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ABSTRACT

The proposed Frontier Observatory for Research in Geothermal Energy (FORGE) at Fallon site lies within and adjacent to the Naval Air 
Station Fallon (NASF) directly southeast of the town of Fallon, Nevada, within the broad Carson Sink basin in west-central Nevada.  
The site is located on two parcels that include land owned by the NASF and leased and owned by Ormat Nevada, Inc.  The Carson Sink 
in the vicinity of the Fallon site is covered by Quaternary deposits, including alluvial fan, eolian, and lacustrine sediments.  Within the 
primary FORGE footprint, three wells penetrate the entire Neogene section and terminate in Mesozoic basement.  Review of ~14,500 
meters of core, cuttings, thin sections of core and cuttings, and well logs have refined earlier summary studies on the stratigraphic and 
structural framework.  Late Miocene to Quaternary basin-fill sediments are 0.5 to 1 km thick and overlie Miocene volcanic and lesser 
sedimentary rocks.  The volcanic section is 0.7 to 1.1 km thick and dominated by Miocene mafic lavas.  The Neogene section rests 
nonconformably on heterogeneous Mesozoic basement, which consists of Triassic-Jurassic metamorphic rocks intruded by Cretaceous 
granitic plutons.  These Mesozoic units are widespread across western Nevada and were formed in the back arc of the Sierran arc.  
Review of more than 250 km of seismic reflection profiles and gravity models indicate that the FORGE footprint occupies a broad, 
gently west-tilted block between a synclinal accommodation zone to the west and an anticlinal accommodation zone to the east.  
Quaternary faults have not been observed within the proposed FORGE site.

The documented temperatures, permeability, and lithologic composition of potential reservoirs fall well within the ranges specified by 
DOE for FORGE.  The well data indicate that a sizeable area (~4.5 km2) has adequate temperatures in crystalline basement but lacks 
sufficient permeability within the proposed FORGE site.  There are at least three possible, competent target formations in Mesozoic 
basement for stimulation in the FORGE project area: 1) Triassic to Jurassic felsic metavolcanic rocks, 2) Jurassic metaquartzite, and 3) 
Jurassic to Cretaceous granitic intrusions.  These units make up at least 3 km3 in the project area and have target temperatures of ~175 to 
215° C.  The documented temperatures, low permeability, and basement lithologies place Fallon in the target range of FORGE.

1. INTRODUCTION AND GEOLOGIC SETTING

The Frontier Observatory for Research in Geothermal Energy (FORGE) project offers a unique opportunity to develop the technologies, 
techniques, and knowledge needed to make enhanced geothermal systems (EGS) a commercially viable electricity generation option for 
the USA. The objective of this project is to establish and manage FORGE as a dedicated site, where the subsurface scientific and 
engineering community will be eligible to develop, test, and improve new technologies and techniques in an ideal EGS environment. 
This will allow the geothermal and other subsurface communities to gain a fundamental understanding of the key mechanisms 
controlling EGS success, in particular how to generate and sustain fracture networks in the spectrum of basement rock formations using 
different stimulation technologies and techniques. This critical knowledge will be used to design and test methodologies for developing 
large-scale, economically sustainable heat exchange systems, thereby paving the way for a rigorous and reproducible approach that will 
reduce industry development risk. Essential to this process is a comprehensive site for characterization, monitoring instrumentation, and 
data collection effort that will capture a higher-fidelity picture of EGS creation and evolution processes than any prior demonstration.  A
dedicated FORGE allows for the highly integrated comparison of technologies and tools in a controlled and well-characterized 
environment, as well as the rapid dissemination of technical data to the research community, developers, and other interested parties.

The proposed Fallon FORGE site lies within and adjacent to the Naval Air Station Fallon (NASF) directly southeast of the town of 
Fallon, Nevada, within the broad Carson Sink basin in west-central Nevada (Figs. 1 and 2).  The Carson Sink lies directly northeast of 
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the Walker Lane shear zone (Stewart, 1988; Faulds and Henry, 2008), a system of strike-slip faults that accommodates ~20% of the 
dextral motion between the North American and Pacific plates (Hammond and Thatcher, 2004).  As the Walker Lane terminates 
progressively northwestward in this region, dextral shear is transferred to northwest-trending extension in the northwestern part of the
Great Basin (Faulds et al., 2004).  This region has a greater density of known hydrothermal systems than other parts of the Basin and 
Range province and currently hosts about a dozen geothermal power plants (Fig. 1B; Faulds et al., 2012).  Most of the geothermal 
activity in this region is considered to be amagmatic (i.e., no middle to upper crustal magmatic heat sources), as volcanism generally 
ceased 3-10 Ma.

Although there is relatively high heat flow (Blackwell and Richards, 2004) across much of the Great Basin, development of 
conventional hydrothermal systems in this region is still challenging.  Favorable structural settings for sufficient permeability and fluid 
flow (e.g., Faulds et al., 2006, 2011, 2013; Faulds and Hinz, 2015) comprise a small fraction of the region and involve limited volumes 
of hot rock.  In fact, most production well fields in the Great Basin fit within a few square kilometers.  The aerial extent of hot, 
impermeable rock far exceeds the aerial extent of hot permeable rock.  Thus, finding sufficient permeability for geothermal production 
is clearly more of an impediment for exploration and development of convention hydrothermal resources than temperature in this 
region, and there is a large potential for successful EGS in the this region.

