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Length
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 feet (ft)
kilometer (km) 0.6214 mile (mi)
Area
square meter (m?) 10.76 square feet (ft?)
hectare (ha) 2471 acres
square kilometer (km?) 0.3861 square mi (mi?)
square kilometer (km?) 247.1 acres
Volume
cubic centimeter (cm’) 0.06102 cubic inch (in%)
liter (L) 0.03531 cubic foot (ft%)
liter (L) 0.2642 gallon (gal)
cubic meter (m?) 8.107 x !0'4 acre-foot (acre-ft)
cubic meter (m?) 35.31 cubic feet (ft%)
cubic kilometer (km?) 0.2399 cubic mile (mi?)
Density
gram per cubic centimeter (g/cm®) 62.43 pound per cubic feet (Ib/ft>)
kilogram per liter (kg/L) 62.43 pound per cubic feet (Ib/ft>)
CONVERSION FACTORS, VERTICAL DATUM, AND ISOTOPE UNITS Vi



Multiply By To Obtain
Fluid Flow
liter per second (L/s) 15.85 gallon per minute (gal/min)
liter per second (L/s) 25.58 acre-foot per year (acre-ft/yr)
kilogram per second (kg/s) 7,938 pound per hour (Ib/h) -
cubic hectometer per year (hm®/yr) 810.7 acre-foot per year (acre-ft/yr)
Energy
joule (J) 0.2390 calorie (cal)
joule (J) 9.480 X 10* British thermal unit (Btu)
Power -
watt (W) 1 joule per second (J/s)
watt (W) 0.2390 calorie per second (cal/s)
watt (W) 1.341 x 107 horsepower (hp)
megawatt (mW) 1,341 horsepower (hp)
Enthalpy
joule per gram (J/g) 0.2390 calorie per gram (cal/g)
Thermal conductivity
W/mK 2.390 thermal conductivity units (tcu)
W/mK 2.390 mcal/cm.s.°C
Heat flow
milliwatt per square meter (mW/m?) 2.390 x 102 heat-flow unit (hfu)
milliwatt per square meter (mW/m?) 2390 x 1072 ucal/cm?.s
Water-Quality Units
Concentration
microgram per liter (ug/L) 5.841x 107 grain per gallon
milligram per liter (mg/L) 5.841x 102 grain per gallon
Specific conductance

microsiemen per centimeter @ 25°C (uS/cm @ 25°C) =1 micromho per centimeter @ 25°C (umho/cm @ 25°C)
1 millisiemen per meter @ 25°C (mS/m @ 25°C) =1 millimho per meter @ 25°C (mmho/m @ 25°C)

pPH

pH = -log,, hydrogen-ion activity
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Temperature
Degrees Celsius (°C) = 5/9 (degrees Fahrenheit - 32)
0°C =273.15 Kelvin (K)

Temperature gradient
1°C/km = 5.486 x 102 °F/100 ft

Stable isotopes: Stable isotopes evaluated are oxygen-18, relative to oxygen-16 oy 160), and deuterium (hydrogen-2),
relative to hydrogen-1 (*H/'H). Each ratio is determined for a sampled water and is then related mathematically to the
comparable ratio for a standard of known isotopic composition. By convention, the computed results are eéxpressed as "delta
oxygen-18" (8 '30) and "delta deuterium” (8 D), with the units of measure "per mil" (%o). A negative delta value indicates
that the sampled water is isotopically lighter than the standard--that is, the sampled water has a smaller proportion of
oxygen-18 or deuterium relative to oxygen-16 or hydrogen-1 than the standard.

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929, formerly called
"Sea-Level Datum of 1929), which is derived from a general adjustment of the first-order leveling networks of the United

States and Canada.
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The Geothermal Hydrology of Southern Grass Valley,

Pershing County, Nevada

By F.H. Olmsted, Alan H. Welch, M.L. Sorey, and D.H. Schaefer

ABSTRACT

Leach Hot Springs, 45 kilometers south of
Winnemucca, Nevada, is within southern Grass
Valley, part of a Cenozoic structural basin con-
taining fill locally more than 1,800 meters thick.
The hot springs discharge 9 liters per second of
water at near-boiling temperatures at the base of a
scarp associated with a northeast-trending fault
zone having a throw of more than 800 meters.
The spring discharge probably constitutes less
than one-fourth of the total discharge of water,
both thermal and nonthermal, from southern
Grass Valley. The springs represent the surface
expression of a high-temperature hydrothermal
system with characteristics similar to those of
other hydrothermal systems in the northern Basin
and Range province.

~ The Paleozoic and Mesozoic basement en-
closing the fill in southern Grass Valley consists
of slightly to moderately metamorphosed,
intensively deformed sedimentary, volcanic, and
plutonic rocks having low primary porosity and
permeability. Basin and Range faults are
associated with steeply dipping zones of low
permeability within the fill that act as partial
barriers to ground-water flow as well as conduits
for rising thermal water, as at Leach Hot Springs.

Sodium and bicarbonate are dominant in
thermal water at Leach Hot Springs and also in

wells near the hot springs and in atest well 5
kilometers to the south-southwest, but nonthermal
water has no dominant constituent. Chloride
concentrations in nonthermal water are greater
than in thermal water, but thermal water contains
more of the minor constituents fluoride, lithium,
and boron than nonthermal water.

The thermal aquifer or aquifers in the Leach
Hot Springs hydrothermal system are at tempera-
tures of 150-180°C or possibly higher on the basis
of quartz, cation, and sulfate-water-isotope geo-
thermometers. Stable-isotope data indicate that
the thermal water was recharged when the climate
was cooler and probably wetter than at present;
such conditions existed during the period 10,000-
40,000 years before the present. Radiocarbon
data and modeling results also indicate an age
greater than 10,000 years for the thermal water.

The southern Grass Valley area lies within
the Battle Mountain heat-flow high, a region typi-
fied by heat flow greater than 120 milliwatts per
square meter. Temperature measurements in more
than 70 shallow wells define several areas of ano-
malously high near-surface conductive heat flow
in southern Grass Valley associated with rising
thermal water. However, only one deep well has
been drilled into the system, 1.2 kilometers north-
west of Leach Hot Springs. The well reached a
maximum temperature of 125°C at a depth of
2,600 meters.
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Numerical modeling of heat and fluid flow
in simplified conceptual models has delineated
important aspects of the Leach Hot Springs hydro-
thermal system and other similar systems in the
northern Basin and Range Province, including
relations between spring flow, depth and areal
extent of fluid circulation, and the maximum tem-
perature attained within the flow system. The -
absence of magmatic heat sources for such sys-
tems requires relatively deep fluid circulation and
(or) laterally extensive reservoirs in order to cap-
ture sufficient heat to attain fluid temperatures
near 180°C.

INTRODUCTION

Grass Valley, south of Winnemucca, Ne-
vada, lies within a region of abnormally high con-
ductive heat flow referred to by Sass and others
(1971) as the "Battle Mountain high". The study
area, which encompasses the southern half of
Grass Valley and parts of the adjacent East, So-
noma, and Tobin Ranges (fig. 1), contains at least
three and possibly five near-surface heat-flow
anomalies associated with one or more hydrother-
mal systems. The largest and most intense ano-
maly is centered at Leach Hot Springs, hereinafter
abbreviated LHS, the only surface discharge of
thermal water in the study area. Adjacent valleys
also contain hot springs associated with active
hydrothermal systems, and a fossil hydrothermal
system is mined for mercury in the Goldbanks

1 As used in this report, the term "hydrothermal system” refers
to a ground-water flow system that comprises a source of heat,
circulating fluid (chiefly water but locally including steam in some
systems), and sufficient permeability to allow the circulating fluid
to descend to depths, then rise, to either discharge at the surface or
flow laterally at shallow depths.

Hills at the south end of Grass Valley (fig. 1).

The hydrothermal system associated with
LHS has been assumed to be similar to several
other active systems in the northern Basin and
Range province in terms of the size and tempera-
ture of the underlying fluid reservoir (see, for
example, Brook and others, 1979, p. 52-53 and
Hose and Taylor, 1974). In this study, the charac-
teristics of the hydrothermal system or systems in
southern Grass Valley (SGV) are interpreted from
geologic, hydrologic, geochemical, and geophysi-
cal studies. These studies included the drilling of
more than 100 test wells during the middie to late
1970s for measurements of heat flow and in some
cases for collection of data on hydraulic head and
water chemistry. Most of the wells were less than
170 m deep, but several penetrated consolidated
bedrock beneath the valley-fill deposits. Unlike
many other geothermal areas in the northern Basin
and Range province, where deep drilling by pri-
vate industry has provided data on reservoir con-
ditions and has led to electric-power development
in several cases, only one deep (2.6-km) hole has
been drilled in southern Grass Valley.

Purposes of the Study

The purposes of the study are to summarize
and interpret information gathered to date by the
Geological Survey and others and to develop a
conceptual model of the LHS hydrothermal sys-
tem in SGV. Numerical simulations of heat and
fluid flow in hypothetical geometric configu-
rations of the system are used to estimate limiting
cases of reservoir size and depth.

Some of the interpretations in an earlier
report on this study (Welch and others, 1981) are
now revised substantially. The revisions are

2 The Geothermal Hydrology of Southern Grass Valley, Pershing County, Nevada
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Figure 1. Location of southern Grass Valley study area. Inset map in upper left comer shows the location of the
leading edge of the Roberts Mountain thrust, with sawteeth on upper plate, the extent of the Battle Mountain heat-
flow high, and the outline of Pershing County. Values of conductive heat flow reported by Sass and others (1978)
are shown for wells drilled in Grass Valley and adjacent areas.

based on (1) more recent data in releases by the
University of Utah Research Institute (UURI,
1981a-h), (2) re-interpretation of gravity data
from two sources, (3) new geochemical data, and
(4) subsurface geologic and temperature data
obtained from the deep test well drilled in 1980
by Aminoil 1.2 km northwest of LHS.

Previous Work

Leach Hot Springs were first mentioned by

Clarence King in his report on the 40th parallel

survey (King, 1878). Russell (1885) and Jones
(1915) later examined the fault scarp at the
springs. Dreyer (1940) described the springs
briefly and listed a chemical analysis of the spring
water and temperatures. Cohen (1964) briefly
appraised the water resources of Grass Valley and
estimated ground-water recharge on the basis of
an empirical relation of recharge to altitude zones
developed by Maxey and Eakin (1949). Waring
(1965) included limited data from LHS in his list-
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ing of thermal waters in the United States.

Studies designed to appraise the geothermal-
resource potential of SGV and to test the applica-
bility of various geophysical techniques for
finding geothermal resources were done chiefly in
the 1970s. Work by the Geological Survey began
with a compilation of a source list of data for
_evaluétion of the geothermal-resource potential of
selected hydrothermal systems (including that at
LHS) in the central and northern Basin and Range
province (Olmsted and others, 1973). A recon-
naissance study of some of these systems, again
including that at LHS (Olmsted and others, 1975,
p. 176-205), followed this compilation. The work
included drilling eleven shallow (<50 m) test
wells used, in part, to define the thermal anomaly
surrounding the hot springs, geologic mapping of
an 88-km? area including the anomaly, hydro-
chemical sampling, and related hydrogeologic
studies.

Concurrently with the studies of Olmsted
and others (1975), a geologic and a hydro-
chemical reconnaissance of hydrothermal systems
in the central and northern Basin and Range
province were conducted by Hose and Taylor
(1974) and Mariner and others (1974),
respectively. Hose and Taylor (1974) were
among the first to suggest that hydrothermal
systems like that at LHS result from convective
rise of water along fault-controlled conduits in a
region of high regional geothermal gradient,
rather than from convection induced by local
magmatic heat sources. Mariner and others
(1974) analyzed water collected from one of the
hotter orifices at LHS and applied chemical
geothermometers to estimate thermal-aquifer
Or reservoir temperatures.

Partly on the basis of these studies, Renner

and others (1975, p. 16-17), in the first assess-
ment of the geothermal resources of the United
States by the U.S. Geological Survey, estimated
the subsurface extent, thickness, volume,
temperature, and heat content of the presumed
reservoir in the LHS hydrothermal system. Brook
and others (1979, p. 52-53), in the second
national geothermal-resources assessment,
slightly modified the earlier estimates. Mariner
and others (1983a) interpreted the low-
temperature thermal water near LHS as leakage
from the high temperature system.

The work by the Geological Survey in the
early 1970s was later augmented by geophysical
surveys by the Lawrence Berkeley Laboratory
(Beyer and others, 1976a,b) and by test drilling
and heat-flow determinations done jointly by the
Geological Survey and Lawrence Berkeley Labo-
ratory (Sass and others, 1977).

Beyer and others (1976) reviewed the
methods employed and the results from the geo-
physical experiments and surveys. The purpose
of these studies was to compare and evaluate geo-
physical techniques used in exploration and
delineation of geothermal reservoirs. The various
techniques employed and the types of information
sought are summarized below.

Some of these techniques were particularly
useful in delineating major faults and determining
the configuration of the Cenozoic structural basin.
For example, seismic-reflection profiling iden-
tified major faults, some of which extend into
basement beneath the valley fill (Majer, 1978;
Zoback and Anderson, 1983). Gravity surveys,
supplemented by data from electrical-resistivity
and seismic-refraction and -reflection experiments
have been the primary basis for interpreting the
configuration of the structural basin and the

4 The Geothermal Hydrology of Southern Grass Valley, Pershing County, Nevada



Method: reference(s)

Information

Gravity: Erwin (1974): Goldstein and Paulsson (1977;
1978); UURI (1981b)

Thickness of fill; structure

Seismic refraction and reflection: Majer (1978);
UURI (1981b); Zoback and Anderson (1983)

Thickness of fill; structure; stratigraphy

_Seismic noise: Liaw (1977)

Movement of magma or thermal fluid

Microearthquakes and P-wave delay and attenua-
tion: Majer (1978)

Presence of crustal magma or cemented zones in fill

Dipole-dipole resistivity: Dey and Morrison (1977)

Thickness of fill; stratigraphy; zones of low- and high-
resistivity fill; thermal anomalies within fill

Telluric and direct-current resistivity: Beyer (1977)

Geologic structure; zones of high- or low-resistivity fill; thermal
anomalies within fill

Self-potential (SP): Corwin (1976)

Vertical movement of thermal and nonthermal waters

Electromagnetic: Wilt and others (1980)

Thickness of fill; stratigraphy

Magnetotelluric: Gamble and others (1977; Morrison
and others (1979)

Thickness of fill; stratigraphy

Aeromagnetic: U.S. Geol. Survey (1973); Zietz and
others (1978)

Thickness of fill; structure; magnetic anomalies within
basement

thickness of Cenozoic valley fill. Most earlier
estimates of fill thickness have been shown to be
too small on the basis of results from the deep
Aminoil well. These results, which necessitated
major revision of one of the early interpretations,
are discussed further in the 4section, "Thickness of
Valley Fill".
Heat-flow studies in SGV include those of

Sass and others (1971; 1976; 1977), Olmsted and
others (1975), and Welch and others (1981). Sass
and others (1971, p. 6407-6411) described re-
gional heat flow in the Basin and Range province
and first identified the "Battle Mountain high,"
which includes SGV. Their interpretations were
necessarily generalized and tentative because of
sparse data, but the high regional heat flow has
been confirmed by later measurements. Olmsted

and others (1975, p. 205-206) estimated heat
discharge from the area of the LHS thermal anom-
aly and obtained limited heat-flow data from shal-
low test wells drilled outside the anomaly. Welch
and others (1981, p. 148) estimated regional heat
flow on the basis of a heat budget for a polygonal
area occupying part of SGV and estimated heat
discharge from thermal anomalies at LHS,
Panther Canyon, and two other places in SGV.
Geologic investigations related to geother-
mal resources in SGV include those of Olmsted
and others (1975), Noble (written communication,
1975), Noble and others (1975), Beyer and others
(1976a), UURI (1981c, g), Brogan and Birkhahn
(1981), and Welch and others (1981). Wollenberg
(1974) used the mass of spring deposits at LHS
estimated from gravity data and spring-water
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chemistry to calculate the age of the hydrothermal
system.

Although there are several sources of hydro-
chemical data, comprehensive studies of the aque-
ous geochemistry of the area are lacking. Dreyer
(1940), Waring (1965), and Sanders and Miles
- (1974) reported some analyses of LHS waters.

Mariner and others (1974; 1975; 1983a) presented ‘

chemical, isotopic, and gas analyses for samples
from the thermal springs. Bowman and others
(1976), Wollenberg and others (1977), and UURI
(1981a) reported major, minor, and trace-element
analyses of the thermal and some nonthermal wa-
ters. Bliss (1983) compiled most of the published
and some unpublished data. O'Connell and
Kaufmann (1976), Wollenberg (1974), and
Wollenberg and others (1977) studied the radioac-
tivity at LHS and several other northern Nevada
geothermal areas. Nehring and others (1979) and
Nehring and Mariner (1979) discussed the sulfate-
water isotope geothermometry of thermal water in
the northern Basin and Range province. Welch
and others (1981, p. 67-98) presented and inter-
preted additional hydrochemical data; these data
are included in the present report.

Results of numerical simulation of the LHS
hydrothermal system are reported by Welch and
others (1981), Wheatcraft (1983), Pottorff (1988),
and Lopez and others (1994). The work of Welch
and others (1981) was modified only slightly
during the present study and forms the basis for
the section, "Models of Basin and Range
hydrothermal systems." Wheatcraft (1983) exam-
ined a horizontal-flow conceptual model, using a
two-dimensional numerical code developed by
Faust and Mercer (1977). Pottorff (1988) and
Lopez and others (1994) used three-dimensional
models to simulate vertical and horizontal

groundwater flow from the Sonoma Range to
LHS. Their results are discussed in "Models of
Basin and Range hydrothermal systems”, and are
also summarized by Sorey and Olmsted (1994).

Methodology

Test wells were drilled with hydraulic-
(mud-) rotary equipment and were completed with
steel casing, generally of 32-, 38-, or 51-mm
(1-1/4-, 1-1/2-, and 2-in.) nominal inside diam-
eter. Wells used for water-level measurements or
collection of water samples for chemical analysis
were fitted at the bottom with well points or
screens. Other wells, used primarily for tempera-
ture measurements, were capped at the bottom
and filled with water. A few wells, originally
completed for temperature measurement, were
later perforated for water-level measurement. In
all wells, the annulus between the casing and the
drill-hole walls was filled with either neat cement
or drill cuttings and surface materials to minimize
or prevent hydraulic interconnection between
aquifers. Information about these wells is given
in table Al in the appendix.

Borehole geophysical logs were made in
many wells to refine interpretation of the lithology
and to define the physical characteristics of the
materials penetrated. The logs included single-
point resistivity, spontaneous-potential, caliper
(hole-diameter), natural-gamma, gamma-gamma,
neutron, and temperature. Final temperature mea-
surements were made with thermistors lowered
into the wells on cables. In addition to drill cut-
tings collected throughout the drilling process,
core samples were taken at selected intervals, and
several physical parameters were measured on
these samples in the laboratory. The measure-

6 The Geothermal Hydrology of Southern Grass Valley, Pershing County, Nevada



ments included density, porosity, and thermal
conductivity.

Heat flow was calculated for zones pene-
trated by wells that exhibited linear temperature
gradients by multiplying the gradient by the mea-
sured or assumed thermal conductivity. Meaning-
ful results were obtained from relatively shallow
wells completed in the study area because the
generally low vertical permeability of the basin-
filling sediments precluded significant convective
heat transfer. A heat budget for the study area
was computed from measurements and estimates
of conductive, convective, advective, and
radiative components. The average heat flow
computed in this way can be compared with other
estimates obtained from regional heat-flow
studies.

Hydrochemical sampling of wells and
springs included the analysis of selected unstable
constituents and properties in the field (pH,
temperature, specific conductivity, and alkalinity)
and sample preservation. Before sampling, each
well was pumped and (or) bailed several times
during a period of several months. During
pumping and bailing, the total discharge was
recorded, and samples were collected for

determination of specific conductance. These data

were used to determine whether the water quality
was reasonably constant after at least several
well-bore volumes of water had been removed.
Final sampling for laboratory analysis began only
after the specific conductance remained virtually
constant in several successive samples.

Field determinations of pH and alkalinity
were made using the methods of Wood (1976,
p. 12-18). The water was filtered through a
0.45-um pore-size membrane filter (142-mm di-
ameter), and samples collected for cation analysis

were acidified. Unacidified filtered samples were
collected for anion and isotopic analysis. Samples
for silica analysis were diluted with distilled water
to prevent polymerization where oversaturation
with respect to quartz was suspected. Plastic
bottles washed with acid were used for all

samples collected for chemical analysis, and glass
bottles with polyseal caps were used for samples
collected for isotopic analysis.

Numerical simulations were performed of
heat and fluid flow in simplified generic models
that may represent limiting cases of hydrothermal
systems associated with Basin and Range hot
springs. Applications of modeling results to the
LHS hydrothermal system, together with results
obtained from other investigations, provide con-
straints on the depth and lateral extent of deep
fluid circulation in SGV.
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GEOLOGY
Physical Features

Grass Valley, like many valleys in the north-
ern part of the Basin and Range province as de-
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fined by Fenneman (1931), is bounded by north-
trending mountain blocks and has ephemeral sur-
face drainage. Altitudes in the SGV drainage
basin range from 1,360 m above sea level on the
valley floor at the northern boundary of the study
area to 2,695 m at China Mountain. in the north-
ern Tobin Range to the southeast (fig. 2).

Grass Valley is bounded on the east by the
Sonoma Range, on the southeast by the Tobin
Range, on the west by the East Range, on the
southwest by Table Mountain and the Goldbanks
Hills, on the north by the Humboldt River (20-25
km north of the study area), and is separated from
Pleasant Valley to the south by an inconspicuous
drainage divide.

Leach Hot Springs are on a fault that is part
of a fault set having an aggregate throw of more
than 800 m. Other significant features in SGV
include Spaulding and Sheep Ranch Canyons (the
probable sites of significant ground-water
recharge), Panther Canyon (near the mouth of
which is a prominent thermal anomaly associated
with a possibly separate hydrothermal system),
and a third thermal anomaly in the south-central
part of the valley, about 6 km south-southwest of
LHS.

Major Rock Groups

The rocks within the SGV drainage basin
comprise two major groups: Paleozoic and Meso-
zoic basement, and Cenozoic valley fill. The
basement underlies the valley fill and is exposed
in the adjacent mountains. Most of the valley fill
is within the valley, although the mountains
contain small exposures of Cenozoic sedimentary
and volcanic rocks.

Paleozoic and Mesozoic Basement

The Paleozoic and Mesozoic basement con-
sists of slightly to moderately metamorphosed
sedimentary, volcanic, and plutonic rocks. Most
of these rocks are complexly folded and faulted.
They are well consolidated and probably have low
primary porosity and permeability. The several
basement rock units shown in figure 2 are de-
scribed briefly in table 1. The log of deep test
well Aminoil USA 11-36 shows the character of
the basement and the overlying valley fill north-
west of LHS (table 2).

Cenozoic Valley Fill

The Cenozoic valley fill ranges from uncon-
solidated alluvium to consolidated volcanic rocks,
chiefly basalt and rhyolite. Most of the fill is un-
deformed or slightly deformed, but it is tilted and
faulted near Basin and Range faults.

