Chapter 4

The Texas Geothermal Resource: Regions and
Geologies Ripe for Development

K. Wisian, S. Bhattacharya, M. Richards

l. Introduction

Texas is known as the energy State. It has led the growth
and development of the world's petroleum industry, and is
responsible for the United States becoming a world leader
for gas production asaresult of the shale boom. Andin the
last two decades, a different form of energy production
boomed in Texas - wind. Texas leapt into the lead in wind
power production nationally after initially lagging behind
other states at the beginning of this century (DOE, 2022).
Texas has the opportunity to become a global leader
of yet another source of energy - geothermal. In this
Chapter, we explore the abundant subsurface heat that
may provide the next opportunity for Texas to lead the
world in energy - the concept of ‘Geothermal Anywhere.’

https://doi.org/10.26153/tsw/44071

The total amount of heat in the upper ten kilometers of the Texas
subsurface is approximately one million exajoules. That is roughly half a
million times Texas’ annual electricity generation of 500 million megawatt
hours. Put simply, even accounting for low efficiency of extraction, there is
enough energy to meet electric and thermal demand in Texas for thousands
of years just a short distance under our feet.

Texas is not on the list of conventional geothermal
productionzonesinthe United States. To date, geothermal
energy production has been (with negligible exceptions)
concentrated west of the Rockies in a region referred to
by geologists as the Great Basin. Traditional hydrothermal
resources, referred to in this Report as Conventional
Hydrothermal Systems(“CHS"), are geographically limited.
CHS requires the presence of natural, dynamic or static
water/steam in the subsurface. The location of these
systems is connected with tectonics, either volcanism or
deep fault lines. These geological settings, in turn, occur
mainly inthe Great Basin, ageographicrange thatincludes
most of Nevada, reaches north to the Columbia Plateau in
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central Oregon and southern Idaho, encompasses half of
Utah to the Wasatch Mountain Range to the east and the
Sierra Nevada mountains of California to the west, and
stretches south through the Mojave Desert and Imperial
Valley in California and Sonoran Desert in Mexico.

Additionally, the Pacific coastal area of the western
United States and Hawaii have visible tectonic activity.
Worldwide, the close coupling of geothermal development
and tectonics occurs around the “Ring of Fire” of the
Pacific Ocean, the East African Rift, and one-off hotspots
(Iceland and Hawaii, for example), as well as near other
tectonic plate boundaries.

Texas is hot. The total amount of heat in the upper
8.2 miles (ten kilometers) of the Texas subsurface is
approximately one million exajoules (Tester, et al., 2008).
Thatis; 10%*joules, 9.4 x 102° British thermal units, 163,000
billion barrels of oil equivalent, or 2.8 x 10" gigawatt hours.
Pick your units any way you want - Texas has roughly half
a million times its annual electricity generation of 500
million megawatt hours in geothermal energy potential
just below the surface of its ranches, farms, cities, and
towns (EIA, 2022). This however is energy content, not
extractable energy. The purpose of this Report is to
provide policy-makers, investors, and the general public
a greater appreciation as to how much of this energy
is recoverable, both in the near term, and with the
application of new technologies in the future.

Thehistory of geothermalenergyin Texasiscomparatively
brief. There have been small periods of interest and
research in the past, mainly in the 1970s and 1980s. The
unique Gulf Geopressure Zone, located in the subsurface
along the Texas Gulf Coast, generated interest in the
past, and has sustained intermittent attention since. A
geothermal demonstration plant in Pleasant Bayou in
Brazoria County was built and operated briefly inthe 1990s
(John, et al., 1998). Excellent fundamental work was done
in the period between 1979 and 1990, and the publications
resulting from this work form a solid foundation of
understanding about the State’s geothermal resources,
as referenced in this Chapter'. Since this foundational
work was performed in Texas, technologies, science,
and the world's priorities with regard to clean energy
technologies have significantly changed, and altered

the lens through which we should view the geothermal
opportunity in Texas.

Recent and continuing advancements in drilling
technologies, as well as technologies related to the
conversion of heat into electricity, are changing
the picture and opening the door to Texas adding a
significant new power source to its grid, as well as
creating and leading a major new world-wide industry -
geothermal energy. These technological advances are
breaking the geographic constraint of days past of where
geothermal can be developed, creating an opportunity
for the emergence of the next generation of “geothermal
anywhere.” In light of this new paradigm, as well as the
increased availability of subsurface data, we re-examine
the geothermal potential of Texas.

First, some caveats: in this Chapter, we focus on the
subsurface, as opposed to on specific geothermal
technologies. Technologies such as Direct Use heat and
power production concepts are considered in detail in
other Chapters. Additionally, Conventional Hydrothermal
Systems(“CHS"), though limited in Texas, do exist, and will
be addressed in this Chapter. The semi-conventional gulf
coast geopressureresource is perhaps the most currently
exploitable opportunity in the realm of CHS. Geopressure
allows forboth the thermaland mechanical energy of over-
pressured, deep formations to be harnessed, resulting in
more economically attractive geothermal projects, which
may also be co-produced with gas.

[l. What's New

A significant difference between this study and previous
work performed in Texas is the inclusion of all types of
geothermal resources in our analysis - not just CHS,
geopressure, and Direct Use. The “geothermal anywhere”
paradigm opens opportunities for application of new
technologies, and exploitation of resources in new
regions that may have previously been infeasible. The
next generation of geothermal anywhere takes advantage
of multiple proven and emergent technologies to enable
the creation of artificial systems to extract heat from
the crust, without relying on nature to concentrate the
heat in visible surface anomalies. These proven and

'For a concise listing please search the Bureau of Economic Geology Bookstore with “geothermal”
https://store.beg.utexas.edu/search?controller=search&orderby=position&orderway=desc&search_query=Geothermal&submit_search=
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emergent technologies are covered elsewhere in this
Report. We refer to these collectively as Next Generation
technologies.

Geothermal anywhere opens up all of Texas, not just the
select areas of the past, to geothermal energy production.
As such, geothermal anywhere will demand new ways
of city planning. For example, when power generation is
embedded in a decentralized, organic way at the scale of
a few or tens of megawatts per plant, cities will need to
fold geothermal infrastructure into growth plans as now
they do with power substations. This approach means the
generationis close to the customer or what grid operators
call the demand, or load center.

The State's geothermal resources are, in many instances
particularly along the Gulf Coast industrial regions in
Texas, co-located with industrial off-takers, which
means industry in the future may have their own on-site
geothermal energy source, and use it in whatever way
is most efficient for them. Thus, an area of continued
research for geothermal in Texas will be the integration of
geothermal energy use and urban/growth planning.

With the flourish of recent technological advancements,
deep oil and gas producing basins are becoming viable as
geothermal producers. Even hard-rock zones, such as the
Llano uplift, could become geothermal energy producers.
The energy industry is increasingly interested in the
potential of energy generation that can take advantage of
vast existing infrastructure already in place in areas such
as the Permian Basin oil and gas fields, and underneath
decommissioned coal power plants. In part, stakeholders
see the expansion of low or zero-carbon technologies as
a crucial enabling technology in their plans to mitigate
greenhouse gasses created by their continuing oil & gas
production.

[ll. Risk Reduction vs. Conventional
Geothermal and Oil & Gas

Perceived risk is a crucial difference between developing
an oil and gas field and a geothermal resource. Oil and
gas risk remains high until the well is completed in
the production zone, due to the local and small-scale
heterogeneitiesinkey productionfactorssuchas porosity
and permeability. While the ability to predict these
variables in advance has improved considerably in recent

decades, a fundamental level of risk for successfully
completingaproducingzone remains. A similar risk exists
in Conventional Hydrothermal System development, but
perhaps notin some new technologies, as will be explored
further below. The usual geothermal targets, which are
hot fluid upflow channels and a sufficient rate of fluid flow,
can be challenging to pin down in advance, and therefore
success cannot be known until the expensive process of
drilling the well is mostly complete.

Next Generation geothermal methods permit the
exploration of geothermalresources beyond Conventional
Hydrothermal Systems dominated by advection and
convection (moving fluids) to permit exploration in
conduction dominated systems, such as sedimentary
basins or stable hard-rock cratons.

Conduction is a diffusive process, which is the exchange
of energy between adjacent molecules and electrons. It
is the dominant heat transfer mechanism for most of the
lithosphere, as the rigid lithosphere is unable to support
large convection cells. In a conductive (diffusive) setting,
temperature does not vary laterally nearly as rapidly as
otherrock properties such as porosity or mineral content.
In other words, you will not find a change of ten degrees
across one centimeter (0.4 inches), whereas you might
find a complete mineralogy change across the same
distance due to depositional or diagenetic controls.

The Earth’s core is as hot as the surface of the sun, and
in general, the Earth’s temperature increases with depth,
although it does not do so at a uniform rate. In theory, a
desired target temperature can always be reached, it is
just a matter of at what depth, and in what rock formation
it will occur. Estimates of heat transfer in conduction
dominated systems are governed by Fourier’'s Law. The
rate at which heat is conducted through a material (heat
flow) is directly proportional to the temperature gradient
across the material and the thermal conductivity of the
material, and is inversely proportional to the thickness
of the material. Therefore, geothermal gradients and
conductivity of the rock as well as fractures are key
to understanding heat transfer. Variations of thermal
conductivity related to the change of lithology have a
significant impact on temperatures.

