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ABSTRACT


Recent geothermal studies on sedimentary basins in Western 
Utah suggest the possibility of significant geothermal reservoirs 
at depths of 3 to 5 km.  Pavant Butte, a volcanic vent in the Black 
Rock Desert of Utah, is centered in such a basin.  Previous geo-
physical work in the Pavant Butte area includes aeromagnetic, 
dipole-dipole resistivity and limited gravity surveys.  Since 2010, 
we have added 73 magnetotelluric (MT) stations and 168 new 
gravity stations.  Two-dimensional MT modeling shows a deep, 
broad corridor of low resistivities (< 10 ohm∙m) 10 to 16 km wide 
at the base and centered in the basin.  The complete Bouguer 
anomaly map indicates a 12 to 20 km wide gravity low of 30 mGal 
amplitude extending north-south through the entire basin.  Results 
of 2D gravity modeling provide a maximum depth-to-basement 
estimate of 3 km and reveal an area over 15 km wide with more 
than 2 km of sediments overlying basement rock.  Modeling results 
of MT and gravity data are consistent and only differ at the deep-
est portion of the basins where resistivities show no indication of 
the sediment-basement interface.  However, we believe that this 
difference is due to the presence of hot, saline fluids contained 
in the pore space of the basement rock.  An extended MT survey 
and drilling program, scheduled for summer 2012, will assist in 
determining the southern extent of this potential resource.


Introduction


The Black Rock Desert of west-central Utah and the adjacent 
Sevier Desert to the north are located on the eastern margin of the 
Basin and Range Province of western North America (Figure 1).  
The Black Rock Desert lies within the boundaries of the Sevier 
thermal area, which contains most of Utah’s high and moderate 
temperature geothermal systems (Blackett, 2007).  The Black Rock 


Desert has experienced extensive volcanism ranging in age from 
greater than 9 Ma to as recent as 600 years ago (Hintz, 2008).  Heat 
flow values in the Pavant Butte area are 100-105 mW/m2, 10-15 
mW/m2 higher than the typical 90 mW/m2 of the northern Basin 
and Range.  Allis et al. (2011) suggest that stratigraphically hosted 
geothermal reservoirs likely exist in the deep basins of the Basin 
and Range having heat flow values of 80-100 mW/m2 with thick 
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Figure 1. Map of Black Rock Desert showing survey area around Pavant 
Butte (green triangle).  Red circles with black center are deep exploration 
wells from Hintze and Davis (2003), black hatched areas are volcanic 
flows, red lines denote Quaternary faults and black squares are MT sta-
tions.  Black dashed line indicates gravity model transect AB.
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blankets of low thermal conductivity Oligocene to Pleistocene 
sediments.  Similar areas of higher than normal heat flow, such 
as Pavant Butte, would result in still higher temperatures of the 
stratigraphic reservoirs at depth resulting in a more attractive ex-
ploration target.  A multidisciplinary approach to obtain integrated 
solutions in Earth science problems, as discussed by Saltus and 
Blakely (2012), is practically a necessity in potential field studies 
in order to achieve effective results.  Electrical surveys may be 
used to infer subsurface reservoir characteristics (Garg et al., 2007) 
and are useful in deep sedimentary basins as shown by Bujakowski 
et al. (2010).  In this study, we use gravity and magnetotellurics 
combined with regional borehole information to resolve the struc-
tural geometry and provide evidence suggesting the presence of 
deep, hot saline fluids in this potential reservoir target. 


Methods


A total of 168 gravity stations were measured in the summer of 
2011 with a spacing of ~2 km in order to achieve better coverage 
adjacent to MT areas and spacing of ~1 km for profile modeling 
(Figure 2).  Field measurements were made using two Scintrex 
CG-5 gravimeters following the methods of Gettings et al. (2008); 
we used a 6 minute time series and reoccupation of local bases 
only. Elevation control of better than 0.3m was achieved through 
post-processing of data collected by Trimble GeoXT GPS instru-
mentation, resulting in gravity accuracy of better than 0.1 mGal.  
The complete Bouguer gravity anomaly was computed using 
a reduction density of 2.67 g/cm3 and the formulas outlined by 
Hinze et al. (2005).  A simple 2D gravity model of transect AB 
(Figure 3) was developed using the Semi-Automated Marquardt 


Inversion code (SAKI) (Webring, 1985).  Two bodies were used 
in the model to represent the sedimentary fill and basement rock.  
Their respective densities of 2.2 and 2.7 g/cm3 were held constant 
and based on average values for the appropriate lithology from 
regional geology reports and logs of nearby deep wells  (Hintze 
and Davis, 2003).  The Pavant Butte 81-7 exploration well (Figures 
1 and 2) was used as a control point for sediment thickness and as 
a check of model densities.  This well penetrates 9770 feet (2,978 
m) of Oligocene and Plistocence sediments before reaching the 
Cambrian basement (Hintze and Davis, 2003).


A total of 73 MT soundings spread over an area of approxi-
mately 2000 km2, with an average station spacing of 2 to 3 km 
(Figures 1 and 2), were completed by Quantec Geoscience dur-
ing the summer of 2010 with station occupation times of 12 to 
24 hours.  Data quality is very good with the exception of a few 
spurious points that were removed prior to the inversions.  The MT 
modeling used 2D inversion code (Wannamaker et al., 1987) that 
uses the transverse magnetic (TM) mode with tipper (a measure 
of the tipping of the magnetic field out of the horizontal plane).  
Since we observe 2D behavior in the data up to periods of 10 sec-
onds followed by 3D behavior in the long-period data, we exclude 
the latter.  The 2D domain is 129 x 49 nodes with a minimum 
discretization of 200 m in a multi-resolution grid.  Azimuths of 
the MT inversion lines were determined by careful examination 
of polar diagrams that indicate the strike of the main geological 
structures in the study area (north-trending basin and bounding 
ranges).  Three inversion lines are oriented at an azimuth of 80° 
intersected by a fourth at 350° shown in Figure 2.


Results


The complete Bouguer gravity anomaly (Figure 2) shows 
that the anomaly is symmetrical along the east-west direction.  A 
prominent north-trending gravity low of -40 mGal approximately 
20 km wide, is bounded by gravity highs to the east and west.  
The 2D gravity model of transect AB (Figures 2 and 3) fits a lo-
cal signal of amplitude > 30 mGals with the lowest values east 
of center.  The model shows a nearly symmetric, gently dipping 
basement interface with maximum depth found at approximately 


Figure 2. Complete Bouguer gravity anomaly map for study area.  Black 
dots are historic gravity stations, blue triangles are new gravity stations, 
black dashed line AB is gravity model transect, black hatched areas out-
line volcanic flows, open black squares are MT stations, red dashed lines 
indicate MT model transects and red circles with black center are deep 
exploration wells identified by well number.  Location of Pavant Butte is 
indicated by green triangle.


Figure 3. Residual gravity (top) and 2D gravity model (bottom).  Light 
colored and dark colored bodies represent sedimentary fill and basement 
rock respectively with densities in g/cm3 indicated.  Pavant Butte indicated 
by green triangle and Pavant Butte well 81-7 indicated by red circle with 
black center.
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357 km easting.  The western interface is slightly steeper than 
the eastern interface.


The MT inversion lines with an east-west strike are all roughly 
symmetric and quite similar in appearance with a low resistivity 
body (< 10 ohm∙m) centered deeply on each transect.  The low 
resistivity zone broadens and thins to a 1 to 2 km thickness with 
decreasing depth (Figures 4a, 4b and 4c).  High resistivity bod-
ies are observed at depth near the edges of the models.  Line 4 
(Figure 4d) is also similar in appearance to the other lines with 
the exception that the northern end does not show a thinning of 
the conductive body.  The MT inversion lines are presented in a 
3-dimensional space in Figure 5 to help visualize the overall re-
sistivity structure of the study area.  The normalized RMS values 
of the 2D inversion models are between 1.0 and 2.0, which is 
quite good for field data.


Discussion


The 2D gravity model (Figure 3) shows the maximum depth 
to the basement is approximately 3 km.  The overall basin geom-
etry suggested by the model is remarkably similar to the 2D MT 
models, differing primarily at the center of the modeled basin.  
The observed and modeled low resistivities can be explained by 
the presence of saline fluid in the pore space following Archie’s 
Law (Archie, 1942) and thermal effects (Ussher et al, 2000; Ku-
lenkampff et al. 2005; Milsch et al 2010), which both increase the 
bulk electrical conductivity of the host rock.  Preliminary forward 
modeling of down hole resistivity logs from well 81-7 Pavant 
Butte (electrical resistivity monotonically decreasing with depth) 
agree with MT soundings recorded in the immediate vicinity.  MT 
soundings recorded through the central part of the basin are also 


quite similar to those near well 81-7 Pavant Butte.  Since 
the current data set does not reach the southern end of the 
basin completely, the southern extent of this interesting 
MT response in unknown.  It appears that  a 15 km wide 
area of the basin with sediment thickness > 2 km overlies 
the basement. These thick sediments constitute a thermal 
blanket that increases the temperature of the potential 
stratigraphic reservoir due to thermal conductivity effects 
(Allis et al. 2011 and 2012).


The high-resistivity structure in the MT models is 
interpreted to be basement marbleized Cambrian lime-
stone and dolomite yielding depth-to-basement estimates 
of 1 to 2 km near the western and eastern margins.  At 
the center of the model lines there is no clear indication 
of basement which could be due to the truncation of 
MT data at 10 seconds with the intent to minimized 3D 
effects.  Thin high-resistivity layers near the surface are 
interpreted as basalt flows and are consistent with surface 
observations and resisivity values of unweathered basalts 
(>1000 ohm∙m) (Palacky, 1988).  The low-resistivity 
bodies are interpreted to be basin sediments.  These 
conductors appear to extend to at least basement depth 
(approximately 3 km) as revealed by oil and gas wells.  
The conductors are interpreted to be clays near the sur-
face and hot, saline fluids or a combination thereof at 
depth.  Since it is unlikely that there are extensive and 
thick clay layers in the basin (supported by well logs), 
we believe hot, saline fluids  and temperature effects are 
producing the low-resistivity signal at depth.


Corrected temperatures encountered at the bottom 
of the Pavant Butte 81-7 well were in excess of 220°C 
(Figure 6).  Temperatures logged in other deep wells in 
the Black Rock Desert appear to be significantly cooler 
(~100°C) at similar depths.  For the southern wells 81-4 
and 82-1 (Figures 1 and 2), their low temperatures can be 
explained by the documented loss of massive amounts of 
drilling fluid and mud to fracture zones during drilling.  
These losses likely led to greater than normal cooling of 
the well bore and surrounding rock and consequently, 
temperatures are probably under-corrected.  For the 
remaining wells in the Black Rock Desert, the lower 
temperatures at depth are due primarily to thermal con-
ductivity effects (see Allis et al. 2011 and 2012).


Figure 4. 2D MT models for lines 1 through 4 (a – d).  MT stations indicated by black, 
upside down triangles and station number is shown.  Dashed black lines are model line 
intersections, green triangle is Pavant Butte and red circle with black center is Pavant 
Butte well 81-7.  Transect orientation indicated.


Figure 5. 2D MT models show in 3D space. Green triangle indicates Pavant Butte and 
red circle with black center is Pavant Butte well 81-7.
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Conclusions


Preliminary models of the Black Rock Desert of western Utah 
show good agreement between both the MT and gravity data sets 
for the Pavant Butte study area.  Thick sediments overlying the 
basement provide excellent conditions for the existence of strati-
graphic reservoirs at depth.  High temperatures and anomalous 
heat flow observed at Pavant Butte could be isolated from the rest 
of the basin and perhaps directly related to Quaternary faults to 
the east and west which could provide flow paths to the surface 
for hot fluids resulting in convective heat flow conditions rather 
than conductive.  A drilling program for 5 to 7 shallow thermal 
gradient boreholes and an extended MT survey in the southern 
Black Rock Desert is scheduled to commence during the sum-
mer of 2012 to help resolve temperature record discrepancies and 
structure at depth.
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Abstract 
 
Introduction 
 
The region of the U.S. with the greatest potential for either basin-centered geothermal power, or 
applications of Enhanced Geothermal System (EGS) technologies, is the Great Basin of the 
western U.S. (Tester et al., 2006; Allis et al., 2012).  This is a consequence of high heat flow 
(mostly > 80 mW/m2) and its large area (> 1000 x 500 km2).  The Great Basin is one of the driest 
areas of the country, so large-scale geothermal developments are unlikely to have water available 
for evaporative cooling associated with flash plants.  In addition, reservoir pressures need to be 
sustained for both the long-term productivity of the wells, and to minimize environmental risks 
such as induced seismicity, subsidence, and impacts to overlying groundwater.  The power plant 
design that satisfies the above constraints is an air-cooled binary plant.  Production wells are 
pumped, and all production water is injected to reservoir depths after being cooled in a closed 
loop within the power plant.  Fig. 1 is a simplified sketch of an air-cooled binary power plant. 
 
 


 
Fig. 1.  Simplified schematic of an air-cooled binary power plant (Entingh, 1994). 
 
Surprisingly little information appears to be published about the performance of air-cooled 
binary power plants.  To assess the power potential of reservoirs in the Great Basin and their 
long term response to development based on reservoir modeling, we needed to understand better 







the major factors controlling power conversion efficiency.  Two issues are: confirmation of their 
energy conversion efficiency with varying production (reservoir) temperature; and whether this 
can be economically improved by augmenting the geothermal output with solar photo-voltaic 
(PV) generation.  The conversion efficiency decreases with decreasing production water 
temperature due to second law thermodynamic effects, and there is sometimes confusion over 
which definition of efficiency is being applied.  The economic viability of power production is 
therefore diminished as increasing production flow has to compensate for the effect of declining 
production temperature to sustain the power output, and this in turn likely means increased wells 
and increased costs.  Recent papers have reported the performance of air-cooled binary plants 
installed as part of new geothermal developments, so we have compiled these results with older 
published figures to identify a simple relationship that can be used to calculate the power 
potential from reservoir model predictions of production temperature changes with time (Fig. 2).   
 
One of the important parameters for assessing reservoir potential is the power density 
(MWe/km2), especially where the reservoir is stratigraphic and sub-horizontal, and the potential 
can be scaled up once the heat sweep characteristics between local producers and injectors is 
known.  It is possible that different parts of the reservoir may have different temperatures, and 
over time production temperature may decline.  The compilation of performance data for air-
cooled power plants (Fig. 2) allows a simple relationship between efficiency and production 
water temperature to assess power potential and the reservoir power density.  
 
In addition to the effect of production well temperature on generation efficiency is the effect of 
ambient air temperature (due to the reliance on fan-powered air cooling of the secondary 
working fluid).  Decreased cooling of the production water occurs as air temperature rises, 
causing a significant difference between afternoon summer power generation and early morning 
(or winter) generation.  The recent dramatic price decrease in PV solar cells (to < $3/watt) has 
raised the possibility that solar PV could offset the afternoon trough in air-cooled binary power 
plant generation.  ENEL commissioned the world’s first coupled geothermal - solar PV plant in 
central Nevada this year: (http://www.enelgreenpower.com/en-GB/plants/projects/usa/stillwater), 
but so far no data on the combined performance of the two technologies has been published. In 
this report we look at the hourly through to seasonal output power trends for an air-cooled binary 
geothermal plant in the west desert of Utah, and the role of potential supplemental solar PV 
output at the same site based on nearby solar radiation measurements.   
 
Conversion Efficiency and Production Temperature 
 
DiPippo (2012) reviews the efficiency of binary power plants, so the details will not be repeated 
here.  However there are two types of efficiency that are sometimes referred to: the thermal 
efficiency and the utilization efficiency.  The thermal efficiency is the ratio of the net electricity 
generated by the plant to the heat lost by the production fluid in the power plant (i.e. the enthalpy 
change between the inflow and outflow of the production well water).  The utilization efficiency 
takes into consideration the second law of thermodynamics by calculating the ratio of the net 
electricity to the maximum theoretical heat (power) available from the production fluid. Because 
of the effects of entropy changes with temperature, the maximum theoretically available power is 
smaller than that calculated only from the enthalpy changes, and utilization efficiencies are 
higher than thermal efficiencies.   



http://www.enelgreenpower.com/en-GB/plants/projects/usa/stillwater





 
DiPippo (2012) compares thermal and utilization efficiencies for several binary fluids at 200°F, 
300°F and 400°F.  With a 300°F (149°C) production water temperature, and an outflow 
temperature of 100°F (38°C), the thermal efficiency is around 10% compared to a utilization 
efficiency of 46%.  At 400°F (204°C) production temperature the efficiencies rise to 14% and 
58% respectively.  Sanyal and Butler (2009) assume a uniform value of 0.45 for the utilization 
efficiency in their modeling of the power available in sedimentary reservoirs, although their 
reservoirs range in temperature from 100 to more than 200°C, and they assume the outflow 
temperature is ambient air temperature.   There are now several published examples of the 
performance of air-cooled binary plants from around the world which can supplement the 
information from Dipippo (2012), and improve on the assumption of a fixed efficiency value. 
Fig. 2 shows the variability in thermal efficiency with varying production and injection water 
temperatures.  Several of the higher temperature power plants are using production water which 
has had steam separated for a flash plant, and the outlet temperature is relatively high to limit 
silica precipitation in the injection water.    
 
It is unclear from the publications whether the cited plant performances are optimum, or 
averages, and as shown in the following section, variations in atmospheric temperature can result 
in as much as a 60% change in electrical output with all other operating characteristics remaining 
the same. The scatter in the performance data in Fig. 2 indicates there is significant variability  
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Fig. 2.  Comparison of the efficiency of air-cooled binary power plants with varying inlet 
temperature (refer to text for sources).  In many cases the outlet temperatures vary because of the 







need to avoid silica scaling. Apart from the Mammoth plant, all other are Ormat plants.  
Mammoth:  Campbell (2000);  Rotokawa: Cole and Legmann (1998); Mokai:  Menzies (2001);  
Teapot Dome:  Johnson and Walker (2010);  Wairakei: B. Carey, pers. comm.;  Roosevelt: Allis 
and Larsen (2012). The trend line is for an outlet temperature of about 167°F (75°C). 
 
Based on the trend line shown in Fig 2, the conversion for varying thermal efficiency with inlet 
(production well) temperature is: 
 
Thermal Efficiency (%) = 5.5  +  0.10 * [Inlet Temperature (°C) – 100] 
 
 
This equation allows an approximate conversion of production water temperature to power 
generation potential. 
 
Note – graph relating utilization efficiency and production temperature also to be included 
here. 
 
Conversion Efficiency and Air Temperature 
 
Geothermal power generation is usually considered base load because of its near-constant power 
output.  This is especially so with flash plants and evaporative cooling, but with air-cooled 
binary plants, there is sensitivity to varying air temperature.  To better characterize the 
sensitivity, and improve modeling of potential future geothermal resources in the Great Basin, 
we have used data from an operating air-cooled plant. 
 
Unit 2 of the Blundell facility (Pacificorp) near Milford, Utah, has been operating since 2007 
with a net peak output of 11 MWe, inlet temperatures of about 170 °C (340 °F) and outlet 
temperatures of  190 ± 20 °F depending on air temperature (Allis and Larsen, 2011).  The hourly 
net power output (gross power minus parasitic load from Unit 2 fans and pumps) has been 
plotted against hours of the day in Fig. 2, with the net power normalized against net peak power 
as a percentage (i.e. capacity factor).  The data is from four separate weeks covering all four 
seasons.  In all four weeks the operational characteristics of the plant were similar.  The greatest 
daily swing in power output occurs during the summer months.  
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Fig. 3. Hourly power variations with atmospheric temperature during 10 days from each of the 
four seasons.  Tick marks on the hour axis correspond to 24 hour increments and coincide with 
midnight. The spring, summer, and fall hours are daylight saving time. 
 
The relationship between power output and atmospheric temperature is shown in Fig. 3.  For a 
large portion of normal atmospheric variations at this site (40 – 80 °F; 4 – 27 °C), the 
relationship is linear, decreasing from 95% to 70% with increasing temperature.  With colder 
temperatures (< 40 °F) the output does not change greatly, remaining close to 100%.  At hotter 
temperatures (> 80 °F) the output decreases more steeply to about 60% of peak capacity with 
temperature more than 90 °F (> 32 °C).  Extrapolating to 100 °F temperatures, not uncommon in 
the Great Basin during July and August, a binary plant output would be down to about 50%.  
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Fig. 4.  Variation in net power output (expressed as percentage of peak power, or capacity factor) 
of an air-cooled binary plant with atmospheric temperature.   
 
 
A feature of the climate of the Great Basin is large temperature swings with cold winters and hot 
summers, and a relatively large difference between night and day during the summer.  This raises 
the question about whether augmentation of the plant power output could be improved with a 
component of solar power.  The hottest temperatures of the day (late afternoons), and lowest 
capacity factors for the geothermal plant, may be offset by solar power which peaks in early 
afternoon.  This is investigated in the next section.   
 
 
Potential Role of Solar PV Augmentation 
 
The analysis of varying capacity factor of an air-cooled binary plant with atmospheric 
temperature was based on the Blundell Unit 2 near Milford, Utah.  Fortunately there is also a 
solar radiation monitoring station at Milford maintained by the Desert Research Institute, 
Nevada, as part of their Community Environmental Monitoring Program 
(http://www.cemp.dri.edu/ ).  This allows a direct comparison the effect a solar PV 
(photovoltaic) array if collocated with a binary geothermal plant.   Solar PV is considered here 
because the cost of solar panels has declined steeply over the last few years, with the basic 
module costs now around $1/peak DC watt (WPDC; Goodrich et al., 2012).  Utility-scale, 
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installed costs have apparently decreased to about $3/WPDC (Pacificorp pers. comm. 10/2012), 
and the Department of Energy has set a goal of reducing the levelized cost of electricity from 
solar PV to $0.06c/kWh by 2020 (S. Chu presentation, 6/2012; 
http://www1.eere.energy.gov/solar/pdfs/sssummit2012_plenary_chu.pdf ).   Concentrated solar 
systems are currently not economically competitive and are not considered here.     
 
An example of the solar radiation pattern at Milford is shown in Fig. 4 for the same weeks in 
summer and winter that have been used for the Binary plant output (Fig. 2).  Although not 
coinciding with the maximum and minimum solar radiation times in late June and December, the 
curves would not be greatly different.  Peak solar radiation levels in late December and late June 
at the Milford site are about 450 and 900 W/m2 respectively.  Day-to-day variability is caused by 
varying clouds and air clarity.   
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Fig. 5.  Solar radiation levels at the Milford climate monitoring site for mid-August and mid-
January, 2011. The August hours are daylight saving times.  Each 24 hour tick corresponds to 
midnight. 
 
The solar radiation intensity has been scaled to show the impact of a collocated solar PV array 
when added to the output of an air-cooled binary geothermal power plant (Fig. 5).  The amount 
of scaling was based on the assumption that the primary goal is to keep the existing transmission 
lines from the geothermal plant operating at near capacity for as long as possible.  Fig. 3 shows 
that for much of the summer, the afternoon output of the plant is operating at less than 70% of 
capacity.  The scale factor for the solar array output therefore needs to be at least 30% that of the 
peak geothermal output during the afternoon.  However, maximum solar radiation levels for this 
site occur at 2 pm (daylight saving time), and radiation intensity is decreasing rapidly by 4 pm.  
The peak atmospheric temperature typically in summer occurs between 5 and 6 pm, so solar 
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power is not going to fully compensate for the declining geothermal power output during the 
afternoon.  Another factor is that late afternoon summer power prices are often higher than at 
other times as power demand increases with increasing temperature. However, additional up-
scaling of the solar array to capture as much solar power during summer afternoons has to be 
balanced by the over-capacity of the solar power array at other times of the year, assuming the 
transmission line capacity is largely being met by the geothermal plant.   
 
Based mainly on maintaining the transmission lines from a geothermal binary plant close to 
design capacity, the optimum size for the solar array augmenting the geothermal power has a 
peak output of about 35 percent that of the geothermal plant (Fig. 5).  This generates between 
100 and 110 percent of the geothermal plant capacity for two hours either side of noon on clear 
sunny days, but there is a relatively sharp decline in total power during late afternoon and 
evening to 70 percent.  During fine fall and spring days the daily peak generation capacity may 
reach between 120 and 130 percent of the geothermal plant capacity, and on fine winter days the 
peak power is between 110 and 120 percent. 
 
Fig. 6 contrasts the daytime power generated as a result of having the same sized solar array 
augmenting the binary geothermal plant.  On fine winter days the solar power generation (in 
MW-hours) is about half that during summer days (defined as the 12 hours between 6:30 am and 
6:30 pm).  The graph shows the same decline in capacity factor of the geothermal plant with 
increasing atmospheric temperature as in Fig. 3, but this time calculated with respect to f100 
percent of the geothermal plant capacity for 12 hours.  The temperature is assumed to be the 
average temperature during the day.  The average daytime capacity factor with solar ranges 
between 110 ± 10 percent on cold days (< 50 F average daytime temperature) and between 90 
and 100% on hot days. 
 
According to Goodrich et al, (2012), utility-scale fixed solar PV arrays with currently require 
about 5 acres/MWPDC , and single axis tracking arrays require about 8 acres/MWPDC.  For every 
10 MW of net geothermal generation, this implies 3.5 MWPDC of solar PV, and 15 – 30 acres of 
land area for the array.  Using the $3/WPDC figure mentioned earlier, the capital cost for the 3.5 
MWPDC solar array is about $10 million.  The conversion to AC is still required, but there could 
be other savings because collocation with the geothermal power plant and its transmission lines.  
 
More detailed modeling of the optimal integration of collocated geothermal and solar plants 
needs to consider factors such as variable transmission line constraints, time of day power prices, 
land availability for the solar array, and relative plant capital costs.  Such as analysis will 
produce different outcomes, but is beyond the scope of this report.   
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Fig. 6.  Hourly power output from an air-cooled binary geothermal power plant (red triangles) 
augmented with power from a PV solar array sized assuming the peak solar output is 35% of the 
net peak geothermal output. 100 % on the power output axis is the net peak power from the 
geothermal plant.  
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Fig. 7.  Effect of augmenting the output from an air-cooled binary plant with a collocated solar 
PV array with a peak power output at 35% of the peak geothermal power output.  Power output 
is defined as the power generated (i.e. MW-hours) during the 12 hours between 6:30 am and 6:30 
pm, with the spring, summer and fall hours being daylight saving time. 
 
Summary 
 
A simple linear relationship between the efficiency of air-cooled binary power plants and the 
temperature of the production water has been derived. 
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1. Introduction 


 
 As part of a larger study on the geothermal resource potential of the eastern Basin and 
Range tectonic province of the western United States presently being undertaken by the Utah 
Geological Survey, D. Schelling of Structural Geology International, LLC was asked by the 
Utah Geological Survey to construct a pair of geological cross sections across western Utah 
and northeastern Nevada (Figure 1). The primary purpose for constructing the geological 
cross sections prepared as part of the present study was to determine the structural and 
stratigraphic architecture of Tertiary sedimentary basins where high heat flow, as determined 
from surface and well data, indicates possible geothermal resource potential. Areas of interest 
within western Utah and northeastern Nevada include extensional basins with up to 10,000 ft 
(3,000 m) of Tertiary and Quaternary basin fill, where these basins overlie pre-Tertiary (and 
dominantly Paleozoic) sedimentary rocks that have geothermal reservoir potential. Given the 
structural complexity of the Basin and Range structural province, which has undergone both 
pre-Tertiary compressional deformation (during the Paleozoic Antler and Cretaceous Sevier 
orogenies) and Tertiary extensional deformation, along with significant changes in the 
stratigraphy of the Basin and Range province between central Utah and central Nevada, it 
was clear that regional structural cross sections across the eastern Basin and Range would be 
necessary to understand the local structure and stratigraphy of individual Tertiary basins. The 
two structural cross sections constructed during the present study can, if deemed worthwhile, 
be used for 2-dimensional and/or pseudo 3-dimensional modeling of Tertiary basins 
identified as having high geothermal resource potential. 
 Based on the identification of specific Tertiary basins with high heat-flows, and the 
availability of surface and subsurface data from the Basin and Range region, it was decided 
by the study team (which includes R. Allis and D. Sprinkel of the Utah Geological Survey, as 
well as D. Schelling), that two structural cross sections should be constructed during the 
present study, one of which would be constructed across western Utah and the second of 
which would be constructed across northeastern Nevada. The first structural cross section, 
called the Pavant Butte Section in this study and included as Enclosure 1, was constructed 
between the Wasatch Plateau of central Utah to the east and the Cherry Creek Range of 
eastern Nevada to the west (Figure 2). The Pavant Butte structural section crosses the Black 
Rock (Sevier) Desert at the Pavant Butte well, where high subsurface heat flows have been 
identified, and where Tertiary rocks like directly on early Paleozoic carbonates. The second 
structural cross section, called the Steptoe Section and included with this report as Enclosure 
2, has been constructed in a northwest-southeast orientation between the Confusion Range of 
far-western Utah and the Cortez Mountains of north-central Nevada (Figure 3). This latter 
cross section was positioned to make use of non-proprietary subsurface data, including three 
Cocorp seismic lines (Figure 3), and to cross Tertiary basins of northeastern Nevada with 
high heat-flow values, including the northern Steptoe Valley. 
 Following a brief discussion in Chapter 2 on the methodology used for the construction 
of the Pavant Butte and Steptoe structural cross sections, this report includes short overviews 
on the structural geology of the eastern Basin and Range tectonic province, as determined 
from and seen along the two structural cross sections. Digital copies of the ArcMap project 
prepared during the present study, and both hard and digital copies of the two structural cross 
sections constructed for western Utah and northeastern Nevada, are included with this report.  
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Figure 1. Shaded relief map of western Utah and northeastern Nevada showing the locations 
of the structural cross sections constructed during the present study (red lines), COCORP 
seismic lines available for interpretation (blue lines), and wells used for structural analysis. 
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Figure 2. Shaded relief map of western Utah and eastern Nevada showing the location of 
the Pavant Butte structural cross sections constructed during the present study (red line), 
COCORP seismic lines (blue lines), and wells used for structural analysis. 
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Figure 3. Shaded relief map of far-western Utah and northeastern Nevada showing the 
location of the Steptoe structural cross sections constructed during the present study (red 
line), COCORP seismic lines (blue lines), and wells used for structural analysis. 
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2. Structural Cross Section Construction 


 
 The construction of detailed structural cross sections, including the Pavant Butte and 
Steptoe structural cross sections constructed during the present study, involves the 
incorporation of available surface and subsurface data, and an understanding of structural 
styles and systems in the area of interest. Surface geological and structural data available for 
western Utah and northeastern Nevada has been obtained from numerous geological maps 
published by the US Geological Survey, the Utah Geological Survey, and the Nevada Bureau 
of Mines and Geology, a list of which is provided at the end of this report. Digital copies of 
all available geological maps were geo-reference by Structural Geology International, and 
imported into an ArcMap GIS project, a copy of which has been provided to the Utah 
Geological Survey. In addition, structural data, including strike and dip data, was digitized by 
Structural Geology International for later import into Lithotect, the structural software used 
in the construction of the Pavant Butte and Steptoe structural cross sections. Subsurface data 
used during the present study includes both proprietary (industry) and non-proprietary 
(COCORP) reflection seismic profiles, and well data (primarily formation top penetrations) 
from wells drilled near the structural cross sections (Figures 2 and 3). Subsurface industry 
data, including an extensive seismic data set from the Wasatch Plateau, Sevier River Valley, 
and Valley and Pavant Mountains of central Utah, along with proprietary well data, were 
available for the eastern end of the Pavant Butte structural section, but has not been provided 
to the Utah Geological Survey. For western Utah and northeastern Nevada, four COCORP 
seismic lines acquired in the 1980’s were reprocessed by Wolverine Oil and Gas Corporation 
and generously provided to D. Schelling for use in the construction of the two cross sections 
constructed during the present study (Figures 1, 2, and 3). Seismic interpretation of the 
COCORP and proprietary data was undertaken by D. Schelling using the HIS Kingdom Suite 
software, and was imported into the Lithotect software package for additional structural 
analysis. Images of key parts of the COCORP seismic lines interpreted during the present 
study are included as figures in this report, and in power-point presentations provided to the 
Utah Geological Survey. For both western Utah and northeastern Nevada, a set of wells were 
identified from the study area that lie close to the lines of section, that have been drilled to 
depths great enough to provide useful stratigraphic and structural information, and for which 
wire-line logs were available. For these wells, D. Sprinkel of the Utah Geological Survey 
determined formation-top penetrations, which were then used for cross section construction. 
 All available surface and subsurface data from western Utah and northeastern Nevada, 
including geological map images, surface structural data, well data, and seismic profiles were 
imported into Lithotect, a structural cross section construction and balancing software, for the 
construction of the Pavant Butte and Steptoe cross sections. Surface and subsurface data, 
including well-borehole and formation-top data, surface strike and dip data, and seismic 
interpretations, were then projected into the lines of section for the two structural cross 
sections. (Where interval velocity data were available, seismic interpretations were converted 
from time to depth prior to projection into cross section lines). In addition, because of 
changing stratigraphic thicknesses and nomenclature, separate stratigraphic columns were 
prepared for differing sectors of the two structural cross sections, including stratigraphic 
columns for: (1) the Wasatch Plateau and Sevier River Valley; (2) the Pavant and Paxton 
thrust sheets of the Valley and Pavant Mountains; (3) the Sevier (Black Rock) Desert area 
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and Canyon Range thrust sheet of western Utah; (4) the Confusion and House Ranges of 
western Utah; (5) northeastern Nevada, including the Snake Range, Schell Creek Range, 
Cherry Creek Range, and Ruby Mountains; and (6) the Elko-Eureka areas of the Pinon 
Range and Cortez Mountains, the latter including hanging wall stratigraphic sequences of the 
Roberts Mountain Thrust. These data, along with an understanding of the structural 
architecture and styles of central and western Utah, and northeastern Nevada, resulting from 
over a decade of detailed structural work in these areas by D. Schelling, were then used to 
construct the Pavant Butte and Steptoe structural sections prepared during the present study 
and included with this report as Enclosures 1 and 2. 


Because a large amount of the subsurface digital data available for the construction of 
the Pavant Butte and Steptoe structural cross sections, including all of the seismic data, were 
originally available or prepared in the Central Utah State Plane coordinate system, for which 
x and y coordinates are defined in feet, and because all of the well penetrations were 
originally recorded in feet, the coordinate system within which the two cross sections were 
constructed is the Central Utah State Plane, NAD 27, with x, y, and z coordinates in feet. 
However, the cross sections have been drafted with both feet and meter scales (Enclosures 1 
and 2), and lines from the two cross sections have been digitally exported in both Utah State 
Plane and Geographic (latitude/longitude) coordinate systems for import into other software 
packages and additional modeling, all of which have been provided to the Utah Geological 
Survey in digital format.   
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3. Structural Geology of Western Utah and Northeastern Nevada; 


Pavant Butte and Steptoe Structural Cross Sections 
 


Pavant Butte Structural Cross Section; western Utah and eastern Nevada 
 
 The Pavant Butte structural cross section has been constructed across central and western 
Utah, and eastern Nevada, between the Wasatch Plateau of Utah in the east and the Steptoe 
Valley and Cherry Creek Range of Nevada in the west (Figure 2). The structural section has 
a length of 180 miles (290 km), an orientation of N79°W, and has been positioned in order to 
cross the Pavant Butte 1 and Amerada Hess 1-28 wells drilled in the Black Rock (Sevier) 
Desert and Snake Valleys, respectively (Figure 2). In addition, the Pavant Butte section was 
positioned in order to make use of: (1) an extensive, proprietary subsurface data base 
available to D. Schelling in the Wasatch Plateau, Sevier River Valley, Valley Mountains, 
Pavant Range, and Pavant Valley areas; (2) the non-proprietary but reprocessed COCORP 
Utah seismic line 1, which was acquired between the southern end of the Canyon Range in 
the east and the Snake Valley to the west (Figure 2); and (3) key hydrocarbon exploration 
wells located within the Black Rock (Sevier) desert, Confusion Range, and Snake Valley of 
western Utah, and the Steptoe Valley of eastern Nevada (Figures 2, and 3). The Pavant Butte 
section crosses several distinct structural zones including, from east to west: (1) the Wasatch 
Plateau and associated, Jurassic Ephraim Fault; (2) the thin-skinned deformation front to the 
Cretaceous-age Sevier fold-thrust belt along the Sevier River valley and Valley Mountains; 
(3) a zone of stacked thrust sheets located beneath the Pavant Range; (4) the Sevier (Black 
Rock) desert area which is defined, in part, by the low-angle Sevier Desert Detachment and 
the subsurface Cricket Mountain duplex; (5) The House and Confusion Ranges, characterized 
by folded and faulted Paleozoic sedimentary rocks; (6) the Snake Range, along which the 
Snake Range Detachment has been mapped near the base of the Paleozoic stratigraphic 
section; and (7) a zone of complex, low- to high-angle extensional faults involving the 
Paleozoic stratigraphic section, west of the Snake Range, that has resulted in a pronounced, 
horst-graben structural geometry. 
 The eastern end of the Pavant Butte section includes the Wasatch Plateau which, along 
with the underlying, Jurassic-age Ephraim Fault, defines the western margin and boundary to 
the Colorado Plateau and the approximate eastern boundary to the Basin and Range tectonic 
province. Between the Wasatch Plateau to the east and the stacked Paxton, Pavant, and 
Canyon Range thrust sheets exposed along the Pavant and Canyon Ranges, there is both a 
significant thinning of the syn-tectonic Cretaceous stratigraphic section and a significant 
thickening of the Paleozoic stratigraphic section, as indicated along the Pavant Butte 
structural cross section of Enclosure 1 and Figures 4 and 5. In addition, it appears that a 
Precambrian stratigraphic section is either very thin or absent along the Wasatch Plateau, 
while to the west, in the hanging wall of the Canyon Range Thrust, Precambrian clastic 
sedimentary rocks are up to 5,000 ft (1525 m) thick. Nonetheless, having undergone an 
estimated 100 miles (160 km) of tectonic shortening during the Cretaceous (Schelling et al., 
2007), these variations in pre-Cretaceous stratigraphic thickness do not require significant 
tectonic discontinuities (eg. normal faults) between the Wasatch Plateau and Sevier foreland 
basin to the east and restored Pavant and Canyon Range thrust sheets. As discussed in detail 
by Schelling et al. (2007), and Schelling and Vrona (2007), and by a number of other authors 
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(eg. Standlee, 1982; Royse, 1993; DeCelles et al., 1995), the compressional structural 
systems mapped in the Sevier River Valley and Pavant Range areas belong to the Sevier 
fold-thrust belt, which includes both local thrust faults and associated hanging wall anticlines 
(eg. the Salina Anticline shown at the deformation front to the fold-thrust belt on the Pavant 
Butte section), and low-angle thrust faults and associated thrust sheets that involve the 
Paleozoic stratigraphic section and that have undergone significant amounts of eastward 
tectonic transport, the latter including the Paxton and Pavant thrust sheets shown along the 
Pavant Butte section beneath the Pavant Range. The deformation front to the Sevier fold-
thrust belt of central Utah has undergone limited (though important) Tertiary extensional 
deformation, as well as local salt movement, as indicated on the Pavant Butte section along 
the Salina Anticline and Redmond salt diaper (Enclosure 1). 
 Between the Pavant Range to the east and the House Range to the west, in the vicinity of 
the Pavant Butte structural cross section, the Black Rock/Sevier Desert area is characterized 
by the presence of a broad, Tertiary-Quaternary basin with limited bedrock exposures. 
Accordingly, the construction of the Pavant Butte section in this area relied heavily upon: (1) 
the Utah COCORP seismic profile 1, which was interpreted by D. Schelling as part of the 
present study; (2) formation-top data from several wells located along or in the vicinity of the 
structural cross section, including the Pavant Butte, Cominco Federal 2, Black Rock Federal, 
Silver Lake Federal, and Python Rocky Ridge wells (Figure 3 and Enclosure 2), the latter 
well located along the Utah COCORP seismic line; and (3) surface structural data projected 
into the line of section from the Canyon Range, Cricket Mountains, and House Range. Along 
Utah COCORP seismic line 1 the Black Rock (Sevier) desert is underlain by a pronounced 
reflector set that dips gently (10° to 20°) to the west (Figures 6 and 7) and that the recently-
drilled Python Rocky Ridge well proves to be associated with a pronounced structural and/or 
stratigraphic discontinuity along which lower Tertiary sedimentary rocks are juxtaposed 
against underlying Paleozoic carbonates, with a possible Jurassic (Arapien Formation?) 
section separating the other two stratigraphic packages. This discontinuity has been 
interpreted by some authors as being a low-angle, extensional detachment surface (Von Tish 
et al., 1985; Coogan and DeCelles, 1996; Stockli et al., 2001), and by several other authors 
as an early Tertiary unconformity (Anders and Christie-Blick, 1994; Wills et al., 2005). 
Though an interpretation as an unconformity is possible in the Pavant Valley area, east of 
Pavant Butte and the Pavant Butte well, the “Sevier Desert reflector” can be traced to the 
west beneath both a northern extension of the Cricket Range and the House Range, where 
this pronounced reflector set can no longer be interpreted as an unconformity, and where well 
data suggests it corresponds to a low-angle, west-dipping fault. Formation-top data from the 
Cominco and Black Rock Federal wells, as picked by D. Sprinkel of the Utah Geological 
Survey, indicates that the Cricket Mountains are underlain by a complex duplex system that 
includes a Precambrian through Mesozoic stratigraphic section (the latter including the 
lower-Jurassic Navajo Sandstone and Triassic Chinle and Moenkopi Formations), and both 
normal and thrust faults. Because the Pavant Thrust is the structurally highest thrust fault 
identified in central Utah along which a Mesozoic stratigraphic section, including the Navajo 
Sandstone, is present in its footwall, the thrust fault penetrated by the Black Rock Federal 
well at 8818 ft must be a western extension of the Pavant Thrust. Truncations of the Pavant 
Thrust along the Sevier Desert “Detachment”, in its hanging wall west of the Cominco 
Federal well and in its footwall along the Pavant Range, requires an estimated 30 miles (50 
km) of dip-slip extensional displacement along the Sevier Desert Detachment. Extensional 
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displacement along the Sevier Desert Detachment is also required to explain an overlying 
Nugget (Navajo) Sandstone in fault contact with an underlying Pioche Shale section near the 
bottom of the Black Rock Federal well, indicating the importance of extensional faulting 
along an approximate, down-dip extension of the Sevier Desert “reflector”. Quaternary 
movement along the Sevier Desert Detachment, west of the Pavant Butte well, is supported 
by the apparent termination of high-angle, Quaternary-age extensional faults, mapped at the 
surface and imaged along Utah COCORP seismic line 1, which terminate along the Sevier 
Desert reflector/detachment surface at depth (Figures 6 and 7), though it is possible that the 
Sevier Desert Detachment east of the Pavant Butte well is no longer an active structural 
feature. 
 Of greater significance to geothermal resource evaluation in the Black Rock-Sevier 
Desert area is the presence of lower Tertiary sedimentary rocks directly overlying lower 
Paleozoic (Cambrian) carbonates and clastics where the Sevier Desert Detachment/reflector 
was penetrated by the Pavant Butte well, as shown on the Pavant Butte structural cross 
section. While not specifically identified in the Pavant Butte well, along Utah COCORP 
seismic line 1 a “pillow” of sedimentary rocks, which includes evaporites, has been imaged 
just above the Sevier Desert Detachment/reflector, though there remains some question as to 
whether the evaporites are lower Tertiary or Jurassic in age. Nonetheless, salt mobilization 
may be partially responsible for the anticline-syncline character identified along Utah 
COCORP seismic line 1 near the Python Rocky Ridge well (Figures 6 and 7) and shown on 
the Pavant Butte structural cross sectin (Figures 8 and 9), though extensional faulting could 
be partially responsible for the development of this structural uplift as well. In any case, the 
presence of evaporites above the Sevier Desert Detachment could have significant 
implications for “fault” seal along the detachment surface, and therefore preservation of hot 
fluids in underlying, Paleozoic sedimentary sequences. 
 West of the Black Rock-Sevier Desert, the House Range is underlain by a pronounced, 
east-dipping monocline of lower Paleozoic rocks (figure 10) that structural analysis and cross 
section construction requires to be located structurally above the Canyon Range Thrust. The 
House Range monocline is truncated on its west side by the House Range fault, a west-
dipping normal fault in the hanging wall of which the Confusion Range and associated, 
Cretaceous-age fold and fault systems have been mapped (Enclosure 1 and Figure 11). The 
House Range normal fault is interpreted along the Pavant Butte section as merging down-
section with a western extension of the Sevier Desert Detachment, an interpretation 
supported by an apparent western extension of the Sevier Desert Detachment reflector set 
identified along the west end of Utah COCORP line 1. The Confusion Range Synclinorium, 
which includes exposures of middle- through upper-Paleozoic rocks and local exposures of 
the Triassic Thaynes Formation, is bounded by the House Range Fault on the east and the 
medium- to high-angle Snake Valley normal fault on the west, where a virtually complete, 
carbonate-rich Paleozoic stratigraphic section has an estimated thickness of 30,000 ft (8,600 
m) (Hintze and Davis, 2002). Located between the Confusion Range and the Snake Range, 
the Snake Valley defines another Tertiary-Quaternary, fault-bound extensional basin (half 
graben) with 4700 ft (1430 m) of Quaternary and Tertiary sedimentary rocks resting directly 
on lower Paleozoic carbonates, as known from the Amerada Hess 1-28 well drilled along the 
Pavant Butte section (D. Sprinkel, personal communication). The Amerada Hess 1-28 well is 
also interpreted by D. Sprinkel as penetrating the Snake Range Detachment at a depth of 
7,322 ft (2230 m), where Cambrian carbonates in the faults hanging wall are interpreted as 
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lying in fault contact with the underlying, Precambrian McCoy Group, as shown on the 
Pavant Butte structural section (Figure 12). 
 The Snake Range defines a pronounced tectonic uplift separating the Confusion Range 
synclinorium of western Utah from the more complexly deformed Basin and Range province 
of eastern Nevada. The Snake Range in the Wheeler Peak, Mount Moriah, and Kern 
Mountains areas is characterized by the presence of a low-angle extensional detachment 
surface, known as the Snake Range Detachment, shown on the Pavant Butte section, which 
has been mapped and described in detail by Gans and Miller (1983), Miller and Gans (1999), 
Miller et al. (1999), Gans et al. (1999a and 1999b), and Lee et al. (1999).  According to these 
authors, the Snake River Detachment is located near the top of the Cambrian Prospect 
Mountain Quartzite and/or overlying Pioche Shale, in its footwall, and includes in its hanging 
wall numerous extensional fault blocks within which Cambro-Ordovician rocks have been 
mapped near the line of the Pavant Butte section. The Snake Range Detachment has 
undergone late-Tertiary-Quaternary uplift and exhumation following its development as a 
low-angle extensional detachment surface in the middle Tertiary (Miller et al., 1999b), and 
has been offset by high- to medium angle extensional faults that flank the Snake Range on its 
east and west sides. 
 The eastern Nevada sector of the Basin and Range tectonic province, in the vicinity of the 
Pavant Butte and Steptoe sections, is a complexly deformed zone that has been subjected to: 
(1) Cretaceous (Sevier-age) thrust faulting and folding; (2) early Tertiary, low-angle 
extensional faulting, equivalent to and including the Snake River Detachment; and (3) late 
Tertiary, high- to medium-angle extensional faulting. (It is also probable, but difficult to 
prove in far eastern Nevada, that this area was subjected to compressional deformation 
during the late Paleozoic Antler orogeny, as discussed below). On the scale of the Pavant 
Butte regional structural cross section it is difficult to include all of the small- to medium-
scale, compressional and extensional structural systems that have been mapped along the 
Schell Creek and Cherry Creek ranges, though geological maps and nearby wells allow a 
general picture of the structural geometry and architecture of this sector of the eastern 
Nevada Basin and Range province. While both the Schell Creek and Cherry Creek ranges 
include exposures of the lower Cambrian Prospect Mountain Quartzite and underlying 
Precambrian McCoy Group, well data from the Trio Federal 54-36 well indicates that the 
Steptoe Valley, in the vicinity of the Pavant Butte section, includes up to 5600 ft (1700 m) of 
Tertiary and Quaternary sedimentary and volcano-sedimentary rocks which unconformably 
overlie an upper Paleozoic stratigraphic section including the Devonian Guilmette 
Formation, the Mississipian Pilot Shale, Joanna Limestone, and Chainman Shale, and the 
Pennsylvanian Ely Limestone (Figure 13). These structural and stratigraphic relationships 
require significant offset along fairly high-angle, bounding extensional faults to the Steptoe 
Valley, and indicate the presence of appropriate Paleozoic carbonates within the Steptoe 
graben for geothermal resource exploration, though sub-surface temperatures in this area may 
not be elevated enough to encourage additional exploration in the McGill area of the southern 
Steptoe Valley, near the Pavant Butte structural cross section. 
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Steptoe Structural Cross Section; northeastern Nevada 


 
The Steptoe structural cross section is 190 miles (305 km) long and traverses 


northeastern Nevada between the northern Confusion Range of Utah to the southeast and the 
Dry Hills of Eureka County to the northwest, with an orientation of N64°W (Figure 3). The 
location and orientation of the Steptoe section was chosen in order to: (1) include the 
Desolation Canyon well of the northern Confusion range as a “pin” and control for the 
southeastern end of the cross section; (2) cross the Steptoe Valley of far-eastern Nevada in 
the vicinity of the Placid Steptoe 17-4 well; (3) lie in an orientation that would allow the 
inclusion of structural interpretations from the Nevada COCORP seismic profiles NV 4, NV 
5, and NV 6; and (4) terminate at its northwestern end in the vicinity of the Bewave and 
Battle Mountain geothermal fields located in northern Eureka and Lander counties (Figure 
3). As it turns out, there was not enough surface and subsurface structural control to extend 
the cross section past the Dry Hills into the Battle Mountain area, though if additional 
subsurface data can be obtained in the future the Steptoe section could be extended further to 
the northwest into Lander County. 
 The southeastern end of the Steptoe structural cross section lies within the Confusion 
Range of western Utah that, as discussed above, is located along a large-scale syncline and 
full-graben that includes exposures of the upper Paleozoic and Triassic stratigraphic section 
of western Utah, which was subjected to compressional deformation (folding and thrust 
faulting) during the Cretaceous Sevier orogeny (Figures 14 and 15). There is little evidence 
to suggest that one or more significant extensional faults separate the Confusion Range from 
the adjacent Snake Valley along the Steptoe structural cross section, nor is there any data 
available for the thickness of the Quaternary-Tertiary stratigraphic section within the 
northern Snake Valley. However, structural and stratigraphic relationships indicate that the 
west side of the Snake Valley is bounded by a pair of east-dipping extensional faults that 
have accommodated approximately 4,000 ft (1200 m) and 15,000 ft (4,500 m) of dip-slip 
displacement, both of which are interpreted along the Steptoe section as cutting across and 
offsetting the previously developed Snake Range Detachment surface that has been mapped 
along the crest and eastern end of the Kern Mountains by Miller et al. (1999b) (Enclosure 2 
and Figure 15). 
 The Kern Mountains are dominated, at the erosion surface, by exposures of the Kern 
Mountains granite, which has been dated at 36 Ma by Miller et al. (1999b), the top of the 
Kern Mountains granite being defined by the low-angle Snake Range Detachment (Miller et 
al., 1999b)(Enclosure 2, and Figure 15). The hanging wall of the Snake Range Detachment 
includes, on the eastern end of the Kern Mountains and a southern extension of the Deep 
Creek Mountains, tilted exposures of an Ordovician-Silurian, carbonate stratigraphic section, 
the Cambrian stratigraphic section being restricted to the subsurface in the Snake Valley and 
Confusion Range to the east.  
 The eastern Nevada sector of the Basin and Range tectonic province included on the 
Steptoe structural cross section has undergone a complex structural evolution, including: (1) 
the development of a fold-thrust belt and adjacent foreland basin (the Chainman basin) to the 
east during the Pennsylvanian-Permian Antler orogeny; (2) compressional deformation 
during the Cretaceous Sevier orogeny; (3) the development of low-angle “denudation” faults 
during the early to middle Tertiary (Miller et al., 1999b); (4) the development of medium- to 
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high-angle extensional faults in the late Tertiary and Quaternary; and (5) multiple episodes of 
granite emplacement and associated volcanism, including the emplacement of the (?) 
Jurassic-Cretaceous Ruby Mountains and Cortez Mountain granites (Roberts et al., 1967; and 
Coats, 1987) and the Tertiary Kern Mountains granite (Miller et al., 1999b). As discussed 
above for the Pavant Butte section, at the scale of the 190 mile long Steptoe structural cross 
section, it is not possible to include all of the small- to medium-scale structures and structural 
systems identified and mapped in eastern Nevada on the Steptoe structural section, in part 
because there are a limited number of detailed geological maps available for the White Pine, 
Elko, and Eureka county areas of Nevada. However, while many of the folds mapped in far-
eastern Nevada are the result of either Antler- or Sevier-age compressional deformation, 
virtually all of the faults mapped in northeastern Nevada show extensional offset, including 
the low-angle extensional faults that are frequently shown as being thrust faults on the maps 
of the region (eg. the geological maps of White Pine, Elko, and Eureka counties published by 
the Nevada Bureau of Mines and Geology). Accordingly, on the Steptoe structural section, 
east of the Huntington Valley and the Ruby Mountains, virtually all of the faults shown are 
either low-angle extensional faults (eg. the Snake Range Detachment of the Kern Mountains, 
and west-dipping faults mapped along the Cherry Creek Range and the south end of the Ruby 
Mountains), or more-recent (and presently active), medium- to high-angle extensional faults.  


Along the Steptoe structural cross section the only extensional basin (graben or half-
graben) that shows significant Tertiary valley-fill, east of the Pinon Range, is the Steptoe 
Valley, where wells drilled by LL&E, Placid Oil, and Shell Oil provide constraints on both 
the geometry and depth of the Tertiary Steptoe graben (Figures 16 and 17). And, while 
seismic imaging along Nevada COCORP line NV-4 is generally quite poor, imaging of the 
Tertiary valley fill is often sufficient to determine, albeit with limited accuracy, the depth of 
the extensional basins traversed by the Steptoe section, east of the Pinon Range. In any case, 
as shown along the Steptoe structural cross section, the Placid Steptoe 17-4 well drilled 
through roughly 8000 ft (2400 m) of Tertiary and Quaternary sedimentary and volcano-
sedimentary rocks before crossing an unconformity (and/or low-angle extensional fault?) and 
entering an upper Paleozoic stratigraphic section, including the Pennsylvanian Ely Limestone 
and underlying Mississippian Chainman Shale (Enclosure 2, and Figures 16 and 17). In 
contrast, the nearby LL&E Steptoe 1 well drilled through only 4,000 ft (1200 m) of Tertiary 
and Quaternary sedimentary and volcano-sedimentary rocks before penetrating the Ely 
Limestone, indicating the presence of a significant extensional fault separating the LL&E and 
Placid Steptoe wells. With the Placed Steptoe 17-4 well having reached a total depth (“TD”) 
of 11,700 ft (3567 m) within the Ordovician Eureka Quatrzite (having penetrated at least two 
extensional faults below the base-Tertiary unconformity), a Cambrian carbonate stratigraphic 
section can be reliably interpreted as being present to an approximate depth of  20,000 ft 
(6,000 m) in the central part of the Steptoe Valley, even assuming the presence of a low-
angle denudation fault in the lower Cambrian stratigraphic section, as has been mapped to the 
east in the Schell Creek Mountains and to the west in the Cherry Creek Range (Fritz, 1968; 
Hose and Blake, 1976). It is worth noting, however, that a large percentage of the Tertiary 
graben-fill identified in the Steptoe Valley includes volcanic and volcano-sedimentary rocks 
(D. Sprinkel, personal communication), with the dominantly clastic, Eocene Sheep Pass 
Formation defining the basal 650 ft (200 m) of the Tertiary stratigraphic section. 


Along the Cherry Creek and Schell Creek Ranges exposures of the basal Cambrian 
Prospect Mountain Quartzite and underlying Precambrian McCoy Group have been mapped 
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in the footwalls of west-dipping, low-angle extensional faults (Fritz, 1968; Blake and Hose, 
1976). However, west of the Cherry Creek Range, along the Steptoe section, the basal 
Cambrian and Precambrian stratigraphic sections are restricted to the subsurface; within the 
Butte, Ruby, and Huntington Valleys, sub-crops of the Mississippian through Permian 
stratigraphic section directly underlie Tertiary and/or Quaternary rocks, while along the Ruby 
and Cortez Mountains surface exposures include the Ordovician through Devonian 
stratigraphic sections (Figures 18 and 19). Between the Cherry Creek Range and the Ruby 
Mountains, the Butte, Long, and Ruby Valleys, along with the intervening Butte and 
Maverick Ranges, are underlain by virtually complete Paleozoic stratigraphic sections, as is 
probably the case within the southern and northern extensions of the same valleys, including 
the Ruby Valley north of the Steptoe section (Figure 3). Should the northern and/or southern 
continuations of these valleys include significantly thicker Tertiary-Quaternary basin fill, and 
high heat flows, these valleys could be promising locations for geothermal resource 
evaluation and exploration. 


On the western side of the Ruby Mountains, in the vicinity of the Steptoe structural 
cross section, a low-angle extensional fault has been mapped at the erosion surface (Coats, 
1987) which is also interpreted as underlying the Huntington Valley, in the hanging wall of a 
higher-angle, west-dipping extensional fault that defines the tectonic boundary between the 
Ruby Mountains and the Huntington Valley half-graben (Figure 19). However, west of the 
Ruby Mountains, all of the low-angle faults shown on the surface geological maps of White 
Pine, Elko, and Eureka counties (Roberts et al., 1967; Hose and Blake, 1976; Coats, 1987) 
are recognizable as thrust faults, rather than extensional faults. Two types of thrust faults and 
associated folds have been identified in the Huntington Valley, Pinon Valley, Pine Valley, 
and Cortez Mountains of northeast Nevada. The first set of faults belong to the Roberts 
Mountain thrust system (Merriam and Anderson, 1942; Johnson and Pendergast, 1981; 
Johnson and Visconti, 1992), along which “western facies”, deep marine sedimentary rocks 
of Ordovician through Devonian age have been thrust onto the shallow-water, “eastern” and 
“transitional” Paleozoic sedimentary rocks of equivalent age (though footwall rocks are 
generally younger than hanging wall sequences along thrust faults). The Roberts Mountain 
Thrust and associated footwall and hanging wall splays have been mapped along the Pinon 
Range and Cortez Mountains (as shown on the Steptoe structural cross section of Enclosure 2 
and Figure 20), as well as further south in the Roberts Mountain area of Eureka County, and 
west in the Shoshone Range of Lander County (Merriam and Anderson, 1942; and others). 
The second set of thrust faults identified to the west of the Ruby Mountains are low- to 
medium-angle thrust faults that involve only the “eastern” and “transitional” Paleozoic 
sedimentary rocks mapped in the footwall to the Roberts Mountain Thrust, all of which are 
interpreted on the Steptoe section as detaching within or near the Pioche Shale at the base of 
the Cambrian carbonate stratigraphic section (Figure 20). In fact, it is possible that many of 
the low-angle extensional faults mapped within eastern Nevada, and shown on the Steptoe 
structural cross section, are reactivated thrust faults, including the low-angle extensional 
faults mapped along the Schell Creek, Cherry Creek, and Ruby Mountains. Stratigraphic 
relationships described by numerous authors who have worked along the Roberts Mountain 
Thrust (eg. Merriam and Anderson, 1942; Johnson and Pendergast, 1981; Johnson and 
Visconti, 1992) indicate that the Roberts Mountain and associated thrust sheets were 
emplaced during the Mississippian through early Pennsylvanian, during the Antler orogeny. 
The footwall thrust faults mapped and identified in wells along and east of the Pinon 
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Mountains are also interpreted as having developed during the Antler orogeny, and therefore 
represent continuing, late Paleozoic compressional deformation along the Paleozoic 
carbonate platform presently located to the east of, and in the footwall to, the Roberts 
Mountain thrust system. Limited exposures of Cretaceous sedimentary rocks (eg. the Newark 
Canyon Formation) in eastern Nevada make it difficult to determine to what extent there was 
reactivation of Antler-age structural systems in this area during the Sevier orogeny, the latter 
orogeny being responsible for virtually all of the compressional deformation identified within 
central and western Utah. 


The Cortez Mountains and Dry Hills, located along the northwestern end of the 
Steptoe structural cross section (Figure 20), display exposures of both intrusive and extrusive 
igneous rocks, the former including granites of presumed Jurassic and/or Cretaceous age 
(Coats, 1987; Roberts et al., 1967). The volcanic rocks of the Cortez Mountains and Dry 
Hills are interpreted as being of Jurassic-age, in part because they stratigraphically underlie 
the Cretaceous Newark Canyon Formation in the Cortez Mountains, as shown in the Steptoe 
structural cross section of Enclosure 2. The contacts mapped between the Cortez Mountain 
and Dry Hill granites, and the overlying Pennsylvanian-Permian stratigraphic section, are 
presumed to be intrusive in nature, though on the Steptoe cross section the Pennsylvanian-
Permian stratigraphic section is shown as lying on top of associated granite bodies. While 
there are limited data on the shape of the Cortez and Dry Hill granite bodies in the 
subsurface, the Cortez 1-12 well, which was drilled on the crest of the Cortez Mountains and 
which has been projected into the Steptoe structural cross section, apparently drilled through 
the Cortez Mountain granite, where it encountered an Ordovician Vinini Formation 
stratigraphic section, the Vinini Formation being part of the emplaced, Roberts Mountain 
thrust sheet. It is therefore reasonable to interpret the deep structure of the Cortez Mountains 
as including both the Roberts Mountain thrust and its footwall, Paleozoic stratigraphic 
section. 


Of particular interest to geothermal resource evaluation are data from the Pine Creek 
1-7 and Pony Creek 1-22 wells, drilled within the Pine Valley, which indicate that up to 
9,300 ft (2835 m) of Jurassic, Cretaceous, and Tertiary-Quaternary sedimentary and volcano-
sedimentary rocks directly overlie Ordovician and Silurian, dominantly carbonate 
sedimentary sequences belonging to Nevada’s “eastern” or “transitional” facies. This would 
suggest that, given appropriate surface and bottom-hole temperatures, the Pine Valley may 
offer another area for geothermal resource exploration within deeply-buried Paleozoic 
carbonates, as has been suggested for the Pavant Butte and Steptoe Valleys of western Utah 
and eastern Nevada, respectively (Allis et al., in preparation). 


Finally, it is worth noting that there are several geothermal fields located to the 
northwest of the Steptoe structural cross section, including the Beowave and Battle Mountain 
geothermal fields. At the present time there is not enough data to warrant extending the 
Steptoe structural cross section further to the northwest. However, should more subsurface 
data become available from either of these two geothermal fields, or from nearby oil and gas 
exploration wells, it would then be possible to extend the Steptoe section into the Battle 
Mountain area, as originally hoped. In addition, the proximity of these two geothermal fields 
to the Pine Valley, located between the Pinon Range and the Dry Hills, suggests that this 
latter area, along with the Crescent Valley to the west (Figure 3), may be an excellent area to 
consider for additional geothermal resource evaluation and exploration. 
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Figure 4. Pavant Butte structural cross section. See Enclosure 1 for legend, Figure 2 for 
location, and text for discussion. 
 
 
 
 
 


 
 
Figure 5. Detail of the Pavant Butte structural cross section across the Wasatch Plateau, 
Valley Mountains, and Pavant Range. See Enclosure 1 for legend and text for discussion. 
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Figure 6. Interpreted image of Utah COCORP seismic line 1, where it crosses the Black 
Rock Desert. See Figure 3 for location of the seismic profile. 
 


 
 
Figure 7. Interpreted image of Utah COCORP seismic line 1, where it crosses the Black 
Rock Desert in the vicinity of the Python Rocky Ridge well. 
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Figure 8. Detail of the Pavant Butte structural cross section across the Sevier (Black Rock) 
desert. See text for discussion. 
 
 


 
 
Figure 9. Detail of the Pavant Butte structural cross section across the Sevier (Black Rock) 
desert. See text for discussion. 
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Figure 10. Detail of the Pavant Butte structural cross section across the House Range and 
western Sevier (Black Rock) desert. See Enclosure 1 for legend and text for discussion. 
 
 
 


 
 
Figure 11. Detail of the Pavant Butte structural cross section across the Confusion and House 
Ranges of western Utah. See Enclosure 1 for legend and text for discussion. 
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Figure 12. Detail of the Pavant Butte structural cross section across the Confusion Range of 
western Utah, and the Snake Range of eastern Nevada. See Enclosure 1 for legend and text 
for discussion. 
 


 
 
Figure 13. Detail of the Pavant Butte structural cross section across the Snake Range, Spring 
Valley, Schell Creek Range, and Steptoe Valley of eastern Nevada. See Enclosure 1 for 
legend and text for discussion. 
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Figure 14. Steptoe structural cross section. See Enclosure 2 for legend, Figure 3 for location, 
and text for discussion. 
 
 
 
 


 
Figure 15. Detail of the Steptoe structural cross section across the Confusion Range, Kern 
Mountains, and Antelope Valley of far-western Utah and northeastern Nevada. See 
Enclosure 2 for legend and text for discussion. 
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Figure 16. Detail of the Steptoe structural cross section between the Antelope and Butte 
Valleys of northeastern Nevada. See Enclosure 2 for legend and text for discussion. 
 
 


 
 
Figure 17. Detail of the Steptoe structural cross section across the Steptoe Valley. See 
Enclosure 2 for legend and text for discussion. 
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Figure 18. Detail of the Steptoe structural cross section between the Antelope and Ruby 
Valleys of northeastern Nevada. See Enclosure 2 for legend and text for discussion. 
 