The Cenozoic basalt and rhyolite resemble
the Paleozoic and Mesozoic basement in most
physical characteristics (table 1). Basalt and mi-
nor rhyolite about 12-15 Ma (million years before
present) (Miocene) are exposed in the Table
Mountain and Goldbanks Hills area (Noble,
1975). The small exposure of basalt 1.5 km
southeast of LHS may be associated with this
Miocene basalt, as indicated by isotopic age dat-
ing, lithology, and trace-element abundance (No-
ble, 1975). Noble (1975) believed the basalt to be
a dike. However, poor exposures-obscure the
nature of the contact of the basalt and pre-alluvial
sediments; we believe it is equally likely that the
basalt is a flow rock faulted against Quaternary
alluvium to the west. Rhyolite of probable Ter-
tiary. age crops out in a small area northeast of
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EXPLANATION

Contact

—— - — - Normal fault—Dashed where uncerrain. Bar and ball on downthrown side

Thrust fault—Dashed where uncertain. Sawteeth on upper plate

+=—— Drainage divide
Spring
CORRELATION OF MAP UNITS
Pleistocene and -
 Blessee
. QUATERNARY

Pliocene and

Pleistocene

Miocene and
Pliocene

TERTIARY

} Qligocene and
‘} CRETACEOUS(?)
} Middle Jurassi’c} JURASSIC
} %{i’f’g}_ﬁ]@gisic
[ w ] TRIASSIC
Lower Triassic
} CAMBRIAN TO PERMIAN

DESCRIPTION OF MAP UNITS

ALLUVIUM - Unconsolidated fluvial deposits ranging from clay to gravel
SINTER GRAVEL - Opaline and chalcedonic sinter near Leach Hot Springs

QUATERNARY-TERTIARY ALLUVIUM - Coarse- to fine-grained deposits

including tuff and volcaniclastic sediments

SEDIMENTARY ROCKS — Semiconsolidated deposits ranging from ash and

tuff to mudstone, sandstone, and siltstone

VOLCANIC ROCKS — Vesicular olivine basalt (Tb) and shallow intrusive
rhyolite (Tr)

DIABASE DIKE — Fine-grained diabase
GRANODIORITE - Intrusive granodiorite

SEDIMENTARY AND METASEDIMENTARY ROCKS — Limestone,

dolomite, sandstone, and fine-grained clastic rocks

KOIPATO GROUP - Altered porphyllitic andesite, rhyolite, and tuffaceous

sedimentary rocks

LEUCOGRANITE - Fine- to medium-grained granite

SEDIMENTARY AND METAMORPHIC ROCKS - Sandstone, conglome-
rate, chert, argillite, quartzite, limestone, greenstone, siltstone, and minor
schist of Paleozoic age
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TABLE 2. Generalized log of Aminoil USA 11-36 test well.

[Well is 500 ft S, 500 ft E of NW corner of section 36, T. 32 N., R. 38 E., Mt. Diablo baseline and meridian; altitude of land
surface 1,393.9 m above sea level. Drilled May 15-July 2, 1980 by R.B. Montgomery Drilling Co.; logged by Walter R. Wilde
of GeothermEX, Inc. Lithologic description summarized and stratigraphic interpretation modified by F.H. Olmsted.]

Material Thickness | Depth
(m) (m)

Quaternary alluvium:

Heterogeneous deposits ranging from silt and clay to coarse sand and gravel;
soft, poorly sorted, tan 427 427

Tertiary and Quaternary alluvium:

Siltstone, mudstone, and claystone; some gravel and sand; soft to moderately
indurated, green, brown, and pink - 564 991

Tertiary sedimentary rocks:

Similar to Tertiary and Quaternary alluvium but includes abundant tuff 464 1,455

Tertiary volcanic rocks:

Chiefly altered lavas of mafic to intermediate composition; some silicic lavas 77 1,532

Silicic tuffs and tuffaceous sediments 93 1,625

Pre-Tertiary metamorphic and igneous rocks:

Rhyolite, white, cryptocrystalline; upper 25-30 m stained with iron oxides or
hydroxides. Interpreted by Wilde and Koenig (UURI, 1981g) to be part of

Triassic Koipato Formation 118 1,743

Granite 40 1,783

Heterogeneous metavolcanic rocks; diabase dikes, pervasively altered 466 2,249

Altered granite; diabase dikes : 241 2,490

Amphibolite ' 121 2,611
LHS; similar rock was penetrated at depths of part; (2) Tertiary and Quaternary alluvium, which
323-360 m at the bottom of well G105, about ranges from silt and clay to coarse sand and
0.5 km southwest of the basalt exposure described gravel, and which is unconsolidated to slightly
above (fig. 2). consolidated; and (3) Quaternary alluvium,

Most of the overlying valley fill consists of, presumably of late Pleistocene and Holocene age,

in ascending order: (1) Tertiary sedimentary which is less consolidated than the Tertiary and
rocks, which include tuff, especially in the lower Quaternary alluvium (table 2). Subsurface bound-

12  The Geothermal Hydrology of Southern Grass Valley, Pershing County, Nevada



aries of these units are ill-defined. The average
density and degree of consolidation probably in-
crease, and the porosity decreases, with depth.

Physical Properties of Rock Materials

Table 1 summarizes the physical and hydro-
lbgic properties of the rock units in southern
Grass Valley, and table 3 summarizes the physical
properties of the valley-fill deposits, as measured
on core samples from test wells by the Geother-
mal Laboratory of the U.S. Geological Survey in
Menlo Park, California, and the Hydrologic Labo-
ratory of the Geological Survey in Lakewood,
Colorado. All samples are from depths of less
than 165 m and therefore represent only the up-
permost part of the valley fill. However, several
samples from wells near the margins of the valley
represent older deposits, probably of Tertiary age.
Properties measured in the laboratory included
grain density, dry bulk density, and saturated bulk
thermal conductivity. Saturated bulk density,
porosity, and grain thermal conductivity (table 3)
are calculated from other properties measured in
the laboratory.

Porosity, ¢ , is calculated as

Ps ~ Py

o =L P 1
P, @

where p = grain density and p 4= dry bulk
density.
Saturated bulk density, p, , is calculated as

p, =p(1-¢) +¢ )

Grain thermal conductivity, K, is calculated
as

In K - In K
K, = exp al de)n f 3)

where K = saturated bulk thermal conductivity
and K= thermal conductivity of pore fluid
(water = 0.60 W/m.K at 20°C).

Also measured for some samples were po-
rosity and particle-size distribution. These mea-
surements generally were made on different pérts
of the core sample from that used for the measure-
ments of grain density, dry bulk density, and satu-
rated bulk thermal conductivity. Because of the
small-scale heterogeneity of the deposits, large

~ differences in porosity were observed within the

same core sample. In order to avoid discrepancies
that would result from measurements on different
parts of the core samples, saturated bulk density
and grain thermal conductivity are based on calcu-
lated rather than measured porosities.

Because the fill is derived chiefly from
Paleozoic and Mesozoic rocks adjacent to and
underlying SGV, the values of grain density in
table 3 indicate the probable range in density of
these basement rocks. The lowest values, less
than 2,500 kg/m>, probably represent silicic
volcanic and metavolcanic rocks; the highest
values, nearly 2,800 kg/m>, may represent mafic
igneous or dolomitic rocks. The average, 2,670
kg/m?, corresponds to the value commonly used
for basement rocks in gravity computations, as
discussed later.

Well-log data indicate that 57 percent of the
near-surface valley fill is coarse-grained (chiefly
sand and gravel), 38 percent is fine-grained
(defined as having a median grain size of 0.06
mm or less and consisting chiefly of clay and silt),
and 5 percent is tuff and tuffaceous sediments.

On the basis of these percentages, the weighted-
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TABLE 3. Summary of physical properties of core samples of shallow valley-fill deposits from southern Grass
Valley.

[For each sample, saturated bulk density and porosity were calculated from grain density and dry bulk density; grain thermal
conductivity was calculated from saturated bulk thermal conductivity and porosity. Fine-grained deposits are defined as having
a median grain size of 0.06 mm or less, coarse-grained deposits as having a median grain size of more than 0.06 mm.
Measurements were made by U.S. Geological Survey Geothermal Laboratory in Menlo Park, CA, and Hydrologic Laboratory
in Lakewood, CO.]

Property _ Range Harmonic Arithmetic ~  Standard
mean mean deviation

Coarse-grained deposits (13 samples):

Grain density (kg/m) 2,600-2,780 2,690 50
Saturated bulk density (kg/m®) 1,920-2,330 2,180 80
Porosity (percent) 20.9-38.7 - 29.4 4.6
Grain thermal conductivity (W/m.K) 213371 - 2.81 .50
Saturated bulk thermal conductivity 1.40-2.18 .75 e ———
(W/m.K)

Fine-grained deposits (23 samples):

Grain density (kg/m®) 2,530-2,760 — 2,670 60
Saturated bulk density (kg/m®) 1,680-2,240 - 1,930 150
Porosity (percent) 26.8-58.0 44.2 7.8
Grain thermal conductivity (W/m.K) 1.81-4.18 —— 2.61 .57
Saturated bulk thermal conductivity 1.09-1.59 1.33 — e
(W/m.K)

Tuff and tuffaceous sediments (5 samples):

Grain density (kg/m®) 2,420-2,660 2,490 100
Saturated bulk density (kg/m®) 1,440-1,610 1,540 70
Porosity (percent) - ' : 57.4-69.7  eeeee 63.4 5.2
Grain thermal conductivity (W/m.K) 1.43-342 - 2.51 81
Saturated bulk thermal conductivity 0.78-1.26 099 e ————--
(W/m.K)

All deposits (assuming 57 percent are coarse-grained, 38 percent are fine grained, and 5 percent
are tuff and tuffaceous sediments):

Grain density (kg/m?) 2,420-2,780 - 2,670 - 60
Saturated bulk density (kg/m>) 1,440-2,330 e 2,050 110
Porosity (percent) 20.9-69.7 ————-- 36.7 5.8
Grain thermal conductivity (W/m.K) 1.81-4.18 - 2.72 .54
Saturated bulk thermal conductivity 0.78-2.18 151 e | mm——
(W/m.K)
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average saturated bulk density of the fill sampled
by the wells is 2,050 kg/m? (table 3).

As discussed in the section, "Thickness of
valley fill," the average saturated bulk density of
all the valley-fill deposits probably is significantly
greater than the average of 2,050 kg/m® computed
for the core samples. Correlation of gravity and

deep-well data suggests that the average for all the

fill may be about 2,350 kg/m>. This greater
density probably is reflected in some of the other
properties as well: the average bulk thermal con-
ductivity is also greater, and the average porosity
is less, for all the fill than for the near-surface
deposits represented by the core samples. The
wide range of saturated bulk densities reflects the
wide range in porosity of the sediments. The low-
est densities, less than 1,500 kg/m3, represent
highly porous tuff of probable Tertiary age; the
highest densities, more than 2,300 kg/m?, repre-
sent partly indurated deposits of low porosity.
Calculated porosity of 41 core samples
ranges from about 21 to nearly 70 percent (table
3). Sass and others (1977, p. 37), reported a bi-
modal distribution for a larger number of samples,
with peaks between 20 and 30 percent represent-
ing coarse deposits and between 45 and 55 per-
cent representing fine déposits. The weighted-
average porosity of all the deposits sampled is
about 37 percent (table 3). However, the average
porosity of all the fill probably is substantially
less: it may be only 19 percent on the basis of an
average grain density of 2,670 kg/m> and an
average saturated bulk density of 2,350 kg/m°.
Like grain density, values of grain thermal
conductivity of the valley fill are assumed to rep-
resent those of the source basement rocks. Except
for silicic tuff of probable Tertiary age (in which
grain thermal conductivities range as low as 1.43

W/m.K), shale has the lowest thermal conduc-
tivity, 1.81 W/m.K; quartzose or dolomitic rocks
have the highest, 4.18 W/m.K. The arithmetic
mean, 2.72 W/m.K (table 3), probably represents
average basement adjacent to and underlying
SGV.

Saturated bulk thermal conductivities of 41
core samples of valley fill range from 0.78 to 2.18
W/m.K (table 3). As with porosity, the values of
bulk thermal conductivity have a bimodal distri-
bution; the higher peak (harmonic mean, 1.75
W/m.K)? represents coarse-grained deposits, and
the lower peak (harmonic mean, 1.33 represents
fine-grained deposits. The harmonic mean for all
the deposits sampled (assuming the proportions of
coarse, fine, and tuffaceous deposits used earlier)
is 1.51 W/m.K (table 3). However, on the basis of
an average porosity of 19 percent and an average
grain thermal conductivity of 2.72 W/m.K, the
average saturated bulk thermal conductivity of all
the fill is 2.04 W/m.K.

Structure
Pre-Cenozoic History

Pre-Cenozoic deformation in the region that
includes southern Grass Valley occurred primarily
during the Antler orogeny (Roberts, 1951), the
Sonoma orogeny (Silberling and Roberts, 1962),
and the Nevadan orogeny (Roberts, 1968). The
Antler orogeny consisted of the eastward move-
ment of thick sequences of siliceous and volcanic
rocks over an assemblage of Paleozoic carbonate
rocks. The eastward displacement of the upper

2 The harmonic mean, rather than the arithmetic mean, is used
because the valley-fill deposits are stratified horizontally, approxi-
mately normal to the direction of conductive heat flow.
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plate (allochthon) amounted to about 140 km
along the Roberts Mountains thrust (Roberts and
others, 1958; Stewart and Poole, 1974; Smith and
Ketner, 1977). The timing of the orogeny has
been variously dated as Late Devonian and Early
Mississippian or simply Early Mississippian
(Speed and Sleep, 1982, p. 815-818). Near Grass
Valley, the lower Paleozoic Harmony and Valmy
Formations of the allochthon are complexly
faulted and folded (Johnson, 1977), which proba-
bly has imparted significant secondary permeabil-
ity to these rocks.

The lower plate (autochthon) of the Roberts
Mountains thrust contains calcareous rocks of
Cambrian through Devonian age which are ex-
posed in windows and horsts across most of the
width of the allochthon (Stewart, 1980, fig. 22).
However, because the rocks beneath the thrust are
not exposed locally, their nature is speculative. In
the Goat and Horse Mountain windows about 65
km southeast of LHS, the autochthon consists of
quartzite, limestone, and shale (Stewart and
McKee, 1977, p. 53). Significant interbasin
movement of ground water could occur through
solution openings in the limestone if these expo-
sures represent the composition of the autochthon
in the Grass Valley area. :

The Sonoma orogeny of Late Permian and
Early Triassic age (Speed, 1971; Silberling, 1973)
was comparable in scope to the preceding Antler
orogeny and followed the deposition of the
Havallah and Pumpermickel Formations
(Silberling and Roberts, 1962). As in the Antler
orogeny, deep-water sedimentary rocks were
thrust eastward along the Golconda thrust over
previously deformed lower Paleozoic rocks.

After the Sonoma orogeny, Triassic and
Jurassic marine and nonmarine rocks were depos-

ited unconformably on the older, deformed units.
As summarized by Johnson (1977, p. 40), the
Jurassic and Cretaceous Nevadan orogeny af-
fected all the pre-Cenozoic rocks. This orogeny is
manifested in the Grass Valley region by west-
ward movement of the upper plate of several kilo-
meters, northeasterly folds, and low-grade re-
gional metamorphism. The orogeny culminated
in the intrusion of granodiorite into metasedi-
mentary rocks, resulting in contact metamor-
phism and minor local folding and faulting.

Cenozoic History

The earliest block faulting in the northern
Basin and Range province may have begun as
early as 40-35 Ma (late Eocene to early Oligo-
cene) (Nolan, 1943, p. 183; Gilluly, 1963; Hamil-
ton and Myers, 1966, p. 527, Eaton, 1982, p. 412).
However, extensional tectonism and associated
widespread volcanism in the region that includes
SGV began in Miocene time, perhaps 20-15 Ma
(Proffett, 1977, p. 258; Christiansen and McKee,
1978, p. 286; Davis, 1979, p. 43; Eaton, 1982,

p. 412). The Tertiary volcanic rocks in the study
area were deposited during this episode. The
onset of extensional faulting may have been
related to a change in plate-tectonic regime when
the North American plate began to interact with
the northwest-moving Pacific plate along the San
Andreas fault system (Coney, 1978, p. 4546).
The normal faulting responsible for the present
configuration of basins and ranges in the
north-central Great Basin probably was initiated
still later (Louderback, 1924, p. 5-38; Nielsen,
1965, p. 1306; Gilbert and Reynolds, 1973, p.
2508; Stewart, 1983, p. 34), and it has locally
continued to the present, as evidenced by sizable
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and 1-18 m northwest of the toe of the scarp. The
entire fault zone is represented by a single line
symbol on figures 2, 3, and 4 because of the diffi-
culty of showing the individual fault traces at the
scale of these illustrations.

In the Basin and Range province, faults asso-
ciated with the discharge of thermal water have a
smaller ratio of fault length to throw than faults
not associated with hydrothermal discharge (Bro-
gan and Birkhahn, 1981, p. 90-92). At LHS, the
short length of the northeast-trending segment of
the major basement-surface offset indicated by the
gravity data described below may therefore be
significant. The localization of discharge along
relatively short active normal faults near sites of
maximum throw appears to be characteristic of
hydrothermal systems in the Basin and Range
province. Also, the localization of discharge such
as at Leach and other hot springs may be related
to the intersection of major active Basin and
Range faults.

Panther Canyon and vicinity (fig. 3), the site
of a heat-flow anomaly separate from that associ-
ated with LHS, has many faults and fault intersec-
tions and is on a northeast-trending regional linea-
ment (Beyer and others, 1976a). The fault associ-
ated with the magnitude 7.8 (Wallace, 1980)
Pleasant Valley earthquake of 1915, which re-
sulted in about 5 m of throw (Page, 1935), ap-
pears to terminate near Panther Canyon.

A major north-south fault apparently associ-
ated with the east-side fault system extends south-
ward across SGV in the southeast part of the study
area. Mud Spring lies along this fault, informally
designated the Mud Springs fault, which is
marked by a west-facing scarp in the alluvium and
which is associated with a major offset in the
water table, as discussed later.

Thickness of Valley Fill

Estimates of thickness of the Cenozoic
valley fill in SGV are based on data from two test
wells near the center of the valley, from other test
wells that penetrated Paleozoic and Mesozoic
basement near the margins of the valley, and from
the interpretation of two existing sets of gravity
data. No additional gravity data were collected
for this study.

One of the data sets used was that of
Goldstein and Paulsson (1977; 1978); the other
set was collected by Exploration Data Consultants
(EDCON), Inc. in 1978 (UURI, 1981b). Although
generally similar, the two data sets differ in detail
and in area of coverage.

The first set of gravity data, collected for
Lawrence Berkeley Laboratory (Goldstein and
Paulsson, 1977, 1978), consists of latitude, longi-
tude, and complete Bouguer gravity anomaly
values computed at a density of 2,670 kg/m>.
Measurements were made with a LaCoste-
Romberg gravimeter at more than 350 stations in
an area of about 200 km?, mostly in the valley
(Goldstein and Paulsson, 1978, p. 35). Most of
the stations located on valley fill were spaced at
approximately 0.5-km intervals along survey
lines. In the vicinity of LHS, a 0.25-km interval
was used for added detail. Station elevations
were surveyed to an accuracy of 0.03 m, except
for a few remote locations in the mountains,
where elevation is known only to 3 m. Elevations
of stations that were not surveyed were inter-
polated from the 7.5-minute series topographic
maps of the area. Contour interval for most maps
is 20 ft (6.1 m).

Gravity readings were observed at a base
station established by the U.S. Air Force at Win-
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nemucca once or twice daily to control drift. The
accuracy of most Bouguer-gravity-anomaly values
was estimated to be about 1.0 milliGal (mGal).
The second data set, collected by EDCON, Inc.
(UURLI, 1981b), consists of data at 504 stations in
SGV. Specifications of the gravity survey are not
available but are believed to be similar to the
Lawrence Berkeley Laboratory data.

The Bouguer gravity anomaly map (fig. 5)
reflects, to a great extent, the subsurface structure
of the valley. The Bouguer values range from a
low of about -190 mGal in the deepest part of the
valley to a high of at least -168 mGal in the moun-
tain areas. The buried basement surface appears
to form an asymmetrical trough with the axis lo-
cated somewhat east of the center of the valley.
The east side of the valley appears to be bounded
by faults, as illustrated by the close spacing of the
lines of equal Bouguer gravity anomaly. Linear
contours and a steep gravity gradient suggest
high-angle faulting separating dense basement
from less dense valley fill or a possible boundary
between basement rock types having greatly dif-
ferent density. The trough of the valley parallels
these faults and trends generally north-northwest.

The basement outlier southeast of LHS -
(fig. 5) appears to have little or no effect on the
Bouguer gravity anomaly. The apparent lack of
effect could be due to two factors, either singly or
in combination: (1) the outlier may be composed
of material having a lower density than the rest of
the basement complex; or (2) the outlier may be
gravity slide block detached from the basement
outcrop to the east and underlain by low-density
valley fill, as suggested by EDCON (UURI,
1981b). Some support for the first interpretation
is afforded by the fact that the outlier is composed
of silicic metavolcanic rock, which almost cer-

tainly is less dense than average basement in the
area. However, no data exist to rule out the sec-
ond interpretation as at least a contributing factor. -
Deep test drilling within or near the margins of
the outlier or, perhaps, a seismic-reflection survey
might help to resolve this question.

The gravity data are used to estimate the
thickness of the Cenozoic fill by first separating a
regional field from the complete Bouguer gravity
anomaly. This is accomplished by plotting the
gravity stations that were located on the surround-
ing exposed basement and calculating a best-fit
first-order trend surface to the Bouguer-
gravity-anomaly values for these stations. The
trend surface approximates the gravity field re-
lated only to the basement. This surface only ap-
proximates the regional gravity field and is used
to isolate the effect of the valley fill. Un-
doubtedly, the actual regional field is more
complex, owing to density variations within the
basement block and errors caused by incorrect
data reductions. Furthermore, data distribution is
not ideal for a true regional surface calculation.

Values of the assumed regional gravity field
are then subtracted from the observed Bouguer-
gravity-anomaly values to obtain the values of the
residual-gravity-anomaly field. In theory, the
residual-gravity field indicates the effect of only
the Cenozoic valley fill overlying the basement
surface within the valley. The residual values are
input to a model used to estimate the thickness of
fill. The residual values in SGV range from
zero mGal at the basement-fill boundary to a
maximum of -21.0 mGal in the deepest part of the
basin.

Thickness of Cenozoic fill is calculated by
using an inversion model, employing the tech-
nique of Cordell and Henderson (1968). Input to
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the model consisted of a gridded array of residual
values and a density contrast between basement
and fill. An array of thicknesses of prisms of fill
that would account for the residual field, given a
specific density contrast, is then calculated. An
iterative process is used to obtain a best fit to the
residual-gravity-anomaly values. The model does
not, however, produce a unique solution, and the
thicknesses obtained are rough estimates.

The density contrast chosen for the modeling
process is 320 kg/m?; this value enhances the fit
of calculated basement-surface profiles to existing
well data. Average density of the basement is
assumed to be 2,670 kg/m> and the average den-
sity for the fill is assumed to be 2,350 kg/m>. The
assumed density for the fill is greater than the
average of 2,060 kg/m?> for the core samples ob-
tained from test wells (see table 3). The larger
assumed density is needed to more closely fit the
thicknesses measured at test wells QH3D and
Aminoil USA 11-36. Apparently most of the
valley fill is significantly denser than the upper-
most part sampled by the test wells. Another
possible explanation is that the assumed regional
anomaly incorporates the effect of a large density
contrast between low-density basement rocks
beneath the valley and more dense rocks sur-
rounding the valley. This would yield a smaller
residual anomaly and require a larger density con-
trast between valley fill and basement to resolve
the discrepancy.

Available data and the modeling process
used for this study do not permit a more refined
estimate of thickness, using either a fill whose
density contrast with basement varies with depth
or a fill composed of two or more layers having
different density contrasts. Available data also do
not permit inferences as to density variations

within the basement.

Modeled thicknesses range from 0 at the
valley margin to more than 1,800 m in the deeper
parts of the valley (fig. 6). The deepest part of the
structural basin underlies the eastern part of the
valley and is characterized by four structural lows
separated by broad saddles. The northern low, at
the north edge of the study area, appears to be the
deepest, with an estimated fill thickness of more
than 1,800'm. The next low to the south, with an
estimated fill thickness of more than 1,400 m, is
centered just north the Aminoil USA 11-36 well,
where the model indicates a thickness of about
1,300 m, in comparison with a measured thick-
ness of 1,625 m. The third low (1,400 m) is about
2 km east of a basement high at test well QH3D.
Basement was penetrated at a depth of 378 m in
QH3D, in comparison with a modeled depth of
about 550 m. The southern low, southwest of
Panther Canyon, has a modeled fill thickness of
about 1,600 m (fig. 6).

