s1 ¢ L8 203(N 1 nBURY - - 0,
BB 2/B-ksd M7 8 N % L22 . Bl ] UM by NnA, oy
MuRlh  72/2%-2lace | 204 38 S, € 1,280 9.0 4 nhaA - - 8,0°,%
MIE.1§  72/2-llec 184 38T %, 1,25 - - - W37 1312 = ¥ater tadle as searcred
. . . - R ®.35 MBS D
RS 2/%-1Tmy 1D LY Y N R X . B - - 28 nuy
. . N .- - ’ - .0.61 ﬁ G ”
BON-17  22/%-1lada  bhS 8 R 1,22 3.8 BLuA L PRD GFLR
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1,28. .9 » 71200 685 DU 0,&,2
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: ) - -~ - ALl TS
BN N/%-%Me 18 [ 1,%5  >L.0 s BnuXY - - oda
v
t
:
. .
s .
‘ .
. P



http://thiTin.l1

£

-

]

Cmee

ccd

1
L

-3 o3 )

Springs fault, where an elongate mound of thermal water is present at
shallow depths. The fault seéms to function as a long, narrow steeply-
inclined aquifer, nearly perpendicular to.the gently dipping aquifers in
the allufial'and lacustrine deposits.

.The general direction of ground-watexr movement in the shallow rocks

and deposits is indicated by the configuration of the water table (fig. 38).

Two flow patterns are suggested. One is the movement of nonthermal water
toward the'west and south. The other pattern is upward movement of thermal

water along the Hot Springs fault, as inditated by a steep-sided water-table

mound . .
Except for the upward flow in the vicinity of the Hot Springs fault

and also in the narrow gap at the south end of Hot Springs Flat, vertical
components of ground-water flow are not well understood; Statie confinea
water levels in wells not near the fault are generally somewhat lower than

the w#ter table indicated by the neutron or gamma-gamma logs (table 26).
However, in almost all the wells, the difference could represent the

thickness of the saturated part of the capillary zone rather than a water
table higher than the confined potentiomeﬁric’surface. For example, the water
table indicated by the gamma-gamma log in test hole BHAH?lA in the late fall
of 1973 was asbout 0.1 m higher than.thg static confined water level, but the
water table éctually measured in shallow tegt hole BHAH-1B in the late spring
of 1974 was aboﬁt 0O.1m lqwer than the static confined water level in AH-1A
(table 26). Vertical potential gradients are believed to be small except near
the Hot Springs fault and in the gap south of Hot Springs Flat, at the site of

BHAH-9, where sizable upward gradients are indicated.'’
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Ground water discharge from the thermal area is in part by evapo-
transpiration and in part by lateral subsurface outflow toward the south.

Prior to attempts to develop thermal water, discharge from Brady's Hot

' éprings was repofted to be about 3.2 1 s ~1 (Waring and others, 1965, p.34).

D.E. White (written commun., 1974) estimated a springflow of about
l1.31s _; before the geothermal test drilling but after diversiocn of the
’ \
flow to a swimming pool; he believes that the estimate of Waring and
others (1965) is too large. In 1973, only a small amount of steam discharged

from several mud fumaroles and vents along the fault trace.

Effects of Initial Developmfnt on Hydrologic Conditions

Test drilling by Magma Power Company caﬁsed some change in the
hydrologic régimen of the thermal flow system. These changes were ‘
described by Osterling and Anctil (1960, p.3-5). Their description is
as folléws:

"An interesting result of Mégma Power Company's drilling has been
the gradual spreading of geothermal activity along the Brady Thermai fault.
Prior to the drilling of Magma #2 steam well, the oniy thermal activity at
the surface was the hot springs pool (180°F) located 130 feet S23°W from
the well #2, two fumeroles (204°F) immediately north of the hot springs,
and one fumerole a short distance south of the Springs (Allen, 1960, oral
communication).

"Allen (19G60) stated that after the #2 steam well blew in, steam vents
gradually worked open to the nérth and the original hot springs pool was
desiccated. SomeAmud pots located 220 feet N23°E of the #3 well were born
with explosivé force. Numerous areas of hot, moist ground developed, most

with some steam escaping from cracks. At a depth of one or.two4inches at
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these latter areas, the ground is too hot to touch. Where tﬁe Brady Thermal
fault.crosses U. Sf Highway 40 in Section 1, the zone of thermal activity _
is about 200-300 feet wide. On the east side of the highway, the creosote
is boiling out of the base of a telephone pole. A few feet to the nd?th,
where an access trail enters the highway, there is‘an area about 4-5 feet

in diameter where, on Méy-24, 1960, the grdund was hot and moist but steam

would escape only after the passing of a vehicle on the highway. Apparently

the ground vibration was sufficient to squeeze ocut some steam thrqugh small -~

Erackérand holes.®

"The formation of many new thermal areas at the surface seems to
follow a set pattern; varioﬁs stages of which were observed. Initially,
the ground becomes moist and dark, then the lower few inches of sagebrush

become burnt and brown. Next, large circular cracks developAand the ground

slumps in the center of the area to depths of up to 2 or 3 feet. Sagebrush,

as pointed out by Allen, is commonly located in the center of the newly
formed hot spots, apbarently because the steam finds more permeability along
the root system. Some of these areas are dangerous ground to cross because
of the poséibilify of caving into a‘steam-filled hole or crevice. Many
show evidence of undercutting after the slumping. At some sites, sulphur

crystals are forming on the ground. There were some 105 of these surface

. phenomena as of May 24, 1960, most of which were induced as a result of

the tapping of a main steam-filled fissure (Brady Thermal fault) by
Magma #2 and #3 steam wells. |
" The ihcreaseq activity ﬁay be due to the progressive lowering of the
water table by the blowing wells or simply to steam escaping through the
unca;ed portions of the well bores into the adjacent fault zone. |
Y By mid-1961,.all but a half dozen or so of these new phenomena were

dormant."

216

b}



[

T

=

-

(I

]

"

]

/E...‘

ol

=

—3

£

£

Because of these effects the exact subsurface distribution of temper~
ature and the precise pattern of ground-ﬁater flow prior to development
cannot be determined. Data collected during 1973 include residual effects

of the above described phenomena.

Chemical Character of Ground Water

No data on chemical character ofithe ground water in the Brady's
Hot Springs area were obtained in this study. Harrill (1970) reports
analyses of waters from three wells and a spring in or near the thermal
area. |

One of the wells, a steam well near the center of the area (22/26-12&);
produced tﬁermal‘water having a dissolvgd-solids concentration of 2,500
mg l-l, chiefly sodium chloride, and a silica concentration of 242 mg l'l
(Harrill, 1970, table 9). The silica concentration indicates a reservoir
temperature of about-182°C, according to‘the‘silica-quartz equilibrium
curve shown by Fournier and Rowe'(l966, fig. 5).

