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Introduction and Purpose

Energy cost and availability fluctuations continue to impact the ability of military facilities to carry out their missions.  The development of alternate energy resources on military lands can be a valuable component to reducing energy dependence and controlling energy costs for some facilities.  One such facility is the Hawthorne Army Depot (HWAD).

HWAD is located adjacent to the town of Hawthorne in western-central Nevada approximately 100 miles southeast of Reno, Nevada (Figure 1).  The facility is comprised of nearly 150,000 acres and contains 178 buildings and 2,427 igloos.    In 1999, a firm-fixed-price contract was awarded to Day and Zimmermann Hawthorne Corp., Philadelphia, Pa., to perform supply depot operations, and to demilitarize and renovate conventional ammunition.  A small contingent of Department of Army employees monitors and oversees the Contractor’s activities at HWAD.  The U.S. Army Armament, Munitions and Chemical Command, Rock Island, Ill., is the contracting activity.
Geologically, HWAD is located in western Nevada within the Walker Lane Tectonic Belt – the boundary between the stable North American continent and the Sierra Nevada microplate.  A large number of geothermal energy prospects - and successful developments – occur in this belt.  Indications of the presence of a geothermal resource beneath HWAD have been noted for many years, primarily in the form of warm to hot water wells but the true quality of this resource is unknown.

At the request of the Army, the Navy’s Geothermal Program Office (GPO) has been tasked to conduct a geothermal resource evaluation at HWAD and to recommend a plan of exploration for a geothermal resource with electric power generating capabilities should one be identified. 

Early Assessments of Geothermal Potential

The existence of naturally occurring hot water at or near HWAD has been known for at least the last 35 years.  During this time, several investigators have studied the geothermal resources in this area.  In an early study based in part on geochemical data, Bohm and Jacobson (1977) postulated, “Down to an unknown depth of possible several thousand feet, a huge reservoir of groundwater occurs, the origin of which remains unspecified so far.  Due to deep reaching circulation it has a considerably higher temperature, possibly above 212oF.  A layer of cooler groundwater, reaching a depth of several hundred feet, overlies the reservoir.  It originates from the alluvial fans of the Wassuk Range and from Whiskey Flat and flows north and northeast into the Walker Lake, the prime groundwater sink of the area.”

In a later investigation, Robinson and Pugsley (1981) state, “It is believed that hot water flows into the alluvial deposits from faults along the east slope of the Wassuk Range.  This hotter water is then mixed with the cooler water as it flows through that valley fill deposits.  The highest probability of encountering hot water is believed to be by drilling in the alluvium close to the eastern foot of the Wassuk Range.  Hot water may be encountered anywhere in the valley if the well is deep enough, in some cases over 2,000 feet.”

Lastly, Trexler, et al, 1981, reported geothermal temperatures ranging from 93oF to 210oF in drill holes adjacent to Hawthorne.  Following completion of several geochemical and geophysical surveys they drilled two geothermal test wells, HHT-1 and HHT-2, to 800 feet and 395 feet, respectively.  The location of these test wells was primarily based on 2-meter (7-foot) deep thermal anomalies and their proximity to other thermal wells.  Both wells intersected recent sedimentary fill, including a moderate amount of clay.  Temperature profiles from these wells indicate relatively thick (~200’) zones of hot fluids surrounded above and below by cool fluids. Based on stable isotope geochemistry, all fluids samples in Hawthorne area wells appear to be moderately heated (<300oF) meteoric recharge from the Wassuk Range.  Trexler speculated that fluids sampled from the hot (210oF) El Capitan well, located nearly one mile west-southwest of the town of Hawthorne, may represent a geothermal parent fluid.  Trexler also speculated that subsurface mafic igneous bodies in the Aurora Crater area, more than 20 miles south of the El Capitan well, might provide the heat source for the Hawthorne thermal fluids.

Geologic Setting

Regional Tectonics and Structure – the Walker Lane

Hawthorne sits within a major tectonic structure known as the Walker Lane Belt (Figure 2).  This is a broad, ~60-mile wide, north to northwest-trending structure bounding “stable’ North America and the Sierra Nevada mountain range.  Within this belt distributed northwest striking late Cenozoic right-lateral (dextral) strike-slip faulting can be traced northward from the San Andreas fault in Southern California through the central Mojave Desert and up along the eastern side of the Sierra Nevada.  It is uncertain whether the Walker Lane extends into southern Oregon or turns westward and dips under the Gorda Plate off of the Oregon coast.

Recent geodetic studies estimate this zone accommodates up to 20-25% of the current Pacific-North American plate motion.  Differential motion across the Walker Lane is upward of 12 mm/year of dextral shear, with a smaller component of uplift of the western side resulting in uplift of the Sierran block.  Other studies are trying to determine the initiation of right slip and the total Cenozoic displacement. Current estimates for total right slip in the central Walker Lane in west-central Nevada is estimated at 60-78 km (Hardyman et al., 2000), starting sometime after the early Miocene.  Distribution of that motion varies over both time and space up and down the belt.  This gives rise to segmentation along the belt resulting in zones of localized uplift (pop-up structures) and subsidence (pull-apart basins and grabens).  Such structures are sites of significant secondary deformation and can localize convection of geothermal fluid from deep sources to more shallow, developable, depths.

The Coso geothermal field occurs in the Eastern California Shear Zone portion of the Walker Lane belt and appears to occur in one such pull-apart structure.  Several other geothermal developments and prospects also occur in the belt, including: Mammoth, Bridgeport, Steamboat Springs, Honey Lake - and Hawthorne.

HWAD resides in the central walker Lane.  Odlow, et al (2001) recently described active displacement and differential block motion in this portion of the Walker Lane using precise GPS measurements (Figure 3).  GPS velocities from 50 stations in this region indicate differential motion among tectonic blocks that form the boundary between the Sierra Nevada and the Great Basin.  Block velocity varies across the belt – increasing from east to west.  The least motion appears to be in the Gabbs Valley block, which is moving northwest-ward at less than about 3 mm/yr, while on the west the Mono Lake-Wassuk-Yerington block is moving north-northwest-ward at about 8-10 mm/yr.  This differential motion – if representative of long-term motion – would account for the development of Walker Lake and Mount Grant as the western block slips past and pulls away in a west-northwesterly fashion from it’s eastern neighbors with relative uplift to the west and down-dropping to the east.


