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Highlights

Play-fairway exploration in the Modoc Plateau region revels new geothermal
prospects.

Bonham Ranch, NV, New Pine Creek, CA/OR, Eagle Lake, CA, Vya, NV, and
Boulder Flat, NV are favorable prospects with relatively low exploration risk.

Bonham Ranch, NV, New Pine Creek, CA/OR, Boulder Flat, NV and Vya, NV are
Basin and Range-type. Eagle Lake, CA is Cascade arc-type.

Abstract

The region surrounding the Modoc Plateau, encompassing parts of northeastern
California, southern Oregon, and northwestern Nevada, lies at an intersection between
two tectonic provinces; the Basin and Range province and the Cascade volcanic arc.
Both of these provinces have substantial geothermal resource base and resource
potential. Geothermal systems with evidence of magmatic heat, associated with
Cascade arc magmatism, typify the western side of the region. Systems on the eastern
side of the region appear to be fault controlled with heat derived from high crustal heat
flow, both of which are typical of the Basin and Range. As it has the potential to host
Cascade arc-type geothermal resources, Basin and Range-type geothermal resources,
and/or resources with characteristics of both provinces, and because there is relatively
little current development, the Modoc Plateau region represents an intriguing potential
for undiscovered geothermal resources. It remains unclear however, what specific set(s)
of characteristics are diagnostic of Modoc-type geothermal systems and how or if those
characteristics are distinct from Basin and Range-type or Cascade arc-type geothermal
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systems. In order to evaluate the potential for undiscovered geothermal resources in the
Modoc area, we integrate a wide variety of existing data in order to evaluate geothermal
resource potential and exploration risk utilizing ‘play-fairway’ analysis. We consider that
the requisite parameters for hydrothermal circulation are: 1) heat that is sufficient to
drive circulation, and 2) permeability that is sufficient to allow for fluid circulation in the
subsurface. We synthesize data that indicate the extent and distribution of these
parameters throughout the Modoc region. ‘Fuzzy logic’ is used to incorporate expert
opinion into the utility of each dataset as an indicator of either heat or permeability, and
thus geothermal favorability. The results identify several geothermal prospects, areas
that are highly favorable for the occurrence of both heat and permeability. These are
also areas where there is sufficient data coverage, quality, and consistency that the
exploration risk is relatively low. These unknown, undeveloped, and under-developed
prospects are well-suited for continued exploration efforts. The results also indicate to
what degree the two ‘play-types,’ i.e. Cascade arc-type or Basin and Range-type, apply
to each of the geothermal prospects, a useful guide in exploration efforts.

Keywords

Geothermal exploration
Play-fairway

Fuzzy logic

Faults
Geothermometry

1. Introduction

Conventional hydrothermal systems occur where subsurface permeability and heat are
sufficiently high to drive fluid circulation. When hydrothermal circulation occurs at
accessible depths, resources can be recovered and utilized for electricity

generation and a variety of direct uses. Current installed geothermal electricity
generation capacity in the United States is ~3525 MWe, ~0.25% of the total domestic
generation capacity (Geothermal Energy Association, 2015). Resource estimates
suggest that there are ~9000 MWe of generation capacity associated with identified
hydrothermal systems and an additional 30,000 MWe exists from yet-to-be-discovered
conventional hydrothermal systems (Williams et al., 2008), indicating that geothermal
energy has the potential to constitute a significant portion of the future energy needs of
the United States. This growth potential depends on discovery and efficient exploitation
of yet-to-be-discovered resources, many of which may have no surface expression
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(blind geothermal systems). Here, we synthesize a variety of existing data in order to
evaluate the potential for yet-to-be-discovered geothermal resources, and the risk
associated with exploration for these systems, throughout the Modoc Plateau region.
We employ play-fairway analysis to evaluate geothermal favorability and exploration
risk. Play-fairway analysis is commonly utilized for defining the location and relative risk
associated with oil and gas exploration. For a complete analysis, data indicating the
location and extent of hydrocarbonsource rock (under the appropriate temperature and
pressure conditions), porous and permeable reservoir rocks, an impermeable seal with
the appropriate geometry to trap hydrocarbons in the reservoir, and a pathway for
migration of fluids from the source and into the reservoir are compared in a region of
interest. This type of analysis indicates whether or not the area of interest exhibits the
required conditions for hydrocarbons to have maturated in the source rock, migrated
into the reservoir, and become trapped (Miller, 1982, Baker et al., 1986, Doust, 2010).
This project is one of a number of play-fairway evaluations that have been supported by
the US Department of Energy’s Geothermal Technologies Office(Weathers et al.,

2015, Garchar et al., 2016) with the goal of adapting the play-fairway concept to
geothermal exploration. Our adaption of play-fairway concepts to geothermal
exploration relies on the spatial overlay of a number of datasets that are interpreted to
be indicative of the parameters that are required for hydrothermal circulation. Heat and
permeability are the two primary characteristics that are evaluated. Permeability is
required in order to allow fluids to circulate to depth, acquire heat, and circulate back to
exploitable depths in the shallow subsurface. Sufficient heat is required in order to heat
the fluids and drive circulation along the permeable pathways. These two characteristics
must occur collocated in space and coincident in time, in order for geothermal
circulation to occur. For instance, neither a robust heat sourcecollocated with an
ancient, no longer permeable fault system, nor an active fault system local to an old
magmatic intrusion that is too cold to serve as a heat source, represent prospective
geothermal areas. This element of temporal and spatial coincidence adds a layer of
complexity to adaptation of play-fairway methodologies to geothermal exploration
relative to oil and gas exploration. To extend the petroleum analogy, this would be
similar to exploration for a petroleum reservoir that is actively being charged with
hydrocarbons.

A wide variety of geologic, geophysical, geochemical, and temperature data are utilized
as indicators or proxies for heat and permeability. We integrate these data using fuzzy
logic (e.g., Zhang et al., 2009), a methodology for integrating disparate data using
natural language, in order to incorporate expert opinion into the efficacy of each dataset
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for indicating the existence of permeability or heat. Fuzzy logic also provides an
uncertainty range, the range of heat or permeability that is indicated by the data in a
certain area. This range is used in assessment of risk associated with exploration at a
particular location.

1.1. Geothermal in the Modoc Plateau region

The Modoc Plateau and surrounding area is a predominantly rural region of
northeastern California, southern Oregon, and northwestern Nevada, centered on the
Modoc Plateau physiographic province (Fig. 1). In general, the Modoc study area is
characterized by elevated heat flow (Williams and DeAngelo, 2011) and some 30
known geothermal systems as identified by thermal springs and wells (Faulds et al.
2006, Faulds et al., 2011) (Fig. 1). The study area also contains six Known Geothermal
Resources Areas (KGRAS), areas of potentially exploitable geothermal resources that
were identified by the U.S. Geological Survey beginning in 1970 (Godwin et al.,

1971, Burkhardt et al., 1980). The KGRAs are: Wendel-Amedee, Lake City-Surprise
Valley, Lakeview, Summer Lake Hot Springs, Glass Mountain (also known as Medicine
Lake), and Crump Geyser (Burkhardt et al., 1980). At Medicine Lake/Glass Mountain,
geothermal exploration wells have confirmed the presence of a high temperature
(>260 °C) geothermal resource (Hulen and Lutz, 1999, Cumming and Mackie,

2007a, Cumming and Mackie, 2007h).
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1. Download high-res image (3MB)

2. Download full-size image
Fig. 1. Map of the study area for Modoc Plateau play-fairway study.
There are five relatively small existing geothermal electricity generation facilities within
the Modoc study area; San Emidio, NV (20.8 MWe), Wineagle, CA (0.7 MWe), Amedee,
CA (1.6 MWe), Honey Lake, CA (1.5 MWe), and Paisley, OR (2.5 MWe) (Boyd et al.,
2015). Additionally, there are currently operating direct use facilities, including space
heating, greenhouses, and pools/spas in Canby, CA, Alturas, CA, Susanville, CA,
Lakeview, OR, and Paisley, OR, and throughout Surprise Valley, CA (Battocletti
2006, Merrick, 2006a, Merrick, 2006b, Merrick, 2009, Boyd et al., 2015).

