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Geothermal Resources of the Western Arm
of the Black Rock Desert,
Northwestern Nevada:

Part II, Aqueous Geochemistry and Hydrology

By Alan H. Welch and Alan M. Preissler

ABSTRACT

The western arm of the Black Rock Desert includes several hydrothermal systems, some of which
exceed 150 degrees and may exceed 200 degrees Celsius at depth, determined on the basis of chemical
geothermometry. Geochemical and isotopic data, in conjunction with hydrologic and geophysical infor-
mation, indicate that the hydrologically distinct systems are recharged by local meteoric water.

The cation composition of the thermal water appears to be controlled by aluminosilicate minerals
that are common in other active geothermal systems. Close agreement between estimates of the equi-
fibrium temperatures at which some mineral pairs are stable, and the more commonly applied
geothermometer estimates, indicates that thermodynamic data may be useful for estimating deep aquifer
temperatures. Use of a chemical geothermometer with a thermodynamic foundation (rather than an
empirical formula) allows incorporation of geologic and mineralogic information into the evaluation of a
geothermal system. Disadvantages of chemical geothermometers can be inadequate thermodynamic data
and, as is the case for the western Black Rock Desert, lack of mineralogic data.

Thermal water at Great Boiling and Mud Springs has a chloride concentration of about
2,000 milligrams per liter and a total dissolved-solids concentration of about 4,500 milligrams per liter;
the thermal water appears to have been affected by shallow evapotranspiration in an adjacent playa prior
to deep circulation. The conclusion that shallow evapotranspiration affects the thermal water is based on
the isotopically evolved character of the water and the correspondence between stable-isotope composi-
tions and chloride concentrations in the thermal and local nonthermal water. The hydrothermal system at
Trego Hot Springs and, perhaps, Fly Ranch in Hualapai Flat also may be recharged by water that has
been affected by shallow evapotranspiration prior to deep circulation.



INTRODUCTION

Purpose and Scope

This report describes the results of a study to examine the basic hydrologic and geochemical data and
to evaluate the validity of integrated conceptual models of the geothermal resources in the western arm of the
Black Rock Desert, northern Great Basin, The most significant aspects of the study were: (1) The hydrologic
connection, if any, between and among the various known thermal areas; (2) probable recharge paths to these
thermal areas; and (3) controls on the aqueous geochemistry that can be deduced from information derived
from springs and shallow wells. A multi-disciplinary approach was used, with emphasis on geochemistry and
isotopic hydrology. Such an approach incorporates hydrologic, geochemical, and isotopic analyses and, thus,
constrains conceptual heat- and mass-flow models more effectively than a limited study.

The study was confined to the western arm of the Black Rock Desert. This arca provided an opportunity
not only to examine the relations between the shallow nonthermal water and the deeper thermal water, but also
to explore the relations among several shallow thermal areas. Data collection was limited primarily to shallow
ground water. Geology and geophysics were discussed in a previous report (Schaefer and others, 1983).

Geographic Setting

The western arm of the Black Rock Desert is an area of about 2,000 km 2 in parts of Humboldt, Pershing,
and Washoe Counties, Nevada (fig. 1). The major towns in this area, Gerlach and Empire, have an aggregate
population of fewer than 1,000. A major geographic feature of the western Black Rock Desert region is a
central, flat ephemeral lakebed (playa) at an altitude of about 1,190 m above sea level. The Granite Range and
Calico Mountains to the west of the playa rise abruptly, reaching an altitude of 2,760 m at Granite Peak, the
highest point in northwestern Nevada. To the east and south of the basin floor are the Black Rock and Selenite
Ranges, respectively. The Quinn River, the largest surface-water source in the study area, discharges onto a
low area at the southern end of the Black Rock Range. Hualapai Flat, a relatively small basin, is separated
from the playa by a low ridge extending south from the Calico Mountains.

Thermal water discharges from springs and flowing wells from Soldier Meadow to Gerlach. Springs
along the margins of the basin discharge thermal water, primarily at Soldier Meadow, from Double Hot
Springs to the southern end of the Black Rock Range, at Trego, and near Gerlach. The thermal springs are
generally undeveloped except for bathing and minor irrigation.

2.
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Previous Investigations

The geology and geophysics of the study area as related to the geothermal activity were discussed by
Keller and Grose (1978a and b) and Schaefer and others (1983). Keller and Grose (1978a and b) presented
results of geologic and geophysical investigations in the southern part of the study arca and speculated on the
nature of geothcrmal systems in the northern Basin and Range province. Schaefer and others (1983) discussed
the geology and geophysics of a larger part of the western Black Rock Desert. Olmsted and others (1973),
Keller and Grose (1978a and b), Garside and Schilling (1979), and Schacfer and others (1983) reviewed the
main sources of information related to geothermal activity in this region. Sinclair (1963) conducted previous
hydrologic studies on the Black Rock Desert, and Sinclair (1962) and Harrill (1969) provided basic informa-
tion on Hualapai Flat, such as well locations, water-budget estimates, and some water-quality data. Olmsted
and others (1975, p. 119-149) discussed the hydrology of the geothermal systems. Sanders and Miles (1974),
Mariner and others (1974, 1975, and 1976), and Anderson (1977) presented analyses of thermal water.

The aqueous geochemistry and hydrology of other geothermal systems have been studied extensively.
Results of previous work are discussed in appropriate sections as they apply to systems in the western Black
Rock Desert.

