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 EXECUTIVE SUMMARY  
 

The Convergence of Heat, Groundwater & Fracture Permeability: 
Innovative Play Fairway Modelling Applied to the Tularosa Basin 

 
The Tularosa Basin Play Fairway Analysis (PFA) project tested two distinct geothermal exploration 
methodologies covering the entire basin within South Central New Mexico and Far West Texas. 
Throughout the initial phase of the project, the underexplored basin proved to be a challenging, yet 
ideal test bed to evaluate effectiveness of the team’s data collection techniques as well as the 
effectiveness of our innovative PFA.  
 
Phase 1 of the effort employed a low-cost, pragmatic approach using two methods to identify potential 
geothermal plays within the study area and then compared and contrasted the results of each method 
to rank and evaluate potential plays. Both methods appear to be very effective and highly transferable 
to other areas. 
 
The first method was a deterministic approach developed by the petroleum industry and the second a 
stochastic method (weights of evidence) that has been used for mineral exploration and which has seen 
some use in geothermal exploration. To support PFA, an exhaustive data collection was undertaken to 
stock a geographic information system (GIS) with geospatial data to support the development of 
evidential layers representing heat of the earth, fracture permeability, and ground water for the transfer 
of heat. Data was also added to support future marketing.  
 
Data for PFA would ideally be evenly spaced and contiguous throughout the study area. However, a 
significant and technically sufficient dataset was created covering large parts of the study area.  
 
The deterministic petroleum industry PFA was modified for geothermal use and it identified eight plays, 
including a known geothermal resource at McGregor Range. Certainty was also assessed 
deterministically based upon the spatial distribution and correlation of input data representing heat. 
 
The weights of evidence (WoE) PFA required training data representing known geothermal systems and 
hot springs. A paucity of sites within the study area led to the use of training sites elsewhere in New 
Mexico, Utah, and Nevada. WoE statistically evaluates the relationships of the input data with the 
training sites, calculates weights for each dataset, and produces a posterior probability raster surface 
(PFA model) and supporting statistics. This PFA identified ten plays, six of which were also identified 
using the aforementioned deterministic method, including the known resource at McGregor Range. 
WoE analysis also produces a confidence map which showed the plays area being relatively high 
confidence. However, data constrained within the study area was examined using probability kriging to 
create an additional certainty layer which was more conservative.  
 
Considering the proximity to control data and certainty analyses, four of the twelve identified plays were 
considered to be from medium to high priority. The remaining plays lack certainty primarily due to a lack 
of certain evidential data at these locations. 
 
Support work was also done to help better understand the geology of the region and to aid in 
marketing. This included: 

 Economic analysis of the higher priority plays; 
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 Basement structure analysis; 

 Strain surrogate (Z/R ratio) calculations; 

 Geochemistry; 

 Surface thermal anomaly mapping; 

 Hydrothermal alteration mapping; and, 

 Mineralogy mapping to map brittle v non-brittle rock (future EGS support). 
 
Phase 1 of this study has not only exponentially increased the level of understanding of the basin from a 
geothermal resource perspective, but could very well lay the groundwork for a clean energy future in 
the region. Several distinct potential markets for geothermal energy exist within the Tularosa Basin, 
including three of our nation's premier military installations (Fort Bliss, White Sands Missile Range and 
Holloman Air Force Base) as well as the El Paso, Texas metropolitan area (home to over two million 
people). 
 
In large part, the PFA team developed the project due to the potential marketability of geothermal 
power to these distinct areas. As an example, due to the vastness of both Fort Bliss and White Sands, 
both installations require power in numerous remote training locations and currently purchase power 
from major utilities in Texas and New Mexico, and also from several different small electric 
cooperatives. The power purchased in these remote areas can sometimes be costly (up to 17-21 cents 
per kWh in some instances) and on occasion is subject to frequent interruption. 
 
DOE funding for this project facilitated the identification of geothermal resources for the first time on a 
Tularosa Basin-wide scale bringing a substantial amount of disparate data into a common database for 
analysis. The project team believes that this study could have a significant impact toward reducing 
geothermal exploration costs, and by doing so, lead to the development of new geothermal resources. 
 
The project team, led by Ruby Mountain Inc. and The Energy and Geoscience Institute at the University 
of Utah, had no significant departure from stated goals or methods and brought Phase 1 to a successful 
conclusion on budget and on time while substantially exceeding cost sharing targets. 
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 SECTION 1: INTRODUCTION 
 
1.1 Geothermal Play Fairway Analysis (PFA) For Risk Reduction 
 
Play fairway analysis (PFA) was developed by the petroleum industry to reduce risk over basin-wide 
areas by identifying small areas that meet play criteria (Fraser, 2001). PFA has already crossed-over into 
the geothermal arena, although prior to this DOE GTO initiative it had not been widely applied. 
 
There are two basic model types of geothermal PFA: (1) knowledge-based (deterministic), where genetic 
geothermal data are considered through direct spatial correlation and (2) data driven, often stochastic, 
statistical models where data from training sites provide evidence to support probability calculations.  
Nash et al. (1996) reported results of an early DOE supported effort, covering part of Nevada, where 
limited data was used in a knowledge-based model based upon genetic relationships of the input data to 
known geothermal occurrences within the study area. Coolbaugh (2003) used a greatly expanded GIS 
database, including numerous training sites, for weights of evidence (WoE) and density function 
calculations coupled with weighted fuzzy modelling, for models covering the Great Basin. Sabin et al. 
(2004) discuss the merits of geothermal Occurrence Models based on co-occurrence of geothermal 
associated phenomena and using these to identify other localities with similar co-occurrences. Younes et 
al. (2007, 2007) discuss the use of feature distances from producing geothermal wells as evidence and 
integrate these into a knowledge-based weighted-sum model, which yielded 97% accuracy based upon 
the prediction of known occurrences in kita and Iwate prefectures, Japan.  
 
Fry analysis, spatial association analysis, and evidential belief functions were applied for geothermal 
modeling in West Java, Indonesia by Carranza et al, 2008. In this study 127 training sites were used. A 
similar study was carried out by Moghaddam et al. (2013) for Akita and Iwate, where numerous training 
sites were required. Hossein et al (2007, 2010), applied a knowledge-based method, using Boolean logic 
on vector evidence layers, to create a geothermal model for Iran, where layers were combined using 
Intersect and Union techniques in ArcGIS.  
 
All models rely on the spatial correlation of data known to be directly associated with geothermal 
systems. The chief strength of statistical models is that they are not biased by the user and that 
probabilities may be derived. However, the results are sometimes not trusted by explorationists, 
decision makers, and investors. Additionally, statistical models require significant amounts of training 
data from known geothermal systems or hot springs, which can be limited. The chief strength of 
knowledge-based modelling is that training sites/data are not required because they rely on the 
knowledge of experienced explorationists. In frontier areas, with few if any training sites, this type of 
model would be the practical choice. Additionally, this type of model is more easily understood by 
decision makers and investors and the contribution of each factor is easily extracted. Finally, there is 
currently no evidence that knowledge-based or statistical models are superior. 
 
PFA can lead to the discovery of new geothermal resources by reducing large formidable regions to 
smaller more focused areas for exploration. This reduces risk and up-front expenses. Both of the PFA 
methods used in the project have excellent potential for application, not only in the Tularosa Basin but 
in other areas as well – a very important consideration for the cost effective identification and 
development of geothermal resources across the entire United States. 
 
 



7 – Tularosa Basin Play Fairway Analysis, Phase 1 Report #DE-EE0006730 
 

1.2 Tularosa Basin Project Objectives 
 
The overriding objectives of this project are to: (1) develop a knowledge-based PFA applying petroleum 
industry logic; (2) develop a stochastic WoE model; and, (3) compare and contrast the results. Additional 
objectives include economic modeling for the highest priority identified plays and development of a GIS 
database to support the project and marketing with the final future objective of power production. 
 
 
1.3 Overview of Study Area 
 
The Tularosa Basin is a graben located in the southern Rio Grande Rift (Fig. 1). The study area covers 
approximately 6500 km2, much of which is underexplored. Several factors went into the selection of the 
Tularosa Basin. It was primarily chosen because it is a challenging, yet ideal test bed to evaluate 
effectiveness of PFA. 
 
Additionally, Tularosa Basin is home to 
several military installations including White 
Sands Missile Range and Fort Bliss, which 
are the first and second largest U.S. Army 
bases in the United States, together 
covering more than 10,000 km2 of 
southeastern New Mexico. The much 
smaller Holloman Air Force Base also lies 
within the study area. Geothermal 
development in this area could help the 
military achieve its Net Zero Energy goals. 
 
 
1.4 Study Area Characteristics 
 
The Tularosa Basin study area has a complex 
tectonic history beginning with Paleozoic 
siliciclastic sedimentation on a once low-
lying shelf of the North American Craton. 
This was followed by periods of crustal  
shortening,  including  Late  Paleozoic  
deformation  related  to  Ancestral  Rocky  
Mountains  uplift  and  the  Late Cretaceous  
Laramide Orogeny. The current landscape 
has been shaped by extensional tectonics, 
with the resultant development of the Rio 
Grande Rift. Extension began in the Late 
Paleogene and is accompanied by high heat 
flow. However, seismic activity is infrequent, 
relative to that in the Great Basin to the 
northwest, indicating that extension may be 
slowing in this area. 
 

Figure 1. Tularosa Basin study area, about half of 

which is military lands. 
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Historical earthquakes in the area are, in general, clustered in the northern part of the basin, suggesting 
that the basin opened on the southern end and active rifting is now focused in the northern reaches 
(Fig. 2). 
 

 
 
Figure 2. Tularosa Basin earthquakes, which tend to cluster at the north end of the valley, suggesting 
that active extension is migrating northwardly. 
 
Four slim holes drilled in a 1997 SANDIA sponsored program near Davis Dome, in the southeastern 
part of the basin (Fig. 3), recorded high temperatures  between 170 oF and ~190 oF (Finger and 
Jacobson, 1997) suggesting the presence of a promising geothermal system. More recently a study 
of McGregor Range, Fort Bliss, sponsored by the U.S. Department of Energy Geothermal Technologies 
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Office and implemented by Ruby Mountain Inc., resulted in the drilling of a new test well, RMI 56-5, 
again near Davis Dome, that reached a depth of 3,030 feet and encountered a high temperature near 
200oF. Initial  tests suggest a production rate of 300 gpm (Barker et al, 2015) and water chemistry 
suggests a reservoir temperature of 235oF (Barker et al., 2014).  
 
