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ABSTRACT 

 
Synthesis of Geoscience Data for Dixie Valley 

 
This report summarizes the results of multi-disciplinary geothermal investigations in Dixie Valley, northern 
Nevada, an area presenting an extensive region with numerous high temperature geothermal systems. 
Studies completed since the mid-1960s are reviewed, with emphasis given to those that were supported by 
the U.S. Department of Energy (DOE) between approximately 1995 and 2005. Many of the results have not 
been published before or presented only in the gray literature. The report mainly focuses on the valley’s 
geology, hydrologic and thermal regimes, and on the geochemistry of its hot and cold subsurface fluids; the 
studies characterizing the geothermal reservoir and geothermal fluid production are only briefly discussed. 
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Chapter 1.1  Why Focus on Dixie Valley?  1 

1.  INTRODUCTION

1.1  Why Focus on Dixie Valley? 

The Dixie Valley area in Nevada hosts multiple 
geothermal cells within a broad geographic area. 
This synthesis of past research examines Dixie 
Valley from a regional perspective, specifically 
the portion of Dixie Valley near the mouth of 
Cottonwood Canyon, an area which includes 
geothermal production from the hottest Basin 
and Range deep circulation geothermal cells 
known. The production capacity of 64 MWe 
from only two geothermal cells is significantly 
greater than that of any other geothermal 
development not associated with recent 
magmatic activity. 
 
Prior to the drilling on the Dixie Valley Power 
Partners (DVPP) lease in 1993/1994, the 
structure was thought to be relatively well 
understood, a simple normal fault hosting 
upwelling geothermal fluid (Benoit, 1999).  The 
results of that drilling were so surprising and 
important that additional studies were initiated to 
help understand the significance of the new 
information for geothermal resource exploration 
and assessment.  The data provided from that 
drilling made apparent the complexity of the 
structural setting hosting the geothermal cells.  
The great amount of heat present over a broad 
area at relatively shallow depths identified high 
potential for additional high-temperature 
geothermal cells in the Dixie Valley area and in 
the Basin and Range generally.  The amount and 
diversity of available subsurface information 
(deep wells, seismic reflection surveys, surface 
geophysical surveys, hydrologic investigations, 
and geochemistry) on this portion of Dixie 
Valley from the literature, DOE sponsored 
projects, and from company data are greater than 

any other geothermal area in Nevada, and in fact 
for the Basin and Range in general, with the 
possible exception of the Railrod Valley area of 
Eastern Nevada (Schalla and Johnson, 1994).  
This abundant subsurface information, along 
with the extensive surface information available 
(detailed geologic mapping, remote sensing data, 
etc.), offers a unique opportunity to develop an 
understanding of this area that can provide 
concepts useful in exploration and development 
of other Basin and Range geothermal areas.   
 
Dixie Valley:  An Analogue for Basin and 
Range Geothermal Systems 

This report addresses the Dixie Valley 
Geothermal District (DVGD).  The DVGD, akin 
to a mining district, is a geographical area 
containing multiple occurrences of the resource.  
It is defined here as a broad zone covering the 
eastern portion of the Stillwater Range and 
extending well out into Dixie Valley, and from 
the area of the 64 MWe Dixie Valley Producing 
Field (DVPF) in the north to the Dixie Meadows 
Hot Spring area (DM) in the south, a distance of 
about 30 km (Figure 1.1.1).  As presently known, 
there are numerous thermal manifestations along 
this length of the Stillwater Range front 
associated with relatively shallow (~3 km) 
temperatures of over 200°C.  The resource has 
been partially delineated by many production, 
injection, and exploration wells up to 3,500 m 
deep, and a rich variety of geological and 
geophysical data.  There are other geothermal 
areas in the Dixie Valley vicinity that lay outside 
the DVPF as defined above, but they are 
probably related in some general way with the 
larger crustal scale fluid flow system. 
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Figure 1.1.1  Dixie Valley index map.  Areas of drilling are shown in black italic (DVPF – Dixie Valley 
Producing Field, DVPP – Dixie Valley Power Partners, DM – Dixie Meadows). Canyons (CC – Cottonwood 
Canyon, WRC – Whiterock Canyon, JC – Job Canyon) are labeled and drawn along ridge.  Red diamond 
symbols are well locations.  Thick brown lines are the 1954 Dixie Valley Fault break.  Thin brown lines are the 
range-front fault and valley faults. 
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Mining, petroleum and geothermal exploration 
and production companies, government agencies, 
private contractors, and numerous academic 
institutions have all collected and interpreted 
data in the Dixie Valley area.  In addition to the 
geothermal potential of the valley, attention has 
been focused on Dixie Valley because of its 
historic earthquakes.  These include the 1915 
Pleasant Valley earthquake to the north of Dixie 
Valley, the July 6 and August 23, 1954 Rainbow 
Mountain earthquakes to the west of Dixie 
Valley, and the December 16, 1954 Dixie 
Valley-Fairview Peak earthquakes in and to the 
south of Dixie Valley (Figure 1.1.2).  These 
large surface-rupturing earthquakes drew the 
attention of numerous researchers who generated 
a plethora of seismic, paleoseismic, geophysical, 
and geologic data in the area (Appendix 1). 
 
Because of these different interests, the 
collection and interpretation of subsurface data 
for Dixie Valley has not been coordinated, 
focused, or synthesized.  The available 
information resides in a wide variety of sources 
including published journal articles and reports, 
unpublished company reports, numerous reports 
and presentations given at conferences but 
published only in the gray literature, and 
uninterpreted or partially interpreted data from 
companies that have performed various 
geoscience activities in the valley.  Therefore, a 
compilation and careful analysis of the existing 
information is not only warranted, but also 
necessary to take full advantage of previous 
work in the area.  
 
Railroad Valley:  Another High-Profile 
Resource Base in the Basin and Range 

Railroad Valley in east-central Nevada has also 
been a focal point of detailed subsurface analyses 
(Hulen et al., 1994).  Petroleum resources in the 
valley have resulted in extensive deep 
exploration and production drilling, extensive 
geophysical surveys, geochemical analysis of 
deep and shallow fluids, hydrologic analyses, 

geologic mapping, remote sensing, and 
conceptual modeling of the basin structure.  This 
information has been summarized in several 
publications, most comprehensively by Schalla 
and Johnson (1994).  Although Railroad Valley 
is not a high-profile geothermal exploration 
target, it does host several hot springs and 
possibly some moderate-temperature geothermal 
systems (Hulen et al., 1994; Duey, 1983).  Many 
of the geological and geophysical relationships 
observed in Dixie Valley are also observed in 
Railroad Valley.  However, the target of drilling 
in Railroad Valley has been structural traps, 
while in Dixie Valley the traditional target has 
been range-bounding faults.  The two areas 
exemplify structural themes that are repeated in 
many of the valleys that host geothermal systems 
in the Basin and Range Province.  Hence, the 
concepts developed from the extensive studies of 
these two basins are useful in the exploration of 
basins that have less available data. 
 
1.2  Objectives of this Synthesis 

The objectives of this document are to present 
available information for Dixie Valley in enough 
detail to allow inter-comparison of all data sets, 
to interpret those data sets in conjunction with 
each other, and to draw conclusions that allow 
revision of the conceptual understanding of 
geothermal resources in Dixie Valley.  The new 
insights from Dixie Valley can then be applied to 
exploration for development of geothermal 
resources elsewhere in the Basin and Range 
Province.  This synthesis includes available 
unpublished information in addition to a 
thorough compilation of past work published in 
the literature through 2005.  For a list of 
subsequent publications there is a new Dixe 
Valley report completed in 2014 (Dixie Valley 
Engineered Geothermal System Exploration 
Methodology Project, Baseline Conceptual 
Model Report, 
http://gdr.openei.org/submissions/273 US DOE 
Contract DE-EE0002778). 
   

http://gdr.openei.org/submissions/273%20US%20DOE%20Contract%20DE-EE0002778
http://gdr.openei.org/submissions/273%20US%20DOE%20Contract%20DE-EE0002778
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Figure 1.1.2  Map of western Nevada, showing epicenters of recorded earthquakes M>4, surface ruptures of 
historic earthquakes, and the outline of the Central Nevada Seismic Belt.   Red dots are earthquakes from 1850's 
to 1998 (from DePolo and DePolo, 1999).  The Stillwater Seismic Gap encompasses the area between the surface 
ruptures of the 1915 Pleasant Valley earthquake (black lines) and the 1954 Rainbow Mountain-Stillwater and 
Dixie Valley-Fairview Peak earthquake sequences (blue lines).  Also shown are surface ruptures of the 1932 
Cedar Mountain Earthquake (lower black lines). 
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1.3  History of Research 

Research directly relevant to geothermal 
resources in Dixie Valley spans over 40 years.  A 
summary of the studies in chronological order is 
included in Appendix 1.  The discussion in 
Chapter 1 is not meant to be all-inclusive, but 
notes some of the most important regional 
studies conducted in the area.  To show the level 
of effort and change in focus over time 
specifically for Dixie Valley, the number of the 
studies per year is shown graphically by study 
type in Figure 1.3.1  
 
1.4  The Basin and Range Province 

Location 

The Basin and Range Province (BRP) is a broad 
(500-1,000 km wide) region of Cenozoic 
continental rifting bounded by the mountains of 
the Sierra Nevada and Mexican Cordillera to the 
west, the Colorado Plateau and the Great Plains 
to the east, the Columbia Plateau to the north, 
and the Gulf of California to the south (Figure  
1.4.1).  The BRP is characterized by a series of 
generally north- to northeast-trending ranges.  
The ranges are bordered on one or both sides by 

normal faults and separated by grabens or half 
grabens filled with late Cenozoic sedimentary 
and volcanic deposits.  The faulting is 
dominantly dip-slip with variable amounts of 
strike-slip along NNW- to NNE-trending normal 
faults bounding the full and half grabens.   
 
The BRP has been divided into many sub-
provinces.  The most recent division 
distinguishes between the Great Basin to the 
northwest and the Sonoran-Mexican domain to 
the southeast (Stewart, 1998; Dickinson, 2002).  
Within the Great Basin, the north is 
characterized by valleys more than 1,000 m 
above sea level (a.s.l.), with ranges greater than 
2,500 m a.s.l.  The southern Great Basin contains 
lower valleys, greater than 500 m a.s.l. (Figure 
1.4.2).  Dixie Valley has the lowest elevation of 
the many NNE-trending, asymmetric grabens 
that comprise the northern Great Basin portion of 
the BRP.  John C. Frémont and others first 
described the internal drainage of the Great 
Basin after completing regional geographic 
exploration under the auspices of the US Bureau 
of Topographical Engineers in the 1840’s 
(Grayson, 1993).  Gilbert (1875) was among the 
first to recognize the extensional origin

 

Figure 1.3.1  Histogram showing the number of studies involving Dixie Valley with time.
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Figure 1.4.1  Regional map for Dixie Valley (DV).  Major geothermal systems shown in blue text: BEO – 
Beowawe, DP – Desert Peak, SBS – Steamboat Springs, SL – Soda Lake & Stillwater.  Faults and thrust belts 
shown with black with triangles.  Central Nevada Seismic Belt – CNSB shown with pattern.  Northern Nevada 
Rift (Miocene) shown as dashed green line (Zoback et al., 1994).  Strontium (Sr) 706 Line shown by solid yellow 
line (Tosdal et al., 2000).  Cross section B-B’ is Figure 1.4.2, and A-A” is Figure 1.4.3.   
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Figure 1.4.2  Basin and Range elevation cross section. Location of cross section shown on Figure 1.4.1.  Note that 
Dixie Valley is the lowest point on the cross section. 

 

of the BRP, although the details of the 
extensional evolution have been long debated 
(Dickinson, 1979; King et al., 1994; Stewart, 
1998; Sonders and Jones, 1999).   
 
Regional Structural Setting 

Crustal Structure 

Crustal Thickness/Depth to Moho   
Relatively thin crust is typical of continental rift 
basins (~25-30 km). The crustal thickness varies 
across the BRP (Heimgartner and Louie, 2007).  
On the northwestern side, in the Lahontan Basin 
(Figure 1.4.1), the crust averages ~28-34 km, 
compared with ~38 km in central and eastern 
Nevada (Ozalaybey et al., 1997) (Figure 1.4.3).   
 
Seismic refraction studies indicate a depth to 
Moho beneath Antelope Valley, which is about 
50 km east of Dixie Valley, of 22 km (Stauber 
and Boore, 1978).  The COCORP 40º N transect 
from the Sierra Nevada Mountains to central 
Utah yielded a 30 km depth to the reflection 
Moho through the western Basin and Range that 
showed an upper crust of typical fault-bounded 
ranges separating asymmetrical basins and a 
lower crust (15-30 km depths) characterized by a 

dominantly sub-horizontal seismic fabric 
(Allmendinger et al., 1987; Hauge et al., 1987).  
Thompson et al. (1989) presented a crustal 
model satisfying seismic reflection and refraction 
data along the Fallon-Eureka transect in which 
the upper 5 km of crust has velocities of 2-6 
km/sec, the middle crust velocities (5-15 km 
depths) are 6.2-6.3 km/sec and the lower crust 
velocities (15-25 km depths) are 6.8 km/sec with 
a 7.5 km/sec underplated region separating the 
crust and mantle.  Benz et al. (1990) interpreted 
PASSCAL data from NW Nevada and found 
seismic reflection and refraction crustal 
thicknesses of 28-30 km.  Similar crustal 
thicknesses for this area were found by Das and 
Nolet (1995) using surface wave inversion, and 
by Gilbert and Sheehan (2004) using stacked 
teleseismic receiver functions.  Braile (1989) 
found low crustal Pn and Sn seismic velocities in 
this part of the BRP, consistent with high heat 
flow (Tucker et al., 1968).  
 
McNamara and Owens (1993) found crustal 
shear wave anisotropy with a fast direction 
perpendicular to the strike of the fault block 
mountain ranges in the PASSCAL experiment, 
which was attributed to crystallographic 
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Figure 1.4.3  Western Basin and Range crustal cross section (Surpless et al., 2002).  Location of section is shown 
on Figure 1.4.1 as A-A’’. 
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alignment due to middle-to-lower crustal flow 
rather than faulting in the upper crust.  Analysis 
of the gravity data indicated a near classical Airy 
type crustal isostatic compensation within 40 km 
of the surface in the western Basin and Range 
(Ozalaybey et al., 1997). 
 
The boundary of Proterozoic crustal basement, as 
defined by isotopic values for Pb and Sr (Figure 
1.4.1), cuts across Dixie Valley and the 
Stillwater Range separating Paleozoic/Mesozoic 
oceanic crustal basement in the south and west 
from mixed Proterozoic continental basement in 
the north and east (Elison et al., 1990; Tosdal et 
al., 2000).  Other researchers (e.g., Hildenbrand 
et al., 2000; Grauch et al., 2003a) have described 
the regional crustal structure of the BRP and 
suggested a localization of ore deposits at major 
boundaries of crustal blocks. 
 
Mantle/Lithospheric Structure 
An anomalously low density, warm mantle is 
consistent with the existence of high elevations 
of the Basin and Range Province despite regional 
crustal thicknesses averaging only ~25-30 km 
(Grand, 1994; Lowry et al., 2000; Kaban and 
Mooney, 2001).  Lithospheric thickness in the 
northern Basin and Range is ~50-60 km, based 
on the depth to the first occurrence of a P-wave 
and S-wave low velocity zone in the upper 
mantle (Iyer and Hitchcock, 1989; Humphreys 
and Dueker, 1994a, b; Zandt et al., 1995) and 
thermal analysis (Roy et al., 1972).  The northern 
Basin and Range lithosphere is underlain by a 
~300 km thick low-velocity asthenosphere 
thermally characterized by a 1,300°C isotherm, 
based on seismic tomography inversion of P- and 
S-wave velocity data (Goes and van der Lee, 
2002).  Song et al. (2004) found evidence for a 
90 km thick low velocity zone above the 410 km 
seismic discontinuity in NW Nevada, suggesting 
anomalously high temperatures, or the presence 
of hydrated mantle.  Shear wave splitting 
analyses of the asthenosphere at >100 km depths 
indicate the Great Basin is dominated by E-W 
oriented fast axes (Becker et al., 2006). 

Magmatic History 

Dixie Valley is crosscut by the 0.706 87Sr/86Sr 
(and –6 εNd) isotope lines of Mesozoic plutonic 
rocks defining the limit of North American 
Precambrian cratonic basement (Armstrong et 
al., 1977, DePaolo and Farmer, 1984; Elison et 
al., 1990, Tosdal et al., 2000) (Figure 1.4.1).  
Mesozoic to Cenozoic subduction-related 
granitic to intermediate composition rocks 
comprise a large proportion of the BRP 
continental crust; emplaced during several cycles 
of rapid trench-normal contraction and extension 
between ~30 and 200 Ma (Ward, 1995). 
 
The Cenozoic magmatic history of the BRP has 
been closely related to major tectonic events and 
changes to the Western North American plate 
boundaries and subduction geometries 
(Armstrong and Ward, 1991; Ward, 1991; 
Lipman, 1992; Axen et al., 1993).  Cenozoic 
volcano-plutonic complexes occur within 100 
km of Dixie Valley (e.g., Stewart and Carlson, 
1978; Best and Christiansen, 1991; Seedorf, 
1991).  There are three general types of these 
complexes: 1) minor Eocene-Oligocene (34-43 
Ma) intermediate composition igneous rocks; 2) 
mainly Oligocene-Miocene (17-34 Ma) felsic 
rocks from 5-40 km diameter calderas and 
associated ignimbrite sheets; and 3) minor <1 to 
77 Ma basaltic volcanic rocks.  Following the 
onset of extension at ~35 Ma, major caldera-
style volcanism dominated throughout the BRP 
for an ~18 million year period, during which 
time over 35,000 km3 of silicic ignimbrites were 
deposited over a broad region of >71,000 km2 
(Best and Christiansen, 1991).  Basaltic magmas, 
generated by asthenospheric melting events, 
were probably the heat source for the silicic 
ignimbrites.  At ~17 Ma, BRP volcanism 
changed to mainly basaltic compositions in 
scattered cinder cone and lava flow fields with 
much smaller volumes and aerial extents than 
those of the earlier silicic volcanic rocks (Suppe 
et al., 1975; Ward, 1991; Rogers et al., 1995; 
Conner et al., 1999; Conner and Hill, 1999).  
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Passage of the lithosphere over the Yellowstone 
hot spot in northern Nevada and southern Idaho 
may have played a major role in production of 
large volumes of basaltic lava and intrusives at 
~15-17 Ma along the Northern Nevada Rift 
(Figure 1.4.1). 
 
In contrast, others (e.g., Glazner and Ussler, 
1989) have linked an apparent increase in the 
proportion of basaltic magmatism through the 
Cenozoic Era to an increase in crustal density 
due to extension.  Schwartz et al. (2002) 
presented geochemical data on 1-10 Ma volcanic 
rocks from the Virginia Range of western 
Nevada that suggested a change from 
subduction- to extension-related mantle melting 
occurred at 4-6 Ma, coincident with the passage 
of the Mendocino fracture zone through the same 
latitudes.  The youngest basaltic volcanic centers 
in NW Nevada near Dixie Valley occur in 
Buffalo Valley, (~70 km to the NE; 1.2-1.3 Ma, 
Stewart and Carlson, 1978) and at the Soda 
Lakes, near Fallon (~50 km to the SW).  The 
Soda Lakes were formed by basaltic maar 
volcanoes that cut and therefore postdate Lake 
Lahontan sediments (<10 ka) (Rosen, 2004); 
these maars may be younger than 6 ka based on 
recent cosmogenic isotope studies (Cousens et 
al., 2012).  However, no young (<8 Ma) 
volcanism has been recognized within 50 km of 
Dixie Valley, thus making an upper crustal 
magmatic source for elevated heat flow in the 
valley highly unlikely. 
 
Tectonic History 

The Present-day BRP lay in a passive continental 
margin environment during the early Paleozoic 
following a Late Precambrian rifting episode 
(Dickinson and Snyder, 1978).  During much of 
the Mesozoic and early Cenozoic, the BRP was 
located in a retro-arc position behind the North 
American-Farallon convergent plate margin 
subduction system (Engebretson et al., 1984) and 
the crust may have experienced substantial 
compressional thickening due to the Laramide 

and Sevier orogenies (Allmendinger, 1992; 
Ward, 1991; 1995).  Due to fragmentation of the 
Farallon Plate at ~28 Ma, the adjacent plate 
boundary evolved into the present San Andreas 
right lateral strike-slip system, and the BRP 
began a phase of Cenozoic extensional 
deformation (Ward, 1991; 1995; Stewart, 1998).  
During the last 35-45 Ma approximately 200-300 
km of E-W extensional strain has occurred at 
average rates of 4-9 mm/yr over a 600-700 km 
wide region in the northern BRP, at 
corresponding strain rates of 2-4e-16/sec (Sonders 
and Jones, 1999).  Late Cenozoic extensional 
styles involved three regional transverse 
accommodation zones connecting east- and west-
dipping mountain belts (Faulds and Varga, 1998; 
Stewart, 1998; Thenhaus and Barnhard, 1998).  
Since the development of the dextral strike slip 
Pacific-North American plate boundary system 
at ~20 Ma, the Walker Lane of western Nevada 
and eastern California experienced a portion of 
the right lateral shear along the eastern boundary 
of the Sierra Nevada block (Figure 1.4.1).  This 
has been particularly true during the last 3 Ma as 
the Sierra Nevada block apparently began to 
move in partial concert with the Pacific plate 
(Argus and Gordon, 1991).   
 
Seismicity/Neotectonics/Geodetics 

Central Nevada Seismic Belt (CNSB) 
The Central Nevada Seismic Belt is a zone of 
contemporary seismicity that is NNE-trending 
and about 50 km wide in the Dixie Valley - 
Stillwater Range vicinity (including the eastern 
part of Carson Sink) and extends over 500 km 
south to north from the Walker Lane to the 
Snake River Plain (Figures 1.1.2 and 1.4.1).  
Holocene seismicity has been focused along this 
zone, culminating in the largest (Mw >6) 
earthquakes recorded in Nevada during the last 
century.  The CNSB is a major lithospheric 
boundary in several ways: it separates relatively 
thin crust with lower valley floor elevations in 
the west from thicker crust and higher valley 
floor elevations to the east, and broadly 
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coincides with major Paleozoic to Mesozoic 
thrust fronts such as that bounding the Luning-
Fencemaker allochthon (Figure 1.4.1).  It also 
coincides with major isotopic variations related 
to basement age and composition such as the 
87Sr/86Sr and other isotopic (Pb-Nd) lines 
(Tosdal, 1999; Grauch et al., 2003a).  More 
recent geodetic work (e.g., Hetland and Hager, 
2003; Friedrich et al., 2003; 2004; Davis et al., 
2003) has detailed the strain history along the 
CNSB (Hammond et al., 2011). 
 
Seismicity and Extension Rates 
Over most of the Basin and Range Province 
seismicity extends to a depth of ~15 km (Smith, 
1978), consistent with the available regional 
thermal structure (Roy et al., 1972; Lachenbruch 
and Sass, 1978; Blackwell, 1983).  The 
seismically determined extension rate (based on 
summing seismic moment tensors of historic 
earthquakes from 1850-1983) is ~7.5 mm/yr 
along an ESE axis (Eddington et al., 1987).  
Extension rates based on post-seismic GPS 
measurements are 4-5 mm/yr east of the CNSB 
(Figures 1.1.2 and 1.4.1), and 6-12 mm/yr to the 
west of the CNSB with a right lateral component 
(Argus and Gordon, 1991; Clark et al., 1987; 
Dixon et al., 1995; Bennett et al., 1998; 2003; 
Thatcher et al., 1999; Davis et al., 2003; Hetland 
and Hager, 2003).  The current state of 
extensional stress of NW Nevada is oriented 
NW-SE (Zoback, 1989; Zoback and Zoback, 
1989).  Faulds and Varga (1998) and Bellier and 
Zoback (1995) noted a complex Quaternary 
stress regime change in the Walker Lane (Figure 
1.4.1), which is characterized by major 
components of right lateral shear and normal 
slip.  An analysis of major earthquakes in the 
western BRP-Walker Lane region by Ichinose et 
al. (2003) showed that over 70% of the events 
exhibited right-lateral strike-slip focal 
mechanisms in addition to normal slip.  Eyal and 
Ron (1995) analyzed Late Cenozoic faults in 
central Nevada and found that mid-Miocene and 
younger normal faults strike N-S whereas those 
with right lateral offset strike NNW and those 

with left lateral offset strike NNE, suggesting a 
component of counterclockwise rotation, 
consistent with paleomagnetic declination data 
on basaltic rocks. 
 
The Dixie Valley geothermal district is in the 
Stillwater Seismic Gap (Wallace and Whitney, 
1984) that occurs between the locations of 
several strong earthquakes of the last century.  
The October 3, 1915 Pleasant Valley 
Earthquake (MW ~7.5) ruptured a 61 km long 
surface trace with a N24°E strike starting ~20 
km to the north of the DVGD.  The fault has 
normal dip-slip offset with vertical offset as high 
as 6 m (dePolo et al., 1991; Doser, 1988; 
Wallace, 1977). 
 
The December 16, 1954 Fairview Peak 
Earthquake (MW ~7.2) involved a total rupture 
zone of 67 km with left stepping en-echelon 
pattern of fault scarps and mainly dip-slip 
displacement of <5 m (<1-2 m of right lateral 
offset). It was followed 4.4 minutes later by the 
Dixie Valley Earthquake (MW ~6.9) with a total 
rupture zone of 42 km and mainly dip-slip 
displacement of <3-4 m (Slemmons, 1957; Ryall 
and Malone, 1971; Bell and Katzner, 1990; 
Caskey et al., 1996; Caskey and Wesnousky, 
1997; Zhang et al., 1991; 1999; Lutz et al., 
2003).  Both of these surface ruptures lie to the 
south of the Stillwater Seismic Gap and involve 
three to seven curved segments, with a complex 
trend ranging from NNW to NNE (averaging 
~N16°W).  The focal depths of these events were 
~15 km, defining an average fault dip of 62º 
(Ryall and Malone, 1971).  The two main events 
were followed by aftershocks in the same region 
with M > 6.3 in the following five years and all 
indicated steeply dipping, right-lateral oblique 
normal fault plane solutions based on focal 
mechanism from Pnl waveforms and rake 
mechanism from first motion or teleseismic 
studies (Doser, 1986; 1987).  Inversion of 
leveling and triangulation data by Hodgkinson et 
al. (1996) indicated a 50-70°E dipping fault that 
extends to depths of 5.5 to 8 km for the Fairview 
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Peak and Dixie Valley fault geometries, with the 
largest dip and depth for Fairview Peak. 
 
Hot Springs and Geothermal Systems 

Figure 1.4.4 shows the locations of numerous 
warm and hot springs in western Nevada in 
comparison to the Quaternary fault locations 
compiled by the USGS (USGS, 2003).  
Coolbaugh et al. (2005) noted the frequent 
correlation between the hot springs and these 
faults.  Hot springs in western Nevada are more 
closely associated with faults than in eastern 
Nevada.  Many of the known geothermal areas 
are found where faulting and hot spring locations 
overlap.  Figure 1.4.5 identifies specific 
geothermal areas in north-central Nevada 
containing temperature gradients of 75°C/km or 
greater.  These are locations which have or may 
have commercial geothermal development 
potential (Richards and Blackwell, 2002a). 
 
1.5  Western Nevada 

General Geology and Structure 

The Greater Lahontan Basin Area 

With the exception of Dixie Valley, the greater 
Lahontan Basin contains the lowest valleys in 
western Nevada (Figure 1.4.1 and 1.4.2), and 
was the locus of major lakes during wetter 
climatic conditions of the Pleistocene Epoch 
(Adams et al., 1999; Adams and Wesnousky, 
1999).  It also coincides with the area of highest 
heat flow in the Great Basin (Lachenbruch and 
Sass, 1978).  There are numerous known 
geothermal resources in this area besides those in 
Dixie Valley.  From north to south the primary 
geothermal systems are:  Kyle Hot Springs, 
Colado, New York Canyon, Buena Vista, Carson 
Sink, Brady, Desert Peak, Soda Lake, Pirouette 
Mountain, Stillwater, Salt Wells, and Fallon 
(Figure 1.4.5) (Richards and Blackwell, 2002a; 
2002b). 
 
Dixie Valley and Carson Sink 

Dixie Valley lies in Pershing and Churchill 
Counties approximately 150 km east of Reno, 
Nevada (Figures 1.1.1 and 1.5.1).  The Stillwater 

Range bounds Dixie Valley on the west and 
separates it from the Carson Sink, which also 
hosts several deep geothermal systems.  This part 
of Nevada is unique in several ways.  The 
Carson Sink is one of the most aerially extensive 
Basin and Range valleys, and geophysical 
surveys show that it is one of the deepest 
(Caskey et al., 2002b) (Figure 1.4.2).  The 
Stillwater Range is separated from Dixie Valley 
by the Dixie Valley fault zone (also referred to as 
the Stillwater Fault Zone).  This is one of the 
most actively rising ranges in the province, 
resulting in the topography of its eastern side 
being very steep and rugged. 
 
Walker Lane 

Locke et al. (1940) defined the Walker Lane as 
the ~700 km long by ~200 km wide 
physiographic zone marking the western 
boundary of the BRP and the eastern Sierra 
Nevada (Figure 1.4.1).  Here the fault-bounded 
mountains change from the N- to NE-trending 
ranges of the BRP to NNW-trending in the 
Walker Lane.  The Walker Lane has been 
divided into nine distinct domains based on fault 
orientations and styles by Stewart (1988), with 
three of the domains in close proximity to Dixie 
Valley:  Carson, Pyramid Lake and Walker Lake.  
The Carson domain is characterized by ENE-
trending sinistral strike-slip faults.  Through-
going NW- trending dextral faults characterize 
the Pyramid Lake domain to the NW and the 
Walker Lake domain to the SE.  The regional 
strain partitioning and stress history is 
constrained by presenting evidence for post-
Miocene block rotations and fault inversions 
along the Walker Lane (Oldow, 1992; Bellier 
and Zoback, 1995; Hearne and Humphries, 1998; 
Cashman and Fontaine, 2000).  Apatite fission 
track data reported by Stockli et al. (2002; 2003), 
Surpless et al. (2002), and Colgan et al. (2004) 
combined with geophysical and geological 
constraints across the Sierra Nevada-Basin and 
Range transition zone indicate a two-stage, 
coupled structural and thermal westward 
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Figure 1.4.4  Regional faults, hot springs, and current and potential geothermal systems in Nevada.
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Figure 1.4.5  Geothermal areas in Northwest Nevada defined by multiple wells containing 75+°C/km gradients.  
The areas not currently under production are potential resource areas.  Rivers are shown in blue, roads are light 
gray, and county boundaries are brown.
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encroachment of the Basin and Range province 
into the Sierra Nevada with peak phases of 
extensional denudation beginning at ~14 Ma and 
~4 Ma. 
 
Northern Nevada Rift – Magnetic Anomalies 

The northern Nevada rift (Figure 1.4.1) is a 500 
km long by 30 km wide belt of Miocene age (15-
16.5 Ma) mafic intrusive and extrusive 
complexes, extending from the Oregon-Nevada 
border to southern Nevada, defined by a NNW-
trending aeromagnetic anomaly (Zoback and 
Thompson, 1978; Blakely and Jachens, 1991; 
Zoback et al., 1994; John et al., 2000).  The 
surface expression of the aeromagnetic anomaly 
is marked by an alignment of middle Miocene 
volcanic and hypabyssal rocks and epithermal 
gold/silver and mercury deposits that formed 
during WSW to ENE extension (Zoback and 
Thompson, 1978; Zoback et al., 1994).  This 
episode may be related to the passage of the 
Yellowstone hot spot.  Some of the Cenozoic 

mafic rocks in the Dixie Valley area may be 
related to this episode of volcanism, although 
more detailed studies of the basaltic intrusive and 
extrusive rocks are needed to evaluate this 
potential correlation. 
 
Battle Mountain-Eureka and Carlin Trends 

Just to the north of Dixie Valley occur two major 
trends of gold mineralized systems and major 
regions of crustal scale fluid flow.  The Battle 
Mountain-Eureka and Carlin trends (Figure 
1.4.1), first named by Roberts (1996), are 
commonly defined as NNW-trending alignments 
of sediment-hosted disseminated ore deposits.  
The Battle Mountain-Eureka (BM-E) trend lies 
60 to 70 km WSW of the Carlin trend and is 
longer and more diffuse.  The Carlin trend is a 60 
km long belt of more than 40 epithermal gold 
deposits that were formed due to Mesozoic to 
Cenozoic felsic magmatism interacting with 
Paleozoic sedimentary rocks (Teal and Wright, 
2000).  Gold production from the Carlin trend 

 

Figure 1.5.1  Map showing the location of Dixie Valley with respect to topographic features of western Nevada.



Chapter 1.5  Western Nevada  16 

totals >50 million ounces, representing the most 
prolific concentration of gold deposits in North 
America (Thompson et al., 2002).  Apatite 
fission track ages on mineralized rocks constrain 
the timing of mineralization to ~35-40 Ma, 
coinciding with the emplacement of calc-alkaline 
intrusives along the belt (Chakurian et al., 2003).  
Although these “Carlin-type” gold deposits 
occur as disseminated fine-grained gold in 
sedimentary rocks, their alignment and spatial 
relation to Cenozoic silicic intrusive rocks 
suggests a deep-seated magmatic and structural 
control for their location.  Geophysical and 
geochemical investigations and compilations 
have provided strong evidence for such deep-
seated structures (Grauch et al., 2003a). 
 
Magnetotelluric surveys reveal a NNW-trending 
deeply penetrating electrically conductive zone 
along the BM-E trend (Grauch et al., 2003b).  
There are other deeply penetrating electrically 
conductive zones, interpreted as crustal faults 

along the Carlin trend (Wannamaker and 
Doerner, 2002).  The low resistivity zones are 
interpreted in two possible ways, either as old 
shear zones or as Cenozoic fault zones that 
extend through the crust.  In both cases the 
structures were inferred to allow magmas and 
hydrothermal fluids to ascend from the upper 
mantle and lower crust.  If these are Cenozoic 
fault zones they may be reflected today in heat 
flow anomalies. 
 
The Battle Mountain-Eureka trend is coincident 
with an abrupt increase in basement gravity 
values from west to east across the zone, and an 
abrupt change in Pb and Sr isotopic ratios in 
associated igneous rocks (Grauch et al., 2003b).  
Both the gravity and isotopic ratios reflect a 
change in the upper crust from low density, low 
resistivity clastic and volcanic rocks west of the 
trend to high density, high resistivity carbonates 
to the east. 
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2.  REGIONAL DIXIE VALLEY REVIEW 

2.1  Geology 

Geological Background 

The Dixie Valley Geothermal District (DVGD) 
lies in a highly extended area of northwestern 
Nevada within the Battle Mountain heat-flow 
high associated with Late Cenozoic volcanism 
(Blakely, 1988; Christiansen and Yeats, 1992).  
The contemporary extension rate in the Great 
Basin in the east-west direction averages 10 
nanostrains/yr, with a more rapid extension in 
the eastern half of 20±1 nanostrains/yr (Bennett 
et al., 2003).  The Dixie Valley area has been 
considered a classic range-front fault system 
with production mainly from brittle igneous units 
represented by Oligocene silicic volcanics, 
Cretaceous granodiorite, and/or Jurassic igneous 
rocks (Okaya and Thompson, 1985; Waibel, 
1987; Dilek and Moores, 1995), and possibly 
enhanced by favorable stress regimes and fault 
orientations (Barton et al., 1998; Hickman et al., 
1998). 
 
Bedrock Geology of the Stillwater Range 

The bedrock geology of the Stillwater Range is 
described in maps and reports by Page (1965), 
Willden and Speed (1974), Speed (1976), 
Denton et al. (1980), Waibel (1983; 1987), Lutz 
et al. (1997), and Plank (1998).  In addition, 
there are unpublished reports by Waibel (1994; 
1999) describing the geothermal geology of 
Dixie Valley.  The rocks exposed in the 
Stillwater Range near the Dixie Valley 
Producing Field (DVPF) are the same rocks as 
those intersected by the wells in that area.  Much 
of the information developed by mapping in the 
range is directly relevant to understanding the 
nature of the geologic units that make up the 

geothermal reservoir (Benoit and Butler, 1983; 
Benoit, 1997; Plank, 1998). 
 
The bedrock of the Stillwater Range (Figure 
2.1.1) is made up of allochthonous thrust plates 
of Triassic and Jurassic oceanic sedimentary and 
Jurassic igneous rocks (Speed, 1976; Waibel, 
1987).  These are intruded by Cretaceous 
granodiorite, (encountered mostly in drilling) 
and overlain by Cenozoic volcanic rocks.  The 
Triassic and Jurassic sequences are separated by 
numerous moderately to shallowly dipping thrust 
faults that separate thin plates, with no obvious 
stratigraphic continuity between plates. 
 
The oldest rocks known in the Stillwater Range / 
Dixie Valley area are Triassic marine sediments 
of the Star Peak Group (Speed, 1976, see Table 
2.1.1).  They consist of slates and phyllites that 
originated as shallow marine sediments 
(carbonaceous shales and siltstones, and silty 
limestones) on the western continental shelf and 
slope.  The thickness of this unit is estimated to 
be 1,500 to 3,050 m in the Stillwater Range 
(Page, 1965).  The carbonaceous material 
contained in this rock unit may be the source of 
hydrocarbons found within the geothermal fluids 
(see Basin Geology below for more details).  
This section is found at the surface in the 
Stillwater Range and in several of the deep wells.  
It invariably has low permeability.  The slates are 
easily visible as the black band on the mountain 
front that crops out prominently above the power 
plant (see Figure 3.2.2).  A similar section crops 
out in the southern end of the Stillwater Range 
along US Highway 50. 
 
Jurassic shallow marine sedimentary rocks 
(referred to as the Boyer Ranch Formation by 
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Figure 2.1.1  Bedrock Geology Map, modified from 1:1,000,000 Nevada Bureau of Mines and Geology map 
(Stewart and Carlson, 1977).   Bright red denotes intrusive rocks; oranges are Cenozoic volcanics; yellow 
represent Cenozoic sediments, green represent Mesozoic sediments; purple represent Jurassic section - 
including the Jurassic igneous complex.  Thick brown lines are 1954 fault breaks and thin light brown lines are 
other valley faults.  
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Willden and Speed (1974)) and igneous rocks 
(ocean floor basalts, keratophyres and related 
intrusive rocks) are tectonically juxtaposed with 
the two Triassic sections.  The sedimentary rocks 
consist dominantly of quartzite with some 
carbonate and minor conglomerate deposited just 
offshore and overridden by the igneous rocks.  
The igneous rocks were originally interpreted to 
be an intrusive “lopolithic” body of gabbro 
intruded into the Jurassic and Triassic sediments 
(Willden and Speed, 1974; Speed, 1976).  Later 
characterization of the ophiolitic nature of the 
sequence (Waibel, 1987; Dilek et al., 1988) 
provided an interpretation more consistent with 
the observed characteristics of the rocks.  As 
noted by Waibel (1987), “the ‘lopolith’ is 
remarkably similar to igneous portions of 

ophiolites observed in many places throughout 
the world.”  The spilites, keratophyres, albatites, 
plagiogranites and gabbros are rock types 
characteristic of this setting.  In 1995, Dilik and 
Moores referred to the rocks as the Humboldt 
igneous complex and Johnson and Barton (2000) 
considered it to be a volcano-plutonic center.  
Whether or not these rocks originated in an 
oceanic setting is still controversial, as discussed 
by Dilek (1995).  This unit will be referred to in 
this paper as the Jurassic igneous complex (JIC).  
A portion of the 1:1,000,000 scale geologic map 
of Nevada is modified to show the JIC (‘Jic’ on 
map) was originally stated as “Humboldt 
lopolith” on maps by Speed (1976) and colored 
purple in Figure 2.1.1. 

 

Table 2.1.1  Generalized Dixie Valley and Stillwater Range Stratigraphy (Compiled information from Waibel, 
1987; 1999; Lutz et al., 1997; Denton et al., 1980).

Age Lithology Thickness (meters) 

Pliocene 
to Recent 

Basin-filling sediments composed of colluvial gravels, alluvial gravels, 
sands, and silts, eolian sands and silts, and lacustrine and playa silts and 
clays. 

 
Up to 2,450 

Miocene 
8-15 MA 

Basalt lava flows, agglutinates, scoria, and palagonite tuffs. Lava caps the 
Stillwater Range at elevations of up to 2,500 meters and occurs in wells 
beneath 1,830 to 2,134 meters of basin-fill sediments. 

90 to > 580 in wells, 
up to 1000 in outcrops 
in Stillwater Range 

Lacustrine volcaniclastic sediments intercalated with carbonaceous 
siltstone; tuffaceous sediments  <152 

Oligocene Silicic welded and cemented tuffs crop out in the Clan Alpine and 
Stillwater Ranges, and are found below basin-fill sediments in wells. 

1,220 in Clan Alpine 
Range, <300 in 
Stillwater Range, <55 
in wells. 

Cretaceous 
Granodiorite, observed in deep wells in the geothermal field, and 
correlated with a pluton, which crops out on the west side of the Stillwater 
Range. 

N/A 

Jurassic 

Igneous complex – oceanic(?) basalts, keratophyres, trondhjemites, 
albitites, plagiogranites, and gabbros.  Up to 760 in Stillwater 

Range 
 Boyer Ranch Formation.  Marine shelf and slope sediments -carbonates, 

quartzite, and minor conglomerate. 

Triassic 
Winnemucca Formation with feldspathic metasandstone to arkose. 
Star Peak Group.  Marine sediments, carbonaceous shale, siltstone, and 
silty carbonate rocks. 

≤3,050 

 Phyllite sequence, extensive black slates and shales. >1,000 ? 
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A Cretaceous granodiorite, exposed in the 
western part of the Stillwater Range, intrudes the 
Triassic and Jurassic rocks and is encountered in 
some of the geothermal wells.  It does not 
outcrop on the east side of the Stillwater range, 
west of the geothermal field, but is present in the 
subsurface. 
 
Southern Stillwater Range 

The southern part of the Stillwater Range, south 
of the Dixie Meadows Hot Springs area, and 
White Rock Canyon (Figure 1.1.1) both contain 
an eroded sequence of middle Cenozoic silicic 
ash flow tuffs, the associated caldera, and a 
subvolcanic granitic pluton (John, 1995).  These 
rocks comprise the large area of Tertiary 
volcanics (Tvl and Tvu) in the southern part of 
the range in Figure 2.1.1.  This caldera may be 
the source of some or all of the silicic volcanic 
rocks present in the Clan Alpine Range, at depth 
in Dixie Valley, and above the Mesozoic rocks in 
the northern Stillwater Range.  The middle part 
of the range, between approximately the 

Humboldt Salt Marsh and The Bend area lacks 
detailed bedrock mapping, thus exact geologic 
and structural relations remain to be determined. 
 
Basin Geology 

The Dixie Valley basin is filled to depths of at 
least 2,500 m (8,000 feet) with volcanic rock 
associations at the deepest levels overlain by 
moderately to poorly lithified sediments derived 
from the surrounding mountain ranges (Waibel, 
1987) (Table 2.1.1; Figure 2.1.2).  Sediments 
include coarse colluvium and alluvial fan 
deposits, sandy and silty eolian deposits, and 
lacustrine and playa deposits.  Lacustrine and 
playa sediments include fine-grained clays and 
silts in the deepest parts of the basin, and sands 
to gravels in shoreline beaches and bars 
developed at and near lake margins.  The 
volcanic rocks include mid-Cenozoic rhyolitic 
pyroclastic deposits (ash flow tuffs and 
pyroclastic fall deposits) and Miocene basalt 
flows (Waibel, 1987). 

 

Figure 2.1.2  Simplified cross section of Dixie Valley Producing Field showing valley fill sediments, Cenozoic 
volcanics deep in the section, and interpretation of fault structure (dashed lines).
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In the central and eastern parts of the basin, the 
sediments are composed predominantly of 
volcanoclastic sediments, e.g., eroded silicic 
volcanic rocks from the Clan Alpine Range.  
This sediment source is also dominant in and 
near the DVPF.  Along the western part of the 
valley, the sediments are derived mostly from the 
varied Triassic and Jurassic sediments and mafic 
igneous rocks of the Stillwater Range.  At 
shallow levels, the sediments are dominantly 
pebble conglomerate with a clay matrix.  There 
is an increase in more well sorted tuffaceous 
sediments in the lower third of the section 
(Waibel, 1994; unpublished data).  Near the 
mouths of major Stillwater Range drainages, 
boulder-, cobble-, and pebble-conglomerates are 
abundant, but clay, silt, and sand are most 
abundant in other areas (Waibel, 1987).  The 
bottom of the Quaternary alluvium in the DVPF 
is a layer approximately 60 meters thick with 
higher gamma ray counts.  It covers all of the 
DVGD and is more lacustrine in nature than the 
other valley-fill layers.  The Quaternary alluvium 
layer right above it is surprisingly fine-grained 
and homogenous.  A Miocene basalt lava flow 
section occurs deep in the basin-fill section, and 
is underlain by a section of Miocene lacustrine 
sedimentary rocks that overlie Oligocene silicic 
welded tuffs (Table 2.1.1). 
The lacustrine section consists of intercalated 
tuffaceous sedimentary rocks and carbonaceous 
siltstone in the upper part, grading downward 
into tuffaceous rocks with only minor siltstone 
lenses.  The carbonaceous siltstone layers are 
brown to black fissile rock with minor pyrite.  
Authigenic illite, non-expanding iron-bearing 
clays, and fine crystalline chlorite are the major 
minerals in the volcaniclastic sediments.  Detrital 
subhedral to euhedral quartz derived from the 
Miocene primary tuffs is usually present in these 
sediments.  The illite, non-expanding clays, and 
chlorite were derived from smectite clays, like 
those in the upper part of the basin fill sediments, 
by low-grade metamorphic effects of the deep 
geothermal system.  The elevated temperatures 
in this deep part of the section have brought the 

organic matter in the carbonaceous siltstone 
lenses to thermal maturity, with methane being 
the primary hydrocarbon product seen during 
production well drilling (Waibel, 1994).  
Methane and ethane have also been identified in 
the fumarole and production well gases (Goff et 
al., 2002), whereas liquid hydrocarbon droplets 
have been found in some of the production wells 
(Hulen et al., 1999). 
 
Because the distribution of the various 
sedimentary facies within the valley strongly 
influences the permeability of the valley fill 
material, low permeabilities observed for fill 
material in the geothermal field imply that the 
matrix of the fill is fine grained.  Yet, the 
proximity to the Dixie Valley fault zone and a 
previous seismic interpretation (Okaya and 
Thompson, 1985) suggest that coarse colluvial 
and alluvial materials should be present instead 
(see discussion in section 3.4).  The position of 
the playa (Humboldt Salt Marsh) within the 
valley provides an explanation in that the playa 
lake, with its fine-grained impermeable 
sediments, is displaced towards the actively 
subsiding side of the basin (Blackwell and 
Kelley, 1994; Leeder and Gawthorpe, 1987).  
During periods when fault activity slows, the 
buildup of alluvial fans pushes the playa towards 
the center of the basin.  The present position of 
the playa, within a few hundred meters of the 
range front in some places, is a consequence of 
the high rate of fault displacement in the late 
Pleistocene and Holocene along the west side of 
the valley (Caskey and Wesnousky, 2000; 
Caskey et al., 2000).  Therefore, the coarse 
material is interlayered or intermixed with the 
fine-grained lacustrine clays and silts and the 
mixture has low permeability.  Drilling results 
from water wells in shallow valley fill shows 
very little water below depths of 60 m.  Elevated 
temperatures result in shallow groundwaters rich 
in calcium and magnesium, depositing 
carbonates and magnesium silicates in pore 
spaces (D. Benoit, personal communication, 
2005). 
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Pleistocene Pluvial Lakes 

Lake Lahontan 

Lake Lahontan occupied the topographically 
enclosed valleys of the western Great Basin 
during Pleistocene glacial cycles (Figures 1.4.1 
and 2.1.3).  At its highest stand at ~13 ka, the 
lake covered an area of about 21,800 km2 
(Mifflin and Wheat, 1971; 1979) (Figure 2.1.3).  
Shoreline features (wave-cut benches, beach 
deposits) show that the late-Pleistocene high 
stand of Lake Lahontan was at 1,332 m above 
sea level (Mifflin and Wheat, 1971; Reheis and 
Morrison, 1997; Reheis, 1999).  It covered all of 
the Carson Desert and Carson Sink, but the 
Stillwater Range and a series of high passes to 
the south and north prevented overflow of Lake 
Lahontan into the topographically lower Dixie 
Valley.  After desiccation of the lake in Latest 
Pleistocene and Holocene time, the central 
portion of the basin rebounded isostatically about 
20 meters (Mifflin and Wheat 1971; Adams et 
al., 1999).  Areas with lesser amounts of rebound 
included those peripheral to the Lahontan Basin, 
including, Dixie Valley.  Caskey and Ramelli 
(2004) proposed a rebound of approximately 5 m 
across Dixie Valley.   
  
Lake Dixie 

A lake, informally called Lake Dixie, formed in 
Dixie Valley as a result of local precipitation and 
glacial melt water (Caskey et al., 2002b).  The 
high stand of Lake Dixie was about 1,097 m 
above sea level, as indicated by preserved 
shoreline features on alluvial fans within the 
basin and bedrock on the range front (Figure 
2.1.4).  Although this water level was 
considerably lower than the high stand of Lake 
Lahontan, it covered an area of about 715 km2 
with a maximum water depth of about 70 m (i.e., 
it reached about 70 m above Humboldt Salt 
Marsh).  The glacial lake inundated a large 
portion of the length of the Dixie Valley fault 
zone.  Radiocarbon dating of shoreline tufa 
deposits on the west side of Dixie Valley shows 
that the high stand occurred at ~12-13 ka, coeval 

with the high stand of Lake Lahontan 
(Thompson and Burke, 1973; John Bell, NBMG, 
unpublished data; Lutz et al., 2003).  Earlier high 
stands of Lake Lahontan at ~50 ka have also 
been documented (Oviatt and McCoy, 1992). 
 
Present shoreline elevations of Lake Dixie 
provide information about both tectonic 
displacements of the Dixie Valley fault and 
about isostatic rebound of the Lake Lahontan 
Basin (Caskey and Ramelli, 2004).  Along the 
western side of the basin, in the area just north of 
Dixie Hot Springs, the difference in elevation 
between shoreline features on each side of the 
fault is interpreted to show about 5 meters of 
post-13 ka offset (Caskey et al., 2000; Caskey 
and Ramelli, 2004).  This amount of offset is 
about half that estimated by Thompson and 
Burke (1973), and shows that the post Lake 
Dixie slip rate of the fault is only about 0.3 to 0.5 
mm/yr.  These lower rates are similar to post-
Miocene rates of 0.3-0.4 mm/yr based on 
elevations of offset basaltic volcanic rocks in the 
Stillwater Range and Dixie Valley (Wallace and 
Whitney, 1984; Okaya and Thompson, 1985).  
Systematic measurement of shoreline elevations 
around Lake Dixie shows that the shorelines are 
tilted eastward at about 0.16 m/km.  This tilting 
extends the area of known isostatic rebound 
associated with the drying of Lake Lahontan 
about 50 km eastward, and provides better 
control on lithospheric flexure in the area 
(Caskey and Ramelli, 2004). 
 
Late Cenozoic Structure 

The basic structural controls for the geothermal 
cells within the DVGD are controversial.  The 
traditional model has been a simple one of a 
single normal fault dipping ~55o to the southeast 
extending from the range/valley topographic 
fault zone through the producing wells (Benoit, 
1999).  However, recent drilling, gravity and 
thermal modeling of the T24N R36E - Sections 
10 and 15 fumaroles area indicates a more 
complicated structural setting with the range- 
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Figure 2.1.3  Extent of the ~13ka highstands of pluvial lakes Lahontan and Dixie (modified from Reheis, 1999).
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Figure 2.1.4  Extent of the Lake Dixie high stand map ~13 ka shorelines and intrabasin faults, and the 
contemporary extent of the remnant Humboldt Salt Marsh. Black lines = Dixie Valley Fault and faults in 
Stillwater Range;  Brown lines =  1954 surface ruptures; Green lines = Bend Event (~2.5 ka) mapped intra-basin 
faults; Blue lines = preserved shoreline features; Yellow lines = preserved Pleistocene alluvial fans.  Lake Dixie 
high stand from Caskey’s DOE Workshop on Dixie Valley (2002).
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valley fault zone being a sectioned series of step-
down faults including ones in the range and 
under the pediment (Blackwell et al., 2000).  
Numerous normal faults have been mapped in 
the Stillwater Range itself (Plank, 1998), some 
of which must provide controls on fluid flow for 
alteration and fumarole activity near the range 
front.  Thompson et al. (1967), Whitney (1980), 
and Smith et al. (2001) also interpret Dixie 
Valley to be a nested graben structure with a 
relatively narrow, deep central section. 
 
Dixie Valley Fault (Stillwater Fault) Zone 

The Dixie Valley Fault Zone (aka Stillwater 
Fault Zone) bounds the western side of Dixie 
Valley.  It separates the bedrock of the Stillwater 
Range from the Cenozoic sediments that fill the 
basin.  It is one of the most active fault zones in 
the Basin and Range Province, with historic 
(1954) and Holocene (~2.5 ka; Caskey et al., 
2000) surface rupturing earthquakes.  The 
surface expression of the fault zone as a range-
bounding feature is sinuous and locally 
segmented, implying a complicated, nonplanar 
fault surface. It generally strikes northeasterly 
along the eastern front of the Stillwater Range 
north of The Bend, and to the south it strikes 
almost north-south.  On the surface it is visible 
from the southwest side of the Sou Hills at the 
north end of Dixie Valley to the south end of the 
valley about 10 km north of highway US 50, a 
distance of about 80 km (Figures 1.1.1 and 
2.1.1).  The Dixie Valley Fault Zone generally 
occurs at or near the break in slope between 
Dixie Valley and the Stillwater Range and is 
marked over most of its length by Historic, 
Holocene, and/or late Pleistocene scarps cutting 
late Pleistocene and early Holocene alluvial fans 
and pediment surfaces.  Commonly major 
drainages, eroded into the range, occur at 
reentrants, suggesting that the corrugations in the 
fault surface are long-lived (Caskey et al., 1996) 
and have influenced the establishment of major 
streams that dissect the range.  Small antithetic 
(westward dipping) faults just east of the main 

fault trace are common, locally producing fault-
trace grabens along the length of the fault. 
 
