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located within the interior of the Great Basin, a study of geothermal systems in Nevada constitutes a study of extensionaltype systems, to the exclusion of the magmatic type.
The locations of magmatic-type geothermal systems are relatively easy to predict because of their close spatial relationship
with young silicic volcanics (Koenig and McNitt, 1983). In
contrast, exploration for extensional-type systems is more difficult because they lack a clear volcanic association. In this
study, a geographic information system (GIs) was used to integrate disparate types of geologic, chemical, and physical data
to predict where extensional geothermal systems are most likely
to occur in Nevada.
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ABSTRACT
Spatial analysis with a GIS was used to evaluate geothermal systems in Nevada using digital maps of geology, heat flow,
young faults, young volcanism, depth to groundwater, groundwater geochemistry, earthquakes, and gravity. High-temperature (>160”C)extensional geothermal systems are preferentially
associated with northeast-striking late Pleistocene and younger
faults, caused by crustal extension, which in most of Nevada is
currently oriented northwesterly (as measured by GPS). The
distribution of sparseyoung (e1.5Ma) basaltic vents also correlate with geothermal systems, possibly because the vents help
identify which young structures penetrate deeply into the crust.
As expected, elevated concentrations of boron and lithium in
groundwater were found to be favorable indicators of geothermal activity.
Known high-temperature (>160”C) geothermal systems in
Nevada are more likely to occur in areas where the groundwater table is shallow (<30m). Undiscovered geothermal systems
may occur where groundwater levels are deeper and hot springs
do not issue at the surface. A logistic regression exploration
model was developed for geothermal systems, using young
faults, young volcanics, positive gravity anomalies, and earthquakes to predict areas where deeper groundwater tables are
most likely to conceal geothermal systems.

Background
The temperatures of extensional systems in Nevada can be
high (locally exceeding 200°C): this has been linked to the presence of high crustal heat flow in the Great Basin (related to a
thin crust) and active extensional faulting, which allows meteoric fluids to penetrate deeply into the crust and be heated to
high temperatures (e.g., Wisian, et. al., 1999). This suggests
favorable environments for geothermal systems could be defined using maps of heat-flow and young structure. However,
the very regional character of most heat flow data limits its predictive capability. Similarly, the distribution of young faults is
an imperfect indicator of geothermal potential because many
young faults aren’t recognizable or haven’t been mapped on the
surface. Furthermore, a map of young faults by itself won’t
necessarily indicate which faults provide open pathways for
geothermal fluids.
Additional evidence can improve the models. In the current
study, earthquake maps, young basaltic vents, and GPS-based
geodetic measurements of crustal extension are used to help
identify which young faults are most likely to form open conduits for fluid flow. Maps of the groundwater table depth are
used to identify possible geothermal areas where surface manifestations of geothermal activity, such as hot springs and fumaroles, may not be present. Groundwater geochemical anomalies provided direct evidence of proximity to a geothermal sys-

Introduction
Two types of high-temperature geothermal systems are recognized in the Great Basin: the “magmatic-type,” which occur
on the margins of the Great Basin (e.& Long Valley caldera),
and the “extensional-type,” which are “amagmatic” and occur
within the interior (e.g., Dixie Valley; Koenig and McNitt, 1983;
Wisian, et. al., 1999). Because Nevada is almost exclusively
485

Coolbaugh, et. a/.

tem. The influence of deep carbonate aquifers on geothermal
potential is also assessed.

Training Points
Geothermal training sites were grouped into four main categories: high temperature (>1 60°C, 20 sites), medium temperature (100-l6O0C,39 sites), low temperature (70-l~OC,48 sites),
and warm (37-70°C, 53 sites). The temperature assigned to
each geothermal system was equal to the greater of 1) the maximum measured temperature, or 2) the average temperature calculated from geothermometers. A fifth non-exclusive geothermal category called “power” was also created, consisting of
geothermal systems currently producing electrical power
(Shevenell, et. al., 2000) plus sub-economic geothermal systems that have produced at least some high-temperatureflow as
defined by Edmiston and Benoit (I 984).
Geothermometer calculations were employed in this study
to reduce bias caused by the fact that not all geothermal systems have been drilled and sampled below the surface. Such
calculations are subject to error, especially when the waters
sampled are at relatively low temperatures. Geothermometerbased temperature estimates for high-temperature systems were
taken from Mariner, et. ul., (1983). Because Mariner’s report
does not include data from lower-temperature systems or hot
springs from the southern part of the state, additional temperatures were calculated using chemical analyses from Garside
(1994). The difference between the SiOzand Mg-corrected NaK-Ca temperature estimates in the NBMG database averaged
14%.
In selecting geothermal systems to be used as training sites
for modeling, a minimum separation distance of 10 kilometers
was imposed to prevent using wells or springs from the same
geothermal system twice. Some locations in the NBMG database come from deep oil exploration wells. if the temperatures
encountered in those wells did not exceed the regional geothermal gradient, those wells were not included.