1.2. Geology and tectonics of the Modoc Plateau region

Geothermal activity in the Modoc Plateau study area is related to a combination of
factors contributing to geothermal activity in the tectonic provinces that bound the area —
the Cascade volcanic arc, the Basin and Range extensional province, and the Walker
Lane (Fig. 1). Geothermal activity in the Cascade Arc is a function of very young or
active, shallow magmatismalong the arc (Ingebritsen et al., 1989, Blackwell et al.,

1990, Mariner et al., 1993, Ingebritsen et al., 2001). Conversely, geothermal systems in
the Basin and Range are controlled by regionally high crustal heat flow and fault-related
permeability, both of which are associated with active tectonic extension (Blackwell et
al., 1999, Wisian and Blackwell, 2004, Faulds et al., 2006, Faulds et al., 2011). In the
Walker Lane, and further south in the analogous Eastern California shear zone,
geothermal systems are most commonly related to extensional steps in strike-slip

fault systems, and have been shown to be associated with both regionally high heat
flow and young magmatism (Duffield et al., 1980, Torgersen and Jenkins, 1982, Faulds
et al., 2006, Faulds et al., 2011). In the Modoc Plateau study area, young and active
magmatism, young and/or active extensional faulting, young and/or active dextral strike-
slip faulting, and high (but amagmatic) crustal heat flow are all evident (Gay and Aune,
1958, Lydon et al., 1960, Walker, 1963, Walker and Repenning, 1965, Walker et al.,
1967, Greene et al., 1972, Macleod and Sherrod, 1992, Saucedo and Wagner,

1992, Sherrod and Pickthorn, 1992, Crafford, 2010, Egger and Miller, 2011).

For the purpose of this study we concentrate primarily on tracking the distribution of the
characteristics typical of Basin and Range-type and Cascade arc-type geothermal
systems throughout the Modoc study area. Though strike-slip faulting is certainly
evident, Walker Lane-type dextral shear is greatly diminished within the study area,
relative to areas to the south (Kreemer et al., 2009, Kreemer et al., 2012). Additionally,
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Cape Mendocino, the de facto northern terminus of dextral shear along the Pacific-
North American plate boundary, lies due west of the southern boundary of the study
area, so we assume that Walker Lane-type tectonics have a relatively minor effect on
Modoc area geothermal activity, relative to either Cascade arc-type or Basin and
Range-type tectonics.

2. Methodology and data

Our analysis of the geothermal potential of the Modoc Plateau and surrounding area
has three primary objectives: 1) quantify the potential for geothermal

resources throughout the region, 2) determine the risk associated with exploration in the
defined areas of high geothermal favorability, and 3) determine the most likely play-type
(tectonically-hosted Basin and Range-type system, volcanic-hosted Cascade arc-type,
or a transitional play-type between these two end-members), for each of the defined
highly favorable areas. Two training sites, San Emidio for tectonically-hosted Basin and
Range-type geothermal systems and Medicine Lake (a.k.a. Glass Mountain) for
volcanically-hosted Cascade arc-type geothermal systems, both production-grade
geothermal resources, are used in order to determine ‘play-type’, and to calibrate our
expert opinion on the utility of the various data types as indicators of heat and
permeability.

Geothermal favorability, exploration risk, and play-type across the Modoc study area are
evaluated via a grid of 12,960 square cells spanning the region, each 4 km? in area. The
2 km-by-2 km cell size was chosen as it approximates the general areal extent of many
geothermal systems in the western United States. We found through multiple iterations
of different sizes, that 4 km? cells provide appropriate local scale resolution, while being
large enough to incorporate multiple data points in areas of sparse data. Thirteen
unique datasets are utilized as ‘proxies’ (or indicators) for the two primary geothermal
characteristics, heat and permeability (Table 1). Information from each of these data
sets is applied to the cell containing those data. We prefer this method to interpolation
and/or extrapolation between data gaps, because both are not necessarily appropriate
for many of the data sets that are used. For example, the location of a discrete feature
like a mapped fault system or a hot spring, provide no information about areas between
the location of that feature and the location of any other feature. So interpolation of fault
density or spring chemistry between the two discrete measurements is meaningless.
Instead, we assume a geothermal system size, i.e., 4 km?, and consider that all data
within that cell are representative of the geothermal favorability within that cell.

Table 1. Cell selection and membership function details for Modoc area heat and permeability data.
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Proxy Cell selection

Fault Length (m) Sum in cell

Fault Age Youngest in cell

Maximum Dilation

Dilation Tendency Tendency in cell

Maximum Slip

Slip Tendency Tendency in cell
Structural setting

Number of were picked with

favorable settings 2 km diameter

circles

Mean 2nd invariant
stress tensor

from Kreemer et
al., 2012

Strain Rate

Sum of seismic

Total seismic moment of all EQs

moment

in cell
Age and type of Youngest and/most
Volcanism felsic in cell
Smoothed Heat Mean value for
flow heat flow in cell
. Maximum
Maximum .
measured Temp °C measured temp in
cell/well depth
Maximum Maximum
measured heat flow measured heat flow
mW/m? in cell
Maximum Maximum
measured measured
temperature temperature
gradient (C/km) gradient in cell
Geothemometry gff&g?erg temp in
Na/K (Si02,KMg) 1 P

2.1. Fuzzy logic analysis

Membership function details

Histogram of log . (fault length) used to define fuzzy
numbers for short, medium, and long

Ranked 0-1: >150 = 1, >15,000 = 0.8, >130,000 = 0.6,
>750,00 = 0.4, >1,600,000 = 0.2, no data = 0 used to
define fuzzy numbers for old, medium, and young

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low stress

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low stress

Binary yes favorable structural setting or no favorable
structural setting used to define fuzzy numbers

Histogram of log ., (2nd invariant strain-rate tensor) used
to define fuzzy numbers for high, medium, and low

Histogram of log «(total seismic moment) used to define
fuzzy numbers for high, medium, and low

Ranked 0-1: Holocene Both = 0.9, Holocene Mafic = 0.8,
Pleistocene Felsic = 0.7 Pleistocene Both = 0.6,
Pleistocene Mafic 0.5, Quaternary/Tertiary Felsic = 0.4,
Quaternary/Tertiary Both = 0.3, Quaternary/Tertiary
Mafic = 0.2, no data = Qused to define fuzzy numbers for
high, medium, and low heat associated with magmatism

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low stress

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low heat

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low heat

Histogram of unadjusted data values used to derive
pseudo-heat flow based on linear relationship between
heat flow and TG in Modoc data

Histogram of unadjusted data values used to define fuzzy
numbers for high, medium, and low heat
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The primary purpose of fuzzy logic is to formalize reasoning in natural language. For
example, one of the many fuzzy rules to evaluate the favorability for permeability
associated with faults can be formulated as:

If the total length of faults in a cell is LONG, and the faults are YOUNG, and the stress
on the fault is HIGH, than the cell is FAVORABLE for permeability.

To be able to apply this rule, it is necessary to define “fuzzy numbers” for LONG,
YOUNG, HIGH, and FAVORABLE. In fuzzy logic, these are called membership
functions. The membership function, which is between one and zero, defines the
membership of each cell the natural language rule, i.e. a cell with a very small total fault
length would has a membership of one to SHORTand zero to LONG. The fuzzy
numbers for each permeability proxy and each heat proxy are defined based on the
distribution of the data and expert opinion regarding what the data indicate in terms of
geothermal favorability (see Table 1 for membership function details for each dataset).
These functions are discussed below for both permeability and heat attributes.

2.2. Data: permeability proxies

Seven different datasets are utilized as proxies for permeability: The total mapped fault
length in each cell, the age of the youngest faulting, the stress state of mapped faults
(dilation tendency and slip tendency), the existence of favorable structural settings,

the strain rate, and the total seismic momentreleased during earthquakes.