At its northern end, the Dixie Valley fault zone 
makes a sharp eastward bend along the south 
side of the Sou Hills and loses its coherency in 
several discontinuous splays and short segments 
(Figure 2.1.4).  At its south end, the fault steps 
about 15 km eastward along a complex structural 
linkage to the Fairview Fault (Caskey et al., 
1996).  The Dixie Valley fault zone is part of a 
250 km-long system of faults in Nevada that 
have experienced historic surface rupturing 
earthquakes and that help to define the Central 
Nevada Seismic Belt (Wallace, 1984b; Figure 
1.1.2).  From north to south, the fault system 
includes the Pleasant Valley fault (which extends 
to the North from Winnemucca to the Sou Hills), 
the Dixie Valley fault (which extends from the 
Sou Hills to the south end of Dixie Valley), the 
Fairview Fault (which extends to the south past 
Fairview Peak and into the Gabbs Valley area), 
and the Cedar Mountain earthquake zone to the 
south (Figure 1.1.2).  Other faults in southern 
California that lie in the southern part of the 
Central Nevada Seismic Belt include the Owens 
Valley Fault, and possibly the Landers and 
Hector Mine faults in the Mojave area. 
 
Measurements of the dip at the surface for the 
Dixie Valley fault zone, in both alluvium and 
bedrock, generally vary between 50º to 70º.  
South of The Bend (Figures 1.1.1 and 2.1.1) 
some authors find dips as low as 27° (Slemmons, 
1957; Caskey et al., 1996).  A seismic reflection 
survey in the southern area has been interpreted 
to show a dip of 25º to 30º to depths of at least 
1.75 km and possibly as great as 2.5 km (Abbott 
et al., 2001).  Other researchers, based on 
seismic refraction work in the same area 
(Meister, 1967), interpreted the fault to be a 
series of buried close-spaced steep (~60° to 70°) 
faults, each stepping down the bedrock surface a 
small amount, and thus creating the impression 
of a shallowly dipping structure. 
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At several places along the range front, the fault 
is exposed in bedrock with moderate dips (50-
60°) towards the valley (see photos in Appendix 
3).  Slickensides observed at several of these 
exposures show that movement is mostly dip-slip 
(Thompson et al., 1967; Wallace and Whitney, 
1984).  Lateral slip is observed only in 
embayments and salients where local strike 
directions are at large angles with respect to the 
overall fault trend and are consistent with slip 
direction that would be expected for the local 
strike direction.  The slip direction has been 
estimated at 274°±15º (~N86ºW) for the section 
of the range-front fault south of The Bend 
(Caskey et al., 1996). 
 
The internal structure of the fault zone and its 
effects on permeability are described by Parry et 
al. (1991), Bruhn et al. (1994), Caine et al. 
(1996), Caine (1999), and Forster et al. (1997).  
Where exposures of the fault are good, a central 
gouge or mylonite zone can be seen in which the 
rock is ground to a clay-like consistency with 
very low permeability.  The damage zones 
surrounding the central gouge, and extending 
outward for several meters in some places, have 
enhanced fracture permeability and could 
contribute to movement of hydrothermal fluids.  
The fault is long-lived and has suffered multiple 
slip episodes as shown by observed structural 
displacement.  Basalt lava flows that cap the 
Stillwater Range 1,200 m above the valley floor 
have uncertainty in their age, with estimates 
between Pliocene, ~8 Ma (Waibel, 1987), and 
14-15 Ma (Nosker, 1981).  The same basalt lava 
flows are found in geothermal production wells 
in the valley as much as 2,100 m below the 
valley floor (Waibel, 1987). Thus the fault has 
accumulated over 3,000 m of structural 
displacement in the past few million years. 
 
Paleoseismology 

Two earthquake events prior to the 1954 Dixie 
Valley earthquake have been recognized by 
paleoseismic studies of the fault zone (Caskey et 

al., 2000; Lutz et al., 2002; Lutz et al., 2003).  
These are The Bend event, which occurred at 2.2 
to 2.5 ka (Caskey and Ramelli, 2004), and an 
older event that occurred sometime between 12 
and 35 ka.  Several criteria are used to constrain 
the ages of these events, including: 1) the 
radiocarbon ages of organic material included in 
sinter deposits, 2) the relationship of ruptures to 
volcanic ash beds recognized in the stratigraphic 
section, and 3) the displacement of geomorphic 
surfaces and approximate ages of Quaternary 
deposits.  Several trenches have been excavated 
across the fault to reveal displacements and to 
provide samples for radiometric dating (Caskey 
et al., 2000). 
 
Intrabasin Faults 

Faults that cut sediments in the valley floor 
adjacent to the main topographic displacement, 
including the piedmont faults of Bell and 
Katzner (1987) are geologically young (probably 
Holocene, even late Holocene).  The valley floor 
is resurfaced so quickly by alluvial and eolian 
processes that surface ruptures along these faults 
are quickly buried.  Along the west side of the 
basin, surface evidence of faulting is seen in the 
area of Dixie Meadows Hot Springs, just east of 
the Dixie Comstock Mine, and just south of the 
DVPF (Figures 2.1.5 and 2.1.6).  In these areas, 
the surface faults are coincident with the gravity 
gradient maxima (see Section 2.2).  At Dixie 
Meadows the piedmont fault may provide 
pathways for the hot spring water to reach the 
surface.  Intrabasin faults with surface expression 
also occur in the central and eastern parts of the 
basin.  The most prominent of these is the 
Buckbrush fault system, occurring just east of 
Humboldt Salt Marsh (Whitney, 1980; 
Thompson et al., 1967; Smith et al., 2001) 
(Figures 2.1.5, 2.1.6, and 2.1.7).  Another fault 
occurs near the north end of the basin, just east 
of the DVPF (Figure 2.1.5).  Both of these faults 
exhibit down-to-the-west displacement.  Seismic 
reflection lines image the stratigraphic offsets of 
other faults in the northern part of the basin.  The 
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Figure 2.1.5  Map of the Humboldt Salt Marsh Thrust Belt (teal areas); blue dots = springs; black lines = 
mapped faults; brown lines = 1954 surface ruptures in The Bend area; dashed purple box highlights area where 
flanking fault systems merge.
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Figure 2.1.6  Aerial photograph of the Humboldt Salt Marsh Thrust Belt east of Dixie Meadows (upper).  In the 
air photo, the thrust belt appears as a slightly elevated band with a corrugated texture along the west margin of 
the salt marsh.  Ground view near Dixie Comstock Mine (lower).  On the ground, folded calcic layers (white) are 
apparent.
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Figure 2.1.7  Geologic structure of the Dixie Valley basin as developed by Whitney (1980, after Thompson, et al. 
1967) Three-dimensional model of the northern portion of Dixie Valley.  Structural relationships among the 
various tectonic elements are depicted, with alluvium removed and the bedrock surface restored.  Yellow faults 
are antithetic and red faults are synthetic.

positions and extent of these and numerous 
others are also revealed by linear anomalies in 
the high-resolution aeromagnetic survey (Smith, 
R.P. et al., 2002; Smith and Grauch, 2002). 
 
Humboldt Salt Marsh Thrust Belt 

A band of thin-skinned thrusting occurs along 
the west edge of the Humboldt Salt Marsh from 
the Dixie Meadows Hot Springs area to a 
position about 8-10 km south of the power plant, 
near the Dixie Comstock Mine (Figure 2.1.6).  
Here the toes of alluvial fans have slid basinward 
on saturated fine-grained sediments of the salt 
marsh.  The eastward and southeastward 
movement of these blocks has produced a pull-
apart zone behind the blocks and a fold and 
thrust belt in the fine-grained playa sediments 
out in the basin in front of the blocks.  
Wavelengths of one to several meters, and 

amplitudes of up to a meter characterize the 
folds.  Multiple thrust faults have repeated the 
section several times in some areas (Caskey et 
al., 2000).  The thrust belt is easily mapped on 
aerial photographs and on the hyperspectral 
image of Pickles (personal communication, 
2003, see Figure 3.8.3) because it is slightly 
elevated above the undisturbed playa surface 
(0.5-1 m) and because of the corrugated 
appearance of the surface expression of the folds 
and thrust faults (Figure 2.1.6).  Caskey et al. 
(2000) relate the formation of these thrusts to 
lateral spreading associated with ground shaking 
during the 1954 earthquake and/or The Bend 
event earthquake, and argue against any 
relationship to deep structure.  However, the 
close correspondence to the gravity gradient 
maximum (see Figure 2.2.8), the position of the 
intrabasin faults west of the belt, and the intense 
hot spring activity along the faults in the Dixie 
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Meadows area suggest that faults buried deep 
along the west side of the basin control the 
location and shape of the thrust belt.  There is 
also a strong probability that the basinward 
sliding is a gradual, on-going process, although it 
may be aided by ground shaking during 
earthquakes that occur nearby. 
 
Historic Seismicity 

1915 Pleasant Valley Earthquake 
This earthquake (MW ~7.5) occurred on October 
2, 1915, and ruptured about 60 km of the 
Pleasant Valley fault, which extends along the 
west flank of the Tobin Range between 
Winnemucca and the Sou Hills at the north end 
of Dixie Valley (Wallace, 1980, 1984a) (Figures 
1.1.2 and 2.1.7).  The fault has an average strike 
of N15°E, and dips to the northwest.  Maximum 
vertical displacement is about 5.8 m in the 
vicinity of the Pearce Ranch, just north of 
Bushee Creek, and right lateral offsets up to two 
meters were reported by Wallace (1980, 1984a).  
At the southern end of the 1915 ruptures, in the 
Sou Hills area, the surface ruptures mimic older, 
prehistoric scarps, and are spread over a zone 8 
km wide (Zhang et al., 1991).  The strike of the 
ruptures are also variable in the Sou Hills area, 
with up to 20° variation from the ~N15°E strike 
over most of the rupture length (Fonseca, 1988).  
The nature of the displacements along strike is 
very complicated and illustrates the possible 
variations that may generate the type of complex 
fault zone that is inferred for the area of the 
geothermal field.  Examples of the complex 
scarps and displacements are shown and their 
relevance discussed in Appendices 3 and 4. 
 
1932 Cedar Mountain Earthquake 
This earthquake (M7.2) occurred on December 
21, 1932 on the Eastern Monte Cristo Mountains 
fault in the southern end of the Fairview fault 
area (Abe, 1981; Caskey et al., 1996) (Figure 
1.1.2).  It ruptured at least the 10 km length of 
the fault and produced scarps with net vertical 
separation of up to 1 meter, and right lateral 

offsets of stream channels of 0.5 to 0.8 meters 
(Caskey et al., 1996). 
 
1954 Rainbow Mountain-Stillwater Sequence of 
Earthquakes 
This sequence of three earthquakes occurred in 
the eastern side of the Carson Sink and along the 
west side of the Stillwater Range and preceded 
the Dixie Valley-Fairview Peak sequence (on the 
east side of the Stillwater Range) by several 
months (Figures 1.1.2, 2.1.1, and 2.1.7).  The 
events occurred on July 6 (an initial M6.3 event 
followed 11 hours later by a M6.0 event).  A 
third event (M7.0) occurred on August 24, 1954.  
Together these events ruptured an ~70 km-long 
and 12 km-wide zone of faults along the eastern 
portion of Carson Sink, extending from US 
Highway 50 northward through the town of 
Stillwater to a point about 40 km north of 
Stillwater (Tocher, 1956; Bell, 1984; Caskey et 
al., 2000; 2002a).  Maximum vertical offsets 
along the surface ruptures ranged from 0.35 to 
0.8 m, with up to 1 meter of right lateral offset of 
stream channels in the area just north of US 
Highway 50 (Caskey et al., 2000).  The observed 
right lateral offsets support the seismological 
estimates of fault movement of Doser (1986).   
 
1954 Dixie Valley-Fairview Peak Sequence of 
Earthquakes 
These two earthquakes occurred on December 
16, 1954.  The Fairview Peak earthquake (M7.2) 
was followed 4 minutes and 20 seconds later by 
the M6.8 Dixie Valley earthquake.  Together the 
two earthquakes ruptured a complex system of 
faults 100 km long and more than 15 km wide 
(Figures 1.1.2 and 2.1.1) (Slemmons, 1957; 
Caskey et al., 1996; 2000).  Rupture progressed 
from south to north during the sequence, first 
rupturing the Fairview fault, then breaking across 
the linkage zone comprising the West Gate, 
Louderback Mountains, and Gold King faults to 
the Dixie Valley (Stillwater) fault zone, and then 
to the Dixie Hot Springs area where surface 
ruptures die out.  Because the Dixie Valley 
earthquake occurred only 4 minutes after the 
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Fairview Peak earthquake, the details of its 
seismic record are obscured by continuing 
ground shaking from the previous earthquake.  
Thus, the location of its epicenter cannot be 
determined accurately, nor can its depth and 
focal mechanism be determined (Doser, 1986).  
The Fairview Peak ruptures, in the epicentral 
area just east of Fairview Peak, show right-
oblique slip with vertical separation of 3.8 m and 
right lateral separation of 3.4 m (Caskey et al., 
1996; 2000).  In contrast, the Dixie Valley 
earthquake produced only dip-slip displacements 
of about 2.8 m on the Dixie Valley fault trace.  
The focal depths of these events were ~15 km, 
defining a fault dip of 62º (Smith et al., 1985).  
The two main events were followed by 
aftershocks greater than M6.0 in the following 
five years and all exhibited first motion, Pnl, and 
teleseismic data indicating steeply dipping, 
oblique normal fault plane solutions (Doser, 
1986; 1987). 
 
A microearthquake network was operated on the 
area of the 1954 events in 1980-1981, and a 
regional Great Basin seismic network provides 
instrumental data from 1970-1981 (Ryall and 
Vetter, 1982).  The locations of earthquakes in 
Dixie Valley are the ones shown in Figures 2.1.8 
and 2.1.9a.  A cross section of the foci across the 
southern part of Dixie Valley is shown in Figure 
2.1.9b.  The foci in the western part of the cross 
section suggest an average 60o east-dip for the 
Dixie Valley Fault to a depth of over 16 km.  
This orientation is similar to the results of the 
analysis of the fault plane of the 1954 earthquake 
by Doser (1986; 1987) and argues against listric 
faulting.  A similar situation is noted for the 
1984 Borah Peak earthquake in Idaho, where 
mainshock and aftershock earthquake locations 
define a steeply dipping fault zone to depths of 
15 km, despite seismic reflection sections that 
suggest listric faulting (Smith et al., 1985; 
Richins et al., 1987).  Other foci in the cross 
section occur within Dixie Valley at depths of 5 
to 14 km, and may be related to movements on 

intrabasin (antithetic) faults, as suggested by the 
author’s dashed lines there. 
 
Relationship of the Dixie Valley Producing Field 
to Surface-Rupturing Earthquakes 
The  area of the power plant and associated well 
field occurs within the Stillwater Seismic Gap, 
which is defined by Wallace and Whitney (1984) 
as the section of the Dixie Valley fault between 
the 1915 Pleasant Valley and the 1954 Dixie 
Valley earthquake surface ruptures (Figures 2.1.7 
and 2.1.8).  More specifically, there appears to 
be an absence of both historic and Holocene fault 
scarps in the section of the Dixie Valley fault 
zone just west of the geothermal field (Caskey et 
al., 2000).  The surface ruptures associated with 
the 1954 Dixie Valley earthquake end about 20 
km south of the geothermal field.  Scarps of The 
Bend event, consideredthe penultimate event 
which occurred at 2.0-2.5 ka, extend 
northeastward to the southern edge of the 
geothermal well field (Caskey et al., 2000; 
Caskey and Ramelli, 2004).  Holocene scarps 
thought to be equivalent to or older than The 
Bend event (Caskey et al., 2000) extend from the 
north edge of the geothermal well field on to the 
Sou Hills at the north end of Dixie Valley.  The 
geothermal well field stretches along the full 
length of the only section of the fault zone which 
may not have experienced either a Historic or 
Holocene surface-rupturing earthquake.  This 
leads to speculation (Caskey and Wesnousky, 
2002) that this section of the fault zone 
experiences constant low-level movement 
(creep), thereby maintaining the fracture 
permeability along the fault, without the stress 
relaxation and subsequent fracture closure 
experienced by the rest of the fault after big 
earthquakes.  As will be discussed below, it is 
also possible the breaks associated with The 
Bend event were confined to the range block 
such that the lack of range front scarps is not 
relevant.
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Figure 2.1.8  Seismicity, Faults, Earthquake Epicenters, Geothermal Gradient, and Range front fault scarp.  
Brown line represents northernmost surface ruptures of the 1954 Dixie Valley-Fairview Peak earthquake 
sequence. Green line represents the Bend Event (~2.5 ka), which corresponds to the Stillwater Seismic Gap.  
Clusters of earthquake epicenters (dots) occur near the Dyer Flat thermal anomaly and south of the DVPF.  
Both are near where the intrabasin fault system joins the Dixie Valley fault system and an area of high 
geothermal gradients.
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2.1.9a  Map of earthquake epicenters in the Dixie Valley Fairview Peak area, 1970-1981.  The blue line is 
approximately the cross section for Figure 2.1.9b (Ryall and Vetter, 1982).

 

2.1.9b  East-west cross section of microearthquake epicenters through the southern part of Dixie Valley (Ryall 
and Vetter, 1982).
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2.2  Regional Geophysics 

High-Resolution Aeromagnetic Survey 

High-resolution aeromagnetic surveys are a 
useful tool for geothermal exploration in basins.  
They can be used to delineate buried intrabasin 
faults that have no obvious surface expression 
(Grauch, 2001), which is useful for conceptual 
understanding of potential channel-ways for 
geothermal fluids.  Furthermore, the occurrence 
of small low-amplitude negative anomalies may 
provide clues as to the size and distribution of 
channels used by hot fluids in the subsurface, 
especially in areas of strongly magnetic volcanic 
and mafic intrusive rocks. 
 
In 2002 a high-resolution aeromagnetic survey 
was conducted over a 940 km2 area extending 
from Dixie Meadows northeastward to the Sou 
Hills, and from the eastern front of the Stillwater 
Range to the western edge of the Clan Alpine 
Range (U.S. Geological Survey and PRJ, Inc, 
2002).  The main distinguishing feature of the 
Dixie Valley survey is the extreme topographic 
relief at the east front of the Stillwater Range, 
which dictated the use of a helicopter to acquire 
the data.  Parameters of this survey are given in 
Table 2.2.1.  The data were gridded at a 50-meter 
interval after processing to remove diurnal 
effects, noise, and the Earth's magnetic field.  
The data were transformed by a reduced-to-pole 
(RTP) operator (Grauch, 2002a) (Figure 2.2.1), a 

common geophysical practice that adjusts for the 
inclination of the Earth’s field so that the 
anomaly is as if it were measured at the North 
magnetic pole.  Consequently, most anomalies 
become symmetrical and lie directly over the 
causative bodies, rather than displaced and 
asymmetrical as they would be at magnetic 
latitudes other than 90° (Blakely, 1995).   
 
The resulting RTP aeromagnetic map (Figure 
2.2.1) shows the same general features as do 
earlier lower resolution surveys (Smith, 1968)*, 
as well as several northeast-trending, short 
wavelength linear anomalies, which are 
emphasized by the shaded relief of the image.  
The Dixie Valley line spacing and observation 
height are similar to those for surveys in other 
areas (e.g., Albuquerque Basin, NM) that have 
provided information on the distribution of 
buried faults in basin-fill sediments (Grauch, 
2001; Grauch et al., 2001; Grauch and Millegan, 
1998). 
 
* The aeromagnetic study of T. E. Smith (1968) was 
the only portion of the Thompson et al. (1967) report 
published in the literature.  Thompson et al. (1967) is 
far-sighted for its time and has a number of useful 
studies of the Holocene tectonics and the geophysical 
character of the area.  Later publications of Thompson 
and Burke (1974) and Okaya and Thompson (1985) 
unfortunately do not reflect the original insights into 
the characteristics of the Dixie Valley/BRP structure.

 

Table 2.2.1  Dixie Valley High-Resolution Aeromagnetic Survey Specifications (2002).

Dates of Acquisition January 20 – February 2, 2002 

Line Spacing 200 m, lines trend NW – perpendicular to regional structures 

Tie lines 1000 m, lines trend NE – parallel to regional structures 

Observation height above ground 
 

120 m 

Instrument/Aircraft Cesium-vapor magnetometer with sampling rate of 0.1 seconds towed below a Bell 
   

Area Surveyed ~940 km2 

Total flight-line length 5740 km line 
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Figure 2.2.1  Reduced-to-Pole (RTP) low-level (120 m) high-resolution aeromagnetic map and mapped faults 
superimposed on shaded relief topography.  Note the strong NW-trending linear anomaly in the black circle and 
the Hyder Hot Springs “dimples” just N of the circle.  Anomaly areas 2, 3, and 4 are discussed in section 2.2, 
Regional Magnetic Data.
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Because the main focus of the study was to map 
faults in the valley fill, analysis focused on 
enhancing the signature of shallow faults in the 
aeromagnetic data by using a modification of the 
horizontal-gradient method.  As described in 
Grauch (2002a) and Smith, R.P. et al. (2002), the 
horizontal-gradient method (Cordell and Grauch, 
1985; Blakely and Simpson, 1986) is based on a 
principle from gravity methods which says that 
steep gradients occur over near-vertical contacts 
between units with differing physical properties.  
For magnetic data, the same principle can be 
applied after transforming the data into a form 
that is mathematically similar to gravity data, 
called pseudogravity (Baranov, 1957).  Local 
peaks in the magnitude of the horizontal gradient 
of pseudogravity give the locations of steepest 
gradients, in the same way that local maxima of 
the first derivative of a curve show the locations 
of high slope.  A modification of the method, 
which isolates the horizontal-gradient 
magnitudes associated with short-wavelength 
anomalies (Grauch and Johnston, 2002), was 
applied to the Dixie Valley magnetic data after 
transforming it to pseudogravity (Figures 2.2.2 
and 2.2.3). 
 
Many narrow ridges in the horizontal gradient 
map (Figures 2.2.2, 2.2.3, and 2.2.4), which 
correspond to linear anomalies on the RTP map 
(Figure 2.2.1), extend for 10 km or more and 
commonly show branching and curving shapes.  
The traces of mapped faults (Smith et al., 2001; 
Whitney, 1980; Thompson et al., 1967) show 
good correspondence to the narrow ridges on the 
horizontal gradient map (Figure 2.2.3), although 
there are many more gradient ridges than 
mapped fault traces!  The correspondence 
supports their general interpretation as intrabasin 
faults and allows the aeromagnetic data to be 
used as a tool for identifying buried faults, 
identical to the conclusions reached previously 
for the Albuquerque Basin, NM (Grauch 2001; 
Grauch et al., 2001).  The anomalies associated 
with faults in the Albuquerque Basin, are likely 
produced by fault offsets that juxtapose sediment 

layers of differing magnetic properties within the 
upper 500-600 m of the valley-fill sediments 
(Grauch et al., 2001).  Anomalies associated with 
faults in Dixie Valley may have similar origins.  
Part of the valley fill may be relatively more 
magnetic where it is composed of the highly 
magnetic erosional products of the JIC and 
possibly Cenozoic volcanic rocks as well. 
 
The aeromagnetic survey defines a system of 
shallow faults that includes, but also adds 
significantly in number, those with mapped 
manifestations at the surface.  The pattern of 
shallow faults revealed by the aeromagnetic data 
and surface mapping (Figure 2.2.4) shows that 
intrabasin faults with surface expression also 
have strong aeromagnetic signals.  In addition, 
the aeromagnetic survey shows that some of the 
faults with surface expression are actually 
sections of longer faults and that there may be 
many faults in the valley that exhibit no surface 
expression on air photos, some of which have 
subsequently been locally verified by targeted 
ground investigation.  Some of the faults with 
strong aeromagnetic signal, but no surface 
expression, are imaged in the seismic reflection 
sections. This suggests that they are growth 
faults, which exhibit increasing displacement 
with depth.  The set of faults defined by 
magnetic anomalies at shallow depth (the 100 m 
fault set determined by Grauch (2002a) in Figure 
2.2.4) are very young, late Pleistocene or 
Holocene, and thus must be part of the presently 
active Basin and Range system of extension 
faulting. 
 
In general, there is no abrupt westward increase 
in the RTP aeromagnetic intensity east of the 
topographic range front, as might be expected to 
be associated with a piedmont fault.  Likewise, 
there is generally no abrupt westward increase in 
RTP aeromagnetic intensity associated with the 
topographic range front itself.  Instead, certain 
places have a lower intensity at and west of the 
Stillwater Range front than it is seen in the basin 
fill material. For instance, this occurs along the 
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Figure 2.2.2  High-resolution aeromagnetic survey and horizontal-gradient magnitude of pseudogravity map 
over shaded-relief lighted from NW. Modified from Grauch, 2002.
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Figure 2.2.3  Horizontal Gradient Magnitude map, same as Figure 2.2.2 with mapped faults superimposed.  Note 
that intrabasin faults with surface expression (black lines) correspond to several of the prominent linear 
aeromagnetic anomalies.  Modified from Grauch, 2002.
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Figure 2.2.4  Map showing  the Horizontal Gradient Magnitude (HGM) of the high-resolution aeromagnetic 
survey (dark grey), the positions and distribution of faults indicated by the magnetic data, and faults mapped at 
the surface.  Black lines are faults mapped based on surface evidence (scarps, lineaments); Red and Orange lines 
are faults indicated by high-resolution aeromagnetic data. Modified from Grauch, 2002 a & b.
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Stillwater Range just NW of the north end of the 
Salt Marsh and west of the geothermal well field.  
This is because the aeromagnetic intensity seems 
to be influenced more by the rock type variations 
than by proximity of basement rocks to the 
surface.  Where basement rocks are exposed 
west of the range front, the scale of anomalies 
related to variations in rock type is much greater 
than it is in the basin, and therefore the 
“topography” of the RTP aeromagnetic field is 
much more rugged.  Also, at several places along 
the west side of the valley, the high-resolution 
aeromagnetic data show near-surface faults that 
lie above the position of the piedmont fault as 
revealed by the location of the gravity gradient 
maximum (Figure 2.2.4).  Examples are 
intermediate depth (0.1-0.25 km) faults in the 
Dixie Hot Springs area, shallow (<100 m) faults 
just west of the Salt Marsh, deep (0.25-1.5 km) 
faults east of the range-front between the Salt 
Marsh and the geothermal well field, and 
shallow and deep faults east of the range front 
north of the geothermal well field.  Some of 
these correspond to faults mapped at the surface 
and represent the near-surface expression of the 
piedmont fault zone. 
 
The young intra-valley faults commonly exhibit 
curving and branching shapes.  Notably, the 
Buckbrush fault system, a major intrabasin 
system with numerous springs localized along its 
trace, broadens and branches in a classic 
“horsetail” fashion just south of Humboldt Salt 
Marsh (Figures 2.1.5 and 2.1.7).  This pattern 
suggests the system terminates to the south of the 
mapped area and that displacement is transferred 
to nearby faults to the east or west.  There is a 
tendency for all the faults, including the exposed 
range-front fault, to turn to a more easterly 
direction at the north end of Dixie Valley, in the 
Sou Hills-Hyder Hot Springs area.  The mapped 
range-front fault and several faults inferred from 
the aeromagnetic data in the northeastern part of 
the area turn quite abruptly eastward, indicating 
a significant change in fault geometry at the 
northern end of the valley (Figure 2.2.4). 

The only part of the basin without surface or 
aeromagnetic evidence of intrabasin faulting is 
the area in and around the Humboldt Salt Marsh 
(Figure 2.2.4).  This is the deepest part of the 
basin, flanked on both sides by intrabasin fault 
systems that downdrop the central block 
(Whitney, 1980) (Figure 2.1.7).  The current 
geothermal well field is located at the north end 
of this deep, coherent block, where the flanking 
fault systems merge.  The area of merging is also 
marked by an abundance of springs and flowing 
wells (Figure 2.1.5), suggesting that a number of 
permeability channels occur here.  This 
permeability may be due to open fault systems 
that extend through the valley fill and provide 
connections for the geothermal fluids to near-
surface sediments ending with springs and/or 
artesian wells, or the springs may be localized by 
the faults and reflect shallow ground water 
pressure variations. 
 
Three areas on the aeromagnetic map (Figure 
2.2.1) provide information that may be useful in 
the search for additional geothermal cells.  The 
first is the suite of small dimple-shaped negative 
aeromagnetic anomalies in the vicinity of Hyder 
Hot Springs (Figure 2.2.1).  These may result 
from alteration of magnetic minerals along the 
walls of channel-ways used by geothermal fluids 
that feed the hot springs.  At this location, the 
small size of the negative anomalies suggests 
fairly limited interaction of hot water with 
magnetic wall rocks.  In contrast, the second area 
of interest is that of the larger negative anomalies 
associated with the Dixie Meadows Hot Springs 
(Figure 2.2.1) and with the area of high 
geothermal gradient southwest of the producing 
geothermal reservoir (Figure 2.1.8).  The high 
gradient suggests a more intense and perhaps 
longer-lived geothermal system that has resulted 
in the reduced (magnetic) Fe minerals being 
altered to a hydrous (non-magnetic) mineral 
phase in a large volume of the JIC.  Based on 
drilling, the reservoir for the producing 
geothermal field has been shown to be limited to 
fractured rocks of the Jurassic mafic igneous 
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complex in the hanging wall of the Dixie Valley 
Fault (Stillwater fault zone) (Waibel, 1994; Lutz 
and Moore, 1997; Benoit, 1999).  It would 
therefore be expected that a strongly positive 
aeromagnetic anomaly would be associated with 
the geothermal field, but the strong negative 
anomaly seen there suggests alteration has 
replaced those minerals with magnetic 
properties.  An alternate explanation relates the 
negative anomalies at Dixie Hot Springs and at 
the geothermal field to volcanic rocks having 
reversed polarity remnant magnetization. 
 
Regional Gravity Data   

Gravity is one of the most important geophysical 
methods used in Dixie Valley because it 
provides an understanding of the general 
configuration of the basin structure and some 
important aspects of the nature of the fault 
system in the producing field (Blackwell et al., 
1999).  In the public domain are two digital data 
series, the Great Basin Geoscience Data Base 
(USGS DDS-41, Raines et al., 1996) and Gravity 
Data of Nevada (USGS DDS-42, Ponce, 1997).  
Several gravity studies have been carried out in 
the Dixie Valley area and are most concentrated 
in the area of the DVPF.  Proprietary data sets 
include widely spaced regional measurements 
and a study carried out in the southern part of the 
valley for Hunt Oil in the late 1970’s 
(unpublished report, 1979).  Also, detailed local 
studies were carried out near the producing field 
for Sun Oil (AMOCO, 1980) and Southland 
Royalty (Southland Royalty unpublished data, 
1978-79; McNitt, 1983).  In 1996, a detailed 
gravity study was carried out along the range 
front in the vicinity of the Dixie Valley 
Producing Field (DVPF) and the Dixie Valley 
Power Partners (DVPP) areas (Blackwell et al., 
1999).  A total of 225 stations were occupied 
with the elevations determined with differential 
GPS with accuracy better than 0.3 m.  In 2000, 
this detailed survey was extended to the south to 
cover areas along the range front between the 

1996 survey and the Hunt survey (Blackwell et 
al., 2002). 
 
Data from all the surveys were combined (a total 
of almost 1,000 gravity stations).  The data are 
not uniformly distributed on the map.  As is 
usually the case the ranges are under-sampled 
with respect to the valleys because of access 
limitations (related to both time and movement 
constraints).  As part of the AMOCO study, a 
helicopter survey was made at known elevation 
points in the northern Stillwater Range.  Of 
course most of the points are at the tops of peaks 
so the terrain corrections are 5 to 10 mgal, with 
uncertainties of similar magnitude.  
Consequently, in the ranges, gravity contours are 
not well constrained in many places.  
Nevertheless, the existence of these points helps 
to better constrain the range gravity pattern than 
is usually the case in the Basin and Range. 
 
All of the survey data were adjusted based on 
common benchmark measurements and terrain 
corrections applied within an X to Y meter 
radius around each station using standard 
methods (Blackwell et al., 1999).  A contour 
map of the resulting, gridded complete Bouguer 
gravity anomaly values is shown in Figure 2.2.5 
superimposed on regional geology from Figure 
2.1.1.  The regional values are also shown on the 
map (heavy lines) and represent a smoothed 
average of the complete Bouguer gravity 
anomaly values.  The regional field generally 
decreases to the east in the direction of the higher 
mean elevation area in the central Great Basin as 
is expected due to regional isostatic 
compensation (Simpson et al., 1986).  It is useful 
to remove the regional field from the complete 
Bouguer data because the residual gravity values 
will outline localized, short-wavelength features 
of upper crustal significance. 
 
After removing the regional field, the residual 
Bouguer gravity anomaly map (Figure 2.2.6) 
generally shows negative values in the valleys 
and positive values in the ranges because of the 
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Figure 2.2.5  Dixie Valley Complete Bouguer gravity map (thin blue lines are in mgal) with gravity stations 
shown as blue diamonds.  Black lines are values of Regional Bouguer gravity anomaly used to prepare residual 
map (Figure 2.2.6).
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Figure 2.2.6  Complete Bouguer gravity residual map, with contours from –20 to 20 mgals in 5 mgal increments.  
Numbers 1 - 4 are gravity /magnetic highs and discussed in text.
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density contrast between the poorly consolidated 
valley fill and the bedrock of the ranges.  
However, in detail there are variations owing to 
density differences in the bedrock rock types that 
compose the ranges.  In the northern parts of the 
ranges, relatively dense pre-Cenozoic 
sedimentary and intrusive rocks have density 
contrasts with the valley fill that give rise to 
anomalies of about 20 to 30 mgal.  On the south 
end of The Bend area, in the central portion of 
the Stillwater Range, the Cenozoic granite 
exposure (John, 1995) also has a large gravity 
contrast with the basin fill.  Further south, on the 
other hand, the exposed bedrock is composed in 
part of Cenozoic volcanic rocks with a density 
much nearer to that of the valley fill and the 
range valley anomaly is ~10 mgal. 
 
On a basin-wide scale the gravity low in Dixie 
Valley is strongly asymmetrical from east to 
west and approximately 10-20 km wide.  The 
deepest part of the basin, based on the minimum 
residual gravity values, is well west of the 
geographic center of the basin.  The west side is 
relatively well-defined by high horizontal 
gradients, whereas gradients along the east side 
are more complicated with several steps and 
much lower horizontal gradients.  Based on the 
gravity pattern, the Dixie Valley basin extends 
from Pirouette Mountain in the south to the Sou 
Hills in the north (Figure 2.2.6). The gravity data 
indicate that the southern portion of Dixie 
Valley, southwest of Pirouette Mountain, has a 
very thin sediment cover and the next basin to 
the south (Fairview Valley) is offset to the west.  
This offset basin geometry is consistent with the 
1954 ruptures surfaces that occur along the east 
side of Fairview Valley, where the east side of 
the pediment bounds the Clan Alpine Range, and 
then are offset farther north along the west side 
of Dixie Valley at the east edge of the Stillwater 
Range near Eleven Mile Canyon (see Figure 
2.1.1). 
 
The horizontal gradient of the gravity field is 
useful in locating geologic and structural 

contacts of greatest density contrast (Figure 
2.2.7). The cross-sectional example in Figure 
2.2.7 shows the relationship between 
geology/structure, gravity, gravity gradient, and 
the resultant horizontal gravity gradient plotted 
at the surface.  Thus, where the rock 
composition/density change is sharp and vertical 
the gravity gradient has a high peak (Figure 2.2.7 
bottom graph), whereas in areas with shallow 
dense bodies the gravity high represents the 
midpoint over that body (Blakely, 1995).  The 
horizontal gravity gradient is the representation 
of the fault position projected to the surface 
(Blackwell et al., 2002). 
 
Past mapping has conventionally put the normal 
fault position directly next to the surface range-
valley contact (see Caskey et al., 1996 for 
example).  The regional Dixie Valley areas of 
steepest gravity gradient are shown in Figure 
2.2.8 by blue contours and in Figure 2.2.9 by 
wide gray lines.  The main point immediately 
clear from these figures is that the location of the 
maximum gravity slope is generally offset 1 to 3 
km into the valley from the topographic range-
valley contact on both the west and east sides of 
Dixie Valley.  The center of displacement 
defines the buried fault (or fault zone) position 
along the deepest part of the valley-fill 
sediments, juxtaposed against the shallow 
bedrock between a piedmont fault(s) in the 
valley and the eastern edge of the Stillwater 
Range. 
 
A detailed example of the comparison of the 
gravity gradient to the position of the fault 
bounding the valley in the Dixie Valley Power 
Partners (DVPP) and DVPF areas is discussed in 
Chapter 3, Section 2, but the results are 
discussed here for the whole of Dixie Valley. 
 
The pattern of the residual gravity and the 
gravity gradients along the eastern side of the 
basin is complex and in general not parallel to 
the edge of the valley (Figure 2.2.8).  There are 
three gravity highs along the eastern 1/3 to 1/2 of 
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Figure 2.2.7  Illustration of how horizontal gravity gradient is determined.  The peak of the horizontal gravity 
gradient value (bottom graph) will coincide with the steepest part of the gravity values (middle graph) and the 
center of the density contrast (top graph), Blackwell et al., 2002.
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Figure 2.2.8  Gravity gradient contours  and reduced-to-pole aeromagnetic contours (nT) (grey/black lines).  
Note that the gravity gradient maxima are located basinward of the rangefront.  Numbers 1 – 4 indicate 
gravity/magnetic highs.
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Figure 2.2.9  Horizontal gravity gradient maxima (wide gray lines) and faults (black lines) on a topographic 
background for comparison with Figure 2.2.7.  Surface evidence of rampart faults & intrabasin faults occurs on 
or near gravity gradient maxima.
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Dixie Valley (numbered 1, 2, and 3 on Figure 
2.2.6).  Although the strike of the present 
range/valley system is now about N30E, these 
three highs are bounded by N0 to N5W trending 
west sides.  In addition there is a N-S trending 
basin along the west side of the Clan Alpine 
Range mapped by Speed (1976) (Figure 2.2.7), 
marked as number 4 on Figure 2.2.6, where older 
alluvium is exposed and where the residual 
gravity anomaly indicates a significant thick 
sediment section.  Parry et al. (1991) noted that 
there was an older set of extensional faults 
trending approximately N-S that were 
overprinted by the northeast trend of the present 
topography.  For example, the well-exposed 
White Rock Canyon fault in the central 
Stillwater Range (Speed, 1976; Waibel, 1987) is 
clearly of this type. 
 
Large gravity gradients on the west side of the 
valley define the structural offset between the 
basement and valley fill where faulting is steeply 
dipping.  At both the southern and northern ends 
of the valley, there are abrupt changes in the 
strike along the edge of the deep part of the basin 
based on the positions of the gravity gradient 
maxima lines (Figures 2.2.8 and 2.2.9). At the 
north end, this strike change is associated with 
the mapped young faults (Smith R.P. et al., 
2002).  2-D modeling of the gravity data 
(Blackwell et al., 1999) shows that along much 
of the steep east side of the Stillwater Range, 
piedmont faults in the valley accommodate most 
of the displacement between the range front and 
the valley bottom.  These findings agree with the 
importance of the piedmont faulting found by 
Bell and Katzner (1987) for the southern portion 
of the valley.  In the area just northeast of The 
Bend the mapped trace of the fault diverges 
significantly from the position that would be 
interpreted from the gravity gradient – it is 
unclear whether this divergence is due to 
structural complexity or to compositional (and 
density) variations in the footwall rocks. 
 

Gravity gradient maxima are not as clearly 
defined on the east side of the basin, presumably 
because much of the subsidence of the east side 
of the basin is accommodated by flexure and 
widely spaced small displacement faults (see the 
interpretation of the seismic section, Section 
3.4).  In addition, the occurrence of the large 
bodies of the Jurassic igneous complex (JIC) in 
the basement beneath shallow basin-fill sediment 
controls much of the gravity signature (Figure 
2.1.10).  Areas known or inferred to be underlain 
by mafic rock have higher gravity anomaly 
values than those without (whether in the valleys 
or in the ranges).   
 
There are two complex areas that correspond to 
the Jurassic mafic rocks and the gravity gradient 
maximas:  1) along the Buckbrush fault system 
there is a suggestion of a gravity gradient 
maximum on and farther east of it (Figure 2.2.8 
and 2.2.9) and 2) directly east of the DVPF along 
the intrabasin faults.  The gravity gradient 
maxima ridges in these areas seem to be 
influenced by the density of the Jurassic mafic 
rocks and/or the sub-basin margins.  These 
gradients and the intrabasin faults mapped at the 
surface help to define the eastern edge of a 
down-dropped block in the deepest structural 
part of the basin.  The Jurassic mafic rocks are an 
important reservoir unit in the DVPF because the 
JIC tends to be more highly fractured than the 
remainder of the basement rocks (Waibel, 1987; 
Benoit, 1999) and thus is of geothermal interest.   
 
There is a strong correlation between areas with 
positive residual Bouguer gravity anomalies and 
aeromagnetic anomalies as the JIC rocks are 
more magnetic as well as denser (Smith, 1968).  
Therefore complete interpretation of the gravity 
residual is facilitated by simultaneous analysis of 
the magnetic patterns as well.  The magnetic 
pattern and combined potential field data are 
discussed in the following section. 
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Regional Magnetic Data 

The aeromagnetic surveys in Dixie Valley reveal 
major positive anomalies associated with bodies 
of mafic rocks and identify several buried bodies 
of mafic (ophiolitic) rocks in the basement 
beneath the central and eastern portions of the 
valley.  Two regional aeromagnetic surveys of 
the area were performed to obtain data on the 
structure and tectonics of the area (Smith, 1968; 
Schaefer, 1981).  More detailed and local 
aeromagnetic surveys were also a part of the 
exploration activities of the late 1970’s 
(Southland Royalty Company, 1979; Smith, 
1979; Senturian Sciences, Inc., 1977).  The 
Southland Royalty survey was flown at two 
elevations, 1677 m (approximately 600 m above 
ground level in the valley) and 2287 m (over the 
contact of the Stillwater Range and Dixie 
Valley).  The surveys cover basically the same 
areas, with the high level survey covering more 
of the Stillwater Range as shown in Figure 
2.2.10, yet the anomaly patterns of the two 
surveys appear to be consistent.  Digital data 
were available for the Southland surveys and 
therefore used for the quantitative analysis.  The 
anomalies plotted have been reduced-to-pole 
(RTP). 
 
A low altitude (120 m) high-resolution 
aeromagnetic survey, primarily of area at the 
north end of Dixie Valley, was funded by the 
DOE in 2002 and was completed by the USGS 
to investigate the effectiveness of using the 
technique for imaging shallow intrabasin faults 
(Grauch, 2002a, 2002b; Smith R.P. et al., 2002; 
Smith 2002).  The major features of the magnetic 
map were first described and given a general 
explanation by Thompson et al. (1967).  There 
are prominent positive anomalies in the valley 
(Figure 2.2.8 numbers 2, 3, and 4; Figure 2.2.1).  
The data that cover the area of relatively low 
elevation in the Clan Alpine Range clearly 
locates the source of these positive anomalies 
over the exposed portions of the JIC (Figure 
2.2.10).  In the valley there are two broad, 

positive anomalies, numbered 2 and 3, with 
number 3 extending into the Clan Alpine Range 
where the mafic rocks are exposed.  The low-
level 2002 survey, in addition, outlines an area 
further north in the valley presumed to be 
underlain by the ophiolitic rocks (number 4).  
This theory is supported by the occurrence of 
mafic basement rocks at depths from 
approximately 174 m in stratigraphic test well 
EDV-2 and at 330 m in test well EDV-3 south of 
Hyder Hot Springs (GRI data, 2000).  Based on 
the assumed susceptibility, the thickness of the 
Jurassic mafic section is on the order of 1 to 2 
km.  The relationships observed in Dixie Valley 
suggest that other areas of positive magnetic 
anomaly in NW Nevada shown on the Nevada 
regional magnetic map (Hildenbrand and Kucks, 
1988) could be due to the effects of the JIC. 
 
Combined Regional Geophysical Interpretation 

The geometry of the Jurassic igneous complex 
(JIC) has a large influence on the gravity data 
because the density of the mafic (or gabbroic) 
rocks is higher than any of the other basement 
rock units.  This point is emphasized in the Dixie 
Valley basin by the close correspondence 
between the positive gravity anomalies and the 
gravity gradients to the magnetic patterns in the 
areas where the JIC is known or may be inferred 
to be present from the magnetic maps (Figures 
2.2.1 and 2.2.8).  The location of the steepest 
gravity gradient is shown on Figure 2.2.8 with 
contours of the magnetic data.  Along the east 
side of the valley the gravity gradient ridges tend 
to outline the large circular high area of the 
magnetic anomaly (Figure 2.2.8 numbers 2 and 
3).  The area along the eastern edge of Dixie 
Valley basin between gravity gradient lows 2 and 
3 clearly defines the basement/basin margin 
region (Figure 2.2.1).  Since mafic rocks are 
much more magnetic, this allows an additional 
constraint in the position and geometry of the 
JIC.  For example, the coincidence of positive 
gravity and aeromagnetic anomalies at the 
numbered areas 2 and 3 (Figures 2.2.6 and 2.2.8) 
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occurs in areas of the valley directly adjacent to 
outcrops of the JIC and delineate the extension 
of those rocks beneath the valley-fill material.  
This interpretation is consistent with the seismic 
data, described in detail in Section 3.4, which 
suggest that Dixie Valley started out as a narrow 
symmetrical graben and then later broadened 
toward a tilted fault block configuration with the 
major displacement along the west side of the 
valley. 
 

The gravity patterns and geologic mapping 
suggest that the geometry of faulting all along 
the western range/valley contact is similar to 
what is seen in the DVPF and the DVPP areas.  
However, the gravity on the east side of the 
valley is dominated by the effect of the large 
masses of mostly buried mafic rock.  Efforts 
were made to correct for the effects of the JIC in 
order to obtain the shape of the valley from the 
greater anomaly.  The results are not very 
satisfactory because of the assumptions and 
uncertainties inherent in such a correction.

 

Figure 2.2.10  Complete Bouguer gravity residual map (black-gray lines (mgal) from Figure 2.2.6).  1677 m 
elevation aeromagnetic map, field removed (red-pink lines, nanoteslas).  Seismic Lines 6 and 102 are shown as 
blue lines across the valley.



Chapter 2.2  Regional Geophysics  51 

The combined geophysical interpretations are 
directly relevant to the ongoing controversy 
about the nature of the fault zone between the 
range and the valley.  Geophysical data provide 
information that helps to differentiate between a 
single, moderately-dipping fault and a system of 
multiple steep faults.  The inferred presence of a 
buried piedmont ramp just outboard of the range-
front fault is based on gravity, surface mapping, 
subsurface temperature distributions, and drilling 
data.  Confirming its location is strengthened by 
the aeromagnetic anomalies (shown by the 
orange to red colors along the western side of 
Figure 2.2.1).  The aeromagnetic signature is 
especially convincing in the northern part of the 
area between the geothermal field and the Sou 
Hills (Figure 2.2.1).  Along the western side of 
the valley near the geothermal field, faults 
inferred from the aeromagnetic data (Figure 
2.2.4) are supported by gravity and geologic 
mapping (Blackwell et al., 1999, 2000; Smith et 
al., 2001) and confirmed by drilling. 
 
At the southern end near Dixie Meadows, the 
steepest part of the gravity gradient (Blackwell et 
al., 1999; Smith et al., 2001) lies outboard of the 
Dixie Meadows springs.  The extension which 
produced the Dixie Meadows graben system is 
thin-skinned basinward sliding of alluvial fan 
material on saturated fine-grained sediments of 
the salt marsh (Caskey et al., 2000; Smith et al., 
2001) (See section 2.1, subsection on Humboldt 
Salt Marsh Thrust Belt).  Therefore, the gravity 
gradient maxima do not necessarily owe their 
existence to surface displacement along a 
piedmont fault (Figure 2.2.9).  Rather the close 
spatial correlation of the gravity and magnetic 
gradients reflect the presence of a deeper 
structure whose surface expression could control 
the location of the graben system. 
 
Joint Gravity and Magnetic Modeling 

It is helpful to look at both gravity and magnetic 
data together in building a regional model.  The 
regional Bouguer gravity and the 1979 Southland 

Royalty total field aeromagnetic survey data are 
compared.  There is an excellent correlation on 
the regional scale between these two sets of data 
(Figure 2.2.10).  Weaker positive magnetic 
anomalies that are not so clearly related to 
gravity are located along the west margin of the 
valley. 
 
Several long gravity and magnetic profiles were 
modeled in detail.  Two of these lines, which are 
coincident with seismic reflection lines, are 
discussed in this section (seismic Line 6 and 
seismic line 102) (Figure 2.2.11).  The modeled 
profiles extend beyond the seismic lines on each 
end, so the interpretation includes the area from 
the Stillwater Range in the west, through Dixie 
Valley proper, and to the topographically more 
subdued Clan Alpine Range in the east.  The 
locations of the lines are shown on Figures 
2.2.10 and 3.1.1 with seismic line 6 the longest 
strike line available.  Line drawings of stacked-
depth converted seismic cross-section lines 102 
and 6 without interpretation are shown in Figure 
2.2.12.  These show the area on the west side of 
the valley in the vicinity of the DVPF (line 102) 
and between DVPF and DVPP (line 6).  This 
allows for an easy comparison between the 
models and the seismic profiles (see Chapter 3 
for more details). 
 
A single density contrast of -0.55 gm/cc was 
used for the valley fill relative to basement and a 
positive density contrast of +0.10 gm/cc for the 
Jurassic mafic section relative to the basement.  
In order to keep the model relatively 
uncomplicated assumptions were made:  1) only 
four lithologies are present, 2) most of the 
observed variations in gravity are the result of 
structure, and 3) only the Jurassic igneous 
complex was assumed to be magnetic.  Assumed 
properties are shown in Table 2.2.2. 
 
The topographic, gravity, and reduced-to-pole 
magnetic data were sliced along the appropriate 
section lines to obtain observed gravity, 
magnetic, and topographic profiles (Figure 
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Figure 2.2.11  a ) Line 102 - top and b) Line 6 - bottom.  General basin and Jurassic igneous complex 
configuration from gravity (Figure 2.2.6) and magnetic interpretation along two cross sections that pass through 
the DVPF area.  Red triangles are from 2,287 and 1,677 elevation aeromagnetic surveys by Southland Royalty, 
1979.
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Figure 2.2.12  Depth-converted seismic reflectors for cross sections line 102 and line 6. These are shown with no 
interpretation to compare with the model in Figure 2.2.11.  The method of depth conversion is discussed in 
section 3.4. Vertical lines represent wells; solid lines approximately on the seismic line, and dashed are near the 
seismic line. Seismic line location map is Figure 3.1.1.
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Table 2.2.2  Gravity and Magnetic Modeling Specifications 

Lithology Density 
(kgm-3) 

Magnetic Susceptibility 
(nT) 

Cenozoic Volcanics (Basalt) 2500 0 
Jurassic igneous complex 2800 0.06 

Basement 2700 0 
Valley Fill 2100 0 

 
2.2.11 a and b).  The 1,677 m level survey 
resolves more variations in the magnetic 
signature of the valley.  The higher altitude 
survey (2,287 m) was able to sample more of the 
Stillwater Range, but as a consequence of the 
higher elevation, resolves less detail in the local 
magnetic structure in the valley.  Ideally, both 
surveys would be merged into a single, 
continuous survey to facilitate modeling.  
However, the higher elevation survey cannot be 
downward continued to the lower elevation 
because the source (in this case, the rocks of the 
Stillwater Range) is at a higher elevation than the 
lower elevation survey.  Consequently, the 
observed magnetic data are interpreted with the 
1,677 m elevation data for the increased 
resolution, except where not available on the 
western edge; there the data from the 2,287 m 
elevation survey are used. 
 
The model profile for Line 102 attempts to 
match the observed magnetic data, rather than 
the gravity data in the Stillwater Range (Figure 
2.2.11a).  This is done because if it is assumed 
that the only magnetic source present is the JIC, 
then the magnetic, rather than the gravity data, 
should yield a less ambiguous determination of 
the extent and thickness of the mafic igneous 
complex.  This exemplifies the usefulness of 
interpreting the combined data sets, but also 
shows the complexity of the gravity data 
interpretation. The presence of variable thickness 
of the dense, magnetic, ophiolitic rocks in a 
complicated topographic and structural setting 
generates considerable uncertainty in the 
interpretation of both gravity and aeromagnetic 
data.   

The seismic reflection Line 6 and Line 102 
profiles show a deep graben within the volcanic 
section that makes up the deepest part of the 
valley (the evidence for and nature of this graben 
are discussed in more detail in Chapter 3).  The 
potential field section extends to the east past the 
end of the seismic Line 6 into the Clan Alpine 
Range.  It illustrates a second narrow graben 
occurring along the west edge of the Clan Alpine 
Range that is clearly shown on Speed’s (1976) 
geologic map (see Figure 2.2.8).  These two 
relatively narrow grabens and others (White 
Rock Canyon, etc., Parry et al., 1991) trend more 
north-south than the present day Basin and 
Range structures and represent an early phase of 
extension in the Dixie Valley area.   
 