Water from stock well-23/26-33ac, in western'Hot Springs Flat about
5.8 km west-northwest of the center of the thermal area, had a specific
conductanée of 1,800 phos em ~1 (Harrill, 1970, table 9)--which
indicates a dissolved-solids concentration substantially lbﬁer than that
of the sample from the steam well,

A samplé from well 22/27-30c, a stock well 5 km south of the center
of the thermal area, had a specific conductance of 13,200 pmhos cm 1 ;
chief dissolved constituents were sodium and chloride (Harrill, 1970, table 9).
Spring 22/26-35a, about 2 km west of ﬁhe stock well, produced water having
a specific conductance of 12,000 umhos em™t ; almost as high as that
from the stock well. The'high concentration‘of dissolved solids (chiefly.
sodium chloride) in the ground water in this area probably results from high
rates of evaporation from a shallow Qater table; salt was pioduced in
earlier times from numerous evaporation ponds ﬁear the spring cited above.
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Subsurface Temperature Distribution

The Brady's Hot Springs thermal area has an elongate, banana-like
shape, as indicated by temperatures at a depth of 30 m in the test holes
(figure 39). TheApattern is obviously related to fhe Hot Springs fault.
Although fest holes were bofed or drilled at 21 sites, control is not A
sufficient to determine the northward or southward extent of the cooler
parts of the thermal area, and the inferred temperature pattern on‘the
eastern side is based on only one test hole, DH-10. Hot water may rise
along some of the faults other than the main Hot Springs fault, 5ut'the
available data are insﬁffiqient to confirm or deny this possibility.

Temperatures near the fault in sec. 12, T. 22 N., R. 26 E. and in
parts of the adjacent sections to the north and soﬁth probably exceed 120°C
at a depth.of 30 m. Boiling probably occurs within much of this area.
(Owing to high temperatures, most of the test holes iﬁ the hotteét area
wefe not bored or. drilled to as déep as 30 m, and'the temperatures shown
on figure 39 are extrapolated to 30 m, using either the gradients near
the bottom of the holes or the boiling point vs. hydrostatic-depth curve
where appropriate.)' |

Temperature profiles in several test holes west éf the hottest part
of the thermal aréa indicate that hot water moves westward from the Hot
Springs'fault th;ough shallow aqﬁifers. This pattern of movement is much |
more prominent in the northern part of the area, nofth of the southern

edge of_sec. 12, T. 22 N., R. 26 E., than it is to the south.

Heat Discharge

Before attempts at development by geothermal test wells in the early
1960'3 , heat was discharged from the Brady's Hot Springs hydrothermal
system by convection as springflow, as well as by conduction through near-
sﬁrface materials, convection as steam discharge, radiation from warm
ground, and evaporation from pool surfaces and moist ground. Springflow.

’
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has now ceased, but discharge of steam and heated air continues. In the

computation of heat discharge from the thermal area, it is assumed that
all heat is discharged by conduction through near-surface materials and
by convection as steam. Radiative heat discharge may be substantial,

as sugéested by snowmglt patterns (fig..37), but data are not afailable

to make a reasonable estimate of this quantity. The estimate of net

heat discharge from the system is therefore believed to be conservatively

low.

* Conductive heat discharge.-- Conductive heat discharge is estimated

by both methods described in the section, "Estimates of heat discharge".

Both estimates are highly uncertain, because the eastward, northward, and
southward extent of the cooler parts of the thermal area is unknown. Unlike

most of the other thermal areas described in this report, the estimate of

heat discharge by method B is believed to be no more reliable than that
by method A at Brady's Hot Springs, principally because of the great
extent of the hottest area, where conductive heat flow is difficult.
to estimate..
' Total conductive heat discharge is estimated by method A, using the
féllowing data:
Boundary of thermal area is 15°C isotherm at 30 m depth (u2.9»km2)
Mean-annual temperature at land surface = 11°C (about the average of
the long-term mean-annual air temperatu?es at Fallon (table 6) and
Lahontan Dam in the nearby Carson Desert)

Harmonic-mean thermal conductivity 0-30 m = 2.5 lO-3 cal cm_l s-l

oc™t (the average of the values computed from the logs of 20 test holes).

Using the values above, the total conductive heat discharge estimated

by method A is 7.8 x 106 cal s-l. Derivation of the estimate is given

/

‘in table 27..

220



ey
N\

e . D ‘ .
23 CO ED Y o) £ 0 OO o C3O ¢ oy uLoCoedooo

Table 27 .~--Estimate of conductive heat discharge from Brady's Hot Springs hydrothermal
system on the basis of method A described in the text.

Geo ' The .-

Teiin . o . ey Heat Hew:
“‘-;a"m( " . tm:l;t:ck':;tm'(' g'r“dl‘-'“‘f‘/ fJOV;—-/‘ Ares dischar;e

e e e at) (0% e wr? sty (000 e?) e e s
15220 17.3 2.1 5.3 21.83 - 1.16
20-30 24.5 45 11 9.95 1.09
30-40 34.6 7.9 S 20 2.49 .50
-40-60 : 49.0 .13 32 2.73 .87
60-80 59.3 19 48 1.82 .87
§ 80-100 89.4 ' 26 65 1.63 1.06
100-120 109.5 33 .82 1.28 . ©1.05
'>120 128.5 39 - | o - 1.20 1.18
Totals (rounded) _ , o 42.9 7.8

l/ Based on 11.,0°C mean annual temperature at the land surface

- -1 .1 ,.~1
2/ Based on harmonic-mean thermal conductivity of 2.5 x 10 3 cal cm s °C
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Net conductive heat discharge is compufed as the difference between
the total and the "normal" conductive heat discharge. The "normal"
heat flow is assumed to be 2 HFU on the basis of data developed for
method B. The net héat discharge is tﬁen
2 1o

[7.8 x 10° cal s -2 x 107% cal en™2 s~ 1y(u2.9 x 1020 en?)] =

6.9 x 10° cal s71
Total conductive heat discharge estimated by method B amounts to
. 6 - . ' .

8.5 x 10" cal s 1, slightly more than the estimate by Method A. Heat-

flow values used in the estimate are shown on figure 40, and the

derivation of the estimate is given in table 28.

Net conductive heét discharge by method B is estimated using an
assumed ''mormal” heat flow of 2 HFU, slightly more than the heat flow
computed for two of the test holes believed to be outside the thermal
area (fig. 40). The estimate of net conductive heat discharge is then

6

"~ [8.5 x 10 cal s—l] - [x 1078 ca1 em? s 1)(55.3 x 10t

0 cm2)]~
= 7.4 x 10° cal s7*

Largest elements of uncertainty in the estimate are the eéxtent of
the area of relatively low heat flow (2-10 HFU) and the heat flow in
the hottest area. In deriving the estimate, it is assumed that the’ total
area having a heat flow of 2*10 HFU is three times the area between the
2 and 10 HfU isoérams on the west side of the thermal area between the
north edge of secs. 35 and 36, T. 23 N., R. 26 E. and the south edge of
secs. 22 and 23, T.'22.N., R. 26 E., where data are available. It is
" also assumed that the éverage heat flow in the area énclosed by the 100
HFU isogram is 141 HFU--the geometric mean of 100 and 200 HFU. However;
extent of the snowmelt observed in January 1974 suggests that the
average heat flow within this area may be much greater than thaf used in

derviving the estimate.
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Table 28 .-~Estimate of conductive heat discharge from Brady's Hot Springs
hydrothermal system on the basis of method B described in the text

4 Geometric-mean Area Heat discharge
Range in heat flow heat flow . 10 2 6 1
(HFU) (HFU) (x 1077 cm®) (x 107 cal s77)
2-10 4.5 42,5 1.9
10 - 50 22.4 8.5 1.9
. 50 - 100 70.7 1.9 1.3
>100 141V 2.4 3.4
Total 55.3 8.5
-~ 200 HFU

1/ Assumed range, 100
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Convective heat discharge as steam.--The rate of convective heat

discharge as steam cannot be estimated within narrow limits. However,
a crude estimate can be made by assuming that all the pre-development
springflow (mass flow rate) is now discharged as steam. The actual
rate of steam discharge probably is less than this estimate, but the
error introudced may be effset,'at leesf in part,.by the omission of
heat discharge by radiation and evaporation from the estimates of net
heat discharge.