Methods and Procedures

Geochemical sampling included field measurement and preservation of selected unstable parameters.
Field procedures were similar to those outlined by Wood (1976).

Analyses for pH and alkalinity (reported as carbonate and bicarbonate) were done in the ficld. The pH
measurements were made using Orion models 399A and 407A ! portable meters. Measurements of pH were
made after standardization using two buffers (with nominal pH values of 4, 7, or 10) that spanned the sample
value. The standards were measured a second time after the field measurement. The standardization and
measurement procedure was repeated until measured values for the scparate standards before and after initial
sample measurement agreed to within 0.2 pH units. The temperatures of the standards were brought to within
2 °C of the sample prior to measurement. Alkalinity was determined using the incremental method described
by Wood (1976). The end point used for bicarbonate corresponded to the amount of acid added to reach the
maximum rate of pH change per volume of titrant added.

Water temperature was measured using mercury-filled glass thermometers. Maximum reading
thermometers were employed at thermal springs. The temperature measurements were taken as close to the
source of the water as possible: flowing wells, at the top of the casing; and springs, as close as possible to
areas with the greatest amount of flow.

Specific conductance measurements were made using a Yellow Springs Instrument Co. Model 33 m,
Standards were measured that spanned the range of values measured in the field. The ficld values were cor-
rected using the values measured for the standards and adjusted to a temperature of 25 °C.

! The use of trade names in this report is for identification purpose only and does not constitute endorse-
ment by the U.S. Geological Survey.



Samples for cation and anion analysis were collected and filtered through 0.45 micrometer pore-size
filters prior to placing in acid-washed polyethylene bottles. Doubly distilled nitric acid was added to samples
collected for cation analysis to adjust the solution to a pH of about 2. Samples collected for anion analysis
were not acidified. Samples collected for silica were diluted with deionized water when semi-quantitative field
analysis indicated silica concentrations above 50 mg/L. The dilution was done to prevent polymerization of
silica prior 10 analysis and is a commonly employed procedure for collection of geothermal samples. Samples
collected for stable-isotope analysis were placed in 100-mL glass bottles with teflon-lined or polyseal caps.
The caps were sealed with paraffin (generally within a week of collection) to guard against the loss of water
vapor. All bottles and reagents were provided by the U.S. Geological Survey Central Laboratory in Arvada,
Colo.

Gas samples were collected in an evacuated glass gas sampling tube. Samples were collected by
placing an inverted funnel over areas in thermal springs that were evolving gas. The funnel and tubing that
connected the funnel to the sampling tube were submerged so that they were initially full of water; the funnel
then was placed over the rising gas. The water was displaced by the gas and a stopcock was opened to permit
the gas to enter the sampling tube.

Most of the cations (calcium, magnesium, sodium, barium, lithium, manganese, strontium, and zinc) were
analyzed using induction coupled plasma spectroscopy, unless the specific conductance was greater than 6,000
microsiemens per centimeter, in which case atomic absorption spectroscopy was used. All potassium analyses
were done using atomic absorption spectroscopy. Chloride, silica, and boron concentrations were determined
colorimetrically, and sulfate concentration was determined using a turbidimetric titration. An ion-selective
electrode was used to analyze for fluoride. The stable-isotope analyses were determined using mass spectro-
scopy. Analyses of water are listed in appendixes 1 and 2. The gas analyses were done using chromatography.
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HYDROLOGY

Climate

Climate in the western Black Rock Desert is typified by low rainfall, warm summers, and cold winters
with large diurnal temperature changes. Average annual precipitation on the basin floor for the period 1931-57
is about 140 mm, on the basis of data collected in the Gerlach-Empire area (R. Olson, U.S. Weather Service,
oral commun., 1985). Although higher altitude precipitation data are not available for northwestern Nevada,
Sinclair (1963, table 1), using information from a map by Hardman (1936), estimated that areas above 2,130 m
in altitude receive 380-510 mm of precipitation annually. Most of the precipitation falls during the non-
summer months from storms moving westward over the Sierra Nevada.

Potential evaporation rates are high, although exact values have not been determined for the study area.
The closest station where evaporation data have been collected is Rye Patch Dam, about 90 km east of
Gerlach. About 760 mm was measured for the period June to September 1983; this represents several times
the average annual precipitation rate. The rapid disappearance of a lake that generally forms during the winter



or early spring on the local playa gives a qualitative indication that actual evaporation rates can be high. The
lake, which can cover an area of tens of square kilometers with depths rcaching a meter or more, can evaporale
over a few months’ time and often is completely gone by early summer.

Water Budget

Approximate hydrographic boundaries are shown in figure 2. With the exception of the boundaries
extending from the southern end of the Black Rock Range southward to Pahsupp Mountain and from the
Granite Mountains to the Selenite Range, the limits of the ground-watcr system correspond with the approxi-
mate hydrologic boundaries detcrmined by Sinclair (1963). Although some flow probably moves across some
segments of the boundary, the volumes arc probably small compared with the total flow in the system.

The development of a water budget for the western Black Rock Desert is made difficult by large
uncertainties in several of the major componcnts. Collection of data that would allow formulation of an
accurate budget would require years of streamflow measurement--an effort beyond the scope of this study.
Such a budget would be useful in constraining hydrologic models of the geothermal system. The following

-discussion is presented to document major problems associated with formulation of a water budget for the
entire hydrographic arca.