 


 
Figure 19. Detail of the Steptoe structural cross section between the Ruby and Pine Valleys 
of northeastern Nevada. See Enclosure 2 for legend and text for discussion. 
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Figure 20. Detail of the Steptoe structural cross section between the Ruby Mountains and 
Dry Hills of northeastern Nevada. See Enclosure 2 for legend and text for discussion. 
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4. Conclusions 
 
 In order to assist the Utah Geological Survey in a geothermal resource evaluation of the 
eastern Basin and Range tectonic province of the western United States, two regional 
structural cross sections were constructed across western Utah and northeastern Nevada, 
primarily to assist in understanding the structural geometries of Tertiary-Quaternary 
extensional basins and underlying, dominantly Paleozoic stratigraphic units. These two 
regional structural cross sections were constructed utilizing surface geological and structural 
data, obtained primarily from published geological maps of central and western Utah and 
eastern Nevada, and subsurface data, including formation top data from hydrocarbon and 
geothermal exploration wells, and seismic reflection data. For the eastern end of the Utah 
(Pavant Butte) structural cross section, an extensive set of proprietary well and seismic data 
were utilized during cross section construction and structural analysis, while for western 
Utah and Nevada seismic reflection data were restricted to reprocessed versions of COCORP 
seismic profiles acquired during the 1980’s. 
 The Pavant Butte structural cross section, with a total length of 180 miles (290 km), was 
constructed in an orientation of N79°W between the Wasatch Plateau of central Utah to the 
east and the Steptoe Valley and Cherry Creek Range of eastern Nevada to the west. This 
structural section crosses: (1) the Wasatch Plateau and Jurassic Ephraim fault, which define 
the tectonic boundary between the Colorado Plateau and Basin and Range tectonic provinces; 
(2) the Sevier River Valley, Valley Mountains, and Pavant Range, where the deformation 
front to the Cretaceous Sevier orogeny has been mapped in detail by Schelling et al. (2007); 
(3) the Pavant, Black Rock, and Sevier desert valleys, which are underlain by a low-angle, 
Tertiary extensional fault (the Sevier Desert Detachment) and stacked thrust sheets belonging 
to the Cricket Mountain duplex; (4) the House Range, which defines an east-dipping 
Monocline of lower Paleozoic stratigraphic units; (5) the Confusion Range, along which 
exposures of an Ordovician through basal Triassic stratigraphic section have undergone 
folding and thrusting as part of the Sevier orogeny; (6) the Snake Range at Mt. Moriah, 
where the low-angle Snake Range Detachment (extensional) fault, located near the base of 
the Paleozoic stratigraphic section in its footwall, includes tilted extensional fault blocks of 
Paleozoic carbonates in its hanging wall; and (7) the Spring and Steptoe Valleys, and Schell 
Creek and Cherry Creek Ranges of far-eastern Nevada, where horst and graben structures are 
bounded by middle to late-Tertiary extensional faults that have cut across and offset 
previously developed, low-angle extensional fault systems, as well as compressional 
structural systems formed during the Antler and/or Sevier orogenies. Particular attention has 
been paid to the structural and stratigraphic architecture of the Black Rock (Sevier) Desert-
Pavant Butte area of western Utah, where an up to 10,000 ft (3,000 m), Tertiary-Quaternary 
clastic, volcanic, and evaporitic stratigraphic section lies directly on top of lower Paleozoic 
(Cambrian) carbonates, and where high heat flows have been measured, indicating a region 
of promising geothermal exploration potential.  
 The Steptoe structural cross section, with a total length of 190 miles (305 km), has been 
constructed between the northern Confusion Range of far-western Utah, and the Cortez 
Mountains and Dry Hills of north-central Nevada, with an orientation of N64°W. The 
Steptoe section crosses: (1) the Confusion Range and Snake Valley of western Utah, 
characterized by the presence of upper Paleozoic and lower Triassic sedimentary rocks that 
underwent compressional deformation (folding and thrusting) during the Cretaceous Sevier 
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orogeny; (2) the Kern Mountains, where Oligocene-age granites are overlain by the Snake 
River Detachment, above which tilted fault blocks of upper Paleozoic rocks have been 
mapped; (3) the Schell Creek Range, Steptoe Valley, and Cherry Creek Range, a tectonic 
zone defined by a horst and graben structural architecture where middle- to late-Tertiary, 
medium- to high-angle extensional faults cut across and offset late Paleozoic and/or 
Cretaceous-age compressional structural systems, early- to middle-Tertiary, low-angle 
extensional fault systems, and middle- through late-Tertiary volcanics; (4) the Butte Valley, 
Butte Range, Long Valley, Ruby Valley, and Ruby Mountains, characterized by the 
development of full and half-graben structures within which virtually complete, Paleozoic 
stratigraphic sections have been preserved beneath thin- to absent, Tertiary-Quaternary 
stratigraphic section; (5) the Huntington Valley, Pinon Range, and Pine Valley areas, where 
high-angle extensional faults cut across late Paleozoic compressional structural systems 
mapped and identified within the “eastern” and “transitional” Paleozoic stratigraphic sections 
of central Nevada, in the footwall to the Roberts Mountain Thrust; and (6) the Cortez 
Mountains and Dry Hills area of Eureka county, where Jurassic-Cretaceous-age granites have 
been emplaced along the Roberts Mountain thrust and deformation front to the Antler 
orogeny, and where more than 9,000 ft (2750 m) of Jurassic, Cretaceous, and Tertiary-
Quaternary sedimentary and volcano-sedimentary rocks have been preserved within graben 
and half-graben valleys underlain by Paleozoic sedimentary sequences. Particular attention 
has been paid to the structural geometry of the Steptoe Valley, where over 6,800 ft (2070 m) 
of Tertiary and Quaternary sedimentary and volcano-sedimentary rocks overlie Paleozoic 
carbonates within a complexly faulted full-graben, and where high heat flows have been 
measured, as this is an area with high geothermal resource potential. It is also possible, given 
a structural and stratigraphic setting determined from cross section construction, that the Pine 
Valley, located between the Pinon Range and Cortez Mountains near the western end of the 
Steptoe structural cross section, defines another promising area for geothermal resource 
evaluation.  
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ABSTRACT


Most geothermal power production from the Great Basin of the 
western U.S. is located near extensional faults that allow upflow 
of geothermal fluids to near-surface.  However, improved drilling 
technologies, and the prospect of rising power prices raises the 
possibility of economically viable large-scale power production 
from the centers of the basins.  Oil and gas exploration wells, 
and water wells in the Great Basin have proven the existence of 
laterally extensive, high permeability within Paleozoic carbonates.  
In the southern Great Basin, regional scale ground water flow 
towards the Colorado River in these carbonates has depressed 
the heat flow.  However, in general the northern Great Basin has 
not been flushed by ground water, and the heat flow is about 80 – 
100 mW/m2.  This equates to gradients of about 30 – 40 ºC/km in 
bedrock formations (e.g. beneath the ranges), and about 55 – 75 
ºC/km within unconsolidated sediments and shale sequences due 
to the effects of thermal conductivity.  There is the potential for 
temperatures of 150 – 300 ºC at 3 – 5 km depth in basins with 
thick basin fill, as supported by several oil exploration wells in 
the eastern Great Basin where the temperatures are > 200 ºC at 
3 km depth.  In addition, several shallow wells near one of these 
deep wells confirm regionally extensive gradients of 65 ºC/km. 
The critical issue for the geothermal potential is whether there is 
laterally extensive permeability in the 3 – 5 km depth range.  The 
geologic evidence for near-horizontal Paleozoic formations at 
depth across much of the Great Basin, some of which are known to 
have characteristically high permeability, suggests the geothermal 
resource potential beneath the basins could be significant. 


Introduction


The geothermal potential of reservoirs within deep sedimen-
tary basins has been known for many years.  Many examples 
of high-temperature sediment-hosted systems are located in the 


Imperial Valley-Mexicalli rift basin (temperatures to > 300 ºC), 
and lower temperature aquifers (< 150 ºC) have been tapped in 
many basins round the world.  A subset of sedimentary-hosted 
geothermal systems are those associated with oil and gas pro-
ducing basins, some of which may be geopressured, and most 
having temperatures < 150 ºC (MIT, 2006; Sanyal and Butler, 
2009; Sanyal, 2010).


The purpose of this paper is to take a fresh look at potential 
geothermal reservoirs in the vast, non-magmatic, high heat flow 
region of the Great Basin (Blackwell and Richards, 2004).  The 
typical heat flow here is considered to be 85 ± 10 mW/m2, although 
the actual average is higher due to possible bias from measure-
ments near hydrothermal systems (Blackwell, 1983).  An area 
of lower heat flow in the south-central part of the Great Basin, 
sometimes referred to as the “Eureka Low,” defines a hydrologic 
heat sink due to inter-basin flow of water in carbonate rocks in 
eastern Nevada (Lachenbruch and Sass, 1977).


This paper will show that beneath at least some of the basins 
outside of the Eureka Low in the eastern Great Basin have tem-
peratures of more than 200 ºC at about 3 km depth, and furthermore 
the geologic evidence suggests that significant permeability should 
exist within several Paleozoic formations that underlie the basin 
fill.  Just as the thermal regime of southern Great Basin appears 
to be depleted because of regional-scale permeability within the 
Paleozoic sedimentary section, we believe that same permeabil-
ity may also be present in the same units beneath the rest of the 
Great Basin.  This is the beginning of a multi-year study of the 
geothermal potential of the Great Basin at depths of 3 – 5 km.


Reservoir Temperature


Many of the obvious hydrothermal systems within the Great 
Basin, often associated with extensional faults and leakage of hot 
water at the surface, have already been developed for geothermal 
power.  Factors controlling the locations of these systems and 
the regional heat flow variations have been known for a long 
time (e.g. Blackwell, 1983; Koenig and McNitt, 1983; Sass and 
Walters, 1999; Coolbaugh et al., 2005).  In regions where thermal 
conduction is dominant, the most important factor influencing the 
temperature at depth is thermal conductivity (Figure 1). 
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Figure 1 highlights the challenge with sedimentary-hosted sys-
tems summarized by Sanyal and Butler (2009): the cost of power 
generation is very sensitive to temperature of the reservoir (i.e. 
well depth and therefore the drilling cost) and well productivity 
(reservoir transmissivity or permability).  In the scenarios they 
modeled (Gulf Coast thermal regime of 30 ºC/km), the level-
ized energy cost decreased to 11 – 16 USc/kW-hr (depending 
on transmissivity) as the reservoir temperature increased to 160 
ºC (equivalent to 5 km depth).  Figure 1 also shows that where 
bedrock crops out in the Great Basin (i.e. the ranges of the basin 
and range topography) the 160 ºC temperature would be reached 
at about 4 km depth.  This would slightly improve the resulting 
levelized energy cost, but would barely make such a development 
attractive based on the best wholesale electricity market in the 
region (i.e. in California).  A bedrock section dominated by shale 
would be an additional help (thermal conductivity of ~ 1.7 W/
mºC), but this effect would be negated if there are also sandstone 
units (3 – 5 W/mºC).


Obviously the assumptions in the paragraph above need 
further qualification and investigation, but one clear conclu-
sion is that basins with a significant thickness of basin fill with 
unconsolidated sediment have the greatest potential for having 
reservoirs in the underlying bedrock at attractive temperatures.  
Bedrock reservoirs that underlie 3 km of overburden should have 
temperatures in the range of 210 – 280 ºC for depths of 3 – 5 km 
where the heat flow is 90 mW/m2.  These reservoir temperatures 
imply self-discharging wells in a geothermal development.  Very 
few deep wells have been drilled in the deepest parts of basins 
within the Great Basin. The focus of the geothermal exploration 
industry has mostly been on hydrothermal systems where a plume 
of hot water rises on fault(s) near the basin margins or adjacent 
to horst blocks within the basins.  In the Utah sector of the Great 
Basin we have found three wells greater than 3 km depth that 
have bottom-hole temperatures between 220 – 240 ºC, but with 
no obvious relationship to a hydrothermal system.  Temperatures 
have been extracted from the well-log headers, and all information 


is accessible on the website of the Utah Division of Oil, Gas, and 
Mining (DOGM).  The locations of these wells are superimposed 
on a basin depth map derived from gravity modeling (Saltus and 
Jachens, 1995; Figure 2).  The basin-depth map is particularly 
useful for screening areas of interest where several kilometers of 
unconsolidated sediment infill should have caused higher bedrock 
temperatures at depth.  The apparent lack of basins in a very large 
area between Salt Lake City and Wendover is because of a lack 
of gravity measurements on U.S. Department of Defense (DOD) 
lands.  The UGS is currently acquiring gravity data in these areas 
to better define basin morphology and resource potential.


All three wells lie within prominent, elongate basins parallel 
to the eastern margin of the Great Basin (Figure 2).  The Amoco 
Production Company “Indian Cove” well had 3.8 km of basin 
fill over Precambrian bedrock (Bortz, 2002).  It has a corrected 
bottom-hole temperature of 230 ºC at 3.8 km) and a mid-depth 
temperature of 148 ºC at 2.4 km, which are consistent with a 
uniform gradient from the surface of 65 ºC/km and an inferred 
heat flow of 90 – 100 mW/m2.  The Arco Oil and Gas Company 
Pavant Butte 1 well drilled 3 km of basin fill followed by 250 m 
of Cambrian strata (Hintze and Davis, 2003).  It has a corrected 
bottom-hole temperature of 232 ºC at 3.3 km depth, and a tempera-
ture at 2.35 km of 166 ºC.  The temperature gradient here is also 
about 65 ºC/km.  The third well is the McCullough Geothermal 
Acord-1 well which is 10 km west of the Roosevelt geothermal 
field and the Blundell power plant of Pacificorp.  The well drilled 
1 km of basin fill followed by volcanic rocks and a monzonite 
intrusion, both late Tertiary in age, before drilling Precambrian 
sediments. The bottom-hole temperature is 230 ºC at 3.86 km 
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Figure 1.  Thermal regime at depth for a Great Basin heat flow of 90 mW/
m2 assuming thermal conduction in bedrock (thermal conductivity K = 2.5 
W/mºC) and varying overburden thickness (high clay content; overburden 
thickness labeled).  Note that thermal conductivity increases with depth 
due to the effects of compaction.  These assumptions produce a thermal 
gradient (G) in bedrock of 36 ºC/km and gradients of 56 - 75 ºC/km in the 
overburden, depending on the thermal conductivity.


Figure 2.  Basin-depth map for eastern Great Basin based on gravity 
modeling (Saltus and Jachens, 1995).  The three deep wells that have 
bottom-hole temperatures of 220 – 240 ºC are labeled (PB1 is the Pavant 
Butte – Arco well; also Acord 1 near Milford, and Indian Cove in Great 
Salt Lake).  Geothermal power plants are labeled in red with MW capac-
ity.  Lines A-A’ and B-B’ are the sections in Figure 6.  Blue outline is Great 
Salt Lake. A large area between Salt Lake City and Wendover has few 
gravity measurements.
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yielding an average gradient of 60 ºC/km and a heat flow of 145 
mW/m2 based on thermal conductivity measurements on cuttings 
(Shannon et al., 1983). 


The high bottom-hole temperatures in the Indian Cove and 
Pavant Butte 1 wells are largely due to the thermal insulation 
effects of 3 km of unconsolidated, fine-grained sediment.  Ab-
normally high background heat flow may also a factor beneath 
the Acord-1 site.


Our reassessment of bottom-hole temperatures in Great Salt 
Lake oil exploration wells, and that of Henriksen and Chap-
man (2002) confirm that the heat flow is 80 – 100 mWm2, 
and temperatures of over 200 ºC should be expected along the 
northwest-trending basin axis beneath the lake.  In the Black Rock 
Desert adjacent to the Pavant Butte well, two temperature gradient 
wells were drilled by Phillips Geothermal during the early 1980s, 
and we have recently drilled three additional wells (Figures 3 
and 4).   The graph in Figure 4 summarizes the temperature data 
and allows comparison with the temperatures obtained from the 
deep Pavant Butte well. The shallow temperature gradient data 
are consistent with those from the deep well although there appear 
to variations across the basin.  The new thermal data and related 
geophysical survey data are currently being interpreted and will 
be reported later.  Hardwick et al. (this volume) give an initial 
interpretation of magnetotelluric and gravity signatures of the 


Crater Bench – Abraham hot springs area at the northern end of 
the elongate gravity low anomaly encompassing the Pavant Butte 
well (Figures 3 and 4).


Permeability


Good permeability (or transmissivity) is essential for a viable 
geothermal reservoir.  The eastern Great Basin contains a thick 
succession of sedimentary strata that is dominated by carbonate 
rocks with subordinate amounts of shale, sandstone, quartzite, 
and conglomerate.  Most of the sedimentary section through the 
central part of the Great Basin is Paleozoic in age with sections 
in the northern and southern sectors also having Mesozoic rocks.  
Much less is known about the Proterozoic section in the area 
because of limited exposures and minimal drilling below the 
Cambrian section.


Much of the Paleozoic section was deposited in a relatively 
shallow-water basin that reflects shelf to shelf slope environments 
where about 30,000 feet of rock accumulated in the central Great 
Basin (eastern Nevada), thinning to no more than 3,600 feet of 
rock towards the eastern margin.  Of that, most of the section 
(about 75%) is comprised of carbonate rock (both limestone and 
dolostone).  These rocks range from tight, dense, finely crystalline 
lime mud to more porous bioclastic and framework lithotypes.  
These are likely the key reservoirs, especially when enhanced 
by fractures and dissolution features.  In addition, the recent 
recognition of microbial carbonate reservoirs in many Paleozoic 
formations in the Rockies may become an important target in this 
area.  The remaining lithotypes in the Paleozoic section for the 
outlined area includes about 10 percent shale and siltstone and 
another 15 percent as sedimentary quartzite and sandstone.  The 
percentage of shale and siltstone in the section may be small but 
is important because they serve as reservoir seals.


A generalized stratigraphic section shows some of the more 
well-known units with characteristically good permeability 
highlighted with asterisks (Figure 5).  Transmissivity values 
based on pump tests for Paleozoic carbonate units within several 
thousand feet of the surface range between 1,000 – 10,000 ft2/
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Figure 3.  Simplified geologic map with Bouguer gravity anomaly overlay 
(Wannamaker et al., 2007; contour interval 2 mgals).  Locations of wells 
referred to in text and in Figure 4 are superimposed.  PB1 is Pavant Butte-
Arco 1, PPB is Phillips-Nth. Pavant, PB2 is Pavant Butte 2, CL is Clear 
Lake, PN is Phillips Neels, CB4 is Crater Bench.


Figure 4.  Comparison of temperature gradients in wells around Black 
Rock Desert.  Locations in Figure 3.  The Pavant Butte – 2 well was mea-
sured soon after completion and may not be at full thermal equilibrium at 
time of writing.







686


Allis, et al.


day, and more typically 2000 – 4000 ft2/day (USGS and UGS 
measurements; Halvord 2010).  These values are equivalent to 
permeabilities on the order of a Darcy assuming typical unit 
thicknesses.  Whether these high permeabilities also exist when 
the formations are at 3 – 5 km depth and at temperatures of 200 
– 250 C is a topic we will be researching during the coming 
year.  There are numerous petroleum-producing basins world-
wide that have proven permeability at 6 – 10 km depth (Dyman, 
1998).  Of the 52 wells drilled to more than 7.6 km depth in the 
U.S. up to 1998, half were productive. Most of these have deep 
temperatures less than about 200 ºC.  One example of a deep, hot 
carbonate (dolomite) reservoir is in Madison formation dolomite 
in the Madden gas field of central Wyoming, where productive 
wells range up to 7.6 km in depth, and temperatures reach 225 
ºC (Williams 2000).  


Two cross-sections in Figure 6 illustrate the structural ge-
ometries across the eastern (Utah) half of the Great Basin.  They 
are based on interpretations from seismic profiles (Allmendinger 
and Sharp, 1992; Hintze and Davis, 2003; Schelling et al., 2007).  
Sevier thrust faults are important because they may become sub-
horizontal detachments once extension began to form the Great 
Basin.  Shallow, steeply-dipping normal faults are interpreted to 
flatten into the detachment faults at depth.  This interpretation has 
been challenged and specifically the nature of detachment faults 
beneath the Sevier-Black Rock Desert area remains controversial 
(Wills et al., 2005).  Despite the uncertain Tertiary kinematic 
history, the two sections in Figure 6 suggest many stratigraphic 
reservoir targets exist beneath the region.  In contrast to hydro-
thermal systems controlled by steeply-dipping fault zones, these 
reservoirs will be sub-horizontal and stratigraphically controlled.  


Once a reservoir unit is confirmed, the size of the 
reservoir could be very large (~ 100 km2).  


Conclusions


Even with the high heat flow of the Great 
Basin (85 ± 10 mW/m2), if thermal conduction 
is dominant, then temperatures of 200 ºC will 
typically be at more than 5 km depth in areas 
where bedrock extends to near the surface. Such 
depths will require an expensive well-field and 
will be economically challenging.  If the explora-
tion target is sub-horizontal, stratigraphic units 
known to have high permeability, exploring for 
these units beneath 2 – 3 km of unconsolidated 
sediments will ensure temperatures of at least 200 
ºC below about 3 km depth.  Horizontal drilling 
with multi-stage hydrofracturing is now a mature 
technology and appears to be ideal for develop-
ing these sub-horizontal reservoirs.  Today, more 
than half of all oil and gas wells drilled in North 
America have horizontal legs to optimize reservoir 
productivity (Baker-Hughes, 2011).  Similarly, 
another essential exploration technology to the 
petroleum industry, seismic reflection imaging, 
should also have direct application to developing 
these sedimentary-hosted geothermal reservoirs.  
Although the application of seismic imaging of 
near-vertical, range-bounding faults characteristic 
of hydrothermal systems has been problematic 
(e.g. Blackwell et al., 2007), the value of seismic 
imaging of the underlying basin structure in the 
Great Basin has been proven (Allmendinger, 1992; 
Wills et al., 2005).  
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Figure 5.  Generalized stratigraphy for west-central Utah (from Kirby and Hurlow, 2005, modified 
from Hintze et al., 2000).  The total stratigraphic thickness is 10 km.  Units known to have signifi-
cant permeability have two asterisks; those with “probable” permeability have one asterisk.
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Developing Geothermal Resources beneath Hot Basins (stratigraphic reservoirs) 


Economic Constraints – draft notes for report 
 
Thomas Spencer, and R. Allis 
 
 
Summary 
 
The two fundamental issues that skeptics raise about deep geothermal wells beneath basins are “the 
permeability isn’t there” and “it is going to cost too much”.  These notes present the results of the 
economic modeling carried out by Thomas Spencer, under the guidance (initially) of Varun Gowda.  The 
findings of this study are that if temperatures are at least about 175° C, and well depths are less than about 
4.5  km, large-scale geothermal power developments can be viable at 10c/kWh (levelized cost of 
electricity over 30 year project) without applying the present production tax credit and other incentives.  
This means such projects can profitably sell into the California power market, but would require 
incentives to be viable in the low-priced Utah power market.  The modeling indicates that production 
wells need to be able to produce at about the maximum pump rate presently feasible (2000 gpm, 127 L/s), 
and sustaining the wellhead temperature close to the initial temperature for as long as possible is critical.  
This means a relatively large spacing between injectors and producers (~ 1 km?) 
 
Background 
 
Most geothermal power developments in the U.S. tap into hydrothermal upflow zones, where water (and 
sometimes steam) is at a temperature high enough and it is sufficiently shallow to be economically 
accessed by production wells for power generation.  However the most obvious and attractive of these 
resources have been developed and it is becoming increasingly difficult to find hidden (blind) upflow 
zones.  A selection of published temperature profiles from these hydrothermal reservoirs is shown in 
Figure 1, along with temperature profiles from major U.S. sedimentary basins.  Allis et al (2011, 2012) 
suggest that high heat flow basins in the western U.S. with near-horizontal, stratigraphic (bedrock) 
permeability at 3 – 4 km depth could present a very large target area for future geothermal development 
(perhaps 1000 x 500 km2 just within the Great Basin), 
 
Many geothermal exploration wells have been drilled into relatively shallow outflow zones flowing from 
the hydrothermal upflow zones, and these wells have encountered temperature inversions at greater depth 
and missed the upflow zone.  Blackwell et al. (2012) suggested that the upflow zones may be very 
narrow, perhaps as small as ~ 10 – 100 m in width, based on comparisons with the alteration signatures of 
epithermal mineral deposits.  They hypothesize the reservoirs in the Great Basin are at greater depth, 
poorly understood, and are not the fault zone hosting the upflow.  McNitt (1995) may have been the first 
to publically point out that the amount of heat being extracted from Great Basin geothermal reservoirs 
seems to be much larger than the pore volume within the drilled upflow zone.  With the bedrock beneath 
high heat-flow basins being at about 50°C hotter than at the same depth beneath the adjacent ranges (Fig. 
1), attention has shifted to whether substantial geothermal reservoirs may be present beneath the basins.  
One critical question is the cost of drilling production wells to 3 to 5 km depth and whether geothermal 
power projects are viable.  This report uses nationally recognized software package “GETEM” developed 







over many years with the support of the Department of Energy (GETEM, 2006; Entingh and Mines, 2006; 
Mines, 2008) to investigate the economics of power production from beneath high heat-flow basins. 
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Fig. 1. Selected temperature profiles from hydrothermal systems in the western U.S. (bright yellow – high 
temperature systems; light yellow – low temperature systems.  Also shown are profiles from several large 
sedimentary basins.  Most U.S. geothermal developments at temperatures of more than 150°C, and less 
than about 3 km depth.  Production wells tap hot water and steam, often in fractures which host the 
hydrothermal system, and the upwelling of hot water is presumed to have circulated to much greater 
depth.  Two geotherms representing high heat flow (90 mW/m2) beneath deep basins and beneath ranges 
in the Great Basin are plotted.  Note that temperatures at 3 – 5 km depth are about 50°C hotter beneath the 
basin than at the same depth beneath the range. “The Prize” is the area of potential stratigraphic reservoirs 
beneath high-heat flow basins that should be a target for future geothermal development (Allis et al., 
2012).  Key:  L.A., Los Angeles Basin; GOM, Gulf of Mexico onshore (Louisiana) and offshore (TX);.  
Stw, Stillwater, NV; Ma, Mammoth, CA; StS, Steamboat Springs, NV; SoS, Soda Springs, NV; Tu, 
Tuscarora, NV, BM, Blue Mountain, NV; DP, Desert Peak, NV; CF, Cove Fort, UT; Th, Thermo, UT; 
DV, Dixie Valley, NV; Bw, Beowawe, NV; RR, Raft River, ID. 
 
Inputs to GETEM models 
 







The Geothermal Electric Technologies Evaluation Model (GETEM) links the characteristics of 
geothermal resources to a reasonable estimated cost of power (LCOE, or levelized cost of electricity in 
c/kWh for the economic like of a development).  It includes engineering cost estimates such as operating 
and maintenance (O&M), reservoir performance estimates based on user specifications, capital cost of 
exploration and investigation drilling, and plant costs.  It also includes assumptions about depreciation 
and inflation impacts (Entingh and Means, 2006).  The model used here is an updated one supplied to EGI 
in 2010. 
 
One of the critical cost components of geothermal development is drilling.  GETEM assumptions for the 
cost of drilling with increasing depth (Fig. 2) were compared with recent estimates supplied to EGI by 
Bill Rickard (2010, personal communication) for wells up to 3 km depth and found to be similar.  The 
GETEM drilling cost trend has therefore been used for this study.  Also shown on Fig. 2 is a drilling cost 
curve which is ± 20% compared to the standard curve.  These trends imply a production well that is 3 km 
deep costs $5 ± 1 million.  Drilling costs can be highly variable, so the 20% cost variable allows 
consideration of possible savings when drilling numerous identical wells into the known conditions of 2 – 
3 km of unconsolidated sedimentary conditions overlying the bedrock reservoir section.  GETEM 
incorporates drilling costs at the wildcat exploration stage (20% success rate), and resource confirmation 
stage (120% normal drilling costs) to allow for the costs of well testing and reservoir analysis. 
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Fig. 2.  Drilling cost curves used in the GETEM modeling. 







Other important assumptions relate to the type of power plant being considered. In this case, both 
environmental factors for minimizing emissions and minimal use of water require that air-cooled binary 
plants be used.  Many of the cost factors in GETEM are related to resource temperature, and the model is 
most accurate for reservoirs between 100 and 200°C for air-cooled binary plants (GETEM, 2006). All our 
modeling assumes a 100 MWe plant capacity, and pumps for production and injection wells.  Because of 
the 5-spot drilling pattern for injectors and producers (at 500 m spacing) to ensure the injection fluid is 
dispersed as uniformly as possible across the reservoir, the injector/producer well ratio is 1 in all models.  
The issue of varying well productivity (i.e. reservoir permeability) is handled by assuming the pump rates 
of the wells range between 500 and 2000 gallons per minute (31 – 127 L/s), and is constant with time for 
a given scenario.  The upper pump rate is considered the maximum feasible with today’s technology.  The 
lower the pump rate, the more production wells that are needed for a power plant of fixed capacity, and 
therefore the higher the LCOE for the project.  
 
The rate of temperature decline of production wells is handled by a constant harmonic decline rate in 
percent per year.  A rate of 1 %/year with an initial reservoir temperature of  200 C results in a 
temperature 181°C after 10 years, and a temperature of 150°C after 30 years.  This is in the middle of the 
range for the five reservoir models that were simulated in a different task of this project.  However, if the 
development strategies include temporarily resting producers and introducing new producers on a decadal 
timescale, then it may be possible to achieve a much lower temperature decline rate, depending on the 
permeability distribution.  One set of models considers the effect of minimizing the temperature decline 
rate.  
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Figure 3.  Assumed changes in reservoir (production well) temperature changes for harmonic temperature 
decline rates of 0 – 2 %/y, assuming an initial reservoir temperature of 200°C. 







 
In order to generate the various trends in LCOE for varying constraints such as pump flow rate, rate of 
temperature decline, wellhead temperature, well depth and drilling costs, GETEM is coupled with @Risk 
allowing Monte Carlo simulations.  Between 5,000 and 10,000 simulation were run for each scenario. 
Results were then filtered to find the combinations of well depth and reservoir temperature that produce 
the required trends of LCOE (constrained to less than ± 0.2 c/kWh to make a smooth line).  All results are 
plotted on temperature-depth graphs to allow easy comparison with likely geotherms (temperature trends 
with constant heat flow) beneath high heat-flow basins.  The underlying objective of this modeling was 
recognition that “the prize” zone in Fig. 1 is slightly deeper than the geothermal industry is used to, and 
therefore we needed to identify the key factors influencing the LCOE for these depths and temperatures.  
 
Model Results 
 
Fig 3 shows three graphs with LCOE trends assuming wellhead pump rates of 500, 1000, and 2000 
gallons/minute.  In each case, three LCOE lines for 10, 15 and 20 c/kWh are plotted, the temperature 
decline rate is kept at 1 %/year, and the standard GETEM drilling cost curve is used.  Two basin 
geotherms for heat flows of 80 and 100 mW/m2 are also shown to indicate the range of target reservoirs.  
As expected, Fig. 3 shows the lower the reservoir temperature, the greater the LCOE.  If the LCOE is to 
be less than 10c/kWh (a DOE goal), then that is only achieved with pump rates close to 2000 gpm, and  
reservoirs in the upper half of the heat flow range. With heat flows of about 90 - 100 mW/m2, the target 
reservoir lies between about 2.5 and 4 km depth. 
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Fig. 3. Three graphs showing LCOE cost trends (10, 15, and 20 c/kWh) with temperature and depth for 
pump rates of 500, 1000, and 2000 gallons per minute.  Note assumptions of 1%/year harmonic decline 
rate, standard drilling costs, and a 100 MWe air-cooled binary plant. 







The slope of the LCOE trends in Fig. 3 decreases with decreasing pump rate.  For pump rates of 500 and 
1000 gpm, the LCOE trends are almost parallel to the geotherms, so there is no cost advantage in drilling 
deeper for hotter reservoirs. 
 
Fig. 4 investigates the effect of variations in drilling cost using the 10 c/kWh trends as a guide.  At about 
3 km depth and with a pump rate of 2000 gpm, a change in ± 20% in drilling costs causes the LCOE trend 
to raise or lower by about 500 m.  Compared to the variations in other factors controlling the LCOE 
considered here, this is a surprisingly small effect. The target depth range of reservoirs in this case is 
between about 2.5 and 4.5 km depth. 
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Figure 4.  Effect of variations in drilling costs on the trends for an LCOE of 10c/kWh. 
 
 
The effect of varying temperature decline rate during the duration of the project is shown on Fig. 5 for a 
pump rate of 1000 gpm.  As the middle graph in Fig. 3 showed, at this pump rate a 1 %/y decline rate had 
an LCOE of between 10 and 15 c/kWh.  However, if the decline rate is much smaller, then an LCOE of 
10c/kWh is achievable.  The reservoir modeling report associated with this project found the best 
performing model with a pump rate of 1000 gpm was the “Low Permeability” model, and for the first 30 
years it performed better than a decline rate of 0.25 %/year (the production temperature had declined to 
about about 185°C after 30 years.)  The economic model shown here suggests that scenario would have a 
LCOE of 10 c/kWh. 
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Fig. 5.  Effect of varying temperature decline rate on the 10 c/kWh LCOE trend (assumes pump rate of 
1000 gpm). 
 
Fig. 6 reviews the effect of varying pump rate on the 10 c/kWh LCOE assuming a 1 %/y temperature 
decline rate.  The two graphs show the standard geotherms assumed in the earlier figures, and temperature 
profiles from four high heat-flow basins.  The most obvious conclusion from these graphs is that 
economic viability requires production wells to produce at the maximum rate possible (2000 gpm; 127 
L/s), which in turn emphasizes the need for adequate permeability.  Reducing drilling costs by about 20% 
has a relatively small beneficial effect.  More important is sustaining the production temperature during 
the life of the project, which probably means increasing the distance between injectors and producers 
while still keeping the lateral pressure gradients across the reservoir at a manageable level.  Drilling 
replacement wells in undeveloped parts of the reservoir will sustain the production temperature, but it will 
also increase the LCOE.  Note we have not (yet) simulated the 2000 gpm pump rate and temperature 
decline rates of 0 - 0.5 %/y.  If such low decline rates and high pump rates are feasible, this will produce 
LCOEs of much less than 10 c/kWh 
 
Brief Conclusions! 
 
This study is a first pass at understanding the relative importance of factors influencing the economics of 
geothermal reservoirs beneath high heat flow basins.  While has highlighted the importance of 
maximizing pump rate and sustaining reservoir temperature, it also shows that LCOEs of about 10 c/kWh 
are feasible in the Great Basin.  Such projects would be able to sell into the California power market, 
given the area of prospective basins, power plant sizes of ~ 100 MWe should be possible. 
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ABSTRACT


The compiled dataset presented herein includes perme-
ability measurements from both standard groundwater 
aquifer tests and a variety of drill stem tests from the oil 
and gas industry in Utah and the Great Basin and the ad-
joining states of Colorado, Wyoming, and New Mexico. 
All measurements compiled from these sources contain 
basic lithology, depth, and permeability information. The 
dataset contains 1188 permeability measurements: 588 
measurements are from siliciclastic rocks, 250 measure-
ments are from carbonate rocks, 253 measurements are 
from igneous rocks, and 97 measurements are from basin 
fill. Based on the compiled dataset both carbonate and si-
liciclastic rock units may have wellbore-scale permeability 
greater than 10 mD at depths of more than 2000 meters. 
The median permeability of carbonate rock and siliciclas-
tic rocks units at depths between 3000 and 5000 meters is 
75 and 30 mD respectively. Basin fill permeability is gen-
erally greater than 1000 mD for depths less than 700 me-
ters. Igneous rock permeability is generally greater than 
1 mD for depths less than 2250 meters, and insufficient 
data is available at greater depth. Permeability values for 
given depth ranges of carbonate and siliciclastic rocks 
taken from global data in Ehrenberg and Nadeau (2005) 
are comparable to, and greater than those in the compiled 
dataset. Carbonate rocks generally have slightly higher 
permeability for a given depth than siliciclastic rocks, and 
would therefore be the target of choice for deep geother-
mal development.


INTRODUCTION


Permeability of geologic units at depth represents a major 
constraint on the feasibility and development of deep seat-
ed geothermal resources. Existing data from geothermal 
reservoirs at depths greater than several thousand meters 
are generally lacking. This report combines existing per-
meability data from oil and gas drill stem tests and water 
well aquifer tests in an attempt to constrain the perme-


ability of deep geothermal reservoir targets and adjoining 
units in Utah and the Great Basin and the adjoining states 
of Colorado, New Mexico, and Wyoming. 


BACKGROUND


This summary report presents a compiled dataset of pub-
lished permeability versus depth measurements for the 
Great Basin and several adjoining states. The dataset in-
cludes permeability measurements from both standard 
groundwater aquifer tests and a variety of drill stem tests 
from the oil and gas industry. The dataset is taken from 
three primary sources: the Department of Energy Gas In-
formation System (GASIS) database (U.S. Department of 
Energy, 1999), a summary of aquifer test data acquired 
in the southern Basin and Range Province as part of the 
Death Valley regional aquifer study (Belcher and others, 
2001), and a U.S. Geological Survey database of recent 
aquifer test data in Nevada (U.S. Geological Survey, 2011). 
All measurements compiled from these sources contain 
basic lithology, depth, and permeability information. 
Permeability measurements were converted to standard 
units of millidarcies (mD). In the case of aquifer test data, 
transmissivity measurements were converted to perme-
ability using unit thickness data included in the original 
measurements. Aquifer test measurements that partially 
penetrate aquifers and lack constraint on unit thickness 
were not included in the compiled dataset. Depth values 
are the midpoint of the tested interval if top and bottom 
information was included or a simple depth if only a single 
depth value was given. 


Permeability measurements were grouped into four units 
typical of the Basin and Range Province that include si-
liciclastic, carbonate, basin fill, and igneous rocks. These 
broad unit categories are meant to encompass the pos-
sible deep geothermal reservoir targets as well as adjoin-
ing units that may place important constraints on drilling 
and geothermal system design and operation in the Great 
Basin area. Unit designations from the GASIS database 
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were either carbonate or siliciclastic. Data presented by 
Belcher and others (2001) and the U.S. Geological Survey 
(2011) contain more detailed lithology information, and 
formational designations were used to group measure-
ments based on the dominant lithology. In these cases the 
carbonate rock unit includes primarily Paleozoic-age lime-
stone and/or dolomite formations. The siliciclastic rock 
unit includes measurements taken from quartzite, sand-
stone, and shale lithologies of various ages. The igneous 
rock unit includes all extrusive (volcanic) and intrusive 
(plutonic) rocks that range from tuff deposits to granites. 
Basin fill includes consolidated to unconsolidated sand, 
gravel, mud, clay, and silt deposits that fill extensional ba-
sins in the Basin and Range Province. 


Measurements from the GASIS database lack complete lat-
itude and longitude location information, but do contain 
oil and gas field and state location information that was 
used to select measurements from Utah and the adjoining 
states of Colorado, New Mexico, and Wyoming. The GASIS 
database contains no data from the Great Basin outside 
of Utah. Measurements from Belcher and others (2001) 
and the U.S. Geological Survey (2011) are located entirely 
within the Great Basin. Subsequent discussions subdi-
vide the dataset based on this basic location information 
into measurements from Utah and the Great Basin, or all 
measurements that include adjoining states of Colorado, 
New Mexico, and Wyoming together with those from Utah 
and the Great Basin. Basic location information and litho-
logic units are combined to group and analyze the data in 
greater detail. The data subsets discussed in greater detail 
below include basin fill in the Great Basin, igneous rocks 
in the Great Basin, carbonate rocks in Utah and the Great 
Basin, siliciclastic rocks in Utah and the Great Basin, all 
carbonate rocks including adjoining states, and all siliclas-
tic rocks including adjoining states. 


DATA SUMMARY


The complete dataset contains a total of 1188 compiled 
permeability measurements: 767 measurements of the 
total are from the GASIS database (U.S. Department of En-
ergy, 1999), 378 measurements are from Belcher and oth-
ers (2001), and 43 measurements are from the U.S. Geo-
logical Survey (2011) (table 1). In the dataset there are 
464 measurements from Utah and the Great Basin area 
and an additional 724 measurements from the adjoining 
states of Wyoming, Colorado, and New Mexico. A total of 
588 measurements are from siliciclastic rocks, 250 mea-
surements are from carbonate rocks, 253 measurements 
are from igneous rocks, and 97 measurements are from 
basin fill. 


Depth of measurement irrespective of lithologic unit rang-
es between 4.2 and 7214 meters below land surface (table 
2). For the entire dataset permeability ranges across ten 
orders of magnitude from a minimum of 0.001 mD to a 
maximum value of 1,111,438 mD. Basin fill permeability 
measurements extend to a depth of 686 meters and mea-
surements of permeability in igneous rocks extend to a 
depth of 2243 meters. Measurements for carbonate rocks 
in Colorado, New Mexico, and Wyoming extend to 7214 
meters in depth. Within Utah and the Great Basin carbon-
ate rock measurements extend to 3793 meters in depth. 
The maximum depth of measurement for all siliciclastic 
rocks is 5531 meters and siliciclastic rocks in Utah and the 
Great Basin have measurements to a depth of 4774 me-
ters. 


Figure 1 shows permeability versus depth for all 1188 
measurements included in the dataset. Measurements are 
symbolized based on lithologic unit and general location 
and plotted along a logarithmic permeability scale. Perme-
ability is highest for basin fill, carbonate rock, and igneous 
rock within 1000 meters of the land surface. The highest 
permeability values are for basin fill and carbonate rocks 
within the upper 500 meters. The lowest permeability 
values occur between 1200 and 2500 meters depth in ig-
neous rocks and there are no measurements for igneous 
rocks below 2500 meters. Permeability decreases with in-
creasing depth for all lithologic units between 0 and 2500 
meters. Below this, most measurements of carbonate or 
siliciclastic rocks have permeability between 10 and 100 
mD. Carbonate and siliciclastic rocks from Utah and the 
Great Basin generally have higher permeability than those 
for a similar depth from adjoining states (including Colo-
rado, New Mexico, and Wyoming). 


To better constrain possible permeability with depth 
each lithologic unit was subdivided by 500-meter depth 
intervals, and for all measurements in the 3000 to 5000 
meter depth interval. Statistical summaries were comput-
ed using the R statistical software (R Development Core 
Team, 2012) and graphically represented using box and 
whisker plots for each depth interval (table 3, figures 2, 
3, 4, and 5). Statistical values of percentile, mean, median, 
and geometric mean for depth intervals with fewer than 
five measurements have limited statistical validity and, 
in this case, these values are best interpreted as a general 
range of possible permeability at a given depth. 


Median permeability values are highest for the upper 
500-meter depth interval for all lithologic units except si-
liciclastic rocks. Data for the basin fill unit are limited to 
depths less than 1000 meters below land surface, and data 
for igneous rocks are limited to depths less than 2500 me-
ters. Data for carbonate rocks in Utah and the Great Basin 
are limited to depths less than 4000 meters, and data for 
siliciclastic rocks in Utah and the Great Basin cover depth 
intervals of less than 3000 meters and between 3500 and 
5000 meters.


Table 1. Compiled dataset of permeability with depth 
measurements. (Click to view Excel file).
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Figure 1. Permeability versus depth for basin fill, igneous, carbonate, and siliciclastic rocks.


Table 2. Summary of permeability data by lithologic unit.Table	  2.	  	  Summary	  of	  permeability	  data	  by	  lithologic	  unit.


Depth	  (m) Permeability	  (mD)


Lithologic	  Unit n1 Median Geomean2 Minimum Maximum Median Geomean Minimum Maximum
Great	  Basin	  basin	  fill 97 110 96 4.2 686 4.47E+03 2.78E+03 8.36E-‐02 1.77E+05
Great	  Basin	  igneous	  rocks 253 749 683 48.8 2243 9.96E+01 8.28E+01 1.36E-‐03 2.41E+05
All	  carbonate	  rocks 250 1750 1534 13.9 7214 4.10E+01 6.79E+01 1.28E-‐01 1.11E+06
All	  siliciclasQc	  rocks 588 1999 1793 58.2 5530.9 2.50E+01 2.53E+01 2.59E-‐01 6.05E+03
Utah	  and	  Great	  Basin	  carbonate	  rocks	   55 1106 686 13.9 3792.9 2.92E+02 6.10E+02 1.28E-‐01 1.11E+06
Utah	  and	  Great	  Basin	  siliciclasQc	  rocks 59 1535 1283 100 4774.1 3.24E+01 1.87E+01 2.59E-‐01 6.05E+03
1	  Number	  of	  occurrences
2	  Geometric	  mean	  taken	  as	  the	  exponent	  of	  the	  mean	  of	  logs	  of	  either	  depth	  or	  permeability
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Table	  3.	  	  Summary	  of	  permeability	  data	  by	  depth	  intervals.


Lithologic	  unit Depth1 n2 Min 10	  3 25 Median4 Geomean5 75 90 Max
Great	  Basin	  basin	  fill 0-‐500 92 1.70E+00 1.70E+00 1.52E+03 4.59E+03 3.59E+03 1.54E+04 3.41E+04 1.77E+05


500-‐1000 5 8.36E-‐02 8.36E-‐02 2.83E+00 5.39E+00 2.45E+01 2.53E+03 2.74E+03 2.74E+03
1000-‐1500 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


Great	  Basin	  igneous	  rocks 0-‐500 46 7.59E-‐01 7.59E-‐01 6.43E+01 5.74E+02 5.24E+02 8.11E+03 8.45E+03 2.41E+05
500-‐1000 142 2.83E-‐02 2.83E-‐02 1.73E+01 1.03E+02 1.48E+02 1.35E+03 2.90E+03 1.58E+05
1000-‐1500 36 2.40E-‐03 2.39E-‐03 1.30E+00 4.99E+01 1.70E+01 2.58E+02 4.06E+02 1.33E+03
1500-‐2000 24 1.40E-‐03 1.36E-‐03 1.10E-‐01 1.48E+00 1.93E+00 9.44E+01 2.14E+02 1.48E+03
2000-‐2500 5 3.91E-‐02 3.91E-‐02 5.26E-‐01 1.48E+00 1.50E+00 1.01E+01 1.01E+01 2.46E+01
2500-‐3000 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


All	  carbonate	  rocks 0-‐500 21 1.00E+01 1.00E+01 1.86E+03 7.10E+03 1.02E+04 2.66E+05 4.29E+05 1.11E+06
500-‐1000 36 1.02E+01 1.00E+01 1.50E+01 2.10E+01 4.43E+01 3.56E+01 6.50E+01 2.47E+04
1000-‐1500 42 3.61E+00 3.61E+00 2.70E+01 5.00E+01 5.10E+01 8.46E+01 1.66E+02 7.56E+03
1500-‐2000 43 1.28E-‐01 1.28E-‐01 1.73E+01 2.40E+01 2.83E+01 5.27E+01 6.70E+01 6.37E+02
2000-‐2500 30 4.00E+00 4.00E+00 2.00E+01 3.75E+01 3.90E+01 5.73E+01 7.50E+01 1.63E+03
2500-‐3000 34 2.00E+00 2.00E+00 1.50E+01 3.10E+01 3.24E+01 7.00E+01 1.38E+02 1.75E+02
3000-‐3500 14 4.00E+00 4.00E+00 1.80E+01 3.12E+01 3.09E+01 6.00E+01 1.16E+02 1.16E+02
3500-‐4000 13 3.30E+01 3.30E+01 4.30E+01 7.00E+01 8.35E+01 1.57E+02 3.00E+02 3.00E+02
4000-‐4500 9 2.80E+01 2.80E+01 6.47E+01 4.42E+01 1.13E+02 1.79E+02 2.27E+02 2.27E+02
4500-‐5000 5 2.50E+01 2.50E+01 9.20E+01 1.41E+02 1.65E+02 5.85E+02 6.46E+02 6.46E+02
>5000 3 7.90E+01 7.90E+01 8.00E+01 8.10E+01 9.72E+01 1.12E+02 1.44E+02 1.44E+02


All	  siliciclasPc	  rocks 0-‐500 26 1.04E+00 1.04E+00 1.30E+01 2.95E+01 3.01E+01 6.10E+01 1.18E+02 6.05E+03
500-‐1000 69 2.00E+00 2.00E+00 2.30E+01 3.20E+01 3.48E+01 6.70E+01 1.20E+02 3.33E+02
1000-‐1500 94 4.93E-‐01 4.93E-‐01 1.40E+01 2.05E+01 2.10E+01 3.52E+01 6.20E+01 3.83E+02
1500-‐2000 105 3.51E-‐01 3.51E-‐01 1.20E+01 2.34E+01 2.20E+01 5.00E+01 1.05E+02 3.17E+02
2000-‐2500 111 2.59E-‐01 2.59E-‐01 1.23E+01 2.10E+01 2.27E+01 4.25E+01 8.05E+01 3.78E+02
2500-‐3000 60 2.01E+00 2.01E+00 1.36E+01 2.55E+01 2.23E+01 3.61E+01 6.61E+01 1.68E+02
3000-‐3500 47 5.40E+00 5.40E+00 1.55E+01 2.48E+01 2.37E+01 3.74E+01 6.80E+01 1.06E+02
3500-‐4000 42 8.00E+00 8.00E+00 1.80E+01 3.00E+01 3.27E+01 5.40E+01 1.05E+02 4.24E+02
4000-‐4500 20 4.00E+00 4.00E+00 2.25E+01 3.60E+01 4.24E+01 1.07E+02 1.54E+02 3.27E+02
4500-‐5000 8 5.77E-‐01 5.77E-‐01 2.99E+01 5.82E+01 4.07E+01 1.52E+02 2.34E+02 2.34E+02
>5000 6 2.90E+01 2.90E+01 3.10E+01 3.98E+01 5.61E+01 5.20E+01 5.20E+01 4.40E+02


Utah	  and	  the	  Great	  Basin	  carbonate	  rocks 0-‐500 19 1.30E+02 1.30E+02 2.70E+03 1.04E+04 2.04E+04 2.85E+05 4.29E+05 1.11E+06
500-‐1000 7 3.40E+01 1.68E+01 3.40E+01 1.21E+03 7.97E+02 1.98E+04 2.47E+04 2.47E+04
1000-‐1500 12 3.61E+00 3.61E+00 1.24E+01 4.96E+01 8.02E+01 5.98E+02 1.01E+03 7.56E+03
1500-‐2000 9 1.28E-‐01 1.28E-‐01 1.85E+01 5.00E+01 2.19E+01 6.00E+01 6.00E+01 6.37E+02
2000-‐2500 2 2.27E+02 2.27E+02 2.27E+02 9.29E+02 6.09E+02 1.63E+03 1.63E+03 1.63E+03
2500-‐3000 4 2.00E+00 2.00E+00 4.24E+01 9.14E+01 3.71E+01 1.07E+02 1.14E+02 1.14E+02
3000-‐3500 1 -‐-‐ -‐-‐ -‐-‐ 1.09E+02 -‐-‐ -‐-‐ -‐-‐ -‐-‐
3500-‐4000 1 -‐-‐ -‐-‐ -‐-‐ 1.57E+02 -‐-‐ -‐-‐ -‐-‐ -‐-‐
4000-‐4500 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
4500-‐5000 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


Utah	  and	  the	  Great	  Basin	  siliciclasPc	  rocks 0-‐500 9 1.04E+00 1.04E+00 3.65E+00 1.73E+01 3.42E+01 1.18E+02 1.18E+02 6.05E+03
500-‐1000 6 2.47E+00 2.47E+00 1.60E+01 2.53E+01 2.14E+01 4.52E+01 4.52E+01 9.43E+01
1000-‐1500 12 4.93E-‐01 4.93E-‐01 4.53E+00 2.14E+01 1.07E+01 3.68E+01 3.87E+01 1.48E+02
1500-‐2000 16 3.51E-‐01 3.51E-‐01 1.79E+00 3.39E+01 1.25E+01 5.30E+01 7.83E+01 7.83E+01
2000-‐2500 7 2.59E-‐01 2.59E-‐01 6.26E+00 3.64E+01 2.03E+01 1.18E+02 1.20E+02 3.78E+02
2500-‐3000 4 2.01E+00 2.01E+00 2.65E+00 3.47E+01 1.52E+01 9.41E+01 1.22E+02 1.22E+02
3000-‐3500 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
3500-‐4000 2 6.13E+01 6.13E+01 6.13E+01 8.73E+01 8.33E+01 1.13E+02 1.13E+02 1.13E+02
4000-‐4500 1 -‐-‐ -‐-‐ -‐-‐ 2.90E+02 -‐-‐ -‐-‐ -‐-‐ -‐-‐
4500-‐5000 2 5.77E-‐01 5.77E-‐01 5.77E-‐01 1.77E+01 4.48E+00 3.48E+01 3.48E+01 3.48E+01
>5000 NA -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


All	  siliciclasPc	  rocks 3000-‐5000 123 5.77E-‐01 1.08E+01 1.80E+01 2.99E+01 3.15E+01 4.87E+01 1.12E+02 4.40E+02


All	  carbonate	  rocks 3000-‐5000 44 4.00E+00 2.53E+01 3.30E+01 7.45E+01 7.07E+01 1.45E+02 2.22E+02 6.46E+02


1	  Depth	  interval	  in	  meters
2	  Number	  of	  occurences;	  NA	  indicates	  no	  measurements	  in	  a	  given	  depth	  range
3	  PercenPles	  calculated	  using	  the	  R	  staPsPcal	  soUware
4	  Median	  values	  for	  depth	  intervals	  with	  1	  measurement	  are	  the	  actual	  measurement
5	  Geometric	  mean


Table 3. Summary of permeability data by depth intervals.
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Figure 2. Box and whisker plots of permeability for 500-meter depth intervals for all measurements of carbonate and siliciclas-
tic rocks. The thick vertical lines are the medians and the left and right edges of the boxes represent the 25th and 75th percen-
tiles, respectively. The dashed lines extend to the 10th and 90th percentiles; circles indicate outliers. 







Utah Geological Survey6


Figure 3. Box and whisker plots of permeability for 500-meter depth intervals for carbonate and siliciclastic rocks in Utah and 
the Great Basin. The thick vertical lines are the medians and the left and right edges of the boxes represent the 25th and 75th 
percentiles, respectively. The dashed lines extend to the 10th and 90th percentiles; circles indicate outliers or single data points 
for a given interval. 
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Figure 4. Box and whisker plots of permeability for 500-meter depth intervals for basin fill and igneous rocks in the Great Basin. 
The thick vertical lines are the medians and the left and right edges of the boxes represent the 25th and 75th percentiles, respec-
tively. The dashed lines extend to the 10th and 90th percentiles; circles indicate outliers.
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Median permeability for all carbonate rocks is 7100 mD 
in the upper 500-meter depth interval (figure 2, table 3). 
Below this depth, median permeability ranges between 21 
mD for the 500 to 1000 meter depth interval to 140 mD for 
the 4500 to 5000 meter depth interval. Minimum perme-
ability for all carbonate rocks ranges from 0.13 mD for the 
1500 to 2000 meter depth interval to 79 mD for the great-
er than 5000 meter depth interval. Median permeability 
for all carbonate rocks in the 3000 to 5000 meter depth 
interval is 75 mD (table 3, figure 5). Median permeabil-
ity for all siliciclastic rocks ranges between 20 mD for the 
1000 to 1500 meter depth interval to 58 mD for the 4500 
to 5000 meter depth interval. Minimum permeability for 
all siliclastic rocks ranges from 0.26 mD for the 2000 to 
2500 meter depth interval to 29 mD for the greater than 
5000 meter depth interval. Median permeability for all si-
liciclastic rocks in the 3000 to 5000 meter depth interval 
is 30 mD (table 3, figure 5). 


Carbonate rocks from Utah and the Great Basin have me-
dian permeability that ranges between 10,000 mD for the 
0 to 500 meter depth interval to 50 mD for the 1500 to 
2000 meter depth range (figure 3, table 3). Minimum per-
meability for carbonate rocks in Utah and the Great Basin 
ranges between 0.13 mD for the 1500 to 2000 meter depth 
interval to 230 mD for the 2000 to 2500 meter depth in-
terval. Most permeability measurements for carbonate 
rocks in Utah and the Great Basin are greater than 10 mD 
for depths greater than 2000 meters. Median permeability 
for siliciclastic rocks in Utah and the Great Basin ranges 
from 17 mD for the 0 to 500 meter depth interval to 87 
mD for the 3500 to 4000 meter depth interval; the single 
measurement of 290 mD for the 4000 to 4500 meter in-
terval is significantly higher than the other median values. 
Minimum permeability for siliciclastic rocks in Utah and 
the Great Basin ranges between 0.26 mD for the 2000 to 
2500 meter depth interval to 61 mD for the 3500 to 4000 
meter depth interval. Minimum permeability for all depth 
intervals of siliciclastic rocks in Utah and the Great Basin 


is generally lower than those for carbonate rocks in Utah 
and the Great Basin.


Median permeability for basin fill is 4590 mD for measure-
ments less than 500 meters deep and 5 mD for the 500 
to 1000 meter depth interval (figure 4, table 3). Minimum 
permeability for basin fill is between 0.08 mD for mea-
surements greater than 500 meters and 1.7 mD for mea-
surements less than 500 meters. Median permeability for 
igneous rocks ranges from 574 mD for the 0 to 500 meter 
depth interval to 1.5 mD for the 1500 to 2500 meter depth 
interval. Minimum permeability for igneous rocks ranges 
from 0.76 mD for measurements less than 500 meters to 
0.001 mD for the 1500 to 2000 meter depth interval. Both 
igneous rocks and basin fill show a quick decline in per-
meability with increasing depth relative to carbonate and 
siliciclastic rocks. 


DISCUSSION


The compiled dataset is based on published permeability 
data and is therefore limited in its breadth and complete-
ness. Much of the data presented herein, and all of the 767 
measurements from the GASIS database (U.S. Department 
of Energy, 1999) and the 43 aquifer test results presented 
by the U.S. Geological Survey (2011), represent measure-
ments of reservoir/aquifer-quality rocks. These measure-
ments were from completed or tested intervals in litholog-
ic units with permeability high enough to produce oil or 
gas or water in economic quantities. Because of this, these 
measured permeabilities are likely larger than actual per-
meability of all rocks at a given depth. Consequently, the 
median permeability values presented here likely repre-
sent maximum values relative to a more random sampling 
of permeability of various lithologies at depth. The mea-
surements in the compiled dataset are all taken from well-
bore-scale tests and permeability measured at this scale 
may be different than permeability measured from core or 


Figure 5. Box and whisker plots of permeability for 3000 - 5000 meter depth interval for all carbonate and siliciclastic rocks. 
The thick vertical lines are the medians and the left and right edges of the boxes represent the 25th and 75th percentiles, respec-
tively. The dashed lines extend to the 10th and 90th percentiles; circles indicate outliers or single data points for a given interval.
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outcrop or estimates of more regional-scale permeability 
based on numeric groundwater modeling or environmen-
tal tracers in groundwater. The compiled dataset includes 
permeability measurements from both groundwater aqui-
fer tests and drill stem tests. Results obtained by the two 
methods for a given depth range and lithology generally 
overlap within an order of magnitude and may therefore 
be broadly comparable. Despite these caveats the mea-
surements in the compiled dataset provide reasonable 
estimates of permeability likely to be encountered in the 
various rock types at depth based on the available data. 


Permeability for at least several kilometers in depth has 
been examined by several recent studies that base their 
estimates either on direct measurements similar to those 
in the compiled dataset (Huenges and others, 1997; Eh-
renberg and Nadeau, 2005; Grasle and other, 2006; Ehren-
berg and others, 2009), or via various modeling exercises 
and/or inferences based on geochemical, geothermal, or 
seismic data (Ingebritsen and Manning, 1999; Saar and 
Manga, 2004; Rojstaczer and others, 2008; Ingebritsen 
and Manning, 2010). Results from direct measurements, 
particularly those from the datasets of Ehrenberg and 
Nadeau (2005) and Ehrenberg and others (2009), are 
broadly comparable with those in this study. Permeabil-
ity values for given depth ranges of carbonate and silici-
clastic rocks taken from worldwide data in Ehrenberg and 
Nadeau (2005) are equal to or slightly greater than those 
in the compiled dataset. This overlap among permeability 
estimates based on very different data and methodologies 
lends validity to the results presented in this study and 
potentially expands the geographic area over which they 
may apply. 


Based on the compiled dataset both carbonate and silici-
clastic rock units may have wellbore-scale permeability 
greater than 10 mD at depths of more than 2000 meters. 
The median permeability of carbonate rock and siliciclas-
tic rocks units at depths between 3000 and 5000 meters 
is 75 and 30 mD respectively. Carbonate rocks generally 
have slightly higher permeability for a given depth than si-
liciclastic rocks and would therefore be the target of choice 
for deep geothermal development. However, deep silici-
clastic rocks, possibly including fractured quartzite typical 
of this depth range in the Great Basin, may also be viable 
geothermal reservoir targets, at least locally. Igneous and 
basin-fill units lack measurements at depths greater than 
2500 and 1000 meters, respectively, and would necessar-
ily have higher risk with respect to permeability at depths 
beyond those included in the compiled dataset.
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Overview Slide 
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Project Management/Coordination 


• Management Strategy 
– Co-PIs discuss progress, issues at east weekly 
– Frequent (2 – 4 weeks) meetings of key project leaders, including 


smaller task-level meetings (frequency dependent on timing of 
task within the project) 


– Technical Advisory Committee will meet every 6 months 
• Budget Plan 


– Phase 1 budget expenditures being monitored according to timing 
of Tasks and staged deliverables 


• Outputs   
– Major push to get early Phase 1 findings presented at GRC 2012 


(anticipate at least one paper by May 4 deadline) 
– Phase 1 report planned for October 2012 


• Progress 
– On target! 
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Collaborations - Diverse Expertise 
in Project Team and Advisory Panel 
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– EGI (University of Utah):  
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• Varun Gowda (economic and risk evaluation) 
• Brian McPherson (reservoir simulation with CO2-water mixtures) 
• Tom Anderson (petroleum reservoir systems) 


– Utah Geological Survey 
• Rick Allis (geology and geophysics, geothermal resource characterization) 
• Doug Sprinkel, Craig Morgan (petroleum exploration geology in B&R; well log interpretation) 
• Stefan Kirby, Mike Lowe (groundwater systems, environmental impacts) 
• Mark Gwynn, Bob Blackett, Christian Hardwick (thermal regimes)  


– Paul Atkinson (private sector geothermal reservoir engineer) 
– University of Utah  


• Milind Deo & students (reservoir simulation, petroleum systems) 
– U.S. Geological Survey 


• Vic Heilweil, Lynette Brooks, Melissa Masbruch (groundwater systems, B&R) 
– Dan Schelling (petroleum exploration consultant, structural geology, seismic reflection interpretation) 
– Stuart Simmons (Colorado School of Mines, geothermal geology and geochemistry) 


• Project Technical Advisory Team 
– Ben Barker (Cyrq Energy), Russ Griffen (Questar Technologies, Oil & Gas), Colin Williams (USGS), 


Greg Mines (Idaho National Laboratory) 
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Relevance/Impact of Research - 
Objectives 


•  Most geothermal power developments in the U.S. tap hydrothermal 
systems representing upflowing plumes of hot water and steam. This 
project is investigating whether stratigraphic reservoirs, often in basin 
settings, may be a major source of power that has been overlooked. 


•  Phase 1 of the project is an assessment of the opportunities and 
issues with these reservoirs, including: 


– Resource potential across the U.S. (characteristics, depth, temperature, 
permeability, porosity) 


– Effectiveness of heat sweep mechanisms for stratigraphic reservoirs 


– Implications for power plant and borefield design 


– Economics and cost sensitivity 


•  Early indications are that these reservoirs may be capable of 
generating GW of geothermal power using technologies currently being 
applied in the petroleum industry. 
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Scientific/Technical Approach – 
Phase 1 


• Six areas with potential for stratigraphic reservoirs have been selected: 
Imperial Valley, Eastern Basin and Range, Williston Basin, Raton Basin, and 
the Gulf Coast. Factors being evaluated are: 


– Thermal regime, stratigraphy, structure, permeability characteristics, pore fluid 
chemistry, reservoir pressure 


• Reservoir simulation is investigating heat sweep and mass flow 
characteristics based on an idealized reservoir sequence from the eastern 
Basin and Range, incorporating properties from logs of P&A oil wells.  The 
critical metric is the effective power density for these reservoirs  


• Economic modeling is evaluating costs based on the range of well depths, 
fluid temperature, number of wells, production-injection flows and plant 
design.  The critical metric is the levelized cost of electricity 


• The implications of having CO2-water mixtures in the production or injection 
fluids are being investigated 


• Possible environmental factors associated with development are being 
evaluated 


• Goal for Phase 1 is to identify screening criteria so effort in Phase II can 
focus on the most prospective stratigraphic reservoirs for proof-of-concept. 
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Accomplishments, Results and Progress 


•  Just completed month 5 of Phase 1.  Priority has been to get quick 
understanding of the key resource parameters required for the reservoir 
and economic modeling. 


•  Early observations point to B&R high heat flow regions and the 
Imperial Valley reservoirs (shallow) being obviously prospective. 


•  Environmental factors point to air-cooled binary plants being required – 
total production-water injection, maximum pressure support in reservoir 
(but penalty on generation efficiency). 


•  Technology factors point to ideal reservoir target of 150 – 200ºC.  This 
allows application of modern oilfield technologies such as horizontal 
drilling and large pumps.  Although our goal is to find stratigraphic 
reservoirs with adequate natural permeability, we suspect permeability 
enhancement techniques could also be important. 


•  Preliminary indications suggest GWe-scale potential with reservoir 
permeability and cost being the obvious big issues. 
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Public Service of Colorado Ponnequin Wind Farm 


Sevier Desert Pavant Butte Heat flow = 95 -110 mW/m2 


Z min @ 150 ºC;  Z max = 4 km 
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Data Sharing 


Both PIs of this project are heavily involved in the 
DOE Geothermal Database Initiatives:  Joe Moore 
is part of the leadership team of the Boise State 
University data reporsitory;  Rick Allis is on the 
Science Advisory Board of the Association of 
American State Geologists being coordinated by 
Arizona State Geological Survey 


All data, maps, reports, completed as part of this 
project will be contributed to the National 
Geothermal Database. 
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Future Directions 


• Phase I ends late 2012 when there is a go/no go decision for Phase II.  
During Phase I, project resources are spread widely covering 
everything from potential resource issues, reservoir simulation, power 
plant design, through to economics and environmental impacts, so that 
major challenges are identified. 


• Phase II will be the identification of several potential demonstration 
sites that the evidence indicates are the most favorable for proof-of-
concept: 


– At this stage it is not possible to be specific, but we expect the scope of narrow down 
from Phase I to those scenarios that yield the lowest LCOE 


– There may be a need for exploration (such as thermal gradient wells, gravity 
surveying, MT measurements, and reprocessing of seismic reflection survey data).  
New seismic reflection survey data may be desirable but is likely to be beyond the 
scope of the budget for Phase II 
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• Stratigraphic reservoirs have the potential to provide a substantial 
increment in geothermal power generation.  This should be GW in 
scale because of the large area of specific reservoirs when compared 
to hydrothermal systems 


• At this early stage of Phase I, we suspect the target reservoirs will be 
150 – 200 C and at 3 – 4 km depth.  This enables petroleum 
exploration technologies to be adapted to stratigraphic and structural 
characteristics of these reservoirs:  multiple, stacked high permeability 
units separated by low permeability units;  the area of such reservoirs 
being very large compared to hydrothermal reservoirs. 


• By the end of Phase 1 we will have demonstrated that these 
reservoirs are not uncommon, and there is reasonable permeability 
information from drilling experience (petroleum and bedrock 
groundwater data) to support a viable geothermal reservoir 


• Phase II will characterize 4 – 6 such reservoir areas so that they will 
be ready for industry-coupled pilot projects. 


Summary Slide 
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Kirby in prep. 
(data from 
UT,NM, WY, CO) 


From “Deep Natural Gas Production in the U.S. Dyman et al., 1997 (USGS Bulletin 2146-C):  


• The Ellenburger carbonate reservoir (west TX; cherty lst and dol., solution vugs, fractures) demonstrates 
that good permeability can persist in deep carbonate sections (5 – 8 km depth) 
• (>10 mmcf/d production rates are excellent gas production wells) “Deep significant Mississippi production 
in the Rocky Mountain region is from limestone and dolomite from the Madison Group.  These reservoirs 
have high productive capacity (> 20 mmcf gas per day per well) and commonly contain significant amounts 
of non-hydrocarbon gases such as H2S and CO2.  Reservoirs are primarily in large structures”. 
• The Madden play in the Wind River Basin has large carbonate producers between 20,000’ and 25, 000’ 
depth with a temperature of 215ºC.  


Can we find adequate permeability at the depth 
and temperature range of interest? 