Seismicity

A search was completed of the earthquake database at the University of Nevada, Reno (UNR) Seismological Laboratory for a period of 1970 to February, 2002 which covered most of Mineral County.  Figure 4 is a plot of earthquake magnitudes and locations.  Focal solutions, used to define the sense of motion along a geologic structure where an earthquake occurs are currently cataloged by UNR.  Figure 4 indicates that recent seismic activity occurs in clusters to the east and south of the Walker Lake Valley while the valley itself – and especially the west side of the valley up against the Wassuk range front – is essentially aseismic.  We are not certain what this means or if it has implications for the geothermal potential of the area.  

Local Stratigraphy

Geothermal Development Associates (1981) speculated that “the valley proper is alluvium-covered “valley fill” of unconsolidated to poorly consolidated clay, silt, sand, and gravel of Quaternary and Tertiary ages.  Beneath this clastic section are Tertiary volcanics.  The depth of the valley fill is unknown…”

All of the holes drilled in Walker Lake Valley to date (maximum depth of 1,000 feet) appear only to intersect poorly consolidated clay, silt, sand and gravel.  It is most likely that these sediments are all Quaternary to Recent (Qpl & Qal), rather than Tertiary in age.  We found no reference indicating that anyone has drilled into older sediments or volcanics, however based on the surrounding geology there are likely to be both Tertiary and Quaternary units, including sections of Esmeralda and later volcanics, underlying the valley.

The basement rocks in the Hawthorne area are Cretaceous-age or younger (<100 Ma) granitics similar to the Sierra Nevada intrusive (Figure 5).  These rocks are very prominent in the Wassuk Range.  The oldest rocks in the Hawthorne area appear to be the Triassic-age Excelsior Formation (~230 Ma).  The Excelsior, which occurs only as roof pendants on top of the granitics, is a metamorphic unit consisting predominantly of volcanic flows and tuffs (rhyolites and andesites), a lesser amount of fine-grained tuffaceous sedimentary rocks, and minor but locally abundant limestone – as seen in the Lucky Boy Pass area.  Smaller masses of dioritic rocks are commonly associated with the Excelsior.  These appear to be a fairly thin layer of contact metamorphic rocks formed when the granitics intruded into the Excelsior. 

The remaining rocks exposed in the Hawthorne area are all much younger – late Tertiary, less than about 20 Ma.  The Miocene-age (~20 Ma) Esmeralda Formation (Te) in Mineral County consists chiefly of shale, sandstone, conglomerate and rhyolite tuffs.  It outcrops as part of a group of low-lying hills at the south end of Walker Lake Valley, just east of highway 359.  The nearest well-mapped exposure is an 8,000-foot section of Esmeralda on the west side of the Wassuk Range (Ross, Donald C., 1961).  It consists of a wide variety of lacustrine and terrestrial deposits in addition to rhyolitic pyroclastics and andesitic flows.  In the mapped area the lower unit is a fluvio-lacustrine deposit of siliceous shale, punky diatomaceous shale, siltstone, sandstone, rhyolite tuff, pumice, volcanic pebble conglomerate, and thin lignitic coal seams.  The middle unit is also of fluvio-lacustrine origin, consisting of fine-grained lake sediments, sandstone, conglomerate and sedimentary breccia.  This unit is interbedded with andesitic flows.  The upper-most unit is dominantly a fanglomerate composed of granitic material with lenses of volcanic and metamorphic fragments.

The post-Esmeralda Tertiary volcanics include both felsic (rhyolites and quartz latite welded tuffs) and intermediate (rhyodacite to andesite flows, tuffs and breccias) rocks.  It is not known if these units underlie the valley or how thick they may be. Each occur in the hills and mountains surrounding Hawthorne and have the potential to occur under Hawthorne beneath the alluvial fill.

The felsic unit (Tvf) is dominantly a massive crystal tuff (welded tuff, or ignimbrite) with locally important thinly laminated flow-layered rocks.  While thick sections (2,000 feet) of this unit are found in the Gillis Range and Candelaria Hills, only a single small outcrop occurs adjacent to the valley on the west side of the Garfield Hills.  

In the Gabbs Valley Range the intermediate volcanic unit (Tvi) appears to be at least 1,000 feet thick and unconformably overlays the felsic unit.  Breccia and agglomerate dominate over flow rocks.  This unit outcrops in several places surrounding the valley - in the southern Wassuk Range, the Excelsior Mountains and the Garfield Hills – as well as outcropping in the low-lying hills at the south end of the valley. 

These Tertiary rocks are overlain by mafic volcanics thought to be Pliocene to Pleistocene (QTm).  These rocks are chiefly trachybasalts and latites, although they are often simply mapped as basalts in the field.  They occur as capping rocks in the Garfield Hills, covering an area over 75 sq. miles.  They appear to approach a thickness of 1,000 feet in the southern part of Mineral County, about 25 miles south of Walker Lake Valley, but their thickness adjacent to the valley is not known.  

Within the valley proper, the depth of the valley fill throughout the southern Walker Lake Valley is unknown.  All of the holes drilled in the area to date (water wells, environmental monitoring wells and geothermal test holes) intersect up to 1,000 feet of poorly consolidated clay, silt, sand and gravel.  It is most likely that these sediments are all Quaternary to Recent (Qpl & Qal), probably including Lake Lahontan sediments.  Any or all of the Tertiary to Pleistocene sedimentary and volcanic rocks described above may be present beneath the alluvial valley fill in Walker Lake Valley.  All have the potential to act as host rocks for a deep geothermal resource.  

It should be noted at there are no young volcanics, which could act as a shallow geothermal heat source, appear to be present in the Hawthorne area.  However, any or all of the Tertiary to Pleistocene sedimentary and volcanic rocks described above may be present beneath the alluvial valley fill in Walker Lake Valley.  All have the potential to act as host rocks for a deep geothermal resource.  

Local Structure

The most prominent structure in the Hawthorne area is the Wassuk Range frontal fault.  As noted above, the range front appears to be the result of the differential motion of two crustal blocks.  West of the Walker Lake fault (including Mount Grant and the Wassuk Range), velocities are directed north-northwest at 8-10 mm/yr relative to stable North America.  Hawthorne and Walker Lake are to the east of this fault and appear to move northwestward at about 6-9 mm/yr.  The velocities on the Hawthorne side are consistently lower that those on the Mount Grant side and are oriented more westerly.  This geometry and relative motion between these two areas appears to result in right-lateral motion and slight convergence along their boundary, the Wassuk range front. 