The presence of a known geothermal system, Quaternary faults, and relatively high heat flow, suggest 
that additional geothermal systems may be present in the study area. This, along with military needs for 
green energy, gave rise to the need of basin-wide PFA to determine if additional promising plays exist. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. SANDIA slimholes 51-8, 46-6, 61-6, and 45-5 and RMI 56-5.  
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 SECTION 2: DATA ACQUISITION & PROJECT DATABASE 
 
2.1 Data Collection 
 
From the onset of the Tularosa Basin PFA effort, the most daunting challenge was the accumulation of 
adequate data in the underexplored Tularosa Basin. Lack of credible data in adequate quantity would have 
posed a barrier to PFA model development. Through a variety of means, the project team was able to collect 
more data than thought possible at commencement of the effort.  
 
As per DOE guidelines, all datasets used in Phase 1 of this study were derived from existing 
databases/repositories, previously published literature and existing unpublished data collected from 
local/regional sources. An exhaustive data collection effort was undertaken to support the development 
of layers of evidence for heat of the Earth, the presence of ground water for heat transfer, and the 
presence of faults for fracture permeability.  
 
Operating on the assumption that increased outreach to, and cooperation from, potential stakeholders 
would lead to greater data collection success, the project team worked with key organizations and 
military reservations within the project study area to collect data and help facilitate information 
exchange about the Play Fairway Analysis effort.   
 
Rather than having a single project kickoff meeting with all potential stakeholders invited, the team 
opted to meet with key stakeholder groups individually to brief them on the PFA concept in general, our 
project specifically, and to assess their level of interest in geothermal energy development in the area, 
and obviously to submit formal data requests. Specifically the following actions were undertaken as part 
of the data collection effort: 
 

1. Internet literature review 
RMI initiated the data gathering process in mid-August of 2014, scouring the internet and online 
databases for data relevant to the effort as requested by EGI’s Dr. Greg Nash. Almost 500 papers 
and websites were reviewed which resulted in collection of almost 60 relevant documents, 45 
web links to online research, heat flow maps and several water well maps - the most expansive 
of which was from the NM State Engineer’s Office. 
 

2. Review of pertinent data on existing databases 
RMI also located 15 searchable online databases and sent links to those websites to Dr. Nash at 
EGI. In addition, Dr. Nash accessed and collected information from several additional online 
databases including the NGDS, USGS, the State of New Mexico Geothermal Resources Database 
among others. 
 

3. Collection of local/regional data 
Early on in the effort, RMI began to reach out to an initial set of stakeholders in the region for 
purposes of data collection. Initial contacts made included: Fort Bliss, El Paso Water Utilities, the 
University of Texas at El Paso, New Mexico State University and Mike Hillesheim with the 
National Renewable Energy Laboratory, White Sands Missile Range, the City of Alamogordo 
Water Utilities, Alamogordo Public Schools, the New Mexico State Engineer’s Office – District IV, 
the New Mexico Environment Department’s Water Quality Bureau in Las Cruces, Fort Bliss 
Water and the U.S. Army Corps of Engineers. 
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RMI collected a substantial amount of useful data from El Paso Water Utilities which included 
well locations, temperatures, well logs and water chemistry data for dozens of locations 
throughout El Paso County in the southern part of the study area, including several locations 
where warm water is known to exist. Although data was received from many sources, the 
cooperation from El Paso Water Utilities was by far the most successful during Phase 1. 
 

Lastly, the project team realized that despite the extensive desktop reconnaissance and outreach efforts 
to key local agencies, there would likely be gaps in the data collection. To address this issue, RMI created 
an extensive list of additional contacts for agencies in New Mexico and for communities/utilities and 
water districts throughout the Tularosa Basin. This was done so that RMI could reach out to those 
agencies to infill data throughout the study area. RMI contacted many agencies on the list to help 
address data gaps, however not all agencies were responsive and additional follow up is planned for 
Phase 2. 
 
 
2.2 Liaison with Military 
 
While Fort Bliss was made aware of the PFA project upon initial implementation of the effort, a formal 
presentation to relevant staff was delivered on Wednesday, January 7, 2015. A copy of that presentation 
was previously submitted to DOE. Representatives from various directorates (departments) on the Post 
attended the meeting and it was determined that a Memorandum of Agreement (MOA) was needed for 
purposes of collaboration and information exchange. RMI drafted an MOA for submittal to the Office of 
the Staff Judge Advocate at Fort Bliss and it was executed by both parties. 
 
Subsequent to execution of the MOA, RMI continued to brief our Fort Bliss staff contacts on project 
progress, and in fact, our project point of contact even accompanied Project Manager Carlon Bennett to 
White Sands Missile Range in order to help facilitate information exchange. Fort Bliss was very helpful 
during Phase 1 of the effort in setting up project briefings/data collection meetings with Fort Bliss Water 
and El Paso Water Utilities as well as arranging contact with the Army Corps of Engineers. 
 
Concurrently with the efforts at Fort Bliss, a dialogue was opened up with White Sands Missile Range 
staff to both assess their interest in geothermal development and to gather any pertinent information 
which might be helpful in PFA development. Several meetings were held with WSMR staff and the Post 
has agreed to share results of some upcoming data collection with our project team. 
 
Facilitating ongoing information exchange and maintaining positive working relationships with the Army 
is significant to the project. This is true not only because most of the identified geothermal plays up to 
this point are located on military lands, but also because the military is likely the largest beneficiary of 
geothermal development within the basin. 
 
Any effective PFA methodology developed through this project will be a valuable tool for the geothermal 
industry interested in developing geothermal resources, but this is particularly true for DoD energy 
managers/decision makers who are charged with making significant, long-term energy investments with 
limited access to reliable, understandable geothermal data.  
 
At present RMI and EGI estimate that over two dozen military installations – most located in the Western U.S. 
- are projected to have some level of geothermal power production potential. 
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2.3 Project Database Development 
 
As stated previously, an exhaustive desktop reconnaissance effort was undertaken to gather and review 
data on the region. The principal goals of this effort were to: 

 find data that are a direct indication of heat including temperature gradients, heat flow, and 
water chemistry to facilitate the calculation of geothermometers;  

 find geologic data that may indicate fracture permeability; and, 

 locate data indicating the presence of ground water.  
 
The SMU Geothermal Laboratory 2011 heat flow map was also added (Blackwell et al., 2011). These 
data were collected in a digital format from multiple websites and in analog form from publications. The 
majority of data collected was evaluated and integrated into the project GIS, which was developed and 
maintained by EGI. 
 
From our Phase 1 effort, 99 temperature gradient points, 414 water chemistry analyses with good 
charge balance, Quaternary faults, Pleistocene Lake Otero, and 6,192 water wells which penetrated 
ground water were added to the GIS. References to the data sources are listed in the GIS shapefile 
tables and/or metadata which are to be uploaded to the U.S. Department of Energy Geothermal Data 
Repository (GDR). 
 
Supporting data were also added to the GIS for project support and to aid in future marketing efforts. 
These included land ownership, geology, shaded relief, regional Bouguer gravity, regional total 
magnetics, earthquakes, average temperature, depth to ground water, and volcanic age maps. Digital 
elevations models were also incorporated. 
 
Additionally, both day and night acquisition ASTER (Advanced Spaceborne Thermal Emission and 
Reflection Radiometer) data were added and used to (1) map possible surface temperature anomalies, 
(2) relative outcrop clay, calcite, silica, and gypsum concentrations (mineralogic EGS implications), and 
(3) hydrothermal alteration. 
 
Data collected during Phase 1 has been added directly into a GIS database or reformatted as necessary 
to allow its incorporation. All data will be carefully georeferenced to a common coordinate system, 
projection, and datum to facilitate model integration. Potential error and uncertainty related to the 
sources will be noted in the metadata and attribute tables. 
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 SECTION 3: APPROACH TO PHASE 1 PFA DEVELOPMENT 
 
3.1 Deterministic Play Fairway Analysis: Petroleum Logic Approach 
 
The first PFA completed in the project was based upon petroleum industry logic. For petroleum PFA 
development, data representing charge, reservoir, and seal are integrated into representative 
composite risk segment (CRS) maps, which are then in turn integrated into the final PFA. In our 
geothermal PFA effort, we substitute heat of the Earth, ground water for heat transfer, and fracture 
permeability for the three CRS layers. Seal is not of great consequence because our PFA is designed to 
locate areas with high potential for fault related fracture permeability rather than permeable rock 
reservoirs upon which petroleum systems rely. 
 
Classification rules for petroleum industry logic PFA are relatively simple and easy to understand. If all 
three CRS layers have the same risk class, then the final PFA class is the same. If a single CRS risk class is 
of higher risk, then the final PFA class is of the higher risk class. Examples can be seen in (Table 1). 
 

Table 1. Petroleum PFA classification rule examples. 

Charge CRS Class Reservoir CRS Class Seal CRS Class Final PFA Class 

Low Risk Low Risk Low Risk Low Risk 

Low Risk Low Risk Medium Risk Medium Risk 

Low Risk High Risk Low Risk High Risk 

Medium Risk Medium Risk Medium Risk Medium Risk 

Medium Risk Medium Risk High Risk High Risk 

High Risk High Risk Low Risk High Risk 
 
This simple classification scheme works well where a relatively even spatial distribution of all input data 
sets is present. However, modifications were necessitated because this was not the case for our study 
area. The modifications will be elucidated throughout the following descriptions of CRS and PFA 
development. 
 
Heat of the Earth CRS 
 
To develop this CRS, temperature data points representing temperature gradients and quartz 
Geothermometers were interpolated into statistical surfaces using the deterministic IDW (inverse 
distance weighted) technique found in the ArcGIS software package. The statistical surfaces were then 
classified in the ArcGIS map document using Layer Properties>Symbology as follows: 
 
Temperature gradients (Fig. 4):  
0 oC/km – 60 oC/km = High Risk 
60 oC/km – 80 oC/km = Medium Risk 
>80 oC/km = Low Risk 
 
Quartz Geothermometer (Fig. 5): 
0 oC – 60 oC = High Risk 
60 oC – 80 oC = Medium Risk 
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>80 oC = Low Risk 
 
The ArcGIS Reclassify tool was then used to permanently apply these classes to new output files 
(ArcToolbox>Spatial Analyst Tools>Reclass). The output raster files were then vectorized 
(ArcToolbox>Converation Tools>From Raster>Raster to Polygon) for CRS integration. 
 