Supplementary Slides 
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Oil exploration well logs are 
being reviewed for indications 
of permeability in deep 
stratigraphic layers (bedrock) 
beneath the basins at 150 - 
200ºC and ~ 2 – 4 km depth  


Seismic reflection technologies 
are obvious exploration tools in 
the basins  
(note: track record is poor at imaging 
range front faults, but good reprocessed 
data can be found for B&R basins) 


Key: ** known good permeability 


         *  likely permeability 


(based on ground water and oil exploration 
wells)  
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EXECUTIVE SUMMARY 
 
Overview 
 
Stratigraphic reservoirs with high permeability and temperature at economically accessible 
depths are attractive for power generation because of their large areal extent (> 100 km2) 
compared to the fault controlled hydrothermal reservoirs (< 10 km2) found throughout much of 
the western US. A preliminary screening of the geothermal power potential of sedimentary 
basins in the U.S. assuming present day drilling costs, a levelized cost of electricity over 30 years 
of ≤ 10¢Wh, and realistic reservoir permeabilities, indicates that basins with heat flows of more 
than about 80 mW/m2, reservoir temperatures of more than 175°C, and a reservoir depth of less 
than 4 km are required. This puts the focus for future geothermal power generation on high heat 
flow regions of California (e.g. the Imperial Valley and regions adjacent to The Geysers), the Rio 
Grande rift system of New Mexico and Colorado (especially the Denver Basin), the Great Basin 
of the western U.S., and high heat flow parts of Hawaii and the Alaska volcanic arc.  
 
By far the largest area of high heat flow is within the Great Basin. Here the highest, regionally 
extensive temperatures at depths of less than 4 km exist beneath the late Tertiary to Recent 
basins. Basins with more than 2 km of unconsolidated sediments are the most attractive because 
of the insulating effects of these sediments. The challenge is to locate the hottest basins with 
potential reservoirs within the underlying bedrock units. Not all basins of the Great Basin have 
high heat flow and adequate permeability for geothermal power production may not exist 
beneath some high heat flow basins. The lower Paleozoic carbonate units beneath the eastern 
Great Basin are known to be locally very thick (up to 5 km), and frequently have high 
permeability. A review of permeability measurements at 3 – 5 km depth from petroleum and 
groundwater wells for the Great Basin and adjacent Rocky Mountains shows carbonates have the 
highest permeabilities (median value of 75 mDarcy), followed by siliciclastic units (30 mDarcy). 
These values are sufficient for geothermal reservoirs. Intrusive and volcanic rocks have much 
lower overall permeabilities at depth and unless fractures are induced artificially, can be 
expected to be relatively poor candidate reservoir rocks. In contrast to many oil and gas 
producing basins in the U.S., there is no evidence of over-pressures at depths of 3 – 4 km within 
the eastern Great Basin. The two major challenges to development are the identification of the 
hottest basins and characterizing the permeability at economically drillable depths. The latter 
must, include the roles of low and high angle faults and mineral dissolution in  locally enhancing  
stratigraphically controlled fluid flow. Large-scale power production from these reservoirs may 
require the application of enhanced permeability techniques such as acid treatment of carbonate 
reservoirs and hydrofracturing. Reducing or minimizing the drilling costs by repetitive drilling in 
these basins to 3 – 4 km depth may be important for the economics, as is the possibility of solar 
augmentation of power generation. 
 
Introduction 
 
Many geothermal reservoirs in the western U.S. occur on or near steeply dipping faults hosting 
hydrothermal upflow zones. The reservoirs are sub-vertical, and in the case of most developed 
fields in the Great Basin, the production wells are concentrated in relatively small areas (< 3 
km2), and power plants are typically < 50 MWe in capacity. Production is from 1 and 3 km 
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depth. Most of the obvious upflow plumes have been explored and it is becoming increasingly 
difficult to find blind upflow zones (Blackwell et al., 2012). The purpose of this project is to 
show that stratigraphic reservoirs represent an under-explored play concept with potential for 
100 MWe-scale developments (Allis et al. 2011; 2012). In contrast to hydrothermal upflow 
zones, these systems are sub-horizontal with areas comparable to the area of the basin and are 
dominated by thermal conduction. Consequently, there is a much lower, predictable drilling risk 
compared to upflow zones. However the conductive thermal regime also means that even in high 
heat flow basins (> 80 mW/m2) suitable temperatures (>150o -200oC) are deeper than in the 
hydrothermal upflows (i.e. reservoir depths at > 3 km). 
 
An ongoing challenge developing enhanced geothermal systems (EGS) is the ability to create 
large-scale fracture networks linking production and injection wells whereas in fault controlled 
hydrothermal systems, the challenge is to locate relatively narrow zones of permeablility. In 
contrast, stratigraphic reservoirs have a natural permeability, which once confirmed with an 
exploration well, represents an easier drilling target for subsequent wells. Geothermal 
developments will be analogous to water flood techniques commonly utilized for secondary 
recovery in mature oil fields. The arid conditions over large areas of the western U.S., and other 
environmental considerations mean that future geothermal power developments will mostly use 
air-cooled binary plants with total water injection. Production and injection wells need to be 
judiciously spaced to optimize heat sweep. .Allis et al. (2011; Task 1) pointed out that high heat 
flow basins in the Great Basin may have temperatures at 3 – 4 km depth that are 50°C higher 
beneath the basins than beneath the adjacent bedrock ranges. We will show that this temperature 
increment is a major factor influencing a viable development. 
 
The primary goal of Phase 1 of this project has been to determine if stratigraphic reservoirs can 
be developed at a levelized cost of electricity of not more than about 10¢/kWh. Our results 
indicate they can be. A practical implication of this cost constraint is that the reservoir cannot be 
more than about 4 km in depth. 
 
National Perspective 
 
The MIT report (Tester, 2006) screened the U.S. for near-term EGS prospects, and highlighted 
the following areas as having temperatures of >200°C at about 4 km depth: the Great Basin and 
adjacent Snake River Plain, the Oregon Cascades, the Southern Rocky Mountains, the Salton Sea 
(Imperial Valley), and the Geysers – Clear Lake area (Fig 1). Most of these areas contain basins 
with potential stratigraphic reservoirs. More recently Porro et al. (2012) evaluated 15 
sedimentary basins for their geothermal potential by considering basin volume and temperature 
with increasing depth, and the available stored heat with depth. The Williston Basin was shown 
to have by far the greatest stored heat at temperatures of 100 – 120°C, but only the Great Basin 
was found to have temperatures of more than 150°C at less than 5 km depth. Porro et al. (2012) 
did not consider the very thick sequences of Paleozoic sediments beneath the Tertiary basin fill 
in the Great Basin. 
 
Anderson (2012, Task 1) recently completed a screening of sedimentary basins across the West 
and Southwest of the lower 48 states of the U.S. This study extended the thermal assessment of 
sedimentary basins of Porro et al. (2012), to include the Gulf Coast and Imperial Valley. The 
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data available for each basin was reviewed and porosity-permeability-temperature relationships 
were assessed. Anderson (2012) considers prospective basins to require sedimentary formations 
with more than 10% porosity, at least 50 – 100 mD permeability, and temperatures of more than 
125°C at depths of less than 4 km depth.  
 


 
Fig. 1. Heat flow map of the U.S. (Blackwell et al., 2011) overlain by outlines of major basins 
considered by Porro et al., (2012), and Anderson (2012). The areas labeled Great Basin, Snake 
River Plain, Cascades, and Imperial Valley were considered by MIT (2006) to be near-term EGS 
prospects with > 200°C at 4 km depth. 
 
Based on only the porosity and temperature constraints, eight basins remain for further 
consideration: Denver (CO), Fort Worth (TX), Great Basin (mostly NV and UT), Gulf Coast 
(TX and LA), Imperial Valley (CA), Raton (CO and NM), Sacramento (CA), and Williston (ND, 
SD and MT). However, when also considering permeability at less than 4 km depth, based on the 
available reservoir data, the Raton basin and the Williston were excluded. Anderson (2012) also 
noted that the target area in the Raton Basin was relatively small. In addition, the areal extent of 
the targets for the Fort Worth and the Sacramento Basins were considered limiting factors. The 
three strongest candidates meeting all the criteria were the Great Basin (actually consisting of 
many basins), the Gulf Coast and the Imperial Valley, with the Denver Basin being ranked as 
mid-range potential and needing further evaluation. Crowell et al. (2012) have subsequently 
shown that temperatures deep within the Denver Basin may be significantly higher than Porro et 
al. (2012) assumed, with temperatures of 160°C at 3 km depth, and 210°C at 4 km depth. 


 
Great Basin Thermal Regime 
 
When more stringent reservoir temperature constraints are considered, the choice for prospective 
development areas becomes more limited, as highlighted in Figure 2. If the economic lower limit 
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for power generation is about 150°C in reservoirs at less than 4 km depth, only the Great Basin, 
Imperial Valley and the Denver Basin remain from the original 17 basins considered by Porro et 
al. (2012) and Anderson (2012). 


 
Fig. 2. Selected temperature profiles from hydrothermal systems in the western U.S. (bright 
yellow – high temperature systems; light yellow – low temperature systems. Also shown are 
profiles from several large sedimentary basins. Most U.S. geothermal developments are at 
temperatures of more than 150°C, and less than about 3 km depth.  Two geotherms representing 
high heat flow (90 mW/m2) beneath deep basins and beneath ranges in the Great Basin are 
plotted. Note that temperatures at 3 – 5 km depth are about 50°C hotter beneath the basin than at 
the same depth beneath the range. “The Prize” is the area of potential stratigraphic reservoirs 
beneath high-heat flow basins that should be a target for future geothermal development (Allis et 
al., 2012). Key: L.A., Los Angeles Basin; GOM, Gulf of Mexico onshore (Louisiana) and 
offshore (TX); Stw, Stillwater, NV; Ma, Mammoth, CA; StS, Steamboat Springs, NV; SoS, Soda 
Springs, NV; Tu, Tuscarora, NV, BM, Blue Mountain, NV; DP, Desert Peak, NV; CF, Cove 
Fort, UT; Th, Thermo, Tu, Tuscarora; UT; DV, Dixie Valley, NV; Bw, Beowawe, NV; RR, Raft 
River, ID. The location of most of these systems is shown in Figure 3. 
 
 
Figure 2 subdivides the temperature-depth data into three categories: high temperature 
hydrothermal systems with temperature above 250°C, moderate temperature hydrothermal 
systems with temperatures between 150 and 200°C, and sedimentary basins with conductive 
thermal gradients at all depths. Although the Great Basin has many hydrothermal systems and 
areas where convective flow has disturbed the thermal regime, it also has large areas 
characterized by thermal conduction. The high heat flow areas of the Great Basin typically have 
heat flows of 80 – 100 mW/m2 (Lachenbruch and Sass, 1977, Blackwell, 1983, Blackwell et al., 
1991; Tester et al., 2006).  
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Fig. 3. Heat flow map centered on the Great Basin of the western U.S. (Blackwell et al., 2011), 
overlain by developed geothermal systems (black dots, with labels from caption in Fig. 2). The 
eastern Great Basin contains a large thickness of Paleozoic carbonates (labeled as “Great Basin 
Carbonate System”) which are known to have high permeability (Heilweil and Brooks, 2011; 
Masbruch et al., 2012). The three boxes enclose parts of the Black Rock Desert (BRD), North 
Steptoe Valley (NSV), and Marys River-Toano Basins (MRT), which are three basins known to 
have high temperatures in the Paleozoic sediments beneath Tertiary to Recent sedimentary fill. 
See Figure 2 for other abbreviations. 
 
Because unconsolidated sediments have relatively low thermal conductivities compared to 
consolidated sediments (bedrock), the temperatures below about 2 km depth in basins of the 
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Great Basin are ~50°C higher than beneath the adjacent ranges where bedrock crops out. 
Therefore, if particular sedimentary formations are known to be characteristically permeable, 
these formations represent potential geothermal reservoirs if hot enough, and the best chances of 
maximizing temperature should be beneath the basins. Figure 2 shows temperatures of around 
200°C should exist at 3 – 4 km depth in high heat-flow basins (~ 90 mW/m2) with 2 – 3 km of 
overlying, unconsolidated sediments. The region highlighted as “The Prize” where temperatures 
are 150 - 200°C is at slightly greater depth than the numerous developed hydrothermal reservoirs 
in the Great Basin. Comparison of generalized heat flow regimes in Figures 1 and 3 suggests that 
an area of at least 1000 x 500 km2 of the Great Basin should be highly prospective for high heat-
flow basins and stratigraphic reservoirs. 
 
Allis et al. (2011, 2012) and Gwynn et al. (2013) have shown that in several basins in the eastern 
Great Basin, temperatures of about 200°C have been measured in oil exploration wells (Fig. 4 
shows two examples; another example is in Mary’s River Basin in northeast Nevada, where 
temperatures reach 200°C at about 4 km depth). However there has been no geothermal 
development in these basins. Detailed analysis of the structure and stratigraphy from the well 
logs, seismic reflection interpretation and gravity trends shows the high temperature wells are 
centrally located in lower Paleozoic carbonate units beneath 3 km of upper Cenozoic 
sedimentary fill. In the case of the high temperature well in Black Rock Desert (Arco Pavant 
Butte 1), it is unclear how permeable the limited section (50 m) of Cambrian carbonate was, 
although elsewhere in the basin these carbonate units are known to be permeable. In North 
Steptoe Valley, the Placid 17-14 well had a major loss zone between 2.9 and 3.1 km depth 
coinciding with carbonate formations known for their high permeability (Allis et al., 2012; Fig. 
4).  
 


Fig. 4. Temperature-depth trends from two basins in the eastern Great Basin where temperatures 
of about 200°C exist between 3 – 4 km depth based on measurements in oil exploration wells 
(now abandoned), and Lower Paleozoic carbonate units known to be permeable exist at these 
depths. The temperature gradients in shallow wells are consistent with the deep temperatures. 
The locations of these basins are shown on Figure 3.  
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Both basins have areas of the order of hundreds of km2. Allis et al. (2012) concluded that the 
geothermal power potential of these stratigraphic reservoirs could be substantial. They also 
reasoned that there are likely many other basins in the Great Basin that may have similar 
characteristics. Masbruch et al. (2012) reviewed the hydrological characteristics of the lower 
Paleozoic carbonate system beneath the eastern Great Basin, and screened their stratigraphic GIS 
information layers for basin-fill of more than 2 km depth and heat flows of more than 80 mW/m2 
as shown in Blackwell et al. (2011; Fig. 3). They highlighted numerous locations where basin-
centered geothermal reservoir may exist. 
 
Permeability  
 
Mass flow rates from good geothermal production wells (~ 80-100 kg/s) are typically larger than 
for good oil wells (5,000 – 10,000 barrels/day or 16 – 32 kg/s). Successful geothermal reservoirs 
therefore require excellent permeability characteristics. In the reservoir modeling carried out for 
this project, it was found that reservoir transmissivities (permeability-thickness product) in the 
range of 1 – 10 Darcy-meters gave reasonable thermal and pressure responses on a timescale of 
several decades, depending on how the permeability was distributed. This is at the low end of 
transmissivities considered by Sanyal and Butler (2009) when modeling the non-convective 
geothermal resources in the Gulf Coast. However our analysis of characteristic permeability 
distributions suggests large thicknesses (> 300 m) of relatively high permeability (> 100 
millidarcy, mD), are unrealistic in many basins, especially the Great Basin.  
 
Anderson (2012) has reviewed the porosity-permeability data for many basins in the western 
U.S. as part of screening basins for their geothermal reservoir potential. Figure 5a is a 
compilation of the data for possible reservoirs in the 17 basins he considered (locations in Fig. 
1). The averages are superimposed on the global trends compiled by Ehrenberg and Nadeau 
(2005) for carbonates and sandstones. There is a large scatter in the data, but the pattern suggests 
permeabilities of ~ 100 mD and porosities of ~ 20% are common in formations with reservoir 
characteristics. 
 
Kirby (2012, Task 1.1) reviewed oil exploration and groundwater databases for the Great Basin 
and adjacent basins in the Rocky Mountains to characterize permeability as a function of depth 
and dominant lithology. A compilation of all the data is shown in Figure 5b. All lithologies show 
a significant decline in permeability between the surface and about 1 km depth. However, at 
greater depth, the trend for both siliciclastic and carbonates is remarkably constant. Between 3 – 
5 km depth, the average permeability for carbonates is 75 mD and that for siliciclastic rocks it is 
30 mD. In contrast, the permeability of basin fill and igneous lithologies (volcanic and intrusive 
rocks) decreases with increasing depth to about 1 mD at 2.5 km, the maximum depth for which 
there is data. Kirby (2012) has also shown that the permeability distribution between 3 – 5 km 
depth for carbonates and siliciclastic rocks remains log-normal. This could be a useful 
relationship when simulating the response of deep reservoirs to long-term production.  
 
Reservoir Pressure and other Environmental Factors 
 
In many sedimentary basins pressures often exceed hydrostatic at depths of more than 3 km, 
especially when thick shale units are present. Although the Great Basin is not noted for its oil  
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Fig. 5a. Compilation by Anderson (2012) of porosity-permeability relationships from potential 
reservoir units in basins of the western U.S., superimposed on global trends for carbonates and 
sandstones derived by Ehrenberg and Nadeau, (2005); 5b, compilation of permeability 
measurements in oil exploration and groundwater databases (Kirby, 2012). 
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production, there has been widespread exploration drilling and several producing fields exist 
(e.g. Railroad Valley, Fig. 3). Well logs and drill-stem test (DST) data have been reviewed as 
part of this project to investigate whether excess pore pressure is a risk factor with deep 
geothermal drilling (Fig. 6; Allis in prep.). Procedures for screening the DST data followed Allis 
et al. (2008). There can be large uncertainties when screening DST data, especially with tests in 
low permeability formations, when shut-in pressures after flow tests are still far from equilibrium 
(i.e. too low). So far, all DST data are consistent with hydrostatic pressures from near the ground 
surface, even in wells as deep as 5 km. The most obvious reasons for this are the normal faulting 
regime, the relatively narrow width of the basins, and the outcrop of the basin-centered bedrock 
sequences in adjacent ranges. 
 
The lack of over-pressures in the Great Basin mean the risks of deep drilling are low compared 
to oil and gas basins elsewhere. This conclusion matches a similar comment in the GETEM 
handbook (2006; Table 5.1) and its implications for drilling costs. There is also a much lower 
risk of unexpected high temperature fluid because the thermal regime in the central basin fill is 
dominated by thermal conduction.  
 


 
 
Fig. 6. Pressure trends with depth inferred largely from oil exploration wells and a few 
geothermal wells in eastern Nevada (right) and western Utah (left; Allis, in prep.). Data are 
grouped by county, and formation pressures are derived from drill stem test (DST) results. All 
the data are consistent with a hydrostatic pressure gradient. The steeper gradient at Roosevelt 
Hot Springs Geothermal Field is also consistent with hydrostatic conditions. 
 
 
The use of air-cooled binary plants and the total injection of the produced water means pressure 
disturbances are restricted to the production-injection well field, mitigating any impacts to the 
local groundwater systems. Reservoir modeling discussed below indicates the amplitude of any 
pressure disturbances will be small. McPherson (2012, Task 6.3) has concluded that the risks of 
induced seismicity with geothermal development are also small. Similarly, the risk of subsidence 
is also minimal (Lowe, 2012, Task 6.2). 
 
The application of CO2 and CO2-water mixtures as working fluids were investigated (Task 4). 
Advantages of CO2 as a heat transmission fluid include its larger thermal expansivity and lower 
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viscosity compared to water. In addition, supercritical CO2 is a poor solvent, which inhibits 
mineral dissolution (Brown, 2000). However, CO2 has a lower heat capacity than water (Brown, 
2000; Pruess, 2007) and the dissolution of CO2 in water will promote chemical reactions that can 
alter reservoir porosities and permeabilities. Nevertheless, the simulations suggest high energy 
extraction rates are feasible.  
 
A summary of fluid compositions in sedimentary basins is provided by Kirby (2012, Task 1.1). 
Water rock interactions were simulated using water compositions from geothermal fields (Task 
1.1) and for water-CO2 mixtures (Task 4.2). 
 
Advantages of Hybrid Geothermal with Solar-Photovoltaic Augmentation 
 
The likelihood of future geothermal generation in at least the Great Basin using air-cooled binary 
plants means there are daily variations in the peak power output related to atmospheric 
temperature. This causes a minimum in geothermal power output during summer afternoons at a 
time when demand on the power grid is peaking. Allis and Larsen (2013, Task 3) have 
considered the merits of co-locating a utility-scale solar photovoltaic (PV) array with the 
geothermal plant to minimize this effect. The recent large drop in the price of solar PV cells to 
about $3/watt installed means that there may be cost advantages in combining air-cooled binary 
plants and solar PV arrays. Open land is available for PV arrays with geothermal wells being 
widely spaced, the power infrastructure is already in place, and maintenance costs can be shared 
between the two types of power generation. Figure 7 shows how the minimum in the daily 
average peak geothermal power generation can be offset with a solar PV array sized at 35% of 
the name-plate geothermal plant output. 
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Fig. 7. Effect of augmenting the output from an air-cooled binary plant with a co-located solar 
PV array with a peak power output at 35% of the name-plate geothermal power output. Power 
output is defined as the power generated (i.e. MW-hours) during the 12 hours between 6:30 am 
and 6:30 pm, with the spring, summer and fall hours being daylight saving time. 
 
 
Reservoir Modeling 
 
Reservoir models were constructed to simulate the rate of heat extraction from sub-horizontal 
reservoirs consisting of a realistic range of permeabilities, layer thicknesses, and thermal regimes 
representative of the stratigraphic reservoirs being considered (Task 2). Both environmental 
considerations and reservoir management constraints designed to limit pressure declines due to 
production require all produced water to be reinjected. Injection wells are open to the same 
stratigraphic units as the production wells, and the heat sweep process is analogous to water 
flood techniques commonly used for secondary oil recovery. Modeling was undertaken using the 
STARS Advanced Process and Thermal Reservoir Simulator, Version 2010 (Computer 
Modeling Group, Ltd., 2010). The five reservoir models that were simulated are summarized 
below. More detailed discussion of the results can be found in Deo et al. (2013). Each model 
consists of a reservoir-seal sequence: 
 


1. The Sandwich (base case) reservoir model has an average reservoir temperature of 200oC 
at 3 km depth. The reservoir consists of four 25 m thick layers with a permeability of 100 
mD and an overall transmissivity of 10 D-m. The seal layers between the high 
permeability layers have various thicknesses and a permeability of 1 mD (Tables 1, 2, 
and Fig. 1). The model has 500 m of low permeability (1 mD) rock above and below the 
reservoir sequence, and a constant temperature is assumed at the upper and lower surface 
of the  


2. Model to simulate the initial, thermally conductive regime. The initial pressure is 
assumed to be hydrostatic, with a pressure of 300 bar at 3 km depth. 


3. The Sandwich (base case) reservoir model has an average reservoir temperature of 200oC 
at 3 km depth. The reservoir consists of four 25 m thick layers with a permeability of 100 
mD and an overall transmissivity of 10 D-m. The seal layers between the high 
permeability layers have various thicknesses and a permeability of 1 mD (Tables 1, 2, 
and Fig. 1). The model has 500 m of low permeability (1 mD) rock above and below the 
reservoir sequence, and a constant temperature is assumed at the upper and lower surface 
of the model to simulate the initial, thermally conductive regime. The initial pressure is 
assumed to be hydrostatic, with a pressure of 300 bar at 3 km depth. 


4. The Single Layer reservoir model has the same general temperatures and transmissivity 
as the sandwich reservoir, but with no seal layers separating reservoir layers. 


5. The Low Temperature model is the same as the Sandwich model, but with the average 
reservoir temperature being only 150oC at 3 km depth.  


6. The Low Permeability model is the same as the Sandwich model, but with reservoir 
layers having a permeability of 33 mD, and a total reservoir transmissivity of 3 D-m). 


7. The Short Circuit model has one reservoir layer with a high permeability (300 mD), 
while the other three have permeabilities similar to the Low Permeability model layer. 
The overall reservoir transmissivity is the same as in the Sandwich model. 
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All models utilized a common five spot pattern with a 500 m well spacing as shown in Figure 8. 
This well spacing was chosen, after some preliminary modeling, to ensure large changes in 
temperature would be seen on a time scale of the economic life of a power plant (~30 years). The 
design flow rate in the production and injection wells was set at 1000 gallons per minute (63 
liters/second), about half the maximum rate normally achievable using geothermal pumps. A 
critical assumption for all models is that production wells were pumped at a constant rate, and all 
produced water was injected at 75oC after being cooled in a power plant. The relationship 
between the initial conditions for the modeling and the assumed pressure and temperature 
conditions for a hypothetical high heat flow basin are shown in Figure 8. The change in 
temperature gradient at the top of the model represents the increase in thermal conductivity 
between the overlying sedimentary cover and the underlying bedrock hosted reservoir. This 
thermal regime is consistent with that in high heat flow sedimentary basins in the western U.S. as 
discussed above. Also shown in Figure 8 is the maximum range of pressures that were calculated 
from the models during production and injection. These pressure changes are small compared to 
a lithostatic pressure gradient and an inferred fracture gradient 90% of lithostatic. 
 


 


Fig. 8: Left: well spacing used for the modeling. This spacing has two producers and two 
injectors per square kilometer, or about 9 wells per square mile. The model domain has two 
quarter producers and two quarter injectors on each corner. The 5-spot pattern has each producer 
surrounded by 4 injectors, and each injector surrounded by 5 producers. Right: Relationship of 
model assumptions to the temperature and pressure boundary conditions. The five models 
consider various permeability distributions within the reservoir-seal zone. The low temperature 
model has an initial temperature profile scaled so that it passes through 150°C at 3000 m. 
 
 
The most obvious differences in the response of each model to production and injection are 
shown in the temperature changes after 30 years (Fig. 9). Temperatures of less than 100°C have 
broken through in both the Single Layer model and the high permeability layer of the Short 
Circuit model within 30 years. Although the Sandwich, Single Layer and Short Circuit models 
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have the same total reservoir transmissivity (10 D-m), large differences in the extent and 
amplitude of cooling are apparent. These differences are highlighted by plotting the wellhead 
production temperature with time (Fig. 10). Surprisingly, the best thermal performance comes 
from the Low Permeability model. The main reason for this is there is less permeability contrast 
between the reservoir units and the seal units (33:1), so a greater proportion of heat is being 
swept from the adjacent seal units on a time scale of decades. The pumped production wells are 
still producing at the same flow rate as in the other models, but the lower total transmissivity 
causes a greater lateral pressure gradient between the injection and production wells (about 60 
bars compared to about 30 bars with the other models). In contrast, the seal units above and 
below the Single Layer model contribute little to the heat sweep process. The most rapid thermal 
decline occurs in the high permeability unit (300 mD) of the Short Circuit model, with a decrease 
in production wellhead temperature from 200 to about 150°C within 10 years. However at longer 
times, this model performs substantially better than the Single Layer model, and at 50 years, the 
wellhead temperature is not far below that for the Sandwich model. 
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Fig. 9.  Cross-sections of temperature (°C) after 30 years of production and injection for all 5 
models. 
 
The electric power output with time per unit area of the reservoir (i.e. basin) is also shown in 
Figure 9. This parameter is sometimes called the reservoir power density (Grant and Bixley, 
2011). For all four 200°C models, the average power density over 30 years ranges between 4 – 9 
MWe/km2, and for the Low Temperature model it is 3 MWe/km2. A basin with a 200°C 
stratigraphic reservoir extending over an area of ~ 100 km2 conservatively has a power potential 
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of 500 MWe. In future phases of this work modeling will focus on optimizing the heat sweep and 
power output by varying well configurations, pump rates, and reservoir permeability 
characteristics. 
 


Fig. 10. Left: Trends in production wellhead temperature with time. The Low Permeability 
model provides the most sustainable heat output. The most rapid thermal decline occurs in the 
Short Circuit model, although long-term, that model performs better than the Single Unit model. 
Right: Trends in power density with time, a measure of the efficiency of the heat sweep process 
of injected water within the reservoir-seal zone between injection and production wells. 
 
 
Economic Modeling 
 
The Geothermal Electric Technologies Evaluation Model (GETEM, 2006) links the 
characteristics of geothermal resources to the estimated cost of power (LCOE, or levelized cost 
of electricity in ¢/kWfor the economic life of a development). It includes engineering cost 
estimates such as operating and maintenance, reservoir performance estimates based on user 
specifications, the capital costs of exploration and investigation drilling, and plant costs. It also 
includes assumptions about depreciation and inflation impacts. The model used here was updated 
and modified by V. Gowda at the Energy & Geoscience Institute in 2010. One of the critical cost 
components of the development of the deep, stratigraphic reservoirs being considered here is 
drilling. GETEM assumptions for the cost of drilling with increasing depth (Fig. 11) were 
compared to recent estimates supplied by Bill Rickard of the Geothermal Resources Group 
(2011, pers. comm.) and found to be similar. The GETEM drilling cost trend has therefore been 
used for this study. Also shown in Fig. 11 are drilling cost curves which are ± 20% compared to 
the standard curve. These trends imply that a production well that is 3 km deep costs $5 ± 1 
million. Drilling costs can be highly variable, so the 20% cost variable allows consideration of 
possible savings when drilling numerous identical wells into known conditions of 2 – 3 km of 
unconsolidated sediments overlying the bedrock reservoir section. The model incorporates 
drilling costs at the wildcat exploration stage (20% success rate), and resource confirmation stage 
(120% normal drilling costs) to allow for the costs of well testing and reservoir analysis 
(GETEM, 2006). 
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The modeling conducted under Phase 1 of the project assumes a 100 MWe plant capacity, and 
pumps for production and injection wells (Task 5). To ensure the injection fluid is dispersed as 
uniformly as possible across the reservoir, the injector/producer well ratio was set to 1 in all 
models. The issue of varying well productivity (i.e. reservoir permeability) is handled by 
assuming the pump rates of the wells range between 500 and 2000 gallons per minute (31 – 127 
L/s), and is constant with time for a given scenario. The upper pump rate is representative of the 
maximum rate feasible with today’s technology. The lower the pump rate requires more 
production wells for a power plant of fixed capacity, and therefore a higher the LCOE for the 
project. 
 


 
Fig. 11. Drilling cost curves used in the GETEM modeling. 
 
In order to generate the various trends in LCOE for varying constraints such as pump flow rate, 
rate of temperature decline, wellhead temperature, well depth and drilling costs, GETEM is 
coupled with @Risk allowing Monte Carlo simulations. Between 5,000 and 10,000 simulations 
were run for each scenario. Results were then filtered to find the combinations of well depth and 
reservoir temperature that produce the required trends of LCOE (constrained to less than ± 0.2 
¢/kWh). All results are plotted on temperature-depth graphs to allow easy comparison with likely 
geotherms (temperature trends with constant heat flow) beneath the high heat-flow basins. The 
primary conclusion of this modeling was the recognition that “the prize” zone in Figure 2 is 
slightly deeper than the geothermal industry is used to. Therefore we needed to identify the key 
factors influencing the LCOE for these depths and temperatures. 
 
Results of the economic modeling are shown in Figure 12. The effect of the increasing drilling 
cost with depth causes the constant LCOE trends to curve towards increasing reservoir 
temperature as improved economics of power generation offset the increased costs of drilling a 
deeper reservoir. If the reservoir is at 3 km depth and is able to be pumped at 2000 gpm, with a 
long term temperature decline rate of 1%/year, the LCOE decreases from 20 ¢/kWwith an initial 
reservoir temperature of 136°C, to 15 ¢/kWh at 150°C, and 10 ¢/kW with an initial temperature 
of 184°C. The effects of pump rate and temperature decline rate are also shown in Figure 12 for 
a target LCOE based on power prices of 10 ¢/kWh (no production subsidy included). Given the 
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typical Great Basin thermal regime of 80 – 100 mW/m2, pump rates need to be at least 1000 
gpm, and the reservoir temperature decline rate needs to be less than 1%/year. The effect of ± 
20% on the standard drilling cost curve (Fig. 10) shifts the 10 ¢/kWh lines by about ± 10°C. 
Increasing uncertainties in the drilling costs at depths greater than 3 km require caution when 
interpreting the almost parallel LCOE trends and determining the geothermal gradient. Being 
realistic about reservoir characteristics, we suggest the reservoir temperature needs to be at least 
175°C at 3 – 4 km depth for the LCOE to be about 10  ¢/kWh. Comparison of several 10 ¢/kWh 
LCOE trends with the thermal regime beneath the three basins in the eastern Great Basin shows 
them to be highly prospective (Fig. 13).  
 


 
Fig. 12. Left. Example of the LCOE trends with reservoir depth for a 100 MWe binary plant with 
wells pumped at 2000 gpm, and a production well temperature decline rate of 1 %/year. Right: 
LCOE trends of 10 ¢/kWwith reservoir depth for varying pump rates and reservoir decline rates 
with time. Both graphs show basin geotherms for 80 and 100 mW/m2 (3 km of sedimentary fill 
on bedrock). 
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Fig. 13. Thermal regimes from Figure 2 with labels removed, and three 10 ¢/kWLCOE trends 
from Figure. 12. The deep thermal regime from three basins in the Eastern Great Basin and the 
Denver Basin are highlighted.  
 
 
Conclusions 
 


1. High heat flow basins have the potential to yield 100 MWe-scale geothermal power 
plants. 


 
2. Basins which have heat flows of more than 80 mW/m2, and unconsolidated sediment fill 


of at least 2 km, should have temperatures of more than 175°C at less than 4 km depth. 
 


3. Such basins have reservoirs that could be ~ 100 km2 in area, and are near-horizontal, in 
contrast to the relatively small area, near-vertical, fault-hosted geothermal reservoirs that 
are the usual target in traditional hydrothermal systems 


 
4. The reservoirs are stratigraphic units with natural permeability in bedrock units beneath 


the basin fill. Data from petroleum exploration wells and groundwater wells indicate that 
the required permeabilities of 10 – 100 millidarcies are not uncommon at depths of 3 – 5 
km. In some basins reservoir permeability may be enhanced by faulting. 


 
5. Pressures of deep wells in the Great Basin are hydrostatic and show no evidence of 


overpressures. This has positive implications for drilling costs. 
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6. Initial reservoir modeling indicates power densities of more than 3 MWe/km2 are 
possible. 


 
7. Initial economic modeling indicates that levelized costs of electricity of 10 ¢/kWh or less 


are feasible using pumped wells at 1000 – 2000 gpm, with the rate of production 
temperature decline with time being an important factor determining the cost. 


 
8. Technologies being developed for engineered geothermal systems (EGS) will be useful 


for optimizing and enhancing the permeability of stratigraphic reservoirs. 
 


9. Possible environmental impacts such as induced seismicity and subsidence were 
reviewed and not found to be impediments to development. 


 
10. The additional geothermal power potential from these basin-centered resources is 


estimated to be at least a GWe based on a preliminary screening of the Great Basin of the 
Western U.S. 


 
11. Continued review of high heat flow basins in the Western U.S. during Phase II is 


expected to yield 10 – 20 prospects suitable for exploration drilling and power 
development 
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INTRODUCTION 
 
Phase I Project Objectives 
 
Geothermal development in the United States (U.S.) has been focused on traditional 
hydrothermal systems where high temperature plumes of fluid convect to shallow depths, and 
where reservoirs are typically controlled by near-vertical faults.  Deep sedimentary reservoirs 
have not been an exploration target in the U.S. but in the high heat flow regions of the nation, 
they offer a new type of geothermal power resource that could significantly impact national 
power generation, planning and priorities.  This proposal will develop a system design for the 
generation of electricity from deep sedimentary reservoirs. Novel drilling strategies and the most 
appropriate exploration approaches will be developed.  The innovative application of injecting 
water-CO2 mixtures for improved heat recovery and sequestration of carbon dioxide (CO2) and 
solar augmentation of the temperatures of the produced fluids will be assessed. The project 
consists of two Phases. The overall objectives of Phase I are to: 1) assess the electric generating 
capacity, economics and environmental risks of developing deep sedimentary reservoirs; and 2) 
develop a preliminary design for heat extraction.  The goal of Phase II will be the identification 
of several potential demonstration sites that the evidence indicates are the most favorable for 
proof-of-concept. 
 
This project investigates the geothermal power potential of the deep sedimentary basins in the 
U.S. Because of high thermal gradients and potentially high temperatures, an important focus of 
the work will be the eastern Great Basin. In Phase I, we will: compile and review the geological, 
geophysical and geochemical evidence for geothermal fluids at depth, and in particular, the 
likely permeability, lateral connectivity, fluid pressure, reservoir boundary conditions, and 
isolation of the reservoir from potable ground water (Task 1); model options for heat extraction, 
including optimizing vertical and horizontal well configurations, the possibility of multi-lateral 
wells, likely injection temperatures depending on power plant design, and augmentation of fluid 
temperature using solar or other hybrid methods; (Tasks 2 & 3); assess and model the innovative 
application of using CO2 (e.g. from coal-fired power plant) as a co-injected fluid with the 
reservoir brine and its effects on the reservoir fluid chemistry, heat sweep efficiency, and power 
generation (Task 4); model the economics of power generation based on the initial findings from 
Tasks 1 to 4, including the sensitivity of reservoir depth, temperature and permeability on the 
Levelized Cost of Electricity (LCOE) (Task 5); review current information and numerical 
models for ground water circulation in the Great Basin, and the potential impact on ground water 
from deep sedimentary geothermal resource development (Task 6); and review the implications 
on geothermal power potential from sediment-hosted resources nationwide using screening 
criteria identified in Task 5 (Task 7).  In Phase II, we will identify and characterize 4 to 6 
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potential demonstration sites. Data will be collected for an improved understanding of these 
sites. The potential environmental issues will be identified, and the power generation system and 
well field strategy for these pilot projects optimized so they are ready to move towards 
demonstration projects.  
 
Phase I: Summary Key Findings: 
 


1. High heat flow basins have the potential to yield 100 MWe-scale geothermal power 
plants. 


2. Basins which have heat flows of more than 80 mW/m2, and unconsolidated sediment fill 
of at least 2 km, should have temperatures of more than 175°C at more than 3 km depth. 


3. Such basins have reservoirs that could be ~ 100 km2 in area, and are near-horizontal, in 
contrast to the relatively small area, near-vertical, fault-hosted geothermal reservoirs that 
are the usual target in traditional hydrothermal systems 


4. The reservoirs are stratigraphic units with natural permeability in bedrock units beneath 
the basin fill.  Data from petroleum exploration wells and groundwater wells indicate that 
the required permeabilities of 10 – 100 millidarcies are not uncommon at depths of 3 – 5 
km.  In some basins reservoir permeability may be enhanced by faulting. 


5. Pressures of deep wells in the Great Basin are hydrostatic and show no evidence of 
overpressures.  This has positive implications for drilling costs. 


6. Initial reservoir modeling indicates power densities of more than 3 MWe/km2 are 
possible. 


7. Initial economic modeling indicates that levelized costs of electricity of 10c/kWh or less 
are feasible using pumped wells at 2000 gpm. 


8. Technologies being developed for engineered geothermal systems (EGS) will be useful 
for optimizing and enhancing the permeability of stratigraphic reservoirs. 


9. Possible environmental impacts such as induced seismicity and subsidence were 
reviewed and not found to be impediments to development. 


10. The additional geothermal power potential from these basin-centered resources is 
estimated to be at least a GWe based on a preliminary screening of the Great Basin of the 
Western U.S. 


11. Continued review of high heat flow basins in the Western U.S. during Phase II is 
expected to yield 10 – 20 prospects suitable for exploration drilling and power 
development 


 
OVERVIEW OF PROPOSED PHASE II ACTIVITIES AND TEAMS 


 
Goals:  Identify and characterize prospects; highlight potential proof-of-concept demonstration sites; 
create exploration template; reduce exploration risk; entice development investment;  
 
Focus Area: High heat-flow basins of the Western U.S.  
 
Task 1 Resource Characterization 
Basin Geology Compilations 


 Basin geology/architecture 
 Bedrock stratigraphic permeability/potential permeability targets 
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 Role of bedrock faults and crystalline basement  
 Role of thrust faults – are they permeable (comparison of outcrop and well data)? 


 
Geophysical Imaging 


 Thermal (BHTs, existing heat flow/thermal data; thermal conductivity from cuttings or 
cores)  


 Well log interpretation, DSTs, (oil exploration and geothermal data) 
 Seismic Imaging 
 Basin geometry from gravity 


 
Water-Rock Interactions 


 Core and cuttings analysis (alteration signatures) 
 Fluid analyses 
 Verification/simulation of thermodynamic equilibria 


 
Task 2: Reservoir Performance 


 Reservoir modeling (permeability models, dual porosity, log normal distributions, 
realistic scenarios) 


 Alternate heat sweep models (e.g. horizontal completions; water flood experience from 
oil patch) 


 Application of EGS technologies for enhancing well performance (acid fracs, diverter 
technologies, hydrofracing) 


 What-if scenarios for premature thermal break-through 
 
Task 3: Economic Analysis 


 Refinement of economic models (with scenarios from Tasks 1 & 2) 
 Optimization of drilling costs 
 Optimization of wellfield management (pattern rotation; infield or outfield drilling) 


 
Task 4: Integration 


 Conceptual play-development models 
 Permeability targets 
 Integration of environmental and infrastructure factors 
 Prioritization of 10 – 20 prospects ready for industry investment 
 Highlight proof-of-concept demonstration sites 


 
Task 5: Project Management and Reporting 


 Oversee information transfer to national geothermal database system  
 Team coordination 
 Technical Advisory Panel meetings (3) with key investigators 
 Budget and Contracts Control 
 Reporting to DOE 
 Technology transfer (industry conference participation) 


 
Phase 2 Tasks and Responsibilities 
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An Advisory Panel will be established to help guide the research and provide input from key 
sectors of the geothermal community. The Advisory Panel will be composed of: 


Ian Andrews (Manager, Resource Development, PacifiCorp Energy)  
Benjamin Barker (Reservoir Engineer, consultant) 
John Holbrook (Professor, Texas Christian University) 
Robert Manasse (Senior Vice President, ENEL Green Power) 
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PHASE 1: FEASIBILITY STUDIES, COMPONENT DESIGN AND VALIDATION PLAN 
 
Task 1.0 – Sub-surface Resource Characterization 


Sub-Task 1.1 – Review of permeability characteristics in drilled, sediment-hosted, geothermal 
system. 


 
Fluid-Mineral Equilibria and Reaction Path Calculations  
Stuart F Simmons, Colorado School of Mines 
(refer to Appendix 1-1a for full report) 
 


This report describes an assessment of fluid-mineral equilibria and results of reaction path 
calculations for hot sedimentary aquifer fluids that could be exploited for geothermal energy 
in the USA. Analytical data for thermal waters were obtained from published literature or 
public domain data sets, representing geothermal reservoirs hosted in siliciclastic and 
carbonate rocks from 220 to 100°C. These data were used to compute ion activities and pH 
values at reservoir temperatures in order to determine the state of fluid-mineral equilibria. In 
addition, calculations were undertaken to determine the effects of conductive cooling on 
mineral dissolution/precipitation.  


 
Summary of compiled fluid geochemistry with depth analyses in the Great Basin and adjoining 
regions 
Stefan M. Kirby, Utah Geological Survey 
(refer to Appendix 1-1b for full report. Tabulated data not included in the report can be obtained 
from the Utah Geological Survey). 
 


Fluid chemistry at depth places important constraints on deep-seated geothermal resource 
development. This database presents a compilation of published major ion fluid chemistry for 
samples of known depth from sources that include oil and gas exploration and development, 
standard groundwater samples collected from water wells, and samples associated with 
geothermal power exploration and development. The samples are from the lower 48 states 
west of 100 degrees latitude. The electrolytic charge balance of all samples was checked and 
only samples with an electrolytic charge balance within plus or minus 10 percent were 
retained in the compiled dataset. Geochemical samples were grouped into nine units based on 
the calculated water type. There is broad overlap between water chemistry at depth from 
samples in the Great Basin area and adjoining areas in the western U.S. Below 2000 meters 
most samples have sodium water types and Na-Cl water type comprises most of the samples 
at depth. Other sodium water types (including Na-HCO3 and Na-SO4) and Ca-Cl make up 
much of the remainder of samples from depths greater than 2000 meters. Solute 
concentrations for samples from the Great Basin area are slightly more dilute than those from 
adjoining areas. These data provide baseline chemistry for various depth intervals across a 
range of geologic settings that are relevant to potential deep geothermal exploration and 
development. 
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Summary of compiled permeability with depth measurements for basin fill, igneous, carbonate, 
and siliciclastic rocks in the Great Basin and adjoining regions 
Stefan M. Kirby, Utah Geological Survey 
(refer to Appendix 1-1c for full report. Tabulated data not included in the report can be obtained 
from the Utah Geological Survey). 
 


The compiled dataset presented herein includes permeability measurements from both 
standard groundwater aquifer tests and a variety of drill stem tests from the oil and gas 
industry in Utah and the Great Basin and the adjoining states of Colorado, Wyoming, and 
New Mexico. All measurements compiled from these sources contain basic lithology, depth, 
and permeability information. The dataset contains 1188 permeability measurements: 588 
measurements are from siliciclastic rocks, 250 measurements are from carbonate rocks, 253 
measurements are from igneous rocks, and 97 measurements are from basin fill. Based on the 
compiled dataset both carbonate and siliciclastic rock units may have wellbore-scale 
permeability greater than 10 mD at depths of more than 2000 meters. The median 
permeability of carbonate rock and siliciclastic rocks units at depths between 3000 and 5000 
meters is 75 and 30 mD respectively. Basin fill permeability is generally greater than 1000 
mD for depths less than 700 meters. Igneous rock permeability is generally greater than 1 
mD for depths less than 2250 meters, and insufficient data is available at greater depth. 
Permeability values for given depth ranges of carbonate and siliciclastic rocks taken from 
global data in Ehrenberg and Nadeau (2005) are comparable to, and greater than those in the 
compiled dataset. Carbonate rocks generally have slightly higher permeability for a given 
depth than siliciclastic rocks, and would therefore be the target of choice for deep geothermal 
development. 


 
 
Review of permeability characteristics in drilled, sediment-hosted, geothermal system 
Tom C. Anderson, Research Scientist (geologist), Energy & Geoscience Institute, Salt Lake City, 
UT 
(refer to Appendix 1-1d for full report). 
 
Scope of work: 
 
a) Compile permeabilities from available rock data based on core analysis for target sedimentary 
basins. 
b) Compile stratigraphic columns including thicknesses and depths for target sedimentary basins. 
c) Incorporate permeability data into thickness and thermal characteristics previously obtained. 
d) Rank basins based on composite characteristics. 
 
Relationship of scope of work listed above to Project Narrative in 2010 Proposal: 
 
“Although sediment-hosted geothermal systems have not been an exploration target in the U.S., 
some producing reservoirs are hosted in sedimentary units.  Many of the Imperial Valley 
geothermal systems (e.g. Salton Sea, Heber, Cerro Prieto) are hosted in Quaternary-Tertiary 
sediments that have accumulated in the rift-basins associated with plate boundaries.  A few Basin 
and Range geothermal systems are also hosted in Paleozoic and older sedimentary units (e.g. 
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Cove Fort, Thermo, Utah). … This sub-task will review the scientific literature on permeability 
characteristics and its control by water-rock interactions in sediment-hosted geothermal 
reservoirs. … 


“The physical, chemical and mineralogical attributes of the rocks will be obtained from existing 
… data on porosities and permeabilities of well cores and surface outcrops that serve as 
appropriate proxies for reservoir stratigraphy. …Although the main focus of this sub-task is 
explored geothermal systems, a review of the literature on permeability characteristics of deep 
petroleum basins with temperatures in the range 150 – 200ºC, the lower limit of electric 
generation suitability will be conducted.” 


Basins studied: 


Two published maps identify prospective basins and sedimentary thickness. The first (Figure 1) 
is from the landmark 2006 MIT Report (Tester, et al 2006). The second (Figure 2) is from a map 
published by the Idaho National Laboratory (2005), and it also shows estimated temperatures at 
4 km depth. From these sources, as well as the NREL study of Porro et al (2012), described in a 
later section, we have selected these basins for further evaluation (see also Figure 8 for location 
map): 


• Anadarko 
• Bighorn 
• Delaware/Permian 
• Denver (Denver-Julesburg) 
• Fort Worth 
• Great Basin 
• Green River 
• Gulf Coast 
• Hanna (incl. Laramie and Shirley) 
• Imperial Valley (or Salton Trough) 
• Powder River 
• Raton 
• Sacramento 
• San Joaquin 
• Uinta/Piceance 
• Williston 
• Wind River 
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Regional Porosity and Permeability Data 


A search for available core analysis data containing porosity and permeability values has 
identified a U.S. Geological Survey Open-File Report (Nelson and Kibler, 2003) that compiles 
data from 70 data sets covering 49 basins worldwide, including 9 of the basins on our list. Table 
1, below, is extracted from Nelson and Kibler (2003) showing a summary of this compilation for 
a subset of the basins relevant to the present study. 


 


Beyond the summary shown in Table 1, which only shows “Maximum Porosity” and “Maximum 
Permeability”, detailed data plots from Nelson and Kibler (2003) for selected units, extracted 
from the source references cited, were used to calculate trendlines, generally above a 
permeability cutoff of 6 md, to define average values for permeability and porosity.  


This data has been augmented by searching the USGS Core Research Center online catalog 
(http://my.usgs.gov/crcwc/), adding data from eight basins. This site has analysis data available 
online including some porosity and permeability data. Wells with cores having this additional 
poro-perm data were selected for deeper units likely to be targets for geothermal resource 
development. Finally, some additional data was obtained from the Utah Geological Survey, the 
Texas Railroad Commission, the Texas Bureau of Economic Geology, and the South Texas 
Geological Society (Ref. 70). Table 2 below shows the results this compilation for all basins. 


Table 1.  Sources, ages, and locations of porosity-permeability data sets.*


Ref. 
No.


Authors and Date Geologic Age Formation 
Name


Location Basin Field Max. Por-
osity %


Max. Perm-
eability md


59 Sneider and others, 1977 Pennsylvanian L & M zones Oklahoma Anadarko Basin Elk City Field 24.2 524.8


47 Morgan and others, 1977 Pennsylvanian Tensleep Wyoming Big Horn Basin Oregon Basin Field 22.5 758.8


22 Dutton and others, 2003 Permian Bell Canyon Texas Delaw are Basin East Ford Unit 30.6 249.0


44 Montgomery, 1997 Permian Bone Spring New  Mexico Delaw are Basin Red Tank Field 20.6 19.1


61 Spain, 1992 Permian Cherry Canyon Texas Delaw are Basin Rhoda Walker Field 29.5 169.8


20 Dolly and Mullarkey, 1996 Late Cretaceous Frontier Sand Wyoming Green River Basin Lincoln Roads Field 23.7 25.0


33 Keighin and others, 1989 Late Cretaceous Almond Wyoming Green River Basin various fields 22.1 44.0


49 Muller and Coalson, 1989 Early Cretaceous Dakota Wyoming Green River Basin Henry Field 22.2 630.9


14 Corcoran and others, 1994 Eocene Wilcox Group Louisiana Gulf Coast Wildsville Field 34.7 1990.0


25 Ganer, 1985 Jurassic Cotton Valley Louisiana Gulf Coast Terryville Field 16.9 416.9


28 Grigsby and others, 1992 Paleocene Wilcox Group Texas Gulf Coast Lake Creek Field 16.0 7.8


32 Hosseini and Hayatdavoudi, 1986 Cretaceous Tuscaloosa Louisiana Gulf Coast w ildcat 31.2 193.0


36 Langford and others, 1990 Oligocene Vicksburg Texas Gulf Coast McAllen Ranch Field 20.5 2.9


38 Luffel and others, 1991 Early Cretaceous Travis Peak Texas Gulf Coast four counties in E. Texas 17.2 75.9


41 Miller and Groth, 1990 Cretaceous Tuscaloosa Louisiana Gulf Coast Bayw ood Field 18.0 316.0


56 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast Rigolets & Ft. Pike Fields 22.5 851.1


57 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast False River Field 28.8 1258.9


58 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast Judge Digby & False River 28.5 1621.8


63 Stricklin, 1999 Late Cretaceous Woodbine Texas Gulf Coast Double A Wells Field 22.4 1215.0


8 Bow ker and Jackson, 1989 Permian-Pennsylvanian Weber Sand Colorado Piceance Basin Rangely Field 18.2 173.8


19 Dolly and Mullarkey, 1996 Early Cretaceous Muddy Sand Wyoming Pow der River Basin Collums Field 29.6 56.0


21 Dutton and Willis, 1998 Early Cretaceous Fall River Wyoming Pow der River Basin Buck Draw  Field 13.3 89.1


67 Tillman and Martinsen, 1987 Late Cretaceous Shannon Sand Wyoming Pow der River Basin Hartzog Draw  Field 17.7 94.0


29 Hall and Link, 1990 Late Miocene Monterey California San Joaquin Basin Midw ay-Sunset Field 37.0 1445.0


42 Miller and others, 1990 Pleistocene Tulare California San Joaquin Basin South Belridge Field 40.6 10000.0


64 Taylor and Soule, 1993 Oligocene 64-zone Sand California San Joaquin Basin North Belridge Field 19.1 281.8


54 Shade and Hansen, 1992 Tertiary-Cretaceous Wasatch Utah Uinta Basin Natural Buttes Field 14.5 7.8


69 Wendlandt and Bhuyan,1990 Cretaceous Mesaverde Utah Uinta/Book Cliffs none 23.3 1393.6


60 Soeder and Randolph, 1987 Late Cretaceous Mesaverde Colorado Uinta/Piceance Basin Rulison Field 11.5 1.0


24 Estes-Jackson and others, 2001 Cretaceous Muddy Sand Wyoming Wind River Basin Riverton Dome Field 22.4 4.3


*excerpted from Nelson and Kibler (2003)
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Table 2. Compilation of porosity and permeability data representing basins studied.


Basins GeoCol Formation Ref* Ave Poro Ave Perm Max PoroMax Perm
Anadarko 8 Pennsylvanian L&M 59 15.0 100.0 24.2 524.8
Bighorn 4 Tensleep 47 16.6 100.0 22.5 758.8
Delaware‐Permian 5 Bone Spring 44 14.4 2.0 20.6 19.1


Bell Canyon 22 24.0 40.0 30.6 249.0
Cherry Canyon 61 12.5 10.0 29.5 169.8


Denver‐Julesberg 2 Lyons Sandstone CRC 13.0 100.0 18.8 1400.0
Lyons Sandstone CRC 15.0 45.0 18.8 159.0
Ingleside CRC 19.0 100.0 31.0 1905.0


Fort Worth 3 Ellenburger RRC 15.0 50.0 18.0 100.0
Great Basin 6 Paleozoic carbonates UGS 10.0 75.0 18.0 200.0
Green River 10 Frontier Sandstone 20 15.0 0.7 23.7 25.0


Almond 33 18.0 10.0 22.1 44.0
Dakota 49 14.0 40.0 22.2 630.9


Gulf Coast 6 Travis Peak 69E 9.0 1.0 22.0 300.0
Wilcox Group 14 28.5 100.0 34.7 1990.0
Cotton Valley 25 12.5 25.0 16.9 416.9
Tuscaloosa 32 28.0 100.0 31.2 193.0
Tuscaloosa 57 22.0 85.0 28.8 1258.9
Vicksburg 36 19.5 2.5 20.5 2.9
Travis Peak 38 12.0 9.0 17.2 75.9
Woodbine 63 18.0 100.0 22.4 1215.0
Edwards carbonate 70 25.0 179.0 n/a n/a
Wilcox sandstone 70 24.0 488.0 n/a n/a
Jackson‐Yegua sands 70 31.0 604.0 n/a n/a
Frio fluvial sandstone 70 25.0 432.0 n/a n/a


Hanna‐Shirley‐Laramie 2 Tensleep (from PRB) DOE 11.0 20.0 21.1 296.0
Imperial Valley 3 Palm Springs DOE 25.0 250.0 33.0 2100.0
Powder River 6 Muddy Sandstone 19 24.0 10.0 29.6 56.0


Fall River (Dakota) 21 11.0 25.0 13.3 89.1
Shannon Sandstone 67 14.0 20.0 17.7 94.0
Tensleep DOE 11.0 20.0 21.1 296.0
Madison PP 17.5 30.0 31.4 390.0


Raton 2 Trinidad Sandstone CRC 7.0 1.0 13.5 1.0
Entrada CRC 16.0 2.0 n/a n/a


Sacramento‐San Joaquin 5 Monterey 29 32.0 800.0 37.0 1445.0
Tulare 42 35.0 700.0 40.6 10000.0
64‐zone Sandstone 64 14.5 30.0 19.1 281.8


Uinta‐Piceance 4 Weber Sandstone 8 12.5 10.0 18.2 173.8
Mesaverde Group 60 7.5 0.3 11.5 1.0
Wasatch 54 10.0 1.0 14.5 7.8
Mesaverde Group 69 18.0 75.0 23.3 1393.6


Williston 2 Lodgepole CRC 7.3 0.1 20.0 165.0
Interlake CRC 11.5 30.0 16.1 320.0
Interlake CRC 10.0 20.0 16.6 220.0
Red River CRC 15.0 10.0 24.7 158.0
Red River CRC 13.0 12.0 21.7 108.0


Wind River 5 Muddy 24 17.5 0.5 22.4 4.3
Tensleep CRC 15.0 70.0 22.0 1000.0


<= 10


11 to 99


>= 100


*Primary references: Nelson and Kibler, 2003, A Catalog of 


Porosity and Permeability from Core Plugs  in Sil iciclastic 


Rocks: USGS Open‐fi le Report 03‐420; USGS Core catalog 


(CRC) http://my.usgs.gov/crcwc/; Texas Railroad Comm. (RRC)


poor *U.S. Dept. of Energy 


(DOE) reports, incl. 


Los  Alamos  NL, Sandia 


NL, and RMOTC


moderate


good
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Figure 3 (above) shows the data points from Table 2 plotted with permeability (logarithmic scale in md) 
versus porosity in %. Using a cutoff of permeabilities below 6 md results in the red trendline. For 
comparison, Figure 4 illustrates points plotted from a global dataset for sandstones and 


Figure 3. Plot of all average data from Table 2, with cutoff and trendlines. 
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carbonates (Ehrenberg and  Nadeau, 2005), and Figure 5 shows their P10-P50-P90 range lines 
with data from Table 2 overlaid and annotated. 


 


 


Figure 6 shows two examples of permeability (log scale in md) versus porosity (linear scale in 
%) plots for units in the Anadarko and Bighorn Basins, to illustrate the methodology used for 


 


Figure 4. Average permeability vs. average porosity for global petroleum reservoirs composed of sandstone (A) 
& carbonate (B). Chalk reservoirs (open circles in B) were not included in trends (Ehrenberg &  Nadeau, 2005).


 
Figure 5. Data points from Table 2 overlaid and annotated on trends from Ehrenberg &  Nadeau, (2005). 
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defining average values, entered in Table 2. Similar plots for each unit in each basin are shown 
later in individual descriptions of each basin. 


 


 


 


Sub-Task 1.2 – Characterization of sedimentary-hosted geothermal reservoirs in the Basin and 
Range. 


 
Structural Geology of the Eastern Basin and Range; Structural Cross Sections across Western 
Utah and Northeastern Nevada 
Daniel D. Schelling, Structural Geology International, LLC 
(refer to Appendix 1-2a for full report). 
 


 
As part of a larger study on the geothermal resource potential of the eastern Basin and Range 
tectonic province of the western United States presently being undertaken by the Utah 
Geological Survey, D. Schelling of Structural Geology International, LLC was asked by the 
Utah Geological Survey to construct a pair of geological cross sections across western Utah 
and northeastern Nevada. The primary purpose for constructing the geological cross sections 
prepared as part of the present study was to determine the structural and stratigraphic 
architecture of Tertiary sedimentary basins where high heat flow, as determined from surface 
and well data, indicates possible geothermal resource potential. Areas of interest within 


 
Figure 6. Plots of permeability (in md) versus porosity (in %) for units in the Anadarko and Bighorn Basins (Nelson 
and Kibler, 2003) 
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western Utah and northeastern Nevada include extensional basins with up to 10,000 ft (3,000 
m) of Tertiary and Quaternary basin fill, where these basins overlie pre-Tertiary (and 
dominantly Paleozoic) sedimentary rocks that have geothermal reservoir potential. Given the 
structural complexity of the Basin and Range structural province, which has undergone both 
pre-Tertiary compressional deformation (during the Paleozoic Antler and Cretaceous Sevier 
orogenies) and Tertiary extensional deformation, along with significant changes in the 
stratigraphy of the Basin and Range province between central Utah and central Nevada, it 
was clear that regional structural cross sections across the eastern Basin and Range would be 
necessary to understand the local structure and stratigraphy of individual Tertiary basins. The 
two structural cross sections constructed during the present study can, if deemed worthwhile, 
be used for 2-dimensional and/or pseudo 3-dimensional modeling of Tertiary basins 
identified as having high geothermal resource potential. 
 Based on the identification of specific Tertiary basins with high heat-flows, and the 
availability of surface and subsurface data from the Basin and Range region, it was decided 
by the study team (which includes R. Allis and D. Sprinkel of the Utah Geological Survey, as 
well as D. Schelling), that two structural cross sections should be constructed during the 
present study, one of which would be constructed across western Utah and the second of 
which would be constructed across northeastern Nevada. The first structural cross section, 
called the Pavant Butte Section in this study was constructed between the Wasatch Plateau of 
central Utah to the east and the Cherry Creek Range of eastern Nevada to the west. The 
Pavant Butte structural section crosses the Black Rock (Sevier) Desert at the Pavant Butte 
well, where high subsurface heat flows have been identified, and where Tertiary rocks like 
directly on early Paleozoic carbonates. The second structural cross section, called the Steptoe 
Section and included with this report has been constructed in a northwest-southeast 
orientation between the Confusion Range of far-western Utah and the Cortez Mountains of 
north-central Nevada (Figure 3). This latter cross section was positioned to make use of non-
proprietary subsurface data, including three Cocorp seismic lines (Figure 3), and to cross 
Tertiary basins of northeastern Nevada with high heat-flow values, including the northern 
Steptoe Valley. 


 
 
Stratigraphic Reservoirs in the Great Basin — The Bridge to Development of Enhanced 
Geothermal Systems in the U.S. 
Rick Allis1, Bob Blackett1, Mark Gwynn1, Christian Hardwick1, Joe Moore2, 
Craig Morgan1, Dan Schelling3, and Douglas A. Sprinkel1 
1Utah Geological Survey, Salt Lake City, Utah 
2Energy and Geoscience Institute, University of Utah, Salt Lake City, Utah 
3Structural Geology International, Salt Lake City, Utah 
(refer to Appendix 1-2b for full report) 


 
Deep basins within the high heat flow parts of the Great Basin of the western U.S. may have 
stratigraphic reservoirs below about 3 km depth with temperatures of more than 150°C. 
These reservoirs are sub-horizontal and may be larger in area and geothermal power potential 
than the traditional fault-hosted hydrothermal reservoirs that have been developed in the past. 
The characteristics of two basins, Black Rock Desert, Utah, and north Steptoe Valley, 
Nevada are reviewed. Both basins have high temperatures and sufficient signs of 
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stratigraphic permeability to justify more intensive investigation of their geothermal power 
potential. Other basins in the Great Basin appear to have similar characteristics and may also 
have significant potential. Stratigraphic reservoirs in the Great Basin could provide the next 
major increment in geothermal power production in the U.S. 
 


See also Appendices 1-2b-1 and 1-2b-2 for power point presentations. 
 


The Potential for Basin-Centered Geothermal Resources in the Great Basin 
Rick Allis1, Joe Moore2, Bob Blackett1, Mark Gwynn1, Stefan Kirby1, Douglas Sprinkel1 
1Utah Geological Survey 
2Energy and Geoscience Institute, University of Utah 
(refer to Appendix 1-2c for full report) 


 
Most geothermal power production from the Great Basin of the western U.S. is located near 
extensional faults that allow upflow of geothermal fluids to near-surface. However, improved 
drilling technologies, and the prospect of rising power prices raises the possibility of 
economically viable large-scale power production from the centers of the basins. Oil and gas 
exploration wells, and water wells in the Great Basin have proven the existence of laterally 
extensive, high permeability within Paleozoic carbonates. In the southern Great Basin, 
regional scale ground water flow towards the Colorado River in these carbonates has 
depressed the heat flow. However, in general the northern Great Basin has not been flushed 
by ground water, and the heat flow is about 80 – 100 mW/m2. This equates to gradients of 
about 30 – 40 ºC/km in bedrock formations (e.g. beneath the ranges), and about 55 – 75 
ºC/km within unconsolidated sediments and shale sequences due to the effects of thermal 
conductivity. There is the potential for temperatures of 150 – 300 ºC at 3 – 5 km depth in 
basins with thick basin fill, as supported by several oil exploration wells in the eastern Great 
Basin where the temperatures are > 200 ºC at 3 km depth. In addition, several shallow wells 
near one of these deep wells confirm regionally extensive gradients of 65 ºC/km. The critical 
issue for the geothermal potential is whether there is laterally extensive permeability in the 3 
– 5 km depth range. The geologic evidence for near-horizontal Paleozoic formations at depth 
across much of the Great Basin, some of which are known to have characteristically high 
permeability, suggests the geothermal resource potential beneath the basins could be 
significant. 
 
 


See also Appendix 1-2c-1 for power point presentation. 
 
Geothermal Resources in Southwestern Utah: Gravity and Magnetotelluric Investigations 
Christian Hardwick 
MS Thesis, December 2012 
(refer to Appendix 1-2d for full report). 
 


Several lines of geological and geophysical evidence point to a previously unrecognized 
geothermal resource beneath the deserts of central Utah. The Sevier Thermal Belt which is 
the location of most of Utah's moderate and high-temperature (>90degC) hydrothermal 
systems, is a north-south trending region that covers the edge of the Basin and Range 
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province and the Basin and Range-Colorado Plateau transition zone (Blackett, 2007). It is 
characterized by high regional heat flow (90 to 150 mW m-2), zones of active seismicity, 
abundant Late Cenozoic normal faults, Tertiary volcanic and plutonic rocks and Quaternary 
basalt and rhyolite (Blackett, 2007). The Sevier Thermal Belt is inclusive of the Sevier, 
Black Rock and Escalante Deserts. There are several areas historically identified as Known 
Geothermal Resource Areas (KGRA) within the thermal belt though not all of them have 
been examined closely. In this research, we focus on 3 such areas (Crater Bench, Pavant 
Butte and Thermo Hot Springs) in order to improve the understanding of these resource areas 
and determine their potential in regards to future development. Geophysical survey methods 
of gravity and magnetotellurics (MT) are used to delineate subsurface controls, characterize 
the geothermal system and help quantify the geothermal potential of each area. A 
multidisciplinary approach to obtain integrated solutions in Earth science problems, as 
discussed by Saltus and Blakely (2012), is practically a necessity in potential field studies in 
order to achieve effective results. Electrical surveys may be used to infer subsurface reservoir 
characteristics (Johnston et al., 1992; Garg et al., 2007) and are useful in deep sedimentary 
basins as shown by Bujakowski et al. (2010). 