A water budget for the western Black Rock Desert can be represented by the formula:

Qriv * Qprec * Qif = Qet M Qphr * Qof M
where Qriv = inflow from the Quinn River,
Qprec = precipitation in the budget area,
Q.. = contribution from ground-water inflow,

if

Qel = evaporation of surface and ground water from the playa,
Qp = evapotranspiration from phreatophytes and evaporation from thermal-spring pools, and

Qo ;= ground-water outflow from the budget area.

Surface water supplied by the Quinn River is a major component of inflow 1o the study area; unfor-
tunately, data are insufficient to accurately determine the average annual contribution from this source. The
ncarest surface-water gage (about 130 km northeast of Gerlach and about 110 river km upstream from the
boundary of the study area on the Quinn River) has been operated for only 8 years (1964-67, 1978-81) and
average discharge is about 3.2 m * /min (U.S. Geological Survey, 1982, p. 332). The period of record docs not
include years of high flow, such as the 1983-84 water year, which may make the average much lower than the
true average discharge (Otto Moosburner, U.S. Geological Survey, oral commun., 1985). Recharge from
precipitation in the study area, on the basis of previous estimates, is about 70 m * /min (table 1).

Inflow of ground water from basin-fill sediments between the southern end of the Black Rock Range
and Pahsupp Mountain is difficult to estimate. The hydraulic gradient and the hydraulic conductivitics are
probably low and similar to those in basin-fill scdiments farther west. The rate of inflow may be small rclative
to other components in the water budget.
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TABLE 1.-~-Estimates of recharge from local precipitation

[All values are from Sinclair (1963, table 1),
except as noted.]

Estimated

recharge
(cubic meters
Area per minute)

Granite basin 5
Watershed socuth of the Union Pacific Railroad a1
Hualapai Flat (Harrill, 1969, table 4) 16
West side of the Black Rock Range

and the Calico Mountains 19

ltigh Rock Lake drainage 50

2 This value compares with 5 cubic meters per minute

from Sinclair (1963). The lower value used here is esti-
mated recharge from the Selenite Range and Pahsupp Mountain.

None of the components of the water budget that represent outflow from the system is well constrained.
Evaporation of surface water from the playa is difficult to quantify because the average areal extent and depth
of the ephemeral lake have not been measured. In some years the lake may cover an area of as much as
900 km 2. The depth of the lake is variable but may be 1 m or more. If the average depth were 8 cm, evapora-
tion of the volume of water represented by the lake (72 hm *) would be the largest discharge component in
the budget for a year. This estimate, which corresponds to an average annual ratc of about 140 m */min, is
presented only to indicate a general order of magnitude for evaporation to allow comparison with other com-
ponents in the budget. This value (140 m * /min) is greater than all the other discharge components combined.
A large error in this valuc prevents the formulation of a well-constrained budget. The other outflow
components are probably much less than the amount of evaporation from the playa.

Evaporation of ground water from the playa can be estimated from vertical hydraulic conductivity and
gradicnt data by employing Darcy’s Law. On the basis of potentiometric measurements at paired wells in the
playa, an average vertical hydraulic gradient is estimated to be about 0.01 m/m in the upper 100 m of scdiment.
Because available data are limited, this estimate is considered to be accurate only within a factor of about 3.
The vertical intrinsic permeability of clay given by Morris and Johnson (1967, table 12) is 1x10"° m? and is
probably a reasonable estimate for the near-surface sediments. A 900-km ? area would discharge about 0.22
hm 3 /yr (assuming a density of 1 g/cm * and a viscosity corresponding to a temperature of 25 °C for the pur-
pose of converting the intrinsic permeability to hydraulic conductivity), or about 0.4 m ® /min. This discharge
is much Iess than the rough estimate for surface-water evaporation (140 m * /min).

The rate of evapotranspiration from areas other than the central playa is probably much less than the
direct evaporation rate for the playa. Estimates are not available for the entire study area. Available estimates
for the various areas are shown in table 2. The procedure for estimating evapotranspiration consisted of com-
bining either spring-flow data or phreatophyte mapping with estimates of evaporation from open water at the
largest thermal springs (table 2). Areas of phreatophyte mapping conducted along the base of the Black Rock
Range are shown in figure 3. Spring-flow data cannot be rigorously defended as an accurate measure of
evapotranspiration--adoption of this approach was dictated by availability of existing data and the amount of
effort required to obtain a better estimate. When flow data are used as a measure of ¢vapotranspiration, the

-8-



TABLE 2.--Estimates of evapotranspiration rates in the western arm of the
Black Rock Desert, excluding the central playa

Location
(see figure 2)

Evapotranspir-
atlion rate
(cubic meters
per minute)

Method used for estimate

Reference

Great Boiling

and Mud Springs
Trego Hot Springs
Hualapal Flat

Fly Ranch

Black Rock Hot Springs
Double Hot Springs

Base of Black Rock Range
Mud Meadow

Soldier Meadows

High Rock Lake drainage

3.3

.075

14.7

Phreatophyte mapping and
estimate of lateral
flow

Not specified

Phreatophyte mapping

Not specified

Not specified

Not specified
Phreatophyte mapping
Flow measurement
Flow measurement

Phreatophyte mapping

Olmsted and others
(1975, p. 145)

waring (1965, p. 34)