2.2.1. Total mapped fault length

The total length of all mapped fault segments is summed in each cell, and we consider it
a proxy for fault-related permeability. Throughout the Modoc study area, cells with a
higher total fault length are associated with higher geothermal favorability because there
are more faults and a higher density of faults that may conduct geothermal fluids. Fault
databases for Oregon, California, and Nevada from the Preliminary Integrated Geologic
Map Databases for the United States (Ludington et al., 2005) are used (Fig. 2). The
database contains mapped faults compiled at 1:750,000 scale in California and
1:500,000 scale in Nevada and Oregon. Despite these differences, the scale of mapping
does not impart a bias by state or by map scale to the total fault length applied to cells
throughout the study area. The membership function for fault length (short, medium, and
long) is defined based on the logarithm (base 10) of the total fault length in each cell
(Table 1).
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Fig. 2. Fault data and geologic data compiled and utilized in the Modoc plateau area
play-fairway study.

2.2.2. Fault age

In the Basin and Range province, correlation between Holocene faults and the location
of known geothermal systems suggests that active faulting is an important control on
permeability in geothermal systems. The Preliminary Integrated Geologic Map
Databases for the United States used for calculation of fault length do not include fault
age determinations. Therefore, the U.S. Geological Survey (USGS) Quaternary Fault
and Fold Database (U.S. Geological Survey, 2006), in which faults are assigned ages, is
used (Fig. 2). Despite compilation at a finer map-scale (1:100,000 for California and
1:250,000 for Nevada and Oregon) the Quaternary Fault and Fold Database contains
fewer faults than the Preliminary Integrated Geologic Map Databases, because only
those faults where a Quaternary or younger age determination can be reliably
interpreted are included in the former. Again, despite the scale differences, the scale of
mapping does not impart a bias by state or map scale to the fault age applied to cells
throughout the study area. Faults are classified as <150 yrs (historic), <15,000 yrs
(very-late Pleistocene), <130,000 yrs (late Pleistocene), <750,000 yrs (early-mid
Pleistocene), and <1.6 Ma (early Pleistocene). The membership function (young,
medium, and old) is defined based on a ranking from zero to one at intervals of 0.2 for
the youngest faulting in each cell (Table 1).

2.2.3. Fault stress state

Critically stressed fault segments have a relatively high likelihood of acting as fluid
flow conduits relative to fault segments that are not critically stressed (Sibson

1994, Barton et al., 1995, Morris et al., 1996, Sibson, 1996, Barton et al., 1998, Ito and
Zoback, 2000, Townend and Zoback, 2000, Zoback and Townend, 2001). The tendency
of a fault segment to slip (slip tendency, the ratio of shear stress to normal stress on a
surface) (Morris et al., 1996) or to dilate (dilation tendency, the ratio of all stresses
acting normal to a given surface) (Eerrill et al., 1999) provide a quantitative indication of
the likelihood of a certain fault segment to be critically stressed for either slip or dilation,
and therefore to conduct fluids. Slip and dilation tendency values are calculated based
on the fault geometry and a stress model, for each fault segment in the Preliminary
Integrated Geologic Map Databases (Ludington et al., 2005) within the study area.
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Because dip is not well constrained or is unknown for most faults within the study area,
fault dip is assumed to be 60° for all faults. Though fault dips certainly vary, this
assumed dip value represents the expected dip for normal faulting based on simple fault
mechanics (Anderson, 1905). By assuming these reasonable values for all faults we
can examine the relative variation in slip and dilation tendency between variable fault
strikes throughout the study area. While, the use of these dip values means that the slip
and dilation tendency values on a particular fault are not necessarily accurate, the
relative slip and dilation tendency values along individual faults, and between different
fault segments is a proxy for the along fault and fault-to-fault variation in permeability
associated with tectonic stresses. Faults that are highly stressed are associated with
high permeability and fluid flow favorability.

The tectonic stress within the study area is approximated based on regional published
stress data and data from the World Stress Map (www.world-stress-map.org/) (Hickman
et al., 1998, Hickman et al., 2000, Robertson-Tait et al., 2004, Davatzes and Hickman
2006, Heidbach et al., 2008, Hickman and Davatzes, 2010, Moeck et al., 2010, Moos
and Ronne, 2010, Blake and Davatzes, 2011, Blake and Davatzes, 2012). From these
data a smoothed S.... (minimum horizontal stress tensor) azimuthal variation field, which
ranges from S..., azimuth =080° to 118°, is generated. Inversions of earthquake focal
mechanisms suggest that normal faulting is predominant throughout the Modoc region,
relative to strike-slip and thrust faulting events. We therefore applied a normal faulting
stress regime, where the vertical stress (S.) magnitude is larger than the magnitude of
the maximum horizontal stress (S....), which is larger than the magnitude of the
minimum horizontal stress (S, > S.m.« > Swmi). Based on visual inspection of the limited
stress magnitude data throughout the western United States, we apply a stress model
such that the magnitude S../Si.« = 0.5 and S..../S, = 0.4, which are consistent with
complete and partial stress magnitude determinations based on borehole imagery from
Desert Peak geothermal field, NV, the Fallon, NV area, and Dixie Valley geothermal
field, NV (Walker and Repenning, 1965, Hickman et al., 1998, Hickman et al.,

2000, Robertson-Tait et al., 2004, Davatzes and Hickman, 2006, Hickman and
Davatzes, 2010, Blake and Davatzes, 2011). The membership function for fault stress
(high, medium, and low) is defined based on maximum slip tendency and the maximum
dilation tendency calculated in each cell (Table 1).

We recognize that the Pyramid Lake fault, Honey Lake fault, Warm Springs Valley fault,
in the southern part of the Modoc study area, and many of their subsidiary faults, show
evidence for Walker Lane-type dextral strike-slip faulting in the Quaternary (e.g., Faulds
et al., 2005, Faulds and Henry, 2008). Both published mapping and simple fault



https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0165
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0170
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0170
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#tbl0005
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0050
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0250
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0250
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0120
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0405
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0260
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0260
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0255
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0475
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/boreholes
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/focal-mechanism
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/focal-mechanism
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/azimuth
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0055
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0050
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0375
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0375
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0370
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0250
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0245
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0120
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0120
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0405
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0260
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0255
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0255
http://www.world-stress-map.org/
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0010
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fracture-mechanics
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fracture-mechanics

mechanics suggests that the dip of these predominantly dextral and dextral-normal
faults is likely to be steeper than 60°. Our regional assumption of a normal faulting
stress regime and 60° dip is therefore invalid for these faults and the slip tendency and
dilation tendency values that are calculated for these faults probably misrepresent the
stress state of the predominantly strike-slip faults. However, in the absence of fault dip
and/or sense of slip data throughout the study area, we assume a normal faulting stress
regime, which is the predominant sense of slip from earthquake focal mechanisms, and
60° fault dip are representative of the study area.

2.2.4. Structural setting

Throughout the Basin and Range and around the world, it is well recognized that
geothermal systems occur at discontinuities along faults (Curewitz and Karson

1997, Faulds et al., 2006, Hinz et al., 2008, Faulds et al., 2010, Hinz et al., 2010, Faulds
et al., 2011, Hinz et al., 2011, Wallis et al., 2012, McNamara et al., 2015). Horse-tailing
fault terminations, fault intersections, fault step-overs, and accommodation zones are

the most common structural settings in the Great Basin and host the majority of known
geothermal systems (Faulds et al., 2010, Faulds et al., 2006, Hinz et al., 2011, Hinz et
al., 2010, Hinz et al., 2008). Based on the two fault databases, the Modoc study area is
visually analyzed for the occurrence of these structural geometries (Fig. 2). A circle with

a radius of 1 km is utilized to mark all favorable structural settings, and a total of 138
favorable settings were chosen. A binary membership function (favorable setting or
unfavorable setting) is used for the fuzzy logic analysis (Table 1).