 
See also  
Appendix 1-2d-1 for Hardwick, C. L. and Chapman, D. S., 2011, Geophysical Delineation of the 
Crater Bench, Utah, Geothermal System. Geothermal Resources Council Transactions, Vol. 35, 
p. 801-804 
and 
Appendix 1-2d-2 for Hardwick, C. L. and Chapman, D. S., 2012, Geothermal Resources in the 
Black Rock Desert, Utah: MT and Gravity Surveys. Geothermal Resources Council 
Transactions, Vol. 36, p. 903-906 
 
Task 2.0 – Simulation of Heat Exchange Processes and Thermal Evolution of Deep 
Sedimentary Reservoirs 
 
Milind Deo and Richard Roehner, University of Utah 
(refer to Appendix 2 for full report) 
 


Large, potentially commercial geothermal resources exist in sedimentary rocks beneath high 
heat-flow basins of the United States.  Geothermal reservoir modeling was performed to 
explore the available power density (MWe/km2) attributable to two general classes of 
reservoir: a multi-layered “sandwich” and single high permeability layer. Variations in 
reservoir temperature (i.e. conductive heat flow), permeability, and layer thickness were 
evaluated. The high permeability layers were assumed to be horizontal and laterally 
extensive.  Production wells were assumed to be pumped at a constant rate, and all produced 
water was injected at 75oC after being cooled in a power plant. Modeling was undertaken 
using the STARS Advanced Process and Thermal Reservoir Simulator, Version 2010.  Five 
reservoir models were simulated:  1. Sandwich (base) reservoir model to test heat sweep for a 
reservoir-seal configuration with an average reservoir temperature of 200oC at 3 km depth; 
the reservoir comprised four 25 m thick layers with a permeability of 100 millidarcy and an 
overall transmissivity of 10 Darcy-meters.  2. Single layer reservoir with same initial 
temperature and transmissivity of the sandwich reservoir.  3. Low temperature (150oC) 
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sandwich reservoir model.  4. Low permeability sandwich reservoir model, involving lower 
permeability layers than the sandwich base model which results in a reduced transmissivity 
(3 Darcy-meters) for the overall reservoir. 5. Short-circuit sandwich reservoir model where a 
high permeability layer results in a higher transmissivity (10 Darcy-meters) than the base 
sandwich model. All models assumed isotropic permeability, uniform porosity (10%), and 
initial thermally conductive vertical temperature gradient and hydrostatic pressure gradient.  
The models utilized a five spot pattern with a 500m well spacing, with the flow rate in 
producer and injector wells being 1000 gallons per minute (63 liters/second). After 10 years 
of production, the power densities ranged 4 MWe/km2 (Low Temperature and Short Circuit) 
and 9 – 10 MWe/km2 for the other three models.  After 30 years the power densities had 
declined to between 1 – 2.5 MWe/km2 for the Single Layer, Short Circuit and Low 
Temperature models, 4.4 MWe/km2 (Sandwich), and 8 MWe/km2 for the Low Permeability 
model.  These models suggest that vertically distributed, relatively thin zones (10s of meters) 
of stratigraphic permeability in the range 10 – 100 mD are attractive reservoirs targets in high 
heat flow basins.  


 
 


 
Task 3.0 – Optimizing Reservoir Performance (Well Field Design) and Power Generation  
 
Performance of Air-Cooled Binary Power Plants: An Analysis using Pacificorp’s Blundell plant 
near Milford, Utah 
Rick Allis1 and Garth Larsen2 
1Utah Geological Survey 
2Pacificorp Energy  
(refer to Appendix 3 for full report) 
 


The region of the U.S. with the greatest potential for either basin-centered geothermal power, 
or applications of Enhanced Geothermal System (EGS) technologies, is the Great Basin of 
the western U.S. (Tester et al., 2006; Allis et al., 2012).  This is a consequence of high heat 
flow (mostly > 80 mW/m2) and its large area (> 1000 x 500 km2).  The Great Basin is one of 
the driest areas of the country, so large-scale geothermal developments are unlikely to have 
water available for evaporative cooling associated with flash plants.  In addition, reservoir 
pressures need to be sustained for both the long-term productivity of the wells, and to 
minimize environmental risks such as induced seismicity, subsidence, and impacts to 
overlying groundwater.  The power plant design that satisfies the above constraints is an air-
cooled binary plant.  Production wells are pumped, and all production water is injected to 
reservoir depths after being cooled in a closed loop within the power plant.   
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Simplified schematic of an air-cooled binary power plant (Entingh, 1994) 
 
 
 
Task 4.0: Reservoir Implications of CO2 in Produced Fluids and as Co-injected Fluid 
 
Subtask 4.1 Evaluate efficacy of energy extraction for CO2 or co-injecting CO2 as a working 
fluid  


Subtask 4.2 Impacts on geochemical reaction processes   


Subtask 4.3 Risk of potential CO2 leakage   


 
 
Reservoir Implications of CO2 in Produced Fluids and as Co-injected Fluid 
Feng Pan, Brian McPherson, University of Utah 
(refer to Appendix 4 for full report) 
 


Deep sedimentary reservoirs show great potential for geothermal energy development 
in the United States, especially under conditions of high thermal gradients. While geothermal 
energy development in deep sedimentary reservoirs has yet to be comprehensively 
investigated, supercritical CO2 (scCO2) has been suggested as a heat transmission fluid in 
Enhanced Geothermal Systems (EGS) to improve energy extraction and for the ancillary 
outcome of carbon sequestration (Brown, 2000; Pruess, 2007, 2008). Advantages of CO2 as a 
heat transmission fluid include its larger thermal expansivity, lower viscosity, and because 
scCO2 is a poor solvent for rock minerals compared to water (Brown, 2000). Disadvantages 
of CO2 as a working fluid include its lower heat capacity than water (Brown, 2000; Pruess, 
2007) as well as the propensity for CO2 dissolved in water to promote chemical reactions 
that alter the system. Understanding the properties of scCO2 and CO2-brine-rock interactions 
under conditions of high temperature and pressure is particularly important to quantify the 
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relative ability to increase energy extraction and promote concomitant CO2 sequestration. 
The objective of this chapter is to review and assess the innovative application of using CO2 
as a working fluid or co-injection fluid, and to investigate its effects on energy extraction, 
geochemical reactions with rocks, carbon sequestration, and impact on relevant risks of 
scCO2-based geothermal systems in deep sedimentary reservoirs.  


We designed a simple 3-D conceptual model of a generic 5-spot well pattern to 
evaluate the performance of several attributes of a geothermal system in deep sedimentary 
reservoirs, including energy extraction, geological CO2 sequestration, and risk of CO2 
leakage in deep sedimentary geothermal options. Firstly, flow and heat simulations were 
conducted to evaluate energy extraction for CO2 only, water only, and then co-injection of 
CO2-water as working fluids, respectively. Then, geochemical processes associated with 
CO2-rock-fluid interactions were simulated using the TOUGHREACT simulator. In addition, 
a series of 3-D numerical experiments were designed to assess potential impacts of CO2 as a 
working fluid on geothermal energy development in deep sedimentary reservoirs by 
calculating the range of possible system responses and associated uncertainty.  For this 
assessment, a Box-Behnken response surface approach was utilized, with stepwise regression 
analysis and Monte Carlo simulations.  


 
The following implications can be drawn based on the simulation results: 


 
(1) High energy extraction rates are feasible when using CO2 as a working fluid. High 
rates can be sustained over the 30 year simulation period. 
(2) Net heat extraction and mass flow production rates for scCO2 as a working fluid 
were much larger compared to water as a working fluid, indicating scCO2 could 
enhance heat extraction. 
 (3) Injection of scCO2 has significant influence on mineral dissolution and 
precipitation. 
(4) Some of the injected CO2 will be sequestered in carbonate minerals. 
(5) The predicted net energy extraction during the initial 2 years is likely negative. At 
later times, the net energy extraction is positive and peaks at about year 12. 
(6) CO2 tends to keep accumulating both in the target formation and overlying aquifer 
at reservoir depth. Under the simulation settings and uncertainties of input parameters 
specified in this study, the P50 value in the leakage ratio reaches 0.43 after 100 years. 
(7) CO2 will comprise a major fraction of the fluids extracted at the production well 
after 5 years for CO2 to become.  
(8) The temperature drawdown adjacent to the production well gradually increases 
and the probability that temperature drawdown falls below 25°C drawdown after 100 
years is 0.75.  
(9) Our results demonstrate that the response surface method associated with the 
Monte Carlo simulations can be efficiently applied to the evaluation of a deep 
sedimentary geothermal system. 
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Probabilistic Assessment of Energy Extraction and CO2 Sequestration in Deep Sedimentary 
Geothermal System 
Si-Yong Lee, Feng Pan, Brian McPherson, Joseph Moore, and Rick Allis 
 


We have evaluated the potential effect of CO2 as a working fluid for geothermal energy 
development in the deep sedimentary reservoirs.  Due to the scarcity of information in the 
deep subsurface environment, uncertainty in the input parameters should be incorporated into 
the assessment of system performance and environmental risk.  This study utilizes the 
response surface methodology for a probabilistic assessment of deep sedimentary geothermal 
system with CO2 injection.  Our approach includes the Box-Behnken design of numerical 
experiments, 3D numerical simulations, stepwise regression, and Monte Carlo simulations at 
each time step.  For the numerical experiments, a 5-spot well configuration is simulated 
within a simplified geologic model consisting of a layered geological setting alternating with 
limestone (low k) and fractured limestone (high k) to represent the deep sedimentary geology 
of the eastern Great Basin.  Four independent variables or factors used for this study include 
injection rate, permeabilities of high- and low-k formation, and geothermal gradient.  The 
permeabilities of limestone and fractured limestone are assumed to be log-normally 
distributed.  Uniform distribution is used for the remaining factors.  We assess both the 
geothermal energy extraction and CO2 storage potential given the range of input parameters.  
This study demonstrates that the response surface method associated with Monte Carlo 
simulation can be efficiently applied to the evaluation of a deep sedimentary geothermal 
system and accompanied CO2 storage within the probabilistic framework.   


 
 
Task 5.0 – Economic Modeling 
 
Developing Geothermal Resources beneath Hot Basins (stratigraphic reservoirs) Economic 
Constraints  
(draft notes for report) 
T. Spencer1 and R. Allis2 
1Energy & Geoscience Institute 
2 Utah Geological Survey 
(refer to Appendix 5 for full report) 
 


The two fundamental issues that skeptics raise about deep geothermal wells beneath basins 
are “the permeability isn’t there” and “it is going to cost too much”.  These notes present the 
results of the economic modeling carried out by Thomas Spencer, under the guidance 
(initially) of Varun Gowda.  The findings of this study are that if temperatures are at least 
about 175° C, and well depths are less than about 4.5  km, large-scale geothermal power 
developments can be viable at 10c/kWh (levelized cost of electricity over 30 year project) 
without applying the present production tax credit and other incentives.  This means such 
projects can profitably sell into the California power market, but would require incentives to 
be viable in the low-priced Utah power market.  The modeling indicates that production 
wells need to be able to produce at about the maximum pump rate presently feasible (2000 
gpm, 127 L/s), and sustaining the wellhead temperature close to the initial temperature for as 
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long as possible is critical.  This means a relatively large spacing between injectors and 
producers (~ 1 km?) 


 
 
 
Task 6.0 – Assessment of Environmental Implications 


Sub-task 6.1 – Groundwater interactions 


 
Using Hydrogeologic Data to Evaluate Geothermal Potential in the Eastern Great Basin, Western 
U.S. 
Victor M. Heilweil, Melissa D. Masbruch, and Lynette E. Brooks 
U. S. Geological Survey, Utah Water Science Center, Salt Lake City, Utah 
(refer to Appendix 6-1 for full report) 


 
In support of a larger study to evaluate geothermal resource development of high-
permeability stratigraphic units in sedimentary basins, this paper integrates groundwater and 
thermal data to evaluate heat and fluid flow within the eastern Great Basin. Previously 
published information from a hydrogeologic framework, a potentiometric-surface map, and 
groundwater budgets was compared to a surficial heat-flow map. Comparisons between 
regional groundwater flow patterns and surficial heat flow indicate a strong spatial relation 
between regional groundwater movement and surficial heat distribution. Combining aquifer 
geometry and heat-flow maps, a selected group of subareas within the eastern Great Basin 
are identified that have high surficial heat flow and are underlain by a sequence of thick 
basin-fill deposits and permeable carbonate aquifers. These regions may have potential for 
future geothermal resources development. 


 


Sub-task 6.2 – Subsidence potential 


 
Subsidence in Sedimentary Basins due to Ground Water Withdrawal for Geothermal Energy 
Development 
Mike Lowe, Utah Geological Survey 
(refer to Appendix 6-2a for full report) 
 


Land subsidence can be caused by a variety of processes, but most land subsidence in the 
United States is associated with aquifer compaction caused pressure decline associated with 
groundwater withdrawal. In basin-fill aquifers, most of the aquifer compaction is due to the 
slow dewatering and compression of fine-grained sediments. Once the fine-grained units 
begin to compress and lose porosity, compaction becomes permanent, overall water storage 
in the basin fill is reduced, and land subsidence occurs. Land subsidence may result in 
various types of land-surface movements that can potentially cause problems if human 
development exists within the subsiding area. Geothermal development can and has caused 
aquifer compaction, such as in Dixie Valley, Nevada, where shallow groundwater withdrawal 
has occurred; subsidence has not been an issue for geothermal development of deeper aquifer 
systems in the Basin and Range Province. Land subsidence can also be caused by contraction 
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as fractured rock reservoirs cool, such as in The Geysers geothermal area of California, but 
this mechanism is of less concern in deep sedimentary basin settings. 


Land subsidence can be avoided by re-injecting all production water back into the aquifer 
it was withdrawn from so that pressure changes are minimized. Where land subsidence 
associated with geothermal energy production does occur, it can be reduced through 
monitoring combined with aquifer management. Monitoring may include the use of InSAR, 
use of LiDAR, and establishing and monitoring a high-precision GPS/GNSS (Global 
Navigation Satellite System) network of survey benchmarks. 


With fractured rock aquifers at depth below thick unconsolidated deposits in deep 
sedimentary basins, the potential for subsidence can be mitigated by pumping all geothermal 
fluids back into the aquifer they are pumped from after heat extraction to prevent large-scale 
pressure decline. Where producing aquifers are beneath thick overlying unconsolidated 
deposits, thermal contraction of the fractured rock aquifer is unlikely to result in significant 
land surface subsidence due to bridging effects.  


To avoid land subsidence in unconsolidated basin-fill settings, aquifers must be managed 
to balance groundwater recharge and groundwater discharge at both local and basin-wide 
scales. Ways to accomplish this goal include (1) ensuring all water used for geothermal heat 
extraction is pumped back into the aquifer, (2) replacing water lost from the aquifer during 
geothermal energy development by increasing groundwater recharge to the basin-fill aquifer 
through conjunctive management of groundwater and surface-water resources and 
importation of water from other basins, (3) dispersing high-discharge wells to reduce 
localized land subsidence, and (4) reducing overall groundwater withdrawals in the basin. 
Best management practices for the basin-fill aquifers used for geothermal development will 
likely include the application of an assortment of the aquifer management practices, and will 
likely take into consideration water pumped from the targeted aquifer for other purposes 
(municipal, domestic, irrigation). 


 


Sub-task 6.3 – Induced seismicity 


 
Brian McPherson, Department of Civil and Environmental Engineering, University of Utah 
(refer to Appendix 6-3 for full report) 
 


The purpose of this report is to review potential incidence and causes of induced seismicity 
associated with deep sedimentary basin EGS development.  Included are brief summaries of 
seminal publications about such induced seismicity potential, including and especially a very 
recent report by the National Academy of Sciences focused on the specific topic of induced 
seismicity in energy technologies.  We also summarize our own specific experience with induced 
seismicity associated with water and CO2 injection in an oilfield in southern Utah; in a separate 
project, our team deployed a down-hole array of geophones to record passive seismic activity.  
Results revealed over 4000 microseismic events that could be qualitatively correlated to injection 
volume over time.  Results of this field test suggest that it is likely that any/all deep sedimentary 
EGS operations will induce at least very small but probably frequent microseismic events.  And, 
our results suggest that for most sites selected for EGS deployment, these events would be both 
predictable and controllable in the carefully-engineered conditions of an EGS. 
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Included with this summary is a geospatial overlay of population density, seismic hazard 
potential, and heat flow (a proxy for power-generation potential).   
 
 
Task 7.0 – Integration of Task Results  
 
See Executive Summary 
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EXECUTIVE SUMMARY 
 


The purpose of this report is to review potential incidence and causes of induced seismicity 


associated with deep sedimentary basin EGS development.  Included are brief summaries of 


seminal publications about such induced seismicity potential, including and especially a very 


recent report by the National Academy of Sciences focused on the specific topic of induced 


seismicity in energy technologies.  We also summarize our own specific experience with induced 


seismicity associated with water and CO2 injection in an oilfield in southern Utah; in a separate 


project, our team deployed a down-hole array of geophones to record passive seismic activity.  


Results revealed over 4000 microseismic events that could be qualitatively correlated to injection 


volume over time.  Results of this field test suggest that it is likely that any/all deep sedimentary 


EGS operations will induce at least very small but probably frequent microseismic events.  And, 


our results suggest that for most sites selected for EGS deployment, these events would be both 


predictable and controllable in the carefully-engineered conditions of an EGS. 


Included with this summary is a geospatial overlay of population density, seismic hazard 


potential, and heat flow (a proxy for power-generation potential).  This map provides a basis for 


screening candidate areas with respect to deep sedimentary EGS potential. 


Review of Recent Literature of Induced Seismicity  
Since this project began, several very high profile papers and reports, focused specifically 
on induced seismicity associated with geothermal energy, were published.  This is 
fortuitous for this project, inasmuch as our literature review is simplified because these 
publications summarize recent as well as seminal publications of the past several 
decades.  These recent reports include: 


- Report on Induced Seismicity Potential in Energy Technologies (2012), authored 
by Committee on Induced Seismicity Potential in Energy Technologies; 
Committee on Earth Resources; Committee on Geological and Geotechnical 
Engineering; Committee on Seismology and Geodynamics; Board on Earth and 
Sciences and Resources; Division on Earth and Life Studies; National Research 
Council.  Downloadable at 
https://download.nap.edu/catalog.php?record_id=13355. 


- Cladouhos, T., S. Petty, G. R. Foulger, B. R. Julian, and M. Fehler (2010), 
Injection induced seismicity and geothermal energy, Geothermal Research 
Council Bulletin, 34, 1213-1220. Downloadable at: 
http://www.dur.ac.uk/g.r.foulger/Offprints/SGWPaper2012.pdf  


- Majer, E., J. Nelson, A. Robertson-Tait, J. Savy, and I. Wong (2012), "Protocol 
for Addressing Induced Seismicity Associated with Enhanced Geothermal 
Systems," U.S. Department of Energy Report DOE/EE-0662 (2012).  
Downloadable at: 
http://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_0
12012.pdf  



https://download.nap.edu/catalog.php?record_id=13355

http://www.dur.ac.uk/g.r.foulger/Offprints/SGWPaper2012.pdf

http://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf

http://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf
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Of course, in addition to these most salient recent publications, relevant literature 
includes a very classic paper published back in 1981 (Hsieh and Bredehoeft).  Figure 1 is 
a reproduction of the classic figure from that article, illustrating strong correlation 
between injection rate and induced seismic events.  This general correlation, first noted 
by Evans (1966), is one of many reasons for several decades of research on mechanisms 
of injection-induced seismicity, and factors that control the magnitude and frequency of 
these events.   
 
And, this correlation (Figure 1) is the primary lesson to be heeded from injection 
associated with previous and ongoing geothermal operations.  The upshot is that injection 
of fluid will, in most if not all instances, induce some degree of seismicity.  Whether or 
not the events occur is not important – we know that all oil fields exhibit induced seismic 
events.  All geothermal fields that involve injection or production of fluids induce seismic 
events.  All gas storage operations involving injection and production exhibit seismic 
events. The important issues are whether events are felt, detectable, measurable or 
significant.  
 
Many factors determine whether events are significant and of concern, including the 
fundamental geology (structure and stratigraphy), the depth, injection zone permeability, 
and injection rate amongst other issues.  Table 1 summarizes several geothermal projects 
past and present, including seismic event frequency and size, and the some of the major 
influencing factors.  Very generally, more injection translates to more events.  As Hsieh 
and Bredehoeft’s (1981) modeling of the Rocky Mountain Arsenal (RMA) confirmed, 
“the evidence seems rather conclusive that the increase of fluid pressure triggered the 
swarm of earthquakes at the RMA.”  However, the amount of injection and fluid pressure 
change will not necessarily invoke a predictable series of events.  For example, with 
respect to the set of geothermal projects tabulated here (Table 1), the system with the 
highest frequency of events (400/day) corresponds to an injection rate of 55 L/s, whereas 
another system with 2000 L/s (over 40 wells) induces roughly three events per day.  A 
confluence of factors in each unique system will determine the frequency and magnitude 
of events.  But, those events will occur, regardless, if injection and/or production of fluids 
(specifically, fluid pressure changes) are involved.   
 


Recent Oilfield Example:  the Aneth Field 
A recent project sponsored by the U.S. Department of Energy and its National Energy 
Technology Laboratory completed injection of CO2 for enhanced oil recovery and 
continuously monitored seismic events induced by this injection.  Figure 2 shows the 
location of the Aneth oilfield in southern Utah, site of a CO2-enhanced oil recovery 
operation operating since 2009.  Figure 3 shows a closer view of the field and its array of 
CO2 injection wells (solid circles) and its single salt water disposal well (indicated by 
“SWD”).  Figure 4 illustrates general trends between fluid injection in the field, amongst 
all wells, and the number of induced seismic events over time.  All events range between 
magnitude -1 and +1, so not “felt” but only detected with high-resolution geophones 
installed in the field.  What is more interesting than the number of events or their 
magnitudes is where these events are located.  Figure 5 illustrates the locations of all 
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hypocenters, which are located along linear trends inferred to be pre-existing faults.  
These faults were not detected by any other means (e.g., seismic imaging), and thus these 
are interpreted to be relatively minor features of the field.  These results corroborate those 
of Table 1, augmenting an assertion that induced seismic events may be inevitable 
features of all injection operations, albeit in many if not most cases they will be very 
small and actually controllable to some extent. 
 
 
 


 
Table 1. Attributes of selected geothermal projects and associated induced seismic 
events. From Cladouhos et al. (2010). 
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Fig. 1.  Comparison  of fluid injected  and the frequency  of earthquakes  at the Rocky 
Mountain Arsenal.  Upper graph shows  monthly volume of fluid waste injected  in the 
disposal  well. Lower graph shows  number of earthquakes  per month.  The correlation 
of trends for the period 1962-1966 was first described by Evans [1966].  
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Figure 2.  Location map of Aneth oilfield EOR project.  
 







Report of Sub-Task 6.3: Induced Seismicity     November, 2012 
        
     


 7 


 
Figure 3. Distribution of injection/production wells in the Aneth field. Map assembled by 
James Rutledge, Los Alamos National Laboratory. 
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Figure 4. Trends in microseismic events correlated to net injection volume.   
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Figure 5.  Location of hypocenters of all induced seismic events, suggesting locations of 
pre-existing faults within the Aneth field.  Map assembled by James Rutledge, Los 
Alamos National Laboratory. 
 


Summary Overlay of Geothermal Potential with Induced Seismicity Potential 
The final point to suggest is the regional geothermal potential of the Great Basin and 
surrounding region, and its correspondence to the potential for induced seismic events 
associated with EGS injection.  Figure 6 expresses a regional heat flow map, serving as a 
general proxy for geothermal energy potential, overlain by seismic hazards potential, 
serving as a proxy for potential induced seismicity.  Again, a rigid, definitive predicting 
factor for magnitude and frequency of induced seismicity does not exist, but maps of 
seismic hazards are based on existence of faults and other features that may exhibit a 
propensity for seismic slip.  The Aneth example corroborates the notion that induced 
seismic events will occur along pre-existing fractures and faults as well as newly-induced 
faults.  Thus, seismic hazards maps like this (Figure 5) are likely effective indicators of 
injection-induced seismicity as well.  The final piece of the geospatial overlay (Figure 6) 
is population density.  If all three factors – heat flow, seismic hazards, and population – 
are examined coincidentally, a tool for general EGS site screening results. 
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Figure 6.  Geospatial overlay of heat flow, seismic hazards, and population density for 
the Great Basin and surrounding region.  Map assembled by Richard Esser, University of 
Utah. 
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ABSTRACT


Deep basins within the high heat flow parts of the Great Basin 
of the western U.S. may have stratigraphic reservoirs below about 
3 km depth with temperatures of more than 150°C.  These reser-
voirs are sub-horizontal and may be larger in area and geothermal 
power potential than the traditional fault-hosted hydrothermal 
reservoirs that have been developed in the past.  The character-
istics of two basins, Black Rock Desert, Utah, and north Steptoe 
Valley, Nevada are reviewed.  Both basins have high temperatures 
and sufficient signs of stratigraphic permeability to justify more 
intensive investigation of their geothermal power potential.  Other 
basins in the Great Basin appear to have similar characteristics 
and may also have significant potential.  Stratigraphic reservoirs 
in the Great Basin could provide the next major increment in 
geothermal power production in the U.S.


Introduction


Over 25 geothermal systems have been developed in the 
Great Basin of Western U.S. with a total installed capacity of 
almost 1000 MWe (GEA website, 2012).  Although the systems 
near the western and eastern boundaries of the Great Basin have 
the highest temperatures and clear magmatic associations (Coso, 
Long Valley, Steamboat Springs, Roosevelt, and, perhaps, Cove 
Fort), most systems in the interior seem to be predominantly non-
magmatic (Kennedy and van Soest, 2007).  The dominant heat 
source for these systems appears to be regionally high heat flow 
caused by extension and thinning of the crust of the Great Basin 
(Lachenbruch and Sass, 1978; Blackwell, 1983).  Variations in 
the heat flow in the central Great Basin have been attributed to 
factors such as groundwater flow, thermal refraction, and crustal 
radioactivity.  The corresponding sub-surface temperature is also 


very dependent on the thermal conductivity (or thermal resistance) 
of the rocks, with the Tertiary-Quaternary basin-fill sediments 
(unconsolidated Quaternary sediments and Tertiary sedimentary 
and volcanic rocks) typically having thermal conductivities about 
half that of common bedrock lithologies due to higher porosity, and 
therefore much higher temperature gradients.  The unconsolidated 
basin fill therefore acts as a thermal blanket boosting underlying 
bedrock temperature by as much as 50°C for more than 2 km of fill. 


Allis et al. (2011) pointed out that deep basins in the higher 
heat flow areas of the Basin and Range (especially the northern 
Great Basin) may have significant geothermal production po-
tential where characteristically permeable bedrock formations, 
such as the widespread lower Paleozoic carbonate units, are 
present at depth (Heilweil et al., 2011, Massbruch et al., 2012).  
These sub-horizontal stratigraphic reservoirs (aquifers) contrast 


Stratigraphic Reservoirs in the Great Basin —  
The Bridge to Development of Enhanced Geothermal Systems in the U.S.


Rick Allis1, Bob Blackett1, Mark Gwynn1, Christian Hardwick1, Joe Moore2,  
Craig Morgan1, Dan Schelling3, and Douglas A. Sprinkel1  


1Utah Geological Survey, Salt Lake City, Utah
2Energy and Geoscience Institute, University of Utah, Salt Lake City, Utah


3Structural Geology International, Salt Lake City, Utah


Figure 1.  Compilation of selected thermal data from the Great Basin, 
Western U.S.  Geothermal reservoirs are labeled in black italics.  Cor-
rected bottom hole temperatures (BHT) from oil and gas exploration wells 
are labeled in red (locations shown in Fig. 2).  Black dashed lines are geo-
therms for 90 mW/m2, assuming only bedrock from the surface (thermal 
conductivity = 2.5 W/m °C), and 3 km of sediment (thermal conductivity 
= 1.5 W/m °C) overlying bedrock. Black Rock Desert and North Steptoe 
Valley are highlighted.
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with the more traditional near-vertical reservoirs associated with 
normal faulting.  McNitt (1995) also pointed out that many of the 
developed, non-volcanic geothermal reservoirs in the Great Basin 
appear to be significantly larger than the fault zone that controls 
the leakage of thermal waters to the near-surface.  He suggested 
that tilted bedrock units in the extended terrain were also important 
for influencing fluid flow from depth.


Fig. 1 shows temperature profiles from selected developed 
geothermal reservoirs in the Great Basin.  The profiles are typically 
from the deepest, hottest wells in each development.  In many 
cases the productive reservoirs lie between about 1 – 2 km depth, 
and range between about 150 and 250°C.  Also shown on this 
figure are two geotherms for a heat flow of 90 mW/m2 assuming 
bedrock to the surface, and 3 km of basin fill on top of bedrock.  
Bottom hole temperatures (BHTs) from selected basins with at 
least 2 km of basin fill in the Great Basin are also shown on Fig. 
1 (Utah Geological Survey [UGS], work in progress).  The loca-
tions of these basins are superimposed on the heat flow map of 
Blackwell et al., (2011) (Fig. 2).  Fig. 1 shows that if stratigraphic 
reservoirs can be found at 3 – 4 km depth, then the temperatures of 
150 – 250°C indicate a potential geothermal resource suitable for 


development.  Such reservoirs should be much larger in area and 
possibly have larger potential than a normal fault-hosted reservoir 
at similar temperatures. The sub-horizontal, tabular reservoirs 
beneath the centers of basins are an obvious exploration target 
complementing the search for traditional hydrothermal upflows 
along range-bounding faults in the Great Basin.


Two critical questions are whether good reservoir permeability 
(i.e., ~ 100 mD) can be found at this increased depth, and whether 
the costs of deeper drilling still allow for viable development.  Both 
topics are currently being investigated as part of a DOE-funded 
project at the University of Utah and the UGS.  A preliminary 
compilation of permeability data from both groundwater hydrol-
ogy and oil and gas databases suggests that there is no obvious 
reason why good permeability cannot be found at depths up to 5 
km (Fig. 3; data from NETL, 1999 GASIS; Belcher et al., 2001, 
and USGS Nevada Water Science Center website).  Temperature 
also may not be a factor limiting permeability at depths of 3 – 5 
km.  The Mississippian dolomite reservoir in the Madden play of 
northern Wyoming has temperatures of 200 – 225°C at 6 – 7 km 
depth and good permeability (Dyman and Cook, 1998; Williams, 
2000).  However, as in all geothermal reservoirs with temperatures 
of ~ 200°C, hydrothermal alteration and the presence of primary 
or secondary clay mineralogy will be important in determining 
reservoir quality (permeability).  We suspect relatively “clean” 
lithologes such as carbonates and quartzites will be preferred 
targets over mixed siliclastic rocks.  Reservoir permeability en-
hancement techniques that are now common in the oil industry 
will likely be required for optimizing performance of geothermal 
stratigraphic reservoirs. 


In this paper we investigate the geothermal potential of two 
basins in the Great Basin with high heat flow (Black Rock Des-
ert, Utah, and north Steptoe Valley, Nevada – map outlines on 
Fig. 2).  Both appear to have adequate temperature and prospective 
stratigraphic targets that make them attractive for more intensive 
exploration.  Many more such targets exist in the Great Basin, 
so understanding the characteristics of these basins should help 
identifying and evaluating more of them.


Figure 2.  Great Basin, Western U.S., with Paleozoic carbonate prov-
ince outlined, and a heat flow layer derived from Blackwell et al., 2011.  
Features in Fig. 1 are located, with geothermal reservoirs shown as a black 
dot, and oil exploration wells or areas shown as open circle.  The two 
boxes labeled SV (Steptoe Valley) and BD (Blackrock Desert) are the focus 
of Figs. 4 – 9.  Abbreviations: SS Steamboat Springs, So Soda Springs, DP 
Desert Peak, DV Dixie Valley, Be Beowawe, Tu Tuscarora, MR Mary’s River 
Basin, RV Railroad Valley, RR Raft River, GSL Great Salt Lake, CF Cove 
Fort, RO Roosevelt, MV Milford Valley, Th Thermo.


Kirby in prep. 
(data from UT, 
NM, WY, CO) 


Figure 3.  Compilation of permeability data for Utah, New Mexico, Colo-
rado, and Wyoming, derived from both oil and gas well test results, and 
groundwater test results.  
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Black Rock Desert, Utah
Temperature


The Black Rock Desert is situated near the eastern boundary 
of the Great Basin, and at the northern end of what is informally 
known as the Sevier thermal anomaly adjacent to that bound-
ary (Fig. 4).  A north-trending gravity low of about -30 mgal in 
amplitude indicates a basin containing about 3 km of Tertiary to 
Recent basin fill with Paleozoic bedrock underneath (Hardwick 
and Chapman, 2012).  Arco Oil and Gas Company drilled two 
exploration wells in the early 1980s near the deepest part of this 
basin (Pavant Butte 1 and Hole-n-Rock 1), and confirmed 2.8 – 
3.0 km of sedimentary basin fill resting on top of lower Paleozoic 
units.  Corrected BHTs are shown in Fig. 5 for Pavant Butte 1 and 
two wells on the west side of the basin (Cominco Federal-2 and 
Chevron Black Rock Federal 1-29, located on Fig. 4).  Tempera-
tures at 3 km depth are significantly higher in Pavant Butte 1 than 
the other two wells.  This is primarily due to the much greater 
thickness of sedimentary fill drilled in Pavant Butte 1 (i.e., low 
thermal conductivity), but there is also a smaller effect due to an 
apparent increase in heat flow towards that well (85 to 100 mW/
m2).  The geotherms on this figure are derived from characteristic 
thermal conductivities for all three wells based on the observed 


lithologies.  Unfortunately, BHTs in the Hole-n-Rock well appear 
to be too low and unreliable due to extensive loss of drilling fluids 
into the host rock.  Several thermal gradient wells up to 500 m 
depth have been drilled in the northern Black Rock Desert (Figs. 
4 and 5).  They show gradients consistent with the geotherm for 
Pavant Butte 1 (gradients of 60 – 100°C/km).  There are a few 
thermal gradient wells in the southern Black Rock Desert that 
range in depth from 70 - 90 m and indicate gradients of 40 – 70°C/
km.  Additional thermal gradient wells will be drilled later this 
summer, so until then it is unclear whether the temperature at 3 
km depth beneath the southern Black Rock Desert is as high as 
that in the north. 


Bedrock Stratigraphy 
Figs. 6a and b show the detailed stratigraphy of the Pavant 


Butte 1 and Hole-n-Rock 1 wells based on a reinterpretation of the 
logging data.  The purpose was to characterize the bedrock geology 
and look for evidence of significant permeability.  In the case of 
Pavant Butte 1, 400 m of bedrock was drilled beneath the Sevier 
Desert reflector, with modest mud losses and possible fractures 
apparent in the limestone units at 3020 – 3081 m depth, and pos-
sible fractures in the quartzite at 3268 – 3276 m depth.  Porosities 
derived from sonic logs ranged from very low to about 15%.


The Hole-n-Rock 1 well drilled 580 m of bedrock and en-
countered considerable drilling circulation losses and evidence 
of fractures in limestone and dolostone units (Fig. 6b).  Several 
cores were fractured to highly fractured.  Matrix permeability 
measurements on the limestone and dolostone ranged from less 
than 0.1 mD to 7 mD, but these are not representative of the in situ 
fracture permeability.  Neutron-derived porosities between 0 and 
20% were interpreted between 2776 and 2928 m.  A drill stem test 
(DST) from a perforated zone between 3145 and 3168 m depth 
indicated a pressure close to hydrostatic from the ground surface 


Figure 4.  Location of the Blackrock Desert, which is a basin filled with up 
to 3 km of relatively unconsolidated Tertiary-Quaternary sediments.  Deep 
oil exploration wells shown with circle and dot, shallow thermal gradient 
wells shown with circle and cross (temperatures on Fig. 5).  Warm springs 
(triangles) and Quaternary faults (red lines) are from Utah Geological Sur-
vey databases.  White contours are the Bouguer gravity anomaly (5 mgal 
interval).


Figure 5.  Corrected bottom hole temperatures from three deep wells and 
five thermal gradient wells along the west-east profile across the Blackrock 
Desert (identified in Fig. 4).  Arco-Pavant Butte 1 has 2990 m of uncon-
solidated sediment Paleozoic bedrock, whereas Cominco Federal 2 has 
500 m of sediment, and Chevron Black Rock Federal 1 has less than 100 
m of sediment. Geotherms for the three deep wells have been calculated 
assuming characteristic thermal conductivities for the lithologies.
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and a permeability of 42 mD.  Flow-testing at several intervals 
between 2800 and 3200 m depth was unfortunately insufficient 
to characterize the potential productivity of this bedrock section.        


Structural cross sections across northern Black Rock Desert 
and extending into eastern Nevada have been constructed based on 
reprocessed Cocorp seismic data, well data from the oil exploration 
industry, and surface geology.  Figs. 7 and 11 show details from 
the interpreted seismic profiles and structural cross sections which 
cross the two basins discussed here. For the northern Black Rock 
Desert, Utah Cocorp line 1 was used as the basis for the geological 
interpretation shown along the associated structural cross section, 
which is located roughly 10 km south of the Cocorp seismic line 
and that crosses the Pavant Butte 1well (A-A’ in Fig. 4). Formation 
tops from the Cominco Federal 2 and Chevron Black Rock wells 
were used as additional control for cross section construction.  The 
reprocessed, interpreted seismic profile is shown on Fig. 7a, and 
the interpreted structural cross section detail is shown in Fig. 7b.  
A dominant reflector package on Cocorp line 1 is known from 
well-control to define a major break between the lower Paleozoic 
bedrock and Paleogene to Recent sedimentary fill.   Some consider 
this feature as a detachment fault (Sevier Desert detachment), as 
interpreted on this cross section, but whether an active detach-
ment exists at 3 km depth beneath Black Rock Desert remains 
controversial (Anders and Christie-Blick, 2011).  Farther west and 
down-dip along this prominent reflector (location of Black Rock 
well) is a stack of thrust packages related to Sevier-age crustal 
shortening.  Beneath the Sevier (Black Rock) Desert reflector is 


3 km of lower Paleozoic and Precambrian sedimentary rocks, so 
the critical question is whether any units in this package have the 
characteristically high permeability that is seen in deep oil and 
groundwater wells as shown in Fig. 3.


North Steptoe Basin, Nevada
Temperature


Several deep oil exploration wells and two geothermal ex-
ploration wells have been drilled in north Steptoe Valley (Fig. 8).  
Hunt Energy Corporation carried out intensive exploration for a 
geothermal resource on the west side of the valley adjacent to 
the northern end of the Egan Range where the late Quaternary 
Steptoe Valley fault system jogs west to the Cherry Creek Range 
(Redsteer and Anderson, 2000).  This exploration included 40 
thermal gradient wells, many to 150 m and some to 600 m, and 
two wells to 1400 m (37-23) and 3300 m (74-23).  Temperature 
information for these wells was extracted from Chovenac (2003), 
with the 90-day static profile in Hunt Energy well 74-23 supplied 
by SMU thermal lab (M. Richards, pers. comm.) 


The deepest well in this basin was drilled by Placid Oil Com-
pany (Steptoe Federal 17-14), reaching a depth of 3600 m and a 
corrected bottom hole temperature of 200 °C.  The geotherm for 
this well (95 mW/m2) has a very similar shape to the static profile 
in the Hunt 74-23 well (Fig. 9).  The basin fill in the 74-23 well 
was 1600 m thick and 2090 m in well 17-14 (fluvial-lacustrine 


Figure 6a.  Detailed stratigraphy of the bedrock section from exploration 
well Arco-Pavant Butte 1 in northern Black Rock Desert.


Figure 6b.  Detailed stratigraphy of the bedrock section of oil exploration 
well Arco Hole-n-Rock 1 in the southern Black Rock Desert.
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sediments and volcanics).  The bedrock thermal gradient in these 
two wells is 42 °C/km, and the gradient wells drilled by Hunt 
Energy indicated 65 – 85°C/km between 300 and 600 m depth.  
As in the Black Rock Desert, this decrease in thermal gradient 
with increasing depth is due to the low thermal conductivity of 
the basin fill compared to bedrock conductivity.  The similarity in 
the thermal regime between the Hunt wells to the south and the 
Shell - Placid wells to the north indicates the whole of this basin 
in north Steptoe Valley, extending at least 20 km in a north-south 
direction, has a similar thermal regime.


The Bouguer gravity contours in Fig. 8 are a poor represen-
tation of the valley fill because of the wide station spacing and 
smoothing of the local gravity gradients.  The data are taken 
from the national database (PACES) maintained by University 
of Texas, El Paso.  However, some gravity measurements by 
both Hunt Energy and by Chovenac (2003) show much steeper 
gradients.  According to these references, the location of well 
74-23 is 15 mgal lower than the gravity value at the adjacent 
range front, and this is consistent with the depth to bedrock in 
the well given a reasonable density contrast between bedrock 
and basin fill (500 kg/m3).  This is a good example of how the 
density of gravity data needed for reservoir definition (ideally at 
least 4 stations / km2) needs to be significantly higher than what 
is often in the national database in the Great Basin, a point also 
made by McNitt (1995).


Bedrock Stratigraphy
The detailed stratigraphy for Placid Steptoe Federal 17-14 


is shown in Fig. 10.  The bedrock section of almost 1500 m is 
predominantly limestone and dolostone extending to a total depth 
of 3570 m.  Porosities vary between 0 and 20%, and a major loss 
zone was encountered near the interpreted base of the Guilmette 
Formation and the top of the underlying Simonson Dolomite at 
about 2900 m depth.  Both these formations are known to have 
regionally high permeabilities, and often represent major ground-
water aquifers where they occur at shallower depth (Heilweil and 
Brooks, 2011).  This well shows they also have high permeability 
at depth.


(b)


(a)


Figure 7. (a) Interpreted seismic profile from reprocessed Utah Cocorp 
Line 1.  (b) Detailed structural cross section constructed using interpreted 
seismic line Utah Cocorp 1 and formation tops from oil exploration wells.  
Ravant Butte well = Pavant Butte 1, Cominco well = Cominco American 
Federal 2, Blackrock well = Chevron Black Rock Federal 1-29. Tpl = 
Pliocene, Tr = Triassic.


Figure 8.  Northern Steptoe Valley, Nevada, showing wells with tempera-
ture information used in Figure 9.  Circles with dots are abandoned oil 
exploration wells, circles with diagonal crosses are geothermal explora-
tion wells, and smaller circles with vertical crosses are relatively shallow 
thermal gradient wells.  Triangles are warm springs, and red lines are Qua-
ternary faults.  Contours are Bouguer gravity with 5 mgal interval.  17-14 = 
Placid Steptoe Federal 17-14, USA 1 = LL&E,USA - Steptoe Valley 1. 


Figure 9. Temperature data from wells in north Steptoe Valley (located on 
Fig. 8).
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The structural interpretation for north Steptoe 
Valley is shown in Fig. 11 (B-B’ on Fig. 8), based 
in part on data from the Nevada Cocorp line 4.  The 
quality of the seismic imagery on this line is poor, so 
the interpretation is more heavily based on known 
well penetrations in oil wells and known stratigraphy 
from outcrops in the adjacent ranges.  Another 3 km 
of section from Ordovician to the Precambrian occurs 
beneath the bottom of well 17-14.


Conclusions


In the two basins considered here, the heat flow is 
sufficiently high (90 – 100 mW/m2), and the basin fill 
deep enough (> 2 km) for temperatures of 170 to 230°C 
to occur at about 3 km depth.  The location of the high-
est heat flow in the Black Rock Desert has not yet been 
determined, and should be clarified this summer when 
several thermal gradient wells are drilled into the basin.  
Unfortunately, the available thermal data is mostly in 
the northern Black Rock Desert, so the thermal regime 
farther south remains uncertain.  The Arco Hole-n-Rock 
1 well in the south encountered significant permeability 
in Upper Cambrian carbonate units between 2.8 and 3.0 
km depth, so if the thermal regime is similar to that in 
the north, this could be a stratigraphic reservoir worthy 
of further investigation as a development prospect.  
Similarly, in north Steptoe Valley, the Placid 17-14 well 
had a major loss zone between 2.9 and 3.1 km depth 
coinciding with carbonate formations known for their 
high permeability.  The area of this basin (at least 100 
km2 with more than 2 km of basin fill) also indicates 
the bedrock beneath the basin may have substantial 
geothermal potential.


Deep temperatures where bedrock crops out in the 
ranges adjacent to the basins are typically much cooler 
due to the absence of the thermal blanketing effects of 
unconsolidated basin-fill sediments.  At Black Rock 
Desert the temperature at 3 – 4 km underneath the Cricket 
Mountains is between 50 – 100°C cooler than that in the 
Pavant Butte1 well.  Near the edges of the basins there 
will be a transitional thermal regime, complicated by the 
effects of thermal refraction due to the conductivity con-
trast, and possibly also by localized fluid movement on 
range-bounding faults (Blackwell, 1983).  An interesting 
question is the state of the deep thermal regime within 
the sedimentary bedrock sections beneath the two basin 
and range systems investigated here.  In both basins, the 
consolidated sedimentary bedrock section (Paleozoic to 
Precambrian) extends at least another 3 km, and based 
on extrapolation of the conductive thermal gradients 
observed in the deep wells near the basin centers, the 
temperature at the base of the sections could be close to 
300°C at about 6 km depth.  The geometry of the basin 
fill - bedrock interface will be an important control on 
this thermal regime, as will be the occurrence and nature 
of permeability (i.e., fault or stratigraphic) and possible 
fluid flow.  This will be studied later in the project.


NE Nevada section; Steptoe Valley detail.
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Figure 10.  Detailed stratigraphy of bedrock section of oil exploration well Placid Steptoe 
Federal 17-14 in northern Steptoe Valley, Nevada.


Figure 11.  Detailed structural cross section across the Steptoe Valley constructed using 
Nevada Cocorp seismic line 4 and formation tops from oil exploration wells.
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This paper is a progress report on whether sedimentary basins 
in the U.S might have significant geothermal power potential.  Our 
initial findings for these two high-heat flow basins in the eastern 
Great Basin are that both may have the required temperature and 
permeability to justify more detailed exploration efforts.  Our 
cursory examination of several other basins in the Great Basin 
suggests that other basins also have this potential.  Based on this, 
stratigraphic reservoirs in the Great Basin could provide the next 
major increment in geothermal power production in the U.S.  
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Chapter 4 Reservoir Implications of CO2 in Produced Fluids and as Co-injected 
Fluid 
 
4.1 Project summary 
 
Deep sedimentary reservoirs show great potential for geothermal energy development in 
the United States, especially under conditions of high thermal gradients. While 
geothermal energy development in deep sedimentary reservoirs has yet to be 
comprehensively investigated, supercritical CO2 (scCO2) has been suggested as a heat 
transmission fluid in Enhanced Geothermal Systems (EGS) to improve energy extraction 
and for the ancillary outcome of carbon sequestration (Brown, 2000; Pruess, 2007, 2008).  
 
Advantages of CO2 as a heat transmission fluid include its larger thermal expansivity and 
lower viscosity. In addition, scCO2 is a poor solvent for rock minerals compared to water 
(Brown, 2000). Disadvantages of CO2 as a working fluid include a lower heat capacity 
than water (Brown, 2000; Pruess, 2007) as well as the propensity for CO2 dissolved in 
water to promote chemical reactions that can alter reservoir porosities and permeabilities. 
Understanding the properties of scCO2 and CO2-brine-rock interactions under conditions 
of high temperature and pressure is particularly important to quantify the relative ability 
to increase energy extraction and promote concomitant CO2 sequestration. The objectives 
of this chapter are to: 1) review and assess the innovative application of CO2 and CO2-
water mixtures as a working fluid; 2) evaluate potential geochemical reactions with the 
host rocks; 3) examine the potential for carbon sequestration; and 4) assess the relevant 
risks of scCO2-based geothermal systems in deep sedimentary reservoirs.  
 
We designed a simple 3-D conceptual model of a generic 5-spot well pattern to evaluate 
the performance of a geothermal system in deep sedimentary reservoirs, including energy 
extraction, geological CO2 sequestration, and the risk of CO2 leakage. First, flow and heat 
simulations were conducted to evaluate energy extraction for CO2 only, water only, and 
CO2-water as working fluids. Then, geochemical processes associated with CO2-rock-
fluid interactions were simulated using TOUGHREACT. A range of possible system 
responses and their associated uncertainties were determined. For this assessment, a Box-
Behnken response surface approach was utilized, with stepwise regression analysis and 
Monte Carlo simulations.  
 
4.2 Energy extraction simulations for scCO2 as a working fluid or as co-injected 
fluid 
 
4.2.1 Problem setup 
 
For the purpose of this project, a 3-D conceptual model domain consisting of layers of 
fractured and unfractured limestone was chosen to be representative of a typical 
sedimentary basin. We elected to adopt a 5-spot well pattern because of its wide 
application in oil field and geothermal reservoirs (Pruess, 2006, 2008; Spycher and 
Pruess, 2010; Wan et al., 2011; Borgia et al., 2012; Randolph and Saar, 2011). The 
resulting 3-D model with its 5-spot well pattern is plotted in Figure 4.1. Due to the 
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symmetry of the 5-spot well pattern, we employed a 1/8 symmetry domain (of the 5-spot 
pattern) for all simulations, but the results are shown on a full-well basis (Pruess, 2006). 
The thickness of the domain is 1100m. The 3-D domain in the vertical direction was 
divided into three parts, a 500 m section of limestone at the top, a section 100 m thick 
consisting of 5 layers of alternating unfractured and fractured limestone, and a 500 m 
thick section of limestone at the bottom. The grid cell size in the X and Y directions was 
kept uniform at 70.7 m. The cells were assigned a vertical dimension of 12.5 m for 
unfractured limestone and 25 m for fractured limestone was used within the central 
section of the model, and 100 m in the top and bottom sections of the model.  


 
 
Figure 4.1. 3-D conceptual model domain with a 5-spot well pattern (1/8 symmetry 
domain used for all simulations). Subsequent figures show the results of the simulations 
within the blue model domain. The injection well is located on the left side of each figure 
(at 0 m); the production well is located on the right side (at 707 m).   
 
Permeabilities and porosities used in the model were set as at 1 mD (9.8×10-16 m2) and 
2.5% for unfractured limestone, and 100 mD (9.8×10-14 m2) and 10% for fractured 
limestone, respectively based on representative measurements of limestones in Great 
Basin sedimentary basins. The injection and production wells were placed at the bottom 
of the fractured limestone layer with a depth of 575 m from the top of domain. The 
system was initially at hydrostatic pressure with a conductive heat flow yielding a 
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temperature gradient of 40oC/km. Pressures and temperatures at 575 m were 300 bars and 
200oC respectively. The Dirichlet boundary condition with constant pressure was 
assigned to boundaries of injection and production, with a pressure drop of 25 bars 
between the injection and production wells. For the wells, constant pressure was assigned 
as initial plus 12.5 bar at the injection well, and initial minus 12.5 bar at the production 
well. The Neumann condition (no flow) was assigned on all other sides. Details of the 
parameter settings are summarized in Table 4.1. 
 


Table 4.1 Hydrologic parameters, initial, and production/injection conditions. 
 


  
 
 
 
 
 
 
 
 
 
 
4.2.2 
Numeric
al models 
 T
he fluid 
property 
module 
of 
TOUGH2 
code, 


ECO2H, was employed to simulate the mass flow and heat extraction rates for scCO2 and 
CO2-water mixtures. The ECO2H equation-of-state (EOS) algorithm was designed for 
applications to geological sequestration of CO2 in saline aquifers at high temperature and 
pressure (Pruess, 2005; Pruess and Spycher, 2010). This EOS is purported to provide an 
accurate and comprehensive description of thermodynamics and thermophysical 
properties of water-brine-CO2 mixtures at temperature up to 243oC and pressure up to 
676 bar (Borgia et al., 2012). 
 
4.2.3 Flow and heat simulation results  
 
Figure 4.2 shows the net heat extraction rate, mass flow rate and temperature and gas 
saturation at the grid block next to the injection and production wells for the three cases 
studied over a period of 30 years. For the case of CO2 as a working fluid, water only is 
produced at a rate of around 50 kg/s in the initial stage of simulation. After 0.5 years, the 
produced water flow rate sharply decreases as CO2 reaches the production well. With 


Properties  
Fractured limestone permeability  100 mD (9.8×10-14 m2) 
Limestone permeability: 1 mD (9.8×10-16 m2) 
Fractured limestone porosity 10% 
Limestone porosity 2.5% 
Thermal conductivity: 2.51 W/m oC 
Rock specific heat: 1000 J/kg oC 
Rock grain density 2650 kg/ m3 
Initial Condition  
Reservoir fluid  all water 
Initial temperature: 200°C at the layer of 


production well with 40 oC/km 
gradient 


Initial pressure  Hydrostatic with 300 bar at the 
layer of production well 


Production/Injection condition
Well distance 707 m 
Injection pressure  Initial + 12.5 bar 
Injection temperature 50°C 
Production pressure Initial – 12.5 bar 
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continuous CO2 injection and increasing  gas saturation at the production well, the 
produced CO2 flow rate significantly increases. The oscillation in mass flows and heat 
extraction rates at the early stage of simulation (Figure 4.2) is an artifact of its location 
being immediately next to the production well. The oscillation is a necessary numerical 
response to maintain constant pressure at the wellbore. The net heat extraction rate is 
around 30 MW in the initial stage of simulation and decreases to 20 MW after 0.5 years. 
This trend is similar to the trend of the produced water flow rate. With increases in the 
produced CO2 flow rates, the net heat extraction increases to its maximum of 34 MW 
after 15-years of CO2 injection. With the continuous increase of CO2 gas saturation at the 
production well, the net heat extraction decreases to 24 MW after 30 years of CO2 
injection. This is due to the more rapid thermal depletion of CO2 compared to water. This 
can be observed from the rapid decrease of simulated temperatures (Figure 4.2). After 2 
years of CO2 injection, the areas adjacent to the injection well are fully saturated. The 
CO2 breaks through to the production well after 0.5 years of injection and the gas 
saturation keeps increasing to 1.0 after 30 years CO2 injection. The temperature next to 
the injection well gently decreases from the initial temperature of 200oC to the injection 
temperature of 50oC.  
 
Figures 4.3 and 4.4 plot simulated gas saturation after 1, 10, 20, and 30 years for CO2 as a 
working fluid along a 2-D cross section at the level of injection and production, 
respectively. Figures 4.5 and 4.6 do the same for the simulated temperature. One can see 
from Figure 4.3 that the gas saturation decreases from 1.0 at the injection well to 0.4 at 
the production well after one year, indicating that the CO2 has broken through the 
production well after one year. With continuous CO2 injection, the gas saturation 
increases through the entire injection/production layer (Figure 4.3). From Figure 4.4, one 
can also see that gas saturation near the injection well in the upper layers is around 0.5 
after one year, demonstrating that CO2 leakage occurs. With increasing injection of CO2, 
the leakage rate and area become larger and wider (Figure 4.4). The temperature profile 
in cross section at the injection-production layer (Figure 4.5) displays a trend similar to 
that of the gas saturation profile (Figure 4.3), which gently increases from 50oC at the 
injection well to 200oC at the production well. From the 3-D temperature profile (Figure 
4.6), one can observe that the temperature drop expands in area with time (Figure 4.4). 







	 5


 
Figure 4.2. Simulated heat extraction rate, mass flow rate and temperature and gas 
saturations next to the production well for scCO2 only (solid line), water only (dashed 
line), and CO2-water mixtures dash-dot line) as working fluids.  
 
For the case of water as the working fluid, the mass flow rate at the production well was 
30 kg/s in the early stage of the simulation, which is less than the 50 kg/s of water 
produced during the initial stage when CO2 is used as a working fluid. The flow rate at 
the production well decreases to 20 kg/s after 1-year injection for water as a working 
fluid, which is much smaller than 40-70 kg/s of CO2 produced flow rate at the production 
well for CO2 as a working fluid. We attribute this to the lower viscosity of CO2 compared 
to water. The net heat extraction for water as a working fluid is almost constant at 20 
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MW for year one but decreases to 12 MW after 30 years of injection. Compared to the 
results for CO2 as a working fluid, the net heat extraction rate for water as a working fluid 
is much smaller. However, the differences in the net heat extraction between these fluids 
decrease with time after 15 years. This is explained by the more rapid thermal depletion 
when CO2 is used, a conclusion consistent with the larger drop of temperature for CO2 
when compared to water (Figure 4.2). Figures 4.7 and 4.8 plot simulated temperatures 
after 1, 10, 20, and 30 years for water as the working fluid in the injection-production 
layer. Comparison of temperature profiles between CO2 and water shows a larger 
temperature drop over a greater area of the model domain for CO2 as a working fluid.  
 
For the case of a CO2-water mixture, the CO2 and water injection flow rates vary with the 
gradient of the pressure drops. This reflects the constant pressure boundary conditions 
assigned to the model. The CO2 and water injection rates are around 26 and 2.6 kg/s 
respectively, during the simulation period and the CO2-water mixture consists of around 
90% CO2 and 10% water. One can see from Figure 4.2 that the mass flow rate of 
produced water at the early simulation time is around 50 kg/s, which is similar to that for 
the case of CO2 as a working fluid. The produced water flow rate decreases after 0.5 
years and reaches a constant value of around 6 kg/s after one year, which is larger than 
the value for CO2 as a working fluid. The produced CO2 flow rate for the CO2-water 
mixture is also much smaller than the one for CO2 as a working fluid after 4 years of 
injection. After 30-years of CO2-water injection, the production rate is around 26 kg/s of 
CO2 and 6 kg/s of water. The net heat extraction rate exhibits trend a similar to the flow 
rate, which is around 30 MW early in the simulation but decrease to 13 MW after 30 
years. Compared to simulations with CO2, the net heat extraction rate is almost the same 
early in the systems history but much smaller after 1year of CO2-water injection. 
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Figure 4.3. Simulated gas saturation profile after 1, 10 and 20 years of CO2 injection in 
the injection-production layer. 
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Figure 4.4. Simulated gas saturation profile after 1, 10, 20 and 30 years of CO2 injection 
in the 3-D model domain.  
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Figure 4.5. Simulated temperature profile after 1, 10, and 20 years of CO2 injection in the 
injection-production layer.  
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Figure 4.6. Simulated temperature profile after 1, 10, 20, and 30 years of CO2 injection in 
the 3-D model domain.  
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Figure 4.7. Simulated temperature profile after 1, 10 and 20 years of water injection in 
the injection-production layer. 
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Figure 4.8. Simulated temperature profile after 1, 10, 20 and 30 years water injection in 
the 3-D model domain.  
 
4.3 Impacts of geochemical reaction processes for the case of CO2 as a working fluid 
 
We utilized TOUGHREACT, the 3-D model domain model and the 5-spot well pattern to 
simulate geochemical processes associated with CO2-fluid-rock interactions in deep 
sedimentary basins. The flow and heat parameters and initial and boundary conditions 
were identical to those used for the flow and heat simulations. For these simulations, the 
composition of the water from Roosevelt Hot Springs, Utah was reacted with a 
siliciclastic sandstone consisting of quartz, plagioclase (oligoclase, + albite), k-feldspar, 
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annite, and phlogopite. The initial mineralogical composition and possible secondary 
minerals were listed in Table 4.2. The kinetic properties (rate constant, activation energy, 
and power term) for neutral, acid and base mechanisms for the primary and possible 
secondary minerals were listed in Table 4.3. The reactive surface areas of quartz, 
oligoclase, albite, k-feldspar, calcite, magnesite, kaolinite, siderite, illite, and smectite 
were taken from Xu et al. (2004). Other minerals were assumed to have surface areas of 
9.8 cm2/g (Table 4.3). All geochemical simulations utilized the thermodynamics database 
for EQ3/6 (Wolery, 1992) and all flow aspects were simulated for 30 years simulation 
period using TOUGHREACT/ECO2H (Xu et al., 2006). A batch simulation was firstly 
conducted to obtain the initial aqueous solutions that would be equilibrium with the 
primary minerals.  
 
Table 4.2 Chemical composition and initial volume fractions for minerals used for 
geochemical simulations. 
 


Mineral Chemical composition Volume 
fraction 


Primary:   
Quartz SiO2 0.318 
Oligoclase Na0.8Ca0.2Al1.2Si2.8O8 0.319 
Albite NaAlSi3O8 0.080 
K-Feldspar KAlSi3O8 0.247 
Annite KFe3AlSi3O10(OH)2 0.015 
Phlogopite KAlMg3Si3O10(OH)2 0.021 
Secondary
: 


  


Calcite CaCO3 0.0 
Magnesite MgCO3 0.0 
Kaolinite Al2Si2O5(OH)4 0.0 
Diaspore AlHO2 0.0 
Siderite FeCO3 0.0 
Gibbsite Al(OH)3 0.0 
Muscovite KAl3Si3O10(OH)2 0.0 
Chalcedon
y 


SiO2 0.0 


SiO2(am) SiO2 0.0 
Boehmite AlO(OH) 0.0 
Analcime NaAlSi2O6H2O 0.0 
Illite (K,H3O)(Al,Mg,Fe)2(


Si,Al)4O10[(OH)2,(H2


O)] 


0.0 


Smectite K0.04Ca0.5(Al2.8Fe0.53


Mg0.7)(Si7.65Al0.35)O20


(OH)4 


0.0 
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Figures 4.9 and 4.10 plot the simulated aqueous CO2 mass fraction after 1, 10, 20, and 30 
years of CO2 injection in 2-D at the production-injection layer and for the 3-D model 
domain. Figures 4.11-4.18 plot the same for simulated pH values, and changes in the 
abundances (in mol/m3) of the primary (oligoclase and quartz) and secondary minerals 
(calcite). Injection of scCO2 results in increased dissolved CO2 concentrations in the 
water (Figure 4.9) and pH values lower than initial value of 5.4 (Figure 4.11).  
 


Table 4.3 Kinetic rate parameters of primary and secondary minerals, reactive surface 
area for the geochemical simulations using TOUGHREACT code. 


	
	


Note: Kinetic rate parameters from Palandri and Kharaka (2004); 
a) logk: kinetic rate constant k at 25 oC  (mol/m2/s);  
b) Ea: activation energy (KJ/mol); c) n: power term with respect to H+; 
d) set to Biotite;  e) set to Quartz;  f) set to Diaspore;  g) set to Nepheline; h) set to Muscovite. 
i) Reactive surface area taken from Xu et al., 2004;  
j) Reactive surface area assumed as 9.8 cm2/g for other minerals. 


Mineral Neutral 
Mechanism 


Acid Mechanism Base mechanism Reactive 
surface area


 logk a Ea 
b logk a Ea 


b n c logk a Ea 
b n c (cm2/g) i


Primary:          
Quartz -13.99 87.7 - - - - - - 9.8 i 


Oligoclase -11.84 69.8 -9.67 65.0 0.457 - - - 9.8 i 
Albite -12.56 69.8 -10.16 65.0 0.457 -15.6 71.0 -0.572 9.8 i 
K-Feldspar -12.41 38.0 -10.06 51.7 0.500 -21.2 94.1 -0.823 9.8 i 
Annite d -12.55 22.0 -9.84 22.0 0.525 - - - 9.8 j 
Phlogopite -12.40 29.0 - - - -  - -  
Secondary:        -  
Calcite -5.81 23.5 -0.30 14.4 1.000 - -  9.8 j 
Magnesite -9.34 23.5 -6.38 14.4 1.000 - - - 9.8 i 
Kaolinite -13.16 22.2 -11.31 65.9 0.777 -17.05 17.9 -0.472 151.6 i 
Diaspore -13.33 47.5 - - - -23.60 47.5 -1.503 9.8 j 
Siderite -8.90 62.8 -3.19 36.1 0.500 - - - 9.8 i 
Gibbsite -11.50 61.2 -7.65 47.5 0.992 -16.65 80.1 -0.784 9.8 j 
Muscovite -13.55 22.0 -11.85 22.0 0.370 -14.55 22.0 -0.220 151.6 i 
Chalcedonye -13.99 87.7 - - - - - - 9.8 j 
SiO2(am) -12.23 74.5 - - - - - - 9.8 j 
Boehmite f -13.33 47.5 - - - -23.60 47.5 -1.503 9.8 j 
Analcime g -8.56 65.4 -2.73 62.9 1.130 -10.76 37.8 -0.200 9.8 j 
Illiteh -13.55 22.0 -11.85 22.0 0.370 -14.55 22.0 -0.220 151.6 i 
smectite -12.78 35.0 -10.98 23.6 0.340 -16.52 58.9 -0.400 151.6 i 


 
The mass fraction of dissolved CO2 in the aqueous phase generally increases from the 
injection well to production well (Figure 4.9), which is opposite the trend of the gas 
saturations (Figure 4.3). One can also observe from Figure 4.9 that the dissolved CO2 
mass fraction at 200-300 m from the injection well is smaller than it is close to the well 
after 10 and 20 years. One possible explanation is that water with aqueous CO2 flows 
toward to the production well and that the aqueous CO2 is consumed by the precipitation 
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of calcite after 10 and 20 years of CO2 injection (Figure 4.18). Aqueous CO2 is also 
observed in the upper layers (Figure 4.10), which have larger dissolved CO2 mass 
fractions than the injection-production layer. 
 
Plagioclase (oligoclase) dissolves at the onset of CO2 injection. Figure 4.11 shows that 
the extent of oligoclase dissolution increases toward the production well after 10 and 20 
years (Figure 4.11). This occurs as water moves away from the injection well; in the 
model no chemical reactions between the gas phase and rock is permitted. However, the 
dissolution rate of oligoclase near the injection well is greater than in other areas after 1 
year of CO2 injection. This could be explained by that the lower pH values near the 
injection well in the early stage of the stimulation. In Figure 4.12 the dissolution of 
oligoclase occurs near the injection well after one year and extends toward to the 
production well and the upper-lying layers after 10 years. The dissolution rates of 
minerals in the upper layers are larger than those in the injection-production layer. This is 
because scCO2 in the gas phase occupies the area around the injection well whereas 
aqueous and gas phases exist in the other regions of the model (Figure 4.4).  
 
Quartz may precipitate or dissolve depending on the pH. Minor dissolution of quartz 
occurs in water-dominated areas whereas precipitation occurs in CO2-rich regions (Figure 
4.14). The distribution of areas of quartz precipitation is similar to that of oligoclase; e.g. 
more precipitation of quartz occurs around the production well and upper-layers than in 
other areas (Figures 4.13 and 4.14).  
 
Calcite does not precipitate in the injection-production layer initially (after one year of 
CO2 injection, Figure 4.15), but it is present after 10 years of injection and after one year 
in the upper layers (Figure 4.16). Patterns of calcite precipitation follow those of 
oligoclase dissolution after 10 years. Mineral distributions of other silicate minerals 
follow those of oligoclase; other carbonate minerals have distributions similar to calcite.  
 