Methodology
The geothermal GIS was constructed using ArcView GIS
v.3.2a software (Raines, et. al., 2000). Spatial analysis was performed with Arc-SDM, a spatial data-modelingpackage developed by the Geological Survey of Canada (GSC) and the United
States Geological Survey (USGS; Kemp, et. al., 2001).
The spatial analysis consisted of three main stages; 1) selection of training points (known hot springs and geothermal
systems), 2) analysis of correlation between training sites and
evidence layers (i.e., maps of heat flux, young faults, etc.), and
3) integration of evidence layers into a predictive model to locate geothermal systems. Correlations between maps and geothermal systems were evaluated using the weights-of-evidence
method, which is based on Bayes’ Rule of Probabili~(BonhamCarter, 1996, ch. 9). Weights-of-evidence uses several datadriven statistics, including positive weights, negative weights,
and contrast (e.g., Raines, et. al., 2000). After statistical optimization, the evidence layers were integrated together using logistic regression to produce maps predicting geothermal
favorability. Logistic-regressionis a binary form of multipleregression that does not require conditional independence of
data (Wright, 1996, p. 140-146).

Sources of Data

Training sites were compiled largely from databases of the
Nevada Bureau of Mines and Geology ( ~ B M GGarside,
;
1994;
Shevenell, et. al., 2000) and a western U.S. geothermal database maintained at Southern ~ethodistUniversity (SMU; http:/
/www2.smu.edu/geothermal/). Digital maps of Quaternary faults (Singer, 1996) and radiometric age dates
were provided by Raines, et. al., ( 1996). Groundwater chemistry and depth to water table data were obtained from the USGS National Water Information
System (NWIS) database at: http://water.usgs.gov/nv/
nwis. A digital map of regional heat flux for the western U.S. was provided by David Blackwell of SMU.
Maps of Paleozoic carbonate rocks (projected beneath
Cenozoic cover) and isostatic gravity were obtained
from the NBMG web site at: ~ p : / / ~ p . n b m g . u n ~ e d ~
Nl3MG/ofr962/index.htm (Singer, 1996). Earthquake
catalogs were downloaded from the Nevada Seismological Laboratory and interpreted with the assistance
of Diane DePolo (http://www.seismo.unr:edLr/ftp/pub/
catalog/).
Space limitations do not permit a full discussion
of database processing techniques, but questions can
be directed to the primary author. Color versions for
the figures shown in this paper, and additional figures, can be found on the Great Basin Center for
Geothermal Energy (GBCGE) web site at http:L./
Figure 1. Distribution of high temperature (>160°C)
geothermal systems (double
circles) relative to (a) buffer distance to the nearest volcanic vent (cl.SMa), and (b)
w ww.unr.eddgeothermal/meetingsundpresentations/
northeast-strikingfaults (azimuths of 17-107 deg.) of late Pleistoceneand younger age.
meetingsjres.html
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Analysis Of Evidence layers
You~gV o ~ c a ~ ~ c s
Although most Quaternary volcanism in the Great Basin
occurs along it’s margins (Blackwell, 1983), sparse basaltic
volcanism is distr~butedin the interior (Figure la). A rough
visual correlation between volcanism 51.5 Ma and high-temperature geothermal systems can be observed in Figure la, but
a statistical plot (Figure 2) helps quantify the degree of correlation. Higher-temperature groupings of geothermal systems
show higher correlation, as measured by the weigh~s-of-evidence contrast. The highest contrasts,for geothermal systems
located less than 10 km from a young volcanic vent, suggest
that in some instances vent-related structural conduits provide
flow paths for geothermal fluids. ~igh-temperature(>16OoC)
and “power”-type geothermal systems show relatively high
contrast at greater distances, as much as 75 kilometers from
the vents. For example, “power” geothermal systemsoccur more
frequently in areas where the distance to a young volcanic vent
is less than 75 km than they do when the distance is greater than
75 km. The cause of this longer-distance correlation is unknown,
but might be related to a tendency of young volcanic vents to
define broader regional zones of crustal extension.

