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Snake River Plain Play Fairway Analysis: EE0006733

Executive Summary
OVERVIEW

The Snake River Plain (SRP) volcanic province overlies a thermal anomaly that extends deep
into the mantle; it represents one of the highest heat flow provinces in North America. The
Yellowstone hotspot continues to feed a magma system that underlies much of southern Idaho
and has produced basaltic volcanism as young as 2000 years old. It has been estimated to host up
to 855 MW of potential geothermal power production, most of which is associated with the
Snake River Plain volcanic province in Idaho, which lies outside the area of Yellowstone
National Park (Neely, K. W. and Galinato, G., 2007, Geothermal power generation in Idaho: an
overview of current developments and future potential, Open File Report, Idaho Olffice of Energy
Resources).

Our goals for this study were to: (1) adapt the methodology of Play Fairway Analysis for
geothermal exploration to create a formal basis for its application to geothermal systems, (2)
assemble relevant data for the SRP from publicly available and private sources, and (3) build a
geothermal play fairway model for the SRP and identify the most promising plays using tools
developed within readily-available Geographic Information System software. Our ultimate goals
are to lower the risk and cost of geothermal exploration throughout the geothermal industry, and
to stimulate the development of new geothermal power resources in Idaho.

The success of play fairway analysis in geothermal exploration depends critically on defining
a systematic methodology that is grounded in theory (as developed within the petroleum industry
over at least three decades) and incorporates the key factors (e.g., heat source, permeability, and
seal) that form the geologic and hydrologic framework of distinct classes of geothermal systems
(i.e., play types). This project has contributed to the success of this approach by cataloging the
critical parameters of exploitable hydrothermal systems and establishing risk matrices that
evaluate these parameters in terms of both probability of success and level of knowledge. These
matrices were used as guidelines to construct an approach using ArcGIS (an industry and
governmental standard for geographic analysis) that allowed us to compile a range of different
data types, with distinct characteristics and confidence values, and to process them in a
consistent and systematic fashion across the entire study area.

Most of the study area is underlain by a basaltic volcanic province that overlies a mid-crustal
intrusive complex, which in turn provides the long-term heat flux needed to sustain a geothermal
system. This geologic combination represents a new conceptual model for geothermal systems
that includes aspects of volcano-hosted, and structurally controlled Basin-and-Range
systems. Basin-and-Range systems underlie part of the study area; rhyolite domes and granite
batholith systems are also present but were not evaluated quantitatively in this study.
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This study was carried out in three formal phases: Phase 1: data compilation and evaluation
(October 2014-October 2015); Phase 2: new data collection in focus areas in the central and
western SRP (November 2015-September 2017); Phase 3: new data collection and drilling of a
validation slim hole in Camas Prairie (October 2017-June 2020).

PHASE 1

The first task during Phase 1 was to adapt Play Fairway Analysis to geothermal systems. This
was done by building a series of conceptual models for geothermal systems in general and for
SRP-related geothermal systems in particular. These efforts focused on three critical parameters
for exploitable hydrothermal systems: Heat, Permeability, and Seal. Data used for the
assessment of Heat were heat flow, the distribution of volcanic vents, groundwater temperatures,
thermal springs and wells, helium isotope anomalies, and reservoir temperatures calculated from
water chemistry. Data used for the assessment of Permeability were stress orientation, mapped
post-Miocene faults and lineaments derived from horizontal gradients in magnetics, deep gravity,
and mid-crustal gravity. Data used for the assessment of Seal included the distribution of
impermeable lake sediments and clay-seal developed by hydrothermal alteration below the
regional aquifer.

Phase 1 studies were restricted to data compilation and evaluation. Data resources compiled
and analyzed included published and unpublished geologic maps (largely USGS and Idaho
Geological Survey), heat flow from the USGS, Southern Methodist University (SMU), and the
National Geothermal Data System, water data from the Idaho Department of Water Resources,
the USGS Quaternary fault database, the Idaho Geological Survey’s post-Miocene fault
database, and USGS potential field (gravity, magnetics) data. Data on water chemistry and
calculated reservoir temperatures was shared by other DOE-funded research groups (e.g.,
Cannon et al., 2014; Dobson et al., 2015). The decision was made to compile and analyze these
data using a Geographic Information System (GIS) in order to evaluate large quantities of
disparate data types efficiently and objectively (DeAngelo et al., 2016).

GIS Methodology

Raw data were compiled into an ArcGIS database with multiple data layers for each
parameter. These data layers were processed using either density functions or interpolations to
produce evidence layers. Because different data types have different uncertainties associated
with their collection, each evidence layer has its own confidence layer, which reflects geographic
variations in these uncertainties. Risk maps represent the product of evidence and confidence
layers and are the basic building blocks used to construct Common Risk Segment (CRS) maps for
Heat, Permeability, and Seal. In a final step, these three maps were combined into a Composite
Common Risk Segment (CCRS) map for analysis.
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Processing raw data layers into evidence layers involved either density functions to calculate
the density of distribution of an attribute (e.g., volcanic vent or fault segment) or interpolation, to
calculate a continuous surface from point data (e.g., heat flow, groundwater temperatures).
Density functions are used for data that are by nature discontinuous, and where the geographic
location of that data is important. Interpolation is used for properties that are by nature
continuous, but which can only be sampled at specific points. Our method for interpolation was
Empirical Bayesian Kriging, a geostatistical process that produces an estimate of the value of a
property at each point and a standard error surface that quantifies the uncertainty.

Python scripts were used in ArcGIS to automate data processing and to enhance the flexibility
of the data analysis. These Python scripts are repeatable, scalable, modifiable, transferrable, and
when complete, will automate the task of data analysis and the production of CRS and CCRS
maps. Our ultimate goal is to produce a toolkit that can be imported into ArcGIS and applied to
any geothermal play, with fully tunable parameters that will allow for the production of multiple
versions of the CRS and CCRS maps in order to test for sensitivity and to validate results.

Phase 1 Results

Our Phase 1 assessment suggests that important undiscovered geothermal resources are
located in several areas of the SRP (Shervais et al., 2016). Our Phase 1 results identify eight
areas with multiple prospects, each of which may contain resources that equal or exceed the 10
MW Raft River geothermal plant in Basin-and-Range province in southeastern Idaho. Four of
these areas are in the Western Snake River Plain (WSRP) and include blind systems (i.e., those
with no observed surface expression); two are in the Central Snake River Plain (CSRP), and two
are Basin-and-Range play types in eastern and southeastern Idaho. One site in the WSRP (on
Mountain Home Air Force Base) has a confirmed resource that is at least 10-12 km long, parallel
to a buried fault system (Nielson et al, 2018). Our identified prospects exhibit higher favorability
on CRS and CCRS maps than either of our training sites, and have regional extents that generally
exceed both of our training sites. These data strongly support the conclusion that commercial
resources exceeding 100 MW are present in southern Idaho, most of them blind systems in
southwest Idaho. The Camas Prairie site was chosen as the second site despite its expected low
temperatures (~110°C) because it met several other criteria needed to satisfy Phase 2 objectives —
not the least of which was that the expected depth to the target reservoir was relatively shallow
(~600 m) and thus attainable within the expected budget constraints.

PHASE 2

Phase 2 work focused on new data collection in three of the areas identified during Phase 1:
the regions around Mountain Home Air Force Base and the Bostic 1A well, and Camas Prairie.
These data included new geophysical surveys (magnetotelluric, active source seismic reflection,
potential field gravity and magnetic), geologic field campaigns (mapping and radiometric dating
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of volcanic vents, whole rock geochemical analyses of volcanic rocks, structural mapping of
faults and lineaments), and hydrologic studies (distribution of hot springs, water chemistry and
isotopic composition, He isotope studies). Phase 2 also included thermal modeling using data
compiled during Phase 1 and an updated play model concept.

Thermal Modeling and Updated Conceptual Model

Based on data acquired during Phase 1, our conceptual model for SRP-type geothermal
systems was updated and published. Thermal modeling to test this conceptual model was carried
at LBNL using the software program TOUGHREACT V3.3, and a natural state model was
developed for the Mountain Home area using Leidos’ STAR geothermal reservoir simulator
(Garg et al., 2016; Nielson et al., 2017). Both models supported the updated conceptual model,
which was used to finalize focus area selection.

Geophysical Studies

Gravity and magnetic field campaigns were carried out in all regions by the U.S. Geological
Survey (USGS) Geothermal Division (Menlo Park, California). The USGS collected data at 1659
gravity stations and over 725 line-km of ground magnetic data for this project. They also
collected hundreds of rock-property measurements on outcrops and samples to constrain
potential field modeling and integrated ground water well logs into our analyses. Seismic
reflection surveys were carried out by the Center for Geophysical Investigation of the Shallow
Subsurface (CGISS), Boise State University. CGISS collected ~56 km of seismic data along five
roads in Camas Prairie. 3D magnetotelluric (MT) surveys were carried out around Mountain
Home Air Force Base (AFB) and in Camas Prairie, with 96 station installations.

Field Studies

Field studies included detailed geologic mapping in Camas Prairie, and the collection of
basalt samples from Camas Prairie and the Mountain Home area for *Ar-**Ar dating of the
volcanic vents. Basalt samples were also analyzed for major and trace element composition by
X-ray fluorescence (XRF) spectrometry. Geologic mapping focused on fault traces, orientations,
and slip directions as indicated by slickenlines on shear surfaces.

Water Chemistry

Natural springs and well waters were sampled throughout the region and analyzed for major
and trace element composition. These data were then used to calculate equilibrium reservoir
temperatures using multicomponent geothermometry. Samples were also taken for H, He, and O
isotope analysis.
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Phase 2 Results

Focused geologic, geochemical, and geophysical studies were conducted to refine previous
PFA assessments of selected areas within the Western SRP (Shervais et al., 2017). Geophysical
studies around Mountain Home and Bostic included gravity, magnetic, and magnetotelluric
surveys (Glen et al.,, 2017). The gravity and magnetic data were used to define subsurface
lineaments (interpreted as faults) that were digitized and added to the permeability evidence
layers. This was critical as almost no faults are exposed on the surface, except near the margins
of the plain where range front faulting has affected basalt flows. These data also define a
basement high that trends ~275° -- slightly oblique to the ~300° trend of the western SRP and its
range front fault system. Inversion of 3D MT data reveal a conductive layer (seal) that correlates
with the Quaternary to Pliocene lacustrine sediments and thins to the NE.

Geophysical studies in the Camas Prairie region define a complex basin structure with three
sub-basins, EW-trending range front faults (which extend north of the southern range front), NE-
trending faults (in the western half of the prairie) and NW-trending faults (in the eastern half of
the prairie). These latter two systems are separated by The Pothole fault system, which offsets a
volcanic crater dated at 692 ka (see below). The Pothole fault system localizes a number of hot
springs along its extent. Inversion of 3D MT data reveal a conductive layer (seal) that is
restricted to areas with known current or former hot springs, suggesting an alteration-derived
clay cap. Seismic reflect lines were run only in Camas Prairie. They provide high resolution data
on fault locations and dips, and confirm interpretations based on gravity data.

Volcanologic field studies were carried out to document the location and age of volcanic
vents in both areas. Location data were added to existing maps to produce a comprehensive
catalogue of vent locations. Radiometric *’Ar-"’Ar dating of basalts document a range of ages,
from 4.54 Ma in the lower part of the MH-2 drill core, to 2 ka in the mountains north of
Mountain Home, and NW of Camas Prairie. Young (< 1 Ma) high-K basalts are common in the
western SRP around Mountain Home and are interpreted to represent the heat source for the
most recent geothermal systems. Field studies documented structural complexities in the Camas
Prairie area, with two dominant fault sets (WNW and ENE). Fault striations are most commonly
dextral-normal. These orientations are more or less consistent with the attitudes of the major
features at depth in the Camas basin, as interpreted from the geophysical studies described
above. Our new water chemistry for Camas Prairie and the Mount Bennett Hills show that cooler
groundwater and spring samples are Ca-HCOs-type waters, whereas hot spring and thermal well
samples are Na-HCOs-type waters. A mixing trend is observed between Ca-HCO; and Na-HCOs3
water types.

10
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PHASE 3

During Phase 3 we completed collection of data begun during Phase 2 and selected a site in
Camas Prairie to drill a validation well up to 2000 feet deep. This validation well (USU Camas-
1) was drilled along a fault system associated with hot spring activity that separates two distinct
structural domains and offsets Pleistocene volcanic features. This well was drilled in two
separate field campaigns (2018, 2019) that included collection of cuttings, core, and water
samples. The well was logged using geophysical logging tools and a reservoir test was carried
out.

Geophysical Studies

Geophysical studies included the addition of 21 MT stations to the Camas Prairie array, and
the addition of two active source seismic surveys oriented approximately perpendicular to the
trend of the Pothole fault system (Glen et al., 2018). The new MT stations allowed a more robust
3D inversion of the MT data, while the new seismic lines documented the precise locations and
dips of faults in the target area for our planned test well. In addition, 293 new gravity stations
were added to improve regional coverage in areas with sparse control and to provide detailed
coverage along a series of profile lines in the target area for the planned test well.

Field studies

Mapping in the foothills adjacent to the Pothole fault system shows that surface faulting in the
Barron’s Hot Springs-Pothole area consists of two distinct structural trends: NW (~285-295°)
and NNW (~325°). Faults of both domains dip predominantly NE and exhibit dextral-normal to
normal slip. Both systems offset late Pleistocene basalts, documenting late Pleistocene to
Quaternary ages.

Data Integration, Modeling, and Site Selection

The GIS workflow was updated during Phase 3 to facilitate its performance and ease of use at
a range of scales, from regional to highly focused local areas. Our methodology was tested by
applying it to the Washington State PFA project, comparing their results with results produced
by our approach using their data inputs. Our semi-automated approach produces essentially the
same results as those obtained by the Washington State PFA group using a more hands-on
approach.

Our updated GIS workflow was used to integrate new data (produced during Phases 2 and 3)
into detailed CRS and CCRS maps of the Camas Prairie area. The results pointed to highly
favorable sites for a test well along the Pothole fault system. Gravity, magnetic, and seismic data
were combined to develop structural cross-sections that further constrained potential test well
locations. A structural analysis of the Pothole fault system suggests a zone of extension

11
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corresponding to its intersection with the blind range front fault system. The zone of extension
was chosen as the site for our test well.

Geothermal Test well USU Camas-1

The geothermal test well USU Camas-1 was drilled by the USGS Research Drilling unit
under a separate contract with DOE. The well was drilled in three stages: (1) rotary drilling
through basin fill sediments to bedrock (347 m depth), and setting casing into bedrock; (2) rotary
drilling through bedrock to 490 m depth; and (3) diamond core drilling through bedrock to 618 m
total depth. Stages 1 and 2 were drilled in September through October 2018; Stage 3 was drilled
in October 2019. Cuttings were collected every 10 feet during Stages 1 and 2, and continuous
core was collected during Stage 3. Wireline geophysical logs were collected in the open holes for
each stage, and a lithologic log was constructed from cuttings and core.

Temperature logs collected during and after drilling indicate isothermal temperatures of
~80°C below ~300 meters depth. Water samples collected in 2018 and 2019 subsequent to
drilling operations were analyzed for major and trace elements. Multicomponent
geothermometry obtained from a flowing well sample collected in July 2019 indicates
equilibrium reservoir temperatures of ~124°C, somewhat higher than our original predicted
temperatures of ~110°C and the maximum measured downhole temperature of 81°C. Lithologic
logs indicate that hydrothermal flow is associated with fracture permeability in the basement
granites. Propylitic (hydrothermal) alteration is common in both core and cuttings, but its age is
unknown. Shervais et al. (2020) summarizes the results of the Phase 3 investigations.

SUMMARY AND CONCLUSIONS

This project has developed a systematic and reproducible approach to geothermal Play
Fairway Analysis within ArcGIS that uses Python scripts to automate creation and evaluation of
evidence layers based on a range of geologic, geochemical, and geophysical data. This approach
can be applied to other geothermal exploration targets, as we have documented with the
Washington State PFA data, either by adding new evidence layers or by applying zero weight to
evidence layers that lack data.

Application of our method to southern Idaho has revealed several areas with high geothermal
potential. Two of these areas were selected for more detailed study: Mountain Home and Camas
Prairie. Additional data were collected for each of these areas, which allowed us to update and
refine our conceptual model and data analysis to select potential drilling targets in each. Drilling
of a geothermal test well (USU Camas-1) validated the underlying geologic model and our pre-
drilling predictions. The Camas Prairie geothermal test well successfully documented a
geothermal resource as predicted by our PFA model based on measures of permeability, heat and
seal. The Camas site was not expected to be a high temperature resource, although the final

12
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equilibrium reservoir temperature exceeded our pre-drilling predictions. Although the
geothermal system under Camas Prairie is relatively small, our model predicts multiple large
resources beneath other portions of the western SRP.

Benefit to the Public

Access to clean, renewable energy is becoming more imperative each year. Geothermal
energy is a clean, renewable resource that is always on — making it the ideal source for base load
electrical production. Wind and solar are popular renewable technologies, but have limitations:
wind does not always blow, and solar output is limited by clouds and night. Geothermal energy
is especially useful when combined with solar for peak daylight energy consumption. A further
benefit is that hydrothermal water produced for the generation of electricity may be cycled
through direct use applications, such as space heating for greenhouses or buildings, before it is
re-injected to replenish the geothermal reservoir.

Idaho sits upon a unique geothermal resource that could potentially rival Nevada for power
output. Our project has documented that geothermal resources fueled by volcanism in southern
Idaho are regional in extent and may be tapped in zones of high permeability formed by faults.
Many of these faults are exposed on the surface, but others are buried beneath thick blankets of
clay-rich sediments that provide both a seal for the hot water resource and a layer of insulation
for the underlying thermal anomaly.

The goal of our project was to reduce the risk for private developers and thus remove barriers
to further exploration and development. The methodology and tools developed by this project
have helped to identify where these resources are located, to estimate their volume, and in time,
to locate the best places to drill in order to harness this resource. Furthermore, these methods and
tools are transferable to other regions with different geothermal resources and may be used
throughout the geothermal industry.

13
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I. PHASE 1 ACTIVITIES AND RESULTS
1.0 INTRODUCTION

The Snake River Plain (SRP) volcanic province in southern Idaho (Figure 1) formed in
response to movement of the continental lithosphere over a deep-seated mantle thermal anomaly
(“hotspot”) that has thinned the lithosphere and fueled the intrusion of hot basaltic magma into
the lower and middle crust, forming a layer over 10 km thick (Shervais et al., 2006a, 2006b).
The heat from these intrusions drives the high heat flow and geothermal gradients observed in
deep drill holes throughout the Snake River Plain (SRP: Blackwell, 1980, 1989, Brott et al.,
1978, 1981; Lewis and Young, 1989). The SRP is one of the highest heat flow regions in the
United States. Idaho was ranked third among western states for potential geothermal power
production, with 855 MW of near-term economic potential resources, by the Geothermal Task
Force of the Western Governors’ Association (Western Governors’ Association, 20006).
Identification of blind resources could spur commercial development (Nielson et al., 2012;
Nielson and Shervais, 2014) in this undeveloped area.

Play Fairway Analysis is an approach to exploration pioneered by the petroleum industry that
integrates data at the regional or basin scale in order to define favorable trends for exploration in
a systematic fashion. It then interrogates these data to highlight which plays have the highest
likelihood of success (prospects). Play Fairway Analysis provides greater technical rigor than
traditional exploration approaches and facilitates quantitative risk-based decisions even when
data are sparse or incomplete (Shell Exploration and Production, 2013).

Play Fairway Analysis is a mature methodology in petroleum, but it is a new exploration
technique for the geothermal industry. Past techniques were based on conceptual models of
systems as a whole, or targeted individual sites, and current exploration methodologies address
those conceptual models (Ward et al., 1981). The geothermal industry has evolved from drilling
hot spring occurrences to blind exploration of known or inferred geothermal trends, and has
identified distinct geothermal play types (e.g., Moeck, 2014), but has not adopted Fairway
analysis. This study represents a new approach that we believe will aid in the discovery of buried
or blind geothermal systems. A key challenge is to adapt this analysis in a way that provides
meaningful results and measurable return on investment (Nielson et al., 2015).

Our study area encompasses almost all of southern Idaho, spanning six degrees of longitude
(~500 km EW) and over 2.5 degrees of latitude (~300 km NS), or about 150,000 km* (Figure 1).
Our goals for Phase 1 were: (1) adapt the methodology of Play Fairway Analysis for geothermal
exploration by creating a formal basis for its application to geothermal systems, (2) assemble
relevant data for the SRP volcanic province from publicly available and private sources, (3) build
a geothermal play fairway model for the Snake River Plain that would allow us to identify the
most promising plays, and (4) develop an exploration plan to further evaluate the most promising
plays. Our specific objectives included defining the critical elements that characterize a viable
geothermal system (heat source, reservoir, migration pathways for recharge, and seal),
integration of the diverse data sets that may be used to characterize these critical elements within
a single analytical platform (ArcGIS), and interrogation of these data to produce Common Risk

14
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Segment maps and Composite Common Risk Segment maps (e.g., Shell Exploration and
Production, 2013).

1.1  Summary of Project Activities: Phase 1

The Project Team met at least once each quarter for extended discussions and analysis.
Conference calls or web-based conferences were held in months without in-person meetings.
Project activities focused initially on defining critical elements, methodology, and data
compilation. Emphasis shifted first to refining and extending the methodology to produce risk
maps, and finally to data analysis. Most work was carried out within ArcGIS, but some data
exploration was done using Google Earth and Google Maps®. Data compilation was distributed
to appropriate team members based on expertise, and those team members were responsible for
later analysis of their data layers.

An important aspect of our work was the recruitment of an Industry Advisory Board
comprising representatives of the geothermal industry (USGeothermal, Ormat), developers (US
Navy), and consultant (Mink Geohydro, Inc.). Our team also includes two consultants with
longtime connections to geothermal modeling (Leidos, Inc) and slim hole well development
(DES, Inc). These strong industry connections were valuable for keeping our efforts focused on
real-world problems, and for understanding industry practices.

Problems and Departures: The only significant problem encountered was with petroleum
industry software tools designed to assist in play fairway analysis (e.g. Exprodat® extensions for
ArcGIS). These tools proved to be too specific to the petroleum industry to adapt or apply in any
meaningful way to geothermal. This is in large part due to the fact that petroleum plays are
generally stratigraphic, so these tools rely on the distribution and thickness of source rocks,
reservoir rocks, and cap rocks to assess exploration risk. In geothermal, only Seal is stratigraphic,
and then only in some circumstances. Heat source may be localized or regional, whereas
Permeability is structurally controlled.

We dealt with this issue by placing more emphasis on Python scripting within ArcGIS to
carry out the steps required for fairway analysis. This required significant support from USGS
GIS programmers. The impact of this shift on the project was positive because it allowed us to
produce custom scripts that can be used throughout the geothermal industry without the need to
license expensive petroleum industry software. It also allowed us to focus specifically on the
critical elements of geothermal systems. The tools produced are repeatable, scalable, modifiable,
transferrable, and when complete, will be essentially fully automated.
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1.2 The Play Fairway Concept in Petroleum: The Exploration Play

The term Play is imprecisely defined in petroleum exploration, but there is "...general
agreement that the play describes groups of accumulations and prospects that resemble each
other closely geologically..." (Doust, 2010). These similarities include reservoir rocks, source
rock maturity, migration paths and traps. Importantly, the play has a requirement that petroleum
be economically recoverable (Norwegian Petroleum Directorate, 2003). Fugelli and Olsen
(2005) state that an exploration play is validated when at least one economic discovery is made.
In petroleum, plays are often defined by stratigraphy and/or structural style, and, for instance,
one well may intersect more than one play. The Play Fairway is the area of maximum possible
extent of reservoir rocks in the play (Fugelli and Olsen, 2005). For geothermal, we propose that
the Play Fairway be defined by the maximum possible extent of potential heat sources, in our
case, the Snake River Plain volcanic province.

Play Risk is defined by the confidence in (1) the geological model and (2) the database
available (Fugelli and Olsen, 2005). These may be depicted as a confidence matrix with
confidence ranked as low, medium and high. Within a fairway, there can be a dramatic
difference in data availability and quality (for instance seismic data absent, 2D or 3D). This type
of analysis also provides a basis for identifying areas where additional data collection is
necessary to reduce exploration risk. Common Risk Segment (CRS) maps define areas that
contain the same general Probability of Success (PoS) for individual model components, based
on our Level of Knowledge (LoK) for these components. Each map indicates high, medium and
low risk areas for each element under consideration. In petroleum exploration, the risk elements
are the reservoir, source, charge and trap. For geothermal systems, we consider risk elements to
be the heat source, permeable reservoir volume, recharge and seal. Composite Common Risk
Segment (CCRS) maps incorporate the information from the individual CRS maps and define the
"sweet spots" that will lead to prospect definition.

In petroleum assessment, the CRS maps lead to a volumetric potential evaluation that is based
on reservoir size versus probability of occurrence. In general, small systems have a much higher
probability of occurrence than large systems, and the number and size of these systems may be
estimated using log-normal plots of cumulative probability versus field size (e.g., Shell
Exploration and Production, 2013). There is a lack of comparable data for most geothermal
areas. Brook et al. (1979) noted a relationship between characteristic temperature of a
hydrothermal system and size where higher temperature systems were larger. This relationship
was confirmed by Nielson (1993) but may not hold true for all geologic environments (e.g.,
Wilmarth and Stimac, 2015).

1.3  Play Fairway Analysis Concept Adapted to Geothermal Exploration

The fundamental parameters required for petroleum plays are source rocks, reservoir rocks,
migration pathways, and seals. To be considered a prospect, plays must also contain structural or
stratigraphic traps, and have a thermal history conducive to hydrocarbon generation at a time —
the critical moment — when all of the other required elements (e.g., reservoirs, pathways, seals,
traps) were in place. Petroleum fairway analysis begins at the basin scale, and progressively
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focuses in on the play scale, and finally at the prospect scale. Our challenge was to adapt this
methodology to geothermal systems in a way that preserves the fundamental strengths of the
scientific approach and risk-based aspects developed by the petroleum industry, but which makes
sense for geothermal systems.

In this section, we correlate the fundamental parameters required for petroleum plays with
what we regard as their equivalent parameters in geothermal systems. The analogies are
imperfect in some cases but represent our best judgment, based on our collected experience over
decades of geothermal and/or petroleum exploration.

1.3.1 Heat (the Source)

A high-level heat source is the principal requirement for a high-temperature geothermal
system that is within economically accessible drilling depths. The SRP is one of the highest heat
flow provinces in North America and is associated with extensive Plio-Pleistocene volcanism.
Within that province, we looked for areas where temperatures are enhanced by repeated or high-
level magmatism. Using the Mountain Home corehole MH-2 as an example, there are
hydrothermal breccias that are probably formed at temperatures >350°C and indicate proximity
to an intrusive (Nielson et al., 2012).

In order to identify areas underlain by these complexes and associated heat sources, we used a
wide range of geological, geochemical, and geophysical data, including: regional heat flow data;
the age, size, composition, and density distribution of basaltic vents; gravity and magnetic field
data; magnetotellurics (MT); seismic surveys; groundwater temperatures; and estimates of deep
reservoir temperatures derived from isotopic, cation, and multicomponent geothermometers (e.g.,
Cannon et al., 2014). He isotopic values were also utilized in a supporting role to identify fluids
that contain He with a significant mantle component (R/Ra > 1.5) (Dobson et al., 2015). Rhyolite
domes and lavas are less common (e.g., Big Southern Butte), but may also form an important
heat source if they are underlain by relatively shallow magma chambers. In some areas, heat
appears to come from circulation within the crust (e.g., Twin Falls area), in settings that resemble
traditional Basin and Range geothermal systems.

1.3.2 Permeability (the Reservoir)

Geothermal reservoirs are almost exclusively reliant on fracture permeability, associated with
fracturing related to tectonic and magmatic processes. Surface exposures of bedrock are
amenable to mapping of structural features such as faults and lineaments, but in many settings
sedimentary basins adjacent to topographic highs mask evidence of bedrock faulting and surface
ruptures typically degrade quickly. In addition, the presence of extensive, young volcanic lava
flows obscures older faults in the subsurface.

Fractures are difficult to characterize in the subsurface, but their presence can be predicted by
steep gravity gradients, alignment of volcanic vents, petrophysical analyses of wireline log data,
and an understanding of the relationships between lithology, lithostratigraphy, and mechanical
properties. Analysis of fault trace maps and quantitative structure/stress analysis have been used
to help locate permeability associated with large, mapped structures. Geothermal permeability is
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typically highest within step-overs (transfer zones), accommodation zones, and fault
intersections (e.g., Faulds et al., 2013); these are high priority targets for identification and
mapping. MT and magnetics provide information for identifying zones of alteration produced by
interaction of geothermal fluids with the host rock. Geothermal reservoirs also discharge fluids
that are often detectable by fluid geochemical methods, enhanced groundwater temperatures, or
hot springs and other surface manifestations. The existence of thermal features highlights the
presence of permeable flow paths through which thermal waters migrated up to the surface.

The reservoir volume must be of adequate size to warrant commercial production. In addition,
due to the high cost of drilling geothermal production wells (Mansure and Blankenship, 2011,
2013), we decided for this study that systems must be accessible by wells no deeper than 3 km.
Commercial production is also dependent on production rate of wells and their thermal decline,
which reflect the sustainability of the resource.

1.3.3 Permeability (Migration Pathways, Recharge)

Recharge by the migration of water into the geothermal system is critical to maintaining a
long-lived resource. The hydrology of the SRP is complex. In the central-eastern SRP, the upper
parts of the Snake River Regional Aquifer (SRRA) are reasonably well known; however, the
deeper parts are understood only from deep holes, such as the Kimama hole drilled during
Project Hotspot, and from electromagnetic (EM) and MT data (Whitehead, 1986, Lindholm,
1996). Deep groundwater circulation is even less well known in the western SRP, where lake
sediments dominate. Evidence for deep groundwater circulation is found in hot springs and
thermal wells characterized by low *He/*He ratios (<0.1), which show that deep magmatic
sources and mantle are not involved. Important recharge paths provided by tectonic faulting
allow fluids to penetrate beneath lake beds and into geothermal reservoirs. As a result, we
consider migration pathways in concert with reservoir permeability.

1.3.4 Seal (Cap)

An impermeable seal is a common feature of many geothermal systems (Anderson et al.,
2000), and is often seen as a critical feature for the preservation of an active geothermal system
(Cummins, 2016). In the absence of a seal, thermal fluids will escape to form surface hot springs
(and accentuate heat release to the surface via advective heat transfer) or will mix with cold
waters in shallower aquifers. Overlying sediments, which have lower thermal conductivities than
the volcanic reservoir rocks, also act as a thermal blanket to retain heat. Project Hotspot
demonstrated that lake sediments, hyaloclastites (glassy volcanic sediments), and altered basalts
all may serve as effective reservoir seals in the SRP region. The distribution of lake sediments in
the SRP is documented by surface exposure and well logs. Hydrothermally altered basalts and
hyaloclastites may be mapped using magnetotelluric and magnetic surveys (Bouligand et al.,
2014). In addition, detailed studies of core from deep drill holes in the eastern SRP show that the
base of the regional SRP aquifer is marked by pervasive clay alteration in the basalt groundmass,
as well as a shift from convective geotherms (within the aquifer) to conductive geotherms (below
the aquifer) (e.g., Morse and McCurry, 2002; Shervais et al., 2013). The distribution of this
aquifer has been documented by Lindholm (1996) using resistivity surveys and well data.
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1.4  Conceptual Models

Four play-types are defined for our area of investigation in southern Idaho: (a) SRP basaltic
sill systems that involve fault-controlled permeability, a basaltic sill complex heat source, and a
seal consisting of lake sediments (in the western SRP) or clay alteration of basalt (typical of the
eastern SRP); Craters of the Moon, a very young basaltic rift, represents a subset of this type
(Nielson and Shervais, 2014; Nielson et al., 2015); (b) Shallow silicic domes, which may create
their own permeability during intrusion; examples of this type include the Big Southern Butte,
Cedar Buttes, and other silicic domes (Adams et al, 2000, Pribnowa et al, 2003; McCurry and
Welhan, 2012; Welhan et al., 2014); (c) Basin-and-Range systems that involve fault-controlled
permeability and deep heat sources, such as the Raft River system (e.g., Faulds et al., 2013); and
(d) Granite batholith systems such as those occurring across the Idaho Batholith (e.g., Young,
1985, Druschel and Rosenberg, 2001).

In the following sections we describe the characteristics of each system, with emphasis on the
newly proposed SRP-type basaltic sill play (Nielson and Shervais, 2014).

1.4.1 SRP Basaltic Sill systems

Although the SRP demonstrates young volcanic activity that is both widespread and
voluminous, there has been relatively little geothermal exploration. We believe that this is the
consequence of the lack of hot spring activity (except on the margins of the province) and the
largely basaltic nature of the volcanism. Basaltic terrains are not generally considered to be
viable exploration targets for high-temperature geothermal systems (with the exception of
exposed mid-ocean ridge environments such as Iceland). Smith and Shaw (1975) pointed out that
basalt is channeled rapidly from depth to the surface through fractures forming dikes that cool
rapidly. In contrast, rhyolitic magmas commonly form chambers in the shallow crust and are
therefore more capable of providing a larger and longer-lived heat source for hydrothermal
circulation.