The geothermal gradient element of Fouriers Law are
calculated from drilling data. Temperatures measured-
while-drilling ("MWD") or measured at the bottom of
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the hole via a Bottom Hole Temperature ("BHT") tool
after drilling is complete are highly disturbed (generally
registering as cooler than equilibrium) by the drilling
activity itself and require correction. Errors in estimation
of both conductivity and expected geothermal gradient
prior to drilling can mean deeper drilling is needed,
or worse, that you reach the desired temperature in a
different formation and with different properties than
planned. Thefactthatif drilling continues, it will eventually
hit the desired temperature, does not minimize the need
for fundamental geologic and geophysics analysis of a
project site. Detailed pre-drill geological studies are still
critical to the success of a project.

Thus, while the risk in Next Generation geothermal is
reduced compared to Conventional Geothermal Systems
and oil and gas, it is not eliminated. Understanding local
technical details is a high-skill pursuit, and represents
employment opportunities for talent looking to transfer
their efforts from oil and gas operations.

As in all other forms of energy and mineral resources, the
pursuit of random drilling programs is not a recipe for
success. Wells, including geothermal wells of all types, are
expensive prospects, typically millions to tens of millions
of dollars per well. Before committing to expenditures
of that sort, the best possible understanding of the
subsurface is needed. While, in general terms, the Earth
does get hotter the deeper one drills, the variations are
immense. As we will see later in this Chapter, some areas
of Texas can probably produce viable geothermal energy
from wells a few kilometers deep, while other areas would
need a well nearly ten kilometers deep to reach the same
temperatures. This variability does not include the local
variations driven by the presence of salt domes, faults
and fractures, rock and fluid types, and many other
complications in drilling to extract heat from the Earth.

This Chapter will provide an up-to-date assessment of
Texas’ geothermal potential at the whole-State level down
to the regional/basin level and, in some cases, to the
county level. We will look at the resource (temperature),
as well as the other geologic and geophysical aspects of
the various regions of Texas.

IV. Texas Regions

Texas is diverse geologically and geographically (Figures.
4.1 and 4.2). It ranges from deep sedimentary basins to
basement uplift, and from mountains to coastal plains.
The State's mineral and energy resources are similarly
heterogeneous. Texas' oil and gas development is
distinctly zoned in time and space, with areas such as
East Texas, the coast, offshore, and the Permian Basin
(among others) experiencing one or more periods of
intense exploration and production.

In this Chapter, we will divide Texas up into specific
regions based on multiple factors. We will then assess
the geothermal potential of these regions as the data
permits, bearing in mind that some regions have very
limited data. Broadly speaking, we break Texas into two
types of regions. The first set of regions have abundant oil
and gas exploration data, while the second set generally
has a much lower density of data available (Figure. 4.3).
The regions we explore in this Chapter include:

1. Sedimentary basins
a. North-Central/Fort Worth Basin
b. The Gulf Coast/Geopressure Zone
c. EastTexas
d. West Texas/Permian Basin

e. Panhandle/Anadarko Basin

2. Otherregions
a. The Llano Uplift
b. Central Texas/Hill Country

c. ElPaso/The Basinand Range
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Figure 4.1. Texas Physiographic Regions. The Physiographic Regions of Texas encompass a large,
sweeping coastal plain in the southern and eastern third of the State, the “Hill County” and Llano
uplift in the center of the State, various plains in the north and north-central area and mountainous
basin and range terrain in the far west. These zones correlate closely with geology (Figure 4.2).
Source: Wermund, 1996.

The Future of Geothermal in Texas | 80 I



Figure 4.2. Geologic Map of Texas. Similarly varied as the physiographic zones, the geology of
Texas ranges from relatively young coastal sediments to “dinosaur age” Cretaceous limestones in
central Texas to volcanic and Precambrian igneous formations in west Texas and the Llano area.

Source: Hartman & Scranton, 1992.

A. The Foundational Data

This heterogeneity in hydrocarbon resource exploration
creates a parallel heterogeneity in the geothermal data
available for Texas (Figure 4.3). The data points in Figure
4.3 represent the foundational data on the thermal state
of the lithosphere of Texas. Each point is a well that has
been logged at some time, usually during or shortly after
drilling. In areas with oil and gas production, the density
of data points is very high, however as noted above,
BHT measurements are generally not at equilibrium
conditions. Correspondingly, where there is no petroleum
potential, the map is mostly blank. This is not to say that
there are no wells in the empty map areas, as there are
ubiquitous and relatively shallow water wells. However,
wells of this type rarely have useful recorded information
and their temperatures, if known, are disturbed by the
aquifer flow.

Although this dataset where present is very dense, it is
usually not particularly robust and accurate regarding
temperatures. This is a concern since the temperature
measurement is the sought after information. Other well
log data such as porosity and mineralogy are generally
much more reliable. The “gold standard” data is an
equilibrium temperature of the rocks,measured long
after the well is drilled and the disturbance of drilling
has passed. However, when a well is drilled, the return
to thermal equilibrium takes on the order of months to
years. It is not economically viable to let a completed
well sit idle for that long to get good temperature data.
Therefore, the temperature is typically measured before
the drilling-induced temperature disturbance returns
to the in-situ equilibrium value. This disturbed value
may be up to tens of degrees different from equilibrium.
Typically, the temperature is collected in the form of a
BHT shown on the strip log of a well and/or recorded as
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Figure 4.3. The SMU-NGDS (National Geothermal Data System) geothermal dataset for Texas,
geothermal.smu.edu. Also shown are the approximate boundaries of the regions discussed in
this Chapter. Source: Adapted from Blackwell, et al., 2011a.

a maximum temperature on the well log header. Thus we
resort to applying crude corrections to the measured
(disturbed) temperature to get an estimate of the
equilibrium (undisturbed) temperatures (Schumacher
& Moeck, 2020). Undisturbed temperatures are critical
to understanding the resource in place. And where it is
possible to obtain precision, equilibrium temperature
datais valuable in and of itself and as a calibration for the
“noisy” BHT data.

A similar problem to the potential for temperature errors
existsin the data on rock thermal conductivities. Thermal
conductivity, ("k"), is the measurement of how well a rock

conducts heat and, inversely, how well it can act as an
insulating “blanket” and thus is also a critical parameter
in understanding geothermal potential. These values are
rarely experimentally measured. There are rock physics
models for estimating k based on the rock composition,
such as mineral type and percentage, porosity, and fluid
content. As with temperatures, however, k estimates are
crude and subject to considerable error (Vasseur, et al.,
1995; Vacquier, et al., 1988; Jennings, et al., 2019).

Thermal conductivity is critical for extrapolating
temperatures below known points. Assuming that BHT
can be corrected to yield the in-situ temperature at the
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bottom of a well, can temperatures below that point be
accurately estimated? Figure 4.7, the temperature map
of Texas at 6.2 mile (10 kilometer) depth, is not a map of
measured data - there are no temperatures from that
depth. Instead, itis calculated using heat flow, an estimate
using the temperature difference (gradient) times the
thermal conductivity, detailed stratigraphic columns
for assigning k values, depth to the basement (e.q., the
thickness of sediments), and radiogenic heat production.
All these parameters are part of the temperature-at-
depth model (Batir & Richards, 2021; Negraru, et al.,
2008).

With greater numbers of data points, the aerial coverage
of temperature is improved, but unless the raw BHT's
are appropriately corrected, then the end temperatures
are only estimates based on wrong inputs - thus, more
inaccurate data are not always better. With a greater
number of and more accurate thermal conductivity
measurements, the details of the temperatures
throughout the stratigraphy improve, thereby refining the
details at all depths. This is why improving k estimates
and BHT corrections are worth a significant investment.
The sum total of the errors in temperature and k can add
up to be on the order of 25 percent (Batir & Richards,
2020) - a variance that can induce investors and project
managers to invest in improving geothermal technology.

Despite the awareness of data concerns discussed above,
numbers can be a significant compensating factor. The
extraordinary density of data points allows, as we will
show later in this Chapter, the aggregation of “noisy”
data into a more coherent picture. Thus, we can make
relatively well informed assessments of most regions in
this Report, though in some regions only at larger scales/
lower resolution. Understanding the data limitations is
of utmost importance, as it highlights areas for future
research, with an eye toward risk reduction, realizing that
the thermal picture could change with better data. This
provides a focus for specific items of data collection for
project success.

B. Future Research

Both BHT and k determination are high priority issues
for further research, as they would provide a substantial
return on investment in reducing uncertainty in our
understanding of the resource. In particular, BHT and k
are possible subjects for machine learning approaches

because of the nature of the data available. As is well
demonstrated in Batir and Richards (2020), a detailed
knowledge of radiogenic heat production throughout
the stratigraphic column and into the basement is also
a key variable needed in refining temperatures at depth.
Note also that a Report such as this one, while a source
of information for planning geothermal development,
is not sufficient in and of itself for siting a project. The
uncertainties and heterogeneities in the data mean
that detailed site-specific geologic and geophysical
studies are still an essential step in building a geothermal
prospect.

V. Texas as a Whole

A. Heat Flow

Heat flow, asusedinthisReport, isthe conductive transfer
of heat through the upper crust. When compiling heat
flow data, every effort is made to eliminate heat flow data
affected by convection (Blackwell, et al., 1990; Richards,
et al., 2012). In the Texas case, with no active magma
movement in the subsurface, this leaves water movement
in the ground, which can swamp the conductive signal
even with very slow fluid movement. This is most often
caused by shallow groundwater flow, which can mask the
deeper conductive heat flow. These disturbances can be
readily recognized in good quality data.