A comparison of present estimates of fill
thickness with previous estimates is presented in
table 4. The thicknesses estimated by Goldstein
and Paulsson (1977, 1978), using a two-layer
inversion program of the gravity data and a
basement-fill density contrast of 0.60 g/cm? (600

‘kg/m?>; incorrectly reported as 0.06 g/cm>

(Goldstein, N.E., oral communication, 1980) are
less than those estimated in the present report.
However, Goldstein and Paulsson (1978) ob-
served that electrical basement interpreted by
Beyer (1977) was 200-300 m deeper along a line
extending N.60°W. through LHS across the
valley.

Welch and others (1981) modified the inter-
pretation of Goldstein and Paulsson (1977, 1978)
to obtain a better fit of fill thickness at wells
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TABLE 4. Comparison of estimates of fill thickness (depth to basement) in southern Grass Valley.

[Thicknesses are in meters]

Zoback and
Goldstein and  Wilt and others Welch and others Edcon Anderson
Site Paulsson (1977) (1980) (1981) UURI (1981b) (1983) This report
Gravity Electrical Gravity Gravity Gravity, seismic Gravity
Northern low - 11,5200 e 1,200 - >2,000 e 1,800
Aminoil USA 11-36 1,180! e 940 >1,600 1,700 1,3002
Low 2 km E of QH3D 1,215 1,500 970 >2.000 1,000 1,400
QH3D 455 e 380 > 111 R— 550°
Low near G13 1,094 800 875 >2,400 500 >1,600
Assumed density contrast ;gg E,?.:)l)
5:3:“;‘1}’3;“;‘:3’;‘ and 2 — 750 400 250 (Fan 320
yh deposits)

! Electrical data (Beyer, 1977) indicate thicknesses 200-300 m greater along a line extending N.60°W. through Leach Hot Springs and through

a point near the site of the Aminoil well.
2 Actual thickness or depth 1,625 m.
3 Actual thickness or depth 378 m.

QH3D and G105 by using a density contrast of
0.75 g/em® (750 kg/m>). However, the values of
fill thickness thus obtained were much too small,
as shown by later data from the Aminoil well 1.2
km northwest of LHS. ,

Estimates by Exploration Data Consultants,
Inc. (EDCON) (UURI, 1981b) are similar to those
of the present report, although a different density
contrast (400 vs. 320 kg/m>) and different model-
ing methods were used.

The fill thickness at the site of the Aminoil
well interpreted by Zoback and Anderson (1983)
using both gravity and seismic-reflection data
agrees closely with the actual thickness encoun-
tered in the well and with the thickness inter-
preted in this report from gravity data. Thick-

nesses interpreted by Zoback and Anderson
(1983) at the low 2 km east of well QH3D and at
the southern low near well G13 are substantially
less than present interpretations. Electromagnetic
data interpreted by Wilt and others (1980) seem to
substantiate the smaller thickness at the southern
low.

The difference in thickness estimates sug-
gests possible variations in the density of both
basement rocks and fill and makes interpretation
particularly difficult in the southern part of the
study area. It also shows how small differences in
assumed basement density values can have a large
effect on estimates of fill thickness. A more com-
plete discussion of the effect of various uncertain-
ties in assumed basement and fill densities on
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estimated depth to basement in a similar setting
north of Reno, Nevada, is given by Schaefer and
Maurer (1981, p. 13). The configuration of the
basement surface will remain especially uncertain
in the southern part of the study area until deep
test drilling and (or) seismic exploration is done.

HYDROLOGY
Climate

The northern Great Basin, of which Grass
Valley is a part, has a middle-latitude desert cli-
mate, according to the classification of Koppen
(1931). The arid to semiarid character of this cli-
mate is caused by the rain-shadow effect of the
Sierra Nevada and the Cascade Range, which
intercept the generally east-moving storms and
drain them of much of their moisture.

Precipitation data are sparse; weather sta-
tions are widely scattered and mostly in the val-
leys. The nearest weather station is at Winne-
mucca Airport, about 45 km north of LHS. There,
the long-term mean-annual precipitation is 213
mm, two-thirds of which occurs from December
through May as rain or snow.(National Oceanic
and Atmospheric Administration, Climatological
Data, Annual summaries for Nevada). The higher
altitudes in the Sonoma Range to the south may
receive more than 500 mm/yr (Hardman, 1965).
Potential evaporation from free water surfaces in
the valleys, about 1,200 mm/yr (Kohler and
others, 1959), is almost six times the annual pre-
cipitation. Diurnal temperature ranges are com-
monly 20°C, and mean monthly temperatures at
Winnemucca Airport range from -2 to 22°C.

Surface Water

Most streams in SGV flow only during peri-
ods of rainfall or snowmelt, although a few
spring-fed streams flow for short distances most
of the year. Flows from the mountains, even
during intense rainfall or warm rain on frozen
ground, probably do not leave the valley as
streamflow. Hansen (1963) reported that a large
peak flow of 320,000 L/s from Clear Creek in the
central Sonoma Range just north of the study area
did not reach the Humboldt River north of Grass
Valley. Instead, most of the floodwaters infiltrate

. the coarse-grained valley fill, especially near the

apexes of alluvial fans built by larger streams,
such as those in Sheep Ranch, Spaulding, and
Pollard Canyons, and Clear Creek. Part of the
infiltrated water evaporates or is transpired by
native vegetation or crops; the remainder
penetrates to the water table as ground-water
recharge. A small part of the recharge moves
downward to become deep, thermal water, but the
locations and amounts can only be inferred from
indirect evidence, as discussed below. '

Ground Water
Ground-Water Recharge and Discharge

Ground water in SGV is derived chiefly or
entirely from precipitation within the drainage
basin. Little precipitation on the valley floor
reaches the water table because the average annual
potential evaporation of about 1,200 mm greatly
exceeds the average annual precipitation of about
200 mm. Instead, all or almost all ground-water
recharge is derived from precipitation in the
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mountains within the drainage basin.

Recharge in SGV from precipitation in the
mountains probably occurs in two principal ways:
(1) by lateral subsurface flow into the basin fill
from consolidated basement rocks that were re-
charged directly from precipitation in the moun-
tains; and (2) by infiltration of runoff from the
mountains into coarse-grained alluvial deposits
near the mouths of canyons where the streams
flow into the valley. The relative amounts of re-
charge that occur in these two ways are presently
unknown. However, the total amount could be
estimated by the method described below.

The percentage of the precipitation that be-
comes ground-water recharge was estimated using
an empirical correlation of precipitation, altitude,
and recharge developed by Maxey and Eakin
(1949), as applied to the Grass Valley drainage
basin by Cohen (1964) (see table 5).

The method of Maxey and Eakin (1949) was
developed during studies of 13 basins in east-
central Nevada and has been applied throughout

Nevada in numerous reconnaissance ground-
water studies. It continues to be used in water-
budget estimates for individual ground-water
basins. Maxey and Eakin (1949, p. 40-41) ex-
plained the development of their method as
follows:

"The average annual amount of recharge to
ground water in White River Valley can be esti-
mated from the precipitation and from the results
of recharge studies in comparable areas. This
requires a determination or estimate of average
annual precipitation for the drainage area, from
which the recharge is calculated as a percentage.
An estimate for the precipitation in the White
River Valley was made from a precipitation map
for the State of Nevada [Hardman, 1936] in
which zones of average range of precipitation are
designated. The zones are divided into the fol-
lowing ranges: less than 8 inches; 8 to 12 inches;
12 to 15 inches; 15 to 20 inches; and over 20
inches. The amount of water from the successive

TABLE 5. Estimate of ground-water recharge in the southem Grass Valley drainage basin on the basis of

altitude (precipitation) zones.

[Based on an empirical method developed by Maxey and Eakin (1949), as adapted to Grass Valley by Cohen (1964)]

Altitude Precipitation Recharge

zone Area (% of

(m) (km?) (mm/yr) (hm*/yr) precip.) (mm/yr)  (hm’/yr)
2,438-2,695 0.5 530 0.3 25 130 0.07
2,134-2,438 8.1 440 3.6 15 66 .54
1,829-2,134 79.8 340 27 7 24 . 1.9
1,524-1,829 258 250 65 3 7.5 1.9
1,369-1,524 230 150 34 0 0 0

Total or average 576 230 130 34 7.7 4.4
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zones that reaches the ground-water reservoir is
estimated as 0, 3, 7, 15, and 25 percent of the
precipitation in the respective zones. The per-
centages are adapted for this area from prelimi-
nary recharge studies in east-central Nevada.
These studies consisted of estimating the
ground-water discharge by natural losses in

east-central Nevada. The recharge for each valley -

was also estimated, using the rainfall-zone map
as a basis. The recharge estimates were then
balanced by trial-and-error with the discharge
estimates. They also compare favorably with
percentages determined in Las Vegas Valley by
means of precipitation gages maintained at
different altitudes in the Spring Mountains."

The relation between average annual precipi-
tation and altitude was developed by Hardman
(1936) and was used throughout Nevada by
Maxey and Eakin (1949) and their successors. In
general, each of the precipitation zones has an
altitude range of 1,000 ft (305 m). However, the
altitude of the 8-inch (200-mm) average annual
precipitation line below which none of the pre-
cipitation contributes to recharge varies, de-
pending on the location of the basin in question.
On the basis of Hardman's (1936) map and
precipitation records at Winnemucca AP, Cohen
(1964, p. 19) selected an altitude of 5,000 ft
(1,524 m) for Grass Valley. This is also the
approximate altitude of the valley margin in
southern Grass Valley.

Above 1,524 m, the amount of precipitation
per unit area that furnishes recharge increases
rapidly with increasing altitude, and a substantial
proportion (15-25 percent) is estimated to provide
ground-water recharge at altitudes above 2,134 m
(7,000 ft). However, only 1.5 percent of the total

drainage area and 14 percent of the total recharge
are associated with these higher altitudes. Thus,
most of the recharge probably is derived from -
precipitation in the mountains between altitudes
of 1,524 and 2,134 m (5,000-7,000 ft). Within this
altitude range, only 3-7 percent of the precipita-
tion is estimated to contribute recharge. Small
differences in these percentages cause large
differences in the estimate of total volume; hence
the estimate of 4.4 hm>/yr in table 5 is crude at
best. The actual recharge might lie within the
range of one-half to twice this amount (2.2-8.8
hm3/yr). An estimate of recharge during a colder
and wetter period between 40,000 and 10,000
years before the present is made in a later section
(table 9).

Not all ground-water recharge necessarily
occurs directly within the altitude zones indicated.
Instead, much of the precipitation leaves these
zones as surface flow and later infiltrates coarse-
grained alluvial deposits, especially near the
mouths of canyons where the streams flow into
the valley. The proportion of recharge in each
environment is presently unknown.

Ground water discharges chiefly by subsur-
face flow across the valley portion of the northern
boundary of the study area, but a small amount
also discharges by evapotranspiration of hydro-
thermal upflow at LHS and evapotranspiration by
phreatophytes within the valley (fig. 12). Itis
assumed that, for long periods, ground-water
discharge equals ground-water recharge in the
drainage basin that includes the study area.

The proportion of the total recharge that
circulates deeply within the basement as thermal
ground water was calculated by assuming a
long-term net balance of recharge and discharge
and by estimating hydrothermal discharge. Most
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of the hydrothermal discharge occurs in the LHS
area; an unknown but possibly significant amount
occurs also as underflow northward from the

study area.
The orifice designations at Leach Hot

Springs are shown in figure 7, and the flow,
which represents discharge consisting entirely or
chiefly of thermal water from unknown depths, is
shown in figure 8. The springs consist of two
roughly linear arrays of orifices parallel to the
fault scarp. About 80 percent of the discharge is
from six of the western orifices. Intermittent

measurements of discharge show distinct fluctu-
ations, although no overall increasing or de-
creasing trend is indicated for the period of
record, from November 1974 to July 1978 and
November 1983 to October 1985 (fig: 8). The
fluctuations in discharge are not obviously cor-
related with either precipitation or water temper-
ature, although, unfortunately, temperature was
not always measured concurrently with flow.
The average combined discharge from 29

orifices at LHS and spring S13 650 m to the
southwest during the periods November 1974 to

ll Leach Hot Springs }
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Figure 7. Location of orifices at Leach Hot Springs. Numbers indicate orifices from which significant discharge
occurred during the period 1974-85, in order of original inventory; numbers in parentheses indicate altitudes of

orifice pools, in meters above sea level.
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July 1978 and November 1983 to October 1985
was 8.6 L/s (fig. 8). (Spring S13 contributed
about 5 percent of the total.) Estimated evapo-
transpiration from the vegetated area surrounding
the springs was 0.012 hm?/yr (0.38 L/s) (Olmsted
and others, 1975, p. 201). Evaporation from
spring pools and discharge channels was
estimated on the basis of a quasi-empirical
mass-transfer equation of Harbeck (1962), using
average monthly temperature, humidity, and wind
velocity at the Winnemucca WBO AP weather
station. Estimated annual evaporation is a
function of water-surface temperature, as shown
in figure 9. The evaporation rate from the
hot-springs area was computed using data given
in table 6. The total, 8,000 m?/yr, is equivalent to
arate of 0.25 L/s.
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Figure 8. Discharge from orifices 1-29 at Leach Hot
Springs, November 1974 to July 1978, and November
1983 to October 1985.

The evapotranspiration from vegetated areas
and the evaporation from spring pools and dis-
charge channels were added to the measured
spring flow to obtain the total fluid discharge at
LHS (table 7). The volume rates of discharge in
table 7 were converted to mass rates, using a den-
sity of 0.974 kg/L at the weighted-average dis-
charge temperature of 76.8°C. The total mean
discharge at the surface for the period of record
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Figure 9. Estimated annual evaporation from hot-
water surfaces as a function of temperature. Based
on a quasi-empirical mass-transfer equation of
Harbeck (1962), using weather data from the
Winnemucca WBO AP weather station.

was estimated to be 9.2 L/s or 9.0 kg/s (table 7).
The heat flux associated with this fluid discharge
1s used in a later section to estimate heat flow in
the southern Grass Valley area.

The 9.2 L/s (0.29 hm?/yr) discharge at LHS
clearly is a small fraction (3-13 percent) of the

‘estimated total ground-water recharge and dis-

charge (2.2-8.8 hm?/yr) from SGV. However, not
all thermal water in SGV discharges at LHS. An
unknown but probably significant amount of hy-
drothermal upflow that does not discharge at the
land surface occurs in the southern and north-
western parts of the LHS thermal anomaly and
also at several other thermal anomalies, especially
that near Panther Canyon in the southeastern part
of the area. All this discharge eventually leaves
SGYV as underflow across the northern boundary
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TABLE 6. Estimated area, temperature, and evaporation rate for water surfaces at Leach Hot Springs.

Water-surface Evaporation rate
area temperature (mm/yr) (m3/yr)
(m?) (0
Runoff channels 184 60 36 6,600
Pools 1-29 - 16 78 81 - 1,300
Spring S13 10 37 10 . 100
TOTAL 8,000

of the study area. This additional amount of hy-
drothermal discharge is not known. However,
because the combined heat flux from the thermal
anomalies outside the LHS anomaly is less than
that from the LHS anomaly, as discussed in a later
section (p. 77-78; table 18), and because these
other anomalies represent the only likely
additional sources of significant hydrothermal
discharge in SGV, such discharge probably does
not exceed that at LHS. Thus, the thermal-water
component of groundwater discharge from SGV
probably is less than 25 percent of the total.

The location of recharge to the deep hydro-
thermal system is poorly known. Evidence dis-
cussed in the next section, "Hydrochemistry”,
indicates that present sources for shallow, non-
thermal water cannot be the sources of the thermal
water at LHS.

Ground-Water Movement in the Valley Fill

Information about ground water in the valley
fill, both thermal and nonthermal, was obtained
from test wells drilled during this study, from
existing wells, and from test wells drilled for
other studies. The test-drilling programs were de-

scribed by Olmsted and others (1975), Sass and
others (1976), Beyer and others (1976a), and
Wilde and Koenig (UURI, 1981g). Data and ex-
planations of the letter symbols for all the wells
and springs are given in table Al of the appendix;
measured water levels are listed in table A2 of the
appendix; and locations of the wells and springs
are shown in figure 10.

Ground water moves through intergranular
pores in the unconsolidated to semiconsolidated
valley fill. The porosity of the upper 170 m of
fill--the part penetrated by most test wells--ranges
from about 20 to 70 percent (table 3). The poros-
ity of the deeper fill is less because of compaction
and lithification. Although laboratory or field
data on permeability are lacking, poor size sorting
suggests that it is low to moderate for most of the
valley-fill deposits. The ratio of horizontal to
vertical permeability probably is very large be-
cause of the abundance of poorly permeable
layers in the horizontally stratified deposits.

The general directions of shallow ground-
water movement in SGV may be inferred from the
configuration of the water table--ground water
moves approximately perpendicular to the con-
tours in figure 11. Except near LHS and Mud
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--is more than 15 m higher than a water-table
altitude computed by assuming an upward hy-
draulic gradient of 0.1--the same as that observed
at QHI. It is interesting to note that the water-
level altitudes at QH1 and G105, as well as that at
QH3D, 4.8 km south-southwest of LHS, all of
which represent confined conditions, are higher
than the altitude of LHS. The implications of this
relationship are discussed in the section, "Ground
water in the basement and consolidated volcanic
rocks".

West and southwest of LHS, water levels
interpreted from gamma-gamma and neutron logs
are about the same as water levels measured in the
most of the wells, indicating little or no potential
for upward or downward flow. However, poten-
tials for downward flow may exist at DH8 and
DH12, and for upward flow at DH6 (see table A2).

Hydrologic Effects of Basin and Range Faults

In most desert basins like Grass Valley,
depths to water are least near the center of the
valley and greatest near the mountains, and the
water table is a subdued replica of the land sur-
face. Exceptions to this general situation are of
interest because they reflect the complicating in-
fluences of other hydrologic factors, principally
the effects of faults within the valley fill.

At LHS, rising thermal water has created an
anomalously low lateral hydraulic gradient east of
the springs and a high gradient west of the springs,
but the water table does not appear to be sharply
offset (fig. 11). The most plausible interpretation
is that, in this area, the LHS fault acts as a conduit
for rising thermal water. Southwest of the springs,
however, the fault seems to serve as a ground-
water barrier rather than as a conduit. Near spring

S13 and well DH9, the fault is associated with an
apparently abrupt water-table displacement of
more than 30 m downward to the northwest (fig.
11). Still farther southwest, the distribution of
greasewood, which ceases to grow northwest of the
fault (fig. 12), reflects the abrupt change in water
level across the fault. There,' the water-table offset

- isabout 15 m. Itis interesﬁng to note that, unlike

the situation southwest of LHS, the water table
does not appear to be offset along the LHS fault
northeast and north of the springs (fig. 11).

The Mud Springs fault in the southeast part
of the study area causes an even greater offset in
the water table than the LHS fault. At Mud
Springs (S2), the water table east of the fault is
more than 60 m higher than it is to the west, near
PWs 6 and 7 (figs. 11 and 12). The water table
has a very gentle slope east of the fault, almost to
the mouth of Panther Canyon. The shallow depth
to water on the east side of the fault is indicated
by a band of greasewood (fig. 12). In the absence
of similar evidence of a shallow water table north
of well PW2, it is assumed that the water-table
offset decreases north of that well (fig. 11).

The large offset of the water table near the
west side of the valley between well QH3, where
the depth to the water table was 61.3 m in June
1977, and spring S4, where the water table inter-
sects the land surface, may indicate the ground-
water-barrier effect of an unmapped fault. The
available data do not clearly define the trend of
such a hypothetical fault. A likely possibility,
however, is a fault 2-3 km west of, and parallel to,
the north-northwest trending fault on the west side
of the valley, as suggested by the depth-to-water
pattern (fig. 12). »

In summary, some Basin and Range faults in
or near the margins of the valley obviously affect
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the configuration of the water table and the related
patterns of ground-water flow; other faults
apparently do not. At LHS and probably near
Panther Canyon, the faults seem to function as
conduits for thermal water that rises from consid-
erable depth within the basement beneath the val-
ley fill. The nature of these conduits is poorly
known. Sibbett (1983) attributed the localization
of rising thermal fluid near the Beowawe Geysers
100 km east of LHS to a dilation breccia related to
the intersection of two steeply dipping faults. A
similar situation may obtain at LHS, where two
major faults intersect just northeast of the springs.
The rising thermal water also may be channeled
along the fault contact of the valley fill northwest
of the LHS fault and the basement rock to the
southeast.

Elsewhere, especially within the valley fill,
the faults appear to function as ground-water
barriers rather than as conduits. The sharp offsets
of the water table along the Mud Springs fault and
the LHS fault southwest of the springs, and the
possible offset along an unmapped fault on the
southwest side of SGV all seem to indicate nar-
row zones of very low permeability associated
with the faults. It may be significant that the
springs associated with these faults are non-
thermal. The nature of the low-permeability zones
in SGV is unknown. Such barriers in similar
fluvial deposits have been variously attributed to
(1) impervious clayey gouge resulting from the
pulverization of rocks and minerals along the fault
plane, (2) offset of impermeable beds along the
fault to block permeable beds on the other side of
the fault, (3) rotation of elongated and flat clasts
parallel to the fault surface so as to reduce perme-
ability perpendicular to the fault, and (4) cementa-
tion of coarse-grained deposits caused by the

deposition of minerals (commonly carbonates) by
water rising along the fault (Davis and DeWiest,
1966, p. 396; Dutcher and Garrett, 1963, p. 43;
Poland, Piper, and others, 1956, p. 119-126; Po-
land and others, 1959, p. 70-72).

Ground Water in the Base_ment and Consolidated
Volcanic Rocks )

The basement and consolidated volcanic
rocks are well consolidated and have low primary
porosity and permeability--porosity probably is
less than 10 percent at most places. Vertical or
steeply inclined fractures allow ground water to
move upward or downward more readily than in
the valley fill. Significant secondary porosity and
permeability related to fractures and to solution
openings in carbonate rocks are believed to con-
trol most ground-water storage and flow. Al-
though it cannot be ruled out, large-scale inter-
basin movement of ground water through thick
sequences of carbonate rocks, as in the southern
Great Basin (Winograd and Friedman, 1972;
Winograd and Pearson, 1976), is unlikely in the
SGV region, owing to the thinness of the carbon-
ate rocks and the structural complexity. Both
factors interrupt the lateral continuity of potential
carbonate-rock aquifers.

Information about deeply circulating thermal
ground water is limited to geophysical data, hy-
drologic measurements and chemical and isotopic
data from LHS and several nearby test wells and
well site QH3, and geologic data from wells
QH3D and Aminoil 11-36. Although some infer-
ences may be drawn on the nature of deep thermal
circulation by using numerical modeling, dis-
cussed later, the paucity of data permits only a
sketchy analysis.
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On the basis of the discovery of a heat-flow
high apparently centered at well site QH3 (Sass
and others, 1977, p. 54), a deep well (QH3D) was
drilled at this location. The well penetrated
Paleozoic and Mesozoic basement at a depth of
378 m to the bottom, at 415 m. The casing was
perforated from 408.7 to 410.2 m, opposite a zone
of high porosity and low clay content, as inter-
preted from borehole geophysical logs. Shortly
after completion, the water level in well QH3D
rose to within 5 m of the land surface, which in-
dicated a strong upward hydraulic gradient when
compared to a static water level of 62 m below the
land surface in well QH3B, 154 m deep and
screened in valley fill. The upward hydraulic
gradient of 0.22 between depths of 154 and
408.7 m was not observed in the shallower part of
the valley fill. Instead, a small downward
gradient was observed between depths of 64 m
(well QH3C) and 154 m (QH3B). As discussed
later, the chemical and isotopic similarity of water
at well QH3B to the thermal water at LHS
suggests upward flow of thermal water from the
basement into the lower part of the valley fill.

The only places other than well site QH3
where thermal water was sampled were the ori-
fices of LHS and wells in the surrounding thermal
anomaly. However, other water, not sampled,
especially in deeper wells near Panther Canyon
and in the deep Aminoil well, may be at least in
part of thermal origin.