Harrill (1969, table 9)

Brook and others (1979,
p. 77)

Sinclair (1963, table 3)
Sinclair (1963, table 3)
This study
This study
This study

Sinclair (1963)

and estimate of lake-
surface evaporation

assumption is made that all the flow is lost to the atmosphere. In the case where spring flow supplies ground-
water recharge, the evapotranspiration estimate will be too great. In areas where evapotranspiration is supplied
by ground walter, the estimate will be too low. Although phreatophyte mapping is not available for the entirc
area, such as the the eastern part of Soldier Mcadow, most of the water that docs discharge at the surface as a
result of evapotranspiration is represented in table 2 (except for the playa, which is considered as a scparate
component),

Evaporation from the surfaces of thermal-spring pools contributes to the total discharge from the study
arca. Estimatcs of evaporation from thermal water are considered to represent only general magnitudes. The
approach of Olmsted and others (1975, p. 71-72) is adopted for usc here. Their approach is based on a quasi-
empirical mass-transfer equation presented by Harbeck (1962). Data from Olmsted and others (1975, p. 70),
based on weather data for Winnemucca (about 150 km east of Gerlach), were used to estimate evaporation
rates for the thermal pools (table 3). Both the surface areas and temperatures are estimates. The temperatures
were estimated using the measured temperatures (which represent maximum values for the pools) and arbi-
trarily subtracting 15 °C. The lower temperature is believed to morc closely represent the temperature at the
air-water interface, which is the value required by the adopted procedure.

The total evapotranspiration for the areas listed in table 2 is about 42 m * /min. As noted above, this total
probably represents most of the evapotranspiration for the western Black Rock Desert, except for evaporation
directly from the playa. In comparison with the rough estimate of surface-water evaporation from the playa
(140 m ® /min), the estimated evapotranspiration from the remaining part of the area is a considerably smaller
component of the total discharge.
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TABLE 3.-—-Estimates of evaporation from thermal pools

[Evaporation rates are modified from Olmsted and others (1975, p. 72)]

Surface
Surface tempera- Evaporation Total
area ture rate evaporation
(square (degrees (meters (liters per
Location meters) Celsius) per year) minute)
Pool at the southern end 180 7 76 25
of the Black Rock Range
Double Hot Springs
Orifice 4 260 45 18 9.1
Orifice 5 110 63 316 21

The amount of outflow from the western Black Rock Desert through the Gerlach-Empire area probably is
small, as noted by Sinclair (1963, p. 15) because the horizontal hydraulic gradient in basin-fill sediments in the
southern part of the area is small. On the basis of hydraulic head measurements in shallow (about 6 m) and
intermediate (about 100 m) depth wells (appendix 3), the maximum difference in head in the playa is less than
about 6 m. The low horizontal gradient indicates little horizontal flow in the playa sediments. Additionally,
sediments in the Gerlach-Empire area are probably predominantly lacustrine deposits with a low hydraulic
conductivity.

The estimated average annual ground-water recharge (assuming negligible ground-water inflow) is
about 73 m */min, which is derived prcdominantly from local precipitation (70 m 3 /min). The outflow
estimate is dominated by two components--evaporation of surface water on the central playa (140 m ® /min)
and from phreatophyte arcas (42 m * /min). The large apparent imbalance between inflow and outflow (73
compared with 180 m */min, respectively) is believed to reflect uncertainties in the estimates, rather than a real
change in ground-water storage or the existence of a major, unaccounted for source of recharge (such as inflow
through surrounding mountain blocks). Playa cvaporation, which is the value with the greatest magnitude,
probably is the primary cause of the imbalance, as the estimate is poorly constrained. Estimates of local
precipitation-derived recharge and phreatophyte evaporation are probably morc accurate and, thus, are the
best indicators of the amount of watcr moving through the study arca.

Shallow Ground-Water Flow

Movement of nonthermal water in the shallow subsurface cannot be fully described on the basis of
available information. In general, ground water moves through consolidated sedimentary, igneous, and
metamorphic rocks in the mountain blocks. Fracturing and faulting caused by multiple periods of tectonic
activity and cooling (in the case of igneous volcanic rocks) have resulted in enhanced vertical hydraulic con-
ductivity that may allow localized dcep movement and recharge of gcothermal systems. Ground-water
movement in the basin-fill deposits is primarily intergranular.

In general, the shallow ground water moves from areas of higher to lower altitude. In the western Black
Rock Desert, movement is generally north to south from Soldier Meadow through Mud Meadow to the playa.
Some ground water also moves eastward from the High Rock Lake drainage, Granite basin, and Hualapai Flat.
The ground-water system is recharged by precipitation in the mountains and from infiltration of strcamflow
through alluvial fans along the flanks of the mountains. Due to higher infiltration capacities recharge from
infiltration of streamflow probably is more important in mountainous areas composed of low-hydraulic con-
ductivity rock types such as the Granite Range than for areas such as the northern Calico Mountains which are
underlain by fractured volcanic rocks.