The pH values in the injection-production layer are lower than the initial pH value of 5.4 
(Figure 4.17). The higher dissolved CO2 mass fraction around the production well (Figure 
4.9) favors the chemical reactions that promote hydrogen ion consumption over reactions 
occurring around the injection well. Because CO2 is mainly in the gas phase around the 
injection well, less chemical reaction occurs near the site of injection. 
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Figure 4.9. Simulated mass fraction of dissolved CO2 in the aqueous phase after 1, 10 and 
20 years of CO2 injection within the injection-production layer. 
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Figure 4.10. Simulated mass fraction of dissolved CO2 in aqueous phase after 1, 10, 20 
and 30 years of CO2 injection in the 3-D model domain.  
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Figure 4.11. Simulated change of oligoclase abundance (in mol/m3) for oligoclase after 1, 
10 and 20 years of CO2 injection in the injection-production layer. 
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Figure 4.12. Simulated change of oligoclase abundance (in mol/m3) after 1, 10, 20 and 30 
years of CO2 injection in the 3-D model domain.  
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Figure 4.13. Simulated change of quartz abundance (in mol/m3) after 1, 10 and 20 years 
of CO2 injection in the injection-production layer.  
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Figure 4.14. Simulated change of quartz abundance (in mol/m3) after 1, 10, 20 and 30 
years of CO2 injection in the 3-D model domain.  
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Figure 4.15. Simulated change of calcite abundance (in mol/m3) after 1, 10 and 20 years 
of CO2 injection in the injection-production layer.  
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Figure 4.16. Simulated change of calcite abundance (in mol/m3) after 1, 10, 20 and 30 
years of CO2 injection in the 3-D model domain.  
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Figure 4.17. Simulated pH values after 1, 10 and 20 years of CO2 injection in the 
injection-production layer.  
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Figure 4.18. Simulated pH values after 1, 10, 20 and 30 years of CO2 injection in the 3-D 
model domain.  
 
In addition to evaluating the effects of CO2 on the chemical interactions, we simulated 
the effects of water over a period of 30 years. The model setup is the same as that for 
CO2. Figures 4.19 and 4.20 plot simulated pH values after 1, 10, 20 and 30 years for 
water in the injection-production layer and 3-D model domain, respectively. Figures 
4.21-4.22 plot the changes in the abundance (in mol/m3) of quartz. The simulated pH 
values for water as a working fluid increase from the initial value of 5.4 (Figure 4.19), in 
contrast to CO2. The dissolution and precipitation of quartz (Figure 4.21) also show 
differences. Dissolution of quartz is greatest in the area of production well for water but 
is lower in magnitude than the case of CO2 as a working fluid. Similar differences are 







	 34


observed for other minerals. These simulations indicate that CO2 has significant effects 
on mineral dissolution and precipitation. 
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Figure 4.19. Simulated pH values after 1, 10 and 20 years of water injection in the 
injection-production layer.  
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Figure 4.20. Simulated pH values after 1, 10, 20 and 30 years of water injection in the 3-
D model domain.  
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Figure 4.21. Change in quartz abundance (in mol/m3) after 1, 10 and 20 years of water 
injection in the injection-production layer.  
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Figure 4.22. Change in quartz abundance (in mol/m3) after 1, 10, 20 and 30 years of 
water injection in the 3-D model domain.  
 
 
4.4 Probabilistic assessment of the deep sedimentary geothermal system with CO2 
co-injection at reservoir depth 
 
Due to the scarcity of data for the deep subsurface environment, uncertainty in the input 
parameters should be incorporated into the assessment of system performance and 
environmental risk. In order to quantify the uncertainty, Monte Carlo-based methods are 
traditionally used to estimate a system’s output response from known or estimated 
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statistical distributions of input parameters. Monte Carlo simulations typically require a 
large number of probability-weighted inputs. In this study, we utilized a response surface 
methodology integrated with Monte Carlo sampling for a probabilistic assessment of 
CO2-water injection. 
 
Figure 4.23 summarizes the workflow we followed in this study. We first determined the 
independent variables required to construct the design of the experiment based on the a 
Box-Behnken response surface approach (BBD). This was followed by the numerical 
experiments. Then, the system responses due to CO2 injection were delineated by 
constructing the response surface (or proxy) model for each different time. We utilized a 
stepwise regression technique to eliminate insignificant factors from the regression 
equation. Several goodness-of-fit measurements were used to examine the performance 
of the regression model. Finally, Monte Carlo samplings of mutually independent input 
parameters were obtained from the response surface models for each time generated 
temporal step. 
The BBD is a particular subset of the factorial combinations from the 3k factorial designs, 
which consists of three levels (-1, 0, 1) for each factor. Each factor is placed at one of the 
three equally spaced values. The BBD has been widely used because of its economical 
design (less number of runs) compared to the full factorial designs. Full factorial designs 
with 2-levels (-1, 1) or 3-levels (-1, 0, 1) are fully crossed designs requiring 2k and 3k 
runs, respectively. For example, for 5 factors the BBD requires 41 runs while a 3-level 
full factorial design requires 243 experiments. In addition, the BBD contains not only the 
interaction terms of the factors but also the higher-order quadratic effects. The BBD 
includes the midpoint in the design and is nearly orthogonal and rotatable 
mathematically. 
 
We selected 4 independent variables to be considered key factors for the BBD; pressure 
drop between the injection and production wells, the permeabilities of limestone (low k) 
and fractured limestone (high k), and the geothermal gradient. The permeabilities of 
limestone and fractured limestone were assumed to follow a lognormal distribution; 
uniform distributions were used for the remaining factors. Likely variations in each factor 
are scaled to -1 and 1 for the minimum and maximum of the range, respectively. Table 
4.4 summarizes the three levels for each factor. A total of 25 runs specified by the BBD 
provide the corresponding output variables from the numerical experiments. 
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Figure 4.23 Workflow for the response surface methodology combined 
with a Monte Carlo simulation. 


 
Table 4.4 Independent variables used in the experiment. 


Independent variables (Xi) 
Low (-
1) 


Mid 
(0) 


High 
(+1) 


Statistical 
distribution 


X1 Pressure drop (bar) 20 25 30 Uniform 


X2 
High-k permeability 


(mD) 
13.5 100 738.9 Log-normal 


X3 
Low-k permeability 


(mD) 
0.07 0.5 3.69 Log-normal 


X4 
Geothermal gradient 


(ºC) 
30 40 50 Uniform 


 
The 3-D model domain, flow parameters and the initial and boundary conditions are the 
same those used in previously (refer to Section 4.2).  
The response surface method (RSM) or regression modeling consists of mathematical 
and statistical techniques to develop a functional relationship between a response or 
dependent variable (y) of interest and associated independent variables or factors (x1, x2, 
…, xk). The response surface method is typically a polynomial approximation to the 
responses (y) obtained with a linear regression given the input/design variables (Xi) in a 
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chosen design of experiment. A full second-degree response surface model for k 
independent variables is  


 
where βi, βij, and βii represent regression coefficients and ε is random error assumed to 
have a zero mean. k is four in this study. Unlike the laboratory experiment, the random 
error due to the non-repeatability does not exist in a deterministic numerical experiment 
and is ignored in this study. Eqn. (4.1) contains linear, two-way interactions, as well as 
quadratic terms. We used a least square method to determine the coefficients of the 
polynomial/response surface model at each time. The least squares estimator of beta is 


   (4.2) 
 
Only significant variables and interaction terms (at the 95% significance level) were 
included in the response surface model after application of the stepwise regression 
procedure. This procedure is a multi-linear regression of the response values with 
iterative stepping based on their statistical significance in a regression. That is, it is 
repeatedly altering the model at the previous step by adding or removing a predictor 
variable in accordance with the entry and removal criteria, respectively, until the stepping 
or altering is no longer possible based on the stepping criteria or the maximum number of 
steps is reached. 
 
After regression modeling with a stepwise method, a series of response surface models 
for the dependent variable at each time step were identified. Given the statistical input 
parameter distributions, we performed Monte Carlo samplings (10,000) associated with 
the response surface model for each time and combined all of the Monte Carlo results to 
construct the cumulative distribution functions (CDFs) of each dependent variables. 
CDFs show the probability level associated with the dependent variable greater than or 
less than a certain level. Figures 4.24 – 4.29 show the temporal evolution of net energy 
extraction, cumulative total CO2 mass, total CO2 mass at overlying aquifer, leakage ratio, 
CO2 mass fraction at the production well, and temperature drawdown with the CDFs. 
 
Given the range and distributions of the input variables and simulation settings, the net 
energy extraction can be divided into four different stages (Figure 4.24). During the 
initial time period (0 – 2 years), at the 95 percentile (P95) the predicted net energy 
extraction showed negative values. The second stage, between 2 and 12 years showed an 
increase in net energy extraction (positive values). The net energy extraction tends to 
slightly decrease again for the third (12 – 20 years) and final (>20 years) stages. The 
variation among the outcomes peaked at about year 20 years (third stage) and decreased 
after that.  
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Figure 4.24. CDF contour map of the net energy extraction.  


 
Figures 4.25 and 4.26 show CDFs of cumulative CO2 mass within the model domain and 
only in the overlying aquifer, respectively. Our results suggest that CO2 tends to keep 
accumulating both in the target formation and overlying aquifer at reservoir depth. 
However, both storage and leakage rates tend to slightly decrease and remain constant 
after about 50 years. This result is consistent with the leakage ratio shown in Figure 4.27. 
The P50 value in the leakage ratio is about 0.43 after 100 years. Note that this result only 
accounts for the potential CO2 leakage into the overlying aquifer at a reservoir depth with 
the geologic settings and uncertainties in the petrophysical properties defined in this 
study.  
 
The arrival of CO2 and mass fraction at the production well are presented in Figure 4.28. 
The CO2 mass fraction increases rapidly for the first 5 years as CO2 plumes arrive at the 
well. The 50th percentile of the predicted CO2 mass fraction is approximately 0.87 and 
0.95 at year 10 and 60, respectively. Note that after about 35 years, the 95th percentile 
values of the results are greater than the possible maximum ratio (=1). 
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Figure 4.25. CDF contour map of the cumulative CO2 mass in 
the model domain.  
 


 
Figure 4.26. CDF contour map of the cumulative CO2 mass 
only at overlying aquifer.  
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Figure 4. 27.  CDF contour map of the CO2 leakage ratio.  
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Figure 4.28. CDF contour map of the CO2 mass fraction at the 
production well.  
 


Temperature drawdown next to the production well gradually increases over 100 years in 
the mean sense (P50). The probability that temperature drawdown falls below about 25°C 
after 100 years (Figure 4.29) is 0.75. However, the temperature drawdown is significantly 
greater between P75 and P95. 
 


 
Figure 4.29. CDF contour map of the temperature drawdown.  
 


4.5 Discussion and summary 
 
The general purpose of this study to assess the innovative application of using CO2 or 
CO2-water mixtures as working fluids and to investigate its effects on energy extraction, 
geochemical reaction with the rocks, carbon sequestration, and risk assessment in deep 
sedimentary reservoirs. We designed a 3-D conceptual model utilizing a generic 5-spot 
well pattern to evaluate the performance of several attributes of the geothermal system 
including energy extraction, CO2 sequestration and the risk of CO2 leakage. We 
compared the flow, heat and chemical reaction results for CO2 and water as a working 
fluids.  
 
We simulated the flow, heat, and chemical reaction for CO2 only, water only, and CO2-
water mixtures. Because the boundary conditions at the injection and production wells 
are kept at constant pressures, the CO2-water mixture consists of around 90% CO2 and 
10% water. We also made the efforts to use the boundary conditions of constant flux with 
different ratios of CO2 and water at the injection well. However, these simulations failed 
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due to the extreme pressure buildup around the injection well. This problem can be 
addressed in the next phase of the study. 
 
We presented the probabilistic evaluation of the system’s responses to CO2 injection. For 
this assessment, a Box-Behnken response surface approach was utilized, with stepwise 
regression analysis and Monte Carlo simulations.  
 
The following implications can be drawn based on the simulation results: 
 


(1) High energy extraction rates are feasible when using CO2 as a working 
fluid. High rates can be sustained over the 30 year simulation period. 
(2) Net heat extraction and mass flow production rates for scCO2 as a working 
fluid were much larger compared to water as a working fluid, indicating 
scCO2 could enhance heat extraction. 
 (3) Injection of scCO2 has significant influence on mineral dissolution and 
precipitation. 
(4) Some of the injected CO2 will be sequestered in carbonate minerals. 
(5) The predicted net energy extraction during the initial 2 years is likely 
negative. At later times, the net energy extraction is positive and peaks at 
about year 12. 
(6) CO2 tends to keep accumulating both in the target formation and overlying 
aquifer at reservoir depth. Under the simulation settings and uncertainties of 
input parameters specified in this study, the P50 value in the leakage ratio 
reaches 0.43 after 100 years. 
(7) CO2 will comprise a major fraction of the fluids extracted at the 
production well after 5 years for CO2 to become.  
(8) The temperature drawdown adjacent to the production well gradually 
increases and the probability that temperature drawdown falls below 25°C 
drawdown after 100 years is 0.75.  
(9) Our results demonstrate that the response surface method associated with 
the Monte Carlo simulations can be efficiently applied to the evaluation of a 
deep sedimentary geothermal system. 
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Final Report 
 
Task 1.0 – Sub-surface Resource Characterization  
Sub-Task 1.1 – Review of permeability characteristics in drilled, sediment-hosted, geothermal system:  
 
Tom C. Anderson, Research Scientist (geologist), Energy & Geoscience Institute, Salt Lake City, UT 
 
Scope of work: 
 
a) Compile permeabilities from available rock data based on core analysis for target sedimentary basins. 
b) Compile stratigraphic columns including thicknesses and depths for target sedimentary basins. 
c) Incorporate permeability data into thickness and thermal characteristics previously obtained. 
d) Rank basins based on composite characteristics. 
 
Relationship of scope of work listed above to Project Narrative in 2010 Proposal: 
 
“Although sediment-hosted geothermal systems have not been an exploration target in the U.S., some 
producing reservoirs are hosted in sedimentary units.  Many of the Imperial Valley geothermal systems 
(e.g. Salton Sea, Heber, Cerro Prieto) are hosted in Quaternary-Tertiary sediments that have accumulated 
in the rift-basins associated with plate boundaries.  A few Basin and Range geothermal systems are also 
hosted in Paleozoic and older sedimentary units (e.g. Cove Fort, Thermo, Utah). … This sub-task will 
review the scientific literature on permeability characteristics and its control by water-rock interactions in 
sediment-hosted geothermal reservoirs. … 


“The physical, chemical and mineralogical attributes of the rocks will be obtained from existing … data 
on porosities and permeabilities of well cores and surface outcrops that serve as appropriate proxies for 
reservoir stratigraphy. …Although the main focus of this sub-task is explored geothermal systems, a 
review of the literature on permeability characteristics of deep petroleum basins with temperatures in the 
range 150 – 200ºC, the lower limit of electric generation suitability will be conducted.” 


Basins studied: 


Two published maps identify prospective basins and sedimentary thickness. The first (Figure 1) is from 
the landmark 2006 MIT Report (Tester, et al 2006). The second (Figure 2) is from a map published by the 
Idaho National Laboratory (2005), and it also shows estimated temperatures at 4 km depth. From these 
sources, as well as the NREL study of Porro et al (2012), described in a later section, we have selected 
these basins for further evaluation (see also Figure 8 for location map): 


• Anadarko 
• Bighorn 
• Delaware/Permian 
• Denver (Denver-Julesburg) 
• Fort Worth 
• Great Basin 
• Green River 
• Gulf Coast 
• Hanna (incl. Laramie and Shirley) 


• Imperial Valley (or Salton Trough) 
• Powder River 
• Raton 
• Sacramento 
• San Joaquin 
• Uinta/Piceance 
• Williston 
• Wind River 


  







 







Regional Porosity and Permeability Data 


A search for available core analysis data containing porosity and permeability values has identified a U.S. 
Geological Survey Open-File Report (Nelson and Kibler, 2003) that compiles data from 70 data sets 
covering 49 basins worldwide, including 9 of the basins on our list. Table 1, below, is extracted from 
Nelson and Kibler (2003) showing a summary of this compilation for a subset of the basins relevant to the 
present study. 


 
Beyond the summary shown in Table 1, which only shows “Maximum Porosity” and “Maximum 
Permeability”, detailed data plots from Nelson and Kibler (2003) for selected units, extracted from the 
source references cited, were used to calculate trendlines, generally above a permeability cutoff of 6 md, 
to define average values for permeability and porosity.  


This data has been augmented by searching the USGS Core Research Center online catalog 
(http://my.usgs.gov/crcwc/), adding data from eight basins. This site has analysis data available online 
including some porosity and permeability data. Wells with cores having this additional poro-perm data 
were selected for deeper units likely to be targets for geothermal resource development. Finally, some 
additional data was obtained from the Utah Geological Survey, the Texas Railroad Commission, the 
Texas Bureau of Economic Geology, and the South Texas Geological Society (Ref. 70).  


All of these were plotted in the same manner as the Nelson and Kibler data to define average values for 
permeability and porosity. Table 2 below shows the results of this search and compilation for all basins 
studied. All supporting detail plots are shown later under individual basin discussions. 


Table 1.  Sources, ages, and locations of porosity-permeability data sets.*


Ref. 
No.


Authors and Date Geologic Age Formation 
Name


Location Basin Field Max. Por-
osity %


Max. Perm-
eability md


59 Sneider and others, 1977 Pennsylvanian L & M zones Oklahoma Anadarko Basin Elk City Field 24.2 524.8


47 Morgan and others, 1977 Pennsylvanian Tensleep Wyoming Big Horn Basin Oregon Basin Field 22.5 758.8


22 Dutton and others, 2003 Permian Bell Canyon Texas Delaw are Basin East Ford Unit 30.6 249.0


44 Montgomery, 1997 Permian Bone Spring New  Mexico Delaw are Basin Red Tank Field 20.6 19.1


61 Spain, 1992 Permian Cherry Canyon Texas Delaw are Basin Rhoda Walker Field 29.5 169.8


20 Dolly and Mullarkey, 1996 Late Cretaceous Frontier Sand Wyoming Green River Basin Lincoln Roads Field 23.7 25.0


33 Keighin and others, 1989 Late Cretaceous Almond Wyoming Green River Basin various f ields 22.1 44.0


49 Muller and Coalson, 1989 Early Cretaceous Dakota Wyoming Green River Basin Henry Field 22.2 630.9


14 Corcoran and others, 1994 Eocene Wilcox Group Louisiana Gulf Coast Wildsville Field 34.7 1990.0


25 Ganer, 1985 Jurassic Cotton Valley Louisiana Gulf Coast Terryville Field 16.9 416.9


28 Grigsby and others, 1992 Paleocene Wilcox Group Texas Gulf Coast Lake Creek Field 16.0 7.8


32 Hosseini and Hayatdavoudi, 1986 Cretaceous Tuscaloosa Louisiana Gulf Coast w ildcat 31.2 193.0


36 Langford and others, 1990 Oligocene Vicksburg Texas Gulf Coast McAllen Ranch Field 20.5 2.9


38 Luffel and others, 1991 Early Cretaceous Travis Peak Texas Gulf Coast four counties in E. Texas 17.2 75.9


41 Miller and Groth, 1990 Cretaceous Tuscaloosa Louisiana Gulf Coast Bayw ood Field 18.0 316.0


56 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast Rigolets & Ft. Pike Fields 22.5 851.1


57 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast False River Field 28.8 1258.9


58 Smith, 1985 mid-Cretaceous Tuscaloosa Louisiana Gulf Coast Judge Digby & False River 28.5 1621.8


63 Stricklin, 1999 Late Cretaceous Woodbine Texas Gulf Coast Double A Wells Field 22.4 1215.0


8 Bow ker and Jackson, 1989 Permian-Pennsylvanian Weber Sand Colorado Piceance Basin Rangely Field 18.2 173.8


19 Dolly and Mullarkey, 1996 Early Cretaceous Muddy Sand Wyoming Pow der River Basin Collums Field 29.6 56.0


21 Dutton and Willis, 1998 Early Cretaceous Fall River Wyoming Pow der River Basin Buck Draw  Field 13.3 89.1


67 Tillman and Martinsen, 1987 Late Cretaceous Shannon Sand Wyoming Pow der River Basin Hartzog Draw  Field 17.7 94.0


29 Hall and Link, 1990 Late Miocene Monterey California San Joaquin Basin Midw ay-Sunset Field 37.0 1445.0


42 Miller and others, 1990 Pleistocene Tulare California San Joaquin Basin South Belridge Field 40.6 10000.0


64 Taylor and Soule, 1993 Oligocene 64-zone Sand California San Joaquin Basin North Belridge Field 19.1 281.8


54 Shade and Hansen, 1992 Tertiary-Cretaceous Wasatch Utah Uinta Basin Natural Buttes Field 14.5 7.8


69 Wendlandt and Bhuyan,1990 Cretaceous Mesaverde Utah Uinta/Book Clif fs none 23.3 1393.6


60 Soeder and Randolph, 1987 Late Cretaceous Mesaverde Colorado Uinta/Piceance Basin Rulison Field 11.5 1.0


24 Estes-Jackson and others, 2001 Cretaceous Muddy Sand Wyoming Wind River Basin Riverton Dome Field 22.4 4.3


*excerpted from Nelson and Kibler (2003)







 


Table 2. Compilation of porosity and permeability data representing basins studied.
Basins GeoCol Formation Ref* Ave Poro Ave Perm Max Poro Max Perm
Anadarko 8 Pennsylvanian L&M 59 15.0 100.0 24.2 524.8
Bighorn 4 Tensleep 47 16.6 100.0 22.5 758.8
Delaware-Permian 5 Bone Spring 44 14.4 2.0 20.6 19.1


Bell Canyon 22 24.0 40.0 30.6 249.0
Cherry Canyon 61 12.5 10.0 29.5 169.8


Denver-Julesberg 2 Lyons Sandstone CRC 13.0 100.0 18.8 1400.0
Lyons Sandstone CRC 15.0 45.0 18.8 159.0
Ingleside CRC 19.0 100.0 31.0 1905.0


Fort Worth 3 Ellenburger RRC 15.0 50.0 18.0 100.0
Great Basin 6 Paleozoic carbonates UGS 10.0 75.0 18.0 200.0
Green River 10 Frontier Sandstone 20 15.0 0.7 23.7 25.0


Almond 33 18.0 10.0 22.1 44.0
Dakota 49 14.0 40.0 22.2 630.9


Gulf Coast 6 Travis Peak 69E 9.0 1.0 22.0 300.0
Wilcox Group 14 28.5 100.0 34.7 1990.0
Cotton Valley 25 12.5 25.0 16.9 416.9
Tuscaloosa 32 28.0 100.0 31.2 193.0
Tuscaloosa 57 22.0 85.0 28.8 1258.9
Vicksburg 36 19.5 2.5 20.5 2.9
Travis Peak 38 12.0 9.0 17.2 75.9
Woodbine 63 18.0 100.0 22.4 1215.0
Edwards carbonate 70 25.0 179.0 n/a n/a
Wilcox sandstone 70 24.0 488.0 n/a n/a
Jackson-Yegua sands 70 31.0 604.0 n/a n/a
Frio fluvial sandstone 70 25.0 432.0 n/a n/a


Hanna-Shirley-Laramie 2 Tensleep (from PRB) DOE 11.0 20.0 21.1 296.0
Imperial Valley 3 Palm Springs DOE 25.0 250.0 33.0 2100.0
Powder River 6 Muddy Sandstone 19 24.0 10.0 29.6 56.0


Fall River (Dakota) 21 11.0 25.0 13.3 89.1
Shannon Sandstone 67 14.0 20.0 17.7 94.0
Tensleep DOE 11.0 20.0 21.1 296.0
Madison PP 17.5 30.0 31.4 390.0


Raton 2 Trinidad Sandstone CRC 7.0 1.0 13.5 1.0
Entrada CRC 16.0 2.0 n/a n/a


Sacramento-San Joaquin 5 Monterey 29 32.0 800.0 37.0 1445.0
Tulare 42 35.0 700.0 40.6 10000.0
64-zone Sandstone 64 14.5 30.0 19.1 281.8


Uinta-Piceance 4 Weber Sandstone 8 12.5 10.0 18.2 173.8
Mesaverde Group 60 7.5 0.3 11.5 1.0
Wasatch 54 10.0 1.0 14.5 7.8
Mesaverde Group 69 18.0 75.0 23.3 1393.6


Williston 2 Lodgepole CRC 7.3 0.1 20.0 165.0
Interlake CRC 11.5 30.0 16.1 320.0
Interlake CRC 10.0 20.0 16.6 220.0
Red River CRC 15.0 10.0 24.7 158.0
Red River CRC 13.0 12.0 21.7 108.0


Wind River 5 Muddy 24 17.5 0.5 22.4 4.3
Tensleep CRC 15.0 70.0 22.0 1000.0


<= 10


11 to 99


>= 100


*Primary references: Nelson and Kibler, 2003, A Catalog of 
Porosity and Permeability from Core Plugs in Sil iciclastic 
Rocks: USGS Open-fi le Report 03-420; USGS Core catalog 
(CRC) http://my.usgs.gov/crcwc/; Texas Railroad Comm. (RRC)


poor *U.S. Dept. of Energy 
(DOE) reports, incl. 
Los Alamos NL, Sandia 
NL, and RMOTC


moderate


good







 


 


Figure 3. Plot of all average data from Table 2, with cutoff and trendlines. 
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Figure 3 (above) shows the data points from Table 2 plotted with permeability (logarithmic scale in md) 
versus porosity in %. Using a cutoff of permeabilities below 6 md results in the red trendline. For 
comparison, Figure 4 illustrates points plotted from a global dataset for sandstones and carbonates 
(Ehrenberg and  Nadeau, 2005), and Figure 5 shows their P10-P50-P90 range lines with data from Table 
2 overlaid and annotated. 


 


 


 
Figure 4. Average permeability vs. average porosity for global petroleum reservoirs composed of sandstone (A) 
& carbonate (B). Chalk reservoirs (open circles in B) were not included in trends (Ehrenberg &  Nadeau, 2005). 


 
Figure 5. Data points from Table 2 overlaid and annotated on trends from Ehrenberg &  Nadeau, (2005). 
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Figure 6 shows two examples of permeability (log scale in md) versus porosity (linear scale in %) plots 
for units in the Anadarko and Bighorn Basins, to illustrate the methodology used for defining average 
values, entered in Table 2. Similar plots for each unit in each basin are shown later in individual 
descriptions of each basin. 


 
Sedimentary Basin Volumes and Temperatures


A recent project completed by National Renewable Energy Laboratory (NREL) staff was presented at the 
AAPG Annual Conference in April, 2012 by Colleen Porro (formerly from NREL) and was also 
presented by Ariel Esposito at the GRC Annual Meeting in Reno in September-October, 2012.  This work 
has contributed significantly to the effort to evaluate and screen deep sedimentary basins for geothermal 
potential. The extended abstract (Porro et al, 2012) from the GRC presentation illustrates an innovative 
method for illustrating sedimentary volume, depth, and temperatures for all basins they studied: 


• Anadarko 
• Bighorn 
• Delaware/Permian 
• Denver 
• Fort Worth 
• Great Basin 
• Green River 
• Hannah 


• Powder River 
• Raton 
• Sacramento 
• San Joaquin 
• Uinta 
• Williston 
• Wind River 


 


Note that in addition to this list, we are including the Gulf Coast region and the Imperial Valley (or Salton 
Trough). Figure 7 shows this cross-plot of depth vs temperature for each basin (Porro et al, 2012). Also, 
Figure 8 shows total heat in place for each of the basins they studied. 


 
Figure 6. Plots of permeability (in md) versus porosity (in %) for units in the Anadarko and Bighorn Basins (Nelson 
and Kibler, 2003) 







 


 


 
Figure 7. Sedimentary basin volume vs. temperature and depth for basins studied (Porro et al, 2012). Threshold 
lines and annotation overlaid on graphic by present author. 


 
Figure 8. Total heat in place for basins studied (Porro et al, 2012). 
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Application of screening thresholds of < 4 km depth and > 125 °C temperatures on Figure 7 (lines and 
annotation overlaid by present author on original source graphic) show the only basins meeting these 
threshold maximum depth and minimum temperature are the Williston, Denver, Great Basin, Fort Worth, 
and Raton Basins. Of the two we added to the Porro et al list, both the Gulf Coast and Imperial Valley 
meet these criteria. These three parameters of Average Porosity, Average Permeability, and Target 
Depth/Temperature criteria are illustrated on Figure 9. 


 
Sedimentary Basin Stratigraphic Columns 


Published geologic columns (over 70) have been identified and compiled for all of the basins studied (the 
number for each basin is shown in Table 2). The aggregate unit thicknesses and corresponding depths 
were then compared to the basin structure maps presented by Porro, et al (2012) to ensure consistency and 
“calibrate” the geologic columns to the maximum basin depth. These columns are presented individually 
in each subsection by basin below. 


It is interesting to compare some results from a parallel study by Hovorka et al (2000), for which the 
objective was to identify “optimal geological environments for carbon dioxide disposal in brine-bearing 
formations in the United States”. Many CO2 geologic sequestration targets have similarities to deep 
sedimentary basin geothermal flow units: porosity, areal extent, thickness, volume, depth, continuity, and 
permeability to flow. Other common parameters include drilling cost effects on economics and reservoir 
isolation from potable aquifers. Figure 10 shows the basins and units included in the Hovorka et al study. 


 
Figure 9. Symbolic representation of porosity, permeability, depth, and temperature relationships for candidate 
sedimentary basins in the western U.S. 







 
Many of the same basins were evaluated by Hovorka et al as in the present study, and several of the same 
formations were as well. Table 3 shows the list of units in the Hovorka et al study, with the common units 
evaluated for geothermal purposes in this study identified with highlighting. 


Table 3. Overview of selected formations (Hovorka et al, 2000) 
Arbuckle Group Oklahoma  
Basin-Fill Sandstone and Carbonates in the 
Basin and Range 


Arizona–Nevada–California 


Cape Fear Formation South Carolina Coastal Plain 
Cedar Keys/Lawson Central Florida Region 
Fox Hills –Lower Hell Creek Powder River Basin  
Frio Formation Texas Gulf Coast  
Glen Canyon Group Sevier Basin and Kaiparowits Bench 
Granite Wash Palo Duro Basin, Texas 
Jasper Interval East Texas Gulf Coast  
Lower Potomac Group Eastern Coastal Plain of Maryland,  Delaware and 


New Jersey 
Lyons Sandstone Denver Basin  
Madison Group Williston Basin 
Morrison Formation San Juan Basin 
Mt. Simon Formation Michigan Basin and Ohio Area  
Oriskany Formation Appalachian Basin 
Paluxy Sandstone East Texas Basin  
Pottsville Formation Black Warrior Basin,  Alabama/Mississippi  
Repetto Formation Los Angeles Basin  
St. Peter Sandstone Illinois Basin  
Tuscaloosa Group Alabama Gulf Coastal Plain  
Woodbine Formation East Texas Basin 


 


 
Figure 10. Basins and formations included in CO2 geologic sequestration study (Hovorka et al, 2000). 







Individual Basin Summaries and Discussion 


Anadarko Basin 


The Anadarko Basin of southwestern Oklahoma is second on the list of total heat in place for basins 
studied (Figure 8, from Porro et al, 2012), due to high temperatures in deep rocks. The problem for 
geothermal resources is that at the shallower depths less than 4 km desired to contain drilling costs, the 
temperatures are too cool to marginal at best (see Figure 12).  


Figure 11 illustrates the compiled stratigraphic column (from four sources) for the Anadarko Basin. Also 
highlighted in bold text on Figure 11 is the target reservoir of the Pennsylvanian Sandstones used to 
represent optimal porosity and permeability characteristics for the basin (shown in Table 2). There are 
documented “good rocks” present, such as the Morrow Sandstone. But at 7500 m depth, drilling costs and 
therefore economics are likely to be poor for geothermal development. There are also other Paleozoic 
carbonates with good porosity and permeability, but these are at even greater depths. 


 
Figure 12 shows the Anadarko Basin structure map from Porro et al (2012), illustrating these temperature 
– depth relationships, and Figure 13 shows the stratigraphy, age, and lithologies across the basin at depth. 


 
Figure 11. Anadarko basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Ogalla 30                30                
Cretacesous Dakota SS 50                80                
Permian Elk City SS 170              250              


Cloud Chief Gypsum 300              550              
Whitehorse SS, Sh 390              940              
El Reno SS, Sh 600              1,540          
Hennessey SS, Sh, 


Evaporites
400              1,940          


Chase LS 150              2,090          Gas
Council Grove Sh, LS 325              2,415          Gas
Admire Sh 225              2,640          


Pennsylvanian Wabaunsee Sh 500              3,140          
Shawnee LS 350              3,490          
Douglas LS 1,000          4,490          
Lansing LS, Sh 3,200          7,690          Gas/Oil
Kansas City LS, Sh 300              7,990          Gas/Oil
Marmaton LS 3,000          10,990        100-120 Gas/Oil
Cherokee Sh, SS 3,800          14,790        120-140 Gas/Oil
Atoka Sh 4,300          19,090        140-180 Gas/Oil
Morrow Sh, SS 3,750          22,840        15 100 180-220 Gas/Oil


Mississippian Springer Sh, SS 1,700          24,540        220-240 Gas/Oil
Chester Sh, LS, Dol 300              24,840        240-250 Gas/Oil
Meramac LS 1,000          25,840        250-260
Osage LS 300              26,140        250-260 Oil/Gas


Devonian Woodford Sh 750              26,890        260-270 Oil/Gas
Silurian Hunton LS, Dol 1,000          27,890        270-280
Ordovician Sylvan Sh 2,000          29,890        280-290


Viola LS 600              30,490        290-300 Oil/Gas
Simpson SS, Dol, Sh 1,350          31,840        300-320 Oil/Gas
Arbuckle Dol & inter-


bedded LS
7,600          39,440        


320-380
Cambrian Reagan SS 39,440        380-400







 


 


 
Figure 12. Anadarko Basin structure and temperatures (Porro et al, 2012). 


 
Figure 13. Geologic cross section through the Anadarko basin (Johnson, 1989). 







  
Figure 14 from Lee and Deming (2002) 
further illustrates the temperature versus 
depth relationships for the Anadarko Basin, 
although with some variation as compared to 
Porro et al (2012). Nevertheless, by the time 
>125 °C temperatures are encountered, the 
depth is > 4 km. Compare Figure 14 to 
Figure 13 at a similar scale, location, and 
orientation, to see what stratigraphy is 
present at what depths and temperatures. 


Figure 15 is a permeability versus porosity 
plot for Pennsylvanian sandstones in the 
Anadarko Basin (Nelson and Kibler, 2003). 
This is the data shown in Table 2 to represent 
the Anadarko Basin. Also applicable for 
reservoir quality is the Ellenburger of the 
Fort Worth Basin (Arbuckle equivalent) as 
shown in Table 2 and Figure 27, but these 
rocks are at extreme depths in the Anadarko 
Basin and therefore not a target here. 


 


 


  


 
Figure 14. Estimated temperature (°C) along the cross section through the Anadarko basin and the Oklahoma 
platform. Dashed lines show estimated temperature in °C, and dots show location of bottomhole temperature 
measurements (Lee and Deming, 2002). 


 
Figure 15. Plot of permeability (md) versus porosity (%) for 
units in the Anadarko Basin (Nelson and Kibler, 2003). 







Bighorn Basin 


Figure 16 is a permeability versus porosity plot 
for the Tensleep Sandstone used to represent 
porosity and permeability characteristics for the 
basin (shown in Table 2). 


Figure 17 shows the Bighorn Basin structure map 
from Porro et al (2012), and Figure 18 illustrates 
the compiled stratigraphic column (from four 
sources) for the Bighorn Basin. Also highlighted 
in bold text on Figure 18 is the target Tensleep 
Sandstone reservoir.  


Note, however, that even though the Bighorn 
Basin has favorable porous and permeable 
reservoir rocks, and good temperatures for 
geothermal energy production, these occur at 
over 17,000 feet, or nearly 6 km, too deep for 
economic drilling costs, based on the maximum 
depth cutoff adopted of 4 km. The Tensleep 
Formation reservoir rocks do of course exist at 
shallower depths on the eastern flank of the 
basin, but the temperature at 4 km is only 100-
110 °C. Therefore, the Bighorn Basin has been 
excluded from further consideration and is shown 
in Figure 8 with a dashed-line border. 


 


 
Figure 17. Bighorn Basin structure and temperatures (Porro et al, 2012). 


 
Figure 16. Plot of permeability (md) versus porosity % 
for Bighorn Basin units (Nelson and Kibler, 2003). 







 
 


Delaware/Permian Basin 


As shown in Figure 19, the Bell Canyon is an 
acceptable reservoir unit, but at too low of a 
temperature. The Ellenburger (rock property 
data from the Fort Worth Basin, see Figure 27) 
is also a decent reservoir rock with moderate 
temperatures, but at excessive depths. 


The Delaware/Permian Basin has mid-range 
total heat in place (Figure 8), but as shown on 
Figure 20 the lower range of temperatures 
occurs at > 5 km depths, eliminating this basin 
system from further geothermal consideration. 


Figure 21 summarizes the geologic column for 
the Delaware/Permian Basin complex with the 
two examples cited for target reservoirs. 


 
Figure 18. Bighorn basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Willwood SS, Sh, 


Carbonates
2,000          -              


Ft. Union SS 6,000          2,000          Gas
Cretaceous Lance Ss, Sh 1,000          8,000          Gas/Oil


Meeteetse Coal 1,000          9,000          Gas
Mesaverde SS, Sh 1,100          10,000        Gas/Oil
Cody Sh 2,000          11,100        Gas/Oil
Frontier SS, Sh, 


Bentonite
600              13,100        100-110 Gas/Oil


Mowry Sh 365              13,700        110-120 Gas/Oil
Muddy SS 300              14,065        110-120 Gas/Oil
Thermopolis Sh 560              14,365        120-130
Cloverly SS 350              14,925        120-130 Gas/Oil


Jurassic Morrison LS, SS, Sh 200              15,275        130-140
Sundance Sh, SS 365              15,475        130-140
Gypsum Spring Evap 200              15,840        140-150


Triassic Chugwater Sh, LS 1,000          16,040        140-150
Permian Park City (PhosphoCarbonates 150              17,040        150-160 Oil
Pennsylvanian Tensleep SS 200              17,190        16.6 100 150-160 Oil


Amsden Inter-
bedded LS, 
Sh, SS


280              17,390        150-160


Mississppian Madison LS 750              17,670        160-170 Oil
Devonian Three Forks Sh, Dol 200              18,420        160-170
Ordovician Bighorn Dol 365              18,620        160-170
Cambrian Gallatin LS 400              18,985        170-180


Gros Ventre Inter-
bedded LS, 
Sh, SS


700              19,385        170-180


Flathead SS 150              20,085        170-180


 
Figure 19. Plot of permeability (md) versus porosity % for 
units in the Delaware Basin (Nelson and Kibler, 2003). 







 


 


 
Figure 20. Delaware/Permian Basin structure map with temperatures (Porro et al, 2012). 


 


 
Figure 21.Delaware/Permian basin stratigraphic column. 


 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Cretaceous Fredericksburg LS 0-90 90


Trinity SS 30 120
Triassic Santa Rosa SS 250 370
Permian Dewey Lake Redbeds, 


Anhydrite
400 770


Rustler Halite 100 870
Salado Halite, 


Anhydrite
1000 1870


Castile Anhydrite 1870
Bell Canyon Anhydrite, 


SS, Sh, Dol
1400 3270 24 40 x


Cherry Canyon 
(San Andres)


Dol, Sh, SS, 
Anhydrite


1800 5070 x


Brushy Canyon 
(San Andres)


Dol-Sandy 100 5170 x


Bone Spring Dol, SS, Sh, 
Anhydrite


2500 7670 x


Wolfcamp LS, Dol 1500 9170 x
Pennsylvanian Cisco LS, SS 1250 10420


Canyon LS, Sh 10420
Strawn LS, SS 750 11170
Bend LS, SS, Sh 1250 12420
Morrow LS, SS, Sh 1100 13520 x


Mississippian LS, Sh 800 14320 100-110
Devonian Woodford Sh 700 15020 100-110 x


Dol, Chert 1200 16220 110-120
Silurian Fusselman Dol, Chert 15 16235 110-120
Ordovician Montoya Dol, Chert 400 16635 110-120


Simpson LS, SS, Sh 200 16835 110-120
Ellenburger Dol 400 17235 15 50 120-130 x


Cambrian SS 17235 120-130







Denver (Denver-Julesburg) Basin 


Two formations in the deep Permian section have good to excellent reservoir characteristics: the Lyons 
Sandstone and the Ingleside Dolomite. Crossplots of permeability versus porosity for both of these units 
are shown in Figure 22. The structure and temperature map for the basin is shown in Figure 23, exhibiting 
favorable depth-temperature relationships for geothermal development in the basin center. 


 


 


 
Figure 22. Plot of permeability (md) versus porosity % for Denver Basin units (core data obtained by author). 
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Figure 23. Denver Basin structure map with temperatures (Porro et al, 2012). 


 







Figure 24 is the geologic column for the Denver-Julesburg Basin with the two examples cited for target 
reservoirs highlighted in bold. 


 
 


Fort Worth Basin 


Figure 25 shows a generalized 
east-west cross section across 
the Fort Worth Basin of north 
Texas. When compared with 
Figure 26, the structure map 
with temperatures from Porro 
et al (2012), it is evident that 
only the deepest part of the 
basin is prospective for 
geothermal energy --  an area 
of less than half of one county 
(west part of Dallas County – 
right under the DFW Airport). 
This is consistent with the 
total heat in place shown in 
Figure 8, ranking the Fort 


 
Figure 24. Denver Basin stratigraphic column. 


 


Period Formation (Group) Lithology Thickness (ft) Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Castle Rock Conglomerate 400                   -                
Cretaceous Dawson SS, Sh 1,200               -                


Denver SS, Sh 1,000               1,200            CBM
Arapahoe SS 600                   2,200            
Laramie SS 150                   2,800            CBM
Fox Hills SS 200                   2,950            
Pierre Sh, SS 6,000               3,150            100-110 Oil/Gas
Niobrara Sh, LS 350                   9,150            110-120 Oil
Codell SS 20                     9,500            120-130 Oil/Gas
Carlile Sh 100                   9,520            120-130
Greenhorn LS 300                   9,620            120-130
Graneros/ "D" SS Sh 200                   9,920            120-130 Oil/Gas
Mowry Sh 200                   10,120          120-130
Muddy "J" SS SS 500                   10,320          120-130 Oil/Gas
Skull Creek Sh 200                   10,820          130-140
Plainview/Dakota SS 200                   11,020          130-140 Oil/Gas
Lytle/Lakota SS 100                   11,220          130-140 Oil/Gas


Jurassic Morrison Sh, SS, LS 250                   11,320          130-140
Ralston Creek Sh, LS, SS 100                   11,570          130-140
Entrada Sh, SS 150                   11,670          130-140


Triassic Jelm SS 150                   11,820          140-150
Permian Lykins SS 650                   11,970          140-150


Lyons SS 130                   12,620          15 45 140-150 Oil/Gas
Ingleside Dol 330                   12,750          19 100 140-150


Pennsylvanian Fountain SS 1,200               13,080          140-150
Mississippian Guernsey 14,280          
Cambrian Flathead SS 14,280          


 


 
Figure 25. East-west cross-section of the Fort Worth Basin (Hayden and 
Pursell, 2005). 







Worth Basin as third from the bottom of those studied by Porro et al (2012). Figure 27 shows the geologic 
column for the Fort Worth Basin, with only the deepest Ellenburger as prospective (from log data). 


 


 
 


 
Figure 26. Fort Worth Basin structure map with temperatures (Porro et al, 2012). 


 
Figure 27. Fort Worth Basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Cretaceous Fredericksburg LS 400 0


Trinity SS 300 400
Permian Wichita Dol 600 700
Pennsylvanian Cisco LS, SS 800 1300 Gas/Oil


Canyon LS, Sh 1000 2100 Oil
Strawn LS, SS 1600 3100 Oil/Gas
Bend LS, SS, Sh 2000 4700 Gas/Oil
Marble Falls LS 350 6700 100-110 Oil


Mississippian Barnett (includes 
Forestburg & 
Chappel LS)


Sh, LS 700 7050 110-120 Gas/Oil


Ordovician Viola LS 120 7750 120-130 Oil
Simpson LS, SS, Sh 100 7870 120-130
Ellenburger Dol 1500 7970 15 50 130-140 Oil


Cambrian Wilberns LS, Dol 400 9470 140-150
Riley Ss, Ls 300 9870 140-150
Hickory SS 200 10170 140-150







Great Basin 


The Great Basin province, which is generally a subset of the Basin and Range Province, is being covered 
in much greater detail by Allis et al elsewhere in this report. However, it is useful to place some summary 
reservoir characteristics in context within this section where potential basins are compared and evaluated. 


Porro et al (2012) included the Great Basin, but restricted the areal extent to include only Nevada (Figure 
28). Also, their evaluation appears to have included the sedimentary basins between the ranges, but not 
the pre-rifting older basins and corresponding rocks (primarily Paleozoic carbonates) that may or may not 
be present under the present topographic valleys (“basins” of Basin and Range terminology). 


 
There is significant geothermal development 
potential in western Utah, which is properly 
included in the Great Basin Province and thus 
incorporated into this study (Figure 29). Also, 
the entire stratigraphic section was evaluated 
for reservoir potential. One challenge, 
however, is the extreme structural complexity 
of the region, with a geologic history including 
Paleozoic basin deposition of thick carbonates 
and siliciclastics, Mesozoic thrust belt 
development with foreland basins to the east, 
followed by Cenozoic extension culminating in 
the present day Basin and Range. 


 
Figure 28. Great Basin structure map with temperatures and depths (Porro et al 2012) 


 
Figure 29. Portion of basin index map showing outline 
and extent of the Great Basin as included in this study. 







This complex history has also resulted in highly variable stratigraphy, so the geologic column 
summarized in Figure 30 has been simplified and focused primarily on units in eastern Nevada and 
western Utah, where the sedimentary geothermal potential appears to be best. Formation name 
equivalents are numerous across and adjacent to the area, so they are not listed. Even though there has 
been some hydrocarbon production in Nevada extending back to the 1950’s, the column of HC Zones is 
eliminated in this summary. The region is a high-risk hydrocarbon exploration province, with much of the 
limited production coming from basin fill and volcanic rocks in the basins. 


 
On the summary published by Porro et al (2012) shown in Figure 7, the Great Basin is interpreted to have 
very good depth versus temperature relationships, but with limited sedimentary rock volume. This also 
impacts its ranking for total heat in place (Figure 8). These results, however, are partly based on the 
limited area included (only Nevada), and the bias toward present day valley fill. The porosity and 
permeability values shown in Figure 30 (and Table 2) should be useful for modeling, but may be 
pessimistic for the carbonate rocks, where average permeabilities of 100-200 md are justified, based on 
recent compilation and analysis by Kirby (2012, see Figure 31); but Kirby has no porosity data. 


 
Figure 30. Great Basin stratigraphic column (generalized). Typical porosity and permeability values are shown 
for lower Paleozoic carbonates which are likely targets for geothermal development, but these are not rigorous 
or based on detailed core analysis. Depths and temperatures in local areas also vary greatly from those shown. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C
Basalts (various) volcanic 300 300


Tertiary Basin Fill Cong, SS, Sh 6000 6300
Volcanics (various)volcanic 500 6800 100-110


Cretaceous North Horn Cong, LS 1500 8300 110-120
Jurassic Entrada SS 500 8800 120-130


Arapien Sh 500 9300 130-140
Twin Creek LS 200 9500 140-150
Navajo SS 1500 11000 150-160


Triassic Chinle Sh 200 11200 160-170
Moenkopi SS, Sh 1000 12200 170-180


Permian Arcturus Group LS 880 13080 180-190
Pennsylvanian Ely Ls LS 1000 14080 190-200
Mississippian Chainman Sh Sh 1000 15080 200-210


Joana LS LS 200 15280 210-220
Devonian Pilot Sh Sh 300 15580 >220


Guilmette LS 750 16330 >220
Simonson Dol 550 16880 10 75 >220
Sevy Dol 710 17590 10 75 >220


Silurian Laketown Dol 250 17840 10 75 >220
Ordovician Ely Springs LS 1500 19340 10 75 >220


Eureka Quartzite Quartzite 170 19510 >220
Pogonip LS 1100 20610 >220


Cambrian Chisholm LS 200 20810 >220
Howell LS 160 20970 >220
Pioche Sh, sltst 440 21410 >220
Prospect Mtn Quartzite 3000 24410 >220







 
In summary, the Great Basin has excellent potential for geothermal development in sedimentary rocks, 
but it is not a simple down-warp basin with predictable stratigraphy like most of the other basins studied. 


Greater Green River Basin 


The Green River Basin is better termed the “Greater Green River Basin”, as it consists of several sub-
basins separated by uplifts or arches (Figure 32). In fact, the U.S. Geological Survey uses the term 
“Southwestern Wyoming Province” in its assessment series. 


 


 
Figure 31. Summary of permeability data by lithologic unit for the Great Basin (Kirby, 2012) 


Lithologic Unit n1 Median Minimum Maximum Median Minimum Maximum
Great Basin basin fill 97 110 4.2 686 4467 0.08 177038
Great Basin igneous rocks 253 749 48.8 2243 100 0.00 241387
All carbonate rocks 250 1750 13.9 7214 41 0.13 1111438
All siliciclastic rocks 588 1999 58.2 5530.9 25 0.26 6054
Utah and Great Basin carbonate rocks 55 1106 13.9 3792.9 292 0.13 1111438
Utah and Great Basin siliciclastic rocks 59 1535 100 4774.1 32 0.26 6054
1 Number of occurrences


Depth (m) Permeability (mD)


 
Figure 32. Geologic features and sub-basins of the Greater Green River Basin (Clarey and Thompson, 2010). 







However, for geothermal resource purposes, appropriate depths and temperatures are found only along 
the northern portion of the basin complex, west of the Wind River Mountains (Figure 33). Also, as can be 
seen from the temperature versus depth information, the basin is generally too deep and not hot enough to 
be a good target. This can be seen in Figure 7, where the Green River Basin plots as the worst of all the 
basins shown for temperature and depth. 


 


 


 
Figure 33. Green River Basin structure map with temperatures and depths (Porro et al 2012). 


 
Figure 34. East-west cross section through the Greater Green River Basin (Clarey and Thompson, 2010). 







There is quite a bit of sedimentary section present in 
the Green River Basin, but the deeper Paleozoic 
carbonates which have good reservoir properties are 
too deep to be economic targets. Where they are 
found shallower, the temperatures are insufficient. 
Figure 34 (above) shows an east-west cross section 
across the basin.  


The shallower Mesozoic and Tertiary sections 
generally have poorer quality rocks, as seen in Figure 
35, a permeability versus porosity plot for the Dakota 
Sandstone.  For example, the Lance Formation is a 
prolific gas producer from tight gas sands on the 
Pinedale Anticline in the northern part of the basin. 
Figure 36 shows the geologic column, including the 
poro-perm data for the Dakota highlighted. 


 


 
Figure 36. Green River Basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Bridger SS 2,300          -              


Green River SS, Sh 4,000          2,300          Oil shale
Wasatch SS, Sh 3,200          6,300          Gas
Fort Union SS, Sh 3,000          9,500          Gas
Lance SS, Sh 1,000          12,500        Gas
Fox Hills SS 500              13,500        


Cretaceous Mesaverde SS, Sh 7,000          14,000        Oil, Gas
Baxter (Hilliard) Sh 4,100          21,000        Gas
Frontier Sh, SS, Bento 1,600          25,100        120-130 Oil, Gas
Mowry Sh 500              26,700        130-140 Oil
Muddy SS 50                27,200        140-150 Oil
Thermopolis Sh 200              27,250        140-150
Dakota SS 200              27,450        14 40 140-150 Oil
Cloverly SS 100              27,650        140-150


Jurassic Morrison LS, SS, Sh 325              27,750        140-150
Sundance SS, LS 3,000          28,075        140-150
Gypsum Spring Evap 600              31,075        160-170
Nugget SS 500              31,675        160-170 Oil


Triassic Chugwater SS, Sh 2,800          32,175        160-170
Dinwoody SS 120              34,975        190-200


Permian Phosphoria Carbonates 300              35,095        190-200 Oil
Pennsylvanian Tensleep (Weber) SS 400              35,395        15 70 200-210 Oil


Amsden Inter-bedde    250              35,795        200-210 Oil
Mississippian Darwin SS 70                36,045        200-210 Oil


Madison LS 1,000          36,115        200-210 Oil, Gas
Devonian Darby SS 380              37,115        210-220
Ordovician Bighorn Dol 300              37,495        210-220 Oil, Gas
Cambrian Gallatin LS 300              37,795        210-220


Gros Ventre Inter-bedde    700              38,095        210-220
Flathead SS 200              38,795        210-220 Oil


 
Figure 35. Permeability versus porosity plot for 


the Dakota Sandstone (Nelson and Kibler, 2003). 







Gulf Coast Basin 


Porro et al (2012) did not include the 
Gulf Coast in their study, but it has 
excellent characteristics for geothermal 
development in sedimentary rocks, 
with respect to reservoir properties, 
temperatures, and depths. Figure 37 
shows the temperature map, which 
points toward the southern Texas area 
defined primarily by the Maverick 
Basin.  Also prospective, but less so, is 
the East Texas area, including the 
Houston Embayment and San Marcos 
Arch area. 


Figure 38 illustrates the relationship 
between the Gulf Coast and other 
basins previously discussed. It also 
identifies areas of geopressure 
(overpressure), which acts to increase 
permeabilities and fluid flow rates. 


 


 
Figure 38. Texas Gulf Coast geothermal target areas. 


 
Figure 37. Texas Gulf Coast temperature data (Richards and 
Erdlac, 2008; data from SMU Geothermal Lab). 







A recent presentation at the AAPG Annual Conference in April, 2012 by Colgan Smith et al (2012) from 
the Texas Bureau of Economic Geology covers initial geothermal work in Texas, including a detail study 
in Hidalgo County. Figure 39 is excerpted from their study, showing a map of thermal gradients from 
corrected bottom hole temperatures, in general agreement with Figure 37. Smith et al have identified a 
target in southern Hidalgo County with significant net sand (Frio Formation) reservoir thicknesses greater 
than 350 °F (Figure 40). 


 
They state, “High-quality reservoirs are 
defined as being located between the 300°F 
and 350°F isotherms and having in situ 
permeabilities greater than 10 md. Low-
quality reservoirs are …between the 200°F 
and 250°F isotherms and having in situ 
permeabilities less than 1 md. Reservoirs 
found between the 250°F and 300°F 
isotherms represent moderate-quality 
reservoirs.” These temperature ranges are 
relatively consistent with the thresholds 
chosen for the present study, although their 
permeabilities seem low by comparison 
(see Table 2 and Figure 41). 


 
Figure 39. Geothermal assessment of Texas showing thermal gradients (Smith et al 2012). 


Hidalgo County 


 
Figure 40. Hidalgo So. >350 F Net Sand Map (Smith 2012). 







One of the challenges within the Gulf Coast Basin 
is establishing a temperature-depth-reservoir 
profile, due to these factors: 


• Formations continuously dip southward 
toward the coastline and offshore into the 
Gulf of Mexico, so there isn’t a “basin 
center” to define the deepest rocks. 


• Younger Neogene units that are present in 
the subsurface in the south are eroded 
toward the north with outcrops of 
progressively deeper units. 


• Excellent reservoir rocks occur throughout 
the stratigraphic section (Figure 41). 


This relationship means using the geologic column 
(Figure x) as a simple look-up table is 
fundamentally flawed – units, depths, thicknesses, 
and temperatures are highly variable depending 
where in the basin you are. But it also presents a 
great opportunity to locate prospective geothermal 
development targets in numerous areas and 
formations. For example, if the temperature is too 
low, head southward or select a deeper reservoir 
target. If the economics are impacted by drilling 
depths, head northward or select a shallower 
reservoir target. 


Figure 42 illustrates the range of thickness in the 
Frio Formation increasing toward the south 
(Galloway et al, 1982), and Figure 43 shows the 
roughly monoclinal dip to the south in a portion of 
the Cretaceous section (Tyler and Ambrose, 1986). 


 


 
Figure 43. Diagrammatic NW-SE cross section through the Maverick Basin (Tyler and Ambrose, 1986) 


 
Figure 41. Selected Gulf Coast rock data from Table 2 
(Nelson and Kibler, 2003; Tyler and Ewing, 1986) 


Formation Ref* Ave Poro Ave Perm
Wilcox Group 14 28.5 100.0
Cotton Valley 25 12.5 25.0
Tuscaloosa 32 28.0 100.0
Tuscaloosa 57 22.0 85.0
Woodbine 63 18.0 100.0
Edwards carbonate 70 25.0 179.0
Wilcox sandstone 70 24.0 488.0
Jackson-Yegua sands 70 31.0 604.0
Frio fluvial sandstone 70 25.0 432.0


 
Figure 42 Thickness variation in the Frio Formation 
(Galloway et al, 1982). 







 


Three examples are shown of 
porosity versus permeability 
cross-plots from Nelson and 
Kibler (2003) for the Wilcox, 
Woodbine, and Tuscaloosa 
(Figure 44 and 45). In addition 
to these, Figure 41 lists four 
more examples from Tyler and 
Ewing (1986). 


The geologic column (Figure 
46) shows representative depths, 
thicknesses, and temperatures 
for the south Texas region of the 
Rio Grande Embayment. But as 
noted above, in a given locality 
these values could vary 
significantly from what is 
shown. The lower Jurassic 
Louann Salt is economic 
basement for geothermal as well 
as oil and gas, so thickness and 
depth below the top of the 
Louann is not shown.  


 
Figure 44. Permeability versus porosity plots for the Wilcox and Woodbine (Nelson and Kibler, 2003). 


 
Figure 45. Perm vs poro plot for the Tuscaloosa(Nelson and Kibler, 2003). 







 


Any geothermal evaluations in the Gulf Coast Basin should use the temperature database of Blackwell 
and Richards (2004) and in general the data available on the SMU Geothermal Laboratory website 
(http://smu.edu/geothermal/). 


  


 
Figure 46. Geologic column for the Gulf Coast (generally the Rio Grande Embayment region). 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Goliad/Willis SS          2,000                   -   


Lagarto/Fleming Clay          1,500            2,000 
Frio SS          1,500            3,500 25 400 Gas/Oil
Vicksburg LS              500            5,000 19.5 2.5 Gas
Jackson Clays, SS          1,200            5,500 31 600 Oil
Yegua          1,000            6,700 Gas/Oil
Claiborne Group Ss, Clay, 


Quartzite
         2,000            7,700 100-120 Gas/Oil


Wilcox SS, Sh          4,000            9,700 28.5 100 120-140 Gas/Oil
Midway LS, Sh          1,500          13,700 140-180


Cretaceous Navarro, Olmos, 
Escondido


SS, Sh          2,200          15,200 180-200 Gas/Oil


Taylor/San Miguel Clays          2,000          17,400 200-220 Gas/Oil
Austin Chalk          1,300          19,400 220-240 Gas/Oil
Eagle Ford Sh              500          20,700 240-260 Gas/Oil
Woodbine, 
Tuscaloosa


SS              400          21,200 28 100 240-260 Gas/Oil


Buda LS              100          21,600 260-280 Gas
Del Rio Clays              100          21,700 260-280
Georgetown LS              100          21,800 260-280 Gas/Oil
Edwards, 
Fredericksburg


LS              800          21,900 25 180 260-280 Gas/Oil


Glen Rose LS              500          22,700 260-280 Gas/Oil
Pearsall LS, SS              100          23,200 280-300 Gas/Oil
Sligo LS          2,000          23,300 280-300 Gas/Oil
Hosston/Travis 
Peak


SS          1,550          25,300 12 9 300-320 Gas/Oil


Jurassic Cotton Valley Sh, LS          1,400          26,850 12.5 25 300-320 Gas
Buckner Evap          1,500          28,250 320-340 Gas/Oil
Smackover LS              850          29,750 340-360 Gas/Oil
Louann Salt Evap          30,600 


Triassic Eagle Mills SS, Slt, 
Intrusive 


Paleozoic Ouachita 







Hanna (incl. Laramie and Shirley) Basins 


The Hanna Basin is the deepest structural 
basin in the Rocky Mountains. It is usually 
lumped together with the Shirley Basin and 
the Laramie Basin, but neither of these is 
very deep by comparison (Figure 47). At 
least 12,000 m (36,000 ft) of sedimentary 
rock, ranging in age from Cambrian-
Miocene (Figure 48), are present in the 
central Hanna Basin.  


It has some oil and gas production, but it is 
primarily a coal basin with both surface and 
(historically) underground mining in the 
Tertiary Hanna and Ferris Formations. 
However, for geothermal potential (Figure 
49) it has several strikes against it: 


• Desired temperatures are found at 
greater depths (>6km) 


• Relatively poor rocks, especially in 
the shallower section 


• Limited areal extent 


The Hanna Basin plots poorly (Figures 7 
and 8) in the analysis of Porro et al (2012). 


 
 


Figure 48. Hanna Basin geologic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Hanna SS, Sh 18,000        -              Gas, coal


Ferris SS, Sh 2,000          18,000        100-150
Cretaceous Medicine Bow SS, Sh 6,000          20,000        150-180


Fox Hills SS 200              26,000        180-190
Lewis Sh 2,100          26,200        190-200 Oil
Mesaverde SS, Sh 2,600          28,300        200-220 Oil
Steele SS, Sh 2,000          30,900        >220 Oil
Niobrara Sh 400              32,900        >220
Frontier Sh 300              33,300        >220 Oil
Mowry Sh 200              33,600        >220
Muddy SS 100              33,800        >220 Oil
Thermopolis Sh, 


Bentonite
150              33,900        >220


Cloverly SS 100              34,050        >220 Oil
Jurassic Morrison SS, Sh 150              34,150        >220


Sundance SS, Sh, LS 150              34,300        >220 Oil
Triassic Chugwater SS, Sh 400              34,450        >220
Permian Goose Egg Sh, LS, 


gypsum
200              34,850        >220


Pennsylvanian Tensleep SS 300              35,050        11 20 >220 Oil
Amsden Sh, SS,LS 200              35,350        >220


Mississippian Madison LS, Dol 500              35,550        >220
Cambrian Flathead SS 150              36,050        >220


 
Figure 47. Tectonic map of the Hanna, Shirley, and Laramie 
Basins; pЄ structure contours in ft (Perry and Flores, 1997). 







 
Imperial Valley (or Salton Trough) 


Porro et al (2012) did not include the Imperial 
Valley in their study, but it has excellent 
characteristics for additional geothermal 
development in sedimentary rocks, considering 
reservoir properties, temperatures, and depths.  


It is an existing hydrothermal production area 
(Heber, East Mesa, Brawley Fields, etc., see 
Figure 50), but could also be included in the 
present study for potential expansion into other 
sedimentary rocks or over a broader geographic 
area, especially in the western portion of the 
valley west of the Salton Sea, where there are 
over 22,000 feet (7 km) of sedimentary rocks.  


The Imperial Valley is a Neogene rift basin 
created by a combination of transpression and 
opening “rhombochasms” along the trace of the 
San Andreas Fault and other related strike-slip 
faults including the San Jacinto Fault Zone 
along the western flank (Figure 50), resulting in 
complex non-layercake stratigraphy (Figure 51). 


 
Figure 49. Hanna Basin structure map with temperatures and depths (Porro et al 2012). 
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Figure 50.Geologic index map of the Imperial Valley 
with geothermal production areas (Elders et al, 1978). 







 


Temperature data for 
the region is quite 
variable, considering 
the high-temperature 
hydrothermal fields 
south and east of the 
Salton Sea (Figure 
52). The temperature 
ranges shown in the 
composite geologic 
column (Figure 53) 
are derived using a 
gradient of 44 °C per 
km. There is no HC 
production in the 
area. 


 
Figure 51. Two examples of geologic columns for the Imperial Valley. On the left is a creative way to indicate 
the non-layercake nature of the formations (Howard et al, 1978, after Loeltz et al, 1975). On the right is a more 
recent column illustrating onlap, transitions, and interfingering relationships (Kirby et al, 2007). 


 
Figure 52. Map of temperature in °C at 4 km depth in the Imperial Valley (Idaho 
National Laboratory, 2005, using data from the SMU Geothermal lab). 







 


Powder River Basin 


The Powder River Basin of eastern Wyoming has moderate heat in place (Figure 8) but poor probable 
economics for geothermal development, due to depths of >5 km before adequate temperatures are 
encountered (Figure 55). Note that on the structure map (Figure 55) of Porro et al (2012) there is an error 
on the southeast flank of the basin, which should be bounded by the Hartville Uplift (Figure 56), so the 
basin doesn’t “open up” in that direction but in fact gets progressively shallower. Accordingly there are 
no hotter temperatures in that area either. Figure 57 is a better representation of the basin structure 
(contours on the lower Cretaceous Mowry Shale, from Anna, 2010). The Powder River Basin is the site, 
however, of a geothermal co-production demonstration plant at Teapot Dome (Anderson et al, 2009). 


 
Figure 53. Composite geologic column for the Imperial Valley. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C
Pleistocene Alluvium SS, Sh, Slt 1,000          -              


Brawley/Ocotillo SS, Sh, Slt, 
Conglo-
merate


1,500          1,000          


Pliocene Borrego Slt 5,600          2,500          15 100 100-130
Palm Springs SS 6,000          8,100          25 250 130-200


Miocene Imperial SS, Slt 3,900          14,100        200-280
Split Mountain SS, Evap 2,700          18,000        280-320
Anza SS 1,200          20,700        320-340
Alverson Volcanics 700              21,900        >340


 
Figure 54. Permeability vs. porosity, Neogene sands at Heber Field (left, from Goldstein, 1982) and East Mesa 
Field (right, from Morris, 1981). 
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Figure 55. Powder River Basin structure map with temperatures and depths (Porro et al 2012). 


 
Figure 56. Structural elements of PRB (Anna, 2010). 


 
Figure 57. Powder River Basin structure on lower 
Cretaceous Mowry Shale (Anna, 2010). 







Typical reservoir rock properties in the Powder River Basin are shown in Figure 58, and the stratigraphic 
column in Figure 59. 


 


 
Figure 58. Permeability vs porosity plots for units in the Powder River Basin  (Nelson and Kibler, 2003; DOE). 
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Raton Basin 


The Raton Basin was selected for study for its high 
geothermal gradients and “shallow” depths, and its 
identification by Pioneer Natural Resources for a pilot 
geothermal project beneath their coal-bed methane 
(CBM) producing fields (also supported by the 
Colorado Geological Survey).  


The location and physical geography of the Raton 
Basin area is shown in Figure 60. The main part of the 
basin is located in Las Animas County in Colorado 
but the basin also comprises parts of Huerfano 
County, Colorado and Colfax County, New Mexico. 
However, only a relatively small prospective area is 
focused in northern Las Animas County (Figure 61 & 
62; west end of cross section A-A’), where the 
temperatures are adequate for geothermal. 


 
Figure 59. Geologic column for the Powder River Basin. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary White River SS, LS 300              -              


Wasatch SS, Sh 2,300          300              
Fort Union SS, Sh 1,100          2,600          Coal/CBM


Cretaceous Lance SS, Sh 1,000          3,700          Oil
Fox Hills SS 500              4,700          
Lewis Sh 2,200          5,200          
Mesaverde SS 2,000          7,400          Oil
Cody/Steele/ 
Pierre, Shannon


Sh, SS 2,500          9,400          14 20 Oil


Niobrara LS, Sh 500              11,900        Oil
Carlile Sh 300              12,400        
Frontier SS, Sh 700              12,700        100-110 Oil, Gas
Mowry Sh 350              13,400        100-110 Oil
Muddy SS 50                13,750        24 10 100-110 Oil
Thermopolis Sh 100              13,800        100-110
Dakota Group Sh, SS 225              13,900        11 25 100-110 Oil, Gas
Morrison Sh, SS 200              14,125        110-120


Jurassic Sundance SS, Sh, LS 330              14,325        110-120 Oil
Gypsum Spring Evap, Sh 150              14,655        110-120


Triassic Chugwater SS, Sh 675              14,805        110-120
Permian Goose Egg Sh, LS 380              15,480        120-130 Oil
Pennsylvanian Tensleep/Leo/ 


Minnelusa
SS, Dol 500              15,860        11 20 120-130 Oil


Amsden Sh, SS, LS 200              16,360        120-130
Mississippian Madison LS 600              16,560        17.5 30 130-140
Devonian Jefferson Sh, SS, Dol 100              17,160        130-140
Ordovician Bighorn Dol 300              17,260        130-140
Cambrian Gallatin LS 160              17,560        130-140


Gros Ventre SS, Sh, LS 690              17,720        140-150
Flathead SS 450              18,410        140-150


 
Figure 60. Raton Basin 3D perspective view. 