However, there are well-documented hydrothermal geothermal systems in areas of basaltic
volcanism without associated rhyolites. The southeastern rift of Kilauea Volcano on the island of
Hawaii hosts the Puna geothermal system. Active extension and dike intrusion provides a
continuous source of basaltic magma. Teplow et al. (2009) document a dacite melt intersected by
injection well KS-13 at depths of 2480 to 2488 m in the Puna field. Although there are no
exposed flows of dacitic composition, the authors speculate that this dacite has differentiated
from basalt. They have calculated that the magma intersected by drilling had a temperature of
about 1050°C, and on the basis of thermal arguments, they suggest a body with a minimum
circular dimension of 1 km and a thickness of at least 100 m.

Another well-documented geothermal system specifically related to basaltic volcanism is
located on the Reykjanes peninsula in Iceland (Fridleifsson et al., 2014). The character of the
heat source has yet to be determined, but it is hypothesized to be either a sheeted dike complex
or a major gabbroic intrusive body. Drilling in the Krafla field, where there is young rhyolite
volcanism, intersected magma of rhyolite composition. Petrologic studies have shown that the
magma was formed through the partial melting of altered basalt (Elders et al., 2011; Zierenberg
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etal., 2013). A common feature of the above examples of active hydrothermal systems related to
basaltic heat sources is the presence of high-level magma chambers that have sufficient volume
and longevity to sustain convective circulation. As the above examples also show, felsic melts
may be formed through partial melting or differentiation, and these rocks may not be exposed at
the surface.

Within the SRP, a number of studies have presented evidence for high-level basaltic magma
chambers (sill complexes). Young basaltic volcanism is present throughout the region, with vents
as young as 200 ka or less in the western SRP (WSRP) (Shervais et al., 2002; White et al., 2002,
Shervais and Vetter, 2009), and <2,000 years old in the eastern SRP (ESRP) (Kunz et al,, 1982;
Shervais et al,, 2005). Additional observations include:

Documentation of a mafic sill or sill complex in the mid-crustal region beneath both the
ESRP and WSRP by seismic methods (e.g., Hill and Pakiser, 1967; Prodhehl, 1979; Sparlin
et al, 1982; Peng and Humphries, 1997).

Geochemical evidence for a layered mafic sill complex beneath both the ESRP and WSRP,
based on fractionation-recharge cycles in basalt flows sampled as drill core (Shervais et al.,
2006, Jean et al 2012).

The Graveyard Point Sill, exposed near the southern margin of the WSRP, documents a single
layered basaltic sill up to 160 m thick (White, 2007) confirming the existence of sills inferred
from seismic data and lava chemistry.

High-resolution gravity mapping by the USGS defines an ~EW trending gravity high that lies
at an oblique angle to the axis of the WSRP; this gravity high has been interpreted as a horst
block, and may be cored by a mafic sill complex (Shervais et al., 2002; 2013). The alignment
of this gravity high is approximately parallel to a fault system mapped north of Mountain
Home, which lies at an oblique angle to the range front fault system (Shervais et al., 2002).

Further support for the presence of a sill complex comes from olivine gabbro xenoliths in
basalt from Sid Butte, which lies just a few km west of the Kimama drill site (Matthews,
2000; Jones, 2017). These xenoliths have modes and compositions appropriate for basalt
fractionation at mid-crustal levels and suggest that basalts found on the surface were
processed through this sill complex.

A magmatic origin for many thermal features associated with the SRP is supported by
geochemical and isotopic studies, which indicate anomalously high *He/*He and magmatic
methane in thermal springs and well water (Dobson et al. 2015; Conrad et al., 2015).

We propose that the main geothermal play type in Snake River Plain derives its enthalpy from
a layered basaltic sill complex in the middle to upper crust (Nielson and Shervais, 2014). The
SRP basaltic sill complex is long-lived because each individual sill is ~100-200 m thick, and the
intrusion of multiple sills into the same level of crust pre-heats this crust, minimizing heat loss
from subsequent intrusions (Nielson et al, 2017). Basaltic sills tend to pond at levels of neutral
buoyancy (Ryan, 1987), and subsequent intrusions will also cluster near this level, at or just
above previously intruded sills.
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Conduits for heated fluids are provided by faults that have been mapped along the margins of
the plain, measured by borehole imaging in some deep wells, and inferred from high-resolution
gravity and magnetic surveys. In the WSRP, these faults trend essentially parallel to the long axis
of the gravity high, which is interpreted to represent an uplifted horst block (Glen et al, 2017).
The location and orientation of these faults are thought to be controlled by the distribution of sill
complexes within the crust: crust modified by sill intrusion will tend to act as a rigid block,
localizing strain along its margins. Because the horst block lies near the central axis of the
WSRP, these conduits may conduct fluid upwards far from the range front system.

However, these fluids do not reach the surface, as no thermal features are observed in the
center of the WSRP. The thick section of fine-grained sediment in the upper part of the Mountain
Home section is thought to provide a cap on the geothermal system. This cap both prevents the
system from discharging at the surface and seals the system against the ingress of cold water.

If this conceptual model is valid, we would expect to find similar subsurface resources and
fracture systems in the WSRP associated with both the northern and southern flanks of the
gravity high and possibly over the central part of the high where cross-faults are indicated. This
model may also apply to the ESRP, which has a well-imaged crustal sill complex, gabbro
xenoliths in basalt that show processing of magma through crustal magma chambers, and very
young basaltic volcanism (<2 ka in age) documenting an active magmatic system. The ESRP
also features lacustrine sediments that could serve as a seal for the geothermal system.

These geothermal plays may constitute a significant recoverable geothermal resource and will
be assessed quantitatively in light of this model.

1.4.2 Shallow silicic dome systems

Shallow silicic systems may form either as extrusive volcanic domes or as laccolith-style
intrusions (i.e., cryptodomes) that uplift pre-existing surface strata. These systems are noted for
several characteristics: (a) the extrusive domes and cryptodomes are inferred to root in larger
magma bodies at some depth below the surface; (b) thus, the domes represent cupolas of limited
areal extent that contain relatively little long-lived heat internally, but which overlie much larger
high-enthalpy magma systems; (c) wall rocks directly adjacent to these domes and cryptodomes
may be highly fractured by intrusion of the domes, providing conduits for hot fluids to move
upward from the underlying magma body (Bacon et al, 1980; Adams et al, 2000; Pribnow et al,
2003, Schmitt and Hulen, 2008; Wright et al, 2015). More commonly, these open fractures along
the margins allow the downflow of cold water, resulting in temperatures below those predicted
from thermal modeling of the intrusion (Pribnow et al, 2003; Melosh, 2015).

Silicic domes and cryptodomes are not common in the Snake River Plain: only six are found
in the ESRP, along with one fractionated dacite vent (Cedar Butte), and they are rare elsewhere
(McCurry et al. 1999, Spear and King, 1982). The China Hat domes, which lie SE of the SRP, in
a zone transitional between the volcanic plain and the Basin and Range, may also be considered
within this venue (McCurry et al, 2011, 2015; McCurry and Welhan, 2012; Welhan et al, 2014).
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1.4.3 Basin and Range-style systems

The Basin-and-Range province in Nevada contains a large number of generally amagmatic
geothermal systems; similar systems may exist in SE Idaho. Most systems are not associated
with young volcanism and are thought to result from active extension and high heat flow (Faulds
et al., 2004; Blackwell et al 2002). Heat flow ranges from 50 to ~120 mW/m® (average ~90
mW/m?: Blackwell and Richards, 2004). Most of the higher temperature geothermal systems are
found in the northwestern part of the Basin and Range, with many having subsurface
temperatures up to ~200°C, even though volcanism ended 3 to 10 Ma (Faulds et al., 2004,
2010). The lack of recent volcanism suggests that upper crustal magmatism is not a heat source
for most of the geothermal activity in this region.

Geothermal activity in the northwestern portion of the Basin and Range is facilitated by
transtensional extension, with high rates of Neogene extension and dextral offset in the Walker
Lane (Colgan et al., 2004, Faulds, 2004). Geothermal fields in northern Nevada appear to be
controlled largely by NNE-trending normal faults, which are oriented perpendicular to extension
and thus favor dilation and deep circulation of geothermal fluids (Blackwell et al., 2002; Johnson
and Hulen, 2002; Faulds et al., 2004, 2006). Many geothermal systems in the Basin and Range
are likely to be blind systems with no surface manifestations (Coolbaugh et al., 2007; Williams
et al., 2009).

1.4.4 Granitic Batholith systems

Geothermal systems in the Idaho batholith are included here for completeness but are not a
focus of our study, and for the most part lie outside our study area. Previous work on geothermal
systems within the batholith have concluded that the present day thermal waters represent older,
possibly late Pleistocene meteoric water that has circulated along deep-seated fault systems and
reequilibrated in part with the granite (Druschel and Rosenberg, 2001; Young, 1985; Criss and
Taylor, 1983; Anderson et al., 1985, Street, 1990). Reservoir depths are estimated to be 2.4 to

6.7 km, with temperatures of 85° to 160°C (Druschel and Rosenberg, 2001).

1.4.5 Engineered Geothermal systems (EGS)

Engineered geothermal systems (EGS) are a special category where permeability is created
artificially by hydraulic fracturing of hot rocks. These systems typically require permeability
created between an injection well (where water is introduced under pressure) and one or more
production wells (where this water is recovered after it is heated by flow through the fractured
rock). As a result, the primary requirement is Heat; primary permeability should be low. Our
project was not designed to explore for EGS, but can easily be adapted to do so, as we note later
in this report.
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Figure 1. Location map of Snake River Plain, showing the study area, along with major towns, geographic features, and deep
wells (red stars). Features:Craters of the Moon National Monument; Great Rift; Mount Bennett Hills; Camas Prairie; Danskin
Mountains; Idaho National Laboratory; Axial Volcanic Zone. Other sites: B: Banbury Hot Springs, M: Magic Hot Springs. Deep

wells: RR: Raft River complex, MH-1: Mtn Home #1; MH-2: Mtn Home #2, KB: Kimberly, KA: Kimama, SC: Sugar City,
WO2: WO2 (INL site).
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2.0 APPROACH

Our approach was to analyze direct and indirect indicators of geothermal potential in order to
identify the three critical geothermal resource parameters: heat source, permeable reservoir, and
seal (Nielson et al., 2015). The project was divided into three phases. Phase 1 assessed the
distribution and viability of plays throughout the SRP region using existing data sources, and
identified areas where new data collection was needed to confirm these resources. Phase 2
focused on the collection of new field data and thermal modeling. Phase 3 focused on a specific
prospect identified in Phase 2 (Camas Prairie), with additional data collection and the drilling of
an exploration slimhole to validate our approach.

2.0.1 Software and Data Handling

Our workflow is modified from the petroleum industry, using industry-standard tools for data
integration and modeling where appropriate. We used ArcGIS, with extensions for spatial and
geostatisical analysis, as our primary software tool for several reasons. It is capable of integrating
and analyzing a wide range of spatial data types, and it has become the standard platform for
geospatial analysis in industry, academia, and government. Most geothermal enterprises already
have GIS professionals on staff and use ArcGIS for a range of functions. A second strength of
ArcGIS is its extensibility through the use of Python scripts. Python is a scripting language that
is used by advanced GIS professionals to create new tools that can be incorporated into the Arc
toolbox, where they can be accessed and applied by less skilled GIS technicians. The use of
custom Python scripts is a critical component not anticipated in our original proposal and has
had a fundamental impact on our approach to data analysis. The Python scripts allowed us to
compile raw data layers within ArcGIS, extract these layers and process them to create evidence
layers and common risk segment map layers that can be imported back into ArcGIS for display
and interrogation.

Other software tools used in this study include the /HS Kingdom and Petra, used to construct
3D stratigraphic models, Oasis Montaj®, which integrates 3D geophysical data modeling with
ArcGIS layers, and 3DStress, which analyzes fault dilation tendency and fault slip tendency
based on the regional stress field. Estimates of reservoir temperatures using thermal spring and
well water compositions were calculated using R7Est, a multicomponent geothermometer
(Palmer et al., 2014). Analysis of geospatial data outside of the ArcGIS framework was carried
out using Google Earth Pro® and Google Map. Both tools import Arc shapefiles that have been
exported in kmz or kml format, and also import tabular data files (csv or Excel format) for data
exploration (e.g., volcanic vent mapping). Thermal modeling was carried using Leidos’s STAR
geothermal reservoir simulator (Pritchett, 2011) and Toughreact (Xu et al., 2011).

A shared Google Drive folder was created to facilitate the exchange and archiving of data
files. This guaranteed that everyone associated with the project had access to the same data files
and facilitated the exchange of data files, which can range in size to hundreds of megabytes. It
also allowed us to have a central repository for all of our data sets in order to avoid
inconsistencies between users. On project completion, these data were uploaded to the
Geothermal Data Repository (GDR).
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2.0.2 Workflow

The Snake River Plain was divided into three main regions based on differences in tectonic
and volcanic setting, which differ in their stratigraphy and structure (Figure 1). The main regions
are (1) the eastern SRP, including Craters of the Moon-Great Rift along its western margin, (2)
the central SRP, comprising the axial portion of the plain between Craters of the Moon-Great
Rift on the east and Hagerman-Bliss on the west, as well as the Bruneau-Jarbidge eruptive
center, the Mount Bennett Hills, and the Camas Prairie, and (3) the western SRP graben and
adjacent regions. Subregions comprise areas of interest adjacent to the margins of the plain,
including Basin-and-Range areas north and south of the ESRP, the Idaho Batholith, which lies
largely north of the WSRP and CSRP, and the Owyhee Plateau, which lies south of the WSRP.

A resource attribute worksheet was created at our kick-off meeting to summarize important
properties (heat, permeability, seal) and the types of data needed to establish them (e.g., heat
flow, volcanic vents, faults, gravity and magnetic lineations, efc). The resource attribute
worksheet also included data sources and links where known, or ideas on where appropriate data
might be found. This worksheet was expanded as work progressed, but the basic data elements
laid out in this worksheet remained the dominant factors in our analysis throughout Phase 1.

Critical element risk matrices were produced for several play types and attributes that assess
model favorability against data confidence or assess an attribute for model favorability. The
primary focus for these risk matrices was on heat source and reservoir quality (permeability).
The critical element risk matrices were based in part on the resource attribute worksheet, which
defined many of the critical elements of source, reservoir and seal, and in part on our evaluation
of the uncertainty expected within each data type. Reservoir seal is more difficult to assess, since
it consists of either impermeable sediments, whose distribution is relatively well known, or
alteration self-seal, which is difficult to predict, but may be inferred from resistivity studies (e.g.,
Lindholm, 1996). These critical element charts were not used directly but were used conceptually
to structure how these data were handled within ArcGIS. Our approach is similar to that used by
Coolbaugh et al. (2002, 2005) for a GIS-based weights of evidence approach to the Basin-and-
Range that has been validated by subsequent studies.

2.0.2 Changes in Approach During Phase 1

Early in our efforts we explored the use of Team-GIS from Exprodat LCC, a set of
petroleum industry extensions to Arc for play fairway analysis. It was our hope that these tools
could be adapted relatively easily to geothermal exploration and would provide a robust
application of petroleum industry expertise. Unfortunately, these tools turned out to be extremely
specific to petroleum exploration and proved to be impractical to adapt to geothermal exploration
in any meaningful way.

This discovery led us to move forward by developing our own custom Python scripts for
geothermal fairway analysis. Because Python is native to ArcGIS, scripts can be compiled into a
“toolkit” that can imported into ArcGIS for use by others. This approach allows us to “automate”
the Fairway Analysis, by providing a series of user tunable weights for combining evidence
layers within a given CRS map, for applying confidence layers to evidence layers, and for
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combining CRS maps into composite CRS maps. It also allows us to use tools built into ArcGIS
for functions such as density maps and data interpolations. An extended discussion of these
issues is provided in the Methods Section.

2.1 Data Compilation

Data were compiled from a range of public and private sources, both published and
unpublished, and imported into ArcGIS to create a series of data layers for later analysis
(Appendix A). The data collected include geologic maps at scales from 1:24,000 to 1:250,000,
structural features (faults, lineaments), vent locations, ages, and types from geologic maps and
other sources, heat flow from the USGS and SMU databases, groundwater temperatures (USGS,
IDWR), existing regional gravity data as well as newly collected high resolution profile data, and
processed potential field data yielding subsurface structural interpretations and Curie temperature
depths, passive seismic velocity, magnetotelluric and crustal thickness data from Earthscope,
regional EM data from USGS reports, the location of 56 commercially-available active source
seismic lines and other public domain seismic lines, distribution, thickness and age of lacustrine
sediment seals, the distribution and temperatures of thermal springs and wells from IDWR and
NGDS, water chemistry and stable isotope chemistry from USGS and from partner GTO-funded
projects, and He isotopes from partner GTO-funded projects. Significant data types and sources
are listed below.

2.1.1 Geologic Maps

Geologic maps used for the project (many available as GIS shapefiles) include those
published by the USGS and Idaho Geological Survey (IGS), and unpublished maps. Most of the
SRP and adjacent areas are covered by 1:100,000 1° sheets or 1:125,000 county maps, most of
which are compiled from mapping done originally at 1:24,000 scale (7.5’ quadrangle) or in a few
cases, 1:62,500 scale (15’ quadrangle). A few areas are represented by older 1:250,000 scale
maps (2° sheets). Regardless of scale, all of these maps are available in high resolution PDF
format, which enables us to import the trimmed map sheets into Arc GIS or Google Earth and to
rubber-sheet them into geographic coordinates as image files. These were used to compile vent
locations and sizes. A GIS-based geologic map of the state provided a starting point for the
overall geology as well as the distribution of lacustrine sediments in the western SRP.

2.1.2 Heat Flow, Thermal Gradients, and Groundwater Temperatures

Heat flow and thermal gradient drillhole data were compiled from USGS and Southern
Methodist University (SMU) Geothermal Lab databases (e.g., Williams and DeAngelo, 2008,
2011; Blackwell et al., 1989; Blackwell and Richards, 2004), plus data from the National
Geothermal Data System. Heat flow data are not evenly distributed, with the highest density of
measurements found in the WSRP and across the border in eastern-most Oregon. Gradient wells
in the eastern SRP are clustered at the INL site and along the eastern edge of the plain near
Island Park caldera, with scattered coverage elsewhere. Large data gaps are found in the axial
region from Idaho Falls to Hagerman (on the western edge of the Central SRP (CSRP)). These
gaps correspond largely to the distribution of the Snake River aquifer, which renders
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measurement of conductive thermal gradients impossible in all but the deepest wells. Further, if
thermal gradients are estimated from bottom hole temperatures and surface temperatures, the
resulting gradient will be too shallow and give erroneously low heat flow. We have used data on
aquifer distribution and thickness to correct for this effect where possible, both in the Snake
River Aquifer system and in the smaller but still important system on the Mountain Home
plateau (see section 2.1.9 Aquifers). In addition, new heat flow data from two Hotspot wells and
one older well provide important new control points within these data gaps.

Groundwater temperature reflects thermal flux from below. Groundwater and surface flow
from the mountains of eastern Idaho and Wyoming is characterized by temperatures ~8°C, which
represents the baseline temperature of the Snake River aquifer in the eastern and CSRP.
Groundwater temperatures increase gradually from NE to SW in this region in response to
thermal flux from below the aquifer (e.g., Blackwell et al 1992; Smith, 2004, McLing et al.,
2014). Further, groundwater temperatures are uniformly high in the WSRP due to the thick
insulating layer of lacustrine sediments. Because groundwater temperatures respond well to the
underlying heat flux, they can be used as a proxy for heat flux to supplement the more limited
heat flow database.

2.1.3 Volcanic Activity

Areas with high concentrations of young volcanic vents are likely to overlie magma chambers
or recent sill intrusions, making them a proxy for magmatic heat centers in the crust. Vent
locations for basalts and rhyolites were compiled from a range of sources and cross-checked
against topographic features and geologic maps for accuracy and completeness. Radiometric
ages, though rare, were compiled where available, and all vents were classified by age using
radiometric ages, magnetic polarity, or stratigraphic relations from geologic maps. Vents were
binned into six age groups, as follows:

Group Age Range Stratigraphic Age Polarity Weight
Group 1: <75 ka Holocene plus Normal 1.0
Group 2: 75 —400 ka Late Pleistocene Normal 0.95
Group 3: 400 — 780 ka Middle Pleistocene Normal 0.90
Group 4: 0.78 —2.58 Ma Early Pleistocene Mostly Reverse 0.8
Group 5: 2.58—-5.23 Ma Pliocene Mixed 0.7
Group 6: >5.23 Ma Miocene-older Mixed 0.5

In order to correct for age-related degradation of small vents (e.g., cinder and spatter cones),
which are over-represented in young volcanic fields, a size factor was assigned to each vent
ranging from 0.1 for small cinder or spatter vents to 1.0 for shield volcanoes. Parasitic vent
clusters caused by lava erupting onto wet lake beds were given a weight of 0.01.

Composition codes were assigned to track types of lava erupted. Since relatively few flows
have published chemistry, many flows were assigned a composition code based on their location,
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e.g., all Holocene plus vents of the Craters of the Moon-Great Rift field are Type 2 evolved
basalts, whereas all other basalts of the central and eastern SRP are SROT (e.g., Kuntz 1992;
Putirka et al 2009; Shervais et al, 2005; 2006, Shervais and Vetter 2009, Jean et al, 2013;
Hughes et al 2002; Geist et al 2002, see Appendix A).

2.1.4 Faults and Lineaments

Faults and lineaments were compiled largely from two sources: (1) USGS Quaternary fault
database (QFFDB: Machette et al, 2003), and (2) Idaho Geological Survey database of Miocene
and younger faults. Additional faults were compiled from geologic maps and reports (e.g.,
Project Hotspot Final Report). The Idaho Geological Survey (IGS) database is more extensive
but contains less information, so where duplicate records occur the USGS record was retained
and the IGS record discarded. Individual fault strands were digitized into numerous short
segments, each of which was considered a separate fault segment during data processing (e.g.,
density counts). As discussed below, all fault segments were evaluated for slip and dilation
tendency within the regional stress field, and these tendency values (0-1.0) were used as weights
in the density functions (see Methods, below).

In addition to mapped surface faults, we also digitized subsurface lineaments from maximum
horizontal gradients in gravity and magnetic anomalies. These lineaments are interpreted to
represent major structural discontinuities in the subsurface. These data are crucial for most of the
SRP because exposed faults are rare within the plain, but these structures are known to host
geothermal permeability at depth (e.g., Shervais et al., 2014). As with the mapped surface faults,
these lineaments are evaluated for slip and dilation tendency within the regional stress field, and
these tendency values are used as weights in the density functions.

2.1.5 Geophysical Data

Geophysical data used in this study included: gravity and magnetic potentials, resistivity, MT
and regional stress data compiled by the USGS, including new high-resolution gravity and
magnetic data produced by Project Hotspot and the distribution of subsurface lineaments derived
from maximum horizontal gradients in gravity and magnetic data.

Seismic reflection and refraction lines, including lines shot by Chevron in the 1980s, are
available mostly for the WSRP, with other lines in the overthrust belt of SE Idaho. Boise State
University (BSU) completed the analog to digital conversion of about 210 km of seismic lines
from the WSRP, including six lines from the Seismic Data Exchange inventory of seismic
profiles from the WSRP (160 km) and seven digital profiles from other sources (50 km). This
inventory does not include the short profiles collected by BSU projects. These data are publicly
available, owned by participants, or for sale by the Seismic Data Exchange.

Crustal scale seismic profiling data (refraction and receiver function analyses) and earthquake
seismic data (NEIC and INL) from southern Idaho are compiled and integrated into our analyses.
These datasets include seismic profiles published across the WSRP by Hill and Pakiser (1967)
and by Sparlin et al. (1982), Peng and Humphreys (1998), and DeNosaquo et al. (2009) for the
ESRP. USArray (Earthscope) seismic and magnetotelluric results provide the lithospheric
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framework, crustal thickness, and identify highly conductive regions beneath southern Idaho
(e.g., Eager et al., 2001; Smith et al., 2009, Gao et al., 2009; Kelbert et al., 2012).

Gravity data from Project Hotspot (1866 new gravity stations) were combined with gravity
data from the surrounding areas (including parts of ID, OR, NV, UT, WY and MT) downloaded
from the PACES data portal (Pan-American Center for Earth and Environmental Studies, 2009).
Existing data provided regional coverage between detailed high-resolution gravity profiles and
extended profiles beyond the plain. The regional magnetic grid used in this report was derived
from the Magnetic Anomaly Map of North America (Bankey et al., 2002). We have also used a
higher resolution grid for the State of Idaho (McCafferty et al., 1999).

Additional datasets integrated into our analyses include geodetic results from Payne et al.
(2013) and local magnetotelluric and resistivity survey results. These surveys, summarized by
Stanley (1982) across the ESRP and Whitehead (1992, 1996) across the SRP have provided the
framework for resistive sedimentary basin geometries and more conductive aquitards that may
cap blind geothermal systems.

2.1.6 Mechanical Properties of Reservoir Rocks

Rock mechanical properties of core, correlated with borehole geophysical logs, are available
only for two deep wells drilled by Project Hotspot: the 1923 m deep Kimama drill hole and the
1812 m deep Mountain Home 2 drill site (Kessler, 2014). The Kimama site is typical of the
CSRP and ESRP and provides an analogue for what to expect in any deep holes drilled in this
part of the study area. Lithology and alteration in the Kimama core can be correlated with core
from other deep drill holes in the CSRP and ESRP (e.g., the 1524 m WO-2 well on the INL site,
the 343 m deep Wendell-RASA well NW of Twin Falls, and the 696 m deep Sugar City well
near Rexburg, Idaho). The Mountain Home site is typical of the western SRP, and can be
correlated with core from other deep holes in this area (e.g., 2743 m deep Bostic 1A well, 4389
m deep JN James well, and the 2750 m deep Deer Flat well).

2.1.7 Geochemistry and Geothermometry of Geothermal Wells and Thermal Springs

Measured temperatures, geochemistry and geothermometry of geothermal wells and thermal
spring waters were obtained from USGS, IGS, and NGDS databases, as well as from ongoing
studies being carried on by researchers at INL, the University of Idaho, and LBNL. We have
partnerships with two DOE-funded research projects, which have been gracious enough to share
their current data with us:

— Pat Dobson and Mack Kennedy, LBNL: Use of He isotopes for Geothermal Resource
Identification in the Cascades and Snake River Plain.

— Earl Mattson, Travis McLing, Hari Neupane (INL), Mark Conrad (LBNL), Tom Wood,
Cody Cannon, Wade Worthing (U-Idaho): Geothermometry Mapping of Deep Hydrothermal
Reservoirs in Southeastern Idaho.

These data include results from recently developed multicomponent geothermometers as well
as traditional cation methods (e.g., Spycher et al., 2014, Palmer, 2014, Neupane et al., 2014) and
new and compiled He isotope data (Dobson et al., 2015).
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Measured water temperatures are used to document hot water springs and wells, but these are
often too low because of cooling or mixing with cooler waters. Geothermometry based on silica,
cations, or multiple components is used to circumvent this problem by estimating reservoir
temperature, assuming it is in equilibrium with common rock-forming minerals and their
associated alteration products (e.g., Giggenbach and Goguel, 1989; Powell and Cumming, 2010;
Spycher et al., 2014, Palmer et al., 2014). There is often significant variation among different
thermometers, which may reflect chemical disequilibrium or dilution with non-thermal waters.

He isotopes are measured in terms of *He/*He relative to atmospheric composition (R/Ra).
*He is stable (not produced by radioactive decay), whereas *He is created by radiogenic decay of
heavy elements to form alpha particles (*He nuclei). Since these elements (U, Th and their decay
products) are concentrated in continental crust, “He increases in the crust over geologic time,
resulting in extremely low crustal *He/*He ratios (<0.1 R/Ra largely). Values R/Ra > 1.0 require
input from a mantle reservoir that preserves primitive He isotope ratios; this is commonly
accomplished by the intrusion of mantle-derived mafic magma (e.g., Kennedy and van Soest,
2007). Thus, high *He/*He ratios record both relatively recent mantle-derived magmatism, and
the presence of highly permeable pathways that allow this He (released by degassing magmas) to
move quickly through the crust, where it is captured by groundwater and sampled.

2.1.8 Aquifer Systems

The Snake River Plain is characterized by major aquifer systems that can have a significant
impact on heat flow measurements and on the drilling depth needed to achieve sufficiently high
temperatures for power production. Data for the distribution, thickness, and impact of these
aquifers is obtained largely from publications of the USGS and the Idaho Department of Water
Resources: Whitehead (1986), Whitehead and Lindholm (1985), Lindholm (1996), Whitehead
(1992), Garabedian (1992), Wood and Anderson (1981), Smith (2004).

The most significant is the Snake River Regional Aquifer system of the ESRP-CSRP. This
system is fed by inflow from the Big and Little Lost Rivers, Birch Creek, and Henrys Fork River,
and it emerges in a series of spectacular springs in the Thousand Springs-Hagerman area, 200-
300 km SW of its recharge areas. Deep wells show that the aquifer extends to depths of 200-
550m in the ESRP and 980m in the CSRP. The base of the aquifer is defined by the change from
convective, nearly isothermal gradients within the aquifer, and conductive gradients below
(Smith 2004). The distribution and thickness of this aquifer has been delineated from electrical
resistivity and well data by Lindholm (1996) and Whitehead (1992).

The Snake River Regional Aquifer is bounded on its southern and western margins by the
Snake River canyon. Local aquifers, such as the Twin Falls low-temperature geothermal aquifer
system, flow towards the Snake River from mountain ranges in the south (Street and DeTar,
1987, Garabedian, 1992, Lindholm, 1996; Whitehead, 1992).

In the WSRP, aquifers are limited by the distribution of impermeable lacustrine sedimentary
rocks, and surface drainages include the Bruneau, Jarbidge, Owyhee, and Boise Rivers, as well
as the Snake. Gravel deposits comprise shallow aquifers in the Boise area, and a perched aquifer
in the Mountain Home area. The plateau between Boise and Mountain Home is capped by up to
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300 m of basalt that hosts localized aquifers. These basalts are underlain by impermeable
lacustrine sediments (Newton, 1991; Wood 1994, Wood and Clemens, 2002).

2.1.9 Lithology and Wireline Logs of Deep Wells

Lithologic and borehole geophysical logs were compiled for deep wells, e.g., test wells at the
INL site, USGS water resource and geothermal test wells, passive geothermal wells (Boise, Twin
Falls districts), and wildcat petroleum exploration wells. The most complete records are from
Project Hotspot (EE0002848), which drilled deep (1.8 to 1.9 km deep) holes at three locations
across the SRP (Hotspot Final Report, National Geothermal Data System (NGDS)). These wells
provided about 5300 m of core and a complete set of wireline logs for each drill hole. Other deep
holes that provided more limited data (typically lithologic logs, but some with wireline logs and
temperature data) include INEL-1 and WO-2 (1524m) at the INL site, Sugar City (696m) and
Wendell-RASA (343m) in the ESRP and CSRP, and MH-1 (1342m), Bostic 1A (2743m), JN
James (4389m), Champlin Petroleum Upper Deer Flat No. 11-19 (2750m), and Anschutz Federal
#1 (3391m) in the WSRP (Doherty, 1979; Mcintyre, 1979; Embree et al., 1978; Doherty et al,
1979; Arney et al, 1982; Whitehead and Lindholm, 1985; Hackett et al, 1994, Breckenridge et
al, 2006, Jean et al, 2013).

Most water wells in the central and eastern SRP are too shallow to reveal much information,
but an exception to this is the Twin Falls Warm Water district, which contains a large number of
moderately deep wells (150m to 670m depth) that tap into a low-temperature geothermal aquifer
at 37°C to 42°C, used for passive space heating. Because they are located along the southern
margin of the CSRP, these wells typically penetrate basalt and bottom in rhyolite lavas or welded
ash flow tuffs. These wells lie outside the basaltic Snake River Aquifer and provide information
on a distinct hydrologic system that lies largely south and west of the Snake River. Relatively
shallow (<250m) well data from the Burley and American Falls area are important for
establishing the extent and thickness of lacustrine sediments from paleo-Lake Burley and paleo-
Lake American Falls, which represent the most important lake seals in the ESRP (Neal Farmer,
IDWR, personal communication, 2010; Desborough et al, 1989; Phillips and Welhan, 2006,
2011).

2.1.10 Cadastral Data

The Snake River Plain PFA study area encompasses a wide variety of political, land use,
cultural, infrastructural, and environmental attributes. Cadastral data (i.e., data relating to
ownership of land and its uses) was assembled using the Geothermal Prospector mapping tool
developed by NREL for the DOE Geothermal Technologies Office. Geothermal Prospector is
designed to assist users in determining locations that are favorable to geothermal energy
development.

Key regional cadastral data layers include: Political (Federal, State, Tribal lands), Land
Ownership (Private, BLM restricted, NFS restricted, DOD restricted, Other restricted),
Environmental (Areas of critical environmental concern, Brownfields, BLM closed areas,
National Forest Service closed areas, Wilderness areas and study areas, Greater Prairie
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Chicken/Sage Grouse range), Infrastructure (operating geothermal plants, developing geothermal
projects, Transmission corridors), and Resource (Known Geothermal Resource Areas (KGRA)).

Geothermal exploration and development is possible across the vast majority of the Snake
River Plain study area. Cadastral maps show those areas in which geothermal exploration and
development can be expected to be closed or restricted. Among the closed or restricted areas are
certain Federal lands (BLM, NFS, Wilderness, and DOD), State lands, Tribal lands, and lands
designated as environmentally sensitive under various jurisdictions. Private lands may be
accessible for geothermal development on a case-by-case lease basis. Land accessibility and
geothermal leasing status will be examined in finer detail in the selected fairway and prospect
areas identified in Phase 2 of the SRP Geothermal Play Fairway Analysis Project.