Both the seismic reflection lines and the 
potential field data indicate the same general 
shape of the valley-fill sediment package (Figure 
2.2.11a and b).  The gravity and magnetic data 
demonstrate that the actual west edge of the deep 
basin is substantially east of the western edge of 
the profile, which does not even reach the 
Stillwater Range.  Hence, the location of the 
piedmont fault zone is illustrated by the large 
vertical displacement further inside the 
topographic valley than initially realized.  See 
Chapter 3 for a more thorough discussion of 
these detailed relationships. 
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2.3  Regional Hydrology and 
Hydrogeochemistry 

Basin Physical Hydrology  

Regional Flow System Conceptual Model 

Dixie Valley is part of a larger drainage basin 
(Figure 2.3.1) that includes Pleasant Valley and 
Jersey Valley to the north, Eastgate, Cowkick, 
Stingaree, and Fairview Valleys to the south, and 
Edwards Creek Valley to the east (Cohen and 
Everett, 1963; Harrill and Hines, 1995).  Both 
groundwater and surface water flow into Dixie 
Valley from these adjacent valleys.  Water table 
elevation contours show that groundwater flows 
west from Eastgate Valley into Cowkick Valley, 
and continues westward into Stingaree Valley 
(Cohen and Everett, 1963).  There are shallow 
bedrock sills between these valleys that are 
partial barriers to flow and cause the water table 
directly upgradient of them to be very shallow.  
As it leaves Stingaree Valley, the groundwater 
merges with that of Fairview Valley and flows 
northward into Dixie Valley.  Groundwater from 
Pleasant Valley also flows over a bedrock sill 
into Dixie Valley.  Within Dixie Valley itself, 
water flows radially towards the Humboldt Salt 
Marsh, which is at the lowest elevation in the 
basin and has no surface outlet (Figure 2.1.5). 
 
There are also numerous springs across the entire 
Dixie Valley.  Many are thermal springs, and 
most discharge only a few l/min.  However, there 
are some large springs with up to 2,000 l/min 
discharge.  Total spring discharge for the area in 
1962 was estimated at 3,690,000 m3 (Cohen and 
Everett, 1963). 
 
Both the shallow aquifer water and deep 
geothermal water escape from the closed basin 
through evapotranspiration from Humboldt Salt 
Marsh and from other smaller playa settings in 
the basin.  Fluid loss also occurs from the 
geothermal power plant cooling towers at a rate 
of about 6,050 l/min but most of the condensate 
is reinjected into the geothermal system. 

Within Dixie Valley, the depth to the water table 
varies from over 60 m in the southern part of the 
valley to 0 meters in the area of the salt marsh.  
Groundwater exists both in unconfined and 
confined (artesian) aquifers.  Artesian aquifers in 
the area of the actual Dixie town site and in the 
area east of Humboldt Salt Marsh are sandy and 
gravelly alluvial fan layers between fine-grained 
sediments (silts, clays) of the salt marsh.  They 
are mostly at depths of less than 70 m and 
contain water under pressure from infiltration in 
and near the Clan Alpine Range.  The head in 
these artesian aquifers is up to 3 m above the 
surface in parts of the Dixie town area, and most 
wells in the area have artesian pressure.  In 1962, 
discharge from flowing wells just in the Dixie 
town site area was about 1,600,000 m3 (Cohen 
and Everett, 1963) and total discharge from all 
wells (irrigation, domestic use, stock watering) 
was about 3,080,000 m3.  The amount of 
groundwater in storage in the upper 30 m of the 
saturated zone is estimated at 73,800,000,000 m3 
(Cohen and Everett, 1963).  They estimate the 
perennial yield (the amount that can be pumped 
indefinitely without detrimental effects to the 
aquifer) at about 22,140,000 m3. 
 
Present recharge comes mostly from 
precipitation in the mountains surrounding the 
basin (Figure 2.3.1).  Minor recharge comes 
from precipitation that falls on the valleys of the 
basin itself.  Water moves in the subsurface from 
recharge areas to discharge areas in both 
confined and unconfined aquifers.  Lithologic 
logs of wells in Dixie Valley show that much of 
the recharge from the Clan Alpine Range moves 
in confined aquifers that are under considerable 
artesian pressure and provide significant artesian 
flow from wells in the Dixie Settlement area.  
Intersection of these same artesian aquifers by 
intrabasin faults east of Humboldt Salt Marsh 
provides channels for the rise of water to 
freshwater springs that occur along the fault 
systems.  The artesian aquifers are typically 
sandy and gravelly layers that are overlain and 
underlain by silts and clays.  This interlayered 
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Figure 2.3.1  Topographic map of the greater Dixie Valley drainage basin.  Green lines are divides between 
closed basins.  Modified from Reheis, (1999).
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stratigraphy was produced by waxing and 
waning of the salt marsh and resultant 
interfingering of fine grained playa sediments 
with coarse-grained alluvial fan sediments shed 
from the mountains. 
 
Modern Dixie Valley Water Budget 

Two studies (Cohen and Everett, 1963; Harrill 
and Hines, 1995) have investigated the modern 
water budget in the Dixie Valley area.  These 
studies estimate the recharge from precipitation 
in the Dixie Valley drainage basin and from the 
adjacent valleys that provide surface and 
underflow recharge to Dixie Valley.  The revised 
water budget of Harrill and Hines (1995) has a 
total of 28,290,000 m3 per year of recharge, and 
24,600,000 to 38,130,000 m3 per year of 
discharge through evapotranspiration.  The large 
range of values for evapotranspiration is due to 
large uncertainties in the amount of evaporation 
from the playa itself and uncertainties in 
evapotranspiration in vegetated areas of the 
basin.  It is dependent on a number of factors that 
vary greatly from year to year (Harrill and Hines, 
1995). 
 
The contribution to recharge by the outflow of 
the geothermal fluids from fault zones into the 
basin-fill sediments could be significant.  Since 
the geothermal systems seem to be running on 
recharge waters that entered the fault zones 
during the last glacial cycle, and are just now 
flowing out into the basin, they are not 
accounted for in the current precipitation 
recharge models.  Long-term (thousands of 
years), continuous flow-through of these deep 
seated and old waters is necessary to explain the 
observed temperature distribution adjacent to 
fault zones along the basin margin, and almost 
all of that flow-through enters the basin-fill 
sediments.  Only a small fraction actually 
escapes to the surface in a few scattered hot 
springs and minor fumaroles. 
 

The thermal nature of nearly all the well and 
spring water in Dixie Valley, and the chemical 
and isotopic composition of the water, suggests 
that there is considerable input of deep 
geothermal waters into the shallow aquifers 
(Bruton et al., 2002; Nimz et al., 1999).  Isotopic 
and geochemical data (Rosen et al., 2013; Janik 
et al., 2002) suggest that a 10 to 25% addition of 
deep geothermal waters to the shallow aquifer 
waters is necessary to explain their isotopic and 
chemical composition.  This is interesting 
because of the potential for greater discharge 
than recharge in Dixie Valley (Harrill and Hines, 
1995).  If the recharge number they estimated 
(28,290,000 m3 per year) is increased by about 
25%, then the recharge and discharge numbers 
more closely agree for the highest discharge 
estimates. 
 
Cold Springs and Artesian Flow 

Intrabasin springs in Dixie Valley occur along 
the Buckbrush Fault system east of Humboldt 
Salt Marsh, and along a northerly trend between 
the north end of the Buckbrush Fault system and 
the southern part of the producing geothermal 
field (Figures 2.1.6 and 2.3.2).  Most of the 
springs along the Buckbrush Fault zone are 
active, providing drinking water of sufficient 
quality for wild horse herds and of sufficient 
quantity to maintain large grassy areas for 
wildlife grazing.  While the majority of the 
springs, between the northern end of the 
Buckbrush Fault zone and the geothermal field, 
are inactive but the remnants of grassy areas and 
built-up mounds (similar to active springs today 
along the fault zone) show that they were 
recently active.  The 1954 earthquake may have 
opened new channels along the Buckbrush 
system and closed those just south of the 
geothermal field.  There is also a recently 
inactivated spring just northeast of Buckbrush 
Spring.  It was until recently (maybe 1954) a 
very active and long-lived spring because it had 
a “forest” of tall woody saplings and small trees 
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Figure 2.3.2  Map showing geothermal gradient, outflow zones, hot springs and range-front fault ages.  Contours 
show geothermal gradient (°C/km) gray lines = 25°C/km intervals.  Pink shaded areas are outflow zones into 
groundwater table (Allis et al., 1999).  Range-front faults are thick lines:  Blue (to the north) = 1915 surface 
ruptures; brown (to the south) = 1954 surface ruptures; green = “The Bend Event” ~2.5 ka surface ruptures. 
The Goff et al., 2002 geochemical sampling locations are:  blue dots = springs and dark blue dots = wells.  
Shevenell and Garside, 2003 spring geochemical data = red dots.  Smith et al., 2001 springs = small light blue 
dots.
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(all dead now) as well as an extensive lawn 
(Smith et al., 2001). 
 
All the springs tap (or once tapped) one or more 
of several gravelly artesian layers interbedded in 
the fine-grained playa sediments, usually at 
depths of less than 65 m.  These artesian layers 
are described in the well logs of numerous wells 
in the Dixie settlement area, and in wells such as 
the Dyer Flat well northeast of the settlement.  
The NBMG Map 126 (Shevenell et al., 2000) 
shows that there are several wells just east of the 
Buckbrush Fault having warm water, and one at 
the north end of the Buckbrush fault that has hot 
water (>37°C).  The geochemical and isotopic 
data (Nimz et al., 1999; Bruton et al., 2002) 
strongly show that the artesian water in these 
wells and springs is heated by geothermal 
activity, and probably represents a mixture of 
cold meteoric water from infiltration in the Clan 
Alpine Range and warm water from geothermal 
activity along the Buckbrush fault zone.  The 
exploration drilling by AMAX in the area 
southeast of the Buckbrush fault zone confirms 
the presence of a large area of warm water at 
shallow depths that may be the origin of the 
water in the warm springs.  Trace elements and 
Cl isotopes in water from domestic wells suggest 
the shallow groundwater is a mixture of regional 
recharge from contemporary precipitation with 
15-25% input of geothermal brines from depth.  
The springs along the Buckbrush fault zone lie 
on or near a fault system that extends southward 
across the basin from the DVPF to another area 
of high geothermal gradient identified by the 
AMAX data (Figures 2.1.5 and 2.3.2).  See 
thermal gradient discussion in section 2.4 for 
more details. 
 
Discharge Zones along Stillwater Range Front  

Based on geothermal gradients measured in 
wells throughout the valley (Blackwell et al., 
2000; Allis et al., 1999) there are several places 
along the Dixie Valley (Stillwater) fault where 
geothermal waters discharge into valley-fill 

sediments and flow basinward in the shallow 
subsurface (Figure 2.3.2).  Two of the 
northernmost outflow zones originate from Sou 
(Seven Devils) Hot Springs in the north and from 
Hyder Hot Springs in the center of the valley 
(Figure 2.3.2).  Additionally there are geothermal 
waters discharging from the Senator Fumaroles 
to the north, another site just south (Section 10) 
of the producing geothermal field, and, probably 
one extending from the fault out into the Dixie 
Hot Springs area near the south end of Humboldt 
Salt Marsh.  Although little data exist for these 
outflow areas other than the thermal gradient 
values in widely scattered shallow wells, an 
outflow zone in the area of Senator Fumaroles, 
just west of the geothermal well field, has been 
studied in more detail (Allis et al., 1999; 
Bergfeld, 2001; Bergfeld et al., 2001; see section 
3.1). 
 
The outflow zone in the Senator alluvial fan, 
between Senator Fumaroles and the geothermal 
well field, became apparent after 1995, when 
vegetation died in a 1 km2 area of the fan, and 
subsidence cracks and a subsidence pond 
developed at the toe of the fan.  Wells in the fan 
show that there is a temperature maximum of 
about 148°C at a depth of about 30 m below the 
surface.  This high temperature region defines 
the pre-production outflow zone of hot water.  
As production decreased reservoir pressures 
during the 1990’s, upflow of hot water from the 
reservoir could no longer reach the height of the 
outflow zone, and a steam zone developed.  The 
shallow steam (accompanied by CO2) permeated 
the overlying fan sediments, reached the surface 
in many areas, and caused the die-off of the 
vegetation.  Increased temperatures at the surface 
over the time period are documented by thermal 
infrared imagery and AVRIS imagery (Johnson 
and Nash, 1998), and increased CO2 flux and 
measured surface temperatures by detailed 
sampling (Bergfeld et al., 1998; 2001; Bergfeld, 
2001). 
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The conceptual model proposed by Allis et al. 
(1999) is as follows.  Before production, an 
upflow of ~240°C water from the deep reservoir 
followed the Dixie Valley fault zone towards the 
surface.  As it cooled along the upflow path, the 
water began to boil at fairly shallow depth below 
the fumarole, and a main outflow zone occurred 
at an elevation of about 1,035 m a.s.l. (about 30 
m below the surface).  Deeper outflow zones 
probably occurred, but no information exists to 
confirm this speculation.  A zone of silicified 
alluvium, broken periodically by fault movement 
formed in this outflow zone.  Production induced 
pressure drawdown, due to extraction of fluid 
from the reservoir, decreased the upward flow of 
water along the fault zone and into the shallow 
outflow zone.  This allowed boiling in the 
outflow zone and leakage of the steam to the 
surface of the alluvial fan.  Also, decreased 
outflow of water at the toe of the fan, where it 
interfingers with fine-grained playa sediments, 
caused subsidence of the incompetent playa 
sediments there, and the formation of the 
subsidence pond.  The pre-production mass flow 
of hot water into the outflow zone is estimated to 
be on the order of 300 l/min. 
 
The total natural mass flow of geothermal water 
from the fault zone and into the valley-fill 
sediments in all the outflow zones is obviously 
much greater than the outflow zone in the 
Senator fan.  However the other outflow zones 
north and south of the producing field (the 
Senator fan) have not been studied in detail so 
there is no way to estimate the total combined 
outflow.  The combined outflow from all the 
zones is likely to contribute significantly to the 
hydrologic regime of the valley and to the 
composition and temperature of the aquifer 
waters.  See sections above and resource 
estimate section for more detail. 
 

Regional Chemical/Isotope Hydrology 

Mountain versus Basin Hydrochemistry 

Stillwater Range waters have higher Mg and Cl 
and generally lower Ca than Clan Alpine and 
Augusta Range waters, which are also lower in 
HCO3 (Nimz et al., 2004).  These variations 
reflect the corresponding lithologic differences in 
the ranges.  Basin waters compositionally 
overlap those of the mountains, which is 
expected because the basins contain detritus of 
bedrock units present in both ranges.  But the 
basin waters tend to have higher Na and K, 
typical of waters with input of geothermal fluids, 
than most waters from the ranges. 
 
Stable Isotope Geochemistry 

Figure 2.3.3a is a plot of δD versus δ18O for 
waters from the Stillwater Range, Clan Alpine 
Range, Dixie Valley basin, and Dixie Valley 
production zone.  A plot of this type is useful in 
determining spatial isotope distributions and 
relations among geographic areas as well as 
determining possible recharge areas for 
geothermal reservoirs or hot spring systems.  
Based on the isotopic compositions of 35 cold 
waters from the Stillwater and Clan Alpine 
Ranges and from the Dixie Valley basin, the 
calculated equation for the Dixie Valley meteoric 
water line (DV-MWL) is δD = 7.355 δ18O – 
9.047.  The world meteoric water line (WMWL), 
δD = 8δ18O + 10 is shown for comparison.  
Calculated local meteoric water lines for inland 
desert basins commonly have smaller slopes and 
more enriched oxygen-18 isotope values than the 
WMWL (Fontes, 1980) and Dixie Valley is no 
exception. 
 
Because of the large topographic relief, cold 
waters from the Stillwater and Clan Alpine 
Ranges show a considerable range of isotope 
values (–109 to –132 ‰ in δD).  Waters from the 
two ranges are isotopically similar, although 
those from the Stillwater Range are slightly 
enriched in δD/δ18O overall.  Significantly, cold 
waters from the ranges are isotopically enriched 
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Figure 2.3.3  a). (Top) Graph of deuterium versus oxygen-18 for Dixie Valley, Goff et al. (2002).  b). (Bottom) 
Graph of deuterium versus oxygen-18 for Dixie Valley including cold springs, Goff (2002).
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relative to cold waters in Dixie Valley basin.  
This is the opposite of what would normally be 
expected because, within a given region, waters 
of high elevation show depleted isotopic 
compositions compared to those of lower 
elevation (Hoefs, 1973).  The only reasonable 
explanation for this anomaly is that the basin 
waters are older and were recharged in the past 
when isotopic compositions of meteoric recharge 
fluids were more depleted.  Such discrepancies 
are common in basins of the Basin and Range 
Province and are ascribed to Pleistocene 
recharge (Flynn and Buchanan, 1990; Smith G.I. 
et al., 2002).   
 
Waters of the pre-production Dixie Valley 
geothermal reservoir do not isotopically 
resemble cold waters in the adjacent ranges, 
indicating that the ranges are not recharge 
sources for the reservoir.  Instead, fluids from the 
reservoir have similar δD values to Dixie Valley 
basin waters but are enriched in δ18O by about 
2.5 ‰.  Pre-production isotope values of the 
reservoir are used in this plot because production 
has substantially changed the present isotope 
compositions of production fluids by evaporation 
and mixing as discussed below.  Positive oxygen 
isotope shifts with no deuterium shift are 
common in fluids of geothermal systems in 
which meteoric water is the only recharging fluid 
(i.e., no magmatic or connate fluid components; 
Goff and Janik, 2000). 
 
A second plot of δD versus δ18O (Figure 2.3.3b) 
compares isotope relations among the producing 
geothermal reservoir and other thermal waters 
(wells and springs) of the region.  By using both 
plots, it can be seen that other thermal fluids in 
the production zone (“on site” well waters) have 
a variety of isotopic compositions signifying a 
variety of processes (mixing between production 
fluids and meteoric water, steam loss, and 
evaporation).  For example, water from the 
Goerenger well looks like a mixture of reservoir 
water and a meteoric fluid different from most 
basin fluids.  Water from well 27-32 is shifted to 

“heavier” δD and δ18O values than production 
fluids due to probable steam loss, whereas well 
45-W-5 shows extremely “heavy” isotope 
compositions due to probable evaporation. 
 
There is a difference between the regional 
surface and deep water δ18O values.  Most of the 
regional hot spring waters isotopically resemble 
Dixie Valley basin waters.  Thus, they appear to 
be composed of older meteoric waters.  In 
contrast, mineral waters at the Dead Travertine 
and Big Horn springs, and at the Bolivia well 
resemble compositions occurring in the 
Stillwater Range, suggesting more recent 
recharge.  The deep well waters outside the Dixie 
Valley production zone (well DF 66-21, etc.) all 
show positive oxygen-18 shifts relative to the 
DV-MWL but values different than those in the 
producing geothermal reservoir.  The probable 
explanation is that each of these wells taps a 
localized geothermal fluid that is not closely 
connected to the producing reservoir (see below). 
 
Recharge Ages 

Nimz et al. (2004) present a detailed analysis of 
the ages of recharge waters into the Dixie Valley 
basin and the various types of geothermal fluids.  
As mentioned above, stable isotope relations 
indicate that these waters are not recharged from 
present precipitation on the ranges.  Instead, the 
basin waters and geothermal fluids were 
probably recharged from precipitation that fell 
during an older and cooler climate period.  The 
very youngest regional waters, occurring as 
streams and high elevation springs, are 
chemically dilute and have apparent 14C ages of 
<1,000 years.  Because they contain bomb-pulse 
36Cl and have relatively high 3H, their ages must 
be <50 years.  Other waters in the mountain 
ranges typically have 14C ages between 2 to 9 ka.  
They have no bomb-pulse 36Cl and no 3H. 
 
The oldest waters with no contamination from 
dead carbon sources are two basin waters from 
the Dixie Valley settlement in southern Dixie 
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Valley (Nimz et al., 2004).  These waters have 
14C ages of about 14 ka indicating Pliestocene 
recharge.  This age closely coincides with the 
onset of the last Lake Lahontan highstand at 13.6 
ka (Benson, 1978) and of the last Lake Dixie 
highstand (Caskey et al., 2000; Caskey and 
Wesnousky, 2002; Caskey and Ramelli, 2004; 
Nimz et al., 2004).  Other basin waters, including 
thermal spring and well waters, show some 
contamination with dead carbon yet still have 
older 14C ages; thus their radiocarbon ages are 
considered “maximum” ages.  The oldest such 
sample is from the DF 62-21 well east of the 
geothermal production zone, which has a 
maximum age of 31 ka (Nimz et al., 2004). 
 
The age of the Dixie Valley geothermal district 
within the producing field area cannot be 
accurately assessed because the reservoir has 
been contaminated during nearly 20 years of 
production, steam separation, and injection.  For 
example, Nimz et al. (2004) calculate that 
present reservoir fluids contain roughly 20% of 
modern carbon.  Because of similarities in δD 
between cold basin waters and preproduction 
geothermal fluids, the Dixie Valley geothermal 
system was probably recharged during the 
Pliestocene.  Nimz et al. (2004) argue 
convincingly that this recharge originated from 
pluvial Lake Dixie. 
 
The Helium Story: Regional and Local Trends 

Regional Helium Isotope Trends 
The Basin and Range Province (BRP), as the 
western margin of the North American plate, is 
recognized as a complex geologic system.  It is 
characterized by an anomalous thermal gradient, 
large heat flux, and volcanism and extensional 
tectonics that have varied in time and space.  
There are two basic types of geothermal resource 
in the BRP: magma hosted and extensional 
systems.  The magma hosted systems (e.g., 
Steamboat (possibly), Long Valley, Coso, and 
Roosevelt) are similar to the numerous magma 
hosted systems throughout the world and are 

concentrated along the margins of the BRP 
(Figure 2.3.4).  In contrast, the extensional 
geothermal systems that are found throughout 
the BRP are nearly unique to the Basin and 
Range.  Little is known about their origin, 
development, and what drives their spatial 
distribution with respect to the tectonic history of 
the region.  Natural state flow models attempting 
to address some of these questions are discussed 
in section 2.5 below.  Although it is generally 
accepted that the heat source for these systems is 
deep fluid circulation in a region of high thermal 
gradient, recent research using noble gas isotope 
geochemistry has shown that the fluids contain 
volatiles that can only come from the mantle 
(Kennedy et al., 2003; Kennedy and van Soest, 
2004; Kennedy et al., 2004).  Since most of the 
areas within the central Basin and Range have 
moderately elevated 3He/4He ratios (≤0.8 Ra, 
Figure 2.3.5), there is no geologic or 
geochemical evidence for mid to upper crustal 
magmatic activity.  Thus, the mantle component 
implies the existence of deep permeable 
pathways that cut through the upper and lower 
crust including, in some way, the brittle-ductile 
transition zone. 
 
Helium isotopes provide unequivocal evidence 
for the presence of magma (mantle) derived 
fluids in geothermal systems, and therefore are 
an indication of heat source and the role mantle 
melting plays in the formation of a crustal 
geothermal system.  Helium associated with 
crustal fluids, with no mantle influence, is 
dominated by radiogenic 4He produced from 
radioactive decay of U and Th to Pb and is 
characterized by a 3He/4He ratio of ~0.02 Ra 
(where Ra is the ratio in air, 1.4 x 10-6).  Helium 
associated with mantle fluids is enriched in 3He 
acquired during Earth formation.  Today, helium 
in mid-ocean ridge basalts worldwide is 
characterized by a 3He/4He ratio of ~8-9 Ra, 
which is generally believed to represent the 
upper mantle composition.  Ratios as high as ~35 
Ra have been observed in ocean island basalts 
thought to be related to deep “plume” volcanism.
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Figure 2.3.4  Shaded relief sample location map of the Basin and Range (B&R) and surrounding areas. The 
different symbols give an indication of the heat source: circle and squares, magmatic; triangles, extensional; and 
diamonds, not sure. The magnitude of the 3He/4He ratio at each locality is coded by color as follows: blue ≤ 0.3 
Ra; 0.3 Ra > green ≤ 0.6 Ra; 0.6 Ra > orange ≤ 1.0 Ra; 1.0 Ra > red ≤ 2.0 Ra; 2.0 > yellow ≤ 3.0 Ra; cyan > 3.0 
Ra. Certain features are labeled: SV: Surprise Valley; BRD: Black Rock Desert; AD: Alvord Desert; DV: Dixie 
Valley; OW: Owyhee River Canyon; DIV: Diamond Valley; K: Klobe hot spring: so far the lowest observed 
3He/4He ratio in the B&R at 0.014 Ra; MN: Monte Neva hot spring; RV: Roosevelt Hot Spring and geothermal 
energy plant; CF: Cove Fort geothermal energy plant.

Back-arc volcanics are characterized by ratios of 
~6-9 Ra.  When mantle fluids are injected into 
the crust, the original mantle helium isotopic 
composition will become diluted by the addition 
of crustal radiogenic 4He, lowering the 3He/4He 
ratio.  The degree to which the ratio is lowered 
(diluted) will depend on the flux of mantle 
helium into the crust and the residence age or 
fluid flow rate through the crust.  Therefore, the 
helium isotopic composition of surface fluids 
will depend on the mantle fluid flux across the 
mantle-crust boundary, the depth of fluid flow 
and the integrated flow rate (path) through the 
crust. 
 

Early models developed to explain the 
anomalous high Basin and Range heat flow 
invoked large scale regional under-plating of 
mantle derived mafic melts (e.g., Lachenbruch 
and Sass, 1978).  This would induce a high 
regional 3He flux across the crust-mantle 
boundary and on average it would be expected 
that helium isotope ratios in surface fluids would 
be uniformly high across the Basin and Range, 
reflecting the regional high flux.  Recent models 
restrict mantle melting and under-plating to 
localized regions (Parsons, 1995; Wang et al., 
2002; Liu, 2001; Goes and van der Lee, 2002).  
These models are more consistent with the 
distribution and age of current and recent 
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Figure 2.3.5  Generalized R/Ra ratios for areas discussed.

volcanism in the Basin and Range.  They suggest 
that major zones of mantle melting currently 
occur along the western and eastern margins of 
the Basin and Range, and the heat flow 
anomalies in the remainder of the area are related 
to crustal thinning, older melting events, and 
more recent areas of local small scale mantle 
melting (e.g., Figures 2.3.6 and 2.3.7). 
 
A theoretical helium isotope profile that might 
be associated with the more recent models is 
shown in Figure 2.3.6.  High, mantle-like, 
helium isotope ratios are confined to the regions 
of current large scale mantle melting and under-
plating where the 3He flux will be the greatest.  
Away from this zone, the helium isotope ratios 
decrease rapidly as the flux of mantle 3He 

declines.  Current localized magmatism like that 
observed at Roosevelt, Utah (RV in Figure 2.3.6) 
may generate local elevated helium isotope ratios 
compared to its surroundings.  However, the size 
of the mantle derived magma batch, the amount 
of crustal interaction, the age of that crust, and 
time since the last fresh mantle derived magma 
was added to the system will determine the 
magnitude of the helium isotope ratio enrichment 
compared to its surroundings. 
 
Preliminary results of a regional helium isotope 
study of Basin and Range surface and well fluids 
(Kennedy and van Soest, 2004) appear to 
conform to the ideas that restrict current mantle 
melting and under-plating to localized regions.  
Fluids from the western margin of the Basin and 
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Figure 2.3.6  1a.  Generalized flow through the Asthenosphere (As. Mtl) and Lithospheric Mantle (Lt. Mtl) to 
the Lower/Middle Crust (L./M. Cr.) and Upper Crust (Up. Cr.).  1b.  Measured He ratios on an east-west cross 
section from the Sierra Nevada (SN) to the Colorado Plateau (CP) through the Basin and Range.  CO =  Coso, 
LV = Long Valley,  SB =  Steamboat Springs, RV = Roosevelt.

 

Figure 2.3.7  Observed He ratios superimposed on model from Figure 2.3.6.  SV = Surprise Valley, CA, BRD = 
Black Rock Desert,  AD = Alford Desert, OW = Owyhee River Canyon, DV= Dixie Valley, DiV = Diamond 
Valley, K = Klobe Hot Spring.
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Range, a region characterized by current 
volcanic activity, have helium isotope ratios as 
high as ~6 Ra (Figures 2.3.4 and 2.3.7).  Moving 
away from these areas, helium isotope ratios 
decrease rapidly to 'background' values of around 
0.6 Ra, and then gradually decrease toward the 
east with low values of ~0.1 Ra at the eastern 
margin of the Basin and Range (helium isotope 
ranges indicated in black in Figure 2.3.7).  
Superimposed on this general regional trend are 
features which have elevated helium isotope 
ratios (0.8-2.1 Ra) compared to the local 
background.  Spring geochemistry and local 
geology indicate that these "He-spikes" are not 
related to current or recent magmatic activity, 
suggesting that the spikes may reflect localized 
zones characterized by deep permeable pathways 
and high vertical fluid flow rates.  In a detailed 
study of one of these deep permeable pathways 
(Dixie Valley and the Stillwater Range-front 
fault system), it has been demonstrated that the 
deep permeable pathways are confined to the 
range-front normal faults characteristic of the 
extensional regime in the Basin and Range 
(Kennedy et al., 2003; 2004).  However, not all 
range-front fault systems transmit fluids with a 
mantle signature, implying that not all have deep 
permeable pathways. 
 
The role-played or necessity-of deep permeable 
pathways in the development of a viable 
geothermal resource in the Basin and Range, is 
not well understood.  Mapping of geochemical 
and isotopic information into a tectonic and 
geophysical context adds to our understanding of 
these systems.  For instance, the entire Dixie 
Valley geothermal district (DVGD) is comprised 
of multiple highly productive extensional 
geothermal systems within the Basin and Range. 
Producing fluids from various deep permeable 
pathways, the DVGD is situated in a transition 
region between a zone of slow extension rates to 
the east and accelerating extension to the west.  
The relevance of the transition region to the 
location of the geothermal systems is unknown.  
To facilitate future exploration and the 

evaluation of geothermal resource potential, the 
relevance of this and similar issues must be 
addressed and understood. 
 
Local Helium Isotope Trends 
Helium isotopic compositions were determined 
in several springs, wells, and fumaroles 
throughout the Dixie Valley area, including 
samples from the Dixie Valley Producing Field 
(DVPF).  The study was conducted in 
conjunction with a Dixie Valley regional 
geochemistry study of surface fluids (Goff et al., 
2002).  Preliminary results were presented in 
Kennedy et al. (2003) and the results are 
summarized in Figure 2.3.8, where the helium 
isotopic compositions are plotted as a function of 
the “He-enrichment” factor [F(4He)], which is a 
measure of the amount of excess helium in the 
fluids (normalized to 36Ar) with respect to air 
[F(4He) = 1] or air saturated groundwater [F(4He) 
~ 0.2]. 
 
The helium associated with the productive 
geothermal reservoir fluid has an isotopic 
composition of 0.70 - 0.76 Ra, representing the 
highest ratios measured in the valley and are 
consistent with a mantle helium component in 
the Dixie Valley reservoir fluid.  These values 
are also high with respect to the surrounding 
areas, which identifies the DVPF as a “He-spike” 
in the regional trend (Figure 2.3.7).  If it is 
assumed that the magmatic source has a helium 
isotopic composition of 9 Ra, then as much as 
~7.5% of the reservoir helium is mantle-derived.  
Dixie Valley has a significantly stronger mantle 
helium signal compared to similar non-magma 
hosted geothermal reservoirs in the Basin and 
Range, such as Beowawe (~0.4 Ra) and Ruby 
Valley (~0.2 Ra) to the east. 
 
The mantle signature, however, is not very 
strong when compared to geothermal systems 
that are known to be associated with recent 
igneous activity (Figure 2.3.5).  For instance, at 
Steamboat Springs (SB), Nevada (Figure 2.3.4), 
measured 3He/4He ratios of ~6 Ra (Welhan et 
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Figure 2.3.8  R/Ra versus F(4He) ratios. Well samples from the Dixie Valley Geothermal Field (DVPF and 
DVPP) plot within the elliptical area. Well samples from outside the DVGF are shown as filled green circles and 
the Dixie Valley springs and fumaroles are shown as filled red circles.  The bold dashed line emanating from the 
DVGF depicts a mixing array between a composition defined by DVGF and the hot springs and non-geothermal 
wells (see text).  The dotted line represents either boiling or air contamination of the DVGF composition (see 
text).  The dotted line emanating from sample 66-21 is shown to indicate that the samples F(4He) value is 
probably a lower limit due to gas loss during sampling.  The numbers in parenthesis are chemical 
geothermometry temperatures from Goff et al. (2002).

al., 1988) provided strong evidence for an active 
or recently active magmatic system.  High ratios 
reflecting active magmatic systems have also 
been reported for Long Valley and the Coso 
geothermal systems (Sorey et al., 1991; Welhan 
et al., 1988).  The much lower Dixie Valley 
ratios are consistent with a non-magmatic heat 
source and confirm the lack of geologic and 
geophysical evidence for a near surface magma 
system. 
 
As mentioned above, the regional study of Basin 
and Range helium isotopes identified Dixie 

Valley as a low level “He-spike” area, not related 
to current or recent magmatism, but suggesting a 
deep permeable pathway with high fluid flow 
rates.  The DVPF samples (Figure 2.3.8), which 
have the highest helium isotopic compositions, 
are from the production wells where 245oC fluids 
are produced from fractures along the valley 
bounding range-front Dixie Valley fault system.  
The helium compositions of springs and wells 
throughout the valley are mixtures of this mantle 
derived fluid with younger, less He and 3He-
enriched, groundwaters [R < 0.4 Ra, F(4He) < 
10] (Figure 2.3.8).  The exceptions to the simple 
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mixing trend are fumaroles (Section 10 and 
Senator) and Dixie Meadows Hot Springs (30 
km southwest of the DVPF), which are 
apparently not affected by shallow groundwater 
and are directly connected to the deep system.  
This result implies that the Dixie Valley fault is a 
fast path for vertical fluid flow that is 
unencumbered by local hydrology.  Thus, the 
helium data suggest that the entire Dixie Valley 
fault may be a geothermal target. 
 
Geochemical Evaluation of Thermal and 
Mineral Spring and Fumarole Sites 

Geochemical data used in the descriptions that 
follow can be found in the recent report by Goff 
et al. (2002).  General characteristics are 
summarized in Table 2.3.1 and the sites can be 
found on maps presented by Goff et al. (2002) 
and by Shevenell and Garside (2005).  The 
geochemical characteristics of geothermal waters 
have been known for many years and have been 
applied to both reservoir evaluation and 
geothermal exploration (i.e., Ellis and Mahon, 
1977; Fournier, 1981).  Compared to other types 
of groundwater, high-temperature geothermal 
fluids (HTGF) generally display reservoir pH 
between 6 and 9, are often characterized as Na-
K-Cl waters, and contain relatively high SiO2, 
As, B, Br, and Li (Goff and Janik, 2000).  Gas 
analyses invariably reveal that dissolved CO2 is 
another major component, often exceeding the 
concentrations of Cl.  HTGF are also 
characterized by relatively low concentrations of 
divalent cations (Ca, Mg, and Sr) and extremely 
low concentrations of trivalent cations (Al and 
Fe). 
 
DVPF production fluids meet all the chemical 
criteria described above (Table 2.3.1), but most 
other thermal/mineral waters in the Dixie Valley 
region do not.  As a result, these waters either 
have not equilibrated at high-temperatures (as 
verified by chemical geothermometers) or are 
mixed fluids - possibly of high-temperature 
fluids and cooler groundwaters.  Mixed fluids, 

however, leave fingerprints of their high-
temperature parentage, usually as relatively high 
concentrations of SiO2, Cl, Na, K and the four 
key trace elements mentioned above.  In 
particular, mixed fluids generally retain constant 
ratios of the conservative species such as B/Cl 
and Li/Cl (i.e., Goff et al., 1988; Janik et al., 
1991).  The geochemical data show that DVPF 
production fluids and other regional 
thermal/mineral waters display different ratios of 
conservative components, and that the other 
regional thermal/mineral waters display different 
ratios among themselves, as described below 
(Figures 2.3.9, 2.3.10, 2.3.11, 2.3.12, and 
2.3.13).  Thus, it is a reasonable interpretation 
that each thermal system has a different 
geochemical history. 
 
Archived brine samples (provided by Oxbow 
Geothermal Co.) provide baseline information on 
preproduction chemistry in the geothermal field.  
Analyses of all the archived samples define a 
trend of similar As/Cl ratio (Figure 2.3.9) 
indicating that all production fluids were 
interrelated.  On this diagram samples with 
increased As and Cl concentration would 
generally indicate steam loss while samples with 
decreased As and Cl would indicate mixing of 
reservoir fluids with dilute groundwaters. Note 
that thermal/mineral well and spring waters of 
the greater Dixie Valley region do not lie on the 
mixing trend of the production fluids and do not 
lie on a similar trend among themselves.  This 
generally indicates that all geothermal fluids 
originate from separate geothermal systems.  
Note also that by the late 1990s, As 
concentration had decreased significantly in 
reservoir fluids as Cl content increased 
significantly (As loss).  The only explanation for 
this is precipitation of As (see below); thus 
arsenic does not behave conservatively during 
production of geothermal fluids in this reservoir 
(Goff et al., 2002). 
 
In addition, the southern production wells (in 
T24N/R37E – Section 7) have increased their B 
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Figure 2.3.9  Plot of arsenic versus chloride for thermal and nonthermal waters of Dixie Valley region, Nevada.  
Thermal  /  Mineral Spring Labels:  DX= Dixie Hot Spring, MC = McCoy Hot Spring, DT = Dead Travertine 
Spring, BH = Big Horn Spring, H = Hyder Hot Spring, S = Sou Hot Spring, J = Jersey Hot Spring, L = Lower 
Ranch Hot Spring.

 

Figure 2.3.10  Plot of boron versus chloride for thermal and nonthermal waters of Dixie Valley region, Nevada.
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Figure 2.3.11  Plot of bromide versus chloride for thermal and nonthermal waters of Dixie Valley region, 
Nevada.

 

Figure 2.3.12  Plot of lithium versus chloride for thermal and nonthermal waters of Dixie Valley region, Nevada.
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Figure 2.3.13  Plot of silica versus chloride for thermal and nonthermal waters of Dixie Valley region, Nevada.

and Cl concentrations significantly as a result of 
steam loss and reservoir concentration during 
heat extraction in the power plant (Figure 
2.3.10).  Steam loss in the northern production 
zone (T25N/R37E – Section 33) has been less 
dramatic.  Thus, B behaves conservatively 
during production of geothermal fluids in the 
reservoir.  Notice how most other geothermal 
fluids do not lie on the mixing line and probably 
are not part of the same geothermal system as the 
producing zone (shown by the blue diamonds). 
 
Bromide versus chloride concentrations have 
also increased in the southern production wells 
(in Section 7) due to steam loss and reservoir 
concentration during heat extraction in the power 
plant (Figure 2.3.11).  Steam loss in the northern 
production zone (Section 33) has been less 
dramatic.  Thus, Br behaves conservatively 
during production of geothermal fluids in the 
reservoir, similar to B.  Thermal/mineral well 
waters generally lie on the same mixing trend as 

the production fluids.  This behavior is likely 
caused by similar types of reservoir rocks 
between reservoir fluids and other geothermal 
well fluids.  On the other hand, these 
thermal/mineral spring waters have exceptionally 
low arsenic, in addition to bromide, with respect 
to chloride and are not related to production 
fluids (Figure 2.3.9). 
 
Reservoir fluids have lost lithium relative to 
chloride as production fluids have had heat 
extracted in the power plant (Figure 2.3.12).  
This is surprising because Li is generally thought 
to be very conservative in most geothermal 
process applications.  The thermal/mineral well 
and spring waters do not lie on the mixing trend, 
indicating that they are not part of the same 
geothermal system as the production fluids. 
 
Reservoir fluids show considerable variations in 
silica concentration relative to chloride as the 
production fluids have been processed through 
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the power plant (Figure 2.3.13).  Some fluids 
show the effect of modest steam loss but most 
merely show light decreases in concentration as 
the geothermal reservoir has cooled down from 
about 250°C to roughly 240°C with time.  Time 
variations are discussed in section 2.5.  Note that 
production fluids do not lie on any trend with 
respect to other thermal/mineral spring waters in 
the greater Dixie Valley region. 
 
Dixie Meadows 

The Dixie Meadows Hot Springs group consists 
of at least 20 springs and seeps that issue from a 
marshy area in Quaternary alluvium and fan 
deposits just east of the Dixie Valley County 
road near the southern end of the Humboldt Salt 
Marsh (Figure 2.3.2).  Garside and Schilling 
(1979) report as much as 200 l/min total 
discharge from the entire group of springs (Table 
2.3.1).  Discharge from the biggest spring, near 
the road, is about 10 l/min at 84°C.  Although the 
springs are hot enough to “steam,” there is no 
free gas bubbling at the vents.  No deposits of 
travertine or silica are associated with the hot 
waters.  The springs may emerge from a 
hydrothermal outflow plume rising along the 
Dixie Valley fault zone about 1 km to the 
northwest, or they may emerge from a buried 
piedmont fault beneath the Dixie Meadows area.  
No evidence of active springs or fumaroles along 
the exposed range-front fault was noted in 1998.  
However, a dozer cut at the range front, in 2004, 
had steam emanating from the alluvium in the 
pit.  Rocks along the fault zone there consist of 
fractured, hydrothermally altered Jurassic gabbro 
and quartzite. 
 
Dixie Meadows Hot Springs waters contain 
relatively high silica and chloride, and 
monovalent cations greatly exceed divalent 
cations, a characteristic of higher temperature 
geothermal fluids.  However, concentrations of 
As, B, Br, and Li, the four key trace elements in 
geothermal exploration, are very low to modest 
in concentration.  Two isotope samples show 

little, if any, oxygen-18 shift due to high-
temperature isotope exchange with rock.  Tritium 
contents are low (0.16 TU) indicating the water 
is relatively old (≥ 60 y assuming a piston-flow 
model, Shevenell and Goff, 1995).  Interpretation 
by Goff et al., (2002) of chemical 
geothermometers indicates subsurface 
equilibration at about 120°C (Table 2.3.1), 
although Mariner et al., (1974) reports Si 
temperatures of 145°C and Na-K-Ca of 144°C. 
 
Hyder Hot Spring 

Hyder Hot Spring consists of at least two springs 
and several seeps and pits that discharge from 
the top and edges of a broad hill of soft travertine 
about 15 m high and 700 m in diameter.  The site 
is located near the middle of Dixie Valley and 
about 4 km east of the DVPF.  The travertine hill 
is interbedded with alluvium and loess at the 
margins, and the base of the deposit is not 
exposed.  The travertine is stained with minor 
amounts of Fe-oxides.  Maximum discharge 
temperature and flow rate of the summit spring is 
77°C and 40 l/min.  Total flow of the entire 
group is roughly 120 l/min.  Free gas emerges 
from the summit spring.  The spring system and 
travertine hill lie at the northernmost end of a 
positive aeromagnetic anomaly caused by a 
buried basement block of the Jurassic igneous 
complex (Figure 2.2.1, just north of the black 
circle).  Several faults of various depths beneath 
the surface are interpreted in this area from the 
aeromagnetic data (Figure 2.2.4), and the 
location of the hot spring system may be 
controlled or influenced by intersections of some 
of these faults. 
 
Hyder Hot Spring waters have rather modest 
concentrations of SiO2, Br, and Li.  B contents 
are rather high but As contents are quite low.  
The waters contain only 47 ppm Cl and do not 
resemble DVPF production fluids in their trace 
element relations.  Hyder Hot Spring gas 
contains 95 mol-% CO2, 4 mol-% N2, and 0.5 
mol-% CH4 (Goff et al., 2002) (Table 2.3.1).  
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However, concentrations of H2S and H2 are 
<0.004 and <0.0006 mol-%, respectively.  High-
temperature geothermal gases are generally rich 
in these two compounds.  The tritium content of 
the water is 0.12 TU indicating the water is 
relatively old.  Chemical geothermometers 
suggest subsurface equilibration at about 80°C 
for the waters and about 87°C for the gas, very 
similar to the discharge temperature (Goff et al., 
2002, Tables 8 and 12). 
 
On the other hand, stable isotope relations of two 
Hyder samples show an oxygen-18 isotope shift 
of greater than 1.5‰ from the DV-MWL, by far 
the largest shift of any hot spring water in the 
region (Goff et al., 2002).  The isotope values are 
nearly identical to those of well 62-21 waters 
(discussed below), thus, it is possible that Hyder 
water is a mixed fluid derived from a parent fluid 
similar to fluids in 62-21 but mixed with shallow 
aquifer water. 
 
Jersey Hot Spring  

Jersey Hot Spring (aka Jersey Valley Hot 
Spring) issues from a modified pool roughly 20 
m in diameter in heavy brush about 100 m west 
of the main road in southern Jersey Valley.  In 
1998 measured discharge temperature and flow 
rate, 59°C and 200 l/min, respectively, indicate 
that the site is incorrectly shown as a warm 
spring (≤37°C) on the recent geothermal 
resource map of Shevenell and Garside (2005).  
A relatively minor cool spring (17°C) issues 
about 1 km east of the road in the direction of the 
Augusta Mountains.  A very broad but 
topographically low area of mixed travertine and 
sinter occurs roughly 300 to 500 m east of the 
road and possibly represents extinct hot spring 
activity from the Jersey Hot Spring system.  
There is no obvious structural control of the hot 
spring.  It issues from mixed alluvial fan and 
loess deposits.  There are some fragments of 
travertine in the alluvium near the hot spring but 
no in-place deposit.  No free gas issues from the 
source pool. 

Geochemically, Jersey Hot Spring water contains 
relatively low to modest amounts of SiO2, As, B, 
Br, and Li but the Cl content is only 38 ppm.  
The waters do not resemble DVPF production 
fluids (Figure 2.3.2) and they show no oxygen-
18 isotope shift.  The water contains 1.1 TU 
tritium, suggesting a minimum age of around 40 
years (Shevenell and Goff, 1995).  The 
geothermometers indicate a subsurface 
equilibration temperature as high as 120°C (Goff 
et al., 2002). 
 
Lower Ranch Hot Springs  

The Lower Ranch Hot Spring group consists of 
five hot springs and several seeps that issue from 
an impressive, faulted travertine deposit in 
eastern Dixie Valley about 1.5 km west of the 
front of the Augusta Range.  The travertine 
forms a northeast-trending deposit roughly 2 km 
long and the faulted face forms a scarp nearly 40 
m tall on the southwest end.  The east side of the 
deposit is partly buried in alluvial fan deposits.   
 
Four large springs issue from the faulted face of 
the travertine deposit.  The largest one has a 
discharge temperature and flow rate of 41°C and 
about 120 l/min (Table 2.3.1), respectively, and 
is used by the Kelley Ranch for irrigation and 
bathing.  Total flow is estimated at 400 l/min for 
the entire group.  A slightly cooler spring (39°C) 
issues from a shallow vale in the southeast 
summit of the deposit and has a discharge rate of 
about 10 l/min.  No free gas emerges from any of 
the spring sources. 
 
A related group of cooler waters (≤29°C), 
informally named the Fault Line spring group, 
issues 2 to 3 km west of Lower Ranch Hot 
Springs and they lie along a distinctive 
northeast-trending alignment over 1 km long that 
is probably fault controlled. 
 
Waters from both groups of springs contain low 
to very low concentrations of SiO2, As, B, Br, 
and Li, and Cl contents are only 30 ppm.  The 
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waters do not resemble Dixie production fluids 
and do not show any oxygen-18 isotope shift.  
Two samples (one from each group) contain 
≤0.07 TU tritium indicating a minimum age of 
roughly 80 years.  Chemical geothermometry 
indicates subsurface equilibration temperatures 
of about 60°C. 
 
Detailed mapping of the Lower Ranch travertine 
deposit by F. Goff and C.J. Janik (unpublished, 
1999) shows that the northeast end is entirely 
devoid of active springs.  Within this area, the 
layering of the deposit is best exposed in a ravine 
cutting the west side.  Here the base of the 
deposit is exposed on top of alluvial fan 
materials and it consists of mixed travertine and 
sinter.  A sample of the mixed material was 
cleaned of the CaCO3 fraction and yielded U-Th 
and U-Pr disequilibrium dates of 54 and 39 ka, 
respectively (Goff et al., 2002, Table 14). 
 
McCoy Hot Spring  

McCoy Hot Spring (not to be confused with the 
McCoy thermal anomaly in the Clan Alpine 
Range) issues from a modified pool about 40 m 
in diameter, located 8 km due north of Lower 
Ranch Hot Springs and 1.5 km southeast of 
McCoy ranch (abandoned).  Discharge 
temperature is 46°C and flow rate is ≥50 l/min.  
The pool is excavated into alluvial fan deposits.  
There are no deposits of travertine or sinter and 
no free gas emerges from the source. 
 
McCoy Hot Spring water contains low to very 
low concentrations of SiO2, As, B, Br, and Li.  
However, Cl contents are 220 to 230 ppm, more 
than any other hot spring in the Dixie and Jersey 
valleys.  Unfortunately, the waters do not 
resemble Dixie production fluids and do not 
display any oxygen-18 shift due to high-
temperature isotope exchange.  The 
geothermometers suggest subsurface 
equilibration temperatures of no more than 60°C. 
 

Sou Hot Springs (aka Seven Devils Hot 
Springs)  

This group of seven or more hot springs and 
seeps emerges from the summit and flanks of a 
north-trending travertine deposit roughly 1 km in 
length, situated about 1 to 2 km south of the Sou 
Hills.  The alignment suggests fault control but 
no structure could be seen at the springs.  The 
hot springs are found in circular vertical tubes or 
discharge from isolated springs and small ponds, 
mostly on the south end of the travertine deposit.  
Water level in one of the tubes is at least 3 m 
below the crest of the travertine and the water 
has a surface temperature of 57°C but no obvious 
discharge.  This pool is insidious because it does 
not appear hot, yet any animal or person that 
would mistakenly fall into this pool is certain to 
die.  This fact has probably resulted in the 
alternate name “Seven Devils.”  
 
The source temperature of the largest pool could 
not be safely measured but the discharge 
temperature is roughly 45°C.  The hottest spring, 
located about 20 m northwest of the largest pool 
behind heavy brush, is only 1 m in diameter but 
has a discharge temperature of 73°C and a flow 
of 4 l/min.  This spring also discharges free gas, 
while none of the others do.  Total discharge of 
the entire group is estimated at roughly 200 
l/min.  The travertine is locally colored bright 
orange from co-deposited Fe-oxides. 
 
Sou Hot Spring water contains relatively low 
quantities of SiO2, As, B, Br, and Li, and Cl 
content is only 77 ppm.  The waters do not 
resemble DVPF production fluids but do display 
an oxygen-18 shift of about 0.5‰.  A water 
sample from the hottest site is tritium dead 
suggesting an age ≥110 y (Shevenell and Goff, 
1995).  The gas contains 52 mol-% CO2, 46 mol-
% N2, and 0.8 mol-% CH4 but H2S and H2 
contents are <0.02 and <0.005 mol-%, 
respectively.  Subsurface equilibration 
temperature based on the chemical 
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geothermometers is estimated at ≤85°C (Goff et 
al., 2002, Tables 8 and 12). 
 
Big Horn Spring  

Big Horn Spring occurs 200 m northwest of the 
main Dixie Valley road, at a bend in the range 
front about 10 km southwest of the Dixie power 
plant.  The spring issues from saturated, grassy 
muck over a distance of about 20 m and has been 
so trampled by livestock and/or game animals 
that a discrete source is difficult to sample.  The 
trampled muck has many encrustations from 
evaporated spring water.  The spring is located at 
the break in slope between Dixie Valley 
alluvium and Jurassic gabbro of the Stillwater 
Range, suggesting possible fault control.  During 
the high water period of May 1999, Humboldt 
Salt Marsh water rose to within a few hundred 
meters of Big Horn Spring.  Discharge 
temperature and flow rate is ≤20°C and ≤1 l/min, 
respectively. 
 
Two samples of Big Horn spring water, collected 
only six months apart in November 1997 and 
May 1998, show remarkable differences in 
chemistry (707 versus 1359 ppm Cl, 
respectively) (Goff et al., 2002).  Nonetheless, 
each sample contains relatively low 
concentrations of SiO2, As, B, Br, and Li.  The 
waters do not resemble DVPF production fluids 
and do not display an oxygen-18 isotope shift 
due to isotopic exchange.  Chemical 
geothermometers suggest subsurface 
equilibration at ≤60°C, probably at no more than 
35°C (Table 2.3.1). 
 
The possibility exists that Big Horn Spring may 
contain some recycled water from nearby 
Humboldt Salt Marsh (5,310 ppm Cl in May 
1999) (Goff et al., 2002).  However, examination 
of conservative ratios (As/Cl, B/Cl, etc) shows 
no consistent pattern, partly because some of the 
constituents in Big Horn spring water are near 
detection limits. 
 

Dead Travertine Springs (Cottonwood 
Travertine Springs) 

The “dead” travertine deposit occurs within the 
Stillwater Range on the northeast side of 
Cottonwood Canyon (Figure 1.1.1) about 2 km 
upstream of the canyon mouth (Table 2.3.1).  
The deposit drapes the canyon wall over an 
elevation range of 275 m and presently hosts at 
least three slow-flowing springs and seeps (≤1 
l/min), issuing at temperatures of 17 to 22°C.  At 
the uppermost level of the deposit, a northeast-
trending fault juxtaposes Jurassic quartzite 
against Jurassic gabbro.  The fault, with an 
apparent throw down to the west, is also exposed 
in a slender window through the travertine in the 
middle of the deposit (F. Goff and C.J. Janik, 
unpublished mapping, 1999).  The springs issue 
from the southeast margin and from the base of 
the travertine deposit (along the canyon road), 
and from the window of the deposit.  No free gas 
emerging from the springs was observed during 
visits in 1997, 1998, and 1999. 
 
From a geothermal perspective, the spring waters 
are slightly high in B, Cl, and Li but low in SiO2, 
As, and Br.  B versus Cl and Li versus Cl plots 
(Figures 2.3.9 to 2.3.13) show a slight 
resemblance to DVPF production waters, several 
kilometers to the southeast.  However, the waters 
also contain substantial divalent cations, which is 
not a characteristic of the high-temperature 
geothermal fluids.  Stable isotopes (δD/δ18O) do 
not indicate much, if any, oxygen-18 shift.  
Chemical geothermometers suggest subsurface 
equilibration at ≤40°C (Goff et al., 2002, Table 
12). 
 