Figure 1: (A) Map showing strain rates and geothermal systems in the Great Basin and adjacent regions (from Faulds et al., 
2012). Strain rates reflect the second invariant strain rate tensor (10-9/yr; from Kreemer et al., 2012).  Light brown box 
encompasses the Carson Sink.  Small bright green box surrounds the Fallon FORGE site (see black arrow). (B) Spatial 
density of all known geothermal systems in the Great Basin region (from Faulds et al., 2012).  Density values were 
calculated using a kernel density plot in which the number of geothermal systems within a radius of ~30 km was 
calculated for each 3 km cell in a grid. Warmer colors represent progressively greater geothermal system densities. 
Power plants and their relative capacities are shown by stars.  Light brown box encompasses the Carson Sink.  Small 
bright green box surrounds the Fallon FORGE site (see black arrow).  Labeled geothermal systems: BR, Bradys; DP, 
Desert Peak; DV, Dixie Valley; CS, Coso; GS, The Geysers; SA, Salton Trough; ST, Stillwater; SW, Salt Wells.

Figure 2: Next Page.  Regional geologic map of the Carson Sink area highlighting the distribution of known Mesozoic basement 
lithologies exposed in ranges and intersected by deep geothermal wells.  The base map is simplified from Stewart and 
Carlson (1978).  Red stars correspond to known geothermal areas with Characterized basement from outcrops and/or 
deep wells.  Labels: BJ, Bunejug Mountains; HSM, Hot Springs Mountains; LM Lahontan Mountains; WM, White 
Throne Mountains.  References noted in this figure: 1Barton et al., 2000; 2Benoit et al., 1982; 3Buer and Miller, 2010; 
4Dilek and Moores, 1995; 2000; 5Hinz et al., 2013; 6Ernst et al., 2008; 7Garg et al., 2015; 8Hinz et al., 2014; 9Hinz et al., 
2008; 10Hinz et al., 2010; 11John, 1995; 12John and Silberling, 1994; 13Lutz and Hulen, 2002; 14Lutz et al., 2010; 
15McLachlan, personal communication; 16UNR, 1962; 17Oldow, 1984; 18Sadowski, personal communication; 19Speed, 
1974; 20Speed and Jones, 1969; 21Satterfield, 2002; 22Willden and Speed, 1974; 23Wyld, 2002.
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Previously completed and ongoing research projects in the region provide a platform from which to launch the proposed FORGE 
investigation at Fallon.  For example, detailed studies of the stratigraphic and structural framework of the region, including in-depth 
analyses of most of the known geothermal fields in the area, such as Salt Wells, Desert Peak, Brady’s, Soda Lake, and Lee-Allen (e.g., 
Hinz et al., 2008, 2010, 2011, 2014; Faulds et al., 2006; 2010, 2011, 2012; McLachlan et al., 2011; Blake and Davatzes, 2012), have 
been completed.  In addition, a detailed gravity survey and derivative depth-to-basement maps of the entire Carson Sink were recently 
completed (Faulds et al., 2014).  The DOE-funded Nevada play fairways project involves detailed analysis of the geothermal potential 
of the Carson Sink and surrounding region (Faulds et al., 2015), including interpretation of several hundred miles of existing seismic 
reflection profiles and integration of all available geological and geophysical data for the region into a regional 3D model of the Carson 
Sink. While much data is available for the FORGE site, these regional data are critical for further evaluating the stratigraphic and 
structural framework and determining depths to suitable rock for EGS research and development in the Fallon area.

A primary task for phase 1 of FORGE is to develop a detailed geologic model of the proposed site.  We have recently reviewed ~14,500 
meters of core, cuttings, and thin sections of core and cuttings to refine existing summary studies on the stratigraphic and structural 
framework.  We are currently analyzing about 250 km of reflection seismic lines and are working to generate a digital 3D geologic 
model of Fallon FORGE with EarthVision software.  This paper provides of summary of the stratigraphic and structural framework 
accomplished to date.

2. FORGE SITE DESCRIPTION

The Fallon FORGE site is located ~12 km southeast of the City of Fallon on two parcels that include land owned by the NASF and 
Ormat Nevada, Inc.  Ormat has both privately held land and geothermal leases.  The project area is bounded by the Fallon agricultural 
district on the north and west, Lahontan and Bunejug Mountains to the east, and the Carson Lake wetlands at the base of the White 
Throne Mountains to the south (Figs. 2 and 3).  Most of the surrounding lands in the Ormat lease area and NASF are open to monitoring 
and instrumentation activities.  However, the area of the airstrip on the NASF northwest of the proposed FORGE site and the 
northeastern part of the Ormat lease block are both “no surface occupancy” zones, where activities resulting in ground disturbance are 
limited and/or not allowed.  Nonetheless, this leaves ~4.5 km2 for development of infrastructure on the FORGE site and another ~40 
km2 for monitoring and instrumentation on the surrounding lands.  The proposed area is fully accessible, with an excellent network of 
paved and dirt roads (Fig. 3), which facilitates significant research and development activities.  U.S. Highway 50 lies ~1 to 5 km to the 
east and northeast of the primary FORGE site and cuts through the northeastern part of the Ormat lease area.

Since the 1970s, more than 45 wells have been drilled for geothermal exploration within the NASF and Ormat lease area.  These include 
4 temperature gradient wells and 7 additional wells on the FORGE site and 27 temperature gradient wells and 10 additional wells on the 
NASF and Ormat monitoring areas.  Four exploration wells within the FORGE site (82-36, 61-36, 88-24, and 86-25) are available for 
use in the project.  Several additional wells are available for monitoring outside the central FORGE site within the NASF and Ormat 
lease area.  In addition, there is an existing, ten-station micro-seismic earthquake (MEQ) array that has been collecting data since 2001; 
the MEQ array can be expanded to encompass the entire Fallon project. The abundant well data and detailed geophysical surveys (e.g., 
~1200 gravity stations and associated models, 186 MT stations and associated models, 15 years of MEQ data, and ~250 km of seismic 
reflection profiles) provide subsurface control for the site.