 


 


 
Figure 61. Raton Basin structure map with temperatures and depths (Porro et al 2012). 


 
Figure 62. Raton Basin cross section A-A’ (Morgan, 2009). 







Cross section A-A’ (Figure 62, Morgan, 2009) shows the La Veta Syncline truncated by a thrust fault 
adjacent to the Sangre de Cristo Mountains to the west. The sedimentary deposits continue west into the 
fault system at the edge of the Sangre de Cristo Mountains. The sedimentary layers crop out on the 
eastern side near the town of Trinidad, Colorado. The basin is asymmetrical with the deepest part near the 
Sangre de Cristo Mountains on the west and the eastern part having a 1°-5° tilt towards the west. In the 
deepest portion of the basin, the sedimentary thickness exceeds 15,000 ft (5,000 m). 


 
 


Figure 63. Geologic Column for the Raton Basin. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Recent Alluvium, 


basalt 30                -              
Miocene Devils Hole* Congl 25                30                
Oligocene Farisita* Congl, SS -              55                
Eocene Huerfano* Sh, Clyst -              55                


Cuchara* SS, Clyst -              55                
Paleocene Poison Canyon Congl, SS, 


Sltst, Sh 1,000          55                Gas
Paleocene/ 
Cretaceous


Raton SS, Sltst, 
Sh, coal, 
Congl


           1,500            1,055 Oil, Gas, 
coal, CBM


Upper 
Cretaceous


Vermejo Sh, Sltst, 
SS, coal


               360            2,555 Oil, Gas, 
coal, CBM


Trinidad SS                255            2,915 7 0.01 Oil, Gas
Pierre Sh, Sltst            1,500            3,170 Oil, Gas
Niobrara Sh, LS                560            4,670 8 Oil
Benton SS, Sh, LS                380            5,230 Gas


Lower 
Cretaceous


Dakota SS, Congl 
SS, Sh


               100            5,610 15 20 Oil, Gas


Purgatoire SS, Congl 
SS,Sh


               100            5,710 8


Jurassic Morrison Sh, LS, 
Sltst, 
gypsum, SS


               150            5,810 7.5


Ralston Creek Sh, LS, 
Sltst, 
gypsum, SS


                 30            5,960 


Entrada Sh, LS, 
Sltst, 
gypsum, SS


                 40            5,990 16 2 Oil, Gas


Triassic Dockum (Chinle) SS, Shs, LS            1,000            6,030 6 100-110
Permian Bernal Sltst, Sh, 


  
               150            7,030 110-120


San Andreas LS                150            7,180 110-120
Glorieta Tight SS                275            7,330 3.3 110-120
Yeso Sltst, Sh, 


SS, Dol, 
gypsum


               500            7,605 120-130


Permian/Penn
sylvanian


Sangre de Cristo 
Formation


LS, arkose, 
Congl


           6,500            8,105 5.2 130-140 Gas


Pennsylvanian Madera Arkose, LS                700          14,605 140-160
*Absent in the Northern Raton Basin. 15,305          from log data (Table 3)







The basin stratigraphy has been well studied over the past 60 years (Baltz, 1965). From this report we 
compiled a stratigraphic column (Figure 63). The target zones for geothermal development in this 
area have been identified (Figure 64, Macartney, 2011) as these sedimentary formations: Dockum 
Group of Triassic age (Chinle equivalent); Glorieta Sandstone and Yeso Formation of Permian age; 
and the Sangre de Cristo Formation and Madera Limestone of Pennsylvanian age. However, 
Information about the deep Pennsylvanian and Permian age sedimentary layers is limited. There are 
many wells drilled in the basin, but most are for the relatively shallow coalbed methane production in 
the area and only were drilled into the Vermejo and Trinidad Sandstone Formations. Many of the 
deeper water disposal wells lack significant data to determine porosity and/or permeability. 


 


 
Figure 64. Deep sedimentary packages identified as geothermal development targets (Macartney, 2011). 







One deep well in the center of the basin (Horn Springs Canyon #1, Sec. 33, T32S, R66W, Las Animas 
County, Colorado), had sufficient data to derive average porosity numbers (Table 3) Also shown in Table 
3 is the estimated average temperature for each zone at these depths, using a value of 3.0° F/100 ft to 
estimate average temperatures based on depth (added to the average surface temperature of 45° F). 


Table 3. Average porosities from the Horn Springs Canyon #1 well with targets highlighted. 
Period Formation Target Zone 


Depths (ft.) 
Average 


Porosity* 
Average Tem-
perature in °F 


Upper Cretaceous Niobrara 5150-5580 8.0% 200 - 213 
Lower Cretaceous Dakota 5730-5745 5.5% 218 
  Purgatoire 5820-5940 8.0% 222 
Jurassic Morrison 5950-6220 7.5% 225 - 231 
  Entrada 6230-6360 3.0% 237 
Triassic Dockum (Chinle) Group 6370-6560 6.0% 238 - 243 
Permian Glorieta 6830-6880 3.3% 246 
Permian/ 
Pennsylvanian 


Sangre de Cristo 7090-7300 5.2% 258 - 264 


Pennsylvanian Madera (not reached in 
well) 


estimated 
12000 


est. 4% 400 


A search for available core analysis data has identified 38 cores at the USGS Core Research Center, and 
12 cores at the Texas BEG. However, all these cores are from Upper Cretaceous to Paleocene age 
formations, in association with coal-bed methane development, with a maximum depth of 3800 feet 
(approximate temperature of 160° F), and are therefore of limited value for deep geothermal information. 
USGS cores have additional analysis data available online including some porosity and permeability data. 
An example from six wells cored in the Trinidad Sandstone is shown in Figure x below. These sandstones 
are not only too shallow and therefore not hot enough, but are also relatively tight, with less than 1 md 
permeability. 


 


  


Figure 65. Empirical functions of permeability (in md) versus porosity (in %) and depth (in feet) derived from 
Cretaceous Trinidad Sandstone core data in six wells in the Raton Basin, Las Animas County, Colorado. 
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Two additional datasets establish average values for permeability and porosity in the Dakota and Entrada 
sands, shown below in Figure 66. All poro-perm data has been listed in the geologic column of Figure 63. 


 


 


  
Figure 66. Permeability versus porosity data for the Dakota and Entrada sandstones in the Raton Basin. 
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Figure 67. Cross section of Raton Basin showing location of proposed Pioneer Natural Resources geothermal pilot 
plant and 300°F isotherm (roughly equivalent to 150 °C) location (Macartney, 2011). 







Macartney (2011) showed a cross section and isopach map with the 300°F isotherm (Figures 67 and 68). 
The 300°F temperature was derived for the most effective geothermal plants, hence the target depths 
being in the Permo/Pennsylvanian age sedimentary layers. With this information he determined which 
sedimentary layers would be the best targets for a geothermal plant to operate (refer to Figure 64). 
Nevertheless, rock property values are uncertain for these deeper targets. 


 
This area of the Raton Basin shows some promise for the development of a geothermal plant, with 
Pioneer Natural Resources having plans for a geothermal pilot project beneath their coalbed methane 
operations in the Colorado portion of the basin (Macartney, 2011). However, that prospect areal extent is 
restricted to just the deepest part of the central basin, covering an area of about 200 square miles and an 
average thickness of about 1000 feet. However, from the well data summarized above, permeability and 
porosity averages are low for the significant water transfer that is required with a geothermal plant. Also, 
massive, thick sandstone packages are apparently absent in this stratigraphic section.  


The best targets for sedimentary system geothermal in the Raton Basin are the Paleozoic carbonates 
including the Sangre de Cristo and Madera Formations, and not the sandstones. In the carbonates it is 
hoped that natural fractures and/or vugs exist to enhance permeability. However, no cores exist for these 
deeper units, and there are limited deep wells with logs also. Applying the observations from Figures 65 
and 66 to the deeper sedimentary section would result in incorrect assumptions about the potential 
porosities and permeabilities available for geothermal reservoirs. So the Raton Basin remains an uncertain 
objective for sedimentary basin geothermal development. 


 
Figure 68. Map showing thickness in feet of sedimentary section below the 300°F isotherm and 
the location of the cross section in Figure 67 (Macartney, 2011). 







Sacramento Basin 


It would be easy to disregard the basins of the 
Central Valley of California (divided into the 
Sacramento Basin in the north and the San 
Joaquin Basin in the south) when examining the 
INL map of Estimated Temperatures at 4 
Kilometers (Figure  69). On this map, the 
region shows only blue to green color contour 
ranges from the Central Valley through the 
Sierra Nevada mountains. However, based on 
the analysis by Porro et al (2012), there may be 
some deep sedimentary geothermal potential, 
primarily in the Sacramento Basin (Figure 70). 


It appears to be only in the southwestern-most 
portion of the basin that the temperatures reach 
moderate to acceptable levels, within 
reasonable depths. But another reason to keep 
the Sacramento basin on the list of possibilities 
is the reservoir quality of the rock units present 
in California (Figures 71, 72, and Table 2). 


 


 


 
Figure 70. Sacramento Basin structure map with temperatures (Porro et al, 2012). 


 
Figure 69. Map of temperature in °C at 4 km depth in the 
Central Valley region of California (Idaho National 
Laboratory, 2005, using SMU Geothermal lab data). 







 


 


 
Figure 71. Left: Porosity-depth plot  for sandstone reservoirs in Sacramento and San Joaquin Valleys. Right: 
Porosity-permeability plot for Neogene sandstone reservoirs, Elk Hills field, SJV (Zieglar and Spotts, 1978). 


 
Figure 72. Stratigraphic column for the Sacramento Basin. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Mehrten SS, Sh 1,000          -              


Valley Springs SS, Sh 1,000          1,000          
Markley SS 600              2,000          
Nortonville Sh 400              2,600          
Domengine SS 400              3,000          Gas
Capay Sh 400              3,400          
Mokelumme River SS 1,800          3,800          ~30 ~500 Gas


Cretaceous H&T Sh 250              5,600          
Starkey SS, Sh 1,000          5,850          Gas
Winters SS 3,000          6,850          ~25 ~100 100-110 Gas
Sacramento Sh 700              9,850          110-120
Forbes/Kione SS, Sh 1,050          10,550        ~20 ~50 120-130 Gas
Dobbins Sh 375              11,600        130-140 Gas
Guinda SS 200              11,975        ~15 ~6 130-140 Gas
Funks Sh 300              12,175        130-140
Sites SS 300              12,475        130-140
Yolo Sh 300              12,775        140-150
Venado SS 300              13,075        140-150







San Joaquin Basin 


The San Joaquin Basin, like its neighbor to the north, the Sacramento Basin, shares similar reservoir rock 
properties, with good to excellent porosities and permeabilities (Figures 73 and 74; see also Figure 71 
which shows data for sands in the San Joaquin Basin as well). 


 


 
However, the San Joaquin Basin is deeper, and adequate temperatures for geothermal development are 
not achieved until 5 km depth is reached, based on the analysis by Porro et al (2012) (Figure 75). Thus the 
San Joaquin Basin doesn’t merit further consideration for geothermal development. 


 
Figure 73. Permeability versus porosity plots for two sands in the San Joaquin Basin (Nelson and Kibler, 2003). 


 
Figure 74. Stratigraphic column for the San Joaquin Basin. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Tulare SS 2,900          -              35 700


San Joaquin Sh 2,300          2,900          
Etchegoin Sh 5,000          5,200          
Monterey 
(Reef Ridge, 
McClure, Santa 
Margarita SS)


Sh 2,700          10,200        32 800 Oil


Temblor/Zilch SS 1,600          12,900        100-110
Vaqueros SS 700              14,500        14.5 30 110-120
Leda SS 260              15,200        120-130 Oil
Tumey Sh 1,200          15,460        130-140 Oil
Kreyenhagen Sh 1,200          16,660        140-150 Oil
Domengine SS 950              17,860        150-160 Oil
Lodo Sh, SS 1,500          18,810        160-170


Cretaceous Moreno Sh 700              20,310        170-180 Gas
Panoche Sh 3,000          21,010        180-190







 


 
Figure 76 illustrates the plate tectonic history of the development of the Central Valley of California. 


 


 
Figure 75. San Joaquin Basin structure map with temperatures (Porro et al, 2012). 


  
Figure 76. Plate tectonic development of the Central Valley basins and relationship to the Coast Ranges structure 
and stratigraphy. (left:McPherson and Garven, 1999; right: Nilsen, 1990). 







Uinta/Piceance Basin 


The Uinta Basin in Utah and Piceance Basin in Colorado are two parts of the same overall structure 
(Figure 77), with the Douglas Creek Arch forming the boundary between them. 


 


 


 
Figure 77. Uinta Basin (west) and Piceance Basin (east) structure map with temperatures (Porro et al, 2012). 


 
Figure 78. North-south cross section of the Uinta Basin (Nuccio and Roberts, 2002). 







The Uinta Basin is asymmetric with the deepest part immediately south of and adjacent to the Uinta 
Mountain front (Figure 78). Although there is significant total heat in place (Figure 8), adequate 
temperatures for geothermal development are not achieved until almost 5 km depth is reached, based on 
the analysis by Porro et al (2012) (Figure 77).  


Some of the reservoir rocks are acceptable for porosity and permeability (Figures 79 and 80), but many 
are relatively poor and tight. With marginal reservoir rock characteristics and poor depth-temperature 
relationships, the Uinta/Piceance Basin doesn’t merit further consideration for geothermal development. 


 


 
Figure 79. Uinta-Piceance Basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Alluvium SS, Sh 200              -              


Duchesne River SS 3,000          200              
Uinta Sh 5,000          3,200          
Green River Sh, LS 6,000          8,200          100-120 Gas/Oil
Colton/ Wasatch SS, Sh 1,500          14,200        10 1 120-140 Gas/Oil
Flagstaff/ Fort 
Union


Sh, LS 2,000          15,700        140-150 Gas


North Horn SS, Sh 2,500          17,700        150-160
Cretaceous Price River/ 


Mesaverde
SS 3,200          20,200        18 75 160-200 Gas/Oil


Mancos (including 
Castlegate, Black-
hawk, Emery, and 
Ferron SS)


Sh 5,000          23,400        200-220 Gas


Frontier-Mowry SS, Sh 350              28,400        >220 Oil
Dakota-Cedar Mtn SS, Sh 300              28,750        >220 Gas/Oil


Jurassic Morrison SS, Sh 1,100          29,050        >220 Gas/Oil
Stump/ Curtis Sh, LS 200              30,150        >220 Oil
Entrada SS 500              30,350        >220 Oil/Gas
Twin Creek/ 
Carmel


LS, Sh 650              30,850        >220


Nugget SS 700              31,500        >220
Triassic Chinle/ 


Shinarump
Sh, SS 400              32,200        >220 Oil


Thaynes/ 
Moenkopi


Sh, LS 1,400          32,600        >220


Permian Weber & Park City LS, SS 1,500          34,000        >220 Oil
Pennsylvanian Lower Weber SS 1,200          35,500        12.5 10 >220 Oil


Morgan/Minturn LS 250              36,700        >220
RoundValley LS 300              36,950        >220


Mississippian Manning Canyon Sh 100              37,250        >220
Doughnut/ 
Humbug


Sh 200              37,350        >220


Deseret LS 650              37,550        >220
Madison/ 
Leadville


LS 250              38,200        >220


Maxfield LS 300              38,450        >220
Cambrian Ophir/Dotsero Sh 50                38,750        >220


Lodore-Tintic/ 
Sawatch


SS,  Qtzite 500              38,800        >220







 
Williston Basin 


The Williston Basin has been examined recently by 
Gosnold et al (2011), with the positive factors being 
areal extent, sedimentary thickness, and moderate 
temperatures and heat flow. The negatives are the lack 
of high enough temperatures except in the deepest basin 
center (Figure 81), although additional study is needed. 
Much of the interest is based on geothermal co-
production based on extensive oil industry activity, 
ongoing development, and existing infrastructure.  


At the shallower Madison Formation (a thick carbonate 
unit with extensive fracturing, Figure 82), the 
temperatures appear to only be suitable for co-
production, and this is partly enabled by the differential 
between the formation temperature and the relatively 
cold ambient annual surface temperature (40 °F). 


Figure 83 illustrates the temperature profile versus depth 
for the Williston Basin. Figure 84 shows the structure 
map and temperatures for the Williston Basin from 
Porro et al (2012). Figure 85 is the geologic column for 
the Williston Basin. 


  
Figure 80. Permeability versus porosity plots for sands in the Uinta/Piceance Basin (Nelson and Kibler, 2003). 


 
Figure 81 Depth and temperatures at the Cam-
brian Deadwood Formation, western North 
Dakota, Williston Basin (Gosnold et al, 2011) 







 


 


 
Figure 84. Williston Basin structure map with temperatures (Porro et al, 2012). 


 
Figure 82 Depth and temperatures (°C) at the Mississippian 
Madison Formation, Williston Basin (Gosnold et al, 2011) 


 
Figure 83 Temperature versus depth in the 
Williston Basin (Gosnold et al, 2011). 







 
The Williston Basin, however, has limited permeability, at least in the units examined. Figure 86 shows 
permeability versus porosity plots for two deep carbonates in the Williston Basin – the Silurian Interlake 


 
Figure 85. Williston Basin stratigraphic column. 


 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Glacial Deposits Glacial drift 0 0


White River LS, SS 150 0
Golden Valley SS 200 0
Tongue River Sh, Ss 300 0
Cannonball SS, Sh 150 300
Ludlow SS, Sh 150 450


Cretaceous Hell Creek SS, Sh 300 600
Fox Hills SS 400 900
Pierre Sh 1500 1300 Gas
Niobrara Sh 250 2800
Carlile Sh 400 3050
Greenhorn Sh 150 3450
Belle Fourche Sh 350 3600
Mowry Sh 300 3950
New Castle SS 50 4250
Skull Creek Sh 100 4300
Inyan Kara SS, sh 500 4400


Jurassic Swift Sh 700 4900
Rierdon Sh, Ss 100 5600
Piper LS, Sh 600 5700


Triassic Spearfish SS 750 6300 Oil
Permian Minnekahta LS 70 7050 100-110


Opeche Sh 500 7120 100-110
Pennsylvanian Broom Creek SS, Dol 350 7620 110-120


Amsden LS, Sh, SS 450 7970 110-120
Tyler 250 8420 120-130 Oil


Mississippian Otter SS 200 8670 120-130
Kibbey LS 250 8870 120-130 Oil
Madison Group LS, Evap 2000 9120 130-140 Oil
Bakken SS, Sh 100 11120 130-140 Oil


Devonian Three Forks Sh 200 11220 130-140 Oil
Birdbear LS 150 11420 140-150 Oil
Duperow Dol, LS 500 11570 140-150 Oil
Souris River Dol, LS 350 12070 140-150 Oil
Dawson Bay Dol, LS 150 12420 140-150 Oil
Prairie Evap 650 12570 140-150
Winnipegosis LS, Dol 200 13220 150-160 Oil
Ashern 150 13420 150-160


Silurian Interlake Dol 1000 13570 11.5 30 150-160 Oil
Stonewall Dol, LS 100 14570 150-160 Oil


Ordovician Stony Mountain Dol, LS 250 14670 150-160 Oil
Red River LS, Dol 700 14920 15 10 150-160 Oil/Gas
Roughlock Sh, SS 90 15620 150-160
Icebox Sh 150 15710 150-160
Black Island SS 250 15860 150-160 Oil/Gas


Cambrian Deadwood LS, Sh, SS 1000 16110 150-160 Oil/Gas







Formation and the Ordovician Red River Formation. The Red River is predominantly limestone with 
sucrosic dolomite porous zones and anhydrite. The Interlake is mostly dolomite and has marginally better 
permeability. The Madison carbonates may be better flow units, but they are at lesser depths and have 
only marginal temperatures in the Williston Basin to be considered. 


 
The Williston Basin has the highest total heat in place of all the basins studied by Porro et al, 2012 
(Figure 8). One parameter in favor is the large areal extent – note the size of the circles on Figure 7 for the 
Williston Basin. Also favorable is the colder ambient surface temperature (40 °F) as compared to south 
Texas or southern California (70 °F). But the reservoir rock quality is a negative factor, especially as 
compared to other basins with much better rocks. 


Application of a screening threshold of > 125 °C temperatures limits targets for the Williston Basin 
stratigraphic units to only the deeper 
Paleozoic reservoirs, but with a depth 
threshold of < 4 km the Williston Basin is 
only a marginal target for geothermal 
development at this time.  


Wind River Basin 


The Wind River Basin has similar 
characteristics as its neighbor basins in 
Wyoming – the Green River and the 
Powder River. First, the Tensleep 
Sandstone is a potential target reservoir 


 
Figure 86. Permeability versus porosity plots (from cores) for two deep carbonates in the Williston Basin. 
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Figure 87. Tensleep perm. versus porosity (Fox et al 1975). 







with reasonable reservoir properties (Figure 87). But 
there are other rocks such as the Muddy Sandstone with 
only poor porosity and permeability (Figure 88). In this 
example, none of the permeability data points exceed 
the threshold of 0.6 md. 


Like the Green River Basin, appropriate depths and 
temperatures are found only along the northern portion 
of the basin, in this case south of the Owl Creek 
Mountains (Figure 89). As can be seen from the 
temperature versus depth information, the basin is 
generally too deep and not hot enough to be a good 
target. Both reservoir examples occur deeper than 7 km, 
as shown in the geologic column in Figure 90, making 
drilling costs probably uneconomic. 


The analysis by Porro et al (2012), as seen in Figure 7 
and Figure 8, are in agreement with this conclusion. 


 


 


 


 


 


 
Figure 89. Wind River Basin structure map with temperatures and depths (Porro et al 2012). 


 
Figure 88. Poro-perm. plot for Muddy SS in the 
Wind River Basin (Nelson and Kibler, 2003). 







 


 
 


Summary 


In summary, the following basins have adequate temperatures (>125 °C) within maximum depths (<4km)  
and porous (>10%) reservoir rocks to be considered for additional evaluation and modeling: 


• Denver 
• Fort Worth 
• Great Basin 
• Gulf Coast 


• Imperial Valley 
• Raton 
• Sacramento 
• Williston 


However, when considering permeability, based on reservoir data evaluated so far, two basins don’t make 
the cut of minimum acceptable permeability (approx. 50-100 md): the Raton and the Williston, thus they 
are italicized in the above list. Additional work may move these into solid consideration. The target area 
of the Raton is also quite small. 


The best basins identified are highlighted in bold text in the list above (Great Basin and Gulf Coast). The 
Imperial Valley is a special case, since there is existing geothermal development and electrical production 
that can be expanded upon. The areal extent of the targets for the Fort Worth and the Sacramento Basins 
probably limit them. Finally, the Denver Basin has mid-range potential and should be further evaluated.  


 
Figure 90. Wind River Basin stratigraphic column. 


Period Formation/Group Lithology Thickness Depth (ft) Porosity % Perm. md Temp. °C HC Zones
Tertiary Wind River Claystone 5,000          -              


Indian Meadows Congl. 5,000          5,000          
Ft Union Sh 4,500          10,000        


Cretaceous Lance SS, Sh 3,000          14,500        110-130
Meeteetse Coal 2,000          17,500        130-150
Mesaverde SS, Sh 300              19,500        150-170
Cody Sh 3,000          19,800        170-190
Frontier Sh, SS 700              22,800        190-200
Mowry Sh 700              23,500        200-210
Muddy SS 50                24,200        17.5 0.5 210-220
Thermopolis Sh 160              24,250        210-220
Cloverly Sh, SS 125              24,410        210-220


Jurassic Morrison LS, SS, Sh 210              24,535        210-220
Sundance Sh, SS 400              24,745        210-220
Gypsum Spring Evap, Sh 150              25,145        210-220


Triassic Nugget SS 50                25,295        >220 Gas/Oil
Chugwater Sh, LS, SS 1,200          25,345        >220 Gas/Oil
Dinwoody SS 100              26,545        >220


Permian Phosphoria Carbonates 200              26,645        >220 Oil/Gas
Pennsylvanian Tensleep SS 250              26,845        15 70 >220 Oil/Gas


Amsden LS, Sh, SS 200              27,095        >220 Gas/Oil
Mississippian Madison LS 500              27,295        >220 Oil/Gas
Ordovician Big Horn Dol 50                27,795        >220
Cambrian Gallatin LS 300              27,845        >220


Gros Ventre Sh 500              28,145        >220
Flathead SS 350              28,645        >220
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The challenge: growth in geothermal power in U.S. has been less than 2%/year 


The paradox: the USGS (2008) states there is 9000 MW of “identified” and 30,000 MW 
of “undiscovered” geothermal power potential  


Source: DOE Geothermal Technologies Program Report, 2011 







Regional heat flow of the conterminous U.S. 
(SMU geothermal lab; Blackwell 2010; Google) 


Exploration for new, large-scale (~ 100 MW) geothermal power plants over 
next decade likely to be in the deep red areas (> 90 mW/m2, ~ 106 km2) 


Dashed box is outline of a later slide (focus area for new DOE award) 







In contrast to near-vertical, fault-controlled reservoirs, could there be sub-horizontal 
stratigraphic reservoirs beneath high heat flow basins? 


Basins are attractive targets because of the insulating effects of the unconsolidated 
sediments; there is over 50ºC difference between a > 2 km well in bedrock versus 
unconsolidated sediments  
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(i.e. economically accessible depths)







Basin depth derived from gravity anomalies; 
Saltus, R.W, and R.W. Jachens, 1995  


Where are the 
deepest basins 
in the Basin 
and Range 
province? 


 


Let’s take a 
closer look at 
the Black Rock 
Desert basin 
near Delta 







(35 MW) 


(35 MW) 


Thermo (10 MW) 


Gravity anomalies, Quaternary 
basalts, selected thermal gradient 
wells, and geothermal power 
plants in Black Rock Desert area 


(PB1 and Acord-1 are deep 
exploration wells with 
temperatures of > 200 C at 3 km 
depth) 


Geothermal power plants shown 
with MW capacity 


Modified from Wannamaker et al., 2007. 







Considerable care is needed 
in “mining the databases” 
 
 


Temperature gradient information 
from Pavant – Black Rock Desert 
region of central Utah.  Data from 
wildcat oil wells, geothermal 
industry exploration wells, 
research wells.   
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Insights to the Thermal Regime 
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Prelim. MT 
results 
(Hardwick in 
prep.) 


PB1 is the 
abandoned oil 
exploration 
well (Pavant 
Butte) that has 
~ 230ºC at 3.3 
km depth) 


The low 
resistivity 
sediments at 1 
- 2 km depth 
near PB1 
contrast with 
much higher 
resistivity 
sediments 
adjacent to 
Crater Bench 







A Critical Question: 


Can permeability be 
found in the stratigraphic 
layers (bedrock) beneath 
the basins at 200ºC and 
~ 3 – 4 km depth? 


Seismic reflection 
interpretation will be 
useful exploration tool 


Key: ** known good permeability 


         *  likely permeability 


(based on ground water and oil exploration wells)
  







Where might high permeability be beneath basins in the Basin and Range province? 


Seismic reflection imaging, which has been of limited use for range-front hydrothermal systems, 
should be excellent tool for bedrock stratigraphy beneath basins  


From Schelling et al., 1992 


Mod. by Hintze and Davis (2003) from Allmendinger, (1992) 







Conclusions 
• Large-scale geothermal power developments over the 


next decade are most likely to be in the known, high 
heat-flow regions. Prime targets are reservoirs at > 
200ºC within economic drilling depths (< 3 - 5 km) 


 
• Stratigraphic reservoirs beneath high heat flow basins 


in the B&R and Rio Grande rifts may have been 
overlooked by exploration companies (50ºC boost at > 
2 km depth due to low thermal conductivity of fill). Can 
we find permeability in hot stratigraphic units at depth? 
 


• Initial data compilation and multi-disciplinary 
exploration in Utah may have discovered a geothermal 
resource near beneath the Pavant-Black Rock desert. 
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Gravity surveying is 
really important for 
detecting the depth to 
bedrock beneath areas 
like the west desert (and 
therefore geologic 
structures that may 
influence fluid flow) 


 


Our knowledge of where 
buried basins are 
beneath the DOD lands 
poor to non-existent – 
the gravity 
measurements have 
never been made.  







Snake Valley 
report (UGS) 


Hurlow et al., 
in prep. 


Gravity 
stations 


Basin-fill 
thickness 







Gravity surveying has a light footprint, and UGS has received “casual-use” 
permits in recent work with INL/HAFB near Wendover 


Cost of ~ 1000 - 1500 measurements by 
UGS plus interpretation is ~ $100k 







Cost of aeromagnetic surveying in spring 2011 ≈ $200k 


Aeromagnetic surveying is a collaboration between USGS and UGS – 
preliminary map still being interpreted 
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ABSTRACT


Land subsidence can be caused by a variety of processes, 
but most land subsidence in the United States is associated 
with aquifer compaction caused pressure decline associ-
ated with groundwater withdrawal. In basin-fill aquifers, 
most of the aquifer compaction is due to the slow dewa-
tering and compression of fine-grained sediments. Once 
the fine-grained units begin to compress and lose porosity, 
compaction becomes permanent, overall water storage in 
the basin fill is reduced, and land subsidence occurs. Land 
subsidence may result in various types of land-surface 
movements that can potentially cause problems if human 
development exists within the subsiding area. Geother-
mal development can and has caused aquifer compaction, 
such as in Dixie Valley, Nevada, where shallow ground-
water withdrawal has occurred; subsidence has not been 
an issue for geothermal development of deeper aquifer 
systems in the Basin and Range Province. Land subsid-
ence can also be caused by contraction as fractured rock 
reservoirs cool, such as in The Geysers geothermal area of 
California, but this mechanism is of less concern in deep 
sedimentary basin settings.


Land subsidence can be avoided by re-injecting all produc-
tion water back into the aquifer it was withdrawn from so 
that pressure changes are minimized. Where land subsid-
ence associated with geothermal energy production does 
occur, it can be reduced through monitoring combined 
with aquifer management. Monitoring may include the use 
of InSAR, use of LiDAR, and establishing and monitoring a 
high-precision GPS/GNSS (Global Navigation Satellite Sys-
tem) network of survey benchmarks.


With fractured rock aquifers at depth below thick un-
consolidated deposits in deep sedimentary basins, the 
potential for subsidence can be mitigated by pumping all 
geothermal fluids back into the aquifer they are pumped 
from after heat extraction to prevent large-scale pressure 
decline. Where producing aquifers are beneath thick over-
lying unconsolidated deposits, thermal contraction of the 
fractured rock aquifer is unlikely to result in significant 
land surface subsidence due to bridging effects. 


To avoid land subsidence in unconsolidated basin-fill set-
tings, aquifers must be managed to balance groundwater 
recharge and groundwater discharge at both local and 
basin-wide scales. Ways to accomplish this goal include 
(1) ensuring all water used for geothermal heat extrac-
tion is pumped back into the aquifer, (2) replacing water 
lost from the aquifer during geothermal energy develop-
ment by increasing groundwater recharge to the basin-fill 
aquifer through conjunctive management of groundwater 
and surface-water resources and importation of water 
from other basins, (3) dispersing high-discharge wells to 
reduce localized land subsidence, and (4) reducing overall 
groundwater withdrawals in the basin. Best management 
practices for the basin-fill aquifers used for geothermal 
development will likely include the application of an as-
sortment of the aquifer management practices, and will 
likely take into consideration water pumped from the tar-
geted aquifer for other purposes (municipal, domestic, ir-
rigation). 


INTRODUCTION


This report is part of a larger study of geothermal power 
potential of deep sedimentary basins, with emphasis on 
the eastern Great Basin. The goal herein is to review the 
potential causes of subsidence in sedimentary basins and 
provide recommendations for avoiding or minimizing 
subsidence.


CAUSES AND EFFECTS 


Land subsidence, the lowering of the Earth’s surface due 
to subsurface movement of earth materials, can be caused 
by aquifer-system compaction, drainage of organic soils, 
underground mining, hydrocompaction, natural compac-
tion, sinkhole formation, and the thawing of permafrost 
(National Research Council, 1991). In the United States, 
more than 80 percent of the land subsidence, affecting 
more than 17,000 square miles in 45 states, has occurred 
because of groundwater withdrawal (Galloway and others, 
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1999), including groundwater withdrawal for geothermal 
development (Narasimhan and Goyal, 1984; Blackwell 
and others, 2007). Land subsidence can also be caused 
by contraction as fractured rock reservoirs cool (Mossop 
and Segall, 1997), but this mechanism is of less concern in 
deep sedimentary basin settings, so the focus herein is on 
unconsolidated aquifers. 


In sedimentary basins, groundwater in unconsolidated 
aquifers is pumped from the pore spaces between sand 
and gravel grains, causing a lowering of pore-water 
pressure (Leake, 2004). The decrease in pore pressure 
results in an increase in the effective stress in the high-
permeability low-compressibility coarse-grained aqui-
fers and time-dependent pore-pressure reduction in the 
low-permeability high-compressibility fine-grained aqui-
tards, and this increase in effective stress is equal to the 
decrease in fluid pressure (Poland, 1981). Because fluid 
pressure within the pores of a granular matrix helps sup-
port overlying aquifer material, a reduction in pore-water 
pressure causes an increase in overburden stress (weight) 
to the aquifer matrix, causing the aquifer matrix to change 
volume (compact) (Galloway and others, 1999). Compac-
tion of the aquifer material is immediate, elastic (Galloway 
and others, 1999) and therefore largely recoverable if the 
pore-water pressure is restored, and the change in aquifer 
volume is small (Poland, 1981). If the aquifer has silt and 
clay beds (aquitards) within or adjacent to it, the lowered 
pore-water pressure in the sand and gravel causes the 
slow drainage of water from the pore spaces in the silt and 
clay beds as pore-water pressures in the aquifers and aqui-
tards decay towards equilibrium (Poland, 1981), allowing 
the fine-grained particles to compress or compact (Leake, 
2004) (figure 1). Reaching pore-water pressure equilib-
rium between aquifers and aquitards may take months or 
years (Poland, 1981), and thick clay layers may take hun-
dreds of years to reach equilibrium (Green, 1964). Thus, 
the resulting compaction may continue long after ground-
water withdrawals are brought back into equilibrium with 
groundwater recharge, or cease completely.


Once the fine-grained units begin to compress and lose 
porosity, compaction becomes permanent, overall water 
storage in the basin fill is reduced, and land subsidence oc-
curs (Galloway and others, 1999). The overall aquifer com-
paction occurs mainly in the fine-grained sediments and is 
small to negligible in sand and gravel beds (Green, 1964). 
In confined aquifer systems undergoing large-scale poten-
tiometric head reductions, the volume of water yielded 
from irreversible compaction of fine-grained aquitards 
is approximately equal to the volume of land subsidence, 
and commonly ranges from 10 to 30% of the total volume 
of water withdrawal (Galloway and others, 1999). The re-
lation between potentiometric-surface decline and land 
subsidence is largely a function of total basin fill thickness, 
composition, and compressibility (Arizona Land Subsid-


ence Group, 2007). In some areas of Arizona, a potenti-
ometric-surface decline of about 300 feet produced only 
0.6 feet of subsidence (Arizona Land Subsidence Group, 
2007). In other areas, a similar potentiometric-surface de-
cline generated as much as 18 feet of subsidence (Arizona 
Land Subsidence Group, 2007). Sediments with a high clay 
content, such as those found in playa settings, have high 
compressibility.


Groundwater withdrawal sufficient to cause significant 
potentiometric-surface declines and the resulting dewa-
tering of fine-grained basin-fill units can result in the for-
mation of a “subsidence bowl” (Viets and others, 1979) 
(figure 2), in the vicinity of, but not necessarily centered 
around, the area of large-scale groundwater withdrawal 
(Bell and others, 2002). When there are multiple points 
of groundwater withdrawal, secondary subsidence bowls 
may develop within the larger, principal subsidence bowl 
(Bell and others, 2002). As a subsidence bowl develops, 
various types of land-surface movements occur, usually 
beginning with vertical settlement, followed by tilting of 
the land surface, and, finally, horizontal strains in the land 
surface that can result in the formation of earth fissures 
(Viets and others, 1979) (figure 2). If infrastructure as-
sociated with human development exists within the sub-
sidence bowl, these land-surface movements can result 
in a variety of potential problems, including (1) changes 
in elevation and slope of streams, canals, and drains, (2) 
damage to bridges, roads, railroads, storm drains, sanitary 
sewers, water lines, canals, and levees, (3) damage to pri-
vate and public buildings, and (4) failure of well casings 
from forces generated by compaction of fine-grained ma-
terials in aquifer systems (Leake, 2004). 


Earth fissures, linear cracks in the ground that initiate at 
depth due to differential compaction and extend from the 
compressing layers up to the ground surface (Galloway 
and others, 1999), can exacerbate problems within the 
subsidence bowl. Earth fissures form in response to hori-
zontal stresses that develop when land subsidence causes 
different parts of a sedimentary basin to compact by dif-
ferent amounts (Leake, 2004; Arizona Division of Emer-
gency Management, 2007), and may range from a few feet 
to several miles long and from hairline cracks to tens of 
feet wide (Carpenter, 1999). Earth fissures typically form 
along the edge of basins, near exposed or shallow bedrock 
that may be related to faults, or over zones of changing 
basin-fill facies (Arizona Land Subsidence Group, 2007). 
Some earth fissures exhibit differential displacements of 
several inches to several feet (Carpenter, 1999), potential-
ly damaging structures if they occur in developed areas. 
Earth fissures can be enlarged by erosion when they in-
tercept surface water (Viets and others, 1979), which 
could potentially carry surface sources of pollution to the 
groundwater aquifer. 
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Figure 1. Schematic diagram of land subsidence due to groundwater withdrawal (modified from Galloway and others, 1999).
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Figure 2. Schematic diagram of land-surface movements associated with subsidence bowls (modified from Viets and others, 
1979). S max is maximum vertical subidence.


SUBSIDENCE RELATED TO DEVELOPMENT  
OF GEOTHERMAL RESOURCES— 


TWO EXAMPLES


Introduction


Although land subsidence associated with geothermal 
development is uncommon, the following are two cases 
where it has occurred.


The Dixie Valley Geothermal System, Nevada


Dixie Valley hosts one of the hottest and largest geother-
mal system in the Basin and Range Province, and the pro-
duction of about 63 megawatts from Oxbow power plant 
in the valley over the last 25 years is significantly greater 
than that of any other geothermal system that is not associ-
ated with recent magmatic activity (Blackwell and others, 
2007). Like many Basin and Range geothermal systems, 
the Dixie Valley geothermal field had few surface thermal 
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manifestations prior to development, although the Sena-
tor fumarole was present high on the Senator alluvial fan 
near the Stillwater range front, adjacent to what has be-
come the production well field (Allis and others, 1999). 


The Dixie Valley geothermal system is an approximately 
20-mile-long area located along the historically active 
Dixie Valley fault zone on the east side of the Stillwa-
ter Range between the Dixie Valley Producing Field and 
Dixie Hot Springs (Blackwell and others, 2007). Based on 
well cuttings from a well on the Senator alluvial fan, the 
aquifer hosting the geothermal system is mostly alluvium 
(alluvial-fan and silicified landslide deposits), although in-
place bedrock might be present below 470 feet in depth 
(Allis and others, 1999). Poorly consolidated lacustrine/
playa deposits interfinger with the alluvium at the toe of 
the fan (Foxall, 2003). Many production, injection, and ex-
ploration wells (8000–11,000 ft deep), as well as various 
geological and geophysical data, have been used to help 
delineate the system (Blackwell and others, 2007). The 
conceptual model of the geothermal system is one of hot 
water flowing up the main bounding fault of the Stillwater 
Range within a localized zone beneath the Senator fuma-
role and then discharging laterally into the valley along 
permeable zones lower in the Senator alluvial fan (Foxall, 
2003). Fluid temperatures are 225°C to 245°C at depths of 
around 8200 feet and over 265°C at depths of about 9800 
feet (Blackwell and others, 2007).


Pressure drawdown in the Dixie Valley geothermal res-
ervoir has caused an increase in steam-heated thermal 
activity around the Senator fumarole, ground cracking on 
the Senator alluvial fan, and subsidence to the east of the 
fumarole (Allis and others, 1999). At production depths 
(7000–9000 ft) fluid pressure may have been reduced by 
as much as 50 bars (Allis, Utah Geological Survey, verbal 
communication, October 17, 2012), while pressure re-
duction in the main outflow zone (an aquifer about 30 ft 
below land surface) is estimated to be about 2 bars (Fozall, 
2003). The land subsidence occurred where the relatively 
competent alluvial material merges with less competent 
lacustrine/playa deposits along the toe of the Senator 
alluvial fan, resulting in the formation of a small subsid-
ence bowl where runoff water now ponds in its center and 
ground cracking on the fan itself (Allis and others, 1999). 
Synthetic aperture radar data indicate subsidence rates in 
the bowl may have been locally as high as 0.3 feet per year 
(Foxall, 2003) during the early 2000s.  


The Geysers Geothermal Field, California


The Geysers in northwestern California is a vapor-domi-
nated hydrothermal-type geothermal system that began 
producing electric power in 1960 when a 12.5-megawatt 
generating plant went on line using 250,000 pounds per 
hour of steam supplied by four wells (Narasimhan and 
Goyal, 1984). With the addition of more wells to the pro-


duction line over the next several decades, the Geysers 
became the largest producer of geothermal power in the 
world, generating nearly 2 gigawatts of electric power at 
peak production in the mid-1980s (Mossop and Segall, 
1997). Power production from the nearly 40-square-mile 
reservoir area has since been declining (Mossop, 2001) 
due to steam pressure decreases that have continued de-
spite attempts to augment natural recharge with artificial 
recharge through injection (Nielson and Brown, 1990). 
Recent reviews of the performance of the The Geysers res-
ervoir and its response to large-scale cold water injection 
are given by Beall et al. (2010), Beall and Butler (2010) , 
and Enedy and Butler (2010).


The geothermal reservoir is hosted by highly fractured 
Franciscan graywacke, probably of Jurassic to Creta-
ceous age, and Quaternary silicic intrusive rock (felsite) 
and capped by 1000 to 3000 feet of low-permeability, 
metamorphic mélange (Mossop and Segall, 1997). The 
structural framework of The Geysers geothermal field is 
extremely complex due to thrust faulting that took place 
along northwest-trending fault zones that dip to the north-
east (Nielson and Brown, 1990), and the area remains one 
of the most seismically active regions in northern Califor-
nia (Mossop and others, 1997) due to strike-slip faulting 
(Nielson and Brown, 1990). The Franciscan greywacke 
is very dense and has low primary permeability, so the 
steam is produced from the open fractures and fault zones 
(Narasimhan and Goyal, 1984) resulting from the region’s 
complex tectonic history. The steam-producing fractures 
are relatively flat and generally random in orientation 
(Nielson and Brown, 1990). There are two producing 
zones within the reservoir rock: a shallow zone at about 
2100 feet, and a deeper, primary zone between 2500 and 
5000 feet in depth (Narasimhan and Goyal, 1984). Produc-
tion from The Geyser geothermal field relies on boiling of 
immobile water to generate mobile steam.  


Geothermal energy production at The Geysers has result-
ed in both subsidence and induced seismicity (Narasim-
han and Goyal, 1984). The phase change from hot water to 
vapor absorbs large amounts of heat and therefore lowers 
the reservoir temperature, causing the cooling reservoir 
to contract and resulting in land subsidence at the surface 
(Mossop and Segall, 1997). GPS surveys in the 1970s docu-
mented that The Geysers geothermal field was subsiding, 
with a maximum rate of about 0.15 feet per year between 
1973 and 1977 (Mossop, 2001), and that the area of great-
est subsidence appeared to be centered near the area of 
the most active steam extraction at that time (Mossop and 
others, 1997). Two types of land-surface movements ac-
companied the subsidence: (1) a downward local tilt of 
about 1.4 inches toward the west-northwest, and (2) ver-
tical land-surface lowering of as much as 5 inches near one 
of the power plants. Despite reinjection of steam conden-
sate amounting to about 25% of daily steam output back 
into the reservoir beginning in 1969 (Narasimhan and 
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Goyal, 1984), the rate of subsidence for the 1977–1996 pe-
riod remained close to 0.15 feet per year (Mossop, 2001) 
and maximum subsidence of nearly 3 feet was measured 
within the subsidence bowl about 1.2 miles north of the 
above-mentioned power plant (Mossop and others, 1997). 
Meanwhile, earthquake activity (M ≥ 2) had increased from 
about 25 events per year during 1962–1963 to 47 events 
per year during peak production (1975–1977) (Marks and 
others, 1979). Mossop (2001) found there was a correla-
tion between this increased microearthquake activity and 
both steam production and fluid injection (Mossop, 2001). 


BEST MANAGEMENT PRACTICES FOR 
MONITORING AND REDUCING LAND 


SUBSIDENCE DUE TO DEVELOPMENT 
OF GEOTHERMAL RESOURCES IN DEEP 


SEDIMENTARY BASINS


Introduction


Development of geothermal resources in deep sedimen-
tary basins could involve pumping from either uncon-
solidated basin fill deposits or underlying fractured rock 
aquifers. With fractured rock aquifers at depth below thick 
unconsolidated deposits, the potential for subsidence can 
be avoided or mitigated by pumping all geothermal flu-
ids back into the aquifer they are pumped from after heat 
extraction to minimize large-scale pressure changes and 
prevent aquifer compaction. Because of the thick overly-
ing unconsolidated deposits, thermal contraction of the 
fractured rock aquifer is unlikely to result in significant 
land surface subsidence. While many of the best manage-
ment practices described below, especially monitoring 
(appendix), may need to be considered in areas where de-
velopment of fractured-rock geothermal resources occurs, 
the focus of this section is on geothermal development 
of shallow unconsolidated basin-fill aquifers. These best 
management practices may be less applicable to develop-
ment of deep unconsolidated aquifer systems where natu-
ral compaction has already occurred and the potential for 
additional compressibility is low.


Reducing Land Subsidence Through Aquifer 
Management Practices


Potentiometric-surface declines that could lead to land 
subsidence occur when average annual groundwater dis-
charge exceeds average annual groundwater recharge, 
causing concomitant land subsidence and earth fissure 
formation as near-surface fine-grained layers in the basin-
fill deposits dewater and compress. To avoid land sub-
sidence, basin-fill aquifers must be managed to balance 
groundwater recharge and groundwater discharge at both 
local and basin-wide scales. There are several ways to ac-
complish this goal, including (1) ensuring all water used 


for heat extraction is pumped back into the aquifer, (2) 
replacing water lost from the aquifer during geothermal 
energy development by increasing groundwater recharge 
to the basin-fill aquifer through conjunctive management 
of groundwater and surface-water resources and importa-
tion of water from other basins, (3) dispersing high-dis-
charge wells to reduce localized land subsidence, and (4) 
reducing overall groundwater withdrawals in the basin.


Ensuring No Net Loss of Fluids During 
Geothermal Development


To the extent possible, all fluids used during the heat ex-
traction process should be injected back into the same 
zone of the aquifer they were withdrawn from. This will 
prevent the pore-water pressure reductions that lead to 
the dewatering and compressing of fine-grained layers, re-
sulting in land subsidence.


Increasing Recharge to the Basin-Fill Aquifer 


Increasing groundwater recharge to aquifers with his-
torically declining hydraulic heads through conjunctive 
management of groundwater and surface-water resources 
has proven to be a powerful tool in preventing or reduc-
ing aquifer compaction (Reichard and Bredehoeft, 1985; 
Holzer, 1989; Swanson, 1996; Galloway and others, 1999; 
Onsoy and others, 2005; Utah Division of Water Resources, 
2005). Conjunctive management of groundwater and sur-
face-water resources through aquifer storage and recov-
ery (ASR) projects in sedimentary basins offers a potential 
partial solution to problems associated with water-level 
declines in the basin-fill aquifer so long as the recharged 
water is in hydraulic connection with the producing zone 
of the aquifer. Not only would such projects help stabilize 
water-level declines, they would also provide water plan-
ners and managers with increased flexibility to managing 
the basin’s water supply and provide a source of supple-
mental water. 


Artificial groundwater recharge has long been used to en-
hance groundwater quality, reduce pumping lifts, store 
water, salvage storm-water runoff, and reduce aquifer 
compaction in subsiding areas (Clyde and others, 1984; 
Pyne, 1995; Galloway and others, 1999). ASR projects 
involve storing water in an aquifer by artificial ground-
water recharge when water is available, and recovery of 
the stored water from the aquifer when water is needed 
(Pyne, 1995). Basically, groundwater aquifers are used as 
water-storage facilities rather than constructing surface-
water reservoirs. Artificial groundwater recharge can be 
accomplished by surface spreading or ponding (such as 
in rapid infiltration basins) where surficial deposits are 
highly permeable, or by using wells to inject surface water 
into an aquifer where surface deposits are less permeable 
(Clyde and others, 1984). Although loss of stored water 
through artificial groundwater recharge does occur, prin-
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cipally due to water moving vertically or laterally out of 
the target aquifer before recovery, the sometimes signifi-
cant loss of water through evaporation in surface-water 
storage facilities is avoided (Clyde and others, 1984). 


The most beneficial areas for artificial groundwater re-
charge in a sedimentary basin, using either surface-
spreading/ponding techniques or injection wells where 
appropriate, are areas experiencing the greatest land 
subsidence. Both perennial and some larger ephem-
eral streams may be used to provide water for artificial 
groundwater recharge. Water imported from other basins 
could also be used as a source of artificial groundwater 
recharge, assuming water rights in those basins may be 
obtained (Reichard and Bredehoeft, 1985; Galloway and 
others, 1999; Onsoy and others, 2005). It should be recog-
nized that importing water from other basins may reduce 
land-development opportunities or may cause subsid-
ence and other related issues in the basins from which the 
water is obtained. If the basin-fill aquifer is recharged via 
surface spreading or ponding, the recharge sites should be 
located in primary recharge areas, where thick clay layers 
that may inhibit subsurface water flow are absent in the 
basin fill. Injection wells may be located where needed. 
In both recharge methods, it is important to establish a 
connection between the recharge zone and the zone from 
which geothermal fluids are extracted.


Dispersing High-Discharge Wells 


Basin-fill compaction and associated land subsidence and 
earth fissures can be stopped or reduced by locating or re-
locating high-discharge wells (geothermal, municipal, and 
high-discharge irrigation) in areas that will minimize sub-
sidence. Optimization models coupled with groundwater-
flow models can be used to determine where these wells 
would best be located (Leake, 2010). Campbell and Jen-
sen (1975, as reported in a Water Well Journal editorial) 
recommended evaluating the feasibility of redistributing 
pumping loads in the Houston, Texas area from the vicin-
ity of subsidence areas to more distant locations. In the 
Owari Plain of Japan, short-term and local changes in head 
are considered when regulating groundwater pumping to 
prevent land subsidence (Daito and others, 1991).


Reducing Overall Groundwater Withdrawals 


Limiting the amount of groundwater extracted from an 
aquifer so that stored water will not be significantly de-
pleted is the basis for the water-resource management 
concept known as “safe yield” (Galloway and others, 
1999). To avoid groundwater mining, the volume of water 
withdrawn from an aquifer cannot significantly exceed 
natural and artificial recharge to the aquifer—the concept 
of safe yield is usually applied using average annual val-
ues of recharge and discharge. Given climatic variability, 
it may be necessary to manage subsidence-prone areas 


near geothermal projects even more conservatively to 
avoid increasing the rate and/or area of subsidence dur-
ing drought periods. It may be possible to manage sub-
sidence-prone areas using the “optimal yield” concept, in 
which groundwater discharge is allowed to vary from year 
to year, or even seasonally, depending on the state of the 
aquifer system and the availability of local and imported 
water supplies. This concept incorporates the dynamic 
nature of the groundwater system and allows water man-
agers to adapt to variations in water supply and use (Gal-
loway and others, 1999). 


Basin-wide groundwater withdrawals could be reduced 
by acquiring and retiring existing water rights, although, 
we did not find any case histories of this being done for 
geothermal development in areas with aquifer-compac-
tion-related problems. However, groundwater withdraw-
als have been reduced in other areas by regulating ground-
water pumping (Holzer, 1989) and/or groundwater price 
(Bangkok City, 2001). 


In Texas, which applies the principles of English common 
law, groundwater is the absolute property in perpetuity of 
the overlying private landowner (Brah and Jones, 1978; 
unlike many states where groundwater is considered 
public property, and the State Engineer grants individuals 
the right to use allotted amounts). When land subsidence 
due to groundwater mining developed in coastal areas 
of the Houston-Galveston region beginning in the 1950s, 
there was little incentive for private groundwater users 
to reduce reliance on relatively inexpensive groundwater 
resources and arrest the subsidence, as they themselves 
did not incur the subsidence-related costs (Holzer, 1989). 
In the 1970s, individuals and groups affected by the land 
subsidence attempted to mitigate the subsidence problem 
by focusing on ways to turn incentives for groundwater 
pumping into disincentives (Holzer, 1989). They consid-
ered four alternatives: (1) implementation of a surcharge 
on groundwater pumping, (2) creation of a regional water 
authority through legislation, (3) formation of a regional 
underground water conservation district under the Texas 
Water Code, and (4) creation of a local government agency 
to regulate pumping (Brah and Jones, 1978). Alternative 
four was implemented in 1975 by authorization of the 
Harris-Galveston Coastal Subsidence District (HGCSD) by 
the Texas State Legislature. The HGCSD was authorized 
to regulate groundwater pumping by issuing 1- to 5-year 
permits to all major production wells in the district. The 
objective of awarding the permits, for which fees are col-
lected to fund the district, was to reduce groundwater 
withdrawal to an amount that would restore and main-
tain sufficient artesian pressure in the aquifer to halt sub-
sidence (Holzer, 1989). Conversion of water users from 
groundwater to surface-water sources made available by 
local water agencies, as encouraged by the HGCSD, has 
contributed to water-level recoveries and the slowing of 
the rate of subsidence in coastal areas of the Houston-
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Galveston region (Strause, 1984). 


The first generally recognized occurrence of subsidence 
caused by groundwater withdrawal in the United States 
was in 1933 in the Santa Clara Valley, California (Tolman 
and Poland, 1940; Ingebritsen and Jones, 1999); subsid-
ence in this formerly agricultural (now largely metropoli-
tan) area eventually affected more than 230 square miles 
of land (Poland and Green, 1962) and locally reached a 
maximum of 12.9 feet (Poland, 1977). Initial response to 
the subsidence included formation of the Santa Clara Val-
ley Water Conservation District (SCVWCD), which was 
chartered under California law with responsibility for mit-
igating the groundwater overdraft problem. Subsequently, 
the SCVWCD constructed groundwater recharge facilities 
along the valley margins in 1935 and 1936 (Holzer, 1989). 
The groundwater recharge facilities combined with abnor-
mally high rainfall temporarily halted water-level declines 
and slowed subsidence during the early 1940s (figure 3 
in Poland, 1977), but groundwater withdrawals largely 
associated with industrial and urban activities following 
World War II resulted in new groundwater-level declines 
and associated subsidence (Holzer, 1989; Ingebritsen 
and Jones, 1999). These new water-level declines led to 
the recognition that major imports of water were needed 
to meet long-term water demands in Santa Clara Valley, 
and the South Bay Aqueduct System was constructed as 
a result (Holzer, 1989). Groundwater users were encour-
aged to switch to this new surface-water source by a tax 
on groundwater pumpage implemented in 1964 that re-
moved the economic incentive to use groundwater (Hol-
zer, 1989). The SCVWCD has since used the approach of 
lumping all water resources into a common pool and dis-
tributing water costs according to water use rather than 
water source (Holzer, 1989). This approach led to the re-
covery of water levels in the 1970s (Poland, 1977, figure 
3) and the halting of subsidence as of 1974–75 (Poland, 
1977).


Groundwater withdrawals can also be reduced by imple-
menting water conservation measures, potentially free-
ing up water for use in geothermal development. Such 
measures could include (1) incentive pricing, (2) out-
door watering guidelines and ordinances, (3) landscape 
guidelines and ordinances, (4) commercial and residen-
tial water audits, (5) installation of meters on water con-
nections, (6) retrofit, rebate, and incentive programs, and 
(7) leak detection and repair programs (Utah Division of 
Water Resources, 2001). Incentive pricing (for the public 
supply consumer rather than the groundwater pumper) 
should be designed to reward efficiency and discourage 
waste of groundwater resources. The Utah Division of 
Water Resources (2001) outlines several strategies for ac-
complishing this goal. Because 67% of residential water 
is consumed for outdoor use, overall water consumption 
could be reduced significantly by implementing strate-
gies such as supplying only the amount of water needed 


by plants to produce maximum growth and maintaining a 
sprinkler uniformity of 60% (Utah Division of Water Re-
sources, 2001). Requiring xeriscaping through ordinances 
or legislation (as implemented in Florida, Nevada, and 
Texas) or through monetary incentives (as implemented 
in Las Vegas, Nevada, and Glendale, Arizona) can signifi-
cantly reduce overall water use (U.S. Environmental Pro-
tection Agency, 2010). Water audits, metering, retrofitting 
(such as replacing standard toilets with low-flow toilets), 
and leak detection and repair are also important ways to 
reduce groundwater withdrawals by reducing water use 
(Utah Department of Natural Resources, 2001). 


Aquifer Management Recommendations


Best management practices for the basin-fill aquifers used 
for geothermal development will likely include the appli-
cation of an assortment of the aquifer management prac-
tices summarized above, and will likely take into consid-
eration water pumped from the targeted aquifer for other 
purposes (municipal, domestic, irrigation). Keeping dis-
charge in basin-fill aquifers used for geothermal develop-
ment in balance with recharge so the aquifer can be man-
aged using either “safe yield” or “optimal yield” concepts 
may be the best management practice for avoiding aquifer 
compaction and associated land subsidence and earth fis-
sure development. 


SUMMARY


Land subsidence, the lowering of the Earth’s surface due 
to subsurface movement of earth materials, can be caused 
by a variety of processes, but most land subsidence in 
the United States is associated with aquifer compaction 
caused by groundwater withdrawal. In basin-fill aquifers, 
most of the aquifer compaction is due to the slow dewa-
tering and compression of fine-grained sediments. Once 
the fine-grained units begin to compress and lose poros-
ity, compaction becomes permanent, overall water storage 
in the basin fill is reduced, and land subsidence occurs. 
Land subsidence may result in the formation of a subsid-
ence bowl in the vicinity of, but not necessarily centered 
around, the area of large-scale groundwater withdrawal. 
As a subsidence bowl develops, various types of land-
surface movements occur, usually beginning with vertical 
settlement, followed by tilting of the land surface, and, fi-
nally, horizontal strains in the land surface that can result 
in the formation of earth fissures. If human development 
exists within the subsidence bowl, these land-surface 
movements can result in a variety of potential problems. 
Geothermal development can and has caused aquifer com-
paction, such as in Dixie Valley, Nevada, where shallow 
groundwater withdrawal has occurred; subsidence has 
not been an issue for geothermal development of deeper 
aquifer systems in the Basin and Range Province. Land 
subsidence can also be caused by contraction as fractured 
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rock reservoirs cool, such as in The Geysers geothermal 
area of California, but this mechanism is of less concern in 
deep sedimentary basin settings.


Land subsidence can be avoided by re-injecting all produc-
tion water back into the aquifer it was withdrawn from so 
that pressure changes are minimized. Where land subsid-
ence associated with geothermal energy production does 
occur, it can be reduced through monitoring combined 
with aquifer management. Monitoring may include the use 
of InSAR, use of LiDAR, and establishing and monitoring a 
high-precision GPS/GNSS (Global Navigation Satellite Sys-
tem) network of survey benchmarks.


With fractured rock aquifers at depth below thick uncon-
solidated deposits in deep sedimentary basins, the poten-
tial for subsidence can be mitigated by pumping all geo-
thermal fluids back into the aquifer they are pumped from 
after heat extraction to prevent aquifer compaction. Be-
cause of the thick, overlying unconsolidated deposits and 
the low compressibility of sediments at depth, thermal 
contraction of the fractured rock aquifer is unlikely to re-
sult in significant land surface subsidence. Monitoring for 
subsidence and implementing other aquifer management 
tools may still be considered in fractured-rock settings.


To avoid land subsidence in unconsolidated basin-fill set-
tings, aquifers must be managed to balance groundwater 
recharge and groundwater discharge at both local and 
basin-wide scales. Ways to accomplish this goal include 
(1) ensuring all water used for geothermal energy extrac-
tion is pumped back into the aquifer, (2) replacing water 
lost from the aquifer during geothermal energy develop-
ment by increasing groundwater recharge to the basin-fill 
aquifer through conjunctive management of groundwater 
and surface-water resources and importation of water 
from other basins, (3) dispersing high-discharge wells to 
reduce localized land subsidence, and (4) reducing overall 
groundwater withdrawals in the basin. Best management 
practices for the basin-fill aquifers used for geothermal 
development will likely include the application of an as-
sortment of the aquifer management practices, and will 
likely take into consideration water pumped from the tar-
geted aquifer for other purposes (municipal, domestic, ir-
rigation). Keeping discharge in basin-fill aquifers used for 
geothermal development in balance with recharge may be 
the best management practice for avoiding aquifer com-
paction and associated land subsidence and earth fissure 
development.
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APPENDIX 


 
Techniques for Monitoring for Land Subsidence


Introduction


The potential for land subsidence exists for any process involving large-scale extraction of groundwater, including geo-
thermal energy development of shallow aquifers. Because it is easier to implement best management practices to re-
duce land subsidence if the problem is identified early during the life of the project, Lund and others (2012), from which 
this section is excerpted, recommend that monitoring for land subsidence be an integral part of ongoing operations 
where net withdrawal of groundwater occurs and there is a risk of impact to infrastructure associated with human de-
velopment. Three methods can help determine (1) the existence and extent of subsidence, (2) the rate and variability of 
land subsidence within the subsidence bowl if subsidence is occurring, and (3) the locations of any earth fissures asso-
ciated with the subsidence, if subsidence is occurring. The three methods are interferometric synthetic aperture radar 
(InSAR), light detection and ranging (LiDAR) technology, and establishing and monitoring a high-precision GPS/GNSS 
(Global Navigation Satellite System) network of survey benchmarks sited using the results obtained from the preced-
ing two technologies. Initially, until significant subsidence is detected, InSAR may be the most cost-effective monitoring 
method.


InSAR


Synthetic aperture radar (SAR) is a side-looking, active (produces its own illumination) radar imaging system that trans-
mits a pulsed microwave signal toward the Earth and records both the amplitude and phase of the back-scattered sig-
nal that returns to the antenna (Arizona Department of Water Resources [ADWR], no date). Interferometric synthetic 
sperture radar (InSAR) is a technique that utilizes interferometric processing to compare the amplitude and phase 
signals received during one pass of the SAR platform (typically Earth-orbiting satellites) over a specific geographic area 
with the amplitude and phase signals received during a second pass of the platform over the same area, but at a dif-
ferent time (ADWR, no date). Surface displacement measurements of less than a half inch over an area of several tens 
of square miles have been routinely demonstrated in subsidence applications using InSAR techniques. More advanced 
applications of InSAR can measure local displacement rates on the order of a few millimeters per year (Skaw, 2005). 
The amount and pattern of deforma¬tion in an interferogram are shown by using the color spectrum to indicate areas 
of greater or lesser deformation. 


The ADWR routinely uses InSAR to monitor several active land subsidence basins around Arizona (ADWR, no date), and 
has also been used to look at active land subsidence in Cedar Valley, southwestern Utah (Lund and others, 2012). Re-
peated InSAR applications show the spatial extent, deformation rates, and time-series history of the basins. The subsid-
ence measurements are assisting ADWR in its efforts to educate the public and local government agencies on the reality 
and severity of the land-subsidence hazard. County and local governments have realized the importance of InSAR to 
their own monitoring efforts, and have entered into agreements with ADWR to ensure that SAR data are collected, pro-
cessed, and analyzed for areas critical to each group’s monitoring needs (ADWR, no date). In addition, water resource 
managers, engineers, hydrologists, geologists, and other scientists have used InSAR data to identify and evaluate areas 
of subsidence, uplift, earth fissures, faults, and other features related to groundwater mining (Skaw, 2005). 


For subsidence monitoring, InSAR’s chief advantage is that it offers wide-area continuous coverage at a reasonable level 
of accuracy at better cost efficiency than traditional surveying techniques (Skaw, 2005; note Skaw reports measure-
ments in the metric system). A standard InSAR frame covers an area of approximately 10,000 km2 (~3861 mi2) at a pixel 
resolution of about 25 meters (~82 ft)—or 8,000,000 discrete point measurements within the 100 km by 100 km (62 
mi by 62 mi) frame. The cost to perform static GPS/GNSS surveys with the same vertical accuracy but at 1/1000th the 
resolution would conservatively cost $500,000 for the two surveys required to measure change, making the cost per 
point measurement to produce an InSAR change map using currently available satellite data less costly by many orders 
of magnitude than conventional surveying technologies (Skaw, 2005). In short, InSAR provides an accurate and cost ef-
ficient way to determine the horizontal and vertical extent of land subsidence and subsidence rate variability within a 
subsiding area to an accuracy of about 1 centimeter. 
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LiDAR


LiDAR is a remote sensing laser system that measures the properties of scattered light to accurately determine the 
distance to a target (reflective surface). LiDAR is similar to radar, but uses laser pulses instead of radio waves, and is 
typically collected from planes or helicopters. LiDAR produces a rapid collection of points (typically more than 70,000 
per second) that results in very dense and accurate elevation data over a large area (National Oceanic and Atmospheric 
Administration [NOAA], 2008). The resulting highly accurate, georeferenced elevation points can be used to generate 
three-dimensional representations of Earth’s surface and its features (NOAA, 2008). After processing, LiDAR data can 
be used to produce a “bare-earth” terrain model, in which vegetation and manmade structures are edited out. LiDAR has 
several advantages over traditional photogrammetric methods; chief among them are high accuracy, high point density, 
large coverage area, and the ability to resample areas quickly and efficiently, which creates the ability to map discrete 
elevation changes over time at a very high resolution (NOAA, 2008).


LiDAR is used extensively in base mapping, natural resource management, floodplain mapping, transportation and util-
ity corridor mapping, urban planning, and in many kinds of geologic investigations. For example, LiDAR has been used 
to identify previously unrecognized faults (Harding and Berghoff, 2000) and landslides (Oregon Department of Geol-
ogy and Mineral Industries, 2006; Schulz, 2007), and to measure subtle amounts of uplift at Mount St. Helens (National 
Aeronautics and Space Administration, 2004; U.S. Geological Survey, 2004). LiDAR offers two important advantages 
over conventional aerial photography for mitigating land-subsidence and earth-fissure hazards. First, high-resolution, 
bare-earth LiDAR images can be used to identify and map currently unrecognized earth fissures that are not apparent 
on conventional aerial photography. Second, repeat LiDAR surveys can be used to generate accurate displacement maps 
to define the boundaries of subsidence areas, and may allow monitoring of existing earth fissure growth and new fissure 
formation.