Heat flow (Fig 6) was digitized as vector data directly from the SMU 2011 heat flow map (Blackwell et al., 
2011). It was classified as follows (mW/m2): 
55 – 70 = High Risk 
70 – 85 = Medium Risk 
>85 = Low Risk 
 
New fields were then added to each of the three CRS input file tables, with field heading names unique 
to the given dataset (e.g. TempGrad_Class), and populated with risk classes. These will be carried over in 
the following Union process, which is the next step. 
 
The ArcGIS Union overlay method (Geoprocessing>Union) was then applied to the three heat CRS input 
vector layers. This produces a “spaghetti map” (Fig 7). A new Final_Class field was then added to the 
table of the output “spaghetti” vector file. Data queries were then be run to select sets of data for 
classification, e.g. "Qtz_Risk" = 'Low' AND "TG_Risk" = 'Low' AND "HF_Risk" = 'Low', and, for the records 
selected, the new Final_Class field was populated as Low Risk in this example.  
 
This initially followed the petroleum PFA classification rules. However, since there is an uneven spatial 
distribution of data, the heat CRS was overlain with input temperature gradient and quartz 
geothermometer data points and the vectorized heat flow map to help classify problematic areas. For 
instance a polygon may have input classes of (1) temperature gradient = High Risk, (2) heat flow = Low 
Risk, and 3) quartz geothermometer = Low Risk. This, according to petroleum industry logic, would make 
the polygon High Risk. However, upon inspection of the input data, if no temperature gradient control 
points were found within or nearby the polygon, this dataset would have been considered low priority. 
Conversely, if geothermometer control points, in the Low Risk class, were found within the polygon this 
data would be assumed high priority. This would give the quartz geothermometer dataset precedence 
and the polygon would have been classified as Low Risk. This requires additional work and data 
observation, but we believe that is it appropriate and so this method was used to classified questionable 
polygons. It takes more time, but it also helps the explorationist become better acquainted with the 
data. 
 
The ArcGIS Dissolve method (ArcToolbox>Data Management Tools>Generalization> Dissolve) is then 
applied, based on the final risk field, to simplify the polygons for the final Heat CRS (Fig. 8). 
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Figure 4. Heat risk -- temperature gradients. 
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Figure 5. Heat risk – quartz geothermometers. 
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Figure 6. Heat risk – heat flow. 
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Figure 7. Graphic showing the spaghetti like polygons created using the Union overlay method. 
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Figure 8. Final heat CRS after application of the Dissolve method. 
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Fracture Permeability CRS 
 
This CRS was developed using Quaternary faults and zones of critical stress (Fig. 9) (Faulds et al., 2006, 
2010, 2013). Quaternary faults were derived from the USGS Quaternary Fault and Fold Database of the 
United States. These were in a polyline shapefile. These data were Clipped to fit the study area 
(Geoprocessing>Clip) and the clipped lines were then buffered at a distance of 1 km. The resultant 
polygons were then all classified as Medium Risk. Quaternary faults and recent seismic actively are 
known to be related to permeability in geothermal systems, but fault slippage can both open and close 
fractures. Therefore, we believed that Quaternary faults needed to be represented, but not as Low Risk.  
 
Zones of critical stress form in structural settings such as fault step-overs, terminations, apexes, 
intersections, and accommodation zones. Critical stress zones were mapped using analysis of aerial 
photography, Bouguer gravity, and total magnetic data. Each zone was considered to be encompassed 
within a 5 km diameter circle, except where evidence indicated that a larger area may be impacted. 
Resultant polygons were classified as Low Risk 
 
The ArcGIS Union method was applied to the 1 km buffered Quaternary faults and the critical stress 
zones polygons and a new field was added to the result to hold the final classifications. The ArcGIS 
dissolve method was then applied to simplify the polygons, the results of which can be seen in Fig. 10. 
 
 
Ground Water CRS 
 
This CRS was developed using data from a point of diversion (POD) water shapefile obtained from the 
New Mexico office of the State Engineer and from drainage basin analysis in the Sacramento Mountains. 
Wells that had penetrated ground water and springs were extracted from the POD data and merged 
with water chemistry points were not redundant, and buffered at a distance of 2 km. The Pleistocene 
Lake Otero shoreline was also buffered at a distance of 2 km and this was Union overlain with the other 
water data. A trivial amount of new area was also edited in based upon the results of the drainage basin 
analysis.  Dissolve was applied to simplify the resultant polygons. These polygons were given a class of 
Low Risk (Fig.11). All other areas in the basin were considered to be High Risk, although a good deal of 
the High Risk area may contain ground water, there is just no data to support it.  
 
 
Final Petroleum Industry Logic PFA 
 
The final deterministic PFA was created by applying a Union overlay to the three CRS layers. This was 
followed by Dissolve to simplify the polygons. The PFA, which identified eight plays, can be seen on 
Figure 12. The methodology is detailed on a flow chart located in Appendix C. 
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Figure 9. Study area Quaternary faults and zones of critical stress. 
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Figure 10. Fracture permeability risk CRS: Integration of Quaternary faults with a 1 km buffer (each 
side of fault) and 5 km diameter zones of critical stress. All areas within the study area boundary that 
are not colored are high risk. 
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Figure 11. Ground water risk. All areas of the study area not colored in were considered to be high 
risk. 
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Figure 12. Final petroleum industry logic PFA. This model identified eight plays including the known 
geothermal system. 
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PFA Certainty 
 
Certainty for this deterministic model was addressed in a deterministic way. Some data, such as fault 
traces, wells penetrating ground water, and zones of critical stress may have some elements of error, 
but this would be very difficult to ascertain in a desk-top exercise using existing data. However, there 
were several sources of heat data from a number of different sources and it was felt that confidence 
was bolstered for areas where all data sets were present. 
 
Therefore, considering Heat CRS polygons, the following certainty classes were ascertained: 

 All three heat data sets present: High Certainty 

 Two heat datasets present: Moderate Certainty 

 Only one heat dataset present: Low Certainty 
 
The results can be seen on Figure 13. The low certainty areas were only represented by heat flow data 
because this is the only map covered the entire study.  
 
 
3.2 Stochastic Play Fairway Analysis: Weights of Evidence Approach 
 
The weights of evidence (WoE) method was used in this PFA because Moghaddam et al., 2013, found it 
to be the superior stochastic method, out of several tested, for geothermal exploration model 
development. This technique examines multiple layers of evidence, calculates weights for each 
evidential layer based upon the spatial relationships of training points, which are located at known 
geothermal systems and hot springs (in this case), and then produces a posterior probability raster 
surface and other related statistics.  
 
A problem with applying this method in the Tularosa Basin was a lack of training sites. This was 
addressed by creating statistical surfaces for training that covered Nevada, Utah, and New Mexico. This 
gave access to ample known geothermal areas and hot springs for training.  Spatial Data Modeler was 
used for the WoE analysis (Sawatzky et al., 2009) 
 
 
Evidence of Heat 
 
Water chemistry was compiled into an ArcGIS shapefile from the Great Basin Groundwater Geochemical 
Database from the Nevada Bureau of Mining and Geology 
(http://www.nbmg.unr.edu/Geothermal/GeochemDatabase.html) and additional data from the Oregon 
Institute of Technology Geo-Heat Center (http://www.oit.edu/orec/geo-heat-center). Redundant points 
were removed and the quartz (conductive) geothermometer (Fournier, 1991) was calculated. The 
inverse distance weighted (IDW) interpolation method was then applied to the quartz geothermometers 
using ArcGIS to create a raster statistical surface (Fig. 14).  

http://www.nbmg.unr.edu/Geothermal/GeochemDatabase.html
http://www.oit.edu/orec/geo-heat-center
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Figure 13. Deterministic certainty draped over the final deterministic PFA model. 
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Figure 14. Quartz geothermometer evidential layer overlain with data points. Extrapolation was 
allowed beyond data points, but training area were all in data rich areas. 
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Extrapolation was allowed into areas with no data for this evidential layer. However, training sites were 
only chosen in data rich areas where the statistical surface was very accurate. 
 
The same process was also applied to heat flow and temperature gradient data, originating from the 
SMU Geothermal Laboratory (http://www.smu.edu/dedman/academics/programs/geothermallab). The 
temperature gradient statistical surface produced for use in the previously discussed deterministic 
model, which was created with additional data, was then integrated into the new temperature gradient 
surface. The results of which can be seen in Figures 15 and 16. 
  
 
Fracture Permeability 
 
Evidence of fracture permeability was once again represented by the Quaternary faults from the USGS 
Quaternary Fault and Fold Database and the Faulds Structural Inventory of Great Basin Geothermal 
Systems and Definition of Favorable Structural Settings 
(http://en.openei.org/datasets/dataset/structural-inventory-of-great-basin-geothermal-systems-and-
definition-of-favorable-structural-setti2). The Faulds data were converted into a shapefile and 
integrated with the critical stress zones points mapped in the Tularosa Basin. Points with unknown 
conducive structural settings were removed and the remaining points buffered to 5 km. This was then 
integrated into a training data boundary layer where zones of critical stress were classified as 1 and 
other areas as 0 (Fig. 17). This was then converted into a raster layer (Fig. 18). 
 
Quaternary faults were once again buffered to 1 km on each side of the trace. The buffer polygons were 
then classified as one and integrated with the boundary polygon (value 0). The resultant shapefile was 
then converted to a raster layer (Fig 19). 
 
Training Sites 
 
Fifty training sites were chosen, scattered through New Mexico, Utah, and Nevada, for use in WoE 
analysis. Steamboat Springs and the Dixie Valley production area in Nevada were left out because it was 
very doubtful that a similar system exists in the Tularosa Basin. The sites that were used can be seen in 
Table 2, Appendix B and the points seen on a map in Figure 20. 
 