2.2.5. Strain: regional strain-rate and seismic moment magnitudes

Spatial correlations between high-temperature geothermal systems and elevated strain-
rate (Faulds et al., 2012) suggest that active tectonism is an important factor in

generating and maintaining the permeable pathways necessary for geothermal
circulation. Regionally smoothed deformation rates, calculated based on geodetic

data and quantified as the 2nd invariant of the strain-rate tensor (Kreemer et al., 2012),
are used as one indicator for strain. The membership function for strain-rate (high,

medium, and low) is defined based on the logarithm (base 10) of the mean strain-rate in
each cell (Table 1).

The magnitudes of earthquakes, as recorded since 1970 are compiled from the Pacific
Northwest Seismic Network (http://www.pnsn.org/), the Northern California Seismic
Network (http://www.ncedc.org/ncsn/), and the Nevada Seismic Network
(http://www.seismo.unr.edu/) (Fig. 2). The seismic moment for each event is calculated
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(Aki and Richards, 2002) and the summed seismic moment in each cell is utilized as a
second proxy for strain. The membership function for seismic moment (high, medium,

and low) is defined based on the logarithm (base 10) of total seismic moment in each

cell (Table 1).

2.3. Data: heat proxies

Six different datasets are utilized as proxies for heat: the age and composition of
Quaternary and younger volcanism, four different types of subsurface heat/temperature
measurements (heat flow, temperature gradient, measured well temperature, and
smoothed heat flow interpolation), and geothermometrydata from three different
chemical geothermometers (Fig. 3).


https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#fig0015
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geothermometry
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/heat-flow
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/volcanism
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#tbl0005
https://www.sciencedirect.com/science/article/pii/S0375650516301468?via%3Dihub#bib0005

121°W

120°W

119°W

Heatflow

Geotherm

He/*He d

Known ge
systems

Fluid geo

Regional
interpolat
and DeAn

e High |

Low :



1. Download high-res image (2MB)

2. Download full-size image
Fig. 3. Heat flow, well, geochemistry, and He isotope data used in the Modoc area play-
fairway study.

Additionally, eight different geochemical ratios, each indicative of geothermal activity,
from more than 30,000 water chemistry analyses, were examined for inclusion in the
study. However, these water chemistry data were found to be too sparsely distributed,
and the reliability of the analyses too uncertain to include in our fuzzy logic analysis.
Thirty six *He/*He measurements (Kennedy and van Soest, 2007, Siler and Kennedy,
2016) are also available in the Modoc study area, but these data were also found to be
too sparsely distributed for inclusion in the fuzzy logic analysis. If appropriate data are
available, multicomponent equilibrium geothermometry using iGeoT (Spycher et al.,
2014, Spycher et al., 2016) is utilized to constrain the deep reservoir temperature at the
yet-to-be-recognized areas of high geothermal potential that are indicated by this work.

2.3.1. Quaternary volcanism

The age and composition of Quaternary volcanic deposits based on geologic maps
(Gay and Aune, 1958, Lydon et al., 1960, Walker, 1963, Walker and Repenning,

1965, Walker et al., 1967, Greene et al., 1972, Macleod and Sherrod, 1992, Saucedo
and Wagner, 1992, Sherrod and Pickthorn, 1992, Crafford, 2010, Egger and Miller,
2011) are used as proxies for heat related to young magmatism. Volcanism older than
Quaternary age is not considered, as subsurface intrusions related to such volcanic
material are unlikely to have retained enough heat to drive a modern geothermal
system. Mapped mafic and felsic volcanic and intrusive units are also differentiated. The
youngest mapped intrusive and volcanic material is interpreted to correlate with the
highest geothermal potential, and we assume that geothermal potential decreases with
increasing age. Mapped felsic materials are assumed to have larger volumes of
associated intrusive rocks in the subsurface relative to mafic material, and thus young
felsic material is interpreted to be associated with a higher local geothermal potential
than contemporary mafic material. The membership functions for heat associated with
Quaternary volcanism (high, medium, and low) is defined from zero to one, one
associated with youngest felsic volcanism with progressively smaller numbers
corresponding to more mafic and older volcanism. Zero associated with no volcanism
(Table 1).

2.3.2. Subsurface heat
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Heat flow and temperature gradient data per well, and maximum bottom hole
temperature in wells are compiled from the USGS heat flow database (Williams and
DeAngelo, 2011), and the state geothermal well databases from Oregon

(http://www.oregongeology.org/sub/gtilo/), California
(http://www.conservation.ca.gov/dog/geothermal/Pages/Index.aspx) and Nevada

(http://www.nbmg.unr.edu/geothermal/Data.html). We consider a per-well measurement
of heat flow to be the most reliable data type for defining heat associated with

geothermal circulation. If a heat flow value is not available, but a temperature gradient is
available, a heat flow value is derived based on the temperature gradient and a linear
regression of the available heat flow and temperature gradient data throughout the
Modoc study area. If temperature gradient data are not available, the interpolated and
smoothed heat flow value from the USGS heat flow map (Williams and DeAngelo, 2011)
is applied to each cell.

The highest bottom hole temperature divided by well depth is also used as an indicator
of subsurface heat. While bottom hole temperature divided by well depth is not directly
comparable to a measurement of heat flow or temperature gradient, relatively high
temperatures in relatively shallow wells may indicate convective fluid circulation at
shallow depths. At locations where no deep subsurface heat data are available, bottom
hole temperature divided by well depth therefore serves as a proxy for the presence of
shallow fluid convection. The membership function for subsurface heat (high, medium,
low) is defined based on the histogram of the combined heat-flow, derived heat flow,
and smoothed heat flow data set. The details of the natural language used for the heat
data is explained below.

2.3.3. Geothermometry data

The Na/K, SiO, (quartz, conductive), and K/Mg geothermometers (Fournier and Potter,
1982, Giggenbach, 1988) are calculated from a compilation of publically available water
chemistry data (Waring, 1915, Livingstone, 1963, Garrels and Mackenzie, 1967, Duffield
and Fournier, 1974, Reed, 1975, Eugster and Hardie, 1978, Nehring and Mariner,

1979, Bliss and Rapport, 1983, Clawson et al., 1986; Eliot Allen & Associates and Geo-
Mat Inc., 1986; Westcot et al., 1990, Mariner et al., 1993, Sladek et al., 2004, Barker et
al., 2005, Costa, 2008). The Na/K geothermometer value is given preference as these
data are available throughout the study area, and it is not affected by dilution or
evaporative concentration. The Na/K geothermometer, however, can be affected by the
equilibration of thermal fluids with silicates other than feldspars, and by external sources
of Na and K such as mixing with alkali lake water or leaching of evaporite minerals
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(e.g., Cantwell and Fowler, 2014, Peiffer et al., 2014, Fowler et al., 2015). Data for the
calculation of the SiO,(quartz, conductive) geothermometer and the K/Mg
geothermometer are relatively sparse within the study area, so these data are not used

in the fuzzy logic analysis. The membership function for subsurface heat based on the
Na/K geothermometer (high, medium, low) is defined based on the histogram of the
highest temperature in each cell (Table 1).

2.4. Data: marketability proxies

In addition to the geothermal potential and risk of a particular geothermal prospect,
infrastructure, market, and economic factors also effect whether or not a potential
resource is conducive for development. We consider land status, the distance to
existing high voltage transmission, and population density as the most important factors
controlling the marketability of geothermal resources throughout the Modoc area.
Potential geothermal prospects that are relatively near to existing transmission corridors
have a higher likelihood of development because construction of expensive new
transmission lines is not required. Transmission data are obtained from Geothermal
Prospector (https://maps.nrel.gov/geothermal-prospector/), the National Renewable
Energy Laboratory online geothermal data tool. The distance from each cell to 100 kV
transmission lines is calculated.