2.2. GIS Methodology

Our GIS approach is similar to that used by earlier investigations that pioneered the use of
ArcGIS in geothermal exploration (e.g., Coolbaugh et al, 2002, 2005; Noorollahi et al, 2008;
Trumpy et al, 2015). Data were imported into ArcGIS shapefiles, with each shape file
representing a different data layer. GIS specialists at the USGS geothermal program prepared
Python® scripts to automate the process of risk segmenting using ArcGIS functions and custom
processing. Our Python scripts are repeatable, scalable, modifiable, transferrable, and when
complete, will automate the task of data analysis and the production of CRS and CCRS maps. A
complete description of the data layers and supporting files may be found in the Geothermal
Data Repository (https://gdr.openei.org/submissions/1287).

2.2.1 Terminology

We have developed a uniform terminology for discussing the various GIS layers as data
move through the assembly of the CRS maps. These terms apply to all data types and allow the
science team to converse more cogently with the GIS technicians. These layers are: (1) Data
layers, (2) Evidence Layers, (3) Confidence layers, (4) Risk maps, (5) Common Risk Segment
(CRS) maps, and (6) the Composite Common Risk Segment map.

(1) Data Layers represent the raw data imported into ArcGIS prior to data processing. These
data may include points, lines, or polygons, all of which must include geographical coordinates.

(2) Evidence layers are created by applying geostatistical functions to Data layers.
Typically, these include application of either a density function (simple or kernel density), which
calculates the occurrence of objects within a given area, or a data inferpolation function, which
calculates intermediate values from a finite array of data points. Simple Density Functions assess
data density by counting all instances of a data type within a specified radius of each data point
and dividing by the area of the search radius; this density value is applied to the entire area.
Kernel Density Functions assess data density (e.g., vents, fault segments) by counting all
instances of a data point within a specified radius of a single point and dividing by the area of the
search radius. This density is then distributed from a maximum at the location of the data point to
zero at the full radius of the search area using a quadratic function. Data points may be weighted
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prior to counting. For example, fault segments are weighted by both dilation tendency and slip
tendency, as determined by the 3DStress software, on a scale from zero to 1.0.

Data interpolation for point or line sources is carried out with either a radial basis function
(RBF), inverse distance weighted (IDW), or by Kriging, depending on data density and desired
result. The RBF and IDW functions are exact interpolators, so no variance or standard errors are
predicted. Empirical Bayesian Kriging (EBK) is an iterative geostatistical interpolation method
that uses an intrinsic random function as the kriging model, taking into account uncertainties in
estimating the semivariogram. Standard errors of prediction are more accurate than other kriging
methods, and the results are more accurate for small datasets than other kriging methods (4rc
Online Help Manual).

(3) Confidence Layers reflect data uncertainties, which are assessed using a combination of
fuzzy logic (user assigned uncertainty weights for non-interpolated data) and Kriging standard
error (a Bayesian method for interpolated data). Examples of non-interpolated data include data
derived from geologic mapping, such as volcanic vent locations and faults. The confidence layer
for these data is based on published map scale (high certainty for 1:24,000 scale, lower certainty
for 1:250,000 scale). Examples of interpolated data are heat flow and groundwater temperatures,
which are interpolated from a finite number of well locations. The confidence layers for
interpolated data are typically derived from the standard error of the Kriged surface.

Note that each data type will have its own confidence layer, which depends on how the data
are collected, and on the distribution of data points. For example, heat flow and groundwater
temperatures both have confidence layers derived from the standard error of their interpolated
surface, derived by Empirical Bayesian Kriging (EBK), but their confidence layers are distinct
because each has its own standard error surface. This standard error surface depends not only on
the distribution of data (e.g., distance to its nearest neighbors), but also on the contrast in values
between adjacent data points, with large contrasts increasing the standard error.

(4) Risk Maps are the result of applying the Confidence layer to the Evidence layer. Risk
maps are produced for each primary evidence layer by multiplying each pixel in the evidence
layer (which shows likelihood of a resource characteristic being present) with its corresponding
pixel in the appropriate confidence layer (which assesses likelihood of data being reliable or
complete). Since each evidence layer has its own confidence layer, this calculation must be made
before the layers for different evidence types are assembled into the Common Risk Segment map.

(5) Common Risk Segment (CRS) Maps are the weighted sum of a multiple Risk Maps within
a given category, producing a CRS map for each characteristic: Permeability, Heat, and Seal.
Because each CRS map represents the sum of multiple risk layers, and not all layers are equally
diagnostic, the sum is weighted to emphasize those layers that are thought to contribute most
strongly to the characteristic in question, or to balance layers with different data densities that
may contribute equally to that characteristic.

(6) Composite Common Risk Segment (CCRS) Maps are the weighted product of the three
Common Risk Segment Maps, one each for Permeability, Heat, and Seal. It highlights areas
where all three critical elements required for a viable geothermal resource are present.
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2.2.2 GIS Programming

The main GIS workflow of the study is carried out using Python®. Python is a scripting
language that can execute any geoprocessing tool in ArcMap and can be used to perform custom
data manipulation and organization. Python scripts are used in ArcGIS to automate data
processing and to enhance the flexibility of the data analysis. As noted above, our Python scripts
are repeatable, scalable, modifiable, transferrable, and when complete, will automate the task of
data analysis and the production of CRS and CCRS maps. Our ultimate goal is to produce a
toolkit that can be imported into ArcGIS and applied to any geothermal play, with fully tunable
parameters that will allow for the production of multiple versions of the CRS and CCRS maps in
order to test for sensitivity and to validate results.

Density functions are used for data that are by nature discontinuous, and where the
geographic location of that data is important. Examples include fault segments and volcanic
vents. Simple density functions (SDF) count the number of like objects within a given radius
(e.g., 10 km) and calculate the density by dividing the sum by the area of the search radius. The
calculated density is assigned to the entire radius. Kernel density functions (KDF) distribute the
calculated density to the center of the area and use a quadratic function to reduce the density to
zero at the circumference of the search radius. In our project, for example, we apply a kernel
density function to individual fault segments twice: first using dilation tendency as the weight
factor, then using slip tendency as a weight factor.

Interpolation is used for properties that are by nature continuous, but which can only be
sampled at specific points. There are a number of interpolation methods in the Geostatistical
Analyst Wizard, such as Inverse Distance Function (IDF) and Radial Basis Function (RBF). Our
preferred method for interpolation is Empirical Bayesian Kriging (EBK), a geostatistical process
that produces an estimate of the value of a property at each point on a continuous surface, and a
standard error surface that quantifies the uncertainty in the interpolation. Standard Kriging
methods use existing data locations to predict the values at unknown locations. EBK uses
existing data as a starting point to estimate data values at all locations, then uses those values to
create a new set of starting values using an intrinsic random function, and so on through a series
of iterations. As a result, EBK returns a more generalized interpolation and a more robust
estimate of standard errors.

Because the results of density functions and interpolations can cover a wide range of values,
in some cases it is convenient to normalize the results (typically from 0 to 1.0) in order to
compare them more easily. In other cases, the un-normalized values are preferred in order to
retain information on scale.

After Evidence Layers are produced from the raw data layers, they are sampled at a
specified grid size to produce a table that arrays grid locations versus the returned values for each
individual evidence layer. This can be thought of as a raster array consisting of pixel elements.
For this project we chose a grid size of 2 km square; this can be increased for broader scale
studies, or decreased for higher resolution in smaller study areas. Confidence layers are sampled
at the same grid scale and confidence values for each grid cell (pixel) are paired with the
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appropriate evidence value. Risk Maps are produced by multiplying the value of the evidence
layer pixel times its corresponding confidence pixel:

[Evidence Layerl]*[Confidence Factorl] + [Evidence Layer2]*[ Confidence Factor2] + [etc]

To produce the Common Risk Segment (CRS) maps, multiple risk maps are combined using
the same approach: the value of each grid cell (pixel) in each risk map is added to the value of its
corresponding grid cell in another risk map. The values for any Risk Map can be weighted using
intra-CRS weight factors that are applied before the Risk Maps are summed:

[Risk Map 1]*[RM1 Weight Factor] + [Risk Map 2]*[RM?2 Weight Factor] + [etc]

Similarly, the final Composite Common Risk Segment (CCRS) map is produced by taking the
values for each grid cell in a CRS map and adding it to the values for the corresponding grid
cells in the other CRS maps. In all cases, these values may be multiplied by an inter-CRS weight
factor before summation, as with Risk Maps (above).

The overall workflow for these processes is shown in Figure 2. The CRS map for Heat
Source reflects the summation of 5 separate risk maps (heat flow, volcanic vents, groundwater
temperatures, thermal reservoir temperatures and He-isotope anomaly) produced by multiplying
each evidence layer by its confidence value. Similarly, the Permeability CRS map reflects eight
different evidence layers (mapped faults, magnetic lineations, deep gravity lineations, and mid-
crustal gravity lineations, each summed once with dilation tendency weight and slip tendency
weight). The CRS for Seal is simply sum of lacustrine sediment and aquifer distribution. Finally,
the CCRS map is the weighted sum of the three CRS maps.

This workflow was automated with the use of Python scripts, which allow the user to set
weight factors for confidence layers (typically 1.0 for highest confidence to 0 for no confidence),
kernel density functions (e.g., age and size factors), and for intra-CRS and inter-CRS Risk Maps.
Other user selectable values include the grid cell size, search radius for density functions, and
upper and lower limits for heat flow values. Intra- and inter-CRS weight factors are taken as
integers and the ability to vary these factors will be a major issue in sensitivity analysis.

At this point the Python script must be edited manually to change these values, but Phase 2
work will include building an ArcMap Toolbox tool to allow control of some values. This will
allow the user to exclude certain input values that are not relevant to their study area by setting
the weight factor to zero, and to adjust other values to determine the settings that are most
appropriate to their study. It will also allow users to undertake a sensitivity analysis to see which
values are most affected by small changes in their component weight factors, and to validate the
chosen values against known resources.

The resulting maps may be visualized using equal intervals, equal areas (quintiles), or
natural breaks, which are based on natural groupings inherent in the data. We generally use
equal interval segments for evidence layers, and natural break segments for CRS and CCRS
maps, in order to emphasize natural groupings of regions with similar characteristics.
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2.2.3 Confidence

Confidence levels are assigned using a fuzzy logic approach (user defined limits that range
from zero to one). Fuzzy logic is appropriate for geologic data sets because most geologic data
cannot be assigned Boolean “1 or 0” (yes-no) values. For interpolated surfaces using EBK the
values are chosen based on the standard error map, with high confidence at the lowest standard
errors (1.0) and progressively lower confidence at higher standard errors (values less than 1.0). If
standard error exceeds a given cutoff value, the confidence is set to zero, effectively eliminating
that region from consideration. For example, for the RTEst multicomponent geothermometer,
grid cells in the confidence layer with a standard error greater than +30°C are set to zero
confidence.

For density functions of data based on geologic mapping (e.g., faults), the scale of mapping
and map publication are significant: are all faults in a given map area indicated on the geologic
map? To what extent were mapped faults simplified due to publication scale? As a result, for
map-based data we rely on map scale as measure of confidence, with larger scale maps
(1:24,000) having higher confidence scores than small scale maps (1:250,000).

ArcGIS segments data using a semivariogram, which describes the distribution of data in
space or more precisely, the “spatial autocorrelation of the measured sample points” (ArcGIS
Resource Center). The semivariogram is used by ArcGIS processing to segment spatial data, as
described above, using equal intervals, equal areas (quintiles), or natural breaks. The segmented
data represent the probability of values occurring within a given segment.

We note that it is not appropriate to take variation about a mean of sample measurements as
a measure of data confidence since the variation is in fact the signal we are trying to measure.
For example, the confidence level for our gravity data is based on station spacing and on the
inherent measurement error at each station. Variations about the mean are what produce the
horizontal gradients used to infer the location of subsurface structural discontinuities.

2.3  Evaluation of Stress and Strain

Faulds et al. (2013) have shown that most productive hydrothermal resources in the Great
Basin occur in complex fault interaction zones that have dilational and slip components that
result in open fractures along some part of the fault. In order to assess the impact of stress and
strain to reservoir favorability, we have applied standard methods for assessing the effects of
stress and strain to our study area. These calculations were applied to each segment in a digitized
fault or lineament, and the results were used to weight that segment in the kernel density
functions described above.

2.3.1 Slip and Dilation Tendency

Critically stressed fault segments have a relatively high likelihood of acting as fluid flow
conduits (Zoback and Townend, 2001; Ito and Zoback, 2000; Townend and Zoback, 2000,
Barton et al., 1995, 1998; Morris et al., 1996, Sibson, 1994, 1996). As such, the tendency of a
fault segment to slip (slip tendency; Ts) (Morris et al., 1996) or to dilate (dilation tendency; Tq)
(Ferrill et al., 1999) provides a quantitative indication of the likelihood of a certain fault segment
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to be critically stressed, for either slip or dilation, relative to another fault segment. The slip
tendency of a surface is defined by the ratio of shear stress to normal stress on that surface:

Ts=1/0, (Morris et al., 1996)

Dilation tendency is defined by the stresses acting normal to a given surface:

T4 =(01-064) / (01-03) (Ferrill et al., 1999)

where 7 is the resolved shear stress on the fault plane, o, is the resolved normal stress on the fault
plane, 6| magnitude of the minimum stress, and o3 is the magnitude of the maximum stress. Slip
and dilation tendency are both unitless ratios of the resolved stresses applied to the fault plane by
ambient stress conditions. Values range from a maximum of 1, a fault plane ideally oriented to
slip or dilate under ambient stress conditions to zero, a fault plane with no potential to slip or
dilate. Slip and dilation tendency values were calculated for each fault segment and each discrete
magnetic and gravity lineation in the focus study area. As dip is not well constrained or unknown
for many faults mapped within the study area, fault dip was assumed to be 70° for all faults.
Magnetic and gravity lineations are assumed to be vertical. The resulting along-fault and fault-to-
fault variation in slip or dilation potential is a proxy for along fault and fault-to-fault variation in
permeability or fluid flow potential.

2.3.2 Stress Magnitudes and Directions

Azimuthal stress field variation within the study area was approximated based on regional
published data and the data from the World Stress Map (www.world-stress-map.org/) (Blake and
Davatzes, 2011, 2012; Hickman and Davatzes, 2010, Moeck et al., 2010; Moos and Ronne,
2010; Heidbach et al., 2008; Davatzes and Hickman, 2006; Robertson-Tait et al., 2004,
Hickman et al., 1998, 2000) and unpublished data (Kessler, 2013). For faults within the study
area we applied either a normal faulting stress regime, where the vertical stress is larger than the
maximum horizontal stress, which is larger than the minimum horizontal stress (Sy > Shmax >

Shmin) Or a strike-slip faulting stress regime where the maximum horizontal stress is larger than
the vertical stress which is larger than the minimum horizontal stress (Sgmax > Sv > Shmin). The
normal or strike-slip polarity of the applied stress field was determined from the polarity of the
focal mechanisms used to calculate stress in the World Stress Map (Heidbach et al., 2008). For
each fault segment, the normal or strike slip stress field polarity was selected based on the
nearest focal mechanism to that fault segment. Based on visual inspection of the limited stress
magnitude data in and proximal to the study area, we used stress magnitudes such that
Shmin/SHmax = 0.527 and Spmin/Sy = 0.46, which are consistent with complete and partial stress
field determinations from Coso (California), Desert Peak, Fallon and Dixie Valley (Nevada)
(Blake and Davatzes, 2011, 2012; Hickman and Davatzes, 2010, Davatzes and Hickman, 2006,
Robertson-Tait et al., 2004, Hickman et al., 1998, 2000).
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2.3.3 Strain

Each fault segment in the study area was also parameterized based on strain. Spatial
correlations between high-temperature geothermal systems and both Holocene faulting (Bell and
Ramelli, 2007, 2009) and elevated strain-rate (Faulds et al., 2012) suggest that active tectonism
is an important factor in generating and maintaining permeability pathways necessary for robust
geothermal upflow. Deformation rates, calculated based on geodetic data and quantified as the
2" invariant of the strain-rate tensor (Kreemer et al., 2012), were applied to each fault segment
and are considered as a proxy for permeability.

24 Thermal Modeling of the WSRP Geothermal System

A hydrothermal system contains a convecting fluid mixture that is heated at depth and then
rises towards the surface as a consequence of buoyancy. The system is not only nonisothermal
but is also in a continuous state of flow. The development of a natural-state model requires a
variety of geological, geophysical, geochemical and hydrological data sets. A computer-based
simulation of the natural fluid and heat flow in the geothermal reservoir offers the framework for
synthesizing these evolving data sets into an integrated geohydrological model. Such natural-
state modeling also helps in the evolution of the conceptual model by revealing inconsistencies
and physical shortcomings in the preliminary conceptual model of the reservoir.

Assessment of the natural-state model was carried out by comparing theoretical predictions of
quantities such as reservoir pressure and temperature, and surface heat and mass discharge with
field measurements. This process provides insight into reservoir parameters such as formation
permeability distribution, and boundary conditions for heat and mass recharge at depth. The
natural-state model can also be used to evaluate the effects of gaps in the database on future
reservoir performance. Planning of future drilling and well tests for reservoir verification can
then be based on resolving major uncertainties in the evolving model for the geothermal
reservoir. For fields that have not yet been exploited, or have been in operation for only a few
years, the natural-state information comprises the bulk of the data available for reservoir
modeling.

Determination of the natural state requires solving an inverse problem and is accomplished by
a procedure amounting to successive approximation. The quasi-steady (or stationary) state
depends mainly upon the boundary conditions imposed upon the perimeter of the system volume
(e.g., pressure, temperature, deep heat flux, and hot fluid sources) and upon the distributions of
formation properties (such as porosity and permeability) believed to prevail within it. Thus,
given estimates of the boundary conditions and formation properties, the corresponding stable
state is found. This solution may be examined to see how well it matches known facts about the
system (such as measured downhole pressures, temperatures, fluid state, advective zones within
the reservoir and distribution of surface discharge). Appropriate adjustments are then made in the
boundary conditions and/or formation properties in an effort to improve agreement between
measurements and computed results, and the problem is solved again. In this way, the natural
state is found in an iterative fashion involving repetitive calculations of the pseudo-steady state.

38



Play Fairway Analysis of the Snake River Plain, Idaho DE-EE0006733

DATA EVIDENCE CONFIDENCE COMMON RISK
(Raw or Processed) (Interpolation or Density) (Scale or Std Err) SEGMENT MAP

| Heat Flow (ﬁltered)l—l Interpolation (Bayesian Krige) Standard Error
|Vo|canic Vents |—| Kernel Density (Age, Size) —

|GroundwaterT H Interpolation (Bayesian Krige) |7 HEAT SOURCE
| Hot Springs Multi-T|—| Interpolation (Bayesian Krige)

| Hot Springs *He/*He Iil Kernel Density of R/Ra |—| Euclidian Distance |—

Mapped Faults - Dilation Kernel Density
Mapped Faults - Slip Kernel Density -_

Gravity Mid - Dilation Kernel Density - -
Gravity Mid - Slip Kernel Density 4' >tation spacing |_

Gravity Deep - Dilation Kernel Density o : ——"
Gravity Deep - Slip Kernel Density _—_a lon spacing —-

Magnetics - Dilation Kernel Density —— -
Magnetics - Slip Kernel Density _| Flightline spacing |_

| Lacustrine Sediments i @'—| Thick, thin, absent |—
— SEAL/CAP ROCK
| Aquifer BaseI Distribution

HEAT SOURCE

PERMEABILITY

COMPOSITE
COMMON RISK SEGMENT
MAP

SEAL/CAP ROCK

Figure 2. Flow chart showing data layers processed in ArcGIS and their confidence evaluation
(1-risk), grouped by HEAT, PERM, and SEAL. Lineaments are processed for dilation and slip
before processing to evidence layers. Kernel density functions quantify the distribution of
point/line sources, while Empirical Bayesian Kriging interpolates discretely sampled functions to
estimate continuous functions. Seals are evaluated as simply present or absent.

A complete description of the methodology and results from Phase 1 is presented in Mountain
Home Geothermal Area: Preliminary Natural State Model. This report and related publications
are found in the Geothermal Data Repository: https.//gdr.openei.org/submissions/943.
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3.0 PHASE 1 RESULTS: APPLICATION TO CONCEPTUAL MODELS

In this section, we discuss the application of our approach to our conceptual models for the
different play types, with particular emphasis on basaltic sill complex plays, since the other play
types have long been recognized and discussed in the literature. In contrast, the SRP basalt sill
complex play type has only recently been differentiated from related play types, e.g., volcano-
based plays and Basin-and-Range type plays (Nielson and Shervais, 2014). The SRP basaltic sill
complex play type has characteristics intermediate between these related play types, warranting
an extended discussion of how the evidence layers relate to heat, permeability and seal for this

type of play.

3.1 Application to the Basalt Sill Conceptual Model

Preliminary conceptual models were presented by Nielson and Shervais (2014) for the SRP
geothermal system, in which the ultimate heat source is mantle-derived mafic magma that
intrudes the middle to upper crust to form a long-lived sill complex-layered mafic intrusion, and
by Nielson et al (2015) for adaption of Play Fairway Analysis from petroleum systems to
geothermal systems. Below we outline the application of our approach described above to these
conceptual models. The maps in this section are Risk Maps, derived from evidence layers
(density functions or interpolations) by application of their confidence layers. Evidence layers,
CRS maps, and CCRS maps produced during Phase 1 are archived in the Geothermal Data
Repository (GDR) (https://gdr.openei.org/submissions/733). Map files in kmz format are also
archived in the GDR (https.//adr.openei.org/submissions/734).

3.1.1 Source (Heat)

There are several potential indicators of heat source: heat flow, volcanic vent distribution,
groundwater temperatures, and hot springs or wells. Heat flow is uniformly high across much of
the SRP (~90 to 110 mW/m?), except in the ESRP, where shallow thermal flux is masked by
advective transport of heat through the immense Snake River Aquifer (Figure 3). The influence
of the aquifer on the heat flow pattern is demonstrated by comparing heat flow determined using
all thermal gradient wells with heat flow determined using only those wells deep enough to
penetrate the aquifer in the east. The effect of the aquifer is to suppress conductive gradients
above and within the aquifer, so that temperatures greater than 150°C require wells deeper than
2.5 to 3.0 km (i.e., up to 1 km deeper in the ESRP). This effect can be corrected using mapped
distribution and thickness of the aquifer (e.g., Whitehead, 1986; Lindholm 1996), or we can use
heat flow values calculated from both shallow and deep wells in the eastern SRP. This results in
a heat flow map that already reflects the effects of aquifer cooling.

In contrast, areas of the CSRP and WSRP lie outside the influence of the regional aquifer
and are characterized by high thermal gradients (~65-75°C/km) and high heat flow (~100-110
mW/m?). However, a small aquifer exists along the northern margin of the WSRP between Boise
and Mountain Home that appears to have a similar effect on heat flow measurements in that area.
We have accounted for this effect by culling shallow wells with low heat flow from our database
in areas that are affected by aquifer cooling.
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Because the recent transmission of lava to land surface is indicative of subsurface
emplacement of magma (heat source), an alternate measure of potential heat is the distribution of
young volcanic vents. These vents are generally younger (<780 ka) and more common in the
ESRP, with very dense concentrations found in Craters of the Moon-Great Rift area, on the INL
site, along the Axial Volcanic Zone, and in the Spencer-High Point rift area. Young vent clusters
also occur in the Blackfoot volcanic field of SE Idaho, and in the WSRP, where they are often
characterized by primitive compositions and high mantle potential temperatures (Shervais and
Vetter, 2009). The WSRP also has high concentrations of slightly older early Pleistocene vents,
often in the form of hydrovolcanic mounds or maars, indicating eruption through water or water-
saturated sediments. Vents of the Owyhee Plateau and the Oregon-Idaho Graben are largely late
Miocene in age, with rare Pliocene vents. The youngest vents (<50 ka) are found in the Craters
of the Moon-Great Rift cluster; however, almost all of these vents lie within the Craters of the
Moon National Monument and are thus off-limits to geothermal development.

Groundwater temperatures are a proxy for heat flow because they reflect warming of
meteoric water (often in the form of snow melt) as it moves slowly through an aquifer. This
effect is seen most clearly in the ESRP-CSRP, where groundwater with temperatures around 9°C
infiltrates the NE end of the SRP and gradually warms to about 13-14°C in the CSRP (e.g,,
Kimama well). Blackwell et al. (1992) calculated that this increase in temperature along the
hydrologic gradient requires about 330 MW of heat energy. This in turn requires ~190 mW/m’
heat flow — higher than typically observed heat flow. In the WSRP, groundwater ranges from
~13-16°C, with higher temperatures of 20-30°C in thermal areas near Boise and Grandview. The
base temperature is similar to that measured at the western end of the CSRP, suggesting a similar
heat flux, with the higher temperatures reflecting advective transport.

A final set of potential indicators of heat source, hot springs and thermal wells, are most
commonly located on the margins of the SRP, e.g., the Boise Thermal District and the Twin Falls
Thermal District, both of which are characterized by moderate fluid temperatures (30-40°C) and
have been used for district space heat for decades (e.g., Street and DeTar, 1987). The most
prominent hot spring districts are Banbury-Miracle (on the Snake River west of Twin Falls) and
Magic-Camas (north of the Mount Bennett Hills). Both areas are associated with regional-scale
fault intersections and are characterized by high reservoir temperatures calculated using
multicomponent geothermometers (Neupane et al., 2014) and high *He/*He ratios (Dobson et al.,
2015). The high *He/*He isotope ratios imply recent heat source emplacement (magmatic input)
from great depth along faults which penetrate the crust. High temperature thermal fluids
(~150°C) were also encountered in an exploration well on Mountain Home Air Force Base
(Shervais et al., 2012; Lachmar et al., 2012; Nielson et al., 2012), indicating a previously
unidentified permeable zone at depth.

We quantified these various measures of heat by combining interpolated evidence layers
(heat flow, groundwater temperatures) and density function evidence layers (density of volcanic
vents), along with spot data for thermal springs and wells, e.g., multicomponent thermometry
and *He/*He isotope anomalies. Heat flow and groundwater temperatures were interpolated using
an empirical Bayesian Kriging function in ArcGIS, whereas volcanic vents were processed using
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a kernel density function weighted by age and size, as described in Methods. The resulting CRS
map for Heat Source (Figure 3) highlights several areas with high thermal potential, discussed in
Section 4.0.

3.1.2 Reservoir/Recharge (Permeability)

Reservoir and recharge permeability is assessed using the weighted sum of mapped faults,
magnetic lineaments, upper to mid-crustal gravity lineaments, and deep crustal gravity
lineaments, each processed for both slip tendency and dilation tendency. Each of these data
layers was processed using a kernel density function in ArcGIS to produce eight evidence layers.
In order to address data confidence (a measure of risk), each evidence layer is multiplied by its
corresponding confidence layer to produce a Risk Map for that evidence layer. Finally, all of the
Risk Maps are summed to produce the Common Risk Segment map for permeability (Figure 3).

Risk maps for the deepest lineaments are weighted more heavily than those for shallow
(magnetic) or surface features (mapped faults), which reflect the difficulty in imaging deeper
structures and their correlation with large structural offsets in the basement. It also reflects the
fact that surface faults are mapped with great precision in some areas, resulting in high fault
densities in places where there may be little structural offset. Weights were adjusted empirically
to ensure that known subsurface structures (e.g., the seismically imaged central gravity high in
the WSRP) and our training sites appear on the CRS map as favorable structures.

Faulds et al. (2013) have shown that most productive hydrothermal resources in the Great
Basin occur in complex fault interaction zones that have a dilational component that results in
open fractures along some part of the fault (i.e., accommodation zones, fault intersections, and
step-overs). A proxy for fault intersections at the regional scale of this study is fault density,
where high fault densities tend to favor multiple intersections. In Phase 2 studies we will focus
on specific regions and add fault interaction zones as an evidence layer.

3.1.3 Seal

According to our model (Nielson and Shervais, 2014), the SRP geothermal system has two
potential seals: (a) fine-grained lacustrine sediments, which are largely impermeable and (b) self-
seal of volcanic rocks by hydrothermal alteration. The first is relatively easy to map; the second
much more difficult. The distribution of lake sediments is well known in the WSRP, where
regional formations consisting largely of lacustrine sediments are widespread (e.g., Bruneau,
Glens Ferry, and Chalk Hills Formations; early Pleistocene, Pliocene, and Miocene in age).
These formations were deposited by paleo-Lake Idaho, which filled the WSRP for much of its
existence, and provide an impermeable seal 0.5-1.6 km thick (Wood and Clemens, 2002). These
formations continue into the CSRP, but gradually pinch out from west to east (e.g., Jean et al.,
2013). Their extent is well known and can be delineated using the state geologic map.

The Camas Prairie, north of the Mount Bennett Hills, is another large sedimentary basin
with extensive basin fill, as documented by Cluer and Cluer (1986), based on mapping and
gravity surveys. They document up to 500 m of sedimentary fill, with a depo-center running EW
along the axis of the prairie. Detailed well logs document a basin-wide layer of clay ~30 m thick
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that extends from Camas Creek in the north to the Mount Bennett Hills in the south (Walton,
1962). In the ESRP, there are three areas with lake deposits: the Burley area, with up to 100m of
sediment, the American Falls area, with 10-30m of sediment, and paleo-Lake Terreton, along the
northern margin of the northeastern SRP (Neal Farmer, IDWR, personal communication, 2010;
Desborough et al, 1989; Phillips and Welhan, 2006, 2011; Anderson et al, 1996, 1997). All of
these paleo-lake deposits are attested in numerous well logs, so their areal extent is relatively
well established despite the general lack of surface outcrops. The outline of paleo-lake Burley
appears to coincide with younger sedimentary deposits in Burley. Paleo-lake Terreton is the least
well known, forming thin horizons at varying depths in the general region of current Mud Lake.

For a lacustrine sedimentary seal to be effective, it must be relatively thick and continuous.
We grouped the lake seals into three groups: > 100 m thick (paleo-lake Idaho and Camas
Prairie), 30-100 m thick (paleo-lake Burley), and <30 m thick (paleo-lakes American Falls and
Terreton). We assigned the highest score for seal effectiveness to the thickest sediments, a lower
score to the 30-100 m group, and consider any sediments <30 m thick to be too thin to form an
effective seal (Figure 3).

For a traditional geothermal reservoir within volcanic deposits at depth, a permeable zone
needs to be capped by a zone of alteration. Because volcanic deposits are highly heterogeneous,
and the thermal resource is at great depth, self-seal by alteration is difficult to ascertain without
core data. Sant (2012) has documented that the base of the Snake River Aquifer is controlled by
the onset of clay alteration in basalt groundmass. Thus, we interpret the base of the Snake River
Regional Aquifer to represent the top of a hydrothermal seal that confines hydrothermal systems
below it as well as the aquifer above.

These risk maps combine to create a CRS map for seal (Figure 3). This Seal CRS shows that
adequate seal should be present throughout most of the SRP.

3.2 Application to Other Play Types

Other play types, e.g., silicic domes or Basin-and-Range plays, have different conceptual
models and thus different requirements for CRS maps. Nonetheless, our methodology, outlined
above, is still applicable to these plays, and the same tools can be used to evaluate them. Below
we outline the application of our approach described above to these conceptual models.

3.2.1 Source (Heat)

Potential indicators of heat source for Basin-and-Range and Batholith plays include heat
flow, groundwater temperatures, and data from hot springs or wells. Since these plays are not
magmagenic (at least outwardly), the density and distribution of volcanic vents is not a factor. As
a result, we have produced a separate heat CRS map for these plays that does not include vent
density (volcanic vent evidence layer weight set to zero).

For silicic domes and cryptodomes, the dominant indicator of heat source is the dome itself,
supplemented by heat flow, groundwater temperatures, and data from hot springs or wells. The
occurrence of basaltic vents is encouraging but not required for this play type. Due to the limited
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occurrence of silicic domes in our study area, we have not produced a separate heat CRS map for
this play type.

3.2.2 Permeability (Reservoir/Recharge)

Reservoir and recharge permeability for Basin-and-Range and Batholith play types is
assessed using the same factors applied to the Basalt-sill play type: mapped faults, magnetic
lineaments, upper to mid-crustal gravity lineaments, and deep crustal gravity lineaments, each
processed for both slip tendency and dilation tendency. The permeability CRS maps for these
plays are thus identical to that for the basalt-sill play. Silicic domes and cryptodomes are inferred
to create their own permeability along the margins of the domes during intrusion, which limits
their permeability CRS to an annulus around the perimeter of the dome. However, if a dome is
associated with a fault-controlled lineament, the hydrothermal reservoir may extend away from
dome along this lineament. Because of their limited extent, we have not produced a separate
permeability CRS map for silicic domes.

3.2.3 Seal

Potential reservoir seals for the other play types (Basin-and-Range, Batholith, and Silicic
domes/cryptodomes) are basically the same as for the basalt-sill play type: (a) fine-grained
lacustrine sediments, which are largely impermeable and (b) self-seal by hydrothermal alteration.
In general, for these plays, self-seal is likely to be more important than clay-rich lacustrine
sediments, although clay-rich sediments are important in some Basin-and-Range plays. Given
the difficulty in assessing the existence or extent of self-seal in the subsurface without drill data,
we must rely on the basalt-sill play seal CRS for a general assessment and evaluate any potential
prospects in the “other” category individually.