The travertine deposit contains complex layers 
and veins of both porous and solid crystalline 
calcite similar in appearance to relatively young, 
hydrothermal deposits dated by Goff et al. 
(1987) at Soda Dam, Valles Caldera, New 
Mexico.  A honey-colored travertine vein cutting 
altered gabbro at the southeast margin of the 
deposit was dated at 180 to 160 ka by U-Th and 
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U-Pa methods (Goff et al., 2002).  Four more 
travertine samples from higher in the deposit 
yield U-Th ages of 19 to 126 ka (Dixon et al., 
2003).  Clearly calcite deposition has occurred 
over a rather long time span but the actual link 
between the deposits and the present springs 
remains vague. 
 
Section 10 (Unnamed) Fumarole Group 

This group consists of several weak fumarole 
vents in the DVPP area with no associated hot 
springs that occur near an unnamed gully along 
the front of the Stillwater Range, about 3 km 
southwest of the mouth of Cottonwood Canyon 
and northwest of the DVPP lease in Dixie 
Valley.  The southernmost vent discharges from 
a grass-covered fault scarp in altered gabbro, 
perhaps 10 m above alluvium near an abandoned 
mine adit.  The northernmost vent discharges 
from faulted terrace or fanglomerate deposits 
above the north side of the unnamed gully.  It is 
very clear that the positions of the fumaroles are 
fault controlled.  Both vents discharge steam at 
the approximate boiling point for 1130 m 
elevation (roughly 98°C).  There is evidence 
from gradient drilling in the valley that there are 
several weak thermal plumes emanating from of 
the fumerole areas along the range front (see 
Figure 3.1.6) but there is not enough detail to 
clearly understand the actual patterns. 
 
Chemically, the noncondensible fractions of the 
fumarole gases contain about 33 mol-% CO2, 50 
mol-% N2 and 13 mol-% O2 indicating 
substantial mixing of deep gas with air.  
Contents of H2S, H2, and CH4 are low but 
variable (≤0.10 mol-% H2S, ≤0.03 mol-% H2 and 
≤0.13 CH4) (Goff et al., 2002).  The gas 
geothermometers are not designed for gases of 
such variable composition so an accurate 
estimate of subsurface equilibration temperature 
is not feasible.  However, boiling fumaroles 
indicate that at least 100°C must occur at depth.  
A BHT of 285°C at about 3,000 m (true vertical 

depth) was measured in the DVPP 36-14 well 
located to the southeast. 
 
Another very noteworthy characteristic of this 
site is the occurrence of several sinter deposits 
with minor intergrown travertine formed from 
now-extinct hot springs along the fault scarp and 
within the unnamed gully.  The appearance of 
these sinters is highly variable and the various 
deposits have been extensively studied by Lutz 
et al. (2002; 2003).  These authors report 14C 
dates on organic materials within the sinters near 
the fumaroles of about 2.5 to 3.4 ka.  Dixon et al. 
(2003) presented preliminary U-Th 
disequilibrium isochron dates on the same 
deposits ranging from 0.4 to 4.3 ka.  Both 
research groups imply that fossil hot spring 
activity is related to seismic events along the 
Dixie Valley fault zone. 
 
Senator Fumaroles Group 

This large group, presently consisting of roughly 
10 weak to vigorous fumaroles, is the only 
surface thermal manifestation of the underlying, 
high-temperature Dixie geothermal reservoir 
currently exploited by Caithness Geothermal 
Company and identified in this report as the 
DVPF area.  The fumaroles are described in this 
section to underscore the value of gas sampling 
and analysis in geothermal exploration.  There 
are no hot springs or sinter deposits associated 
with the fumaroles, although there are copious 
deposits of sulfur and other sublimates around 
some vents and the zone of fumarole emissions 
displays significant hydrothermal alteration.  
One fumarole vent (Calcite Fumarole) contains a 
mixture of coarse calcite crystals and more 
typical alteration products.  The fumaroles form 
a cluster that is distributed over a distance of 
about 600 m along the Dixie Valley fault zone, 
although one very weak vent occurs a little over 
1 km northeast of the primary cluster along the 
same trend (Bergfeld et al., 2001, Figure 2).  
Rocks within the main cluster consist of highly 
fractured and faulted Jurassic quartzite and 
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overlying alluvial fan deposits while rocks at the 
distant northeast site consist of faulted limestone.  
 
When the discovery wells were drilled in the 
1970s, the fumarole discharges were 
considerably weaker than present (S. Johnson, 
personal communication, 1997).  As documented 
by Bergfeld et al. (2001), fumarolic activity 
increased beginning in 1996 and was associated 
with subsidence and subsidence cracks, the 
development of a large “dead zone” in which 
surface vegetation was killed, and the 
development of short-lived fumaroles down the 
fan from the dead zone. 
 
The most vigorous fumaroles discharge gases 
containing 91 to 97 mol-% CO2, 0.4 to 1.3 mol-
% H2S, 0.2 to 0.7 mol-% H2, and 0.1 to 0.2 mol-
% CH4 but are relatively low in air components.  
These compositions are typical of high-
temperature geothermal gases (Goff and Janik, 
2000).  The Senator Fumarole gases also contain 
up to 1.6 mol-% NH3 and 0.004 mol-% Hg.  
Estimated subsurface equilibration temperatures 
range from 185 to 270°C using gas 
geothermometers (Table 2.3.1) (Bergfeld et al., 
2001; Goff et al., 2002).  The Senator Fumaroles 
are the only surface thermal features in the Dixie 
Valley region that display high-temperature 
geochemistry. 
 
Evaluation of Blind Geothermal Sites 

The following sites have thermal waters in wells 
but no associated thermal features.  The 
evaluations follow the general format in the 
above sections. 
 
Bolivia Artesian Well   

An artesian well flowing about 40 l/min of 29°C 
water occurs roughly 1 km upstream of the 
abandoned mining community of Bolivia on a 
slender terrace on the northeast side of 
Cottonwood Canyon (Figure 1.1.1).  The water 
deposits copious amounts of Fe-oxides near the 
casing of the wellhead before flowing into 

Cottonwood Creek.  No free gas is observed 
discharging from the well water.  Rocks in 
adjacent cliffs consist of highly altered Jurassic 
gabbro and limestone.  The well was drilled as a 
geothermal gradient hole by a previous 
geothermal exploration group and is apparently 
indicative of a localized geothermal anomaly in 
this sector of the Stillwater Range (S. Johnson, 
personal communication, 1997). 
 
Water from this well contains low concentrations 
of SiO2, As, B, Br, and Li but has a Cl content of 
290 ppm (Table 2.3.1).  The water does not 
resemble Dixie production fluids and displays 
little, if any, oxygen-18 shift due to high-
temperature isotopic exchange.  The water 
contains 0.10 TU tritium yielding a minimum 
age of about 75 years.  The subsurface 
equilibration temperature based on the chemical 
geothermometers is estimated at ≤45°C (Goff et 
al., 2002, Table 12). 
 
Dixie Federal 45-14 Well Near Dixie Comstock 
Mine   

The Dixie Federal DF 45-14 well is located in 
alluvium near the margin of fanglomerate about 
1 km southeast of the abandoned Dixie 
Comstock gold mine and 12 km southwest of the 
Dixie production zone (Figure 1.1.1).  The DF 
45-14 well was drilled in 1979 to a depth of 
2,750 m penetrating 335 m of unconsolidated 
basin-fill sediments, 457 m of silicic Cenozoic 
volcanic rocks, and 1,982 m of Upper Triassic 
metasedimentary rocks locally intruded by 
gabbro/diorite sills and dikes (Mackay Minerals 
Research Institute, 1980).  The well was cased 
and fluids entered the well near the bottom of the 
hole.  Temperature surveys show a maximum 
temperature of 196°C at total depth.  The well 
has been discharging intermittently (surging) 
through a pipe into a pond surrounded by desert 
shrubs on the eastern side of the wellhead since it 
was drilled. 
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The wellhead was opened in April 1998 and a 
mini separator was attached to obtain fluid and 
gas samples at a separation temperature of 125°C 
(Goff et al., 2002).  The brine contains high 
concentrations of SiO2, As, B, Br, and Li, and 
low concentrations of Ca and Mg.  The Cl 
content is 481 ppm.  Of all thermal waters 
outside the immediate area of the Dixie 
production zone, DF 45-14 water is the most 
similar in general composition to deep reservoir 
waters.  Although the compositions are similar, 
chloride variation plots (Figures 2.3.9 to 2.3.13) 
generally show that the DF 45-14 fluid is not 
derived from or part of the 245°C reservoir.  
Because sampling conditions were unstable, the 
gas sample is not considered completely 
representative (28 mol-% air contamination).  
None-the-less, the sample is relatively rich in 
CO2, H2S, H2, and CH4, typical of high-
temperature geothermal gases.  Chemical 
geothermometers indicate a subsurface 
equilibration temperature of about 200°C for DF 
45-14 fluids, essentially identical to the 
measured BHT. 
 
Dixie Comstock Mine 

Located in the Dixie Valley fault zone, the Dixie 
Comstock Mine is a typical stockwork, 
epithermal ore deposit.  Rock face temperatures 
in the mine are reported to be “hot”.  Fluid 
inclusion microthermometry and stable isotope 
analyses of mineralized quartz breccia show that 
the ore fluid was 180ºC, near-boiling meteoric 
water, possibly related to the present-day 
hydrothermal activity in Dixie Valley (Vikre, 
1994).  Although no hot springs or fumaroles 
presently exist in the mine area, fossil sinter 
deposits are found in the mine workings.  
Fragments of sinter can be found in colluvium 
and in old lacustrine deposits.  Lutz et al. (2003) 
dated pollen and organic remains in the sinters at 
10.7 ka by the 14C technique.  This date provides 
a minimum age for hydrothermal activity at the 
mine and indicates that pluvial lake Dixie once 

existed at an elevation of 1,150 m, about 100 m 
higher than the DF 45-14 wellhead. 
 
Dixie Federal 66-21 Well 

The Dixie Federal DF 66-21 well is located in 
the valley about 2 km southeast of the unnamed 
fumarole group (described above) near the south 
margin of the DVPP geothermal lease.  The 
wellhead is about 150 m southeast of the old 
alignment of the county road in Dixie Valley.  
The well was also drilled in 1979 to a depth of 
2,988 m, penetrating roughly 1,250 m of basin-
fill deposits, 335 m of Cenozoic volcanic rocks, 
870 m of primarily granodiorite, and 534 m of 
primarily metasediments.  The lower portion of 
the metasedimentary section contains 
gabbro/diorite intrusive bodies.  According to S. 
Johnson (oral communication, 1997), the hole 
bottoms in the ophiolitic rocks.  An obvious 
water entry occurs at 1,463 m depth but this 
entry was cased-off.  Temperatures show a BHT 
of rather linear conductive gradient, with a 
maximum temperature of about 215°C at 2,470 
m.  When sampled in 1997 and 1998, the well 
was producing a small amount of water (4 to 7 
l/min) at 55 to 57°C (Table 3.2.1) (Goff et al., 
2002).  No free gas was observed at the 
wellhead, although the present configuration 
does not allow for clear observation of gas 
emissions. 
 
Water from DF 66-21 has relatively moderate to 
high contents of SiO2, As, B, Br, and Li, and the 
Cl concentration is about 1460 ppm.  This Cl 
level is nearly three times higher than Cl in the 
DVPF production waters and is the most saline 
groundwater (other than Humboldt Salt Marsh) 
encountered in Dixie Valley.  The water has 
moderate Ca but low Mg concentrations.  
Although not part of the Dixie reservoir (Figures 
2.3.9 to 2.3.13), DF 66-21 water has the general 
characteristics of high-temperature geothermal 
fluids.  Chemical geothermometers suggest that 
DF 66-21 water has equilibrated at temperatures 
of about 210°C (Goff et al., 2002), indicating 



Chapter 2.3  Regional Hydrology and Hydrogeochemistry  81 

that the water comes from an entry near the 
bottom of the hole.  BHT in the DVPP wells just 
to the northeast of DF 66-21 is over 285°C. 
 
Dixie Federal 62-21 Well 

The DF 62-21 well is located near the middle of 
Dixie Valley about 10 km due east of the DF 66-
21 well and about 4 km southeast of the DVPF.  
This well is 3,810 m deep, penetrating a 
sequence of basin-fill deposits, Cenozoic tuffs, 
Jurassic gabbro and Triassic shale/slate.  The 
BHT is 184°C and a fluid entry occurs at 2900 m 
at the contact of gabbro and underlying Triassic 
slate.  When opened the well eventually flows 
140 l/min of water at about 76°C.  No free gas 
was observed associated with this water in May 
1998. 
 
DF 62-21 water contains moderate amounts of 
SiO2, Br, and Li, and high contents of As and B 
(Figures 2.3.9 to 2.3.13).  Concentrations of Ca 
and Mg are low but the Cl content is only about 
80 ppm (Table 2.3.1).  This water does not 
resemble the Dixie production brines, rather it 
resembles Hyder Hot Spring water both 
chemically and isotopically (oxygen-18 shift of 
1.5‰).  Interestingly, DF 62-21 water contains 
0.83 TU tritium (more than most of the hot 
springs) suggesting it is a mixed fluid.  Overall, 
DF 62-21 water has characteristics of moderate-
temperature geothermal fluids.  Chemical 
geothermometers suggests equilibration at 
temperatures ≤150°C, possibly around 135°C 
(Goff et al., 2002). 
 
One Big System or Many Isolated Systems 

Dixie Valley production fluids are typical of 
high-temperature geothermal fluids worldwide.  
They reflect a reservoir pH between 6 and 9, are 
characterized as Na-K-Cl waters, and contain 
relatively high SiO2, As, B, Br, and Li (Goff and 
Janik, 2000).  Gas analyses reveal that dissolved 
CO2 is another major component, often 
exceeding the concentrations of Cl.  They are 
also characterized by relatively low 

concentrations of divalent cations (Ca, Mg, and 
Sr) and extremely low concentrations of trivalent 
cations (Al and Fe) (Table 2.3.1).  Most of the 
other thermal/mineral waters in the Dixie Valley 
region (i.e., Hyder, Sou, Jersey, Dixie Meadows, 
etc.) do not possess these high-temperature 
geochemical signatures (see preceding section).  
As a result, they either have not equilibrated at 
high temperatures (as verified by chemical 
geothermometers) or are mixed fluids (possibly 
mixtures of high-temperature fluids and cooler 
groundwaters).  Mixed fluids, however, leave 
fingerprints of their high-temperature parentage, 
usually as relatively high concentrations of SiO2, 
Cl, Na, K and the four key trace elements, As, B, 
Br, and Li.  In particular, mixed fluids generally 
retain constant ratios of the conservative species 
such as B/Cl and Li/Cl (i.e., Goff et al., 1988; 
Janik et al., 1991).  The geochemical data show 
that Dixie production fluids and other regional 
thermal/mineral waters display different ratios of 
conservative components, and that the other 
regional thermal/mineral waters display different 
ratios among themselves.  Thus, even though 
they are all related in some general way to a deep 
geothermal system along or near the Dixie 
Valley fault, it is a reasonable interpretation that 
each thermal system is geochemically unique 
and has evolved along a distinctive path that is 
influenced by the sources of water, interactions 
with local wall rocks, and relationship to crustal 
heat sources. 
 
Dating of Sinters and Travertine 

The Dixie Valley region contains many hot 
spring deposits and alteration zones related to 
present and past hydrothermal activity (Table 
2.3.2).  Some of these deposits have recently 
been the subjects of modern dating studies (Lutz 
et al., 2002; 2003; Goff et al., 2002; Dixon et al., 
2003).  Investigations by Lutz and coworkers 
have focused on materials along the Dixie Valley 
fault zone, combining geologic mapping and 
mineralogy with palynology and 14C dating by 
Accelerator Mass Spectrometry (AMS).
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Table 2.3.2  Summary of Dates on Dixie Valley Spring Deposits 

Site Type Material Method Date (ka) Reference 

Dead 
Travertine 

Vein Calcite 
U/Th 
Disequilibrium 

182 ± 4 Goff et al. (2002) 

Vein Calcite Protactinuim-231 161 ± 15 Goff et al. (2002) 

Travertine Calcite U/Th Isochron 100 ± 5 Dixon et al. (2003) 

Lower Ranch 
Travertine + Sinter Quartz 

U/Th 
Disequilibrium 

54 ± 4 Goff et al. (2002) 

Travertine + Sinter Quartz Protactinuim-231 39 ± 2 Goff et al. (2002) 

The Mirrors Fault Gouge Quartz 
U/Th 
Disequilibrium 

287 ± 16? Unpublished 

Dixie 
Comstock Mine 

Sinter Clast 
Pollen/ 
Organics 

14C AMS 10.72 ± 0.07 Lutz et al. (2003) 

Section 11 
Altered Zone 
Terrace 

"Zebra" Travertine Unknown 14C AMS 5. 04 ± 0.06 Lutz et al. (2003) 

Black Travertine Calcite U/Th Isochron 3.75 ± 0.33 Dixon et al. (2003) 

Section 10 
Sinters 

Four Sinter Layers 
Quartz, 
Opal, 
Calcite 

U/Th Isochron 4.1 ± 0.1 Dixon et al. (2003) 

Section 11 
Sinter 

Sinter Organics 14C AMS 2.18 ± 0.06 Lutz et al. (2003) 

Section 15 
Sinters 

Sinter Organics 14C AMS 2.47 ± 0.05 Lutz et al. (2003) 

Sinter Organics 14C AMS 2.52 ± 0.05 Lutz et al. (2003) 

Sinter 
Quartz, 
Opal, 
Calcite 

U/Th Isochron 3.6 ± 0.1 Dixon et al. (2003) 

Investigations by Goff, Dixon, and coworkers 
have mapped out several diverse deposits of 
widely varying age and location to determine the 
age range of known Dixie Valley deposits and to 
compare a relatively new dating technique, 
protactinium-231 (Edwards et al., 1997; Pickett 
and Murrell, 1997), against traditional U/Th 
disequilibrium methods.  
 
Descriptions of deposits and recent dates 
associated with individual hot and mineral 
springs have been summarized above, but not all 

deposits have been dated because of limitations 
on time and funding (e.g., the travertine deposits 
at Hyder, Jersey, and Sou Hot Springs).  To a 
first approximation, the age of these deposits 
could be evaluated by multiplying the current 
discharge rate times the capacity of the hot 
spring fluids to precipitate calcite and then 
dividing into the volume of the deposit.  This has 
not been done primarily because the volume of 
each deposit requires time consuming 
measurements and assumptions.  On the other 
hand, not all hot springs have associated deposits 
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(Dixie Meadows and McCoy Hot Springs) so the 
hydrothermal systems that feed them cannot be 
directly dated. 
 
Dead Travertine Deposit  

The oldest known spring deposits in the Dixie 
Valley region are those currently associated with 
the Dead Travertine (Cottonwood Travertine) 
springs about 2 km upstream of the mouth of 
Cottonwood Canyon (Appendix 5, see chemistry 
discussion above).  The deposit drapes the 
northeast side of the canyon wall over an 
elevation range of 275 m and is roughly 400 m 
wide at the base (along the dirt road), 150 m 
wide at the crown, and 550 m long horizontally.  
The deposit is fault controlled because Jurassic 
quartzite is faulted down to the northwest against 
Jurassic gabbro in a narrow, northeast trending 
window within the travertine (F. Goff and C.J. 
Janik, unpublished mapping, 1999).  This fault 
extends beyond the deposit to the northeast up 
the canyon wall.  Rocks within the window and 
just above the crown of the deposit are highly 
fractured and contain numerous calcite veins.  A 
sample of dense, honey-colored calcite from one 
of these veins yielded U/Th disequilibrium and 
protactinium-231 ages of 182 ± 4 ka and 161 ± 
15 ka, respectively (Goff et al., 2002).  More 
recently, Dixon et al. (2003) reported a 
preliminary U/Th isochron age of 100 ka from 
four layered travertine samples obtained 
throughout the deposit.  Determination of 
whether or not these deposits were formed from 
spring waters of compositions and temperatures 
different from the cold seeps of today would 
require considerable additional work.  However, 
it appears that carbonate-rich fluids have 
discharged in this area for 150 ka or longer. 
 
Lower Ranch Deposit 

Another large deposit of travertine and 
subordinate siliceous material occurs at the 
Lower Ranch Hot Spring group on the east side 
of Dixie Valley about 20 km northeast of the 
producing geothermal field (see Appendix 3).  A 

prominent fault trending north-northeast, down 
to the northwest, cuts the deposit and the uplifted 
block forms a scarp at least 40 m high.  The 
entire deposit is 1,300 m long and 650 m wide, 
although the margins on the upslope side are 
partially buried in Quaternary alluvial fan debris 
(composed mostly of Paleozoic to Mesozoic 
limestone).  Four hot springs discharge along the 
southwest portion of the fault while another hot 
spring emerges near the crest of the southeast 
sector of the deposit. 
 
A sample of mixed calcite and chalcedony 
obtained from the base of the deposit in a ravine 
on the northeast part of the uplifted block was 
collected for dating by F. Goff and C.J. Janik 
(unpublished mapping, 1999).  The siliceous 
fraction was separated and yielded U/Th 
disequilibrium and protactinium-231 ages of 54 
± 4 ka and 39 ± 2 ka, respectively.  The dates 
indicate that hot spring activity has occurred 
along this fault for at least 40 to 50 ka.  The 
siliceous material near the base suggests the 
springs may have once been hotter, although this 
speculation requires much more evaluation. 
 
Dixie Valley Fault Zone 

The Dixie Valley fault zone from behind the 
Dixie Meadows Hot Springs to northeast of the 
Senator Fumaroles displays dispersed varied 
alteration, active fumaroles, and fossil sinter 
deposits over a strike length of at least 40 km.  
Southwest of Dixie Meadows the fault produced 
scarps up to 1 to 2 m high during the 1954 Dixie 
Valley earthquake (Ms = 6.8).  The seismic 
history of the fault zone has been summarized 
most recently by Lutz et al. (2003).  A few of the 
hot spring deposits along the fault have been 
dated as described below (oldest to youngest). 
 
The Mirrors 
A sample of siliceous fault gouge within 
fractured Jurassic gabbro exposed at The Mirrors 
yielded a preliminary U/Th disequilibrium age of 
287 ± 16 ka (Goff, Janik and Dixon, unpublished 
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data).  This date requires further evaluation but 
suggests faulting along this break has been 
ongoing for several hundred thousand years. 
 
Dixie Comstock Mine 
The Dixie Comstock Mine is an epithermal gold 
deposit hosted in quartz-rich gouge and breccia 
along the Dixie Valley fault zone (Vikre, 1994).  
Fluid inclusion homogenization temperatures 
from samples at moderate depth are 180°C and 
freezing measurements indicate the ore-carrying 
fluid was dilute, probably dominated by meteoric 
water (Vikre, 1994).  Eroded sinter deposits 
occur on the upthrown (west) side of the fault 
zone.  Within the mine area, clasts of the sinter 
are incorporated in lacustrine beach gravel and 
diatomite associated with pluvial Lake Dixie.  
Lutz et al. (2002; 2003) dated a concentrate of 
pollen and organic material within a clast of 
sinter in the lacustrine deposits, obtaining a 14C 
age of 10, 722 ± 70 years BP.  According to Lutz 
et al., 2003, this provides a maximum age for the 
diatomite and an age for hot spring activity and 
gold mineralization. 
 
Section 11 T24N/R36E Altered Area and 
Overlying Spring Deposits 
A brightly colored zone of altered Triassic 
metasediments (mostly shale) underlies Jurassic 
quartzite, gabbro and volcanic rocks along a 
northeast-trending thrust fault about 4 km west 
of the DVPF and 1.5 km southwest of the mouth 
of Cottonwood Canyon.  As shown on the 
geologic map of Lutz et al. (2003, Figure 4) the 
area has complex structure and a variety of 
alteration zones and spring deposits from which 
a couple of dates have been obtained. 
 
The Triassic rocks are relatively unaltered in the 
mouths of some ravines.  Near the Dixie Valley 
fault zone (Lutz et al., 2003), highly ruptured 
Triassic shale is cut by a multitude of calcite 
veins (F. Goff and C.J. Janik, unpublished 
mapping, 1999).  Up slope the shale grades into 
argillic and advanced argillic zones in which the 
shale texture is preserved but minerals include 

kaolin, sulfur, gypsum, and alunite.  The rock 
relations indicate that the advanced argillic zone 
represents a dead fumarolic (acid-sulfate) 
hydrothermal episode overprinting an earlier 
argillic (neutral-chloride) event.  Significantly, 
the alunite in the advanced argillic zone and the 
calcite veins in the fractured shale have not been 
dated. 
 
Lutz et al. (2003) show a weak fumarole 
occurring in the southeastern part of the area 
suggesting the alteration may be related to 
current hydrothermal activity.  However, a 
terrace deposit roughly 2 to 3 m thick lacking 
advanced argillic alteration overlies the altered 
Triassic shale on a flat bench 120 m above the 
edge of valley fan deposits (see Appendix 3).  
Consequently, the aging of the alteration is still 
in discussion and most, if not all, of the 
advanced argillic alteration could predate present 
hydrothermal activity. 
 
No hot springs or fumaroles presently exist on 
the above-mentioned terrace.  Nevertheless, the 
terrace contains old spring deposits with various 
assemblages of calcite, dolomite, hematite, silica 
and barite, and gravel and sand cements rich in 
Fe- and Mn-oxides.  One of the deposits consists 
of horizontally banded hematite, dolomite, and 
barite cut by more recent calcite veins (the 
“zebra” deposit of Lutz et al., 2003, Figure 5).  A 
14C age of 5,040 ± 60 years BP was obtained 
from unspecified material in the banded deposit 
(Lutz et al., 2003).  A U/Th disequilibrium 
isochron age of 3.75 ± 0.33 ka was obtained on 
two samples from a white calcite vein cutting 
black, hematite-rich spring deposit on the top of 
the terrace (Dixon et al., 2003; Figure 3).  
Because of retrograde solubility of carbonates 
and dolomites, Lutz et al. (2003) point out that 
the springs of these deposits may have been a 
“warm” mixture of geothermal water and cooler 
“modified-meteoric or basinal waters.”  It is 
possible for Fe oxides to precipitate where Fe-
bearing, neutral pH fluids come in contact with 
alkaline waters.  Thus, the terrace may represent 
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the most recent high stand of pluvial Lake Dixie 
and a place where iron-rich thermal waters 
encountered cooler lake water.  These 
speculations require further work. 
 
Section 10, 11, and 15 Sinters 
A series of sinter deposits have been described 
by Lutz et al. (2003) in Section 10 from in and 
near the mouth of an unnamed ravine near an 
active, boiling point fumarole in the Section 10 
fumarole group described above.  The Dixie 
Valley Fault zone cuts the deposits and the 
present fumaroles are fault controlled.  Upstream 
of the fault zone (upthrown side) at least four 
layers 5 to 15 cm thick of opal and chalcedony 
with minor calcite and hematite are interbedded 
with fanglomerate (F. Goff and C.J. Janik, 
unpublished mapping, 1999).  The layering 
suggests there were periods of rather quiet hot 
spring activity punctuated by episodes of rapid 
deposition from the canyon.  Lutz et al. (2003) 
were not able to date this material by 14C but 
argued that the age should be older than 3.4 ka 
but younger than 10 to 12 ka.  Five U/Th 
disequilibrium dates from four of the layers yield 
an isochron age of 4.1 ± 0.1 ka (Dixon et al., 
2003). 
 
In Section 15, slightly downstream of the 
deposits described above and stratigraphically 
above them, Lutz et al. (2003) examined other 
sinter beds in fanglomerate on either side of the 
active fumarole.  14C dates on organic remains in 
each of these sinter layers yielded 2,466 ± 50 
years BP and 2,523 ± 50 years BP, respectively. 
 
In Section 15, about 300 to 600 m southwest of 
the fumarole straddling deposits, additional 
sinter deposits are cut by the Dixie Valley fault, 
forming a scarp more than 1 meter high 
(Appendix 3).  The sinters have various textures 
and contain minor calcite in some layers, as well 
as tubular structures resembling fossil reeds in 
other layers.  Four U/Th disequilibrium dates 
from these deposits yield an isochron age of 
about 3.6 ± 0.1 ka (Dixon et al., 2003). 

A reddish sinter deposit from dead hot spring 
activity overlies Jurassic quartzite in Section 11 
about 1 km southwest of the hematite-rich 
terrace mentioned above.  This sinter yielded a 
14C age of 2,178 ± 55 years BP from organic 
debris encapsulated by siliceous material (Lutz et 
al., 2003). 
 
Most sinters in Sections 10, 11, and 15 resemble 
geyserite (White et al., 1971) indicating that they 
originated from an underlying hydrothermal 
system of at least 150°C and discharged at or 
near boiling conditions (Goff and Janik, 2000).  
The various 14C and U/Th disequilibrium dates 
indicate this activity persisted from at least 4.1 to 
2.2 ka.  Since about 2.2 ka, the top of the liquid-
dominated zone within the hydrothermal system 
has descended leaving a vapor-cap at the surface 
from which only weak fumaroles emerge today.  
It is speculated that the past and present activities 
are part of the 285°C geothermal system of the 
DVPP located southeast of the fumaroles.  The 
change in hydrology and formation of a vapor 
cap above the hydrothermal system may have 
been caused by abrupt seismic activity (Lutz et 
al., 2003; Dixon et al., 2003) and/or gradual 
descent of the regional water table (Goff and 
Janik, 2000). 
 
2.4  Regional Thermal Regime 

Regional Heat Flow 

The discovery of the Dixie Valley Producing 
Field (DVPF) by Sunedco and the deep drilling 
activities of Southland Royalty were part of the 
extensive industry interest in the area during the 
1975-1985 time frame.  A number of thermal 
gradient wells, both shallow (<150 m deep) and 
intermediate (150 to 600 m deep) depth were 
drilled.  A compilation of the wells in the public 
domain is given in Appendix 2.  The table 
includes location, depth, thermal gradient, 
thermal conductivity (measured or estimated), 
and estimated heat flow (where possible).  The 
geothermal anomalies outlined in the Dixie 
Valley area are discussed below, except for the 
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thermal regime in the DVPP and DVPF areas 
which is discussed in Chapter 3.  The well 
locations and contoured geothermal gradients for 
the area are shown in Figure 2.4.1. 
 
The Dixie Valley area occurs along the southern 
margin of the Battle Mountain heat flow high 
subprovince of the Basin and Range heat flow 
province (Williams et al., 1997).  The data set 
used to generate the 2004 Geothermal Map of 
North America (Blackwell and Richards, 2004) 
show a more complex pattern, however.  The 
geothermal data do emphasize the extensive 
development of high temperature geothermal 
systems in the Lahontan Basin (Benoit and 
Butler, 1983; Edmiston and Benoit, 1984; 
Coolbaugh et al., 2002).  New analysis of 
bottom-hole temperature (BHT) data from 
eastern Nevada suggests that the area of high 
subsurface temperature and heat flow extends to 
northeastern Nevada and into northwestern Utah.  
Although there are few springs with high 
temperature geochemical signatures in this area, 
it is not considered as limited as once thought.  
Dixie Valley also has a lack of strong fluid 
geochemical evidence for the extent of high 
temperature systems there (section 2.3).  Eastern 
Nevada has hardly been explored compared to 
the Lahontan Basin (Richards and Blackwell, 
2002a & b; Coolbaugh et al., 2002).  There are 
no known gas samples analyzed from these 
eastern areas. 
 
The expected thermal regime in a dominantly 
conductive Basin and Range setting was 
discussed in volume 1 of the Geothermal 
Resource Council Transactions (Blackwell and 
Chapman, 1971), Welch et al. (1981), Blackwell 
(1983), among others.  The high thermal 
conductivity of the bedrock in the ranges 
compared to the valley fill, leads to the refraction 
of heat near the boundaries and to higher 
gradients but slightly lower heat flow in the 
middle of the valleys than in the ranges.  In 
practice data quantity is insufficient to 
demonstrate this effect clearly in an empirical 

sense.  Drilling programs for geothermal 
purposes tend to be confined to the valleys, (e.g., 
Mase and Sass, 1980) or the ranges for regional 
heat flow (Sass et al., 1971).  The natural-state 
flow models discussed in section 2.5 show this 
dichotomy to be unfortunate because it impedes 
understanding of the thermal regime of the Basin 
and Range in general.  According to the natural 
state flow models heat flow in the ranges could 
be lowered significantly compared to the 
conductive prediction (Blackwell, 1983) in some 
of the possible flow regimes and so heat flow 
data could help to constrain possible parameters 
of models. 
 
In the area of study, there are only 25 holes in 
the bedrock outside of geothermal systems 
compared to 157 holes in the valleys.  The 
average thermal gradient in the wells in the 
valley, not influenced by geothermal flow, is 57 
°C/km (the geothermal wells are indicated with a 
category 4 assignment in Appendix 2).  Based on 
thermal conductivity measurements of valley-fill 
types of rocks in Dixie Valley, and elsewhere, 
the average thermal conductivity is 1.4 ±0.2 
W/m/K (Sass, 2001).  Hence the estimated 
average heat flow in the valley is 80 ±10 
mW/m2.  The deepest hole 62-21 (see Chapter 3, 
Figure 3.1.2) is in the middle of the valley away 
from geothermal systems and has a conductive 
gradient to a depth of almost 4 km.  The 
estimated heat flow for that well is 84 mW/m2, 
similar to estimates from the shallower wells.  
Based on this value and the expected refraction 
effect, the conductive equivalent range value is 
predicted to be about 89 mW/m2.  The wells 
within bedrock that are not near geothermal 
systems (such as the McCoy area in the Clan 
Alpine Range (Pilkington, 1982)) have gradients 
of ~45°C/km and an estimated average heat flow 
of 95 ±15 mW/m2 (a total of 11 wells).  As noted 
above, this value is sensitive to the regional fluid 
flow regime.  Consequently, the effect on the 
overall thermal regime by the heat lost cannot 
prove to be significant in the geothermal system.  
A robust value for the range would allow 
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Figure 2.4.1  Thermal gradient and well locations in the Dixie Valley area.  Contour intervals are 20 °C/km.  
From 120 – 250 °C/km the contours are a red fill and from 500°C/km the contours are a dark red fill.  Contours 
in the ranges are diagrammatic due to the lack of data.  Well gradient locations are shown as black triangles for 
shallow wells (<500 meters) and as black circles for wells deeper than 500 m.
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additional constraints on the thermal and 
hydrologic flow regime in the area. 
 
Background Conductive Heat Flow in Dixie 
Valley 

The shallow temperature gradient map shown in 
Figure 2.4.1 is based on a selected suite of 
available wells.  In making the geothermal 
gradient map, gradient values at depths less than 
500 m were used for contouring.  The discussion 
of the data from deeper wells is located in 
Chapter 3. 
 
In calculating regional and/or background 
(outside known geothermal areas) heat flow, 
range and valley settings were calculated 
separately because of their difference in 
topography and geology.  Furthermore, in 
analyzing the conductive heat flow sites, wells 
influenced by circulation of the geothermal water 
need to be removed in the calculations.  If the 
average circulation time is taken to be ~100,000 
years based on dating (see Table 2.3.2), the 
radius of the area affected by a point source of 
heat is approximately 2-3 km.  So, wells within 
this radius of the geothermal anomalies were 
removed from the dataset.  As a result, most of 
the wells in the Senator Fumaroles and DVPP 
areas were excluded from the regional 
calculations.  This left 78 well sites within Dixie 
Valley area and 13 wells in the surrounding 
ranges available for background heat flow 
determination.  Since it is impossible to 
completely separate the convective from the 
conductive heat flow in the well data, one should 
still expect some contribution of convective heat 
flow still to remain in the regional values. 
 
A frequency distribution of the valley thermal 
gradient data (in 10°C/km bin intervals) is shown 
in Figure 2.4.2.  The highest frequency of the 
data lies in the interval of 40-50°C/km.  On the 
other hand, a Gaussian fit to the data showed a 
peak at 63°C/km.  The high value in the 
Gaussian fit probably reflects the positive 

contribution of ground water into the valley heat 
flow.  Taking two different maxima into account, 
an average gradient of 54±5 °C/km is calculated 
to represent the conductive gradient in the valley.  
The average thermal conductivity for the shallow 
part of the valley shows constant value of 1.4 
W/m/K.  Therefore, the average background heat 
flow in the valley is determined to be 76 mW/m2. 
 
In the analysis for the ranges, the selected 13 
wells do not include wells that are very close to 
the range-bounding faults since refraction effects 
might distort the true heat flow there.  In these 
wells, heat flow might also be affected from 
circulation of geothermal water along the faults.  
In ranges, since lithologies vary from place to 
place, analysis of thermal conductivity values for 
each well is necessary.  For wells that don’t have 
conductivity measurements, a generic value was 
assigned according to the type of lithology in the 
well site.  For volcanic rocks, 1.4 W/m/K was 
used whereas for intrusive and meta-sedimentary 
rocks, 2.5 W/m/K was used. 
 
The frequency distribution of heat flow in the 
ranges is shown in Figure 2.4.2 with bin intervals 
of 10 mW/m2.  The heat flow values are more 
dispersed than the gradients probably first 
because of the distortion due to terrain effects 
and secondly due to the inconsistency in the 
conductivity values.  Since most of the range 
wells were shallow and drilled in narrow valleys 
within ranges, the apparent heat flow might be 
higher than the actual background heat flow 
because of the terrain effect.  Looking at the 
overall distribution, the highest frequency is 
observed in the interval of 80-90 mW/m2.  The 
Gaussian fit peaks at 85±10 mW/m2, which 
coincides with the frequency distribution.  As a 
result of that, we determined the regional heat 
flow to be 85 mW/m2 for the ranges. 
 
Different heat flow in ranges and valleys is a 
natural consequence of the refraction effect due 
to the contrast of the thermal conductivity in the 
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Figure 2.4.2  Frequency distribution of gradients and heat flow in thermal gradient exploration wells in Dixie 
Valley.
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valley and ranges.  Since valleys are filled with 
lower conductivity materials than ranges, more 
heat is transported through ranges to the surface.  
As a result, greater than average background heat 
flow is observed in ranges whereas less than 
average background heat flow is observed in 
valleys (see Figure 2.5.4).  The amount of extra 
heat in ranges can be as large as 16% of the 
background heat flow and 25% of the heat flow 
observed in valleys.  The percentage of 
difference is a function of the valley/range 
geometry and also the magnitude of the 
valley/range thermal conductivity contrast.  In 
Dixie Valley, heat flow in ranges appears to be 
12% more than heat flow in the valley.  Using 
the calculated ratios, the regional heat flow in the 
vicinity of Dixie Valley is found to be 82±10 
mW/m2.  So there is no evidence that the 
convective heat loss (see below) is coming at the 
expense of heat flow in the adjacent part of the 
Stillwater Range. 
 
Heat Loss 
The total anomalous heat loss for Dixie Valley 
was calculated using a method to determine the 
long term potential of the geothermal field.  This 
calculation looks at the amount of heat being lost 
at the surface and from that determines the stored 
geothermal potential.  The regional heat flow 
value of 82 mW/m2 (as calculated above) was 
selected as the base level for determining the 
anomaly (Figure 2.4.1).  Therefore, only the 
elevated heat flow values are part of the heat loss 
calculation and include the areas of convective 
heat flow, i.e., DVPF and DVPP.  All elevated 
heat flow values from Eleven Mile Canyon on 
the south, to Sou Hot Springs in the north were 
numerically integrated over the Dixie Valley 
area for the heat loss calculation.  A heat loss of 
73.8 MWth for Dixie Valley was determined.  
Based on the analysis of Wisian et al., (2001) 
and Richards and Blackwell (2002b) this heat 
loss value implies an electrical generation 
potential for Dixie Valley systems of 74 to 740 
MWe, depending on the rate of production.  

However, this calculation does not determine if 
this heat is extractable by current technologies. 
 
Thermal Anomalies in Dixie Valley outside the 
DVPP and DVPF Areas 

During the initial exploration of the area, the 
known thermal regimes were the Senator 
Fumaroles, Dixie Meadows, the very weak 
fumaroles in Section 10, and the hot/warm 
springs in the northern part of the valley 
(McCoy, Hyder, Sou, Lower Ranch, etc.; see 
section 2.3).  Initally, no areas in Dixie Valley 
were listed as high temperature systems by 
Benoit and Butler (1983). There were anecdotal 
reports of high temperatures in the workings of 
the Dixie Comstock Mine (Vikre, 1994) based 
on the known fluid geochemical signatures.  
None of the manifestations though indicated high 
temperatures.  Early 1-meter surveys were 
carried out near the Section 10 and Senator 
Fumaroles (Al Waibel, personal communication, 
2000) and showed clear plumes associated with 
each area, but the results were not published and 
are not widely known.  The first well, known as 
Frying Pan Well, was drilled in the mid 1960’s at 
the Section 10 fumaroles by Cordero Mining 
Company (a subsidiary of Sun Oil) with a 
bottom-hole temperature of 125°C at 110 meters 
led to the involvement of Sun in the area.  (See 
Appendix 6 for copies of George W. Berry’s 
initial reconnaissance of the area.) 
 
There are now six areas that have relatively 
dense thermal gradient measurements within the 
Dixie Valley area.  These areas from north to 
south are the Senator Fumaroles and Dixie 
Valley Producing Field (DVPF), Dixie Valley 
Power Partners (DVPP, Section 10 fumaroles), 
Dixie Comstock Mine, Dixie Meadows Hot 
Spring, Clan Alpine Ranch/Dyer Fault, Pirouette 
Mountain and Eleven Mine Canyon.  The list of 
available wells in the area is in Appendix 2 with 
the locations shown in Figures 1.1.1 and 2.4.1.  
The DVPP and DVPF areas are discussed in 
detail in Chapter 3.  Below are descriptions of 
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the thermal data for each of the other thermal 
anomalies. 
 
Eleven Mile Canyon 
Eleven Mile Canyon is the area furthest south in 
Dixie Valley.  Exploration drilling was active in 
the 1975-1985 time frame and over 500 shallow 
and intermediate thermal gradient wells were 
drilled in Dixie Valley.  These exploration 
efforts resulted in the discovery of three blind 
geothermal systems in the southern end of the 
valley.  These are the Eleven Mile Canyon, 
Pirouette Mountain and Dyer Flat anomalies.  
The first two were discovered during regional 
reconnaissance thermal gradient drilling in 1976 
by Hunt (Roger Bowers, personal 
communication, 2000).  Eleven Mile Canyon and 
Pirouette Mountain are interesting areas because 
they are within the zone of surface breaks in the 
earthquakes in 1954.  The third area was 
discovered by a regional program of logging 
existing wells (in this case water wells) by 
AMAX Geothermal.  Summary temperature-
depth plots for these areas are shown in Figures 
2.4.3, 2.4.4, and 2.4.5 respectively.  Hunt drilled 
the clusters of thermal gradient wells that 
resulted in the outlining of relatively large 
thermal anomalies (Figure 2.4.1) with significant 
heat loss in the Eleven Mile Canyon and 
Pirouette Mountain areas (Richards and 
Blackwell, 2002b). None of the three areas have 
subsurface water samples available for 
geochemical temperature calculations. 
 
The 1980 Eleven Mile Canyon wells drilled by 
Hunt Oil are the 3500 series shown in Figure 
2.4.3.  There are 23 temperature-depth curves for 
this area.  Six are from intermediate-depth wells: 
3508, 3524, 3526, 3527, 3531, and 3532.  Wells 
3524 and 3531 are the deepest at 609 m, with 
3524 having the maximum temperature of 80°C, 
and an average gradient of 195°C/km.  The 
shallow well gradients make three clusters.  The 
background gradient is about 52°C/km (varying 
between 30 – 90°C/km).  The middle set of 
gradients range from 100 – 170°C/km, and the 

higher gradients range from 200-300°C/km. At 
or above 250 m the temperature-depth curves 
generally show a downward decrease in gradient. 
 
Pirouette Mountain 
The Pirouette Mountain area (Figure 2.4.4) has 
27 temperature gradient wells, part of the 3300 
series drilled by Hunt Oil in 1979.  There are 
eight intermediate wells drilled to 600 m.  The 
maximum temperature is 87.2°C at well 3317B 
and the temperature is still increasing with 
depths of 600 meters.  The highest gradients in 
this area are typically above 200 m with the 
shallow gradients peaking between 500-
600°C/km.  The 27 wells do not clearly define an 
average background gradient similar to other 
areas described.  Instead, the shallow gradients 
range from 14 – 600°C/km. 
 
After several other exploration activities 
including a gravity survey and geologic 
mapping, Hunt drilled three deep wells in this 
southern area of Dixie Valley.  Two of these 
were in the Eleven Mile Canyon anomaly (72-23 
and 52-14) and one was in the Pirouette 
Mountain anomaly (66-16).  Very little 
information is available for the 72-23 and 52-14 
wells in the Eleven Mile Canyon area, but 
apparently the temperatures at 2,514 and 2,274 
meters respectively were less than 100°C (Roger 
Bowers, personal communication, 2002).  The 
Pirouette Mountain area 66-16 well has well logs 
available and a recorded bottom-hole 
temperature of 74°C at 2,244 m (87°C if 
corrected using the SMU-Harrison correction for 
the 2004 Geothermal Map of North America 
BHT wells; Blackwell and Richards, 2004).   
 
Clan Alpine 
There are fourteen shallow wells drilled by 
AMAX in May 1979 as the 903 series along the 
east side of the valley and referred to here as the 
Clan Alpine anomaly (Figure 2.4.5).  In the case 
of the AMAX effort, after drilling several 
shallow wells (88 to 95 m deep) that outlined the 
anomaly in more detail, there is no record of 
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Figure 2.4.3  Temperature-depth curves for the Eleven Mile Canyon area.  Black lines with no name are shallow 
wells in the area.

 

Figure 2.4.4  Pirouette Mountain temperature-depth curves.  Black lines with no name are shallow wells in the 
area.
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Figure 2.4.5  Temperature-depth curves for the east central part of the valley, Clan Alpine Ranch and Dyer Flat 
(AMAX).

additional exploration.  Three of the wells (903-
02, 903-06, and 903-07) have clearly anomalous 
temperatures at 80 m with temperatures of 72, 39 
and 29°C respectively, compared to the 
background average of about 20°C.  The curves 
have decreasing gradient below about 40 m 
indicating lateral flow in a shallow aquifer (or 
aquifers) below about that depth.  These three 
wells are located approximately in the middle of 
the Clan Alpine Ranch well field area.  The 
anomalous area is near the contact of the Clan 
Alpine Range and Dixie Valley.  Smith et al. 
(2001) discussed the presence of shallow artesian 
conditions in Dixie Valley especially in the area 
of the old Dixie town site (see also section 2.3).  
There are several wells within the range here that 
have low to regional gradients. 
 
Dixie Meadows 
The early exploration efforts also included work 
at the Dixie Meadows Hot Springs area collected 

by NuFuels (Mobil) in 1981.  The temperature-
depth curves for these wells are shown in Figure 
2.4.6.  Here many of the shallow wells have a 
“normal” background gradient of 58°C/km.  
There are two wells, 8G1 and 8G2 with high 
initial gradients (600+°C/km) that become 
isothermal by 15 meters.  The hottest shallow 
temperature measurement for the Dixie 
Meadows area is 100.4°C for 8G2.  The deepest 
well (Mobil 8G3) has a maximum temperature of 
142.61 °C at 67 meters, below which 
temperatures decline to 128.85°C at the 442 
meter total depth (Figure 2.4.6). 
 
All three anomalous curves have shapes 
indicating lateral flow of warm water at very 
shallow depth from the range front.  There is a 
weak fumarole at the range front about 1 km 
west of the hot spring area (Mark Coolbaugh, 
personal communication, 2004) as well as the 
extensive fluid flow at the hot springs.  The 
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Figure 2.4.6  Temperature-depth curves for the Dixie Meadows area.

Dixie Meadows Hot Springs are located directly 
over the position of the sharp gravity gradient in 
this area (see section 2.2) so it is also possible to 
have vertical flow along a piedmont fault in this 
area. 
 
Dixie Comstock Mine 
The Dixie Comstock Mine area (Figure 2.4.7) 
has twelve well measurements with most of them 
part of the Southland Royalty SR series 
(Southland, 1978).  There is one deep well, DF 
45-14.  It has a maximum temperature of 196°C 
at 2,750 meters.  The upper gradient is 52°C/km 
and the lower gradient is 12°C/km.  The shallow 
background wells have a gradient of about 
50°C/km.  The intermediate wells, H-2, DD9, 
and SR-2A, have gradients varying from 
72°C/km to 116°/km.  The maximum 
temperature is observed in the intermediate depth 
wells is 91.5°C.  There is evidence of lateral 
flow at shallow depths in the curves of SR-2 and 
SR-2A. 

Other Areas 
The hot spring areas in the northern part of the 
valley have not been investigated with thermal 
gradient wells as far as public domain data are 
concerned.  The scattered well data in this area 
do not make any coherent patterns, in contrast to 
the case with the concentrated data to the south.  
The most interesting wells (EDV #1, EDV #2, 
EDV #3) are intermediate depth wells drilled by 
GEO International in the general area of Hyder 
Hot Springs (GEO International, 1999; see 
Figure 2.4.8).  These wells have gradients that 
change only at conductivity breaks from the 
surface basin-fill to basement rocks with the 
average gradients changing between 84, 64, 66 
°C/km respectively for basin-fill sediments, 
Tertiary volcanics, and the basement rocks.  
These gradients indicate what the background 
thermal conditions are for the valley in this area.
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Figure 2.4.7  Dixie Comstock area temperature-depth curves.

Three other areas deserve brief mention even 
though they are outside Dixie Valley.  A hot 
spring area in Jersey Valley, immediately north 
of Dixie Valley, was explored by ARCO.  Only 
average gradient results are available (Figure 
2.4.1 and Appendix 2).  At McCoy, temperature 
logging of an existing stock well revealed the 
large geothermal system there (Olsen et al., 
1979).  No high temperatures (>120°C) were 
found in the wells drilled there; the highest 
temperature measured in the McCoy area was 
102°C in well 66-8 (Figure 2.4.1 and Appendix 
2).  Buena Vista and New York Canyon are 
overlapping areas Northwest of Dixie Valley on 
the west side of the Stillwater Range near Table 
Mountain.  These areas were drilled by AMAX 
and Phillips (Figure 2.4.1 and Appendix 2).  The 
wells are shallow (< 90 meters), with gradients 
ranging from 16 to 500 °C/km.   
 

Geophysical Characteristics of Thermal 
Anomalies 

Some of the geothermal activity in the Dixie 
Valley area occurs along the gravity gradient 
maximum marking the position of maximum 
structural offset on the western side of the valley 
(Figures 2.2.8 and 2.2.9).  This includes the 
Dixie Valley Producing Field (DVPF) area and 
the Dixie Meadows Hot Springs system.  In 
contrast, Hyder Hot Springs occurs in the interior 
of the basin, ENE of the producing geothermal 
field.  Hyder occurs inside the limits of a strong 
positive aeromagnetic anomaly related to a body 
of gabbroic rocks in the basement beneath the 
valley fill (Figure 2.2.1, see the High-Resolution 
Aeromagnetic Survey section).  There are several 
small dimple-shaped negative aeromagnetic 
anomalies near the hot spring (black circled 
area), and these may reflect rocks in which the 
magnetic minerals have been altered by hot 
water or steam near the channels that serve as the 



Chapter 2.4  Regional Thermal Regime  96 

 

Figure 2.4.8  a and b.  Northern Dixie Valley well temperature-depth curves.
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plumbing system for the hot springs.  Other such 
dimple-shaped negative anomalies occur in the 
area east and northeast of Hyder Hot Springs and 
in the southeastern part of the basin.  Such areas 
of dimple shaped anomalies in areas of otherwise 
high-aeromagnetic signature may be useful in the 
search for additional geothermal systems in 
Dixie Valley and other basins.  However, high-
resolution aeromagnetic surveys are necessary in 
order to recognize such small anomalies.  Hyder 
Hot Springs also occurs at the intersection of two 
faults interpreted from the high-resolution 
aeromagnetic survey.  A deep (~1 km depth) NW 
trending fault intersects a shallow (<100 m 
depth) fault at the position of the springs (Figure 
2.2.4).  For more details on springs see section 
2.3, Geochemical evaluation of thermal and 
mineral spring and fumarole sites. 
 
2.5  Numerical Modeling of Natural State 
Basin and Range Flow Systems 

Introduction 

A number of geothermal systems in the Basin 
and Range Province have subsurface 
temperatures in excess of 200°C, and even 
250°C by 2–3 km and are associated with 
Quaternary normal faulting (Caskey et al., 2000; 
Kennedy et al., 2005). A few of these systems 
are non-magmatic in origin, based on the helium 
isotope ratios in the hot water (Kennedy et al., 
2000, and this report).  Meteoric water enters via 
the ranges or through valley fill, warms during 
deep circulation, and ascends along the nearest, 
most permeable pathway, usually an active 
range-bounding fault.  The Dixie Valley, Nevada 
geothermal system is apparently unusually hot; 
temperatures in excess of 280°C have been 
encountered by 3 km depth (Blackwell et al., 
2000).  Data on fluid inclusions in quartz in the 
exposed Dixie Valley fault zone south of The 
Bend area suggest paleotemperatures near 300°C 
(Bruhne et al., 1994). 
 
The objective in this section (based on papers by 
Wisian and Blackwell, 2004; and McKenna and 

Blackwell, 2004) is to describe studies to 
examine conditions necessary for a reservoir 
temperature near 280°C to be generated and, 
perhaps sustained.  The characterization of the 
reservoir utilizes several parameters, including 
temperature along the producing fault, and the 
predicted surface heat flow.  Clearly based on the 
previous discussions, several hot springs and 
fumaroles are located in Dixie Valley, with high 
subsurface temperatures.  Drilling indicates 
temperatures >190°C at 2.5–3.0 km depth along 
a strike length of at least 14 km along the west 
side of the valley (from the producing field 
(DVPF) to Dixie Comstock Mine). 
 