Land status data were also obtained from Geothermal Prospector. We consider all land
restricted by the National Forest Service, the Bureau of Land Management, as well as
existing Areas of Critical Environmental Concern as off limits to geothermal
development.

Direct use of geothermal fluids is prevalent throughout the Modoc study area, most
commonly in the small towns and communities. It is prudent, therefore to consider direct
use as a viable geothermal application in exploration of the region. The Modoc area is
predominantly sparsely populated and we suggest that direct use is most feasible in the
more densely populated towns and communities. This is certainly true of the existing
direct use facilities in the Modoc area, where geothermal resources are used for district
heating and other municipal purposes including pools and spas. Direct use is certainly
possible in areas of low population density, for example, aquacultural and agricultural
uses are not confined to populated areas. However, transportation and supply chain
costs may become significant in these more remote areas. Thus, population density
serves as an effective, though imperfect, proxy for the marketability of a potential direct
use project in the Modoc area. From 2010 US census data, population density was
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calculated for each census tract in the Modoc study area (Fig. 4). These marketability
data are not included in the fuzzy logic analysis, but are incorporated in the subsequent
evaluation of the highly favorable/low risk areas revealed by the play-fairway methods.
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Fig. 4. Transmission, land status and population density data used in the Modoc Plateau

area play-fairway study.

2.5. Fuzzy logic evaluation: permeability

Fig. 5 shows how membership functions are defined for each fuzzy number
representing fault length (L). X-axis is the logarithm basel10 of a fault length. The Y axis
defines the membership function. A cell with a total fault length logarithm (log..(L))
between 0 and 3.0 is defined as “short”. The membership function is one for a fault with
log.(L) between 0 and 3.0 (i.e. full membership in “short”), and the membership function
for “medium” and “long” is zero for a fault with log.,(L) = 3.0 (no membership in “long” or
“medium”). The “medium” membership function is defined by 3.0 < log.(L) < 4.0; and the
“long” membership function by log.,(L) = 4.0. Based on these definitions, a degree of
membership for each cell in the fuzzy set is calculated. For example, if a cell has
log.(L) = 3.25, the membership to “short” is 0.5; the membership to “medium” is 0.5,
and the membership to “long” is 0. See Table 1 for description of how the membership
functions are defined for each dataset.
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Fig. 5. Membership functions for fuzzy numbers representing fault length.

A similar approach is used for the stress state of faults, structural setting

type, seismicity, and strain rate. A total of 41 rules are defined to infer the favorability for
permeability based on the seven input data sets. Rules are then combined using the
standard inference method “mamdani”, provided by Matlab. The output is an aggregated
membership function which, in the end, is “defuzzified” by an averaging process.
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The centroid F,, of the “defuzzified” membership function corresponds to the favorability
for permeability in that cell. The difference between the upper (F.) and lower (F) bound
of the “defuzzified” membership function represents the range of favorability values
possible in each cell. This is used to define the uncertainty. A cell that shows a large
range between F, and F,, while possibly favorable, has high uncertainty and a greater
exploration risk as a result of this wide range.

2.6. Fuzzy logic evaluation: heat

The evaluation of heat is different from the evaluation of permeability because the
quality of each type of data is clearly different. The USGS smoothed heat flow map
(Williams and DeAngelo, 2011) is not ideal for evaluation of subsurface heat related to
exploration for geothermal systems because convective heat flow measurements are
smoothed out in the regional interpolation. The map is generated with a cap on the
maximum heat flow value of 120 mW/m? to minimize the influence of convective high
heat flow associated with hydrothermal systems (Williams and DeAngelo, 2011). This
smoothed map is the only dataset with complete coverage of the study area. As stated
above, we consider a per-well measurement of heat flow (the original unsmoothed data)
to be the most reliable indicator of subsurface heat. If per-well heat flow measurements
are available, these values are evaluated based on the distribution of the heat flow data
throughout the study area, with a relatively small uncertainty range. If a temperature
gradient measurement is available, a heat flow value is derived based on a linear
regression of available temperature gradient and heat flow data in throughout the
Modoc area. If no such data are available, heat is evaluated based on a combination of
the regional smoothed heat flow map (Williams and DeAngelo, 2011), maximum
measured well temperature divided by well depth, and geothermometry data; and the
corresponding evaluation is assigned a relatively large uncertainty range. The locations
with only smoothed heat flow are assigned the largest uncertainty range.

To construct the final geothermal favorability map (Fig. 8), we defined five fuzzy
numbers each for permeability and heat, and nine fuzzy numbers for the final
favorability. Twenty-six rules are used to evaluate the overall geothermal potential for
each cell. For each cell in the Modoc study area, we calculated a geothermal favorability
score from the centroid (F.) of the aggregated membership function and an uncertainty
(risk) from the difference between the upper (F.) and lower (F) bounds.
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Fig. 6. Permeability favorability and risk (indicated by the difference between the lower
and upper bound of favorability) for the Modoc study area.
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Fig. 7. Heat favorability and risk (indicated by the difference between the lower and
upper bound of favorability) for the Modoc study area.
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Fig. 8. Total geothermal favorability and exploration risk for the Modoc study area.
2.7. Play-type determination

Play-type is determined by analyzing the similarity of each cell in the study area to the
two end-member training sites at Medicine Lake and San Emidio. Datasets showing
favorable values for each training site are considered to be diagnostic of that play-type.
The absolute value of the difference between the value of each cell at the training site
and the value of each cell throughout the Modoc study area are calculated and
summed, thus yielding a measure of difference of each cell from both the San Emidio
and Medicine Lake training sites. Any yet-to-be-discovered geothermal resources in
cells with a high similarity (low difference) to San Emidio, for example, are likely to be
tectonically-hosted Basin and Range-type systems, while resources in cells similar to
Medicine Lake are likely to resemble Cascade arc-type, volcanically-hosted systems.
High geothermal favorability cells that bear resemblance to both Medicine Lake and San
Emidio may represent a transitional type of geothermal system, where characteristics of
both volcanically- and tectonically-hosted geothermal have an effect on geothermal
circulation.

3. Results

A high density of young and well-oriented faults and favorable structural settings define
high favorability for permeability in the southeastern part of the study area, particularly
southeast of Susanville, CA and west of San Emidio (Fig. 6). This area also exhibits
relatively high strain-rates and a relative abundance of seismicity.

There is also an area of high permeability favorability along the eastern side of Eagle
Lake, CA, to the northwest of Susanville, controlled by a high density of young and well-
oriented faults and favorable structural settings. Another high permeability favorability
area lies southeast of the Lassen KGRA brought on by young and well-oriented faulting
and a very abundant seismicity since 1970. Permeability favorability is generally lower
in the northern part of the Modoc study area, where Quaternary faults are less prevalent
and strain rates are lower (Fig. 2, Fig. 6). However, relatively high permeability
favorability occurs in several areas, including along the western side of Surprise Valley,
CA, around the town of Lakeview, OR, south of the town of Alturas, CA, within and to
the southeast of the Crump Geyser KGRA, and east of the town of Paisley, OR.
Permeability risk tends to be relatively high in areas where young faults (favorable) are
prevalent, but are not well oriented for slip or dilation tendency (unfavorable) or
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alternatively where favorably oriented faults are older. These data indicate a relatively
large range in permeability favorability and this risk is higher (Eig. 6).

Broad zones of very high favorability for heat occur at Medicine Lake, around Lakeview,
OR, and in two areas to the north/northwest of San Emidio. The broad extent of these
large, high heat favorability areas are primarily controlled by the interpolated and
smoothed regional heat flow values from the USGS heat flow map (Williams and
DeAngelo, 2011). However, these areas all contain wells with high, apparent convective,
heat flow as well. Uncertainty is relatively high throughout the broad areas because
these they are primarily defined by the interpolated heat flow map, which carries
relatively high uncertainty relative to the other heat proxies (Fig. 7). However, within the
broad areas of high heat favorability, cells containing discrete high per-well
measurements of heat flow have very low uncertainty. Several smaller areas of high
heat favorability occur at San Emidio, NV (with very low risk), Susanville, CA, Lake City,
CA, and in and to the south of Vya, NV. The high heat favorability in these areas is
controlled by direct measurements of high heat flow and temperature gradient
measurements in wells.