The exact hydrologic relation between LHS
and the thermal water at well QH3D cannot be
determined, owing to lack of data on ground-
water-flow directions in the basement. The alti-
tude of the confined water level at well QH3D
(1,429.4 m) is higher than that of the orifices at
LHS (1,420.8-1,423.9 m). Whether this indicates

a potential for flow at depth from QH3D toward
the springs is unknown. Such a determination
would require a measurement of hydrostatic head
at the same altitude in the spring conduit system
as the altitude of the perforations in QH3D. De-
finitive conclusions as to the significance of the
relations of temperatures and hydrostatic heads at
well QH3D and LHS must await the acquisition
of data from deep test wells.

As mentioned earlier (p. 42), confined water
levels at wells QH1B, along the LHS fault 1 km
northeast of the hot springs, and G105a, near a
subsidiary fault 1.5 km south of the hot springs,

. are substantially higher than the springs. The

water level in G105 on July 31, 1980 was, in fact,
2.4 m above the land surface (table 8). This sup-
ports the conclusion that thermal water rises along
these faults at places other than LHS but does not
reach the surface. At G105, the water may have
enough head to reach the surface but, unlike LHS,
does not have an active channelway to form a
spring or springs.

Little is known about the depth and configu-
ration of the Panther Canyon hydrothermal éys—
tem, or, indeed, whether the system is separate
from that discharging at LHS. The hydrothermal
upflow, required to account for the heat-flow
anomaly, seems to be related a fault or fault zone
of large throw along the east margin of the basin.
The west margin of the heat-flow anomaly lies
approximately along the trace of the Mud Springs
fault. Unlike the situation at LHS, the upflowing
thermal fluid does not reach the land surface. In-
stead, it appears to spread laterally at depths
poorly defined by subsurface data but generally
greater than about 150 m, the depth of most of the
deeper test wells in the area.
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The concentrations and proportions of dis-
solved inorganic constituents and the hydrogen-
and oxygen-isotope composition of the waters in
SGYV are used to define the spatial occurrences of
thermal and nonthermal water, indicate possible
sources of ground-water recharge, and estimate |
the source temperature of the water discharging at
LHS. Table A3 of the appendix lists chemical
and isotopic analyses of 42 water samples from 31
sites in or adjacent to the study area. The sample
sources are grouped in five categories: (1) Leach
Hot Springs, representing surface discharge of
thermal-water upflow from a deep source or
sources; (2) thermal wells, chiefly near LHS, and
probably representing leakage of thermal-water
upflow into the shallow subsurface; (3) non-
thermal springs; (4) nonthermal wells; and (5)
Clear Creek, 14 km north of LHS.

Thermal-water samples (the first two catego-
ries) are defined as having a source within a ther-
mal (heat-flow) anomaly; nonthermal-water sam-
ples (the last three categories) are from sources
outside heat-flow anomalies. Although this
classification is arbitrary, the thermal- and
nonthermal-water samples thus defined form two
distinct groups according to their chemical and
isotopic composition, as discussed below.

No samples were collected of nonthermal
water from wells deeper than 55 m or from wells
within the Panther Canyon thermal anomaly in the
southeast part of the study area. Therefore, the
characteristics of presumed nonthermal ground
water within the valley fill below a depth of 55 m
and of the thermal ground water in the southeast
part of the valley are unknown.

Dissolved Constituents

On the basis of the similarity between the
hydrogen-isotope composition of local meteoric
water and thermal water (see White and others,
1973), most, perhaps all, thermal (as well as
nonthermal) ground water in SGV is believed to
be of meteoric origin. Samples that would
indicate the chemical and isotopic composition of
precipitation in the area were not obtained.
However, unpublished U.S. Geological Survey
data from seven localities in central Nevada
indicate that the precipitation contains only small
concentrations (4-25 mg/L) of dissolved inorganic
constituents (for convenience, hereinafter called
"dissolved solids").

The sample that chemically most closely
resembles precipitation in the SGV area is that
from Summit Spring in the Mt. Tobin Range, 23
km southeast of LHS (figs. 1 and 10). The spring
lies at an altitude of 2,570 m on the north slope of
the ridge that forms the summit of the range at
Mt. Tobin, 5.8 km farther south, at an altitude of
2,979 m. The catchment area for the spring is
small, flow paths for ground water issuing at the
spring are short, and residence time for the water
1s short. The concentration of dissolved solids in
the spring water, only 40 mg/L, is much less than
that in any of the ground water sampled in SGV
and is less than the 215 mg/L in the only sample
of surface runoff, in Clear Creek (table 9).

As precipitation infiltrates the ground-water
reservoir, the concentration of dissolved solids is
increased, primarily by rock-water chemical reac-
tions. The processes that control the type and
concentration of dissolved solids in the water
depend on numerous factors, including chemical
composition of the rock, nature of the pore space,
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residence time of the water, temperature, and
evaporation. Longer ground-water flow paths and
residence times generally produce higher con-
centrations of dissolved solids, so that the deeply
circulating thermal ground water is likely to have
a higher dissolved-solids concentration than shal-
low nonthermal water. In some cases, these fac-
tors may be offset by other factors such as evapo-
ration of shallow ground water or solution of
evaporite minerals like halite and gypsum.
Grass Valley, unlike many other basins in

northern and central Nevada, is characterized by

a generally deep water table and by the absence of
extensive evaporite deposits. In addition, most of
the basement rocks in the drainage basin probably
are relatively insoluble. For these reasons, most
ground waters, both thermal and nonthermal,
have fairly low concentrations of dissolved solids.
As shown in table 8, concentration of dissolved
solids in all the water samples ranges from 210 to
910 mg/L. Except for four samples from non-
thermal springs, in which concentrations range
from 600 to 910 mg/L, dissolved-solids concen-
trations are lower in the nonthermal waters

TABLE 8. Ranges in concentration of dissolved constituents in thermal and nonthermal waters in southern Grass

Valley.
[All values are in milligrams per liter]
Constituent Leach Hot Springs! Thermal Nonthermal Nonthermal
wells? springs> wells

Dissolved solids 550-590 500-620 340-910 210-370
Calcium (Ca) 8.5-11 8.0-15 65-150 18-68
Magnesium (Mg) 0.1-1.2 0.3-2.3 9.1-61 6.2-19
Sodium (Na) 160-180 170-270 29-130 38-53
Potassium (K) 11-16 7.6-14 1.8-6.5 2.3-45
Bicarbonate (HCO5) 324-390 360-470 140-480 137-208
Chloride (Cl) 24-32 23-29 36-180 36-81
Sulfate (SO,) 48-57 19-52 38-190 15-53
Fluoride (F) 2.7-9.0 1.3-8.8 <0.1-14 0.1-0.8
Boron (B) 1.2-1.3 0.44-1.8 0.08-0.63 0.11-0.30
Lithium (Li) 0.78-1.7 0.24-0.91 0.008-0.22 0.008-0.05
Silica (Si0O,) 95-145 7.5-97 7.4-58 4.6-25

! Orifice 15 not included.

2 Wells QH3B and DHI3A not included.

3 Summit Spring not included.
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(210-430 mg/L) than in most of the thermal
waters (500-620 mg/L), which tends to support
the generalization that longer flow paths and
residence times and higher temperatures tend to
increase dissolved-solids concentrations in the
thermal waters.

The four nonthermal spring samples having
relatively high concentrations of dissolved solids
all appear to be affected to some degree by evapo-
ration, solution of evaporite minerals, or admix-
ture with thermal water. Point Spring (S8), with
910 mg/L dissolved solids, has the highest con-
centration of calcium (150 mg/L) and sulfate (350
mg/L) and third highest concentration of chloride
(110 mg/L) of all the sampled waters. Calcium
(99 mg/L) and sulfate (150 mg/L) are fairly high
in the sample from the spring in Spaulding Can-
yon (S3), as well. The high calcium and sulfate
suggest the presence of gypsum in the source
rocks for these waters. The high sodium (110
mg/L) and chloride (180 mg/L) in the sample
from the spring in southwestern Grass Valley (S4)
indicates possible concentration by evaporation or
solution of evaporite deposits. The high sodium
(130 mg/L) and bicarbonate (480 mg/L), together
with the water temperature of 22 °C, suggest the
presence of a thermal-water component in the
sample from Coyote Spring (S1).

Water from the other nonthermal springs and
from the nonthermal wells is not characterized by
a dominant cation or anion (see fig. 13). Calcium
and magnesium are more abundant and sodium
and potassium less abundant than in the thermal
waters, probably owing to cation exchange at
elevated temperatures in the thermal waters.

Among the major anions, considerable over-
lap exists in the concentrations of bicarbonate and
sulfate between the thermal and nonthermal wa-

ters (see table 8). However, measured chloride
concentrations in the nonthermal water (36-180
mg/L) all are greater than in the thermal water
(23-32 mg/L). The only nonthermal water having
a chloride concentration less than 23 mg/L is rep-
resented by samples of surface water from Clear
Creek (S11), issuing from the Sonoma Range
northeast of the study area (14 mg/L), and water
from Summit Spring (S2) at an altitude of 2,570
m, north of Mt. Tobin, southeast of Grass Valley
(4.0 mg/L). As discussed later, these samples
may represent types of water that could percolate
downward to recharge the nonthermal and (or)
thermal ground-water systems in the SGV area.

Dissolved-solids concentrations in the water
from most of the thermal wells (500-620 mg/L)
are similar to those in the hot springs (550-590
mg/L, excluding the anomalous sample from ori-
fice 15, an acid-sulfate water diluted by steam
condensate, which has a dissolved-solids concen-
tration of 500 mg/L). However, the concentrations
are 270 mg/L and 760 mg/L at wells QH3B and
DHI13A, respectively (table A3 of the appendix).
Hydraulic-head data (see p. 3-4), indicate ground-
water downflow at QH3B, which, together with
the low dissolved-solids concentration of 270
mg/L and the relatively low concentrations of
sodium and potassium--57 and 3.5 mg/L, respec-
tively, suggests that the water in QH3B contains a
significant fraction of nonthermal water. How-
ever, the stable-isotope composition, discussed
later, is like that of other water of undoubted
thermal origin. -

Well DH13A, 260 m east of orifice 15, prob-
ably is not far east of the LHS fault zone. The
dissolved-solids concentration of the water in the
well may be increased because of steam loss rep-
resented by the apparent steam condensate in the
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Figure 13. General chemical character of thermal and nonthermal water in southern Grass Valley area. For
details on the construction of this type of diagram, see Zaprozec (1972, p. 38).

water at orifice 15. The inference that the two
waters are fractionated from a single source fluid
is supported by the fact that the dissolved-solids
concentration in the water from DH13A (760
mg/L) is higher than the average of 565 mg/L for
the hot-springs orifices other than 15, whereas the
concentration in orifice 15 (500 mg/L) is lower
than that for the other orifices. The low bicarbon-
ate content of both waters also supports a genetic
relationship. Relative concentrations of individ-

ual constituents in the two waters qualitatively
support a steam-loss relationship, although the
chloride concentration in the DH13A water, 140
mg/L, compared to an average of 26 mg/L for the
spring orifices other than 15, is several times too
large to be attributable to concentration by steam
loss alone. Warm water in well DH13A also has
greater concentrations of sodium and sulfate than
the water at LHS. These higher concentrations
may result from dissolution of sodium salts
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formed by shallow boiling water.

Sulfate concentrations in the thermal water
are within the lower range of those in the non-
thermal water. The low concentrations in the
thermal water may be due to removal of sulfate
from solution by the precipitation of sulfur-
bearing minerals or the production of hydrogen
. sulfide. ,

The constituents fluoride, boron, and lith-
ium, which are present in minor amounts in most
ground waters, have proved useful at other places
as indicators of the presence of thermal water.
This has proved to be the case in SGV, where,
with one minor exception discussed below,
concentrations of all three constituents are higher
in thermal than in nonthermal water samples.

Fluoride concentrations in thermal water are
at or near saturation with respect to the mineral
fluorite (CaF,) at the measured spring orifice and
down-hole temperatures (fig. 14). Thermal water
in the northern Basin and Range province gener-
ally is saturated with respect to fluorite (Nord-
strom and Jenne, 1977). The high fluoride con-
centrations result from low calcium concentra-
tions in the thermal water. Most nonthermal wa-
ter has lower fluoride concentrations than thermal
water and is undersaturated with respect to fluo-
rite. The one minor exception to the lower fluo-
ride concentrations in the nonthermal water is the
sample from Coyote Spring (F = 1.4 mg/L,
compared to 1.3 mg/L in one of two samples from
thermal well DH13A); as discussed above,
Coyote Spring probably includes a thermal-water
component.

Concentrations of lithium and boron also are
higher in the thermal water than in the nonthermal
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Figure 14. Saturation index for fluorite (CaF,) versus
source temperature.

water (fig. 15). Empirical chemical geothermo-
meters based on the relation between lithium and
either magnesium (Fouillac and Michard, 1981)
or sodium (Kharaka and others, 1985) have been
developed. If a general temperature-dependent
relationship exists between lithium and other cat-
ions, then lithium concentrations may be con-
trolled by an equilibrium reaction within a deep
thermal aquifer, although specific reactions have
not been identified.

Because of increasing solubility of silica
with increasing temperature, silica concentrations
in thermal water, especially that at LHS, are
higher than those in nonthermal water (see table
8). The somewhat lower concentrations in the
well samples may indicate precipitation of silica
during upflow or subsequent lateral subsurface
flow, or, especially in the sample from DHI13A,
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dilution by nonthermal water.

In summary, thermal water may be distin-
guished from nonthermal water in SGV by its
higher concentrations of sodium, potassium, fluo-
ride, boron, and lithium, and its lower concentra-
tions of calcium, magnesium, and chloride. Silica
has higher concentrations in all the LHS water
than in the nonthermal water, but concentrations
in several thermal well waters are lower than in
some of the nonthermal water.

Stable Isotopes of Hydrogen and Oxygen

Analyses of the stable isotopes of hydrogen
and oxygen are useful in distinguishing thermal
from nonthermal ground water, evaluating pro-
cesses that result in isotopic change from precipi-
tation to ground water, determining the sources of
thermal and nonthermal ground waters in SGV,
and establishing the age of the thermal water. -

Hydrogen- and oxygen-isotope data for wa-
ter generally consist of analyses of the ratio of
deuterium (hydrogen-2) to hydrogen-1 (*H/'H)
and of oxygen-18 to oxygen-16 (*80/'0). These

. ratios are related to comparable ratios for a stan-

dard called "Vienna Standard Mean Ocean Water"
(V-SMOW) (Gat, 1980, p. 21-24). The differ-
ences from the standard are expressed as delta
deuterium (8D) and delta oxygen-18 ('20), the
units being expressed as permil (%0). Most delta
values are negative, that is, concentrations of the
two heavier isotopes relative to hydrogen-1 and
oxygen-16 are less than those of the standard.
Because of the convention adopted for calculating
delta values relative to V-SMOW, larger negative
delta deuterium and delta oxygen values are isoto-
pically lighter than less negative values (Gat,
1980, p. 20-21). Hydrogen- and oxygen-isotope
data generally are shown on an x-y plot in which
the delta deuterium values are plotted on the y
axis and the delta oxygen-18 values on the x axis,
as shown in figure 16.

Isotopic Composition of Precipitation

Line 1 in fig. 16 is a commonly used regres-
sion line for modem precipitation worldwide and
is generally referred to as the "meteoric-water
line" (Craig, 1961). Although the isotopic com-
position of precipitation at a site commonly varies
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B do
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10 do
12 Well DH6
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17  Well DH4
19 Well DH14A
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SAMPLENO. SAMPLE SITE

21 Well DH10

22 Well DH13A

23 do

25 Summit Spring

26 Spring in Spaulding Cyn
27 Spring in SW Grass Valley
28 Mud Spring

29 Spring in Pollard Cyn
30 Petain Spring

3 do

35 Grand Trunk Spring

36 Goldbanks Windmill

37  Weil DH1

38 Weli QH7B

39 Weli QH13B

40  Well near Mud Spring
41 Well DH8

42 Clear Creek

Figure 16. Hydrogen and oxygen composition of thermal and nonthermal waters in the southern Grass Valley

area.

widely from storm to storm, depending on factors
such as time of year and storm source (Ingraham
and Taylor, 1991, p. 85-86), average compositions
for periods of a year or more tend to lie along the
meteoric-water line.

Craig's (1961) meteoric-water line is based
on about 400 samples worldwide, of which about

40 percent were from North America. The slope
of the regression is the approximate ratio of the
combining weights of oxygen to hydrogen in the
water molecule:

5D = 8 680 )

The position of an average isotopic composition

44 The Geothermal Hydrology of Southern Grass Valley, Pershing County, Nevada



along the regression line is determined largely by
the weighted-average temperature of precipitation
at the site: isotopically heavier (less negative)
values of 8D and &80 are associated with higher
temperature.

The data of Craig (1961) also show that the
precipitation is heavier in deuterium than indi-
icated by the simple relation of eqixation 4. The
meteoric-water line is displaced upward by 10%eo
oD from a plot of equation 4. This upward dis-
placement (arrow A in fig. 16) is commonly
called the "deuterium excess parameter” (d)
(Dansgaard, 1964). The equation of Craig's
meteoric-water line, therefore, is:

dD = 8 80 + 10 )

Distinction of Thermal from Nonthermal Ground
Water

Deuterium and oxygen-18 data for thermal
ground water in SGV consist of analyses of 10
samples from 5 orifices at Leach Hot Springs and
10 samples from 8§ wells; for nonthermal ground
water, the data consist of analyses of 8 samples
from 7 springs, 6 samples from 6 wells, and 1
sarriple of surface water from Clear Creek
(fig. 16). Multiple samples from a site are plotted
separately rather than averaged because most of
the samples were collected at times differing by
several years. We believe the differences indi-
cated are in part real and not simply analytical
uncertainty, which is reported to be +0.2%o & '20
and +1.5%o 0D (Pritt and Jones, 1989).

The thermal and nonthermal waters in SGV
form two distinct sets isotopically. Although the
130 values of the two sets are similar (the aver-
age &'30 values are -16.1 and -16.2%o for the

thermal and nonthermal waters, respectively), the
thermal water, except for the water at LHS ori-
fices 12 and 15, is lighter in deuterium than all the
nonthermal water.

Because the data are compatible with the
hypothesis that the slopes of a linear regression
for the thermal and nonthermal waters are equal

" (p=.31), the average difference between the val-

ues of delta deuterium for the thermal and non-
thermal water samples is estimated by fitting an
equal-slopes model to the data for both groups.
Multiple samples from a single site were averaged
to obtain a more conservative estimate of the
standard error of the difference, with the result
that the relations for the thermal (1) and non-
thermal (2) samples are, respectively,

8D = 2.73 880 - 79.7 (6)
and

dD = 2.73 6'%0 - 85.9 ©)

The thermal waters therefore are on average
6.2 + 0.52%o lighter (more negative) in 8D than
the nonthermal waters. A 95 percent confidence
interval for the difference is -5.2 to -7.3%o 8D.
This result is in substantial agreement with that of
Flynn and Buchanan (1993, fig. 6), who found
that, in the region that includes SGV, thermal
waters are 4-8%o lighter in 0D than nonthermal
waters.

Isotopic Changes from Precipitation to Ground
Water '

Shallow ground water that has not under-
gone significant change due to evaporation or
chemical interaction with soil or rock has about
the same 8D and &'20 as the precipitation from
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which it was recharged. Nevertheless, the ground
water in many Basin and Range settings is heavier
in 8'%0 than local meteoric water. If the
meteoric-water line of Craig (1961) (line 1 in

fig. 16) represents the source of recharge of both
thermal and nonthermal water in SGV, then all
the samples except that from well DH1 (#37) are
heavier in 880 than the precipitation. The en-
richment in 8'80 in the ground water may be the
result of oxygen shift (line D in fig. 16), evapora-
tion (line C in fig. 16), or a combination of both
processes.

Oxygen shift, which results from '80 ex-
change between water and rock, is greater in a
high-temperature environment, owing to the en-
hancement of many water-rock chemical reactions
at elevated temperature. Thermal water therefore
commonly displays greater oxygen shift than non-
thermal water. This might account for the greater
displacement of the thermal water samples than
the nonthermal samples from the meteoric-water
line.

Evaporation differs from oxygen-shift in that
it involves a change to heavier isotopic composi-
tion for 8D as well as &'%0. In this respect, the
effects of evaporation resemble those of the pre-
cipitation trend (meteoric-water line 1 in fig. 16),
although the slope of the 8D vs. 530 line is
smaller for the evaporation trend (compare line B
with line C in fig. 16).

In figure 16, the slope of 2.73 for the line 6D
vs. 830 (equations 6 and 7 discussed above) may
indicate an evaporation trend. Evaporated waters
are reported to typically have a slope of 3
(Sheppard, 1986, p. 178). An evaporation-trend
slope of 3.5 has been reported for the Carson
Desert area 150 km southwest of SGV (Welch
and others, 1984, p. 75), a value of 4.5 has been

reported for the western Black Rock Desert 160
km west of SGV and the Bradys Hot Springs area
160 km southwest of SGV (Welch and Preissler,
1986; 1990), and a value of S has been reported
for surface waters in East Africa (Craig, 1961).
Because of analytical uncertainty, the slope
of the regression line for the SGV samples is not
well defined, and it may not represeflt an evapora-
tion trend entirely. The SGV samples.may be
affected by both evaporation and oxygen shift.

Sources of Thermal and Nonthermal Ground
Waters

The isotopic composition of the precipitation
from which the thermal and nonthermal waters
were derived is estimated by projecting the
equal-slopes curve fits described previously
(equations 6 and 7) to the meteoric-water line.
Using the line of Craig (1961) (line 1 in fig. 16),
the resultant 8D values for thermal and
nonthermal water sources are, respectively, -135.6
and -126.2%o. Thus the difference is 9.4%o--
about 50 percent larger than the 6.2%o difference
between the average thermal and nonthermal
samples.

The meteoric water line of Craig (1961) may
not be appropriate for the SGV area or for the
surrounding Great Basin region. A least-squares
linear curve fit for 127 samples of shallow ground
waters in northern Nevada having dissolved chlo-
ride concentrations of 25 mg/L or less gave

dD. = 6.6 830 - 14.2 )

(line 2 in fig. 16). The low-chloride samples were
selected from a larger set of analyses as most
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nearly representing precipitation because they are
presumed to be least affected by evaporation or
oxygen shift. Asshown in figure 16, the differ-
ence between lines 1 and 2 is small for the range
of isotopic composition of the SGV samples.
Using line 2, the 8D difference between thermal
and nonthermal water sources is 10.6%o.

The meteoric water line representing the
source of the nonthermal water may differ from
that representing the source of the thermal water.
Using stable-isotopic data from several areas, Gat
(1971, p. 987-989) noted that past precipitation
had a lower deuterium d value than present-day
precipitation, and that old water has a lower deu-
terium content than recent ground water. A
d value of 5%o, which has been observed to yield a
good fit for worldwide old-water data (Criss and
Taylor, 1986, p. 388), may be more appropriate
than the 10%o of Craig (1961) for the source of
thermal water in SGV. Using a meteoric water
line of

8D =8 8'%0 + 5 )

(line 3 in fig. 16), the source of the thermal water
in SGV has a 0D of-133.0%e, which is 6.8%o
lighter in deuterium than the inferred source of the
nonthermal water.

In summary, thermal ground-water samples
in SGV average about 5-7%o lighter in 8D than
nonthermal water samples, but the difference in
0D values for the inferred meteoric sources of
these waters is greater--about 7-10%o. Dansgaard
(1964, p. 442-444) found that, for data from
Greenland, changes in temperature of 1°C corre-
sponded to changes of 0.69%o in &'30 and 5.6%o
in 8D. From temperature and & '20 records for
Antarctica and Europe, Rozanski and others

(1992, p. 984) reported a somewhat smaller coef-
ficient of 0.56-0.63%o per °C for %0, which is
equivalent to 4.5-5.0%o per °C for 8D. The pre-
cipitation that recharged thermal ground water in
SGV therefore averaged 1 to 2°C colder than
precipitation that recharged shallow, nonthermal
ground water.