The geometry of the models investigated is 
similar to the typical geometry of extensional 
geothermal systems.  There are two mountain 
ranges in the structural model (~1 km relief from 
the valley floor), separated by a valley filled with 
a thick sequence (about 4 km) of clastic 
sediments derived from the adjacent ranges.  
There is a relatively permeable, high-angle fault 
(65°) that functions as a conduit for subsurface 
fluids at one of the valley/range contacts. 
 
The modeling study to characterize the flow 
regime in these types of systems by Wisian and 
Blackwell (2004) utilized TOUGH2 (Pruess et 
al., 1999) and concentrated on exploring the 
parameter space of steady-state numerical 
models with upflow along a permeable fault.  A 
summary of the modeling results is shown in 
Figure 2.5.1a & b.  In these figures, the 
temperature and heat loss in the system are 
shown as a function of the permeability of the 
basement (host or country) rock of the model.  
These figures illustrate the limited range of 
permeability of the regional country rock that 
generates systems that reasonably model the 
geothermal systems observed in the Basin and 
Range.  Essentially the range of interest for 
country rock permeability is only one order of 
magnitude, i.e., 10-15 to 10-16 m2.  For lower 
permeabilities the modeling shows little 
convective heat transfer and for larger values the 
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systems cool to unreasonably low regional 
temperatures over time (see McKenna and 
Blackwell, 2004, and below). 
 
Based on the findings of Wisian and Blackwell 
(2004) the analysis in McKenna and Blackwell 
(2004) was restricted to two values for the bulk 
rock permeability, 1 x 10−16 

and 5 x 10−16 
m2.  

Here, we also limit analysis to those two bulk 
rock permeability values for two reasons. First, 
at bulk rock permeabilities > 5 x 10−16 

m2, 
models do not attain steady-state because they 
continue to cool and thus are unrealistic regional 
solutions.  And second, at permeabilities lower 
than 1 x 10−16 

m2 
models are essentially 

conductive: a model utilizing a bulk rock 
permeability of 1 x 10−17 

m2 
generates fault 

temperatures that are <2°C different from the 
conductive model (i.e., a bulk rock permeability 
of 1 x 10−20 

m2). 
 
Steady-state Results 

Model Geometry 

The two-dimensional geometry utilized in the 
numerical modeling performed by McKenna and 
Blackwell (2004) is illustrated in Figure 2.5.2.  
The modeling parameters specific to each 
numbered domain are listed in the table below 
the figure.  Note that the valley fill incorporates 
anisotropic permeability to more accurately 
represent the hydrologic properties in the valley 
in accord with observations.  The cell size away 
from the fault zone is 230 m x 200 m, whereas 
immediately adjacent to the fault, the cell size is 
halved (130 m x 100 m) to provide sufficient 
resolution of both the thermal and flow regime 
near the fault (Figure 2.5.3).  The total number of 
elements is 7471. 
 

The models we show were developed utilizing 
PetraSim by Thunderhead Engineering 
Consultants.  Unless stated otherwise, all the 
models developed in this study utilize surface 
temperature and pressure boundary conditions of 

20°C, and 1 x 105 
Pa, respectively.  Additionally, 

a basal heat flow of 90 mW/m2 directed into the 
model (chosen so that the model accurately 
represents the high heat flow in the Basin and 
Range Province) is specified for the bottommost 
row of cells.  Because the emphasis of our 
modeling is regional geothermal systems, we 
neglect the unsaturated zone in our modeling and 
require all elements to be fully saturated.  Hence, 
we do not impose a radioactive heat flow 
boundary condition on the surface of the model.  
The constraints on the mass flux estimates 
obtained from our models are discussed in a later 
section.  We utilize a modified version of the 
equation-of-state for pure water (EOS1) for 
TOUGH2 that allows for super-critical 
conditions in pure water (EOS1sc; Brikowski, 
2001).  Both the EOS1 and EOS1sc modules 
yield almost identical results; however, because 
even non-magmatic geothermal systems are 
often near the critical point of pure water by 6–9 
km depth, the latter module provides more 
realistic characterization of reservoir pressure– 
temperature conditions.  Also, to facilitate direct 
comparison with future models with higher 
temperatures, we use the super-critical equation-
of-state module. 
 

Steady-state Thermal and Flow Regime   

The “normal” thermal/flow regime in Basin and 
Range settings remains poorly constrained.  The 
background heat flow of the entire region is 
significantly elevated with respect to adjacent 
tectonic areas (e.g., Lachenbruch and Sass, 1978; 
Blackwell, 1983; Blackwell et al., 1991), but 
whether or not some regions beneath the ranges 
are naturally convecting remains unknown.  
Many Basin and Range geothermal systems are 
believed to initiate or become more vigorous as 
the range-bounding fault permeability abruptly 
increases during/after an earthquake (Parry et al., 
1991).  However, it is unclear whether the best 
initial pressure–temperature conditions for 
numerical modeling are an initially conductive or 
convective thermal/flow regime.  To help 
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Figure 2.5.2  Model geometry. The domain number in the above figure corresponds with the domain number 
appearing in the table.  A constant density and heat capacity of 2650 kgm−3, and 1000 J kg−1 K−1, respectively, 
were utilized in the modeling. The bulk rock permeability is varied in each model.  A basal heat flow of 90mWm
−2, surface temperature of 20°C, and surface pressure of 1.01×105 Pa were specified as boundary conditions. 
The low value for the thermal conductivity is based on laboratory measurements obtained from cuttings up to 
2.5 km depth. The low-permeability domains flanking the fault zone are utilized to represent probable fault-
sealing.

 

Figure 2.5.3  Elements utilized for temperature-time history (z = 3.85 km; x = 2.15 km).  The model consists of 
7471 elements.
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address this uncertainty we discuss models that 
utilize both cases as initial conditions. 
 

Figure 2.5.4 shows the steady-state temperature 
and velocity distribution obtained after a 
simulation time of 32 million years (hereafter 
referred to as steady-state), utilizing a bulk rock 
permeability of 1 x 10-20 m2 (i.e., domain 1, see 
Figure 2.5.2; also see the more extensive 
discussion in Wisian, 2000).  At such a low 
permeability, almost all the fluid velocities are 
extremely low (with the exception of the range 
tops where fluid enters the system), and the only 
observed thermal effect is a modest increase in 
temperature between the ranges (domains 6–9 in 
Figure 2.5.2) caused by the low thermal 
conductivity valley fill.  Both the linearity of the 
temperature along the fault as a function of depth 
(Figure 2.5.4; see below) and the lack of 
anomalously high predicted surface heat flow at 
the fault/range contact (Figure 2.5.5) illustrate 
that the model is essentially conductive.  The 
model described above attempts to simulate a 
situation in which the host rock is essentially 
impermeable, whereas the valley fill and fault 
itself remain highly permeable.  For simplicity 
we assume that the entire volume of the 
basement rock is impermeable.  Figures 2.5.5 
and 2.5.6 are equivalent to the model shown in 
Figure 2.5.4, except that the bulk rock (domain 
1), fault (domain 2), range-side fault (domain 4) 
and valley-side fault (domain 3) permeabilities 
were set at either 1 x 10−16 

m2 
(Figure 2.5.5), or 5 

x 10−16 
m2 

(Figure 2.5.6) to simulate an actively 
convecting porous system prior to faulting, and 
development of the focused geothermal system.  
The steady-state simulations obtained from the 
models shown in Figure 2.5.4, 2.5.5, and 2.5.6 
are utilized as the initial conditions for all 
subsequent models discussed here.  More likely 
situations in which the bulk rock permeability 
decreases as depth increases (exponentially 
perhaps, see Ingebritsen, 1999), or that the bulk 
permeability is randomly distributed, will be 
investigated in future modeling. 

The steady-state results for bulk rock 
permeabilities of 1 x 10−16 

and 5 x 10−16 
m2 

utilizing the conductive initial conditions (see 
Figure 2.5.4) are shown in Figures 2.5.7 and 
2.5.8, respectively.  Simulations obtained 
utilizing the convective initial conditions (Figure 
2.5.5 and 2.5.6) are not shown because, at steady 
state, the thermal and flow regimes for these 
models are identical to the results shown in 
Figures 2.5.7 and 2.5.8.  In both cases the 
simulations depict recharge in the ranges, 
whereas discharge occurs at the fault/valley-fill 
contact.  Because the fault serves as a conduit for 
the upflow of fluids, temperatures along the fault 
are at least 125°C hotter than at the other side of 
the valley fill-range contact (Figures 2.5.7 and 
2.5.8). 
 
Other than the qualitative similarities noted 
above, the thermal and flow regimes between the 
two permeabilities are quite different.  The 
higher permeability case has significantly more 
fluid flow up the fault, partly because the greater 
permeability contrast between the anisotropic 
valley fill and bulk rock delivers more recharge 
from the adjacent ranges into the valley-fill 
sequence, and partly because the ~4 km diameter 
secondary convection cells that have developed 
beneath the ranges help deliver more fluid to the 
fault inlet area.  Hence, the flow field for the 
higher permeability case (5 x 10−16 m2) is about a 
factor of 2 faster than for the lower permeability 
case (1 x 10−16 m2).  It is noted that a 
correspondingly greater recharge rate in the 
ranges is predicted to account for the large 
amount of fluid discharging at the fault/valley-
fill contact.  Additionally, the lower permeability 
case (Figure 2.5.7) has developed a convection 
cell wholly within the valley-fill sequence, and 
consequently receives less fluid from deeper 
sources.  The models presented here predict a 
maximum steady-state discharge at the 
fault/valley contact of about 17,000 liters/year (1 
x 10−16 m2 bulk rock permeability case) and 
about 45,000 liters/year (5 x 10−16 

m2 
bulk rock 

permeability case).  We estimated the discharge 
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Figure 2.5.4  Steady-state thermal and flow regime obtained utilizing a bulk rock permeability of 1 × 10-20 m2, 
and a basal heat flow of 90mWm-2. The permeable fault is shown as a heavy line.  The thermal regime is 
essentially conductive.
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Figure 2.5.5  Steady-state thermal and flow regime obtained utilizing a bulk rock permeability of 1×10-16 m2 
(domain 1) and a basal heat flow of 90mWm-2. In addition, the permeability of the fault (domain 2), range-side 
fault (domain 4), and valley-side fault (domain 3) were set to 1×10-16 m2.
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Figure 2.5.6  Identical to Figure 2.5.5, except a permeabilityof 5 × 10-16 m2 was utilized for domains 1, 2, 3, and 
4.
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Figure 2.5.7  Predicted fault temperature for several bulk rock permeabilities and simulation times utilizing the 
conductive initial conditions shown in Figure 2.5.4.  Dashed line corresponds to the 1×10−17 m2 simulation.

in the Dixie Valley geothermal system at about 
31,600 liters/year by examining the heat loss 
from both the temperature data (Blackwell et al., 
2000) and spring discharge within the Dixie 
Valley area.  Given the uncertainty in our models 
and natural mass flows, the prediction of similar 
volumetric flow rates is encouraging. 
 
In summary, the less vigorous flow regime for 
the lower bulk rock permeability model lacks the 
deeper, secondary convection observed for the 
higher bulk rock permeability model, probably 
because the flow is focused along the model 
boundaries.  Future models will expand the 
dimensions of the model to determine whether 
the lack of secondary convection beneath the 
ranges for lower permeability bulk rock is a 
meaningful result, or is simply a case of the 

model boundaries imposed on the observed flow 
regime.  
 

Steady-state Surface Heat Flow 

The steady-state predicted surface heat flow for 
the conductive initial condition models (i.e., 
models that utilize a bulk rock permeability of 1 
x 10−20 

m2 
at 32 million years as initial 

conditions) and convective initial condition 
models (i.e., models that use bulk rock 
permeabilities of 1 x 10−16 

and 5 x 10−16 
m2 

without a permeable fault at 32 million years as 
initial conditions) are illustrated in Figures 2.5.9 
and 2.5.10, respectively.  In the case of the 
former, the initial heat flow distribution is 
approximately equal to the basal heat flow, 
although the overall shape of the curve is 
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Figure 2.5.8  Predicted fault temperature for several bulk rock permeabilities and simulation times utilizing the 
naturally convecting initial conditions shown in Figures 2.5.5 and 2.5.6.

complicated by heat refraction effects from the 
dipping fault/valley-fill contact.  These models 
show a large (>450 mW/m2) heat flow anomaly 
centered on the fault/valley-fill contact.  
Additionally, the 1 x 10−16 

m2 
model predicts a 

heat flow anomaly about 100 mW/m2 
greater 

than the 5 x 10−16 
m2 

bulk rock permeability 
model because the fluid recharge rate is higher in 
the ranges.  For the convective models without a 
fault, the initial heat flow distribution shows a 
broad heat flow anomaly that is almost double 
the basal heat input, centered over (1 x 10−16 

m2 

bulk rock permeability model), and nearer the 
left edge of the valley fill (5 x 10−16 

m2 
bulk rock 

permeability model).  At steady-state flow, these 
models are identical to the models with 
conductive initial conditions discussed 
previously. 

Steady-state Fault Temperature 

The fault temperatures for the steady-state 
thermal regimes modeled in Figures 2.5.7 and 
2.5.8 are shown in Figures 2.5.11 and 2.5.12, 
along with the fault temperature–depth curves 
obtained from the three different initial condition 
scenarios shown in Figure 2.5.4, 2.5.5, and 2.5.6.  
In each case, the temperature is extracted along 
the fault (the solid line dipping at 65° in each 
thermal cross-section, see Figures 2.5.7, 2.5.8) 
and plotted as a function of vertical depth.  The 
maximum steady-state fault temperature is about 
220°C for the lower bulk rock permeability 
model and about 160°C for the higher bulk rock 
permeability model.  These temperatures are 
significantly lower than the ~280°C temperatures 
measured via precision temperature logs in Dixie 
Valley, and in the case of the higher bulk rock 
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Figure 2.5.9  Predicted surface heat flow at 0 km depth for several bulk rock permeabilities and simulation times 
utilizing a conductive thermal regime as the initial condition.
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Figure 2.5.10  Predicted surface heat flow at 0 km depth for several bulk rock permeabilities and simulation 
times utilizing a naturally convective medium as the initial condition.
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Figure 2.5.11  Temperature-time history of an element located at 3.85 km depth for different fault models 
utilizing conductive initial conditions.  The results from two different faults (3.85 and 5.85 km deep faults) are 
shown.
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Figure 2.5.12  Temperature-time history at an element located at 3.85 km depth for models utilizing convective 
initial conditions.
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permeability model, extremely low (about 120°C 
lower).  The shape of the temperature–depth 
curves offers one possible explanation. 
 
In typical extensional geothermal systems the 
fault temperature at shallow depths (0–2 km) is 
significantly warmer than a purely conductive 
model at an identical depth.  However, with 
significant upflow, the expected higher fault 
temperatures may be “washed out” and actually 
be cooler than predicted by a conductive model.  
The very cool temperatures obtained from the 
steady-state 5 x 10−16 

m2 
bulk rock permeability 

model (with respect to precision temperature 
measurements) suggest that transient effects may 
be important. 
 
Transient Results 

Geothermal systems may require periodic 
earthquakes to prevent self-sealing of the 
permeable fault; hence the maximum fault 
temperature should reflect the recurrence interval 
on the fault.  Typical Basin and Range faults 
appear to sustain large earthquakes every 1 to 20 
thousand years.  The southern Dixie Valley fault 
last ruptured in 1954, but the area where the 
geothermal system is located has not ruptured for 
several thousand years (Caskey, personal 
communication, 2002).  Is this why there are 
differences between observed reservoir 
temperatures and the modeled steady-state 
temperatures?  This next section assesses the 
effects of transient heating and cooling in the 
models developed above.  
 

Transient Fault Temperature 

Figures 2.5.11 and 2.5.12 show the temperature–
time histories for a cell located at the downdip 
edge of the fault, approximately 3.85 km below 
and 2.15 km to the right of the fault/valley 
contact (see Figure 2.5.3), utilizing several bulk 
rock permeabilities and initial conditions.  This 
particular cell essentially records the maximum 
fault modeled temperature.  For models utilizing 
bulk rock permeabilities of 1x10-17 m2 or below, 

the thermal regime is essentially conductive, and 
the temperature quickly reaches steady-state with 
only a few degrees of heating.  For the higher 
bulk rock permeabilities, however, the 
temperature at the base of the fault varies 
strongly as a function of time.  The maximum 
temperature for the cases where the starting 
regime is conductive is 255–275°C.  The 
temperature maximum does not occur at steady-
state, but rather, within the first 60,000 years for 
the 5 x 10−16 

m2 bulk rock permeability model, 
and 359,000 years for the 1 x 10−16 

m2 bulk rock 
permeability model.  Similar timing is observed 
for models that utilize freely convecting (i.e., no 
fault) porous media as initial conditions.  
However, for these models (Figures 2.5.13 and 
2.5.14), the magnitude of the transient heating 
pulse is small and positive (1 x 10−16 

m2 bulk 
rock permeability) or larger and negative (5 x 
10−16 

m2 
bulk rock permeability).  The transient 

behavior of these two models is a consequence 
of utilizing a fault-free convecting medium as 
initial conditions (e.g., Figure 2.5.5 and 2.5.6).  
The higher bulk rock permeability case is 
initially much hotter near the location of the 
future fault because the permeability contrast is 
greatest there.  Hence, the fluid flow is focused 
along the left (due to the slight asymmetry in the 
model geometry) valley-fill/bulk rock contact 
even prior to the development of a fault.  For the 
lower permeability case, there is no such contrast 
and the upflow is very symmetric about the 
midpoint of the model domain. 
 
In all the simulations discussed above, the time 
step was at least 2500 years for times <1 million 
years.  Other models utilizing a much smaller 
time step yield nearly identical results; hence, we 
believe that the time step of 600–2500 years used 
by our simulations at times <1 million years is 
sufficient to resolve the transient behavior of 
these systems.  Furthermore, it appears that, 
much like actual geothermal systems, the models 
presented here “mine” heat over time, causing 
the system to cool significantly.  Thus, the large 
difference between the steady-state temperatures 
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Figure 2.5.13  Steady-state thermal and flow regime obtained utilizing a bulk rock permeability of 1 × 10−16 m2, 
and a basal heat flow of 90mWm−2.
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Figure 2.5.14  Steady-state thermal and flow regime obtained utilizing a bulk rock permeability of 5 × 10−16 m2, 
and a basal heat flow of 90mWm−2.
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predicted by the 1 x 10−16 and 5 x 10−16 
m2 

models can be explained by the secondary 
convection present beneath the ranges in the 5 x 
10−16 

m2 model (Figure 2.5.14) that is absent in 
the 1 x 10−16 

m2 model (Figure 2.5.13), mining 
not only more heat, but at a faster rate.  So much 
so, that the overall thermal regime is cooler.  The 
secondary convection that develops as the 
system evolves may, however, be influenced by 
the model geometry.  Future work will expand 
the distance between the ranges, as well as 
deepening the model to >10 km depth to 
investigate this effect. 
 
Although the transient behavior described above 
may help explain the lower than measured 
predicted temperatures (both bulk rock 
permeability models predict temperatures that 
are lower than the ~280°C temperatures 
measured via precision temperature logs in Dixie 
Valley), several models with a 2 km deeper fault 
and valley-fill sequence were investigated to 
address whether or not a deeper fault would 
resolve the discrepancy (Figure 2.5.11).  Again, 
each temperature–time history is well resolved; 
however the maximum temperature for the lower 
bulk rock permeability case occurs about 
200,000 years earlier than for the higher bulk 
rock permeability case.  The increase in fault 
temperature is only about 10–15°C, which, albeit 
a small increase, is sufficient to match the 
measured temperature. 
 

Transient Surface Heat Flow 

The predicted surface heat flow for the models at 
the simulation time corresponding to the 
maximum fault temperature for three different 
bulk rock permeability models (1 x 10−20

, 1 x 
10−16, and 5 x 10−16 

m2) is also shown in Figure 
2.5.9 and 2.5.10 (note the scale change on the 
heat flow axis between the two panels).  Because 
the maximum fault temperature for the 
conductive and no-fault convective initial 
conditions cases occurs at steady-state, the 
predicted heat flow does not change.  However, 

the predicted heat flow at the fault/valley contact 
is almost 200 mW/m2 

(1 x 10−16 
m2 case) and 500 

mW/m2 
(5 x 10−16 

m2 case) higher than for the 
respective steady-state cases.  Furthermore, the 
predicted range of heat flow is somewhat higher 
due to the lower recharge rates at the earlier 
simulation times.  Note also that the double peak 
in the predicted heat flow near the fault/valley 
contact for the (5 x 10−16 

m2 
bulk rock 

permeability case) is an artifact of the 
rectangular grid used to discretize the model 
domain and is therefore not meaningful.  A 
similar increase in predicted heat flow is also 
observed for the models that utilize a no-fault 
convecting medium as initial conditions: the 
transient heat flow increase for the 1 x 10−16 

m2 

case is about 50 mW/m2, but about 370 mW/m2 

for the 1 x 10−16 
m2 

case, again as a consequence 
of the initial flow geometry focusing more fluid 
near the future fault because of a slight 
asymmetry in the valley fill. 
 
Wisian et al. (2001) calculated a heat loss of 1 x 
107 W for the Dixie Valley Geothermal District.  
The heat loss, suggested by the predicted surface 
heat and mass flows obtained from our transient 
models, is of the same order of magnitude.  
Thus, the class of models discussed should be 
good approximations for other Basin and Range 
geothermal systems. 
 

Temperature Modeling Conclusions 

The most important observations obtained from 
these simulations are 1) temperatures in Basin 
and Range geothermal systems are highly time-
dependent, and 2) the geologic history can 
dramatically modify the maximum reservoir 
temperature and when this occurs.  For example, 
a maximum fault temperature between 245–
275°C, obtained utilizing a bulk rock 
permeability of 5 x 10−16 

m2, does not occur at 
steady-state rather at 50,000–60,000 years after 
start, and is approximately 110–160°C hotter 
than steady-state temperatures.  The 1 x 10−16 

m2 

bulk rock permeability model behaves in a 
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similar way.  It is interesting to note that the 
temperature is not a function of the fault (high 
permeability) extent.  The modeling shows that 
the high temperatures needed to match the 
observed fault temperature, flow rates, and heat 
flow require a regional permeability with 
significant flow to persist to depths of 6 km or 
more.  This result suggests that the best initial 
conditions for high-temperature system 
development are an actively convecting porous 
medium, and not an essentially conductive 
thermal regime.  For future modeling, deeper 
drilling in the ranges adjacent to active 
geothermal systems may help identify the 
appropriate regime for constraining the reservoir 
models. 
 
The complicated flow regimes implied by 
modeling suggest that the heat present in the 
system is naturally “mined” over time causing 
the system to cool significantly; nonetheless, the 
system may persist for millions of years at 
commercially exploitable temperatures, 
especially for binary systems (~150°C).  Hence, 
the problem of reconciling higher observed 
reservoir temperatures with the lower 
temperatures modeled at steady-state becomes 
the problem of determining where in the 
temporal-evolution history the geothermal 
system production is situated.  If higher 
temperatures are observed, the implication from 
the models is that the present thermal and flow 
regime is early in the system’s cycle.  In fact, the 
present-day temperature and heat loss from the 
Dixie Valley geothermal system suggests that the 
system is not at steady-state, instead somewhat 
earlier in the temporal evolution, perhaps only a 
few hundred thousand years.  Subsequently, 
because both sets of initial conditions will 
generate the maximum thermal pulse very early 
in the life of the system (50,000–60,000 years), 
further work must be performed correlating the 
timing of Basin and Range faulting and 
geothermal systems before a preferred set of 
initial conditions is adopted. 
 

The relatively high reservoir temperatures 
observed in some extensional geothermal 
systems (>280°C) must be a function of 
oscillating high/low fault permeability 
maintained by seismicity along the range-
bounding fault.  Thus, the geothermal fluid is 
never truly depleted: the upflow simply wanes 
(or is rerouted) with decreasing fault 
permeability. 
 
Exploration drilling for geothermal systems has 
been heavily concentrated along the area of the 
youngest northeast-trending faults in west-
central Nevada (Figure 1.4.4.) (Richards and 
Blackwell, 2002a; Coolbaugh et al., 2002  i.e., 
the general area of the Lahontan Basin).  All 
faults that are late Pleistocene and younger from 
the USGS compilation of faulting (Quaternary 
faults and fold database, 2003) are shown in 
Figure 1.4.4.  Most of the hot springs with 
temperatures greater than 50°C are associated 
with these faults, with the exception of the 
extreme northwest part of Nevada (Black Rock 
Desert, north to Baltazor Hot Springs on the 
Oregon border) and the northeast part of Nevada.  
On the other hand, some of the young faults 
seem to have no hot springs at all and in the 
eastern part of the state there are even fewer 
high-temperature springs and known geothermal 
systems.  This is caused by lower crustal 
temperatures related to the presence of extensive 
carbonate aquifers (Lachenbruch and Sass, 
1978).  The modeling results discussed above, 
however, suggest that this area should be re-
examined to verify whether this is a real effect or 
if there is masking of the hotter systems by the 
carbonate aquifer flow at shallow depths.  
Geologically, these areas also seem attractive for 
geothermal exploration.  Regional clusters of 
warm springs might be related to local flow in 
the absence of high-permeability fault conduits, 
such as can be seen in the no-fault models shown 
in Figures 2.5.5 and 2.5.6. 
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Application to the Dixie Valley Setting 

For specific application to Dixie Valley, the 
modeling shows why the age of the present 
thermal flow must be on the order of 50,000 to 
500,000 years to generate the high temperatures 
seen in the DVPP area.  This age is much shorter 
than the age of the Dixie Valley normal fault 
system and so a periodicity is implied.  The age 
range is supported by the age dating on spring 
deposits in the area, except those related to the 
flow initiated by the last earthquake event (i.e., 
The Bend event).  The models also show that the 
high temperatures can be predicted even if there 
was regional scale, diffuse convective flow 
present prior to developing the short circuit of 
the open fault zone.  The presence of a variety of 
thermal systems within Dixie Valley, as implied 
by the geochemical analysis, is comparable with 
diffuse flow similar to the no-fault models. 

On the other hand, the heat flow in the ranges 
seems to be relatively high, yet is considered 
normal for the BRP and diffuse flow should have 
cooled off the range blocks to some extent.  The 
models are not compatible with recharge of the 
systems through the valley or at the margins, as 
indicated by the isotope results of Nimz et al. 
(2004).  The model results corroborate the 
postulated link with young faulting and higher 
temperature geothermal systems.  The results 
also indicate that temperatures high enough for 
geothermal development (>150 °C) can persist 
forever if the system does not plug the flow 
pathways.  Therefore, the rate of sealing, as a 
function of the geothermal system conditions, is 
an important factor in determining whether 
systems will continue over geologically long 
times.
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3.  DIXIE VALLEY PRODUCING AREA 

3.1  Thermal Regime 

There is a long history of drilling to obtain 
subsurface information in Dixie Valley.  The 
object of this chapter is to summarize the 
geological and geophysical characteristics of the 
Dixie Valley geothermal system with respect to 
the most completely explored parts, i.e., the 
Dixie Valley Power Partners (DVPP) and Dixie 
Valley Producing Field (DVPF) areas.  An index 
map of the area of production (DVPF) and the 
area of high temperature immediately to the 
south (DVPP) is shown in Figure 3.1.1.  Because 
the thermal aspects are unique, they are the focus 
of the first part of this chapter.  In this first 
section the shallow and deep thermal data will be 
described and interpreted in relation to the 
geothermal system. 
 
Deep Wells 

Temperature data from several of the wells in the 
DVPF and DVPP areas are described by 
Williams et al. (1997), Wisian et al. (1998), and 
Blackwell et al. (2000).  Examples of 
temperature logs from the two areas are shown in 
Figure 3.1.2, with well 62-21 shown for cross 
reference to wells outside the area.  
Temperatures in the deep wells in the DVPF 
vary from 225 to 245 °C at depths of about 2,500 
m (Benoit, 1991).  The production wells are 
clustered in two locations (see Figure 3.1.1), 
T24N/R37E – Section 7 to the south and 
T25N/R37E – Section 33 to the north.  The 
original Sun wells (Lamb Ranch 1, 2, and 3) and 
other wells in T24N/R37E – Section 18 are used 
as injectors, as are two wells between the 
producing areas Section 5 injectors).  The 82-5 
well has temperatures typical of the field, but is 
tight and does not flow nor is it suitable for 
injection.  Reinjection and tracer tests indicate a 

major flow barrier between the T24N/R37E – 
Section 5 and southern wells with the Section 33 
wells (Benoit, 1991; Rose et al., 2004).  On the 
north side of the barrier, injection has been 
recently initiated in T25N/R37E – Section 32 
near the Section 33 producers showing wells in 
Section 32 communicate with the Section 33 
production wells (see Rose, 2004 for a 
summary). 
 
To the south of the DVPF is the DVPP Lease 
area (Figure 3.1.1).  The original deep well in 
this area is the 53-15 well, located about 500 m 
from the range front near the Section 10 
fumaroles.  This well reached a temperature of 
150°C at 1,200 m depth.  In 1993 and 1994 two 
deep wells (one with two legs) were drilled 
basinward of 53-15; 62-23 (Tmax ~250°C at 
2,900 m), 62-A23 (Tmax 267°C at 3,475 m total 
vertical depth (TVD), and 36-14 (Tmax 285°C at 
~3,050 m TVD) (Blackwell et al., 2000).  The 
temperature in the 36-14 well is by far the 
highest observed in an extensional geothermal 
system in the Basin and Range Province (BRP).  
The 62-23 and 62-A23 well legs were tight, but 
the 36-14 well produced from fractures near the 
bottom of the well and has a shut-in wellhead 
pressure of about 45 bars.  The temperature-
depth curves are shown in Figure 3.1.2 for the 
62-A23 and 36-14 wells compared to the 82-5 
well as a representative of the DVPF area.  The 
temperatures from 62-A23 were measured in 
August 1994, over 8 months after the well was 
completed.  The temperatures shown for 36-14 
represent an estimate of the equilibrium curve 
made from interpretation of a series of non-
equilibrium temperature logs made between 
7/31/94 and 8/30/94, when the well bottom was 
between 2,600 m and about 3,050 m True 
Vertical Depth (TVD). 
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Figure 3.1.2  Temperature-depth curves for deep wells in the DVPP and DVPF areas.

 

Figure 3.1.3  Temperature-depth curves for deep wells outside of DVPF and DVPP.
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Temperature logs from other deep wells in Dixie 
Valley are shown in Figure 3.1.3.  Plotted wells 
are:  well 66-21 to the south of DVPP, well 45-
14 near Dixie Comstock Mine, well 76-28 to the 
north of DVPF, and well 62-21 in the middle of 
the valley.  The temperature-depth curve from 
field well 62-21 is repeated in Figure 3.1.3 as an 
illustration of reservoir conditions.  The DVPF 
wells in Section 18, used as injectors, are slightly 
lower in temperature than in the producing wells 
in Sections 7 and 33.  The temperature-depth 
curves for all of the wells in Figure 3.1.3 reflect 
equilibrium conditions, except for the 66-21 and 
45-14 wells that have weak artesian flow (see 
Williams et al., 1997).  The other three curves 
show essentially conductive conditions with a 
change in thermal gradient at the base of the 
valley fill.  The change in gradient is due to an 
increase in the thermal conductivity by a factor 
of two from the valley fill to the bedrock, and the 
consequent inverse change in thermal gradient. 
 
Shallow Thermal Gradient Drilling 

A large number of wells, to a variety of depths, 
were drilled in the exploration phase in the late 
1970’s and early 1980’s.  There are over 500 
wells drilled in the great Dixie Valley area and 
those publically available are included in the 
SMU National Geothermal Database Node 
available online at 
http://geothermal.smu.edu/gtda (Richards and 
Blackwell, 2002a) and included in Appendix 2.  
Within Dixie Valley itself, there are 194 wells 
with depths shallower than 152 m deep and 45 
wells in the depth range of 152 to 650 m depth 
and 15 wells deeply drilled between 700 and 
3811 meters. 
 
In the area of the DVPF highest gradients occur 
near the exposed range-front fault, with maxima 
near the Senator Fumaroles and in the DVPP 
area highest gradients are in the Section 10 
fumarole area near well 53-15.  Conductive 
gradients in the DVPP area vary from 100ºC/km 
up to 200ºC/km at shallow depths (Blackwell et 

al., 2000).  The temperature-depth curves for 
these wells are shown in Figure 3.1.4. The 
intermediate and shallow wells of the DVPP area 
have a background gradient of 150°C/km.  The 
average 150 m temperature is 40-50°C.  The 
shallow, high temperature wells, H-1, TG3, TG4, 
TG5 and TG10, have gradients from 200 – 
550°C/km. TG3 has the highest maximum 
temperature in a shallow well of 122°C at 150 m 
(Figure 3.1.4).  The temperature-depth pattern is 
complicated and indicates that there are several 
flow paths in the valley fill.  In particular the 
TG-10 well has a temperature of over 80°C in an 
area at the corner of the highly altered region in 
Section 11 (described in Ch. 2).  Thus there is 
thermal evidence for still active hot fluid flow in 
that area.  The high temperature gradients near 
36-14 and 62-A23 continue into the valley for 
several kilometers.  This unusually high gradient 
area occurs at the location where the Buckbrush 
fault system merges with the range-front fault 
system, suggesting that geothermal activity is 
vigorous in this area.  The pattern clearly 
indicates that there is leakage of geothermal 
water into the shallow valley fill that has no 
surface manifestation directly associated with it.  
The thermal gradient “bulge” also closely 
mimics a negative aeromagnetic anomaly 
between two positive aeromagnetic anomalies 
(Figure 2.2.1). 
 
The Senator Fumaroles are considered to be the 
hottest area at shallow depths in Dixie Valley.  
However, little was known about the shallow 
subsurface conditions between the fumaroles and 
the Section 33 production wells until 1997.  In 
August 1996, evidence of subsidence (cracks) 
and dead sagebrush (Goff et al., 1998) were 
noticed in the valley fill in an area east of the 
Senator Fumaroles (Figure 3.1.1 and 3.1.6) and 
in early 1997 steam began to appear from a 
second set of cracks about 0.6 km SE of the 
Senator Fumaroles making the area more 
interesting for shallow drilling.  At the same time 
there was a recognized need for additional 
injection to maintain pressure in the reservoir.
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Figure 3.1.4  Temperature-depth curves for thermal gradient wells in the DVPP area.

 

Figure 3.1.5  Temperature-depth curves for thermal gradient wells in the Senator Fumaroles area.
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Thus, during 1997-1998, a number of wells 
ranging in depth from 60 m to almost 400 m 
were drilled between the Section 33 producing 
wells and the range front.  The temperature-
depth curves of these wells are described by 
Allis et al. (1999) and several are plotted in 
Figure 3.1.5.  Wells DJ-1, DJ-5, DJ-9, and DJ-10 
are shallow, with gradients ranging from 500 to 
over 1,500°C/km for depths less than 100 m 
(Appendix 2).  The maximum temperature is 
165°C in well 27-32 at a depth of 293 m.  This 
well encountered quartzite bedrock at 150 m 
about 0.5 km from the edge of the range/valley 
contact in the Senator Fumaroles vicinity 
(Figures 3.1.1 and 3.1.5) (see Allis et al., 1999). 
 
Gradients for the available shallow wells in the 
area of the DVPF and the DVPP area are 
contoured in Figure 3.1.6 (modified from 

Blackwell et al., 2000).  Also shown on Figure 
3.1.6 are the outflow plumes from the fumaroles 
along the range-bounding fault in Section 10 in 
the DVPP area and the area of extensive steam 
discharge from the Senator Fumaroles, near the 
DVPF.  These areas are outlined by the 400 
°C/km geothermal gradient contour.  Until 1997 
there were few wells in the area of the DVPF 
and, aside from two or three high gradient wells, 
it was considered that the Senator Fumaroles 
area had no effect on the thermal regime of the 
valley because the gradients at the site of the 
production wells were 75-110°C/km, not much 
higher than the typical valley value (see section 
2.4).  Although the data are sparse in places, the 
contours clearly show two plumes of thermal 
water leakage from the range-front fault into the 
valley fill.  The two plumes appear to originate at 

 

Figure 3.1.6  Deep wells and thermal gradient contours for the valley along the range front between the DVPP 
Lease (Section 10 fumaroles) and DVPF (Senator Fumaroles) areas.



Chapter 3.1  Thermal Regime  123 

the two fumarole areas along the range/valley 
contact.  The anomalous shallow gradients along 
the contact of the Stillwater Range and Dixie 
Valley appear to drop off, possibly to 
background, to the south of the DVPP area and 
to the north of the DVPF.  It is unlikely that the 
decrease in gradients indicates the end of the 
geothermal system given the additional thermal 
manifestations to the north and south along the 
Stillwater Range/Dixie Valley contact and the 
temperatures in the deep wells DF 66-21 and DF 
45-14 (Figure 3.1.3). 
 
There is local evidence of recent increase in the 
temperature in the water table aquifer in some of 
the wells.  For example the temperature-depth 
curve in TG-5 (Figure 3.1.4) shows a classic 
overturn in the temperature-depth curve (see 
Figure 8 of Ziagos and Blackwell, 1986, curves 
for 10 to 100 years) due to thermal water flow in 
an aquifer at 14-20 m depth.  The time of 
initiation of the flow is on the order of a few 10's 
of years.  This temperature change might 
coincide with the 1954 series of earthquakes, 
suggesting recent disturbance, at least on a small 
scale, in the system. 
 
Deep Thermal Regime-DVPP Area 

The initial exploration model of the geothermal 
system in the DVPP area was of a single range-
bounding fault with a dip of about 54° based on 
the DVPF model (Benoit, 1992).  The drilling of 
the 62-23 and 62-A23 wells demonstrated that 
“the range-bounding fault” at that location had to 
dip at an angle of 65° or steeper, however.  Both 
wells were impermeable but the 62-A23 well 
(267°C at 3,592 m) was hotter than the 
production wells in the DVPF!  The 36-14 well 
(Frontispiece 2) intersected basement rocks at 
only 1 km and exhibited only limited geothermal 
fluid bearing structures near the well at that 
depth.  As a consequence the well was deviated 
toward the Stillwater Range and showed 
increasing temperature to a depth of at least 
3,050 m TVD at a point nearly vertically below 

the topographic edge of the Stillwater Range.  
The temperature at this point was 285°C, much 
hotter than the DVPF wells (225-245°C). 
 
The thermal data from the wells constrain the 
thermal pattern along a cross section extending 
from the range front near the Section 10 
fumaroles through the 62A-21 well (see Figure 
3.1.7).  For example the temperatures in 36-14 
continue to increase to depths of at least 3,050 m 
TVD, and the gradient is essentially constant 
between 1,200 and 3,050 m (TVD) at 45°C/km.  
If the heat source responsible for the high 
temperatures in 62-A23 had been crossed in 36-
14, even if the zone was locally impermeable, 
the temperatures would become isothermal or 
decrease with depth.  Thus in 62-A23 the heat 
source must be below, between, or basinward of 
the two wells.  However, a source below or 
basinward of the wells is not compatible with the 
results from 36-14 and 62-23.  The heat source 
responsible for the high temperatures in 36-14 
lies at or below 3,050 m (TVD), a position that 
constrains the dip of the fluid bearing structure to 
be 85° to 90° if it is the range-front fault system.  
Thus the deep well thermal data in the DVPP 
lease area require at least two major distinct 
thermal fluid structures to be present. 
 
A two-fault finite difference numerical model for 
the DVPP area was developed based on the 
temperature and geological constraints from the 
wells (Blackwell, et al., 2000).  The geometry 
required for the numerical model to satisfy the 
observed temperatures (used as constraints) is 
shown in Figure 3.1.7a.  The boundary 
conditions included a surface temperature of 
15°C and an assumed background heat flow of 
80 mW/m2.  Two thermal conductivity values 
were assumed, one for the Cenozoic units (1.25 
W/m/K) and one for the PreCenozoic rocks (2.5 
W/m/K).  These values are generalized and the 
difference between the two assumed values may 
be locally in error by as much as ±25%.  
However, the results are not strongly dependent 
on the exactness of the assumption.  Heat 
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Figure 3.1.7  a) Thermal model for the DVPP area based on temperature matching in the deep wells (Blackwell 
et al., 2000).  b) Thermal model for the DVPF in section 32/33 based on temperature matching in the deep wells.
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transfer is assumed conductive except for 
convective flow along the fault zone.  Thus the 
circulation of geothermal fluid along the faults 
controls the temperature at any particular depth 
along and around the faults.  The assumed 
maximum temperature on the fault zone was 
285°C.  This temperature is consistent with the 
results from 36-14.  The calculation was done for 
a period of existence of the system of 70,000 y.  
This is a long enough timeframe to reach near 
thermal equilibrium over an area the size of 
Figure 3.1.7a and is consistent with dating that 
suggests an age of ~100 ky for sinters associated 
with the system (Table 2.3.12).  The 
temperature-depth curves from the deep wells 
suggest that major transient effects are not 
generally present and the thermal equilibrium 
assumption is a good one.  The cross-section 
shown in Figure 3.1.7a is somewhat generalized 
because the strikes of the structures in the area 
vary with respect to the strike of the section and 
thus the dips of the faults are also somewhat 
distorted. 
 
The exact position of the faults and the 
temperature distribution on the faults were varied 
to give a best match for the temperatures in the 
wells shown on the section (temperatures along 
the well tracks are plotted on Figure 3.1.7).  The 
lateral variation of thermal gradient in the 
shallow wells is also a constraint on the results 
of the model.  The calculated temperatures along 
positions corresponding to the tracks of the wells 
were compared to the observed temperature-
depth curves for 36-14 and 62A-23 and the 
model adjusted until a close fit was obtained. 
 
The rounded shape of the temperature-depth 
curve in 62-A23 (Figure 3.1.2) is well matched 
by the temperatures in Figure 3.1.7a.  If the 
thermal regime in the well were less affected by 
a nearby steeply dipping heat source, the 
temperature-depth curve would show a larger 
change in gradient at the preCenozoic basement 
(like well 62-21, Figure 3.1.2, for example).  
Thus, matching the rounded nature of the curve 

gives a constraint on the distance to the thermal 
source and the temperatures as a function of 
depth of the source (the piedmont fault zone) 
(Ziagos and Blackwell, 1986).  The distance of 
well 62-A23 from the fault is somewhat 
uncertain because of lack of knowledge of the 
temperature on the fault zone at its closest 
approach to the well.  It is obviously higher than 
267°C and could be as high as 285±5°C, based 
on the results from well 36-14.  The modeling 
suggests that the temperatures on the piedmont 
structure are slightly lower than at an equivalent 
depth along the range front structure based on 
the BHT in 36-14, so the temperature is probably 
between 270°C and 285°C (Figure 3.1.7a).  
Accordingly, the bottom of well 62-A23 may be 
within a few hundred meters of the thermal 
structure (convecting fluid in a piedmont fault). 
 
Except for the gradients between 600 to 1,200 m 
depth, the pattern of temperatures in 36-14 is 
applicably matched by the model.  One 
important result of the modeling is that in order 
to match the temperatures between 600 to 1,200 
m, the valley (piedmont) fault must have fluid 
flow upward to a minimum depth of about 900 
m.  The shape of the shallow gradient-contours 
(Figure 3.1.6) may be influenced by fluid flow 
into the valley fill from this piedmont fault.  An 
attempt to exactly match the temperatures in the 
36-14 well in the 600 to 1,200 m depth range is 
not particularly useful because the extrapolated 
equilibrium temperature-depth curve has a large 
associated uncertainty in that depth range. 
 
The model matches some of the subtleties in the 
estimated equilibrium temperature-depth curve 
of 36-14.  The slight increase in gradient below 
1,800 m, as the well begins to deviate toward the 
range, is predicted by certain models with a 
bigger contrast between the temperatures on the 
two faults.  It would be helpful to constrain the 
depth interval of 600 m to the surface, but there 
are no additional shallow gradient drill holes 
between 36-14 and 53-15.  Therefore, vertical 
temperature gradient is an integrated thermal 



Chapter 3.1  Thermal Regime  126 

gradient and reflects the horizontal variation in 
temperature gradient as the heat source is 
approached near the faults.  The temperature-
depth curve shape of well 53-15, near the bottom 
of the well, is also related to the temperature 
along the heat source, which is the range-
bounding fault. 
 
The temperatures in the DVPP wells constrain 
the temperatures on the faults and thus these 
temperatures are an important result of the 
modeling.  In the case of the range-bounding 
fault zone, the temperatures are primarily 
constrained by the 285±5°C value at a depth of 
about 3,050 m (TVD) in 36-14 and the 157°C 
value at 760 m in an intermediate depth well 
along the range front (53-15).  Because 53-15 
lies about 1 km off-section, it may not be valid to 
apply a strict interpretation.  However, the 
presence of high temperatures, and concomitant 
fluid flow, along the fault for over a kilometer of 
strike length, is clearly demonstrated by Section 
10 fumaroles.  The temperatures at shallow 
depths on the piedmont fault are constrained by 
the 150°C temperatures in the intermediate depth 
wells and the upper part of 36-14.  The deep 
temperatures there are constrained by the 
temperatures in 62-A23.  The piedmont fault was 
not intersected, so its maximum temperature is 
not known.  In general the temperatures are 
about 22±11°C higher at similar depths on the 
range-bounding structure compared to the valley 
or piedmont fault.  Temperatures are modeled to 
be over 230°C below about 1,800 m along the 
range front and below about 2,100 m along the 
piedmont fault.  Thus the temperatures along the 
piedmont structure and the range bounding 
structure are appropriate for those seen in the 
DVPF immediately to the northeast.  The region 
of Sections 10, 11, 14 is a source of upwelling 
fluid that is hotter than the fluid in the DVPF and 
so is an area of potential development. 
 
Subsequent to the drilling of the DVPP series of 
wells, a detailed gravity survey (1996) was 
carried out that indicated the position of the 

major structural break in the valley compared to 
the position of the topographic break.  The 
formation of the fumaroles between the Senator 
Fumaroles and the producing wells in Section 33 
occurred in 1997.  Then the drilling on the 
Senator fan found shallow bedrock in the area 
and very high temperatures as described above.  
Finally the drilling of well 38-32 gave deep 
temperature information in the area (Figures 
3.1.1 and 3.1.2).  As a result, a structural and 
thermal cross-section can be constructed for the 
Section 32/33 area of the DVPF in the same way 
the DVPP thermal section was constrained 
(Figure 3.1.7b).  Based on the data, the existing 
thermal model from the DVPP area required 
almost no modification to match the 38-32 
conditions in the DVPF area. 
 
We conclude that two areas at least 5 km apart 
and 2 km wide have similar temperatures of 225 
to 245°C at depths of 2,500 m and over 265°C 
below 3,000 m.  The fluid flow in this area has 
operated over a long enough time that the 
thermal regime is locally near equilibrium in the 
1 to 3 km depth range.  However, the hydrologic 
situation is complicated by numerous, but 
discrete flow paths.  Some paths are not 
connected or are only partially connected on the 
time scale of pressure and temperature 
measurements in the field (almost 20 years).  
Hence, the geochemical data that reveal the 
differences among the fluids at various places in 
the valley reflect the 20 year time frame, whereas 
the thermal data apparently reflect much longer 
times (but still short geologically).  Much of the 
loss of fluid in the system is apparently via 
leakage from the piedmont faults directly into the 
valley fill with little or no surface of shallow 
indications of its presence.  This behavior must 
also complicate the chemistry of the water in the 
valley fill and probably is at least partly 
responsible for the highly variable water 
geochemistry in the valley groundwater and 
springs.  The degree of connection between the 
range-front and piedmont faults is not known as 
there are no drill data in the gap near the range 
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front.  The Section 7 producers and Section 18 
injectors lie along the approximate position of 
the piedmont structure at depth. 
 
3.2  Geology 

Geology of the Stillwater Range 

The bedrock units in the area are identified and 
briefly described in Section 2.1.  One of the 
interesting things about Dixie Valley is that all of 
the preCenozoic units encountered in the 
subsurface are exposed within a few kilometers 
to the west in the Stillwater Range.  This is 
illustrated by two low-level air photos of the 
eastern front of the Stillwater Range in the 
vicinity of the DVPP and DVPF areas (Figures 
3.2.1. and 3.2.2).  In Figure 3.2.1, the area of the 
range front south of the DF 66-21 well to the 
White Rock Canyon vicinity is shown.  This 
photo illustrates, in the uplifted footwall of the 
Dixie Valley Fault, the subsurface relations 
encountered beneath the basin-filling sediments 
in the valley.  In the foreground, the front of the 
range is composed of Jurassic diorites and 
gabbros (Dilek and Moores, 1995; Speed, 1976) 
and the Boyer Ranch quartzites.  These two rock 
types, in conjunction with the narrow zone of 
faulting along the range front are considered the 
best reservoir rocks in the DVPF because they 
have high permeability (Benoit, 1992).  They are 
various shades of grey/green and tan to brown.  
Above these rocks dark outcrops represent 
stratigraphically higher mafic rocks of the 
Jurassic complex (position F on Figure 3.2.1).  
Above and behind in the distance, the light 
colored outcrops are the midCenozoic tuffs (Tt) 
that in most places sit on the preCenozoic 
basement.  Finally the Miocene/Pliocene basalts 
(Tb) that are prominent in the deep wells in the 
DVPF are the black rocks on the skyline of the 
Stillwater Range. 
 
Figure 3.2.2 is a photo of the area of the range 
front immediately west of the DVPF and north of 
Figure 3.2.1.  The most prominent feature of the 
hillside is the black outcrop of the Triassic 

phyllite (TrP) (Table 2.1.1).  The phyllite in the 
subsurface is impermeable and apparently is 
ductile enough for only a few tens of liters per 
second of production are found in intervals of the 
wells that intersect it.  Below the Triassic 
phyllite (on the right, north side of the picture) is 
the hillside outcrop of Jurassic igneous complex 
(JIC) (in Figures – “Humbolt Lopolith”) that 
makes up a large volume of the hanging wall 
block.  The JIC block is thus downthrown on a 
steep normal fault with respect to the phyllite.  
Based on the work by Speed (1976), the Boyer 
Ranch Quartzite also outcrops in this area.  As in 
Figure 3.2.1, the JIC are various shades of 
grey/green and tan to brown, except where 
altered by fumarolic activity at the Senator 
Fumaroles just beyond the bottom corner of the 
area in the photo.  The outcrop of the equivalent 
block of the JIC in the footwall is similarly 
colored and topographically above the black 
Triassic phyllites (left side of the picture).  The 
area of the Jurassic rocks at higher elevation also 
includes large masses of Boyer Ranch Quartzite 
(the reddish tinged outcrops).  The top contact of 
phyllite is the Boyer Ranch fault (Speed, 1976), 
a low angle thrust fault or low angle normal fault 
(Plank, 1998).  All of the relations seen in the 
hillside are repeated in the deep wells in the 
DVPF.  At the right side of the photo are the 
light colored carbonate rocks of the Triassic Star 
Peak formation (TrS), in thrust fault contact with 
the units just described.  The major thermal 
anomaly apparently ends approximately along 
the projection of this contact into the valley.  All 
of the units in the exposure are intruded by 
Miocene to Pliocene basaltic dikes (several sets 
are indicated on the photo by “b”).  The dikes are 
generally highly weathered in outcrop and often 
form small valleys.  Not exposed on either photo 
are the Cretaceous granites that are encountered 
as the ultimate basement in several of the wells 
(Benoit, 1991). 
The part of the range shown in both areas is 
characterized by east-dipping normal faults 
cutting bedrock.  The normal faults appear to be 
young based on the extremely brittle nature of 
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Figure 3.2.1  Low elevation air photo of the Stillwater Range looking WNW just south of the DVPP area.  The 
JIC is labeled “Humboldt Lopolith”, a previously used term.  The Mirrors area [Figure 1.1.1] is marked M, 
“old” alluvium is marked O, the intra range normal fault mapped by Smith et al. (2001) is just to the left of F, Tt 
are Cenozoic ignimbrites, and Tb are Miocene to Pliocene basaltic lavas.  The Section 10 fumarole area is along 
the range front just to the north of the right edge of the photo.

 

Figure 3.2.2  Low elevation air photo of the Stillwater Range in the vicinity of the section 33 production zone 
(North of Figure 3.2.1).  Intra-range normal faults mapped by Plank (1999) are marked by blue dashed lines.  
The Triassic phyllite (TrP), Triassic Star Peak Carbonates (TrS), Jurassic igneous complex/Boyer Ranch 
quartzite section (JrL), and basalt dikes (b) are identified on the photo.  Top contact of TrP is Boyer Fault.  S= 
Scarp.
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the faulting associated with them and the fact 
that they appear to be very open and to have 
formed at very shallow depths (Plank, 1998).  
One of these normal faults is shown on Figure 
3.2.1 (after Smith et al., 2001) and three are 
shown in Figure 3.2.2 (after Plank, 1998).  There 
is a spectacular scarp associated with the lowest 
of the three in Figure 3.2.2 (locations indicated 
in the photo, also see Appendix 3 for a close up 
photo of the scarp).  These intra-range normal 
faults were not recognized by Speed (1976) but 
play a major role in the range structure.  Similar 
intra-range faulting is commonly seen in the 
historical scarps associated with the 1915 
Pleasant Valley fault to the north (see Appendix 
3).  The locality marked with the M in Figure 
3.2.1 is the location of the most often visited 
location of exposure of the “Dixie Valley normal 
fault”.  At this unique locality shear deformation 
at a dip of about 45 to 60° is pervasive over a 
wide zone of the range front (Parry et al., 1991; 
unpublished mapping, 1999). Also prominent in 
Figure 3.2.1 are two patches of dark alluvium at 
the edge of the range (marked with the O).  
These areas are representative of the “Old 
Alluvium” that preserves the Lake Dixie beaches 
(Smith et al., 2001).  The areas are dark colored 
due to the desert varnish on surface clasts. 
 