3. STRATIGRAPHIC FRAMEWORK

The Carson Sink in the vicinity of the Fallon site is covered by Quaternary deposits, including alluvial fan, eolian, and lacustrine 
sediments (Morrison, 1964; Bell and House, 2010).  No bedrock units crop out in the proposed site.  Within the primary FORGE 
footprint and designated surrounding FORGE monitor area, four wells (Figs. 2, 4, and 5; wells 61-36, FOH-3D, 82-36, and 84-31) 
penetrate the entire Neogene section and terminate in Mesozoic basement.  Late Miocene to Quaternary basin-fill sediments are 0.5 to 
1.0 km thick and overlie Miocene volcanic and lesser sedimentary rocks.  The volcanic section is 0.7 to 1.1 km thick and dominated by 
middle Miocene mafic lavas.  As evidenced by numerous drill holes, seismic reflection profiles, and gravity data, the total thickness of 
the Neogene section ranges from ~1.3 to 2.8 km in the overall project area.  The Neogene section rests nonconformably on 
heterogeneous Mesozoic basement, which consists of medium- to high-grade Triassic-Jurassic metavolcanic and metasedimentary rocks 
intruded by granitic plutons of probable Jurassic or Cretaceous age.  The Mesozoic units exposed in the wells include plutonic rocks 
(quartz monzonite), metasedimentary rocks (metaquartzite, marble, slate), and metavolcanic rocks (felsic tuffs, felsic volcaniclastic 
sediments, and basaltic andesite lavas).  The metavolcanic and metasedimentary rocks are locally hornfels-grade metamorphosed, 
probably as a result of intrusion by one more plutons. These Mesozoic units are typical of much of western Nevada and formed in the 
back-arc region of the Sierran arc (e.g., Oldow, 1984; Lutz and Hulen, 2002; Fig. 2).

4. STRUCTURAL FRAMEWORK

The FORGE footprint occupies a broad, gently west-tilted block between a synclinal accommodation zone to the west and an anticlinal 
accommodation zone to the east (Hinz et al., 2014).  This intervening block cut by several moderately to steeply dipping north- to north-
northeast-striking normal faults that dip both east and west, and exhibit minor stratigraphic throw, as evidenced by seismic reflection
profiles and gravity data (Fig. 6; Gray et al., 2013).  Extensional anticlines and synclines result from the overlap of oppositely dipping 
systems of normal faults that dip toward one another (Faulds and Varga, 1998).
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Figure 3: Fallon FORGE site with adjacent NASF and Ormat lease area. (A) Fallon FORGE site (in green and outlined in red), 
land ownership, and geothermal wells.  Note that no surface occupancy is permitted in the vicinity of the runways at 
NASF or in the northeastern part of the Ormat lease area.  Other parts of the NASF and Ormat lease block are 
accessible for instrumentation and monitoring, and full research and development is allowed on the Fallon FORGE site.  
(B) Fallon FORGE site (outlined in red) showing geothermal wells, CBA gravity (shaded colors), depth to basement 
(colored contours), and available seismic reflection profiles (white lines).

Quaternary faults have not been observed within the proposed FORGE site, and only a few small, < M2.0 historic earthquakes have
occurred at the site.  The nearest Quaternary scarp lies ~5 km southeast of the southeastern corner of the primary FORGE site and cuts 
late Pleistocene lacustrine sediments (Hinz et al., 2011).  The USGS Quaternary fault and fold database (USGS, 2006) shows a 
Quaternary fault 2.5 km east of the FORGE site, but recent analysis indicates that this scarp is probably a late Pleistocene lake shoreline 
rather than a fault (Bell and Hinz, unpublished data).  The Rainbow Mountains fault ~10-15 km east of the site ruptured in a M6.9 
earthquake in 1954, accommodating oblique normal-dextral motion (Caskey et al., 2004).  The Rainbow Mountains fault terminates 
southward in the vicinity of the Salt Wells geothermal field, 15 km to the southeast of the FORGE site.  Increased permeability 
associated with the horse-tailing southern end of this fault corresponds with the production well field at Salt Wells (Hinz et al., 2014).  It 
is notable that most geothermal systems in the Great Basin region are proximal to recent faults (Bell and Ramelli, 2007; Faulds et al., 
2015).  The absence of Quaternary faulting at the Fallon FORGE site may explain the lack of sufficient permeability in the area.