One particularly interesting portion of this boundary is that roughly bounded on the south by the Lucky Boy Pass area and on the north by Cat Canyon (Figure 6).  Here the Wassuk Range Front takes an abrupt jog northeastward.  Instead of convergence the boundary appears to be slightly divergent, potentially resulting in a small pull-apart zone.  In this area the range front/valley boundary becomes much less distinct on the surface.  The area is characterized by low hummocky hills and a gradual increase in elevation in contrast to the abrupt, fairly singular, fault boundary elsewhere.  Geothermal Development Associates (1981) report that segments of Recent northerly-trending faults have displaced the Quaternary alluvium in this area (Figure 6).  In addition, they note that a northeasterly-trending fault set extends from the bedrock into the valley where the faults displace Recent sediments.  (Based on aerial photo analysis.)  These faults appear to define a vague rhomboidal structure. The pull-apart geometry implied here will create opportunities for open fractures that could serve as conduits for upwelling deep hot water.

Geothermal Indicators


Temperature

Groundwater temperature data were compiled from several sources: Army environmental studies, previous geothermal investigations, the town of Hawthorne and local residents (Figure 7).  Temperatures range from about 52oF for a Corey Canyon well near Cottonwood spring to nearly 210oF at the El Capitan well (Appendix Table 1).  Contouring these temperatures indicates two concentrations of heat: a broad low temperature anomaly on the east side of the valley and an elongate, moderate temperature multi-point anomaly on the west (Figure 8).  This contour map of maximum groundwater temperature is used here because, while it is essentially identical to a contour map of the temperature of the groundwater table, it accents the anomalous character of the hot wells. 

The eastern temperature anomaly is indicated by water well HWAD-3 and temperature gradient hole HHT-2 and has a maximum apparent temperature of 139oF.  This temperature is well above that of regional groundwater, which averages about 75oF.  In addition, the water at HWAD-3 has the geochemical signature of a low- to moderate-temperature geothermal fluid so this anomaly may indicate an upwelling of moderately heated deeper geothermal water.  Additional research into this area may be warranted at some point, however the quality of the indicated resource is limited and therefore the area is a low priority in our current resource investigations.

Our investigations have focused on the western anomaly, which is about six and one half miles long and includes the hottest holes in the valley plus several others of moderate temperature.  The anomaly trends north-northwesterly, approximately paralleling the Wassuk Range Front.   The hottest wells in this area are the El Capitan and Maples wells.  The El Cap well was drilled by the former owner of the El Capitan Hotel and Casino in the 1970’s and was originally sited as a water supply well for a proposed golf course.  The Maples #1, located four-tenths of a mile to the south, is a private well drilled in 1989 to take advantage of the geothermal resource indicated by the El Cap well.  Both were drilled to approximately 1000 feet and produce 200oF to 210oF water.  The bottom-hole temperature of the El Cap is reported to be about 210oF. Five other warm to hot holes are known in the area – two water supply wells, an environmental monitoring hole and two geothermal test holes.  All are located on Army land and range in temperature from 109oF to 188oF.  

This two-dimensional temperature anomaly implies that an extensive, relatively shallow, hot water resource is distributed under Army lands.  At the same time, the proximity of the hot holes to mapped surface faults implies a possible connection between the hot fluids and the faults and that the shallow resource may be very limited.  Temperature gradient logs are required in order to develop a three-dimensional picture of the probable resource. No temperature gradient logs are available for either hot well, however.

For this evaluation, the GPO ran new temperature gradient logs for three holes (Figure 9 and Appendix Table 2).  The Nevada Bureau of mines and Geology drilled the two geothermal test holes (HHT-1 and HHT-2) in 1980, while the Army drilled the Quarters B well as a test for a geothermal space-heating project in the 1990’s(?).  The Quarters B and HHT-1 holes were drilled in the western temperature anomaly to 600’ and 800’, respectively.  Both curves start near the ground surface with a strongly increasing temperature gradient.  That gradient ends abruptly, becoming essentially isothermal for some distance.  The isothermal zone in each well is followed by a sharp temperature reversal.  These profiles imply that the hot water is confined – probably within the sedimentary layering of Walker Lake Valley – and is surrounded above and below by lower temperature waters.

Figure 10 is a stylized south to north cross-section through the area of wells HHT-1 and Quarters B.  We visualize a source of hot water south of HHT-1, couple with a demonstrated general groundwater flow which is directed northward down-gradient toward Walker Lake, results in a plume of hot water traveling – essentially - along the water table through a varying sequence of gravels, sands, silts, and clays.  As the plume moves away from the heat source and through the confining sediments it cools (and probably mixes with other groundwater), resulting in the profiles seen.

In plan view (Figure 8), the groundwater temperatures clearly decline northward from the El Cap and Maples wells through the geothermal test holes and continue declining to the Army water wells, HWAD-1 and –5, further north.  Combining this with the cross-sectional view shows it is most likely that the thermal pattern we see in the water wells and test holes here on the west side of the valley represent the dilution and cooling of an outflow plume from a source in the area of the El Capitan and Maples wells.  It is unlikely that higher temperature water is present in these sediments at shallow to moderate depths.   This picture further enhances probable connection between the hot fluids and the mapped surface faults.

Fluid Geochemistry

Fluid chemistry is a critical factor in characterizing groundwater, including defining water type, probable sources, age, etc.  In the same way, the chemistry of geothermal waters reflect the geothermal system from which they are produced, as well as something of their recent geothermal history. 

For this study, new water samples were recovered and analyzed from HWAD and other Walker Lake Valley wells.  This was done, in part because the last geothermal water samples were taken in the 1970’s.  In addition, silica analyses from the last geothermal resource study (Trexler, et al, 1981) were suspect so the resulting geothermometers were questionable.  Nine new water samples taken at in September and October 2001 (Table 1).  Samples were sent to Western Analysis, Salt Lake City, UT for a suite of “geothermal indicator” constituents and to CAIS, Univ. of Georgia, Athens, GA for stable isotope (18Oxygen and Deuterium) determinations.   All analyses are listed in Appendix Tables 3 and 4. 