As discuesed earlier, fhe springflow before de&elopment
may have been about 1.3 1 s_l (20 gpm). Heat discharge as steam is
then estimated using the following. data:

Steam discharge (mass flow rate) = (1.3 x 103 cm3 s_l)(0.972 g cm‘a)

= 1.26 x 103 g s_l = 4,0 x ldlo g yr-l

Enthalpy of steam-water mixture at 95°C.= 542 cal g-l
Heat discharge as steam is computed to be

(4.0 x 1030 gy )(5 42 x 102 cal g'l)

2.17 x lOl‘3 cal yr‘l

= 0.69 x 10 cal st

Net heat discharge from system.r-Net'heat discharge from the Brady's

Hot Springs hydrothermal system is computed as the sum of the net conductive

discharge and the convective discharge as steam

(x 10% ca1 s71)
Method A Method B
Net conductive heat discharge _ 6.9 7.4
Convective heat discharge as steam .69 ' .69
Total (rounded) 7.6 8;1

¢

As explained above, the actual rate of net heat discharge probably exceeds

both of these estlmates, perhaps by' a significant margin.
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Water Discharge

Data are insufficient to estimate the discharge of water from the
Brady's Hot Springs hydrothermal system, except by the heat-budget
method. A |
The following data are used in deriving the estimate:

Net heat discharge (method B) = 8.1 x 108 cal'sfl=2.56 X lOlu’cal yr~t

Reservoir temperature(test well data)=200°c; enthalpy of water =

204 cal g'l

Mean-annual surface temperatue = 11°C;
enthalpy of waters 11 cal g™t
Net enthalpy of water in reserveir 193 cal g'l

Density of water at assumed discharge temperature
of 80°C = 0.972 g M

Density of water at assumed discharge temperature of 80°C = 0.972 g cm

Water discharge is then

14 -1 | -
2.56 x 10 " cal yv _ . (9,972 x 10° g )

1.93 % lO2 cal g'-l

= 1l.b x 106 m3 yr_l'

Hypothetical Model of Hydrothermal-Discharge System
Presently available data indicatg'that all thermal-water discharge
iﬁ the Brady's Hot Spring§ thermal area moves up&ard along a conduit
system associated with the principal (Hot Springs) fault. Other faults"
in the'afea may transmit some thermal water, but data points ére not
spaced closeiy ehough'té confirm or deny this possibility. (See fig. 39)
No water presently discharges at the land surface along the Hot Springs

fauit, although some steam escapes from fumaroles and irregular vents in

secs. 1l and 12, T. 22 N., R. 26 E.
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The tempgrature pattern (fig.39), the heat-flow pattern (fig.u0),

.the configuration ofbthe water table (fig.38), and vertical potential
gradients allAsuggest that thermal water rises along the Hot
Springs fault, in the segmentAapproximately from the northeast corner
of sec. 1 southward to the west-central part of sec. 13, T. 22 N., R. 26E.;
then moves laterally tchiefly westwafd) in aquifers in unconsolidated
deposits and in joints and other fractures in the underlying consolidated
rocks. Temperatﬁre profiles in some of the test holes installed during
this stﬁdy show that much of the laferal movement of thermalvwater is
within a few'tens of metres ¢f the water table, in the most permeable
Aalluvial and lacustrine deposits.

As discussed earlier, data are insufficient to determine whether
any of the faults east of the Hot Springs fault carry thérmal-water ’
upflow. If they.do, témperatures east of the Hot Springs fault probably
would be higher than those shown on figﬁre 39. Near-surface conductive
heaﬁ flow in this area also would be greater than that shown on figure 40.

Temperature of the rising thermal water is assumed to be at least
200°C on the basis of geothermal teét-well data'obtained in the early
1960's. Depth of circulation. and éource of the thermal water are not
knéwn. However, thermal gradients measured in shallow test holes west
of the thermal area. during this study suggest that conductive heat flow
outside the area affecte4 by thermal-water upflow and discharge into
shallow aquifers may be no more than about 2 HFU (fig.u40)--about average
for the northern Basin and Range proviﬁce. The implication is therefore
clear that, unless a local crustal heat source is present beneath the
eastern part of the thermal area, the thermal water'must circulate to depths

of several kilometres in order to attain the observed temperatures.
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BUFFALO VALLEY HOT SPRINGS THERMAL AREA N

Location

Buffalo Valley Hot Springs are in sec. 23, T. 29 N., R. 4l E., in
western Landér,County; Nev. The springs are in southeastern Buffalo
Valley, 47 km by rocad southwest of Battle Mountain. They occupy a low
mound near the foot of the slope on the southeast side of the valley at
an altitude of ébqut 1410 m above mean sea leavel. T@e springflow is
undeveloped except as a source of drinking water for livestock. The area
surrounding the springs has not been ciassified as a KGRA but is within

lands classified as being valuable prospectively for geothermal resources.

Test Drilling

In the fall of 1973, the U. S. Geological Survey placed six drill
holes and three auger holes in the hot springs area in order to determine ' :> ;
the extent of the thermal area and to estimate discharge of heat and ' ¢
water from the hydrothermal system. All the test holés are within 1.8 km
of the center of the spring mound. They range in deptﬁ from 24.8 to 47.9 m,
and all but one, DH-9, are fitted witﬂ well points. Test hole DH-9 is
entirel& above the water table and is capped at the bottom and filled with

waﬁer for temperature measurements. Data for all the test holes are given i
in table 29. | | :
Geology

Exposed rocks and deposits near Buffalo Valley Hot Springs include
tuff of middle Tertiary age, basalt of late Tertiary or early Quaternary .
age in the form of cinder cones and lava flows, and uncohsolidated valley

fill and spring deposits of Quaternary age. Areal extent of the geologic ‘

units mapped in this study is $hown on figure 41 _ -
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Table 29.--Data for U.C. Jvolovical Survev test holes in the Buffalo

Valley Hot Cprines thermal area

Well number: Test holes 1-5 drilled during 9-12 October 1973, test holes

6~9 drilled during 25-l7 Jctober, 1973. Tost hcles 1 and 5-8 drilled
using rotary rig; "Pevert" mud used in wells 1l and 8-9; bentohite
mud used in well 5. Tes<, holes 2-4 drilled using solid-stem au{.er.‘

Depth: Depth completed, in feet below land-surface datimn. Test heles
2-8 encountered only unconsolilated selimentary depesits. In test
holes 1 and 9, these deposi'ts.a're underlain by basalt at 2§.9 and
21.0 m, respectively.

Ivpe of completion: Casing type is indicated by "St” (3.8-cm ncainal
{inside diameter steel) or "P" (S5.l-cm nominal inside diameter PVC,
topp§d by 2-m length of S.l-cm steel casing). Casing capped and
filled with water {s Indicated by "C". Casings with}vell—point

screens at bottom are indicated by "se".

Depth to water tadble: Obtained from neutron (N) or gama-g.ama (Gz)
log.

Geophysical logs available: Gamma ("G"), gamma-gamna ("Gz"), neutron

("N"), resistivity ("R"), and temperature ("T").