LiDAR costs vary based on project specifications. A 500-square-mile project area with 3-meter (~9.8 ft) point spacing 
over flat to moderate terrain may cost $200-300 per square mile (Fugro Earthdata, Inc., no date; note Fugro Earthdata 
reports some measurements in the metric system and others in the English system). LiDAR acquired in 2006 for the 
Wasatch Front area cost $141,000 for ~1300 square miles (~$108/sq. mile) (Rick Kelson, Utah Automated Geograph-
ic Reference Center, verbal communication, 2011). These estimates assume a contiguous, roughly rectangular project 
block. The location, type of terrain, vegetation cover, and time of year can also affect pricing (Fugro Earthdata, Inc., no 
date). 


High-Accuracy GPS/GNSS Survey Network


Following acquisition of InSAR and LiDAR data to better define the boundaries of subsiding areas and earth fissure 
locations, that information should be used to establish a network of high-accuracy GNSS survey monuments in areas of 
subsidence and fissure “hot spots.” Periodic resurveying of the benchmarks using the U.S.-based GPS system and other 
available GPS systems would permit repeated high accuracy (1–5 mm horizontal/vertical) subsidence monitoring in 
areas most relevant to best aquifer management practices and hazard mitigation. 


The National Geodetic Survey (NGS) has established permanent GPS monitoring stations in subsiding areas of some 
western states. If an area of interest lacks permanent monitoring stations, the NGS should be contacted to determine the 
extent of their interest and willingness to install permanent GPS monitoring stations.
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Introduction 
 
This report describes an assessment of fluid-mineral equilibria and results of reaction path 
calculations for hot sedimentary aquifer fluids that could be exploited for geothermal 
energy in the USA. Analytical data for thermal waters were obtained from published 
literature or public domain data sets, representing geothermal reservoirs hosted in 
siliciclastic and carbonate rocks from 220 to 100°C. These data were used to compute ion 
activities and pH values at reservoir temperatures in order to determine the state of fluid-
mineral equilibria. In addition, calculations were undertaken to determine the effects of 
conductive cooling on mineral dissolution/precipitation. This work was carried out as part 
of a DoE funded project directed by Joe Moore (EGI-University of Utah) and Rick Allis 
(Geological Survey of Utah). 
 
Water Chemistry 
 
Water analyses for hot sedimentary aquifers and geothermal reservoirs in sedimentary 
rocks were compiled based on data available from published literature, the public domain, 
or data made available to this project (Table 1). The waters range in total dissolved salts 
from hundreds to tens of thousands ppm, and they represent a spectrum of chloride-
dominated, bicarbonate-dominated, and sulfate-dominated compositions (Figure 1). They 
are all close to neutral pH. 
 
The Thermo data come from exploration wells drilled in central Utah into Paleozoic 
carbonate units and underlying crystalline basement, with temperatures up to 175-180°C. 
The Grant Canyon-Bacon Flat data come from an oil field in eastern Nevada where the 
reservoir is hosted in brecciated Paleozoic dolostone, with a temperature in the range of 
115-125°C. The San Joaquin Basin and east Texas reservoirs are made up of Tertiary shales 
and sandstones, with temperatures in the range of 115 to 150°C. Ngawha is a producing 
geothermal field in New Zealand where the reservoir is hosted in a fractured Mesozoic 
greywacke-argillite and the temperature is 220-230°C. 
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Fluid-Mineral Equilibria  
 
In order to assess the state of fluid mineral equilibria, a distribution of aqueous species 
calculation was undertaken using WATCH and SOLVEQ. WATCH 2.0 is available for free 
from ISOR (Iceland Geosurvey; http://geothermal.is/software/ 
software), and the most recent version is modified and updated from the one that was 
initially written by Stefán Arnórsson, Sven Sigurđsson and  and Hörđur Svararson (e.g., 
Arnórsson et al., 1982, 1983a, 1983b). SOLVEQ (Reed and Spycher, 2006a) is similar to 
WATCH, but it contains thermodynamic data for a larger number of aqueous, gasesous, and 
solid species, hence it was useful for determining saturation indices of carbonate minerals 
apart from just calcite. Calculations were performed first using WATCH to determine the 
pH at reservoir temperatures. The results were then input into SOLVEQ to obtain a final 
output. The free ion activities of the major cations are summarized in Table 2. These data 
were then plotted on phase diagrams, showing the stabilities of common secondary 
minerals, computed using Geochemists Workbench (Bethke, 1996) and the SUPCRT 
thermodynamic database (Johnson et al., 1992).  
 
The states of fluid-mineral equilibria are presented in graphs (Figs. 2-7). The 
concentrations of aqueous silica as a function of reservoir temperature (Fig. 2) are close to 
chalcedony or quartz solubility for all analyses except Thermo 57-29, which plots above the 
cristobalite solubility curve, and Thermo 24-34, which plots below the quartz solubility 
curve; both results are anomalous and possibly products of analytical error.  
 
Calcite saturation indices based on the ion activity products of Ca2+ and HCO3- indicate that 
all the waters except Ngawha are supersaturated in calcite. These values are plotted in 
Figure 3 along with calcite solubility curves as a function of CO2(aq) concentrations. Because 
calcite solubility increases with increasing CO2(aq) concentration (Ellis, 1959), the relatively 
high gas concentration (0.23 mol CO2) in the Ngawha reservoir make the fluid slightly 
undersaturated with respect to calcite. By contrast, the other waters have low gas 
concentrations ranging from 0.0001 to 0.005 mol CO2. Given the sensitivity of the CO2 
concentration on calcite saturation, reliable chemical analyses of bicarbonate and CO2 are 
critical for quantitative assessments of carbonate saturation. 
 
Cation ratios (Na/K, Mg/K, Na/Li, and Mg/Li) were plotted on phase diagrams as a function 
of temperature to see if common alumino-silicate minerals such as feldspars and clays 
exert a control on fluid composition. Figure 4 shows that most Na/K ratios plot in the K-
feldspar stability field and that only the Ngawha ratio plots on the boundary separating the 
K-feldspar and Na-feldspar stability fields. This means that except for Ngawha, 
equilibration temperatures based on the Na-K geothermometer (Giggenbach, 1988, 1991; 
Fournier, 1991) give unreliable results that are 10-50°C too high. 
 
Figure 5 shows Mg/K ratios plot in a random pattern with respect to Mg-chlorite, K-mica, 
and K-feldspar equilibria, indicating the Mg/K geothermometer (Giggenbach, 1988) is 
unreliable.  
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Figures 6 and 7 show Na/Li and Mg/Li ratios (data in mg/kg from Table 1) in relation to 
linear trends that represent two empirically derived geothermometers (Fouilliac and 
Michard, 1981; Kharaka and Mariner, 1989). In both these figures, Ngawha ratios plot 
below these lines, and Thermo equilibration temperatures are overestimated by >50°C. 
The other waters, however, coincide sufficiently close to the equilibrium lines to utilize the 
two geothermometers with caution. Note, so far the minerals and equilibria that might 
control the Na/Li and Mg/Li ratios as a function of temperature have yet to be determined, 
and in all likelihood aqueous Li derives from dissolution of trace-minor quantities available 
in quartz, feldspars, micas, clays, and possibly salts in evaporite deposits. 
 
Conductive Cooling Reaction Path Calculations 
 
The effects of conductive cooling, from reservoir temperature down to 53-50°C, were 
determined to simulate fluid production through to the surface and a heat exchanger. 
These reaction path calculations were undertaken using CHILLER (Reed and Spycher, 
2006b), with the aim of determining the minerals that could dissolve or precipitate, which 
could modify the porosity-permeability of the reservoir or deposit scales in geothermal 
wells. The outputs of SOLVEQ calculations were used to set up the CHILLER input files. For 
conductive cooling, new states of fluid-mineral equilibria were computed for 1 kg of water 
in 5°C decrements at a constant pressure that was a few bars great than vapor saturation 
so that the fluid remained in a liquid state. Any solids that precipitated were left behind to 
simulate deposition along a cooling flow path. To show the minerals prone to dissolution, 
the saturation indices (log Q/K) of carbonates, sulfates and other soluble phases are 
plotted too; log Q/K values of 0 indicate saturated conditions and values <0 indicate under-
saturated conditions. Several samples could not be modeled due to incomplete analyses 
(Thermo 24-34 and 52-34) or due to unresolved computational problems that prevent 
numerical convergence during the run (San Emedio Nose). 
 
The successful runs are plotted in a series of graphs (Figs. 8-14) that show the changes in 
saturation pressure, pH, amounts of quartz precipitated, and saturation indices as a 
function of temperature. The two most obvious effects are precipitation of quartz and 
dissolution of minerals with retrograde solubility, comprising carbonates (calcite, 
aragonite, dolomite, siderite, ankerite) and sulfates (anhydrite). Fluorite (CaF2) is under-
saturated in waters having fluoride (F) analytical data (i.e., Corpus Christi Portland, Grant 
Canyon, Thermo), and the saturation index effectively remains constant and under-
saturated over the cooling interval.  
 
Pyrite saturation (not shown) occurs in reaction runs involving the Corpus Christi, Houston 
Galveston, and San Joaquin waters, but in each case the total amount of pyrite that 
precipitates is less than 1 mg.  
 
Discussion 
 
The results of this investigation provide preliminary insights regarding the applicability of 
chemical geothermometers, and quantification of mineral precipitation and dissolution due 
to conductive cooling.  
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Only the chalcedony or quartz-silica geothermometers appear reliable for general 
application to thermal waters from sedimentary aquifers; the data from Thermo need to be 
checked with new analyses as the aqueous silica analyses are anomalous. 
Geothermometers based on cation ratios will give erroneous equilibration temperatures 
because the underpinning fluid-mineral equilibria are not established. However, in all cases 
where new geothermal reservoirs are being developed for exploitation, fluid-mineral 
equilibria calculations should be undertaken, as site-specific examples are likely to exist 
where certain geothermometers will be effective and useful. In other words, the general 
case is not a test of the potential usefulness of a geothermometer at one specific site, and 
calibration should be undertaken. 
 
The conductive cooling reaction path calculations simulate the changes in fluid-mineral 
equilibria for a reservoir under production. At initial stages of production, little reservoir 
cooling is anticipated, and hence effects should be confined to the production well, surface 
pipework, and the heat exchanger. In all cases, the silica concentration becomes saturated 
in quartz, which in theory would deposit as a scale mineral upon cooling. However, field 
experience and laboratory experiments show that quartz precipitation is impeded by slow 
reaction kinetics (e.g., Fournier, 1985) and that it is unlikely to form as a scale mineral. 
Instead, amorphous silica (the most soluble SiO2 polymorph) is more likely to precipitate, 
because reaction kinetics for precipitation are relatively fast. Attempts to model 
amorphous silica saturation and deposition, however, proved unsuccessful for unknown 
reasons, and this will be a focus of future study. Nonetheless, it is quite evident from Figure 
2 that most aquifer waters with temperatures <200°C contain less than 200 mg/kg SiO2 
and that for these waters amorphous silica saturation is unlikely to be reached until the 
solutions cool to <50°C.  
 
If reservoirs undergo cooling, carbonate and sulfate minerals that are present will be 
subject to dissolution, which will increase porosity and probably permeability. 
 
Pyrite precipitation in wells could limit corrosion by forming passive films as long as 
reducing conditions are maintained in the well. 
 
Conclusions 
 
The results show that most thermal waters are saturated in calcite and silica as controlled 
by quartz or chalcedony, which makes aqueous silica concentration useful for determining 
reservoir equilibration temperatures.  
 
Thermal waters are out of equilibrium with K-feldspar, K-mica, Na-feldspar, and Mg-
chlorite, hence the cation geothermometers based on Na/K and Mg/K ratios give erroneous 
results. The empirically derived Mg/Li and Na/Li geothermometers could have some utility 
even though the mineralogical controls on these ratios is unknown.  
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Model results of the effects of conductive cooling show that quartz will precipitate due to 
normal solubility and that carbonate and sulfate minerals will dissolve (if present) due to 
reverse solubility.  
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Figure 1. Trilinear plot showing the proportions of major anions in thermal waters in sedimentary aquifers 
(Table 1). 
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Figure 2. Temperature versus aqueous silica plot  of thermal waters, which shows their concentrations with 
respect to the solubility curves of solid silica polymorphs. As mentioned in the text, the data for the two 
Thermo samples appear anomalous. 


 


 
Figure 3. Temperature versus log [Ca2+][HCO3-]2 (Table 2) plot  of thermal waters with respect to the 
solubility of calcite as a function of aqueous CO2 concentration. All waters except for Ngawha are super-
saturated in calcite. Ngawha is under-saturated in calcite due to the high concentration of aqueous CO2. 
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Figure 4. Temperature versus log [Na+]/[K+] (Table 2) plot of thermal waters with respect to Na-feldspar and 
K-feldspar equilibria.   
 


 
 


Figure 5. Temperature versus log [Mg++]/[K+] (Table 2) plot of thermal waters with respect to K-feldspar, K-
mica and Mg-chlorite equilibria.  Note, the Mg/K geothermometer (Giggenbach, 1988) is based on Mg-chlorite 
7Å rather than 14 Å. 
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Figure 6. Temperature versus log √Mg++/Li+ (Table 1) plot of thermal waters with respect to the empirical 
Mg-Li geothermometer line (Kharaka and Mariner, 1989). 
 


 
Figure 7. Temperature versus log Na+/Li+ (Table 1) plot of thermal waters with respect to the empirical Na-Li 
geothermometer line (Fouilliac and Michard, 1981). 
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Figure 8. Conductive cooling (122 to 52°C) reaction path model for Bacon Flat (Table 1), 
Nevada, (spatially related to Grant Canyon) starting with 1 kg of solution.  
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Figure 9. Conductive cooling (123 to 53°C) reaction path model for Corpus Christi Portland 
(Table 1), East Texas, starting with 1 kg of solution. This fluid is saturated in pyrite down to 
53°C, but the total amount of mineral that precipitates is <1 mg. 
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Figure 10. Conductive cooling (115 to 50°C) reaction path model for Grant Canyon (Table 
1), Nevada, starting with 1 kg of solution. 
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Figure 11. Conductive cooling (150 to 50°C) reaction path model for Houston-Galveston 
Halls Bayou (Table 1), East Texas, starting with 1 kg of solution. This fluid is saturated in 
pyrite down to 80°C, but the total amount of mineral that precipitates is <1 mg. 
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Figure 12. Conductive cooling (221 to 51°C) reaction path model for Ngawha (Table 1), 
New Zealand, starting with 1 kg of solution. 
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Figure 13. Conductive cooling (141 to 51°C) reaction path model for San Joaquin Kettleman 
North Dome (Table 1), California, starting with 1 kg of solution. This fluid is saturated in 
pyrite down to 51°C, but the total amount of mineral that precipitates is <1 mg. 
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Figure 14. Conductive cooling (177 to 52°C)reaction path model for Thermo (Table 1), 
Utah, starting with 1 kg of solution. 
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Table 1. Analytical data (mg/kg) from sedimentary aquifers at elevated temperature. 
 


 
 
 







p.18/18 
 


 
Table 2. Computed molal concentrations (m), activity coefficients (γ), and activities (a) of aqueous species at reservoir 
temperatures using SOLVEQ. 
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Figure 1.  Crater Bench study area northwest of Delta, Utah.  The extent of 
the basalt flow is readily visible.  The volcanic vent (Fumarole Butte) and 
Abraham Hot Springs (A.H.S.) are shown.
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Figure 2.  Crater Bench  magnetotelluric station locations and inversion 
line positions.  MT stations are blue squares labeled with station number 
and red lines are the 2D inversion model lines.


Figure 3.  Crater Bench, Utah complete Bouguer gravity anomaly map.  
Transect AB and MT inversion lines indicated.  Solid black trace outlines 
the surface extent of the Crater Bench basalt flows. New gravity stations 
marked by blue triangle, old gravity stations marked by black circles and 
MT sites marked by magenta squares.


Figure 4.  Crater Bench, Utah gravity profile and model of transect AB 
from Figure 3. The blue, yellow and gray colored bodies are the Crater 
Bench basalt flows, sedimentary fill and basement rock respectively.  Body 
densities are given in units of g/cm^3.
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Figure 6.  Crater Bench, Utah magnetotelluric 2D inversion models rep-
resented in 3D space.  Solid black trace outlines the surface extent of the 
Crater Bench basalt flows and dashed red line indicates gravity transect AB.
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Figure 5.  Crater Bench, Utah magnetotelluric 2D inversion line 1 (a), 2 (b), 3 (c), and 4(d) from Figure 
2.  Projections of MT stations used in each inversion are indicated by labeled triangles for each section.
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DE-EE0005128 Novel Geothermal Development of Deep Sedimentary Systems in the U.S. 


Final Report  


Task 2.0 – Simulation of Heat Exchange Processes and Thermal Evolution of Deep 
Sedimentary Reservoirs 


Summary 


Large, potentially commercial geothermal resources exist in sedimentary rocks beneath high heat-flow basins 
of the United States.  Geothermal reservoir modeling was performed to explore the available power density 
(MWe/km2) attributable to two general classes of reservoir: a multi-layered “sandwich” and single high 
permeability layer. Variations in reservoir temperature (i.e. conductive heat flow), permeability, and layer 
thickness were evaluated. The high permeability layers were assumed to be horizontal and laterally extensive.   
Production wells were assumed to be pumped at a constant rate, and all produced water was injected at 75oC 
after being cooled in a power plant. Modeling was undertaken using the STARS Advanced Process and Thermal 
Reservoir Simulator, Version 2010.  Five reservoir models were simulated:  1. Sandwich (base) reservoir model 
to test heat sweep for a reservoir-seal configuration with an average reservoir temperature of 200oC at 3 km 
depth; the reservoir comprised four 25 m thick layers with a permeability of 100 millidarcy and an overall 
transmissivity of 10 Darcy-meters.  2. Single layer reservoir with same initial temperature and transmissivity of 
the sandwich reservoir.  3. Low temperature (150oC) sandwich reservoir model.  4. Low permeability sandwich 
reservoir model, involving lower permeability layers than the sandwich base model which results in a reduced 
transmissivity (3 Darcy-meters) for the overall reservoir. 5. Short-circuit sandwich reservoir model where a 
high permeability layer results in a higher transmissivity (10 Darcy-meters) than the base sandwich model. All 
models assumed isotropic permeability, uniform porosity (10%), and initial thermally conductive vertical 
temperature gradient and hydrostatic pressure gradient.  The models utilized a five spot pattern with a 500m 
well spacing, with the flow rate in producer and injector wells being 1000 gallons per minute (63 
liters/second). After 10 years of production, the power densities ranged 4 MWe/km2 (Low Temperature and 
Short Circuit) and 9 – 10 MWe/km2 for the other three models.  After 30 years the power densities had 
declined to between 1 – 2.5 MWe/km2 for the Single Layer, Short Circuit and Low Temperature models, 4.4 
MWe/km2 (Sandwich), and 8 MWe/km2 for the Low Permeability model.  These models suggest that vertically 
distributed, relatively thin zones (10s of meters) of stratigraphic permeability in the range 10 – 100 mD are 
attractive reservoirs targets in high heat flow basins.  


Introduction 


Deep basins within the high heat flow parts of the western U.S. may have stratigraphic reservoirs between 
about 3 - 4 km depth with temperatures of 150 - 250°C (Allis et al., 2011; 2012) and may be attractive for 
geothermal power production.  These reservoirs are sub-horizontal and are much larger in area (> 102 km2) 
than the traditional fault-hosted hydrothermal reservoirs that have been developed in the past within the 
Great Basin (typically < 10 km2).  Blackwell et al., 2012 has suggested that the sub-vertical upflow zones of 
many of these hydrothermal systems that have been the target of production wells may be less than 1 km2 in 
plan view   Although the sub-horizontal bedrock layers considered by Allis et al. (2012) are at slightly greater 
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depth than traditional geothermal production wells, if these layers have sufficiently high transmissivity they 
may present a much easier drilling target, and the large reservoir area of basins implies a power potential of 
hundreds of megawatts (MWe).   


The purpose of this study is to investigate the rate of heat extraction from sub-horizontal reservoirs consisting 
of a realistic range of permeabilities, layer thicknesses, and thermal regimes.  Both environmental 
considerations, and reservoir management constraints to limit the pressure decline due to production, require 
all production water to be injected after being cooled in the power plant.  Injection wells are open to the same 
units as production wells, and the heat sweep process is therefore analogous to water flood techniques 
commonly used in secondary oil production.   Constraints to the numerical simulation model of the heat sweep 
process have been based findings from other components of this project (Moore and Allis, 2012).   A review of 
databases on permeability encountered in oil and gas production wells in the Great Basin and adjacent 
Colorado Plateau basins (Kirby, 2012), suggests that at 3 – 4 km depth permeabilities of 10 to 100 millidarcy 
(mD) are not uncommon.  There is no characteristic thickness of high permeability bedrock layers, which may 
range from less than 10 m to hundreds of meters in the Great Basin.  The modeling therefore started with a 
“base case” model which had a 300 m thick sequence comprising four relatively permeable layers (the 
“reservoir”, separated by intervening “seal” layers with a relatively low permeability.  The reservoir layers have 
a combined transmissivity of 10 Darcy-meters (D-m), at the low end of the transmissivities simulated by Sanyal 
and Butler (2009, 2010) in their economic modeling of lower-temperature basins such as the Gulf Coast 
sedimentary system.  Our modeling then considers four other models with results from variations in reservoir 
characteristics compared to those from the Sandwich model. 


Assumptions and Model Inputs 


Modeling was undertaken using the STARS Advanced Process and Thermal Reservoir Simulator, Version 2010 
(Computer Modeling Group, Ltd., 2010).  Five reservoir models were simulated and are summarized below, 
and graphs depicting the results can be found in the Appendix.  


1. The Sandwich (base case) reservoir model has an average reservoir temperature of 200oC at 3 km 
depth.  The reservoir comprised four 25 m thick layers with a permeability of 100 mD and an overall 
transmissivity of 10 D-m.  The seal layers between the high permeability layers have various 
thicknesses and a permeability of 1 mD (Tables 1, 2, and Fig. 1).   The model also has 500 m of low 
permeability (1 mD) above and below the reservoir sequence, and a constant temperature assumption 
on the upper and lower surface of the model to simulate an initial, thermally conductive regime.  The 
initial pressure is assumed to be hydrostatic, with a pressure of 300 bar at 3 km depth. 


2. The Single Layer reservoir model has the same general temperatures and transmissivity as the 
sandwich reservoir, but with no seal layers separating reservoir layers. 


3. The Low Temperature model is the same as the Sandwich, but with the average reservoir temperature 
being only 150oC at 3 km depth.  


4. The Low Permeability is the same as the Sandwich, but with reservoir layers having 33 mD, and a total 
reservoir transmissivity of 3 D-m). 


5. The Short Circuit model has one of the sandwich layers with a high permeability (300 mD), and the 
other three reservoir layers having permeabilities similar to the Low Permeability model layer.  The 
overall reservoir transmissivity is the same as the Sandwich. 
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The base assumptions made for the modeling work include: 


• Isotropic permeability 
• Uniform porosity (10%) 
• Ability to ignore wellbore heat losses 
• Well perforations in producing layers only 
• Boundary effects are negligible. 


The upper and lower boundaries of the model were assumed to be 500 m above and below the reservoir seal 
zone.  These boundary zones had a permeability of 1 mD and were sufficiently thick to not influence conditions 
within the reservoir-seal zone for the duration of the models (50 years).  All models utilized a common five 
spot pattern with a 500 m well spacing as shown in Figure 2.  This well spacing was chosen after some 
preliminary modeling to ensure large changes in temperature would be seen on a time scale of the economic 
life of a power plant (~ 30 years).  The design flow rate in producer and injector wells were 1000 gallons per 
minute (63 liters/second), about half the maximum rate normally achievable for geothermal pumps (ref?). A 
critical assumption for all models is that production wells were pumped at a constant rate, and all produced 
water was injected at 75 oC after being cooled in a power plant.  Negligible wellbore heat loss was assumed, 
similar to that in earlier modeling work of Sanyal and Butler (2010). Heat output calculations were based on 
producer well water yearly average flow rates and temperatures from each producing layer.  


To improve the general performance of the models in terms of computation time, the computational grid was 
manipulated so that depth dimension (k) of the i, j, k grid for the central layers of stratigraphic reservoir was 
reduced to 5 meters, while the cap layers with low permeability used 25 meters. The did result in some un-
natural blocking of calculated temperature results at the cap layer boundaries, but was inconsequential in 
terms of predicted temperature breakthrough times. 


The model domain took advantage of flow symmetry, and was a 500 m x 500 square in plan view with one 
quarter producers and injectors on the corners (Fig. 1).  The results are easily scaled to calculate the efficiency 
of the heat sweep process, and after allowing for the power plant conversion efficiency of the produced water 
to power generation the power generation density (MWe/km2) can be calculated.  The 500 m well spacing 
consists of two producers and two injectors per square kilometer, or 8 times the output from one quarter wells 
in the model domain.   


The relationship between the initial conditions for the modeling and the assumed pressure and temperature 
conditions for a hypothetical high heat flow basin are shown in Fig. 3.  The change in temperature gradient at 
the top of the model represents the increase in thermal conductivity between the overlying sedimentary cover 
and the underlying bedrock containing the reservoir.  This thermal regime is consistent with that in high heat 
flow sedimentary basins in western U.S.  (80 – 100 mW/m2; Allis et al 2012).  Also shown is the maximum 
range of pressures that were calculated from the models during production and injection, and how these 
pressure changes are small compared to a lithostatic pressure gradient and an inferred fracture gradient of 
90% of lithostatic. 
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Sandwich (red = 100 mD units) 


Low Perm (30 mD units) 


Low Temp (100 mD units; 150°C) 


 


 


Single Layer (100 mD) 


 


Short Circuit (red = 300 mD; 


Light blue = 33 mD) 


 


Fig. 1,  Permeability  layering for the 5 models.  With the exception of the Low Temperature model, the 
reservoir midpoint temperature is 200°C.  Deep blue represents 1 mD rock. No vertical exaggeration .  I think 
this fig is needed in addition to the above table. It does provide a lead into the next figure… needs tidying up; 
maybe color not necessary?
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Table 1: STARS Input for Sandwich and Single Layer reservoir models 


Properties Sandwich Single 


Dimension 500 m  x 500 m x 1300 m 


No. of Layers 9 


Grid (i, j, k) 100 @ 5 m x 100 @ 5m x 100 @ variable m 


k:  1 - 20 = 25 m, 500 m total (layer 1) 


21 - 25 = 5 m, 25 m total (layer 2) 


26 - 32 = 5 m, 35 m total (layer 3) 


33 - 37 = 5 m, 25 m total (layer 4) 


38 - 57 = 5 m, 100 m total (layer 5) 


58 - 62 = 5 m, 25 m total (layer 6) 


63 - 75 = 5 m, 65 m total (layer 7) 


76 - 81 = 5 m, 25 m total (layer 8) 


81 – 100 = 25 m, 500 m total (layer 9) 


Permeability 100 mD-layers 2,4,6,8  


1 mD-layers 1,3,5,7,9 


100 mD-layer 5  


1 mD-layers 1,3,4,6,7,8,9 


Transmissivity 10 D-m 


Porosity 0.1 


Rock Therm. Cond. 2.5 W/m oC 


Water saturation 0.99 


Initial Temperature 200oC at 3 km depth 


 Gradient 35oC/km 


Initial Pressure 300 Bar at 3 km depth 


Gradient100 Bar/km 


Well Pattern 2 x ¼  Injector located at 0,0 m and 1000,1000m 


2 x ¼ Producer located at 0,1000 m and 1000,0m 


Water inj. (Total) 1000 gallons/minute, (US) 324 Bar  BHP, 75oC 


(Each of 2 injectors has ¼ of 1000 gpm, or 15.7 l/s) 
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Table 2: Variation in STARS Input for Sandwich, Low Temperature, low Permeability, and Short-Circuit 
Models. 


Properties Sandwich Low Temp. Low Perm. Short-Circuit. 


Permeability 100 mD-layers 


2,4,6,8  


1mD-layers 


1,3,5,7,9 


100 mD-layers 


2,4,6,8  


1mD-layers 


1,3,5,7,9 


30 mD-layers 


2,4,6,8  


1mD-layers 


1,3,5,7,9 


300 mD-layer   


4 


33 mD-layers  


2, 6,8   


1mD-layers 


1,3,5,7,9 


Transmissivity 10 D-m 10 D-m 3 D-m 10 D-m 


Initial Temp.  200oC   150oC  200oC  200oC  


 


 


 


Figure 2: Well spacing for modeling.  This spacing has two producers and two injectors per square 
kilometer, or about 8 wells per acre spacing.  The model domain has two quarter producers and two quarter 
injectors on each corner.  
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Figure 3:  Relationship of model assumptions to the temperature and pressure boundary conditions.  The five 
models consider various permeabilities within the reservoir-seal zone.  The low temperature model has an 
initial temperature profile scaled so that it passes through 150°C at 3000 m. 


 


Results 


The most obvious differences in the response of each model to production and injection are shown in the 
temperature changes after 30 years (Fig. 4).  Temperatures of less than 100°C have broken through in the both 
the Single Layer model and high permeability layer of the Short Circuit model within 30 years.  Although the 
Sandwich, Single Layer and Short Circuit models have the same total reservoir transmissivity (10 D-m), large 
differences in the extent and amplitude of cooling are apparent.  These differences are highlighted by plotting 
the wellhead production temperature with time (Fig. 5), which are calculated by adding the heat inflow to 
production wells occurring from each of the reservoir layers.   
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Perhaps surprisingly, the best thermal performance comes from the Low Permeability model.  The main reason 
for this is there is less permeability contrast between the reservoir units and the seal units (33:1), so a greater 
proportion of heat is being swept from the adjacent seal units on a time scale of decades.  The pumped 
producers are still producing at the same flow rate as in the other models, but the lower total transmissivity 
causes a greater lateral pressure gradient between injectors and producers (about 60 bars compared to about 
30 bars with the other models).   In contrast, the seal units above and below the Single Layer model contribute 
little to the heat sweep process. 


The most rapid thermal decline occurs in the high permeability unit (300 mD) of the Short Circuit model, with a 
decrease in production wellhead temperature from 200 to about 150°C within 10 years.  However at longer 
times, this model performs substantially better than the Single Layer model, and at 50 years, the wellhead 
temperature is not far below that for the Sandwich model.  Fig. 7 shows what happens to the inflowing hot 
water to production wells at each of the reservoir units for the Short Circuit model.  The initial rapid thermal 
decline is due to the focused ingress of cool injection water within the high permeability layer, which is initially 
about 10 times the flow in each of the other three reservoir layers.  However, the flow rate in the high 
permeability layer diminishes by about 20% due to the effects of increased dynamic viscosity of the cool water, 
and the flow rate through the other three lower-permeability layers increases by between 50 and 100%.  After 
10 years the high permeability layer is providing only half the total heat inflow to the well, and by 50 years this 
fraction has decreased to 15%.    


The subtle effects of increasing water viscosity with decreasing temperature can also be seen in the Sandwich 
model (Fig. 8).  Here, the layers all have the same permeability and thickness, so the only variable is 
temperature and its effect on the physical properties of water.  In the early production years the rate of heat 
inflow to the production wells increases with increasing depth and initial layer temperature.  However, as 
these deeper layers preferentially cool, the injection flow into them decreases and the flows in the two upper 
layers, which are now warmer than the deeper layers, increases.  After about 30 years, the pattern of heat 
inflow with depth has reversed, with the highest inflow occurs in the uppermost layer, and lowest inflow in the 
deepest layer.  In reality, natural variability in permeability on a local scale within layers would likely obscure 
this effect. 
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Fig.4.   Cross-sections of temperature (°C) after 30 years of production and injection for all 5 models. 
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Fig. 5.  Trends in production wellhead temperature with time.  The Low Permeability model provides the most 
sustainable heat output.  The most rapid thermal decline occurs in the Short Circuit model, although long-
term, that model performs better than the Single Unit model. 


 


Fig. 6.  Pressure changes with time at reservoir level in all five models. 
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Fig. 7.  Thermal contributions from the four reservoir layers in the Short Circuit model.  After 25 years, each of 
the three lower permeability layers is contributing more heat than the high permeability unit. 


 


Fig. 8.  Thermal contributions from the four reservoir layers in the Sandwich model. After 30 years, the pattern 
of increasing inflow with increasing depth is reversed due to effects of changing dynamic viscosity of the cross-
flowing water.   
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When the production wellhead temperatures (Fig. 5) are combined with the fixed flow rate of 250 gallons per 
minute per quarter well (15.7 l/s), the heat output from the quarter wells in the models is a scaled version of 
that figure (Fig. 9).  The heat output from the four models with 200°C as the initial reservoir temperature 
decreases from about 8 MWth/quarter well, and that for the 150°C initial temperature it decreases from 5 
MWth per quarter well.  These heat outputs are equivalent to 33 and 20 MWth per full production well.     


 


Fig. 9.  Trends in heat output with time from the five models.  The full heat output per production well is four 
times the values shown in the graph. 


The electric power output per production well, and therefore the power density, has been calculated using the 
conversion efficiency relationship established by Allis and Larsen (2012) for air-cooled binary power plants.   
Fig. 10 shows trends that are similar to those for heat output trends, except that the decline in power output 
with time is more severe.  This is due to the decreasing conversion efficiency as production temperature 
declines.  The implications of these trends for the scale and economics of geothermal power generation from 
bedrock-hosted reservoir sequences beneath high heat flow basins is being studied separately. 
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Fig. 10.  Trends in power density with time, a measure of the efficiency of the heat sweep process of injected 
water within the reservoir-seal zone between injection and production wells. 


Conclusions 


Investigation of the response of stratigraphic reservoir-seal sequences to production and injection for 
geothermal power generation shows that the best reservoirs may be those that have a range of permeability 
of the order of 10 to 100 mD distributed over a depth range of hundreds of meters.  The greatest difference in 
long-term thermal output of production wells occurs between the Low Permeability model, and the Single 
Layer and Short Circuit models.  Models with a single, relatively high permeability layer have a significantly 
worse thermal response over several decades than lower permeability model with reservoir layers separated 
by seal layers.  During 30 years of production and injection, production wells in the Low Permeability model 
each generated 140 MWe-years of power compared to 65 - 90 MWe-years per production well in the Single 
Layer and Short Circuit models.  A consistent result from all the models was that vertically distributed reservoir 
layers allow a much greater fraction of heat to be swept from lower permeability seal units.  In all models the 
lateral pressure gradient induced between injectors ranged between 30and 60 bars, which is not unusual for 
geothermal developments.  


In addition to the strong influence of the vertical permeability distribution of high permeability layers, these 
results are sensitive to the assumptions about the injector-producer well spacing of 500 m and the pump rate 
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of 1000 gpm (63 l/s per well).  Increasing the well spacing is a common mitigation response in geothermal 
developments where injection water break-through occurs at nearby production wells.  Changes in the pump 
rate will also inflow the rate of cross-flow between injectors and producers.  These are factors that will be 
considered in future modeling.        
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Abstract 


In support of a national study to evaluate geothermal resource development, hydrologic, 


geological, and thermal data from high-permeability stratigraphic units in sedimentary basins 


within the eastern Great Basin, were examined to evaluate heat and groundwater flow with 


respect to geothermal potential. Recently-published data about heat flow, hydrogeologic 


conditions, potentiometric-surface levels, and groundwater budgets were combined and 


compared to identify patterns that could indicate potential for geothermal development and areas 


of convective heat transport by groundwater movement. Groundwater temperature data were 


compiled and compared to heat-flow data to evaluate correlations, but a consistent pattern of 


higher groundwater temperatures in areas of high heat flow was not apparent. Comparisons 


between regional groundwater-flow patterns and heat flow, however, indicate a strong spatial 


relation between groundwater movement and heat distribution. Combining aquifer geometry and 


heat-flow maps, a selected group of subareas within the eastern Great Basin are identified that 


have high heat flow and contain thick basin-fill deposits. These regions may have potential for 


future geothermal resource development.  


Introduction 


Located within the Basin and Range Physiographic Province, the Great Basin carbonate 


and alluvial aquifer system (GBCAAS) covers an area of approximately 285,000 km
2
 (110,000 


mi
2
) and lies predominantly within eastern Nevada and western Utah (fig. 1; Heilweil et al., 


2011). Altitudes range from below sea level to above 4,500 m (14,000 ft). Most of the study area 


is categorized as having a semi-arid or steppe climate, except for the extreme southwestern 


basins which have an arid desert climate, and the extreme northeastern mountains which have an 


alpine/tundra climate. Annual precipitation ranges between 3.8 cm (1.5 in) in southern Nevada to 


178 cm (70 inches) in northern Utah. The physical geography of the study area is characterized 


by north or northeast trending mountain ranges approximately 8-24 km (5-15 mi) wide separated 


by broad basins approximately 8-15 km (5-10 mi) wide and typically about 60-110 km (35-70 


mi) long, although some basins are as long as 240 km (150 mi). In areas of high heat flow and 


thick basin-fill deposits, these longer basins may act as large stratigraphic geothermal reservoirs. 


[Figure 1 near here] 


 


Interest in the development of geothermal energy includes a national effort to evaluate 


potential non-conventional geothermal resources, which may represent a much larger potential 


energy reserve than conventional geothermal resources. Conventional geothermal resources are 


defined as the utilization of “hydrothermal fluid circulation that arises only with the 


convergence of high temperatures—due either to magmatism or other tectonic processes that 


elevate temperature gradients in the Earth’s crust—and permeability, typically fracture 







permeability produced as a result of active faulting” (Williams, 2008). Current conventional 


geothermal power production capacity in the U.S. is about 3,000 Megawatts-electric 


(MWe).Total additional conventional geothermal resource development potential is estimated to 


be about 9,000 MWe. One such non-conventional form of geothermal resources is Enhanced 


Geothermal Systems (EGS), defined by Williams (2008) as “geothermal resources that require 


some form of engineering to develop the permeability necessary for the circulation of hot water 


or steam and the recovery of heat for electrical power generation. Because exploitation of EGS 


resources incorporates the augmentation or creation of permeability in place, the presence of 


elevated temperatures at drillable depths is the dominant factor controlling the quality of the 


resource.“ Prospective EGS development adds more than 500,000 MWe to the estimated 


potential geothermal resources. In addition to EGS, Allis et al. (2011) defines another form of 


non-conventional geothermal resource as stratigraphic geothermal reservoirs. Such potential 


reservoirs are associated with deep sedimentary basins in the Basin and Range high heat-flow 


province (Sass et al., 1971) and elsewhere. The most promising stratigraphic geothermal 


reservoirs may be in areas having low thermal conductivity basin-fill deposits acting as 


insulators and resulting in steeper geothermal gradients and elevated temperatures in the 


underlying bedrock. Ongoing studies suggest that temperatures need to be more than 150 ˚C for 


economically viable energy development, which may occur in reservoirs buried by more than 2 


km of unconsolidated sediments; such areas may be located in high heat flow parts of the Great 


Basin (Allis et al., 2012, in prep.). Stratigraphic reservoirs with naturally high permeability may 


be easier to develop than potential EGS resources.   


Purpose and Approach 


The purpose of this study is to identify potential stratigraphic geothermal reservoirs 


underneath the valleys of the eastern Great Basin where significant permeability exists in 


consolidated rock (mainly carbonates) and there is a blanket of thick basin-fill sediments with 


low thermal conductivity overlying the consolidated rock. Particularly, the objective was to 


integrate hydrologic, geologic, and thermal data to evaluate heat and groundwater flow within 


the eastern Great Basin relative to geothermal resource potential. Specifically, the study (1) 


considers the role of groundwater movement in defining the area’s thermal characteristics and 


(2) identifies deep zones of permeable consolidated rock that are overlain by thick basin-fill 


deposits in areas of high heat-flow. These areas may have potential for geothermal resources 


development in the eastern Great Basin.  


The approach was to utilize recently published data for examining parameters relevant to 


geothermal resource exploration including: carbonate aquifer thickness and extent, thickness of 


overlying sediments, regional heat flow, groundwater temperature, and groundwater flow 


direction. These recent studies include a hydrogeologic study of the eastern Great Basin 


(Heilweil and Brooks, 2011) with  a three-dimensional hydrogeologic framework (Sweetkind et 


al., 2011a), an evaluation of groundwater flow directions (Sweetkind et al., 2011b), and 


groundwater budget estimates (Masbruch et al., 2011). These studies build upon previous 


regional groundwater investigations, including Welch et al. (2007), Harrill and Prudic (1998), 


and Prudic et al. (1995). In addition, a recently published heat-flow map of the conterminous 


U.S. (Southern Methodist University, 2011) improves upon the spatial resolution of previously 


reported heat flow in the eastern Great Basin (Blackwell, 1983).  Available hydrogeologic and 


thermal data were combined using geographic information system (GIS) techniques to generate 


maps and cross sections highlighting potential stratigraphic geothermal reservoirs. 







Hydrogeologic Framework and Groundwater Flow 


The GBCAAS comprises Cenozoic unconsolidated basin-fill sediments and volcanics, 


Paleozoic carbonates, and Late Proterozoic and Early Cambrian carbonates and siliciclastic 


formations. These formations were grouped by Sweetkind et al. (2011a) into hydrogeologic units 


(HGUs) considered to have distinct hydrologic properties because of their physical (geological 


and structural) characteristics. Permeable Cenozoic rocks, which exceed thicknesses of 5 km in 


places, have been divided into three HGUs: an upper basin-fill aquifer unit (UBFAU), a lower 


basin-fill aquifer unit (LBFAU) and a volcanic unit (VU). In many areas, these Cenozoic 


aquifers are underlain by permeable carbonate rocks which form regionally extensive aquifers 


that are hydraulically connected between basins. These carbonate aquifers have been divided into 


an upper carbonate aquifer unit (UCAU) and a lower carbonate aquifer unit (LCAU), which are 


separated by an upper siliciclastic confining unit (USCU) of low-permeability Mississippian 


shale. A noncarbonate confining unit (NCCU) of low-permeability Precambrian siliciclastics 


underlies the LCAU.   


As described by Sweetkind et al. (2011a), the “3D-hydrogeologic framework was 


constructed from a variety of information sources, including geologic maps, cross-section data, 


drill-hole data, geophysical models representing the thickness of Cenozoic basin fill, and 


stratigraphic surfaces created for other 3D-hydrogeologic frameworks. The 3D framework was 


constructed by standard subsurface mapping methods of creating structure contour and 


thickness maps for each of the HGUs; grids representing the top and base of each unit were then 


stacked in stratigraphic sequence. The 3D stacking was guided by rules that controlled 


stratigraphic onlap, truncation of units, and minimum thickness. The 3D-hydrogeologic 


framework and component gridded surfaces were evaluated for accuracy by visual inspection 


and by mathematical manipulations. The extent and thickness of the HGUs were reviewed and 


compared to published geologic interpretations; in many cases, grids were reinterpreted to 


create more consistent isopach trends. For consistency, the elevations of HGUs were compared 


to a digital elevation model (DEM) and to each other. The 3D digital solid of the framework was 


clipped to the topographic surface by intersecting the solid volume with a DEM. The resulting 


upper surface of the 3D hydrogeologic framework closely resembles the surficial hydrogeologic 


map, and lends confidence to the subsurface interpretation. Vertical cross sections sampled from 


the digital 3D framework model along the trace of previously published geologic sections were 


compared to the published sections.” Additional information regarding data and methods used 


for construction of the hydrogeologic framework is given by Cederberg et al. (2011). 


Groundwater movement within the GBCAAS typically is from recharge areas in high- 


altitude mountains towards low-altitude discharge areas (fig. 2), consistent with previous 


conceptual models of groundwater flow in areas of high topographic relief (Toth, 1963). Within 


the study area, most groundwater flow occurs in the UBFAU, LBFAU, UCAU, and LCAU 


(Masbruch et al., 2011).  


 [Figure 2 near here] 


 


Figure 3 is a simplified version of a recently published potentiometric-surface map 


showing contours of equal groundwater-level altitude, indicating generalized hydraulic gradients 


throughout the GBCAAS (Heilweil and Brooks, 2011, plate 1). Groundwater generally flows 


perpendicular to these contours, moving from higher to lower groundwater-level altitudes. 







Because of the large contour interval of 1,000 ft (about 300 m), this potentiometric-surface map 


indicates only regional-scale movement of groundwater. The map indicates regional groundwater 


movement away from the higher-altitudes in the center of the eastern Great Basin towards the 


Great Salt Lake Desert, the Muddy River Springs area, the Virgin River, Death Valley, and the 


Humboldt River. The figure also shows 17 regional groundwater flow systems, modified from 


Harrill et al. (1988) and Harrill and Prudic (1998). 


  [Figure 3 near here] 


 


Carbonate rocks within the GBCAAS study area have relatively high permeability 


(geometric mean of 1.2 m/d; equivalent to a permeability of about 150 millidarcies) and underlie 


more than 2 km of basin-fill sediments in several areas (Sweetkind et al., 2011a). Allis et al. 


(2012) show that temperatures of 150 ˚C can be found where there is a sediment thickness of 


more than 2 km and the heat flow is about 90 mW/m
2
. In this study, a minimum  thickness of 2 


km for Cenozoic deposits was used to identify parts of the eastern Great Basin which may have 


potential geothermal reservoirs at greater depth. Published hydrogeologic cross sections 


(Sweetkind et al., 2011a, figures B-9, B-10) generally show that the carbonate units in the study 


area are more continuous in the north-south direction than in the west-east direction, mainly 


because of west-east structural extension resulting in north-south trending block faulting 


(Dettinger and Schaefer, 1996). Cross-section B-B' (figure 4) extends from Ruby Valley in the 


north to Las Vegas Valley in the south and shows continuity of LCAU along this north-south 


profile; cross-section D-D', extending east from Jakes Valley in central Nevada to Northern Juab 


Valley near the Wasatch Mountains of Utah, illustrates the disconnected nature of LCAU along 


this west-east profile. 


  [Figure 4 near here] 


 


As part of this study, nine additional west-east hydrogeologic cross sections were 


constructed based on the hydrogeologic framework of Sweetkind et al. (2011a); their locations 


are shown in figure 5. While these cross-sections show the often-disconnected nature of the 


carbonate aquifers, each section has contiguous areas of carbonates underlying two or more 


hydrographic areas (HAs; fig. 6). In particular, sections M-M′ and O-O′ each show regions of 


connected carbonates over 160 km (100 mi) in length with thickness in some areas exceeding 4 


km. The total thickness of Cenozoic deposits (UBFAU + LBFAU + VU) is quite variable 


throughout the study area. The cross sections in figure 6 show several valleys with less than 500 


m of Cenozoic deposits, but thicknesses approach 5km in other areas such as beneath the East 


Shore Area (HA 268) in section I-I′, Pine Valley (HA 53) in section L-L′, and Garden Valley 


(HA 172) in section P-P′. 


  [Figure 5 near here] 


 


  [Figures 6A, 6B, 6C, 6D near here] 


 


 


 







These sections also show that several portions of the study area are dominated by lower-


permeability rocks that likely are not good targets for geothermal development. For example, the 


west sides of cross sections J-J′, L-L′, and M-M′ show a region in the northwestern part of the 


study area dominated in the shallow subsurface by the thrusted noncarbonate confining unit 


(TNCCU) encompassing several HAs (fig. 6). Similarly, portions of the central part of the study 


area have large thicknesses (exceeding 3 km) of USCU, as observed in the central part of M-M′, 


the eastern part of O-O′, and the western part of P-P′. 


Heat Flow 


Sass et al. (1971) first described an area of anomalously high heat flow in the Nevada 


portion of the eastern Great Basin known as the “Battle Mountain High” south of Winnemucca 


and Elko, with values exceeding 100 mW/m
2
. This area of high heat flow was interpreted as 


originating from near-melting conditions in the lower crust and upper mantle. Subsequent work 


by Blackwell (1983) showed additional areas of high heat flow in both Nevada and Utah and 


attributed these to a combination of extension and crustal thinning (including volcanism and 


intrusion), effects of thermal refraction, radioactive heat production, erosion and sedimentation, 


and advective effects of groundwater flow.  


 The Great Basin portion of an updated heat-flow map (Southern Methodist University, 


2011) is reproduced in figure 7, with values ranging from 45 to greater than 100 mW/m
2
.  Sass et 


al. (1971) describe an area of anomalously low heat flow in south-central Nevada known as the 


“Eureka Low”, with heat-flow values less than 65 mW/m
2
. Lachenbruch and Sass (1977; 1978) 


proposed that regional-scale groundwater flow likely influences the thermal regime of the eastern 


Great Basin, advectively transporting heat away from several areas and causing anomalously low 


heat-flow values. Thus, flow through regionally extensive aquifer units such as the LCAU may 


transport significant amounts of heat through advective flow. Based on thermal mass balance 


considerations, this heat would be brought to distal parts of the groundwater flow system, 


resulting in elevated temperatures in regions of groundwater discharge.   


  [Figure 7 near here] 


 


One area that displays an anomalous heat flow pattern and that has undergone detailed 


hydrological study in recent years is the Snake Valley area along the Utah-Nevada border (fig. 


7). Results of a groundwater flow and heat transport numerical model (Melissa Masbruch, U.S. 


Geological Survey, written commun., May 2012), recent temperature measurements (Blackett, 


2011), and analysis of groundwater geochemical data (Phil Gardner, U.S. Geological Survey, 


written commun., May 2012) indicate that low heat flow in the vicinity of Baker, Nevada, 


corresponds to areas with high groundwater recharge rates and rapid groundwater flow. 


Groundwater movement from the southwest to northeast, therefore, may be transporting heat 


away from recharge areas. The area of higher heat flow near Fish Springs is similar to other areas 


within the fine-grained Lake Bonneville sediments. The high heat flow in these areas may be 


attributed to the lack of groundwater flushing of heat. Both the relatively low permeability of 


these sediments and low horizontal hydraulic gradients in these areas indicate slower 


groundwater movement than upgradient parts of the groundwater flow system (Gardner et al., 


2011). 


 







On the basis of these Snake Valley area findings, groundwater flow patterns were 


examined in other areas having low heat flow rates. Figure 8 shows (1) groundwater-budget 


imbalances, (2) possible directions of subsurface flow, as indicated by blue arrows, and (3) areas 


of heat flow less than 70 mW/m
2
 (hachured areas). The figure indicates a possible correlation 


between zones of low heat flow and areas of interbasin subsurface flow from the Diamond 


Valley, Newark Valley, and the northern part of the Colorado groundwater flow systems. These 


areas contain thick, continuous deposits of permeable carbonates (Cederberg et al., 2011) which 


are likely conduits for groundwater flow indicating that heat may be being transported in the 


direction of regional groundwater flow. Other areas of low heat flow such as near Salt Lake City, 


UT, and Baker, NV, may be caused by intrabasin subsurface groundwater flow (Manning and 


Solomon, 2005; Gardner et al., 2011). Additional studies including coupled groundwater/heat 


flow modeling are needed to further investigate these linkages. 


  [Figure 8 near here] 


 


To further examine the implications of groundwater flow on heat flow, groundwater 


temperature data were evaluated. Areas of high/low heat flow may correspond to anomalously 


warm/cool groundwater temperatures caused by advective groundwater flow. Ideally, 


groundwater temperature gradients would be evaluated to examine this linkage. Unfortunately, 


in-situ groundwater temperature gradient data for the eastern Great Basin are very sparse; only 


shallow groundwater temperatures were generally available for this study. Using shallow 


groundwater temperatures is problematic because air temperatures (representing climatic 


conditions) can affect subsurface temperatures to depths of more than 100 m (Harris and 


Chapman, 2001). To minimize the effect caused by surface temperature variability, shallow 


groundwater temperature data were corrected for ground-surface temperature variations. This 


was done by (1) calculating mean annual air temperature across the study area, (2) adding 3˚C to 


mean annual air temperatures to account for the warmer ground surface (Powell et al., 1988), and 


(3) subtracting the measured groundwater temperature from this mean annual ground-surface 


temperature.  


The variation in mean annual air temperature across the study area is primarily a function 


of altitude and latitude. The mean annual air-temperature distribution was based on an empirical 


function defining temperature (atmospheric lapse rate) as: 


                             (1) 


where h and n are the altitude and latitude (northing), respectively, and C1, C2, and C3 are 


coefficients from a linear least-squares inversion based on mean annual air temperature data 


from 260 weather stations in Utah and Nevada, each containing a minimum of 10 years of 


continuous data (Western Regional Climate Center: 


http://www.wrcc.dri.edu/COMPARATIVE.html). The constants resulting from this inversion are 


°C/km for change with altitude increase, °C/km for northing increase, and 


°C as the resulting free parameter. Using these coefficients, mean annual temperature 


was estimated with two spatial inputs. Altitude was taken from the Shuttle Radar Topography 


Mission (SRTM) Digital Elevation Models (DEM) and the corresponding northing for each 90-


meter DEM grid cell was used to calculate temperature at each cell location. Residuals were 


calculated to test the results of the calculations. Figure 9 compares the residuals between 


modeled and actual air temperature data, generally less than ± 2˚C. There is no evident spatial 
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bias in these residuals across the study area. This interpolation does not consider other factors 


such as microclimatic differences caused by aspect, slope, and vegetation, which can cause 


considerable variation in mean annual temperature (Trask, 2011). Figure 10 shows calculated 


mean annual air temperatures for the study area, which range from about -5 to +23˚C.  The 


warmest ground-surface temperatures within the study area are found in the low-altitude 


southern deserts; the coolest temperatures are in the high-altitude northern mountains.  


  [Figure 9 near here] 


  [Figure 10 near here] 


Shallow groundwater temperatures within the study area used for the comparison to heat-


flow data included 1,458 temperature measurements from springs and 6,062 temperature 


measurements from wells less than 100-m depth (both springs and wells include multiple 


measurements at the same site). These data are from USGS National Water Information System 


and Great Basin Center for Geothermal Energy databases 


(http://www.unr.edu/geothermal/GeochemDB.htm, accessed on 2/17/2012).  


The calculated ground-surface temperature (mean annual air temperature plus 3˚C) was 


subtracted from the measured water temperature at each well or spring location, yielding the 


corrected groundwater temperatures shown in figure 11. These corrected groundwater 


temperatures range from less than -5 to more than 100 ˚C and generally do not show a strong 


correlation with heat flow. Some of the warmest corrected groundwater temperatures (greater 


than 50˚ C) are associated with areas of heat flow approaching or greater than 80 mW/m
2
. These 


HAs include Crescent Valley (HA 54), Ruby Valley (HA 176), Steptoe Valley (HA 179), and 


Milford Area (HA 284), where higher groundwater temperatures may be related to higher heat 


flow and (or) thermal transport by groundwater flow, although data sparsity does not allow for a 


conclusive interpretation. Most of the cooler corrected groundwater temperatures (less than 5˚ C) 


are located in the northeastern part of the study area along the Wasatch Front and adjacent 


basins, including Milford Area (HA 284), Beryl- Enterprise Area (HA 280), and Sevier Desert 


(HA 287). Other areas include the southern part of the study area near Las Vegas and Death 


Valley (HAs 212, 162, and 230), and along the NV/UT border in the central part of the study 


area (HA 254). These areas of cooler groundwater temperatures do not always correlate with 


areas with low heat flow. Possible reasons for the lack of correlation between cool groundwater 


temperatures and low heat flow are: (1) reported spring and well temperatures may not have been 


measured in-situ (wells) or at the spring orifice and water cooling or warming may have occurred 


prior to measurement; (2) many places, particularly in the lowest heat-flow areas of HAs 53, 61, 


154, 155A, 187,188, and 254, have little or no reported spring or shallow-well temperature 


information; (3) artificial recharge, such as near Las Vegas Valley (HA 212) where injected 


water is about 13 ˚C cooler than ambient groundwater temperatures (Solomon et al., 2011), may 


artificially cool groundwater temperatures. 


  [Figure 11 near here] 


 


Use of Hydrogeologic and Heat-Flow Data to Highlight Areas of Potential Geothermal 


Development 


The highest temperatures at depth in the eastern Great Basin likely occur where the heat 


flow is highest and unconsolidated basin-fill sediments are thickest.  Figure 12 shows locations 
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within the GBCAAS where pre-Cenozoic rocks underlie sequences of Cenozoic units (UBFAU, 


LBFAU, and VU) with thickness greater than 2 km. These sediments are assumed to have low 


thermal conductivity in comparison to the underlying bedrock units due to higher saturated 


porosity. 


  [Figure 12 near here] 


 


GIS techniques were used to map the intersection of areas having both high heat flow 


(greater than 80 mW/m
2
) and thick (greater than 2 km) Cenozoic units in the GBCAAS study 


area (fig. 13). UCAU and (or) LCAU underlies these Cenozoic units in most of the study area 


(see fig. 6). The most extensive areas of high heat flow and thick Cenozoic deposits include (1) 


Oasis Valley in Nevada near Death Valley; (2) the central part of the Sevier Desert in Utah (3) 


the East Shore, Promontory Mountain, and Malad-Lower Bear River areas in northern Utah near 


the Great Salt Lake; and (4) the Marys River and Starr Valley areas northeast of Elko, Nevada. 


Smaller areas can be found in more than 40 other HAs. 


  [Figure 13 near here] 


Summary 


Analysis and comparison of recently published hydrogeologic and heat-flow data from 


the Great Basin carbonate and alluvial aquifer system yields the following important findings:  


1. Significant regions of the study area are underlain by thick, pre-Cenozoic carbonates. 


Generally, these units have more continuity in the north-south direction, but there are 


several areas having carbonate thicknesses of up to 4 km extending for more than 160 km 


(100 mi) in the east-west direction.  


2. The distribution of heat flow within the study area may be significantly affected by 


groundwater movement that transports heat through highly-permeable, continuous 


aquifers. Such areas may not be ideal targets for geothermal resources development 


because of the likelihood of cooler groundwater temperatures and lower geothermal 


gradients. Heat transport could not be confirmed in these areas from available 


groundwater temperatures because the limited data did not indicate consistently cooler 


groundwater in these areas. The lack of correlation between heat flux and shallow 


groundwater temperatures in these areas may be attributed to measurement error, the 


sparsity of well and spring data points, and cooling effects of winter-season artificial 


recharge (in selected locations). Alternatively, there may be other factors affecting 


groundwater temperature distribution not considered in this study. 


3. Several large regions (and many smaller areas) occur within the Great Basin carbonate 


and alluvial aquifer system study area that have at least 2 km of Cenozoic sediments with 


low thermal conductivity and surficial heat flow greater than 80 mW/m
2
.These locations 


warrant further investigation for possible future geothermal resource development.  


Future Work 


We recommend additional more detailed hydrologic, geologic, and geothermal studies to 


help identify potential high-permeability geothermal reservoirs overlain by thick sedimentary 


units having low thermal conductivity. In such areas, more specific studies of in-situ 


groundwater temperatures, groundwater fluxes, and heat-flow relations are needed to evaluate 


potential for geothermal resource development. Existing information (e.g. gravity, borehole, and 







seismic data) regarding unconsolidated sediment thickness in the deepest portion of these basins 


may not be sufficiently detailed at the scale necessary for geothermal resource evaluation. 


Likewise, the available heat flow data may not be at sufficient resolution for further 


investigations. Laboratory measurements of thermal conductivity from core samples and 


additional groundwater temperature/depth profiles and (or) nested piezometer (shallow/deep) 


temperature measurements would help to evaluate geothermal gradients and heat flow in areas of 


interest. Additional data collection and studies will also likely provide more insight regarding 


effects of groundwater movement on lateral heat-flow variations. 
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 Figure 1. Location map of the Great Basin carbonate and alluvial aquifer system study area 


(from Heilweil et al., 2011). 







 


 


Figure 2. Schematic diagram showing conceptualized groundwater flow in the Great Basin 


carbonate and alluvial aquifer system study area (from Sweetkind et al., 2011b). 







 


Figure 3. Potentiometric-surface map and regional groundwater flow systems of the Great Basin 


carbonate and alluvial aquifer system study area (modified from Heilweil and Brooks, 2011). 







 


Figure 4. Cross sections B-B' (north-south) and D-D' (west-east) representing the three-


dimensional hydrogeologic framework developed for the Great Basin carbonate and alluvial 


aquifer system study area. See figure 5 for cross-section locations. 







 


Figure 5. Location of selected cross sections representing the three-dimensional hydrogeologic 


framework in the Great Basin carbonate and alluvial aquifer system study area. 







 


Figure 6. Cross sections from the three-dimensional hydrogeologic framework of the Great 


Basin carbonate and alluvial aquifer system study area. A, Sections I-I′, J-J′; B, Sections K-K′, L-


L′, M-M′; C, Sections N-N′, O-O′, P-P′; D, Section Q-Q′. See figure 5 for cross-section 


locations. 







 











 







 


Figure 7. Heat flow in the Great Basin carbonate and alluvial aquifer system study area and an 


area of high recharge in the Snake Valley study area (modified from Southern Methodist 


University, 2011). 







 


Figure 8. Possible directions of subsurface flow, groundwater-budget imbalances, and areas of 


low heat flow in the Great Basin carbonate and alluvial aquifer system study area (modified from 


Masbruch et al., 2011). 







 


Figure 9. Residuals between observed and calculated (equation 1) mean annual air temperature 


for 260 weather stations in Utah and Nevada. 







 


Figure 10. Calculated mean annual air temperature for the Great Basin carbonate and alluvial 


aquifer system study area. 







 


Figure 11. Corrected groundwater temperatures from springs and shallow wells (less than 100m 


depth) and heat flow (from Southern Methodist University, 2011) for the Great Basin carbonate 


and alluvial aquifer system study area. 







 


Figure 12. Surface exposure and depth to pre-Cenozoic rocks in the Great Basin carbonate and 


alluvial aquifer system study area (from Sweetkind et al., 2011a). 







 


Figure 13. Areas of Cenozoic units greater than 2 km thick and heat flow greater than 80 


mW/m
2
 within the Great Basin carbonate and alluvial aquifer system study area. Areas with 


Cenozoic unit thickness of less than 2 km and heat flow less than mW/m
2
 are not shaded. 
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1 Introduction


Several lines of geological and geophysical evidence point to a previously unrecognized


geothermal resource beneath the deserts of central Utah. The Sevier Thermal Belt (Fig-


ure 1.1), which is the location of most of Utah’s moderate and high-temperature (>90◦C)


hydrothermal systems, is a north-south trending region that covers the edge of the Basin


and Range province and the Basin and Range-Colorado Plateau transition zone (Blackett,


2007). It is characterized by high regional heat flow (90 to 150 mW m−2), zones of active


seismicity, abundant Late Cenozoic normal faults, Tertiary volcanic and plutonic rocks and


Quaternary basalt and rhyolite (Blackett, 2007). The Sevier Thermal Belt is inclusive of the


Sevier, Black Rock and Escalante Deserts. There are several areas historically identified as


Known Geothermal Resource Areas (KGRA) within the thermal belt though not all of them


have been examined closely.


In this research, we focus on 3 such areas (Crater Bench, Pavant Butte and Thermo


Hot Springs) shown in Figure 1.1 in order to improve the understanding of these resource


areas and determine their potential in regards to future development. Geophysical survey


methods of gravity and magnetotellurics (MT) are used to delineate subsurface controls,


characterize the geothermal system and help quantify the geothermal potential of each area.


A multidisciplinary approach to obtain integrated solutions in Earth science problems, as


discussed by Saltus and Blakely (2012), is practically a necessity in potential field studies in


order to achieve effective results. Electrical surveys may be used to infer subsurface reservoir


characteristics (Johnston et al., 1992; Garg et al., 2007) and are useful in deep sedimentary


basins as shown by Bujakowski et al. (2010).
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2 Geophysical Methods


2.1 Introduction to the Gravity Method


Natural density variations in the Earth’s subsurface result in small variations of the Earth’s


gravitational field. By careful measurement of the gravity field, these small variations are


quantified and we are able to infer density variations due to subsurface structure by modeling


gravity anomalies (observed gravity − predicted gravity). Modern gravimetry instrumenta-


tion and techniques allow measurement of the gravitational field to about 1 part per billion


(1 µGal). To put this into perspective, the mean value of the acceleration due to gravity at


the Earth’s surface, g, is 9.8 m s−2 or 980 Gal (a working gravity unit equal to 1 cm s−2).


Gravity is also sensitive to distance from center of mass so an accurate elevation measure-


ment is an important part of gravity surveys. The vertical gravity gradient is


∂


∂r
g =


∂


∂r


(
−GME


r2


)
=


(
−2GME


r3


)
=


(
−GME


r2


)
∗
(


2


r


)
= −2


r
g, (1)


where G is the gravitational constant, ME and r are the mass and radius of the Earth


respectively. With values of g =981 Gal and r =6357 km,


∂


∂r
g = −0.3086 mGal m−1. (2)


Thus an elevation uncertainty of 1 m equates to an uncertainty of 0.3 mGal in observed


gravity; an uncertainty of 1 cm equates to an uncertainty of 3 µGal. This is in addition to


uncertainties due to instrument precision and error.


In fact, the accuracy of gravimeter instrumentation and processing in ground surveys


typically far exceed Global Positioning Systems (GPS) or other positioning equipment in
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measurement capabilities in the station time available, leaving the elevation accuracy as the


limiting factor. It should be noted that in most cases, gravity measurements are made over


a specified time as a time-series in order to mitigate transit effects on the meter or other


time varying noise. However, gravimeters achieve suitable accuracies in a shorter amount of


time than that required by GPS equipment (10 minutes vs. 4 to 8 hours). Consequently,


the efficiency of gravity surveys are primarily determined by the elevation control needed.


Higher accuracy requires a longer amount of time at each station which reduces the total


amount of gravity stations established in a given campaing length.


Station occupation times are scaled according to elevation and gravity accuracy require-


ments. In a regional gravity survey where anomalies are on the order of >20 mGal, an


uncertainty of 0.1 mGal is acceptable. However, when high precision gravity is required (as


is the case of groundwater studies) an uncertainty of 0.1 mGal (100 µGal) would lose the


signal in the noise. Another consideration is the spatial coverage of existing gravity stations


for your field area. By incorporating existing observations, assuming high quality data, one


decreases the amount of measurements needed to get acceptable coverage of the study area.


By balancing the aforementioned constraints in regards to your target, one can then maxi-


mize the efficiency and effectiveness of a gravity survey. Since the gravitational field can be


easily measured at the Earth’s surface without need to disturb the environment, the grav-


ity method lends itself as a cost-effective, non-invasive, low-impact geophysical technique in


subsurface studies.
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The most common way to express and interpret gravity anomaly data is with the complete


Bouguer gravity anomaly (CBGA). The CBGA shows the departure of observed gravity


from the predicted gravity based on a crustal model of constant density. The anomaly


incorporates theoretical gravity, rree air, Bouguer and terrain corrections. The CBGA in


this study were computed using a reduction density of 2.67 g cm−3 (2670 kg m−3) and the


formulas, referenced to the WGS84 ellipsoid, outlined by Hinze et al. (2005) are shown


below. Gravity, gT , on the surface of the best-fitting, rotating ellipsoid (GRS80) of the earth


is given by


gT =
ge(1 + k sin2 φ)


(1− e2 sin2 φ)1/2
, (3)


where ge, the normal gravity at the equator, is 978032.67715 mGal, k = 0.001931851353,


e2 is 0.0066943800229 and φ is the latitude of the observation point. The gravity effect of


the height of the observation point relative to the vertical datum of the reference ellipsoid,


known as free-air correction, is given by


gFA = −(0.3087691− 0.000439 sin2 φ)h+ 7.2125× 10−8h2, (4)


where h is height in meters and φ is latitude of observation point. The Bouguer slab is the


gravitational attraction of the layer of earth between the ellipsoid and the observation point


gBC = 2πρGh = 4.193× 10−5ρh (5)


where G, the gravitational constant, is 6.673×10−11 m3 kg−1 s−2, ρ is density in kg m−3 and


h is height in meters.