Table 1: New water samples
	Sample #
	GEO-1
	GEO-2
	GEO-3

	Site
	Well HAWD-1
	Well HAWD-3
	Well HAWD-4 (new)

	Date
	9/18/2001
	9/18/2001
	9/18/2001

	Temp. (oF)
	117
	99
	68

	Comments
	850 gpm potable prod.
	650 gpm, w/ high As & F 
	300 gpm, w/ high As

	 
	formerly NAD-1
	formerly NAD-3
	replacement well - drilled 1999?

	 
	 
	 
	 

	Sample #
	GEO-4
	GEO-5
	GEO-6

	Site
	Well HAWD-5
	Well MC-5
	Well WO-6

	Date
	9/18/2001
	9/18/2001
	9/18/2001

	Temp. (oF)
	109
	95
	75

	Comments
	150 gpm potable prod
	Mineral Co./Town well
	Mineral Co./Town well

	 
	formerly NAD-5
	 
	formerly Navy well NAD-6

	 
	
	
	 

	Sample #
	GEO-7
	GEO-8
	GEO-9

	Site
	Ken Maples Well #1
	Tom Berry Well #1
	Corey Peak Canyon spring flow

	Date
	10/16/2001
	10/16/2001
	10/16/2001

	Temp. (oF)
	198
	58
	45

	Comments
	1/4 mi s. of El Cap
	prob outflow Powell Cr.
	surface sample near Corey Peak

	 
	prod @ ~ 5 gpm
	371' TD, 90' WL
	possible organic contamination


In addition to the water well samples, shallow groundwater data at HWAD were acquired from Army remedial investigation and environmental monitoring reports.  Water temperature and depth to groundwater data were very useful.  We also attempted to characterize the geothermal outflow plume using geothermal indicator elements.  However, the sample data were sparse and the most defining constituents were sparse or absent in the analyses – few sulfates, no silica, mercury or arsenic.   The only constituents analyzed from a significant number of sites were sodium, potassium, calcium and iron (Appendix Table 5).  Concentrations of each were plotted and contoured, however no trends were identified which might be related to geothermal outflow.

The major chemical constituents of groundwater (the major cations and anions) are sodium, magnesium, calcium, chloride, bicarbonate, and sulfate.  Along with silica, these usually comprise at least 90% of the total dissolved solids in the water.  A convenient general classification of waters is derived from plotting the relative abundance of the cations and anions on Ternary diagrams (Figure 11).  Plotting the analyses this way very quickly displays chemical similarities and/or differences amongst the sample sites.

Three samples (Cottonwood Spring, Cottonwood Creek, and Corey Canyon Well) are mountain runoff and mountain spring waters.  These are calcium bicarbonate waters and represent nearby mountain waters that probably serve as the source for all of the valley waters.  In contrast, nearly all of the valley groundwater samples are dominantly sodium sulfate with lesser percentages of sodium chloride.  This is true of the hot well waters as well.  Many valley waters throughout Nevada are characteristically sodium sulfate/sodium chloride, as are some deep circulating geothermal waters.  The water begins as rain and snow-melt in the mountains – calcium-bicarbonate in character.  As the water percolates through bedrock and flows through valley sediments they react chemically with the rock and sediments.  In this case both calcium and bicarbonate are lost and sodium, sulfate and chloride are picked up.  The only exception to this process appears to be the Berry #1, which is a calcium-sulfate water.  The Berry well is located very near the Wassuk Mountains.  It is likely that this water has not traveled very far from its source or has been through little valley sediments or hydrothermally altered ground. 

Looking now to a geothermal classification scheme - one of the most popular systems devised to diagram water chemistry for geothermal investigations is the Piper diagram (Figure 12).  This method is based on combining the two ternary diagrams of constituent cations and anions discussed above.  Not only does it display similarities and differences between samples it also indicates geothermal-type waters.  The primary geothermal box is an empirically derived area based on the analysis of thousands of geothermal fluids from throughout the world.  Nearly all of the Walker Valley wells waters sampled fall within this box strongly indicating that they are or have been geothermal waters.

Stable Isotopes

Stable isotope analyses confirm that all fluids in the Hawthorne area are meteoric in origin, but are not shifted to a local meteoric water line as speculated by Trexler, et al, 1981. 

2 points:

· all samples are meteoric water

· no samples show evidence of boiling

Figure 13 graph of 18oxygen/deuterium plot

NOTE: Our earlier analyses may be wrong – at least as far as regional vs local meteoric water line. I have ordered additional analyses and we should have an answer by 4/25/02.  I will finish this section at that time.
Geothermometers

Chemical and isotope geothermometers probably constitute the most important geochemical tool for the exploration and development of geothermal resources. Geothermometers are used in exploration to assess the thermal characteristics of a geothermal reservoir below the zone of cooling, or in the case of the HWAD geothermal resource - below the fracture outflow.  The concentrations of many chemical constituents of water are temperature dependent.  This is due both to the solubility of the elements and their reactivity to the rock or sediments through which the fluid is moving.  As water is heated by deep underground flow or is in contact with a heat source it will take on a certain chemical signature.  

The most widely used geothermometers are the silica content and sodium (Na), calcium (Ca), and potassium (K) ratios measured in water samples.  The silica geothermometer is a method of calculating the temperature of a geothermal reservoir from the concentration of silica in a geothermal fluid sample; it is based upon empirical data on the equilibrium solubilities of quartz, chalcedony, and other silicate species as a function of temperature.  The Na-K-Ca geothermometer is a method of calculating the temperature of a geothermal reservoir from the relative concentrations of sodium, potassium, and calcium present in a geothermal fluid sample; it is based upon empirical data on the equilibrium solubilities of those ions as a function of temperature.

While geothermometers are used to assess the thermal characteristics of a geothermal reservoir the chemical composition of well and spring water samples are often significantly altered as they move from the reservoir to the sampling site.  If the reservoir fluid moves quickly from origin to sampling site and doesn’t substantially react with cooler rocks or mix with cool water as it moves toward the surface the reservoir signature can be clearly seen.  However, during the ascent of geothermal waters from a deep reservoir to the surface, they may cool by conductive heat loss as they travel through cooler rocks or by boiling because of decreasing hydrostatic head, or pressure.  Cooling by conduction does not by itself cause any changes in the chemical and isotopic composition of the water.  Yet, the cooling may change its degree of saturation with respect to both primary and secondary minerals.  As a result, conductive cooling can bring about some modification in the chemical composition of the ascending water by mineral dissolution or precipitation.  Boiling also causes changes in the composition of rising geothermal waters, separating volatile from conservative elements.