In broad terms, the heat flow of Texas can be divided
up into a few main areas (see Figure 4.4). A large swath
of elevated heat flow exists along the Gulf Coast and
broadens outinto inland East Texas, with values generally
in the 65 to 85 milliwatts per square meter range. A broad
areaof low tomoderate heat flow(about 30 to 60 milliwatts
per square meter) runs from central Texas up through
the panhandle. The highest heat flows are confined to
far western Texas along the Rio Grande, and in the El
Paso area. This zone has the highest heat flows in Texas,
exceeding 90 milliwatts per square meter, and represents
the eastern end of the Basin and Range province of the
western United States, a well-known rich conventional
geothermal producing region outside of Texas.
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Figure 4.4. This heat flow map generally presents
the best estimate of the average shallow crustal
conductive heat flow (the heat continually flowing
from the hot core to the surface of the Earth).
Source: SMU Geothermal Laboratory Texas Heat
Flow Map (Blackwell, et al., 2011a).

B. Temperature at Depth

Estimated temperatures at various depths below the
surface in Texas are shown in Figures 4.5 through 4.8.
Besides obviously becoming hotter with depth, the
general temperature patterns follow that of the heat flow
map. This pattern is to be expected, since heat flow is
directly proportional to thermal gradient via the thermal
conductivity. As the individual regions will be discussed
in detail below, one main point that will be highlighted:;
in terms of temperature, the Gulf Coast and East Texas
are largely comparable to the Permian Basin section of
Texas. The Permian Basin is part of the Basin and Range
physiographic province that stretches from Oregon to
central Mexico. The Basin and Range physiographic
province has high heat flow and temperatures due to
extensional thinning of the crust. The high temperatures
along the coast and in East Texas are due to multiple
factors, including the low thermal conductivity of the
sediments, which act as a “blanket” to contain the heat.
For the same reason, parts of the Fort Worth basin of
North Texas also show up as distinct areas of elevated
temperatures.

Figure 4.5. This represents a cut through Texas
at adepth that is reasonably accessible and
useful for direct-use applications. At this depth,
temperatures in some regions are getting into
the range at which a modern binary geothermal
plant can effectively operate (around 125-150 °C
or 257-302 °F). Also, a general trend of higher
temperatures along the coast from South Texas
into East Texas and the far west is emerging at this
depth. Source: SMU Geothermal Laboratory Texas
Heat Flow Map (Blackwell, et al., 2011b).

Also, when looking at the deeper temperatures, Texas’

relatively low heat flow areas still get reasonably hot
(greater than 125 °C, or 257 °F) by four miles in depth
(6.5 kilometers). As power conversion technology
continues to advance and drilling costs decrease, these
regions will rapidly become more economically viable for
geothermal development. These areas are beginning to
attract interest and funding, but more is still to be done
to prove the viability of these lower-grade resources
for development. Thus, in an over simplified, first order
reconnaissance, East Texas and the Gulf Coast plus the
Permian Basin are Texas' most attractive geothermal
resource areas.
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Figure 4.6. Most of the oil and gas drilling is
shallower than this depth, and therefore, the
temperatures represent primarily calculated
values, tuned to fit the rare well penetrations
drilled to this depth. As mapped, much of the

State is at or near conventional minimum viable
temperatures for geothermal power generation.
Source: SMU Geothermal Laboratory Temperature
Map at 6.5 kilometers (21,320 feet) Depth.
(Blackwell, et al., 2011b).

C. Heat Flow Versus Heat Content:

A brief explanation of heat flow, heat content, and
temperature-at-depthare helpful at this point. The Earth’s
core is approximately 6,000 °C (10,800 °F). The surface of
the Earth has an average temperature of approximately
15 °C (59 °F). The core-to-surface temperature gradient
creates a heat flow outward through the surface of
the Earth of approximately 90 milliwatts per square
meter. Integrating this heat flow over the entire Earth
surface yields an estimate of total heat flow of about
47 terawatts thermal that is continually flowing past us
into space (Davies & Davies, 2010). Such heat flow yields
a lot of energy, if it can be tapped. This is because rock
is a thermal “sink” or “battery.” Also, note that converting
thermal energy into electricity is less than 100 percent
efficient.

Figure 4.7. Rarely do the oil and gas industry drill
to these depths outside the Permian Basin, but
drillers do have the capability. Temperatures at
this depth are all calculated, not measured. This
depthis at the deep end of reasonably envisioned
geothermal drilling. At this depth, the entire
State is at temperatures that could economically
generate power if brought to the surface. Source:
SMU Geothermal Laboratory Temperature Map at
10.0 kilometers (32,808 ft) Depth (Blackwell, et al.,
2011b).

For example, at the temperatures in the Gulf Coast
geopressure region available subsurface at about
2.2 miles (3.5 kilometers), the thermal-to-electrical
conversion efficiency is only about b percent with current
technology.

VI. North - Central Texas

The historical record reports flowing geysers in many
north-central Texas communities. Waco was known as
the “City of Geysers,” and the town of Mineral Springs
built multiple hotels around their springs. Geothermal hot
water was used to preheat the boiler for the community
hospital in Marlin (Woodruff & McBride, 1979). The water
table in the past was closer to the surface, allowing the
heated water to flow along breaks and faults in the rocks
to reach the surface.
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Figure 4.8. The well temperatures plotted are
corrected using the SMU-Harrison Correction
method. Well-site gradients (depth - surface) are
subdivided to depict geothermal gradients of ‘high’
(35 to 60 °C per kilometer), ‘normal’ (25 to 35 °C
per kilometer), and ‘low’ (5 to 25 °C per kilometer).
In the legend, the number of site values for each
gradient interval are shown after the interval,
with the gradients from 25 - 35 °C per kilometer
being the most common with a count of over
10,000 wells. High gradients deeper than three
kilometers are of most interest as a geothermal
resource. Source: The SMU-NGDS Data of Texas
Wells Corrected Bottom-Hole Temperatures and
Blackwell, et al., 2071a:b.

Evaluation and research of the regional thermal regime
focused initially on the Balcones, Luling, Mexia, and
Talco fault zones, and on Cretaceous aquifers located
in North and Central Texas (Woodruff & McBride, 1979).
These faults roughly follow the edge of the Llano granitic
exposure in Central Texas, then arch up towards Dallas
before running east into northeast Texas (Figure 4.1).

On the other side of the buried Ouachita Overthrust Belt
from East Texas is the North Texas region (Negraru et
al., 2008). This stratigraphic and structural change in the
geology is the cause for a decrease in heat flow in North
Texas compared to East Texas. The current thermal
data suggest the basement rock beneath the Fort Worth
Basin is Precambrian granite, similar to the Llano Uplift
observed at the surface in central Texas (Figure 4.9).
The gas-producing zones in the Barnett formation are
associated with local thermal anomalies from multiple
paleotectonic events that brought heat into the zone, one
of them possibly from the Ouachita Thrust Fault (Negraru,
etal., 2008).

The geothermal resources for North - Central Texas are
considered low to moderate, as the thermal gradients are
rarely over 35 °C per kilometer, with most well gradients
between 20 °C and 30 °C per kilometer (Figure 4.10). The
wells drilled deeper than 2.2 miles (three kilometers) are
scattered, with only three more than 13,120 feet (4,000
meters). These deeper wells are of most interest to review
for their temperature at the bottom of the hole, especially
if they have been shut-in for months to years and have
achieved an equilibrium temperature. The deepest wells
are the Ellenburger injection wells, reported to inject at
rates from 1,500 barrels of water per month (240 cubic
meters per month) up to 100 times that rate (Frohlich,
2012). The injected fluids are at surface air temperatures,
thus considered a cold water for the formation. The
thermal impact of this much fluid injected over a decade
into the Ellenburger Formation has not been mapped, and
is thus a target for further research.

A. Detailed Review of Barnett Shale Play: Hood,
Johnson, Parker, and Tarrant Counties

The Barnett Shale play provides a significant quantity
of new oil and gas well data from the past 20 years. In
this Section, we examine the thermal data for Hood,
Johnson, Parker, and Tarrant Counties. The entire play
includes Jack, Wise, and Denton counties, all on the
northern edge of the play (Figure 4.10). Although many oil
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Figure 4.9. Fort Worth Basin stratigraphy across North Central Texas. County names are listed at
the top of the sections for reference. Source: Burner & Smosna, 2011.

and gas wells are drilled in Jack and Wise counties, the
related well log headers have not had the temperature
extracted from them yet to use in a geothermal resource
calculation. The available BHT data within the National
Geothermal Data System are corrected for drilling impact
using the Southern Methodist University ("SMU") Harrison
Correction (Blackwell, et al., 2011b; Richards & Blackwell,
2012; Blackwell, et al., 2010). These temperatures and
related thermal gradients are plotted in Figures 4.11 and
4.12.

These well locations are a small subset of the drilled
wells. Most of the wells are drilled into the Barnett Shale
for production, and the Ellenburger Formation below
it for injection. The Ellenburger Formation is part of a
carbonate system with a high porosity and permeability
karst structure. As shown in the temperature-depth plot
(Figure 4.11), the general trend of maximum temperatures
iswithinthe100to150°C(212t0 300 °F)range at the depths
currently drilled. There are higher thermal gradients (35
to 60 °C per kilometer), especially in Johnson County.
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Figure 4.10. Map of North - Central Well Locations.
Existing wells used in previous maps are shown as
“thermal gradients,” and new additional data shown
as "NGDS-BEG well depths.” The thermal gradient
wells were used to map the 2011 Heat Flow map and
Temperature-at-Depth maps (Figures 4.5 through
4.7). Additional wells with temperature data have
been provided by BEG, plotted by their depths, will
be included in future resource assessments. These
newer wells are primarily from the Barnett Shale
Play and show a significant increase in data density
in the area. Source: Future of Geothermal Energy in
Texas, 2023.

As this is only an initial review of the data, these higher
values need to be examined for geological reasoning
behind the higher gradients. They may represent zones of
fluid movement, or correlate to higher oil and gas thermal
maturation.