Age of Thermal Water

Two principal explanations have been sug-
gested for the lower deuterium content and there-
fore lower source temperature of thermal water
compared to nonthermal water (Welch and others,
1981, p. 85-92; Flynn and Buchanan, 1993,

p. 63-64): (1) modern recharge (<10,000 years
before the present--B.P.) at higher altitude than
recharge for nonthermal water; and (2) "paleo-
recharge" (>10,000 years B.P.), not necessarily at
higher altitude than recharge for modern non-
thermal water, but at a time when deuterium was
depleted relative to modern-day values. In evalu-
ating these two explanations, evidence bearing on
the age of the thermal water obviously is of vital
importance. The age of the thermal water may be
inferred from (1) radiocarbon (4C) dating,

(2) stable-isotopic evidence, and (3) estimation of
the time required for the water to circulate
through the hydrothermal flow system.

Reliable '“C ages have not been determined
for thermal water in SGV. However, apparent “C
ages of some thermal waters elsewhere in Nevada
range from 11,000 to 28,200 years B.P. (Ingraham
and Taylor, 1991, p. 78). The !4C age of thermal
water in the Upsal Hogback hydrothermal system
in the Carson Desert 150 km southwest of SGV is
reported to be about 25,000-35,000 years B.P.
(Olmsted and others, 1984, p. 146). Ifthe
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SAMPLE NO. SAMPLE SITE
25  Summit Spring
26  Spring in Spaulding Cyn
27 Spring in SW Grass Valley
° 28 Mud Spring
T 29  Spring in Pollard Cyn
30  Petain Spring
3 do
122+ 32 Point Spring
33  Sheep Ranch Spring
03! 35  Grand Trunk Spring
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Figure 17. Relation of deuterium composition to
altitude for nonthermal springs.

hydrothermal system in SGV resembles those
elsewhere in Nevada, the radiocarbon evidence
therefore suggests a late Pleistocene (>10,000
years B.P.) age for the deeply circulating thermal
water.

Stable-isotopic evidence discussed earlier
indicates a colder source for the thermal than for
the nonthermal ground water in SGV. Such a
source could be precipitation at a higher average
altitude than the precipitation recharging the non-
thermal ground water. The low chloride concen-
trations of the waters from Clear Creek and Sum-
mit Spring suggest the possibility that the thermal
water represents deep percolation of nonthermal
water in the mountains, perhaps derived from
precipitation at high altitudes. On the basis of
precipitation sampling in Dixie Valley, 100 km
south-southwest of southern Grass Valley, Jacob-
son and others (1983) estimated a decrease of

about 4.2%o in dD per 305 m increase in altitude.
If such a decrease occurs in the SGV area,
present-day precipitation at high altitudes in the
mountains could be sufficiently depleted in
deuterium to be a source of thermal water.

Figure 17 is a plot of delta deuterium values
versus mean altitude of catchment area for 11
samples from 9 nonthermal springs in the SGV
area. The mean altitude of the catchment area for
each spring is estimated as the arithmetic mean of
the altitude of the spring and that of the highest
point in the surface drainage area above the
spring. Such a measure, although very approxi-
mate, is believed to more closely reflect average
precipitation supplying the spring water than the
altitude of the spring itself. As shown in figure
17, delta deuterium appears to decrease with alti-
tude, although the correlation is weak (2 = 0.20)3.
The least-squares regression is

8D = 0.0028H - 119 10)

where H is mean altitude of the catchment area
above the spring, in meters. This corresponds to a
decrease in 6D of only 0.8%o per 305 m, instead
of the 4.2%o per 305 m reported by Jacobson and
others (1983) for Dixie Valley.

Summit Spring, because of its high altitude,
is of critical importance in defining the 6D vs.
altitude relation of equation 10. The small catch-
ment area for this spring suggests the possibility
that the isotopic composition of the ground water

3 If the somewhat questionable delta deuterium value for the
spring in Pollard Canyon (sample 29, for which no corresponding
oxygen-18 value was obtained) is omitted, the least-squares linear

regression becomes 6D = 0.0026 H - 119 and r? increases to 0.43.
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feeding the spring fluctuates more in response to
fluctuations in the composition of the precip-
itation than it does at most locations. Therefore,
the single analysis of the spring water probably
does not represent a long-term average compo-
sition. If the long-term average & D composition
were lighter, then 8 D would show a greater
decrease with increasing altitude, and the pdssi—
bility would remain that present-day precipitation
at high altitudes in the SGV area could be the
source of the thermal water.

To summarize, although the stable-isotopic
data do not rule out the possibility of modern
(<10,000 years B.P.) recharge for the thermal
water, radiocarbon age data and estimates of
ground-water circulation time, discussed later,
support a greater age. The lighter deuterium com-
position of the thermal water compared to local
nonthermal water could be due to recharge of the
thermal water during a period of colder precipita-
tion. Stable-isotopic data from core-drilling in the
Greenland ice cap (Dansgaard and others, 1969, p.
379) and in the Antarctica ice cap (Epstein and
Gow, 1970) showed significant shifts in
hydrogen- and oxygen-isotopic composition
between about 11,000 and 8,000 years B.P. This
time is correlated with the last major retreat of
continental glaciers. An age of 10,000 years B.P.
is generally regarded as the end of the last major
glacial epoch (Wisconsin). Since 10,000 yrs B.P.,
fluctuations in climate indicated by stable-isotopic
composition have occurred, but these are
generally minor in comparison with the change at
the end of the Wisconsin.

The timing of the Pleistocene-Holocene tran-
sition corresponds to a warming trend coupled
with increasing aridity in the northern Basin and
Range region beginning about 9,000 years ago, as

evidenced by changes in water levels of Pleisto-
cene Lake Lahontan (Benson, 1978) and Searles
Lake in southeastern California (Phillips and oth-
ers, 1994). Reconstruction of late Pleistocene
climate in the Great Basin using material in
pack-rat middens indicates colder and wetter
conditions from about 40,000 to 10,000 years B.P.
(Wells, 1983; Spaulding, 1985). Using stable-
isotopic and radiocarbon data from a macrofossil
assemblage from a midden at an elevation of
1,800 m in southern Nevada, Spaulding (1985,
table 10) determined the following pattern for the
interval 45,000 to 10,000 years B.P., where dTs is

. difference in summer temperature from the

present, in °C, dTw is difference in winter tem-
perature, dTavg is difference in average annual

- temperature, and dP is difference in average

annual precipitation from the present, in percent.

Years dTs dTw dTavg dp
B.P.

45,000 -2t0-3 - -1t0-3 0

38,7000 - - -1to-2 | +10to+20

37,8000 -5 +20
30,000 - -- 3to-6 | +10to+25
18,000 >-6 -7to -8 0 +30 to +40
10,000 -1to-2 +1to +2 - +1 to +20

Spaulding's (1985) inferred differences in average
annual temperature range up to 7°C colder at
18,000 years B.P., whereas the difference in
temperature of thermal-water recharge in SGV is
estimated to be only 1-2°C. If, as seems likely,
the thermal water in SGV was recharged at some
time during the interval 45,000 to 10,000 years
B.P., then perhaps it is either older than 38,000
years or younger than 18,000 years B.P.

Colder and wetter average conditions did not
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characterize all areas. In the mid-continent region

of the United States, paleoclimatic conditions
deduced from ancient-wood cellulose indicate a
climatic shift at about 9,500 years B.P., although
deuterium was /ess depleted during the interval
22,000- 9,500 years B.P., indicating warmer pre-
cipitation (Yapp and Epstein, 1977, p. 339).
Within the Great Basin, warmer recharge is also
suggested in some areas along the margins of
Lakes Lahontan and Bonneville, where chloride
concentrations in thermal fluids are high (Flynn
and Buchanan, 1993, p. 66).

Whatever the temperature differences may
have been, the evidence seems clear that the cli-
mate in the Great Basin before 10,000 years ago
was wetter than the present. The implications for

ference being that the average annual precipitation
is assumed to have been 25 percent greater than
the present--the approximate average increase
estimated for the period 40,000 to 10,000 years
B.P. by Spaulding (1985, table 10). The propor-
tions of precipitation that constitute recharge are
assumed to have the same relations to the average
annual precipitation as those postulated by Maxey
and Eakin (1951) (see table 7). A 25 percent
increase in precipitation results in a more than
140 percent increase in recharge, from an
estimated 4.4 hm®/yr present rate (table 5) to 10.8
hm?/yr rate (table 9) for paleorecharge. This
estimated increase may, in fact, be conservative.
If temperatures also were lower >10,000 years
B.P., the ratio of recharge to precipitation for a

given precipitation rate would have been higher
than present because of decreased evapo-
transpiration. Present discharge rate of thermal

the amount of ground-water recharge that oc-
curred in SGV are significant. Table 9 is based on
the same assumptions as those in table 7, the dif-

TABLE 9. Estimate of ground-water recharge in the southern Grass Valley drainage basin during the period
40,000-10,000 years before the present.

[Based on an empirical method developed by Maxey and Eakin (1949), as adapted to Grass Valley by Cohen (1964);
modified on the basis of an assumed precipitation 25 percent greater than the present--see Spaulding (1985, p. 50). See
table 5 for an estimate of present ground-water recharge in the southern Grass Valley drainage basin)

Altitude _ " Precipitation Recharge
zone - Area . (% of
(m) (km?) (mm/yr) (hm?/yr) precip)  (mmiyr)  (hm’/yr)
2,438-2,695 0.5 660 0.33 36 240 0.12
2,134-2,438 8.1 550 4.5 26 140 1.13
1,829-2,134 79.8 420 34 14 59 4.7
1,524-1,829 258 310 80 5.5 17 - 44
1,369-1,524 230 190 44 1.0 1.9 44
Total or average 576 280 163 6.6 19 10.8
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water at LHS therefore reflects a higher past
recharge rate, so that the long-term trend in
discharge probably is now decreasing.

The third type of evidence indicating a late
Pleistocene age of the thermal water in SGV is
based on estimates of travel time required for the
thermal water to be recharged, presumably at
some place in the mountains, to.move downward
and probably laterally at a depth sufficient to at-
tain a high temperature, and then to move upward
in a fault zone to discharge at LHS or into shallow
aquifers in the valley fill. This concept is devel-
oped in a later section, "Models of Basin and
Range hydrothermal systems.” Suffice it to say
here that calculations based on reasonable as
sumptions of system configuration and flow rates
indicate ages of greater than 10,000 years for the
water in other, presumably similar, hydrothermal
systems in the region. In the northern Dixie Val-
ley hydrothermal system 100 km south-southwest
of LHS, Karst and others (1988), using a three-
dimensional mixing-cell flow model, calculated
ages ranging from 13,600 to 19,500 years B.P. for
the water in the lower tier of cells representing the
thermal flow system. Olmsted and others (1984,
p. 134-137) estimated time of travel of hydrother-
mal fluid through the Soda Lakes system in the
western Carson Desert 150 km southwest of LHS
to be in the range of 3,400-34,000 years B.P. on
the basis of assumed piston or displacement flow.
The apparent radiocarbon age of 25,000-35,000
years B.P. cited earlier for the thermal water in the
Upsal Hogback system immediately to the north-
east suggests an age closer to 34,000 than to 3,400
years B.P. for the thermal water in the Soda Lakes
system.

To summarize, the thermal water dis-
charging at LHS probably is at least 10,000 years

old and may be 40,000 years old or more. It was
recharged at places not well known but probably
in the Sonoma and Tobin Ranges and possibly in
the East Range at a time when precipitation was
perhaps 25 percent higher and average temper-
ature 1-2°C lower than at present. The long-term
trend in discharge rate at LHS probably is
decreasing. _

Chemical Geothermometry

Temperatures of hydrothermal reservoirs or
aquifers not penetrated by drilling can be esti-
mated using chemical geothermometers. Chemi-
cal geothermometers are mathematical equations
that relate the chemical or stable isotope compo-
sition of a water sample to the source temperature
of the water. These geothermometers are based on
the principle that the chemical or isotopic compo-
osition of water acquired in a deep, hot environ-
ment tends to be preserved as the water rises,
cools, and is sampled at a spring or shallow well.

Three principal types of geothermometers
are commonly used: (1) silica geothermometers,
which are based on the temperature-dependent
solubility of silica minerals such as quartz;

(2) cation geothermometers, which are based on
empirically derived relations of temperature to the
proportions of two or more dissolved cations; and
(3) isotope geothermometers, which are based on
the temperature-dependent fractionation of stable
isotopes between water and one of the dissolved
constituents.

The geothermometer temperature estimates
are affected by one or more of the following fac-
tors: (1) partial reequilibration with aquifer mate-
rials after the water left a hotter source; (2) mix-
ing, generally of hotter water with cooler water
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TABLE 10. Chemical geothermometry for thermal water at Leach Hot Springs.

[Chemical geothermometer temperatures calculated using formulas given in table 11. The chemical quartz and sodium-
potassium-calcium temperatures are based on formulas given in Fournier (1981, p. 114). The sodium-potassium and the

potassium-magnesium temperatures are based on the method of Giggenbach (1988). The sulfate-oxygen-isotope data for orifice

13 and description of the method are from Nehring and Mariner (1979). The data for orifices 1 and 22 were determined by Cathy

Janik, U.S. Geological Survey, Menlo Park, CA.]

Temperature, in degrees Celsius
Date of Sample at Quartz . Sodium- _ Sulfate-oxygen-
Sample Sample sample collection } conduc- adia- | Sodium- | Potassium- | potassium-calcium isotope

number site (yr mo da) point tive batic | potassium | magnesium | Uncor- Mg-cor- | conduc- adia-
rected rected tive batic

1 Orifice 1 7706 ... 85 145 139 206 102 169 144 —— -

2 Do 78 09 14 86 140 135 208 100 170 136 151 143

3 Do 831228 86.5 150 143 204 99 166 137 e e

4 Orifice 12 790320 92 145 139 223 143 182 182 -—-- ————

N Orifice 13 720617 92 155 147 216 11 176 162 170 159

6 Do 831228 95.5 159 151 210 106 172 153 —— e

7 Orifice 15 78 1213 92 173 162 261 123 195 194 e e

8 Orifice 22 7706 ... 81 137 133 206 99 168 135 - ————

9 Do 78 09 14 81 134 130 200 94 163 126 163 154

10 Do 831229 84.5 145 139 210 99 171 136 e e

having a different source; (3) nonattainment of
equilibrium with appropriate mineral phases; (4)
factors other than temperature affecting equilib-
rium with mineral phases; or (5) analytical varia-
tions. In order to minimize the effects of some of
these factors, especially the first two, water sam-
ples from the thermal wells are omitted; only the
waters sampled at LHS are considered here.

The source temperature of thermal water
sampled at LHS is estimated using all three types
of geothermometers described above (see table
10). The equations used in the calculations are
given in table 11. The quartz-silica (conductive

and convective) and the sodium-potassium-
calcium geothermometers use the equations given
by Fournier (1981, table 4.1). The sodium-
potassium and the potassium-magnesium geo-
thermometers use the equations given by Gig-
genbach (1988). The sulfate-oxygen-isotope
(180[S04-H20]) geothermometer uses the experi-
mental data of Lloyd (1968), with refinements by
McKenzie and Truesdell (1977).

For the quartz-silica geothermometers, the
conductive temperatures are best applied to the
non-boiling orifices (1 and 22), whereas the ap-
propriate source temperatures are believed to be
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TABLE 11. Equations used for geothermometer temperature estimates given in table 10 for thermal water at
Leach Hot Springs.
[Chemical symbols represent concentrations of those constituents,
in milligrams per kilogram (liter)]

Quartz, conductive, no steam loss (Fournier, 1981, table 4.1):

1309

T = — - 273.15
5.19 - log SiO,
Quartz, adiabatic, maximum steam loss (Fournier, 1981, table 4.1):
oc = 1522 - - 273.15
5.75 - log SiO,
Sodium-potassium (Giggenbach, 1988): )
T.. = 1390 - 273.15
1.75 - log (K/Na)
Potassium-magnesium (Giggenbach, 1988):
T = 4410 - 273.15

14 - log (K?*Na)

Sodium-potassium-calcium (Fournier, 1981, table 4.1):
1647

= - 273.15
log (Na/K) + B [log (/Ca/Na) + 2.06] + 2.47

T

°C

B = 1/3 for y/Ca/Ca <1 also Ty, (B = 4/3) >100°C

B = 4/3 for /Ca/Na >1 also Ty, (B = 4/3) <100°C

R for magnesium correction to sodium-potassium-calcium geothermometer:

Mg

R:
Mg + Ca + K

x 100

Magnesium correction to sodium-potassium-calcium geothermometer for R<5:
-Tpng = -1.03+59.971 log R +145.05 (log R)* - 36711 (log R/T - 1.67 x 107 (log R/T?)
Magnesium correction to sodium-potassium-calcium geothermometer for R = 5-50:

-Tpg =10.66 -4.74515R + 325.87 (log R)*- 1.032 x 10° (log R)#/T - 1.968 x 107 (log R) ¥T*
+1.605 x 107 (log R)*/T?2

AQUEOUS GEOCHEMISTRY

53



TABLE 11. Equations used for geothermometer temperature estimates given in table 10 for thermal water at

Leach Hot Springs -- continued.

Sulfate-oxygen-isotope (Nehring and Mariner, 1979):

6
o = 2.88x 10 _ 97315
1000 Ina + 4.1
. - 1000 + 5180(1{504)
18
1000 + O O(Hzo)

closer to the adiabatic values for orifices 12 and
13, which are at or near boiling temperature (table
10). Orifice 15, also boiling, presents a special
case. As discussed previously, its water's mildly
acid-sulfate composition and comparatively low
concentration of dissolved solids indicate the
presence of steam condensate. This probably pre-
cludes application of the quartz-silica (and other)
geothermometers; accordingly, temperatures esti-
mated for this orifice are not considered in the
following discussion. All the other quartz
temperatures at LHS are believed to be minimum
rather than most likely values because of mixing
with nonthermal water and (or) precipitation of
silica (sinter). Excluding orifice 15, estimates of
the source temperature based on the quartz-silica
geothermometer range from 134 to 151°C and
average 143°C.

Cation geothermometers are useful where
mixing is suspected, because they are less affected
by dilution than the silica geothermometers.
However, one of the requirements for the success-
ful application of the cation geothermometers is
the attainment of water-rock equilibrium in the
geothermal reservoir.

A triangular diagram was proposed by Gig-
genbach (1988, p. 2758) for evaluating the degree
of water-rock equilibrium attained by geothermal
waters. The diagram indicates the proportions of
magnesium, sodium, and potassium, normalized
so that the square-root of the magnesium concen-
tration, in milligrams per liter, is at one apex, the
sodium concentration, divided by 1,000, at the
second, and the potassium concentration, divided
by 100, at the third apex (see fig. 18).

As shown in figure 18, the waters from LHS
are substantially less equilibrated than the waters
from several other hydrothermal systems in north-
ern and central Nevada. At Beowawe, Desert
Peak, and Soda Lakes (DH14), where potassium-
magnesium temperatures equal or approach
sodium-potassium temperatures, indicating that
full or nearly full equilibrium is attained, the geo-
thermometer temperatures have been confirmed
by drilling. ‘

In contrast, at LHS, the samples from ori-
fices 13 and 22 represent immature waters and
that from orifice 12 represents a partly equili-
brated or mixed water according to the criteria of
Giggenbach (1988). For such waters, the sodium-
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A Leach Hot Springs orifice (12)
B Leach Hot Springs orifice (22}
C Leach Hot Springs orifice (13)
D Soda Lakes well BR (DH14A)
E Bradys Hot Springs well {(DH15)
F Stillwater well 117A

G Desert Peak well B21-2

H Beowawe small geyser

I Beowawe hat spring pool

J Gerlach Great Boiling Springs

K/100 260°  220° 180°

140° 100° VMg

POTASSIUM/MAGNESIUM TEMPERATURES, IN DEGREES CELSIUS

Figure 18. Triangular diagram for evaluating sodium-potassium and potassium-magnesium geothermometer
temperatures of selected geothermal waters in northern Nevada. This diagram and the geothermometer
temperatures are those of Giggenbach (1988). The chemical symbols at the corners of the diagram represent
concentrations of those constituents, in milligrams per liter; each corner represents 100 percent of that
component. Partly equilibrated or mixed waters are defined as having a maturity index (M!) between 2.00 and

2.66; immature waters have a Ml less than 2.00.

potassium geothermometer is especially difficult
to apply, and the potassium-magnesium geo-
thermometer probably indicates only the tempera-
ture of the most recent reequilibration of the ther-
mal water rather than the temperature of a deep
source. Although the high temperatures of
200-223°C indicated by the sodium-potassium
geothermometer (table 10) cannot be ruled out,
such temperatures are believed to be less likely
than the lower temperatures indicated by some of
the other geothermometers.

The sodium-potassium-calcium geother-
mometer was developed by Fournier and
Truesdell (1973) for calcium-rich waters that indi-
cate anomalously high temperatures by the
sodium-potassium method (Fournier, 1981,

p. 119). The temperatures indicated by the

sodium-potassium-calcium geothermometer are
too high if the thermal water is diluted by mixture
with more than 70-80 percent of less saline non-
thermal water, or if calcium is lost by precipi-
tation resulting from boiling (Fournier, 1981,

p. 119-120). However, neither of these factors
appears to be significant at LHS.

The sodium-potassium-calcium method also
gives anomalously high results for waters high in
magnesium. A correction for magnesium was
devised by Fournier and Potter (1979) to deal with
this difficulty. However, such a correction is
inappropriate if, as may be the case at LHS, a
significant part of the magnesium content of the
water results from chemical reactions after the
thermal fluid leaves the reservoir (see Fournier,
1981, p. 120-121).
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At LHS, the uncorrected sodium-
potassium-calcium geothermometer indicates
temperatures ranging from 163 to 182°C (table
10). The magnesium-corrected temperatures
generally are somewhat lower, 126-162°C, and
the average, 146°C, is only 3 °C higher than the
~ average for the quartz-silica geothermometer.
This close agreement may be fortuitous: the
quartz method probably yields somewhat low
values as a result of mixing with nonthermal
water and (or) the precipitation of silica during
upflow, and part of the magnesium in the spring
water may have been added after the thermal wa-
ter left the deep source, as discussed above. Asa
result, both the quartz-silica and the magnesium-
corrected sodium-potassium-calcium temperature
estimates may be too low. The uncorrected
sodium-potassium-calcium geothermometer
temperature estimates may therefore be more
valid than the magnesium-corrected estimates.

The third type of geothermometer--the
sulfate-oxygen-isotope method--indicates temper-
atures ranging from 151 to 163 °C for three sam-
ples from orifices 1, 13, and 22 (the conductive
values are most appropriate for 1 and 22, whereas
the adiabatic is more appropriate for orifice 13).
These temperatures are somewhat higher than
those indicated by the quartz-silica and
magnesium-corrected sodium-potassium-calcium
methods but are the same to somewhat lower than
those indicated by the uncorrected sodium-
potassium-calcium method.

Considering all the evidence discussed
above, the geothermometers indicate thermal-
aquifer temperatures of 150-180°C or possibly
higher for the LHS system. The higher tempera-
tures indicated by some of the cation geo-
thermometers may be more reliable than the

quartz geothermometer estimates because the
cation geothermometers are less affected by mix-
ing with nonthermal water.

SUBSURFACE TEMPERATURE AND
HEAT FLOW

Temperature Distribution in Valley Fill

Temperature-depth profiles were measured
in more than 100 test wells during the years
1976-80. The location of these wells, which con-
stitute most of the wells drilled during the present
study, is shown in figure 19. Most wells were less
than 170 m deep, whereas the fill attains maxi-
mum thicknesses of 1,000-1,800 m in the east-
central part of the valley (fig. 6). Therefore,
temperature distribution with depth throughout
much of SGV is well defined for only the upper-
most fill.

Temperature gradients in unsaturated fill are
greater than in underlying saturated fill. How-
ever, unsaturated deposits constitute only a small
fraction of the total thickness of fill at most places
and are not discussed below.