Depth to water table Static confined
water level
Hetres ) Metres
Land- below below .
surface land- Source : land- Geophysical
Well Type of - altitude surface or - surface logs
nunber Llocation Depth completion (m) datum data late datum Date available
BVDH-1 = 29/41-26dbc  32.5S P,Se 1,409.4 " N 73 11 08 S.u4 73 11 08 G,G2,N,R,T
AR-2 -tcca 44,71 st,Se 1,409.1 3.0 § 731107  >1.01 73 11 09 G,G2,§,T
AH-3 ~2%add  26.88 st,Sc 1,406.0 <l.2 @2 73 11 06 .51 73 11 06 G,G2,N
o s -23caa 35.05 St,S¢  © 1,u08.2 8.3(2) 62 73 11 06 SL 7311 06 G632,
“
©  DHeS -26aba  42.31 P,Se 1,408.1 1.1 N 73 11 07 1.11 73 11 07 G,G2,N,T
DH-§ -23dda  47.85 st,Se 1.,408.2 <1 (?) - T3 o?  >42.68 731107 6
DH-7 -27asa U511 P.Sc 1,508.5 <1 (7) - 73 11 08 .52 73 11 08 G,G2,X
oH-4 -24bab 44,77 st,Se . 1,409.7 2.8 N 73 11 06 2.72 73 11 06 G,G2,N,T
DH-9 ~2udda .78 St.C 1,429.5 ?) - - - . G,G2,N,T
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Figure 41.--Geologic map of Buffalo Valley Hot Springs thermal area
showing location of test holes.
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The oldest unit exposed within the area of figuré,ui is the Fish
Creek Mountains Tuff of early Miocene age. Fission-track and potaséium-

argon ages indicate an age of 24.3 + 0.7 m.y. (McKee, 1970). Outside

" the area of study; the Fish Creek Mountains Tuff unconformably ovérlies

the Caetano Tuff of Oligoceng age, various-aark lavas and tuffaceous
sedimentary rocks of QOligocene(?) agé, and a granitic pluton of

Jurassic(?) age. The granite is exposed within the drainage areas of inter-
mittent streams that enter the mapped area from the east; boulders of

granite are locally abundant on the alluvial fans east of the hot springs.

The Fish Creek Mountains Tuff is a large ash-flow sheet which erupted
from the central part of the Fiéh Creek Mountains southeast of Buffalo
Valley. As determined by McKee ﬂ1970), the tuff is rhyolitic, with -
recognizable phenocrysts of sgnidine and guartz,. ranges in thickness from
about 30 m neér the margins to about 900 m near the center of the
mountains, and probably has a total volume of more than 300 km3. Along the
'southeast side of the mapped area, the tuff is light pink, gray, or
yellowish-brown, contains abundant lithic and pumice fragments as well as
crystals of quartz, sanidine, and biotite, is slightly to modefately
welded, and is genefally porous and vesicular.

~ Extruded from vents cutting the Fish Creek Mountains Tuff and older
rocks are several basaltic cinder cones and associated lava flows. The
cones appear fairly fresh and uneroded, but some are tens to hundreds of
metres above the present western base of the Fish Creek Mountains. They
pfobably predate the last faulting that_elévated the Fish Creek Mountains
relative to Buffalo Valley. The general northeasterly alineﬁent of the
cones, parallel to the base of fhe mountains and to at least oné high-

angle normal fault in the Fish Creek Mountains Tuff (see fig.%l ), suggests

extrusion of the basalt along a Basin and Range fault or fault zone.
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Pﬁtassium-argoﬁ dating has recently established the age of the basalt as
about 3 m.y. (E.D. McKee, oral commun., 1974),--either latest Pliocene
or earliest Pleistocene, accqrding,to various time scéles currently accepted.
| - The basalt is typically dark gray, or red where oxidized, highly
vesicular, and locally contains abundant zeolites. Olivine is present,
as well as pyroxene and plagioclase. Most samples examined in the field
contain xenoliths of rhyoiite tuff and xenocrysts of quartz and sanidine
derived ffom the underiying Fish Creek Mountains Tuff and older tuffs
and flows. Not all the basalt is vesicular. A dense, platy flow rock
crops out at the southern edge of the mapped area (fig. 41). An isolated
exposure of somewhat vesicular basalt at the southwest corner of the. area,
S km southwest of the hot springs, may be relatéd to the cinder cones and
fldws to thé east, but the correlation is uncertain. Vesicuiar basalt
penetrated in two of the test holes, BV DH's 1 and 9, at depths of 29.9
and 21.0 m, respectively, probably represents the westward subsurface
extension of flows exposed to the éast. The thin alluvial cover on the
flows at these sites at;eststo the slow rate of deposition.along the east
side of Buffalo Valley during the past 3 million years,

The unconsolidated valley fill consists of ailuvial-fan deposits,
lacustrine deposits, playa deposits, and spring deposits. Total thickness
of these deposits is unknown, but gravity data (U.S. Geol. Survey, unpub-
lished data,1973) suggest that the fill is much thicker beneath central
and west-central Buffélo Valle& than it is on the east side, near the hot

springs. _
The alluvial fan deposits are grouped into two facies on figure 41:

heterogeneous deposits, and basaltic detritué. Both facies are generally
an ill-sorted mixture of gravel, sand, silt, and clay,'which represent |
deposition by muddy water or mud flows during short-lived storm runoff

from the Fish Creek Mountains. The heterogeneous~deposits include abundant

232




"1‘_},9

Y
4

1
| NS

tuff and some nonvolcanic detritus, as well as fragments of basalt derived

s

from the cinder cones and flows on the east .side of the valley. The

-

basaltic detritus consists entirely or almost éntirely of basalt clasts of

f} various sizes in a matrix of sandy silt and clay;

i A '

o At times during the late Pleistocene, Buffalo Valley was occupied by lakes,
r3 ' '

Ig which have left their record as shorelines at several levels up to about

I : '

1,417 m above mean sea level. Below the top shoreline the alluvial-fan

deposits have been reworked by lacustrine processes, which have left beach

)

[

ridges, gravel bars, and fine sands and muds of the lake bottom. Lake-

[~

bottom deposits are recognized in some of the test holes as gray or greenish-
}; gray chemically reduced clay and silt.
Playa deposits of Holocene age overlie the lacustrine deposits in central

i _ :
LS Buffalo Valley. The deposits resemble the lacustrine deposits, and the

[} . subsurface contact of the two units is vague and arbitrary. Salts have
accumulated in the near-surface playa deposits,owing to evaporation of
[] ground water, but wind has removed much of the salt crust in parts of the

playa. :
[} : The spring deposits consist of clay, silt, and fine sand on the mound

df Bﬁffalo Valley Hot Springs, and a surrouﬁding larger area of older
spring deposifs. The’deposits are in large part calcareous; some of the
\w hotter spring orifices are rimmed by travertine. No sinter_hés been
{: observed in the spring deposits.
[} No fault is obvioﬁsly associated with the hot springs, although a
| northeast-trending'Basin and Range normal fault was mapped in the mountains
Lg; ' to the east (fig. 41), and the linear pattern of the basaltic cinder cones
and associated lava flows suggests a northeast-trending fault or fault
zone. A fault or faults having a similar trend may be present'beneath the

springs or beﬁween the springs and the mountains tp the east. Delineation

“of such possible features would require the use of various surface geo-

E] physical techniques and test drilling.
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Hydrology
The relatively small discharge of thermal water in the Buffalo

valiey Hot Spfings area doubtless is fed by precipitation. The deep-

. eirculating thermal ground water may have originated as recharge in the

Fish Creek Mountains, east and southeasf of the thermal area. No great
distance of lateral movement seems necessary for the thermal water.
Sedimentary deposits on the valley floor adjacent to the hot springs
are saturated at depths of 3 m or léss.v As land-surface altitude increases
to the east and south, water depths increase also: .at’well DH-Q; 1.7 km
east of the springs, the depth to water exceedé 25 m; and at stock well
29/41-3#adb, 3.2 km southwest of the springs, the depth to water is
about 11 m.
'Adjacent to the springs, the regional water table is almost flat,

as shown in figure 42, Directions of movement for the nonthermal ground
water are generally northwestward, from the upland recharge areas toward
the valley floor. Superimposed on this regional flow system is an area
of upwelliﬁg thermal water.eQidenced at land surface by the spfings. The
resulting méund of hot water is aue in part to true artesian conditioms,
and in part to thermo-artesian conditions, but the félative magnitudé of
the two components is unknown. | | )