Weights of Evidence 
 
In weights of evidence, positive weights indicate a significant contribution by the data whereas a 
negative value indicates no contribution.  Therefore, an examination of class weights can help give a 
better idea of the data relationships to geothermal systems. 

http://www.smu.edu/dedman/academics/programs/geothermallab
http://en.openei.org/datasets/dataset/structural-inventory-of-great-basin-geothermal-systems-and-definition-of-favorable-structural-setti2
http://en.openei.org/datasets/dataset/structural-inventory-of-great-basin-geothermal-systems-and-definition-of-favorable-structural-setti2
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Figure 15. Heat flow evidential layer overlain with data points. 
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Figure 16. Temperature gradients evidential layer overlain with data points. 
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Figure 17. WoE training data boundary. 
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. 

 
Figure 18. Zones of critical stress. 
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Figure 19. Quaternary faults buffered to 1 km (both sides of fault trace). 
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Figure 20. WoE training sites located at hot springs and known geothermal systems. 
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Heat Flow 
 
The heat flow surface was divided into 15 classes using equal intervals. Positive weights were only 
produced for three classes:  
Class 7, Range = 164 – 189 mW/m2, Weight = 1.8805 
Class 10, Range = 241 - 166 W/m2, Weight = 2.6463 
Class 13, Range = 319 – 343 W/m2, Weight = 2.7381. 
 
This indicates that in general, there is little relationship between hot springs and geothermal areas and 
temperature gradients lower than 164 mW/m2 on the statistical surface. 
 
 
Temperature Gradients 
 
The temperature gradient surface was divided into 11 classes using equal intervals. Positive weights 
were generated for only four of these classes: 
 
Class 5, Range = 80 – 100 oC/km, Weight = 0.8071 
Class 9, Range = 160 – 180 oC/km, Weight = 1.9264 
Class 10, Range = 180 – 200 oC/km, Weight = 2.6685  
Class 11, Range = >=200 oC/km, Weight = 2.3096. 
 
This indicates that in general, there is little relationship between hot springs and geothermal areas and 
temperature gradients lower than 160 oC/km on the statistical surface. 
 
 
Quartz Geothermometers 
 
The quartz geothermometers surface was divided into 5 classes using equal intervals. A positive weight 
was only produced for one class: Class 5, Range = >=100 oC, Weight = 1.0452. 
This indicates that over the entire training area, hot springs and known geothermal areas generally have 
quartz Geothermometers higher than 100 oC. 
 

 
Quaternary Faults 
The Quaternray fault layer of evidence was a binary dataset. It produced the following weights: 
Class 0 = -0.7771 
Class 1 = 1.9035. 
 
This indicates a good correlation between Quaternary faults and the training points (hot springs and 
known geothermal areas). 
 
Zones of Critical Stress 
The zones of critical stress layer of evidence was also a binary dataset. It produced the following 
weights: 
Class 0 = -3.2137 
Class 1 = 5.2212. 
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This shows that the critical stress layer of evidence had a very strong correlation with the training points 
(hot springs and known geothermal areas). 
 
 
WoE Results 
 
In general, based upon the WoE weightings, the Tularosa Basin would not be as likely as some areas (e.g. 
Dixie Valley and McGinnis Hills) elsewhere within the training data boundary, to contain a high enthalpy 
system. However, a new Dixie Valley was never expected and lower temperature plays, similar to the 
known McGregor Range system, can provide important energy to the military. 
 
WoE identified ten plays (Fig. 21), six of which correlated with plays identified by the deterministic 
method and four which did not (Fig. 22).  Of the four plays that were unique to the WoE method, two 
were given a low priority due to relatively low probabilities, and two were given medium-high priority 
due to relatively high probabilities, spatial relationships to input data points with permissible values, and 
certainty (Fig. 23). Water was also considered, although not inherently as part of the WoE. The ground 
water potential map created for the deterministic model was overlain on the WoE results and it was 
determined that all WoE plays have a good potential for groundwater (Fig. 24). 
 
 
Certainty 
 
A confidence surface was generated as a default part of the WoE analysis using Spatial Data Modeler 
and the result can be seen on Fig. 25, where all play areas have relatively high confidence. However, this 
was based upon the data for the large area used for training (Fig. 17).  
 
Data specific to the Tularosa Basin study area boundary were also used to calculate probabilistic 
certainty using probability kriging on the three datasets for heat. The following thresholds were applied: 
Geothermometers = 80 oC 
Heat flow = 85 mW/m2 
Temperature Gradients = 80 oC/km 
 
However, since the water chemistry data was clustered to three relatively specific areas, these points 
were split out into three separated datasets prior to kriging and probability kriging was then applied to 
each area. After probability kriging was completed on all of the datasets, the resultant probability raster 
images were classified as follows: 
0.0 – 0.6 = Low Certainty 
0.6 - 0.8 = Moderate Certainty 
0.8 – 1.0 = High Certainty 
 
The classified probability raster images were then vectorized. This was followed by a Union overlay and 
Dissolve to simplify the polygons. The results can be seen on Figure 26, where it can be seen that using 
localized data resulted in a more conservative layer of certainty.   
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Figure 21. WoE final play probability map. 
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Figure 22. Ground water potential from the deterministic model overlain on WoE plays. Ground water 
potential is high on or bounding all plays. 
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Figure 23. WoE confidence layer generated using the Spatial Data Modeler.  All plays are in medium 
high to high confidence areas; although a single play also has low confidence areas included bounding 
a high confidence area. 
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Figure 24. Certainty based upon probability kriging. Heat layers of evidence were used in this analysis, 
the results of which are more conservative than the WoE confidence surface with only the McGregor 
Range play having high certainty and three other plays having moderate certainty.  Areas outside of 
the certainty polygon lack control data. 
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4.3 Compare and Contrast of Methods 
 
Both the deterministic petroleum industry logic PFA, converted for geothermal use, and the WoE PFA 
methods identified potential plays. Six plays were identified by both methods with two additional plays 
being identified by the deterministic method and four additional plays being identified using WoE. 

 
 
Figure 25. Plays identified by method. Twelve total plays were identified, six by both methods, two 
additionally by the deterministic method, and four additional by WoE. 
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In finality, only additional work will allow a definitive comparison of these methods. However, it is our 
opinion at this time that it would be prudent to apply both methods if possible. What one overlooks the 
other may see. 
 
Additionally, this redundancy could give more confidence where there is agreement. However, the 
deterministic approach works and it would be an excellent tool in areas where adequate training sites 
and supporting data cannot be obtained for use in stochastic PFA. 
 
See Appendix C for flow charts detailing the methodologies. The flow charts will also be uploaded to the 
GDR in larger formats for easier reading. 
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  SECTION 4: FINAL TULAROSA BASIN PLAY RANKINGS 
 

 

Figure 26. Play priority based upon structure, WoE probability, and proximity to permissible data 
points.  
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 SECTION 5: ASSESSMENT OF RISK & REWARD FACTORS 
 
5.1 Assessment Methodology 
 
Background 
 
A hallmark of the best use of PFA for effective decision making is the integration of incomplete data sets 
in a way that consistently weighs the uncertainty associated with the various measurements.  In the 
petroleum industry the use of fully probabilistic geo-statistical modeling has been very successful (c.f., 
Journel, A.G.). 
 
In practice, the vagaries of budget cycles, survey and drilling equipment availability, investor philosophy, 
and so on, mean that some mix of deterministic and probabilistic methods is almost always used.  At this 
preliminary stage of data collection, the resources are not available to rigorously demonstrate the ideal 
industrial-strength analysis.  This section will illustrate the analysis using largely deterministic values, 
with remarks on the potential for applying a probabilistic approach at key points. 
 
This Phase 1 analysis also differs from the real world in that we are considering a scenario in which 
exploration data is available for analysis in a single package that would actually be acquired over a 
period of months or years.  Iterative analysis of collected data and new data as it is discovered is the 
norm in industry.  Most managers of the authors’ acquaintance consider it essential to focusing 
exploration dollars on areas having the highest probability of success.  
 
 
Estimation of Productive Area 
 
Continuously processing new information allows for fluidity of the valuation of a project.  In this early 
phase of data collection and analysis of existing data, a simpler deterministic approach to several 
parameters was sufficient to demonstrate the ability of PFA to identify attractive prospects in the 
Tularosa Basin.  
 
The area for exploration and eventual development for production for each of the play was estimated 
using the following steps: 
 

1. The total area of the play, as defined in the preliminary study of the basin, was considered 
to be a target for further geological, geochemical and geochemistry (GGG) studies.  These 
are collectively referred to as surface exploration studies. As the three plays selected are of 
similar size, a total cost of $350k was assigned to each. 
 

2. The surface exploration work provides the information necessary to select the portion of 
each play with the most favorable conditions for further expenditures. In this example we 
arbitrarily used 50% as the cull fraction. In practice, this fraction will be dependent on the 
actual results. We would, for example, expect the cull fraction to be small near Yellowstone 
and quite large in the Appalachians. The next step in exploration is temperature gradient 
well (TGW) drilling. For this example we used a TGW density of 1 well/km2.  
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3. Refine the area for exploratory well drilling by eliminating areas of low temperature 
gradient from further consideration.  This will normally be accomplished in concert with 
geostatistical modeling as described in the background discussion above. In the present case 
a simpler approximation was developed assuming normally distributed gradient values. The 
gradients measured in several hundred TG wells throughout the Tularosa Basin range from 
25-140oC/km.  If we assume this range covers about 95% of the possible values, we can 
construct a normal distribution curve with 25oC/km and 140oC/km assigned to probability 
values of -2σ and +2σ, respectively.  The high risk threshold for CRS is defined as 60oC/km, so 
we excluded areas with a gradient ≤ 60oC/km.  The cumulative probability of a gradient 
exceeding 60oC/km is 78% for the distribution as described, so exploratory wells will be 
drilled on 78% of the area passing the initial surface screening in step (2).  For this example, 
a density of two exploratory wells per ten square kilometers was assumed. 
 

4. Estimate the likelihood of successful exploration well drilling.  This lends itself to Monte 
Carlo simulation if no experiential data exists for the play in question.  For this example, a 
probability of success of 45% was used, based on the initial drilling experience reported in 
Indonesia (Sanyal and Morrow).  The reported success rate increased to nearly 70% with 
experience, but the small size of the subject plays makes choosing a lesser value prudent. 
We acknowledge the vast geologic differences between the Tularosa Basin and Indonesia, 
but find that the reported drilling success rates are consistent with the proprietary domestic 
industrial experience of which we are aware. 
 