-11-



Test holes were drilled in the western Black Rock Desert 1o collect geochemical, hydrologic, and
heat-flow data. Drilling sites, shown in figure 1, are primarily on the playa and along the western base of the
Black Rock Range. At some of the sites on the playa, two wells were drilled to compare hydraulic head at
two different attitudes. Test holes were drilled along the base of the Black Rock Range to better define ther-
mal discharge in that area. Some of the wells were pumped or allowed to flow for bricf periods (generally
less than 4 hours) to estimate the hydraulic conductivity, using the computational procedure of Brown (1963)
and the Thiem (Thiem, 1906) equation.

Water-level contours are available for Hualapai Flat (Harrill, 1969, pl. 1) and the thermal area near
Gerlach (Olmsted and others, 1975, fig. 20A). On the basis of water-level data collected during this study
(appendix 3), notable hydrologic features of the area are the low hydraulic gradient in the playa sediments
and the upward gradient beneath much of the valley floor,

As mentioned in the previous section, the apparently low hydraulic gradients in the playa deposits at
the boundaries of the study area (south of the Black Rock Range and near Gerlach) indicate that little water
is moving beneath these boundaries. Additionally, the horizontal hydraulic conductivity of these deposits is
low, as indicated by brief aquifer tests at some of the flowing wells in the playa, conducted by using the pro-
cedure described by Jacob and Lohman (1952). The horizontal hydraulic conductivity of the playa sediments
al a depth of about 100 m below land surface is estimated (from aquifer tests) to be 5x10™ 105x10% m?2,
This range is in reasonable agreement with the value 1x107! m? for clay (Morris and Johnson, 1967, table
12). The hydraulic conductivity of the sediments can reasonably be expected to decrease with depth as a
result of compaction, which would thereby further decrease the amount of flow at greater depths. Depths to
bedrock south of the Black Rock Range appear to be less than about 300 m below land surface--much less
than depths to bedrock beneath the playa farther to the west (Schaefer and others, 1983, pl. 4). Depths to
bedrock between Gerlach and the Selenite Range appear to be between 300 and 600 m.

An upward hydraulic gradient in the upper 100 m of sediments (as indicated by data in appendix 3 for
wells at sites GRB, D, I, and L and BR10) causes an upward component of flow. Low heat-flow values may
indicate that recharge to a deep geothermal system is taking place beneath the playa (Mase and Sass, 1980).
As will be discussed in a later section of the report, any downward flow in the playa sediments must be at
depths greater than about 100 m below land surface.

Thermal Ground Water

Information on thermal ground water is limited to direct measurements at various thermal springs and
a few shallow wells. Geophysical, geochemical, and isotopic data can be used indirectly to provide some
information on the system. Nonetheless, lack of direct access to the deeper parts of the system prevents a
complete description of the geothermal system. Integration of geophysical, geochemical, and hydrologic
data will be considered in the "Summary and Conclusions” section; hydrologic aspects are discussed in
this section.

For the purpose of discussion, water with a measured temperature of less than 25 °C is considered
nonthermal, whereas water with a temperature greater than 25 °C is described as "thermal.” The volume of
thermal water moving through the study area is equivalent to a significant part (about one-third) of the local
precipitation-derived recharge. Although the thermal water is not necessarily derived solely from precipita-
tion in the local hydrologic basin, the quantity of thermal water appears to represent a significant part of total
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ground-water flow in the area. The quantity of thermal ground water estimated to be discharging from the
area is based on measured flows from springs and wells and on estimated evapotranspiration rates (as
indicated by phreatophyte mapping and estimated evaporation from spring pools).

Hydraulic head relations among the various geothermal areas, as deduced from spring-pool altitudes and
water levels in shallow wells (depths less than about 100 m), arc similar to hcads in the nonthermal system. In
general, hydraulic head decreases southward from Soldier Meadow; heads in Great Boiling and Mud Springs
are the lowest. Although the head rclations indicate potential for a general southward flow, hydraulic connec-
tion between the various known thermal discharge areas cannot be demonstrated. The differing geochemical
and isotopic compositions of the water, as discussed in the section on the aqueous geochemistry, indicate that
the various major discharge areas do not represent upflow from a single geothermal system, at least not without
significant recharge between the discharge areas.

AQUEOUS GEOCHEMISTRY

Major Constituents

A major part of the fiecld work conducted in support of this project consisted of collecting and analyzing
ground-water samples for major and minor chemical constituents and stable isotopes (locations shown in fig.
4). Results of previous analytical work are in appendix 1; chemical analyses obtained during this study are in
appendix 2.

Major Element Evolution

The major element chemistry of water in the western Black Rock Desert varies primarily from a mixed
cation-bicarbonate or mixed cation and anion type to a sodium-chloride-bicarbonate type (fig. 5). The more
dilute mixed-cation water is generally from the higher altitudes--Soldier Meadow and Hualapai Flat (fields
R, S, and U, respectively, in fig. 4). Increasing salinity in both thermal and nonthermal water roughly cor-
responds to increasing distance along the general shallow, ground-water flowpath (primarily from north to
south). Salinity in the thermal water ranges from fairly dilute in Soldier Meadow (S) (dissolved-solids con-
centration about 250 mg/L) to moderate near Gerlach (G) (dissolved-solids concentration about 4,500 mg/L).
Ranges of total dissolved solids in the nonthermal water are greater; water from higher altitudes (R) is more
dilute than any of the thermal water and the saline water in the playa sediments (P) have the highest salinity.
The anion chemistry of the thermal water generally shows an increasing chloride predominance with decreas-
ing latitude (fig. 5 and appendixes 1 and 2). The predominance of chloride roughly correlates with the flow
direction of the nonthermal water. This trend also generally correlates with an increase in dissolved-solids
concentration. Thermal springs with higher dissolved-solids and chloride concentrations are near the playa.