Hot waters ascending from a geothermal reservoir may also cool by mixing with shallow, relatively cool water.  This mixing often occurs only the ascending fluid leaves the upflow zone (fractures) but it may also occur within the fracture network.  The pressure potential in the upflow of many geothermal systems is lower than in the enveloping cold groundwater body.  When this is the case, cold groundwater tends to enter the geothermal system and mix with the rising hot water.  In either case geothermometers will yield misleading results.  Mixing, like conductive cooling and boiling, can upset chemical equilibria between water and rock minerals thus causing a tendency for the water to change composition after mixing with respect to reactive chemical components.  For these reasons, the utilization of geothermometers is as much an art as it is a science.

Several calculated geothermometers are listed for Walker Lake Valley well water samples in Table 2.  For this study of the HWAD geothermal system the choice of most appropriate geothermometers was fairly straightforward.  In a valley-fill sedimentary environment like we have at Hawthorne the best-conserved chemical signature is that of quartz because it is relatively non-reactive in this environment.  In comparison, the cations of Na, Ca and K are significantly more reactive, as demonstrated by the conversion of calcium-bicarbonate mountain waters to sodium-sulfate valley waters.  Empirical studies have also shown that quartz geothermometers are typically conservative while cation geothermometers tend to be optimistic.  Based on these factors we have opted to place more weight on the quartz geothermometers and much less on the cation geothermometers.   

Table 2. Silica Geothermometers.
	Site
	North
	East
	Qtz, no steam
	Qtz, max stm loss
	Chalcedony
	
	NA-K average
	 Na-K-Ca, 1973

	 
	 
	
	oC
	oF
	oC
	oF
	oC
	oF
	oC
	oF
	oC
	oF

	El Cap
	1367398
	481558
	122
	252
	119
	246
	93
	199
	116
	241
	139
	283

	Maples #1
	1365485
	480832
	119
	246
	117
	243
	90
	194
	203
	397
	181
	357

	HAWD-2
	1372783
	496196
	110
	229
	109
	229
	80
	177
	114
	237
	71
	159

	HAWD-3
	1371674
	508482
	106
	223
	107
	225
	77
	171
	153
	307
	112
	233

	HAWD-5
	1381536
	473870
	100
	212
	101
	214
	70
	158
	102
	216
	89
	191

	HAWD-1
	1385823
	475741
	83
	181
	86
	187
	52
	126
	109
	228
	69
	156

	HAWD-4
	1361778
	493002
	74
	165
	78
	172
	42
	108
	143
	289
	53
	127

	MC-5
	1369115
	485406
	74
	165
	78
	172
	43
	109
	133
	271
	55
	130

	WO-6
	1376985
	484687
	70
	158
	75
	167
	38
	100
	124
	255
	68
	154


In order to assess which quartz geothermometer to use we must consider the volcanic rocks underlying the valley sediments, their probable role in the HWAD geothermal system and their influence on the chemistry of the waters we see at the surface.  Minerals of volcanic rocks, such as basalt, dissolve relatively rapidly.  As a result, silica is released rapidly into solution when water reacts with such rocks.  At low temperatures the rate of quartz precipitation does not cope with the rate of silica release into solution and the water tends to equilibrate with chalcedony.  At higher temperatures equilibration with quartz is attained, therefore it is generally accepted that it is best to assume equilibration with chalcedony for geothermal systems in volcanic rocks if the chalcedony equilibration temperature is less that 350oF.

The difficulty with assuming a volcanic-hosted geothermal reservoir at Hawthorne and then using the chalcedony geothermometer is that it indicates a maximum reservoir temperature of only 194oF to199oF, while the El Capitan well has produced at least 210oF water.  It appears likely that the volcanic section beneath the valley-fill sediments does not play a significant role as a reservoir host in this system.  

Using the quartz maximum steam loss geothermometer here is not appropriate.  Based on the stable isotope signature of the waters we know the water samples have not boiled.

The quartz (no steam loss) geothermometer indicates a maximum source fluid temperature of approximately 250oF for samples from the El Capitan and Maples wells.  The NA-K-Ca geothermometer indicates a maximum source fluid temperature of approximately 350oF for the most recent outflow sample from the Maples well.  All other well samples are clearly mixtures of geothermal outflow and shallow non-geothermal groundwater and their calculated geothermometers are not valid.

Conceptual X-section 

Based on geologic, thermal and geochemical data presented above we conclude the following scenario for a geothermal resource beneath southern Walker Lake Valley and the Hawthorne Army Ammunition Depot, as shown in the illustrative cross-section in Figure 14.

Rain and snow fall in the mountains near to and surrounding Walker Lake Valley.  Some of this water percolates into the mountain bedrock, flowing by gravity feed through open fractures downward several thousands of feet.  The bedrock is hotter with increasing depth so the water is heated as it descends.  The heated waters intersect steeply-dipping local fractures, flow upward along permeable fracture pathways then laterally in the valley sedimentary fill.  The geothermal waters cool as they ascend toward the surface and mix with shallow groundwater as they flow through the valley sediments resulting in the waters we see produced at the various hot to warm wells.

These percolating waters, which have an initial temperature of between 45oF and 55oF, are heated by the regional geothermal gradient as they descend, eventually reaching a temperature of between 210oF and 350oF.  The depth required to reach these temperatures is dependent on the geothermal gradient.  The thermal gradients for the Basin and Range province range from 1.7 to 2.8oF/100 feet.  Since there are no deep wells in the Hawthorne area the thermal gradient here is unknown.  The thermal gradient indicated at the El Capitan well is over 15oF/100 feet, however because high temperatures seen in the El Cap and Maples wells are clearly associated with a high-angle fracture network it is very unlikely that this gradient is representative of the true local gradient.  Assuming a gradient of 2.8oF/100 feet results in 250oF water at about 7,000 feet and 350oF by about 10,300 feet.  The true gradient lies somewhere between these two extremes and is most likely close to the high end of Basin and Range gradients.