One area of concern for using the Barnett Shale play
as a geothermal resource is the potential of induced
seismicity. In Barnett Shale play, induced seismicity
related to oil and gas operations is linked to injected
water causing reactivation of deep faults (Hornbach, et
al., 2015) below the Ellenburger formation. The injection
of the produced fluids in a large well for an extended time
changes the stress dynamics and can lead to induced
seismicity. Thereisnowanetworkof seismometersacross
Texas, run by TexNet of the University of Texas at Austin’s
Bureau of Economic Geology, to improve the monitoring
and understanding of this phenomenon (TexNet, 2022).
This concern is offset, however, by the technological
developments of the geothermal anywhere movement.
These approaches use much less or no fracking fluids,
nor do they inject spent fluids back into the subsurface,
thereby reducing the risk of induced seismicity.

B. Detailed Review of Dallas County

Dallas is not considered a place for deep well drilling
because the Ouachita overthrust brought basement rocks
closerto the surface thanin counties to the east and west
of Dallas (Woodruff, et al., 1984). Dallas County does have
high flow groundwater aquifers, flowing through three
cretaceous sandstone aquifers: the Hosston/Trinity, the
Paluxy, and the Woodbine Sandstone. In the 1980s, there
was an assessment of geothermal resources across
Texas, and in eastern Dallas County groundwater from
wells drilled into the Trinity formation were measured
to be more than 54 °C (130 °F) (Woodruff et al., 1984).
Today temperatures of approximately 54 °C represent an
opportunity to use the geothermal resources for Direct
Use applications.

Figure 4.11. Corrected well temperatures and
gradients for the Barnett Shale play. The well sites
are plotted for comparison to values plotted in
Figure 4.10. Source: Future of Geothermal Energy in
Texas, 2023.
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Figure 4.12. Well temperatures and gradients for
the southwestern Barnett Shale counties. The
locations correspond to the datain Figure 4.11.

Source: Future of Geothermal Energy in Texas, 2023.

Figure 4.13. Temperature Measurement Series for
Mobil New Exploration Ventures (“"MNEV”) Well. The
well is located in Farmer’s Branch and represents
the typical drilling influence of drilling muds on
well temperatures measured after drilling. The
temperature changed from too cold at depth to
warmer temperatures as the impact of the drilling
fluids subsided over seven months to reach
equilibrium with the surrounding formations.
Source: Negraruet al., 2008.

Only one oil and gas well has been drilled in Dallas County:
the Mobil New Exploration Ventures ("MNEV") well. It is
located on the property of the Mobil Research campus
in Farmer’s Branch, on the north side of Dallas County.
Mobil worked with the SMU Geothermal Laboratory to
collect temperature logs over seven months at intervals
along the borehole length (Negraru, et al., 2008) (Figure
4.13). The results highlight that wells recently drilled
contain temperatures hotter than equilibrium at the
surface, yet colder at the bottom than a BHT would
record. Seven months later, the final temperature log
shows the well reached a thermal equilibrium within the
surrounding formations with a cooled surface value and
a hotter temperature at depth. Well temperatures return
to equilibrium temperatures at a rate based on the type
of mineralogy, permeability, amount and type of mud, and
the surface and/or drill head temperatures.

As part of the research for the MNEV well, thermal
conductivity values were measured (Table 4.1) (Negraru,
et al., 2008). The Eagle Ford Shale is located at the top
of the stratigraphic column at this location in Dallas
County. These measurements are unique in that they
were analyzed shortly after being brought to the surface.
Typically, ashale sample dries out before analysis, and the
anisotropy of the clay particles causes thermal values to
be too high (Negraru, et al., 2008; Blackwell, et al., 1990).
This is not the best-case scenario, because the deeper
sediments will have higher thermal conductance because
of decreased porosity and increased mineral aging
(Pribnow & Sass, 1995). Thus, further work and research
with regard to actual k values will be helpful for refining
the geothermal resource of a location.

As part of the research completed on geothermal
resources, the SMU Geothermal Laboratory focused
for more than 40 years on collecting temperatures
in wells that are at equilibrium with the surrounding
geological setting, similar to the MNEV well. This focus
on temperature measurements with high precision
logging probes is the foundation of a database of well
measurements included in the SMU Node of the National
Geothermal Data System("NGDS"). Wells such as these are
essential toolsin determining the accuracy of a collection
of raw BHT data, and the type of temperature correction
to use on them.

The Future of Geothermal in Texas | 89



Table 4.1. Measured Thermal Conductivities (k) for
the MNEV Well. Geological formations listed in the
Table correspond to their temperature gradients
plotted to the right. Eagle Ford Shale, etc. Note the
strongandrelatively consistent correlation of k with
lithology, such that shales are low (1.0 to 1.5 watts
per meter Kelvin), limestones are approximately 2.0
watts per meter Kelvin, and the sand - sandstone
formations are the highest with values of over
3 watts per meter Kelvin. Source: adapted after
Negraruet al., 2008.

The ability to collect equilibrium temperatures is rare.
To do so means a well is shut-in for months to years. As
geothermal research uses well temperatures, the full
borehole equilibrium temperature logs help calibrate
other raw BHT temperatures nearby, or within the
same geological setting. Correcting for all the possible
parameters is complex (Jordan, et al., 2016), and instead,
a common practice is to apply a uniform correction
across the entire well data set (Richards, et al., 2012).
The temperature data within the NGDS on the SMU Node
follows the SMU-Harrison Correction method (Blackwell,
et al., 2011b; Richards & Blackwell 2012).

VII. I-35 Corridor and North East Texas

A review of the possible geothermal resources was the
focus of a Texas State Energy Conservation Office grant
to the SMU Geothermal Laboratory (Blackwell, et al.,
2010). This assessment focused on well temperatures at
different depthsto determine where geothermal resource
potential existed. The findings were limited in the North
Texas area because BHT data were unavailable from the
Barnett Shale Play. Still, the results represent the general

trend of North Texas having cooler geothermal resources
at the same depths as those in East Texas and the Gulf
Coastal region (Figure 4.14).

Figure 4.14. On the left are Isotherm maps for
North and East Texas at six depths between 8,000
and 13,000 feet (2,440 and 3,963 meters), based
on well data. Marked on the 12,000 feet isotherm
map (on the right) are the Wilcox, Vicksburg, and
Frio formation focused oil & gas regions. Source:
SMU Geothermal Laboratory maps with overlays by
Weijermars, et al., 2018.

VIIl. The Texas Gulf Coast

The Gulf Coast Region, located in Texas and Louisiana,
is approximately 750 miles (1,200 kilometers) long and
100 miles (160 kilometers) wide onshore (Wallace, et al.,
1978; Davis, et al., 1981). Figures 4.15 and 4.16 show the
location of the Gulf Coast and generalized stratigraphy.
The geology of the Gulf Coast area is complex due to the
cyclical deposition of prograding deltaic sedimentary
facies during the Paleogene and Neogene (Tertiary).
During this time, the uplift of the Rocky Mountains during
the Laramide Orogeny provided an enormous sedimentary
influx deposited on the continental shelf in the form of
wedges that thicken and dip toward the gqulf. This rapid
deposition caused the growth of syndepositional normal
fault systems parallel to the coastline by the movements
of deep units and the collapse of shallow deposits (Ewing
& Salvador, 1991). The development of growth faults
resulted in the landward thickening of sand packages
inside each fault compartment, like a prism. As a result,
porous sandstone reservoirs were displaced downward
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and came in contact with impermeable shale across the
fault. This developed the clastic reservoirs in the Gulf
Coast(Figure 4.15).

The Gulf Coast region has the highest overpressure and
geothermal temperature gradient in sedimentary basins
in Texas. The U.S. Geological Survey (Burke, et al., 2012)
published the regional extent of the overpressure in the
Gulf of Mexico, including the onshore coast. Sediments
and fluids in an “overpressure” situation are at a higher
than expected pressure than if the sediments had been
deposited and buried slowly. Instead, the sediments
are buried quickly and are not allowed to accommodate
and dewater as normal, leading to a situation where the
fluids will vigorously flow to the surface without pumping
if a well is drilled into them - ‘gushers’ to use oil and gas
vernacular.

Figure 4.15. The geologic trends of potential
geothermal reservoirs in the Gulf Coast, Texas.
Source: Esposito and Augustine, 2012.

These high overpressure and high geothermal gradients
develop in the Gulf Coast due to many geologic processes
and products over time, such as high sedimentation
rate, sandstone, and clay diagenesis (smectite-to-illite),
salt diapirs, and migration of pore fluid through faults
(Nagihara and Smith, 2008; Christie, 2014). Salt diapirs
can impact the 3-D thermal picture of a target due to
salt’s relatively high thermal conductivity. Disequilibrium
compaction is another potential factor, but it is
temperature-independent and can occur at any depth
as long as the pressurized zone has not been breached
through faults and fractures.

Figure 4.16. Generalized Stratigraphy of the Gulf
Coast region. Source: Adapted from Swanson, et al.,
2013.
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McKenna (1997) suggests that hot fluids expelled from
overpressured sediments and migrating upward through
faults cause high heat flow anomalies along the Wilcox
fault zone in the Texas coastal plain (Figure 4.17). In
contrast, the Frio Fault zone (Figures 4.17 and 4.18) has
no thermal anomalies. Further work will be needed to
understand the reasons behind thermal anomalies across
various fault zones in the Gulf Coast. The contribution
from radiogenic heat varies, depending on the sediment
thickness in the Gulf Coast (Christie, 2014; Nagihara,
et al.,, 1996). Very few studies have been published to
understand the relation between overpressure and high
geothermal gradient in the Gulf Coast, and to decouple
them (Cornelius & Emmet, 2020). In several areas, the
geopressure gradient is more than 0.7 pounds per
square inch per foot (also known as hard overpressure),
corresponding to greater than 7,500 feet (2,286 meters)
depth along the coast. Inland, the geopressured gradient
decreases.