To illustrate the process of this approach to narrowing the focus of the study to the most prospective 
area, the table below summarizes the percentages applied to each activity phase for all the plays 
identified.  
 
Table 2. Percentages Applied to Each Activity Phase 
 

Area Selected from Total Play 

Activity applies to: 

Surface 
Exploration 

Temperature 
Gradient Wells 

Exploration 
Wells 

Successful 
Development 
Wells 

100% 50% 39% 18% 

 
 
5.2  Cost and Revenue Calculations 
 
Gross Revenue 
 
A target plant capacity of 10 MW per 10 sq. km. was used as the basis for gross revenue calculations.  
Plant and well field parasitic load was assumed at 25%, based on industrial experience (Verkis Consulting 
Engineers).  Flash plants normally show records of 4% to 7% parasitic loads while binary plants’ parasitic 
loads may range from 15% to 40%, or higher depending on the high use of pumps to flow the wells. 

 
Net present value of future annual revenue estimate is calculated as the product of the Estimated Net 
Generation and the electricity price over a lifetime of 30-years.  A discount rate of 2%, the average US 
inflation rate from 2010 to 2014, was used in the calculation. 
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Cost of Exploration 
 
Well exploration cost was estimated using the formula defined in The 2011 Geothermal Well Cost 
Update (Mansure and Blankenship), which calculated to around US $3 million per well.  The total cost of 
exploration for all three plays ranged from $1,360 to $1,516 per kW installed capacity. 
 
 
Development and Plant Cost 
 
An additional five (5) production wells and two (2) injection wells for a 10-MW plant capacity per 10 km2 
was used in constructing a deterministic cost profile for each play. These are representative values from 
existing Basin & Range plants but we would expect more sophisticated probabilistic modeling to be used 
when the surface exploration and TGW data are in hand. 

 
Operating cost assumptions and plant cost estimates were provided by industry experts and validated 
by information taken from an Icelandic review of low temperature geothermal power plants (Verkis 
Consulting Engineers).   The figure below summarizes the data used as assumptions in the exercise. 
 
Table 3. Expected Value of Plays – Elements of Calculation 
 

 
Unit 

Play #1 
(McGregor) 

Play #2 Play #9 

Area of Play sq. km 70.00 86.00 73.00 

Reservoir Thickness m 914.63 914.63 914.63 

Minimum Temperature °C 90.00 75.00 85.00 
Maximum Temperature °C 110.00 85.00 100.00 

Depth to reach Minimum Temperature m 909.09 727.27 848.48 

Depth to reach Maximum 
Temperature 

m 1,151.52 848.48 1,030.30 

Target Depth of Wells at 400m into 
reservoir 

m 1,309.00 1,127.00 1,248.00 

Drill TG wells on 50% of Explored Area sq. km 35.00 43.00 36.50 

Area for Exploration Drilling sq. km 27.41 33.67 28.58 
Number of Temperature Gradient 
Wells 

ea 35 43 37 

Number of Exploration Wells ea 5 7 6 

Number of Production Wells ea 6 8 6 

Number of Injection Wells ea 2 3 3 

     
Target Capacity in Identified Play MW 12.70 15.61 13.25 

Plant Availability % 95 95 95 

Plant & Wellfield Parasitic Loads % 25 25 25 

Electricity Price $/kWh 0.1724 0.1724 0.1724 

Number of Operating Years yrs 30 30 30 

NPV Discount rate % 2 2 2 
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Results 
 
The Levelized Cost of Power (LCP) ($/kWh) was calculated as the initial capital investment, including 
exploration costs plus the cumulative present value of future costs discounted by the assumed inflation 
rate, divided by the cumulative power generation over the project life.  LCP for all three plays was about 
$0.08/kWh. 
 
The analysis described herein dispenses with some sophistication in modeling parameters for which 
reasonable values can be assigned. This is appropriate for an initial screening exercise in which the 
object is to learn whether there is sufficient economic attractiveness to pursue further work in a basin. 
The results clearly demonstrate that the unusual market conditions (i.e., $/kWh price) in the Tularosa 
Basin make all three plays viable candidates for exploration and development. The results are similar for 
all three plays identified by the PFA process. The figure below shows each has an expected net present 
value greater than $120 million. 
 
Table 4. Net Present Value of Plays 
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Figure 27. Profit potential of medium to high priority plays. Please note that Play 1 is the most data 
rich (low uncertainty), yet needs additional work to substantiate economic analysis. Plays 2 and 9 are 
relatively data poor and need considerably more work to facilitate refinement of this preliminary 
economic analysis. Please note that Play 10, although considered to be of Medium High priority, has 
low certainty due to critical data paucity, so no economic analysis was done for this play. Phase 2 
addresses additional data needs that will allow better economic modeling. 



49 – Tularosa Basin Play Fairway Analysis, Phase 1 Report #DE-EE0006730 
 

Table 5. Levelized Cost of Power and Expected Net Present Value of Plays 
 
 

Unit 
Play #1 

(McGregor) 
Play #2 Play #9 

Area of Play Sq. Km 70.00 86.00 73.00 

Area for Development Drilling sq. km 12.33 15.15 12.86 

Target Capacity in Identified Play MW 12.70 15.61 13.25 

     

Annual Net Generation MWhr/yr 79,288 97,411 82,686 

Cumulative Net Generation Over Project Life MWhr 2,378,644 2,922,334 2,480,586 

     

Annual Gross Revenue $/yr 13,669,274 16,793,680 14,255,100 

Cumulative Net Present Value of Gross Revenue $/project life 306,143,292 376,118,902 319,263,719 

     

Surface Exploration & Exploration Drilling Cost  17,280,829 22,299,324 20,085,930 

Surface Exploration $ 350,000 350,000 350,000 

Temperature Gradient Wells $ 700,000 860,000 740,000 

Exploration Well Cost based on Depth $/ea 3,246,166 3,012,761 3,165,988 

Total Cost of Exploration Wells $ 16,230,829 21,089,324 18,995,930 

Surface Exploration and Expl. Drilling Cost Ratio  $/kW 1,360 1,429 1,516 

     

Development & Plant Costs  86,945,540 108,054,001 92,083,376 

Production & Injection Wells $ 25,969,326 33,140,366 28,493,896 

Pipeline & Facilities $/kW 16,514,391 20,289,109 17,222,151 

Binary Plant & Pump Cost $/kW 44,461,823 54,624,525 46,367,330 

     

Annual Operating Expense $ 3,338,448 4,101,521 3,481,524 

Cumulative Net Present Value of O&M Expense $ 74,769,396 91,859,544 77,973,799 

Levelized Cost of Power $/kWh 0.075 0.076 0.077 

 

5.3  Next Steps 
 
A more refined valuation using Monte Carlo Analysis will suit well Phase 2 of the project when more 
detailed data can be coupled with practical parameters based on the further study of the plays.   
 
USGS Methods in the Assessment of Identified Geothermal Resources will be used as a way of 
evaluating reserves versus a conservative density assumption in Phase 1 of the project. 
 
Further studies and information within the Tularosa Basin, like, financing, permitting, transmission 
details and a defined exploration and development strategy will add more granularity to the next 
valuation phase. Also, an iterative process of data input and output discussions will provide an 
environment where research data intersect with actual historical industry performance.  
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 SECTION 6: MARKET TRANSFORMATION 
 
Getting the results of this project in front of geothermal exploration/development companies and 
military energy decisions makers is a priority for the project team. While market transformation began 
with our Phase 1 reporting and presentation efforts described below, should we be funded into Phase 2, 
the project team will expand our efforts through targeted outreach to those two key constituencies. 
 
 
6.1 Phase 1 Market Transformation Activities 
 
As stated in our original project funding proposal, the project team initiated limited market 
transformation activities in Phase 1 by presenting our preliminary findings for comment to the DOE 
Geothermal Peer Review and the Geothermal Resources Council (GRC) in 2015. 
 
For the 2015 Peer Review, a project summary was prepared and a presentation given for comment by 
the Technical Monitoring Team. The comments received were very helpful and some adjustments in PFA 
representation made as a result. Also, in 2015 a paper was accepted to GRC and a presentation was 
given by Dr. Greg Nash. Posters were presented at GRC in both 2014 and 2015. Some promising contacts 
were made as a result of those presentations. Specifically, during Phase 1, the following market 
transformation activities were completed: 
 

 Poster Presentation: Innovative Play Fairway Modelling Applied to the Tularosa Basin 
Authors: Gregory D. Nash, Ph.D., EGI & Carlon R. Bennett, Sr. Project Mgr., RMI 
Poster Presentation Given at the 2014 Geothermal Resources Council Annual Meeting, Portland, 
OR, September 2014 

 

 Publication: Adaptation of a Petroleum Exploration Tool to Geothermal Exploration: 
Preliminary Play Fairway Model of Tularosa Basin 
Authors: Gregory D. Nash, Ph.D., EGI & Carlon R. Bennett, Sr. Project Mgr., RMI 
Paper Published and Formal Presentation given at the 2015 Geothermal Resources Council 
Annual Meeting, Reno, NV, September, 2015 

 

 Presentation: Preliminary Findings - Innovative Play Fairway Modelling Applied to the 
Tularosa Basin 
U.S. Dept. Of Energy Geothermal Technologies Office Peer Review, Westminster, CO, May, 2015 

 

 Publication: Adaptation of a Petroleum Exploration Tool to Geothermal Exploration: 
Preliminary Play Fairway Model of Tularosa Basin 
Authors: Gregory D. Nash, Ph.D., EGI & Carlon R. Bennett, Sr. Project Mgr., RMI 
Paper Published and Formal Presentation given at the 2015 Geothermal Resources Council 
Annual Meeting, Reno, NV, September, 2015 

 

 Poster Presentation:  Adaptation of a Petroleum Exploration Tool to Geothermal Exploration: 
Preliminary Play Fairway Model of Tularosa Basin 
Authors: Gregory D. Nash, Ph.D., EGI & Carlon R. Bennett, Sr. Project Mgr., RMI 
Poster Presentation Given at the 2015 Geothermal Resources Council Annual Meeting, Reno, NV, 
September, 2015 
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Additionally in 2015, an article regarding the Tularosa Basin PFA Project was published on EGI’s “Ask 
EGI” website with distribution to 65 energy companies and Ruby Mountain made several presentations 
on the PFA methodology to military energy management staff. 
 