Variations in temperature gradient within the
upper part of the saturated fill that appear to be
due chiefly to variations in thermal conductivity
were observed at many well sites, such as DH3,
DH4, DH6, and DH13 (fig. 20). Significant hy-
drologic effects on temperature gradient were ob-
served at several other sites, such-as G14 (fig. 20),
QH3, and G105, (fig. 21). Poorly documented
effects of lateral flow of thermal water from the
Leach Hot Springs area may exist near the
Aminoil well and DH7, as discussed later.

As in most of the wells that penetrate only
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Figure 21. Temperature-depth profiles in wells
penetrating all or a substantial thickness of valley fill.

rocks, Tertiary and Quaternary alluvium, and
Quaternary alluvium), an increase in thermal con-
ductivity associated with the inferred increase in
density of the fill with depth could account for at
least part of the apparent decrease with depth of
temperature gradient from 46 °C/km for the inter-
val 152-372 m to 19°C/km for the interval
933-1,402 m. Also, the marked change in
gradient at 933 m corresponds reasonably well
with the inferred contact of Tertiary sedimentary
rocks and Tertiary and Quaternary alluvium at
991 m.

However, temperatures in the well for the
upper part of the fill seem too high and tempera-
ture gradients for all the fill too low. Upward ex-
trapolation of the 152-372 m temperature gradient
gives a surface temperature of 45°C--much higher
than the 11.5°C indicated by data from shallow
test wells. Moreover, temperature-depth data
from well DH7, 0.2 km north of the Aminoil well,
also suggest that the measured temperatures in the
valley fill, especially the upper part, in the

Aminoil well are much too high. The temper-
atures measured in DH7 were less than 20°C, but
the gradient from 29-49 m in that well was
112°C, which is much greater than the 46°C/km
measured for the 152-372 m interval in the
Aminoil well (see fig. 22).

Possible explanations for the high tempera-

- tures and low gradients in the upper part of the

Aminoil well include: (1) upward flow of water in
the well above a depth of 1,402 m; (2) lateral flow
of thermal water in the formation(s) below the
49-m depth of DH7 and above 152 m in the
Aminoil well, which would decrease the tempera-
ture gradient below the aquifer carrying the warm
water and increase the gradient above the aquifer;
and (3) upward ground-water flow across the bed-
ding of the valley fill, which would result in a
downward decrease in temperature gradient.

The first explanation--upward flow of water
in the well--could account for the temperatures
observed below the cased depth of 823 m but is
implausible for the cased section above that
depth. In order for upward flow to occur within
the casing, breaks in the casing where the flow
could exit to the formation would have to exist
somewhere above a depth of 152 m. No evidence
for such breaks was reported (UURI, 1981g).
However, water could flow upward in the annulus
between the casing and the walls of the drill hole.
Although the casing was cemented, breaks or
places where the cement did not completely fill
the annulus could allow upward flow of warm
water. ]
The second explanation--lateral flow of
warm water in an aquifer between depths of 49
and 152 m--cannot be ruled out. There are serious
difficulties with this mechanism, however. The
minimum temperature gradient above such an
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Figure 22. Temperature-depth profiles and generalized log of Aminoil USA 11-36 well.

aquifer would exceed 260°C/km, which is more
than double the 112°C/km measured for the 29-49
m interval in well DH7. The high conductive heat
flow that would be associated with such a gradient
does not fit the heat-flow pattern established by
several other shallow test wells northwest of
Leach Hot Springs (See fig. 27).

The third explanation--upward flow of warm
water across the bedding in the alluvium--is less
plausible. The flow rate required to cause such a
marked curvature in the temperature-depth
profile, as discussed below, would be exceedingly
unlikely in deposits having low vertical

permeability.

In summary, a convincing interpretation of
the temperature-depth profile opposite the valley
fill in the Aminoil well is not possible with infor-
mation at hand. In any case, it is doubtful that the
measured temperatures, at least in the upper part
of the fill, represent formation temperatures out-
side the well. However, below a depth of 1,524
m, the calculated equilibrium temperatures are
believed to indicate formation temperatures out-
side the well.

Temperature gradients in the fill do not ev-
erywhere decrease with depth, as they may do
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near the Aminoil well, and also in well G105, 1.7
km south-southeast of Leach Hot Springs. Sev-
eral wells record a nearly uniform gradient to
depths exceeding 150 m, and, in wells QH3D and
G106 in the south-central part of the valley, the
gradient increases gradually with depth. The
downward increase in gradient at QH3D and
G106 may indicate downward grotund-water flow,
across the bedding in the valley fill. Supporting
evidence consists of the downward hydraulic gra-
dient observed in the fill between depths of 64
and 154 m at QH3 (p. 37).

Vertical ground-water flow rates can be esti-
mated by the curvature of the temperature-depth
profiles, using the methods of Bredehoeft and
Papadopulos (1965), Sorey (1971), or
Lachenbruch and Sass (1977). These methods
either assume constant thermal and hydraulic con-
ductivities with depth (and also constant vertical
hydraulic gradient) or, in the more general case,
that thermal conductivity is not constant, but that
the changes in heat flow with depth are known. In
the latter case, where vertical ground-water flow
occurs, heat flow changes with depth according to
the relation given by Lachenbruch and Sass
(1977, p. 642, equation 10):

ql/q2 = e?s an

where ql is heat flow at a shallower depth (z,), q2
is heat flow at a greater depth (z,), z1s z, - z;, and
s is a characteristic vertical distance having the
sign of v, the vertical ground-water flow. The
term s is calculated from the expression

s = kKA ¢'v 12)
(Lachenbruch and Sass, 1977, p. 642 equation

11a) where k is thermal conductivity, A'is density
of the moving fluid (water), ¢' is heat capacity of

the moving fluid, and v is vertical ground-water
flow rate.

Because both A' and ¢', for practical pur-- -
poses, are equal to unit in c¢gs units, equation 12
simplifies to

s = kiv 13)

or, in S.I. units used in this report,
s(m) = 7,574 k(W/m.K)/v(mm/yr) (14)
Rearranging terms in equation 11 to solve

for ql, the heat flow at the shallower depth, the
expression becomes

ql = q2e?* (15)
and, incorporating equation 15 with the units used
in equation 14,

ql = q2e?/7s74 (16)
Rearranging terms in equation 16 to solve for v,
the expression becomes

v = 7,574k In ql/q2
z

a7

where ql is heat flow (mW/m?) at shallower
depth, g2 is heat flow (mW/m?) at greater depth, k
is harmonic-mean thermal conductivity (W/m.K)
for depth interval s, z is depth interval (m) be-
tween shallower and greater depths, and v is verti-
cal Darcian flow rate of ground water (mm/yr).

Three wells that have fairly uniform changes
in temperature gradient and estimated heat flow
with depth are QH3D, G105, and G106 (table 12).
Heat flows for different depth intervals are based
on measured temperature gradients and estimated
thermal conductivities, and the vertical ground-
water flow rates (Darcian velocities) are com-
puted using equation 17 above.
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As mentioned above, downward ground-
water movement at QH3D is also indicated by a
downward component of the hydraulic gradient.
The computed vertical Darcian velocities of -30
and -34 mm/yr for the intervals encompassed by
the upper and lower pairs of depth intervals,
respectively (table 12), are reasonable, and their
close agreement suggests a uniform downward
velocity throughout most of the valley fill, which
is 378 m thick at this location. It should be noted,
however, that the elevation of the water level in
the pre-Tertiary basement is higher than that in
wells QH3B and QH3C, which are screened at
depths of about 153 and 64 m, respectively, in the
middle and upper parts of the valley fill. This
indicates a potential for upward flow from the
basement into the lower part of the fill--the
opposite direction from the downward flow in
most of the fill. The basal part of the fill therefore
appears to be a hydraulic sink at this location.

Downward ground-water movement is indi-
cated also at well G106, 2.8 km east of QH3D
(fig.10). Computed vertical Darcian velocities at
G106 range from -32 to -46 mm/yr, similar to
those at QH3D (table 12). However, as discussed
in the next section, site QH3 is near the center of a
near-surface heat-flow high, whereas site G106 is
at a heat-flow low. Actually, the near-surface heat
flow at both sites is substantially less than it
would be without the convective component asso-
ciated with the downward ground-water flow (see
equation 16 above). The low near-surface heat
flow and associated low temperature gradient at
G106 (and also at nearby shallow wells) were the
basis for the low temperatures estimated by
Welch and others (1981, figs. 17 and 18) at the
base of the fill in the south-central part of the
valley.

The temperature-depth data for well G105T
(table 14) illustrate the opposite case from wells
QH3D and G106: the temperature gradient and
conductive heat flow decrease with depth, indicat-
ing probable upward ground-water flow. The
computed vertical Darcian velocity is not nearly
constant with depth as it is at QH3D and G106
but, instead, appears to increase with depth. A
possible explanation for the increase is that the
upward ground-water flow encounters an aquifer
somewhere between depths of 50 and 100 m,
where much of the flow is diverted laterally.

Unlike the procedure of Welch and others
(1981, p. 103-112), in which measured tempera-
ture gradients were extrapolated linearly in the
lower part of the fill at most well sites, changes in
gradient with depth are used in the extrapolation
at well sites within about 1 km of the nine wells
for which such information is available.

Temperatures at the basement-fill boundary
are estimated from the extrapolated temperature
gradients in wells and the depth to basement com-
puted from gravity and seismic data (see table 13
and fig. 23). The data are too sparse to define
lines of equal temperature at the basement-fill
boundary (fig. 23), as was attempted by Welch
and others (1981, p. 114). However, the tempera-
tures in the center of the valley between the tem-
perature highs at Leach Hot Springs and Panther
Canyon estimated by Welch and others (1981,
fig. 17) clearly are too low: the probable temper-
ature at the site of well G106 within the low-
temperature area is at least 84°C (table 13 and fig.
23), not 50°C as estimated by Welch and others
(1981, p. 112). The 84°C may be a minimum
estimate; if the downward ground-water flow
indicated above a depth of 450 m at this site
continues below that depth, the temperature at the
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TABLE 12. Change in heat flow with depth and computed vertical ground-water flow rate (Darcian velocity) in
wells QH3D, G105, and G106.

Temperature Estimated thermal Heat Computed vertical
Depth gradient conductivity flow Darcian velocity
(m) (°C/km) (W/m.K) (mW/m?) (mm/yr)
QH3D
64-125 109 1.8 200
-30
125-244 122 2.0 240
-34
244-366 140 22 310
G105
20-50 290 1.4 410
+12
100-150 264 14 370
+42
236-270 141 1.6 230
G106
50-150 25 1.55 39
-32
150-250 32 1.60 51
. -46
250-350 45 1.65 74
-37
350-450 58 1.70 99
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TABLE 13. Temperature gradient in test wells and estimated temperature at base of valley fill.
[The symbol m in the last two columns indicates measured values]

Estimated
Temperature Measured Extrapolated Estimated temperature
Test well Reference at reference Depth temperature temperature depth to base ~ at base of
depth depth range gradient gradient of valley fill valley fill
(m) 0 (m) (°C/km) (°C/km) (m) (°C)
QH 1A 155 50,2 90-155 224 224 200 i ' 60
2A 130 - 19.0 25-130 52 ' 52 - 200 . 23
3D - e e emmeee e 378m : 58m
4A e mmeeee e e - 155m 17m
8A 49 16.5 41-49 69 69 150 23
9A 75 16.8 67-75 40 40 150 20
11A 55 14.3 40-55 52 52 100 17
13A 52 9.6 46-52 116 116 300 38
14A 73 14.6 46-73 30 30 350 23
Q 5 107 18.1 54-107 29 29 450 28
6 55 15.4 39-55 32 32 400 26
7 73 15.0 35-73 25 25 300 20
8 66 17.4 44-66 59 59 100 19
9 57 13.8 49-57 30 30 400 24
11 78 15.2 46-78 48 48 300 26
12 62 15.3 51-62 45 45 100 17
13 82 15.1 38-82 39 39 250 22
21 61 14.4 49-61 48 48 400 31
23 124 27.1 57-124 144 144 900 140
.24 151 19.4 87-151 45 45 300 26
G 2 151 24.0 199-151 39 39 1,700 84
3 e e emmeeene B e 50m 16m
4 150 20.6 120-150 36 36 1,600 73
7 80 17.5 60-80 43 43 100 18
I e e 50m 17m
- memmmemmes ememem emeee 40m .16m
10 e semmew eemeeeee semmme e 30m 17m
105 e e e cmmme L emeen 600m 94m
106 400 26.8 325-400 52 52 1,500 84
108 362 54.0 260-362 102 102 700 88
Aminoil USA - eeeee e ————— e 1,625m 105m

64 -
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In contrast, the q3 estimates probably are the most
reliable but have the disadvantage of being widely
scattered. Accordingly, lines of equal heat flow
for the deep range are not shown for the entire
heat-budget area in figure 26.

Heat flow for the LHS area is shown in fig-
ure 27 in greater detail than possible in figures 24-
26. Also shown in figure 27 is the portion of the
thermal anomaly interpreted to result from upflow
of thermal fluid at the conduit or conduit system
along the fault at the hot springs.

All the heat flows listed in table A4 and
shown in figures 24-27 are uncorrected. In gen-
eral, corrections required to estimate conductive
heat flow at greater depths include those for ther-
mal refraction in dissimilar rocks, topographic
relief, vertical ground-water flow, drilling distur-
bance, climatic change, uplift, erosion, sedimenta-
tion, and regions of anomalous surface temper-
ature such as rivers and lakes (Sass and others,
1971, p. 6382). In SGV, the significant correc-
tions are probably those for thermal refraction and
sedimentation. Corrections for both thermal re-
fraction and sedimentation are positive; that is,
the observed heat flows in the valley are likely
less than the regional average. The implications
of this fact are discussed later.

Conductive heat flux for the budget area and
for the LHS and Panther Canyon thermal ano-
malies was calculated by graphic integration
(using a polar planimeter) of the heat-flow-area
curves shown in figure 28. The results are given
in table 15.

The pattern of areal variation in conductive
heat flow indicates the effects of vertical and lat-
eral transport of heat by moving ground water,
both thermal and nonthermal. The lowest heat
flows, less than 40 mW/m? in both the shallow

and intermediate depth ranges (figs. 24 and 25),
are in the south-central part of the valley, south of
LHS and west of Panther Canyon. Elsewhere,
outside the LHS and Panther Canyon thermal
anomalies, heat flows are generally 40-130
mW/m?.

For present purposes, thermal anomalies are
defined as areas in which the heat flow exceeds
80, 100, or 125 mW/m?. The low value of 80
mW/m? is less than the minimum of 2.5 heat-flow
units (~100 mW/m?) used by Sass and others
(1971, fig. 4) to define the outer limits of the Bat-
tle Mountain High, but the other two values repre-
sent the low and mid range for the Battle Moun-
tain High. The relatively low heat-flow values
used to define the limits of the thermal anomalies
were selected on the assumption that average
near-surface conductive heat flow in the valley
would be less than the regional average because
of net advection of heat from the valley area by
ground-water flow and thermal refraction, as
discussed by Blackwell (1983, p. 85-87). The
thermal anomalies include: (1) the northwestern
anomaly at the northwest corner of the study area;
(2) the western anomaly at the west-central mar-
gin of the study area; (3) the LHS anomaly;

(4) the south-central anomaly 5 km south-
southwest of LHS; and (5) the Panther Canyon
anomaly in the southeast part of the study area.

As defined by the 80-mW/m? line, the north-
western anomaly 1s of considerable extent, but the
maximum heat flow for the shallow depth range,
at well T28, is only 130 mW/m? (fig. 24). Be-
cause of the absence of deep subsurface data in
this area, the cause of this anomaly is unknown.

Like the northwestern anomaly, the western
anomaly does not have a large maximum heat
flow (probably <125 mW/m?), and the cause of
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TABLE 15. Conductive and convective heat flux from southern Grass Valley study area.

76

Heat-flux values are in megawatts (MW)

(1) Shallow depth range conductive (q1)

(2) Intermediate depth range conductive (q2)
A Anomalous heat flow = >80 mW/m?

B Anomalous heat flow = >100 mW/m?

C Anomalous heat flow =>125 mW/m?

Average heat flow for study area (1) = 22.7 MW + 211 km? = 108 mW/m?
(2) =21.8 MW + 211 km? = 103 mW/m?

Heat flux
Item A B c
Northwestern anomaly (all conductive) (D) 4.5 3.0 0.12
)] 24 0.54 0
Western anomaly (all conductive) ¢)) 0.92 0.46 0
2 0.87 0.35 0
Leach Hot Springs anomaly: Convective 2.5 25 2.5
Conductive (D) 4.6 4.2 3.9
3] 5.9 53 4.2
Total @ 7.1 6.7 6.4
® 8.4 7.8 6.7
South-central anomaly (all conductive) (1) 1.17 0.45 0.15
) 75 0.52 0.19
Panther Canyon anomaly (all conductive) (1) 4.2 3.1 1.8
| ? 32 2.6 2.0
Total for heat-flow anomalies @ 17.9 13.7 8.5
@) 15.6 11.8 8.9
Area outside anomalies (all conductive (1) 4.8 9.0 14.2
()] 6.2 10.0 12.9
Total for study area 0y 22.7 22.7 22.7
) 21.8 21.8 21.8
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the anomaly is unknown. If regional heat flow 1s
125 mW/m? or more, neither the western nor the
northwestern anomaly should actually be consid-
ered thermal anomalies at all. This interpretation
is supported by the absence of a marked inflection
in the heat flow vs. area plots for both areas in
figure 28. '

The LHS anomaly is the most intense ther-
mal anomaly within the study area. The maxi-
mum conductive heat flow at the hot springs
probably exceeds 3,000 mW/m? (fig. 27). The
anomaly consists of three parts: (1) the principal
part surrounding the hot springs, elongated toward
the northeast and attributed to convective hydro-
thermal upflow along the LHS fault; (2) a part
along the fault that extends southward from well
DH3, about 0.8 km east of the springs; and (3) a
smaller, perhaps slightly separated part apparently
centered at well G5a, largely east of the budget
area. The heat flux from the last part is not
included in the data shown in table 15.

The south-central anomaly is small, and its
maximum heat flow, at well QH3D, is only 100
mW/m? for the shallow depth range and 210
mW/m? for the intermediate depth range. The
anomaly clearly is related to hydrothermal con-
vection within the pre-Cenozoic basement at a
buried basement high.

The Panther Canyon heat-flow anomaly is
extensive, but the maximum heat flow is only
about one-tenth as great as that at LHS, probably
because thermal water does not rise to the land
surface as it does at LHS. The pattern of the ano-
maly suggests rising thermal water along the
Basin and Range fault at the western edge of the
basement exposures east of the valley but also
suggests high temperatures in the basement and
lower part of the valley fill at depth, farther west.

Total Heat flux and Average Heat Flow

Total heat flux from the study area is esti-
mated as the sum of the convective and conduc-
tive heat components discussed above. The con-
vective heat flux (all at LHS) is estimated at 2.5
MW. The total heat flux is 22.7 MW using the

- conductive estimate for the shallow depth range,

and 21.8 MW using the conductive estimate for
the intermediate depth range; the corresponding
average heat flows are 108 and 103 mW/m? (table
15). As discussed earlier, the advective compo-
nent could not be estimated reliably and is not in-
cluded in the total. The estimates of total heat
flux and average heat flow therefore are regarded
as minimum rather than most likely values.

An important question is whether the aver-
age heat flow calculated for the study area is a
valid estimate of the heat flow at the base of the
hydrothermal system (or systems) in SGV--the
heat flow unaffected by vertical or lateral heat
transport by ground-water flow or by the various
other perturbations described earlier. (It is as-
sumed that the thermal mechanism driving the
convection system(s) is high regional heat flow
rather than localized shallow crustal heat sources.)
The boundaries of the hydrothermal system(s) in
southern Grass Valley are unknown, but, for pres-
ent purposes, we assume that the system(s) are
co-extensive with the surface drainage basin. The
budget area used in this study obviously is a bi-
ased sample of the geology and topography of the
drainage basin of SGV--it includes most of the
valley area but none of the tributary mountainous
area (see fig. 19). Furthermore, the 211-km?
budget area is only 37 percent of the 576-km?>
drainage basin above the northern boundary of the
study area. '
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Because, according to generally accepted
interpretations of Basin and Range geohydrology,
the mountains are likely to include more areas of
ground-water recharge than of discharge (Maxey
and Eakin, 1949; Mifflin, 1968), the average con-
ductive heat flow there may be less than the aver-
~ age for the entire drainage basin. Under this con-
dition, the heat-flow estimate for the budget area
could be too high to represent the heat flow at the
base of the hydrothermal system(s) in SGV.

However, data from widely scattered heat-
flow holes in the mountains near Grass Valley
(Sass and others, 1971; 1977) indicate heat flows
as high or higher than those estimated for SGV in
this study or by Sass and others (1977). Lack of
correction of these values for thermal refraction,
however, tends to yield heat flows at sites in the
mountains unaffected by recharge greater than
those measured in the valleys (Blackwell, 1983,
p. 85-87). The average heat flow calculated for
the budget area, which is largely in the valley,
therefore may be lower rather than higher than the
average for the entire SGV basin, more than half
of which 1s mountainous. Correction for sedimen-
tation and inclusion of the unknown advective
component also would increase the average heat
flow in the study area. ' )

Additional support for an average heat flow
greater than that indicated by the budget-area cal-
culations is afforded by temperature data from the
Aminoil well (fig. 22). Near-linear temperature
gradients of 54°C/km measured from 2,469-
2,591 m in the amphibolite near the bottom of the
well and 55°C/km from 1,768-1,859 m in granite
and altered metavolcanic rocks suggest a conduc-
tive thermal regime for those intervals. Although
thermal-conductivity data for these rocks are lack-
ing, grain thermal conductivities of valley-fill de-

posits (excluding tuff and tuffaceous sediments),
which presumably represent basement rocks in the
SGV area, average 2.72 + 0.54 W/m K (table 3).
Assuming that this average applies to the amphi-
bolite, granite, and altered metavolcanic rocks in
the Aminoil well, the conductive heat flow for the
two intervals described above is 150 + 30 mW/m?.

In summary, because of all the uncertainties,
the average heat flow in SGV cannot be estimated
within narrow limits. The 103-108 mW/m? esti-
mated for the budget area (all within the valley)
almost certainly is too low. A more likely value is
in the 120-180 mW/m? range. Heat flows in this
range were determined at several sites in the re-
gion that includes SGV, as shown in figure 1. A
heat flow of 150 mW/m? is used in modeling cal-
culations discussed in the next section.

MODELS OF BASIN AND RANGE HYDRO-

- THERMAL SYSTEMS

Results of geohydrologic investigations indi-
cate that conditions are favorable for the existence
of a high-temperature (>150°C) hydrothermal
system in southern Grass Valley. Such conditions
include boiling-point hot springs for which chem-
ical geothermometer temperature estimates ex-
ceed 150°C, a measured maximum temperature of
125°C in a well 2,600 m deep, an estimated aver-
age heat flow for the region of 120-180 mW/m?,
and an extensional tectonic setting with normal
faults of relatively large vertical offset. Thermal-
water circulation in shallow alluvial and bedrock
aquifers appears to be responsible for localized
areas of abnormally high (>125-250 mW/m?) sur-
ficial heat flow. Without additional deep drilling,
however, the details of flow within the hydrother-
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mal system, including the existence of a reservoir*

with a size and permeability sufficient for com-
mercial exploitation, cannot be determined.

On the basis of available information,
simplified conceptual models of Basin and Range
hydrothermal systems, such as the system in
southern Grass Valley, can be developed.
Numerical simulations of limiting-case models
can be used to delineate relations between heat
flow and fluid flow in these systems, as influ-
enced by factors such as the depth and extent of
fluid circulation, the rate of fluid flow, and the
age of the circulation system. Thermal-refraction
effects related to different thermal conductivities
in basin fill and surrounding bedrock can also be
simulated with these models.