Figure 4.17. Schematic cross-section through
the central area of the Texas Gulf Coast. Source:
Adapted from Land and Fisher, 1987.

A. Potential Gulf Coast Geothermal Reservoirs and
Reservoir Properties

Based on the publicly available pressure, temperature,
porosity, permeability, and salinity data, a few formations
(Frio, Wilcox, and Edward Group) could be potential
conventional geothermal reservoirs. These formations
are of particular interest due to several attributes,
including overpressure, high geothermal gradient,
relatively high water production, and extensive oil and gas
industry experience.

Figure 4.18. Spatial location of major fault zones
(Wilcox, Vicksburg, and Frio fault zones) in the Gulf
Coast, Texas. Source: McKenna, 1997.

1. Frio Formation

The Frio Formation is a major hydrocarbon producer from
the Paleogene in the Gulf of Mexico. It is composed of a
sequence of deltaic and marginal-marine sandstones
and shales. In terms of structural elements, the Frio
Formation is defined by a series of salt diapirs and
associated faulting, growth faults, and associated shale
ridges(Bruce, 1973; Galloway, et al., 1982; Swanson, et al.,
2013). These elements can be a potential conduit of heat
from the deep subsurface. In addition, the development
of growth faults due to rapid sedimentation helps develop
potential clastic reservoir wedges. Such reservoirs are
thicker toward the fault and thinner away from the fault.
However, some of the faults are very shallow and may
contribute instead to heat loss.

Most Frio sandstones are lithic arkoses and feldspathic
litharenites (Land, 1984). Litharenites or lithic arenites
are types of sandstones with a large fraction of rock
fragments greater than five percent. Compositional
variation controls the reservoir quality of the Frio
sandstones. The reservoir quality of Frio sandstone
varies regionally and with depth due to a combination of
changes in rock composition, degree of diagenesis, and
geothermal gradient. Loucks, et al., (1984) reported good
to excellent reservoir quality in the Frio sandstones in the
upper and middle Texas Gulf Coast. The permeability is
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as high as 1,000 millidarcy in this area (1 millidarcy is 10-
16 square meters). Based on data from NRG (2006) and
Nehring (1992), the average porosity of Frio sandstone
reservoirs, excluding the Hackberry trend in southwest
Louisiana, is 27 percent, and the average permeability is
685 millidarcy.

In contrast, the reservoir quality is poor in the lower Texas
Gulf Coast. Permeability measured in sandstone cores
deeper than 2.5 miles(four kilometers)in the Lower Texas
Gulf Coast averages one to two millidarcy. Secondary
porosity in the Frio sandstones is volumetrically
significant (Loucks, et al., 1979). Lindquist (1976; 1977)
concluded that most deep Frio reservoirs are cemented
with late-forming kaolinite, Fe-rich calcite, and dolomite.
This cement would result in poor heat production due to
internal fluid flow barriers, which cannot be fractured
effectively due to the presence of kaolinite. In contrast,
permeability in deep sandstones in the Upper Texas
Gulf Coast ranges up to hundreds of millidarcies. This
higher permeability is interpreted as the result of the
less well developed late carbonate cementation stage.
According to Hovorka, et al. (2001) and other studies,
the formation water salinity in the Frio is around 100,000
parts per million (Macpherson, 1992; Kreitler, et al., 1990),
potentially causing the formation of mineral scaling and
corrosion of pipes if formation fluids are produced in a
geothermal system.

2. Wilcox Formation

The Paleogene-aged Wilcox Group extends across the
entire Texas Gulf Coast. The formation is composed of
a wedge of sandstone and shale that thickens and dips
toward the coast. The Wilcox has been interpreted to be
primarily deposited in a deltaic setting (Endicott, 1995;
Fisher, et al., 1969; Lofton & Adams, 1971; Womack, 1971;
Edwards, 1981; Dutton & Loucks, 2010). The Wilcox is
divided into three parts. The first two are the sandstone-
rich upper and lower sections, which represent two
major progradational cycles, and the third is the shale-
rich middle section, which in part represents a major
transgression.

The quality of the Wilcox sandstones varies spatially
and with depth. Porosity and permeability of the Wilcox
sandstone vary between 5 and 25 percent and 0.01 to
100 millidarcy; however, there are sections where higher
porosity and permeability are present. Dutton and Loucks
(2010) studied the impact of temperature dependent

burial diagenesis on porosity and permeability of the
Wilcox sandstones in onshore wells. Primary porosity
and permeability are reduced as temperature increases,
while the secondary porosity remains unchanged. These
sandstones show progressive porosity and permeability
reduction from an average of 33 percent at 38 °C (100 °F)
to 12 percent at 132 °C (270 °F), with minor loss beyond
that due to burial and compaction(Figure 4.19). Bebout, et
al. (1982) mention the variation of formation temperature
within the Wilcox relative to dip, the lithology, the location
of growth faults, and the location along the Gulf Coast.
Formation water salinity increases with depth in the
hydropressured zone, and it varies in the overpressure
zone between 20,000t0 100,000 parts per million(Bebout,
et al., 1981).

The geothermal gradient in the Wilcox is 2.1 to 3.1 °F
per 100 feet (38 to 57 °C per kilometer). A previous study
(Blackwell et al., 2010) found the temperature range of
the formation to be 88 °C and 205 °C (190 °F and 400 °F).
Such temperatures, coupled with the near lithostatic
geopressure and high permeability and porosity, point to
moderate potential for geothermal development.

Figure 4.19: Different trends of porosity-
permeability in the Wilcox sandstones at different
temperatures. Source: Adapted from Dutton and
Loucks, 2010. Reprinted from Marine and Petroleum
Geology, 27, 1, Dutton and Loucks, Diagenetic
controls on evolution of porosity and permeability
in lower Tertiary Wilcox sandstones from shallow to
ultradeep (200-6700m) burial, Gulf of Mexico Basin,
U.S.A., 69-81, Copyright (2010), with permission from
Elsevier.
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3. Edwards Group

The deeper Cretaceous-aged Edwards Group, near
the Stuart City Reef, is another potential geothermal
reservoir often overlooked in most published studies.
The Edwards Group was deposited in shallow-marine
environments and underwent normal early diagenesis,
forming dolomites and micrites at places (Longman &
Mensch, 1978). The Stuart City Reef is divided into two
portions: Lower Edwards (“B"), which is interpreted to be
a barrier-type reef margin, and upper Edwards (“A”), which
is primarily bioherms (Waite, 2009). The average porosity
and permeability of the Edward Group are 14 percent and
41 millidarcy. The Edward Group contains fractures and
vugs, which enhance its pore volume and fluid flow.

4. Smackover/Norphlet Formation

The Jurassic-aged Norphlet and Smackover formations
in South Texas pinches out in the deep subsurface
against subjacent Paleozoic rocks of the Quachita Fold
Belt. There has been limited mapping of these formations
due to limited available geophysical log data. Although
the primary depocenter of the Norphlet Formation
(based on available data) is in Alabama and Mississippi,
it is known to be present in Texas. It is overlain by
Smackover Formation and underlain by Louann Salt.
The Norphlet is dominated by alluvial-fan, wadi-, playa-,
and eolian deposits (Budd, 1981). The depositional
environment initially controls porosity and permeability.
Aeolian deposits have the best porosity and permeability
values. Diagenetic processes modify the porosity of the
Norphlet Formation. Quartz cementation above 200 °F
(93 °C) reduced porosity. Chlorite grain coating at places
preserved the porosity of the Norphlet formation (Dixon,
etal., 1989). The porosity of the Norphlet formationis 10 to
26 percent, and permeability varies between 0.1 and 650
millidarcy, depending on the facies (Godo, 2019). Due to
its deposition in a sabkha environment and stratigraphic
position above the salt, the salinity is very high and can
reach about 240,000 parts per million of total dissolved
solids (Godo, 2019). Several normal faults are present in
the Norphlet formation, which may provide the high heat
flow required for geothermal development.

The saturating fluids in the Smackover and Norphlet
formations have variable hydrogen sulfide ("H2S")
concentrations, which is essential to considerinreservoir
evaluation and economics. H2S is toxic and can corrode

metal pipes. Several Smackover and Norphlet oil fields
produce sour gas, and H2S concentration increases with
increasing temperature (greater than 175 °C or 347 °F) in
certain fields due to thermochemical sulfate reduction
(McBride, et al., 1987; Claypool & Mancini, 1989; Shew,
1992). The H2S concentrations range from 25 percent to
42 percent.

5. Estimated Thermal Resource in the Gulf Coast

The thermal resource base of the Gulf Coast is estimated
tobe 46,000 exajoules, and the methane volume entrained
in the brine is 23,700 x 1012 standard cubic feet, with a
thermal equivalent of 25,000 exajoules (White & Williams,
1975), considering only Tertiary rocks. Wallace, et al.
(1979) extended this study to the underlying Cretaceous
rocks and estimated thermal energy of 110,000 exajoules,
including onshore and offshore geopressured areas. This
estimate does not include energy stored in methane.
Esposito and Augustine (2012) at the National Renewable
Energy Laboratory ("NREL’) reassessed the potential
of onshore geopressured geothermal energy from the
Gulf Coast. They identified five major geopressured-
geothermal formations in Texas: lower Wilcox, lower Frio,
Vicksburg-Jackson, lower Claiborne, and upper Claiborne.
They also concluded that the Vicksburg-Jackson in south
Texas has high quality geothermal resources because of
thick sandstone and high temperatures. However, this
study was doneatahighleveland does not provide enough
granularity. The reservoir properties used in this study are
average estimates of the entire formation in the entire
study area. Based on petrophysical measurements of
core, Vicksburg has very low permeability in south Texas,
inthe range of 0.2 to 0.7 millidarcy, in the lower Gulf Coast
(Swanson, et al., 1976; Rich & Kozik, 1971; Loucks, 1978).
The above discussion relates primarily to conventional
hydrothermal development. The Vicksburg-Jackson,
lower Claiborne, and the upper Claiborne formations all
may work well as targets for development if Closed Loop
Geothermal Systems are used.