‘Nonthermal ground water discharges at the land surface by evaporation
énd transpiration. Thermal water also is dissipated by these mechanisms,
and in addition it discharges as springflow. Estimates of total thermal-
water discharge are given in a later section,

The Hot Springs |

Buffalo Valley Hot Springs occupy a low mound about 450 m in diameter
and about 3.5m in altitude above the surrcunding valley floor.
" The number of acfive or recently active springs exceeds 200. The

springs differ considerably in appearance: some are merely damp, grass-

filled'depressions; others feed pools as large as 2 m in diameter
234
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configuration of water table, fall 1973.
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(the average pool diameter may be about 0.5 m); and others issue from
travertine mounds. Few of the springs yield much water. Only one
orifice Yieldé more than about 0.1 1 s"l, and most yield less than 0.01
1 s”}, The combined flow oanll springs in October 1973 may have been
on the order of only 0.6 1 é'l. Measured orifice-throat temperatures of

flowing springs range from 31° to 79%.

Chemical Character of Springflow

The general chéﬁical character of wafer from Buffalo ValleyAHot
Springs is indicated by the énalysis f;om Mariner and others (1974, p. 12)
listed in table 1. The dissolved solids, which are dominated by sodium
and bicarbonate, total about 960 mg 171, The silica gecthermometer
indicates a reservoir:temperature of‘l25°C (table 1; from Mariner and
others, 1974, p. 18).

Specific-conductance data for the flow from four of the pfincipal

orifices (table 30, fig. 43) indicate only a small range in salinity

from spring to spring.

The thermal ground water is chemically different from the non-
thermal water of nearby well 29/41-34adb (3.2 km southwest of the
springs; 16% m deep; water temperature 14.4°C after 30 minutes pumping) .

The chemical contrast is shown by the following data:

Specific
Source conductance Chloride
‘ (micromhos) (mg/1)
Hof spring 51,500 ‘ 29
Well 29/41-34adb g1y 161
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Table 30.--Temperature, disszharge, and specific conductance of flow

from individual orifices at Buffalo Valley Hot Springs,

5 August, 1974.

Estimated Séecific
discharge conductance
(litres (micromhos

Orifice Temperature per _ per cm

(fig. 52) (°C) ) second) at 25°%)
B | 78.8 <0.006 1,460
9 70.0 < ,006 1,480
-31 71.8 < ,013 1,470
177 71.8 < .003 1,440

(i7e14/
|
F;?
DRiLL
31 NoLE
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. é '
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Figure‘i3.--5ketgh map of part of Buffalo Valley Hot Springs mound

showing location of orifices sampled in August 1974.
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Subsurface Temperature Distribution

The distribution of temperature at a depth of 30 m below the land

_ surface, as measured in the test holes in the fall of 1973, is shown in

figure uy. The general shape of the thermal area is fairly well defined,
but the configuration of the 15°C isotherm is uncertain, except southwest
of the hot springs. More data eépecially'are needed to determine the
northerly and easterly extent of the thermal area.
The striking feature of the temperature pattern is the small'exteﬁt
of the nearly circular area centered at the hot springs where the temper-
atures are above 30°C, and the general asymmetry of the cocler part of
the thermal area where temperatures are between 15°C and 30°C. Alternative
explanations of the observed temperature patterns are given later, in the
section "Hyéothetical model of hydrothermal-discharge system."
Heat Discharge
Heat discharge from the Buffalo Yalley hydrothermal system is chiefly
by conduction through near-surface materials; convective discharge as
springflow is smali,land little or no heat is discharged as steam.

Conductive heat discharge.--The conductive heat discharge that

results from convective upflow of therhal water is estimated by methods
A and B described in the section, "Estimates of heat discharge." Both
estimates are uncertain because of the paﬁcity of temperature and therméle
gradient data in most of the outer part of fhe thermal area. The magni-
tude of conductive heat discharge near the hot éprings also is difficult
to estimate because the relative importance of conductive and convective
heat discharge in the top 30 m is poorly undefstood in this area.

The foilowing data are used in the estimate of total gonducfive heaf
discharge by method A: |

Boundary of thermal area is 15°C isotherm at 30 m depth (12.2 kmz)
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Figure 44.--Map of Buffalo Valley Hot Springs thermal area showing

,tempelr‘ature at a depth of 30 metres, fall 1973.

239



Mean-annual temperature at land surface = 39°C, about equal to the

long~term mean-annual temperature at Winnemucca (table 6) ™o
Harmonic—mean>thermal'conductivity 0-30m = 2.5 x 10-3 cal cm-'l s_l"C-l
(the average of values computed from the iogs of 9 test holes)
Using the values above, the total conductive heat discharge estimated
by method A is 1.38 x 106 cal s-l. Derivation of the estimate is given
in table 31. ' i
Net conductive heat discharge is computed as the differencebetween :
the total and the "normal conductive heat discharge. The "normai" heat .

flow is assumed to be 4 HFU on the basis of data developed for method B.

The net conductive heat discharge is then

6 1

[1.38 x 10" cal s-l] - [(u x lO“6 cal cm-2 s_l)(l2.2 x 10

1

0 - ,
4cm2)] y
= 0.89 x 10° cal s~ | R

Total conductive heat flow estimated by method B is 1.16 x4lO6 cal
s-l, éomewhat less than the estimate By method A. Heat-flow value§ used
in the estimate are shown'on figure 45, and the deri;étion of the estimate
is given in table 32.

Net conductive heat discharge is estimated by method B, using an .
aésumed "normal" heat flow of 4 HFU, slightly more than the heat flow ' <
computed for BV DH-7, believed to be just outside the thermal area
(fig. 45). The estimate of net conductive:heat discharge is then

2 1

[1.16 % 106 cal s717 - [(4 x 10°° cal en” 0 @?)] -
= 0.72 x 10° cal s7 . f

111 x 10
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Table 31, -- Estimate of conductive heat discharge from Buffalo Valley Hot Springs hydrothermal
system on the basis of method A described in the text.
Geometric Thermal Heat Heat
Temperature temEZ:zture' gradient“ flow .Area discharge
%?2%? (°c) (X10-3 oc cﬁl) (x10_6 cal cm-2 s-¥)7 (JilO10 cm?) (x106 cal s_l)
15 - 20 17.3 - 2.8 7.0 | 7.24 o.si
20 - 30 2,5 5.2 13 3.97 .52
30 - ko 34.6 8.5 21 .35 .07k
Lo - 60 k9.0 13 32 | .26 .083
N 60 - 80 69.3 20 .50 | .20 .10
" > 80 :87.2 26 65 _ B .098
Totals (rounded) 12.2 1.38