Since so many agencies were involved in our data collection process at the beginning of Phase 1, Ruby 
Mountain is in process of planning a meeting to present the final Phase 1 Tularosa Basin PFA Model to 
stakeholders en masse. Military representatives, government officials, local utility staff and likely some 
industry representatives will be invited to the presentation which is tentatively scheduled for the first 
week in December 2015. 
 
Additionally, individual separate meetings will be held with military installation energy staff located 
within the Tularosa Basin Study area to encourage additional collaboration, collect more information, 
and most importantly, address how this geothermal exploration methodology can assist them in 
addressing both current and future installation energy needs. 
 
 
6.2 Expanded Market Transformation Activities 
 
The project team believes that the play fairway methodology being developed by our project, that while 
complex, has the unique ability to be easily understood by the educated layman, makes the most of 
existing data, and is highly replicable. Put simply, getting valuable time in front of key civilian 
government officials and/or military energy staff is not an easy task, but doing so with a full complement 
of scientists and researchers in tow is even more difficult. Time with key decision makers is always at a 
premium and the methodology being proven out by this effort offers a low-cost, pragmatic approach to 
geothermal exploration which can be easily understood by non-industry, non-academic decision makers. 
 
For that reason, if funded to Phase 2, the project team will develop a market transformation approach 
for our PFA process which, over the course of the next few years, will offer some near-term market 
penetration for PFA to facilitate increased geothermal exploration and/or development. Increase market 
transformation for PFA will require a targeted, multi-faceted approach, but in summary: 
 

 Continued Reporting and Publication of Results through Conference Posters and Presentations; 

 Outreach to Industry through EGI; 

 Direct collaboration with one or more industry partners; 

 Targeted outreach to military energy managers, key installation energy staff and subject matter 
experts; and, 

 Continued exploration / validation of our PFA modelling methodology through expanded project 
implementation. 

 
At this time, the project team is planning a submittal to the 2016 Stanford Geothermal Conference 
regarding comparison of the Weights of Evidence PFA Method and Deterministic PFA Methods, and a 
subsequent paper (topic not yet determined) will be submitted to the 2016 GRC for consideration. 
Additionally, we are contemplating recruitment of one or more industry partners to assist with 
validation of the Tularosa Basin methodology(ies) and identifying at least one DoD Energy Conference 
for which to submit a paper or make a presentation on this project.   
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 SECTION 7: PHASE 1 CONCLUSIONS 

The project team has developed the following conclusions through the end of Phase 1 of the Tularosa 
Basin Play Fairway Analysis Project: 
 
Conclusion #1 
The project team successfully developed and compared two methods - deterministic and stochastic – for 
purposes of creating a play fairway analysis for the Tularosa Basin. 
 
Conclusion #2 
Twelve total plays were identified, six by both methods, two additionally by the deterministic method, 
and four additionally by the WoE method. 
 
Conclusion #3 
Significantly, both methods tested identified the known McGregor Range Geothermal system, so this is 
an indicator that they are effective tools for geothermal exploration. New work suggested for Phase 2 
will provide further proof of their veracity. It is our opinion at this time that it would be prudent to apply 
both methods where possible - what one method overlooks the other method may see. 
 
Conclusion #4 
The project team believes that the play fairway methodology developed by our project, while complex, 
has the unique ability to be easily understood by the educated layman, makes the most of existing data, 
and is highly replicable.  
 
Conclusion #5 
The project team incorporated economic analysis into the top plays identified by both methods finding 
what appear at this point to be multiple valuable and marketable plays.  
 
Conclusion #6 
Data collection efforts exceeded expectations and individual outreach to key stakeholders yielded 
significant results in terms of integrating previously unpublished data into the project database. Phase 1 
of this study has exponentially increased the level of understanding of the basin from a geothermal 
resource perspective and could very well lay the groundwork for a clean energy future in the region. 
 
Conclusion #7 
DOE funding for this project facilitated the identification of geothermal resources for the first time on a 
basin-wide scale, bringing a substantial amount of disparate data into a common database for analysis. 
 
Conclusion #8 
A comprehensive approach to data collection, and the accompanying GIS database development, can be 
an effective means of assembling preexisting data (published and unpublished) to assess geothermal 
potential on a basin (or regional) scale.  
 
Conclusion #9 
The project team, led by Ruby Mountain Inc. and The Energy and Geoscience Institute at the University 
of Utah, had no significant departure from stated goals or methods and brought Phase 1 to a successful 
conclusion on budget and on time while substantially exceeding cost sharing targets  
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 SECTION 8: OVERVIEW OF PHASE 2 RECOMMENDATIONS 
 
Verifying the existence of the plays identified in this Phase 1 (“ground-truthing”) was not done because 
field work and generation of new data were not part of the allowed work scope. However, Phase 2 will 
be geared toward collecting data that will provide significant confirmation. These will include (1) 
mapping detailed surface geology, (2) collecting additional water samples for geothermometry, and (3) 
measuring temperature gradients in existing wells. The project team also suggests high resolution 
gravity surveys over the high priority plays to facilitate enhanced structural model development and an 
MT survey covering the McGregor Range (Play 1) to better characterize the system, which will help us 
develop a better 3D geothermal system model. 
 
Specifically, we recommend the following activities in Phase 2:  
 

1. Geologic field work. For higher priority plays, surface geologic mapping at high resolution and a 
fracture study at the outcrop level. For lower priority plays, field reconnaissance to determine if 
any surficial evidence can be located indicating historic geothermal activity. This work often 
results in the discovery of subtle geothermal manifestations, as well as a better understanding 
of the site specific geology. 

 
2. Additional water sample collection. Samples should be gathered from all plays where water 

chemistry is lacking. The samples will be used for geothermometry and isotopic analysis. Down-
hole temperatures can be measured during water sampling to improve the temperature and 
temperature gradient data bases.  

 
3. Gravity data infill for the highest priority plays. Phase I relied on regional-scale gravity data. 

Surveys on finer grids will provide additional structural information and help gain a better 
understanding of the relationships of basement faulting to Quaternary surface fault expressions 
and zones of permeability.  

 
4. An MT survey on the highest priority play, McGregor Range. This will help characterize the 

system and identify up-flow. This will be integrated into a 3D geothermal model with existing 
lithologic and new structural data.  

 
5. A flow test of well RMI 56-5 at the McGregor Range. A comprehensive flow test will determine 

its viability for power production, will indicate resource volume, and may detect boundaries. A 
concerted effort is under way to obtain a portion of funding for this test (50-75 percent) from 
other sources.  

 
6. Update the GIS database and PFA models and upload all new data to the GDR.  

 
7. Conduct advanced probabilistic economic modeling in high priority plays based upon Phase 2 

results. 
 

8. Develop a market transformation approach for our PFA processes. The objective is to facilitate 
the early adoption of effective PFA methods by the geothermal industry. Near-term market 
penetration for PFA will be encouraged by a successful project.  
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Specific tasks as they relate to prioritized plays and other factors, such as property ownership and land 
access, can be seen in Figures 28 - 31 below. 
 

Total Estimated Phase 2 Cost:  $889,000 * 
 
* Estimate above includes all coordination and preparation for, as well as supervision of, on the ground 
testing on 2-3 separate military facilities, coordination with relevant state & federal agencies, ongoing 
military liaison, travel costs to test site, as well as mandatory conference and meeting expenses.  
 
Alternative to Phase 2 Estimated Cost: If the flow test cost on well RMI 56-5 can be obtained from other 
sources (in whole or in part) the Phase 2 costs could be reduced by as much as $145,000. Other options 
include reducing the size of the gravity survey and/or MT survey. All other work suggested above would 
take place.  
 
 

 
Figure 28. Phase 2  work suggested for the highest priority play. 
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Figure 29. Suggested Phase 2 work for medium-high priority plays. Note that the southernmost play 
has low certainty which is largely due to a lack of data in the immediate area, so collecting more 
evidence of heat here would be recommended to raise certainty. 
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Figure 30. Suggested Phase 2 work for the medium priority play.  
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Figure 31. Suggest Phase 2 work for low priority plays. 
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Appendix A 
Supporting Work and Data 
 

Geochemistry 
Waters from the play fairway display a broad range of chemical compositions. The chemical analyses are 
compiled in an ArcGIS shapefile that will be uploaded to the NGR. As an initial check on the analytical 
quality of the data, the charge balance for each sample was calculated using the Powell and Cummings 
(2010) geochemical spreadsheet. Charge balances that exceeded 5% were removed from further 
consideration to minimize the possibility of misinterpreting the data. We consider the most important 
analyses to be the anions, Cl, SO4, and HCO3, which are major constituents of the fluids and thus most 
likely to be a major contributor to the poor charge balances, and SiO2. A total of 1644 samples were 
evaluated and of these, 414 were considered to have acceptable charge balances.  
 
The anion contents of the samples are shown on Figures 1-3. The data are divided into three regions. 
The northern region lies along the eastern side of the play fairway north of Alamogordo. Mamer et al. 
(2014) provide a detailed discussion of the hydrology and geochemistry of this area and their work is 
summarized below. The central and southern regions are located on the western side of the play 
fairway. Fort Bliss lies within the southern region and data from this site are summarized by Barker et al. 
(2015). For each region, the compositions of the fluids in terms of their relative contents of Cl, HCO3 and 
SO4 were plotted on a ternary diagram (Figs. 4-6) to determine the dominant water types and to 
evaluate possible mixing relationships among the waters.  
 
Northern Region 
The dominant anions in waters from the northern region are HCO3 or SO4 (Figs. 1-4). Cl is a minor 
component. Ca is the dominant cation, followed by Na and then Mg. Most of the waters can be 
classified as Ca-SO4 in composition. SO4 concentrations are higher in the well waters (mean of 1040 
mg/L) compared to the springs (mean of 797 mg/L) and streams (mean of 666 mg/L) but the mean HCO3 

values are similar in all three sample types (mean values range from 209 mg/L for wells to 230 mg/L for 
springs). Although there is some scatter in the analyses, the waters generally define a linear trend on 
Figure 4, indicating mixing between two end member waters; one enriched in HCO3 and the other in 
SO4.  
 