Borehole data and kinematic analysis of fault surfaces indicate an approximately west- to west-northwest-trending least principal stress 
in the area.  Borehole breakouts and tensile fractures in wells within the FORGE site (Fig. 3) indicate a least principal stress trending 
N83oW in FOH-3D (Blake and Davatzes, 2012), N85°W in 88-24, N64°W in 86-25, and N69°W in 61-36 (Blake et al., 2015).  
Similarly, inversion of fault slip data and the orientation of silica veins from the nearby Bunejug Mountains yield a least principal stress 
trending N80oW (Hinz et al., 2014).  Directly northwest of the Carson Sink in the Hot Springs Mountains (Fig. 2), a similar west-
northwest-trending least principal stress orientation is suggested by both borehole breakout data (Robertson-Tait et al., 2004; Davatzes 
and Hickman, 2009) and inversion of fault-slip data (Faulds et al., 2010a, b).  Determination of the magnitudes and directions of the 
principal stresses is crucial for 1) determining the slip and dilation tendency of faults and fractures in the area, 2) defining the 
parameters (injection pressures, duration of injection, etc.) for EGS stimulation experiments, and 3) predictive modeling of such 
experiments, including induced seismicity.  In this regard, analyses of borehole televiewer and formation microscanner logs in Fallon 
FORGE wells (Blake et al., 2015; Blake and Davatzes, 2012) revealed abundant natural fractures and foliation planes that are well 
oriented for normal faulting in the current stress field, and thus amenable to shear stimulation during future EGS operations.  The 
availability of these data is another reason that Fallon fits the target range for the FORGE initiative.
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Figure 4 - Above: Lithologies of the 8 deepest wells on 
Fallon FORGE and the surrounding monitor area 
(Fig. 3).  All available cuttings, core, petrographic 
thin sections of cuttings and core, and down-hole logs 
for these wells were reviewed in Phase 1 of this 
project.

Figure 5 - Left: Percent abundance of Mesozoic lithologic 
units in for wells shown in Figure 4 relative to the 
total well path length.
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Figure 6: Approximately east-west-trending, interpreted seismic reflection line NAS-94-003 (from Gray et al., 2013), which 
extends through both the NASF and Ormat lease area.  The profile crosses the northeastern-most part of the FORGE 
site, but most of the FORGE site lies directly south of the western half of this profile (see Fig. 3 for location, noted by 
black stars).  Profile view is to the north, with west on the left and east to the right.  The west-tilted half graben is evident 
in the profile as are several steeply east- and west-dipping normal faults.

5. PREVIOUS GEOTHERMAL EXPLORATION

Geothermal exploration in the southeast portion of the Carson Sink has been ongoing since 1973, when Phillips Petroleum initiated a 
drilling program that included 28 shallow gradient holes.  In total, about 60 temperature gradient holes were drilled in the area during 
the 1970s and 1980s between Phillips Petroleum, Anadarko, Hunt Oil, the Navy GPO, and the USGS (Bruce, 1979; Trexler et al., 1981;
Katzenstein and Bjornstad, 1987; Benoit, 1990; Combs et al., 1995; Ross et al., 1996; Desormier, 1997).  This early work identified a 
prominent shallow thermal anomaly ~5 km long, elongate north-northeast, transecting the southeast part of Ormat’s leases, and became 
known as the Carson Lake geothermal prospect (Fig. 3; Benoit, 1990).  The temperature gradient well with the greatest thermal gradient 
is TGH-6 which was drilled to 50 m deep, recorded a bottom-hole temperature of 77o C, and remains open and flowing today.  Silica 
and cation geothermometry from fluids collected in TGH-6 indicate 146° C geothermometry (Faulds et al., 2015).  In 1981, Unocal sited 
vertical slim hole, 72-7, a distance of one km east of TGH-6, drilled it to 881 m total depth, and recorded a maximum down-hole 
temperature of 131° C.  At the time petroleum companies were primarily only interested in resources >100 MWe, so after the 1980s, the 
petroleum companies moved on from the region when it was clear that high enthalpy hydrothermal resources (e.g., the The Geysers or 
Cerro Prieto) were not present.  A couple of additional exploration wells have been drilled by Ormat within the shallow thermal 
anomaly, but the Carson Lake hydrothermal resource has yet to be developed.

During this same time, multiple deep exploration wells were drilled on NASF property 3 to 4 km north and northwest of the primary 
shallow thermal anomaly.  Three of the NASF wells terminated in Mesozoic basement rocks, reached maximum temperatures of 175 to 
205° C at depths of 2000 to 2650 m (Fig. 7).  Geothermal exploration by the Navy GPO was put on hold in 2013 as a result of low 
permeabilities in otherwise hot rocks.  Nearby, exploration was also initiated at the Salt Wells geothermal area during the 1970s, 8 to 15 
km to the southeast, and now houses a 13.4 MWe capacity power plant that has been operated by ENEL since 2009 (Fig. 2).  The 
structural setting of the producing hydrothermal system at Salt Wells area differs significantly from that at Fallon.  Salt Wells occupies a 
prominent fault termination in a synclinal accommodation zone with numerous Quaternary and historic fault scarps.  FORGE occupies a 
gently tilted block between two regional accommodation zones with locally minor magnitude internal faulting and no known 
Quaternary faults.   It appears that the faults in the FORGE site lacks significant discontinuities that would be favorable for generating a 
hydrothermal system, such as step-overs or terminations (e.g., Faulds et al., 2011). The lack of major terminations or steps in gravity 
anomalies supports this premise.

6. 3D GEOLOGICAL MODEL

A primary task for phase 1 of FORGE is to develop a detailed 3D geologic and thermal model of the proposed site.  Developing the 3D 
geologic model involves integrating well data, seismic reflection data, and gravity data in a stepwise process as described by Hinz et al.
(2013).  Geologic cross-sections are constructed by projecting well data onto the 2D seismic reflection profiles.  The 2D geologic cross-
sections are then digitized in 3D space, integrated with intervening well data, and used as a skeletal framework for developing a 3D 
model.  To date, we have reviewed all of the ~14,500 meters of core, cuttings, and thin sections of core and cuttings.   We are currently 
in the process of analyzing about 250 km of reflection seismic lines and are working to generate a digital 3D geologic model of Fallon 
FORGE with EarthVision software (Figs. 8A, 8B).  The thermal model is a 3D grid based off all available down-hole temperature data 
from the Fallon FORGE site and immediately adjacent areas (Fig. 8C).