6. Type of Potential Geothermal Development in
the Gulf Coast

Theupperand middle Gulf Coast can support Conventional
Hydrothermal System development based on the available
reservoir property information. These reservoirs will
support conventional in-situ formation fluid-production-
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based geothermal, and ‘geothermal anywhere’ concepts
like Engineered and Advanced Geothermal Systems
focused on high temperature rock. On the other hand, the
lower Gulf Coast region of south Texas seems favorable for
unconventional ‘geothermal anywhere’ type development,
which can include drilling multilaterals and multi-stage
fracturing (referred to as Next Generation EGS in this
Report), since high porosity and permeability, required
for Conventional Hydrothermal System development,
are generally not present or are very restricted. These
features elevate risk for conventional projects.

7. Stress Direction and Seismicity in the Gulf
Coast

The present day principal maximum horizontal stress
("SHmax") direction in the Gulf Coast is northeast to
southwest, with minor stress field rotations locally (Snee
& Zoback, 2018). Generally, the direction of hydraulic
fractures tends to parallel SHmax, if these sections are
hydraulically fractured for geothermal resources. The
growth of the vertical hydraulic fracture depends on the
contrast of SHmin between different beds. If the height of
these fractures is high, they can inadvertently intersect
other unfavorable zones rather than creating a desired
fracture network to enhance fluid flow through these
rocks.

There are no known occurrences of present day tectonic
activity in this region, however, induced seismicity has
been found to correlate with hydraulic fracturing of the
Eagle Ford Shaleinthe Gulf Coast(Fasola, etal., 2019). This
seismicity is somewhat in contrast to induced seismicity
mainly related to saltwater disposal in the Permian Basin.
Many Eagle Ford region earthquakes are distributed
linearly along the Karnes fault zone and North Live Oak
fault zone (Li, et al., 2021). Li, et al. (2021) also show
several faults that have not been mapped previously. The
depth range of these earthquake clusters varies between
2to 10 kilometersin depth. Figure 4.20 shows the location
of faults and recent earthquakes in the Eagle Ford play in
south Texas.

If the development plan of geothermal resources in the
Gulf Coast includes modern techniques, such as multi-
stage fracturing along multi-laterals, induced seismicity
must be monitored closely. This is because the strike of
the growth faultsis mostly along a northeast to southwest
direction (Figure 4.18), which is parallel or subparallel to

the present day SHmax. Also, the sand wedges, which are
potential geothermal reservoirs, were deposited towards
the downthrown side of the growth faults. The thickness
of these sand packages decreases away from the faults
towards the southeast basinal side. Therefore, hydraulic
fracturing sites targeting these reservoirs are likely to
be close to the faults, some of which may be critically
stressed, and need to be appropriately instrumented and
monitored as the circulating fluids could enhance fault
slip potential. This seismic potential affects most of the
reservoirs of the Gulf Coast region.

Figure 4.20. Map of the Eagle Ford Shale play, with
locations of broadband seismic stations (in black
triangles), earthquake locations (in colored circles),
and previously mapped faults (in black lines) [ after
Li, et al., 2021]. Faults are interpreted by Ewing,
et al. (1990). There are different fault zones in the
area, including the Charlotte-Jourdanton fault
zone (CJFZ), the Karnes fault zone (KFZ), and the
North Live Oak fault zone (NLOFZ). Source: Adapted
fromLi, et al., 2021 and Ewing, et al., 1990.

8. Pleasant Bayou Test Wells in the Gulf Coast

The University of Texas at Austin, Bureau of Economic
Geology("Bureau or BEG") was involved in drilling two pilot
test wells (Pleasant Bayou 1 and 2) in Brazoria County,
located between Houston and Galveston. Pleasant
Bayou Well No. 1 was drilled in 1978 and plugged back
and completed as a brine disposal well because of hole
instability problems. The Pleasant Bayou Well No. 2 was
offset 500 feet (152.4 meters) from the No. 1 well, drilled
to 16,500 feet, and completed in 1979 (Riney, 1991). Well
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No. 2 targeted the lower Frio Formation C-zone; the total
thickness at the wellbore of this zone is composed of 125
feet (38.1 meters) of sandstone. Thick sandstones in this
well have a porosity of about 18 percent. The well is bound
on the southwest by large growth faults, which create
compartments (Hamlin & Tyler, 1988). Based on the local
geology interpreted from seismic and wireline data, there
is also a possibility of many small scale faults and fault
splays from the large growth fault in this region.

The initial pressure and temperature recorded at 14,560
feet (4,438 meters) was 11,116 pounds per square inch and
156 °C (306 °F). The well produced 20,000 barrels per day
of water for a total of about 3.7 x 1EB barrels from 1981 to
1983. With regard to energy output, the well produced
approximately 0.5 megawatts electric from heat and one
megawatt electric from co-produced gas (Riney, 1991).
The produced brine was principally a sodium (“NaCl")
solution with substantial calcium and ions, including
potassium and magnesium. The salinity was 130,000
parts per million total dissolved solids.

9. Jackson County in the Gulf Coast

Jackson County sits approximately in the middle of
the Gulf Coast region inland from Matagorda Bay,
approximately 100 miles (160 kilometers) southwest
from Houston, and 110 miles (177 kilometers) northeast
of Corpus Christi. With the central proximity of the
county, Jackson County was chosen for our review as an
example county for the Gulf Coastal zone, with the goal
of gaining a greater understanding of the geothermal
resources outside of the Eagle Ford Shale play. This
study was accomplished as part of the University of
Texas Geothermal Entrepreneurship Organization project
(“GEQ") funded by DOE (Batir & Richards, 2020; 2021).

The previous geothermal resources mapping of Jackson
County was completed as part of Blackwell, et al.
(20Ma), heat flow maps and temperature-at-depth maps
(Blackwell, et al., 2011b), the 2010 Interstate 35 East
project (Blackwell, et al., 2010), and was originally part of
the 2004 Geothermal Map of North America (Blackwell &
Richards, 2004a; 2004b). Therefore, it has been a decade
since the last review of geothermal resources in this
area. Currently available data includes a BHT dataset
accessible through the National Geothermal Data System
("NGDS") Borehole Observation file updated from recently
drilled oil and gas well logs.

The previous mapping efforts used a thermal conductivity
model for the Gulf Coastal region based on low thermal
conductance in young unconsolidated sediments that
increased conductance as the geology became older
and further away from the shore (Blackwell & Richards,
2004a). The most recent 2020 (Batir & Richards, 2020;
2021) assessment incorporated the Pitman and Rowan
(2012) thermal conductivity values assigned to Gulf Coast
formations, although their work is based on research in
Louisiana. There are some differences between the Gulf
Coast depositional settings along the Gulf Coast from
the speed of deposition to proximity to the shoreline
at the time. Still, it was determined that when the
formation descriptions were the same, these mineral-
based thermal conductivity values by Pitman and Rowan
(2012) were an improvement over a generalized model
previously used. McKenna and Sharp (1989) measured
thermal conductivities in South Texas were also used as
a second boundary condition. As discussed earlier in the
Chapter, the lack of thermal conductivity sample analyses
forrocksin Texasis a limitation currently for the accurate
mapping of the geothermal resources in Texas.

Using the oil and gas temperature data, there was an
increase in data sites from 80 wells in 2011 (Blackwell, et
al., 2011b) to 215 wells in the 2020 (Batir & Richards, 2020)
project. The additional BHT data are distributed similarly
over the county to the original 80 well sites allowing for
an infilling of data. The SMU-Harrison correction was
applied to the raw BHT data (Blackwell & Richards 2004).
Combined with the more detailed thermal conductivity
and stratigraphic column for the county, these data
allowed for an update in the Jackson County heat flow
map (Figure 4.21).

There are similar trends between the 2020 and the
2011 heat flow maps, going from higher heat flow in the
northwest portion of the county and decreasing slightly
to the southeast. With the additional data, the spatial
resolution of the mapping increased between the 2011
and the 2020 datasets that produced a different pattern,
yet the general trends are consistent. The county heat
flow in the 2020 map ranges from 65 to 80 milliwatts per
square meter, and the 2011 map is from 50 to 65 milliwatts
per square meter. The new BHT data include anincreased
gradient that supports the increase in heat flow, although
the prominent increase is more directly tied to the more
representative thermal conductivity values.
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Figure 4.21. A comparison of heat flow maps for Jackson County with the most recent one in 2020 (Batir
and Richards) using an updated thermal conductivity model and more BHT data points than the 2011
Blackwell, et al. map (this is a subset of the U.S heat flow map). Sources: Batir and Richards, 2020 and
Blackwell, et al., 2011.