Geology of the Valley 

Quaternary basin-filling sediments are thickest 
along the western edge of the somewhat 
asymmetrical Dixie Valley graben (Figure 
2.2.12).  Seismic data indicates that these 
sediments are about 2,000 m thick in the DVPP 
area, and about 2,500 m thick to the northeast in 
the DVPF.  The sediments consist of unsorted 
conglomerate, alluvial gravels, sands, and silts, 
and coarse colluvial deposits with an increase in 
tuffaceous, better sorted sediments toward the 
deeper third of the section.  These sediments tend 
to become moderately lithified at depth from 
compaction.  The clay matrix, especially in the 
lower tuff-rich sediments, contains abundant 
expandable smectite.  The elevated heat of the 

geothermal system has caused some of this clay 
to alter to nonexpanding illite.  Enough 
expandable soft clay does remain to cause 
sloughing of the well-bore wall if the well-bore 
wall is exposed to standard drilling fluid for 
more than a couple of weeks.  The basin-filling 
sediments have been very successfully drilled 
with a mill-tooth bit.  Some of the older sediment 
section is exposed on the east side of the valley 
directly across from the DVPF (Speed, 1976). 
 
Underlying the basin-filling sediments is a 
section of basalt (QTb) up to 300 m thick.  The 
basalt erupted into and flowed across a broad 
shallow lacustrine to palustrine environment.  
The basalt has undergone significant surface 
weathering prior to burial under sediments as the 
Dixie Valley graben developed.  Along the range 
front where high angle faulting resulted in steep 
scarps, erosional processes removed portions of 
the basalt section prior to burial by sediments.  
As a result of this erosion, a full 300 m section is 
seldom found in the wells.  The basalt is variably 
weathered, moderately hard, and fractured.  In 
those areas where geothermal fluid has been 
passing through the basalt subsequent to burial, 
the rock is propylitized to epidote-chlorite-albite, 
and is locally silicified.  In the Lamb Ranch 
wells there was initially some production from 
these basalts.  At the DVPF plant start-up, one 
well produced from the basalt in Section 7 and 
one well injected into the basalt.  Now three 
wells inject into the basalt and no wells produce 
from it (Dick Beniot, personal communication, 
2002). 
 
Underlying the basalt is a section of lacustrine 
and palustrine, locally carbonaceous, sediments 
(Tls), which grade to tuffaceous sediments with 
depth.  Poorly exposed outcrops in the Stillwater 
range suggest that these sediments are only a few 
tens of meters thick, and were deposited on 
cemented silicic tuffs, which locally grade to 
welded tuffs (Tvt).  These rocks are generally 
soft and clay-rich, resulting in low penetration 
rates for short to medium-tooth button bits.  Over 
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150 m of silicic tuffs are exposed in the 
Stillwater Range adjacent to the DVPP (Figure 
3.2.1).  Due to erosion and high angle faulting, 
however, it is unlikely that a complete section 
would be observed in a well bore. 
 
Basement Geology/Alteration Mineralogy-
DVPF 

Substantial effort over may years has gone into 
understanding the basement geology of this area 
(Dilek, Moores, and Erskine, 1988; Dilek and 
Eldridge, 1995; and Waibel, 1983, 1987, 1994, 
and 1999).  The Jurassic igneous complex is 
considered highly altered (Figure 3.2.2) and 
consists of locally scapolitized, predominantly 
spilitic oceanic crustal rock, with some 
sandstone and siltstone units, which formed in 
shallow marine basins as the thrusting closed a 
Mesozoic marine basin evolving into 
allochthonous terranes.  The section has 
undergone differential movement along sub-
horizontal surfaces within the overthrusting 
block, resulting in horizontal cataclastic zones.  
The most common igneous rocks encountered 
include gabbro, altered basalt, trondjemite and 
altered andesite.  Occasional plagiogranite and 
albitite are also observed.  Inclusions of marine 
sediments, including argilite, sandstone, and 
locally limestone, occur in the Jurassic thrust 
plate.  Small thrust surfaces are commonly 
observed throughout the Jurassic exposures in 
the Stillwater Range.  These make it quite 
difficult to project a complete section, either in 
thickness or composition. 
 
Local melange-like features have developed 
within the Jurassic oceanic crustal section along 
some internal thrust surfaces and near zones of 
“turbulence” along the leading edge of the thrust 
block.  Intersected in wells, the melange-like 
assemblage includes cataclastic fragments of 
both the underlying Triassic and the overlying 
Jurassic strata.  The fragments include shales and 
carbonates, recrystallized albitite, and/or 
serpentinized spilitic rock.  Serpentinization of 

portions of the Jurassic mafic igneous rocks and 
of Triassic dolomitic sediments is common 
within these melange-like features.  Most of the 
igneous rocks in the Jurassic section have 
undergone a number of low-grade thermal 
metamorphic and fluid alteration events, 
resulting in a variable, though generally 
pervasive albite-epidote grade of greenschist 
facies.  The most brittle rocks, and hence the best 
hosts for open fractures containing geothermal 
fluid, are the keratophyres, trondjemites and 
spilites, and the Boyer Ranch quartzite in Section 
33. 
 
The allochthonous thrust fault zone between the 
Jurassic oceanic crustal rocks and the underlying 
Triassic marine shelf sedimentary rocks is very 
poorly defined in the wells, but sufficiently 
exposed on the range front (Boyer Fault in 
Figure 3.2.2).  The exposed thrust fault is part of 
the last in a series of crustal shortening events 
that involved thrusting of deep marine strata 
(Antler Orogeny, Devonian-Mississippian; 
Sonoma Orogeny, Triassic; and Nevada 
Orogeny, Jurassic-Cretaceous).  In the Stillwater 
Range, the zone appears to be on the order of 
300 m thick, and is quite variable in 
composition.  It contains sheared and cataclastic 
lenses of the Jurassic section, lenses of sheared 
Triassic sediments, abundant cataclastic albitite, 
and zones composed of predominantly white 
calcite with varying amounts of broken albite 
fragments, cataclastic muscovite and chlorite, 
and minor sphene and garnet.  The fault zone 
rock is only moderately hard and does not tend 
to support open fractures, nor does it show 
evidence of flow in the rocks.  Both the sheared 
ophiolitic rocks and the sheared carbonaceous 
marine sediments have been serpentinized.  
These serpentinized zones have caused serious 
borehole stability problems during drilling.  
Occasional large blocks of relatively unsheared 
spilitic rock are present in the fault zone.  While 
these rocks may have open fractures, the 
likelihood that the fractures would be connected 
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with large-scale production permeability is 
slight. 
 
The deepest layered rocks encountered in the 
northern Dixie Valley production area are 
Triassic marine carbonates and calcareous shales 
of the Star Peak Group and meta-arkose of the 
Winnemucca Formation.  Outcrops of the Star 
Peak Group are exposed in the Stillwater Range 
a few miles north of the mouth of Cottonwood 
Canyon (Figure 3.2.2), and to the ENE in the 
Clan Alpine Range.  The calcareous sedimentary 
rocks contain enough dolomite that faulted and 
sheared zones usually contain secondary 
serpentine.  Locally they have been intruded by 
diorite plutons.  Faulted and sheared zones 
within the sedimentary rocks typically have very 
low permeability.  Faults and fractures within the 
local diorite plutons tend to be more open, 
though they often are isolated from other similar 
open fractures.  The Triassic metasedimentary 
section probably has limited potential of hosting 
commercial geothermal production due to the 
low-permeability character of the rock. 
 
The final basement unit is a granitic unit 
(variously a quartz monzonite to granodiorite).  
From nearby locations, Johnson (1977) described 
these rocks as a “light-colored, even-grained 
granitoid rocks containing quartz, K-feldspar, 
plagioclase, biotite, muscovite, and sphene”.  K-
Ar dating of minerals from outcrops in Rocky 
Canyon and Wright Canyon (Humboldt Range - 
the next range northwest of the Stillwater Range) 
and New York Canyon (Stillwater Range west 
side) (Figure 1.1.1) show dates of 69.1 to 73 Ma 
for this granite.  According to Johnson (1977), 
dikes and sills of quartz diorite, diabase, and 
lamprophyre cut the stocks and intrude country 
rock in the vicinity of the stocks.  A light-colored 
biotite-muscovite granodiorite has been observed 
in wells 62-23, 62-A23, Lamb 2, Lamb 2B, 
Lamb 3, 82-7, 45-5, 27-33, and 45-33 (see 
Appendix 2 for locations).  Numerous 
(Miocene?) basaltic dikes also cut through the 
granitic rocks. 

Three structural patterns are recognized in the 
vicinity of the Dixie Valley geothermal system.  
The first of these is large-scale, low-angle thrust 
faulting; the second is normal faulting associated 
with crustal extension, developing a north-
trending early Cenozoic fault set (Parry et al., 
1991); and the third is a northeast trending late 
Cenozoic to contemporary set of normal faults.  
All three of these fault sets contribute to 
permeable zones used by geothermal fluids.  Hot 
fluid from the geothermal cells flows through an 
extended complex of fault and fracture 
permeability as it ascends, ultimately disbursing 
laterally into the regional groundwater.  The 
cumulative structural history is a critical 
determining factor in the location of discharging 
geothermal cells and in identifying drilling 
targets for resource production. 
 
The Stillwater Range-Dixie Valley area of 
Nevada appears to have been structurally quiet 
from the Cretaceous through the Oligocene.  
Subsequent to the silicic volcanism of the late 
Oligocene, a series of north-striking normal 
faults formed.  The best exposure of this normal 
faulting is observed along the western edge of 
the Clan Alpine Range and in the White Rock 
Canyon area of the Stillwater Range.  Seismic 
lines show these north-striking structures 
continuing into Dixie Valley, now buried 
beneath valley-filling sediments.  This north-
striking normal faulting is bracketed in time by 
the Oligocene silicic volcanics and the 
unaffected Late Miocene basaltic volcanism.  
 
The current high-angle normal faults that define 
the Stillwater Range and Dixie Valley 
physiographic features are relatively young, and 
are superimposed over the earlier two tectonic 
events.  The uplift of the Stillwater Range 
occurred after the Late Miocene basalt eruptions, 
as is evidenced by the flat-lying basalt flows and 
palagonite tuffs which occupy some of the 
highest portions of the range (Figure 3.2.1) and 
deepest portions of the valley-fill sequence. 
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3.3  Geochemistry 

Initial Pre-production Compositions 

One facet of the original geochemistry of the 
Dixie Valley geothermal reservoir is provided by 
the archive samples obtained by Oxbow in 1986, 
uncorrected for steam flash (Goff et al., 2002).  
As shown in Section 2.3, preproduction reservoir 
fluids had Cl contents ranging from 320 to 430 
ppm with roughly 0.8 ppm As, 0.4 ppm Br, 9 
ppm B, and 2.7 ppm Li.  Some fluids had SiO2 
contents of nearly 600 ppm.  The stable isotope 
compositions of these fluids averaged about –
132 ‰ δD and – 14.8 ‰ δ18O. 
 
A second view described in this section comes 
from pre-production chemistry of the reservoir 
fluids (pre-flashed) determined during flow test 
analyses of 8 wells: two Section 18 wells (65-18, 
32-18), four Section 7 wells (74-7, 73-7, 76-7, 

and 84-7) and two Section 33 wells (45-33, 27-
33).  The analyses appeared in a report prepared 
for Oxbow Geothermal Corp. by GeothermEx in 
the early stages of exploration and reservoir 
characterization.  In general the fluids are fairly 
dilute Na-Cl-HCO3 fluids with a total dissolved 
species concentration of ~600-800 mg/l. 
 
Cation and Anion Chemistry 

There is a general north to south increase in the 
concentration of chloride and decrease in 
downhole flowing enthalpy of the pre-production 
fluids (Figure 3.3.1). Section 33 fluids are 
characterized by the lowest Cl and highest 
enthalpy waters followed by Section 7 then 
Section 18.  The inverse relationship between 
chloride concentration and enthalpy indicates 
that the chloride content of the fluids is not 
primarily controlled by a leaching process from 

 

Figure 3.3.1  Initial pre-flash chloride concentrations and downhole flowing enthalpy of fluids associated with 
the Dixie Valley geothermal reservoir.  Well location is identified by well # - section #.
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surrounding lithologies, which would be 
enhanced at higher temperatures.  Mixing of 
fluids with a lower enthalpy and higher chloride 
content provides a more reasonable explanation.  
However, the overall trend in the data does not 
appear to support simple binary mixing of 
Section 33 and Section 18 end-member fluids.  
Instead the trend implies the presence of at least 
three fluids with distinctly different thermal and 
chemical histories.  This is further supported by 
pre-flash sodium and potassium concentrations 
(Figure 3.3.2), which clearly demonstrate the 
chemical and thermal differences between the 
wells and that these differences cannot be 
accounted for by simple two-component mixing.  
The one exception may be the low enthalpy 

Section 7 well (76-7) that originally had a 
composition and enthalpy intermediate between 
the higher enthalpy Section 7 wells and well 32-
18. The predicted temperatures from the 
sodium/potassium geothermometer (Fournier, 
1981) in fluids from the high-enthalpy Section 
33 wells are ~20o hotter than the measured 
downhole flowing temperatures suggesting the 
presence of higher temperature fluids nearby.  
This, however, was neither confirmed nor 
definitively refuted by subsequent short-term 
pump tests but is consistent with the thermal 
model shown in Figure 3.1.7b.  Note - the hotter 
temperatures did not reach the production well 
by year 2000 (Dick Benoit, personal 
communication).

 

Figure 3.3.2  Initial pre-flash sodium and potassium concentrations; silica corrected for excess steam.
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Non-condensable Gas and Water Isotope 
Compositions 

The most abundant non-condensable gas (NGC) 
is CO2 followed by N2 > H2S > CH4 > NH3 > Ar.  
Unlike the major cations and anions, there is no 
correlation between total NGC and enthalpy.  
However, there is a strong positive correlation 
between H2S and enthalpy and a negative 
correlation between CH4 and enthalpy.  These 
correlations further support the mixing of 
multiple fluids.  The water isotopic compositions 
of all the fluids are nearly uniformly displaced to 
the right of the World Meteoric Water Line 
(WMWL) by ~3 per mil, consistent with modest 
water-rock isotopic exchange.  In general there is 
an inverse correlation between δ18O and 
downhole flowing enthalpy.  On average, the 
high enthalpy Sections 33 and 7 wells are not 
displaced as far to the right of WMWL as the 
lower enthalpy fluids, implying less water-rock 
exchange, assuming equilibration in similar 
lithologic and thermal-chemical environments.  
A more detailed discussion is given in Chapter 2 
on the water isotopic compositions with respect 
to present day meteoric water, rainfall and other 
thermal and non-thermal waters within Dixie 
Valley. 
 
Chemical Evolution-Time Series – evidence 
for compartmentalization 

Since the onset of production in mid-1988, ~300 
x 109 kg of flashed brine, condensed steam, and 
shallow groundwater has been injected into the 
Dixie Valley reservoir.  The injected fluid is 
predominately flashed brine with approximately 
equal parts condensed steam and shallow 
groundwater accounting for ~15% of the injected 
fluid.  Groundwater injection began in July 1991.  
The fluids were injected into three geologic 
environments: the shallow range-front fault at 
depths near 1,800 m in Section 5; range-front 
fault at depths of 2,700-3,000 m in Section 18; 
and a Miocene basalt aquifer overlying the 
southern part of the main reservoir at 2,170-
2,230 m in Section 18 (Benoit, 1992). 

Because spent brine typically dominates the 
injection fluid, it is readily distinguished from 
the production fluid, as it is enriched in 
conservative chloride, 18O and D, and depleted in 
non-condensable gases.  Over the life of the field 
the chemistry of the production fluid has been 
thoroughly documented with quarterly brine 
(Benoit, 1992), annual non-condensable gas 
(Benoit and Hirtz, 1994), and intermittent stable 
isotope analyses.  From 1995 through 1998 noble 
gases were also monitored on a semi-annual 
basis providing a comprehensive data set for 
monitoring injectate return over time (e.g., 
Kennedy et al., 1999).  Figure 3.3.3 shows the 
yearly average chloride contents for both 
production and injection wells.  It only took six 
to eight months from the start of injection for the 
chloride content of the Section 33 production 
wells to increase.  Once the increase began, it 
approximately paralleled the rate of chloride 
increase in the injectate.  In Section 7 there was 
much greater diversity in early chloride trends 
among the individual wells.  For instance, the 
chloride content in well 76-7 almost immediately 
began to increase.  Tracer testing documented a 
rapid return of injectate from well 32-18 to well 
76-7 of 9.3 days for initial returns (Adams et al., 
1989).  In well 82-7 chloride contents actually 
declined for a year before starting to increase.  
This suggests that during its first year of 
production well 82-7 was drawing on a source of 
relatively low chloride water (maybe the fluid 
that initially supplied the Section 33 wells) as 
opposed to the higher chloride injectate. 
 
During 1991 and 1992 the chloride content of all 
production wells was increasing and closely 
paralleling the injectate chloride content.  
However, after 1993 the Section 33 chloride 
contents stopped increasing and for the past few 
years actually slowly declined.  After initially 
diverging in 1988 and 1989 the Section 7 well 
chloride contents have more or less converged on 
a single chloride content.  This suggests that 
mixing of injectate with a relatively large volume 
of indigenous geothermal fluid occurred in 
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Figure 3.3.3  Average yearly chloride concentrations in production streams from individual wells and the 
injection fluid: open symbols, Section 7 production wells; solid symbols, Section 33 production wells; and solid 
circles with cross, injection fluid.

 

Figure 3.3.4  The yearly average volume fraction of injectate calculated from the chloride data using pre-
production initial reservoir compositions of 300 ppm Cl (Section 7) and 250 ppm Cl (Section 33). Symbols are 
the same as in Figure 3.3.3.
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Section 7.  It took 7 to 8 years to rehomogenize 
the chloride contents in this Section.  Attempts to 
use multiple regression analysis modeling 
techniques on the Dixie Valley chloride trends 
were unsuccessful due to a lack of sufficient time 
variability (Sullera and Horne, 2001). 
 
These general chloride trends and tracer testing 
results are consistent with co-production of 
substantial amounts of injectate and a high 
degree of connectivity between the injection and 
production wells.  However, the validity of the 
chloride interpretations relies on the assumption 
that there is only one indigenous geothermal 
fluid entering the reservoir or individual wells.  
As discussed above, this assumption is probably 
not valid at Dixie Valley as initial fluid 
compositions suggested the presence of at least 
three fluids, mixing of fluids, and a general trend 
of decreasing enthalpy with increasing chloride.  
Therefore, increasing chloride may indicate 
influx of lower enthalpy fluid from outside the 
main reservoir.  However, the noble gas and 
stable isotope data confirmed that the change in 
chloride reflects the admixture of injection fluid 
(Kennedy et al., 1999). 
 
The proportion of injectate volume produced as a 
function of time is shown in Figure 3.3.4.  In 
Section 7 (dotted line), the volume of co-
produced injectate, since ~1990, has increased 
linearly with time at a rate of ~5 to 7% per year.  
This implies that the flux of injectate into the 
Section 7 production reservoir exceeds the flux 
of indigenous geothermal fluid (natural recharge) 
into the reservoir.  It is also noteworthy that the 
range in chloride concentrations between Section 
7 wells has diminished over the same period 
resulting in a rather homogeneous fluid which is 
~60% injectate (as of 1999).  The true volume 
fraction of injectate may be as high as 100%, 
because after 1994 the chloride contents in the 
Section 7 producers have exceeded the initial 
injectate concentrations.  Assuming that all of 
the injected brine went to Section 7, and that the 
Section 7 reservoir acts as a “closed box” with 

10% porosity, Kennedy et al. (1999) estimated 
that the injectate has replaced an indigenous fluid 
fracture volume on the order of 120 million 
liters. 
 
The Section 33 reservoir (dash-dot line) has 
behaved in a very different manner than the 
Section 7 reservoir.  The very rapid rise in the 
volume of injectate fluid co-produced with 
Section 33 reservoir fluids suggests a very high 
degree of connectivity between the injectors and 
the Section 33 producing wells.  Presumably the 
connectivity is with the Section 5 injectors, 
although this was never determined with tracer 
tests (see above).  However, in late 1992 or early 
1993, the volume of co-produced injectate in the 
Section 33 wells began to decline.  This trend 
can be explained by: (1) a change in the 
hydraulic connectivity induced by water table 
drawdown isolating the Section 33 reservoir 
from a fracture or pathway supplying the 
injectate and (2) an increase in the inflow of 
thermal water from outside the production zone, 
presumably induced by pressure draw down.  
Unfortunately, the only tracer test conducted 
prior to 1990 suffered from tracer detectability 
problems and was not run for enough time (70 
days).  In tests conducted after 1990, no tracer 
was ever observed in the Section 33 wells, 
consistent with a loss of hydrologic connectivity 
between the Section 5 injectors and the 
production wells.  The loss of connectivity 
between Section 33 and the Section 5 injectors 
has led to a slow recovery toward initial pre-
production fluid compositions of the Section 33 
reservoir.  A lack of pressure support from 
injection, until the Section 32 wells were placed 
in service, may be related to an increase in the 
activity of nearby surface fumaroles. 
 
Tracer Tests – Reservoir Connectivity 

Three injection tracer tests have been carried out 
at Dixie Valley.  In the first test (Adams et al., 
1989), tracers of different thermal stability 
(benzoic acid, benzenesulfonic acid, 4-
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ethylbenzenesulfonic acid, and fluorescein) were 
injected into three operating injection wells; two 
at the southern margin of the field (32-18 and 52-
18) and one in the central region of the field 
between Sections 7 and 33 (45-5).  All three 
injectors were in good pressure communication 
with the six monitored wells and the injection 
zone temperatures were ~200-230oC.  Tracer 
concentrations were ~10-30 wt % with a tracer 
detection limit of ~5-10 ppb.  The only tracer 
breakthrough observed was at well 76-7 from 
tracers injected at well 32-18.  Both southern 
wells are completed in the Miocene basalt and 
the hydrologic communication is consistent with 
the pre-production fluid chemistries suggesting 
that 76-7 fluid initially was a mixture of higher 
enthalpy Section 7 fluids and 32-18 fluids.  The 
lack of any tracer breakthrough in the other 
monitored wells was attributed to poor tracer 
detectability and an underestimate of the time 
required for breakthrough (monitoring ceased 
after only 70 days). 
 
In May 1996 a second tracer test was conducted 
(Rose et al., 1997) in which brine containing ~3 
% wt fluorescein was injected into well 25-5, 
centrally located between Sections 7 and 33.  
Although the goal of this test was to examine the 
feasibility of using numerical simulation 
(TETRAD, TOUGH2) to model tracer flow, 
which was successfully carried out, an 
interesting aspect regarding reservoir 
connectivity emerged.  Nine production wells in 
Sections 7 and 33 were monitored on a weekly 
basis.  Within 75-100 days all Section 7 wells 
showed tracer returns.  After ~240 days of 
monitoring, no tracer breakthrough had been 
observed in the Section 33 wells, despite earlier 
observations that all these wells were initially in 
pressure communication.  A third tracer test was 
conducted in July 1998 (Rose et al., 1998) in 
which several different tracers were injected into 
wells 41-18 and 65-18, both located on the 
southern margin of the production field.  Once 
again tracer breakthrough occurred in Section 7 
wells within the first 50-100 days of continuous 

monitoring with the time of breakthrough 
consistent with that expected given the estimated 
distances between the injectors and the 
producers.  However, after 525 days of 
monitoring no tracer was ever seen in the Section 
33 wells.  In July 2001, 2,6 - naphthalene 
disulfonate was injected into the 38-32 well, 
which had been more recently drilled.  The tracer 
this time only showed in the Section 33 
production wells.  Over the six months of 
observation no tracer was observed in any 
production wells southwest of Section 7.  This 
was similar to the test of well 27-32 in 1999 
(Rose et al., 2002). 
 
The tracer tests indicate a high degree of 
reservoir connectivity between all the injection 
wells and the Section 7 production wells.  As of 
2004, no tracer from the Section 5 or 18 injectors 
has ever been observed in Section 33 production 
wells.  As discussed below, long term chemical 
monitoring of the production wells reveals a 
change in the hydrologic connectivity of the 
field, which effectively isolated the Section 33 
producers from the Section 5 and 18 injectors. 
 
Reservoir Chemistry Evolution 

By the late 1990s, the chemistry of the reservoir 
fluids had changed noticeably with respect to 
their preproduction compositions (see figures in 
Ch. 2).  Chloride contents in the south (Section 
7) wells had risen to as much as 625 ppm, while 
those in the north (Section 33) wells had risen to 
as much as 570 ppm.  The primary reason for the 
increase in Cl content was steam loss as steam 
was removed in the power plant to generate 
electricity.  Very little Cl goes into the vapor 
phase during steam separation; thus the residual 
brine became progressively enriched in Cl 
through time.  This is often referred to as 
“conservative” geochemical behavior. 
 
On the other hand, key trace elements enriched 
in high temperature geothermal fluids displayed 
nonsystematic behavior.  The elements B and Br 
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behaved conservatively.  As Cl contents 
increased, so did B and Br.  Arsenic 
concentrations decreased substantially while Li 
contents decreased moderately.  The implication 
is that these two elements have precipitated 
during recycling of the reservoir fluid as a result 
of steam flash or some other process or 
combination of processes.  The loss of arsenic is 
rather easy to explain.  Arsenic can drop out as a 
sulfide in the steam pipelines and steam 
separator by reaction with H2S.  A mechanism 
for loss of Li is not known and would require 
further research to fully understand. 
 
The detailed behavior of silica as a function of 
time is much more complex (Figure 3.3.5).  
When the data are differentiated by sampling 
year, it can be seen that the Section 7 production 
well fluids are gradually losing SiO2 even though 
Cl content is rising.  The silica loss is attributed 
to slight cooling of the reservoir whereas the Cl 
increase is caused by steam loss.  In contrast, the 
north wells showed more erratic behavior.  
Chloride and silica contents actually decreased 
slightly from 1997 to early 1998 suggesting both 
dilution and cooling by other groundwaters 
marginal to the reservoir.  From 1998 to 1999 
both Cl and SiO2 contents went up suggesting 
steam loss and slight heating of the fluids, 
possibly resulting from less dilution by cooler 
groundwaters. 
 
Contributions of cooler groundwaters into the 
geothermal reservoir, either by reinjection of 
mixed fluids or by dilution from reservoir 
margins, are traceable by dramatic increases in 
Ca contents (Figure 3.3.6).  In 1986, 
preproduction geothermal fluids contained only 
1 to 2 ppm Ca but by the late 1990s average Ca 
values had risen to roughly 7.5 ppm in the north 
wells and 9 ppm in the south wells.  Calcium 
contents of high temperature geothermal fluids 
are usually quite low due to the inverse solubility 
of divalent metal carbonates and sulfates (Goff 
and Janik, 2000).  Reinjection fluids during the 
late 1990s commonly included some shallow 

well waters (Domestic and Goerenger wells) 
containing as much as 62 ppm Ca (Goff et al., 
2002).  Increased Ca in production fluids over 
time may have increased the potential of the 
production wells to form CaCO3 scales. 
 
Increases in reservoir Mg contents were much 
less dramatic during this time period although 
values as high as 0.3 ppm were found in 1998 
and 1999.  Usually, Mg contents in reservoir 
fluids were ≤0.01 ppm (Goff et al., 2002). 
 
Another constituent in reservoir waters that 
increased noticeably from 1986 to the late 1990s 
was fluoride content (Figure 3.3.7).  Although 
the archive waters range from about 7 to 15 ppm 
F (average around 10.5 ppm), Section 7 well 
fluids had increased to as much as 16 ppm F 
while Section 33 well fluids had increased to as 
much as 18 ppm F.  Dixie Valley reservoir 
waters contain more F than any other water type 
in the greater Dixie Valley region but these F 
increases of more than 50%, are probably not the 
result of steam loss during production.  On the 
other hand, the excess F can’t come from 
dilution with cool diluting waters because such 
waters typically contain ≤1.5 ppm F.  Possibly, 
the excess F comes from dissolution of CaF2 but 
such a scenario has not been examined with 
geochemical models. 
 
Stable isotope (δD/δ18O) values of the reservoir 
have also shifted noticeably with time (Figure 
3.3.8).  Compared to 1986 analyses, the bulk 
reservoir composition had changed to a value of 
roughly –128 ‰ in δD and – 14.6 ‰ in δ18O by 
the late 1990s as steam was lost during 
production and dilute groundwaters such as the 
Domestic and Goerenger well waters were added 
to the injection fluid.  The archive samples and 
most of the brine and condensate samples were 
analyzed by laboratories of the US Geological 
Survey, forming a consistent data set.  Note that 
a few analyses were obtained from Western 
Michigan University and are not consistent with 
the archive samples. 
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Figure 3.3.5  Plot of production silica variation versus chloride with time for reservoir fluids showing 1986 
preproduction (Archive) and 1995 to 1999 changes (Goff et al., 2002).

 

Figure 3.3.6  Plot of production calcium versus chloride variation with time for reservoir fluids showing 1986 
preproduction (Archive) and 1995 to 1999 changes (Goff et al., 2002).
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Figure 3.3.7  Plot of production fluoride versus chloride variation with time for reservoir fluids, showing 1986 
preproduction (Archive) and 1995 to 1999 changes (Goff et al., 2002).

 

Figure 3.3.8  Stable Isotopes of the Reservoir.  Plot of deuterium versus oxygen-18 variation with time for 
reservoir fluids showing 1986 preproduction (Archive) and 1995 to 1999 changes (Goff et al., 2002).
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3.4  Producing Area Seismic Reflection 
Surveys 

Introduction 

One of the data sets available for the Dixie 
Valley area, but not generally available for other 
areas in the Basin and Range province, is an 
extensive suite of seismic reflection profiles in 
the valley.  However, the seismic data did not 
lead to the development of the geothermal model 
of the valley/range fault zone.  The reflection 
technique is designed to image structures or beds 
that are flat lying or have a low dip in regions of 
low horizontal velocity contrasts.  Thus, the 
steep nature of the range/valley fault zone and 
the variable lithologies and degrees of 
lithification of the valley-fill sediments cause 
problems for reflection interpretation.  
Interpretation techniques, such as migration, that 
are designed to partially mitigate these 
shortcomings have become common since the 
data were collected in the early 1980s, but have 
only recently been applied to these older, 
moderate quality, profiles (e.g., Honjas et al., 
1997).  An index map of the lines available is 
shown in Figure 3.1.1. 
 
The seismic reflection interpretation most 
commonly cited (of line SRC-3; Okaya and 
Thompson, 1985) is shown in Figure 3.4.1 and 
the location of the section is shown on Figure 
3.1.1.  The emphasized features of this 
interpretation that have been cited many times 
with respect to Basin and Range structure are the 
interpreted 54° dip of the Stillwater Range 
bounding fault, and the broken up reflection 
pattern southeast of the interpreted fault.  The 
broken pattern of the seismic reflection was 
attributed by Okaya and Thompson (1985) to 
disturbance of the signal by scattering in a coarse 
alluvial fan sequence along the downthrown 
edge of the hanging wall block.  This 
interpretation influenced the model of the 
reservoir until the drilling that took place in the 
mid to late 1990’s.  That drilling and 
interpretation of all the geophysical evidence 

have shown both of these interpretations to be 
incorrect. 
 
One problem with this seismic interpretation 
became obvious from analysis of the thermal and 
drilling data from the deep wells.  The seismic 
interpretation requires the area of complex and 
chaotic reflection pattern on the west part of the 
section to be due to the fault and an overlying 
alluvial wedge dominated by very coarse clastics 
that would be expected to be very permeable.  
The source of these coarse clastics was proposed 
to be the rapid erosion of the uplifting Stillwater 
Range.  However, during the drilling of the 
geothermal wells throughout the geothermal 
system, lost circulation and drilling problems-- 
commonly associated with highly permeable 
formations were very rarely found in the valley 
fill (Dick Benoit, personal communication, 
1988).  Available fluids seem to be very limited 
below depths of 100 to 200 m.  Attempts to find 
shallow water for recharge revealed a 
complicated hydrologic picture in the upper 500 
m of the valley fill.  The aquifers found there are 
generally limited in extent due to Ca+Mg 
precipitation with increasing depth and 
temperature as noted earlier (Dick Benoit, 
personal communication, 2000).  Furthermore, 
the limited thermal information above the 
reservoir suggests that conductive conditions 
dominate the heat transfer (implying 
insignificant fluid flow) except within the 
production zone. 
 
An explanation for the apparent low permeability 
of the valley fill near the active fault zone comes 
from the development of a new facies model for 
Basin and Range systems as described above in 
section 3.2 Geology of the Valley (see also 
Blackwell and Kelley, 1994).  In Dixie Valley 
fine-grained lacustrine materials dominate the 
valley fill near the active fault and so the basin 
fill has a low vertical permeability, similar to 
conditions in the middle of the valley. 
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Figure 3.4.1  Okaya and Thompson (1985) interpretation of reflection profile SRC-3.  A=Valley Fill; B=Alluvial 
Fan - piedmont block; C=Basalt/volcanic; D=Basement; Dm=Supposed fault reflection.  Note:  At the time this 
Dixie Valley Synthesis was completion, Thompson et al., 1967 was not known about.  This synthesis would have 
included more details from this report, as it was far-sighted for its time, and differs from interpretations made 
in Okaya and Thompson (1985).
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All of the seismic reflection lines normal to the 
trace of the exposed range-front fault reveal an 
absence of valley-fill reflectors west of the 
gravity gradient maximum defining the west 
edge of the structural basin (Figure 2.2.9).  More 
recent interpretations based on gravity and on 
drilling results near the range front (Blackwell et 
al., 1999; Johnson and Hulen, 2002) prove that 
the area is composed of massive bedrock on the 
footwall of a buried fault zone defined by the 
gravity gradient maximum.  The seismic 
reflection cross-sections also reveal offset basin-
fill reflectors that allow interpretation of the 
positions and dips of several intrabasin faults.  In 
nearly all cases, the faults identified on the 
seismic cross-sections can be correlated to faults 
mapped at the surface based only on surficial 
evidence (Smith et al., 2001).  The individual 
seismic line data are discussed next, with the 
combined interpretations of the geophysical data 
sets discussed below in section 3.6. 
 
Seismic Data Set   

Several seismic exploration techniques have 
been applied in Dixie Valley.  Early studies 
included refraction profiles widely distributed in 
the valley (Thompson et al., 1967).  During the 
exploration phase of the late 1970’s and early 
1980’s many kilometers of conventional seismic 
reflection surveys were collected using dynamite 
and vibroseis sources (Haskins-Pfeiffer, Inc., 
1980; UURI, 1981; Zoback and Anderson, 1983; 
Abbott et al., 2001).  The lines available are 
shown on Figure 3.1.1.  There was later 
reprocessing of the seismic reflection data in 
1993/94 and 1998/99.  In 1993/94 several lines 
[106, part of 101, 10 and 105] (unpublished 
Caithness Report, 1994) were conventionally 
migrated.  In the later study (Honjas et al., 1997; 
Lettis, 1998), Kirchhoff migration techniques 
and velocity analyses were applied to a number 
of the lines in the northern part of the system.  
The seismic lines have been successful in 
showing generalized structure in the valley, but 
are not very useful for illuminating the fault style 

details important for exploration because of the 
difficult setting.  The exceptions are the velocity 
interpretations of Honjas et al. (1997; 1998) and 
Lettis (1998).  In several places the velocity 
cross-sections correctly identify the presence of 
shallow bedrock next to the range front and the 
position of the piedmont faults.  Unfortunately 
the velocity interpretations are limited in depth 
and resolution. 
 
The seismic reflection profiles discussed in this 
section were collected in the late 1970’s and 
early 1980’s.  There are two predominant 
orientations, NE-SW (approximately 
perpendicular to the range front and to the strike 
of major normal faults) and NW-SE (parallel to 
the range front).  In the following paragraphs, 
interpretations of original stacked and in some 
cases reprocessed seismic reflection cross-
sections are presented.  In the interpretation of 
the valley configuration it is assumed that the 
velocity of the valley-fill sediments does not 
vary laterally.  Because it is a virtual certainty 
that the velocity does vary, this assumption 
probably leads to some distortion of basement 
geometry.  However, calibration of the cross-
sections with lithologies in several wells and 
with the gravity results suggests that the 
interpretations are realistic.  The velocities 
assumed are based on integration of all available 
travel-time logs (Figure 3.4.2), and in general are 
greater than the velocities determined by seismic 
refraction (Thompson et al., 1967).  The picks of 
depths to the basement horizon for several of the 
deep wells are also shown in this plot.  Possible 
sources of error are discussed below.  For the 
interpretation, the most prominent reflectors 
were digitized from each cross-section and 
simplified travel-time cross-sections were 
generated for illustration purposes.  Only those 
reflectors that were clearly continuous over a 
significant distance were digitized.  On each 
cross-section, attempts were made to identify the 
same two horizons: the top of the basement and 
the top of the basalt layer that occurs deep in the 
basin.  Prominent reflectors within the valley-fill 



Chapter 3.4  Producing Area Seismic Reflection Surveys  144 

 

Figure 3.4.2  Seismic velocities for Dixie Valley.  Integrated two-way travel times (TWTT) versus depth for three 
wells are plotted.  Basement depths at TWTT values of some deep wells are shown as boxes.  The velocity 
function assumed in the analysis of the basin structure was chosen to minimize the error in basement depth 
prediction.  Note that the 36-14 well has shallow basement (PCz) and 45-33 basement is deeper than well log.

sediments were also digitized.  There are real 
problems in the interpretation of shallow data, 
problems that inhibit the ability to see important 
relationships in the upper parts of the cross-
sections.  Also many of the cross-sections show 
the effects of out of plane reflectors, which 
complicate the interpretation. 
 
All of the deep well sites were located near the 
NW terminations of the deep valley reflectors on 
the NW-SE (perpendicular to the range front) 
lines (except 62-21 which was located on the SE 
side near the termination position).  This position 
was formerly assumed to be the position of the 
intersection of the 50°-dipping fault with 
basement on the downthrown block.  Thus 
matching the depths and times is uncertain, as 
the actual position of the reflectors in this area is 
highly distorted by the rapid lateral changes in 

velocity associated with the piedmont faults 
against valley fill.  Synthetic reflection sections 
were calculated for several of the wells from 
geophysical logs, but the only wells that give 
reasonable results are the 27-33 and 45-33 wells.  
The synthetics there predict that the basalt and 
basement section should generate two double 
reflectors spaced at about 0.2 s (TWTT) apart.  
This pattern matches a pair of reflectors 
prominent in much of the area of the DVPF, but 
rarely present elsewhere on the cross-sections.  
The inference is that generally the volcanic 
section (the basalt and underlying tuff section) is 
thin to nonexistent in the piedmont block east of 
the range front and along the east side of the 
valley, but it is clearly present in the deep central 
graben.  Because the volcanic section has such 
highly variable properties and the choice of what 
horizon to pick is somewhat arbitrary, the basalt 
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is shown only locally on the interpreted cross-
sections.  The picks are based on the conversion 
of time to depth from the cross-sections and 
validated by lithologic picks in the nearest wells 
as shown in Figure 3.4.2.    
 
In general, the NE-SW lines (parallel to the 
range front) show little evidence of large 
displacement faults (SRC-1S is the exception).  
In contrast, the SE-NW lines (normal to the 
range front) commonly show an end to any 
coherent reflections about 1 to 2 km basin-ward 
from the range front.  The cross-sections show an 
asymmetric valley deeper to the west and 
shallowing to the east as briefly described in Ch. 
2.  Prominent high-angle, relatively small 
displacement faults are seen near the SE ends of 
the cross-sections.  The high-resolution 
aeromagnetic data contain NE-trending 
anomalies that also show these faults and imply 
that there are many others not imaged on the 
seismic cross-sections.  The seismic lines also 
show that there is a deep, relatively narrow series 
of basins along the NW side of the valley much 
like the structure inferred by Parry et al. (1991).  
Thus the extensive system of N-S faults as 
proposed by Parry et al. (1991) clearly exists in 
the subsurface.  The AMOCO lines (not 
illustrated) also show that the valley shallows 
rather quickly to the north.   
 
The three strike lines (parallel to the range front) 
are shown in Figure 3.4.3 without any 
annotations for clarity.  In the following 
discussion of the different seismic lines, the lines 
are shown with annotations.  In the annotated 
cross-sections the interpretation of the basement 
and top of the basalt section reflectors are 
marked in color and wells near the lines are 
plotted.  The cross-section lines are shown true-
scale for depth without vertical exaggeration 
based on the velocity depth conversion shown in 
Figure 3.4.2. 
 

“Strike” Line 101 

The SW-NE lines are relatively easy to interpret.  
The southeastern-most line in the valley, 101, is 
shown in Figures 3.4.3, 3.4.4, and 3.4.5.  Line 
101 is relatively simple from the south end to 
about SP170, a distance of 10.5 km.  At the 
south end, the valley fill is about 2,700 m thick 
and there may or may not be a volcanic section 
present.  The basin section thins to about 2,000 
m at shot point 320 (about 3 km from the south 
end of the line and assuming constant horizontal 
velocity structure).  In this region there is a small 
graben or flower structure in the valley fill.  The 
detail of the reflection cross-section of this area 
is shown in Figure 3.4.5.  The valley fill thickens 
to the north and a volcanic section appears 
starting at about SP280.  The valley gradually 
thickens to the north to probably over 3,000 m 
between shot points 200 and 160 where there is 
some sort of disturbance in the structure in the 
shallow part of the basin and a syncline is 
present.  The disturbance dies out upward and 
the upper valley sediments appear relatively 
undisturbed.  The depth variations from the 
seismic line are within 500 m of those 
interpreted from an inversion of the gravity depth 
to basement, assuming a constant density of -0.5 
gm/cc (the valley fill must be made of 
Styrofoam!) and the maximum values are both 
about 3,500 m.  This line runs partially along the 
axis of the deep central graben shown 
prominently on the dip lines (normal to the range 
front, see section 3.6 below). 
 
The flower structure (see the detail of Line 101 
in Figure 3.4.5) is located at the position where 
the cross-valley transfer zone mapped on air 
photos crosses the line.  Consequently, the 
motion on this zone could be strike slip in nature.  
Thus the pattern of breakage on the reflection 
cross-section is consistent with the interpreted 
structural position at the end of the subbasin 
from the air photo mapping (Smith et al., 2001).  
The fault pattern is confusing and some of the 
faults appear to be reverse faults.  Similar 
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Figure 3.4.5  Scanned portion of line 101 showing detail of “flower’ structure along the cross valley structure as 
shown in Figure 3.4.4 with a dashed blue box from shot points -360 to -290.  Thin horizontal lines are 0.1 sec 
TWTT intervals.

structures commonly occur in sediments above 
basement along strike slip fault zones. 
 
“Strike” Line SRC-1S 

The SRC-1S and SRC-1N lines occur in 
important locations but are very difficult to 
interpret, in part because they are not straight but 
curve ~45° in the area of the DVPP lease (Figure 
3.1.1).  The line drawings of the SRC-1S line are 
shown in Figures 3.4.3 and 3.4.4.  The southern 
part of the line is relatively simple in broad scale 
in that two sags and two culminations of the 
basement reflector are clearly imaged on this 
1980 time migration version of the line.  The 
basement depths range from about 1,000 m to 
1,500 m and are confirmed by two wells on the 

line (66-21 at SP-170 and 36-14 at SP-270).  The 
north end of the southern apparent culmination 
(near well 66-21) is steeper than the southwest 
end and may be faulted. Some part of this 
culmination may be only apparent, due to a 
velocity pull-up beneath a section of basalt 
(suggested by the geology in DF 66-21) or it 
may be due to offline reflections.  There is a 
major fault at SP280 at the north end of the 
second culmination (point B on Figure 3.4.4) and 
the section is difficult to interpret from there to 
near the north the end of the line (the orientation 
of cross-section is rotating to the east in this 
area).  There is a clear out-of-plane pair of 
reflectors between SP300 and SP320 (point C).  
These reflectors appear to be the basement/basalt 
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section based on similarity to the pattern of the 
basement/basalt reflector section in the vicinity 
of SP340-380 and the Lamb-2 and 65-18 wells, 
see box on Figure 3.4.10.  Thus there is another 
fault at about SP300, and possibly, other faults 
between SP320 and SP340 at which point the 
pattern typical of the deep valley with the 
volcanic section, dipping to the NE, can be 
identified.  There may be a graben with antithetic 
faults in this part of the cross-section, in the 
older part of the valley fill, based on the 
prominent syncline/anticline pair in the younger 
sediments of the valley (at less than 1,000 m 
depth). The part of Line SRC-1S from SP280 to 
SP340 is the clearest image of the positional 
complexity of the piedmont fault zone present on 
any of the seismic lines. 
 
This cross-section was modeled by Lettis & 
Associates (1997) with results consistent with 
the interpretation discussed here.  The syncline 
in the upper part of the section between shot 
points 330 and 390 is prominent in their 
migrated cross-section.  The migration was 
applied only to a depth of about 1,500 m, and 
accordingly provides no information about the 
deeper structure. 
 
“Strike” Line SRC-1N 

The SRC-1N line is also curved and it is the 
most difficult of the “strike” lines to interpret 
(Figures 3.4.3 and 3.4.6).  The south end 
(oriented E-W) looks like the NW-SE cross-
sections described below and the north end of 
line SRC-1S.  The general dip in the valley is to 
the east away from the range (drag shape) and 
the “volcanic” and basement packages in the 
deep valley look like the other deep valley lines.  
However, there are no reflectors below 600 m for 
most of the center part of the line, including the 
part of the line that crosses the production area in 
Section 7 where the numerous wells document a 
1,800+ m section of valley fill.  At the extreme 
north end of the line there is a deep basin with 

the typical volcanics–basement reflector package 
but dipping west (antithetic) toward the range. 
 
The lack of reflectors on the center part of the 
line is due to the proximity of the line to the 
piedmont fault. The cross-section is dominated 
by a side reflection off of the piedmont fault 
plane and does not image the section 
immediately below the position of the line where 
the drilling shows a substantial thickness of 
valley fill.  The fault must be very close for the 
side reflections to obliterate the reflections from 
below the line of the cross-section.  To the north, 
the cross-section gradually strikes away from the 
piedmont fault system and correctly images the 
valley below the line (beyond SP 330).  The 38-
32 and the 27-32 wells, which lie about 500 m 
northwest (rangeward) of the middle part of the 
line, hit quartzite (basement) at a depth of 
approximately 150 m. 
 
Strike Line 8 

The stacked cross-section for line 8 is shown in 
Figure 3.4.6.  This line interpretation is 
enigmatic even though it contains the largest 
number of wells for control.  Unfortunately the 
wells show essentially no variation of the 
basement depth along the cross-section while the 
travel time cross-section appears to show about 
700 m of relief.  Otherwise, the character of the 
valley reflectors is typical with the “volcanic” 
section being uniform at about 450 to 650 m 
thick.  The apparent shallowing of the basement 
may be due to multiple possibilities:  a side 
reflection (side swipe) off of a nearby piedmont 
fault plane, a pull up due to velocity variations 
(due to cementation?), or some other effect.  The 
valley reflectors essentially disappear in the area 
of the apparent pull up and the basement 
reflection is not well shown. There may be a 
velocity pull up due to geothermal effects, but 
the well logs and geologic reports do not support 
the presence of any unusual valley alteration 
(although that possibility should be explored in 
more detail).  There is a magnetic anomaly in the 
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Figure 3.4.6  Interpreted line drawings of stacked sections for the strike lines SRC-1N and 8.  The velocity pull 
up has been ignored in drawing the basement reflector on line 8.  Colored purple and orange lines represent top 
of basalt and basement.  Vertical brown lines are wells.
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Figure 3.4.7  Line drawing of stacked cross line 5.  Vertical line is a well.  Dashed blue lines represent 
approximate fault placement.  Colored lines represent top of basalt and basement.

same location, so there is some unexplained 
complexity at this position, likelya three-
dimensional effect of some kind.  A 
concentration of gravel sourced from the Jurassic 
igneous complex dominates the valley-fill 
lithology, fanning outward from the mouth of 
Cottonwood Creek.  This might cause the 
velocity pull up and explain the magnetic 
anomaly. 
 
East-West Line 5 

Line 5 (Figure 3.4.7) is a stacked line 
intermediate between the two sets of line 
orientations because it strikes E-W (Figure 
3.4.1).  It appears to show a relatively gentle 
syncline at first glance.  The east end of the line 
looks like most of the deeper valley with an 
approximately 600 m section of “volcanics” that 
sit on basement and dip gently to the west to a 
maximum depth of about 2,400 m.  At the deep 
point, SP210, there is a diffraction cone 
suggesting a sharp change in depth of the top of 
basement.  This line has been migrated by Lettis 
et al. (1999) using a prestack Kirchoff technique.  
The results do not go as deep as the conventional 
migration of line 106 (below), but a spectacular 

shallow basin (overlying a graben?) is indicated 
east of well 52-18 with horsts (?) on both sides.  
The typical valley character changes west of 
SP180 to SP160 even though on the line drawing 
that is not apparent.  We interpret a series of 
several step faults in this area.  The horizontal 
position of the maximum depth of the valley 
sediment moves west from SP210 at the 
basement contact to about SP180 (1½ km) at the 
surface, suggesting that, as the basin filled, the 
axis of deposition migrated systematically NW. 
 
Dip Line 10/105 

The NW-SE lines are all difficult to decipher and 
the ambiguity this represents has been part of the 
reason the seismic data have not played a role in 
the correct structural evaluation of the 
geothermal system in the past.  The gravity data 
have been invaluable in resolving the 
uncertainties and helping to decide between 
competing possible interpretations.  This is 
illustrated by line 10/105, which is located 
between the Lamb Ranch injection wells and 
DVPP wells (Figure 3.1.1).  The SE-NW 
trending lines have been combined because both 
are short and cover complementary areas.  The 
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reason to use them as examples is that both 
migrated and unmigrated versions of the lines are 
available.  These lines also cross the SRC-1S and 
101 NE-SW lines so that the inferences from the 
lines can be directly correlated with other parts 
of the data set.  The merged migrated lines are 
shown in Figure 3.4.8.  This line as presented is 
a time migrated reflection cross-section (circa 
1994) and is thus of relatively high quality. 
 
It is converted from two-way travel time to 
depth.  The most prominent feature of the 
migrated line 10/105 is the presence of a well-
imaged valley fill.  The thickness of the valley is 
greatest between SP’s 145 and 245 (Figure 
3.4.8).  The prominent reflector at about 1.1 
seconds two-way travel time (TWTT) is 
interpreted to be the top of the Cenozoic basalt 
(see Okaya and Thompson, 1985).  The basalt is 
close to the basement based on the Lamb Ranch 
wells and the Section 18 wells immediately to 
the northeast (Benoit, 1991).  The second 
prominent reflector in the eastern part of the 
cross-sections at 1.3 s (west) to 1.1 s (east) is 
interpreted to be the top-of-basement reflector.  
The cross-section shows reflectors as shallow as 
0.16 seconds, although the data quality is poor at 
times less than 0.2 to 0.3 seconds.  A major 
feature of the cross-section is the termination of 
most of the valley reflectors at about SP 120 on 
line 10.  West of this point there are coherent 
reflectors only above about 0.4 s.  The reflection 
cross-section SRC-3 described by Okaya and 
Thompson (1985) (Figure 3.4.1) is about 4 km 
northeast along the range front.  It closely 
resembles this cross-section.  Okaya and 
Thompson (1985) interpreted the similar western 
end of SRC-3 to represent loss of reflection 
coherency due to coarse alluvial fill.  
Furthermore, they thought that signals from the 
range-bounding fault dipping at about 54° were 
discernible in the data.  Similar terminations of 
reflector packages are present on most of the 
NW-SE trending seismic lines. 
 

Dip Lines 102 & SRC-3 

An interpreted summary drawing of profiles of 
the valley to the north of dip line 10/105 are of 
lines 6 and 102 (Figures 2.2.11, 3.1.1, and 3.4.9).  
The west end of line SRC-3 is slightly NE of line 
102 but it converges with it near SP185 (on line 
102) to SP210 where SRC-3 ends (Figure 3.1.1).  
The line SRC-3 (interpreted by Okaya and 
Thompson, 1985) is at the north end of the field 
close to the production wells in Section 33 and 
well 82-5 (see Figures 3.1.1 and 3.4.1).  It is 
arguably the most famous reflection seismic line 
in the Basin and Range and as described above 
has been widely cited.  The line drawing of line 
102, the closest line described here, is shown in 
Figure 3.4.9.  Along this line the interpretation of 
the gravity study (Blackwell et al., 1999) was 
confirmed by drilling.  A 1.2 km well (38-32) 
was drilled in 2000 essentially on line 102.  It 
encountered bedrock at 150 m and stayed in 
bedrock to TD (Johnson and Hulen, 2002).  A 
fault zone was encountered below 1.1 km and the 
well is now being used as an injector for pressure 
support of the Section 33 production wells.  If 
there was significant valley fill west of the 
inferred relay ramp then the basement would be 
imaged as it is in line 106.  The lack of 
systematic and coherent reflectors in this area 
argues strongly that there is little valley fill there, 
and this is confirmed by the drilling and gravity 
data. 
 
Dip Lines 104/9 

Dip line 104 is just south of Cottonwood 
Canyon, between lines 6 and 10/105, and 
between the producing field and the DVPP lease 
(Figure 3.1.1; see interpretation of stacked 
section in Figure 3.4.9).  The injection wells (52-
18 and SWL-3) are near the western end of the 
line and well 62-21 is near the eastern end.  This 
line most clearly shows the structure of the deep, 
N-S oriented graben that underlies the deepest 
part of the valley.  In the line drawing (Figure 
3.4.9), the west end of the short line 9 (nearly 
coincident with line 104) has been used for 
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Figure 3.4.9  Interpreted line drawings of stacked sections for dip lines 102, 9/104, and 6. Vertical brown lines 
are wells - solid are near the line and dashed are farther from line.  The blue dashed lines represent approximate 
fault locations.  Solid purple and orange lines are top of basalt and basement.
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interpretation because the valley reflectors are 
more clearly seen on that line.  The prominent 
double reflector typical of the 
basalt/tuff/basement section is very clear 
between about 1.4 and 1.7 sec TWTT (Figure 
3.4.10).  The abrupt termination of the valley 
reflectors at about SP155 is also the location of 
the maximum of the gravity gradient.  A fault on 
the east side of the graben is located at about 
SP215 to SP220.  The younger valley fill in the 
eastern part of the section appears to onlap the 
basement over a time interval of about 1.3 to 1.0 
sec TWTT.  A fault displaces the basement by 
about 0.1 sec TWTT at SP250.  The valley fill 
above about 1.0 sec TWTT is asymmetric with 
the deepest section next to the piedmont fault.  
The deep graben and its western boundary fault 
(the largest displacement fault in the valley) lie 3 
km basinward of the range front. 
 