The evolution of the geochemistry is similar to that in other closed basins (see Eugster and Hardie, 1978,
and Eugster and Jones, 1979, for overviews of this subject). Although most of these previous investigations
have centered on chemical evolution of surface water, methods used to examine processes responsible for
geochemical evolution are applicable to this study. For this reason, a bricf introduction is presented to provide
a framework for understanding aqueous geochemistry in the western Black Rock Desert.
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A change in predominant cations and anions corresponding to a general increase in salinity is a typical
feature of ground-water systems affected by dissolution reactions or evaporative concentration, or both
(Freeze and Cherry, 1979, p. 237-302). A typical anion sequence consists of the change from an initial
carbonate plus bicarbonate-dominated water to a mixed anion and eventually a chloride-dominated water.
Within the final chloride dominated type and commonly within the other types, the chloride concentration
also can be used as an indicator of the geochemical "maturity.” This increase in chloride has been used as
an indicator of the general degree of evaporative concentration in closed basins (Eugster and Jones, 1979,
p. 615). In the western Black Rock Desert, chloride becomes increasingly predominant from the Soldier
Meadow-Mud Meadow area southward to Trego Hot Springs and to Great Boiling and Mud Springs.
Sodium is typically the predominant cation in thermal water, as is the case for the water in this study area.

Chloride ions in natural water are usually conservative, neither removed from nor added to the
aqueous phase by other processes over a wide range in concentration. Plotting the molar concentration of a
solute versus chloride can assist in the examination of solute behavior in response to evaporative concentra-
tion (Eugster and Jones, 1979, p. 614, 615). Assuming that chloride concentrations provide a measure of
evaporative concentration, then conservative solutes will plot along a path with a slope of 1. If solutes are
removed from solution by other processes, the water will evolve along a path with a slope of less than 1.
Solute addition from other processes that also do not supply chloride will result in an evolutionary path
with a slope greater than 1. Processes that provide constant proportions of both the solute of interest and
chloride will evolve along a path that asymptotically approaches a line with a slope equal to 1. For
example, dissolution of halite (NaC1) will result in a path that approaches a line with a slope of 1 (as shown
in fig. 6A) and an intercept of O on a plot of log (sodium) versus log (chloride).

The relation between sodium and chloride concentrations for ground water in the study area is shown
in figure 6A. In general, sodium and chloride approach equal concentrations with increasing mineraliza-
tion. The anion composition is less than 40 percent chloride in the more dilute water (the recharge, Soldicr
Meadow, and Hualapai Flat samples--fields R, S, and U, respectively). As chloride increasingly domi-
nates the anion composition, the ratio of sodium to chloride approaches 1:1 at concentrations above about
1.5 log-millimole units (about 1,000 mg/L for sodium or chloride). The apparent asymptotic approach to
equal concentrations of sodium and chloride could result from either evaporative concentration or dissolu-
tion of a mineral that contains equal proportions of these two elements. Because halite can be deposited in
closed basins such as the Black Rock Desert, dissolution may be occurring. As will be discussed in the sec-
tion on stable isotopes, the water in the playa and at Great Boiling and Mud Springs (the P and G samples,
respectively) has been affected by evaporation. Water with intermediate chloride concentrations (about
100 to 1,000 mg/L--or about 0.45 to 1.5 log-millimole units) may be affected by evaporative concentration,
halite dissolution, and mixing of water with varying concentrations. Except for Hualapai Flat (which is, in
part, underlain by playa sediments), the geographic areas that yield water with low sodium and chloride
concentrations (less than about 100 mg/L, or about 0.45 log-millimole units) do not appear to contain strata
that are likely to contain halite.
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FIGURE 6.--Relations between chloride and (A) sodium, (B) potassium, (C) calcium, (D) magnesium, (E) sulfate, (F) total
carbonate, and (G) carbonate alkalinity. The lines represent the slope that would result from conservation of the plotted
constituents. The dashed line indicates the evolution resulting from dissolution of halite on figure 6A. Sampling sites are

shown on figure 4.
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The potassium concentrations relative to those of chloride are shown in figure 6B. Potassium
concentrations vary widely for samples with log (CI) values of less than about 1.0. The samples from Soldier
Meadow plot in two groups in figure 6B. The samples with the lower potassium concentrations have measured
temperatures of 35 °C or greater, with the exception of a sample from a large pool that undoubtedly has been
affected by conductive heat loss. A gencrally conservative trend is indicated by thermal water sampled at
Soldicr Mcadow, along the western base of Black Rock Range (Hardin City, Double Hot Springs, and Black
Rock area), Trego Hot Springs, and Great Boiling-Mud Springs. Potassium concentrations in the thermal
water appear Lo be controlled by temperature-dependent reactions in the deeper parts of the geothermal systems
as discussed in the geothermometry section. The samples from Hualapai Flat with source temperatures greater
than 30 °C also plot along this conscrvative trend. The samples from wells drilled in playa sediments (the P
samples) appear 1o define a second trend, although with lower potassium to chloride ratios, perhaps as a result
of potassium removal by clays (as documented for saline Lake Abert by Jones and Weir, 1983) in the playa
sediments.