3.2.4 Engineered Geothermal Systems (EGS)

Engineered geothermal systems (“hot dry rock™) are a special case where primary
permeability is low; the only requirement is for high temperatures at shallow depth. These
resources are created by fracturing hot rocks at depth to create limited permeability between
injection wells (where water is introduced) and production wells (where the heated water is
extracted). Our methodology can be adapted to EGS exploration by selecting for areas with high
Heat signatures with little or no Permeability. Since primary permeability is not present, there is
no need to a seal or cap in EGS systems. As a result, only the Heat CRS map and an inverse
Permeability map are needed.
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4.0 RESULTS: PLAYS AND PROSPECTS

4.1 Basalt Volcanic-Sill Complex Systems

The primary target for geothermal exploration in the Snake River Plain of southern Idaho is
the large, volcanic-hosted system related to the Yellowstone-Snake River Hotspot, described in
our conceptual models (e.g., Nielson and Shervais, 2014). The heat source for this system is
inferred to be a thick (>10 km) mafic sill complex that underlies the entire SRP (Hill and
Pakiser, 1967; Prodehl, 1979; Sparlin et al, 1982; Peng and Humphries, 1998; DeNosquao et al
2009). The repeated intrusion of mafic sills 100-300 m thick mimics the thermal effect of a
single large felsic intrusion, with the youngest sills emplaced into a pre-heated crust that inhibits
rapid cooling and crystallization. This sill complex is exposed in the western-most SRP at
Graveyard Point (White 2007) and has been sampled as xenoliths in the central SRP (Potter,
2013). The existence of a layered mafic complex is also attested by cyclic variations in
composition of SRP basalts in core (Shervais et al, 2006, Jean et al, 2013).

4.1.1 Distribution of Heat

The distribution of heat throughout the SRP volcanic province was assessed using measured
thermal gradients, interpolated heat flow values, groundwater temperatures, the distribution of
volcanic vents (weighted by age, size, and composition), measured temperatures of thermal
waters from springs and wells, calculated ionic and multicomponent temperatures of thermal
waters from springs and wells, and the distribution of high *He/*He in thermal waters.

Geochemical and helium isotope data on a limited number of thermal springs and wells were
obtained from cooperating projects led by INL and LBNL. Multicomponent geothermometers
indicate high reservoir temperatures for hot springs along the southern margin of the Mount
Bennett Hills, MH-2 artesian hydrothermal water, Banbury Hot Springs, and hot springs along
the margins of the ESRP. Helium isotope data present a similar picture, with high *He/*He ratios
found in Camas Prairie hot springs, Banbury hot springs, Arco, and the Blackfoot area.
Interestingly, hot springs in the Camas Prairie-Mount Bennett Hills region with high *He/*He
ratios do not have the highest multicomponent temperatures, and hot springs with the highest
multicomponent temperatures do not have the highest *He/*He ratios.

The CRS map for Heat Source (Figure 3) highlights several areas with high thermal
potential: (a) large portions of the WSRP, including the Boise thermal district, areas south and
west of Boise (Marsing-Kuna area), the Mountain Home area (both the town and Air Force Base
(AFB)), the Castle Creek-Bruneau KGRA, and part of Bruneau-Jarbidge eruptive center; (b) the
CSRP, including the Camas Prairie-Mount Bennett Hills region, Magic Hot Springs, and the
Banbury-Miracle Hot Springs area; and (c) the ESRP, including Craters of the Moon and Great
Rift, the Arco area (adjacent to the INL FORGE site), and the Spencer-High Point rift, which
trends EW and intersects the margin of Island Park caldera. Each of these areas is discussed in
detail in following section (Section 4.3: Potential Prospects — An Assessment).
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4.1.2 Distribution of Potential Reservoir/Recharge Permeability

Faults are restricted to the margins of the SRP, with high densities in three areas (outside of
the Basin and Range regions). Buried structures, defined by high horizontal gradients in the
gravity and magnetic anomalies, suggest significant permeability along the northern and southern
margins of a major gravity anomaly in the WSRP.

The Common Risk Segment map for Reservoir/Recharge Permeability (Figure 3) highlights
several highly favorable areas: (a) the WSRP, where high permeability is found in linear trends
sub-parallel to the WNW-trend of the western plain range front faults or to the oblique trend of
the central gravity high; (b) the CSRP, where high permeability is found in the Camas Prairie-Mt
Bennett Hills area, near Fairfield, Idaho; (c) the ESRP, focused largely on the Arco rift zone that
extends northward up the Big Lost River valley and southward past Big Southern Butte; and (d)
the Blackfoot-Gem Valley region of SE Idaho. The Arco rift is notable because it encompasses
the range front fault responsible for the M 6.9 Borah Peak earthquake of 1983, which created
new scarps up to 100m high (Crone et al, 1987). It also parallels the Craters of the Moon-Great
Rift volcanic rift zone trend.

The dominance of the WSRP is not surprising considering it is in part a graben-like structure
with a central horst block forming the axial gravity high (e.g., Wood 1994). Structurally
controlled permeability is associated both with the range-front faults and with subsurface
lineaments inferred from gravity and magnetics. The occurrence of hidden permeability was
confirmed by Hotspot well MH-2, which encountered an artesian geothermal system at 1745m
depth (Nielson and Shervais, 2014). The inflow zone was about 4m thick and characterized by
less than 50% core recovery (versus nearly 100% recovery above and below that zone).

The Camas Prairie-Mount Bennett Hills trends are interesting because they lie at sharp
angles to both the WSRP and ESRP. An accommodation zone between the Mt Bennett Hills and
Danskin Mountains forms a major zone of permeability at the west end of the area, while NW-
trending faults with high dilation and slip tendencies intersect the Camas Prairie rift (Cluer and
Cluer, 1986).

The lack of definable permeability in the ESRP (aside from the Arco rift) implies that Basin
and Range structures do not, for the most part, transect the plain.
4.1.3 Distribution of Seals

The CRS map for Seal (Figure 3) shows that the distribution of seal is extensive, with most
areas having either significant thicknesses of lacustrine sediments (WSRP, Camas Prairie, Burley
area) or a basal aquifer seal (ESRP). Hot springs located along the margins of the SRP show
where the seal does not exist or has been broached by faulting.
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Figure 3. Preceeding two pages. Composite Risk Segment (CRS) and Combined Composite Risk
Segment (CCRS) maps of southern Idaho. CRS Heat (upper left) estimates distribution of heat, CRS Perm
(upper right) shows distribution of permeability, CRS Seal (lower left) shows distribution of seal. The
CCRS map (lower right) combines all three, and shows areas with high geothermal potential in which all
three factors (Heat, Permeability, Seal) are present. Hot colors = higher potential. The CCRS map is very
similar to the permeability map, reflecting the dominant control of permeability on geothermal potential.
All maps incorporate confidence. Full size versions of these maps are available in the Geothermal Data
Repository (GDR) (https.//gdr.openei.org/submissions/733). Map files in kmz format are also archived in
the GDR (https://edr.openei.org/submissions/734).
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4.2  Other Systems

Other play types in southern Idaho include Basin-and-Range plays in SE Idaho and north of
Arco, rhyolite domes in the eastern SRP, and granite plays in the Idaho batholith. Here we
discuss the heat, permeability, and seal characteristics of these play types in Idaho.

4.2.1 Distribution of Heat

The distribution of heat sources in areas not related to the SRP volcanic province is based
largely on heat flow and the occurrence of thermal features (measured temperatures of thermal
waters from springs and wells, calculated ionic and multicomponent temperatures of thermal
waters from springs and wells, and the distribution of high *He/*He in thermal waters). Heat flow
is relatively high in SE Idaho, coincident with Basin-and-Range structures, although the volcanic
fields around Blackfoot are not as high as the Raft River area farther south.

Heat flow around shallow silicic domes is low in the center of the SRP where the regional
aquifer dominates the heat budget (Big Southern, Middle, and East Buttes), but slightly higher on
the margins south of the Snake River (Buckskin and Ferry Buttes). Similarly, rhyolite buttes in
the Blackfoot area (China Cap, China Hat) are affected by massive cold water flow into
Blackfoot Reservoir (attested by a Unocal well drilled adjacent to the domes in the 1980s).

Heat flow is somewhat elevated in the southeastern part of the Idaho Batholith (90-100
mW/m?), which supports a number of thermal springs and pools in the Salmon River drainage.
The highest heat flows are found north of Boise, in the Weiser embayment area (Crane Creek
Hot Springs), which was proposed as a FORGE site.

4.2.2 Distribution of Potential Reservoir/Recharge Permeability

The Common Risk Segment map for Reservoir/Recharge Permeability (Figure 3) developed
for basalt-sill complex plays also applies to Basin-and-Range plays and granite plays, but not to
the rhyolite dome plays, which are assumed to create their own permeability during intrusion.
Potential plays in the Basin-and-Range include the Raft River area, the Arbon Valley-Deep
Creek Mountains, the Cache-Portneuf Valleys, the Blackfoot-Gem Valley area, and the Arco rift
north of Arco (Fig. 3-7). This permeability is largely attested by surface faults with some range
front faults reflected in deep gravity lineations. In the Idaho Batholith, permeability is indicated
in the Salmon River drainage and an area just to the west. However, there is no permeability
associated with the heat anomaly at Crane Creek north of Boise.

4.2.3 Distribution of Seals

The presence of seal in the other play types, which fall outside the Snake River Plain, is
difficult to evaluate on a regional basis because neither of the seal types defined for the SRP
basaltic-sill complex plays (lacustrine sediments, aquifer-defined self-seal) apply to the other
play types. Thus, the occurrence of seal must be evaluated on a case by case basis for individual
plays on a strictly local scale. Such an analysis is beyond the purview of this investigation.
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4.3  Potential Prospects: An Assessment

A preliminary assessment of plays and potential prospects based on the results discussed
above suggests several areas where undiscovered geothermal resources may be found based on
indicators of sufficient heat source and probable sufficient permeability below a sealed zone. In
this section, we present an overview of geothermal potential within specific regions of the SRP
and conclude with a discussion of the sites that we believe have significant potential for
exploitation. The following discussion is based on the CRS maps for Heat, Permeability, and
Seal and on the Composite CRS map, which sums the contributions of each CRS map across the
entire study area (Figure 3).

4.3.1 Waestern Snake River Plain (WSRP)

The WSRP presents numerous opportunities for geothermal exploration (Figure 4). It is
characterized by relatively high heat, based on its heat flow, high groundwater temperatures, and
the extensive distribution of early to mid-Pleistocene basalt volcanoes, with some vents as young
as ~200,000 years. Volcanic vents form clusters that follow the southern margin of the axial
gravity high, and parallel the northern margin, with a dense cluster at its western end. The vent
distribution corresponds to subsurface lineaments highlighted in the permeability CRS map,
which combine to make an excellent exploration target. The viability of these prospects is
attested by our training site, Project Hotspot well MH-2, which was located on the southern
margin of this gravity high and encountered hot (~150°C) water at 1745m depth.

Kuna-Marsing area A-1: The southern margin of the gravity high defines lineaments that
trend from around MH-2 NW towards the Marsing area (Figure 4; A1). Volcanic vents following
this trend are early Pleistocene in age, with a few younger vents in the dense cluster around
Melba, at the NW terminus of this trend. The northern margin trends from Mountain Home NW
towards Kuna (Figure 4, A1). Young (mid- to late Pleistocene, <780,000 years old) high-K/high-
Mg basalt vents are found along near the town of Mountain Home on the northern margin of the
axial gravity high, and form a dense cluster at the west end of this trend, centered around Kuna
Butte. These basalts have high mantle potential temperatures and appear to have erupted after
delamination of the continental lithosphere (Shervais and Vetter 2009).

Mountain Home A-2: A second prospect is located near the town of Mountain Home
(Figure 4; A2). This area lies along the northern margin of the axial gravity high and adjacent to
the range front fault system (Shervais et al, 2002). The Mountain Home area includes the Bostic-
1A well, which was the focus of a hot dry rock investigation in the 1980s (Arney 1982, Arney et
al, 1982). The area NW of town contains numerous intersecting faults of late Pleistocene age and
younger (mid- to late Pleistocene, <300,000 years old) high-K/high-Mg basalt vents (Shervais et
al, 2002). One of the intersecting fault sets trends ~NW (parallel to the range front system),
while the other trends almost EW (sub-parallel to the trend of the axial gravity high). The nexus
of intersection faults lies at the NW end of the Danskin Mountains, where the Danskin rhyolites
give way to granites of the Idaho Batholith. This region lies north of the MH-2 training site, and
MT coverage could be extended to provide more training data.
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Castle Creek-Bruneau A-3: A third prospect encompasses the Castle Creek-Grandview-
Bruneau KGRA (Figure 4; A3). This area is characterized by high heat flow and high inferred
permeability, based largely on WNW-trending faults with high dilation tendency. There are also
deep and mid-crustal gravity lineaments that parallel the surface faults, suggesting that the
structural discontinuities penetrate relatively deeply into the crust. Geothermal waters in wells
and hot springs have temperatures of 30°C to >80°C (Young and Lewis, 1982; Young et al, 1990;
Berenbrock 1993). There are no installed power plants. Basalt vents have Pliocene or older ages,
suggesting that the heat source must be relatively deep in the crust.

Deadman Flat A-4: The final area on the CCRS map is Deadman Flat, which lies south of
Glenns Ferry on the northern rim of the Bruneau-Jarbidge eruptive center (Figure 4; A4). This
area is characterized by high heat flow, despite the fact that most volcanic vents are late Miocene
in age (although a few are late Pleistocene). It is also a region of high inferred permeability,
based on surface faults with high dilation tendency, and on deep gravity lineations. This area lies
at the nexus of WNW-trending faults that parallel WSRP structural trends and NNW-trending of
the Basin-and-Range province to the south. This region is relatively remote and undeveloped,
and is not likely to be a high priority.

4.3.2 Central Snake River Plain (CSRP)

The CSRP is characterized by a low density of young volcanic vents compared to the eastern
SRP, but this is due in part to the older loess-covered surface of the vents here and to the rapid
degradation of small cinder and spatter satellite vents that are common in the ESRP. Basalt vents
in the CSRP are typically 100 ka to 400 ka along the Axial Volcanic Zone, and older (up to 2-3
Ma) along the margins. However, the Holocene Shoshone flow erupted from Black Butte Crater
on the northern margin of the plain, just south of Magic Hot Springs, and other Holocene to late
Pleistocene vents are found nearby in the Mount Bennett Hills. Many of the vents in CSRP
region are enormous, with diameters up to 20 km across and flow fields that extend 35-40 km
from the vent (e.g., Shervais et al, 2005).

Deep heat flow is marginally higher than in the ESRP although shallow heat flow is still
suppressed. Groundwater temperatures are markedly higher in the CSRP compared to the east,
reflecting the effect of continuing heat flux from below as the aquifer waters move from their
source in eastern Idaho to their outlets in the Thousand Springs area NW of Twin Falls.

Thermal resources are indicated by the presence of numerous hot springs throughout the
region, typically along the margins of the plain (e.g., the Banbury-Miracle HS area, the Magic
Reservoir-Camas Prairie HS area, and Latty HS on the SW edge of the Mount Bennett Hills) and
by the widespread warm water of the Twin Falls thermal district (Street and deTar, 1987; Street,
1990; Baker and Castelin, 1990). Thermal spring waters in the Banbury-Miracle, White Arrow
(Mount Bennett Hills south-side), Latty (Mount Bennett Hills SW edge), and Magic Reservoir
areas are characterized by high calculated equilibrium reservoir temperatures (Neupane et al,
2015). Thermal spring waters in the Banbury-Miracle, White Arrow, Camas Prairie, and Magic
Reservoir areas are characterized by high *He/*He ratios, and the presence of magmatic methane
(Dobson et al 2015).
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Camas Prairie-Mount Bennett Hills B-1: The primary region of interest in the CSRP is the
Camas Prairie-Mount Bennett Hills area (Figure 4, B1). Heat flow is high and there is minor late
Pleistocene to Holocene volcanism. Permeability is very high, with high-dilation NW-trending
faults intersecting NE-trending or EW-trending faults. In the Mount Bennett Hills, NW and NE-
trending faults intersect the EW-trending range front faults (largely buried) along the southern
margin of the prairie, and a major WNW-trending fault system cuts across both the Camas
Prairie and Mount Bennett Hills near the center of the range. Thermal features include hot
springs with high measured temperatures, high multicomponent geothermometry temperatures of
90-110°C (Neupane et al., 2014) and He-isotope anomalies R/Ra >2.1 (Dobson et al, 2015).

King Hill B-2: The second region of interest in the CSRP is King Hill (Figure 4; B-2). This
area lies at the southern end of the WSRP range front fault system, where it merges with the
accommodation fault system that separates the Mount Bennett Hills from the Danskin Mountains
(Figure 4). Volcanic vents are scarce, but heat flow is relatively high, and NW-trending surface
faults are supported by gravity lineaments, which create a zone of high favorability in the
Permeability CRS map (Figure 3). Thermal features include hot springs with multicomponent
geothermometry temperatures of 175-200°C (Neupane et al., 2014) and He-isotope anomalies
that vary from R/Ra <1 to 1.9 (Dobson et al, 2014).

Because of their high favorability on our CRS maps and other data, the Camas Prairie-
Mount Bennett Hills and King Hill areas will be one of the main focal points in our Phase 2
work. These systems may represent hybrids of the basaltic sill and Basin-and-Range play types.

Banbury B-3: The Banbury-Miracle Hot Springs area west of Twin Falls (Figure 4; B-3) is
a long-established thermal district (Young and Lewis, 1982, Lewis and Young, 1982, 1988). This
area represents a zone of fault intersections between NS-trending Basin-and-Range faults
exposed in the Cassia Mountains to the south and NW-trending faults of the WSRP, creating a
NE-trending intersection zone that projects through Banbury hot springs. Multicomponent
geothermometry is relatively low (130-160°C; Neupane et al, 2014) but He-isotope anomalies
that vary from R/Ra 1.6 to 2.0 (Dobson et al, 2014). Heat flow is high but young volcanic vents
are scarce. The area SW of Banbury appears favorable but has no surface manifestations. While
the Banbury-Miracle region is moderately favorable on the CCRS map, its limited size and
conflicting indicators suggest that it will not be a primary target for further exploration.

4.3.3 Craters of the Moon-Great Rift

One of the highest concentrations of the youngest volcanic vents (Holocene to 75 ka) is
found in Craters of the Moon (COM)-Great Rift region, which defines the divide between the
ESRP and CSRP (Figure 1). The volcanic rocks here are as young as 2000 ka, and the presence
of an active rift system suggests that this is an active volcanic region. The rift zones are
favorably oriented for dilation, although there is no indication of tectonic fracturing.

There are no potential hydrothermal prospects in the Craters of the Moon-Great Rift region,
however, there may be EGS potential. Deep heat flow is relatively high, but heat flow based on
shallow as well as deep wells much lower, and groundwater temperatures are still relatively low
as well. This reflects the effect of the Snake River regional aquifer, which underlies much of the
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COM-Great Rift region, suppresses conductive thermal gradients, and increases the drilling
depth needed to achieve temperatures over 150°C.

A further problem is that most of this region is now part of the expanded Craters of the
Moon National Monument and is off-limits to geothermal development. There may be limited
opportunities outside the Monument but permitting problems are likely.

4.3.4 Eastern Snake River Plain (ESRP)

The ESRP is characterized by dense clusters of vents in the EW-trending Spencer-High
Point rift, in the vicinity of Mud Lake (NE of INL), and along the Axial Volcanic Zone, which
marks the central axis of the SRP. Although there are some Holocene vents, most volcanic
activity was late Pleistocene (Brunhes normal epoch, <780,000 years). The Axial Volcanic Zone
contains three rhyolite domes (<700 ka) that post-date basalt, an older rhyolite cryptodome, and
an evolved dacite volcano (Cedar Butte). There are two rhyolite cryptodomes on the southern
margin. As with the COM-Great Rift, deep heat flow is high, but heat flow based on shallow
wells is much lower, and groundwater temperatures are low.

The ESRP faces many of the same problems found in the COM-Great Rift region. The
Snake River aquifer underlies much of the eastern SRP, there is no surface faulting except along
the margins, and there is little indication of buried permeability from gravity or magnetics. Payne
et al. (2008, 2012) present GPS strain data that document extension in the Basin and Range
regions north and south of the SRP, whereas the SRP itself moves as a coherent block with
uniform velocity. This implies relative motion along the interface between the SRP and the
adjoining mountain areas, but at this time there is no indication of faulting or earthquakes along
these boundaries.

The evidence for naturally occurring hydrothermal systems in the ESRP is limited due to the
lack of indicators of reservoir permeability and the presence of the Snake River Aquifer under
much of the region. However, there may be potential for Engineered (aka Enhanced) Geothermal
System (EGS) development along the margins of the ESRP where the aquifer is thin or absent
(e.g., the INL Forge site or the Spencer-High Point rift area). Both areas have indications of high
heat (high groundwater temperatures at the INL Forge site, extremely high young vent densities
in the Spencer-High Point rift), despite the lack of evidence supporting the presence of natural
permeability. Both areas lie outside the major influence zone of the Snake River Aquifer.
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4.3.5 Basin-and-Range Plays

There are two Basin-and-Range plays that may represent potential prospects (not counting
our Training site at Raft River): the Arco Rift-Big Lost River Valley in central Idaho, and the
Blackfoot-Gem Valley region of SE Idaho (Figure 4).

Arco Rift C-1: The Arco Rift-Big Lost River Valley is characterized by high heat flow (>90
mW/m?) and high favorability on the Heat CRS map (Figure 3), and by extremely high
favorability on the Permeability CRS map (Figure 3), resulting in very high favorability on the
Composite CRS map (Figure 4; C-1). This favorability extends about 40 km north up the Big
Lost River valley, and 25-30 km south into the SRP. The continuation of the permeability trend
across the SRP is driven largely by a deep gravity lineament that extends to Pocatello and may
represent a Basin-and-Range type structure that transects the entire SRP. The Big Lost River
valley is filled with alluvium, so it is not known whether or not there is an effective seal. This
valley is also the location of the Big Lost fault responsible for the M6.9 Borah Peak earthquake,
making this a potentially hazardous site for a power plant.

Blackfoot C-2: The Blackfoot-Gem Valley area may be transitional to an SRP-type system
in that the NNW-trending fault systems are transected at a strongly oblique angle by the NNE-
trending volcanic field, which includes abundant basalt vents and several rhyolite domes (Figure
4; C-2). The Basin-and-Range structures here enter Idaho trending roughly NS, then gradually
curve around to the NNW, becoming approximately in line with their companion structures on
the north side of the SRP. There are a number of hot springs SW of the volcanic field which lie
on approximately the same trend (Janecke, personal communication, 2015).

The Blackfoot-Gem Valley region has been studied extensively by McCurry and colleagues
(McCurry et al, 2011, 2015; McCurry and Welhan, 2012; Welhan et al, 2014). A test well drilled
by Unocal in the 1980s encountered a major flow of cold water moving towards Blackfoot
reservoir. However, a 3 km deep well drilled NE of the reservoir in 1979 by Conoco measured a
bottom hole temperature of 190°C — similar to the Bostic 1A well in the WSRP (Fleischmann,
2006). Welhan et al. (2014) suggest that this resource comprises a large area with high heat flow
(~100-220 mW/m?) that is masked by structural relations in the SE Idaho over thrust belt.

4.3.6 Potential EGS Prospects

All of the prospects discussed so far have been hydrothermal prospects, which combine heat
source with reservoir/recharge permeability and seal. EGS prospects require only the heat source,
and do not require high primary permeability. There are several locations within our study area
that meet these criteria (Figure 3):

(1) Weiser Embayment-Crane Creek: this area is characterized by high heat flow with little or
no permeability. Fault systems in this area trend NS to NNE and have extremely low slip
and dilation tendencies. This area was the focus of a proposed FORGE site and parts of it
are under lease for geothermal development.

55



Play Fairway Analysis of the Snake River Plain, Idaho DE-EE0006733

(2) Craters of the Moon: this area has high heat favorability on the Heat CRS map, based
entirely on the concentration of volcanic vents, but heat flow is apparently low. However, it
lies entirely within a National Monument and is thus off limits to development.

(3) The INL site east of Arco: this area is characterized by high heat flow and high favorability
on the Heat CRS map. It lies on the northern margin of the SRP where the regional aquifer is
thin (<230m) so the effect of aquifer cooling on thermal gradients is minimal. This area was
the focus of a proposed FORGE site.

(4) Spencer-High Point rift: this area is the closest volcanic field to Yellowstone but lies well
outside the Park boundaries. Heat flow is high (90-105 mW/m?) and it has the highest vent
density outside of Craters of the Moon. The Permeability CRS shows very low favorability
except for the margins of Island Park caldera, defined by faults with low dilation tendencies.

Although the identification of EGS prospects lies outside the purview of this award, their
locations are a by-product of our GIS methodology. Our approach has identified two areas that
are subject to active EGS exploration (INL, Crane Creek), one area that is “off-limits” (Craters
of the Moon), and one new area (Spencer rift). We will discuss cadastral issues below in our
evaluation of commercial viability, but note here that the Spencer-High Point region has BLM
and private land available for development, has no large excluded zones, and is adjacent to a 368
corridor.

4.4 Data Gaps

The analysis presented here represents a major data collection and processing effort, using
regional data sets and geologic maps for the most part, and using proxies, such as fault and
lineament density, in place of detailed structural analysis of intersections, step-overs, and
accommodation zones.

4.4.1 Field-related Data Gaps
All of the areas identified (Fig. 4) have basically the same data gaps:

e Detailed field relations at the prospect scale are of variable detail. Field checking of each
potential prospect is needed to confirm its structural and geologic setting, look for detailed
fault interactions (step-overs, intersections, etc.), confirm mapped features, and evaluate for
further work.

e Poor age control on volcanic vents in areas A-1 to A-4, and B-1. We will need to acquire 15-
20 Ar-Ar dates across the area to better constrain age ranges.

e There are no MT data with upper crustal resolution anywhere in our study area; all of our
potential prospects will need MT data acquisition.

e Only one area (part of A-1, Fig. 4-2) has existing seismic, which must be purchased from the
Seismic Data Exchange. We will need to acquire some active source seismic that transects
buried structures of interest in all other areas.
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e Most of the WSRP and CSRP have high resolution gravity surveys, but the Mt Bennett Hills-

Camas Prairie region do not. We will need to extend our high-resolution gravity work into
this region (USGS).

e Most of the INL projects work on water geochemistry has focused on the ESRP and CSRP.
We need to extend this work into the WSRP to determine potential reservoir temperatures.

e Regional scale cadastral data must be confirmed in the field and in areas of special interest,
and land ownership determined from county records.

4.4.2 Modeling Data Gaps
Modeling gaps represent ongoing analysis of our old data and incorporation of new data:

e Refine our GIS tools and Python scripts to simplify application to other regions; retroactively
apply tools to entire SRP as it is refined for detailed prospect studies.

e Refine and extend our conceptual models and apply them to detailed prospect studies.

e Thermal Reservoir Models will be refined in the WSRP and extended to other areas.

These data gaps were addressed during Phase 2 of our PFA study.

CCRS Fig. 4-2. Composite CRS Map, with boxes outlining areas with favorable
|5 I I N N N B | geothermal potential. WSRP: A-1 (Marsing-Kuna), A-2 (Mtn Home), A-3
K & S S PP & Pz}‘ 91” ~ (Castle Creek-Bruneau), A-4 (Deadman Flat); CSRP: B-1 (Camas-Mt Bennett),
R O IR S S B-2 (King Hill), B-3 (Banbury); Eastern Idaho: C-1 (Arco rift), C-2 (Blackfoot).
M Ms: Marsing, K: Kuna, Ma: Magic HS.
[ 2‘5 50 ) ) 10ID Kilometers

116°W

Figure 4. CCRS map for southern Idaho showing regions with high geothermal potential discussed in text.
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I1. PHASE 2 ACTIVITIES AND RESULTS

5.0 PLAY MODEL: MAFIC HEAT SOURCES AND BASALTIC SILL COMPLEXES
5.1. Our Updated Play Model Concept

A large number of hydrothermal systems are powered by underlying mafic magmatic systems.
These include systems in the Reykjanes Peninsula, Iceland, the Puna District in Hawaii, and mid-
ocean ridge spreading centers, which represent the largest manifestation of geothermal energy on
the planet. Several studies now relate the geometry of mafic heat sources to the rates of magma
supply versus tectonic extension (e.g., Wohlitz and Heiken, 1992). High extension rates relative
to magma supply result in feeder dikes that accommodate the rapid ascent of magma to the
surface, whereas high magma supply rates relative to extension produce sill complexes or
plutons.

The Snake River Plain (SRP) in Idaho is a large basaltic province associated with the
Yellowstone mantle plume and is part of the largest heat flow anomaly in the USA (Blackwell,
1989; Blackwell and Richards, 2004). The eastern SRP represents the track of the Yellowstone
hotspot — a deep-seated mantle plume that has remained relatively fixed in space as the North
American plate moved to the southwest (Smith et al., 2009). As the plate moved over the plume,
large silicic caldera complexes formed. As the magma chambers beneath these calderas
solidified and were able to sustain brittle fracturing, basalts were able to reach the surface and
form the extensive lava flows that define the Snake River Plain surface geology. Our Phase 2
PFA region was located in the western and central parts of the Snake River Plain (Figure 5).
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Figure 5. Location map for Snake River Plain PFA. Mapped faults in blue and purple, blue dots are water
samples from springs and wells.
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High-resolution seismic imaging carried out over several decades has established the presence
of a mid-crustal sill complex at 10-20 km depth (Smith et al., 2009; DeNosaquo et al., 2009).
Geologic mapping and deep drill cores have documented the thickness and distribution of
surface basalt flows. Basalt geochemistry shows that this sill complex comprises a series of
layered magma chambers, which evolved by fractional crystallization and magma recharge and
fed surface eruptions (Shervais et al., 2006; Jean et al., 2013). Taken together, these data
document a magma flux of ~10°-10° km*/Ma under the eastern and central SRP, with little or no
extension perpendicular to its boundaries (e.g., Payne et al., 2012). This flux is similar to the one
reported for Hawaii (10° km’/Ma). Resurgent basalt volcanism (<800 ka, and as young as 2100
yr BP) formed long after the plume passed, driven by back-flow of plume material to the west.
These resurgent basalts are also plume-derived, postulated to result from delamination of
subcontinental lithospheric mantle (Shervais and Vetter, 2009). Numerical models of thermal
evolution during sill injection show that a single sill will result in heating of the surrounding
rocks to over 300°C after 20,000 years (Nielson and Shervais, 2014; Nielson et al., 2017);
multiple sill injections will result in the continuous accumulation of heat as the ambient
temperature of the host rocks is raised with each injection (Garg et al., 2017).

Our play model concept proposes that heat flux in the shallow portion of the SRP is driven by
the accumulated effect of multiple sill injections over the last several million years, with the most
recent magmatic activity as young as 2000 years (Figure 6). We postulate that high heat flux is
present throughout the SRP; however, in the eastern SRP it is masked by thick cold-water
aquifers, thus requiring drilling to greater depths to encounter high temperatures and raising the
costs of exploration drilling. In contrast, the western SRP (WSRP) is characterized by a thick
(1.0-1.5 km) layer of lacustrine sediments with low thermal conductivities that act both as an
insulating blanket on the underlying geothermal systems, and as a seal that prevents the
convective transport of heat away from the system. This effect is documented by deep wells in
the WSRP that all have conductive thermal gradients of ~75°C/km (Nielson et al., 2012; Garg et
al., 2016).

A primary requirement for finding blind geothermal resources in this setting is the ability to
identify zones of high permeability at depth, below the insulating sediments, in areas with high
heat flux. Our model postulates that these high permeability zones have characteristics similar to
known geothermal resources in the Basin and Range province; that is, they represent faults with
high slip or dilation tendencies relative to the local or regional stress field (e.g., Jolie et al. 2017).
This concept is built into our GIS processing method, which weights fault and lineament
segments for slip and dilation tendency. Further, we draw upon work of Kessler et al. (2017),
who assess in situ stress, fracture density and distribution, and the mechanical properties of core
from the MH-2 drill hole in the western SRP, based on core and borehole image logs.
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Figure 6. Cartoon illustrating our conceptual model of the structure and geothermal system of the western
SRP relevant to the Mountain Home and Bostic study areas. Young basalt: grey patterned; marginal
basalts: orange-patterned; Lake Idaho sediments: stippled yellow; Miocene rhyolites: checked orange
pattern. Older volcanic rocks (dark pink) form a basin-wide sag structure, with young sills intruded around
2 km below present surface. This young sill complex (<355 ka) drives hydrothermal circulation of deep
convecting fluids. High extension with respect to magma supply results in feeder dikes and rapid ascent to
the surface whereas high magma supply with respect to extension produces sills or plutons. We have
proposed that the Graveyard Point Sill, located in western Idaho, is an analog for the buried mafic heat
source of the Mountain Home geothermal system. On the basis of field mapping (e.g., White, 2007), we
estimate that the Graveyard Point sill had an average thickness of 100 m, a total volume of about 3 km’,
and was emplaced at a temperature of ~1200°C.

Thermal modeling was carried out to validate our conceptual play model and constrain
conditions that may have led to the current thermal regime (Nielson et al., 2017, Garg et al.
2017). These models, which are discussed in the next section, support our conceptual model,
reproducing temperatures observed in metamorphic and fluid inclusion studies, as well as
measured temperature gradients in deep wells.