3.1. Total geothermal favorability

The highest geothermal favorability and lowest risk in the Modoc study area is found at
San Emidio (Fig. 8, Fig. 9). High favorability with moderate risk is found at known and
developed geothermal areas at San Emidio, NV (power plant), Lakeview, OR (multiple
direct use operations), Lake City, CA (direct use), Susanville, CA (direct use), and
Wendel, CA (power plant).
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Fig. 9. Geothermal favorability vs. exploration risk. Black and colored dots represent the
exploration risk and geothermal favorability of every cell in the Modoc study area. Red
dots fall in the training sites, ML for Medicine Lake and SE for San Emidio. Green dots
are known and/or exploited geothermal systems and KGRAs, Lv for Lakeview, LC for
Lake City, Sv for Susanville, Lf for Litchfield, Cv for Cedarville, CG for Crump Geyser.
Blue dots are relatively favorable, relatively low risk undeveloped/unknown sites as
identified by this study, BR for Bonham Ranch, BF for Boulder Flat, NPC for New Pine

Mo


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geothermal-system
https://ars.els-cdn.com/content/image/1-s2.0-S0375650516301468-gr9.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0375650516301468-gr9_lrg.jpg

Creek, and Vy for Vya. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Many cells displaying moderate favorability with moderate risk occur in both
developed/well-known areas and relatively unknown/undeveloped areas. Those that are
developed and/or well-known include Medicine Lake, CA (production-grade geothermal,
but on protected land), Susanville, CA (direct use), Cedarville, CA (direct use), Crump
Geyser (KGRA), and Litchfield in the Wendel-Amedee KGRA (no longer operating direct
use facility) (Boyd et al., 2015).

There are five newly identified, relatively unknown/undeveloped areas with moderate-
favorability, moderate-risk. These are Boulder Flat, NV, Bonham Ranch, NV, Eagle
Lake, CA, Vya, NV, and New Pine Creek, OR (Fig. 8, Fig. 9). Each is discussed in detail
below.

3.2. Geothermal prospects identified through play-fairway analysis
3.2.1. Boulder Flat, NV

The Boulder Flat area lies ~60 km south-southeast of the town of Alturas, CA. The
Boulder Flat area is characterized by Oligocene to Miocene basaltic to rhyolitic lava
flows and Tertiary to Quaternary sedimentary rocks (Crafford, 2010, Egger et al., 2014).
The area contains several well-oriented faults of unknown age. All faulting of known age
adjacent to Boulder Flat is very-late Pleistocene or younger (<15,000 yrs), suggesting
that there is active tectonism in the area. However, strain rates are low and there has
been no recorded seismicity in the area since 1970. Shallow temperature gradient wells
(<30 m) in the USGS heat flow database have very high temperature gradients, as high
as ~4000 °C/km. These temperature gradients are almost certainly convective rather
than conductive, and thus no heat flow calculations have been made on any of the wells
in Boulder Flat. These very high temperature gradients may be indicative of shallow
geothermal circulation.

Measured temperatures reported for surface and subsurface waters sampled at Boulder
range from 9 to 21 °C. Geochemical analyses of these waters are mostly incomplete.
The pH is reported in only 5 out of ~30 analyses, and indicates a strongly alkaline
character. Most of these waters are quite dilute (~5-13 mg/L Cl), but three samples
from Boulder Flat are significantly more concentrated (101-150 mg/L CI), although with
lower silica concentrations than the dilute waters. Quite inconsistent

traditional geothermometry results are obtained with these waters

(SiO, quartz temperatures of 96°-125 °C and Na/K temperatures of 127—>300 °C). This
Is expected given that most of these waters do not show a clear mature thermal
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character. Waters with lowest Mg concentrations (0.1 mg/L) tend to show the highest
silica concentrations. These waters, which are the most likely to have a thermal imprint,
are shown as the group of labeled points displaying the highest Na/K temperatures

on Fig. 10a (on the lower dashed arrow). The labeled point falling on the upper dashed
arrow (Fig. 10a) corresponds to one of the more concentrated waters, although still with
a somewhat low Mg concentration (0.8 mg/L); this point yields the lowest Na/K
temperature (~127 °C). An attempt was made to estimate deep temperatures by
optimized multicomponent equilibrium geothermometry using iGeoT (Spycher et al.,
2014, Spycher et al., 2016) to take into account the effect of potential dilution,
degassing, and calcite precipitation potentially affecting these fluids. The mineral
equilibration temperatures resulting from this analysis average ~198 °C for the dilute
waters and 139 °C for the more concentrated water (Fig. 10b). These calculated
temperatures, however, should be considered quite uncertain (and possibly non-unique)

given the lack of both mineralogical data and complete geochemical analyses.
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Fig. 10. (a) Na-K-Mg geothermometry plot for Boulder Flat waters: most samples
appear unsuitable for geothermometry analyses. (b) Multicomponent equilibrium

geothermometry with the waters shown as labeled points in (a) accounting for effects of

dilution, CO, exsolution, and precipitation of calcite; results of traditional

geothermometers applied to the reconstructed fluid are also shown.

Population density at Boulder Flat is very low. The area with the highest geothermal

favorability does not lie on land that is protected from development. A high

voltage (100 kV) transmission corridor passes ~5 km to the east of the highest

temperature area.

100 120 140 160 180 200

Temperatu


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/high-voltages
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/high-voltages
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/exsolution
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geothermometry
https://ars.els-cdn.com/content/image/1-s2.0-S0375650516301468-gr10.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0375650516301468-gr10_lrg.jpg

3.2.2. Eagle Lake, CA

Eagle Lake, CA lies ~20 km NW of the town of Susanville, CA. Eagle Lake is
characterized by Holocene basaltic lava flows, Pliocene to Pleistocene basaltic to
andesitic lava flows, Mesozoic granitic rocks, and Quaternary sediments (Lydon et al.,
1960; Colie, 2003). Faults in the Eagle Lake area are densely spaced, well oriented for
slip and dilation, though not particularly young; predominantly late Pleistocene (130,000
yrs) or younger (Calie, 2003). At two locations along the eastern shore of Eagle Lake,
late-Pleistocene faults appear to step to the right, in two favorable structural
discontinuities. Strain rates are relatively high, although there has been no seismicity
recorded at Eagle Lake since 1970. Heat flow and temperature gradient data at Eagle
Lake are limited; a relatively low heat flow of 47 mW/m? has been calculated for one well
in the Eagle Lake area.

Our geochemical data compilation for this area includes a large number of groundwater
analyses lacking important parameters such as pH, temperature, silica concentration,
and other parameters necessary to confirm a potential thermal component. The
measured fluid temperatures in these samples do not exceed ~26 °C. Traditional
geothermometry indicates temperatures as high as 350 °C (Na/K), though these values
do not agree well with SiO. or K/Mg geothermometers, which are as high as 95 °C and
123 °C, respectively. Most samples for which pH is available are alkaline, pH between
8.4 and 9.8, with Ca-Mg-CO. and Na-HCO, compositions reflecting evaporative
concentration of waters from Eagle Lake, which is endorheic (closed drainage basin)
and therefore the only recharge to groundwater in the area. As such, most (if not all) of
the available groundwater analyses are not amenable to traditional solute
geothermometry analyses. A few high Na + K, low-Mg samples have been reported
(points with labels shown on Fig. 11a), which are more likely to reflect some thermal
component. The lowest-magnesium sample yields an Na-K temperature around 260 °C
(Eig. 11a), although this result should be considered highly speculative because of the
lack of pH, silica, and other analytical data necessary to better assert the applicability of
geothermometry calculations for this sample. An attempt to reconstruct the deep fluid
composition for this sample to better constrain possible deep reservoir temperature by
optimized multicomponent equilibrium geothermometry using iGeoT (Spycher et al.,
2014; 2016) yields estimates between 230 °C and 250 °C, after correcting for effects of
evaporative concentration, a small loss of CO, gas, and precipitation of calcite (Fig._
11Db). However, these results should be viewed with caution because of poor model
constraints. A few water samples reported with less alkaline pH values between 7 and 8
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exhibit low Na + K and higher Ca concentrations more typical of cold/shallow
groundwaters.
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Fig. 11. (A) Na-K-Mg geothermometry plot for Eagle Lake waters: most, if not all,
samples appear unsuitable for geothermometry analyses. (b) Multicomponent
equilibrium geothermometry with the least immature water (point labeled 612 in (a)),
after fluid reconstruction to account for effects of evaporative concentration,
CO. exsolution, and precipitation of calcite; results of traditional geothermometers
applied to the reconstructed fluid are also shown.
High voltage (100 kv) transmission lines lie ~15 km to the southeast near Susanville,
CA. With the exception of the town of Spaulding, CA, which lies on the western side of
the Eagle Lake and has a population of 178, the Eagle Lake area is sparsely populated
and no land in the area is protected from development.