1/ Based on 90°C mean annual temperature at the land surface

1 "10"'1

2/ Based on harmonic-mean thermal conductivity of 2.4 x 10-3 cal cm ~ s c
2/ y




Line of equal conductive heat flow, in HFU (» 10-8cal em2 ™)

o7
' Test hole
Nomber is conductive bea? Flow, in HEU (x107%aql em3s™1)

Figure 45.~-Map of Buffalo Valley Hot Springs thermal area showing near-

~surface conductive heat flow.
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Table 32 .--Estimate of conductive heat discharge from Buffalo Valley
‘ Hot Springs hydrothermal system on the basis of method B

described in text.

t

i/ Assumed range, 50 - 80 HFU

Range in Geometric-mean Area - Heat discharge
heat flow heat flow . 19 2 5 1.
(HFU) : (HFU) (x 1077 em™) (x 107 cal s77)
4 - 10 , 6.3 8.18 0.52
20 - 50 31.6 41 .13
> 50 63.2% .31 .20
Total 11,1 1.14
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ConVective heat discharge as springflow.--As stated earlier s

the springflow in October 1973 may have been about 0.6 1 s7L. Weighted~
average temperature is not known within narrow limits. The temperatures
of the springs having the largest flows average about 70° - 80°C. (See
table 30.) For the purpose of the estimate of heat discharge, the

following values are assumed:

Weighted average temperature of springflow = 72°C. Enthalpy = 72 cal g-l

'Mean-annual temperature at land surface = 9°C Enthalpy = 9 cal g-l
Net enthalpy of springflow . o 63 cal g_l
Spring discharge = 0.6 1 st = 0.02 x 10° n° yr_l

Density of water at 72° = 0.977 x 106 g rn-3

Heat discharge is then

3 6

yo 1)(0.977 x 10

1.2 x 1012 cal yr-l

(0.02 x lO6 m g m~3)(63 cal g-l)

0.038 x 10° cal st

" Net heat discharge from system.--Net heat discharge from the Buffalo

Valley Hot Springs hydrothermal system is equal to the sum of the net

)

conductive heat discharge and the convective heat discharge as springflow:
1

(x 10° cal s™H)
Method A Methqd B
Net conductive heat discharge 0.89 0.72
Conductive heat discharge as springflow .038 .038
Total (rounded) | 0.93 0.76
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Water Discharge
Thermal ground water discharges from Buffalo Valley Hot Springs
system as springflow, evaporation, transpiration, and perhaps as lateral
subsurface flow away from the spring‘apea; The magnitude of the discharge

is estimated by both the water-budget and the heat-budget methods.

Water-budget method .-- Springflow may total about 0.6 1 s°l, or

about 0.02 x 10° pd yr'l. The estimation of evaporatiocn plus
transpiration is difficult, primarily because the areas actually fed by

thermal ground water are unknown. Figure 45 shows the distribution

of phreatophytes in the hot springs area. For lack of positive informa-
tion, it is assumed that the épring mound and the area of dense to very
scattered salfgrass and rabbitbrush surrounding it are fed by dominantly
thermal ground water. Table 33 gives estimates of evaporation and
transpiration based on this assumptionm.

Because no springflow leaves the mound, and becaﬁse estimated
water-surface evaporation is a small quantity, ﬁost of the springflow must
percolate béck>into the ground and dissipate subsequently by phreatqphytié
transpiration and soil-surface evapcration. Therefore, the total in
table 33, 0.17 x 108 m3'yr'l, represents the actual amount of thermal
water believedto be discharg;d as springflow and evapotranspiration.

The quantity of thermai water that flows away from the hot-spring

area in the subsurface cannot be estimated with available information.

Heat-budget method.--The following data are used in deriving the

estimate of water discharge from the Buffalo Valley Hot Springs hydro-
thermal system by the heat-budget method:

0.93 x 105 cal s-!

Net heat discharge (method A)

0.76 x 108 cal s}

(method B)
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{; Table 33.--Estimated average annual evaporation and transpiration of
[] dominantly thermal ground water at Buffalo Hot Sprinés
Depth to
: Evapotranspiration
{} Type of water.loss | Area water (m yr-1) (xlosmsyr‘l)
(x10°m) (m)
Y? :
\J )
Water-surface evaporation 0.04 0 a’l2 <0.001
) :
Lj Transpiration by dense to
[j : scattered saltgrass, plus
P .
soil-surface evaporation 120 0-1 .18 .022
[} Transpiration by moderately
dense to very scattered
[} ' saltgrass with or without
[1 scattered rabbitbrush,
" plus soil-surface
evaporation o 1,260~ %-3 12 .18
Total (rounded) 1,380 - - 17

a. Adjusted for elevated temperature, assuming an average water-surface

temperature of s0°c.
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-Reservoir temperature (table 1) = 125°C Enthalpy of water

Mean-annual surface temperature 9°C Enthalpy of water

Net enthalpy of thermal water at source

125 cal g~}

9 cal g'l

118 cal g"1

Density of water at assumed discharge temperature of 72°C = 0.977 g em™!

Water discharge is then

2.94 x 10'3 ca1l yr=l) | (0.977 x 108 g m‘a)
1.16 x 102 cal g-} |

using the heat-discharge estimate by method A, or

. 13 .1 o1\ :
2:80x 10 " cal yr "}, (b.977 x 108 g m‘?)
1.16 x 102 cal g-!

using the heat discharge estimate by method B.

0.26 x 105 m3 yp-!

0.21 x 106 m3d yr'1

Comparison of heat-budget and water-budget estimates.--The estimates

of thermal-water discharge by the heat-budget method, 0.26 x 108 m3 yr-!

-(using heat-discharge estimate by method A) and 0.21 x 108 m3 y»™! (using

heat-discharge estimate by method B), exceed that by the water-budget method,

0.17 x 10° m3 yr'l, by perhaps significant margins. The heat-budget esti-

mate based on method B is believed to be the most reliable of the three

estimates. The water-budget estimate is believed to be too small for two

principal reasons: (1) lateral outflow of thermal ground water is not inclu-

ded; (2) the area of phreatophytes supported by thermal water prcbably is

greater than used in the estimate. Alternatively, other errors in all

three estiamtes could account for the differences. More data are needed to

resolve the discrepancies.

Inferred Nature of Hydrothermal System

' The nature of the Buffalo Valley Hot Springs hydrothermal system is

even more enigmatic than that of the other systems studied. Heat flow out-

‘'side the thermal area seems to be greater than normal for the northern_
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Basin and Range province. Temperature of the thermal reservoir indicated
by the silica-quartz geothermometer, 125°C, is substantially less than tﬂat
of the other systems; depth of circulation §f the thermél water is corres-
pondingly less if, as.seems likely, the average thermal conductivity of the
rocks overlying the reservoir is no gﬁeater than that of the other systems.
Assuming an average thermal conductivity of 2% to 3% x 10 3 cal cm~ls-lec-!
and an avefage heat flow of 3-4 x 1076 cal em~ls”! outside thé thérmal.area,
the depth of circulation would be only about 0.7-1.4 km. Materials at such
depths might‘consist of valley fill or of Tertiary volcanic or sedimentary
rocks of moderate porosity and permeability. |

The hot springs are not obviously related to a fault having surface ex-
pression. However, the deep paft of the conduit systeﬁ that feeds the springs
probably is a;ong'a fault or fault system. Distfibution of temperatures at
depths less than 50 m suggests a conduit system dipping steeply eastward or
southeastward or, possibly,a conduit system that leaks laterally infp aqui-. .
fer toward the east or southeast. The upflow of thermal water from the
reservoir is not rapid enough to maintain high temperature until the water
boils. Heat of the riéing water is lost by both conduction through the
walls of the conduit system and mixing of thermal and nonthermal waters,
but the relative magnitude of the'two processes cannot be determined from

present data. ’ - .