As part of the calculations for the temperatures-at-
depth, especially those depths beyond any measured
BHT, the radiogenic heat production of the sediments
and basement rock is used as one of the parameters
(Batir & Richards 2020). A maximum depth of 8 miles
(13 kilometers) usually defines the thickness of the
sedimentary formations; deeper than that is considered
basement (igneous or metamorphic rock types). The
sedimentary section in Jackson County is determined
by geophysical studies to be as deep as 9.3 miles (15
kilometers). Therefore, Batir and Richards (2020) updated
their basement thickness models for Jackson and Webb
Counties. In doing so, the radiogenic heat production
values improved the accuracy and resolution of the
resulting deep temperatures.

Using the updated temperatures, radiogenic heat
production, thermal conductivity, and detailed
stratigraphic column, the temperatures were calculated
at 6.2 miles (ten kilometers). Figures 4.22, 4.23, 4.24
are the maps of the temperatures at 3.5 kilometers, five
kilometers, and 10 kilometers (11,480, 16,400, 32,800 feet,
respectively).

Figure 4.22. Map of temperatures below Jackson
County at a depth of 3.5 km (11,480 ft). The
temperatures range from 125 °C to over 150 °C (257
to 302 °F), with the warmer temperatures in the
northwest portion of the county. At this depth,
approximately one third of the BHT sites are drilled
to or deeper than this depth and were therefore
used in the calculation. Source: Adapted after Batir
and Richards 2020; 2021.
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Figure 4.23. Map of temperatures below Jackson
County at a depth of 5.0 km (16,400 ft). The
temperatures range from 175 °C to over 200 °C
(347 to 392 °F), with the warmer temperatures in
the northwest portion of the county. At this depth,
there are 8 wells drilled near or deeper than this
depth used in the calculation, with temperatures
ranging from 180 to 220 °C (356 to 428 °F). Source:
Adapted after Batir and Richards 2020; 2021.

Figure 4.24. Map of temperatures below Jackson
County at a depth of 10 km (32,800 ft) The
temperatures range from 300 °C to over 375 °C (572
to 707 °F). The warmer temperatures continue to
be towards the northwest, somewhat following the
increased thickness in sediments to the southeast
being younger and cooler. At this depth, the
temperatures are all extrapolated with no direct
measurements. Source: Adapted after Batir and
Richards 2020; 2021.

Jackson County is not in the middle of a highly active oil
and gas play, such as the Eagle Ford or Barnett Shale play,
yet the use of the existing oil and gas well data and past
research of the geology and geophysics shows how the
geothermal resource can be determined and that there
are high temperatures available for resource use in all
types of geothermal projects.

IX. East Texas

The boundaries for East, North, South Texas, and the
Gulf Coast can be overlapping depending on how they are
defined. The I-35 report(Blackwell et al., 2010; Richards &
Blackwell, 2012) discusses the four areas as they sit along
or are east of Interstate 35 from the Mexican border to
Oklahoma (Figure 4.14). For this study, the focus has been
based on geological regions, and as such, the geology of
East Texas is known for the “tight” formations (little fluid
content) and impacted by deep salt structures, causing
the formations to dip in different directions relative to the
nearby salt structures as they moved upward, creating
local faults and anticlines(Figure 4.25). The deep Jurassic
Louann Salt is hypothesized to have been deposited on a
flatsurfaceinthe Gulf Coast of the East Texas Basin(Figure
4.28). The basin filled over millions of years in sequences
of deep water and shallow water environments. Deposits
of shales and mudstones formed during the shallow water
periods, while during transgressive, deep water events,
sandstones to limestones were formed (Granata, 1960).
The shoreline of East Texas Basin moved inward and
outward, depositing shale-sand sequences to produce
groups of thick formations such as the Cotton Valley
Group, Nueva Leon Group, and Trinity Group. The Cotton
Valley Group thickness is typically between 2,400 to 3,700
meters (8,000 to 12,000 feet) and at drill depths of 2,400
to 3,000 meters(about 8,000 to 10,000 feet).

Along the eastern border of Texas is the Sabine Uplift,
which contains basement rocks that differ in radiogenic
heat production from the rest of the Gulf Coast and East
Texas basement. The uplift is considered a mid-rift high
caused by anarea of stability with less subsidence relative
tothe East Texas and South Louisianarift basins(Granata,
1960). The results are major transform faults bounding
the Sabine Uplift on its northeast and southwest sides.
As additional Laramide compression caused folding
and faulting, a restraining side-step formed northeast
to southwest as a sheer fault system in the area of East
Texas (Adams, 2009).
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Figure 4.25. Structural cross-section across the East Texas Basin. Source: Adapted from Wood and
Guevara, 1981.
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Figure 4.26. Stratigraphic column of the East Texas Basin. Source: Adapted from Granata, 1960.

A. East Texas Geothermal Resources

The geothermal resources within East Texas were
discussed as part of the Gulf Coast Geothermal-
Geopressure studies (John, et al., 1988). The area's
first regional heat flow mapping was part of the 1992
Geothermal Map of North America (Blackwell, et al.,
1990). The heat flow was calculated to be between 50 to
60 milliwatts per square meter, considered similar to the
central United States heat flow. The 2004 Geothermal
Map of North America (Blackwell & Richards, 2004)
shows this region, highlighting the use of oil and gas well
BHT data with a thermal conductivity model based on
sediment thickness and age, such that the thick young
sediments were assigned a low thermal conductivity
(about 1.4 watts per meter-Kelvin). More recently, with
the addition of oil and gas BHT data, the heat flow in the
area was re-evaluated at 60 to 80 milliwatts per square

meter and displayed a variability not previously realized.
This new outcome highlights the value of updating
assessments based on new data availability. Generally,
specific research studies in East Texas show a trend of
decreasing heat flow the further the resource is from the
Sabine Uplift.

Differences in the predictions of heat flow between the
original assessments and modern assessments highlight
the importance of thermal conductivity measurements.
The one set of k measurements for East Texas are from
Fairway Field and discussed below. The regional gradient
map (Figure. 4.27) shows the current BHT locations within
the NGDS are the area’s primary source of saved BHT
data. Counties with additional BHT locations since the
Blackwell, et al. (2011a) and the Richards and Blackwell
(2012) maps are emphasized by their thicker borders and
discussed in the next Section.
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Figure 4.27. East Texas Bottom-hole Temperature
Well Sites in the National Geothermal Data System.
The thermal gradients are one component of the
heat flow calculation. Thickly bordered counties
are discussed in this section. Pink circles and
orange squares are sites with higher than the
regional gradients. The deepest BHT data are
plotted on top if more than one for the same site or
close to each other. Source: Future of Geothermal
Energy in Texas, 2023.

East Texas is a large and somewhat heterogeneous
region, so we will examine some representative areas
in greater detail. Studies to be discussed in this Section
include the Richards and Blackwell (2012) 1-35 corridor
study of the entire eastern Texas region, as well as Kweik,
et al.(2014)and Kweik (2014), which focused on the oil and
gas Fairway Field in Henderson and Anderson Counties.
The Batir, et al.(2018) study of the Longview areaincluded
Gregg. Rusk, Panola, and Harrison Counties. Lastly,
the most recent review of Upshur County geothermal
resources was completed for a private company by Batir
and Richards (2020, unpublished report).

1. Detailed Review of Fairway Field:
Henderson and Anderson Counties

The Fairway oil field is located in East Texas near the town
of Poynor, bordering Henderson and Anderson Counties.
The field produced oil continuously for over 60 years
(Webster, et al., 2018) (Figure 4.27). Hunt Oil Company

granted access to the SMU Geothermal Laboratory for
Kweik to review the field, which has over 2,900 open-
hole well logs and pressure surveys, for his Master's
research project (Kweik, et al., 2014; Kweik, 2014). These
data comprise open-hole (BHT) and closed (shut-in)
temperature logs, pressure logs, fluid production, and
injection data. Taken together, these data provide an
opportunity to analyze temperature variations associated
with fluid migration and field development over time.

The density of data within the field allowed for a review
of time sequence trends and the ability to determine a
weighted average for parameters based on hundreds of
wells. The field averaged temperature gradient of 35 °C
per kilometer (1.92 °F per feet), the field average thermal
conductivity of 1.98 watts per meter-Kelvin, and the
conductive heat flow value is 6916 milliwatts per square
meter. The porosity ranges from 7.2 percent to 10.8
percent. The permeability varies between formations and
across the field from eight millidarcy to 43.7 millidarcy.

An unexpected result in this field was the increase in
reservoir temperatures of more than 10 °C (20 °F) over
more than 50 years. The structure of Fairway Field is
of a dome (turtle structure), allowing for the higher
temperatures deeper to flow up as fluids are extracted,
and pressures changed over the 50 years of production.
This pattern represents an influx of heat over this time
rather than a decrease, highlighting the ability to bring
warmer temperatures into production over the life of a
field. The availability of pressure-survey temperature
data and fluid data provides a unique understanding of
such dynamic geothermal resources (Kweik, et al., 2014;
Kweik, 2014).

Fairway Field illustrates how sedimentary basins have
considerable potential for geothermal development.
In this field, the James Limestone formation is the
primary source for fluid production from 1960 to 2012.
As mentioned above, the temperatures increased in
this field over the 50 years of operation. The increase in
temperature caused the "heat loss” to become a negative
number. A “heat loss” of -1.7 x 1017 joules was calculated
(Kweik, et al., 2014).

As part of this project, core samples of the James
Limestone were analyzed for thermal conductivity,
resulting in an averaged value of 2.60 watts per meter-
Kelvin for this formation (Table 4.2). The detailed core
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Table 4.2. Thermal conductivity and porosity values for James Limestone cores from seven wells across
the field at various depths; Source: Adapted after Kweik, et al., 2014; Kweik, 2014.