Terrain corrections account for gravity effects due to topography changes which can be


considered as the departure from the assumed horizontal slab or spherical cap used in the
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Bouguer slab correction (Hammer, 1939). Two zones were used for terrain corrections. First,


from the station out to 68 m is the inner-zone terrain correction (IZTC). Second, from the


edge of the inner-zone (68 m) out to 166.7 km is the outer-zone terrain correction (OZTC).


Furthermore, terrain correction values are always positive since being on top of a hill or in a


depression both result in the measured gravity being less than the Bouguer slab assumption.


The total terrain correction, gTC is given by


gTC = gIZTC + gOZTC . (6)


After computing the predicted gravity for the observation point, the equation for CBGA


is


gCBGA = gobs − gpred = gobs − [gT + gFA + gBC + gTC ] , (7)


where gobs is the observed gravity value and gpred is the predicted gravity. It should be


noted that the CBGA does not remove regional gravity effects, such as crustal thickness


variations. When modeling on a local scale, regional signals should be removed from the


CBGA leaving just the residual (local) values to be analyzed. To a first approximation, near


surface structure results in short-wavelength gravity anomalies and deeper structure results


in long-wavelength gravity anomalies. This wavelength relationship is due to the inverse


square relation of distance and gravity (i.e., larger gravity effects for smaller distances and


vise versa). The regional gravity signal is a consequence of changes in deeper structure and


can be approximated with a low-order polynomial in the 2D case or with a parametric surface


in the 3D case. In basin modeling, it is common to use a zero-depth gravity reference located


at the edges of the basin where bedrock is exposed to determine regional field shape.
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In this study, field measurements were made using Scintrex CG-5 gravimeters (precision


of 1 µGal, accuracy of 5 µGal) following the methods of Gettings et al. (2008); we used a


6 minute time series and reoccupations of local bases only. Elevation control was achieved


through post-processing of data collected by Trimble GeoXH GPS instrumentation. We


observed better than 30 cm vertical accuracy when logging for a minimum of 10 minutes. This


procedure resulted in a gravity accuracy of better than 0.1 mGal based on the typical vertical


gravity gradient. The IZTC values were computed using routines outlined by Gettings


(2013) with geometry based on station descriptions and terrain sketches from field notes.


The OZTC values were calculated using a global grid routine (Gettings, 2013). Our field


data were combined with the Pan American Center for Earth and Environmental Studies


(PACES) gravity data, a national gravity and magnetics data repository, for our field areas


to provide better data coverage. Reoccupations of historic stations assisted in merging the


old and new data sets as well as helped facilitate data quality checks. For consistency, the


observed gravity values for historic stations were used and CBGA values were computed


directly even though anomaly values are provided by the repository.


In areas of poor data coverage, the gravity field was interpolated using an equivalent-source


gridding routine (Cordell, 1992). The gridding routine is designed to interpolate scattered,


3-dimensional, potential-field data in an iterative scheme. Gravity profile transects were


then extracted from this new grid, adjusted for regional effects using low-order polynomi-


als with zero-depth reference points and subsequently modeled using the Semi-Automated


Marquardt Inversion code (SAKI) (Webring, 1985). Model control was established using


bedrock exposures on the margins of the basins and existing borehole logs in the center
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(where available).
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2.2 Introduction to the Magnetotelluric Method


The magnetotelluric (MT) method (Tikhonov, 1950; Cagniard, 1953; Vozoff, 1991) is


a natural source electromagnetic (EM) technique that involves measurement of the two


horizontal components of the electric field E and the three components of the magnetic field


H on the Earth’s surface. Natural fluctuations in the magnetic field induce electrical currents


at the surface which diffuse downwards into the subsurface. The conductivity structure of the


subsurface determines the MT response at a measurement site and modifies the amplitude


and phase relationships between the electric and magnetic fields observed at the surface.


The MT response is analyzed in frequency and space to make inferences of the subsurface


electrical conductivity structure.


The amplitude and phase relationships of the horizontal components of the measured


electric and magnetic fields are related as follows:


E = ZH (8)


where the impedance tensor Z is the electric field complex transfer function and is defined


as


Z = X + iY =


Zxx Zxy


Zyx Zyy


 (9)


and the relation can be written in Cartesian coordinatesEx


Ey


 =


Zxx Zxy


Zyx Zyy



Hx


Hy


 . (10)


It is assumed that Z is a stable property of the subsurface while E and H are driven by


non-stationary phenomena outside the Earth (Booker, 2012). The vertical component of the
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magnetic field is related to the horizontal components by


Hz =


[
Kx Ky


]Hx


Hy


 , (11)


a complex transfer function known as the induction vector (Parkinson, 1962) and also com-


monly referred to as the tipper vector (a measure of the tipping of the magnetic field out


of the horizontal plane). In situations where conductivity distribution varies laterally, the


real part of the induction vector will point towards the area of highest conductance when


following the Parkinson (1962) convention.


Following Caldwell et al. (2004), the phase relationships in Z can be expressed by a


second-rank tensor known as the MT phase tensor


Φ = X−1Y =


Φxx Φxy


Φyx Φyy


 . (12)


Some advantages of the phase tensor are that it is independent of distortion, no assumptions


about the nature or dimensionality of the regional conductivity structure are needed and


details about the preferred orientation of regional structure are easily deduced (Caldwell


et al., 2004). Distortion of the electric field is caused by near-surface heterogeneities and


topography (Jiracek, 1990). The phase tensor is independent of the near-surface distortion


when the skin depth, δm, given in units of meters is defined as


δm = 500
√
ρaT , (13)


where ρa is apparent resistivity in Ωm and T is the period in seconds, is larger than the scale


of the offending body. Apparent resistivity, ρa, is the equivalent average resistivity of the
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uniform half-space and is given by


ρa =
µ


ω
|Z|2. (14)


The phase tensor is often represented graphically as an ellipse (Figure 2.1) where the major


and minor axes depict the principle axes of the phase tensor and the area inside the ellipse


can be colored according to one of the coordinate invariant parameters. The invariants are


as follows


tr(Φ) = Φxx + Φyy (15)


sk(Φ) = Φxy − Φyx (16)


det(Φ) = ΦxxΦyy − ΦxyΦyx (17)


These invariants are then re-expressed in the following quantities since any function of an


invariant is also coordinate invariant:


Φ1 =
tr(Φ)


2
(18)


Φ2 = [det(Φ)]1/2 (19)


Φ3 =
sk(Φ)


2
(20)


The minimum and maximum phases (the amplitudes of the principal ) are representative of


the resistivity gradient in a sampled volume, below and around the station, and are defined


by


Φmin = (Φ2
1 + Φ2


3)
1/2 − (Φ2


1 + Φ2
3 − Φ2


2)
1/2 (21)


and


Φmax = (Φ2
1 + Φ2


3)
1/2 + (Φ2


1 + Φ2
3 − Φ2


2)
1/2, (22)
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where low values (<1 or < 45◦ if we take the tan−1) indicate an increase in resistivity with


period and high values (> 1 or > 45◦ if we take the tan−1) indicate a decrease in resistivity


with period. In the case of 1D structure (Φmax = Φmin), the phase tensor is a circle and in


a uniform half-space (Φmax = Φmin=1), it is a unit circle (Heise et al., 2006).


Dimensionality of the data can be inferred by the amplitude of the skew angle


β =
1


2
tan−1


(
Φxy − Φyx


Φxx + Φyy


)
(23)


which is a measure of the tensor’s symmetry. Caldwell et al. (2004) asserts that in the general


case, β = 0 is a necessary but not sufficient condition for 2D regional conductivity structure.


What should be sought is a range of frequencies where β is zero within the observational


errors and the direction of the phase tensor major axis is constant (Caldwell et al., 2004).


Booker (2012) suggests that for 2D interpretation of quasi-2D structure it is reasonable to


have a normalized skew |ψ| ≤ 0.1 radians or less than 6◦, where ψ = 2β. This implies that


|β| ≤ 3◦ is effectively the condition β = 0 within it’s uncertainties. Another parameter of


the phase tensor is the reference axis (coordinate dependent) which is defined as


α =
1


2
tan−1


(
Φxy + Φyx


Φxx − Φyy


)
(24)


where α − β gives the direction of the major axis of the phase tensor ellipse and is aligned


either parallel or perpendicular to the strike of the conductivity distribution.


In a setting that is 2D, the electric field is linearly polarized parallel or perpendicular


to the strike of the regional conductivity distribution and separates into two independent


modes (Wannamaker et at., 2008). These polarizations of parallel and perpendicular to
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strike are known as the transverse electric (TE) and transverse magnetic (TM) impedances,


respectively. If we define geoelectric strike as the x direction, then in the TE mode, Ex =


ZxyHy, Hz = KyHy and electric current flows parallel to strike and in the TM mode, Ey =


ZyxHx and current flows perpendicular to strike. However, if we have no knowledge as to


which of the maximum or minimum phases of the MT phase tensor corresponds to the TE or


TM polarization, the 90◦ ambiguity remains (Caldwell et al., 2004). The induction vector,


discussed above, is useful in resolving the ambiguity of the phase tensor in regards to the


regional strike direction.


Coherency and quality of the data can be visually checked by plotting the phase tensor


ellipses of each transect side-by-side or in a map view for each period . There should be clear


trends, patterns or groupings of similarity both spatially and by period. Any variation in


the phase tensor parameters should be smooth and continuous for periods sensing a common


volume. Abrupt changes are most likely an indication of a poor/noisy data quality.


The MT modeling was done with a 2D inversion code (Wannamaker et al., 1987; Tarantola,


1987; deLuago and Wannamaker, 1996) using the TM mode with the induction vector. The


TM mode with the induction vector is selected since they are both less susceptible to finite


strike length effects than the TE mode. Viability of TM models arises from the inclusion


of boundary charge effects from current flow along resistivity gradients (Wannamaker et al.,


2008) and the TM mode explicitly includes discontinuities in its formulation (Wannamaker,


1999). Geoelectric strike direction was determined using phase tensor geometry, induction


vectors and complete Bouguer gravity anomalies. Afterwards, the data were rotated to strike
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and subsequently modeled in the inversion program. The 2D domain is 129 x 49 nodes with a


minimum discretization of 200 m in a multi-resolution grid. Initial starting models consisted


of a homogeneous half-space of 400 Ωm. Multiple inversions were done using different starting


models to verify the stability of the final solution model with a target nRMSE of < 2.0.


16







3 Crater Bench


3.1 Introduction


Abraham Hot Springs (aka Baker or Crater Hot Springs) is located at the eastern margin


of the Pleistocene age (0.9 Ma) Crater Bench basalt flows 28 km northwest of Delta, Utah


(Figure 3.1). The basalt flows overlay lacustrine and fluvial sediments of the Sevier Desert.


Temperatures in the flowing springs reach as high as 87◦C and flow rates have been estimated


at between 5400 and 8400 lpm (Rush, 1983). In regards to the summit of Fumarole Butte, the


remnant volcanic vent, Gilbert (1890) noted that ”about the outer edge of the summit there


are 30 or 40 crevices from which warm, moist air gently flows,” which ”testifies to a residuum


of volcanic heat in the old flue.” Fluid analysis by Rush (1983) suggests that the hot spring


water may be 50 % mixed with non-thermal water and the hot water component could be


140◦C. The geological structure controlling the hydrothermal system is unknown and the


reservoir temperature is uncertain according to Blackett (2007). It has been hypothesized


by Mundorff (1970) that water may have been heated by a high geothermal gradient or by


contact with a cooling volcanic body and that conduits in the volcanic flow or concealed faults


in the vicinity of the springs may furnish the avenues for deep circulation and emergence


of water. We attempt to resolve some of these uncertainties in this study, primarily those


attributed to structure.
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3.2 Gravity


3.2.1 Survey


Gravity measurements in the vicinity of Crater Bench were previously reported by Smith


(1974). A total of 88 new gravity stations were established during a 2 week period in the


summer of 2010 (Figure 3.2) in order to achieve better coverage adjacent to MT stations.


Stations established on top of Crater Bench were spaced from 1 to 1.5 km and traverses of


the mud flats area adjacent to the lava flows have an in-line station spacing of 1.25 km with


3 km inter-line offsets.


3.3 Modeling


A simple 2D gravity model of transect AB (Figure 3.3) was created using three lithologies


to represent the basalt flows, sediment fill and basement rock. Their respective densities


of 3.0, 2.2 and 2.7 g cm−3 were based on average values for the appropriate lithology from


regional geology reports and logs of nearby deep wells (Hintze, 2003; Petersen, 1979?).


Although the actual thickness of the Crater Bench basalt flows is unknown, the modeled


thickness is constrained between 60 and 100 m, consistent with the observed topographic


relief at the surface.


3.3.1 Results


The complete Bouguer gravity anomaly, in Figure 3.2, shows a local gravity high of -165


mGal centered below Abraham Hot Springs (AHS) spanning 20 km north-south and 10 km


east-west. A relative gravity low of 15 mgal is present just east of the gravity high but, a
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more significant low of 20 mgal is located to the northwest.


The 2D gravity model of transect AB (Figure 3.3) displays a deep sedimentary fill of 3.4


km at the western end of the profile which gently climbs in the eastward direction until


reaching a minimum sediment depth of 1.5 km roughly coincident with the location of AHS


and the edge of the Crater Bench basalt flows. Basement then dips eastward, steeply into


a small trough. On the residual gravity values, a small amplitude, high-frequency signal is


observed on the dominant lower-frequency signal located at both 343 and 350 km eastings.


These high-frequency signals are due to near surface structure and are caused by the large,


lateral density contrast between the basalt flows and the sedimentary fill.


3.4 Magnetotellurics


3.4.1 Survey and Modeling


A total of 50 MT soundings spread over an area of approximately 200 km2 (Figure 3.4)


were completed during the summer of 2010. Average station spacing was 2 to 3 km, with


occupation times of 12 to 24 hours. Measurements were made both on the basalt flows as


well as the surrounding desert area.


Graphical representation of the MT phase tensor is shown in Figure 3.5 for periods of 0.027,


0.320, 3.250 and 10.240 seconds using the invariant Φ2 as the fill color. The shorter period


data display mostly 1D characteristics with the majority of tensors being indistinguishable


from circles (i.e., only slight differences in lengths of the principal axes). Ellipticity of the


tensors increase at longer periods, indicating the data are no longer 1D and are transitioning
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into 2D/3D domains. In Figure 3.5a, high values of Φ2 are mostly localized on top of Crater


Bench whereas stations that are distal show more moderate Φ2 values. This behavior is


most likely due to the resistivity contrast between the resistive basalts and the conductive


underlying sediments. At the period of 3.413 seconds (Figure 3.5c), nearly all of the phase


tensors are ellipses with a strong northwest orientation and low Φ2 values. The volume being


sampled at this period is most likely the resistive basement structure. Based on the preferred


orientation of the phase tensors and the gravity anomaly field, a preliminary strike trending


northwest was inferred.


For select stations chosen for the transect lines shown in Figure 3.4, the strike was calcu-


lated from the phase tensors and is shown in Figure 3.6. Since 1D data do not have a strike


direction, the very short period data were removed from the computation. All three lines


show a preferred strike of approximately 20◦ or 110◦ (considering the 90◦ ambiguity). The


information about the coherency and quality of the data used in each transect is gathered by


visual inspection from Figure 3.7 and appears to be quite good. Most changes are smooth,


gradual variations and there is pattern continuity between stations that are located near


each other. From the Φ2 values, we can see that a more conductive layer is detected in the


shorter periods for portions of line 2 and line 3. In Figure 3.5, these stations are located near


the center of Crater Bench. Moderate values of Φ2 at 5.120 seconds indicates little or no


gradient in resistivity structure and most likely is sampling well into the resistive basement


rock.
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Dimensionality of each of the Crater Bench MT transect lines based on skew angle β is


shown in Figure 3.8. There is a negligible skew value for shorter periods but skew starts be-


coming significant for both lines 2 and 3 just before reaching a 10 second period. Widespread


large skew values are a reasonable indicator for 3D conditions. However, there are some out-


liers which point to noisy data measurements which is not entirely unexpected. All three


lines contain a few noisy data points. Since we observe 2D behavior in the data up to periods


of 10 seconds followed by 3D behavior, we exclude data at periods longer than 10 seconds


as well as any noisy data points.


3.4.2 Results


The MT inversion lines (Figure 3.9) display a high resistivity structure (> 100 Ωm) rising


gently from the west and dipping steeply to the east. Intermediate resistivity bodies of 10 to


100 Ωm lay immediately above this deep structure and are covered by localized low-resistivity


bodies of 5 to 10 Ωm in certain areas. Lenticular bodies of 300 and 500 m thicknesses and


very low resistivity are observed at the western ends of lines 2 and 3 covered by a thin,


high-resistivity body near the surface (Figures 3.9b and 3.9c). The nRMSE values of the 2D


inversion models are between 0.7 and 1.0 which is quite good for field data.


3.5 Discussion


The dominant structure in the 2D gravity model (Figure 3.3) is the basement configuration.


The shape of the modeled basement high bears great resemblance to an uplifted horst block.


Depth-to-basement estimates based on this model range from 1.5 to 3.4 km and are quite


similar to 2D MT model estimates of 1.3 to 3.6 km. Due to the non-uniqueness inherent


21







in gravity modeling and the lack of control points in the immediate area of Crater Bench,


the depth-to-basement may be less than what is indicated in the 2D gravity model. Fine


tuning of model densities will improve the approximation, although deep geometry should


not change drastically in this case since MT models are in good agreement.


The high-resistivity structure at depth in the MT models is interpreted as basement rock


(marbleized Cambrian limestone and dolomite) yielding depth-to-basement estimates rang-


ing from 1.3 to 3.6 km. Intermediate-resistivity bodies are interpreted as sedimentary rocks


and fill and low resistivity bodies are interpreted as clay-rich sediments. The thin, high


resistivity body at the surface is interpreted as the basalt flows which correlates well spa-


tially with the surface geology and is within unweathered-basalt resistivity values (> 1000


Ωm) suggested by Palacky (1988). The underlying conductors may be clays generated by


hydrothermal alteration, hot saline fluids or a combination thereof.
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4 Pavant Butte


4.1 Introduction


The Black Rock Desert (Figure 4.1) lies within the boundaries of the Sevier thermal


area, which contains most of Utah’s high and moderate temperature geothermal systems


(Blackett, 2007). The Black Rock Desert has experienced extensive volcanism ranging in age


from greater than 9 Ma to as recent as 600 years ago (Hintz, 2008). Heat-flow values in the


Pavant Butte area are 100-105 mW m−2, 10-15 mW m−2 higher than the typical 90 mW m−2


of the northern Basin and Range. Allis et al. (2011) suggest that stratigraphically-hosted


geothermal reservoirs likely exist in the deep basins of the Basin and Range having heat-


flow values of 80-100 mW m−2 with thick blankets of low thermal conductivity Oligocene to


Pleistocene sediments. Similar areas of higher than normal heat flow, such as Pavant Butte,


would result in still higher temperatures of the stratigraphic reservoirs at depth resulting in


more attractive exploration targets.


Corrected temperatures encountered at the bottom of the Pavant Butte 81-7 well (Figure


4.2) were in excess of 220◦C. Temperatures logged in other deep wells in the Black Rock


Desert appear to be significantly cooler (about 100◦C less) at similar depths. For the southern


wells in the area, their low temperatures can be explained by the documented loss of massive


amounts of drilling fluid and mud to fracture zones during drilling. These losses likely led


to greater than normal cooling of the well bore and surrounding rock and consequently,


measured temperatures are probably under-corrected. For the remaining wells in the Black


Rock Desert, the lower temperatures at depth are due primarily to thermal conductivity
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effects (see Allis et al. 2011 and 2012).


4.2 Gravity


4.2.1 Survey and Modeling


A total of 168 gravity stations were established during a 3 week period in the summer


of 2011 (Figure 4.3) to supplement previous gravity observations. A station spacing of


approximately 2 km in a grid-like layout was adopted in order to achieve better coverage in


areas adjacent to MT observations. For the gravity profile transect CD, a spacing of 1 km


was used where possible to increase data resolution for 2D modeling.


A simple 2D gravity model of transect CD (Figure 4.4) was developed for a variable


thickness sedimentary layer overlying basement rock. Their respective densities of 2.2 and


2.7 g cm−3 were held constant, based on average values for the appropriate lithology from


regional geology reports and logs of nearby deep wells (Hintze and Davis, 2003). The Pavant


Butte 81-7 exploration well (Figures 4.3 and 4.4) was used as a control point for sediment


thickness as well as a check for model densities. This well penetrates 9770 feet (2,978 m) of


Oligocene and Pleistocence sediments before reaching the Cambrian basement (Hintze and


Davis, 2003).


4.2.2 Results


The complete Bouguer gravity anomaly map (Figure 4.3) shows that the basin-related


anomaly is fairly symmetric about a north-south trending axis. The prominent north-


trending gravity low of -40 mGal and approximately 20 km wide, is bounded by gravity
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highs to the east and west. The 2D gravity model of transect CD (Figures 4.3 and 4.4) fits


a local signal of amplitude > 30 mGal with the lowest values east of profile center. The


model shows a nearly symmetric, gently dipping basement interface with maximum depth of


3 km found at approximately 357 km easting. The western and eastern basement interfaces


appear to be roughly symmetric.


4.3 Magnetotellurics


4.3.1 Survey and Modeling


A total of 73 MT soundings spread over an area of approximately 2000 km2 (Figure 4.5)


were completed during the summer of 2010. The average station spacing is 2 to 3 km, station


occupation times were 12 to 24 hours. In 2012, an additional 34 MT stations were added to


the southwestern area of the Black Rock Desert. The extended data are not presented here


but will be merged with the current dataset and analyzed in the future.


Graphical representation of the MT phase tensor for periods of 0.027, 0.320, 3.250 and


10.240 seconds is shown in Figure 4.6. The shorter period data displays mostly 1D character-


istics with the majority of tensors being indistinguishable from circles; there are only slight


differences in lengths of the principal axes. At longer periods the ellipticity of the tensors


increase, most notably near the margins of the basin indicating the data is no longer 1D and


is 2D/3D. The invariant Φ2 of each tensor is used as the fill color and low values indicate


the subsurface is more resistive with longer periods. With the change in the shape of the


phase tensors and the low Φ2 values observed at the margins, it is apparent that the MT


data are progressively sampling the resistive basement structure. A preliminary geoelectric
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strike direction was estimated at an azimuth of 355◦ by using the gravity anomaly signature


of the basin. For select stations chosen for the transect lines (Figure 4.5), the strike was


calculated from the phase tensors and shown in Figure 4.7. Since 1D data do not have a


strike direction, the very short period data was removed from the computation. All three


lines show a preferred strike of approximately 350◦ or 80◦ (considering the 90◦ ambiguity).


The coherency and quality of the data used in each transect are visually inferred from Figure


4.8 and appears to be quite good. Most changes are a smooth, gradual variation and occur


at places where we have expected them to happen from known geology. From the Φ2 values,


we can see that a more resistive layer is detected first near the ends of each transect which


is interpreted as basement rock.


Dimensionality of each of the MT transect lines based on skew angle β is shown in Figure


4.9. In general, a non-zero skew for the shorter periods is typically non-existent and starts


becoming appreciable around the 10 second period indicating 3D conditions or quite possibly


noisy data in the instance of isolated occurrences. In either case, the known local basement


depths are still within the range of probable skin depths (δm) for this period of MT data so


the application of 2D inversion is not invalidated. The 2D assumption is further supported


by the strong 2D geometry of the basin which is observed in both the topographic and gravity


data.


4.3.2 Results


The MT inversion models are all roughly symmetric and quite similar in appearance with


a low-resistivity body (< 10 Ωm) centered deeply on each transect (Figure 4.10). The low-
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resistivity zone broadens and thins, relatively, to a 1 to 2 km thickness with decreasing depth.


High-resistivity structures seem to bound this conductive structure at depth near the edges


of the models. Very thin, high-resistivity layers are observed at the surface of the models


and appear to be more extensive in lines 1 and 2. The low-resistivity structure extends to


the bottom of the model space which could be a side effect of the intentional truncation of


the data at the 10 second period. Since the skin depth δm for apparent resistivities of 1 to


10 Ωm would be between 1.5 and 5 km, it is possible that the data are being overextended


in the model space. This overextension of data could result in a downward smearing effect


in the model. The nRMSE values of the final 2D inversion models are between 1.8 and 2.8.


4.4 Discussion


The 2D gravity model (Figure 4.4) shows the maximum depth-to-basement is approxi-


mately 3 km. The overall basin geometry suggested by the model is remarkably similar to


the 2D MT models, differing primarily at the center of the modeled basin. The observed and


modeled low resistivities could be explained by the presence of saline fluid in the pore space


following Archies Law (Archie, 1942) and thermal effects (Ussher et al, 2000; Kulenkampff et


al. 2005; Milsch et al 2010), which both increase the bulk electrical conductivity of the host


rock. Forward modeling of a down hole resistivity log from well 81-7 Pavant Butte agrees


with MT soundings recorded in the immediate vicinity which display apparent resistivity


monotonically decreasing with depth. MT soundings recorded through the central part of


the basin are also quite similar to those near well 81-7 Pavant Butte. Since the current data


set does not reach the southern end of the basin completely, the southern extent of this in-
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teresting MT response is uncertain until the 2012 data have been fully analyzed. It appears


that a 15 km wide area of the basin with sediment thickness > 2 km overlies the basement.


These thick sediments constitute a thermal blanket that increases the temperature of the


potential stratigraphic reservoir due to thermal conductivity effects (Allis et al. 2011, 2012).


The high-resistivity structure in the MT models is interpreted to be basement marbleized


Cambrian limestone and dolomite yielding depth-to-basement estimates of 1 to 2 km near


the western and eastern margins. At the center of the model lines there is no clear indication


of the basement interface which could be due to the truncation of MT data at 10 seconds


with the intent to minimize 3D effects. Thin high-resistivity layers near the surface are inter-


preted as thin basalt flows and are consistent with surface observations. The low-resistivity


bodies are interpreted to be basin sediments and appear to extend to at least basement depth


(approximately 3 km) as revealed by oil and gas wells. These conductors are interpreted to


be clays near the surface and hot, saline fluids or a combination thereof at depth. Since it is


unlikely that there are extensive and thick clay layers in the basin (supported by well logs),


it is proposed that hot, saline fluids and temperature effects are producing the low-resistivity


structure at depth.
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5 Thermo Hot Springs


5.1 Introduction


Thermo Hot Springs (Figure 5.1), an existing 10 MWe geothermal resource in southern


Utah, is poorly understood with little constraint on subsurface extent and capacity. The


existing geothermal plant (Hatch plant, shown in Figure 5.1) uses 140◦C fluids extracted


from the subsurface in a binary heat exchanger system to produce electricity. Sawyer (1977)


proposed that the location of the hot springs is controlled by the intersection of an east-


west and a north-south trending fault inferred from gravity models. In an effort to expand


geothermal production, the subsurface extent and source of the system is being explored by


gravity and MT surveys. With the addition of borehole data, thermal gradient wells and


water chemistry we aim to constrain the extent of the geothermal system, identify its source


and quantify its total production potential.


5.2 Gravity


5.2.1 Survey and Modeling


Gravity measurements in the vicinity of Thermo Hot Springs were previously reported by


Sawyer (1977). A total of 108 gravity stations were measured during a 2 week period in the


summer of 2010 (Figure 5.2). A station spacing of approximately 1 to 2 km along existing


roads was used in order to achieve better coverage in areas adjacent to MT observations.


Two simple 2D gravity models were developed using layers to represent the local geology.


Transect CD (Figure 5.2 and 5.3) was modeled using two layers with the focus of constraining
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sediment thickness in the southwestern area. The layer densities of 2.2 and 2.7 g cm−3 for


sediments and basement rock, respectively, were based on average values for the appropriate


lithology from regional geology reports and logs of nearby wells (Rowley, 1978; Nash and


Jones, 2010). Transect GH (Figure 5.2 and 5.4) was modeled in collaboration with Anderson


(2012) and focuses on mapping the buried structure at the Thermo geothermal field and


nearby areas. A two-layer gravity model was also used here since the density contrasts


between lithologic units were not significant enough to justify multiple layers other than an


upper basin-fill unit and a lower bedrock unit. Densities of 2.4 and 2.7 gm cm−3 are used


for basin-fill and bedrock, respectively, and the gravity model is constrained using lithologic


logs of wells located in the geothermal field (Nash and Jones, 2012).


5.2.2 Results


The Thermo study area appears to have a more complicated structural/density character


in the subsurface than that of a typical Basin and Range setting. The complete Bouguer


gravity anomaly (Figure 5.2), displays a complex gravity field with a number of small and


large anomaly features. The most striking feature is a gravity low of approximately 20


mGal along the western edge of the basin extending more than 20 km southward from Blue


Mountain. There are also localized gravity highs and lows of approximately 5 to 10 mGal


amplitude observed over the basin fill due east of the hot springs. These localized gravity


highs and lows are observed where there is somewhat descent data coverage and imply that


there are local structural features or density heterogeneities existing near the surface.
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The 2D gravity model of transect EF (Figure 5.3) fits an asymmetrical basin shape with


eastward-stepping faults in bedrock and a maximum sediment thickness of 2 km. There


does not appear to be any faults in the bedrock along the gently dipping, eastern side of the


transect though faults have been mapped at the surface and in the nearest volcanic vent,


Blue Knoll, (Rowley, 1978). Transect GH, shown in Figure 5.4, shows a minimum sediment


thickness of 200 m and a maximum thickness of 1.2 km. The structural interpretation of


transect GH, by Anderson (2012), was based on field observations of surface fault traces and


well logs and shows a series of series of low-angle normal faults and multiple sets of horst


and graben structures.


5.3 Magnetotellurics


5.3.1 Survey and Analysis


A total of 90 magnetotelluric (MT) soundings spread over an area of approximately 600


km2, with an average station spacing of 2 to 3 km (Figure 5.5), were completed during


the summer of 2010 with occupation times of 12 to 24 hours. Stations were distributed


throughout the area surrounding the hot springs including a wide birth (1.6 km) given to


the local railway and electric transmission lines.


MT phase tensor maps (Figure 5.6) are plotted for select periods ranging from 0.01 to 20


seconds for initial data analysis. At the shortest period (0.01 s, Figure 5.6a), widespread


1D conditions (circular shape) are observed but quickly transition to 2D (elliptical shape)


afterwards. The resistive basement is detected first by the data in the northwest by 0.32 s


(Figure 5.6c) which are followed by data in the northeast in subsequent periods. A relatively
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conductive structure is detected in the basin to the southeast in Figures 5.6b 5.6c until


around 1.28-2.56 s (Figures 5.6e and 5.6f) where phase indicates the resistive basement is


sensed.


Careful observation of the data reveals that the preferred orientation of the MT phase


tensor slowly rotates with period. This rotation is more pronounced in the data located


in the eastern and northeastern study area. Phase tensors at earlier periods are oriented


at northeast direction and smoothly rotate to an eastward direction with increasing period.


If the data were truly 2D, the strike direction will have some inherent variation due to


measurement errors or noise however, it would not change in such a uniform manner. This is


indicating that the data are 3D which implies the subsurface structure is 3D since the strike


direction is not constant (within measurement error).


The analysis of the phase tensor skew supports the 3D dimensionality attributed to the


data which was inferred from the directionality (discussed above). Skew angles greater than


even the modest condition of β ≤3◦ are widespread for periods larger than 0.32 s. This


means there is very little data remaining to invert that could be considered 2D based on


the skew criteria only. When we consider directionality it is clear that the data are 3D and


require a 3D treatment since the 2D assumption for 2D inversion would not be valid.


5.4 Discussion


Complete Bouguer anomaly shows a prominent north-south regional trend of 10 to 15 mGal


amplitude which is interpreted as a large Basin-and-Range normal fault. Northeast of the hot
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springs there is an east-west trending gravity low of 4 mGal amplitude which is interpreted as


a fault with down throw to the north. These two trends intersect adjacent to the hot spring,


and are interpreted to be the structural control of the fluid flow (Sawyer, 1977). Results from


2D inversion models of gravity profiles provide depth-to-basement values as shallow as 200 m


near the hot spring and as deep as 2 km in the southwest of the study area. We believe that


the low resistivities observed in the southwest indicate the existence of hot fluids and/or clay


rich sediments at a thickness of more than 1.5 km overlying hot, saturated basement rock.


A deep, stratigraphically-hosted geothermal system could be present in the southwest and


may be connected to the hot springs through a north-trending, deeply-penetrating fracture


zone.
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6 Summary and Conclusions


Based on the above findings we conclude the following:


1. Modeling of the deep structure interpreted as basement has good agreement between


both the MT and gravity data sets for the Crater Bench study area. A geothermal system


with a major volcanic heat component does not appear to be represented by the MT modeling


though it may still be a minor factor. It is proposed that the horst block is a conduit for the


flow of fluids from a much deeper, hydrothermal system such as those suggested by Allis et


al., (2011) should be explored further.


2. Two-dimensional models of the Black Rock Desert of western Utah show good agree-


ment between both the MT and gravity data sets for the Pavant Butte study area. Thick


sediments overlying the basement provide excellent conditions for the existence of strati-


graphic reservoirs at depth. High temperatures and anomalous heat flow observed at Pavant


Butte could be isolated from the rest of the basin and perhaps directly related to Quater-


nary faults to the east and west which could provide flow paths to the surface for hot fluids


resulting in convective heat flow conditions rather than conductive.


3. Structural control of the natural hots springs located at Thermo are believed to be due to


the intersection of orthogonal normal faults. The fluids used in production at the geothermal


plant are a relatively low temperature (<160◦C) and appear to be connate waters (Joseph


Moore, personal comm.) which implies that these fluids are regional fluids and not from a


local heat source. It is thought that the geothermal fluids originate in the southwest basin
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and connect to the hot springs system through north-trending, deeply-penetrating fracture


zone. To gain better perspective of this geothermal system and its structural control it is


recommended that both the gravity and MT data are modeled using 3D techniques.
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Figure 2.1. Graphical representation of the phase tensor as an ellipse.  
Ellipse properties are determined by three coordinate invariant parameters 
and one dependant parameter.  Modified from Caldwell et al. (2004).
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ABSTRACT


Fluid chemistry at depth places important constraints on 
deep-seated geothermal resource development. This da-
tabase presents a compilation of published major ion fluid 
chemistry for samples of known depth from sources that 
include oil and gas exploration and development, stan-
dard groundwater samples collected from water wells, 
and samples associated with geothermal power explora-
tion and development. The samples are from the lower 48 
states west of 100 degrees latitude. The electrolytic charge 
balance of all samples was checked and only samples with 
an electrolytic charge balance within plus or minus 10 
percent were retained in the compiled dataset. Geochemi-
cal samples were grouped into nine units based on the 
calculated water type. There is broad overlap between 
water chemistry at depth from samples in the Great Basin 
area and adjoining areas in the western U.S. Below 2000 
meters most samples have sodium water types and Na-Cl 
water type comprises most of the samples at depth. Other 
sodium water types (including Na-HCO3 and Na-SO4) and 
Ca-Cl make up much of the remainder of samples from 
depths greater than 2000 meters. Solute concentrations 
for samples from the Great Basin area are slightly more 
dilute than those from adjoining areas. These data pro-
vide baseline chemistry for various depth intervals across 
a range of geologic settings that are relevant to potential 
deep geothermal exploration and development.


INTRODUCTION


Fluid chemistry at depth places important constraints on 
deep-seated geothermal resource development. Complete 
and geochemically charge-balanced samples of known 
depth greater than 500 meters are generally rare. This da-
tabase presents a compilation of existing major ion fluid 
chemistry for samples of known depth from sources that 
include oil and gas exploration and development, stan-
dard groundwater samples collected from water wells, 
and samples associated with geothermal power explo-


ration and development. The data compiled from these 
sources span a variety of geologic and thermal settings 
and are meant to provide a broad background of potential 
fluid chemistry at various depths that are relevant to deep 
geothermal exploration, reservoir modeling, system engi-
neering, and development. 


BACKGROUND


This report presents a compiled dataset of published geo-
chemical data collected from known depths west of 100 
degrees longitude in the lower 48 states (figure 1). The 
dataset includes fluid geochemical measurements collect-
ed from the oil and gas industry during exploration and 
development drilling and production, fluid samples from 
the geothermal power industry, and more typical ground-
water samples from water wells. Measurements from four 
primary sources are compiled in this dataset, including 1) 
the national Produced Waters database (Breit, 2002), 2) 
the National Water Information System (NWIS) database 
(U.S. Geological Survey, 2012), 3) the Great Basin geother-
mal geochemical database (Nevada Bureau of Mines and 
Geology, 2006), and 4) the database of geothermal geo-
chemical samples included in Clark and others (2010). All 
measurements compiled from these data sources include 
basic location and depth information and concentrations 
of the major solutes. Most samples from these datasets 
were collected from depths of less than 250 meters. In 
order to focus on chemistry trends at significant depth, 
only samples from depths greater than 250 meters below 
land surface are retained in the compiled dataset.


Each compiled sample includes measured solute con-
centrations of calcium, magnesium, sodium, potassium, 
chloride, bicarbonate, and sulfate. A limited subset of the 
data also includes pH and/or temperature measurements. 
Many samples do not include temperature or pH mea-
surements, and these data are largely incomplete. Specific 
conductance data are lacking from the produced waters 
database (Breit, 2002) and are incomplete in the other 
sources, and are not included in the compiled data.
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Figure 1. Sample location map for the compiled geochemical database.
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The electrolytic charge balance of all samples was checked 
using standard techniques where the molar charge 
equivalent of dissolved solutes was calculated using the 
AquaChem software. The charge balance was calculated 
as the percent difference between the sum of the anion 
and sum of the cation charge equivalents. Samples with an 
electrolytic charge balance within plus or minus 10 per-
cent were retained in the compiled dataset. This is greater 
than the more typical value of plus or minus 5 percent 
used for most water samples to include as many poten-
tially valid samples as possible. 


The sources from which the data are compiled overlap in 
part, and duplicate measurements were removed from the 
initial compilation based on location and depth. Each anal-
ysis included in the final database contains a unique loca-
tion and depth. The samples are divided by location into 
two groups, Great Basin area samples and all other sam-
ples, based on the geographic extent of data in the Great 
Basin geothermal geochemical database (Nevada Bureau 
of Mines and Geology, 2006). This extent corresponds 
to the Great Basin area and includes samples within ap-
proximately 150 kilometers of the hydrographic boundary 
of the Great Basin (figure 1). The sources from which the 
data are compiled contain incomplete and complicated in-
formation for the geologic unit from which a sample was 
obtained, and no lithology information is included with 
samples in the compiled dataset. 


Geochemical samples were subdivided based on calcu-
lated water type or hydrochemical facies. Water type was 
calculated for all samples using AquaChem geochemical 
software following standard methodologies for hydro-
chemical facies delineation similar to those presented by 
Kehew (2000). Water type is only stated with respect to 
the greatest relative concentration of cation and anion. 
This yields 12 possible water types that include Na-Cl, Na-
HCO3, Na-SO4, Ca-Cl, Ca-HCO3, Ca-SO4, Mg-Cl, Mg-HCO3, Mg-
SO4, K-Cl, K-HCO3, and K-SO4. No samples in the compiled 
dataset have potassium as the dominant cation and water 
type is therefore limited to the nine chemistry types ex-
cluding potassium. 


DATA SUMMARY


The compiled dataset of geochemistry with depth includes 
a total of 7485 samples (table 1). Of the total number of 
samples, 5255 are from the national Produced Waters da-
tabase (Breit, 2002), 2049 are from the NWIS database 
(U.S. Geological Survey, 2012), 107 are from the Great 
Basin geochemical database (Nevada Bureau of Mines and 
Geology, 2006), and 74 are from the database of geother-
mal geochemical samples (Clark and others, 2010). Within 


the total data set 336 measurements are from the Great 
Basin area. 


The location of the compiled samples is shown in figure 
1. Most samples of significant depths (greater than 2000 
meters) are from oil and gas fields of the Rocky Moun-
tains and west Texas. Away from these areas most samples 
come from depths of less than 1000 meters. Samples from 
the Great Basin area are located primarily along the mar-
gin of the province and are generally from depths of less 
than 1000 meters. 


Depth of measurement ranges between 250 and 6433 me-
ters with a median of 1807 meters for the entire database. 
Within the Great Basin area depth of measurement ranges 
between 250 and 4337 meters; most of these measure-
ments are taken from samples collected within 500 me-
ters of the land surface, and the median depth of samples 
from the Great Basin area is 351 meters. The total number 
of samples from depths greater than 2000 meters is 2266, 
and 22 of these samples are from the Great Basin. 


Figure 2 shows depth versus chloride concentration for all 
water types. Samples are symbolized based on water type, 
and all samples from the Great Basin area are differentiat-
ed. Chloride concentration generally increases with depth 
across the data set although high concentrations of chlo-
ride exist at all depths. Water types that include calcium or 
magnesium as the dominant cation occur primarily within 
1000 meters of the land surface. Magnesium water types 
are generally uncommon and primarily occur at shallow 
depths less than 500 meters. Below 1000 meters most 
samples have sodium water types, and Na-Cl water type 
comprises most of the samples at depth. Other sodium 
water types (including Na-HCO3 and Na-SO4) and Ca-Cl or 
Ca-HCO3 make up much of the remainder of samples from 
depths greater than 1000 meters. There is general over-
lap of water type and chloride concentration with depth 
among samples collected in the Great Basin area and sam-
ples collected elsewhere. 


To quantify chemistry trends with depth in figure 2, sim-
ple descriptive statistics were calculated for each water 
type and solute for a series of depth intervals (tables 2 and 
3). Statistical summaries were computed using the R sta-
tistical software (R Development Core Team, 2012). Depth 
intervals examined include 250 to 500 meters followed by 
500-meter intervals from 500 to 5000-meter depths, and 
lastly all samples of more than 5000 meters in depth. Sta-
tistics were calculated separately for each depth interval 
for all samples together and for samples from the Great 
Basin area. Table 2 presents the number of occurrences 
and the relative frequency of water types (e.g. Na-Cl) as 
percent of total measurements for a given depth interval. 
These data are used to plot the frequency as percent of the 
various water types for each depth interval for all samples 
and samples from the Great Basin area (figure 3). 


Table 1. Compiled dataset of solute chemistry with depth. 
(Click to view Excel file).
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Figure 2. Water chemistry versus depth. 
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Table	  3.	  	  Summary	  sta*s*cs	  for	  solute	  concentra*ons	  by	  depth	  intervals.


All	  samples Great	  Basin	  area	  samples


Solute Depth1 n2 Min 253 Median Mean 75 Max n2 Min 253 Median4 Mean 75 Max
Ca 250-‐500 1649 0.04 8.60 28.00 92.11 63.00 7448.00 240 0.70 23.00 42.50 83.59 70.19 1700.00


500-‐1000 1158 0.50 15.00 47.00 478.06 253.25 62208.00 41 0.80 12.00 28.00 109.53 55.94 1889.00
1000-‐1500 1194 0.80 22.00 159.00 1735.92 773.50 42112.00 18 0.80 11.28 39.50 516.00 77.00 6773.00
1500-‐2000 1240 0.80 27.00 188.50 2028.24 1113.00 38000.00 17 5.80 28.10 41.95 50.71 74.32 130.00
2000-‐2500 1045 1.00 72.00 388.00 1950.65 2000.00 32000.00 6 33.96 78.49 110.37 108.25 122.97 199.77
2500-‐3000 641 1.00 81.00 352.00 2550.61 1665.00 65582.00 8 9.65 20.23 32.96 392.06 77.56 2794.00
3000-‐3500 329 8.00 114.00 591.00 4646.54 2368.00 55104.00 1 -‐-‐ -‐-‐ 25.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 5.00 162.90 1440.00 5239.84 5999.00 43056.00 4 6.09 54.77 120.40 169.10 234.73 429.51
4000-‐4500 39 6.00 371.50 1465.00 4331.46 5926.00 28100.00 3 27.00 78.43 129.85 268.28 388.93 648.00
4500-‐5000 32 15.00 32.00 94.00 539.38 326.25 5080.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 7.00 67.00 996.00 2593.26 2425.00 17253.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


Na 250-‐500 1649 1.00 45.00 160.00 724.04 450.00 99885.90 240 1.20 19.00 51.70 1318.87 215.25 99885.90
500-‐1000 1158 1.10 270.00 932.50 4704.91 2937.00 146770.00 41 6.60 39.90 82.00 2793.52 479.45 55716.00
1000-‐1500 1194 1.60 1340.00 3099.00 12043.23 9333.25 124529.00 18 18.00 32.97 114.00 2875.50 797.50 36925.00
1500-‐2000 1240 0.40 2098.50 4218.00 15815.09 12884.75 118001.00 17 6.50 64.93 338.61 578.38 1138.70 2070.00
2000-‐2500 1045 2.00 2611.00 6144.00 20534.96 21172.00 124491.00 6 16.00 113.37 1058.79 994.53 1867.87 1897.83
2500-‐3000 641 59.93 2491.00 7937.00 21465.09 30902.00 130631.00 8 59.93 388.81 782.97 1601.18 1630.47 6492.58
3000-‐3500 329 264.00 3771.00 8788.00 21128.93 30911.00 119460.00 1 -‐-‐ -‐-‐ 2549.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 163.00 3889.50 10488.00 21297.31 29367.00 99666.00 4 163.00 425.02 4950.81 7260.74 11786.54 18978.32
4000-‐4500 39 370.00 4565.50 10243.00 15710.08 16247.50 78000.00 3 370.00 3023.00 5676.00 4878.73 7133.09 8590.19
4500-‐5000 32 571.00 2913.75 3420.00 7650.47 6884.25 62935.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 1355.00 3740.00 18752.00 32001.11 37850.50 115841.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


Mg 250-‐500 1649 0.00 1.80 7.30 38.28 21.00 8000.00 240 0.00 4.40 12.00 66.93 22.25 8000.00
500-‐1000 1158 0.01 3.60 19.00 222.91 70.00 18454.00 41 0.02 0.91 6.39 32.27 17.00 599.00
1000-‐1500 1194 0.02 9.00 39.00 493.96 210.50 11165.00 18 0.02 3.10 11.00 74.00 40.49 872.00
1500-‐2000 1240 0.00 10.00 43.00 447.93 211.25 14600.00 17 0.00 1.00 19.18 19.64 30.00 59.00
2000-‐2500 1045 0.10 20.00 70.00 374.29 428.00 9960.00 6 1.00 3.92 6.39 20.27 26.20 71.92
2500-‐3000 641 0.01 20.00 104.00 441.21 412.00 25772.00 8 0.01 1.60 7.35 45.88 16.73 309.00
3000-‐3500 329 1.00 18.00 91.00 690.18 627.00 9150.00 1 -‐-‐ -‐-‐ 6.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 0.41 24.00 182.00 671.94 1087.00 5040.00 4 0.41 20.35 34.98 29.08 43.70 45.95
4000-‐4500 39 0.00 55.50 326.00 786.31 896.50 4394.00 3 0.00 3.00 5.99 21.00 31.50 57.00
4500-‐5000 32 3.00 6.75 19.50 81.66 76.25 518.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 1.00 8.50 104.00 575.47 467.50 6542.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


K 250-‐500 1649 0.04 2.00 3.60 22.37 7.60 13000.00 240 0.50 2.40 5.40 91.77 9.99 13000.00
500-‐1000 1158 0.10 5.00 13.00 94.51 49.94 7960.00 41 1.00 3.60 6.90 73.47 33.30 1830.00
1000-‐1500 1194 0.70 13.00 36.00 293.04 132.25 6900.00 18 1.10 3.83 8.45 46.49 20.75 505.00
1500-‐2000 1240 0.60 18.00 52.00 371.95 200.00 17500.00 17 2.70 4.89 16.38 38.28 56.14 245.00
2000-‐2500 1045 1.00 35.00 95.00 516.11 419.00 9000.00 6 2.80 19.98 140.34 157.62 217.25 439.50
2500-‐3000 641 1.30 43.00 230.00 722.73 784.00 9080.00 8 4.89 33.75 70.82 78.98 97.34 220.00
3000-‐3500 329 3.00 65.00 192.00 1005.74 900.00 10100.00 1 -‐-‐ -‐-‐ 25.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 9.00 83.00 250.00 1044.24 812.50 11000.00 4 17.08 33.52 254.23 655.79 876.50 2097.60
4000-‐4500 39 7.00 100.00 400.00 517.37 598.00 4400.00 3 26.00 113.00 200.00 238.48 344.72 489.44
4500-‐5000 32 4.00 10.00 85.00 255.38 264.00 1852.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 17.00 36.50 213.00 523.63 985.00 1857.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


Cl 250-‐500 1649 0.50 12.00 43.00 922.94 189.00 180000.00 240 1.20 11.80 36.08 2195.73 172.50 180000.00
500-‐1000 1158 0.60 70.00 371.00 7546.22 3122.50 231485.00 41 1.90 10.99 32.00 4227.79 227.74 91000.00
1000-‐1500 1194 0.80 592.50 3511.50 21565.01 13760.75 217968.00 18 2.00 9.99 16.50 5071.77 120.00 71873.00
1500-‐2000 1240 0.50 1300.00 5050.00 27819.92 19700.00 237245.00 17 4.30 13.00 341.61 701.21 935.93 3500.00
2000-‐2500 1045 1.00 2620.00 9000.00 34866.32 36500.00 225351.00 6 18.00 201.02 1792.95 1564.55 2871.72 2881.71
2500-‐3000 641 4.99 2450.00 9200.00 37492.69 54300.00 240236.00 8 4.99 107.74 578.34 1658.26 1522.51 8800.00
3000-‐3500 329 30.00 3750.00 12000.00 41687.57 54000.00 244228.00 1 -‐-‐ -‐-‐ 2760.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 79.51 5290.00 20500.00 43630.86 56350.00 205000.00 4 79.51 231.38 3587.06 8555.71 11911.39 26969.19
4000-‐4500 39 280.00 6800.00 25300.00 32829.86 37950.00 185000.00 3 405.00 2292.50 4180.00 5190.82 7583.72 10987.45
4500-‐5000 32 750.00 3307.50 4525.00 11706.78 8700.00 104000.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 600.00 4900.00 33800.00 54467.53 68300.00 182783.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


SO4 250-‐500 1649 0.10 16.00 66.00 297.48 250.00 10050.00 240 0.30 16.00 36.48 210.63 110.50 6300.00
500-‐1000 1158 0.20 32.00 230.00 966.92 1187.50 12500.00 41 7.89 22.00 44.00 209.12 155.82 2225.00
1000-‐1500 1194 1.00 74.00 559.50 1540.91 2179.25 14000.00 18 11.00 91.75 149.91 302.98 284.75 2650.00
1500-‐2000 1240 0.80 140.00 704.00 1403.44 1852.50 14600.00 17 0.80 1.20 59.00 90.03 68.00 424.52
2000-‐2500 1045 0.50 170.00 895.00 1611.55 2350.00 15000.00 6 0.50 58.68 85.40 99.69 111.37 257.00
2500-‐3000 641 2.00 450.00 1300.00 2246.19 3136.00 12500.00 8 9.99 67.20 333.38 1824.21 1192.42 10987.45
3000-‐3500 329 1.00 270.00 937.00 1881.32 2440.00 14970.00 1 -‐-‐ -‐-‐ 155.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 4.00 233.50 731.00 1137.57 1517.00 9400.00 4 66.00 180.56 1008.35 2867.99 3695.78 9389.27
4000-‐4500 39 13.00 323.00 1050.00 1470.28 1860.50 8500.00 3 64.00 1430.40 2796.81 2520.27 3748.40 4700.00
4500-‐5000 32 73.00 324.50 426.00 960.25 1643.75 3550.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 87.00 223.50 560.00 1044.89 1425.00 3900.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


HCO3 250-‐500 1649 3.00 150.00 220.00 457.13 500.00 29400.00 240 3.00 150.00 190.00 249.20 258.25 2252.43
500-‐1000 1158 18.00 217.25 570.50 1000.15 1342.00 9206.48 41 43.95 130.00 193.00 491.25 264.70 9206.48


Table 3.  Summary statistics for solute concentrations by depth intervals.
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Table 3.  continued


Figure 3.  Frequency of water type by depth interval.


1000-‐1500 1194 12.00 390.00 1000.00 1236.65 1706.00 17200.00 18 115.00 194.60 310.00 584.68 856.00 1818.00
1500-‐2000 1240 1.00 354.00 916.00 1337.04 1809.00 14700.00 17 132.85 286.00 440.00 535.88 579.34 1780.00
2000-‐2500 1045 12.00 329.00 746.00 1113.23 1573.00 39300.00 6 143.84 283.86 516.91 448.20 598.07 680.22
2500-‐3000 641 18.00 334.00 675.00 914.65 1171.00 7076.00 8 27.37 189.03 252.71 695.10 725.75 3096.46
3000-‐3500 329 27.00 281.00 610.00 1007.33 1476.00 11590.00 1 -‐-‐ -‐-‐ 1964.00 -‐-‐ -‐-‐ -‐-‐
3500-‐4000 139 7.00 287.00 545.00 855.75 1044.42 5514.00 4 224.00 820.13 2157.54 2133.63 3471.04 3995.44
4000-‐4500 39 51.00 458.50 708.00 1860.01 2319.69 9516.00 3 378.00 1337.69 2297.38 2384.13 3387.19 4477.00
4500-‐5000 32 5.00 770.25 1140.50 1409.75 1574.00 6137.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐
>5000 19 34.00 338.00 1110.00 1735.42 2598.50 5978.00 -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐ -‐-‐


1	  Depth	  interval	  in	  meters
2	  Number	  of	  occurrences,	  -‐-‐	  indicates	  no	  measurements	  in	  a	  given	  depth	  range
3	  Percen*les	  calculated	  using	  the	  R	  sta*s*cal	  soSware
4	  Median	  values	  for	  depth	  intervals	  with	  1	  measurement	  are	  the	  actual	  measurement
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For all samples sodium water types comprise most of the 
water types at all depths, and at depths greater than 1000 
meters more than 50 percent of all water types are Na-Cl. 
Na-Cl water types increase in frequency with depth and 
comprise between 70 and 100 percent of all water types at 
depths greater than 2500 meters for all samples. Na-HCO3 
and Na-SO4 water types combine to comprise between 47 
and 53 percent of water types; as depth increases the fre-
quency of these water types decreases to a combined total 
of 6 percent at depths of 3500 to 4500 meters. Calcium 
water types (Ca-HCO3, Ca-SO4, and Ca-Cl) combine to com-
prise 24 percent of samples in the 250 to 500-meter depth 
interval. Ca-HCO3 water type is 18 percent of total sam-
ples at these depths, with its frequency decreasing rap-
idly below 500 meters to less than 1 percent of samples 
to depths of 3000 meters. Ca-Cl water type is generally 1 
percent of samples, but between 3500 and 4500 meters 
this water type accounts for 10 to 12 percent of samples. 
Magnesium water types combined (Mg-Cl, Mg-HCO3, Mg-
SO4) are generally less than 1 percent in the upper 2500 
meters, and magnesium water types are absent altogether 
below 2500 meters.


Water type frequency patterns for samples in the Great 
Basin area are broadly similar to those described above. 
A greater percentage of samples in the upper 2500 meters 
are calcium bicarbonate water types, ranging from 17 to 
38 percent of samples for depths less than 2500 meters. 
Sodium water types again dominate samples at depth in-
tervals greater than 2000 meters, and Na-Cl water type is 
between 25 and 100 percent of samples at depths greater 
than 2000 meters.


Figure 4 shows median values of solute concentration rel-
ative to depth intervals. For all samples, median concen-
trations of all solutes increase rapidly with depth to 1500 
meters. Below 1500 meters the rate of concentration in-
crease is lower. The greatest median concentrations of so-
dium and chloride are 18,750 mg/L and 33,800 mg/L and 
occur in the greater than 5000 meter depth interval. For 
depth intervals between 2000 and 5000 meters, sodium 
and chloride have median concentrations ranging from 
6100 to 10,500 mg/L and from 9000 to 25,300 mg/L, re-
spectively. 


Median values of concentrations for solutes in the Great 
Basin area are generally lower than those of all samples 
for a given depth interval (figure 4). The median concen-
tration of calcium in the Great Basin area ranges between 
28 and 43 mg/L for depth intervals less than 2000 me-
ters. For depth intervals greater than 2000 meters median 
calcium concentrations range between 25 and 130 mg/L. 
The median concentration of sodium ranges between 51 
and 339 mg/L for depth intervals less than 2000 meters 
in the Great Basin area. Below this depth median sodium 
concentration ranges from 783 mg/L at the 2500 to 3000-
meter depth interval to 5676 mg/L at the 4000 to 4500-


meter depth interval. Median magnesium concentrations 
in the Great Basin area range from 6 to 20 mg/L in the 
upper 2000 meters; at depths greater than 2000 meters 
most depth intervals have median concentrations of less 
than 10 mg/L. The largest median magnesium concen-
tration is 35 mg/L at the 4000 to 4500-meter depth in-
terval. Median potassium concentrations range from 5 to 
16 mg/L for depth intervals less than 2000 meters in the 
Great Basin area. Median concentration of potassium for 
depth intervals between 2000 and 4500 meters ranges 
from 25 to 254 mg/L. Concentrations of the chloride anion 
in the Great Basin area range between 17 and 342 mg/L 
for depth intervals less than 2000 meters. At depth inter-
vals greater than 2000 meters median chloride concentra-
tions range from 578 to 4180 mg/L. The median sulfate 
concentration in the Great Basin area ranges from 37 to 
150 mg/L for depth intervals less than 2000 meters. At 
depths greater than 2000 meters sulfate has median con-
centrations between 85 and 2796 mg/L. The median bi-
carbonate concentration in the Great Basin area ranges 
from 190 to 440 mg/L for depth intervals less than 2000 
meters. Below 2000 meters median bicarbonate concen-
trations range from 517 to 2297 mg/L. 


DISCUSSION


The compiled dataset presented here is clustered in its 
geographic extent. This leaves large areas with no or few 
samples at a given depth and likely skews results relative 
to locations having significant data. Most samples from 
depths greater than 1000 meters are from the oil and gas 
industry and are necessarily located in producing oil and 
gas basins. These settings have unique geochemistry rela-
tive to other areas and their inclusion here may also af-
fect these results. The incomplete nature of field param-
eters of pH and temperature included in this dataset also 
raises the potential for error. Samples that were collected 
from deep, warm locations may have re-equilibrated due 
to changes in mineral solubility resulting from large tem-
perature changes. 
 
Based on the compiled geochemical data, fluid chemistry 
is generally dominated by sodium water types, in particu-
lar Na-Cl water types, which comprise most of the samples 
particularly below 2000 meters in depth. Other sodium 
water types, including Na-HCO3 and Na-SO4, comprise 
lesser but important fractions of total water types for a 
given depth interval. At shallow depths less than 2000 
meters, Ca-HCO3 and Ca-SO4 water types comprise impor-
tant fractions of the dataset, particularly in the Great Basin 
area. Mg water types are rare across all depth intervals.


Previous work on deep fluid geochemistry has found dom-
inant chemistries of Ca-Na-Cl (Moller and others, 1997; 
Stober and Bucher, 1999; Stober and Bucher, 2005) and 
Na-Cl (Stober and Bucher, 2004; Bucher and Stober, 2010) 
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Figure 4. Median solute concentrations by depth intervals.
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brines at depths greater than several thousand meters. 
The concentrations of these brines are within an order of 
magnitude of the calculated median solute concentrations 
for comparable depth intervals from the entire compiled 
dataset, and are generally higher than samples from cor-
responding depths in the Great Basin area. As such, the 
sample data presented in the compiled dataset are likely 
a reasonable estimate of fluid geochemistry at various 
depths despite the limitations of geographic and geologic 
setting previously discussed. 
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Where is the next GWe of geothermal power in the U.S. going to be generated? 
(MWe in brackets are “running capacity” compilations from GEA website) 
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The Prize: Paleozoic sedimentary units beneath high-heat flow basins in the 
Basin and Range where temperatures are > 150°C, and there is natural 


stratigraphic permeability.  The prospective area is large! (~1000 x 500 km2) 
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The hottest conditions at depth in the B&R are beneath the basins (due to 
thermal conductivity effects).  Until now, the exploration focus has been 


locating hydrothermal upflows within faults bounding the ranges. 
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Great Basin Carbonate 
System superimposed on 
regional heat flow map of 
western U.S. (from Blackwell 
et al., 2011).  The Paleozoic 
carbonate units are known to 
have aquifer properties, which 
if hot enough may also be 
geothermal reservoirs.  


 


Locations of geothermal 
power plants (dots) and the 
three basins (rectangles) 
discussed in this presentation: 


BRD = Black Rock Desert, UT 


NSV = Nth Steptoe Valley, NV 


MRT = Mary’s River – Toano 
basins, NV 
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Black Rock Desert, Central UT 
Green contours represent > 2 km of basin fill 


Preliminary Indications: 


The Pavant Butte – Clear Lake area 
may have the highest temperatures (> 
200°C @ > 3 km depth) in this basin;  
rest of basin may be ~ 170 – 190°C at 
< 4 km depth.  Area > 1000 km2 – the 
resource potential is large! 


Bouguer gravity (mgal) 


target zone for 
Black Rock 
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Arco’s “Hole-n-Rock” oil 
exploration well in southern 
Black Rock Desert, UT, 
encountered large drilling fluid 
losses once in the carbonate 
units below 2774 m depth.  
These loss zones and drilling 
problems precluded reliable 
temperature measurements in 
the carbonate units. 


New temperature gradient 
wells indicate a near-surface 
gradient of about 60°C/km 
and a temperature at 3 - 4 km 
of 170 – 200°C (preliminary 
data!) 







Interpretation of 
reprocessed seismic 
reflection line across 
northern Black Rock Desert 
(Schelling, 2012).  Based 
on picks of formation tops 
from wireline logs in nearby 
oil exploration wells. 


 


The total sedimentary 
package is very thick, and 
cut by steep Quaternary 
faults, and Late Cretaceous 
thrust packages. Q-T basin 
fill matches gravity anomaly 


 


Seismic reflection 
techniques are a powerful 
tool for resolving deep 
stratigraphy and structure in 
B&R basins 







Potential reservoir 


Nth Steptoe Valley, 
eastern NV, ~ 50 km 
nth of Ely 


Area of reservoir with > 2 km 
of low density fill > 100 km2 







Nth Steptoe Valley: 


A geothermal production 
well cased into the 
Guilmette carbonate (~ 2.8 
km) and open to about 3.5 
km should find great 
permeability in the 
dolomite, and temperatures 
of 180 – 200°C 
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Temperatures of 160 – 200°C possible 
at 3 – 4 km depth.  Small circle 
highlights a well with anomalously high 
temperature, which is well-determined 
from temperature log run a day after 
circulation stopped. 


Potential reservoir 


Bouguer gravity anomalies 
from PACES dataset (mgal); 
thickness of low density fill 
is poorly defined in some 
basins due to lack of 
measurement points  







In many of these basins, access is easy, and even the sage brush has trouble surviving 







(1a) Evidence for reservoir 
permeability in 
databases: Permeability 
vs. Depth for basin-fill, 
carbonate, and 
siliciclastic rocks (Kirby, 
in prep., GASIS and 
groundwater databases) 


 Bottom line – 100 mD is 
not unusual at depths of 
3 – 5 km in some 
sedimentary units. 


Snap shots of 
related, ongoing 
studies as part of 
Phase I project for 
DOE Geothermal 
Office 







(1b) There is no evidence of over-pressures within the 
Eastern Basin & Range Province: 


 
Deep pressures plot near hydrostatic from the local ground 


surface – appears to be a consequence of bedrock units 
outcropping in the ranges adjacent to each valley/basin 
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Four 25m zones of 100 
mD (10 D - m) over 300 
m of depth in 1 mD host 
rock at about 3 km 
depth; bedrock gradient 
= 37°C/km. 


Top of model at ~ 2.2 
km depth; average 
reservoir temperature 
initially 200°C, injection 
temperature 75°C 
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(2a) Reservoir Modeling: this scenario is for 5-spot pattern of production and 
injection at 1000 gpm per full well @ 500 m spacing 


°C 


In Prep.: Reservoir 
Modeling Team, Roehner 
and Deo (Univ. of Utah) 


(10 years) 


For this scenario, 6 
production wells and 6 
injection wells are 
within  a 1 km radius (3 
km2 area) 
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(2b) Preliminary results: As 
production temperature declines, 
both the conversion efficiency drops 
AND the usable heat (ΔT) drops. We 
need reservoir temperature to be at 
least 150°C. 


But the deeper we have to drill down 
the conductive gradient, the less 
likely the project will be economic 
due to increasing well costs! 


For a stratigraphic reservoir 
of 10 Darcy-m (100 mD over 
100 m of “pay”) and 200°C, a 
five-spot production/injection 
well pattern with 500 m 
spacing, a pump rate of 60 
kg/s (1000 gpm), and an 
injection temperature of 75°C, 
the reservoir power density is 
5 - 10 MWe/km2 for the first 30 
years. 


Air-cooled binary 
power plants 
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(3) Economic Modeling – an LCOE of 10c/kWh is possible for stratigraphic 
reservoirs in “the Prize” zone. Reservoir temperatures in our three focus basins 


are highlighted 
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5 km 


Geysers 
reservoir at 
same scale 


E F 


Black Rock Desert, UT 


Our most attractive area so far: 


Black Rock Desert, UT – a ~1000 km2 area 
within -190 mgal anomaly has > 2 km of 
unconsolidated fill and surface gradient of 
≥60°C/km.  It is many times larger than the 
productive area of The Geysers (CA).  Even 
at 3 MWe/km2 power density, a reservoir 
area similar to The Geysers (~ 150 km2), 
would generate ~ 500 MWe. There are 
stratigraphic reservoir targets at depth.  The 
transmission infrastructure to CA is in place.  
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Key Points 
• Stratigraphic reservoirs beneath basins in high heat flow 


terrain such as the Basin & Range are ~ 100 times larger in 
area than the hydrothermal reservoirs in the B&R 


• If reservoir temperatures are ~170 - 200°C and reservoir 
transmissivity is ~ 10 Darcy-m, the power density is ~ 3 - 10 
MWe/km2 over 30 years, and power plants can be 100s of 
MWe (net) in capacity 


• There are minimal environmental impacts (100% injection 
with air-cooled binary plants; reservoir at ~ 3 – 4 km depth; no 
obvious land access issues in the most attractive area) 


• LCOE of ~10c/kWh is possible if reservoirs are at less than 4 
km depth 


• EGS techniques for optimizing water flood/heat sweep likely 
required  


 
• We encourage major geothermal industry players to join 


us in partnership with DOE Geothermal Office to 
demonstrate that this type of resource has GWe power 
potential in the U.S. (in Phase II of this project) 
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