This interpretation is base solely upon surface and near-surface data.  These data cannot tell us much about the region of deep circulation - the deep valley basin and the deeper structure beneath it.  Several geophysical methods, including gravity and magnetics surveys, are available to us that help define these structures and help identify structures that may be conducive to a significant geothermal resource.  

Geophysical Studies - Gravity and Magnetic Surveys

Introduction:  

Gravity and magnetic geophysical surveys provide information on subsurface geology by measuring small variations in the strength of the Earth’s gravity and magnetic fields related to local differences in rock composition, geologic structure, and other geologic complexities in the upper portion of the Earth’s crust.  In essence, gravity surveys map the subsurface variation in rock density after the effects of the Earth’s main gravitational field, observation elevation, and nearby topography have been taken into account.  Magnetic surveys, both airborne (aeromagnetic) and ground based, delineate variations in magnetic minerals of crustal rocks after the effects of the Earth’s main magnetic field have been removed.  Interpreted together, these surveys can provide an inexpensive overview of the geological nature of a regional or local area.  In the HWAD area, the primary objective in accomplishing these surveys was to provide information on local and regional structural trends.  Identification of these trends may indicate possible conduits or pathways available for deep geothermal fluids to reach the near surface.  A secondary objective for accomplishing these surveys was to provide a quick measure of the size and shape of the southern Walker Lake Valley.  This information is valuable in terms of planning any future geophysical work, and estimating depth to the geologic basement should deep drilling become an option.

Previous Work: 

Two aeromagnetic surveys, both flown in early 1967, provided magnetic coverage over all lands controlled by HWAD (http://geology.cr.usgs.gov/pub/open-file-reports/ofr-99-0557/html/nv_2nd.htm).  Unfortunately, these surveys were flown undraped (at a constant altitude as opposed to a constant elevation above mean ground level) and at two different altitudes which split the current area of interest north south along the HWAD boundary immediately south of the town of Hawthorne.  Although these surveys provide broad insight into the regional magnetic characteristics of the rocks, the differing flight altitudes in addition to the undraped nature of the surveys allow little useable information on local subsurface geologic structures.

Trexler et al (1981) report on a gravity survey that was accomplished in the local area that included the town of Hawthorne and the El Capitan Well.  This survey was conducted to obtain subsurface structural information as part of an earlier geothermal study of the HWAD area.  The survey used a coarse grid spacing of 0.5 mile (0.8 km) between observation points and was not tied to any known gravity reference base in the region. As a result, the data that was gathered during this survey could not be merged into any subsequent gravity surveys while the resultant map allowed only a cursory interpretation of local subsurface geologic structures.  

Present Surveys: 

Personnel from the Geothermal Program Office gathered 681 gravity and ground magnetic observations at HWAD between 9 and 18 October 2001.  The surveys were accomplished along existing roads, using a distance of 0.2 mile (0.3 km) between observations.   The survey area covered approximately 40 square miles in the southern Walker Lake Valley extending roughly from the eastern flanks of the Wassuk Mountains to the western flanks of the Garfield Hills, and from the main office area of HWAD south to near Old Bomb.  The location and elevation of each observation point was determined by the use of Trimble global positioning system equipment; observed gravity values were collected using a Scintrex CG-3M gravimeter while field magnetic data was obtained by a Scintrex Enviromag magnetometer.  Observed field gravity values were reduced to complete Bouguer gravity values by using a reduction density of 2.67 gm/cm3 and extending terrain (topographic) corrections to a radius of 167 km from each observation point.  The gravity survey was tied to National Imagery and Mapping Agency Gravity Reference Base 2349-1 located near the Old Terminal area at the Hawthorne Municipal Airport.  Magnetic field data were corrected for diurnal variations of the magnetic field. A value of the International Geomagnetic Reference Field, which approximates the Earth’s main magnetic field, was calculated for each magnetic observation and removed from the observed field data.  The resultant magnetic data were then ‘reduced to the pole’, a mathematical correction that removes the dependence of the data on the angle of magnetic inclination in the local area (approximately 63( for HWAD).  

Complete Bouguer Gravity Map:  

The Complete Bouguer Gravity map of the HWAD survey area is presented as Figure 15.  On the map a small ‘+’ indicates the location of each of the 681 observation points.  The gravity data is displayed as colored levels contoured on an interval of 1 milligal (mgal; 1 mgal = 1x10-5 m/sec2).  While specific geologic and structural interpretation of the gravity survey will be presented below on the HWAD Residual map, the Complete Bouguer Gravity map indicates that the gravity in the center of the southern Walker Lake Valley is characterized by a broad gravity low of less than –205 mgals.  On the eastern and western flanks of the valley, toward the Garfield Hills and Wassuk Range, the gravity increases to greater than –190 mgals.  This increase in gravity indicates that the volcanic rocks outcropping in the Garfield Hills and the granitic rocks of the Wassuk Range are denser than the unconsolidated sediments found in the valley.  This observation will be used in an attempt to model the configuration of the southern Walker Lake Valley along Profiles A-A’ and B-B’ using the results of both the gravity and magnetic surveys.  These profiles will be discussed later.  

Reduced to the Pole Magnetic Map:  

Figure 16 shows the magnetic map of the HWAD area.  The magnetic data has been reduced to the pole, as described above, and has colorizied levels contoured on an interval of 20 nanoteslas or gammas.  The highest magnetic observations inside the survey area are located within and adjacent to the Garfield Hills.  These high magnetic values likely correspond to the volcanic rocks that outcrop in the Garfield Hills and which then extend westward beneath the sediments of the southern Walker Lake Valley.  The lowest magnetic observations are seen in the vicinity of the Lucky Boy Mine, located on the eastern flanks of the Wassuk Range.  This broad low is thought to be the signature of the granitic rocks of the Wassuk Range that have either extremely low magnetic susceptibilities (lack of ferromagnetic minerals such as magnetite) or were emplaced during a period of reversal of the Earth’s magnetic poles.  

The magnetic map is also annotated by our interpretation of magnetic discontinuities.  These discontinuities are inferred by abrupt changes in the magnetic gradient indicating rock types with differing magnetic characteristics have probably been juxtaposed against one another.  This juxtapositioning may be the result of structural alterations, such as the faulting of one rock type past another, or may be the result of one rock type being emplaced over or intruded next to another.  While it may not be possible to discern the exact cause of magnetic discontinuities, they provide valuable geologic information especially when taken in conjunction with other geological and geophysical studies.  The significance of these discontinuities will be discussed in a later section. 