Fault-Plane Model

Various authors have suggested that the cir-
culation systems associated with Basin and Range
hot springs are mostly confined to the fault zones
from which the springs discharge (Hose and
Taylor, 1974; Beyer and others, 1976a; Bod-
varsson, 1979). This could be termed the fault-
plane model (fig. 29). Only the fault zone is
assumed to be permeable, and circulation in the

fault zone would result from some combination of

density differences between upflowing hot water
and downflowing cold water and elevation dif-
ferences between recharge and discharge areas.
High-temperature reservoirs within the fault zone
would be relatively small and have limited re-
source development potential. The fault zone sep-
arates basement from valley fill, and heat is con-

4 P . s
As used in this discussion, the term "reservoir" is synonymous
with "thermal aquifer” used elsewhere in the report.

ducted into the base of this model at a rate equal
to the regional heat flow within the fault zone and
the adjacent bedrock.

Free, or natural convection in the fault plane
can take several forms, depending on the perme-
ability distribution and elevation differences along
the trace of the fault. For some systems the eleva-
tion of the recharge area may be lower than that of
the discharge area, so that-fluid density differ--
ences alone must drive the circulation system. In
the absence of permeability and elevation differ-
ences, one or more convection cells could form,
depending on the depth/length ratio of the perme-
able section of the fault. Conditions under which
natural convection can occur in steeply dipping
faults have been investigated by Lowell (1979),

* Murphy (1979), and Lopez and Smith (1995).

Analytical solutions indicate that the critical Ray-
leigh number (minimum value for natural convec-
tion to develop) is relatively large for faults that
are narrow and deep because of the inhibiting ef-
fects of conductive heat loss away from the fault

Sonoma Range

Fault plane

Water flow

\
3 g Regional conductive heat flow

Figure 29. Fauit-plane conceptual model of a Basin
and Range hydrothermal system.
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plane. Higher vertical than horizontal permeabil-
ity, as is common in extensional fault zones, also
tends to increase the critical Rayleigh number.
Thus, the permeability and (or) the regional heat
flow must be relatively large for natural convec-
tion to occur in fault zones. Numerical results
discussed by Lopez and Smith (1995) and Lopez
and others (1994) place limits on fault-zone per-
meability values needed for natural convection to
develop in a three-dimensional model that also
includes topographically driven fluid inflow from
an adjacent mountain block.

In most field situations, fluid circulation
within a fault zone is also influenced by topogra-
phy and permeability differences, resulting in a
component of forced convection, or advection.
The numerical simulations discussed below apply
to a two-dimensional vertical cross-section model
in which fluid flow at a specified rate is restricted
by the permeability distribution to a single re-
charge (downflow) zone and an adjacent dis-
charge (upflow) zone. General issues to be con-
sidered with this model include (1) the relation-
ships between the rate of fluid flow, the depth of
circulation, and the maximum temperature at-
tained at depth, and (2) the amount of heat lost
conductively from the upflow part of the circula-
tion system and the resultant drop in fluid temper-
ature between the reservoir and the surface.

Computational Model

The two-dimensional computational model
(fig. 30) can be applied to either the downflow or
upflow region within a fault plane. For the down-
flow region, the fault plane acts as a heat sink by
capturing part of the regional heat flow over some
distance on either side of the fault. Under tran-

sient conditions, heat initially stored in rocks
adjacent to the fault is conducted to the down-
flowing fluid so that fluid temperature at any
given depth exceeds that at steady state.

The applicability of results obtained with the
two-dimensional analysis to the fault-plane model
depends on whether most of the heat input to fluid
circulaﬁng within the fault plane occurs within the
downflow region. This would seem to be the case
unless there were an extensive region of lateral
flow, for example in a permeable formation pene-
trated by the fault zone. Comparison of results
obtained with the two-dimensional model analysis
with those obtained by Pottorff (1988) using a
three-dimensional Discrete State Compartment
(DSM) model supports the validity of the analysis
presented here.

Other relevant parameters in this model are
the depth of fluid circulation (D), thermal conduc-
tivities of basement and valley fill, and the rate of

- fluid flow per unit fault length over which down-

flow or upflow occurs (Q,,). For the downflow
region, mass inflow rate at the top of the fault
plane is specified at a temperature of 10°C, and

10°C

<)

Depth, in kilometers

o
=

- 16.6 km >

t %

Regional conductive heat flow

Figure 30. Fault-plane model for numerical analysis
of the downflow part of a Basin and Range hydro-
thermal system.
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mass is removed from the fault at depth D at the
same rate but at an unspecified temperature which
varies during the course of each simulation. For
the upflow region, mass inflow rate at the bottom
of the fault plane is specified at a temperature of
180°C. The total thickness of the model was

6 km. The total width was 16.6 km; width of the
fault plane was 50 m.

Values used in these simulations for the ther-
mal conductivity of the valley fill (K,) and base-
ment (K,), heat flow into the base of the model
(9), and the depth of fill are listed below.

K,=1.7W/mK
K,=34W/mK
q =150 mW/m?

depth of fill = 1.8 km

These conductivity values are within the
ranges of corresponding values determined for
deposits sampled in southern Grass Valley, al-
though the ratio of K, to K, used in the model is
higher than for the mean conductivity values com-
puted in the section, "Physical properties of rock
materials". This difference affects the magnitude
of thermal-refraction effects on heat flow near a
high-angle Basin and Range fault, as discussed
below. Heat flow specified at the base of the
model probably represents an upper limit to the
actual crustal heat flow in the southern Grass Val-
ley area.

The dip of the fault shown in figure 30 is
60°, a value representative of many Basin and
Range faults and also of the fault on which Leach
Hot Springs occur. Modeling results were ob-
tained for fault dips of 60° and 90°. For compari-
son, both insulated and constant-temperature
specifications were used along the vertical side
boundaries of the model. In the latter case, a ver-
tical temperature distribution corresponding to a

conductive heat flow of 150 mW/m? was
imposed.

For numerical solution, the model was
subdivided into 10 layers of equal thickness and
23 vertical sections of varying width. Transient
solutions for temperature and heat flow, with
specified fluid-flow rates, were obtained using an
integrated finite-difference computer code
described by Sorey (1978).

Conduction-Only Solutions

A simulation of conductive heat flow in the
absence of fluid flow was used to determine
initial temperature distribution for subsequent
simulation with fluid flow and for quantifying the
effects of thermal refraction near faults separating
the basement of the mountain ranges and the val-
ley fill of the basins. The temperature distribu-
tion for the conduction-only solution with simu-
lated side boundaries is shown in figure 31. The
surficial heat-flow distribution shows a high heat-
flow anomaly on the upthrown or basement side
of the fault, with a corresponding heat-flow low
on the fill side. This refraction effect was first
proposed by Lachenbruch (1968) and developed
further by Blackwell and Chapman (1977) and
Blackwell (1983). For the parameters used in this
model, the maximum heat flow is 220 mW/m?
and the minimum is 120 mW/m?. Surficial heat
flow values are near the specified regional heat
flow within a distance of about 5 km on either
side of the fault.

The thermal-refraction effect noted above
may influence heat-flow measurements made
within the Basin and Range province, including
those values used to delineate the Battle Mountain
heat-flow high. The influence of adjacent ranges
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Figure 31. Steady-state temperature and surficial
heat-flow distributions in fault-plane model with no
fluid flow. Lines of equal temperature in degrees
Celsius.

and valleys can cause larger refraction effects at
greater distances from basin-bounding faults than
indicated in figure 31 (Lee and Henyey, 1974;
Blackwell, 1983). In the case of southern Grass
Valley, the magnitude of the refraction effect
would tend to be smaller than in our simulation if
the thermal conductivity contrast were smaller
than 2:1.

Although heat-flow values for some wells
located within 1-2 km of basin-bounding faults in
the vicinity of Leach Hot Springs and Panther
Canyon may be significantly affected by refrac-
tion, no attempt was made to correct for this
effect. Computed terrain corrections were neg-
ligibly small for the wells used in this study.

Larger effects on measured heat-flow values are
caused by fluid circulation within the upper part
of the basement, especially in areas of basement
highs, and thermal-water upflow along the basin-
bounding faults within the Leach Hot Springs and
Panther Canyon thermal anomalies. Heat-flow
values within the budget area outside the thermal
anomalies, which average less than 80 mW/m?,
apparently are reduced by the effects of non-
thermal ground-water circulation in the upper part
of the basement and (or) by circulation of water
that is recharging the deep hydrothermal system
and absorbing a fraction of the regional heat flow.

Fluid-Downflow Cases

The effects of fluid downflow on tempera-
tures within the fault-plane model are typified by
the results in figure 32, for a case with 1.25 kg/s
per kilometer of fault length flowing to a depth of

- 2.7 km. Comparison of steady-state temperatures

in figures 31 and 32 shows that the primary effect
of fluid flow is a downward bulge in the iso-
therms crossing the fault. The temperature of the
fluid removed from the model at a depth of 2.7
km is 115°C, whereas the initial temperature at
this depth was 173°C. At steady-state, almost all
the heat added to the fluid as well as the conduc-
tive heat discharged at the land surface is supplied
by the underlying regional heat flow. The
constant-temperature (but vertically varying)
side-boundary conditions used in this case allow a
small amount of heat to enter the model along the
left side. Corresponding simulations with insu-
lated side boundaries yielded fluid outflow tem-
peratures only about 2 percent below values for
constant temperature side-boundary conditions.
Surficial heat flows shown in figure 32 are at
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Figure 32. Steady-state temperature and surficial
heat-flow distributions in fault-plane model with
downward fluid flow to 2.7 km depth. Fluid flow rate
equals 1.25 kg/s/km of fault length. Lines of equal
temperature in degrees Celsius.

or below 150 mW/m?. Beyond a distance of
about 6 km on either side of the fault, heat flow is
close to values under no-fluid flow conditions. In
other words, the cooling effects of recharge down
the fault do not extend beyond a distance of about
twice the depth of fluid circulation. At the tem-
perature attained by the downflowing fluid, the
simulated surficial heat flow distribution should
not be significantly different if the distance to the
lateral boundaries was increased. For the system
as a whole, the area of below-average heat flow
near the recharge area would be balanced under
steady-state conditions by areas of above-average
heat flow in the vicinity of the discharge area(s).

Results from many different simulations
with this model were combined to produce curves
of exit temperature versus downflow per unit fault
length (Q,,) for different depths of circulation (fig.
33). The result for the case depicted in figure 32
(Q,, = 1.25 kg/s/km and fault plane dipping 60°)
is plotted in figure 33, along with one curve for a
fault dipping at 90°. Differences in outflow tem-
perature between the 60° and 90° dip cases are
only about 10°C for any value of Q.

These curves show that circulation depths
and fault lengths must be relatively large to obtain
high fluid temperatures within the downflow part
of the fault-plane model under steady-state condi-
tions. For example, for Q,, = 9 kg/s/km along a
fault dipping 60°, the curves in figure 33 indicate
that D must be at about 4.5 km for an exit temper-
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Figure 33. Fault-plane model results for outflow
temperature as a function of throughflow per kilometer
of fault length, L. Each solid curve is for a fault with
60° dip and a different depth of circulation, D. Result
for a fault dipping at 90° with D=2.7 km is shown as a
dashed curve, and the result from figure 32 is plotted
asanx.

MODELS OF BASIN AND RANGE HYDROTHERMAL SYSTEMS 83



ature of 180°C. In this case, downflowing fluid
lowers initial temperature at that depth by 65°C.
The 180°C temperature is applicable to reservoir
temperature for thermal water feeding Leach Hot
Springs based on cation geothermometer calcula-
tions. Similarly, the value of Q,, = 1.25 kg/s/km
could apply to the recharge zone supplying a deep
reservoir if a total of 9 kg/s (equal to the surface
discharge at Leach Hot Springs) flowed down-
ward along a 7 km-long zone within the set of
northwest- and north-trending faults between
Leach Hot Springs and Sheepeater Canyon

(fig. 2). Pottorff (1988) obtained similar results in
terms of fluid temperature versus depth of circula-
tion using the DSM model applied to the three-
dimensional fault-plane model with a throughflow
of 9 kg/s and recharge over an 8-km-long fault
zone. If the total rate of thermal fluid flow in this
system were as high as 15 kg/s, as suggested by
Welch and others (1981) to account for both sur-
face and subsurface discharge of thermal water,
corresponding depths of fluid circulation and (or)
fault lengths over which downflow occurs would
need to be even greater for the fault-plane model
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Figure 34. Transient response of outflow temperature
at D=3.3 km from fault-plane model with fluid flow
rate=1.25 kg/s/km and a fault dip of 60°.

to be applicable.

Exit temperatures of 180°C are also possible
with the fault-plane model for shallower depths of
circulation under transient conditions when heat is
being mined from storage. For example, the vari-
ation in exit temperature with time is shown in
figure 34 for a case involving an initial exit tem-
perature of 202°C at a depth of 3.3 km from the
conduction-only solution. Steady-state conditions
are reached after about 10° years, when the out-
flow temperature has fallen to 138°C.

Fluid-Upflow Cases

Temperature distributions associated with
upflow along the fault conduit can also be simu-
lated with the fault-plane model. In this case, the

flow rate and temperature are specified at the
base of the conduit. The steady-state result for
Q,, = 6.0 kg/s/km, D = 2.7 km, and an input tem-

_ perature of 180°C (fig. 35) shows a pronounced

upward bulge in the isotherms across the fault and
a fluid temperature of 100°C at the land surface.
This flow rate may be representative of Leach Hot
Springs, where the spring discharge is about

9 kg/s and the zone of high conductive heat flow
measured around Leach Hot Springs is about 1.5
km long (fig. 27). This result suggests that con-
ductive cooling, as opposed to mixing with non-
thermal water, could account for much of the
required temperature drop within the upflow con-
duit if the hot springs were supplied by a deep
reservoir at 180°C. Simulated surficial heat
flows (fig. 35) show an anomaly considerably
larger than that due solely to thermal refraction
and more similar to the observed heat-flow
pattern around Leach Hot Springs. The additional
complexity of the actual surficial heat-flow
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pattern in this area (fig. 27) may be due to sub-
surface leakage of thermal water away from the
main conduit and an additional zone of upflow
southeast of the hot springs. A more detailed
analysis of heat flow associated with hot-spring
systems of different geometries was given by
Sorey (1975, 1978).

Fluid Residence Time

Fluid residence time t, for the fault-plane
model can be calculated from

t = ¢p, VM (18)

where ¢ is porosity, p,, is fluid density, V is
volume of permeable rock, and M is the total
mass-flow rate through the model. For fault
lengths and widths near 10 km and 50 m, respec-
tively, t. would be about 1,000 years for fluid flow
rates of 10 kg/s circulating to depths of about

5 km ($=0.1, p,,=0.95 kg/L). Such calculations
apply to the combination of downflow and upflow
regions within the fault zone; regions of lateral
flow are assumed to be volumetrically small in
comparison.

Lateral-Flow Model

An alternative conceptual model for hydro-
thermal circulation at Grass Valley and similar
Basin and Range systems is referred to here as the
lateral-flow model. As illustrated in figure 36, it
involves recharge along a range-front fault and
lateral flow through the basement toward the area-
of hot-spring discharge. Within some distance of
the upflow region, reservoir temperatures should
reach those estimated by chemical geothermom-
etry. This model, in contrast with the fault-plane
model, involves a reservoir of considerable areal

West East

? 3 ?

Regional conductive heat flow

Figure 36. Lateral-flow conceptual model of a Basin
and Range hydrothermal system.
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extent, which tends to minimize the required
depth of circulation because the regional heat
flow is captured more efficiently. The minimum
depth of circulation is controlled by the regional
heat flow and fill-basement conductivities, as

discussed by Welch and others (1981).
In southern Grass Valley, evidence of ther-

mal-fluid circulation within basement aquifers at
several locations away from Leach Hot Springs
indicates a flow system larger in areal extent than
one confined to a single fault zone. Stable-
isotope data for this area, which support the con-
cept of recharge from paleowater, are also consis-
tent with lower fluid velocities and longer flow
paths than those corresponding to a single fault
zone. However, the directions of deep fluid flow
toward Leach Hot Springs are as yet undeter-
mined. Heat-flow contact area and fluid-travel-
time considerations discussed below suggest
lateral flow over distances of at least 10 km.
Thus, recharge from the East Range or the
Goldbanks Hills seems more likely than recharge
from the adjacent Sonoma Range.

Computational Model

' A simplified two-dimensional representation
was used to generate numerical simulations for
the lateral-flow model. A more detailed three-
dimensional representation, which might also
simulate the heat-flow anomalies at well QH3D
and in the Panther Canyon area, was not at-
tempted because of the lack of constraints from
deep drilling data.

The two-dimensional computational model
is shown in figure 37. The upflow portion of the
circulation is not considered, under the assump-
tion that reservoir temperatures at the exit on the

Fill ()

Bedrock {K,)

Bedrock (K,)

Depth, in kilometers
w

oot

Regional conductive heat flow

Figure 37. Lateral-flow model for numerical analysis
of a Basin and Range hydrothermal system.

right side of the model will be nearly equal to
temperatures under the discharge area. Land-
surface temperature and the temperature of the
recharge water were fixed at 10°C and a uniform
heat inflow of 150 mW/m? was specified at the
base of the model at a depth of 6 km. Thermal

- conductivities of the fill and basement are the

same as in the fault-plane model. Along the left-
side boundary, heat is added over the depth of
circulation D to simulate conduction from the
adjacent basement. This lateral heat flow was
specified on the basis of the fault-plane model
results; the net effect is to raise the fluid tem-
perature at depth D on the left side by about 40°C
over that for an insulated boundary condition. The
right-side boundary is assumed insulated; its
effect is considered below.

Simulations were carried out for different
model widths W, but with D = 3 km in each case.
A 10 by 10 grid was used for each numerical sim-
ulation. The thicknesses of the fill layer and reser-
voir layer were 1.5 and 1 km, respectively. The
conduction-only solution (not shown) provided
initial temperature conditions for simulations with
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fluid flow. This yielded an initial reservoir tem-
perature which averaged 200°C.

Solutions with Fluid Flow

A flow rate of 1.2 kg/s’km was used in each
simulation with the lateral-flow model, with the
normalization done with respect to the dimension
of the flow system normal to the 2-d cross-
section. Steady-state results for the case where
W =10 km (fig. 38) show a reservoir temperature
of 170°C at the of the model and a value of 117
mW/m? for surficial heat flow at the right side of
the model. Reservoir temperatures at the right-
side boundary increase as the width of the model
increases, until W is about 15 outlet end km, at
which point reservoir temperatures are in equilib-
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Figure 38. Steady-state temperature and surficial
heat-flow distributions in lateral-flow model. Fluid flow
rate=1.2 kg/s/km. Lines of equal temperature in
degrees Celsius.

rium with the vertical conductive flux of 150
mW/m? and the insulated boundary condition is
strictly appropriate. Alternatively, higher exit
temperatures could be obtained for W <15 km by
increasing the depth of circulation. The duration
of hydrothermal circulation is not as important in
the results from this model because reservoir tem-
peratures at the right-side boundary do not de-
crease significantly over the transient period for
W > 10 km.

Simulated vertical temperature variations
shown within the reservoir (fig. 38) would be
smaller if a secondary convection-cell pattern
were superimposed on the lateral-throughflow
regime. This condition can be simulated in the
model when the reservoir permeability is greater
than about 5 x 107'*m? (50 millidarcies). How-
ever, the effects of this secondary convection on
temperature variations and heat flow are less sig-
nificant than was found by Sorey and others
(1978) in model simulations of the Long Valley
caldera, because the heat flux at the base of the
model and at the bottom of the reservoir is much
less than in the Long Valley model.

Fluid residence time calculated from equa-
tion 18 for the lateral-flow model results depicted
in figure 37 is approximately 30,000 years with a
reservoir porosity of 0.1. For a reservoir less than
1 km thick (or having a porosity less than 0.1), the
corresponding residence time would be propor-
tionately smaller because the fluid velocity would
be higher. Relatively long residence times are
consistent with the inference from the stable-
1sotope data that hot-spring water at Leach Hot
Springs is late Pleistocene in age.

Pottorff (1988) and Lopez and others (1994)
simulated the Leach Hot Springs flow system
with 3-dimensional models that effectively
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represent combinations of the fault-plane and
lateral-flow models discussed above. In their
models, ground water flows southward within the
basin-bounding fault from which the springs
discharge and westward from the Sonoma Range.
The general pattern of fluid flow in these models
is pictured in figure 39. Basal heat inputs and
thermal-conductivity values for valley fill and
basement were set to values close to those used in
our simulations. In the model of Lopez and others
(1994), circulatory free convection also occurs
within the fault zone. Results from these
3-dimensional models fall between our results for
the fault-plane and lateral-flow models in terms of
depths of fluid circulation and areas of heat
capture required to obtain temperatures near
180°C. Mean fluid residence times in the
3-dimensional models, for example 17,000 years
in the model of Pottorff (1988), are also
intermediate to our results for the limiting-case
2-dimensional models.

Generalizations and Constraints

The fault-plane and lateral-flow models in-
troduce one level of complexity to the simplified
constraint that the minimum depth of fluid circu-
lation in Basin and Range hydrothermal systems
can be approximated by the source-reservoir
temperature divided by the background
conductive temperature gradient. The
2-dimensional model results show that actual
depths of fluid circulation required to obtain given
reservoir temperate will exceed the estimated
minimum depth unless the contact area for
heating is relatively large or the flow system is
relatively young and in a transient state. Results
of simulations using 3-dimensional models

Sonoma Range
Fault plane

Water flow

\
\

Figure 39. Conceptual model of a possible three-
dimensional fluid-flow system supplying thermal water
to Leach Hot Springs. (From Pottorff, 1989).

involving fluid flow within a basin-bounding fault
and the adjacent mountain block allow these
constraints on reservoir temperature to be eased
somewhat.

Additional constraints may be needed to de-

. cide which model actually applies to a particular

system. For some systems, additional constraints
on deep flow paths can be developed from stable
isotope data, fluid-rock chemistry considerations,
surficial heat-flow data, and hydraulic head and
gradient data (Yeamans, 1983). For southern
Grass Valley, stable-isotope and geochemical data
suggest fluid residence times in pre-Tertiary base-
ment rocks that are more in line with a deep flow
system of basin-size dimensions than flow within
a single fault conduit. Heat-flow measurements
and chemical analyses suggest that thermal water
from a common source reservoir contributes fluid
to shallower zones over much of the southern
Grass Valley region south of Leach Hot Springs.
The available hydraulic-head data suggest that a
potential may exist for thermal water to flow from
the vicinity of wells QH3D and G105 toward
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Leach Hot Springs. Temperature data from the
2.6-km deep Aminoil well indicate that thermal
water (112°C) flows through a permeable zone
near the top of the pre-Tertiary basement rocks
northwest of Leach Hot Springs, but the data are
inconclusive regarding the existence of a deeper,
hotter reservoir.

The limiting factor in the occurrence of
basin-sized high-temperature reservoirs within
hydrothermal systems in the Basin and Range
province is the need for laterally continuous per-
meability distributions. In the absence of
geologic evidence for stratigraphic or lithologic
control, as might be the case for Paleozoic
carbonate rocks in some areas, deep fluid flow is
most likely structurally controlled. Yeamans
(1983) suggested that Basin and Range hydro-
thermal systems are not necessarily confined to
the main range-bounding faults, but may occur
within other structures where extensional tec-
tonics have created permeable flow paths.
Low-angle faults may in some cases provide
conduits for fluid flow in basement rocks (Bartley
and Glazner, 1985).

A common feature of these Basin and Range
systems is a relatively low rate of fluid through-
flow, as evidenced by rates of thermal-water dis-
charge typically between 5 and 20 kg/s (Sorey,
1982; Olmsted and others, 1975). This factor sug-
gests that the effective transmissivity of these
flow systems is relatively low. Low or limiting
transmissivity conditions could exist within the
deep reservoir or within the upflow zone (or
both). The actual distribution of high and low
transmissivity determine whether and how a
system can be exploited for geothermal energy, as
shown by the analysis of Welch and others
(1981).

SUMMARY AND CONCLUSIONS

Grass Valley is a typical structural basin in
the northern part of the Basin and Range prov-
ince. The basement that outlines the structural
basin consists of slightly to moderately metamor-
phosed, intensively deformed sedimentary, volca-
nic, and plutonic rocks. These rocks have low
prirhary porosity and permeability. More signifi-
cant secondary porosity and permeability are re-
lated to fractures and to solution openings in car-
bonate rocks.