The calcium and magnesium concentrations show considerable variation with respect to increasing
chloride (figs. 6C and D). The plotting positions of the lower iemperature water in Soldier Meadow and
Hualapai Flat generally indicate conservation of calcium and magnesium. The thermal water samples show
- considerable scatter and water samples from the playa sediments show the greatest variation of any of the
groups of samples.

The distinctly lower sulfate to chloride ratio in water from the playa than in other water in the study area
indicates that there may be a sink for sulfate in the playa sediments. Bacterial reduction of sulfate to form
hydrogen sulfide or iron sulfides is a mechanism for sulfate loss in other closed basins (see Eugster and Jones,
1979, p. 626, for a general discussion of this topic). The black muds penctrated during drilling on the playa in
the Black Rock Desert form a suitable geochemical environment for the reduction of sulfate. All samples arc
well undersaturated with respect o gypsum; thus, precipitation of gypsum does not appear to be responsible for
the apparent decrease in sulfate. Eugster and Jones (1979, p. 626) suggested that sulfate sorption also may be
an important process in saline environments. The sulfate-to-chloride ratio in the sample from well GRL’,
which contains the greatest chloride concentration, is greater than in the other playa samples. This indicates
that the sulfate may be, at least in part, a result of oxidation of sulfide mincrals. Dissolution of halite also
would result in the lower sulfate-to-chloride ratio. Stable-isotope data, as discussed in a later section, indicate
that evaporation rather than dissolution is probably the primary control on the chloride concentrations.

’I:he effecxzc_)f Jincreasing mineralization on the total carbonate (HCO; + CO%’ ) and carbonate alkalinity
(HCO; + 2CO3 ) is indicated by figures 6F and 6G. A nonconservative trend with a slope less than 1 is
formed by most of the points in both these figures. The decrease in inorganic carbon concentrations could be
the result of outgassing or mineral precipitation. Because carbonate alkalinity is unaffected by carbon dioxide
outgassing, the nonequilibrium trend indicated for the water in figure 6F may be the result of carbonate
precipitation. Thermodynamic calculations made by using a modificd version of the program SOLMNEQ
(Kharaka and Barnes, 1973) indicate that almost all the water with source temperatures of about 50 °C or
greater is at or near saturation with respect to calcite [considering the values of log (AP/K) in the range of £0.5
to be in equilibrium as suggested by Paces, 1972]. The saturation indices for calcite are displayed in figurc 7.
Analyses that result in apparent oversaturation may be a result of shallow outgassing prior to the pH measurc-
ment. The relation between calcium and inorganic carbon in the playa sediments is consistent with evaporative
concentration of these solutes resulting in calcite precipitation.
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Relations among major constituents with respect to increasin chloride concentrations are varied. Sodium
and chloride concentrations approach equality with increasing mineralization, which appears to be a result of
evaporative concentration (as indicated by the evolution of the stable isotopes) and, perhaps, some halite dis-
solution. Potassium concentrations show a generally nonconservative trend which, for the thermal water, is
probably a result of temperature-dependent reactions at depth (as discussed in the section on geothermometry).
Sulfate concentrations appear Lo be nonconservative in water with higher chloride concentrations, probably
owing to the formation of mineral sulfides or the evolution of H2S in the playa scdiments.

Thermodynamic Controls

Activity diagrams can be used to evaluate thermodynamic controls on major cations. Plots of the
activitics of species in solution on an activity diagram can be compared to phasc relations shown by idealized
activity diagrams bascd on thermodynamic data. Sourccs of error associated with calculating the activities of
species include the analytical methods (and associated sampling problems), the method of calculating the
activities of the various species, and the thermodynamic data used in the aqueous model.

For this study, a modificd version of the program SOLMNEQ (Kharaka and Barnes, 1973; Kharaka
and Marincr, 1977) was used to calculate the activities. The activitics were calculated for all the complete
analyses and for the thermal water, the activities were calculated at magnesium-correcied Na-K-Ca tempera-
ture (Fournicr and Potter, 1979). The calculations using the higher temperature more closely approximate
conditions in the deep thermal aquifer. The thermodynamic data used in the calculations have been updated
by Y.K. Kharaka to include more recent work by Helgeson and others (1974, 1978, 1981); the improved ther
modynamic data have been used for the calculations. All activities and saturation indices presented in this
report result from these calculations.

Problems associated with producing a theoretical activity diagram include the selection of appropriate
phases and their corresponding thermodynamic data. Phase sclection is complicated by the lack of lithologic
information on the decp aquifers. In this study, slopes formed by the calculated activities and the occurrence
of minerals in other hydrothermal sysiems were used to identify appropriate phases. The selection of ther-
modynamic data is a problem in spite of major advances in evaluating existing data at 25 °C and elevated
temperatures (Helgeson, 1969; Helgeson and others, 1974, 1978, 1981; Robie and others, 1978). Despitc
these problems, activity diagrams appcar Lo be uscful in indicating the possible controlling phases.