Modeled Cross-Sections A-A’ and B-B’: 

Modeling of potential field geophysics can give an accurate but coarse representation of what the subsurface geologic regime may look like in an area of interest.  However, the results of modeling this type of data are nonunique in that it is possible to have numerous geological reasonable models fit the data.  With that in mind, cross sections A-A’ and B-B’ are geologically uncomplicated attempts to model the configuration of the southern Walker Lake Valley combining the results of the gravity and magnetic surveys.  Although the extent of these cross sections are presented only on the Complete Bouguer Gravity Map, as seen by Figure 15, the magnetic data along both profiles was included in creating the models.

Cross Section A-A’ is shown by Figure 17.  Cross Section A-A’ trends northeast from the Lucky Boy Mine area on the eastern flanks of the Wassuk Range to what we refer to as Bear Tower on the western flanks of the Garfield Hills.  We labeled this free standing water tower Bear Tower after we found very large - and very fresh - bear tracks there on the October morning that field data was gathered data at that site.  The granitic rocks of the Wassuk Range are used as the origin for the model.  The density of these granitic rocks is estimated to be 2.67 gm/cm3 while the magnetic susceptibility is estimated to be 500 (magnetic susceptibility units are dimensionless).  Estimates of the density and magnetic susceptibilities for the other mapped rock units positioned along the profile were taken from Telford et al (1976) and are shown beneath each rock type.

There are three simplistic geologic assumptions behind constructing Cross Section A-A’: (a.) the granitic rocks comprising the Wassuk Range extend east beneath the southern Walker Lake Valley and beneath the Garfield Hills, (b.) the density and magnetic susceptibility of these granitic rocks are uniform across the valley, and (c.) the sedimentary rocks within the valley are detrital and, taken as a whole, have little or no bulk magnetic susceptibility associated with them.  If the assumption pertaining to the uniformity of the granitic rocks magnetic susceptibility is correct, it becomes necessary that magnetic rocks other than the granitic basement exist either within or below the sedimentary basin fill of the valley. Such rocks are required to explain the behavior of the magnetic profile especially in the vicinity of the Garfield Hills.  If magnetic rocks were not present in this area, then the observed magnetic trace would remain nearly level across the entire profile and would not increase in the vicinity of the Garfield Hills.  As seen on figure 17, we have interpreted these magnetic rocks to be the Quaternary and Late Tertiary volcanic rocks as mapped in the area of the Garfield Hills.  Note that each of these volcanic sequences is estimated to have only slightly different densities but dramatic differences in magnetic susceptibilities. 

The results of the modeling of Cross Section A-A’ indicates that the deepest portion of the sedimentary fill lies in the center of the southern Walker Lake Valley and may extend to a depth of 6000 feet to the top of the volcanic rock flows.  The greatest depth to the top of the granitic basement rock is modeled to lie at a depth near 11,000 feet immediately west of the Garfield Hills.  However, it should be noted that if the volcanic rock layers hypothesized in this model exist within the sediments instead of below them, or if the basement itself has a dramatic increase in magnetic susceptibility near the Garfield Hills, the depth to the basement rock could be substantially shallower.    

Cross Section B-B’ is shown by Figure 18.  This cross section extends from near Cat Creek Reservoir at the mouth of Cat Canyon southeast to just beyond well HHT-2. This cross section was created in an effort to model the moderate magnetic high seen on the magnetic map north and east of the El Capitan well.  As in Cross Section A-A’, Cross Section B-B’ uses the granitic rocks of the Wassuk Mountains as an origin and uses the same three simplistic geologic assumptions on the extent, density, and magnetic susceptibility of different rock types. The modeled results show that, as in Cross Section A-A’, layers of volcanic rock with high magnetic susceptibilities are required in the subsurface to explain the rising magnetic profile as it approaches the Garfield Hills.  However, such a deep volcanic layers cannot easily model the moderate magnetic high near the El Capitan Well.  This suggests that the volcanic rock lies higher in the subsurface section or that some other geologic phenomenon is occurring that is responsible for the shape of the magnetic profile in this area.

Residual Gravity Map: 

A residual gravity map depicts how the gravity field of a surveyed area might appear after the gravitational effects of structures deeper than mid-crustal have been removed. The interpretation of this map will then provide information on local or near surface geologic structures. A residual gravity map of the HWAD survey area was created by combining all 681 gravity observations taken during this survey with several thousand published gravity observations gathered throughout west-central Nevada (Healy and others, 1980).  To provide an accuracy check between the two data sources, 5 of the nearly 50 published values located within our study area were reoccupied during our survey to compare complete Bouguer gravity values. We found that the difference between our survey values and the published values were acceptable, differing by less than 0.25 mgals.  Next, we computer generated a second-order regional gravity field using all combined data and subtracted this regional field from the complete Bouguer gravity values to create a residual map of western central Nevada. A second-order regional was chosen over several other regional generation methods because of the general agreement this resultant residual map provided when compared to previously mapped surface structures of the area.  Finally, the residual map was pared down to the size of our present survey as shown by Figure 19.  

As seen on residual map, the predominating structural trend in the HWAD area is north-northwest.  In the western half of the survey area, this trend parallels the Wassuk Range and essentially defines the area where dense granitic rock of the Wassuk Range rise out of lower density sediments of the southern Walker Lake Valley.   This north-northwest trend is also visible to a lessor degree immediately east of well HWAD-3.  This trend probably defines where the denser rocks of the Garfield Hills also rise out of the valley sediments.  We have annotated both areas with our guess of possible density discontinuities.  This was accomplished by inspecting the residual gravity contours and identifying those areas where the gravity gradient abruptly increases, indicating a sharp density contrast between the rocks of the Wassuk Mountains or Garfield Hills with the adjacent strata.  

The residual map also suggests two secondary lineation directions. One lineation, trending west-northwest, is emerging in the south central portion of the survey.  This trend is located in the same area and trends in the same direction as one noted on the magnetic map.  Another secondary lineation, trending northeast, can be seen on the northwest flanks of the Garfield Hills.  The importance of these trends will be discussed in the next section. 