5.2 Natural State Thermal Model of the Mountain Home Region, WSRP

A 3D numerical model was developed using Leidos’ STAR geothermal reservoir simulator
(Pritchett, 2011) using updated data from Phase 2 (Leidos Natural State Model Technical Report;
https.//gdr.openei.org/submissions/943). To perform model computations, it is essential to
prescribe distribution of thermo-hydraulic properties (e.g., permeability, porosity, thermal
conductivity, specific heat, etc.) for the entire grid-volume, and boundary conditions along the
faces of the model grid. During the development of the natural-state model for the Mountain
Home geothermal prospect presented below, the boundary conditions (i.e., heat flux along the
bottom boundary, pressure specification along the top boundary) and the formation
permeabilities were freely varied in order to match the observed temperature profiles in wells.
Several such calculations were carried out; only the final case is described here.
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The model volume is divided into a 25x20x25 grid in the x- and y- and z-directions (east,
north, and vertically upwards). The model area is only a small fraction (about 6%) of the area
considered in the regional model (Garg et al., 2016). In the absence of pressure transient data
from any of the wells in the area, the vertical permeability values were determined during the
development of the numerical model in order to match the measured well temperatures. The
horizontal permeability values in the model are largely unconstrained. Rock types assigned to
individual grid blocks are in part based on MH-1 and MH-2 lithological logs, and interpretation
of gravity and MT surveys. Intrinsic rock density, rock grain specific heat, global thermal
conductivity, and porosity values are based on published data (e.g., Hyndman and Drury, 1977;
Eppelbaum et al., 2014; Blackwell, 2013).

Starting from an essentially arbitrary cold state with the observed heat flux, the computation
was marched forward in time for ~625,000 years. The maximum time step used was 25 years.
For most of the computational period, the thermal energy continues to increase and the fluid
mass declines. Initially the change is rapid; it moderates over time. After about 500,000 years,
the change is quite small over a time scale of 50 to 100 years. The computed temperature values
at cycle 25,000 (~625,000 years) were compared with the available data.

5.3 Thermal-Hydrologic Modeling of the Play Model

The Graveyard Point Sill (White, 2007) is exposed on the western side of the SRP and has
been proposed as an analog for the heat source for the geothermal system intersected in MH-2
(Nielson and Shervais, 2014). We estimate that its original thickness was 200 m with lateral
dimensions of 5 x 3 km for an original volume of 3.0 km’.

A simulation of the sill hydrothermal cooling history was performed to determine whether the
maximum temperatures deduced from fluid inclusions in the Mountain Home core (Atkinson et
al., 2017) could develop through emplacement of the sill at a depth of about 2 km and how long
the thermal pulse lasts after emplacement (Nielson et al., 2017). There is also evidence of boiling
from two-phase fluid inclusions at temperatures of 340-350°C (Atkinson 2015; Atkinson et al.,
2017) that should be observable in the simulations.

Simulations of the hydrothermal system and sill cooling history were performed using the
coupled thermal-hydrological-chemical simulator TOUGHREACT V3.3 (Sonnenthal et al.,
2014; Xu et al., 2011). TOUGHREACT V3.3 considers multiphase fluid and heat flow with
temperature-dependent heat capacities and thermal conductivities, along with kinetic and
equilibrium mineral-water-gas reactions, aqueous and gaseous species diffusion and advection. It
simulates conductive heat transport in grid blocks that are initially, or attain, magmatic and/or
supercritical temperatures for water. Therefore, the surrounding hydrothermal system can be
adequately modeled with a simplified cooling model for the intrusive body.

The dual-permeability model considers global matrix-matrix and fracture-fracture flow, and
local fracture-matrix flow. This includes heat conduction and advection, as well as fluid (water
and/or steam) advection. The fault is given anisotropic permeability with a fracture density twice
that in the surrounding host rock. The matrix permeability in the fault is also increased to reflect
breccia zones. The local fracture-matrix interface area is given by the number of fractures in each
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direction times the fracture-matrix area of each fracture locally. Estimated hydrological, thermal,
and transport properties are given in Nielson et al. (2017). The thermal conductivity is fixed at
1.8 W/m/K. The magma was kept at the fixed higher heat capacity value (1522.3 J/kg/K) to
approximate the effects of the latent heat of fusion.

Our simulations using TOUGHREACT V3.3 and estimated size, emplacement temperature
and depth of emplacement of the Graveyard Point Sill support our hypothesis that a similar
intrusion in the Mountain Home area could provide the heat required for hydrothermal
brecciation and match observed fluid inclusion data (Atkinson, 2015; Atkinson et al., 2017). We
believe that the simulations can be refined with additional data, particularly dating of the
hydrothermal brecciation event observed in the MH-2 core.

6.0 SELECTION OF FOCUS AREAS

Our first task in Phase 2 was to assess regions deemed favorable in Phase 1, and to select a
limited number of these areas for more detailed analysis, including acquisition of new data to fill
gaps in knowledge. This task was carried out with assistance of our Industry Advisory Board
(including representatives from USGeothermal, Ormat, the U.S. Navy, and a geothermal
consultant), and resulted in the selection of three areas that appeared to be highly favorable, with
sufficient existing data, so that the data gaps could be addressed with the budget available and
within the prescribed period of performance (i.e., essentially shovel-ready). This takes into
account issues such as permitting. These areas are discussed below.

6.1 Mountain Home — Western Snake River Plain

The Mountain Home study area represents a blind high-temperature geothermal system that
is not associated with any mapped faults or surface geothermal manifestations. Initial
investigations of the resource were prompted by elevated geothermal gradient estimates
(65°C/km) determined from a wildcat oil well (Bostic 1A, 2949 m) drilled in 1973 at a location
20 km southeast of the town of Mountain Home (Figure 1). A deep (1342 m) geothermal
exploratory well (MH-1) was drilled in 1986 as part of an effort to assess resources at the
Mountain Home Air Force Base (MH-AFB). A temperature of 93°C logged at a depth of 1207 m
(Lewis and Stone, 1988), and an estimated thermal gradient of 69°C/km, suggests that
temperatures at depths in the range of 1500-1800 m are high enough to support binary cycle
power generation that could meet the base’s present maximum electrical power requirements of
14 megawatts (Breckenridge et al., 2012), and potentially provide power to the town of
Mountain Home or supply power to the grid. Subsequently, a second deep (1821 m) well (MH-2)
documented artesian flow and 135-140°C water (Nielson et al., 2012) at a depth of 1745 m.

The stratigraphy at Mountain Home, constrained by core from the MH-1 and MH-2 drill
holes, consists of an upper section of basalt (~150-200 m thick) overlying ~600 m of fine-
grained lake sediments, and a basal sequence of basalts with minor sedimentary layers. The
sequence of low permeability lake sediments that overlie the geothermal system at Mountain
Home likely help maintain the resource by insulating the reservoir, preventing upward migration
of the thermal fluids, and inhibiting mixing with cold meteoric water that could degrade the
resource (Shervais et al., 2016). MH-AFB has had a longstanding commitment to supporting
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research of the base’s geothermal resources that would make them an ideal partner in future
exploration and eventual development of this resource.

6.2 Bostic (Western Mount Bennett Hills) — Western Snake River Plain

A region ~20 km east of Mountain Home, between the town of Glenns Ferry and the Mount
Bennett Hills, was first identified as an area with elevated geothermal potential based on findings
from the Bostic 1A exploratory oil well that yielded a measured bottom hole temperature (at
2931 m) of 195°C (A4rney et al., 1982). These findings motivated subsequent studies of the area,
including geothermal evaluations of the Bostic well by Unocal and a hot dry rock investigation
led by Los Alamos National Laboratory (Arney, 1982; Arney et al., 1982). Although this area has
estimated potential for development of high-grade enhanced geothermal system (EGS) resources,
with predicted temperatures exceeding 200-250°C at depths of 4-6 km (Tester et al., 2006,
Williams and DeAngelo 2011), no further exploration of this resource has taken place since the
efforts in the 1980s. In addition to its potential as an EGS resource, the broader region may have
viable targets for development of conventional hydrothermal resources. Surface hydrothermal
springs north of Bostic in the Danskin Mountains and Mount Bennett Hills yield temperatures of
175-200°C using multicomponent geothermometry (Neupane et al., 2014).

6.3 Camas Prairie-Mount Bennett Hills

Our Phase 1 analysis identified the Camas Prairie in south central Idaho as a region with a
potential commercial resource (e.g., capable of >10 MW of electric power generation) based on
its presumed heat, permeability, and presence of basin-filling sediments (Shervais et al., 2016). It
was chosen for this study based on the results of the Phase 1 play fairway analysis and because it
is a relatively under-characterized geothermal system (e.g., Stoker and Gertsch, 1980).

The Camas Prairie is an E-W elongate valley situated between the Idaho Batholith and the
central SRP that is thought to have formed as a rift basin in response to passage of the
Yellowstone hotspot and subsequent down warping in the SRP (Cluer and Cluer, 1986). The
Prairie is bounded on the north by late Cretaceous to early Tertiary granitoids of the Idaho
Batholith and by the Eocene Challis volcanics. The valley fill consists of poorly sorted Pliocene
and Holocene age sediments derived mainly from the north. Interbedded with these sediments
are young volcanic units that flowed out from eruptive centers in the Mount Bennett Hills. The
Mount Bennett Hills consist of basalt overlying rhyolite basement. Basin development is loosely
constrained to between 5 and 1.8 Ma based on limited age control on rifted silicic and basin-
filling basalts (Cluer and Cluer, 1986).

The Camas Prairie rift basin resembles other extensional basin-and-range systems, like those
in the Great Basin. These systems generally involve amagmatic, moderate temperature resources
associated with the circulation of geothermal fluids along deep crustal structures that tap a region
of high crustal heat flow. In the Camas Prairie, however, direct surface evidence for major basin-
controlling and intra-basin structures is limited. The geothermal system involves contributions
from magmatic sources, based on the presence of Quaternary volcanism in the southern part of
the basin, and it has elevated heat flow similar to the rest of the Snake River Plain (Blackwell,
1989). The youngest flows are associated with The Pothole — a Pleistocene basaltic vent and
associated flows that are cut by a northwest-trending fault.
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Camas Prairie hosts several hot springs and wells that are exploited for direct use
applications and display high measured temperatures and high multicomponent geothermometry
temperatures. This includes the now inactive Barron’s Hot Springs, which displayed measured
surface temperatures of 72°C; a nearby well has a maximum measured temperature of 91°C at a
depth of 91 m below surface (Mink, 2010). Geochemistry of Barron’s Hot Springs yields
predicted reservoir temperatures suggestive of low to moderate temperature systems (Neupane et
al., 2014). Although this suggests it may be able to support electric power generation using
binary cycle technology, more data are needed to demonstrate adequate flows and production
temperatures. The close proximity of the resource to power transmission infrastructure along
U.S. Highway 20 would help facilitate development of the resource.

7. PHASE 2 DATA ACQUISITION

The three areas chosen for more detailed assessment all contain data gaps that needed to be
filled during Phase 2. These gaps differed between regions, so not all data types were acquired in
each area: only those data needed to fill critical gaps. See Figure 7 for focus area locations.

7.1 Field Mapping and Sampling (USU, USGS)

Geologic field studies included detailed structural mapping to constrain fault geometries,
and sampling of young volcanic rocks and vents for whole rock geochemistry and **Ar-**Ar
geochronology. Structural mapping focused on faults and fault intersections along The Pothole
fault system (Camas Prairie). Data collected include strike and dip direction of polished surfaces,
striated surfaces, or topographically apparent faults. This work was supplemented by fault
locations taken from geologic maps in the Camas Prairie-Bennett Hills region, and by new
mapping using satellite imagery and topography, with confirmation by field checking.

A wide range of volcanic vents were sampled, including vents in the WSRP near Mountain
Home, The Pothole in Camas Prairie, and young vents along the South Fork of the Boise River.
In addition, three samples were selected from the MH-2 well on MH-AFB (Project Hotspot) to
document the stratigraphic age range intersected by that well. Twelve samples were sent to the
Geochronology Laboratory at Oregon State University for *“’Ar-’Ar dating and analyzed for
major and trace elements by XRF spectrometry. Additional age data were compiled from
published sources to supplement the new ages.

7.2 Magnetotelluric Surveys (LBNL)

The MT survey was carried out in August-September 2016, with 33 stations acquired around
the two deep drill holes (MH-1 and MH-2) on MH-AFB and 63 stations on Camas Prairie
(Appendix B). The Mountain Home station array was designed to tie into the deep drill hole
stratigraphy, and to capture structures identified in previous high-resolution gravity surveys
(Geothermal Data Repository https://gdr.openei.org/submissions/1249). Sixty-three stations
acquired in Camas Prairie (https.//gdr.openei.org/submissions/1103) covering the same area
surveyed by our new seismic, gravity and magnetic campaigns. Six stations were acquired along
a profile crossing a previously identified gravity anomaly near the Bostic 1A deep drill hole. We
obtained data from a Unocal MT survey of the Bostic area, which was reprocessed to supplement
our new data. Collectively, these data indicate the presence of a thick electrically conductive
(low resistivity) layer in all three locations corresponding to the known distribution of lacustrine
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sediments and possible alteration zones that are interpreted to represent a seal above any
potential geothermal resource (Glen et al., 2017).
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Figure 7. Shaded topographic index maps of the WSRP showing the three focus areas for new field
surveys (outlined with yellow boxes; Mountain Home, Bostic, and Camas Prairie). Shown are seismic
reflection profiles, MT stations, gravity stations, magnetic traverses, modeled profiles, rock property
sample locations Also shown are modeled profiles, faults and thermal springs (Glen et al., 2017).

7.3 Seismic Reflection Surveys (Boise State University)

Boise State University (BSU) acquired ~56 km of active source seismic data along five
north-south and two east-west county roads in Camas Prairie (Figure 7; Glen et al., 2017). Data
were acquired using the BSU seismic land streamer and accelerated weight drop system that
allowed survey rates of five km per day at four-meter source spacing. Data were processed and
interpreted with industry-standard seismic processing software (ProMAX, Kingdom), where
reflectors on cross lines were utilized to map key stratigraphic and structural boundaries. Seismic
data are archived in the GDR at http.//edr.openei.org/submissions/1102.

7.4 Gravity and Magnetic Surveys (USGS)
The USGS collected data at 1659 gravity stations and over 725 line-km of ground magnetic

data for this project (Figure 7, Appendix C). They also collected hundreds of rock-property
measurements on outcrops and samples (including magnetic susceptibility, density, and magnetic

65



Play Fairway Analysis of the Snake River Plain, Idaho DE-EE0006733

remanence) to constrain potential field modeling and integrated ground water well logs into our
analyses. These data have been used, along with previously acquired data from Project Hotspot
(e.g., Shervais et al., 2013, Shervais, 2014; Liberty et al., 2015; Kessler et al., 2017) to define
basement structures (faults and lineaments), and to create detailed crustal density models (e.g.,
Figure 10).

7.5 Water Chemistry (LBNL, INL, USU)

Natural springs and water wells were sampled in the Camas Prairie, Mount Bennett Hills,
and WSRP regions, and several previously sampled locations were resampled to assess seasonal
variations. These samples were analyzed for major and trace elements, and stable isotopes of
oxygen, hydrogen, and helium. The chemical data were used to compute equilibrium reservoir
temperatures using cation, silica, and multi-component geothermometry, while oxygen and
hydrogen stable isotopes were used to identify the source of geothermal fluids and potential
water—rock interaction, and helium isotope ratios were used to track mantle volatile inputs.

8.0. RESULTS
8.1. Mountain Home - Western Snake River Plain

8.1.1 Field Mapping and Sampling: The Mountain Home region is characterized by two
fault systems: a range-front fault system that strikes about 300° and an oblique fault system that
strikes about 275° (Shervais et al., 2002). Surface faults are only exposed north of Mountain
Home, close to the range front, but subsurface systems with similar orientations may be inferred
from lineations defined by steep gravity and magnetic gradients.

New “’Ar-’Ar ages are presented in Appendix D and Figure 8. Volcanic vents in the
Mountain Home region include older tholeiitic basalts and younger high-K transitional alkali
basalts (Shervais and Vetter, 2009). Older tholeiitic basalts include surface flows (789.4 ka to
1.22 Ma) and samples from MH-2 drill core (2.19 to 4.54 Ma). The younger high-K basalts range
from 519.1-354.2 ka in the western SRP, and from 87.3 to 2.1 ka along the South Fork Boise
River, just 60 km to the north of Mountain Home. The transition from old tholeiitic basalt to

young high-K
# basalt occurs circa
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8.1.2 Magnetotelluric Surveys: A 3D MT inversion was made with the Mountain Home
data. The resistivity structure recovered by this inversion is shown in Figure 9. Low resistivity
(1-10 Ohm-m) distribution in the 3D resistivity cube outlines the lateral and depth extent of a
seal for a potential geothermal reservoir (https://gdr.openei.org/submissions/1249). This includes
both sedimentary layers and possible alteration zones. The uppermost resistive layer (200-500
Ohm-m) is representative of near surface unaltered porous basalts, whereas increased resistivity
(50-70 Ohm-m) underneath the low resistivity structure is representative of crystalline volcanic
units that could be associated with the presence of geothermal fluids. Similar structures were
recovered on the eastern side of the basin, close to Bostic 1A, using MT data collected in 1980
by Unocal.

8.1.3 Seismic Reflection
Surveys: No new seismic
data were collected during
Phase 2; however, data
collected during Project
Hotspot were reassessed,
along with available
commercial seismic data.
Legacy seismic reflection
data within the WSRP region
are of varying quality, but
the bulk of data were
acquired for oil/gas

Norting (m)

688000 _ 590000 mamsan~ —_

Figure 9. Fence diagram of final resistivity structure recovered by 3D
MT inversion. Low resistivity zones represent potential clay seals from €xploration in the deep
lake sediments or alteration, or both. Crossing point on the fence panels sedimentary basin locations
is the MH-2 deep well. Within the basin, a sedimentary layer, at some {5 the west of Mountain
places up to 1,400 m thick, has a low resistivity and overlies higher

A . . Home and to the south of
resistivity volcanic formations.

Boise, Idaho. These data
define bedrock depth, volcanic rock interbeds, and offset strata and related faults. Geothermal
and groundwater focused seismic profiling related to the Bostic 1A borehole (4rney, 1982), the
MH-2 borehole (Liberty et al., 2015), and the Boise geothermal system (Liberty, 1998) also
provide insights into stratigraphy and structures for the upper few km beneath the WSRP
margins. US Array lithospheric-scale seismic tomography and receiver function data also
provide context of crustal and mantle heat sources, crustal thickness, and plume-related
geometries.

8.1.4 Gravity and Magnetic Surveys: A regional potential field model was developed for the
WSRP based on high-resolution gravity data collected across the plain. The seismic reflection
results associated with the MH-2 borehole (Liberty et al., 2015) and new MT data were used to
refine this model. A regional potential field model was developed for the WSRP that extends
through the Mountain Home resource area, largely based on high-resolution gravity data
collected across the plain. Regional lithospheric structure of the model was constrained by a N-
S-trending deep seismic refraction line, extending from Boise to Elko, NV that crosses the
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profile at Mountain Home (Hill and Pakiser, 1967; Prodehl, 1970). In addition, seismic
reflection results associated with the MH-2 borehole (Liberty et al., 2015) and data from 33 new
MT stations, collected as part of this study across the MH-AFB and extending 20 km along the
SW-NE profile, were used to inform the interpretation of structures around the base.

The dominant feature along the profile is a prominent gravity high that extends nearly the
full length of the WSRP (Figure 10). This high is primarily modeled as a dense mafic root and
sill complex intruded into the lower and middle crust. Also contributing to the high, however, is
a horst block in the upper crust consisting largely of dense mafic lavas (Glen et al., 2017). Both
wells (MH-1 and MH-2) drilled at the MH-AFB are located over the prominent gravity high
(Figure 10) and extend into basalts interpreted to mark the top of the horst.

8.1.5 Water Chemistry: There are no flowing springs in the Mountain Home region at this
time, as historically active springs, located at the eastern end of the Danskin Mountains, have
dried up. Previous work on water recovered from MH-2 (Atkinson, 2015) show that it is unlike
any other thermal waters that occur in the SRP region: the primary anion is sulfate, it has high
8'%0-8D values that fall on a mixing line between meteoric and volcanogenic waters, and its
multicomponent equilibrium temperature is ~150°C, similar to measured downhole temperatures.
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Figure 10. Colored residual isostatic gravity and shaded topographic relief map of the western SRP
showing volcanic vents, thermal springs, and deep drill holes. Also shown are geophysically-inferred
structural features (gravity lineations) based on maximum horizontal gradients of residual isostatic
gravity. Geophysical grids are superimposed on a topographic base map. Pink lines are modeled cross-
sections.
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8.2 Bostic (Glenns Ferry) - Western Snake River Plain

8.2.1 Magnetotelluric Surveys: A 2D MT survey collected in 1980 by Unocal was
reprocessed to evaluate potential seals in the Bostic area; this survey reveals structures similar to
those in the Mountain Home area. Low resistivity (1-10 Ohm-m) indicates the depth extent of a
seal for a potential geothermal reservoir. This includes both sedimentary layers and possible
alteration zones. The uppermost resistive layer represents near surface unaltered basalts, whereas
increased resistivity beneath the low resistivity structure is representative of volcanic formations
(basalt, rhyolite) that could be associated with the presence of geothermal fluids.

8.2.2 Gravity and Magnetic Surveys: The potential field model of the Bostic area was
derived from detailed gravity data collected along a line extending from the Bostic 1A well
northwards to the Danskin Mountains (Figure 10) and from an aeromagnetic survey of the
Mountain Home KGRA (U.S. Geological Survey, 1982). In addition, legacy seismic data and
new MT data, collected as part of this study along a NE-trending line situated northwest of the
modeled profile, were used to inform the interpretation of modeled structures.

The profile is characterized by a prominent gravity anomaly on its southern end, which

corresponds with the central SRP gravity
high. The Bostic 1A well is situated along the
northern shoulder of this high, presumably
within the structural horst. The model
indicates the presence of two distinct
intrusive bodies emplaced in the upper crust
(extending to within 1 km of the surface) that
were modeled to account for several 100 nT
magnetic anomalies observed along the
profile. This feature corresponds with a
roughly 3x7 km wide anomaly seen in the
aeromagnetic map (not shown).

2CPE6

The potential field model reflects minor
faulting following the interpretive schematic
cross sections of Arney et al. (1984). This is
primarily intended to illustrate the regional
presence of such structures (note that a
complex of faults occurs off-axis of the
profile to the northeast of Mountain Home),

) ) . whereas along this particular profile, the
Figure 11. Fence diagram from 3D composite tential field dat ¢ that onl 1
resistivity cube and depth slice of final resistivity potential licld data suggest that only a couple

structure recovered by MT inversion at Camas Prairie. of the illustrated structures within the region
The outline of the basin east of stations CP15-17 is north of the Bostic well have any significant

clearly seen by change in resistivity from low (green geophysical expression that might suggest
color) to high (blue color) to the SW. they involve appreciable offset and extend
into basement.
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8.2.3 Water Chemistry: The closest thermal springs to the Bostic region are at its northern
end, at the western end of the Mount Bennett Hills. These include Latty Hot Springs and Prince
Albert Hot Springs. Both have equilibrium reservoir temperatures estimated at 193-197°C, based
on the RTEst multicomponent geothermometer — among the hottest for springs in the SRP region
(Neupane et al., 2014, 2017).

8.3 Camas Prairie-Mount Bennett Hills

8.3.1 Field Mapping and Sampling: Young volcanic rocks in Camas Prairie are tholeiitic
basalts erupted around 700 ka, but the South Fork Boise River high-K basalts crop out less than
100 km to the NW (Figure 8). The Camas Prairie-Mount Bennett Hills region contains two
dominant fault sets that strike WNW and ENE. In general, the WNW-trending faults are found in
the eastern Mount Bennett Hills, east of The Pothole fault, whereas the ENE-trending faults are
found in the western Mount Bennett Hills, west of The Pothole fault (Figure 5).

Geologic reconnaissance mapping of The Pothole fault system for this project documents
more complex structures. The Pothole fault system is characterized by two dominant fault sets,
which strike WNW and NNW. Both are predominantly east/northeast dipping. Fault striations
were most commonly dextral-normal and secondarily normal. These orientations are more or less
consistent with the attitudes of the major features at depth in the Camas basin, as interpreted
from the geophysical studies described above. Relative ages of these fault sets could not be
determined by cross-cutting relationships, however, the NNW-striking faults cut Cretaceous
basement, the Oligocene Challis Volcanic Group, and The Pothole volcanic crater (circa 700 ka),
so these fault systems remained active into the late Pleistocene. We expect that right-stepping
geometries between the two WNW- and NNW-striking, right-oblique fault systems (releasing
steps) are more conducive to permeability development and geothermal circulation than left-
stepping (restraining steps) geometries.

8.3.2 Magnetotelluric Surveys: 2D inversions of MT data along several N-S and W-E
profiles in Camas Prairie recovered resistivity structures that support the gravity and magnetic
data interpretation. The outline of the basin east of stations CP15-17 (Figure 11) is clearly seen
by a change in resistivity from low-to-high in the SW (https://gdr.openei.org/submissions/1103).

8.3.3 Seismic Reflection Surveys: Five 7-10 km long south-north seismic profiles and two
5-8 km long west-east profiles were acquired along section roads (one mile spaced) within the
Camas Prairie (https.//gdr.openei.org/submissions/1102). The focus of the seismic profiling
effort was to identify permeable faults and to characterize the sedimentary cover that overlies
basement. Seismic results suggest bedrock (volcanic rocks or granite) depths of <1.0 km beneath
the southern margin of Camas Prairie, and define a complex network of active faults that
correspond to locations of elevated groundwater temperatures (Figure 12). These faults offset
basement (inferred to be older volcanic and granitic rocks), and overlying strata, and show that
the depocenter of the basin is located towards its southern margin. Multiple, basin-wide
unconformities are identified with late Quaternary sediment fill of less than 0.2 km along the
basin margins.
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Figure 12. Seismic reflection profiles across Camas Prairie; locations shown in Figure 5 (600W to
900W profiles). All profiles run NS. Numerous faults in basement are evident as offsets in highly
reflective markers. A major buried EW-trending fault lies under US HW20. The 600W profile shows
location of thermal springs (green dots) relative to seismically identified faults. These faults correlate

with offsets in gravity and magnetic potential fields and are being integrated into the overall structural
models.
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8.3.4 Gravity and Magnetic Surveys: Gravity and magnetic maps were gridded from a
combination of new and existing data collected throughout the Camas Prairie valley and
surrounding regions (Figure 13). Analyses of residual isostatic gravity and magnetic grids
delineate a number of intrabasin structures that have little or no surface manifestation. These
structures reflect two dominant sets of trends: W to WNW-trending structures that likely reflect
the major basin-bound structural grain, and a NW-trending set that appears to control the major
subbasin geometry of the valley.

Weiser

?
{

Nampa
Boise

Grand View

Glenns FerryT?vliing;:IS

Figure 13. Topographic map of the Camas Prairie study area showing contours of the residual isostatic
gravity, volcanic vents, thermal springs, deep drill holes, and profile model locations. Inset shows
releasing step in Pothole system. Geophysically inferred structural features (gravity lineations) based on
maximum horizontal gradients of residual isostatic gravity are shown in green. Faults (red) are derived
from a number of sources including Garwood et al. (2014) and new mapping performed as part of this
study.

Potential field modeling was performed along two profiles at the western end of the valley
(lines 600W and 900W). Seismic data collected along these lines constrain the upper several
hundred meters of the models. The models reveal a deep (500-1000 m) structurally controlled
sedimentary basin that displays offsets along numerous structures imaged in the seismic profiles
and reflected in the potential field data. MT results support structures identified by gravity or
seismic data and provide depths to the base of basin sediments to constrain gravity inversions.
The modeled basin is floored by crystalline basement that is, at least partly, capped with volcanic
flows presumably derived from sources in the Mount Bennett Hills. The model also reveals that
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the basin stratigraphy includes interbedded volcanic flows that are offset along the same
structures identified in the seismic profiles.

Regional gravity mapping indicates the valley’s subsurface consists of several NW-elongate
sub-basins characterized by isolated gravity lows (Figure 13). The deepest of these inferred sub-
basins, which resides on the western end of the Prairie just north of Barron’s Hot Springs,
reflects the deepest part of the basin (up to 1 km). This area coincides with anomalously high
groundwater temperatures and may represent the primary geothermal reservoir for fluids that
feed the springs and shallow thermal wells in this area. A steep gradient bounding the southwest
side of the gravity low likely reflects the more structurally active part of the basin. Seismic
results show diminishing offsets of shallow strata from southeast to northwest away from
Barron’s Hot Springs, intersecting fault systems beneath the central basin region, and offset of
the shallowest reflectors that support ongoing NW-trending basin extension.

The steep gradient bounding the sub-
basin in the western end of the valley is
aligned with inferred NW-trending
structures that extend through Barron’s
Hot Springs. The location of the hot
;°\ springs appears to be related to the
intersection of this NW-trending structure
with more easterly-oriented basin-
bounding structures that delineate the
southern edge of the valley.

Groundwater/cold
spring samples

5.3.5 Water Chemistry: Our new
water chemistry results for the Camas
Prairie and Mount Bennett Hills
(Neupane et al., 2017) show that, in
general, cooler groundwater and spring
samples are Ca-HCOs-type waters,
whereas hot spring and thermal well
samples are Na-HCOs-type waters

Fi I N . hem ] (Figure 14). A mixing trend is observed
igure 14. Piper diagram representing chemistry o between Ca-HCO; and Na-HCOs; water
water samples from Camas Prairie area. Samples are

grouped as groundwater/cold springs (blue diamonds), tyPes. Oxygen and hydrogen stable
Barron Hot Springs area (BHS cyan triangles; BW1 isotopic results show that most samples
indicates recent (2014, 2016) water chemistry data of exhibit a small shift in 8'°0 to values
high sulfate water samples of the Barron Well 1),
Sheep/Wolf Hot Springs (SHS black hourglasses), . . .
Wardrop Hot Springs area (WHS red circles), Elk Creek samples ?how s'lgmﬁcant shift to ‘hlgher
Hot Springs (ECHS magenta stars), and Magic Hot Vvalues, indicative of oxygen isotope
Springs area (MHS green squares; Neupane et al., 2017). exchange during high-temperature water-

rock interaction in hydrothermal systems.

higher than local meteoric water; a few
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In general, water chemistry and isotopic compositions indicate that hydrothermal waters in
Camas Prairie are dominantly meteoric in origin with some modification from water-rock
interaction at elevated temperature (https.//gdr.openei.org/submissions/983).

We used multicomponent and conventional (quartz, Na-K, Na-K-Ca) geothermometry to
estimate reservoir temperatures in Camas Prairie (Neupane et al., 2017). Our geochemical and
geothermometry analysis indicates two areas of interest, one on the northern side and the other
on the southern side of the Prairie, with estimated reservoir temperatures as high as 200°C and
110°C, respectively. Water geochemistry suggests that these correspond to geothermal resource
types: one associated with the Idaho Batholith (to the north), and a second (to the south) related
to Quaternary volcanism and intrusions within the Snake River Plain province.

9.0 DATA ANALYSIS
9.1 Detailed Stress-Strain Analysis

The orientation of stress fields is a critical part of defining reservoir characteristics. For the
whole SRP the vast majority of the area appears to be under a normal faulting stress regime, but
there are a few places where the stress data suggest strike-slip, oblique-slip, and thrust faulting
stress regimes. We used the nearest stress data point to define the stress regime for each
lineation. Our detailed structural mapping of fault systems in Camas Prairie allowed us to
evaluate local stress regimes and the strain response to that stress, yielding refined estimates of
the local stress fields and their orientation. The stress data are used to weight fault and lineament
slip and dilation tendencies, both of which are proxies for permeability on these structures (e.g.,
Jolie et al., 2015, Siler et al., 2017). These data were integrated with regional stress and strain
estimates from previous studies (e.g., Payne et al., 2012, Kessler et al., 2017).

9.2 GIS Analysis

Our GIS work involved two related efforts: first, to revise and update our approach to data
handling to simplify data input and analysis, and second, to reassess our weights and parameters
from Phase 1 in order to improve data products in Phase 2.

9.2.1: GIS Methodology: We recast our initial GIS methodology (Dedngelo et al., 2016)
into a format that allows input of data weighting, including intra- and inter- CRS weight factors,
from a look-up table that can be easily reprogrammed to evaluate new combinations of data and
weights. We also prepared high resolution (500 m for MH region and 100 m for Camas Prairie)
CRS and CCRS maps to aid in prospect evaluation, carried out a sensitivity analysis on our CRS
maps to reveal which data types they are most sensitive to, and prepared new CRS maps with
different combinations of weight factors to evaluate how different expert opinions affect the final
products. We also validated our GIS methodology by utilizing the input data set developed by
the Modoc Plateau play fairway project (Siler et al., 2017) and compared their output maps with
those generated using our methodology; good agreement was observed.

New data and model results from Phase 2 were collated with existing data to update our
CRS and CCRS maps for the Snake River Plain, and for our primary focus areas: (1) the WSRP
blind systems near Mountain Home, Idaho, and the Bostic 1A deep well, and (2) the central
Camas Prairie region near Fairfield, Idaho. As in Phase 1, the distribution of heat was assessed
using measured thermal gradients, interpolated heat flow values, the distribution of volcanic
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vents (weighted by age, size, and composition), groundwater temperatures in non-thermal wells,
measured temperatures of thermal waters from springs and wells, calculated cation, silica and
multicomponent geothermometry of waters from thermal springs and wells, and the *He/*He
ratios of thermal waters (DeAngelo et al., 2016, Shervais et al., 2016; Neupane et al., 2014,
2017; Dobson et al., 2015).