7. CONCLUSIONS

Review of more than 250 km of seismic reflection profiles and gravity models indicate that the FORGE footprint occupies a broad, 
gently west-tilted block between a synclinal accommodation zone to the west and an anticlinal accommodation zone to the east.  
Accommodation zones are known as a favorable structural setting for hydrothermal systems (Faulds and Hinz, 2015).  The Carson Lake 
geothermal resource may be related to the anticlinal accommodation zone 3-4 km southeast of Fallon FORGE.  The positioning of the 
FORGE footprint well between the two accommodation zones is an ideal structural setting for low permeability.

Review of ~14,500 meters of core, cuttings, thin sections of core and cuttings, and well logs have established that a sizeable area (~5 
km2) has adequate temperatures in crystalline basement for geothermal development but lacks sufficient permeability in the proposed 
FORGE site (Fig. 3).  Three wells show temperatures in the range (~175-215° C) required for the FORGE site (Fig. 7; FOH-3D, 82-36, 
and 61-36).  Flow testing demonstrates limited permeability of ~10-16/m2 in the deep wells, including FOH-3D and 82-36.  These results 
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suggest that a conventional hydrothermal system does not underlie the FORGE site, but hot (~175-215 °C) dry rock abounds at FORGE 
target depths of 1.5 to 4.0 km.  The size of the high-temperature, low permeability volume that would be suitable for FORGE probably 
exceeds ~3 km3 at Fallon.

Figure 7: Equilibrated well temperature profiles for Fallon FORGE (Fig. 3).  Depth is true vertical depth, adjusted for well path 
deviation from vertical.  Depth to basement noted for the three wells that intersect the FORGE Target Zone.  The target 
zone for FORGE is designated as 1.5 to 4 km depth and 175 to 225° C per DOE-GTO FOA guidelines.

There are at least three possible competent target formations for stimulation in the FORGE project area: 1) Triassic to Jurassic felsic 
metavolcanic rocks, 2) Jurassic metaquartzite (probable Boyer Ranch Formation; Speed and Jones, 1969) and 3) Jurassic to Cretaceous 
granitic intrusions.  These units were formed in the Sierran back-arc region during the Mesozoic and are widespread across western 
Nevada (Fig. 2).  Metavolcanic rocks act as reservoir host rocks for the nearby Desert Peak geothermal field (Fig. 2), with 
geomechanical properties, fracture orientations, and stress conditions that contributed to a successful EGS stimulation at that site 
(Davatzes and Hickman, 2009; Lutz et al., 2010; Hickman and Davatzes, 2010; Chabora et al., 2012).  Granitic rocks have been 
successfully stimulated at Soultz in the Rhine graben in France (e.g., Genter et al., 2010).  Silicified slate may also be competent enough 
to sustain significant EGS stimulation.

Quaternary faults have not been found in the FORGE area.  The absence of Quaternary faults is fitting for low permeability as the 
distribution of Quaternary faults correlate favorably with conventional hydrothermal resources (Faulds et al., 2015).  The permeability 
studies for the Fallong FORGE wells indicate that the existing faults and fractures are presently not enabling hydrothermal fluid flow.  It 
is however, also noteworthy that the Carson Sink area has some of the higher regional strain rates in the Great Basin region (Fig. 1A).  
High strain rates and rocks that are critically (or near critically) stressed for frictional failure in the current stress field not only favor
conventional geothermal energy production (Hickman et al., 1998; Barton et al, 1998) but also facilitate EGS research and development.  
The reason for this is that permeability enhancement due to reactivation of shear fractures during hydraulic stimulation is more readily 
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accomplished under such conditions (e.g., Hickman and Davatzes, 2010; Chabora et al., 2012; Dempsey et al., 2013).  The detailed 3D 
geological model and existing stress analyses from wells at the Fallon FORGE area (Blake and Davatzes, 2012; Blake et al., 2015) will 
facilitate the accurate design for achieving permeability enhancement in future EGS studies should Fallon be selected as the final 
FORGE site.

Figure 8: 3D modeling in progress for Fallon FORGE.  (A) 3D view of well paths with lithology data.  (B) 3D view of almost 300 
km of seismic reflection profiles available from the Navy GPO and SEI, and being used for developing the 3D geological 
model.  (C) The 175° C isotherm from the Fallon FORGE thermal model.  Figures from DGI EarthVision software.

C

B

A



Hinz et al.

10

8. ACKNOWLEDGMENTS

This project is funded by a Department of Energy grant awarded EE0007160 to the FORGE team, with Sandia National Laboratory as 
lead on the project.  The team wishes to thank the U.S. Navy for their cooperation and fruitful discussions, especially Captain Peter 
Lynch, Captain Darius Benaji, Captain Kathryn Donovan, Captain Leif Steinbaugh (base commander), and Captain Mark Edelson. 

REFERENCES

Barton, C., Hickman, S., Morin, R., Zoback, M.D., and Benoit, R.,1998, Reservoir-scale fracture permeability in the Dixie Valley, 
Nevada, geothermal field, in Holt, R.M., and others, eds., Rock Mechanics in Petroleum Engineering, vol. 2, Society of Petroleum 
Engineers, Richardson, TX., p. 315-322.  

Barton, M.D., Johnson, D.A., Dilles, J.H., and Einaudi,, M.T., 2000, Contrasting styles of intrusion-associated hydrothermal systems–A 
Preface, in Dilles, J.H., Barton, M.D., Johnson, D.A., Proffett, J.M., Einaudi, M.T., and Crafford, E.J., eds., Part I: Constrasting 
styles of intrusion-associated hydrothermal systems: Part II: Geology and gold deposits of the Getchell region: Society of 
Economic Geologists Guidebook Series, v. 32, p. 1-7.