3.2.3. Wya, NV

Several favorably oriented faults of unknown age are mapped in and around the ghost
town of Vya, NV, which is located ~50 km due east of Lake City, CA. The surficial
geology is characterized by Oligocene to Miocene basaltic to rhyolitic lava flows and
Quaternary to Tertiary sedimentary rocks (Egger and Miller, 2011). All faulting of known
age within ~10 km of Vya is very-late Pleistocene or younger (<15,000 yrs) suggesting
of active tectonism in the Vya area. Strain rates are low and no significant seismicity has
been recorded since 1970. A relatively low heat flow of 78 mW/m? is reported in a well
~2 km east of Vya. A geothermal gradient of 702 °C/km has been reported at Vya. This
suggests convective fluid flow, however no depth information is reported for this well, so
we view this geothermal gradient as somewhat suspect.
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Only four water analyses with sufficient information to apply traditional geothermometers
are available from springs near Vya. Geothermometry suggest Na/K temperatures as
high as 330 °C, however these temperatures are not in good agreement with the

SiO, and K/Mg geothermometers, which yield much lower temperatures (up to ~116 °C
and 66 °C, respectively). Also, the measured temperatures of these fluids at the surface
are only ~22 °C. Therefore, there is a large uncertainty about the actual temperature of
thermal fluids at depth in this area. When plotted on a ternary Na/K/Mg geothermometry
diagram, the four analyses are found to plot essentially on Mg corner and for this reason
such a plot is not presented. Three of these waters are dilute (15-20 mg/L Cl) and one
is significantly more concentrated (900 mg/L Cl) although with the lowest silica
concentration of all samples. Attempts to reconstruct a possible deep fluid composition
by optimized multicomponent geothermometry with iGeoT (Spycher et al.,

2014, Spycher et al., 2016) are successful (although highly uncertain) only when using
the diluted samples. These computations yielded fairly focused temperatures in the
265-280 °C range, but only after correcting for significant dilution (factor ~8x) and
degassing. These results should be considered highly uncertain because of the strong
dilution of the sample and the poor model constraints.

Land classified as a Historic/Scenic trail and National Conservation Area by the Bureau
of Land Management surround Vya, however the land on which the highest temperature
gradient is reported has no restrictions. A total population of 6 is listed in the census
block containing the town of Vya. A high voltage power corridor lies ~7 km east of Vya.

3.2.4. Bonham Ranch, NV

Bonham Ranch, NV lies ~50 km west southwest of San Emidio. The surficial geology is
characterized by Pliocene to Pleistocene basaltic lava flows (Crafford, 2010). The
Bonham Ranch area contains a very high density of well-oriented faults, several of
which are very-late Pleistocene (15,000 yrs) or younger. Strain rates are among the
highest in the study area, and scattered seismicity has been recorded since 1970. Two
different right step-overs in very-late Pleistocene (>15,000 yrs), late Pleistocene
(>130,000 yrs), and early Pleistocene (>1.6 Ma) faults form favorable structural settings
for geothermal fluid upflow. Temperature gradients as high as 336 °C/km in wells as
deep as ~70 m are reported. Heat flow has not been calculated, as these are likely
convective rather than conductive gradients.

Both springs and artesian wells with measured temperatures as high as 50 °C are found
in this area. Traditional Na-K-Mg geothermometry using available analyses of these
waters (Fig. 12a) suggest deep temperatures between ~140° and 200 °C, although the
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higher estimate (point 6913 on Fig. 12a) is likely unreliable because this sample exhibits
a salinity about 3—4 times higher than at other locations, and about 100 times higher
than another sample at the same location, however with a similar low silica
concentration (T.... ~80 °C). This suggests either erroneous data or evaporative
concentration with silica re-equilibration. Shevenell and Coolbaugh (2011) applied an
approach combining geothermometers and enthalpy data to estimate deep
temperatures at several thermal springs in Nevada and estimated deep temperatures
around 165 °C at Bonham Ranch, which is within the range with our Na-K-Mg
geothermometry and multicomponent geothermometry results (Fig. 12). Multicomponent
geothermometry analyses using iGeoT (Spycher et al., 2014; 2016) using the samples
with the highest collection temperatures (37 °C and 49 °C, points 5622 and 5624 on Fig.
12a) yield deep temperatures of 154 and 126 °C, respectively (Fig. 12b). An initial
attempt to reconstitute the high salinity sample 6913 by optimized multicomponent
geothermometry, in order to account for evaporative concentration and silica re-
equilibration, yields a temperature of 166 °C.
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Fig. 12. (a) Na-K-Mg geothermometry plot for the Bonham Ranch thermal waters.

Labeled points show samples from wells with highest fluid temperatures (5622 and
5624), and one cold spring sample (6913) exhibiting higher salinity than the rest of the
samples. (b) Multicomponent equilibrium geothermometry with two of the more mature
waters (point labeled 5622 and 5624 in (a)), after fluid reconstruction to account for

effects of dilution, some CO. exsolution, and precipitation of calcite; results of traditional

geothermometers applied to the reconstructed fluid are also shown.

The Bonham Ranch area does not consist of land that is protected from development,
although it is adjacent to a Bureau of Land Management Wilderness Study Area to the
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west. The area is very sparsely populated and lies ~25 km from high voltage
transmission corridors to the northwest, southwest, and east.

3.2.5. New Pine Creek, CA and OR

New Pine Creek straddles the border between California and Oregon near the
northeastern end of Goose Lake. The area is characterized by Miocene basaltic to
rhyolitic lava flows and intrusive rocks, and Quaternary sedimentary rocks (Gay and
Aune, 1958, Walker, 1963). A relatively high density of well-oriented faults and a step-
over along the range-front fault system, which is younger than late Pleistocene
(<130,000 yrs), result in the relatively high permeability favorability at New Pine Creek.
Strain rates are moderate, relative to the Modoc study area as a whole, although a
seismicity swarm peaking between 2004 and 2007 containing ~450 events, including
events of M = 4.4 on June 30, 2004 and M = 4.2 on July 22, 2004, indicates active
deformation. A total population of 255 is listed in the census blocks in and around New
Pine Creek and a high voltage power corridor passes within 2 km of the town. Heat flow
values of 572, 175, 97, and 91 mW/m? have been calculated in the area. No land near
New Pine Creek is subject to restrictions on geothermal development.