Permeability was assessed using the weighted sum of mapped faults, magnetic lineaments,
and gravity lineaments (Dedngelo et al., 2016; Shervais et al., 2016). Fault and lineament
segments were weighted using slip and dilation tendencies, based on new data for regional stress
orientation (Glen et al., 2017, Kessler et al., 2017). As in Phase 1, structural intersections were
assessed using density functions as a proxy for fault/lineament density, where high fault (or
lineament) densities tend to favor multiple intersections (Shervais et al., 2016).

On a regional scale there are two potential seal types: (a) fine-grained lacustrine sediments,
which are largely impermeable, and (b) self-seal of volcanic rocks by hydrothermal alteration
(Nielson and Shervais, 2014). Locally, we were able to use 2D and 3D arrays of MT stations to
document the occurrence of low resistivity seals in both of our focus areas.

Figure 15. Phase 2 CCRS map for WSRP and Mountain Home region. Areas of high prospectivity are
seen near Mountain Home AFB (A), Mountain Home city (B), and in the far NW near Caldwell, Idaho.
The area around Mountain Home city appears to lack a clay cap seal, and we have no new data near
Caldwell. Our preferred site is south of older drill holes on MH-AFB (A, star). The map shows the BLM
Morley Nelson Birds of Prey Conservation Area (pink outline with cross hatch) and MH-AFB (black
cross-hatch).
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9.2.2 CRS and CCRS Maps: We prepared new high-resolution CRS and CCRS maps for the
western SRP near Mountain Home and for Camas Prairie (Figures 15 and 16). In addition to
being gridded at 500 m and 100 m pixel size, respectively, gravity and magnetic lineaments were
reanalyzed at higher resolution, MT and seismic data from our new surveys were included, along
with updated values for helium isotopes, equilibrium geothermometry temperatures, and vent
ages. We used new values for intra- and inter-CRS layer weights, based on multiple expert
opinions. For the local Phase 2 maps, a 2500m search radius for kernel density functions was
applied to reflect the higher density data coverage (a 10000m search radius was used in Phase 1
for the initial regional evaluation; see Appendix E for local CCRS maps).

Since our Phase 1 maps were prepared at the regional scale, it was necessary to prepare both
Phase 2 and Phase 1 maps using the same analytical routine (i.e., same study area size, grid size,
weighting parameters, etc.) in order to evaluate how our new data impacted our CCRS maps.
Specifically, because our new data are focused on areas near MH and the Camas Prairie, the new
higher resolution maps for Phase 2 were prepared at a local scale (Figures 15, 16; also see
Appendix E).

Figure 16. Phase 2 CCRS map for Camas Prairie region. The prime target area stands out as red-orange
region along The Pothole fault system (not labelled). The proposed exploratory well location near Barron
Hot Springs is indicated by the star. This site was ultimately drilled in Phase 3.
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10. DATA INTEGRATION — VALIDATION WELL SITE SELECTION
10.1 Mountain Home — Western SRP

The focus of our planned work for the Mountain Home region is to drill a deep slim well to
validate our PFA model for identifying permeability in blind systems. Previous studies have
confirmed the presence of an elevated thermal gradient over a large area near Mountain Home,
so additional thermal gradient drilling would not be productive.

Mountain Home region is characterized by high geothermal gradients and exhibits high
geothermal potential on CRS and CCRS maps in areas associated with the regional gravity high
that underlies the region (Figure 15). The flanks of this structure are especially favorable because
they likely represent large offset fault traces and associated fracture zones on the margins of an
uplifted horst block. The lineaments that highlight these structures are defined by high gradients
in the isostatic gravity anomaly, which delineate offsets in dense basaltic basement (Glen et al.,
2017). In addition, young volcanic activity associated with the high-K transitional alkaline suite,
which ranges in age from 519 ka to 355 ka locally, and as young as 2.1 ka <50 km north, implies
deep magmatic intrusive activity, which provides a heat source for ongoing geothermal activity.

Our CCRS maps for the Mountain Home area have been updated with revised internal
weights, new age data, new MT data for clay alteration and seal, and new higher resolution
250 mapping of lineaments defined by

- =[Tiiees TP o steep gradients ip the' gravity and
—8—Tcorr magnetic anomalies (Figure 15). In
150 T 0S) g addition, we have added the
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Figure 17. Temperature-depth curves for WSRP in holes MH-

1 and MH-2. Ty,e.s = measured high temperature with the temp
while logging tool, T., = corrected temperature using the
F(a,t) method, OSG = Operational Support Group temperature
log, PPS = gradient log by Pacific Process Systems; MH-1 is
gradient for drill hole MH-1. Ty, (P) and Ty (S) show primary
and secondary fluid inclusion temperatures; Atkinson (2015)
has measured primary inclusion temperatures to 368°C. The
green triangle shows the temperature recorded in the hole
while fluid was flowing to the surface. The location of the
fluid entry at 1745 m is shown. Thermal gradients are similar
in other deep WSRP holes.

intrusions, that drive the most recent
geothermal system. This concept is
supported by high thermal gradients
in deep core holes on Mountain
Home AFB (Figure 17).

A formal assessment of recoverable
geothermal energy for the MH-AFB
region (heat in place), using area,
reservoir thickness, and temperature

estimates from well data (the deep holes MH-1 and MH-2), our magnetotelluric survey, and
natural state model, and conservative recovery factor values (0.025, 0.15) estimates >79MW

with 90% probability, and >204MW with 50% probability.
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In the Mountain Home region, potential drilling sites are constrained by the Morley Nelson
Snake River Birds of Prey Conservation Area, a BLM special use area that limits potential drill
site locations (Figure 15). There are two prospective sites where drilling is possible: (A) in the
area under and south of MH-AFB, and (B) just west of the town of Mountain Home and south of
[-84 (Figure 15). The favorability of Site B is driven largely by the density of young volcanic
vents in this area. However, detailed MT cross-sections derived from our 3D MT data model
show that the conductive clay cap, which is ~1400 m thick under MH-AFB, pinches out and
disappears to the NE (Figure 18). It is replaced by resistive rocks interpreted to be basalt based
on detailed geologic mapping and water well logs. In contrast, sites located on MH-AFB (Site A)
are underlain by a conductive clay cap (interpreted to include both lake sediments and altered
volcanic rocks, based on core from the deep drill holes) that ranges from 250 m to 1750 m depth
(Figure 18). This is underlain by resistive rock interpreted to be unaltered basalt, which would
form the hydrothermal reservoir if fractured.

The resource at Mountain Home AFB is blind and likely located at depths of 1.5 to 2.3 km
based on deep wells on the northern portion of the base. Validating our methodology here will
require drilling to intersect permeability, since the geothermal gradients are well-known and
regional in extent. The MH-AFB site also has the possibility of U.S. Air Force (USAF) funding
for ongoing exploration and development and likely has a relatively simpler permitting and
permissions process.
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Figure 18. MT transect from 3D processing array, from SW corner to NE corner. The conductive clay
cap is thick under MH-AFB, but pinches out to the NE, where it is replaced by resistive basalts. The town
of Mountain Home lies farther to the NE.

10.2 Bostic — Western SRP

The Bostic region, anchored on the Bostic 1A wildcat well, has a more limited data set than
the other areas. The primary addition was a Unocal MT traverse from the 1980’s which was
obtained from their data repository, and several new high-resolution gravity traverses (Glen et
al., 2017). Despite the high temperature gradient in the Bostic 1A well (65°C/km), it lacks other
indicators of high heat potential, and does not appear to have permeability at depth. As a result, it
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still appears as an area of low geothermal potential on CCRS maps of the WSRP (e.g., Figure 15)
and will not be further considered.

10.3 Camas Prairie-Mount Bennett Hills

In the Camas Prairie region, prospective areas are found along The Pothole fault system,
where it forms oblique intersections with numerous small faults to the south and west (Figure 5).
The resource here is indicated by thermal springs that cluster along the fault systems, thermal
and irrigation well geochemistry indicating >110°C reservoir conditions, and elevated *He/*He
ratios (~2 Ra) in groundwater suggesting a recent magmatic volatile source. A failed water well
that was drilled to 550 feet (~168 m) near the Pothole Fault encountered a temperature of 91°C at
a depth of 300 feet (~90 m) (Mink, 2010); this well confirms the presence of shallow hot outflow
associated with this geothermal system. Volcanism is somewhat older (1.45 Ma to 692 ka), but it
is also less than 50 km NW from The Pothole crater to the 2.1 ka vent on the Boise River. This
high prospectivity is documented in our CCRS maps (Figure 16) and reinforced by field mapping
that suggest high dilation in fault intersections, based on dip and slip directions observed on
faulted surfaces. MT survey data indicate a region of conductive clay cap within our target zone.
Target depths were expected to be as shallow as ~0.5 to 0.7 km.
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III. PHASE 3 ACTIVITIES AND RESULTS

11.0 STATEGY AND APPROACH FOR PHASE 3

Our primary goal for Budget Period 3 was to validate our methodology by drilling a slim
hole designed to intersect permeability in a hydrothermal system. Prior to drilling we carried out
additional studies to pinpoint an exact site location within the target area. Additional goals were
to update current geologic and validation models developed in Budget Periods 1 and 2, document
our GIS methodology, and to prepare a user-friendly system to facilitate its application in other
regions. Our work plan was predicated on the recommendations of geothermal industry
representatives at the post-Stanford USGS meeting in 2017, who suggested that proper validation
required intersecting a resource and performing reservoir testing to document its viability.

Our new higher resolution CRS and CCRS maps showed that two of our focus areas,
Mountain Home and Camas Prairie, have high potential for geothermal resources. The first of
our two scenarios postulated support from the U.S. Air Force to drill on or near Mountain Home
Air Force Base (MH-AFB). The goal of this validation site was to intersect a hydrothermal
reservoir at ~2 km depth. Since geothermal gradients are well-known in this part of the western
SRP, a simple thermal gradient well would not provide a sufficient test of our methodology. If
successful, this hole would validate our methodology, and further the USAF goal of energy
independence for its bases. This option was not chosen because of problems coordinating our
funding with possible USAF funding, and on recommendation of our Technical Monitoring
Team.

The second scenario was to drill a validation well in the Camas Prairie area. The goal of this
hole was to intersect permeability and heat in basement rocks in an area with elevated *He/*He
ratios and high thermal gradients, but our analysis of the local geology shows that the depth to
basement is relatively shallow (<700 m). As result, a validation drill hole at Camas Prairie would
be much less expensive and allow for extensive reservoir testing and analysis. This option was
chosen upon the recommendation of our Technical Monitoring Team.

A 3D visualization of the MT data for Camas Prairie confirmed our results from gravity,
magnetic, and seismic data, showing offsets in basement conductivity that correspond to the
Pothole fault system and the presence of a clay cap over the suspected geothermal area.

12.0 PHASE 3 DATA ACQUISITION AND RESULTS

We identified a preliminary drilling target location in Camas Prairie from our Phase 2
studies. In order to finalize a specific drill site and drilling plan, we addressed some additional
site-specific data gaps (Figures 19, 20). We also devoted a subset of resources to further site
assessment around Mountain Home AFB, in support of potential future projects in collaboration
with the USAF. Data gaps included a seismic survey across the potential drill site to locate fault
systems at depth, field mapping, and additional gravity, magnetic and MT sites. Data acquisition
and results are grouped here as the techniques used and areas studied are the same as in Phase 2.
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Figure 19. Regional shaded topographic index map of the Camas Prairie study area showing existing and
newly collected seismic reflection profiles, MT stations, gravity stations, and magnetic traverses.
Modeled profile shown in Figure 22 is depicted with yellow line. Faults are from USGS (2006) and Glen
et al. (2017). The black box shows the extent of the Barron’s Hot Springs area of Figure 20.
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Figure 20: Shaded topographic index map of the Barron’s Hot Springs focus area showing locations

of gravity, magnetic, seismic and MT data. Barron’s Hot Springs is shown by the red triangle at the
center of the map.
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12.1. Field Mapping and Sampling

Additional detailed field mapping was carried out to identify structurally complex areas with
high fluid flow potential. These studies focused on The Pothole fault system and the numerous
splays associated with this structure.

Mapping efforts, as part of this study, have involved reconnaissance mapping in the Camas
Prairie along the southwestern foothills close to the Barron’s Hot Springs and the Pothole, and
analysis of aerial photos of the broader Mount Bennett Hills in the Camas and Bostic areas.
Surface faulting in the Barron’s Hot Springs-Pothole area consists of two distinct structural
trends: NW (~285-295°) and NNW (~325°). Faults of both domains dip predominantly NE. Both
structural domains pervasively cut the Pleistocene Pothole and other basalts, indicating that the
faulting is Pleistocene or younger in age. Striated surfaces and relative offset of contacts and
marker beds indicate that the dominant sense of slip is dextral-normal to normal.

Rock-property measurements were performed on outcrops, hand samples, and
paleomagnetic cores taken from the study area in order to constrain the potential field models.
These include 50 density measurements (dry bulk, grain and saturated bulk densities), 253
outcrop magnetic susceptibility measurements on 28 individual sites, and 26 remanence
measurements made on Macon Flat and Pothole basalt flows). Model rock properties are based
on these measurements, which include all the principal rock units from the study areas, as well as
data derived from published and unpublished databases involving similar lithologies.

inesow nessw nesiw 12.2. Magnetotelluric (MT) Surveys

Magnetotellurics (MT) is a passive electromagnetic
geophysical method that measures the Earth’s electrical
response to natural time-varying magnetic fields that
diffuse into the Earth and induce electrical currents in the
subsurface. Depth of penetration of the diffusing magnetic
field depends on subsurface resistivity and the frequency
of the inducing magnetic field, where more resistive rocks
and lower frequencies allow for deeper penetration.
Typical depths are from 10’s of meters to kilometers.

114°56'W 114°55'W 114°54'W 114°53'W

MT measurements in the field are done by using

Figure 21: MT stations from induction coils to measure the time-varying magnetic field
Phase 3 are denoted as white for frequencies between 1000-0.001 Hz, and electric
triangles, Phase 2 as black dipoles to measure the Earth’s electrical response. A total
triangles. The drill hole is shown of 63 MT stations were occupied in the Camas Prairie
by orange star. The Pothole fault during Phase 2, and an additional 21 stations were added
zone is the northwest trending during Phase 3 characterization of the focus area around

black lines. Profile line A-A’ in

) 7 the Barrons Hot Springs (Figure 21).
Figure # 1s in cyan.

(See https://gdr.openei.org/submissions/1103).
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MT response functions were modeled in three-dimensions (3D) using the code ModEM
developed by Egbert and Kelbert (2012) and Kelbert et al. (2014). Input data were edited using
the EDI editor in MTpy (Krieger and Peacock, 2014) to remove obvious outliers in the data and
suppress bias in the modeling. All data were interpolated onto 23 frequencies in the range of
500-0.001 Hz. Resistivity models were developed in two steps, one for the regional data, and
another for the focus area around the BHS. The regional model had dimensions of 117 x 102 x
49 cells (280 km x 280 km x 200 km), with cell size of 200 m x 200 m within the station area,
increasing by a factor of 1.4 outside. A total of 59 stations were inverted for the regional model.
The focus area around the BHS had dimensions of 66 x 66 x 49 cells (180 km x 180 km x 200
km), with cell size 100 m x 100 m within the station area, increasing by a factor of 1.4 outside. A
total of 30 stations were inverted for the local model. The regional model was used as an a priori
model for the focused model. The thickness of the first layer of the models was set to 10 m and
increased logarithmically downwards. Inversions were run on NASA’s high-end computing
capability (HECC) Pleiades supercomputer, where average run times were on the order of 60
hours.

The 3D resistivity model images two main structures that appear to control the location of
the Barron’s Hot Spring (Figure 22). The deeper structure is resistive and has a northwest trend
following regional faults and controls basin geometry. The resistivity agrees with intrusive and
extrusive felsic rocks with little porosity. The northeast edge of the resistive body coincides with
the Pothole fault and dips towards the northeast at a steep angle (Figures 23, 24). The conductive
anomaly is shallower and on the northeast side of The Pothole fault. The conductivity represents
saturated porous sedimentary rocks with mixed clays and lacustrine deposits. A conductive zone
underlies the Barron’s Hot Springs and is bounded by the Pothole Fault and an un-named east-
west fault.
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Figure 22: Profile A-A’ from the 3D resistivity model. The resistivity well log and
lithology are plotted at the drill hole location. BHS: Barron’s Hot Spring.
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12.3. Seismic Reflection Survey

Seven seismic reflection profiles were acquired on section roads (one mile spaced) within
the Camas Prairie during Phase 2 (~53.3 km of data). During Phase 3, approximately 3.5 km of
data were collected along two NE-trending profiles across the focus area (Figure 25). These
profiles were termed Bakstrum and Barron. The focus of the Phase 3 seismic profiling effort was
to identify faults that may be permeable pathways for upwelling geothermal fluids. The objective
was to characterize the sedimentary cover that overlies basement in the vicinity of the proposed
borehole and to identify offset reflectors that may indicate dilational normal faulting. While the
road-based Phase 2 data were acquired using the Boise State seismic land streamer and
accelerated weight drop system, Phase 3 data were acquired by hand, planting 10 Hz geophones
and acquiring accelerated weight drop shot data every 5 m. Data were processed and interpreted
with industry-standard seismic processing software (Halliburton’s SeisSpace), where reflectors
on Phase 2 cross lines were utilized to constrain the depth to key stratigraphic and structural
boundaries. Topographic changes along the Bakstrum profile measured about five meters and
topography varied by about two meters along the Barron profile. Both profiles were acquired
across farm fields with no cultural noise interference.

43°19'N

43°18'N
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Figure 25. Aerial photographic map of the Bakstrum and Barron seismic profiles (black lines)

in the vicinity of the Barron hot springs. Mapped faults (thin red lines) are from Phase 11
seismic profile (bold red lines) interpretations.
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Both seismic profiles produced high quality reflectivity to characterize geologic targets in
the upper few hundred meters. The Bakstrum profile, located approximately one mile to the west
of the Barron hot springs, was acquired from 700 West, northeast to 200 South (Figure 25). The
profile shows a strong-amplitude basement reflector at ~100 to 150 m depth (Figure 26). Above
this prominent reflector, we identify mostly flat-lying strata consistent with lacustrine and fluvial
deposits. We note an unconformity that lies within the sedimentary section, and this same
boundary was identified with Phase 2 data. We interpret this boundary to represent a hiatus in
sedimentary deposition during basin formation. We identify offsets on both bedrock and
overlying reflectors, consistent with post-deposition faulting. The offset reflectors extend to
within 20 m of the land surface at some locations, consistent with late Quaternary or younger
motion. We identify the largest offset fault near position 1273 with a measured 44 m bedrock
offset and a 77° dip to the east. The sedimentary basin is deepest to the east of this fault and this
location along the Bakstrum profile may represent the best location for geothermal targets.

Approximately one mile to the east of the Bakstrum profile, we acquired the southwest to
northeast trending Barron seismic profile. This profile extends from Barron hot springs near 600
West, northeast to near the intersection of S00W and 200S (Figure 25). Along the southwest half
of the profile, a high amplitude reflector lies within the upper 30 m of the land surface. We
interpret this reflector to represent the basalt basement surface. At position 2175, this shallow
bedrock reflector terminates and we identify a 250 m wide zone between positions 2175 to 2225
that lack coherent reflectors. Farther to the northeast, we identify parallel reflectors that dip
gently to the southwest. These reflectors are best observed in the upper 400 m, and are consistent
with lacustrine and fluvial deposits that were identified in water wells of the region. Between the
region that shows shallow bedrock and the region that shows near flat-lying strata, we interpret a
fault or fault zone that defines the western margin of a sedimentary basin. These reflectors within
the basin increase in dip with increasing depth, consistent with post-deposition tilting from fault
motion. Elevated temperatures in nearby boreholes suggest the fault is a conduit for upwelling
geothermal waters.

Seismic transect data are archived in the Geothermal Data Repository at:
http.//adr.openei.org/submissions/1102.
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Figure 26. (top) Bakstrum seismic profile with elevation profile and interpretation.
(bottom) Barron profile with elevation profile and interpretation.
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12.4. Potential Fields (Gravity and Magnetics)

Potential field methods are used in geothermal exploration to facilitate imaging of
subsurface structures (e.g., faults, fractures, and contacts) that may provide conduits or barriers
to fluid flow. Variations in gravity and magnetic fields occur due to lateral contrasts in rock
density and magnetic properties (magnetic susceptibility and remanent magnetization),
respectively, and can be used to resolve the geometry and origin of buried sources, particularly
when combined with other geologic constraints.

In the Camas Prairie, the physical properties of mafic igneous rocks contrast strongly with
the surrounding tuffaceous, sedimentary, and silicic intrusive and extrusive rocks to produce
prominent gravity and magnetic anomalies. As a result, potential field methods are particularly
well-suited for mapping and modeling subsurface geologic structures such as faults and contacts
that juxtapose these contrasting rock types and lead to distinct gravity and magnetic anomalies.
Important constraints for potential field modeling typically come from other geophysical data
(e.g., seismic reflection and MT), regional geologic mapping, borehole logs from wells, and
rock-property measurements. Potential field data are summarized in Figure 27.
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Figure 27: Regional maps of the western Camas Prairie of gravity (residual isostatic, left), resistivity (at
392m below the surface, middle), and magnetics (residual pseudogravity, right), showing geophysical
lineations derived from maximum horizontal gradients of gravity (plotted on gravity and resistivity
maps) and pseudogravity (plotted on the magnetic map).

12.4.1. Gravity. As part of the present study, a total of 1612 (1329 during Phase 2, 293
during Phase 3) new gravity data were collected in Camas Prairie to improve regional coverage
in areas of sparse control and provide detailed coverage (100-200m station spacing) along a
series of profile lines in the study area (Figures 19, 20). These were combined with existing data
(Glen et al., 2017; Shervais et al., 2012; PACES, 2016). Gravity data were reduced using
standard gravity reduction methods (Dobrin and Savit, 1988, Blakely, 1995), in order to produce
a gravity grid reflecting lateral variations in density in the crust that is used to map faults and
contacts, perform 2D modeling of subsurface structure, and perform a regional gravity inversion
of the basement surface (Figure 27, left).
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12.4.2. Magnetics. In the Camas Prairie, over 850 line-km of new high-resolution ground
magnetic data (~725 km in 2017 and ~130 km in 2018) were collected on foot along off-road
profile lines, and using ATV magnetometer systems (Athens et al., 2011) to collect data along
roads and in agricultural fields (Figures 19 and 20).

12.4.3. Potential Field Mapping and Profile Modeling. We applied a variety of derivative
and filtering methods to the magnetic and gravity data to help delineate structures, such as intra-
basin or basin-bounding faults or contacts, and to constrain their geometries. Residual maps
(Figures 28, 29, 30), produced by upward-continuing the observed anomalies and subtracting the
result from the original grid, are useful for removing the contribution of deeper sources, and
emphasizing surface and near-surface sources. The pseudogravity (or magnetic potential)
transformation (Blakely, 1995), converts a magnetic anomaly into one that would be observed if
the magnetic distribution of the body were replaced by an identical density distribution.
Although there are significant assumptions that can limit its effectiveness, this method can be
useful for simplifying the interpretation of magnetic sources by centering magnetic anomalies
over their sources.
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Figure 33.
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Two-dimensional potential field models were constructed along profiles across the study
area. Where possible, potential field, seismic and MT data collection was coordinated to
facilitate modeling and interpretations (Figures 27 to 30). In the 2D modeling, subsurface
geology is approximated by horizontal tabular prisms or blocks that vary in the £ Y directions
(commonly referred to as 2%-D modeling). The surface extents of model blocks were initially
informed by geologic mapping, MT, and seismic cross sections. The geometries of the model
bodies were adjusted iteratively through a series of forward and inverse calculations to match
model anomalies with observed anomalies within the limits imposed by surface geology,
seismic, rock property, and MT data. In addition, a 3D inversion of gravity was performed, using
methods described by Jachens and Moring (1990), to yield an estimate of the depth to sediment-
basement interface within the basin. Maximum Horizontal Gradients (MHG; Blakely and
Simpson, 1986) of gravity and pseudogravity, which reflect abrupt lateral changes in the density
or magnetization in the subsurface, and tend to lie over the edges of bodies with near vertical
boundaries, are used to estimate the extent of buried sources (Grauch and Cordell, 1987, Cordell
and McCafferty, 1989).
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13.0 DATA INTEGRATION, MODELING, AND FINAL SITE SELECTION
13.1. GIS Methodology

Our GIS methodology was automated so the team could make changes to the model and
easily assess the results. A ‘processing model’ was released along with the data, consisting of a
Python script that reads parameters and coefficients used in a study from two data tables. This
processing model was used to generate output data from input data for the Phase 1 study, Phase 2
Camas & Mt. Home studies, as well as ‘independent assessments’ of data from the Washington
PFA project.

Additional interpretive layers were generated that are similar to the traditional CRS and
CCRS layers that do not combine evidence and confidence data, but instead isolate them to see
how each facet appears independently. A ‘weighted evidence’ and ‘weighted confidence’ layer
was calculated for each component and for the CCRS equivalent, the layer that incorporates all
components. Weighted evidence and weighted confidence calculations are identical to CRS &
CCRS calculations, except that they use normalized evidence and confidence instead of risk in
the weighted sum respectively. Additionally, a ‘multiplied’ CCRS, weighted evidence, and
weighted confidence surface was created where components were combined by multiplying
weight values instead of using a weighted sum. These ‘multiplied’ surfaces highlight areas where
none of the components have low values.

13.1.1. GIS Processing Model. The GIS processing model developed for this project was
gradually expanded to be able to perform each aspect of the functionality used in this project by
reading instructions from tables. It is included with the data release as a Python script with data
tables that contain model parameters and coefficients. A description is included with the
processing model that details how a user could replicate this work, adapt the model to make
changes to this work, or to use the model in another setting.

The model works by automating most of the geoprocessing and subsequent calculations. For
any element, a user can specify in a ‘parameter table’ the name of the GIS file for evidence and
confidence data, and instructions on how to use those data. For example, if an element uses a
pre-existing grid (like an interpolated surface), those surfaces must be directly sampled. If a
density function is used on input evidence data, such as lines or points (faults or vents), a kernel
or simple density can be chosen, and a search radius can be specified. An option exists
specifically for the approach used with volcanic vents, where a kernel density function was
weighted by a value calculated as the product of two weight coefficients assigned based on
categories of vent age and size. There is an option to sample weights associated with categories
from polygon inputs, for example aquifer or lacustrine extent. There is also an option to assign
weights based on the distance to a feature, where a user selects the weight assigned to any
distance interval specified. Similarly, for confidence data, options exist to directly sample a pre-
existing surface, to use weights associated with categories from polygon inputs, or to assign
weights based on the distance from a feature.

There are many static coefficients chosen by expert opinion; those values are stored in the
‘coefficient table.” Values in the coefficient table can represent the relative weights of layers
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within a component, relative weights between components, confidence weights applied to
confidence layers, normalization parameters, evidence weights, and distance thresholds. These
lists of coefficients have unique names that are present in the parameter table. For example, each
element with a confidence layer has a field in the parameter table with a unique name for the
correct weight list. Weight lists that contain relative weights between elements in a component
have names identical to the component name in the parameter table. Every list in the coefficient
table has a name that is referenced by the parameter table.

The parameter table has additional options a user could choose. A user can specify whether
or how to normalize evidence layers before they are combined in a component, which is a critical
consideration before combining in a weighted sum. Data can be normalized from 0-1, not
normalized, normalized using user-specified coefficients, or normalized based on the highest
value from every element in a component. Other options include normalizing a density
function’s weighting values, applying a log-transform to evidence layers, and some special
exceptions in processing made by the team to account for data layer properties. The processing
model’s documentation contains a detailed description of the options for each field in the
parameter table.

To run the processing model, a user must correctly fill out the parameter and coefficient
tables, then modify six options in the Python script that indicate the: location of all input GIS
data, location to contain all GIS outputs, locations of the parameter and coefficient tables, the
name of the study area raster (which will be used to define the processing extent and cell size of
the study), and the name of a master points file that will contain all sampled and calculated data.
When run, the script will produce a text output that describes each processing step and the actual
values used in every calculation. More detailed information about how a user could modify the
processing model can be found in its documentation (Attps.//gdr.openei.org/submissions/1287).

13.1.2. SRP PFA Model Workflow. There are very few differences between the Phase 1
workflow (Figure 2) and that used on the Phase 2 Mountain Home and Camas studies.

The four elements representing permeability (mapped faults, magnetics, gravity mid, gravity
deep) each had two fields (slip tendency, dilation tendency) that were normalized 0-1 then used
to weight a kernel density function, producing 8 surfaces in total. Each surface was normalized
using the highest value from any other density surface weighted by the same field. For example,
mapped faults were more densely mapped than lineations from the geophysical layers
(magnetics, gravity) and ended up producing a density surface with a greater maximum value.
This maximum value was used to normalize the other surfaces derived from the geophysical
layers for each weighting field. This was done so that the density represented by one line in any
of the four surfaces generated using each field were of equal value prior to having weighting
coefficients applied. These normalized values from all 8 layers were used in a weighted sum to
calculate the weighted evidence layer for permeability. Risk was calculated for each element by
multiplying the normalized evidence by a confidence value ranging from zero to one. These risk
values were used in a weighted sum to calculate the CRS map for permeability. Similarly, a
weighted evidence and weighted confidence were calculated from evidence and confidence. The
only differences between Phase 1 and Phase 2 studies include: in Phase 1, the density functions
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all used a search radius of 10 km, but in the Phase 2 studies, a 2.5 km radius was used, and the
Phase 2 Camas study used the distance from magnetic sampling lines instead of a polygon map
depicting the scale of sampling to depict confidence in magnetics.

The Heat component consisted of five elements in Phase 1 (vents, heat flow, groundwater
temperatures, r-test temperatures, helium) and one additional element in Phase 2 (sill). Heat
flow, groundwater temperatures, and r-test temperatures were all interpolated. The prediction and
standard error surfaces were used as direct inputs depicting evidence and confidence. User
assigned confidence values were assigned to equal intervals of the standard error surface to
create the confidence layer for each element, except for r-test temperatures, custom intervals
were specified to account for a large range in values. Evidence for heat flow was normalized
using user-assigned values, r-test and groundwater temperatures were normalized from 0-1.
Helium data were weighted by the *He/* He ratio, then a simple density function was applied,
with a 10 km radius in both Phase 1 and Phase 2, normalized from 0-1; no confidence data were
used. Volcanic vents were weighted in a kernel density function by the product of weight values
assigned to ranked categories for the vent’s age and size with a 10 km radius in Phase 1 and a 2.5
km radius in Phase 2, normalized 0-1; no confidence data were used. In Phase 2, the location of a
sill was used to create a layer that was directly sampled where areas within the sill were
weighted 1.0 with weights decreasing to zero within a 10 km radius, no confidence data were
used. Risk was calculated for each element by taking the product of the evidence layer and the
confidence layer, when no confidence was used, risk was equal to evidence. The CRS for heat
was calculated as the weighted sum of the risk layers. Similarly, a weighted evidence and
weighted confidence were calculated from evidence and confidence.

The Seal component consisted of two elements: aquifers and sediments. Both elements
consisted of polygons that had categories that corresponded to user-assigned weights. Weights
varied from 1.0 in the most favorable areas, but areas with no features were still given a high
weight (= 0.9). The Seal component was calculated by multiplying the aquifer and sediment
weights in study area cells, no confidence data were used. This resulted in a surface that
contained values that varied over a high range (~0.81 — 1.0). This was done so that values from
the Seal CRS could be multiplied by the weighted sum of the other two components to calculate
the CCRS by slightly lowering favorability in areas without favorable Seal characteristics.

The CCRS was calculated by calculating the weighted sum of the normalized Permeability
and Heat components, then multiplying by the Seal CRS, then normalizing the results from 0-1.
Similarly, a weighted evidence and weighted confidence were calculated for each component.
Additionally, ‘multiplied’ layers were generated for the CCRS, weighted evidence and weighted
confidence data layers where layers were combined by multiplying component values instead of
using a weighted sum.

13.1.4. Washington PFA. One task in our Phase 3 SOPO (Statement of Project Objectives)
was to cross-validate our methodology by applying it to data from the Washington State PFA.
This allows us to assess how well our method (based on GIS processing of bulk data) reproduces
the results of projects with more subjective interpretations of relatively small areas. This cross-
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validation effort was facilitated by having team members involved in both projects, and
addresses DOE’s goal of having different projects cross-fertilize ideas amongst their teams.

Data from the Phase 2 Washington PFA were examined using the approach and processing
model from the present study as a possible way to compare results, demonstrate the application
of the processing model to other settings, and provide an independent assessment of Washington.
Seven data layers from the Phase 2 WA PFA were examined: Quaternary faults, seismicity,
Quaternary vents, thermal gradient measurements, hot spring temperatures, geothermometry, and
locations of intrusives. These data were acquired from publicly available data submissions. The
WA PFA used more than seven layers in some parts of their analysis, the present study only used
data that covered the entire extent of the three study areas, excluding MT, Vs, and Vp/Vs data.
Weighted evidence maps were compared with the ‘favorability at 2 km depth’ maps from the
WA Phase 2 PFA (Figures 31, 32) because the two studies accounted for confidence very
differently. The units used between the two studies represent different phenomena, so no
quantitative approach was attempted to compare results. Instead, a qualitative assessment of
where relatively high and low patterns existed between the layers from the two different studies
was undertaken to identify areas where the different approaches produced similar or different
results.