Bell, J.W. and House, P.K., 2010, Geologic Map of the Grimes Point Quadrangle, Churchill County, Nevada: Nevada Bureau of Mines 
and Geology Map 173, 1:24,000 scale, 1 sheet, 24 p.

Bell, J.W., and Ramelli, A.R., 2007, Active faults and neotectonics at geothermal sites in the western Basin and Range: Preliminary 
results: Geothermal Resources Council Transactions, v. 31, p. 375-378.

Benoit, D., 1990, The Carson Lake Geothermal Prospect: Oxbow Power Corporation Report, 38 p.

Benoit, W.R., J.E. Hiner, and Forest, R.T., 1982, Discovery and geology of the Desert Peak geothermal field: a case history: Nevada 
Bureau of Mines and Geology Bulletin 97, 82 pages.

Blackwell, D.D., and Richards M., 2004. Geothermal map of North America: American Association of Petroleum Geologists, 1 sheet, 
scale 1:6,500,000.

Blake, K., and Davatzes, N.C., 2012, Borehole image log and statistical analysis of FOH-3D, Fallon Naval Air Station, NV: 
Proceedings, 37th Workshop on Geothermal Reservoir Engineering, Stanford University, 14 p.

Blake, K., Tiedeman, A., Sabin, A., Lazaro, M., Meade, D., Huang, W-C., 2015, Naval Air Station Fallon Mainside: Update of 
geothermal exploration: Geothermal Resources Council Transactions, v. 39, p. 407-414.

Bruce, J. L., 1979, Fallon exploration project, Naval Air Station, Fallon, Nevada:  Technical publication No. 6194, Naval Weapons 
Center, China Lake, California.

Buer, N. J. Van, and Miller, E. L., 2010, Sahwave Batholith, NW Nevada: Cretaceous arc flare-up in a basinal terrane: Lithosphere, v. 2, 
no. 6, p. 423-446.

Caskey, S.J., Bell, J.W., Ramelli, A.R., and Wesnousky, S.G., 2004, Historical surface faulting and paleoseismicity in the area of the 
1954 Rainbow Mountain-Stillwater earthquake sequence, central Nevada: Bulletin of the Seismological Society of America, v. 94, 
no. 4, p. 1255-1275.

Chabora, E., Zemach, E., Spielman, P., Drakos, P., Hickman, S., Lutz, S., Boyle, K., Falconer, A., Robertson-Tait, A., Davatzes, N., 
Rose, P., Majer E., and Jarpe, S., 2012, Hydraulic Stimulation of Well 27-15, Desert Peak Geothermal Field, Nevada, USA, 
Proceedings, 37th Workshop on Geothermal Reservoir Engineering, Stanford University, SGP-TR-194, 12 p.

Combs, J., Monastero, F.C., Bonin, K.R., Sr., and Meade, D.M., 1995, Geothermal exploration, drilling, and reservoir assessment for a 
30 MW project at the Naval Air Station, Fallon, Nevada, USA: Proceedings, World Geothermal Congress, p. 1371-1375.

Davatzes, N., and Hickman, S., 2009, Fractures, stress and fluid flow prior to stimulation of well 27-15, Desert Peak, Nevada, EGS 
project, Proceedings, 34th Workshop on Geothermal Reservoir Engineering, Stanford University, SGP-TR-187, 11 p.

Dempsey, D., Kelkar, S., Lewis, K., Hickman, S., Davatzes, N., Moos and Zemach, E., 2013, Modeling Shear Stimulation of the Desert 
Peak EGS Well 27-15 Using a Coupled Thermal-Hydrological-Mechanical Simulator, 47th US Rock Mechanics/Geomechanics 
Symposium, San Francisco, CA, June 23-26, 2013, 12 p.

Desormier, W.L., 1997, A case study of the geothermal project at Carson Lake, Nevada: Proceedings, 21st Workshop on Geothermal 
Reservoir Engineering, Stanford University, SGP-TR-155, 8 p.

Dilek, Y., and Moores, E.M., 1995, Geology of the Humboldt igneous complex, Nevada, and tectonic implications for the Jurassic 
magmatism in the Cordilleran orogeny, in Miller and Busby, eds., Jurassic magmatism and tectonics of the North American 
Cordillera: Geological Society of America Special Paper 299, p. 229-248.

Ernst, W.G., Snow, C.A., and Scherer, H.H., 2008, Contrasting early and late Mesozoic petrotectonic evolution of northern California: 
Geological Society of America Bulletin, v. 120, no. 1-2, p. 179-194.

Faulds, J.E., and Henry, C.D., 2008, Tectonic influences on the spatial and temporal evolution of the Walker Lane: An incipient 
transform fault along the evolving Pacific – North American plate boundary, in Spencer, J.E., and Titley, S.R., eds., Ores and 
orogenesis: Circum-Pacific tectonics, geologic evolution, and ore deposits: Arizona Geological Society Digest 22, p. 437-470.



Hinz et al.

11

Faulds, J.E., and Varga, R., 1998, The role of accommodation zones and transfer zones in the regional segmentation of extended 
terranes: Geological Society of America Special Paper 323, p. 1-46.    

Faulds, J.E., Coolbaugh, M., Blewitt, G., and Henry, C.D., 2004, Why is Nevada in hot water? Structural controls and tectonic model of 
geothermal systems in the northwestern Great Basin: Geothermal Resources Council Transactions, v. 28, p. 649-654. 