Figures 2 and 3 indicate there are systematic changes in the HCO3 and SO4 across the region. Overall, 
HCO3 contents decrease from east to west whereas the SO4 contents increase in this direction. The 
lowest SO4 contents are found on the western slope of the Sacramento Mountains. These waters have 
SO4 contents less than about 650 mg/L. Water from the Tularosa Basin contain up to approximately 
3000 mg/L SO4.  
 
The origins of the waters from the northern Tularosa Basin and the effects of water-rock interactions 
were examined by Mamer et al. (2014). They concluded the HCO3 and SO4 resulted from interactions 
with limestone and gypsum respectively. Gypsum is common in the evaporate deposits of the basin and 
is a likely source of the SO4 occurring in the basin waters. Interactions with limestone, which is present 
in the range and beneath the basin floor, are considered to be the source of the HCO3.  
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Figure 1. Chloride (Cl) contents of play fairway waters.  
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Figure 2. Bicarbonate (HCO3) contents of play fairway waters.  
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Figure 3. Sulfate (SO4) contents of play fairway waters.  
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Figure 4. Relative Cl-SO4-HCO3 contents of waters from the northern region of the play fairway. 

The Cl contents of the waters typically range up to several hundred mg/L, with most samples having a 
Na/Cl molar ratio of 1. The Cl concentrations display a spatial trend similar to that shown by SO4, with 
the lowest Cl contents in the range and the highest in the basin. Mamer et al. (2014) suggested 
dissolution of halite was the primary source of the Cl and much of the Na based on the Na and Cl ratios.  
 
Mamer et al. (2014) used tritium, 14C and CFC data to assess the residence times of the waters. They 
concluded that most of the waters recharged hundreds to thousands of years ago and that there is no 
correlation between the age of the waters and their location.  
 
Central Region 
Water samples from the central region are primarily dilute HCO3 waters with HCO3 contents up to 150 
mg/L, although one brine containing nearly equal amounts of SO4 (4500 mg/L) and Cl (4100 mg/L) was 
analyzed (Fig. 5). The dominant cations are Na and Ca or K and Ca. The linear trend defined by the 
samples suggest they represent mixtures of HCO3 and SO4 rich waters, similar to the waters from the 
northern region.  
 
Southern Region 
In contrast to water from other portions of the fairway, the dominant anions in samples from the 
southern region are HCO3 and Cl (Fig. 6). Na, followed by Ca, is the dominant cation. With the exception 
of the samples from the Ft. Bliss wells, waters from the southern region are relatively dilute, with total 
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dissolved solid contents of 1000-2000 mg/L. The linear relationship displayed on Figure 6 suggests they 
represent mixtures of Cl- and HCO3-rich end members. Figures 1 and 2 show that the highest HCO3 and 
lowest Cl concentrations are found in the western part of this area, whereas the highest Cl and lowest 
HCO3 concentrations occur within the basin to the east. SO4 concentrations tend to be relatively low, 
with concentrations less than 100/mg/L in most samples. 
 
In contrast to the remainder of the southern region, Ft. Bliss well waters have total dissolved solids 
contents close to 10,000 mg/L (1 wt %) (Barker et al., 2015). These waters contain 4000-5500 mg/L Cl 
and concentrations of SO4 close to 1000 mg/L. The high SO4 contents suggest interactions with 
evaporate deposits; a conclusion consistent with fluid-mineral equilibrium calculations suggesting the 
water sampled at a depth of 1290 ft in well 56-5 is supersaturated with respect to barite (Barker et al., 
2015). In contrast, water from 2960 ft is undersaturated in barite even though both the shallow and 
deep water contain similar concentrations of Cl and SO4 (4220 vs 4270 mg/L and 846 vs 834 mg/L 
respectively). However, no SO4 deposits (e.g. deposits containing barite, gypsum, or anhydrite) were 
observed in the cuttings samples from the Ft. Bliss wells. Thus, interactions with evaporate deposits may 
have occurred in the near-surface environment during wetter climates when lakes were present in the 
basin.  
 
These chemical relationships suggest the compositions of the HCO3-rich waters in the southern region 
are dominated by interactions with limestone beneath the western edge of the fairway whereas the 
composition of the Cl-rich waters is strongly influenced by evaporate deposits in the basin.  
 
Geothermometry 
 
Cation geothermometers are widely used to estimate reservoir temperatures but can yield 
inappropriate results if not interpreted with care. This is especially true for low- to moderate-
temperature resources. To assess their applicability, standard geothermometer temperatures were 
calculated for the Ft. Bliss waters by Barker et al. (2015). These waters are appropriate for testing the 
reliability of the geothermometers because thermal data from Ft. Bliss indicates the wells were drilled 
into a convecting hydrothermal system. Barker et al. (2015) concluded that the quartz (conductive) 
geothermometer (Fournier, 1991) temperatures most closely matched the measured well temperatures, 
which ranged from 78o to approximately 100oC, and thus, could be considered “reliable”. The 
chalcedony geothermometer, which is often appropriate for low- to moderate- temperature waters 
(Fournier, 1991), yielded temperatures that are significantly lower than the measured temperature. In 
contrast, the Na/K and K/Mg geothermometers yielded values that were 80o to >100oC and 20o to 30oC 
hotter, respectively, than the measured temperatures (Giggenbach, 1991). The chalcedony, Na/K and 
K/Mg geothermometers were all considered unreliable.   
 
Figure 7 presents the SiO2 contents of the fairway waters. Quartz geothermometer temperatures are 
shown in Figure 8. The highest geothermometer temperatures, ranging from 100o to 121oC, are found in 
the northern and southern regions. However, geothermometer temperatures ranging from 80o to 100oC 
are found throughout the fairway, suggesting potential targets are present in all three regions. 
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Figure 5. Relative Cl-SO4-HCO3 contents of waters from the central region of the play fairway 

Cl 
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Fig. 6. Relative Cl-SO4-HCO3 contents of waters from the southern region of the play fairway. 
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Fig. 7. Silica (SiO2) contents of play fairway waters. 
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Fig. 8. Quartz (conductive) geothermometer temperatures. 
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Strain 
Strain is an important consideration in PFA and was considered in this project. However, few GPS 
stations were available.  Therefore, the ZR Ratio was applied to produce surrogates of strain within given 
areas of the study area. 
 
Geothermal systems in the Great Basin are commonly related to relatively high strain rates (Faulds et al., 
2012) and this should apply throughout the Basin and Range. The ZR ratio of Formento-Trigilio and 
Pazzaglia (1998) can be used to predict strain rates. In order to calculate ZR ratios, a large 10 m 
resolution DEM of the Tularosa basin was divided into twelve zones, shown in Figure 1, and then 
calculations proceeded as follows, for each zone. 
 
Calculate local mean elevation (Ź), where ∑ 𝑍𝑟𝑛  is the sum of elevation values within a zone r and n is 
the number of elevation values within the zone. 

 

Ź =∑ 𝑍𝑟/𝑛
𝑛

 

Calculate the local mean relief (Ŕ). 

Ŕ = (𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛) 

Calculate the ZR ratio. 

𝑍𝑅 =
Ź

Ŕ
 

The results are shown on Figure 2. A minimum ZR ratio is 0.75 (Zone 4), and maximum is 1.92 (Zone 8). 
The mean ZR ratio is 1.146035 and the standard deviation is 0.35. Zone 8 is nearly two standard 
deviations greater the mean, while Zone 10 is about one and a half standard deviation greater. These 
zones have very high strain relative rates. Zones 1, 2 and 11 also have above average strain rates, 
though they are less than one standard deviation from the mean. That leaves Zones 3, 4, 5, 6, 7, 9, and 
12, which are all below average and within one standard deviation of the mean. 
 
The Tularosa Basin is large, roughly 30,000 sq. km, and so it is likely that strain rates vary throughout the 
basin. By clipping the basin into twelve equal zones, the variation in strain can be seen with better 
resolution than the infinitesimal strain rate calculations that can be made from GPS velocity vector 
triangles given the few stations available. It is permissible that the zones with relatively high strain rates 
will be more likely to have zones of high permeability, and therefore are more accommodating to 
geothermal systems. This analysis suggests that the northern and southern parts of the basin are the 
areas of greatest strain. This was taken into consideration, among many factors, in play prioritization. 
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Figure 1. Tularosa Basin, divided into 12 zones for ZR ratio comparisons. Zone 8 and 10 have relatively 

high strain rates. 
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Figure 2. ZR Ratio values per zone. Higher values suggest greater strain and potentially better zones of 

permeability. 
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Basement Structure 

Remote Sensing 

Day and night time Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data, 
covering most of the study area, was obtained to (1) map surface temperature anomalies, (2) map 
mineralogy as related to rock brittleness to support possible future EGS, and (3) map areas of 
hydrothermal alteration. The properties of this data are shown in Figure 1. These data have been shown 
to be useful for general geological mapping (Hulen et al., 2005); lithologic mapping (Rowan and Mars, 
2003); hydrothermal mineralogy mapping (Rowan et al., 2003; Mars and Rowan, 2006); and 
temperature anomaly mapping  (Eneva, 2007). 
 
First surface temperatures were calculated from ASTER emissivity data. These 90 m spatial resolution 

data were used to determine if any anomalous temperatures could be found along the fault-bounded 

basin margins.  Figure 1 show the results. A few areas show up along the base of the Sacramento Range, 

but they are not associated with plays. However, on the west side of the valley there are anomalies that 

either are or could be associated with plays. Field work is needed for verification. 

To map the mineralogy that can affect EGS (fracing), band ratios, using diagnostic absorption features in 

the shortwave and thermal infrared, were used to highlight calcite and silica (brittle rocks) and clay 

(softer rocks) and gypsum representing evaporite beds that can be problematic in fracing. Relative 

concentrations of these minerals were recorded in a shapefile per mapped rock unit. The results can be 

seen in Figure 2. The classification was conservative and a large percentage of the rock in the area was 

rated as high risk. This was often the result of potential evaporite beds. Where this was not the case 

high risk was due to high clay content. This data, however, has not been field verified. 

Hydrothermal alteration was not found to be prevalent in the study area. It was mapped in the Jarilla 

Mountains near Orogrande, in a small area in the Sacramento Mountains south-southeast of Oscura, 

and it was suggested in Mesoproterozoic granite alone the eastern margin of the San Andreas Range 

(Fig. 3), but this could be from weathering  or hydrothermal alteration or both and needs to be field 

verified to determine if any alteration related to geothermal activity.  