Water temperatures as high as 77 °C are reported in wells of unknown depth in the New
Pine Creek area, clearly indicating convective hydrothermal activity in the area. 113
water analyses from wells and springs are available for this area, although most are
incomplete. Reported water compositions appear to fall in two distinct groups: dilute
waters with elevated Ca + Mg relative to Na + K, representative of cold ground waters,
and higher salinity, Na-Cl-dominant warmer waters. Geothermometry analyses with the
warmest waters vield Na/K temperatures up to ~169 °C (Eig. 13a), although this is
inconsistent with (and significantly higher than) temperatures estimated with other
traditional geothermometers. Taking the two warmest/most concentrated of these waters
(labeled points on Fig. 13a), attempts were made to estimate deep mineral equilibration
temperatures by optimized multicomponent geothermometry using iGeoT (Spycher et
al., 2014; 2016); tentative results indicate temperatures in the 130-140 °C range (Fig._
13b). Elevated Na/K geothermometer temperatures (>200 °C) are computed for many
other waters, however only for those with incomplete analyses and/or compositions
suggesting cold groundwater not suitable for traditional geothermometry.
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Fig. 13. (a) Na-K-Mg geothermometry plot for the New Pine Creek thermal waters.
Labeled points show samples from wells with highest fluid temperatures (175 and
15090); (b) Multicomponent equilibrium geothermometry with the two labeled points in
(a) (most mature waters) after fluid reconstruction to account for effects of dilution, some
CO, exsolution, and precipitation of calcite; results of traditional geothermometers

applied to the reconstructed fluid are also shown.

3.3. Play types throughout the Modoc study area
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The producing geothermal system at San Emidio serves as our training site for
tectonically-hosted, or Basin and Range-type geothermal systems. San Emidio is
characterized by relatively dense faulting, all of which is younger than 130,000 yrs.
Faults are relatively well oriented with respect to the tectonic stress field. The
geothermal system at San Emidio occupies a favorable structural setting, a ~4 km wide
left step-over in the San Emidio fault zone (Rhodes, 2011). Temperature gradients are
among the highest in the Modoc study area, though no heat flow calculations are
available. The maximum temperature recorded in the field to date (in well 45A-21) is
161 °C, and production predominantly comes from wells with temperatures of 138—

149 °C (Teplow and Warren, 2015). Na/K geothermometry with samples from thermal
springs and a deep well at San Emidio yield elevated temperatures up to 219 °C (Fig._
14), however these temperatures appear overestimated as a result of evaporative
processes and/or interaction of reservoir fluids with evaporitic brine/minerals. Optimized
multicomponent geothermometry computations with iGeoT (Spycher et al., 2014; 2016)
yield lower temperatures (160°-170 °C, Fig. 14) that are more consistent with field data,
but only after correcting the composition of sampled fluids for degassing and significant
evaporative concentration (by ~30%).
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Fig. 14. (a) Na-K-Mg geothermometry plot for San Emidio thermal waters from springs

(numbered points) and a geothermal well (points labled “W”); (b) Multicomponent
equilibrium geothermometry with the points labeled “1” and “W” in (a) (sampled at 79C
and 135C, respectively) after fluid reconstruction to account for effects of evaporative
concentration, CO, exsolution, and precipitation of calcite; results of traditional
geothermometers applied to the reconstructed fluid are also shown.

The geothermal system at Medicine Lake, although shown to be a production-

grade geothermal resource (lovenitti and Hill, 1997), has not been developed because
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of concerns related to the protection of the culturally significant lands which it occupies.
Medicine Lake serves as our training site for volcanically-hosted, or Cascade arc-type
geothermal systems. Medicine Lake is characterized by limited surface faulting, though
extensive surface coverage of Holocene-Pleistocene basaltic-rhyolitic lava flows
obscures all but the youngest faults (Donnelly-Nolan and Nolan, 1986). Studies of core
samples reveal that reservoir permeability is controlled by fractures (Clausen et al.
2006). Helium data (Rc/Ra value of 7.44 in well 87-13) support a magmatic fluid
component (e.g., Kennedy and van Soest, 2007). Well data show among the highest
heat flow and temperature gradients in the Modoc study area. Temperatures as high as
275 °C at ~1300 m depth have been recorded (e.g., Hulen and Lutz, 1999, Cumming
and Mackie, 2007a, Cumming and Mackie, 2007b).

Similarity to San Emidio and Medicine Lake is calculated for each cell based on the
difference in data values between the training sites and each cell. The resultant
‘Difference from San Emidio’ and ‘Difference from Medicine Lake’ maps (Fig. 15),
indicate the expected extent of the tectonically-hosted (San Emidio-like) and
volcanically-hosted (Medicine Lake-like) geothermal systems throughout the study area.
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Fig. 15. Similarity of cells within the Modoc study area to the training sites at Medicine

Lake (left side) and San Emidio (right side).

Volcanically hosted geothermal systems are expected primarily on the western side of
the Modoc study area, their distribution controlled by the occurrence of young lava flows
and elevated subsurface temperatures. They are expected in highest density to the east
of Medicine Lake near the towns of Canby and Alturas, CA, as well as to the east of the
Lassen KGRA, near Eagle Lake, CA, and extending as far east as Susanville, CA (Fig._
15).

San Emidio-like, tectonically hosted geothermal systems are expected throughout the
study area, primarily controlled by densely spaced, young, well-oriented faults, and
favorable structural settings, along with elevated subsurface temperatures. They are
expected to be most prevalent throughout the Honey Lake Basin southeast of
Susanville, CA and in the Smoke Creek Desert to the west of San Emidio. San Emidio-
like geothermal systems are also expected along north-northwest-striking faults south of
the town of Alturas, CA, in Surprise Valley, CA, and near Lakeview, OR (Fig. 15).

The yet-to-be-developed relatively favorable, relatively low-risk geothermal prospects
defined in this study (Fig. 8, Fig. 9) at Bonham Ranch, NV, Boulder Flat, NV, and New
Pine Creek, have similar characteristics to San Emidio, namely many young and well-
oriented faults and relatively high measured or calculated temperatures. None of these
areas have characteristics that are particularly similar to Medicine Lake and are
therefore classified as Basin and Range play-type geothermal prospects. The Eagle
Lake, CA area shows characteristics of both San Emidio and Medicine Lake, namely
young lava flows, relatively high temperatures, and many young and well-oriented
faults. We therefore classify Eagle Lake as a transitional play-type, with similarities to
both Basin and Range-type and Cascade Arc-type geothermal systems. The Vya, NV
area does not appear to be particularly similar to either Medicine Lake or San Emidio,
though the cells with the highest geothermal favorability near VVya, NV are more like San
Emidio than they are like Medicine Lake.

4. Conclusions

Geothermal favorability and exploration risk throughout the Modoc plateau and the
surrounding region in California, Oregon, and Nevada, are calculated based on play-
fairway analysis. Six proxies for heat and seven proxies for permeability are synthesized
using fuzzy logic, allowing for definition of highly favorable and low risk geothermal
prospects. The results independently identify many of the already known and
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developed geothermal systems in Modoc area. This suggests that our methods are
viable for locating geothermal resources, and may have broad application in other areas
in the United States and internationally. In addition to identifying the already known
geothermal systems throughout the Modoc area we have identified five relatively
unknown and undeveloped geothermal prospects. These are at Bonham Ranch, NV,
New Pine Creek, OR and CA, Eagle Lake, CA, Boulder Flat, NV, and Vya, NV. The
proximity of Boulder Flat, New Pine, Creek, and Vya to existing high_
voltagetransmission may facilitate development of these prospects for development,
though significant exploration is needed to further characterize the systems. The towns
near Eagle Lake and New Pine Creek make these prospects viable for district heating
and other municipal direct uses. In addition to these new geothermal prospects, our
analysis suggests that some known and developed resources in the Modoc area may
be underutilized. The known resources at Lakeview, OR, and Lake City, CA in particular
exhibit high heat flow, high measured temperatures, and good evidence for permeability,
resulting in high favorability and moderate risk in our analysis (Fig. 8, Fig. 9), yet have
only been exploited for direct use applications. Additional research and exploration are
required to fully evaluate both the newly identified prospects at Boulder Flat, Vya, New
Pine Creek, Eagle Lake, and Bonham Ranch, and the potentially underutilized
geothermal systems at Lakeview, Crump Geyser, and in Surprise Valley for geothermal
development.
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