Faulds, J.E., Coolbaugh, M.F., Benoit, D., Oppliger, G., Perkins, M., Moeck, I., and Drakos, P., 2010, Structural controls of geothermal 
activity in the northern Hot Springs Mountains, western Nevada: The tale of three geothermal systems (Brady’s, Desert Perk, and 
Desert Queen): Geothermal Resources Council Transactions, v. 34, p. 675-683. 

Faulds, J.E., Coolbaugh, M.F., Vice, G.S., and Edwards, M.L., 2006, Characterizing structural controls of geothermal fields in the 
north-western Great Basin: A progress report: Geothermal Resources Council Transactions, v. 30, p. 69-75.

Faulds, J.E., Hinz, N.H., and Kreemer, C.W., 2012, Regional patterns of geothermal activity in the Great Basin Region, western USA:  
Correlation with strain rates: Geothermal Resources Council Transactions, v. 36, p. 897-902.

Faulds, J.E., Hinz, N.H., and others, 2014, Characterizing Structural Controls of EGS-Candidate and Conventional Geothermal 
Reservoirs in the Great Basin: Developing Successful Exploration Strategies in Extended Terranes: Final report submitted to the 
Department of Energy.

Faulds, J.E., Hinz, N.H., Coolbaugh, M.F., Cashman, P.H., Kratt, C., Dering, G., Edwards, J., Mayhew, B., and McLachlan, H., 2011, 
Assessment of favorable structural settings of geothermal systems in the Great Basin, Western USA: Geothermal Resources 
Council Transactions, v. 35, p. 777-784.

Faulds, J.E., Hinz, N.H., Coolbaugh, M.F., Shevenell, L.A., Siler, D.L., dePolo, C.M., Hammond, W.H., Kreemer, C.W., Oppliger, G., 
Wannamaker, P.E., Queen, J., and Visser, C., 2015, Integrated geologic and geophysical approach for establishing geothermal play 
fairways and discovering blind geothermal systems in the great basin region, western USA: a progress report: Geothermal 
Resources Council Transactions, v. 39, p. 691-700.

Faulds, J.E., Hinz, N.H., Dering, G.M., and Siler, D.L., 2013, The hybrid model – the most accommodating structural setting for 
geothermal power generation in the Great Basin, western USA: Geothermal Resources Council Transactions, v. 37, p. 3-10.

Faulds, N.H., and Hinz, N.H., 2015, Favorable tectonic and structural settings of geothermal settings in the Great Basin Region, western 
USA: Proxies for discovering blind geothermal systems: Proceedings, World Geothermal Congress 2015, Melbourne, Australia, 6 
p.

Garg, S.K., Goranson, C., Johnson, S., and Casteel, J., 2015, Reservoir testing and modeling of the Patua geothermal field, Nevada, 
USA: Proceedings World Geothermal Congress 2015, Melbourne, Australia, 16 p.

Genter, A., Goerke, X., Graff, J-J., Cuenot, N., Krall, G., Schindler, M., and Ravier, G., 2010, Current Status of the EGS Soultz 
Geothermal Project (France): Proceedings World Geothermal Congress, Bali, Indonesia, 25-29 April 2010, 6 p.

Gray, B., Unruh, J., Bjornstad, S., Blake, K., Alm, S., and Shoffner, J., 2013, Targeting geothermal resources in the Lahontan Valley, 
Nevada; Analysis of Neogene faulting through 2D seismic, topographic, and satellite imagery analysis: Geothermal Resources 
Council Transactions, v. 37, p. 1013-1018.

Hammond, W.C., and Thatcher, W., 2004, Contemporary tectonic deformation of the Basin and Range province, western United States: 
10 years of observation with the Global Positioning System: Journal of Geophysical Research, v. 109, B08403.

Hickman, S., Zoback, M.D., and Benoit, R., 1998, Tectonic controls on fault-zone permeability in a geothermal reservoir at Dixie 
Valley, Nevada, in Holt, R.M., and others, eds., Rock Mechanics in Petroleum Engineering, vol. 1, Society of Petroleum 
Engineers, Richardson, TX., p. 79-86.

Hickman, S.H., and Davatzes, N.C., 2010, In-situ stress and fracture characterization for planning of an EGS stimulation in the Desert 
Peak geothermal field, Nevada: Proceedings, 35th Workshop on Geothermal Reservoir Engineering, Stanford University, February 
1-3, 2010, SGP-TR-188. 

Hinz, N.H., Faulds, J.E. and Oppliger, G.L., 2008, Structural controls of Lee-Allen Hot Springs, southern Churchill County, western 
Nevada: A small pull-apart in the dextral shear zone of the Walker Lane: Geothermal Resources Council Transactions, v. 32, p. 
285-290.

Hinz, N.H., Faulds, J.E., and Bell, J.W., 2011, Preliminary geologic map of the Bunejug Mountains Quadrangle, Churchill County, 
Nevada: Nevada Bureau of Mines and Geology Open-File Report 11-9, 1 sheet, 1:24,000 scale.

Hinz, N.H., Faulds, J.E., and Oppliger, G.L., 2010, Preliminary geologic map of the Lee-Allen geothermal area, Churchill County, 
Nevada: Nevada Bureau of Mines and Geology Open-File Report 10-6, 1 sheet, 1:24,000 scale with 1:8,000 scale inset.

Hinz, N.H., Faulds, J.E., and Siler, D.L., 2013, Developing systematic workflow from field work to quantitative 3D modeling for 
successful exploration of structurally controlled geothermal systems: Geothermal Resources Council Transactions, v. 37, p. 275-
280.