The valley fill within the basin consists of
unconsolidated to semiconsolidated, undeformed
to moderately deformed fluvial deposits, epi-
clastic and volcaniclastic deposits, tuff, and con-
solidated volcanic rocks--chiefly basalt flows and
rhyolite. In the clastic deposits, porosity is chiefly
primary and moderately high, permeability is
moderate to low, and the ratio of horizontal to
vertical permeability is high. In contrast, the
physical characteristics of the Cenozoic basalt and
rhyolite resemble those of the Paleozoic and
Mesozoic basement.

Drilling-log data from shallow test wells
indicate that 57 percent of the deposits penetrated
in the near-surface part of the valley fill are

‘coarse-grained, 38 percent are fine-grained, and 5

percent are tuffaceous. On this basis, core-sample
data indicate that mean bulk density is 2,060
kg/m3; mean porosity is about 37 percent; and
mean bulk thermal conductivity is 1.56 W/m.K.
However, gravity and deep-test-well data indicate
that the mean density and mean thermal
conductivity of the entire mass of valley fill may
be substantially greater, possibly as much as 2,350
kg/m> and 2.19 W/m XK, respectively. The
differences probably are due to lower porosity of
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the major part of the valley fill in comparison
with that of the near-surface part sampled by
shallow test drilling. Measurements of grain
properties indicate that, for the basement rocks,
mean thermal conductivity is 2.72 W/m.K, and
mean density is 2,670 kg/m>.

Geophysical (chiefly gravity) data and

| limited deep test-well data indicate that the valley |

fill in southern Grass Valley is locally more than
1,800 m thick. The basement surface beneath the
valley forms an asymmetrical trough with the axis
located east of the center of the valley. Leach Hot
Springs are in a northeast-trending fault zone near
its intersection with a north-trending fault. At
depth, however, the Bouguer gravity-anomaly
pattern indicates that the hot springs fault zone
has a north rather than a northeast trend. The fault
zone, which has a throw of more than 800 m,
separates the deep part of the southern Grass Val-
ley basin from an alluvium-covered pediment on
the east side of the valley. Throughout most of
southern Grass Valley, faults along the east mar-
gin of the deep part of the basin appear to have
larger aggregate throw than the faults along the
west margin.

Ground water in southern Grass Valley com-
prises: (1) shallow ground watet within the valley
fill and the adjacent basement; and (2) deep, ther-
mal water that circulates within the basement be-
neath the central part of the valley and rises along
faults near the valley margins. Shallow ground
water flows generally northward within the main,
central part of southern Grass Valley. Information
about patterns of deep ground-water flow is lim-
ited. Upward flow of thermal water from base-
ment into valley fill is indicated at well site QH3,
near the crest of a buried basement high 5 km
south-southwest of Leach Hot Springs. The rising

water is chemically and isotopically similar to the
thermal water at Leach Hot Springs. Although the
hydrostatic head of the water in the basement at
site QH3 is greater than that at the orifices at
Leach Hot Springs, heads at depth beneath the
springs are unknown, and the flow of thermal wa-
ter at depth is not necessarily from site QH3 to-
ward the springs. The reversal of the temperature
gradient within the basement at well QH3D seems
to indicate flow of thermal water away from a
heat source. Either this condition is transient or
cooler water is flowing beneath the hotter water in
order to maintain a heat sink. Hydrothermal up-
flow at Panther Canyon seems to be related to a
fault or fault zone of large throw along the east
margin of the basin. The upflow does not reach
the land surface but instead appears to spread lat-
erally at depths greater than 150 m.

Both thermal and nonthermal ground waters
in southern Grass Valley have fairly low concen-

- trations of dissolved solids. Except for samples

from four nonthermal springs, in which dissolved-
solids concentrations range from 600 to 910 mg/L,
concentrations are lower in the nonthermal water
(210-430 mg/L) than in most of the thermal water
(500-620 mg/L). Thermal water differs from
nonthermal water in having higher concentrations
of sodium, potassium, fluoride, boron, and lithium
and lower concentrations of calcium, magnesium,
and chloride. Leach Hot Springs water has higher
concentrations of silica than all the nonthermal
water, but some thermal well water has lower
concentrations than some nonthermal water.
Except for the acid-sulfate water at orifice 15
at Leach Hot Springs, which probably represents
steam condensate in part, the hydrogen-isotope
composition of thermal water in southern Grass
Valley is lighter than that of all nonthermal waters
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sampled. The lighter composition could result
from (1) recharge of deep, thermal ground water
from altitudes higher than those where recharge of
shallow ground water occurs, (2) recharge from
sometime in the past when the climate was colder
than at present, or (3) both 1 and 2. The second or
third possibilities, believed to be more likely than
the first, suggest that thermal water in southern
Grass Valley is at least 8,000 years old.

Excluding water from orifice 15, the ranges
and averages for source temperatures of thermal
water at Leach Hot Springs indicated by chemical
geothermometry are 134-151°C and 143°C by the
quartz-silica method, 200-223°C and 209°C by
the sodium-potassium method, 94-143°C and
106°C by the potassium-magnesium method,
163-182°C and 171 °C by the uncorrected
sodium-potassium-calcium method, 126-162°C
and 146°C by the magnesium-corrected sodium-
potassium calcium method, and 151-163°C and
158 °C by the sulfate-oxygen-isotope method.
Because the water at Leach Hot Springs is not
equilibrated according to the criterion proposed
by Giggenbach (1988), the results from the
sodium-potassium and potassium-magnesium
methods are especially suspect. Considering all
the evidence, the geothermometers indicate
thermal-aquifer temperatures of 150-180°C or
possibly higher.

A predominantly conductive thermal regime
and fairly uniform thermal conductivity within
saturated valley fill is indicated by nearly constant
temperature gradients at most places. However,
increase in temperature gradient with depth, sug-
gesting downward ground-water flow across bed-
ding, was observed at two deep-well sites (QH3
and G106) in the south-central part of the valley.
In contrast, upward flow at two other sites (the

Aminoil well and G105) is indicated by a de-
crease in gradient with depth. The apparent de-
crease in gradient with depth at the Aminoil well
may also reflect northwestward flow of thermal
ground water from the Leach Hot Springs area in
an aquifer or aquifers at depths greater than 49 m.

Unlike the valley fill, the basement and the
consolidated volcanic rocks are characterized by
nearly zero or reversed temperature gradients, -
indicating convection facilitated by vertical frac-
ture permeability.

Southern Grass Valley contains at least three
and possibly five near-surface heat-flow
anomalies caused by rising thermal fluid: (1) The
Leach Hot Springs anomaly, the largest and most
intense anomaly and that associated with the only
surface discharge of thermal fluid; (2) the south-
central anomaly, a relatively small anomaly 6 km
south of Leach Hot Springs; (3) the Panther
Canyon anomaly, an extensive anomaly in the
southeastern part of the valley; (4) the north-
western anomaly; and (5) the western anomaly.
The last two anomalies have a maximum near-
surface conductive heat flow of only 125- |
130 mW/m? and perhaps should not be considered
anomalies. Whether the first three anomalies are
manifestations of a single hydrothermal system or
of separate systems is not known.

An average heat flow of 103-108 mW/m?
was estimated from a heat budget for an area of
211 km? occupying most of southern Grass Valley.
The estimate probably represents a minimum ra-
ther than a most likely value, chiefly because heat
flow in the valley, which occupies only 37 percent
of the tributary drainage basin, is likely to be less
than in the mountains, and because lateral advec-
tive heat flux could not be estimated reliably and is
not included in the total. Temperature-gradient
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data in the Aminoil well northwest of Leach Hot
Springs suggest a conductive heat flow of 150 + 30
mW/m? in basement beneath the valley fill at that
location. The mean heat flow in the southern
Grass Valley area probably is within the range of
120-180 mW/m?. A regional heat flow of 150
mW/m? is used in some of the modeling studies.

Two generalized conceptual models that -
apply as limiting cases to Basin and Range geo-
thermal systems in areas of high regional heat
flow were simulated numerically. The first, called
the fault-plane model, consists of a steeply
dipping fault zone that separates high-thermal-
conductivity basement from low-thermal-
conductivity valley fill at the edge of a basin. In
this model, fluid flow at a specified rate per unit
length of fault is restricted to a permeable fault
plane. Conduction-only solutions with the fault-
plane model show how thermal refraction can
cause heat flows measured in valleys (basins) to
be less than the regional average, and heat flows
measured in the mountains to be higher than the
regional average.

For reasonable estimates of fluid flow, the
simulations for the fault-plane model indicated
that circulation depths and fault lengths must be
relatively large to obtain high fluid temperatures
under steady-state conditions. Under transient
conditions, circulation time becomes a critical
factor in allowing shallower depths of circulation.

The alternative limiting-case model for
Basin and Range hydrothermal systems is called
the lateral-flow model. In contrast to the fault-
plane model, this model involves a reservoir of
considerable areal extent in which lateral flow
occurs from beneath an area of recharge along a
range-front fault toward an area of hot-spring
discharge. This configuration captures regional

heat flow more efficiently. Depths of circulation
required to produce observed or inferred reservoir
temperatures are correspondingly less, and
duration of circulation is much less critical than in
the fault-plane model. Evidence from the south-
ern Grass Valley area, especially that indicating
circulation of thermal fluid at several locations
considérably removed from Leach Hot Springs,
and also stable-isotope data, suggest the applica-
bility of the lateral-flow model over the fault-
plane model. A third model involving convec-
tive circulation in basin-bounding faults and
advective flow through the adjacent Sonoma
Range must also be considered as plausible for the
Leach Hot Springs hydrothermal system.
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APPENDIX--INVENTORY OF WELLS AND
SPRINGS IN SOUTHERN GRASS VALLEY

Explanation of Table A1

Basic data for the wells and springs invento-
ried in the present study are given in table Al.
The information in the columns in the table, in
order from left to right, is explained in the follow-
ing paragraphs.

Numbers of Test Wells, Private Wells, and Springs

Test wells, private wells, and springs have
been assigned a combination of a letter or letters
and a number, as listed in the first column of table
Al. Several sets of test wells have been drilled by
the U.S. Geological Survey, Lawrence Berkeley
Laboratory, and GeothermEx, Inc., with different
letter designations being used to distinguish the
various sets. The wells assigned the capital letters
DH were drilled for the Geological Survey and
were drilled by the hydraulic-rotary method.
Some of these wells were fitted with screens and
were used to obtain water-level and hydro-
geochemical data as well as temperature and geo-
logic information; others were capped at the bot-
tom and filled with water and were used primarily
to measure temperature gradient. Some of the
capped wells were later perforated by explosive
charge (gun-perforated) to permit water-level
measurements and (or) sampling of water for
chemical analysis.

The wells designated by the prefixes QH, Q,
and T were drilled for the Lawrence Berkeley
Laboratory (LBL) and were also drilled by the
hydraulic-rotary method. Two to four QH wells
were drilled at each site, of which the first (the A

well) was capped and filled with water for
temperature-gradient measurement; the other(s)
were fitted with screens or well points at the
bottom. All the Q wells were capped and filled,
although Q1, Q6, Q23, and Q24 were gun-
perforated later to permit geochemical sampling
and water-level measurement. The T wells, also
capped'and filled, were shallow (15-18 m) and
were placed to help define the detail around
known thermal anomalies and isolated deeper
wells.

The wells having a G prefix were drilled for
Sunoco Energy Development Co. by Geotherm-
EX, Inc. as part of a geothermal exploration pro-
gram in order to obtain geologic information. All
these wells were capped and filled and were also
used to measure temperature gradient. Wells
GS5a, G105, and G108 were gun-perforated after
original completion in order to obtain water-level
measurements.

Private wells are designated by the prefix
PW and are numbered in the order they were in-
ventoried during the present study. Springs and
one stream-flow sampling site are designated by
the prefix S and are also numbered in the approxi-
mate order of inventory.

Names of Wells or Springs

Many private wells and springs are also
identified by formal or informal names; where
names are lacking, the site is designated by a
description of the location.

Location Numbers

Wells and springs are assigned numbers ac-
cording to the rectangular system of subdividing
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public lands, referred to the Mount Diablo base-
line and meridian, as indicated in the second or
third column in table A1. As shown in figure Al,
the first two elements of the number, separated by
a slash, are, respectively, the township (north) and
range (east); the third element, separated from the
second by a hyphen, indicates the section number;
and the lowercase letters following the section
number indicate the successive quadrant sub-
divisions of the section. The letters a, b, ¢, and d
designate, respectively, the northeast, northwest,
southwest, and southeast quadrants as shown in
the diagram. Where more than one well or spring
is catalogued within the smallest designated

quadrant, the last lowercase letter is followed by a
numeral that designates the order in which the
feature was catalogued during the investigation.
For example, well number 32/23-25bdb1 desig-
nates the first well recorded in the NW 1/4 SE 1/4
NW 1/4 section 25, T. 32 N., R. 23 E., Mount
Diablo baseline and meridian.

Most of the wells in table Al were also
listed by Welch and others (1981, table 1), but
some of the location numbers differ from those of
the earlier report. There are two principal reasons
for the differences: (1) correction of inaccurate
locations plotted on the older, 15' maps at
1:62,500 scale used in the earlier report; and
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Figure A1. Numbering system for wells, springs, and samples.
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(2) small changes in the locations of the U.S.
land-net section lines from the 15' maps to the
newer 7.5' maps at 1:24,000 scale used to plot
locations of many wells in the present report.
Latitude and longitude coordinates are cor-
respondingly affected slightly, as discussed
below.

Latitude and Longitude

In order to facilitate plotting with computer
programs, and also finding the wells in the field
using the new global-positioning-system (GPS)
devices, latitude and longitude coordinates are
listed for all the wells and springs in table Al.
These coordinates were determined from the posi-
tions plotted on U.S. Geological Survey topo-
graphic maps. Locations of wells plotted on the
7.5'-series maps at a scale of 1:24,000 (all but two
of the DH wells, the Aminoil USA 11-36 well,
most of the QH wells, and some of the other wells
and springs) are believed to be accurate to within
about 30 m, or about 1" of latitude and 1.3" of
longitude. Location numbers for these wells and
springs are preceded by the symbol + in table Al.
Other wells and springs, which were plotted on
the 15'-series maps, are believed to be accurate to
within about 100 m, or about 3" of latitude and 4"
of longitude. The horizontal datum of 1927, ra-
ther than the horizontal datum of 1983, was used
for all latitudes and longitudes. In order to adjust
the figures to the 1983 datum, latitudes should be
decreased by about 0.5" and longitudes increased
by about 3.4".

Altitude of Land-Surface Datum

Altitude of land-surface datum at each well

and spring was determined in most cases by

(1) spirit leveling from an established U.S.
Geological Survey or U.S. Geodetic Survey bench
mark, or (2) interpolation from land-surface
contours on U.S. Geological Survey 15' or 7.5
topographic maps. Altitudes determined by
leveling are listed to the nearest 0.001 or 0.01 m;
those by interpolation from contours are listed to
the nearest 1 m except for a few sites in the
mountains, which are listed to the nearest 10 m.
At a few sites, altitudes are given to tenths of a
meter; these are from altitudes given to the nearest
foot (about 0.3 m) on the topographic maps.

Height of Measuring Point

The height of measuring point listed in the
sixth column in table A1 is the height of the top of
well casing above the land-surface datum. Nega-
tive numbers indicate measuring points below the

- land surface.

Depth of Screen or Cap at Bottom

These depths are referred to land-surface
datum; the height of measuring point is added in
order to obtain the total length of casing and
screen or well point. Single numbers generally
refer to the depth of the cap at the bottom, al-
though, in a few cases, the numbers refer to the
mid-point depth of the screen, well point, or per-
forations.

Nominal Inside Diameter of Casing
The numbers in this column refer to the

nominal, rather than the actual, inside diameter of
the casing; the actual diameter usually is some-
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what greater than the nominal diameter.
Type of Completion

Almost all the test wells were cased with
either galvanized steel or plastic (polyvinyl
chloride--PVC) pipe. Private wells were finished
with steel or black-iron casing. The symbol Sc is
used where the test wells were screened, fitted
with well points, or perforated, and the symbol C
is used where the wells capped at the bottom and
filled with water for temperature measurement.
The lowercase symbol ¢ indicates that the annulus
between the casing and the walls of the drill hole
was filled with cement in order to prevent upward
or downward movement of water outside the cas-
ing and to ensure isolation of the screened or per-
forated interval from shallower aquifers.

Geophysical Logs Available

Borehole geophysical logs were run in most
of the DH, QH, and Q wells in order to define
depth to the saturated zone and temperature gra-
dient, and to assist in interpretation of the lithol-
ogy of the materials penetrated. Gamma (natural

gamma) and resistivity logs were used primarily
in lithologic interpretation. Gamma-gamma and
neutron (density) logs were used in lithologic
interpretation but were also extremely useful in
indicating the position of the top of the saturated
zone (water table). Temperature logs were made
with continuous-recording devices and were a

- useful adjunct to temperature measurements made

at discrete depths, which were also made in most
wells.

Other Data Available

Other data available include lithologic logs
made at the time the wells were drilled,
commonly supplemented by interpretation of the
borehole geophysical logs, water-level
measurements, chemical analyses of samples
pumped from the wells or obtained from springs,
temperature profiles made from measurements at
discrete depths (as mentioned above), and core
samples from which several parameters, including
grain density, dry bulk density, saturated bulk
density, and porosity were measured in the
laboratory.
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TABLE A2. Water levels in southern Grass Valley.

Well Altitude of Depth of mid- Date of Depth to water Altitude of
number land-surface point of screen measurement below land- water level
datum or perforations (yr mo da) surface datum (m)
(m) (m) (m)
DHI 1,406.835 44.75 7311 14 12.372 1,394.463
731115 12.5g,n 1,394.3
7506 21 12.530 1,394.305
7706 07 12.674 1,394.161
DH2 1,469 50.05¢ 731114 42.5g.n 1,417
DH3 1,455.252 49.98¢c 731113 26.1g,n 1,429.2
7509 18 26.1g,n 1,429.2
DH4 1,429.4 49.83c S 731114 23.6g,n 1,405.8
750918 24.0g,n 1,405.4
DHS 1,482 27.13¢ 731113 >27.13g <1,455
DH6 1,425.946 44.61 731115 16.7 1,409.2
7312 14 16.368 1,409.578
7506 21 16.435 1,409.541
77 06 07 16.404 1,409.552
DH7 1,395.932 50.21 731109 26.3g,n 1,369.6
731215 26.335 1,369.597
7506 21 26.475 1,369.457
77 06 06 26.530 1,369.402
DHS8 1,394.067 44.33 731109 22.6g,n 1,371.5
731213 23.156 ],3;70.911
7506 21 23.287 1,370.780
77 06 08 23.354 1,370.713
DH9 1,417.146 44.88 7311 ... 36.0g,n 1,381.1
77 06 07 36.436 1,380.710
DH10 1,429.573 16.58 731215 5.767 1,423.806
7506 22 5.782 1,423.791
7706 15 5.870 1,423.703
DHI11 1,400.608 44.58 731113 29.2g,n 1,370.4
731215 29.316 1,371.292
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TABLE A2, Water levels in southern Grass Valley—-continued

Well Altitude of Depth of mid- Date of Depth to water Altitude of
number land-surface point of screen measurement below land- water level
datum or perforations (yr mo da) surface datum (m)
(m) (m) (m)
DH11 7506 21 29.224 1,371.384
7706 07 29.331 1,371.277
DH'IZ 1,401.172 4441 75 06 214 25.106 . 1,376.066
7509 17 24.7g,n - 1,376.5
DHI2 1,401.172 4441 770607 25.127 1,376.045
DHI3A 1,440.244 51.82 750720 17.334 1,422.910
7706 15 17.317 1,422.927
DHI4A 1,415.186 45.46 7506 22 31.410 1,383.776
7706 15 32.004 1,383.182
DHI5 1,455 44.39¢ 7507 19 22.2n 1,433
QHIB 1,446.023 152.73 76 10 01 12.674 1,433.349
7705 28 25.1n 1,420.9
QHIC 1,446.023 25.43 76 1001 25.582 1,420.441
76 06 15 25.492 1,420.531
QH2B 1,490 153.15 76 10 01 74.809 1,415
7706 07 74.917 1,415
QH3B 1,434.38 153.59 76 09 30 61.883 1,372.50
7705 27 62.2g 1,372.1
- 7706 06 61.967 1,372.41
QH3C 1,434.38 63.72 76 09 30 61.259 1,373.12
77 06 06 61.271 1,373.11
QH3D 1,434.38 409.4 77 06 28 4.98 1,429.40
QH4B 1,519 127.50 76 09 30 45.758 1,473
77 06 07 45.870 1,473
QHSB 1,390.933 130 76 09 30 30.352 1,360.581
77 06 06 30.397 1,360.536
QH6B 1,378.234 55 76 10 01 16.954 1,361.280
77 06 06 16.990 1,361.244
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TABLE A2. Water levels in southern Grass Valley-continued

Well Altitude of Depth of mid- Date of Depth to water Altitude of
number land-surface point of screen measurement below land- water level
datum or perforations (yr mo da) surface datum (m)
(m) (m) (m)
QH7B 1,396.530 75 76 09 30 29.986 1,366.544
77 06 06 30.144 1,366.386
QHSB 1,478.264 50 76 09 30 40.739 1,437.525
77 06 07 45557 1,432.707
QH9B 1,478.554 91 76 09 30 65.654 1,412.900
77 06 07 65.718 1,412.836
QHI11B 1,484 55 76 09 30 38.092 1,446
77 06 06 38.106 1,446
QHI2B 1,512 S3 76 10 01 31.235 1,481
QHI2B 1,512 53 77 06 07 31.429 1,481
QH13B 1,548 55 76 1001 45.606 1,502
77 06 07 45.635 1,502
QH14B 1,407 85 76 1001 45.653 1,361
77 06 06 45.717 1,361
Ql 1,385.6 61.0 pe- 8006 18 21.3 1,364.3
Q6 1,393 45.7 pe 8007 31 31.6 1,361
Q23 1,433.5 pe 7707 18 21.0 1,412.5
Q24 1,581 pe 7707 18 65.5 1,516
Q5a 1,536.6 ? 7910 15 79.3* 1,457.3
G105 1,4369 - 139.3 pe 80 07 31 2.4 1,439.3
G108 1,525.0 ? 8007 31 324 1,493
PW1 1,475.695mp | = -meeee-- 7703 07 4.795 1,470.900
77 05 26 4.749 1,470.946
PW2 1,481 | e 7706 07 Flowing >1,481
PW3 1,473 54 4707 12 46.* 1,427
7703 10 49.372 1,424
77 06 06 49.618 1,423
PwW4 1,547 | e 77 0429 27.373 1,520
PWS5S 1,510 wmemomees 7704 27 40.35p 1,470 p -
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TABLE A2. Water levels in southern Grass Valley—continued

Well Altitude of Depth of mid- Date of Depth to water Altitude of
number land-surface point of screen measurement below land- water level
datum or perforations (yr mo da) surface datum (m)
(m) (m) (m)
800517 20.1 1,490
PW6 1,460.78 1mp 90.2 77 03 08 45.038 1,415.743
77 04 27 44.935 1,415.846
7706 07 46.137 1,414.644p
PW7 1,460.403mp 70.5 5805 22 42.* 1,418
77 03 08 44.194 1,416.209
77 04 27 44.125 1,416.278
7706 07 45.705 1,414.698p
PW8 1,378.0 40.5 550922 24.* 1,354
77 04 26 25.25 1,352.8
77 06 05 27.388 1,350.61
PW9 1,400 59.5 7704 26 39.84 1,360
PWI11 1,397.139 37.8 56 08 27 24.430 1,372.709
PW1l1 1,397.139 37.8 7306 14 25 1,372
7703 11 29.219 1,367.920
PWI12 L5711 | e 77 03 08 16.627 1,554p?

mp Altitude of measuring point
Depth to water estimated from gamma-gamma log

g
n
pe
P

C
*

120

Depth to water estimated from neutron log

Perforated by explosive charge after completion
Pumping or pumped recently

Capped at bottom; perforated by expiosive charge after completion
Data from Cohen (1964, table 8) and files of Nevada State Engineer
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