The present study examined the same three regions examined by the WA PFA: Mt. Baker,
Mt. St. Helens, and Wind River using a 100 m grid. Interpolation was performed on thermal
gradient, spring temperature, and geothermometry data at a 500 m resolution, those surfaces
were used as inputs in the processing model, each was normalized 0-1 prior to weights being
applied. All other layers used a kernel density function on input data layers, with different search
radii. None used any attribute weighting, and all were normalized 0-1. A polygon layer depicting
locations of intrusives was converted to a 25 m point grid. That point file was used as an input in
the processing model, with a 200 m search radius was used. The publicly available data for
Quaternary faults, vents, and seismicity were used directly as inputs in the processing model,
they used search radii of 500, 1000, and 300 m respectively. These model parameters were used
with four different coefficient sets, producing four weighted evidence maps to compare with the
WA Phase 2 favorability surface. The four weight sets used represent: weights used in the WA
Phase 2 PFA (weight values were provided during personal communications with the WA PFA
team), equal weighting (all layers and components of equal value), weights from the SRP Phase
1 PFA, weights from the SRP Phase 2 PFA (Table 1). The first two weight sets (WA PFA
weights, equal weights) were chosen for the results to be directly compared with the WA PFA
favorability map; the second two weight sets (from SRP PFA) were chosen to generate more of
an independent perspective than a direct comparison.

Table 1 can be understood using the example of the Washington PFA weight set. In that
example, the elements belonging to the heat component (vents, thermal gradient, springs,
geothermometry, intrusives) were assigned relative weights (201, 304, 229, 128, 139) to
normalized evidence layers. Elements belonging to permeability (faults, seismicity) were
assigned weights (330, 138) in the same manner. Permeability was weighted relative to heat
344:322.
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Table 1. Weights used to apply our PFA model to the Washington PFA data.

Element Component  WAPFA Equal SRPP1  SRPP2
Faults Permeability 330 1

Seismicity Permeability 138 1 1 1
Vents Heat 201 1 30 10
Thermal Gradient Heat 304 1 55 10
Springs Heat 229 1 5 5
Geothermometry Heat 128 1 5 5
Intrusives Heat 139 1 5 2
Permeability CCRS 344 1 8 1
Heat CCRS 322 1 5 1

A visual, qualitative comparison of the WA PFA favorability map and the weighted
evidence surface using the approximate weights from the WA PFA (Table 1; WA Weights) in
the Mt. St. Helens area shows three common areas with high values can be seen along a NNW
striking trend; Mt. St. Helens is the central high. In the WA PFA, these highs appear to be driven
largely by faults, seismicity, and intrusives. The weighted evidence surface shows the same trend
observed in the WA PFA, but the highs are less pronounced, possibly at least in part because
MT, Vs, and Vp/Vs data were not included. Along the favorable trend, the weighted evidence
map produces similar contributions from faults, seismicity, and intrusives and qualitatively
identifies many of the same areas identified in the WA PFA. Some differences likely relate to
different interpolation approaches being used, but also the fact that there were very few
measurements for geothermometry and spring temperature data within the Mt St Helens study
area. Data that did exist varied greatly in magnitude, leading to predictive maps with stark
contrasts that use very little information to make estimates about very large areas, especially in
relation to the relatively small size of the Mt St Helen’s study area.

In Wind River Valley, elevated favorability in the WA PFA appears to be driven by faults,
vents, and temperature gradient. The same layers drive elevated favorability in the weighted
evidence surface, though different search radii used on vents and a different interpolated surface
for thermal gradient data contribute to the biggest qualitative differences. Color scales do not
represent equal measures of favorability, but the patterns generally coincide between the two
models across the entire study area. The fact that Wind River Valley did not use any MT, Vs,
and Vp/Vs data may also help explain the general agreement between features seen in the two
modeling approaches.

The maps of the Mt. Baker area looked very similar and tended to highlight areas near
faults. An obvious difference exists between the maps in places that contain selective coverage in
the WA PFA, but otherwise the same general patterns exist. One benefit of the weighted
evidence map may stem from the use of a kernel density function, which may do a better job of
highlighting fault intersections.
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Figure 31. Comparison of the Washington State PFA results (left side panels) to models
generated using a portion of their data within our automated GIS methodology (right side
panels). (A) Mt. St. Helens area, (B) Wind River Valley area, and (C) Mt. Baker area. Right
side panels were made using the evidence weights in Table 1. The weighted evidence surface in
our models show the same trend observed in the WA PFA, but the highs are less pronounced,
possibly at least in part because MT, Vs, and VpVs data were not included.
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Figure 32. As in Figure 31, a comparison of the Washington State PFA results (left side panels) to
models generated using a portion of their data within our automated GIS methodology (right side
panels), except the right-side panels made using the equal weights instead of the weights in Table
1. (A) Mt. St. Helens area, (B) Wind River Valley area, and (C) Mt. Baker area. The weighted
evidence surface in our models show the same trend observed in the WA PFA, but the highs are
less pronounced, possibly at least in part because MT, Vs, and Vp/Vs data were not included.
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13.2. Data Integration

Data integration and final site selection was carried out by the whole PFA team, with
particular emphasis on the geophysical modeling, water chemistry data, and structural mapping.

13.2.1. Geophysical Data Integration. The geophysical mapping and modeling methods
employed in this study were used to resolve subsurface structures that have little or no surface
manifestation. Key goals of this work were to help delineate deep-seated features that likely
represent important permeable pathways for hydrothermal fluid flow, constrain basin geometry,
study fault interactions, and identify areas favorable to hydrothermal fluid flow.

Gravity and magnetic maps were gridded from a combination of new and existing data
collected throughout the Camas Prairie valley and surrounding regions (Figures 19 and 20).
Analyses of MHG of residual isostatic gravity and pseudogravity grids delineate a number of
intrabasin structures that have little or no surface manifestation (Figures 21, 25). These structures
represent two dominant fault trends; W to WNW-trending structures that likely reflect the major
basin-bounding faults, and a NW-trending set that appears to control the major sub-basin
geometry of the valley.

Potential field modeling was performed along several profiles at the western end of the
valley (Figure 25, Glen et al., 2017). Seismic data collected along these lines constrain the upper
several hundred meters of the models. The models reveal a deep (500-1000 m) structurally
controlled sedimentary basin that displays offsets along numerous structures imaged in the
seismic profiles and reflected in the potential field data. MT results support structures identified
by gravity or seismic and provide depths to the base of basin sediments to constrain gravity
inversions. The modeled basin is floored by crystalline basement that is, at least partly, capped
with volcanic flows presumably derived from sources in the Mount Bennett Hills. The model
also reveals that the basin stratigraphy includes interbedded volcanic flows that are offset along
the same structures identified in the seismic profiles.

Regional gravity mapping indicates the valleys subsurface consists of several NW-elongate
subbasins characterized by isolated gravity lows (Glen et al., 2017). The inferred sub-basin that
resides on the western end of the Prairie just north of Barron’s Hot Springs reflects the deepest
part of the basin (up to 1 km). This area coincides with anomalously high groundwater
temperatures and may represent the primary geothermal reservoir for fluids that feed the springs.
A steep gradient bounding the southwest side of the gravity low likely reflects the more
structurally active part of the basin. Seismic results show diminishing offsets of shallow strata
from southeast to northwest away from Barron’s Hot Springs, intersecting fault systems beneath
the central basin region, and offset of the shallowest reflectors that support ongoing NW-trending
basin extension.

The steep gradient bounding the sub-basin in the western end of the valley is aligned with
inferred NW-trending structures that extend through Barron’s Hot Springs. The location of hot
springs appears to be related to the intersection of this NW-trending structure with more easterly
oriented basin-bounding structures that delineate the southern edge of the valley. Analyses of
new and existing geologic and structural mapping support the importance of these faults in
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controlling basin geometry and possibly influencing hydrothermal fluid flow (Figure 33). Two
dominant fault sets south of Barron’s Hot Springs (WNW- and NNW-striking, E-dipping with
dextral-normal to normal slip), though based on a limited dataset (a total of 37 fault surface
measurements), are consistent with the trends of the major subsurface intra-basin features
inferred from the geophysics. Under right lateral transtension, conditions conducive for dilation
and fluid flow would be expected at releasing steps along intersections of these structural trends
(Figure 13 and inset).

A conceptual model of the basin (Glen et al, 2017) illustrates the likely source and
circulation of thermal fluids and involves 1) recharge from the Soldier Mountains to the north of
the valley and Mount Bennett Hills to the south, and 2) deep circulation of fluids through the
underlying granitic basement driven by the regional topographic head between the valley and the
adjacent highlands. The system likely derives its heat from a magmatic source that is suggested
by the presence of relatively young volcanic rocks emplaced within and around the valley
(Shervais et al., 2018), but may also involve heat from deep basement circulation within a region
characterized by elevated geothermal gradients.
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Figure 33: Two-dimensional geophysical model of the Camas Prairie along the Barron profile (see
Figure 28 for location). Panels show (from top to bottom) magnetic field, gravity field, potential field
model with individual model bodies colored by rock unit, MT resistivity model, and a seismic image
with interpretation. Magnetic and gravity profiles show observed (black circles) and model (red line)
anomalies. The MT cross-section inside and outside the area indicated by the white box reflect
modeling results based on based on coarse- and fine-mesh inversions of the data, respectively.
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13.2.2. Water Well Temperatures. Water well temperatures were used to establish a
baseline for expected minimum temperatures in the region (Figures 34 and 35). Even though
these wells are all less than 550 feet deep, some of them are fed by upflow from deeper
geothermal waters and thus provide minimum expected resource temperatures. The most
pertinent is the Barron well, situated just west of our proposed drill site target. This well had the
drill string stuck in the hole, so that while the well does not flow, it is possible to lower a
temperature logging tool down the borehole to measure the temperature profile — it has a
maximum measured downhole temperature of 91°C. Three of the wells (SRV-1A, SRV-2, and
SRV-3A) have deep temperatures close to 20°C, whereas the three wells that are closest to the
USU-1 well site all have elevated (>65°C) temperatures.
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Fig. 34. Location map of irrigation wells with measured downhole temperature
profiles in Camas Prairie, along with play fairway well USU-1
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13.2.4. Structural Analysis. Structural mapping has shown that surface faults in the
Barron’s Hot Springs-Pothole area comprise two distinct structural trends: NW (~285-295°) and
NNW (~325°), both of which dip predominantly NE. These faults pervasively cut the Pleistocene
Pothole and other basalts, indicating that the faulting is Pleistocene or younger in age, while
striated surfaces and relative offsets indicate that the dominant sense of slip is dextral-normal to
normal.

In addition to mapped surface faults, geophysical data indicate a third structural domain of
essentially EW-trending faults that parallel the range front of the Mount Bennett Hills. Although
the physiographic range front lies some 5 km to the south, offsets in the potential fields data
document the structural range front at depth in the area of Camas Creek. This structural range
front represents offsets in basement (granites and rhyolites) that juxtapose it against basin fill
sediments. A conceptual model of these relationships integrating geophysical results with the
structural mapping is shown in Figure 36.
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Figure 36: Conceptual model of the geophysical structural interpretation of the Barron’s Hot
Springs area showing geophysical lineations (faults) interpreted from Maximum Horizontal
Gradients (MHG) of gravity, and illustrating the interaction of basin-bounding (Basin FZ) and
Pothole (Pothole FZ) fault zones. The interpretation is superimposed on the residual gravity
map. The Basin FZ is less well delineated where the fault zones intersect (in contrast to its
expression in the central and eastern Camas Prairie), but is characterized by numerous roughly
EW-trending geophysical lineations (highlighted here by a grey hatched area). The inset
depicts an apparent right-stepover in the Pothole FZ that results in interpreted extension across
the zone where the two fault systems intersect and coincident with Barron’s Hot Springs.

| -»> e
|

Basin FZ

-114°50"

This conceptual model also indicates that surface discharge of thermal fluids involves upflow
along basin-controlling structures. We suggest that key intersections between ~EW-trending
basin-bounding structures and prominent NW-trending faults associated with the Pothole fault
system, and the apparent dilational right step-over in the dextral-normal Pothole fault, provide
conduits for upward convection of thermal fluids at the southern margin of the valley adjacent to
the deep structural subbasin (Figure 36). Active faulting along these structures, could stimulate
and maintain zones of permeability that allow for upflow of thermal fluids at the Barron’s Hot
Springs. New high-resolution geophysical studies around Barron’s Hot Springs reveal structural
complexity at the intersection of the basin-bounding and Pothole fault systems. This is
characterized by numerous fault segments that involve a prominent right-stepover in the Pothole
fault.
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13.3. Drill Site Selection

Potential field mapping delineates a NW-elongate gravity low on the western end of the
valley just north of Barron’s Hot Springs that reflects a deep (500-1000m) structurally controlled
sedimentary sub-basin (Figure 37). A steep gradient bounding the southwest side of this low is
interpreted as a major fault zone that likely reflects the more structurally active part of the basin.
Seismic results document offsets of shallow strata that are consistent with potential field
modeling and support ongoing extension across this fault zone. This NW-trending zone includes
the Pothole fault, which cuts a Pleistocene basaltic vent and associated flows of the same name.

The BHS coincides with the intersection of the NW-trending Pothole fault system with an
EW-trending fault zone that comprises basin-bounding faults delineating the southern extent of
the valley and accommodating NS-extension. This intersection is characterized by a complex
structural zone that is marked by numerous ~EW-trending geophysically-inferred faults, and a
right stepover in the Pothole fault. We suspect that the dense faulting in this region plays a role
in enhancing permeability and upflow. Furthermore, the dominant sense of dextral-normal to
normal slip inferred for the Pothole fault, should result in extension across the stepover in the
immediate vicinity of the Barron’s Hot Springs.

MT modeling results show that this zone also coincides with a prominent conductive
anomaly, characteristic of the presence of hydrothermal alteration or hydrothermal fluids. These
results point to the importance of the fault intersection in localizing stresses that promote
permeability, focus hydrothermal fluid flow, and result in sustained hydrothermal activity around
the Barron’s Hot Springs. Based on these results, we identified the fault intersection as the target
for Phase 3 drilling.
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Figure 37. Interpreted N-S cross section through Camas Prairie intersecting The Pothole fault
system near the location of Barron Hot Springs. The proposed well location is shown,
targeting fracture zones associated with N-dipping normal faults near the south edge of basin.

Based on our combined datasets and Phase 2 CCRS map, we selected a location along the
Pothole fault system to drill an exploratory well, near Barron Hot Springs and the southern
margin of the basin. The high geothermal potential of this region is indicated by a number of data
sets including thermal springs along a young fault system, thermal and irrigation well
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Figure 38. Satellite image map showing location of
test well USU-1 just north of Camas Creek, Camas

Prairie. Idaho.
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geochemistry indicating reservoir
conditions >110°C, and elevated
mantle-derived °He/*He ratios in
groundwater. Geophysical data (MT,
gravity, and seismic) indicate major
offsets in basement formed by
faulting, with the Pothole fault system
intersecting an EW-oriented range
front system at depth. In addition,
mapped faults and geophysics
document step-over fault splays off
the Pothole fault system which
indicate dilational extension. Our
drilling plan was to drill a 650 m
(2000-foot) depth exploration well
(Figure 38), with the goal of
intersecting high permeability and
elevated temperatures.
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14.0 VALIDATION WELL
14.1. Permitting

Permitting began early in Phase 3 with biological and cultural surveys of the potential drill
sites. Since we had not yet selected a final site at this point, we needed to survey a relatively
wide area around our potential sites to ensure that the final site could be permitted. This led to a
cost overrun in the survey costs but allowed us wide latitude in our final site selection process.
The proposed drill sites were located in an area of intense agricultural activity, so permitting was
relatively easy. However, the proximity of the selected drill site to wetlands along Camas Creek
required special measures to ensure that no run-off from the drill site entered the wetlands area.

Cannon Heritage Consultants, Inc, began collecting site data in December 2017. A USFWS
IPaC report and an Idaho Natural Heritage Program data search was carried out first. Based on
the agency reports, wildlife field surveys were conducted on all three sites, including a half mile
buffer surrounding the areas, documenting suitable habitats (Camas Prairie Biological Report:
https://gdr.openei.org/submissions/1285). Habitats were also mapped. This biological survey has
been completed and final report submitted. A Class III Cultural/archeological survey, which
meets  Idaho  SHPO  standards, @was carried out in  May-June 2018
(https://gdr.openei.org/submissions/1285). Report forwarded to GTO on 29 June, along with
further information on water sources for drilling and letter from landowner authorizing drilling.
Final NEPA approval obtained 5 September 2018, and drilling funds released.

PIs Shervais and Nielson made a site visit to Camas Prairie in June 2018 to meet with Steve
Crawford (USGS Research Drilling) and Camas Creek Ranch Manager Rod Gonsales. Potential
drill sites within our target zone were reviewed for access to roads and water. The drilling plan,
site footprint, water sources, sump pits, and expected weather conditions were discussed. Water
wells belonging to Camas Creek Ranch were visited to establish proximity of water for drilling.

Also in June 2018, Nielson and Shervais met with Chad Hersley of Idaho Department of
Water Resources (IDWR) to discuss well design, IDWR requirements for casing and cementing,
and the impact of low-T versus high-T (geothermal) drilling rules. Further discussions were
carried out via email, including our submission of a drilling plan and drilling prospectus to
IDWR as part of our application for a drilling permit. The final drilling permit (#37-GR-8) was
issued on 29 August 2018. A surety bond for $20,000 was also submitted as part of the
application process. A copy of the drilling permit has been posted to the Geothermal Data
Repository (https.://gdr.openei.org/submissions/1285).

14.2. Drilling

Drilling was carried out by the USGS Research Drilling unit, on this and other PFA projects
funded under the same umbrella. We worked interactively with the drillers to design the well to
achieve our goals at minimal cost. Our plan was to drill to about 700 m depth, and to core the
lower 200 m of the hole, depending on depth to basement. Our reservoir testing protocol required
that we set casing in basement, in order to seal off aquifers in the basin fill sediments. Project
personnel were present during drilling to oversee the process, to deal with drilling-related issues,
and to receive core from the lower part of the hole.
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At least one Senior Staff Scientist was assigned to be on site during drilling operations to
monitor drilling progress, identify cuttings and core, and interact with the drilling crew as
needed. The senior scientists would generally overlap during shift changes to ensure that the
newly arriving senior was updated on current status and any problems. These senior scientists
were generally co-PIs on the PFA project. Two Site Scientists (Geology B.Sc. degrees) were
hired to be present on an alternating basis to assist the Senior Staff Scientists on site and to
monitor activities when the senior staff were not present (e.g., during hole opening and casing
operations). Site Geologists worked one week shifts on site and had one week off between shifts.
Both received training in how to collect and log cuttings, and all personnel have received site
safety training. USU personnel prepared an Environmental Health and Safety Plan (see
https://gdr.openei.org/submissions/1285). A copy of this plan was kept on site and all site
personnel received their own copy. The USU team assembled all relevant safety gear including
personal protective equipment, fire extinguisher, and eye wash. The USU team also assembled
supplies for sampling cuttings and core. Issues discussed during training included safety plans
and gear, use of blow-out preventer, water sampling, and the reservoir test.

The staff scientists prepared and distributed a Daily Drilling Report that summarized both
operations and geologic results each day (https.//gdr.openei.org/submissions/1285). These daily
reports provide a complete record of all site activities throughout the course of drilling, including
any drilling related problems. These daily reports were distributed to all of the project principals
as well as to all associated DOE personnel.

Two Senior Geologists mobilized to the site on 13-15 September 2018 with two additional
USU personnel to setup work tent and logging operations. Protocols established for collecting
cuttings, logging and sampling, and preparation of Daily Reports for DOE. A 20°x20’ canvas
field tent was set up for logging and processing cuttings, with a generator, heater, lights,
binocular microscope, and work tables. The same setup was used for Stage 3 drilling in 2019,
with the addition of a diamond trim saw and photo stand for core box photos.

14.2.1. Stage 1 Drilling. The Camas Stage 1 well was drilled by the USGS Research
Drilling unit in September-October of 2018, using a rotary drill rig, at coordinates Latitude
43.2994 and Longitude -114.9088 (5080 feet above sea level). A 14” surface casing was installed
to a depth of 43’ and cemented into place. This was followed by a 7-7/8” rotary hole to 1140’
depth (completed on 27 September 2018). Geophysical logging of the open hole was carried out
by the USGS Research Drilling Geophysical unit on 28 September 2018, prior to setting casing.

Casing was set to 1145’ after reaming the hole to 12” diameter and cemented into place.
Hole opening took from 28 September to 5 October, followed by running in and welding casing
(6-7 October 2018) and cementing. Cementing was delayed by weather for two days, until 10-11
October 2018. After cementing was complete, the well head was prepared for installation of a
blowout preventer. This required hiring a backhoe and waiting for the archeology contractor to
arrive to assess the area around the well head for artifacts. After being cleared by the
archeologist, a pit was constructed and cemented to seat the BOP.
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14.2.2. Stage 2 Drilling. Rotary drilling recommenced on 13 October 2018. After drilling
through the cement plug in the casing, water began to enter the hole from an overlying aquifer,
so the decision was made to drill a further five feet into basement and cement the hole, then to
redrill through this section. The operation was successful, and rotary drilling continued with 5.5”
bit. Drilling was continued until 18 October 2018, at which time financial concerns drove the
decision to stop drilling and commence final wireline logging operations. Drilling was
terminated at 1608 feet, about 200 feet short of our minimum target depth. Wireline logging and
reservoir tested were carried out from 19-21 October 2018.

14.2.3. Stage 3 Drilling. Additional funds were allocated for drilling in the summer of 2019.
Stage 3 drilling resumed in October 2019 using a CS1000 diamond core drill rig. Operations
were carried out using the same protocols and personnel as in 2018. After consulting with
IDWR, it was determined that a revised drilling permit was not needed as our original drilling
prospectus including coring operations in the lower part of the hole. Prior to beginning
operations, the USU Health and Safety Plan and contact numbers were updated, and site safety
procedures were reviewed with all site personnel.

Stage 3 coring operations began on 2 October 2019 and continued through 29 October 2019,
with logging and testing into early November 2019. A BOP was installed prior to coring, and an
NQ core assembly was used (47.6 mm/1.87inch diameter core). HQ drill rods from the 2018
Stage 2 drilling were installed in the hole as a temporary casing and guide for the NQ drill rods.
Mud temperatures were monitored with a temperature probe to conform to IDWR rules on
geothermal drilling. On 12 October 2019, a HOBO temperature probe was deployed onsite to
measure downhole temperatures directly, although monitoring of returned mud temperatures
continued. The bottom hole temperature on 12 October was found to be 79.4°C/174°F. A
subsequent run on 25 October 2019 hung up at ~1750 feet depth, with a maximum temperature
of 80.3°C/176.5°F.

Core recovery was very good generally. Core was logged on site using a physical setup
similar to that of 2018. Coring was relatively slow initially due to issues with the wireline core
barrel. Drilling was halted early due to unseasonably cold temperatures in late October (-20°F
overnight; -14°F at 0900 hours), causing diesel fuel to gel. Coring terminated on 30 October
2019 at a final depth of 2028.5 feet. The rate of core recovery (about 15 feet per day on average)
was very low, due to the combination of equipment issues (with the core barrel assembly) and
weather (unseasonably cold temperatures). A more typical recovery rate of ~50 feet per day
would have tripled our depth of penetration in the same time period.

14.3 Lithologic Logging

Lithologic logging was carried out on site by the Senior Staff Scientist and the Site
Geologist, using cuttings during Stages 1 and 2 drilling and core during Stage 3 drilling. During
Stages 1 and 2 drilling in 2018, cuttings were collected approximately every 10 feet. Each
sample was washed to remove drilling mud and placed in a marked cloth sample bag. In
addition, a small split of each cuttings sample was placed in a special cuttings holder with space
for 10 samples per holder (approximately 100 feet of depth interval). Core logging was carried
out on field sheets for each core run.
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As predicted from earlier models of the basin, the uppermost section of the Camas Prairie
basin consists of silty to sandy poorly consolidated sediments. The borehole did not encounter
any basalt flows in the uppermost section. Approximately 1045 ft (319 m) of basin-fill sediments
were penetrated before encountering bedrock (Shervais et al., 2020). The 6 5/8” casing was set at
1138 ft (347 m) to isolate deeper hydrothermal systems from the basin fill — shortly after
resuming drilling, a high permeability zone was encountered, which generated a short episode of
flow through the drill string. Rotary drilling continued to 1608 ft (490 m) through granitoids,
assumed to correlate with the Idaho Batholith, cut by dikes of rhyolite and andesite (inferred
from well logs and cuttings).

Core drilling in October 2019 deepened the well to 2028.5 ft (618.4 m), with ~100% core
recovery. The primary lithology is porphyritic granite cut by dikes of pink to grey
andesite/rhyolite. Veins of calcite and quartz are common, often with chlorite and sulfide
mineralization. Slickenlines are common on fracture surfaces, consistent with the interpretation
that much of the cored interval consists of a fault zone.

Suites of geophysical logs (caliper, natural gamma, resistivity, SP, conductivity, and
temperature) were run before running the 6 5/8” casing, after reaching the rotary drilled depth of
1608 ft, and after completing the core drilling (depth of 2028.5 ft). The well temperature was
deemed too high to run an image log. Unfortunately, during the final logging run, the tool got
wedged in the borehole, and the cable snapped off, resulting in the tool and a small section of
cable being left in the borehole. The synthesized log results are depicted in Figures 39-41.

14.3.1. Stage 1 Drilling Lithology. Stage 1 drilling encompassed basin fill sediments and
approximately 60 feet of bedrock (Figure 39). The basin fill sediments comprise a thin layer of
coarse sand near the surface overlying ~180 feet of grey-green clay with a thin (40 foot) sand
interbed. This clay layer is evident in many local water well logs and forms the seal for deeper
confined aquifers. Below the clay layer lies ~300 feet of coarse pebbly sand comprising quartz,
feldspar, and granitic pebbles that appear to be derived from the Idaho batholith to the north. The
lowermost 200 feet of basin fill (to basement) consists of clay, clayey sand, and fine-grained
sand. Basement chips consist largely of granite (derived from the Idaho batholith) and rhyolite +
altered rhyolite volcanics, which may correlate with the Challis Volcanic formation or with
younger (Pliocene) rhyolites exposed nearby (e.g., Windy Butte). Calcite chips are common,
suggesting hydrothermal veins in the parent rock (https://gdr.openei.org/submissions/1285).
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USU GEOTHERMAL WELL - LITHOLOGIC AND GEOPHYSICAL LOG

COMMON WELL NAME: CAMAS USU-1

PROJECT: GEOTHERMAL PLAY FAIRWAY

PROJECT CHEIF: SHERVAIS

ELEVATION: 5080 ft

LOCATION: 43.2994°, -114.9088°

DRILLED BY: USGS Research Drilling

Depth (ft)
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Temperature
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100

Soil: Surface Soil and silty clay loess, red-green mottied soil
overprint on loess, transitions at ~9ft to angular coarse sand
(quartz volcanic lithics)

Sand: Very fine to very coarse sand (up to 3mm), angular, poorly
sorted, volcanic lithics and quartz sand. one peagravel horizon (5
mm) around ~15 ft

Clay: Green to grey clay, some fine sands, few fragments of
coarse sand sized basalt ~100-110 ft,

Sand: Sand comprised of well sorted angular basalt, with small
‘amounts of greyish brown dlasts of medium sand

200

iyt g TR NPT

Sand: Coarse to very coarse sand with some fine to medium
gravel, comprised of light colored granitic clasts, quartz, mafic
grains, feldspar, basalt

Sandy Clay: Grey to blue-grey clay with a minor fraction of fine
sand

Sandy Clay: Fine sand to medium pebbley gray clay, clasts
comprised of quartz, feldspar, basalt, some tan colored grains

Pebbly Sand: Fine to coarse sand with very fine pebbles, grains
are comprised of mostly quartz, feldspars and lithic fragments,

'+ with a small fraction of basalt, few grains show blue-green

300

400

Sand: Fine to coarse sand, grains are comprised of granite lithics,
feldspars, quartz, and basalt. Some very fine pebbles were seen
310-320 ft.

Sand: Fine to medium sand, comprised of reddish brown granitic
grains, mica flakes, few fine to medium pebbles

Pebbly Sand: Fine sand to medium pebbles, subangular,
ccomprised of mostly grey-white granitic clasts.
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600

Pebbly Sand: Fine sand to fine to medium pebbles, subangular,
comprised of grey-white and reddish-brown granitic grains,
quartz, feldspar, and very fine mafic grains - some very angular
pebble chips, some basalt clasts may have also been seen

Sand: Fine to coarse sand with few pebbles, grains are comprised
of are pinkish or gray white granitic, quartz, feldspar, and mica,
greyish purple granitic grains seen at 570-580 ft, some grains
show hy alteration (orange in color)
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Pebbly Sand: Find sand to medium pebbles, comprised of light
yellow granitic, quartz, feldspar, mica and dark colored granitic
grains

800

Pebbly Sand: Fine sand to fine pebbles, subangular to
subrounded, comprised of grey-white granitic grains, quartz,
feldspar, felsic grains, and mica, minor amounts of pinkish granitic
lithic grains, lime-green altered feldspars, and orange altered
granite,
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Pebbly Sand: Fine sand to fine pebbles, subrounded, comprised of
reddish brown granitic grains, quartz, feldspar, felsic grains, and
mica, minor amounts of grey-white granitic lithic grains,

Sand: Fine to coarse sand, subrounded to subangular, comprised
of grey and pinkish granitic grains, quartz, feldspar, felsic grains,
and mica,
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Pebbly Sand: Fine sand to pebbles, subangular, comprised of dul
grey granitic rock containing biotite, amphibole, quartz, feldspar,
minor green in matrix of lithic fragments

900

1000

Clayey Sand: Grey mud, fine to coarse subangular sand, and few
angular pebbles, comprised of quartz, altered feldspar grains,
lithic fragments of light to medium gray extrusive igneous rock

Pebbly Sand: Fine sand to pebbles, subangular, grains comprised
of quartz grains, yellow-green vitreous grains, dull yellow green
grains, dull white matrix with quartz, amphibole, biotite, lithic
fragments,

Clayey Sand: Grey mud, find to coarse subangular to angular sand
and pebbles, grains comprised of white/gray volcanics,
yellow and green discoloration in altered feldspars,
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quartz, feldsphar, amphiboles, some green and red staining and
sulfides

Clayey Sand: Purple clay/mud with fine to coarse subangular
sand, comprised of quarts, feldspars, volcanic white/gray lithic

fragments, altered feldspar grains, some
volcanic grains are blue-gray, sulfides are present, grain sizes
increase slightly with increasing depth in this section.

<
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Figure 39. Combined lithologic and geophysical logs for Stage 1 drilling.
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Sand: Fine to coarse angular sand, grains are comprised of
quartz, feldspar, dark grey and dull white extrusive igneous rock,
some vitreous green/yellow grains, some gravel sized angular
rock chips of smoky gray/green quartz, calcium-carbonate,
chloride, and feldspar

Rhyolite: Rock chips and minor amounts of sand, very angular, 85
- 90% orange brown Ryholite/ or Dacite?, with glossy quartz
micro-phenocrysts, remaining precent of blue-grey extrusive
igneous rock,

DE-EE0006733
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14.3.2. Stage 2 Drilling Lithology. Stage 2 drilling was entirely within basement, consisting
here of granite/granodiorite cut by numerous dikes of rhyolite (Figure 40). The initial size and
thickness of units was based on the footage of when cuttings were collected, but unit boundaries
were refined using the geophysical logs. Specifically, natural gamma response peaked within the
rhyolite dikes, owing to their somewhat higher K,O, Th, and U contents. Of the 580 feet of
basement drilled during Stages 1 and 2, about 23% (135 feet) are rhyolite dikes. The rhyolites are
interpreted as dikes based on the dominance of granite, and on their occurrence in Stage 3 core
with intrusive contacts against the granite (https.://gdr.openei.org/submissions/1285).

USU GEOTHERMAL WELL - LITHOLOGIC AND GEOPHYSICAL LOG
COMMON WELL NAME: CAMAS USU-1 PROJECT: GEOTHERMAL PLAY FAIRWAY PROJECT CHEIF: SHERVAIS
ELEVATION: 5080 ft LOCATION: 43.2994°, -114.9088°
DRILLED BY: USGS Research Drilling

Natural Gamma | Resistivity 16' | Conductivity SP Delta T
0 APL-GR 400 (0 OHM-M 500 [0 MMHOME0Q |-100 MV 50| 0  Hsec/ft 400

Resistivity 64" Temperature
0 OHM-M 500 130 F 180

Depth (ft)
Lithology
Description

N L
5 g Iay { = Clayey Sand: Grey mud, fine to coarse subangular sand and pebbles of
~ /. /- /. /] white/gray volcanics, amphiboles, yellow and green altered feldspars, quartz,

1000 amphiboles, few green and red staining sulfides and blue-grey- purple

L
4 volcanic grains.
L+ P Clay: Interperted as clay via geophysical log.
; \'> ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Clayey Sand: Grey or purple clay, fine to coarse subangular sand, and
L pebbles of white/gray volcanics, amphiboles, yellow and green altered
= feldspars, quartz, feldspar, amphiboles, few green and red staining sulfides
N and blue-grey- purple volcanic grains. Grey color fades to darker greys and
““““ purples within section

Granite: Rock chips of quartz, feldspar, dark grey and dull white extrusive
—— igneous rock, few vitreous green/yellow grains, gravel sized angular rock
— chips of smoky gray/green quartz, calcium-carbonate, chloride, and feldspar.