The generalized summary of phases present in active geothermal systems (fig. 8) was used as a guide in
selecting phases for consideration. The temperature range of about 100-200 °C is considered reasonable for
the systems in the western Black Rock Desert. Phases considered as possibly stable (at equilibrium) inctude
calcite, quartz, montmorillonite, albite, laumontite, and wairakite for the system Ca-Na-K-CO,-Si-H,0.
Magnesium was not considercd because adequatc thermodynamic data were lacking for magnesium-bearing
minerals.
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non-swelling chlorite with increasing temperature. Modificd after Henly and Ellis (1983).
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Data plotted in figure 9A indicate that: (1) the sodium-to-potassium activity ratio is different for the
geothermal areas consisting of Soldier Meadow, Hardin City-Double Hot Springs-southern Black Rock
Range, Hualapai Flat, and Great Boiling and Mud Springs; and (2) each of the above areas plots on a slope
of 1. A slope formed by plotting activity ratios is a strong indication that some mineral phases are controlling
the relative activities. Furthermore, the slope can be a uscful indicator of phases that may be controlling the
activities. In the case of the sodium-potasssium activities, the slope of 1 is consistent with either an albite-
microcline or Na-montmorillonite-Ca-montmorillonite phase boundary. The associated controlling reactions
can be derived from the reactions for the minerals as {ollows:

For Na-montmorillonite and K-montmorillonite:

Na-montmorillonite

: -t - .
3 Na0.33A]2.33Sl3.67010(0H)2 +30 H20 +60H =Na +7 AI(OH)4 +11 H4Slo4 ¢))

K-montmorillonite
1]
3K 338l 33505 20, (OH), + 30 H, 0+60H =K' +7 AI(OH), + 11 H,SiO,) )
By subtracting the second reaction from the first, and adding a hydrogen ion to each side, the result is:
Na-montmorillonite K-montmorillonite
3Nag 33l 33803 67010, + K + H' =3Ky 1AL 5,80y ;0 (OR), + Na"+ " @

and the associated thermodynamic relation is:

[Na ]-log[K]

Log " "
H'] [H']

=3[log X T (Na-montmorillonite) - Log K. T (K-montmorillonite)] o)

where the brackets indicate activities and X’ T is the temperature-dependent equilibrium constant for the
indicated mineral.

Similarly for albite and microcline:

Albite + i
NaAleBO +8 H20 =Na + Al(OH) Wt 3H 4Si0; 6)
Microcline + i
KAISl30 +8 H20 =K + Al(OH) Wt 3H 4Si0: @)
By subtracting as before:
Albite Microcline )
NaAISi, O + kt-ut = KAISi, O + Na'-H' ®)
the associated thermodynamic relation is:
Log N . log [-'5-;1 = log K _.(albitc) - log K., (microclinc) ©
[H ] [H']
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FIGURE 9.--Activity of: A, sodium and potassium; B, calcium and potassium; and C, calcium and sodium.
Sampling sites are shown in figure 4.
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The two thermodynamic expressions define a linear relation with a ilope of 1 for log [K /H ] versus
log [Na /H 1 (which is exactly equivalent to the relation between log [K '] and log [Na 1) where the position of
the line is controlled by the equilibrium constants at a given temperature. For the position of the minerals being
considered, the phase boundary on the activity diagram can be evaluated by using the polynomial expressions for
K. of the mincrals presented by Arnorsson and others (1982, table 6). These expressions, which are based
primarily on the work of Helgeson (1969) and Helgeson and others (1978), can be used to evaluate the
log [Na ]-log [K ] relation as follows:

3log KT(Na-montmorillonite) = 15273.90 + 1.7623T - 978782/T + 62805036/7’2 -5366.18log T 10)
3log KT(K-montmorillonite) =15075.11 + 1.7346T - 967127/T + 61985927/’1‘2 -5294721og T (11)
Substitution of these two polynomial equations into the thermodynamic formula yields:

+
Log ﬂ-q?- 1 tog -1 108.79 + 0.02777 - 11655/ + 819109/1 - 7146 log T (12)

H* H']

where T is in degrees Kelvin.
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Similarly for albite and microcline:
LogKX, T(albite) =36.83 - 0.0439T - 16474/T + 100463 1/7'2

Log KT(microcline) =44.55 - 0.0498T - 19883/T + 1214019/72

by substitution into the thermodynamic equation yields:

+ +
-[Ij_—i-l -log LS =-7.72 + 0.0059T + 3409/T - 209388[1’2

Log
H (H']
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The equations for log [Na+/H+] - log [K+/H+] define the lines plotted in figure 9A. Data for the several
geothermal areas support the contention that the aqueous geochemistry is controlled by the albite-microcline
phase boundary over the temperature range of 100-200 °C. The temperature-dependent relations seem to be
fairly consistent with the tcmperatures estimated using some of the commonly applied geothermomelers.
Polynomial equations for the albite-microcline and other reactions discussed in this section were used to calcu-
late the temperature at which the aqueous solutions would be in equilibrium. Resuits of the calculations allow
comparison of the thermodynamic based estimates with standard geothermometers. The suggestion that albite
and microcline control the sodium and potassium activities in thermal water is not new. Ellis (1970) postulatcd
that this control is the reason that the sodium-potassium geothermometer has proved to be accurate in many
areas.

Armorsson and others (1983) compared log [Na+/K+] values for water from drill holes in Iceland with
equilibrium values calculated for the albite-microcline reaction and found good agreement in the temperature
range of about 50-250 °C. Thus, at least for basalt aquifers (the predominant aquifer type in Iceland), the
albite microcline reaction appears to be controlling the sodium-to-potassium ratio.
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