Geophysical Interpretation Map:  

A map incorporating the interpretations derived from both the magnetic and residual gravity map is shown by Figure 20.  As an aid to interpretation, mapped surface faults are also annotated on the figure.  

There are three structural trends evident on this map: northwest, north-northwest, and northeast. The northwest trend is visible south of the Lucky Boy Mine along the eastern front of the Wassuk Range.  It is discernable by mapped surface faults, magnetic discontinuities, and, to a small extent, gravity discontinuities.  While the surface expression of this trend is abrupt, the magnetic data also indicate that this trend is fairly wide, extending eastward several miles into the Southern Walker Lake Valley from the front of the Wassuk Range.  The north-northwest trend is dominate north of the Lucky Boy Mine along the front of the Wassuk Range and to a small extent immediately west of the Garfield Hills.  This trend is seen by mapped surface faults and both gravity and magnetic discontinuities.  On the western side of the valley, a northeast trend is suggested by several mapped faults extending northeast out of the Wassuk Range at Lucky Boy Mine, and in the sedimentary cover between the City of Hawthorne and the main office complex of HWAD (Geothermal Development Associates, 1981).  East of the Wassuk Range, the northeast trend is seen by a magnetic discontinuity in the center of the southern Walker Lake Valley, and by a gravity discontinuity immediately north of the Garfield Hills.  

The geophysical interpretation map suggests that the Lucky Boy Mine area is a local, and perhaps regional, structural inflection point in the trend of the Wassuk Range.  As previously mentioned, south of the mine the predominate structural trend is northwest; north of the mine the trend is north-northwest. These trends are parallel or sub-parallel to the motion of crustal blocks measured by Oldow as discussed early in this report and shown on Figure 3.  The direction and amount of motion of these crustal blocks requires that some sections of the boundary will be under slight compression while other sections will be under extension.  Additionally, there is evidence that a moderate structural feature extends from the area of the Luck Boy Mine and strikes northeast across the southern Walker Lake Valley.  The inflection point seen at the Lucky Boy Mine appears to be due to the differential motion along crustal blocks as described previously by Oldow with a resulting small extensional step-over section.  If this is true, then the area immediately north and south of the Lucky Boy Mine is probably extremely fractured allowing conduits for deep-seated geothermal fluids to rise and possibly pool near the surface.

Conclusions and Recommendations

Results of geological, geochemical, and geophysical studies performed by personnel from the Geothermal Program Office strongly suggest that there is a geothermal resource near and possibly beneath lands controlled by the Hawthorne Ammunition Depot.  These studies indicate that the minimum temperature of the resource is a least 210(F and may reach a maximum temperature of 325(F, which is well within the range of electrical power production.  The geothermal fluid is thought to be convecting meteoric water that is derived from precipitation within the Wassuk Range and other nearby mountains.  These waters percolate downward through open fractures in the mountain to depths in excess of 7,000 feet.  The fluids are then heated deep in the subsurface by the natural geothermal gradient of the area and flow back toward the surface using the Wassuk range-front and associated faults within the bedrock and the sedimentary cover in the southern Walker Lake Valley.

Although we feel strongly about the existence of an economic geothermal reservoir, we do not know its extent.  Rather than blindly drilling geothermal test holes to a moderate depth (~5,000 feet) to assess the potential, we recommend that a 3-dimensional reflection seismic survey be undertaken in a 10-square mile area from roughly Well HHT-1 to just east of the Lucky Boy Mine (Figure 21).  This survey will image the complex fault patterns in and around the suspected upwelling zone near the El Capitan and Maples wells.  The results of the seismic survey will be used in conjunction with the other scientific data gathered to date in the Hawthorne area to site one deep drilling target.   We recommend that this test well be drilled to a depth of no shallower than 8,000 feet to target the subsurface geothermal reservoir.  The Army will be responsible for funding both the reflection seismic survey and the drilling of the deep geothermal test hole.  The Geothermal Program Office will provide the technical oversight, data interpretation and analysis of geothermal potential.    

Sources:

Bohm, B.W., and R.L. Jacobson, 1977, Preliminary Investigation of the Geothermal Resources near Hawthorne, Nevada, Desert Research Institute, Project Report #50.

Geothermal Development Associates, 1981, A Preliminary Plan for the Development of Geothermal Energy in the Town of Hawthorne, Nevada, Nevada Department of Energy, Nov. 4, 1981.

Hardyman, R. F., Ekren, E. B., and John, D. A., 2000, Evidence for Cenozoic dextral displacement across the Walker Lane, west central Nevada: Geological Society of America abs. with programs, v. 32, p. 105.

Hardyman, R.F. and John S. Oldow, 1991, Tertiary Tectonic Framework and Cenozoic History of the Central Walker Lane, Nevada, in Raines, G.L., et al, eds., GEOLOGY AND ORE DEPOSITS OF THE GREAT BASIN: Geological Society of Nevada Symposium Proceedings.

Kruth, R.C., El Capitan Geothermal Well Evaluation, Eco:Logic Engineering LLC, Reno, NV, 9 Feb 2001

Oldow, J.S., et al, 2001 Active Displacement Transfer and Differential Block Motion within the Central Walker Lane, Western Great Basin, Geology, v. 29, no. 1, p. 19-22.

Oldow, John S., 1992, Late Cenozoic Displacement Partitioning on the Northwestern Great Basin, in Craig, S., ed., STRUCTURE, TECTONICS, AND MINERALIZATION OF THE WALKER LANE, WESTERN GREAT BASIN: Walker Lane Symposium Proceedings, Reno, Nevada, Geological Society of Nevada, p. 17-52.

Robinson, Steve and Maggie Pugsley, 1981, Geothermal Resource Area 8: Mineral and Esmeralda Counties Area Development Plan, Nevada Department of Energy Contract # DE-Fco3-80RA50075.

Ross, Donald C., 1961, Geology and Mineral Deposits of Mineral County, Nevada, Nevada Bureau of Mines and Geology Bull 58.

Trexler, D.T., et al, 1981, Low-to-Moderate Temperature Geothermal Resource Assessment For Nevada, Area Specific Studies, Nevada Bureau of Mines and Geology, UNR, Reno, NV, DOE/NV/10039-3, prepared for U.S. Department of Energy.