Table 1. Weights-of-evidence statistics for northeast-trendingfaults,
groundwater boron, and water table depth. Confidence equals
contrast divided by its standard deviation.
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Figure 2. Cumulativeweights-of-evidence contrast for geothermal
training points vs. young volcanics S1.5Ma.
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Previous investigators (Rowan and Wetlaufer, 1981;Koenig
and McNitt, 1983) have noted that high-temperature geothermal systems in Nevada often occur along no~heast-trending
structures. That relationshipis difficult to quantify visually on
statewide structure maps (Figure 1b), but the weights-of-evidence contrast statistic (Table 1) provides clarification, showing that high-temperature and “power” systems correlate better
with no~east-trendingyoung (c1.5Ma) faults than lower-temperature systems. Furthermore, high-temperature systems correlate better with young northeast-striking faults than they do
with either young northwest-striking faults or northeast-striking faults of all ages (Figure 3a). Low~r-temperaturesystems
appear to correlate better with no~hwest- ending young faults
(Figure 3b).
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Figure 3. (a) Cumulative weights-of-evidence contrast of hightemperature geothermal systems relative to faults. The correlation is
greatest between high-temperature systems and no~heast-trending
young faults. (b) Difference between cumulative positive weight-ofevidence in a northeast direction and cumulative positive weight in a
northwest direction. High positive numbers indicate a preference for
northeast-trendingstructures; high negative numbers indicate a
preference for northwest-trendingstructures; values near zero
indicate no preference. Within a distance of 5 km, high-€emperature
systems prefer northeast-trending structures.
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These phenomena can be explained if northeast-trending
structures remain open to greater depths than northwest-trending structures, allowing meteoric fluids to be heated to higher
temperatures. Recent GPS-based crustal strain measurements
(Bennett, et. ai., 1998) indicate that for much of Nevada, the
p~ncipalstrain direction is oriented northwesterly, suggesting
that maximum extension rates occur on northeast-oriented faults.
Higher rates of extension could translate to greater depths of
fluid penetration along structures because higher strain rates
push the bnttIe-ductile transition to greater depths ~ournier,
1999) and because hydrothe~almineral deposition otherwise
continually works to seal open fractures. The sealing of fractures by hydrothermal minerals also explains why older inactive faults are more likely to host fossil, rather than active, geothermal systems.
For this paper, northeast-trending faults were actually defined as faults striking N62"E +/- 45", perpendicular to a N28"W
deformation direction for the Walker Lane and west and central
Nevada described in an unpublished 2000 i n f o ~ a t i o nsheet by
R. A. Bennett and J. L. Davis. The direction of the GPS strain
field actually varies across Nevada, becoming more nearly eastwest in the eastern Great Basin (Bennett, et. al., 1998). A more
correct method of modeling the relationship between modern
extension and g e o t h e ~ aactivity
~
would account for the change

in strain direction and type of strain (shear or extension) with
location; such an analysis is in progress (Blewitt, et. ai.,2002).

Groundwater Chemistry
contour^ maps of boron in groundwater were i n ~ e ~ l a ~ ~
from log-normalized trace element data from water wells and
springs of the USGS NWIS database using inverse distance
weighting methods. As expected, high-temperature geothermal
systems correlate with high B concentrations (Figure 4, Table 1).
A cause and effect relationship between geothermal activity and
high groundwaterB is further suggested by the fact that production fluids from geothermal power plants in Nevada have very
high B concentrations. Analyses from 8 producing systems in
Nevada average 13,700 ppb B (data from De Rocher, 2002).
Though not shown here, lithium concentrations in groundwaters
also correlate with geothermal activity; the correlation coefficient
between B and Li in the NWIS database is 0.78.

Groundwater Depth
Koenig and McNitt (1983) observed that surface manifestaare weak or absent where groundtions of g e o t h e ~ a activity
l
water tables are deep. Undiscovered geothermal systems may
occur in areas with deeper groundwater levels where hot springs
aren't present to call attention to underlying geothermal activity.
Spatial analysis is consistent with the obse~ationsof Koenig
and McNitt (1983). A significant weights-of-evidence contrast
(Table 1) indicates that known high-temperature geothermal
systems preferentially occur in areas where the depth to groundwater is 30 meters or less (Figure 5). Although most wells in
the NWIS database are located in valleys and few are from mountain ranges, significant weights-of-evidencecontrasts were obtained (Table 1) regardless of whether interpolation of the
groundwater surface was 1) limited to valleys, 2) extrapolated
into mountains, or 3) the mountains were assumed to have a
water table depth of greater than 60 meters. Because of the
potential significance groundwater levels have in geothermal
exploration, detailed modeling of statewide groundwater tables
is now in progress, inco~oratingbasin g e o m e ~ e and
s well data
from several additional sources.

Other Evidence Layers

1

'10,000

~ a x i m u mwejghts-of-evidence contrasts for all evidence
layers are listed in Table 2. Regional heat flux correlates positively with geothermal activity, as expected. Isostatic gravity
highs tend to vary in concert with heat flux anomalies. Paleozoic carbonates in southern and eastern Nevada are less likely
to host high-temperaturegeothermal systems than other rocks,
probably because deep aquifers in carbonate rocks capture and
entrain geothermal fluids rising from depth (Sass, et. al., 1971).
Ehrthquakefrequencies and magnitudesalso correlate with geothermal systems, although not as strongly as other evidence layers, in part because the time-span of seismograph measurements
( d o 0 years) is short.