 

Table 1. ASTER VNirSwir band characteristics. Band numbers are in parentheses. 
 

Spectral Region Bandwidth (microns) Spatial Resolution Quantization Level 

Visible Green (1) 0.52-0.60 15 m 8 bits 

Visible Red (2) 0.63-0.69 15 m 8 bits 

Near Infrared (3) 0.78-0.86 15 m 8 bits 

Shortwave  (4) 1.60-1.70 30 m 8 bits 

Shortwave (5) 2.145-2.185 30 m 8 bits 

Shortwave (6) 2.185-2.225 30 m 8 bits 
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Shortwave (7) 2.235-2.285 30 m 8 bits 

Shortwave (8) 2.295-2.365 30 m 8 bits 

Shortwave (9)         2.360-2.430 30 m 8 bits 

Thermal infrared (10) 8.125-8.475 90m 12 bits 

Thermal infrared (11) 8.475-8.825 90m 12 bits 

Thermal infrared (12) 8.925-9.275 90m 12 bits 

Thermal infrared (13) 10.25-10.95 90m 12 bits 

Thermal infrared (14) 10.95-11.65 90m 12 bits 
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Figure 1. Surface temperature anomalies mapped from ASTER nighttime surface temperature 

data. 
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Figure 2. EGS risk based up rock brittleness suggested by ASTER multispectral image analysis. 



80 – Tularosa Basin Play Fairway Analysis, Phase 1 Report #DE-EE0006730 
 

 
Figure 3. Hydrothermal alteration suggested by ASTER multispectral image analysis. The 
extensive areas on the west side of the valley are related to Mesoproterozoic granite, and 
may be from weathering or hydrothermal alteration or both.  
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Geophysical Profiles of the Tularosa Basin 

 
Basement Structure  

In order to achieve a general understanding of the basins structure we constructed 12 east-west cross 

sections (across the basin) and one longitudinal cross-section (north-south) using contours created from 

regional magnetic intensity and Bouguer gravity anomaly data obtained from PACES, University of El 

Paso, Texas. The locations of these geophysical profiles are shown in Figures 1 and 2. 

These profiles show relative highs and lows in the geophysical properties across and along the Tularosa 

basin. These geophysical highs and lows indicate heterogeneities in the basin arising from rock 

properties (density and magnetic differences) and/or fault-bounded structural highs. In other words, a 

simplistic view of the Tularosa basin merely as a Tertiary rift graben filled with sediments and bounded 

by structural highs on the east and west margin of the basin is not realistic. This region has experienced 

a long and complex geological history with different thermo-tectonic episodes, and the following Figures 

exhibit some of this complexity.  

 
Figure 1. Locations of east-west cross sections for Bouguer gravity anomaly contours. Several sub-basins 

can be noted in this graphic. 
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Figure 2. Locations of east-west cross sections for magnetic intensity contours, again indicating the 

presence of several sub-basins. 
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Figure 3. The east-west gravity cross-section (top) shows a relatively simple extensional basin profile. 

The bottom magnetic cross-section shows a high that is the inverse of the gravity profile, perhaps 

indicating a down-dropped tertiary intrusive. 
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Figure 4. A gravity high (top) on the east side of the basin suggests a horst-like structure just outboard of 

the northern Sacramento Range that may be buried glide-block of primarily low-magnetic mineral 

sedimentary rock as suggested by the magnetic low covering part of the same area (bottom). The 

generally flat nature of the magnetic profile suggests a paucity of magnetic minerals and a sedimentary 

section in this part of the basin. 
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Figure 5.  The gravity profile (top) suggest two west-dipping normal faults, one bounding the 

Sacramento Range and one out-board of the range, as well as an east-dipping normal fault bounding the 

basin on the west. The magnetic data (bottom) once again peaks on the east side of the cross-section 

suggestion intrusive rock, which is faulted (fault correlates with gravity fault). As the magnetic data 

cross-section slopes to the west it crosses a Quaternary basalt flow which may cause the moderate high 

prior to dropping off to the west. 
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Figure 6. The gravity profile (top) shows a narrowing of the basin with a distinctive west-dipping fault 

bounding the east side of the valley and possibly another west-dipping fault on the western margin of 

the profile. The Magnetic data show a prominent high that may represent mafic magma chamber rocks 

related to the Quaternary basalt flow that this profile crosses.  
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Figure 7. Both the gravity (top) and magnetic data (bottom) suggest the location of basin-bounding 

faults and what may be the southern margin of the mafic magma chamber related to the Quaternary 

basalt flow.  
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Figure 8. The gravity data profile (top) is relatively flat along the eastern basin margin with only a slight 

dip. This may be related to relatively young fault propagation of the Sacramento Range bounding faults 

in this area – a location where fault-tips are coalescing producing critical stress. A basement high is also 

apparent in the gravity profile. A well-developed east-dipping fault along the western basin margin is 

suggested by both data profiles. 
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Figure 9. The gravity profile (top) again suggests normal faults bounding both the eastern and western 

margins of the basin. The basement high is more prominent than in Figure 8 suggesting a buried horst 

with faulting conjugate to the basin bounding faults. A magnetic high across part of the horst suggests 

that a portion of its lithology consist of volcanic, volcaniclastic, or intrusive rock. Both datasets suggest a 

basin flexure in this area, with fault-strikes changing from a predominantly NE direction to a NNW 

direction. 
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Figure 10. The gravity profile (top) continues to suggest a basement high, which may be an extension of 

the horst postulated in Figure 9. This is also suggested by the magnetic profile (bottom), although the 

western edge is truncated. 
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Figure 11. The gravity profile (top) again suggests well developed basin-bounding fault systems. The 

magnetic profile (bottom) suggests a transition from buried volcanic/intrusive rock to sedimentary rock 

to the east. 
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Figure 12. These profiles cross near the southern terminus of the Sacramento Range. The gravity profile 

has a steep gradient on the western basin margin, but the gradient on the eastern margin is significantly 

more gentle, suggesting less fault offset. The significant magnetic high on the eastern side of the bottom 

profile suggests an intrusion in the Sacramento Range and that seen to the west may result from 

Paleoproterozoic igneous rocks in the San Andreas Range. 
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Figure 13. The profiles in this figure cross the basin between the San Andreas and Franklin Mountains. 

Both the gravity (top) and the Magnetic (bottom) data define basin-bounding normal faults. 
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Figure 14. The profiles in this figure cross the basin between near the center of the Franklin Mountains. 

The gravity profile once again defines basin-bounding normal faults.  

North to South Geophysical Profiles of Tularosa Basin 

We also constructed north-south profiles of the Tularosa basin using Bouguer gravity anomaly 

and magnetic intensity counter values. Since these cross sections are free from the east-west 

margin topographic effects of the basin, they even better depict the heterogeneity in rock 

properties within and along the basin from north to south. Four such geophysical “highs” are 

identified to exist approximately at spatial intervals of (A) 50-90 km (A), 125-135 km (B), 170-

190 km (C), and 220-240 km (D), as measured from the northern limit of the basin. In all of 

these localities, both Bouguer gravity and magnetic intensity show relatively higher values 

(compared to the surrounding areas in the basin) indicating the presence of higher density and 

more magnetic rocks. These heterogeneous localities seem to be “basement highs” of “more 

magnetic rocks” which may be mafic intrusions (dikes) and/or fault-bounded basement highs. 

Interestingly these features appear to strike in an east-west direction perpendicular to the 

general north-south trend of the basin. The heterogeneous nature of rocks within the basin and 

the basement underlying the basin has critical impact on the structural configuration, fracture 

permeability, heat flow of the Tularosa basin. Therefore, more detailed modeling of these 

geophysical data will be important in Phase II, especially given that there is also scarcity of well 

data from the basin.   
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Figure 15. A north-south cross-section of Bouguer gravity anomaly (in milliGals) across the 

Tularosa basin 
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Figure 16. A north-south cross-section of magnetic intensity (in nanno-Tesla) across the 

Tularosa basin 
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Appendix B 
PFA Associated Data 
 
Table 2. WoE Training Sites 
Name Power Plant State 

Baltazor Hot Springs No Nevada 

Bog Hot Springs No Nevada 

Howard Hot Springs No Nevada 

East Pinto Hot Springs No Nevada 

Soldier Meadow Hot Springs No Nevada 

Double Hot Springs No Nevada 

Trego Hot Springs No Nevada 

Gerlach Hot Springs No Nevada 

San Emidio Hot Springs Yes Nevada 

Bradys Hot Spring Yes Nevada 

Patua Hot Springs No Nevada 

Walleys Hot Springs No Nevada 

McLeod Ranch Hot Springs No Nevada 

Smith Creek Hot Springs No Nevada 

Tungsten Mountain No Nevada 

Dixie Meadows Hot Springs No Nevada 

Hot Springs Ranch No Nevada 

Jersey Valley Hot Springs Yes Nevada 

Sou Hot Springs No Nevada 

Leach Hot Springs No Nevada 

Kyle Hot Springs No Nevada 

Bass Hot Spring No Nevada 

Buffalo Valley Hot Springs No Nevada 

Golconda Hot Springs No Nevada 

Carlin Hot Springs No Nevada 

Beowawe/PP Yes Nevada 

Cresent Valley Hot Springs No Nevada 

Dann Hot Springs No Nevada 

Bruffeys Hot Springs No Nevada 

Upper Hot Creek Ranch springs No Nevada 

Bartholomae Hot Springs No Nevada 

Walti Hot SPrings No Nevada 

Cherry Creek Hot Springs No Nevada 

Hot Creek Springs No Nevada 

Three Mile Spring No Nevada 

Hot Sulpur Springs/Tuscorora Yes Nevada 

Mineral Hot Springs No Nevada 

Joseph Hot Springs No Utah 

Red Hill Hot Springs No Utah 
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Cove Fort PP Yes Utah 

Meadow Hatton Hot Springs No Utah 

Roosevelt Hot Springs Yes Utah 

Abraham Hot Springs No Utah 

McGinness Hills Yes Nevada 

Hondo Hot Springs No New Mexico 

Gila Hot Springs No New Mexico 

Souse Springs No New Mexico 

T or C Warm Spring No New Mexico 

Ponce de Leon Hot Spring No New Mexico 

Jemez Pueblo Indian Hot Spring No New Mexico 
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Appendix C 
Methodology Flow Charts 
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