Dip Line 6 

Dip line 6 is the longest line available and thus it 
gives a comprehensive view of the larger scale 
valley structure (Figures 3.4.9 and 3.4.10b) (Fig. 
3.4.10 is the same as the drawing in 3.4.9, but 
with less interpretation).  It extends from about 1 
km east of the Stillwater Range to about 2 km 
west of the Clan Alpine Range.  The cross-
section appears to show several faults in the 
valley near the Clan Alpine Range.  The western 
1/3 of the cross-section could be interpreted as 
the west side of a syncline with the axis 
migrating east with depth and the hinge being 
very sharp.  At the bottom of the valley fill on 
the east side of the apparent hinge the double 
reflector package of the volcanic/basement 
package is seen at a depth of about 2,000 to 
2,500 m.  The area near the range front is similar 
to the other dip lines that extend to the range 
front (lines 102 and 104).  This is also discussed 
in Chapter 2 (Regional Geophysics).  The only 
hint of systematic and coherent reflectors is on 
the lines 6 and 5. 
 

An example of the correlation of the gravity 
anomaly and the gravity gradient are shown for 
lines 6 and 102 cross-section data in Figure 
2.2.11.  The peak of the gravity gradient is 
approximately coincident with the position of the 
main valley-bounding fault where it starts to 
displace the basement against valley fill.  It is 
further shown in section 3.5 that the seismic 
reflection termination points and the maxima of 
the residual gravity gradient coincide.  This 
coincidence implies that the situation shown for 
profiles of lines 6 and 102 is true for the area of 
the DVPF as well as the DVPP area, i.e., the 
piedmont faults are located by both the gravity 
and seismic data in the same place.  Geologic 
mapping from air photos shows that there are 
often fault scarps and small grabens at the 
surface over the gravity gradient maxima (Smith 
et al., 2001).  On at least one of the seismic 
cross-sections, line 106 to the south, a large, 
deeply buried antithetic graben is imaged along 
the piedmont fault. 
 
Dip Line 106 

Both migrated and unmigrated versions of line 
106, the southern-most of the SE-NW lines, are 
available (Figure 3.4.11).  This line passes 
through the DF 66-21 well and crosses the SRC-
1S and 101 NE-SW lines so that the inferences 
from Line 106 can be directly correlated with 
other parts of the data set.  Note that the 
migration moves the west end of the valley-fill 
reflectors about 5 shot points (250 m) toward the 
range.  This displacement should be kept in mind 
when the unmigrated cross-sections are 
examined.  
 
The salient features of the migrated line are the 
presence of a clearly imaged fault zone and an 
apparent antithetic graben between SP140 and 
SP155. Between the graben and the range front 
the basement/valley surface is clearly imaged 
and has a ramp shape with both conformably 
onlapping and wedging valley sediments.  To the 
south a similar ramp has been interpreted as a 
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Figure 3.4.10  Reflection section for line 104, and seismic cross-section for line 6. Line 104 TWTT starts at 0.0 
and increasing to 2.5 with horizontal line intervals of 0.1.  The red box shows the basalt/basement reflectors 
couplet. Vertical lines represent wells - solid lines approximately on the seismic line, and dashed are near the 
seismic line.
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Figure 3.4.11  Stacked and migrated (1993) sections for line 106. TWTT starts at 0.0 and increasing to 1.8 with 
horizontal line intervals of 0.1. Shot Point numbers are from the left 105 to 220 on right.  Same scale for both 
lines.
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low angle normal fault (Abbott et al., 2001), but 
there is no evidence in the area of line 106 that 
any of the faults are low angle.  In the valley fill, 
there is a faulted west side to the syncline above 
the graben; successively to the SE an anticline 
and a syncline occur in the valley sediments and 
the top of the basement. The SE side of the 
anticline may be faulted or only sharply tilted. In 
contrast, the unmigrated cross-section shows a 
number of artifacts related to reflections from 
steep structures in the area that are not imaged 
correctly.  There are diffraction cones peaking 
near the faults bounding the syncline (SP150) 
and the syncline is not visible at all, the bottom 
of the valley appears to be flat!  The location of 
the upthrown block toward the range is displaced 
toward the valley compared to the migrated 
cross-section, so that it appears to be under the 
syncline instead of up dip to it. 
 
Seismic Reflection Discussion 

In the central cross-sections the deep graben 
shape appears to be synclinal, but this could be a 
result of velocity pulldown in the center of the 
valley due to a lower velocity lacustrine 
dominated section there.  Where the seismic 
lines cross the eastern portion of the deep graben 
bounding fault there are complicated patterns 
that may be related to side reflections. 
 
3.5  Producing Area Potential Field 
Surveys 

Gravity 

The detailed gravity anomaly and gravity 
gradient maps are the most useful data sets with 
which to interpret the structure of the producing 
area.  The strong density contrast between the 
bedrock of the Stillwater Range and the valley-
fill sediments provides a basis for quantitative 
interpretation of structural offsets based on 
gravity measurements.  The details of the gravity 
surveys were discussed in Chapter 2. 
 

The detailed geometry of the contact between the 
Stillwater Range and Dixie Valley in the area of 
Figure 3.1.1 was initially investigated by 
calculating a series of closely spaced two-
dimensional gravity profiles perpendicular to the 
range-valley contact and constructing a 3-D 
model (Blackwell et al., 1999).  The basin 
configuration from Blackwell et al. (1999) is 
shown in Figure 3.5.1 as a 3-D block diagram.  
A single density contrast of -0.5 gm/cm3 was 
used in the analysis.  Along most of the area 
shown, the faults that produce displacement of 
valley against bedrock, and thus produce the 
major part of the gravity anomaly, are displaced 
valley-ward of the bedrock outcrop contact with 
valley fill.  The faults that are related to the 
topographic offset of the range and valley 
apparently often have little displacement of low-
density valley fill against the basement.  This 
area is modeled in more detail in section 3.6 
using the combined geophysical data sets. 
 
Electromagnetic (EM) and Magnetotelluric 
(MT) Surveys 

Introduction 

Predictive capability for subsurface resource 
location is an important aspect of a geothermal 
exploration tool.  Geophysical methods have 
long received attention for this purpose due to 
their ability to provide structural images of the 
underground from data taken at the surface.  Of 
the various physical properties of the earth, 
electrical resistivity is one that can be strongly 
affected by geothermal processes.  Since an 
increased fluid content due to fracturing, and the 
development of more conductive alteration 
minerals (clays, etc.), can give rise to an 
electrical resistivity contrast, electromagnetic 
(EM) methods of probing have been investigated 
and applied for many years.  The reliable 
mapping of electrical resistivity should increase 
chances of discovering blind geothermal 
resources, in defining the extent of geothermal 
reservoirs, in imaging controlling structures for 
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Figure 3.5.1  Block diagram of the bedrock surface in the DVPP and DVPF areas based on gravity 
interpretation (after Blackwell et al., 1999).  Depths are in meters below ground level.  The Stillwater 
Range/Dixie Valley contact is the heavy black line across the top.

geothermal systems, and in locating and 
characterizing permeable fracture zones. 
 
However, images of subsurface resistivity have 
suffered in resolution due to limited data type, 
inadequate data sampling, and non-optimal 
inversion approaches translating data to models.  
A new-generation array magnetotelluric (MT) 
system in a contiguous bipole deployment has 
been applied over three profiles at the Dixie 
Valley thermal area (Figure 3.5.2).  This well-
sampled data set is being analyzed using a new 
inversion algorithm for MT image construction 
based on stabilization using a-priori constraints.  
One of the overall goals is to provide better 

tools, methods and data for resource 
identification and characterization using 
electromagnetic methods.  A specific survey goal 
is to resolve a fundamental structural ambiguity 
at the Dixie Valley thermal area (single range-
front fault versus multiple stepped faults). 
 
Field Acquisition and Processing Procedures 

With array MT data, complete lateral sampling 
of the response is achieved through contiguous 
bipole deployment (Torres-Verdin and Bostick, 
1992).  The system currently being fielded 
possesses 60 recording channels, two-thirds of 
which typically are assigned to the electric field 
component across assumed strike (transverse 
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Figure 3.5.2  Simplified geologic map of the Dixie Valley (DV)-Stillwater Range (SR) area surrounding the Dixie 
Valley thermal field. Orange lines show acquired contiguous MT/DC profiling through the system and adjacent 
fumarole fields. Lines are labeled N (north), C (central) and S (southern) (Wannamaker, 2003).  Original figure 
courtesy of Jeff Hulen; data from Speed (1976), Plank (1999), and Smith et al. (2001).
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magnetic or TM mode), one-third to the E-field 
along strike (transverse electric or TE mode), 
and a pair of magnetic field coils near the center 
of the deployment.  In such a deployment, near-
surface “static” distortions do not require 
qualitative correction (e.g., Pellerin and 
Hohmann, 1990) but instead are included 
directly in the inversion process.  It is anticipated 
that the 2-D assumption is expected to hold 
reasonably well, at least for the upper 2-3 km of 
the study area, aided by experience in 
understanding relative effects of finite strike 
upon the various tensor data subsets 
(summarized in Wannamaker, 1999). 
 
MT signals are small in amplitude and require 
careful processing to achieve accurate response 
functions.  Some EM interference is generated 
by the existing power facility, but a distant 
remote reference synchronized by GPS timing 
was emplaced to suppress this through unbiased 
stacking.  The overall time series processing 
comprised three main steps, generally as 
described by Larsen et al. (1996).  First, the 
entire series is Fourier transformed to allow 
ultra-narrow band removal of spectral outliers 
such as 60 Hz and its harmonics.  Second, the 
remaining time series is subdivided into short 
time segments with spectral estimates of each 
made using cascade decimation.  Multiple 
coherence of spectral estimates between the base 
readings and the remote references were made 
and low coherence time series segments rejected.  
Finally, the surviving spectral cross products 
undergo robust outlier removal following Egbert 
and Booker (1986). 
 
The approach to the inversion of array MT data 
to yield resistivity cross sections is based on the 
a-priori, maximum likelihood estimates of 
Tarantola (1987) and utilizes the finite element 
platform of DeLugao and Wannamaker (1996).  
The approach applies just the smoothing implicit 
in the a-priori step estimate unlike the explicit 
smoothing of other EM inversion efforts (e.g., 
DeGroot-Hedlin and Constable, 1990; Rodi and 

Mackie, 2001).  The a-priori damping factor is 
updated each iteration to achieve stabilization in 
terms of fundamental parameter correlations 
characteristic of the physics of diffusive EM 
(e.g., conductivity-dimension) rather than brute-
force suppression of spatial derivatives.  Also, 
the parameters defining the image grow both 
laterally and vertically with depth, thereby 
preserving the influence of individual parameters 
at the surface according to basic EM scaling, and 
thus stabilizing the parameter step matrix and 
increasing depth of exploration. 
 
Example Observed Data and Inversion Cross-
Section 

As of 2004 there is analysis and interpretation 
for the northerly line across the Senator 
Fumaroles and Caithness geothermal wells 38-32 
and 82-5 (Figure 3.5.2).  The apparent resistivity 
and impedance phase pseudosections for both the 
transverse electric (TE, electric field along 
assumed NE-SW strike) and transverse magnetic 
(TM, electric field across assumed strike) are 
shown in Figure 3.5.3.  For both modes, low 
apparent resistivities are characteristic of the 
eastern half of the profile for all frequencies over 
the thickest section of Dixie Valley graben 
sediments.  Over the western half, low apparent 
resistivities occur at the higher frequencies, but 
an increase in this quantity in both modes 
(especially the TE) towards the lower 
frequencies is evident.  The behavior is 
accompanied by impedance phase values falling 
below 45o.  This indicates the shallowing of 
resistive basement in the westerly direction.  
Both modes are nearly isotropic until resistive 
basement begins to influence the data. 
 
To quantify resistivity structure below the 
profile, the afore-described inversion algorithm 
was applied.  Since the interpretation takes place 
within a two-dimensional framework, 
inaccuracies from possible 3-D effects were 
reduced by emphasizing inversion of the TM 
mode over the whole frequency range, and the 



Chapter 3.5  Producing Area Potential Field Surveys  162 

 

Figure 3.5.3  Pseudosections of apparent resistivity (ρ) and impedance phase (ϕ) for 60 MT soundings across the 
Senator fumaroles and northwestern Dixie Valley. Nominal TE mode is xy (along NE-SW strike) and nominal 
TM mode is yx (across strike). The x-axis is assigned to presumed average strike of N40oE, and y is orthogonal to 
the southeast (Wannamaker, 2003).

TE mode down to 3 Hz where the resistive 
basement becomes influential (Wannamaker, 
1999).  The starting model was consistent with 
regional MT surveying in the tectonically active 
eastern Great Basin (Wannamaker et al., 1997), 
with a smooth variation ~100 ohm-m down to 3 
km depth, reaching 300 ohm-m near 10 km, and 
finally dropping to ~10 ohm-m below 20 km. 
 
High resistivities (~1000 ohm-m) are seen under 
the Stillwater Range below 500 m depth and 
extending to the southeast under the pediment.  
Moderately high values (~100 ohm-m) persist at 
rather shallow depths (~400 m) from the 

topographic scarp where Senator Fumaroles are 
located to a distance of about 1-1/2 km southeast 
just past well 38-32 (Figure 3.5.4).  Values of 
100 ohm-m are more consistent with rock than 
alluvium (e.g., Ward et al., 1978), although 
alteration of the rock is a possibility.  The 
alluvium of the main part of Dixie Valley is 
moderately conductive (10-25 ohm-m) in the 
upper 400 m, and quite conductive in the 500-
1000 m depth range (< 3 ohm-m).  A low 
resistivity limb dips upward from ~1 km depth to 
the near surface under well 38-32 near the west 
flank of Dixie Valley.  Senator Fumaroles itself 
does not exhibit a strong resistivity expression. 
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Figure 3.5.4  Electrical resistivity section (TE-TM) for the northern (N) profile of Figure 3.5.2 derived from 60 
array magnetotelluric (MT) sites taken with contiguous, 100 m long electric field bipoles. Upper tick marks are 
bipole center points. Bedrock-alluvium interface is interpreted to lie near the 70-100 ohm-m green “contour”. 
Senator fumaroles are denoted SF, and wells 38-32 and 82-5 are projected onto section (Wannamaker, 2003).  
Note that color bar uses log scale.

The observed data pseudosections for the central 
(C) line of the survey area (Figure 3.5.2) are 
presented in Figure 3.5.5, where some structural 
features are evident from simple inspection of 
the data.  The lower two sections in the figure 
(TM mode) are easiest to decipher.  A 
semicontinuous thin conductive layer under the 
Cottonwood Canyon area is evident in the 
apparent resistivity minima at ~10 Hz.  This may 
represent a sedimentary layer beneath the 
Humboldt thrust sheet or be conductive 
alteration along the thrust plane itself.  Below ~1 
Hz, increasing apparent resistivities and low 
impedance phases imply a uniformly very 
resistive basement.  A possible candidate for this 
is the Cretaceous granite of New York Canyon, 
which apparently underlies the entire 
Cottonwood Canyon area.  Toward the Section 7 
producers, there is evidence similar to the 
Senator Fumaroles line that shallow basement 
rocks extend well to the southeast from the 
topographic scarp, confirming the multi-fault 

model.  However, the expression on line C is 
more subdued than for the northern transect. 
 
Discussion and Conclusions 

Lateral sampling uncertainties in MT are 
removed by the contiguous bipole deployment, 
which helps to maximize the resolution of 
resistivity structure.  Remote referencing and 
robust processing have generally yielded very 
high quality data even in a field where power 
production has already been established.  The 
inversion to date suggests that shallow basement 
rocks extend for a considerable distance to the 
SE before plunging steeply down the main 
range-front fault.  It is therefore more supportive 
of the multi-fault basement model than of the 
single main fault model (Blackwell et al., 2000) 
(Figures 3.4.7, 3.4.9).  However, the 
interpretation remains non-unique: although 
Stillwater Range lithologies were intersected at a 
depth of ~400 m in well 38-32, near where the 
step in resistivity to values of 100 ohm-m or 
more occurs, an unknown amount of slide block 
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material may exist over the main Dixie Valley 
range-front fault here to complicate the structural 
framework (Johnson and Hulen, 2002).  A 
particularly low resistivity zone flanks the 
interpreted main offsetting fault and may be due 
to alteration from geothermal fluid outflow and 
upflow.  There also is a near-surface 
concentration of such intersected by well 38-32. 
 
When the MT data were acquired, a modified 
pole-dipole resistivity survey was carried out, 
coincident with the MT receiving bipoles as a 
complementary galvanic electrical data set to 
help improve resolution.  This data set is 
combined with the MT in a formal joint 
inversion to yield final resistivity sections in 
later studies (see Wannamaker publications).  
Key features to be sought in the other model 
sections include shallow high resistivities 
persisting (or not) well southeastward from the 
topographic scarp, and concentrated low 
resistivity zones projecting surfaceward along 
the main Dixie Valley offsetting fault which may 

represent concentrations of upflow and 
alteration.  Resistivity structure will be correlated 
with possible igneous reservoir rocks, fault zones 
and offsets, and zones of possible fluidization 
along fault zones using constraints from pre-
existing structural mapping, reflection seismic 
surveying, drilling, and thermal modeling. 
 
Magnetics 

A discussion on aeromagnetic data is located in 
Chapter 2.  The magnetic data specific to the 
DVPP and DVPF are further discussed here.  An 
enlargement of the high-resolution survey in the 
area of the DVPP and DVPF areas is shown on 
Figure 3.5.6.  In this enlargement of the high-
resolution aeromagnetic map, the difference in 
magnetic signature of the range and valley are 
distinct.  The short wavelength and high relief of 
magnetic anomalies in the range contrasts 
sharply with the longer wavelength anomalies in 
the valley, where great thicknesses of valley fill 
cause the magnetic anomalies to be subdued.

 

Figure 3.5.6  Detail of high resolution aeromagnetic map in the DVPP and DVPF areas.
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However, large amplitude anomalies occur in the 
valley beneath the geothermal field.  The large 
positive anomaly near the center of the map (the 
southern part of the geothermal field), and its 
protrusion to the south, probably reflect strongly 
magnetic mafic rocks beneath the valley fill.  
These would be the same magnetic rocks that 
occur in the range directly to the west.  The large 
negative anomaly in the northern part of the 
geothermal field, extending southwestward along 
the western edge of the valley, could have a 
number of explanations.  These include presence 
of weakly magnetic sediments in the area; 
presence of reversly-magnetized rocks in the 
area; and/or destruction of magnetism in mafic 
rocks by high temperature alteration of magnetic 
minerals by geothermal fluids in and beneath the 
producing wells.  The last alternative given is 
supported by the presence of the Senator 
Fumaroles just to the west of the large negative 
anomaly, and the locations of the Section 7 and 
Section 33 producing wells near the anomaly.  
Also, the idea that strong rock alteration occurs 
along chimney-shaped conduits through which 
geothermal fluids rise from depth is supported by 
the presence of several small, dimple-shaped, 
very deep negative anomalies in the area of the 
Section 7 producers. 
 
3.6  Producing Area Structure:  
Combined Geophysical Interpretations 

Introduction 

The structure of Basin and Range faults and the 
manner in which that structure relates to 
geothermal systems has been subject of long and 
extended discussion as graphically illustrated by 
the history of models of the Dixie Valley 
geothermal field (Benoit, 1999).  The models of 
the range-bounding fault in Dixie Valley span 
the gamut from low angle or listric (Plank, 1998; 
Abbott, 2001), to intermediate angle (e.g., Okaya 
and Thompson, 1985), to high angle (Blackwell 
et al., 1999), and from a simple single 
moderately dipping fault (Benoit, 1999) to a 
complex system of subparallel steeply dipping 

faults (Blackwell et al., 1999; Smith et al., 2001).  
However, in spite of abundant seismic reflection 
data and other information the details of the 
range-bounding structures have been unclear.  
The model that was used for most of the 
development of the geothermal system until the 
late 1990’s was a single range-bounding fault 
dipping at 54° toward the basin with some 
complexities in the deep part (Benoit, 1999).  
This dip is based on the assumption that the fault 
encountered in the producing wells connects to 
the range/valley topographic contact (Figure 
2.1.2).  Yet this assumption was not entirely 
supported because all the wells are at about the 
same distance from the range front, and up to 
1994 there was little thermal or drilling 
information between the producing wells and the 
range front.  As a result, the dip of the structure 
associated with the production is constrained by 
drilling information only between depths of 2 
and 3 km.  One important observation relative to 
hypothesis of a very low dip for the fault zone is 
that significant temperature over-turns have not 
been observed below the producing zones in any 
of the wells (2.5 to 3 km in the DVPF) (Figure 
3.1.2).  If the structures controlling the 
geothermal flow were shallow in dip, such 
overturns might be expected (Wisian and 
Blackwell, 2004). 
 
Structure in DVPP and DVPF Areas 

The strongest evidence for the dip of the fault or 
faults at depth comes from the thermal data in 
wells drilled starting in 1994 and described in 
section 3.1.  The temperatures in 36-14 and 62-
A23 wells of the DVPP area exceed the 
maximum measured in the DVPF.  The position 
of the highest well temperature (36-14) is almost 
directly beneath the range front and the exposed 
range-front fault at a depth of 3 to 3.5 km.  Thus, 
there is no doubt that some of the fractures that 
feed the geothermal system are steep (70° to 90°) 
within the upper 3.5 km of the crust (Figure 
3.1.7). 
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Figure 3.6.1 Contour map of the gradient of the gravity anomaly (terrain slope) with the darkest red colors the 
steepest slope.  The location of basement reflectors in the valley are shown on the seismic sections as brown 
diamonds. Deep wells are shown as circles in blue.  The seismic line names and well names are on Figure 3.1.1.

The location of the deep wells, the seismic lines, 
and contours of the gravity gradient in the DVPP 
and DVPF areas are shown in Figure 3.6.1.  
These are used to develop a three dimensional 
structural model of the basin.  Simple models of 
the density contrast (constant at –0.5 gm/cc) 
between the basement rocks and the valley fill 
and seismic velocities for the valley fill (Figure 
3.4.2) were assumed.  There are many possible 
sources of error in this process.  Both density and 
velocity vary in three dimensions.  There are 
geophysical logs (sonic, gamma ray, etc.) 
available for some of the wells, but the intervals 
that are covered vary from well to well and the 
types of logs run are different for almost every 
well.  There is not much data for the shallow part 
of the valley fill (less than about 600 to 700 m) 
where the variations are most rapid and the 
largest because logs were rarely run in that depth 

interval.  The values assumed for the properties 
are thus averages, but it should provide 
reasonable results in the local area of the wells.   
 
The interpretation of the basement along the 
seismic lines was discussed in detail in section 
3.4 and that interpretation was used in 
constructing the structural model.  The TTWT 
reflection times for prominent reflectors were 
digitized (TWTT and the Shot Point location).  
The termination of reflectors that might mark the 
edges of the large displacement faults on the 
west side if the valley were moved about the 
equivalent of 5 shot points to the northwest to 
give an approximate location correction by 
comparison to the effects on the migrated 
sections.  This assumption is probably 
conservative and the actual displacement is 
greater, thus the faults may be steeper than 
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depicted in the maps.  There is a striking 
correlation of the position of the reflector 
termination points and the axis of the maximum 
of the gravity gradient through the area of the 
discussion (Figures 2.2.9, 3.6.1).   
 
One complexity affecting the average properties 
of the basin fill is the effect of the basalt section 
in the bottom 1/3 of the valley fill.  As described 
in section 3.4 it appears to be primarily confined 
to the deeper portions of the basin.  The log data 
suggest that the basalt section, even when thick, 
is composed of many individual units and 
sections that are either interflow units or flow 
borders that are much less dense than the value 
for low porosity fresh basalt.  As noted above 
one flow boundary is a major aquifer in Section 
18 and parts of Section 7.  Hence, while a basalt 
unit has been used in the larger-scale gravity and 
magnetic interpretations, its effect is enigmatic 
and not included in this discussion.  However, 
the top of the basalt was described for some of 
the seismic lines and will be discussed below.   
 
Due to the drilling since 1993, particularly the 
deep 62-A23, 36-14 and 38-32 wells, there is 
little doubt about the main features of the 
structure along the two cross-sections as 
described in thermal modeling discussion above 
(section 3.1).  The interpretation of the valley 
shape must reflect the known geometry along 
these two sections. 
 
The results of the gravity survey give a 
framework for understanding some of the 
complexity of the seismic reflection sections.  
The broken up area on the section shown in 
Figure 3.4.1 as “B” (Okaya and Thompson, 
1985) is not valley fill at all, rather it is the 
expression of shallow fill on top of the basement 
wedge between the exposed range-front fault and 
the piedmont fault.  The inability to clearly 
image the structure in the vicinity of the fault 
zone is a common problem with all of the 
seismic sections.  The gravity gradient maximum 
coincides with the western end of clearly 

identifiable valley-fill reflectors on all of the dip 
lines (Figure 3.6.1).  
 
Reprocessing of several seismic lines to obtain 
velocity sections (Figures 3.6.2a and b) also 
supports the idea that basement underlies the 
edge of the valley (Honjas et al., 1997) as 
suggested by the gravity interpretation and the 
new electrical resistivity profiles (Figures 3.5.3 – 
3.5.5).  Thus the general structure is not a 
uniformly dipping moderate dip (~50-55°) fault 
plane but a complicated set of structures that 
have a steep dip. 
 
The summary of the modeling is a perspective 
color contour map of the basement shape in the 
area of Stillwater Range/Dixie Valley around the 
DVPP and DVPF areas with the valley fill 
removed (Figure 3.6.3).  The contoured depths 
are based on gravity, seismic, and drill data.  
Also shown on Figure 3.6.3 are the positions of 
the range-front fault (at the edge of the 
topographic break between Dixie Valley and the 
Stillwater Range), several subparallel high-angle 
normal faults within the bedrock of the range 
(Plank, 1998; Smith et al., 2001) and mapped 
positions of subtle intrabasin fault scarps that are 
interpreted to lie above a buried piedmont fault 
system (Whitney, 1980; Smith et al., 2001).  
Even though large areas along the range front 
may be covered by and disrupted by landslides, 
the surface evidence of faulting suggests that the 
boundary fault system is complex and distributed 
over several kilometers from high in the range to 
deep in the basin fill. 
 
These results show that in general the 
range/valley topographic break does not coincide 
with the position of the fault that represents most 
of the offset of the valley except possibly at the 
north end of the area studied.  The north end of 
the DVPF valley offset and the edge of the 
range/valley contact most closely coincide.  At 
the site of the northern production area (the wells 
in Section 33) the valley/range contact is within 
0.5 km of its topographic position.  At the 
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Figure 3.6.2a  Velocity analyses (Lettis, 1999) of seismic lines 9 and 10 (see Figure 3.4.8 & 3.4.9).
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Figure 3.6.2b  Velocity analyses (Lettis, 1999) of seismic lines SRC-3 and 103  (see Figure 3.4.1 for seismic cross-
section of SRC-3).
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Figure 3.6.3  Dixie Valley basement configuration (valley fill removed) based on seismic and well data using fault 
lines to limit contours.

position of the producing wells in Section 7, they 
are separated by over 1.5 km and the fault 
causing the topographic offset cannot cause the 
valley fill offset. 
 
The structure of the fault zone deduced here is by 
no means novel.  For example, the structure of 
the fault zone in the area of the 1954 earthquake 
about 30 km to the south (Bell and Katzner, 
1987, Figure 5) is comparable to that of the 
producing field, shown in Figure 3.6.3, e.g., the 
range-bounding fault, the piedmont fault, and the 
antithetic graben.  The gravity together with the 
drilling data suggests that there are complex 
variations along the strike of the range/valley 
contact, and require that the contact be a series of 
faults rather than a single structure.  For 
example, there are piedmont faults along most of 

the contact that take up much of the 
displacement between the range-valley 
topographic contact and the valley bottom 
similar to those documented at the southern end 
of Dixie Valley (Bell and Katzner, 1987, Figure 
5).  However, most of the topographic relief is 
due to a series of faults at the contact of the 
range and valley that in general have relatively 
little displacement of the valley fill.  Finally the 
extension process is evident in the ubiquitous 
occurrence of antithetic faults forming grabens 
on the hanging wall (downthrown side) of the 
major faults.  The gravity data do not resolve 
these smaller scale structures, but the drilling 
(Benoit, 1999), the migrated seismic sections 
(Honjas et al., 1997; Simtech, 1994), and the 
surface mapping (Caskey et al., 1996, Smith et 
al., 2001) do in some cases. 
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The pattern shown in Figure 2.1.2 is modified in 
three dimensions due to the change in strike of 
many of the faults.  The major (piedmont) fault 
associated with the south end of the DVPF 
results from a bifurcation of a single range-
bounding fault in the area north of the Senator 
Fumaroles.  This piedmont fault dies out in the 
vicinity of the wells in Section 18 T24S/R37E, 
southwest of the producing wells in Section 7.  
Its displacement is taken up by the piedmont 
fault extending to the south in the DVPP lease 
area. 
 
There is a fault plexus in the region of Sections 
10, 11, 14, and 15 where at least two normal 
faults mapped within the Stillwater Range 

(Plank, 1998), the range-bounding fault, and two 
piedmont faults interact (Smith et al., 2001).  
This area is a source of upwelling fluid that is 
hotter than the fluid so far encountered in the 
DVPF and so is an area of potential 
development.  The complex geometry of the 
faults can explain the results of the drilling in the 
DVPP lease at wells 62-A23 and 36-14.  There is 
also additional complexity introduced by the 
existence of major cross-structures from earlier 
Basin and Range episodes (Parry et al., 1991).  
The N-S strike of these earlier faults, in at least 
one area just to the south, can be demonstrated to 
have controlled the surface expression of the 
present range-bounding normal fault. 

 

Figure 3.6.4  Diagram of the structure in the area of 38.32, 82-5, and Section 33 production wells (Smith et al., 
2002).
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Interpretations of Lithology in Well 38-32 

Well 38-32 was drilled as an injection well in 
December of 2000 at a position between the 
range front and the producing well-field 
(Johnson and Hulen, 2002)(Figure 3.1.1).  It was 
anticipated, before the nearby 27-32 well was 
drilled in 1997, based on the concept of a single 
moderately dipping fault that a well at that site 
would penetrate an extensive basin-fill section.  
Instead, the 38-32 well encountered quartzites of 
the Boyer Ranch formation at only 150 m.  It 
remained in quartzites to about 777 m, where it 
entered mafic intrusive or extrusive rocks of the 
Jurassic igneous complex.  Between 1,006 m and 
1,113 m a brecciated fault zone was encountered, 
and below that, Triassic phyllites to total depth 
of 1,168 m.  Two fracture zones were noted, one 
at 198 m, within the upper part of the Boyer 
Ranch interval, and one at 1,109 m, within the 
brecciated fault zone. 
 
Two interpretations of the geometry of the 
boundary fault zone have been put forth to 
explain the lithologies encountered in well 38-
32.  Both interpretations were presented in the 
DOE workshop on Dixie Valley held in Reno, 
Nevada, in June of 2002 (Smith, 2002; Johnson 
and Hulen, 2002).  The interpretation of Smith 
(2002) relates structures seen in the range front 
to the west and NW of well 38-32 to a 
subsurface geometry that would produce the 
observed lithologies in the well (Figure 3.6.4).  
In this interpretation, the observed geometry of 
stranded blocks between the Dixie Valley 
(Stillwater) fault and a parallel normal fault in 
the range (a footwall fault) provides a model to 
explain the lithologies penetrated by well 38-32.  
It is postulated that a stranded block between the 
Dixie Valley fault and a fault to the east is only 
shallowly buried beneath the valley-fill 
sediments, and that most of the structural offset 
between the valley and the range occurs on the 
shallowly buried fault. 
 

The interpretation of Johnson and Hulen (2002) 
is modeled to explain the detailed lithology of 
the deep brecciated fault zone in which 
fragments of Cenozoic volcanics were identified 
in thin-section.  Their sequential cross-sections 
(the last of which is reproduced as Figure 3.6.5) 
show the development of a gravity slide block 
that allowed the Mesozoic lithologies 
encountered in well 38-32 to move out onto a 
surface underlain by Tertiary volcanics.  The 
volcanics were incorporated into the breccia 
zone at the bottom of the slide block, and later 
movements on faults west of the slide block 
dropped it downward and allowed it to become 
shallowly buried by valley-fill sediments.  This 
is a complicated series of events and requires a 
lucky siting of well 38-32 in order to have 
discovered it.  If the fault zone is actually 
vertical at shallow depth, such a geometry is not 
unexpected or unusual.  However, it all hangs on 
the interpretation that the volcanics observed in 
the drill cuttings are Tertiary and not derived 
from Jurassic volcanic sequences, some of which 
are petrographically similar to the Tertiary 
volcanics. 
 
In either interpretation, major movement on a 
steep fault between well 38-32 and well 82-5 is 
required to explain the great difference in 
elevation of the top of bedrock lithologies in the 
two wells.  In the Smith (2002) interpretation, 
that movement occurs on a relay ramp east of the 
exposed Dixie Valley fault.  In the Johnson and 
Hulen (2002) interpretation that fault and the 
Dixie Valley fault splay from a deep steeply 
dipping master structure, which curves to a 
shallowly dipping fault near the surface.  The 
thermal model, based on the DVPP area requires 
flow up several faults from depth.  If the Johnson 
and Hulen (2002) model is correct drilling along 
the range front would encounter lower 
temperatures at very shallow depths and the 
Senator Fumaroles would be a very shallow 
feature.  That is definitely not the case in the 
DVPP area. 
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Figure 3.6.5  Cross-section of the Stillwater Range/Dixie Valley contact immediately south of the Section 33 
producing wells.  BF - Boyer Fault, DVF - Dixie Valley Fault, FT - Fenchmaker Thrust, Wells: DV27-32, DV38-
32, DV82-5, Jbq - Jurassic quartzite, Jhg - Jurrasic Igneous complex, Kgr - Cretaceous granite, Qal - 
Quaternary alluvium, Tcc – Tertiary Slickensided cataclasite, Trap - Triassic argillites and phillites, TRls - 
Triassic carbonaceous limestone, Tvu - Tertiary volcanic, undivided, Tvup - deformed Tcc. From Johnson and 
Hulen, 2002, Figure 5E.

Stress Measurements 

Borehole imaging and hydraulic fracturing 
experiments have been carried out in several 
Dixie Valley wells.  Wells DF 45-14 and 66-21 
to the south, and production wells 37-33, 62-21, 
73B-7 and 74-7 in the DVPF have been the 
subjects of fracturing and borehole imaging 
experiments by Barton et al. (1996, 1998) and 
Hickman et al. (1997, 1998).  They concluded 
that the permeable fractures in the producing 
wells are optimally oriented and critically 
stressed within the current stress field.  The 
current stress field is defined by a N45°E least 
horizontal principal stress.  The nonproducing 

wells (all of which have some flow) have 
permeable fractures of more varied orientations.  
The dip of the permeable fractures in the 
productive wells is about 60° to the SE.  This 
orientation, based on fracture analysis, represents 
planes optionally stressed for rupture in the ESE 
extensional stress regime in Dixie Valley.   
 
In addition, the presence of well bore breakouts 
in wells DF 45-14 and 66-21 (Hickman et al., 
1998) was taken as evidence that the maximum 
horizontal stress is greater in the vicinity of those 
two wells than for either the producing wells 
studied or the well in the middle of the valley 
(62-21).  Therefore, they argued that the higher 
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ratio of maximum horizontal stress to vertical 
stress acts to decrease the shear stress that can 
drive fault slip.  In this situation, even optimally 
oriented fractures for normal faulting are not 
critically stressed for frictional failure.  So at the 
location well DF 45-14 they argued that there is 
no production because: 1. the direction of the 
range-bounding fault is so misoriented with 
respect to the regional stress directions that it is 
not optimally oriented for movement; and 2. the 
high horizontal differential stress results in a 
fault that is frictionally stable and fluid flow is 
suppressed.  However, there is evidence for 
active shallow flow based on the high 
temperatures in the Dixie Comstock Mine.   
 
The dips of the permeable fractures are observed 
to be lower than the overall fault dips in the 0-3 
km depth range.  The steep overall dips, based on 
the drilling and geophysics, raise questions about 
the stress regime of the rocks in the producing 
intervals.  The steep dips imply that the failure 
mode for the shallow basement conditions is 
extensional, not shear.  Mechanically this 
situation is to be expected (Leeder and 
Gawthorpe, 1987; Walsh and Watterson, 1988; 
Jackson and White, 1989; Angelier et al., 1997; 
Collenttini and Sibson, 2001; Ferrill and Morris, 
2003; and Ferrill et al., 2004).  In the softer, 
valley-fill rocks shear may be prominent in these 
shallower depth ranges.  In the basement rocks 
there is pervasive inherited deformation that 
formed at depths of several kilometers beneath 
the surface under conditions where shear strain 
dominates.  Thus the rocks along the steep 
dilatational fault planes will display penetrative 
shear deformation at angles of 45 to 60° as 
commonly observed along exposed normal fault 
planes (for example the Mirrors locality near 
well DF 66-21, Figure 3.2.1, see Parry et al., 
1991).  The small footprint of the permeable 
zones relative to even the area covered by the 
surface locations of the two producing clusters in 
Sections 33 and 7 is clear evidence that no 
single, pervasive plane describes the zone of 
permeability in the subsurface.   

3.7  Reservoir Characteristics 

The Dixie Valley geothermal production (DVPF) 
comes from two high-temperature aquifers, the 
Miocene basalt at depths of 2,000 to 2,500 m, 
and Jurassic igneous rocks and quartzite at 
depths of 2,500 to 3,000 m (Lutz et al., 1997).  
Production data shows that most of the high-
temperature fluids come from the Jurassic rocks 
(Waibel, 1987).  Both of these aquifers are 
subhorizontal, and lie in fracture networks in the 
hanging wall of the Dixie Valley fault zone 
beneath the basin-fill sediments (Benoit, 1992).  
Once geothermal wells penetrate the fault zone 
and enter the Cretaceous granodiorite in the 
footwall, permeability and fluid production 
becomes insignificant.  The juxtaposition of the 
brittle and fractured Miocene basalts and Jurassic 
rocks against the impermeable granodiorite 
seems to be a controlling factor in localization of 
the reservoir (Lutz et al., 1997). 
 
The Jurassic rocks that host the geothermal 
reservoir and are exposed in the Stillwater Range 
above the field are part of a Triassic to Jurassic 
sequence of siltstones, shales, and volcanic rocks 
that make up a thrust sheet above the low-angle 
Fencemaker Thrust.  These rocks were thrust 
eastward and have been variously interpreted as 
an ophiolitic suite of ocean floor rocks thrust 
onto the continent (Waibel, 1987), an igneous 
intrusion thrust into clastic marine sediments 
(Speed, 1976), and a tectonically intercalated 
sequence of comagmatic igneous rocks and 
marine sediments (Dilek and Moores, 1995).  
The leading edge of the thrust sheet lies just 
northeast of the geothermal field, and the thrust 
sheet pinches out there.  In well 76A-7 the 
productive zone may be located up to 300 m 
above the fault, and may lie in a reactivated 
Mesozoic (the Boyer thrust of Speed, 1976) 
thrust fault separating the Jurassic igneous 
complex and the underlying Triassic marine 
sediments.  The potential for finding other 
geothermal reservoirs at similar depths in Dixie 
Valley, but in different lithologic and tectonic 
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settings, is bolstered by the occurrence of 
significant localized permeability from the 
Miocene basalt. 
 
Reservoir pore volume has been estimated based 
on characteristics of tracer returns in several well 
sets (Rose et al., 2004).  Two different estimates 
range from 14.8 billion liters using the first-
moment method to 36.4 billion liters using the 
return-curve-tail method.  Rose et al. (2004) 
suggest that the first moment estimate is low 
because the injection and production wells were 
not placed near the margins of the natural 
reservoir (i.e., only a small portion of the 
reservoir was sampled by the well spacing) and 
that the larger value indicated by the return-
curve-tail method suggest the existence of a large 
untapped reservoir adjacent to the exploited 
reservoir.  The lower value is more comparable 
to the value by Kennedy et al. (1999) for fluid 
fracture volume of 120 million liters for Section 
7. 
 
3.8  Remote Sensing 

Air Photo Interpretation 

Several workers have made interpretations of 
various aspects of Dixie Valley geology and 
structure using aerial photographic interpretation 
(Slemmons, 1957, 1962, 1966; Thompson et al., 
1967; Whitney, 1980; Bell and Katzner, 1984, 
1987; Smith et al., 2001; Caskey et al., 2000).  
One of the most important advances in the use of 
aerial photography for mapping subtle surface 
deformation resulting from historic and 
prehistoric earthquakes is the “low sun angle” 
photography developed by Slemmons and co-
workers (Slemmons, 1969; Cluff and Slemmons, 
1972).  A complete suite of large scale, “low sun 
angle” aerial photographs of the valley is 
archived at the Nevada Bureau of Mines and 
Geology office on the University of Nevada, 
Reno campus, and has been used by most 
authors since the mid-1970’s.  As the name 
implies, these photographs were acquired during 
the time just after sunrise or just before sunset, 

so that subtle surface deformation features are 
enhanced by long shadows.  Another useful type 
of aerial imagery is color infrared photography, 
which enhances vegetation anomalies associated 
with springs and geothermal features.  Small-
scale (high altitude) photography and satellite 
imagery are useful tools for analysis of regional 
structures and lineaments, and for contextual 
understanding of local features in relation to 
those in surrounding areas. 
 
Interpretation of aerial photographs with 
stereoscopic coverage has been essential in 
multiple ways.  The photographs are invaluable 
for the location and mapping of intrabasin faults, 
historic and prehistoric ruptures on basin-
bounding and intrabasin faults, distributions and 
types of Quaternary and late Pleistocene 
sediments in the valley; and preserved shoreline 
features showing the high-stands of Lake Dixie.  
They also make it possible to map the Salt Marsh 
thrust belt in a level of detail not practical from 
surface mapping alone and aid in revealing the 
distribution of springs and flowing wells in the 
valley.  The position of the thrust belt, within the 
western margin of the Humboldt Salt Marsh 
(Figure 2.1.5), is inaccessible over much of its 
length because of deep, water-saturated, mud 
that prevents access by foot or by vehicle.  
However, the folds and thrust faults within the 
belt show up clearly on aerial photographs as 
linear corrugations on the surface (Figure 2.1.6).  
Also, because of structural shortening, the near-
surface sediments within the belt are thickened 
and repeated, making the belt stand a few 
centimeters higher than undisturbed areas of the 
salt marsh farther east.  That elevation difference 
is detectible using stereographic aerial 
photographic analysis, which aids in establishing 
the limits of the thrust belt. 
 
The aerial photographic analyses of Thompson et 
al. (1967), Whitney (1980), and Smith et al. 
(2001) provided direct observations of intrabasin 
faults in Dixie Valley, and guided the field 
examinations.  The understanding of the fault 
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pattern within the basin was greatly aided by the 
small scarps, graben, vegetation anomalies, and 
linear arrangements of springs readily visible on 
aerial photographs (Figure 3.8.1).  Integration of 
fault distribution based on aerial photograph 
analysis with results of geophysical surveys, 
especially gravity, high-resolution aeromagnetic 
surveys, and seismic reflection sections showed 
that faults recognized at the surface penetrate 
through the basin-fill materials and into the 
bedrock.  Additionally, the coincidence of faults 
recognized at the surface with linear anomalies 
in the high-resolution aeromagnetic survey 
results (Figure 2.2.3) provide confidence that 
many (perhaps most) of the linear aeromagnetic 
anomalies, in fact, represent fault displacements 
at shallow depths in the basin-fill materials 
(Smith R.P. et al., 2002; Smith and Grauch, 
2002).  This allows determination of a much 
more complete fault pattern in the basin than can 
be derived from aerial photographic analysis and 
surface mapping alone, because the rapid 
resurfacing of the floor of the basin by alluvial, 
eolian, and lacustrine sedimentation covers 
surface evidence of many of the faults. 
 
Mapping of shoreline features of Lake Dixie is 
also greatly aided by use of aerial photographs.  
Both the erosional (wave-cut benches and stand 
lines) and depositional (gravel bars, beach barrier 
bars, cemented beach rock ledges) features are 
readily recognizable and easily mapped using 
aerial photographs (Figure 3.8.2).  Relative age 
sequences for many of the Quaternary deposits in 
the basin have been established from aerial 
photographic examination, as in the case of 
shoreline features that are either buried by 
younger deposits or dissected by younger stream 
systems.  In at least one area, just east of the 
geothermal field, aerial photographs show that 
one of the intrabasin faults cuts through and 
displaces a barrier bar, and establishes a 
Holocene age for the fault (Smith, 2002). 
 

Hyperspectral Studies of Dixie Valley  

HyVista HyMap hyperspectral imagery of the 
Dixie Meadows area, (Kennedy-Bowdoin et al., 
2003) is useful for mapping geology, alteration, 
and hydrologic features (Figure 3.8.3).  The 
spatial resolution of the imagery (3m) is 
sufficient to reveal many of the same features 
visible on aerial photographs (locations of 
springs and flowing wells, some of the intrabasin 
faults, the shoreline features of Lake Dixie, the 
salt marsh thrust belt, and many details of the 
current surface hydrology), but without the large 
distortions present on aerial photographs.  
Because of this, and because it covers an area 
much larger than any one aerial photograph, the 
hyperspectral imagery provides an integrated 
picture with sufficient detail to map important 
features and with features in proper geometric 
relationship with one another.  For this reason, it 
would be extremely valuable to have similar 
imagery for all of Dixie Valley.  This imagery, 
draped over shaded relief topographic coverage 
of the valley, would provide an unparalleled 
view of all the features of the valley.  The 
spectral resolution of this data also facilitates its 
use in spectroscopic analyses - to identify and 
map mineralogy, including hydrothermal 
alteration mineral assemblages.  Structural 
features can also be mapped where they control 
hydrothermal alteration patterns (Martini et al., 
2003; Pal and Nash, 2003; Kennedy-Bowdoin et 
al., 2003). 
 
AVIRIS (Airborne Visible/Infrared Imaging 
Spectrometer) hyperspectral data were acquired 
in the general area of the power plant in an effort 
to detect buried faults and buried geothermal 
phenomena (Nash et al., 2004).  Analysis of the 
AVIRIS data led to mapping soil calcium 
carbonate and kaolinite anomalies that are 
spatially related to and likely associated with the 
buried piedmont fault mentioned in Chaper 2 of 
this report.  Additionally, data acquired with a 
hyperspectral field instrument in the same area 
was analyzed to determine if subtle vegetation 
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Figure 3.8.1  Aerial photograph of the Buckbrush Spring area showing graben, scarps, and aligned springs 
along the Buckbrush fault zone southeast of the Humboldt Salt Marsh. Also visible in the lower right corner are 
NE-trending shoreline bars of a high stand of Lake Dixie.

anomalies could be detected over faults (Nash, 
1997).  Vegetal-spectral anomalies can occur 
where active degassing has changed the soil and 
soil gas compositions or where hydrothermal 
alteration along the fault has produced toxic 
chemical species that have become incorporated 
into the soil.  In this study, a significant 
vegetation anomaly was detected near and over 
the Buckbrush fault system.  This anomaly 
correlates spatially with a soil-geochemical 
anomaly that had been detected in earlier studies 
(Hinkle and Erdmann, 1995; Hinkle et al., 1995).  

The results of both the soil-mineral anomaly 
mapping and vegetation anomaly detection 
studies suggest that these techniques can provide 
useful information for mapping hidden faults and 
searching for blind geothermal systems. 
 
Remote Sensing Lineaments 

Several linear features cross Dixie Valley and the 
adjacent mountain ranges (Figure 3.8.4).  NW-
trending lineaments identified in Landsat images 
cross the valley in three places.  A strong 
lineament passes through the geothermal field 
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Figure 3.8.2  Aerial photograph of the southeastern part of Dixie Valley showing preserved shoreline bars of 
Lake Dixie on Pleistocene alluvial fans (dark).  The Pleistocene fans and shoreline bars are dissected by younger 
streams in some areas and covered by younger fans in other areas.  In the east-central part of the photograph, 
partially buried bars are visible as NE-trending, discontinuous dark ridges.
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Figure 3.8.3  Portion of a hyperspectral image of the Dixie Meadows area of Dixie Valley (courtesy of Bill 
Pickles, LLNL).  The Humboldt Salt Marsh (blue in upper right) is flanked to the west by the Dixie Meadows 
hot springs (green, vegetated areas) and between the two is the Salt Marsh Thrust Belt (NNE-trending pinkish 
area).  To the southeast of the Salt Marsh, the end of the Buckbrush fault system is visible.  In the south-central 
area, the orthogonal “streets” and flowing wells (green) of the Dixie Settlement are visible.
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Figure 3.8.4  Map showing NW-trending lineaments identified from Landsat images (yellow) crossing Dixie 
Valley.  Also shown are mapped faults from Smith et al., 2001 (black lines), interpreted major fault zones 
(purple), the salt marsh thrust belt (dark green), positions of gravity gradient maxima (broad gray lines), 
lineaments identified in InSAR images by Foxall and Vasco, 2003 (bold black lines), and subsidence fringes 
identified in InSAR images (colored contours near the geothermal field).  For the range-front fault, blue = 1915 
surface ruptures; brown = 1954 surface ruptures; green = The Bend Event (~2.5ka) surface ruptures.
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and extends northwestward across the Stillwater 
Range and southeastward across the Clan Alpine 
Mountains.  Two other NW-trending lineaments 
occur to the south, one crosses the area near the 
north margin of the Humboldt Salt Marsh, and 
the other near the Dixie Meadows hot springs 
just south of the salt marsh.  The exact origin of 
these lineaments is not known, but they are 
visible both in the valley floor and crossing the 
adjacent ranges.  They are likely to reflect 
basement structures that propagate upward 
through younger rocks in the current regional 
stress regime. 
 
InSAR for Mapping Ground Subsidence 

In late 1996 evidence of subsidence in the forms 
of surface cracks was noticed in the area east of 
the Senator Fumaroles, and in early 1997 steam 
began to emerge from a second set of cracks 
about 0.6 km SE of the Senator Fumaroles.  In 
addition, a pond formed at the toe of the Senator 
alluvial fan (Figure 3.8.5), and a large patch of 

sagebrush between the cracks and the range front 
died at this time, perhaps due to high CO2 gas 
fluxes (Bergfeld, 2001; Bergfeld et al., 1998, 
2001).  Synthetic aperture radar interferograms 
spanning several time intervals between 1992 
and 1997 were used to investigate ground 
subsidence in Dixie Valley (Foxall and Vasco, 
2003).  The interferogram for a 10.5 month 
period between April 1996 and March 1997 
shows rapid subsidence locally reaching about 
10.5 cm/yr.  This subsidence is centered slightly 
NE of the Section 5 injection wells, in the 
northern part of the field, between the Section 33 
and Section 7 production areas.  The area of 
most rapid subsidence is about 1.2 km southeast 
of Senator Fumaroles at the toe of the Senator 
alluvial fan.  This zone of most rapid subsidence 
probably extends northeast to include the 
subsidence pond that formed since 1996, but the 
water in the pond precludes imaging the true 
displacement there (Figures 3.8.4 and 3.8.5).

 

Figure 3.8.5  Photograph of the subsidence pond from Senator Fumaroles, which are steaming in the 
foreground.  The Senator alluvial fan extends from the fumaroles to the subsidence pond.
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Inversion modeling of the range change map 
derived from the April 1996 to March 1997 
interferogram was conducted in order to estimate 
the subsurface distribution of volume change.  
For this modeling it was assumed that volume 
changes occured within horizontal layers 
between the ground surface and 3 km depth.  The 
results indicate that the dominant sources of 
subsidence are located at less than 1 km depth.  
The short spatial wavelength and high amplitude 
of the subsidence pattern requires that the 
predominant volume change be shallow and 
probably confined to the valley-fill material.  If it 
is assumed that volume changes are restricted to 
the upper 500 m, rates of fractional volume 
reduction would be on the order of 10-2/yr over 
the northern part of the production zone during 
the 1996-1997 time period. 
 
The distributions of subsidence and volume 
sources in the vicinity of the Senator fan support 
the model proposed by Allis et al. (1999).  In this 
model production-induced drawdown within an 
upflow zone localized beneath the Senator 
Fumaroles caused a large reduction in the 
pressure of hot water discharged into the valley 
fill.  Lesser volume changes south of the Senator 
fan could be the result of groundwater flow 
towards the zone of lowest pressure at the toe of 
the fan.  Alternatively, these volume changes 
could be caused by reduction in fluid outflow 
from one or more piedmont faults, which have 
been proposed as the sources for geothermal 
production in Sections 33 and 7.  The modeling 
is not able to discriminate between these 
alternatives based on the present inversion 
results.  A third potential source of subsidence is 
reduction in fluid volume within piedmont fault 
zones. 
 
Groundwater flow within the valley may be 
controlled by longitudinal and transverse 
geological structures identified on the surface 
(Foxall and Vasco, 2003).  The northwest, east, 
and southwestern boundaries of the subsidence 
zone are linear and lie near mapped or inferred 

faults.  In addition, the southwestern boundary 
coincides with a prominent WNW-trending 
lineament identified in radar interferograms and 
backscatter images (Foxall and Vasco, 2003) and 
in Landsat images.  This suggests that fault 
zones influence the flow of groundwater and 
geothermal fluids in the valley-fill material. 
 