Hinz, N.H., Faulds, J.E., Coolbaugh, M.F., 2014, Association of fault terminations with fluid flow in the Salt Wells geothermal field, 
Nevada, USA: GRC Transactions, v. 38, p. 3-9.



Hinz et al.

12

John, D.A., 1995, Geologic map of the Pirouette Mountain quadrangle, Churchill County, Nevada: Nevada Bureau of Mines and 
Geology Field Studies Map 9, 1:24,000 scale, 1 sheet.

John, D.A., and Silberling, N.J., 1994, Geologic map of the La Plata Canyon quadrangle, Churchill County, Nevada: USGS Map GQ-
1710, 1:24,000 scale, 1 sheet, 18 p.

Katzenstein, A.M., and Bjornstad, S.C., 1987, Geothermal reservoir evaluation at Naval Air Station, Fallon, Nevada: Naval Weapons 
Center Technical Report NWC TP 6808, China Lake, 53 p.

Kreemer, C., Hammond, W.C., Blewitt, G., Holland, A.A., and Bennett, R.A., 2012, A geodetic strain rate model for the Pacific-North 
American plate boundary, western USA: NBMG Map 178, scale 1:1.500,000, 1 sheet.

Lutz, S., Hickman, S., Davatzes, N., Zemach, E., Drakos P., and Robertson-Tait, A., 2010, Rock mechanical testing and petrologic 
analysis in support of well stimulation activities at the Desert Peak Geothermal Field, Nevada, Proceedings, 35th Stanford 
Geothermal Workshop, SGP-TR-188,11 p.

Lutz, S.J., and Hulen, J.B., 2002, Geologic setting and alteration mineralogy of the Nickel Mine and Bolivia region, Jurassic Humboldt 
mafic complex and Boyer Ranch Formation, northern Stillwater Range, Nevada: Geologic Society of Nevada Special Publication 
35, Spring 2002 Field Trip Guidebook, p. 117-127.

McLachlan, H., Benoit, W.R., and Faulds, J.E., 2011, Structural framework of the Soda Lake geothermal area, Churchill County, 
Nevada: Geothermal Resources Council Transactions, v. 35, p. 925-930. 

Morrison, R.B., 1964, Lake Lahontan: Geology of Southern Carson Desert, Nevada: U. S. Geological Survey Professional Paper 401, 
156 p.

Oldow, J.S., 1984, Evolution of a late Mesozoic back-arc fold and thrust belt, northwestern Great Basin, U.S.A: Tectonophysics, v. 102, 
no. 1-4, p. 245-274.

Robertson-Tait, A., Lutz, S.J., Sheridan, J., and Morris, C.L., 2004, Selection of an interval for massive hydraulic stimulation in well DP 
23-1, Desert Peak East EGS project, Nevada, Proceedings, 29th Workshop on Geothermal Reservoir Engineering, Stanford 
University, SGP-TR-175.

Ross, H., Benoit, D., Desormier, B., 1996, Geophysical characterization of the Carson Lake, Nevada geothermal resource: Geothermal 
Resources Council Transactions, v. 20, no. 9-10, 393-400 p.

Satterfield, J.I., 2002, Geology map of the southern Sand Springs Range: Nevada Bureau of Mines and Geology Map 133, 16 pages, 1 
sheet, scale 1:24,000.

Speed, R.C., 1969, Evaporite-carbonate rocks of the Jurassic Lovelock Formation, West Humboldt Range, Nevada: Geologic Society of 
America Bulletin, v. 85, no. 1, p. 105-118.

Speed, R.C., and Jones, R.A., 1969, Synorogenic quartz sandstone in the Jurassic mobile belt of western Nevada: Boyer Ranch 
Formation: Geological Society of America Bulletin, v. 80, p. 2551-2584.

Stewart, J.H., 1988, Tectonics of the Walker Lane belt, western Great Basin: Mesozoic and Cenozoic deformation in a zone of shear, in
Ernst, W. G., ed., The Geotectonic development of California: Prentice Hall, Englewood Cliffs, New Jersey, p. 683-713.

Stewart, J.H., and Carlson, J.E., 1978, Geologic Map of Nevada: United States Geological Survey MF-930, 1:500,000 scale, 1 sheet.

Trexler D.T., Koeing, B.A., Flynn, T., Bruce, J.L., and Ghusn, Jr., G., 1981, Low-to-moderate temperature geothermal resource 
assessment for Nevada: Area specific studies: U.S. Department of Energy Report, 224p.

UNR: Nevada Bureau of Mines, Nevada Mining Analytical Laboratory, Desert Research Institute, 1962, Geological, geophysical, and 
hydrological investigations of the Sand Springs Range, Fairview Valley, and Fourmile Flat, Churchill County, Nevada: Report for 
Shoal Event, Project Shade, Vela Uniform Program, Atomic Energy Commission, 2 sheets, 136 p.

USGS, 2006, United States Geological Survey Quaternary Fault and Fold Database of the United States: 
http://earthquake.usgs.gov/hazards/qfaults/, retrieved 2013. 

Willden, R., and Speed, R.C., 1974, Geologic Map of Churchill County, Nevada: Nevada Bureau of Mines and Geology Bulletin 83, 5 
sheets, 103 p.

Wyld, S.J, 2002, Structural evolution of a Mesozoic backarc fold-and-thrust belt in the U.S. Cordillera: new evidence from northern 
Nevada: Geological Society of America Bulletin, v. 114, no. 11, p. 1452-1468.