INTERPRETATION AND EVALUATION GF FINDINGS
Recapitulation of Objectives
As outlined in the introduction, the objectives of the study were
to (1) delineate areas of high heat flow associated with rising thermal
ground water, (2) determine the nature of the discharge parts of the

hydrpthermal systems, (3) estimate heat discharge from the hydrothermal

\
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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 (8) gvaluate several investigative
techniques that would yield the reﬁuired information quickly and at
relatively ;ow cost..

| Not all the techniques reéuired for a comprehensive study of h}dro-
thermal systems were evaluated or used. For example, recharge areas

for the systems were not delineated; nor were determined the patterms of

ground-water circulation through the systems, the location, extent and nature

of ‘the thermal reservoirs, or the complex chemical reactions of rocks and
thermal fluids. Instead, attention was'focused on the discharge parts

of the systems, particularly on the natural discharge of heat and water.
Noqunly is this last type of information easigr to obtain than thé 6ther
types mentioned above, but the findings of this study tend to confirm

fhe inference made from geologic studies by Hose and Taylor (1974) that
the natural rates of discharge of both heat and fluid may place severe

constraints on the scale of economic development of the systems.

Delineation of Aveas of High Heat Flow

Areas of high heat flow associated with rising thermal>ground water
were feasonably well delineéted during the study. The following thermal
areas were outlined by shallow test drilling: Stillwater; Soda Lakes-
Upsal Hogback; Gerlach; Brady's Hot Springs; Leach Hot Springs; Buffalo.
Valley Hot Springs; énd Sulphur Hot Springs. In addition, some infor-
mation was obtgined about thermal areas at Fly Ranch, Granite Ranch, and
Double Hot Springs in the Black Rock Desert, and about parts of southern
and central Carson Desert outside the Stillwater and Soda Lakes~Upsal

Hogback thermal areas.
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Not all the thermal areas were equally well delineated, however, The
western extent of the Gerlach thermal area wa; nct explored, owing to
the difficulty of drillingAin the rugged exposures of granodibrite in
that part ofvthe area. The north and south ends of the thermal area
associated with Brady's Hot Springs were not defined, and the eastward
extent also is poofly known. The thermal area associated with Sulphur
Hot Springs was defingd with fair accuracy, but tﬁe extent of a nearby
subsurface hydrothermal-discharge sysfem associated with the major Basin
and Range fault west of the springs is unknown. |

.Shallow-temperéture data appear to be adequate to identify and de-
-lineate hydrothermal systems in which the fluid discharges at the land
surface or into shallow aquifers, at depths of lesé than,'s;y, 100 m. .
However, information obtained from the southern Carson Desert suggests
that test'dri;ling much deeper than 50 m may be required to identify
systems in which the near-surface thermal effects‘of convection of ther-
mal water at depths of perhaps several hundred metres are masked by
rapid circulation of overlying nonthermal ground water and by changes in
the thermal regime caused by application of large amounts of irrigation

water for many decades. .
The extent of the thermal areas studied is given in table 34. A

thermal area is defined as an area in which the near-surface conductive
heat flow that results from convective upflow of thermal water is signif-

icantly greater than the conductive heat flow in the surrounding area

unaffected by the upflow of thermal water. Different criteria for the
boundaries are used for the various thermal areas, depending on the kind
of data available. Boundaries based on heat-flow values used in esti-

mates of heat discharge by method B described in the section, "Estimates
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Table 34.--Extent of thermal areas studied in northern and central Nevada

Thermal area
Stillwater
Brady's Hot Sprihgs
Soda Lakes-Upsal Hogback
Gerlach
Sulphuﬁ Hot Springs
Buffalo Valley Hot Springs

Leach Hot Springs

252

Extent

(km2)
59.1
55.3
21.1
20.3
12.0
11.1

8.0

Assumed boqndary

20°C isotherm at 30 m

2 HFU isogram

-20°C isotherm at 30 m

L gry isogram

15°C isotherm at 30 m

4 HFU isogram

15°C isotherm at 30_m

.
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of heat discharge" are believed to be more reliable than boundaries based
on temperature at 30 m depth used in estimates by method A. Thermal

areas estimated by method A are generally too small.

Nature of Discharge Parts of Hydrothermal Systems

"~ Only partial success waé achieved in attaining the second objective
~of the investigation -- the determination of the nature of the discharge
pafts of the hydrothermai systems. Some of the systems studied--those
at Gerlach, Brady's Hot Springs, Leach Hot Springs, Fly Ranch, and Double
Hot Springs--cleérly are associated with Basin and Range faults. These
discharge systems appear to be steeply inclined conduits in or near the
fault zones. Other systems--those at Stillwater, Soda Lakes-UpSal Hogback,
and'Sulphur Hot Springs--probably are as;ociated with faults, but the
faults are not obviously exposed at the springs or in the center of the
thermal. anomalies. Buffalo Valley Hot Springs are even iess obvidusly
related to a fault. |
All the systems studied thus far appear to contain steeply'inclined .
discharge conduits. Some conduits are very.leaky, such as those at
Stillwater, Soda Lakes-Upsal Hogback, Brady's Hot Springs, and Gerlach.
Others such as those at Leach, Sulphur, and Buffalo Valley Hot Springs,
appear to leak at only small to moderate rates, at least in the upper 50 m.

Further studies of discharge systems are needed, using surface geo-:

'physical methods, additional chemical sampling, additional test drilling

(both shallow and deep), very shallow temperature measurements, aerial

‘photography, .and remote sensing.
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Summary of Heat-Discharge Estimates

The net heat dischargé-—that is, the heat discharge that results
from convective upflow of thermal water--was estimated for all the systems
for which sufficient shallow subsurface temperature and hydrogeologic
daté were obfained. The surface or near-surface heat discharge frém‘most
of the systems includes three major components; (1) conduction through
near—surfade materials; (2) convection by springflow; and (3) coﬁvection
by steém dischargé.A

Relatively crude estimates of near-surface conductive heat discharge
were made by method A, which uses the temperatures measured at a depth
of 30 m in the test holes. In four of the seven areas, more refined
estimates were also made by ﬁethod B, which uses the conductive thermal
gradients in the satqrated zone. Virtually all the net heat discharge
is conductive in the Stillwater and Soda Lakes—Upsél Hogback systeﬁs;
which have no springs associated with them.

The net heat dischargé includes convection by springflow in the
Gerlacﬁ, Leach Hot Springs, Sulphur Hot Springs, and.Bﬁffalo Valley Hot
Springs hydrothermal systems and by steam discharge in the Brady's Hot
Springs, Gerlach, Leach Hot Springs, and Sulphur Hot Springs systems.

The estimates‘of net heat discharge‘are summariied in table 35.
Heat discharge from the Steamboat Springé hydrothermal system, estimated
by White (1968), is'inc;uded for comparison. The values range from less

L to more than 107 cal s-l. Because of errors inherent in

than 10° cal s~
the estimates, the actual heat discharges of the systems listed in table

35 may be within the range of one-half to twice as large as the estimates.
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E . Table 35. --Estimates of net heat dischar'ge from hydrothermal systems

studied in northern and central Nevada.

(See text for explanation of methods of estimates.)