Rhyolite: Rock chips, ~ 90% orange brown rhyolite, with <imm quartz and
o plagioclase crystals, remaining is blue-grey extrusive igneous rock and
calcium carbonate.
Andesite: Rock chips of <20% orange rhyolite and 80% is porphyritic
blue-grey and light grey extrusive? igneous rock with feldspar, amphibole,
and >1mm smoky quartz crystals, epidote, and calcium carbonate.

Rhyolite: Rock chips of orange brown groundmass with <1mm quartz and
plagioclase crystals with few black crystals, and calcium carbonate flakes.
Granite: Rock chips of light pink to light-medium grey granite and
granodiorite, quartz, feldspar, varying amounts of dark green altered mineral,
few biotite crystals and calcium carbonate flakes.

Rh t ( Rhyolite: Rock chips of orange to milky orange groundmass and <imm
yo e ?’ quartz inclusions, few calcium carbonate flakes
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Granite: Rock chips of light pink/tan or light grey granite, granite, feldspar,

RhyO ite > varying amounts of dark green altered mineral.
Andesite: Rock chips of medium brown- green groundmass, with <1mm

Rhyolite: Rock chips of orange groundmass with <1mm intrusions of quartz
1600 and feldspar, calicum carbonate flakes
{5 Rhyolite —

Granodiorite: Rock chips of medium grey granodiorite comprised of quartz,
feldspar, and biotite, slightly efferevescent

]
7\
\ } black grains, calcium carbonate
J( Granite: Rock chips of light pink/tan or light grey granite, feldspar, varying
2 ) amounts of dark green altered mineral.
&\ RhVO me Rhyolite: Rock chips of brownish red porphyritic rhyolite or ancesite, >1mm
long black crystals, few chips of orange fine-grained extrusive igneous rocks,
1500 < 2 calcium carbonte.
T‘ Granite: Rock chips of light grey to tan granite or medium grey granodiorite,
\S_ L~ quartz, feldspars, varying amounts of dark green altered mineral and calcium
R — D . carbonate (occasionaly crystalized on a flat surface), few very white opague
g / ~ grains- some efferevese, biotite seen in last 60 ft, slightly efferevescent
1 %4 >
? =

T

Figure 40. Combined lithologic and geophysical logs for Stage 2 drilling, annotated.
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14.3.3. Stage 3 Drilling Lithology. Stage 3 drilling collected more-or-less continuous NQ-
size core (47 mm) from the basement below the bottom of the Stage 2 hole. This allowed us to
identify intrusive relationships between the rhyolite dikes and granite host rock, and to identify
mineralized fractures and vein assemblages (Figure 41).

Stage 3 core can be divided into two sections: the upper section (1608-1928 feet) consists
largely of granitic rock with minor rhyolite dikes, ranging from ~1 foot to 7 feet thick; the lower
section (1928-TD) comprises pink to salmon-colored rhyolite with minor intercalations of
granitic rock that range from ~1 foot to 6 feet thick. The contact at 1628 feet is brecciated and
may be a fault. Sharp contacts of the rhyolite dikes with granite in the upper section imply
intrusive contacts. In the lower section, the origin of the granite intercalations is unclear. Some
granite-rhyolite contacts are brecciated, suggesting fault contacts, whereas others are not well
exposed due to breakage in the core. These lower granites may be large blocks (olistoliths)
within rhyolite ash flows. As in the Stage 2 section, the rhyolites are characterized by an
enhanced natural gamma response (~250 API GR) relative to the granitic rocks (~100-150 API
GR).

The Stage 3 granitic rocks are commonly characterized by pale greenish propylitic
alteration, with disseminated pyrite, hairline calcite veins, and in places, abundant mineralized
fractures. Rhyolites in the upper Stage 3 core are vitrophyres, with mm-size white phenocrysts
(possibly sanidine) in a black (formerly?) glassy groundmass. The lower Stage 3 rhyolite is pale
pink to salmon-colored with small (<I mm) white phenocrysts that are also likely sanidine. More
complete descriptions of the lithologies is found below (Post-Drilling Analyses).

See https://gdr.openei.org/submissions/1285 for complete descriptions.
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USU GEOTHERMAL WELL - LITHOLOGIC AND GEOPHYSICAL LOG
COMMON WELL NAME: CAMAS USU-1 PROJECT: GEOTHERMAL PLAY FAIRWAY PROJECT CHEIF: SHERVAIS
ELEVATION: 5080 ft LOCATION: 43.2994°, -114.9088° DRILLED BY: USGS Research Drilling
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Figure 41. Lithologic log for Stage 3 coring from NQ-size core. Also shown are total gamma,
self-potential, resistivity, and conductivity acquired by USGS Geosphysical Logging team.
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14.4. Temperature Logs

The well site was revisited on several occasions by Roy Mink, who conducted two
additional temperature surveys — one on Dec. 22, 2018, and a second on July 9, 2019 (Figure 42).
During the July 2019 visit, Dr. Mink observed that the well now exhibited artesian flow — this
prompted our team to return to the site to conduct geochemical sampling of the now discharging
well, which had a surface discharge temperature of 71.9°C and a flow rate of 11.2 gpm. Hari
Neupane (INL) and Patrick Dobson (LBNL) visited the site on July 21, 2019 and collected a full
suite of water samples for geochemical and isotopic analysis. A He/*He Cu tube sample
collected during this visit yielded the highest R/Ra value of any sample previously collected in
the Camas Prairie area (2.45 Ra).

Temperature logs were run during and immediately following the two episodes of drilling by
the USGS in 2018 and 2019, and additional temperature logging runs were conducted by Roy
Mink in Dec. 2018 and July 2019 to capture the temperature profile of the borehole after the well
had time to reequilibrate (Fig. 42). During the July 2019 survey, the well exhibited artesian flow,
which prompted the team to mobilize later that month to collect a suite of fluid samples from the
well. In addition to the conventional temperature logging runs, a HOBO sensor was run in the
hole several times during breaks in drilling in 2019 to provide quick updates on the temperature
profile of the borehole.

USU-1 Equilibrated Temperature Logs 100
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0 10 20 30 40 50 60 70 80 % 30 NG .
. . . . . . . . ] CAMAS-1 HOBO Temp Survey ro,
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®  camas1.101219_run_in.txt
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Fig. 42: Left — temperature surveys run on Dec. 22, 2018 and July 9, 2019 in USU-1 well by Roy
Mink. Note the much higher shallow temperatures in the July 2019 survey — these reflect the rising
water level and artesian flow that had dramatically heated up the shallow section of the borehole.

Right — HOBO temperature survey run on Oct. 12, 2019 during a drilling break in the core drilling
of USU-1 well. Note the higher temperatures recorded when the tool was coming out of the hole —
this likely reflects the delay in temperature equilibration of the instrument.
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14.5. Geophysical Wireline Logging

Geophysical wireline logs were run after each drill stage. The Stage 1 hole was logged 27-
28 September 2018 prior to setting casing. Tools run included the caliper, natural gamma,
resistivity, conductivity, self-potential, and temperature. The Stage 2 hole was logged 19 October
2018 using the same tool set in the open hole, after removal of the HQ drill rods. A reservoir test
was conducted on 22-24 October 2018 by the USGS Geophysics unit, under the supervision of
Colin Goranson (see below). Finally, the Stage 3 hole logged on 31 October 2019, and further
reservoir tests attempted 1-4 November 2019 (https.//gdr.openei.org/submissions/1285).

A summary of the wireline log results is shown in Figure 43, along with a schematic of the
well as built. Natural gamma is relatively low through the basin sediment section, and only
slightly higher in the granite bedrock (typically around 200 API-GR), consistent with derivation
of the basin-fill sediments from the adjacent granitic terranes. In contrast, rhyolite dikes are
characterized by high natural gamma response (~380 API-GR; Figure 43). This contrast is
consistent with whole rock geochemical analyses discussed below, which show that the rhyolites
typically have slightly higher K,O than the granites (~3.8 wt% average in rhyolite vs ~3.6 wt%
in granite). In addition, the rhyolites have higher U+Th concentrations (~31 ppm average in
rhyolite vs ~14 ppm in granite).
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Figure 43. Summary of geophysical wireline logs in USU Camas-1 well, with diagram of well structure as

built.
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15.0 POST-DRILLING ANALYSIS

Post-Drilling Analyses included reservoir testing, a detailed study of recovered core
(mineralogy, fluid inclusions, fractures, mechanical properties) and analytical data on any
recovered water and gasses (elemental chemistry, isotopic composition of O, H, and dissolved
He, multicomponent geothermometry).

15.1 Reservoir Testing of the Camas Prairie Validation Well

Reservoir tests were carried out by Colin Goranson, assisted on site by Tony Brown (USGS
Research Drilling Geophysicist) and Thomas Lachmar (USU hydrologist). The reservoir test in
2018 indicated modest flow rates at moderate temperatures (66.7°C/ 152°F). This is lower than
anticipated, but we failed to reach our projected target depth of 2000+ feet due to drilling and
equipment issues. The results of these tests were analyzed by Sabodh Garg and Colin Goranson,
and a full report is found at https://gdr.openei.org/submissions/1284.

Partial temperature survey of October 19, 2018 was taken just after well completion and
prior to discharge and injection activities. The only other temperature survey was run on October
24, 2018 some 14 hours after cold water injection into the well. It is unlikely that the
temperatures had equilibrated in the well at the time of the latter survey. Presence of a cold zone
centered at ~357.5 m most likely indicates the permeable zone that accepted cold injection water.
A maximum temperature of 77.2°C was recorded at the bottom of the well (~490 m) on October
24, 2018; considering that the well was shut-in only for 14 hours after cold water injection, it is
likely that the stable formation temperature at 490 m is considerably higher than 77.2°C. By
comparison between the temperature profiles of October 19 and 24, 2018, the feedzone
temperature (~357.5 m) is estimated to be at least 70°C. A pressure of 34.84 bars was measured
at 357.5 m on October 24, 2018. The temperature survey recorded on October 24, 2018 in USU-
1 exhibits a conductive gradient of ~7°C/100 m below a depth of 420 m; it is thus possible that
temperatures >100°C may be encountered at depths of 700 to 800 m in the area.

15.1.1 Discharge test. The well was discharged for about 4 hours (10:38 LT to 14:33 LT) on
October 20, 2018 by air lift through drill pipe (DP) lowered to 735 ft (224.0 m). The average
discharge rate was about 60 gpm (~3.79 1/s = 3.71 kg/s) at a maximum surface temperature of
67.8°C. During the discharge test, the pressure was steady at 155 psig (~11.53 bar) at 224 m. The
static pressure at 224 m was ~22.03 bar on October 24, 2018. Therefore, the productivity index
(PD) is given by:

PI=3.71/(22.03 - 11.53) = 0.35 kg/s-bar

The computed productivity index (PI) is relatively low. Continued injection (or discharge) is
often found to lead to an improvement in the PI as a result of hole clean up.

15.1.2 Injection tests. Two injection tests were performed on October 21, 2018 (11:19 LT to
18:10 LT) and October 23, 2018 (09:26 LT to 17:16 LT). The injection rates had to be kept low
(~22 gpm on October 21, 2018 and ~16 gpm on October 23) due to leakage of the surface
packer. During both the injection tests, a PT (pressure and temperature) tool was installed at
1225 ft to record changes in downhole pressure and temperature. Unfortunately, the tool failed to

119



Play Fairway Analysis of the Snake River Plain, Idaho DE-EE0006733

record properly on October 21, 2018; thus, downhole pressure data are only available for the

second injection test performed on October 23, 2018. The injected water temperature was
~11.1°C on October 24.

It was not possible to record the early injection rate on October 23, and the corresponding
pressure record contains large oscillations. The pressure record was processed to remove the
latter oscillations and resampled using a time interval of 0.005 hours; the resampled data were
then filtered using a low pass filter (corner frequency = 10) to remove high frequency
oscillations. Finally, the filtered data were resampled (decimated) using a minimum pressure
interval of 0.0015 bar (~0.02 psi).

The resampled and filtered pressure data display an anomalous response. Normally, one
would expect pressure to increase monotonically with continued injection; however, in this case,
the pressure decreases. A decrease in pressure indicates an improvement in injectivity with
continued injection. The final injection pressure just prior to shut-in at 17:19 LT on October 23,
2018 was ~35.90 bar (g). By the end of the downhole recording (about 8:20 LT on October 24,
2018), the pressure had declined to about 35.24 bar (g). With an injection rate of 16 gpm (~1.01
/s = 1.01 kg/s), the injectivity index (II) is given by:

II=1.01/(3590—-35.24) = 1.53 kg/s-bar

The above injectivity index is more than 4 times the productivity index obtained from the brief
discharge test on October 20, 2018. As noted earlier, the injectivity improved during the
injection test.

Because of anomalous pressure response during the injection phase, the pressure data for
this part of the test cannot be analyzed to obtain formation and well properties. Consequently, it
was decided to focus on the fall-off pressure data. The latter data were at first analyzed using the
standard Horner plot (see e.g. Streltsova, 1988).

With a discharge rate of 1.01 kg/s, a fluid density of 977.7 °C and viscosity of 404 uPa-s
(corresponding to a temperature of 70°C), the formation permeability-thickness (kh) is given by:

kh = 1.15 * (mass flow rate/density) *viscosity/ (2*pi*slope of semi-log line) ~1.09 darcy-meter.

The fall-off data were also analyzed using an automatic inversion program DIAGNS (Garg
et al., 2002); inversion was performed using the classical finite cylindrical source solution
(Streltsova, 1988; Garg et al, 2002). Agreement between the data and the mathematical fit is
only fair. Mathematical fit yields a permeability-thickness of about 4.17 darcy-meter, which is
about 4 times that inferred from the Horner plot. In any event, it appears that the formation
intercepted by USU-1 has a modest transmissivity (1 to 4 darcy-meter).

15.2. Water Chemistry and Equilibrium Water Temperatures

Water samples were collected from the Camas-1 well for major element, trace element, and
isotopic analysis.

15.2.1. Water Sampling. After completion of the well, a flow test was conducted in the
fourth week of October 2018. Prior to injection of cold water, an opportunity was provided to

collect water samples. The water table was measured about 45 feet below ground surface. Water
was airlifted to the surface and discharged onto the bed of an empty tank with a side kept open
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all the time to drain water into the agricultural field. The flow rate was about 55 gal/min, and
temperature of the water at discharge point was about 67.8°C.

After 3.75 hours of pumping, water samples were collected for chemical and isotopic
analysis. Once the water was discharged onto the bed, it was allowed to flow through the empty
bed. A peristaltic pump (Geotech Environmental Equipment, Inc. Denver, CO USA) was used to
pump water from the open side of the bed to the sample bottles through pre-cleaned, acid-
washed, polytetrafluoroethene (PTFE) tubing fitted with a 0.45-um Gelman Sciences
high-capacity capsule filter containing polyether sulfone membrane. Aliquots for cation and REE
determinations were acidified to pH <2, using Optima-grade HNO3, and sealed with Parafilm M
(Bemis NA, Neenah, WI USA). Anion samples were collected in 18 MQ deionized water (DIW)
rinsed bottles. To minimize the potential for environmental contamination, the exteriors of the
sample containers were rinsed thoroughly with DIW and placed into acid-washed plastic bags,
and the bagged sample bottles were placed in an ice-filled cooler and transported to laboratory.

Alkalinity was determined in the field by sulfuric acid titration using a digital titrator
alkalinity test kit (Hach Company, Loveland, CO USA) with results expressed as mg/L of CaCOs3
and bicarbonate (Kehew 2001). The field pH was measured using a Beckman Coulter pH 400
series meter with a combination glass pH electrode. Field conductivity, dissolved oxygen, and
redox potential were measured with YSI Professional Plus meter (YSI Inc.) equipped with a flow
cell and multiple electrodes.

A subset of samples was collected for analyses of isotopes of O, H, and He. Filtered samples
were collected for O and H isotopes in DIW rinsed HDPE bottles with no head space. Similarly,
unfiltered water samples were collected in cold-sealed copper tube for He isotopes. Because the
samples collected for He might have significant air contamination due to the airlifting of the well
and open-air discharging of water prior to the collection of samples, these samples were not
analyzed. A complete suite of drilling water samples (except He isotopes) was also collected
from a storage tank. The drilling water was acquired from a shallow irrigation well located a few
hundred feet east of the Camas PFA well.

15.2.2. Water Chemistry Methods. Cation and anion analytical measurements were made at
the Center for Advanced Energy Studies (CAES) in Idaho Falls, Idaho. Cations concentrations
were measured in triplicate using an Inductively Couple Plasma Mass Spectrometer (ICP-MS;
Agilent Technologies, Inc., Santa Clara, CA USA) and Inductively Couple Plasma Optical
Emission Spectrometer (ICP-OES; ThermoFisher Scientific, Sunnyvale, CA USA). Calibration
standards were prepared by dilution of commercial concentrated standards (Inorganic Ventures
Inc., Christiansburg, VA USA). For REE analyses, plasma oxide formation was maintained at
<0.5% for *°Ce0/"*Ce. Instrumental drift was accounted for by periodically analyzing a fixed
concentration Rh internal standard, instrument blanks, and quality-control standards. Analytical
results have <5% relative standard deviations as estimated from replicate analyses.

Anions were analyzed in triplicates using a Dionex Model ICS-2100 ion chromatograph
(ThermoFisher Scientific) equipped with an IonPac™ AS18 column and a conductivity detector
using a potassium hydroxide eluent (Dionex EluGen Cartridge EGC-KOH). Replicate analyses
of each sample yielded a relative standard deviation of <3%. All samples collected for isotopes
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were shipped to Utah State University, Logan, UT and Lawrence Berkeley National Laboratory,
Berkeley, CA.

15.2.3. Water Chemistry Results. The analytical results of the new PFA well in Camas
Prairie are given in Table 2. This includes the results of an air-lifted water sample collected just
following drilling in October 2018 (CAES#150), a nearby water well that was used for drilling
fluid (CAES#151), and sampling of the well in July 2019 when it exhibited artesian flow
(CAES#152). Full results are at https.//edr.openei.org/submissions/1264.

15.2.4. Water Chemistry Isotopic Results. The collected water samples were analyzed for
80/'°0, D/H, *C/"C (dissolved carbon in water) and *He/*He (dissolved gas in water). Results
are reported in Table 3.

Figure 44 depicts the water stable isotopic compositions of spring and well water samples
collected in the Camas Prairie area. Note that the Camas Creek Ranch samples and the water
from USU-1 well are shifted further away from the global meteoric water line than the remaining
samples, suggesting either more extensive water-rock interaction (7aylor, 1974) or mixing of
meteoric water with a volcanic water component (Giggenbach, 1992). A similar shift was
observed for other thermal water samples within the Snake River Plain (Conrad et al., 2016).
The well at Camas Creek Ranch was sampled on four different occasions, and each time the
resulting water had a different discharge temperature and distinct stable isotopic composition.
The samples from these wells appear to depict a trend where the higher temperature fluids have
more negative 8D and 3'°O values.

The helium isotopic composition of the USU-1 well fluid (2.45) is the highest water He
value measured within the Snake River Plain region outside of Yellowstone (Dobson et al.,
2015), and indicates that there is a significant mantle-derived component to the He in this fluid.
The relatively elevated He R/Ra values observed in the Camas Prairie area in the vicinity of
Camas Creek was interpreted as reflecting the presence of young sills and dikes intruding into
the crust of this region, supplying heat and serving as a source of mantle helium via degassing.
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Table 2. Analytical results of PFA Camas-1 well water

Camas PFA Well ~ Camas Drilling Water Camas PFA Well

Sample Units (CAES ID # 150) (CAES ID # 151) (CAES ID # 152)
Longitude Degree 43.2996 43.298831 43.2996
Latitude Degree -114.9088 ~114.906666 -114.9088
Temperature °C 67.8 10.2 71.9
Sampling Date 10/20/18 10/20/18 72119
Alkalinity (as mg of CaCO3) 222 158 164
Dissolved Oxygen mg/L 52
Conductivity uS/cm 523 925
pH 8.27 8.76
F mg/L 13.2 11.5 12.5
cl mg/L 14.4 12.0 133
S04 mg/L 29.9 14 16
Br mg/L <5 <5
NO3 mg/L 0.08 0.81
Li mg/L 0.22 0.08
Al mg/L 30% 0.063 0.0227
As mg/L 0.004 0.0008
Mg mg/L 3.88 0.62
Se mg/L <0.005 <0.005
Sr mg/L 0.321 0.03 0.098
Cs mg/L 0.008 <0.0001
Ba mg/L 0.635 0.0
Ge mg/L 0.013 0.01
Si02 (aq) mg/L 119.4 71.7 81.2
Na mg/L 118 89 98
Ca mg/L 7.27 3.9 23
K mg/L 4.18 2.8 25

* Aluminum value is likely to be erroneous. Even though the water was filtered through the
0.45 um filter, it may have particles (<0.45 um) of clay (drilling mud). The airlifted water
was cloudy.
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Table 3: Isotopic analyses of water samples from the USU-1 well.

Camas PFA Well ~ Camas Drilling Water Camas PFA Well

Sample Units (CAES ID # 150) (CAES ID # 151) (CAES ID # 152)
Longitude Degree 43.2996 43.298831 43.2996
Latitude Degree -114.9088 -114.906666 -114.9088
Temperature °C 67.8 10.2 7.9
Sampling Date 10/20/18 7/21/19
180/160 Permil (V-SMOW) -18.8 -18.5
D/H Permil (V-SMOW) -151.8 -147.9
Be/c Permil (PDB) -6.67
*He/'He R/Ryir 2.45

ooooo
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D
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Figure 44. Water stable isotopic compositions of spring and well
water samples collected in the Camas Prairie area.

15.2.5. Post-drilling Water Sampling. After many months of being static, the Camas well
flowed under artesian conditions in the summer of 2019 — this was noted by Roy Mink when he
went to run a temperature log in the well on July 9, 2019. Based on that observation, we
mobilized a team to conduct water chemistry sampling on July 21, 2019. The well was
discharged for several hours on July 9" and it was discharged for several hours prior to
collecting the water samples to ensure that the wellbore was fully purged. The discharge flow
rate was ~11 gallons/minute, with a well discharge temperature of 71.9°C. Flow was captured by
inserting tubing into the 2" wing valve to eliminate air contamination issues. Quite a number of
gas bubbles were observed to be forming in the Tygon discharge lines as the fluid cooled. The
gas had no odor, suggesting that it was mainly CO,. As the well continued to discharge, it
appeared that the amount of gas bubbles decreased. One possibility is that during the months
when the well lay fallow, the water in the upper portion of the well may have become gas
charged, leading to artesian flow. By September, the water level of the well dropped a few feet
and it was no longer flowing.
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Samples were collected for anion, cation, 80/'°0, D/H, and *He/*He in dissolved gas using
a Cu tube. A field alkalinity titration was conducted on site, along with a pH measurement. The
water chemistry results of this sampling visit are listed in Table 2 and 3.

15.2.6. Water Chemistry Equilibrium Water Temperatures. The multicomponent
geothermometry program GeoT (Spycher et al., 2014) was used to estimate equilibrated fluid
chemistry temperatures using a suite of water samples that was collected from the USU-1 well in
July 2019 under artesian flow conditions. These samples were deemed to be the most
equilibrated and least contaminated by residual drilling fluids. Figure 45 depicts the estimated
equilibration temperature for the source fluids, along with the estimated error. To obtain the
optimal fitting of the data, the sample was diluted by a factor of two. This implies a very dilute
(meteoric) mixing water with concentrations of dissolved species much lower than in the native
thermal brine (such that their effect on the mixing can be neglected). The best fit was obtained by
using chalcedony as the silica phase.
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15 Camas PFA Well .
— gas: 0.001, dil: 2, react calcite . . J .
1.0 ' ' — Fig. 45. Estimated equilibration
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15.3. Whole rock geochemistry and Petrography

Eight representative samples were chosen for whole rock major and trace element analysis.
Commercial analyses were obtained from ALS Global Laboratory Services (Reno, Nevada).
Major elements were analyzed by ICP-OES (optical emission spectroscopy) and trace elements
were analyzed by ICP-MS (quadrupole mass spectrometry). The results are presented in Table 4,
and complete sample descriptions are listed below.

Camas 3-6 [depth 1639.0 feet]. This is a rhyolite vitrophyre with mm-size phenocryst of
sanidine in a black glassy or cryto-crystalline groundmass. It occurs as a seven-foot thick dike
in the upper part of the granitic section, and has sharp intrusive contacts with the adjacent
granite. Its high silica content (SiO, = 75 wt%) is consistent with Pliocene rhyolites of the
older SRP. It has a La/Lu ratio = 103, K,O ~4.6%, and U+Th ~10 ppm. Its high natural gamma
response is largely due to its high K content.

Camas 9-18 [depth 1710.0 feet]. This sample is a mylonitic biotite gneiss, with a strong
foliation dipping ~55° relative to the core axis. This sample is interpreted as a xenolith of
metamorphic wall rock within the granitic rocks, based on its size (<1 foot thick) and unusual
chemistry (low silica ~54% SiO,), with high alumina (~24% Al,03) and potassium (~7.4 K,0).
This composition is consistent with its biotite-rich mode.

Camas 9-20 [depth 1721.2 feet]. This is a granite with pale green propylitic alteration. It is
nearly identical in composition to Camas 25-59, located over 150 feet deeper in the hole, with
69% Si0,, a La/Lu ratio of 288, and U+Th ~12.5 ppm.

Camas 25-59 [depth 1883.5 feet]. This is a granite with pale green propylitic alteration. It is
nearly identical in composition to Camas 9-20, located over 150 feet higher in the hole, with
69% Si0,, a La/Lu ratio of 202, and U+Th ~19 ppm.

Camas 26-61 [depth 1889.7 feet]. This is a granodiorite with pale pink alteration, 63.6% SiO,,
a La/Lu ratio of 261, and U+Th ~12 ppm.

Camas 26-69 [depth 1929.6 feet]. This is a granodiorite with whitish alteration, 66.6% SiO,, a
La/Lu ratio of 296, and U+Th ~11 ppm.

Camas 29-70 [depth 1931.0 feet]. This is a pale salmon-colored rhyolite, with 71.4% Si0,, a
La/Lu ratio of 377, and U+Th= 30 ppm. The high U+Th accounts for its high natural gamma
response in wireline logs. It is interpreted to represent the Challis Volcanic group.

Camas 32-78 [depth 1972.8 feet]. This is a pale salmon-colored rhyolite, with 70.7% Si0,, a
La/Lu ratio of 345, and U+Th= 31 ppm. The high U+Th accounts for its high natural gamma
response in wireline logs. It is interpreted to represent the Challis Volcanic group.
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Table 4. Whole rock chemical analyses of core from Camas1 well.
Camas Camas 9-18 Camas 9- Camas 25-59 Camas 26-61 Camas 29- Camas 29-  Camas 32-

3-6 20 69 70 78

Depth 1639.0 1710.0 1721.2 1883.5 1889.7 1929.6 1931.0 1972.8

Rhyolite Mylonitic Granite Granite Granite pink Altered Rhyolite Rhyolite

vitro- Biotite propylitic altered Granite
phyre Gneiss alteration

Pliocene inclusion Granite Granite Grano- Grano- Challis Challis

rhyolite diorite diorite Volcanics Volcanics
Si02 % 75 54.9 69.1 69.1 63.6 66.6 71.4 70.7
TiO2 % 0.15 0.2 0.28 0.22 0.3 0.29 0.39 0.35
Al203 % 13 23.8 15.7 13.1 16.95 13.7 14.35 13.75
Fe203* % 1.26 5.04 1.97 1.92 1.64 2.02 2.28 1.97
MnO % 0.02 0.06 0.04 0.1 0.03 0.05 0.03 0.03
MgO % 0.24 2 0.44 0.61 0.3 0.37 0.76 0.68
CaO % 1.69 1.19 2.32 4.48 5.3 4.41 1.76 1.8
Na20 % 3.51 1.17 4.62 3.33 2.46 3.97 4.18 3.68
K20 % 4.57 7.36 3.73 4.4 2.97 3.18 3.52 4.21
P205 % 0.02 0.03 0.08 0.09 0.07 0.06 0.16 0.13
Cr203 % <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.003 0.002
SrO % 0.03 0.02 0.11 0.12 0.18 0.1 0.05 0.05
BaO % 0.08 0.21 0.22 0.25 0.24 0.21 0.16 0.19
LOI % 1.84 4.98 2.41 4.22 7.06 4.58 2.3 2.84
Total % 101.41 100.96 101.02 101.94 101.1 99.54 101.34 100.38
total alkali 8.08 8.53 8.35 7.73 5.43 7.15 7.7 7.89
Cr ppm <10 10 10 10 <10 <10 20 20
\Y ppm 9 85 24 19 22 22 37 31
Ga ppm 20.4 62.1 22.7 18 22.7 18.4 21.7 19.9
Sn ppm 1 1 1 1 1 1 2 1
W ppm 940 510 450 715 321 930 450 135
Ba ppm 707 1735 1800 2100 1970 1695 1360 1545
Cs ppm 1.49 29 3.29 2.34 18.75 1.87 2.95 2.87
Rb ppm 110.5 356 99.1 90.5 79 60.4 119.5 137.5
Sr ppm 261 188.5 899 1005 1445 812 399 429
Y ppm 8.3 5.4 10.7 12.2 9.8 14.1 12.1 11.2
Zr ppm 57 69 218 187 227 250 227 207
Nb ppm 15.8 9 19.6 13.4 20.1 19.4 18.7 16.9
La ppm 9.3 14.5 46.1 34.4 41.7 50.4 56.6 51.8
Ce ppm 19.1 25.4 81.4 59.3 74.7 87.5 96.1 88.3
Pr ppm 2.26 2.54 8.27 5.85 7.55 8.89 9.26 8.55
Nd ppm 8.9 8.8 29 20.5 26.6 31.1 32.4 29.1
Eu ppm 0.61 0.51 1.39 1.11 1.34 1.46 1.09 1.09
Sm ppm 2.05 1.34 4.09 2.95 3.82 4.55 4.36 4.13
Gd ppm 1.99 1.11 3.29 2.37 2.93 3.67 3.51 3.33
Tb ppm 0.28 0.17 0.4 0.35 0.42 0.46 0.45 0.44
Dy ppm 1.59 0.93 1.9 1.86 2.09 2.56 2.27 2.19
Ho ppm 0.31 0.18 0.41 0.4 0.42 0.53 0.45 0.41
Er ppm 0.8 0.59 1.04 1.11 1.11 1.49 1.16 1.17
Tm ppm 0.1 0.09 0.15 0.16 0.15 0.18 0.15 0.16
Yb ppm 0.62 0.72 1.06 1 1.08 1.18 1.04 1.09
Lu ppm 0.09 0.11 0.16 0.17 0.16 0.17 0.15 0.15
Ta ppm 1.2 0.5 1.4 1 15 1.5 1.6 1.4
Hf ppm 2 1.7 5 4.5 5.4 5.7 5.6 5.1
Th ppm 7.73 5.31 10.25 16.6 8.82 9.55 23.9 25.3
U ppm 2.49 2.12 2.28 2.64 3.01 1.73 6.16 6.14
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16.0 SUMMARY AND CONCLUSIONS

We present an approach to Play Fairway Analysis, based on previously discussed conceptual
models, that is adapted for use in geothermal exploration (e.g., Nielson and Shervais, 2014,
Nielson et al., 2015; DeAngelo et al., 2016). We have developed a systematic workflow in
ArcGIS by creating custom Python scripts that use ArcGIS functions and Python scripts to
automate data analysis. ArcGIS may use either raw data or synthetic data products (e.g., fault
dilation and slip tendency) derived from other programs for primary evidence layers. ArcMap
Geostatistical Analyst was used for all geostatistics and data interpolation (Empirical Bayesian
Kriging), and other ArcMap toolbox tools were used to derive density functions (simple density
or kernel density functions).

In Stage 1, we applied our methodology to data compiled from publicly available sources to
all of southern Idaho (south of 44.7°N). Our assessment of these data suggests that important
undiscovered geothermal resources exist in several areas of the Snake River Plain. These include
four areas in the WSRP (all blind systems associated with concealed structures inferred from
geophysics), two areas in the CSRP (eastern end of the Mount Bennett Hills and King Hill areas)
and two Basin-and-Range play types in eastern and SE Idaho. In addition, four potential EGS
prospects were located.

In Stage 2, we filled data gaps in our knowledge base with new geological, geophysical, and
geochemical data for two of these undiscovered resource areas: Mountain Home and Camas
Prairie, Idaho. These data allowed us to refine our conceptual model and select potential drill
sites for geothermal test wells at both localities. Data acquisition and integration continued into
Stage 3, which culminated with the drilling of USU Camas-1 geothermal test well. This well
validated our approach to geothermal PFA by supporting our predictions based on integrated
geological, geochemical, and geophysical studies interpreted in the context of a conceptual
model for this play type.

All of the hydrothermal prospects identified in this study are potentially commercially
viable, with favorability that equals or exceeds our training sites (e.g., Raft River). Many of these
prospects have large geographic extents, estimated temperatures of 150°C or more, and the
potential to produce 10s of MW of power. Most are near transmission corridors and have
extensive private or non-excluded public land available for lease.

The most successful outcome of this project, however, has been the development and
refining of our GIS-based approach to Play Fairway Analysis, which uses Python scripts to semi-
automate data processing, and can be applied to a wide range of geothermal systems and
conceptual models.
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