InSAR for Mapping Structure 

Interferometric synthetic aperture radar (InSAR) 
images (Foxall and Vasco, 2003) reveal a 
WNW-trending lineament that passes through 
the geothermal field, crosses the Clan Alpine 
Range to the east, and possibly the Stillwater 
Range to the west.  It intersects a NNE trending 
lineament near the gravity gradient maximum on 
the east side of the geothermal field (Figure 
3.8.4).  The lineaments are prominent in the 
interferometry images because they are 
decorrelated, but they also show up on the 
backscatter images.  They occur along linear 
drainages in the valley, and might be 
decorrelated in the image pairs because of the 
variations in the water content of soils at 
different times of the year.  Their linear form 
suggests structural control, but, as with the 
Landsat lineaments, their exact origin is 
uncertain.  The relationship of the NW-trending 
lineament to the high-resolution aeromagnetic 
data is interesting.  The eastern portion of the 
lineament coincides with a remarkable linear 
negative aeromagnetic anomaly that cuts through 
an area of strongly magnetic rocks (Figure 2.2.1, 
circled area).  Although there is little in the way 
of surficial evidence for a NW-trending fault in 
this area, a deep-seated NW-trending fault may 
occur that allows geothermal water movement 
which destroys the magnetic minerals to produce 
the negative aeromagnetic anomaly.  Such a fault 
could also influence near-surface groundwater 
(geothermal or otherwise) movements and 
variations in soil moisture content that might 
cause the decorrelation in the InSAR images.  It 
is considered significant that a Landsat 
lineament, an InSAR lineament, two of the most 
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prominent intrabasin faults, and the gravity 
gradient maxima along the western margin of the 
basin all coincide and intersect in the area of the 
Dixie Valley geothermal system between the 
DVPP and DVPF areas.
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4.  CONCLUSIONS

4.1  Structural Relationship to 
Geothermal Systems   

Dixie Valley, Nevada has been the subject of 
extensive geoscience studies since the large 
earthquake events of 1954.  The presence of 
large geothermal energy resources in the area has 
led to an intensification of these studies.  As a 
result, the geometry of a large displacement 
normal fault zone (>5 km vertically over ~ 8 to 
15 My) between the Stillwater Range and Dixie 
Valley is probably the most thoroughly explored 
large normal fault zone in the world, penetrated 
by over 20 deep drill holes, several thermal 
gradient surveys, numerous seismic reflection 
profiles, gravity surveys, electrical sounding 
surveys, three levels of aeromagnetic surveys, 
and detailed geologic mapping.  Dixie Valley 
differs from other well-known areas, such as 
Railroad Valley, in that the target for geothermal 
activity is the fault zone itself.  Other geothermal 
systems (Brady Hot Springs, Desert Peak, and 
Beowawe) that also target the range bounding 
fault zone have not had nearly as many studies 
done on them and thus have a limited 
understanding of the fault zone and thus the 
geothermal system. 
 
Structural models of Basin and Range normal 
faults predict a wide variety of dips from high to 
low angles, with the two end members 
possessing strong support within the scientific 
community.  The techniques utilized in 
geothermal exploration, particularly drilling, are 
critically dependent on the expected dip of 
structures related to the reservoir.  Therefore, the 
uncertainty in the structure, based on the 
extremes of the generally accepted models, is a 
major drilling factor and ultimately adds to the 

risk involved in geothermal exploration and 
development.  However, past studies have not 
been able to clearly constrain the dip of a given 
fault zone.  In the case of the Dixie 
Valley/Stillwater Range fault zone (Figure 
4.1.1), structural models, for dips based on a 
wide variety of geological and geophysical 
interpretations, range from low angle (20° at 3 
km depth) (Abbott et al., 2001; Plank, 1998), to 
moderate angles (45° - 60°) (Benoit, 1992; 
Benoit, 1999; Okaya and Thompson, 1985; etc.) 
to high angle (>75° at 3 km) (Blackwell et al., 
1999, 2000; Wannamaker, 2003, depicted in 
Figure 4.1.1).  The structure of the fault zone in 
the DVPP/DVPF area is by no means novel.  For 
example, the fault zone in the area of the 1954 
earthquake (about 30 km south of the geothermal 
field) includes a range-bounding fault zone, a 
piedmont fault zone, and an antithetic graben 
system (see Bell and Katzner, 1987).  The fault 
zone is a complex zone of faults rather than a 
single fault strand. 
 
Hence the knowledge gained from the Dixie 
Valley Producing Field (DVPF) and the Dixie 
Valley Power Partners (DVPP) lease is critical to 
our understanding of normal fault systems, 
because the variety of complexities of the 
geometry of the fault zone in these two areas are 
illustrated by the results from the numerous 
drilling and geophysical surveys.
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Figure 4.1.1  Single fault model of Dixie Valley (e.g., Benoit, 1991).

 
Conclusions 

 
1. A 20+ km strike length of the fault zone between the Stillwater Range and Dixie Valley is 
presently the locus for fluid(s) circulating at temperatures over 200°C (up to 285°C) at 2 - 3 km depth. 

2. Geothermal systems along the fault zone have been intermittently to continuously active for at 
least several million years with the present system(s) in existence for approximately 100,000 years. 

3. The 1 to 2 km wide fault zone is complex with multiple strands in the range (footwall) and in the 
valley (hanging wall), in addition to the exposed range/valley bounding fault. 

4. Individual fault strands are typically steeply dipping at 70-80° or greater to a depth of at least 3 km 
(Figure 4.1.2).  The ~45 to 60° dip of layering in the well studied (Caine et al., 2010) exposed Stillwater 
Range fault plane at “The Mirrors” reflects deep-seated shear deformation imparted layering and block 
rotation, not the upper crustal behavior of the fault plane.  Note that mechanical theory predicts near 
vertical extensional fracturing at the surface due to the low confining pressure. This prediction of shallow 
extensional (near vertical) normal fault behavior is confirmed in the case ofthe Dixie Valley fault system. 

5. As a consequence of point #4, none of the production wells in the field (located 2-3 km into the 
valley) produce from the exposed main strand of the fault zone (the Dixie Valley normal fault, as 
commonly defined), but from blind valley (piedmont) segments. 
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6. The surface expression of the fault zone (range-valley contact) does not reflect the subsurface 
structure in any simple way, so its surface segmentation is not always relevant to locating the specific 
position of a geothermal resource (compare to Zhang et al., 1991). 

7. In general, the exposed fault along the topographic range front does not accommodate the majority 
of the vertical displacement in the areas of large vertical displacement.  The seismic reflection profiles of 
the range-front structures are difficult to interpret without drilling information because of steep fault dips, 
off-section reflections, and paucity of reflecting horizons. 

8.  The extensional strain in the Dixie Valley area is not only accommodated by the fault, whose 
surface trace bounds the range, but also by the multitude of other range and valley structures.  Synclines in 
the valley fill, clearly imaged in the reflection sections, delineate areas of buried grabens and antithetic 
faults are prominent.  

9. Vertical, as well as low angle structures can explain the complex surface shapes of the mapped 
scarps, but low angle faults cannot explain the thermal structure. 

10. The Bend event (2 - 2.5 ka) probably extended through the area of the power plant and to the north 
for several kilometers, but the scarps were confined to the range and have been erased by erosion or are not 
recognized because they do not cut Quaternary materials.  The thermal regime in the range may have 
affected the style of faulting there. 

Numerous lines of evidence support the 
interpretation that faulting within the 
Stillwater/Dixie Valley system is a complex zone 
of deformation, rather than a single fault plane.  
The combined methods of surface mapping and a 
high-resolution aeromagnetic survey reveal the 
most complete pattern of shallow intrabasin 
faults recognized to date in a major active Basin 
and Range valley, and thus provide a more 
complete basis for conceptual understanding of 
the structural development of such a basin.  
Although the scarps of numerous 
Quaternary/Holocene faults in the valley are 
quickly erased by erosion, they can still be 
recognized from seismic reflection profiles, 
high-resolution aeromagnetic surveys, and 
detailed air photo interpretation.  The numerous 
basement faults propagate upwards through the 
basin fill sediments to the surface or to very 
shallow levels, and their vertical displacements 
increase with depth.  The small vertical 
displacements produced at the surface and the 
rapid resurfacing of the valley floor by alluvial, 
playa, and eolian sedimentation removes or 
subdues the surface evidence of these faults.  The 

best methods for mapping the distribution of 
these faults are detailed field mapping of subtle 
surface features (small scarps, lineaments, spring 
alignments) using high quality aerial 
photographs and high-resolution aeromagnetic 
surveys.  Recently, LiDAR has emerged as an 
important new tool for the identification and 
analysis of intra-basin faults (see Grauch et al., 
2013). 
 
Also present but rarely recognized in the past are 
numerous large displacement 
Quaternary/Holocene(?) normal faults within the 
Stillwater Range block.  These faults were 
mapped in the vicinity of the DVPP and DVPF 
areas by Plank (1998) and in the area of the DF 
66-21 well by Smith et al. (2001), but their age is 
difficult to establish because they do not cut 
Quaternary deposits. 
 
The thrust belt along the western margin of 
Humboldt Salt Marsh, variably interpreted as 
strictly lateral spreading during earthquake 
events and the surface expression of deep-seated 
relay ramps, results from basin-ward sliding of 
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Figure 4.1.2  Thermal and simplified geologic section through the DVPP area of Dixie Valley.  Numbers are 
measured temperatures in wells at plotted locations.

the toes of alluvial fans on saturated, fine-
grained playa sediments.  The location of the 
scarps and graben from which the toes of fans 
were detached is probably controlled by the 
intersection of a piedmont structure with the 
surface. 
 
The DVPF lies in a piedmont/ramp fault 
segment.  The segments near the DVPP and 
DVPF are steeply dipping.  A steeply dipping 
system of multiple fault strands is required by 
the gravity, temperature distribution, drilling, 
surface mapping, and aeromagnetic survey 
results (Figure 4.1.3).  This geometry means that 

only a few of the fault strands have been 
penetrated by wells.  The reservoir is made up of 
an unknown number of these strands and their 
near vertical geometry means that some may not 
yet be tapped unless they communicate with each 
other through fractures in the blocks separating 
them.  An additional complexity is that the 
present WNW-ESE direction of extension (since 
about 8 Ma) is superimposed on an earlier E-W 
episode of extension.  A series of narrow grabens 
formed during that episode creating faults which 
are now reactivated.  These faults lead to 
additional structural complexity. 



Chapter 4.1  Structural Relationship to Geothermal Systems 189 

 

Figure 4.1.3  Generalized cross section through the DVPP and DVPF areas in Dixie Valley.

An area at least 10 km long and 2 km wide has 
temperatures of 225 to 245°C at depths near 
2,500 m and over 265°C below 3,000 m.  The 
fluid flow in this area has operated over a 
sufficient amount of time, such that the local 
thermal regime is at a nearly steady state in the 1 
to 3 km depth range.  However, there are major 
variations in the local hydrologic regime.  The 
present active flow paths in the 1 to 3 km depth 
range are numerous, but have different degrees 
of connectivity (Desormier, 1987).  Most paths 
are connected or barely connected on the time 
scale of pressure and temperature measurements 
in the field (almost 20 years).  The variable 
geochemistry of the fluids at different places in 
the system must result from effects operating 
over a much shorter time frame than the thermal 

effects (which is still short geologically), but 
longer than the production history. 
 
Much of the natural fluid loss in the geothermal 
system is apparently via leakage from the 
piedmont faults directly into the valley fill with 
minimal shallow thermal effects.  This extensive 
input of fluids of variable chemistry complicates 
the chemistry of the water in the valley fill and 
probably is at least partly responsible for the 
conflicting results observed in the natural spring 
geochemistry measurements in the valley.  All 
the springs tap (or once tapped) one or more of 
several gravelly artesian layers interbedded in 
the fine-grained playa sediments, usually at 
depths of less than 65 m.  These artesian layers 
are described in the well logs of numerous wells 
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in the Dixie settlement area and in wells 
northeast of the settlement.  The NBMG Map 
126 (Shevenell et al., 2000) shows that there are 
several wells just east of the Buckbrush Fault 
that have warm water, and one at the north end 
of the Buckbrush fault that has hot water 
(>37°C).  Any available water chemistry for 
these springs and wells should be compiled and 
considered in the context of other water 
chemistry in the basin.  Also, additional samples 
should be collected and analyzed because the 
artesian water in these wells and springs is 
heated by geothermal activity, and probably 
represents a mixture of cold meteoric water from 
infiltration in the Clan Alpine Range and warm 
more deeply circulating water from geothermal 
activity along the Buckbrush fault zone.  The 
geochemical and isotopic data (Nimz et al., 
1999; Bruton et al., 2002) strongly support this 
contention.  The exploration drilling by AMAX 
in the area southeast of the Buckbrush fault zone 
(section 2.4) confirms the presence of a large 
area of warm water at shallow depths that may 
be the origin of the water in the warm springs.  
Trace elements and Cl isotopes in water from 
domestic wells suggest that the shallow 
groundwater is a mixture of regional recharge 
from contemporary precipitation with 15-25% 
input of geothermal brines from depth.  The 
springs along the Buckbrush fault zone lie on or 
near a fault system that extends southward across 
the basin from the DVPF to another area of high 
geothermal gradient identified by the AMAX 
data (Figures 2.1.5 and 2.3.2, also see thermal 
gradient discussion in section 2.4).  Therefore, 
they should receive additional attention using a 
thorough sampling and geochemical analysis 
campaign. 
 
There is every reason (exploration results and 
theory) to assume that the steep dip is typical of 
the western Basin and Range normal faults (and 
other rift areas with a dominantly basement 
lithology).  Thus the exploration research 
described in this report has led to a practical 
model for exploration in the western Basin and 

Range.  The results also demonstrate the 
applicability of theoretical modeling that predicts 
steep-dips in the upper crust for normal faults in 
general (Patton et al., 1998).  Thus, development 
of such systems will be more effective using 
inclined drilling.  That will increase the 
opportunities to intersect steeply dipping 
structures.  Inclined wells, rather than vertical 
wells, make drilling more cost effective 
(McKenna and Blackwell, 2004).  This is true 
despite the higher cost of individual inclined 
wells because they potentially intersect more 
than one fault zone, providing information about 
differing permeabilities, fluid temperatures, and 
fluid chemistries that allow for sound exploration 
decisions. 
 
4.2  Model of Basin and Range Flow 
Systems 

The initially accepted model of a geothermal 
system in the Basin and Range is flow along a 
single range-bounding normal fault dipping at 
about 45-55° (Benoit, 1991, 1999; Okaya and 
Thompson, 1985) (Figure 4.1.1).  In the 
diagrams of Benoit (1991) circulation is 
associated with small displacement synthetic 
faults and a stratigraphic aquifer in the valley fill 
(the Tertiary basalt).  But several other 
conflicting models have also been proposed.  
Thus a single fault model is not useful alone as a 
working model.  Experience shows that, at Dixie 
Valley and indeed for most Basin and Range 
systems, the geometry of faulting is much more 
complicated than a single, moderately-dipping 
fault.  The thermal studies and the various 
mapping techniques have defined a very 
extensive and active system of normal faulting 
throughout the ranges and sub-valleys in the 
Dixie Valley area.   Four lines of evidence show 
that the exposed range-bounding fault is only 
one of many fault components in the geothermal 
system:  (1) the pattern of breaks associated with 
historic earthquakes, (2) the extensive pattern of 
young faults mapped in Dixie Valley, (3) the 
surface mapping in the Stillwater Range, (4) the 
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low-level high-resolution aeromagnetic survey 
results, and (5) the gravity survey results.  
Furthermore, the exposed range-bounding fault 
may even not be the fault with the most vertical 
displacement.  Thus it is more accurate to 
describe the deformation as distributed across 
multiple zones rather than a single plane. 
 
It remains unclear how the structural components 
interact in every point.  Chemistry (helium and 
major elements in the fluids) suggests that 
several of the thermal manifestations in Dixie 
Valley have a common or similar source, even if 
they are not apparently directly connected.  The 
natural state modeling requires a permeable 
basement (<10 –16 m2) for deep flow to occur.  
The modeling also shows that the upflow can be 
confined to a limited portion of the system if 
there is a short circuit present in the flow paths 
(i.e., a major active fault zone) or it can be more 
widespread if no high-permeability zones exist.  
Under some conditions, such as high-
permeability in the basement rocks, or extremely 
heterogeneous permeability distributions, the 
flow could be more pervasive.  In simulations, 
the flow commonly lacks a dominant 
(permeable) fault for some permeability 
distributions.  In general, the upflow is 
composed of water that has sampled a large 
volume of the basement and thus possesses a 
complicated mixture of chemical and age signals.  
The specific geothermal system in existence is 
now at least several tens of thousands of years 
old based on the lack of evidence for temperature 
over-turns in the system and the age dating of the 
sinters in the area. 
 
The high temperatures observed in the Dixie 
Valley system were matched in the natural state 
flow models, described in section 2.5, only for a 
geologically brief period of time on the order of 
50,000 to 300,000 years, which is consistent with 
the sinter dating.  However, the Dixie Valley 
fault zone system has existed, at least 
intermittently active, for several million years.  
Exposed fault gouges have quartz with fluid 

inclusion temperatures of about 300°C (Parry et 
al., 1991), similar to the temperatures seen today 
at depths below 3 km. The water currently being 
produced is dated at about 10,000 years (section 
2.3, also Nimz et al. (2004)), but it is water that 
has a wide variety of flow paths so that age is 
certainly a mixed age.  At the Dixie Valley 
power plant, the present water production 
consists of two distinct areas each about one to 
three kilometers long.  The entire thermal 
anomaly though is over 20 km long.  These two 
production areas are hydrologically separated 
from each other at shallow depths near the 
surface, as well as being separated from the 
reservoir in the DVPP area.  Geologically 
interesting is that all three geothermal systems 
(reservoirs) are thermally similar at deeper 
depths.  Thus, the model that seems to fit the 
results best is not a single fault plane or set of 
fault planes, rather a complex interfingering 
system of fractures that host a variable (in time 
and space) flow system confined to the most 
open parts of the system at a particular point in 
time.  This type of model is similar to the model 
of vein structure associated with ore deposits.  In 
fact, gold mineralization has been found 
associated with the geothermal systems at the 
Senator Fumaroles (Johnson et al., 2000) and at 
the Dixie Comstock Mine (Vikre, 1994). 
 
An example of a plan view of a vein system is 
shown in Figure 4.2.1.  The figure shows the 
typical vein structure associated with an ore body 
in the El Bronce mine in Chile (Camas et al., 
1991).  The complex effects of the 
superimposition of many different events lead to 
a pattern that is neither easily understood nor 
simply described.  Furthermore, the location of 
the permeability necessary for a large, long-lived 
system of this type varies with time.  As a result, 
the ore bodies are not uniformly nor logically 
distributed along the vein system in its final 
configuration.  Many types of models for 
locating permeability may be useful in a given 
situation, i.e., the orientation of the fault, the 
position in time relative to the last large 
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Figure 4.2.1  The veins and ore bodies at El Bronce District, Chile.  Zones of permeability are shown in red 
(Camus et al., 1991).  The area shown is 0.5 km square, about the downhole size of the production zones in 
Sections 7 and 33.
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earthquake, etc.  These are probably less relevant 
though than directly locating the shallow thermal 
anomalies associated with the active flow paths 
at a given moment in the evolution of the system 
by using thermal gradient drilling, very shallow 
(1 m) temperature surveys, or airborne infrared 
surveys.  The results in Dixie Valley show that 
the position of the permeable pathways will not 
necessarily be obvious, but that they are not hard 
to find thermally. 
 
4.3  Groundwater Geochemistry 

In Dixie Valley, the combination of groundwater 
isotope and minor-element chemistry, with the 
mapped positions of Pleistocene Lake Dixie 
shorelines, illustrates the importance of pluvial 
lakes in the recharge of Basin and Range 
geothermal systems.  In addition to Dixie Valley 
production fluids, all the groundwater in the 
valley except for the shallowest unconfined 
aquifer near the Humboldt Salt Marsh, are 
Pleistocene waters that have remained isolated 
from meteoric recharge.  On a regional scale, the 
distribution of known geothermal systems 
corresponds closely to the distribution of late 
Pleistocene pluvial lakes, as defined by their 
preserved high stand shorelines.  This suggests 
that contemporary precipitation is not sufficient 
and/or infiltration is so slow that it is ineffective 
at recharging valley aquifers and deeper 
geothermal systems.  Consequently, a major 
consideration for the future exploration of 
unstudied valleys is whether or not a Pleistocene 
pluvial lake was present near the exploration 
target. 
 
Isotopic ages of 12 to 20 ka for Dixie Valley 
geothermal waters (Nimz et al., 1999, 2004; 
Janik et al., 2002) provide strong support for 
recharge of the geothermal system during latest 
Pleistocene time and minimal infiltration of 
younger waters during Holocene time.  The age 
of the high stand of Lake Dixie coincides with 
the isotopic age of the geothermal waters.  The 
topographic position of the high stand (Figure 

2.1.3) shows that the lake water would have had 
access directly into the range-bounding fault 
systems for much of their length and through the 
sands and gravels that comprise the major 
portion of valley-fill sediments along the 
margins. 
 
Small but measurable input of magmatic 
(mantle) fluids is indicated by He isotope data.  
This suggests that there are through-going 
fractures that provide fast pathways for 
migration of fluids, and heat, from the upper 
mantle to the upper crust.  In fact, the He data 
suggest that the entire Dixie Valley fault may be 
a geothermal target. 
 
Isotopic and geochemical data show that shallow 
artesian aquifers have been augmented 15-25% 
by input from geothermal waters from depth.  
These aquifers (at depths of less than a hundred 
meters) feed the spring systems along intrabasin 
faults, which serve as conduits for the water to 
rise to the surface.  This water is also late 
Pleistocene in age (Nimz et al., 1999) and has 
remained very dilute during its residence time in 
the valley fill.  Although precipitation from the 
surrounding mountains is sufficient to recharge 
the shallow aquifers in the valley, very little of 
that water infiltrates these aquifers.  Instead, it is 
removed by evapotranspiration in the mountains 
and on the valley floor, and moves by runoff into 
the Humboldt Salt Marsh area, where it leaves 
the system by evapotranspiration (Harrill and 
Hines, 1995). 
 
Geochemical Exploration 

During early geothermal exploration efforts in 
the 1960s and 1970s, chemical geothermometers 
based on water chemistry were available for use 
(e.g., Fournier, 1981) and successfully indicated 
the presence of many high-temperature 
geothermal resources throughout the world.  
These geothermometers work if surface hot 
spring(s) are fed by the underlying reservoir.  
Within the Dixie Valley region, chemical 
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geothermometry based on hot spring and shallow 
well water chemistry does not predict the 
presence of underlying, high-temperature 
geothermal resources such as those at the DVPF 
and the DVPP (see Table 2.3.1).  The reason for 
this is because the two resources have no hot 
spring discharge; instead they have boiling point 
fumaroles.  Successful discovery of the DVPF 
and DVPP resources was based in part by the 
presence of these fumaroles and, in the case of 
DVPP, by the presence of extensive recently 
extinct sinter deposits.  It is well known that 
sinter deposits indicate a resource of at least 
150°C at depth (see Goff and Janik, 2000, p. 
828). 
 
Gas geothermometers suitable for exploration 
did not appear until the early 1980s (D’Amore 
and Panichi, 1980).  Gas geothermometers 
successfully predict that a high-temperature 
resource exists at the Senator Fumaroles just 
north of DVPF but fail to predict such a resource 
at DVPP (Table 2.3.1).  This is most likely due 
to a severe air contamination in the DVPP 
fumaroles, which are very weak.  Even so, these 
weak fumaroles are at the boiling point and 
contain H2S gas, which generally indicates that 
high temperatures exist at depth.  Thus, 
geochemical exploration should always include 
water and gas sampling analysis to obtain the 
maximum amount of subsurface information. 
Two deep exploration wells produce waters 
whose chemical geothermometry corresponds 
with their measured down-hole temperatures: 
Well DF 45-14 (≤235°C indicated versus 200°C 
measured) and well DF 66-21 (209°C indicated 
versus 217°C measured) (Table 2.3.1).  Neither 
wells are associated with hot springs or 
fumaroles, although extinct sinters occur at the 
Dixie Comstock Mine near DF 45-14 and weak, 
boiling point fumaroles occur 2 km north of DF 
66-21.  Thus, it is possible that Dixie Valley 
contains other, blind geothermal resources of 
moderate to high temperature associated with no 
obvious surface features. 
 

In summary, even though Dixie Valley is the 
most productive and highest temperature known 
geothermal resource region in Nevada, 
geochemical signatures are complex and subtle.  
The highest temperature resources have no hot 
springs but do have fumaroles.  The gases from 
one of these fumarole systems (DVPF) have 
chemistry indicating high temperatures (≤270 
°C).  The many hot spring systems in Dixie 
Valley have water chemistries that appear to 
indicate no connection to these high-temperature 
resources.  Yet, two deep exploration wells 
produce fluids of apparent high equilibration 
temperatures that have no connection to surface 
spring or fumarole discharges. 
 
4.4  Geophysical Techniques 

The five primary geophysical characterization 
techniques (gravity, magnetic, seismic, electrical, 
and thermal) have contributed information in the 
Dixie Valley area.  Of all of the techniques, 
gravity is the most cost effective.  The data are 
three dimensional, which is very important in the 
complicated extensional settings of Dixie Valley.  
The results obtained utilizing gravity are 
particularly useful in the Basin and Range setting 
where the low-density valley fill is juxtaposed 
against the higher densities typical of range 
lithologies.  In the case of Dixie Valley, the 
technique is especially helpful because of the 
large displacement between the range and the 
valley.  In areas with less basement relief or 
lower density contrasts the results might be less 
definitive. 
 
The high-resolution aeromagnetic survey also 
provided very useful results for situations in 
which three-dimensional analysis is required.  
The technique has been used in the Albuquerque 
Basin (Grauch, 2001; Grauch and Millegan, 
1998; Grauch et al., 2001) and Dixie Valley for 
locating young intrabasin faults.  It helped to 
define the three dimensional pattern of faulting 
in both cases.  The presence in the valley fill of 
detritus from the highly magnetic basic rocks of 
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the Jurassic igneous complex at Dixie Valley 
probably contributed to the success in detecting 
the distribution of the young faults in the valley 
fill. 
 
Like the lower-resolution aeromagnetic surveys 
of the valley, the high-resolution survey revealed 
the pattern of major positive and negative 
anomalies associated with buried basement rocks 
in the valley.  Due to the low altitude and close 
spacing of flight lines, the high-resolution survey 
provided additional information in the form of 
NE-trending, low-amplitude anomalies related to 
young, near-surface faults, and greatly increased 
resolution of the detailed shape of the major 
anomalies.  The increase in detail provided an 
added bonus.  Small, dimple-shaped negative 
anomalies in the area of some of the hot springs 
in the valley (Figure 2.2.1, e.g., Hyder Hot 
Spring) are likely due to alteration of magnetic 
minerals in the mafic bedrock by hydrothermal 
fluids moving along preferential pathways to the 
surface.  The occurrence of such negative 
anomalies in rocks that are expected to be 
strongly magnetic could be used as an 
exploration tool for geothermal systems 
elsewhere. 
 
Probably more money was spent on the 
reflection seismic studies than on the other 
exploration techniques.  The reflection data are 
only two-dimensional and are thus of limited use 
in interpreting structures in Dixie Valley because 
of the three-dimensional velocity setting.  There 
are many off the line reflection features in the 
data that complicate the interpretation, and even 
if the data were of modern vintage the two-
dimensionality would still be a problem.  The 
SRC-1S and SRC-1N lines are particularly 
affected.  The setting of very abrupt, high 
velocity contrasts also causes problems for the 
reflection technique, even if 3-D data are 
collected.  The approach of generating velocity 
maps has been extremely useful in the 
interpretation, however.  If the Dixie Valley fault 
were not such a large displacement fault zone, 

the technique would be more useful.  In the case 
of line 106, where the basement structure has a 
ramp geometry, the imaging of the details of the 
structure was very successful.  In a contemporary 
application of the technique, at least two ways to 
increase the usefulness of the results are 
possible. 
 
The first is to carry out a gravity study prior to 
implementating a reflection survey to help 
design the survey and hopefully minimize the 
three-dimensional effects that created such a 
problem in Dixie Valley.  It is probably true that 
the location of the valley structures will always 
be hard to predict in advance by some 
geophysical studies.  Considering the high costs 
of reflection surveys, it would make sense to use 
other low cost geophysical techniques first so 
that potential problems can be identified and 
addressed before reflection surveys are deployed. 
 
Secondly, the seismic data collection should be 
designed to have high fold coverage at relatively 
shallow depths, because shallow basin structure 
imaging is critical to the interpretation of deeper 
structure.  Ensuring high fold coverage in the 
reflection survey will make the deep parts of the 
survey easier to interpret.  Imaging small offsets 
and folds in shallow valley fill is also important 
since synclinal structures and small-displacement 
growth faults typically overlay grabens between 
buried antithetic faults and the major normal 
faults.  Clearly, velocity analysis is important 
and useful in cases of large lateral velocity 
contrasts.  For any contemporary data set 
migration techniques would be applied, although 
the requirements of data quality for such analysis 
will increase the cost of the survey. 
 
Although the catalog of recorded earthquakes in 
Nevada extends from 1852 to present (dePolo 
and dePolo, 1999) and includes a great number 
of moderate and small earthquakes in addition to 
the large surface-rupturing earthquakes described 
in section 2.1, there is still room for further 
understanding.  Focal mechanism and focal 
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depth studies would provide valuable 
information about the activity of intrabasin faults 
and could help to determine the causes of the 
activity.  A large cluster of recorded epicenters 
of earthquakes (dePolo and dePolo, 1999) occurs 
near the southern termination of the Buckbrush 
fault system, in the middle of Dixie Valley 
(Figures 2.1.8 and 2.1.9).  This cluster lies 
directly southeast of both the Dixie Meadows 
fault system and the northern termination of 
surface ruptures of the 1954 Dixie Valley 
earthquake (at Sou Hills) (Caskey et al., 2000; 
Caskey and Wesnousky, 2002).  Many or most 
of the events in the cluster may be aftershocks of 
the 1954 earthquake, and some of them may 
have occurred on mapped intrabasin faults.  This 
cluster is spatially coincident with the gravity 
gradient maximum defining the east side of the 
deepest part of the basin.  It also occurs near the 
settlement of Dixie Valley where numerous 
artesian wells were drilled and have been 
flowing for decades.  Another cluster occurs just 
south of the producing geothermal field, in the 
area where the Buckbrush fault system swings to 
a northerly trend and merges with the range-front 
fault system on the west side of the valley.  This 
cluster is considerably north of the 1954 surface 
ruptures, and may reveal low-level seismicity 
related to geothermal activity near the merging 
of the two fault systems.  Further analysis of 
earthquake catalogs should be done to learn more 
from the intrabasin epicenters.  Also, a 
temporary seismic network distributed 
throughout the valley with sufficient resolution 
to determine focal depth and source mechanisms 
would likely provide increased understanding of 
fluid flow (both geothermal and non-
geothermal), basin structure, and contemporary 
response of the basin to continuing extension in 
the region. 
 
The electrical techniques applied in the past were 
not helpful in the Basin and Range province.  
Direct current (DC) methods are not very useful 
in the low resistivity environment of the Basin 
and Range valleys and alternating current (AC) 

techniques have had problems with the 
interpretation of three-dimensional settings.  The 
studies by Wannamaker (2003) and Wannamaker 
et al. (1997) have shown that contemporary 
approaches can overcome many of the problems, 
but the data are still only 2-D and the problem of 
off-line effects render the interpretations more 
difficult than those obtained from gravity or 
magnetic techniques.  For now though, the data 
are still not able to resolve 2-D or 3-D high 
temperature regions in the complex 3-D setting 
of a Basin and Range fault zone. 
 
Implications of Paleoseismology and In-Situ 
Stress Analysis 

Caskey et al. (2000) suggest that the geothermal 
field lies adjacent to the only section of the Dixie 
Valley Fault that has not experienced Holocene 
displacement (see the discussion in Appendix 
A).  Caskey and Wesnousky (2002) speculate 
that this section of the fault experiences constant 
low-level movement (creep) that maintains the 
fracture permeability along the fault, without the 
post-seismic stress relaxation and subsequent 
fracture closure experienced by the rest of the 
fault.  In other words, the fractures remain 
constantly in a critically stressed state, and thus 
maintain maximum dilatancy.  In contrast, they 
argue that the other sections of the fault have 
relieved the stress after geologically recent 
earthquakes and passed from a critically stressed 
state to a relaxed state in which mineralization 
quickly seals permeability until the stress builds 
to critical levels again just before the next 
earthquake.  If this hypothesis is true, then 
paleoseismology and tectonic geomorphology of 
faults in the Basin and Range are important 
exploration tools to locate areas along faults 
most favorable for geothermal systems. 
 
The observation that producing fractures are 
critically stressed and optimally oriented for 
movement in the current stress field is helpful.  
But application of the technique to locate 
undiscovered geothermal fields is not 
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straightforward.  Determining the fracture 
orientation and stress conditions in new areas 
requires deep drilling, which is unlikely to be 
available in new areas, and expensive borehole 
imaging and hyro-frac operations.  The general 
orientation of contemporary stress can be 
determined from mapping of active faults and 
orientations of young igneous dikes, if present.  
But, there are many twists, turns and strands in 
natural fracture systems and to locate possible 
flow systems involving any non-direct technique 
requires mapping in great detail (with high 
precision) those twists, turns, and strands in the 
subsurface.  No techniques exist today to 
accomplish such detailed mapping of the 
subsurface. 
 
 
4.5  Structural Implications for Future 
Exploration 

Implications of Knowledge Gained at Dixie 
Valley 

Some implications of the geometry of the normal 
fault system for geothermal exploration are clear 
from examination of Figure 4.1.3.  For example, 
in Dixie Valley, the fault system along the range 
front has several likely drill targets, not just the 
one range-front fault.  The complexity of the 
fault zone allows for many strands and 
orientations and increases the possibility that one 
of the strands, at some point, will be properly 
oriented to be critically stressed for frictional 
failure.  Hickman et al. (1998) showed that this 
orientation appears to be the hydraulically 
conductive orientation. 
  
Deep drilling, temperature gradient exploration, 
and thermal manifestations together indicate that 
most of these strands host some high temperature 
fluid flow somewhere in the greater Dixie Valley 
geothermal system.  The complexity of Dixie 
Valley structure presents a challenge for further 
exploration and drilling, but it also offers 
reservoir opportunities and volumes that were 

not expected based on the single range-bounding 
fault model. 
 
The lack of temperature inversions in any of the 
deep wells is consistent with the inference that 
the reservoir is much larger in volume than a 
single strand of a Basin and Range normal fault.  
Using improved reading skills of temperature-
depth curves will increase system understanding 
and provide future drilling success in areas such 
as Pirouette Mountain, where essentially the 
deep wells did not find temperatures as high as 
the shallow wells.  The implications of the 
overturns in the thermal gradient wells, typical of 
Basin and Range systems (Ziagos and Blackwell, 
1986; Blackwell and Richards, 2002b) were not 
generally understood at the time of the Hunt 
exploration, and in all probability the wells were 
not located close to the upflow zones.  Thus, a 
number of potential reservoir structures have not 
been tested by adequate drilling.  These may 
already interact with the producing structures via 
cross faults and/or fracturing, or they may only 
interact at some unknown depth where all of the 
strands intersect.  Alternatively, they may not 
effectively interact at all.  Hence, there is need 
for testing by drilling. 
 
An important recognition from the geothermal 
resource point of view is that rocks of the 
Jurassic igneous complex (JIC) underlie a large 
part of the valley.  Areas considered the best 
reservoir situations for Dixie Valley are where 
JIC rocks are located along major normal faults 
(Waibel, 1987; Lutz et al., 1997).  If the faulting 
is like that in the northern part of the valley, the 
individual faults are steep and will be much more 
easily located by drilling inclined wells rather 
than vertical wells. 
 
The occurrence of geothermal features and 
petroleum accumulations in Nevada basins 
provides a framework for the development of 
future exploration strategies.  A theme repeated 
in many basins is the occurrence of geothermal 
features and petroleum accumulations along or 
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near buried fault systems that lie basinward of 
the exposed structures along adjacent range 
fronts.  Examples include the geothermal 
reservoir at Dixie Valley, hot springs and geysers 
in the Black Rock Desert, hot and warm springs 
in the Buffalo and Reese River valleys, and 
petroleum reservoirs and springs in Railroad 
Valley.  Application of this basic information 
can be used to focus other, more expensive and 
time-consuming, exploration techniques (such as 
reflection seismic, exploratory drilling, electrical 
and electromagnetic geophysical surveys).  In 
Dixie Valley, where all of these techniques have 
been employed and where abundant subsurface 
information is available from exploration and 
production drilling, the relationship of the 
geothermal reservoir to faults in the basin is 
important in selecting the most promising areas 
within the basin for additional exploration 
activities. 
 
Basin and Range Implications 

Initial activity in the exploration of other basins 
should focus on locating buried relay ramps 
basinward of exposed range-front faults.  
Activities should include geologic mapping, 
aerial photography and remote sensing 
interpretation, and compilation of existing 
gravity data.  These activities are very 
inexpensive and require little time, but they 
provide initial conceptual models and form the 
basis for further work.  Additional data 
collection may be necessary, especially 
augmentation of gravity data if station density is 
insufficient to interpret the value of the gravity 
gradient.  This last step was very important at 
Dixie Valley and provided evidence for the 
existence of buried relay ramps basinward of the 
range front. 
 
Acquisition of high-resolution aeromagnetic data 
may also be necessary to reveal the pattern of 
faults in the basin.  It was valuable in Dixie 
Valley because it augmented and expanded 
knowledge of the intrabasin fault pattern, 

revealing the relationship of minor faulting to the 
major basin-bounding faults, and helped to 
provide rationale for the location of the 
geothermal reservoir and for the distribution of 
springs in the valley.  The combined methods of 
surface mapping, LiDAR, and a high-resolution 
aeromagnetic survey reveal the most complete 
pattern of shallow intrabasin faults recognized to 
date in a major active Basin and Range valley 
and thus provides a more complete basis for 
conceptual understanding of the subsurface 
structure of a basin. 
 
Other geothermal activity that may be associated 
with broader negative aeromagnetic anomalies 
includes Dixie Meadows Hot Springs and the 
DVPP area just southwest of the producing 
geothermal field.  The large negative anomaly 
southwest of the geothermal reservoir occurs in 
an area of mafic, highly magnetic rocks, and in 
the area where high geothermal gradients bulge 
basinward from the frontal fault system (Figure 
3.1.5).  It is interesting to speculate that this large 
aeromagnetic low could be attributable to 
alteration of the mafic rocks by a geothermal 
system at depth. 
 
Other prospective areas within the Basin and 
Range province have received varying amounts 
of exploration activity and can be used to 
illustrate some suggested strategies.  In the Black 
Rock Desert situated in northwest Nevada, 
existing detailed gravity surveys are sufficient to 
reveal the gross features of the basin and to show 
that many of the geothermal features lie above 
buried relay ramps.  The major limitation to 
future development in this area is the lack of 
information on the patterns of intrabasin faulting 
within the larger basin structure.  Thus, basic 
geologic mapping, remote sensing and aerial 
photograph interpretation, and high-resolution 
aeromagnetic surveys would be the next logical 
steps necessary to refine the conceptual models 
for the basins and to guide detailed exploration 
within and near individual geothermal systems. 
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In contrast, the Carson Sink, one of the largest 
basins in the Basin and Range province, has been 
locally studied in detail (e.g., Soda Lake, 
Stillwater, Salt Wells) and has some widely 
distributed petroleum exploratory drilling.  
However, the distribution and density of gravity 
stations within the basin are not sufficient to 
define either the gross basin structure or buried 
faults with significant structural displacement.  
Additionally, the distribution of minor faults that 
cut shallow sediments in the basin is largely 
unknown.  Therefore, even though there is a 
producing geothermal field at Soda Lake, and 
significant other geothermal prospects within the 
basin, the information necessary to develop 
robust conceptual models is largely absent.  For 
these reasons, the suggested strategy is very 
similar to that for a completely unexplored basin.  
The following steps should be taken.  (1) Begin 
with basic geologic mapping and aerial 
photograph/remote sensing interpretation.  (2) 
Concurrent augmentation of the gravity database 
to define the overall basin geometry.  (3) 
Analysis of the known geothermal systems with 
respect to the data generated by the mapping and 
gravity augmentation to provide rationale for 
selecting other areas for more detailed surveys.  
(4) High-resolution aeromagnetic surveys in 
specific areas of the basin (over the known 
geothermal systems and then over promising 
areas with similar structural settings) for 
identifying targets for more detailed geophysical, 
geochemical, thermal gradient studies, and 
exploratory drilling. 
 
 
4.6  Resource Estimates 

The Dixie Valley geothermal system was already 
known to be a large and hot system before the 
drilling in the DVPP area.  The discovery of 
temperatures of 285°C has emphasized the 
economic potential.  The existence of such high 
temperatures certainly opens the possibility that 
other Basin and Range systems are hotter than 
previously assumed.  Recently, geochemical 

temperatures for the Humboldt House/Rye Patch 
system indicate temperatures as high as 280°C 
(Waibel et al., 2003). 
 
The natural state modeling discussed in section 
2.5 gives some perspective on the implications of 
the high temperatures.  The range of conditions 
under which such high temperatures could be 
attained is quite limited: the age of the system 
has to be on the order of 50,000 to 300,000 yrs, 
and the crustal permeability has to be within a 
narrow range.  A relatively long-lived system is 
consistent with the fact that none of the 
intermediate and deep wells show temperature 
over-turns and with the age of the various sinters 
that have been dated. 
 
Heat Loss into the Valley Fill 

With the surface subsidence in the northern part 
of the producing area, it was determined to be 
more cost effective to re-pressure the reservoir 
with shallow groundwater flow than to drill new 
production wells (Beniot et al., 2000).  During 
1997-1998, a number of test wells ranging in 
depth from 60 m to almost 400 m were drilled 
between the producing DVPF wells and the 
range front.  The temperature-depth curves of 
these wells are described by Allis et al. (1999).  
In contrast to the limited thermal anomaly in the 
valley thought to be present, a large area of 
temperatures of over 150°C was located down 
slope from the Senator Fumaroles.  The 
generalized contours (Figure 3.1.6) show two 
complex plumes of subsurface discharge of 
geothermal fluids from the Senator and Section 
10 fumaroles area into the valley-fill sediments.  
The excess heat flow associated with the plumes 
can be used to estimate the heat loss due to the 
flow of hot water.  Based on the thermal gradient 
anomaly as contoured, the rate of deep 
geothermal fluid upflow discharging into the 
valley aquifer along the approximately 1.5 km of 
range front in Sections 10 and 15 in the DVPP 
area is a minimum of 0.2 l/s. 
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The wells between the DVPF and the Senator 
Fumaroles also have temperature-depth curves 
showing shallow leakage of very hot water as 
just described.  In this case, the approximate 
discharge is about 5 l/s (Allis, 1999).  The heat 
loss calculated from this previously unknown 
flow system is about 56 MWth.  The existence of 
flow systems like this one appears to be a 
common feature of Basin and Range geothermal 
systems (Blackwell and Richards, 2002b). 
 
The Dixie Valley area is on the edge of the 
Battle Mountain heat flow high subprovince of 
the Basin and Range heat flow province 
(Williams et al., 1997).  The more extensive data 
set used to generate the 2004 Geothermal Map of 
North America (Blackwell and Richards, 2004) 
provides a higher-resolution configuration for the 
Battle Mountain heat-flow high.  The geothermal 
data emphasize the extensive development of 
high temperature geothermal systems in the 
Lahontan Basin (Benoit and Butler, 1983; 
Edmiston and Benoit, 1984; Coolbaugh et al., 
2002).  New analysis of bottom hole 
temperatures (BHT) data from eastern Nevada 
suggests that the area of high heat flow extends 
to the northeast through Nevada into 
northwestern Utah.  This area has been little 
explored in comparison to the Lahontan Basin.  
Although no springs with high temperature 
geochemical signatures are present there, this 
may not be a negative indication because the 
Dixie Valley area does not show high 
geochemical temperatures on fluids either (see 
geochemical conclusions in Chapter 4).  
Therefore, the apparently unfavorable 
geochemistry may not imply a lack of potential 
for geothermal development. 
 
One possible explanation for the regional 
abundance of geothermal systems in the 
Lahontan Basin and not elsewhere is the 
relatively young initiation of an episode of 
normal faulting (Coolbaugh et al., 2002).  The 
flow modeling discussed in section 2.5 and by 
McKenna and Blackwell (2004) suggests that the 

high temperatures in geothermal systems are a 
relatively transient phenomenon and imply 
circulation times of 50,000 to 300,000 years.  
Geologic observations suggest that other periods 
of high temperature flow may have occurred in 
the past and imply a regional cyclical behavior 
on the order of 1,000,000 years.  How this relates 
to fractures or sealing or a combination of the 
two is not yet known.  The transient nature of the 
high temperature flow could also explain the 
large heat loss in the geothermal systems, but not 
the lack of evidence for compensating low heat 
flow in the ranges as found for the Stillwater 
Range.  The young initiation also implies hotter 
temperatures may exist somewhere in a 
particular system even if the flow system is 
relatively old.  Hence, the geothermal potential 
of the areas with dense concentrations of hot 
springs in the Basin and Range may be much 
greater than assumed based on the present 
knowledge of such systems.  It is likely that 
drilling may be required to find these systems. 
 
With respect to Dixie Valley, Richards and 
Blackwell (2002b) found a heat loss of about 56 
MWth for the DVPF.  Wisian et al. (2001) 
calculated a similar figure.  The heat loss, 
suggested by the predicted surface heat and mass 
flows obtained from the transient models 
described in section 2.5, is of the same order of 
magnitude.  Thus, the class of models discussed 
should be good approximations of actual Basin 
and Range geothermal systems.  Based on these 
comparisons to developed geothermal systems, 
these authors estimated that a 30-year (nominal) 
electrical power production is possible if the 
system is kept within 1 (conservative) to 10 
times the natural heat loss rate.  Sanyal (2004) 
argues that production rates could go as high as 
45 times the natural heat loss.  Therefore, the 
presently developed Dixie Valley system could 
have an electrical power capacity as high as 640 
to 2,520 MWe.  The current Dixie Valley 
Producing Field is producing at approximately 
60 MWe per year.  There are other systems 
present in Dixie Valley with thermal data that are 
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significant - Pirouette Mountain, Eleven Mile 
Canyon, Dixie Meadows, Dixie Comstock, and 
DVPP.  The total heat loss for these combined 
areas is two to three times that for the DVPF.  
Accordingly, a median estimate for the 
producible geothermal resource is 1,500 to 2,000 
MWe over a 30-year time frame if there is 
sufficient permeability, or if permeability can be 
created. 
 
Williams (2004) estimated several reservoir 
characteristics of the Dixie Valley geothermal 
system (Table 4.6.1).  The range of values for Rg 
and ΦR result from the uncertainty in the volume 
of the reservoir and in treating a fractured 
reservoir instead of a magmatic reservoir.  There 
is an immediate problem with this analysis as 
presented.  The author utilized a solitary fault 
zone in the analysis despite numerous pieces of 

evidence to the contrary.  Consequently, the 
estimate of power production is much lower than 
the estimates given above.  The two 
methodologies need to be reconciled before 
reliable estimates of geothermal resources can be 
obtained for planning uses. 
 
The number and extent of the thermal anomalies 
in this setting of active Basin and Range faulting 
suggests that undiscovered resources remain.  
Therefore, the Dixie Valley area is clearly still a 
regional geothermal target, as is much of the 
Basin and Range.  The structural characteristics 
of the greater Dixie Valley area can also be used 
as an indication of locations and settings that 
might be favorable for additional exploration of 
the geothermal potential of the Lahontan Basin 
and the Great Basin in general.

 

Table 4.6.1  Estimated characteristics of Dixie Valley Reservoir (Williams, 2004), based on the assumption of a 
200 meter wide damage zone along the inclined Dixie Valley Fault zone. 

 
Characteristic Unit Value 

Characteristic Reservoir Temperature (TR)   ºC 220 

Volume of the reservoir  (V) km3 4-10 

Lumped “reservoir porosity”  (ΦR) unitless 0.13-0.05 

Recovery factor  (Rg) unitless 0.21-0.08 

MWe for 30 yrs  (E) MWe 70 
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Rifts are characterized by lithosphere stretching 
and thinning and typically evolve through two 
distinct subsidence phases: an initial phase of 
active rifting followed by a second phase of post-
rift or passive thermal sag (McKenzie, 1978).  
Rifts have been genetically classified into active 
or passive on the basis of imposed stresses, 
respectively involving upwelling asthenosphere 
or far-field lithospheric extensional stress 
(Sengör and Burke, 1978).  Rift basins occur in 
regions where the maximum compressive stress 
is the vertical load stress.  Rifts typically exhibit 
high heat flow, low velocity upper mantle, and 
associated volcanism (e.g., Yeats et al, 1997).  
Intracontinental rift basins range from elongated 
(>500-1000 km), narrow (~<100 km wide) rift 
valleys such as the East African, Baikal, and 
Rhine Rifts to broad zones of diffuse extension 
such as the Basin and Range Province and NE 
China (500-1000 km wide).  Rifts also develop 
along releasing offsets in major strike-slip faults 
(pull-apart basins), such as the Dead Sea, Jordan 
and the Gulf of Marmara, Turkey.  Continental 
rift basin elevations vary widely from ~400 m 
below sea level in the case of the Dead Sea pull-
apart through ~450 m above sea level at the 
Baikal Rift, >2000 m above sea level in the case 
of some parts of the Basin and Range Province, 
to >5000 m a.s.l. in Tibetan rift basins related to 
continental collision.  
 
The stresses controlling rift basin evolution 
include plate boundary forces and frictional 
forces along the base of the lithosphere due to 
asthenosphere convection (Ziegler & Cloetingh, 
2003).  The deformation style of rifts is mainly 
controlled by the interaction of several 
fundamental interrelated parameters: the 
lithosphere thermal structure and rheology, 
orientation and rate of extensional stress, and 
lithospheric fabric and heterogeneity (eg., 
Ruppel, 1995).  Many models have been 
proposed to describe lithospheric stretching, 

including “pure-shear” (McKenzie, 1978), 
“simple-shear” (Wernicke, 1985), and more 
complex models (Royden and Keen, 1980; 
Beaumont et al, 1982, Rowley and Sahanigian, 
1986; Kusznir and Ziegler, 1992). 
 
Continental rift basins exhibit a characteristic 
family of structures. The rift structure family 
includes planar and listric normal faults, horsts 
and grabens, fault-bounded tilt-blocks, half-
grabens, low-angle detachments, transfer zones, 
and folds (eg., Dahlstrom, 1969).  Normal faults 
typically vary in strike by tens of degrees along 
their lengths and have sinuous or zig-zag map 
patterns (Withjack, 1986), in which half or full 
grabens bounded by faults with opposing dips 
are connected with accommodating zone ramps 
(Rosendahl, 1987).  Normal Fault lengths and 
displacements are positively correlated with a 
power-law relationship (exponent 1-2) (Walsh 
and Watterson, 1992).  Normal fault dips vary 
from lows of ~10º in the Sevier Desert, Utah 
(Allmendinger et al., 1983) to highs of ~70º in 
the Rhine Graben and Suez Rift (Robson, 1971), 
although seismic data from regions of active 
extension indicate steep planar faults with dips in 
the range 30-60º (Jackson, 1987).  
Seismographic or geodetic evidence is lacking 
for low-angle normal faults in the brittle 
continental crust (Yeats et al., 1997), although 
several workers have suggested young fault 
scarps merge into low-angle detachments at 
shallow depths of ~3-4 km in SW Utah (Crone 
and Harding, 1984) and NE Nevada (Satarugsa 
& Johnson, 2000).  Displacement on rotational 
normal faults causes the tilting of adjacent strata, 
whereas that on non-rotational faults generally 
occurs without tilting, although complication 
may occur (Sharp et al, 2000).  Many normal 
fault systems exhibit complex map patterns with 
step-over zones and cross-faults (Stewart and 
Hancock, 1991) and relay ramps (Peacock and 
Sanderson, 1991, 1994). 
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In regions of broad diffuse rifting with relatively 
high heat flow such as the Basin and Range 
province, upper crustal rocks typically deform by 
simple shear (brittle faulting) whereas lower 
crustal rocks deform by pure shear (eg., 
McKenzie et al., 2000). 
 
Rift structural geometry exhibits strong controls 
on the erosion from horsts and uplifted tilt blocks 
and deposition of sediments in adjacent graben.  
Transfer zones typically produce scarps or ramps 
focusing sediment transport (Gawthorpe and 
Hurst, 1993).   
 
Folds are common features within extended 
terranes and may be parallel or oblique to the 
dominant fault trends.  Anticlines or synclines 
may result from a variety of processes, 
including:  
(1)   isostatic flexure in the footwall block of 

major normal faults (Spencer, 1984),  
(2)  displacement gradients on normal faults 

(Schlische, 1995),  
(3)  overlap of opposing normal faults in 

accommodation zones (Rosendahl, 1987), 
and  

(4) rollover or reverse drag due to movement on 
listric normal faults (Schlische, 1993).
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Appendix 5.1 Bolivia Well  
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Appendix 5.2  Hyder Hot Springs 
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Appendix 5.3  Jersey (Lower Ranch) Hot Spring 
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Appendix 5.4  
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Appendix 5.5  McCoy Hot Spring, Dixie Valley 
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Appendix 5.6  Seven Devils Picture #1 
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Appendix 5.7  Seven Devils Picture #2 



Chapter 6.5  Appendix V  Photos of Springs and Surface Features 302 

 

Appendix 5.8  Senator Fumaroles 
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Appendix 5.9  Senator Fumeroles 
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Appendix 5.10  Crack between Senator and Sec 33 Production Wells. 
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Appendix 5.11  Crack between Senator and Sec 33 Production Wells. 
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Appendix 5.12  Dead Travertine 
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Appendix 5.13  Terrace 
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Appendix 5.14  Black Sinter 
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Appendix 5.15  Sinter scarp 
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