Method of
estimate of

Net heat discharge

) 6 -1 conductive heat

8 (x10” cal s )" discharge

[X : Stillwater - | o ' SR A
" Steamboat Springs (White, 1968) 11.8

" Brady's Hot Springs ) 7.6 A
| Gerlach 6.4 A
5.4 B
A Soda Lakes-Upsal Hogback - A
Leach Hot Springs 1.7 A
- - 1.7 B
= Sulphur Hot Springs 1.6 A
Buffalo Valley Hot Springs .93 A
' .76 B
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Most of the hydrothermal systems studied are fairly small in terms
§f the total heat discharge. For éxample, Wairakei, a wgll-known hot-
water geotherﬁal system in New Zealand has a natural heat dischargé of
about l-to 1.5x 108 cal s'l, according to‘several estimates summarized
by White (1565). Fournier, White, and Truesdell (1967) estimated a
heat discharge of 4.7 x 16® cal s™! from the Upper, Midway, and Lower

Geyser Basins of Yellowstone National Park. Heat discharge from the
1

1

Long Valley, California,geothermal system is about 4 x 107 cal s~
according to a recent,estimate.(M. L. Sorey, oral communication, 1974)
Summary of Water-Discharge Estimates
Estimates of thermal-water discharge were made for six of the seven
systems for which heat discharge was estimated. Total water discharge
(thermal and nonthermal) was also estimated for one of the systems
(Gerlach). The results are summarized in table 36. Methods used in

the derivation of the estimates are explained in the section, ‘"Estimates

of water discharge". An estimate of the water discharge from

the Steamboat Springs hydrothermal system by White (1968) is included

in table 36 for comparisen.

Estimatedvdiécharge of thermal water from the systems studied ranges
fromvabout 0.2x 1% o yr'l to about 3 x 10° m° yr'l.. Errors in the
estimates based on the heat-budget method probably are about the same
proportiohately as those of the heat discharge-~that is, the true values
may lie within the rangé of about one-half to double the estimated values.
Where independenf'estimates by the water-budget were made, and the figures
are in reasonably close agreement, as they are for Gerlach and Brady's

Hot Springs systems, the range of probable values is believed to be

smaller than it is for the estimates by the heat budget only.
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Table 36.--Estimates of water discharge from hydrothermal systems
; studied in northern and central Nevada.

See text for explanation of methods of estimates. Estimated

reservoir temperatures based on the silica-quartz geothermometer)

System  Estimated Water discharge Method -of
: - reservoir (x 1%m yr-1) ' '
temperature ' estimate
(°c) Total - Thermal
Stillwater 159 - 3.1 Heat budget, A
Steamboaf Springs | : : '
(White, 1968) - >200 - 2.2 Water budget
Gerlach 171 1.8 1.5 Water budget
| —~ | _ 1.3 Heat budget, A
— 1.1 Heat budget, B
Brady's Hot Springs >200 — | |
| | -— 1.4 Heat budget, B
Leach Hot Springs : 155 -— .46+  Water budget
-— 38 Heat budget, A
-— .38 Heat budget, B4
Sulphur Hot Springs 186 Ce= .29 Water budget
_ : . “_ - ',.‘.29 Heat budget, A
Buffalo Valley Hot AP | .17 - Water budget
Springs 125 - .26 Heat budget, A
- a1 Heat budget, B
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Interpretation of Estimates of ﬁegional Conductive Heat Flew

Results obtained during this study from test holes 154-274 m deep
in the?Black Rockvand Carson Deserts indicate that estimates of regional
conductive heat flow may be obtéined-at low cost at ;ites~in‘fine;grained

lacustrine and playa deposits. At such sités; upflow of ground water is
so slow that the effectofvcoﬁvection on the thermal gradient is minimal,
and the obsexrved giadients are essentially conductive.

Results to date also indicate that holes deeper than about 50 m
probably are not required; valid heat-flow estimates can be made using
thermal gradients in the depth ranée.lS-SO m. However, corrected
eétimafes require data on the rate of deposition.of materials in this
depth range.

On the basis of rather sparse daﬁa obtained to date, heat flow in
both the Black Rock Deserts oUtside thermal areas appears to be about
‘1.5 - 2 HFU. Crude data from shallow (< 50m) test holes outside.the Brady's
Hot Springs and Leach Hot Springs thermal areas indicate similar values. -
'Howévér, heat flow outside the thermal area aﬁ Buffalb’Hot Springs may be
ébout 3.5-4 HFU, and the heat flow outside the Sulphur Hot Springs thermal
area in northern Ruby Valley may be about 3 HFU. The estimates for Buffalo
Valley are within fhe uppei range of more accurate values obtained in deep
test.holes near Battle Mountain, abéutao km to the northeast (See fig. 1l;
Sass and others, 1971). As interpreted by Sass and others (1971, fig; 4),
Buffélé Valley is within the area of the Battle Mountain (heat-flow) high.
Leach Hot Springs also is within the Battle Mountain high; the relatively
low heat-flow values indicated in the shallow test holes outside the the;mal
area therefore are difficult to interpret. Deeper test drilling near

Leach Hot Springs is needed to resaolve this problem.
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Significance of Estimates of Heat and Water‘Discharge

Allowing for the uncertainties in the estimates, most of the systems

'studied in northern and central Nevada appear to have small télmoderate
rates of discharge of heat and fluid (chiefly water). In the developed
geothermal systems of the world, the quantity of heat and fluid stored

in the thermal feservoir, and other reservoir characteristics such as
depth, permeability, and temperature, are of far greater sign{ficance

in terms of productive‘capaciéy than is the flux of heat and fluid through
the‘System. In most of the Nevada systems, however, the scale of.poten-
tialvcommercial development for production of electricity or for other uses
may be constrained by the natural discharge of heat and water. The reason
for this is that, in most of the systems, developments within economic
‘ drilling depths probably w0ula'be restricted to small tracts surrounding
the conduits carrying the upflowing thermal water, and the rates at which
fluid could be withdrawn by wells for long periods probably could not
exceed the natural upflow. Greater rates of production‘almost certainly
would result in decreases in both temperatures and pressures in tﬁg
system. Hose and Taylor (1974) report that venting of test wells in the
Beowawe, Nevada, sjstem during the early 1960's caused large decreases in
femperature and pressure, which provides dramatic empirical support of

the conclusion above.

Theoretically, if would be possible, of course, to drill production
wells outsidg the discharge systems. However, as discussed in the section,
"Conceptual models of hydrothermai systems," depths of thermal reservoirs
in areas of néar-normal regiqnai heat flow'ova H?U) might be as great as
5 or 6 km=<beyond present economic drilling depths~-and the permeability
atvthese depths might be insufficiept to allow adequate rates of fluid

production.
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Exceptions to the seemingly unfavorable prospects described above
might occur at favorable sites within broad areas of high heat flow,
such as the Battle Mountain heat-flow high. For example, Buffalo Valley

Hot Springs, a system within the Battle Mountain heat-flow high, the

natural discha;ge of heat and water is small. Howe&ér, owing to the above-
average heat flow over a considerable area, depth of circulation
of thermal water might be one half or less that in areés of "normal"
regional heat flow. The thermal reservoir might therefore be within
shallower, more permeable rocks or deposits. Furthermore, the reservoir
would more likely be within economic drilling depths;

Thus, it would appear that, in northern and central Nevada, the
mcsf favdrable targets for exploration are within broad areés of high
heat flow, such as the Battle Mountain high, rather than the relatively

restricted convective thermal systems in areas of "normal" regional heat flow.
g
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