I

Figure 4. Modeled boron concentrations in groundwater. Black circles
are high-temperaturegeothermal systems (>I 6OOC). White dotted
background represents areas with no data. Surface was contoured
using log-normalized well and spring data from USGS NWIS database,
using inverse distance weighting techniques.
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Table 2. Weights-of-evidence statistics for evidence layers used in
favorability modeling of high-temperature geothermal
systems. Confidence equals contrast divided by its
standard deviation.
MDENCEIAYER
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ing map (Figure 6a) correlate well with the distribution of known
high-temperature resources. There is, however, a limitation to
this model, because it only predicts where geothermal systems
are most likely to have already been found, and not necessarily
where they are most likely to remain concealed.
For exploration purposes, a better approach would focus
predictions in areas where groundwater tables are deep, where
a lack of surface hot springs or other thermal activity may belie
an underlying geothermal system. A model was built using evidence unbiased with respect to the depth to the groundwater
table. That evidence includes young volcanism, young faults,
earthquakes, and, as a proxy for heat flow, regional isostatic
gravity. This model compares well with the 7-layer model in
areas where groundwater is shallow; much of the predictive
power has been preserved even though only 4 evidence layers
were used (Figure 6b).

-

) 40

Positiveweight NegathreWeight

Kilor

Figure 5. Depth to groundwater in Nevada, based on
the USGS NWlS database. The backgrounddotted
pattern represents areas of “No Data”, which are
areas of non-Quaternary sedimentary rocks,
occurring mostly in mountain ranges. Black squares
are high temperature geothermal systems (~160°C).

Evidence layers with the highest contrasts,
such as the water table depth and northeast-trending faults (Table 2) will have the greatest influence on predictive maps of geothermal potential. Evidence layers with lower contrasts, including heat flux and earthquakes, will have less
influence.

Model Integration
A map predicting where high-temperature
geothermal systems are most likely to occur was
produced by combining seven of the eight evidence layers described above, using logistic regression. Gravity was not initially included as a
layer because of its high correlation with regional
heat flux. Favorable zones shown on the result-

Figure 6. (a) Relative favorability for high-temperature geothermal systems based on 7-layer
logistic regression model. Black circles are high-temperature (>16OoC)geothermal systems.
Black lines outline basin areas where water table is 130m. (b) Exploration favorability
predicted by the 4-layer logistic regression model where the groundwater table is deeper
than 30 meters. Background shaded dots indicate mountain ranges and/or where depth to
water table is >30 meters. Points A and B are discussed in text.
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Blewitt, G., Coolbaugh, M.F., Holt, W., Kreemer, C., Davis, J.L., and
Bennett, R.A., 2002, Targeting of potential geothermal resources in
the Great Basin from regional relationships between geodetic strain
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Several interesting areas of relatively high exploration potential are indicated. One of these, the Stillwater Range west of
Dixie Valley (point A, Figure 6b), is one of the few places in
Nevada where an exploration well drilled near the crest of a
range encountered thermal waters (Dick Benoit, personal communication, 2002). That well was not included in the training
sites for modeling, though good favorability was predicted without it. A second area of interest lies near Denio, NV. (point B,
Figure 6b). Favorable potential was predicted even though a
high-temperature geothermal system at Borax Lake, Oregon,
40 km north of the state line, was not included as a training site
because it fell outside the state of Nevada.

Blackwell, D.D., 1983, Heat flow in the northern Basin and Range province; Geothermal Resources Council Special Report No. 13, p. 8 1-92.
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Conclusions
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Spatial analysis with a GlS has helped quantify regional
controls on extensional geothermal systems in Nevada. A relationship between high-temperature systems and northeast-trending structures, long-suspected, has now been quantified, and a
possible link between geothermal activity and ongoing lithospheric plate motion is hypothesized. Extensional-type geothermal systems in Nevada reach high temperatures (>160°C) because of high heat flow and active extensional faulting (e.g.,
Wisian et. al., 1999), but other variables, including the presence of young volcanic vents (e1SMa), earthquakes, anomalous groundwater chemistry, and presence or absence of deep
aquifers can be used to refine exploration models by combining
these often used characteristics into one model.
Deep groundwater tables may conceal geothermal systems
in some portions of the state because telltale hot springs may
not be present. A logistic regression model was built to predict
which areas of deep groundwater are most likely to host concealed geothermal resources, using the distribution of young
faults, young volcanic rocks, isostatic gravity anomalies, and
historical earthquakes as evidence. This predictive model could
help increase the geothermal resource base by focusing exploration in the most prospective regions.
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