Well#  Depthmitest)  Porosty S iy (W K
647-3 3000(9,842) 9.n Parallel 2.42
649-3 3008(9,868) 6.67 Parallel 2.95
746-3 3012(9,880) 0.54 Perpendicular 2.45
452-2 3027(9,930) 0.00 Parallel 2.50
747-2 3042(9,978) 4.55 Perpendicular 2.78
548-3 3052(10,009) 16.56 Parallel 2.20
149-2 3055(10,021) 7.1 Parallel 2.83
Average Thermal Conductivity for James Limestone 26+0.4

analysis acrossthe 45 square miles(115 square kilometers)
highlights the amount of variation in thermal conductivity
and porosity that can occur even within one field (Kweik,
2014). For some rock types, the thermal conductivity
changes with the direction of the bedding being analyzed.
This difference is referred to as anisotropy. From the
results of the James Limestone, thermal conductivity
variesinconsistently with the changeinbeddingdirection.

2. Detailed Review of Sabine Uplift: Rusk, Gregg,
Harrison, and Upshur Counties

The Eastman Chemical plant, southeast of Longview,
Texas, was the central point for a study to evaluate a Deep
Direct Use ("“DDU") application of geothermal energy to
improve the efficiency of a gas power plant (Turchi, et al.,
2020). The warm geothermal resource was modeled for
its ability to produce supercooled fluids for turbine inlet
cooling. Normally geothermal fluids are used to generate
electricity from the extracted heat. For the Eastman
Chemical plant projects, the geothermal heat energy
was used to drive a chiller process that instead made
supercooled fluids (4 °C or 39 °F) to be stored in an on-
site tank. These fluids were for inlet cooling of the gas
plant, when the outside air temperature was at least 16 °C

(60 °F) or hotter, to increase the efficiency of the plant.
The Eastman Chemical company provided their time and
data for this DOE Geothermal Technologies Office study
conducted by the National Renewable Energy Laboratory,
SMU Geothermal Laboratory, and TAS Energy (Batir, et al.,
2018; Turchi, et al., 2020).

Examination of the geothermal resources focused on
depths of the Lower Cretaceous Trinity Group(Travis Peak
/ Hosston, James, Pettet / Sligo) between approximately
5,576 to 8,856 feet (1,700 to 2,700 meters) and the Upper
Jurassic Cotton Valley Group (Schuler and Bossier),
approximately 8,200 to 10,988 feet (2,500 to 3,350
meters)for the application. Below the Cotton Valley Group
are the Haynesville and/or Smackover Formations, which
are expected to be above 150 °C (300 °F) below depths of
11,480 feet (3.5 kilometers) in Rusk, Harrison, and Gregg
Counties, and less than 150 °C in Upshur County (Figures
4.26 and 4.28).

The recent geothermal resource mapping differs from
previous research in the area by the SMU Geothermal
Laboratory as part of the Geothermal Map of North
America(Blackwell & Richards, 2004) and the Geothermal
Map of the United States (Blackwell, et al., 1990). The
past two projects used a model for thermal conductivity
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values based primarily on the age and thickness of the
sedimentary basin. This model meant increased thermal
conductivities moving from south to north across the Gulf
Coastal Plain and East Texas.

The DDU study provided the ability to review the local
detailed stratigraphic column and assign thermal
conductivity values based on well location, formation
thickness, and on mineralogy related to those in
Louisiana(Pitman & Rowan, 2012). The Pitman and Rowan
(2012) report determined thermal conductivities based
on rock mineralogy for each formation, instead of from
core samples on a divided bar. The minerals within the
formations are similar, yet as discussed above in Fairway
Field, it is expected that there are formational changes
both laterally and vertically over a region that are not
possible to take into consideration without more thermal
conductivity sample analyses.

As site heat flow values are based on thermal conductivity
and local temperature gradient, the variation in BHT
data is a significant component in the heat flow value.
Therefore, large error bars (¥25 °C or =77 °F) become
the most significant error component in all future
calculations. To account for the potential for BHT error,
data are examined initially both as raw data for outliers
and then mapped. The mapping process uses a gridding
method capable of removing data that are more than
two standard deviations from the surrounding values. As
the amount of data points increases, more points can be
averaged as a smoothing method to arrive at an improved
value.

By incorporating the Pittman and Rowan (2012) thermal
conductivity values for each formation, the overall heat
flow values increased by approximately 5 to 10 milliwatts
per meter squared over the previously calculated heat
flow values in the Blackwell and Richards (2004) and
Blackwell, et al. (2011) maps. Within the 12.4 mile (20
kilometer) radius near the city of Longview, heat flow
varies from 65 to 95 milliwatts per meter squared (Figure
4.29), which is a higher typical variability than in regional
mapping where the data are smoothed. Usual differences
are approximately 10 to 20 milliwatts per meter squared.
InFigure 4.29, the heat flow values show the general trend
of hotter resources to the southeast in Rusk, Gregg, and
Harrison counties.

Figure 4.28. East Texas Corrected Temperatures
for Upshur, Gregg, Rusk, and Harrison Counties.
The well temperatures in Upshur County are
primarily the deepest, yet approximately the same
temperatures as the wells 500 to 1000 meters
shallower in the other counties to the southeast
and closer to the Sabine Uplift. Source: Future of
Geothermal Energy in Texas, 2023.

A heat flow of 55 to 65 milliwatts per meter squared
is considered normal for the Central United States,
therefore, there is more stored thermal energy in the East
Texas basins than in many portions of the Central United
States. This increase in heat is related to the sediments
acting like a protective layer or a thermal blanket above
the more radiogenically active basement rock of the
Sabine Uplift.
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Figure 4.29. East Texas Updated Heat Flow. The
heat flow trends warmer to the southeast towards
the Sabine Uplift, which is located along the
border of Texas and Louisiana. Sources: Batir and
Richards, 2018 and Batir and Richards, unpublished
2020.

Another way to look at the available geothermal resources
is using the Heat-in-Place or heat density calculations to
provide the total thermal energy stored within a defined
3D volume. The denser the heat, the hotteritis within that
area of rock. The DDU study (Batir, et al. 2018; Turchi, et
al., 2020) follows the methodology of Zafar and Cutright
(2014), who used the 3-D model to calculate the amount
of heat being stored. For this study, the Travis Peak
Formation was chosen because of the direct-use project
constraints for production from wells. The Travis Peak
thickness component and the temperatures through the
formation are shown as the heat indicator (Figure 4.30).
The top of the Travis Peak Formation lies between 6,560
to 7,872 feet (2,000 to 2,700 meters) below sea level,
trending locally deeper to the northeast. On average, the
Travis Peak is 1,804 feet (550 meters) thick, yet can vary
from 984 to over 1,968 feet (300 to over 600 meters) in
thickness. The calculated amount of heat stored ranges
from 150 to over 275 megajoules per meter cubed as the
thermal gradient and thickness of formation change, thus
creating variations in the mapped heat density. There
are no major faults mapped within the 12.4 miles (20
kilometers) area of this study, so the possibility of fault-
driven fluids is unlikely.

The heat density map for the Travis Peak formation
highlights the potential for geothermal resources to
be variable within sedimentary formations. For the
geothermal industry, this variability within sedimentary
geothermal resources could be identified in a similar
manner to the historic hydrothermal systems of the
western United States. Although oil and gas fields are
large geographic areas, there is usually an ideal location
for drilling that can be identified to maximize production
and profit.

Figure 4.30. The Heat Density or Heat-in-Place Map
of the Travis Peak Formation. This map represents
the stored thermal resource and shows the local
variations using the most advanced methods for
calculation. The western edge of the Sabine Uplift
is shown as a blue line on the eastern side of the
map. Source: Adapted after Batir, et al. 2018 and
Turchi, et al., 2020.

To better understand how much energy is stored within
the Travis Peak formation, illustrated in this 6.2 mile (20
kilometer) circle in Figure 4.30, one megajoule is equal to
the energy consumed in 0.278 kilowatt hour. Figure 4.30
uses megajoules per meter cubed units. Based on the
volume of a cylinder, 3.1416 times ten square kilometers
times 0.550 kilometer (the average thickness) = 172.8
cubed kilometers or 172.8x1E9 cubed meters. Using an
average heat density for Travis Peak of 200 megajoules
per meter cubed, there are 345.6 x 1E11 megajoules per
meter cubed within the 6.2 miles (20 kilometer) cylinder
of Travis Peak rocks and fluids. Not all of the heat will be
extractable; usually about 1to 10 percent of the resource.
If 1percentisused, then 345.6 x ITE9 megajoules per meter
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cubed of energy is available. The equivalent of 345.6 x
1E9 megajoules per meter cubed times 0.278 kilowatt-
hour = 96 x 1E9 kilowatt-hours. If the average home uses
10,632 kilowatt-hours per year (EIA, 2022), approximately
500,000 homes could be powered for over 18 years based
on this stored heat. Thus, more than enough energy is
stored within this formation to meet the residential power
demand within this 6.2 mile (20 kilometer) circle.

Upshur County has three northeast to southwest oil
and gas trends providing well data for initial geothermal
resource analysis. As with most of Texas, the number
of existing drilled wells is 4,193 in Upshur County (Batir
& Richards, 2020), far greater than the current 313 BHT
extracted from well log headers in the dataset (Figures
4.28 and 4.31). The available well data follow the three
drilling trends. The grid size for the Upshur project maps
is set to 0.05° latitude/longitude to include at least one
data point within each grid cell and smooth the gradients.
This grid size is similar to the size used in the Geothermal

Map of North America (Blackwell & Richards, 2004a,b)
and the Geothermal Map of the United States (Blackwell,
et al, 2011a).

In general, as shown by the 11,480 feet (3.5 kilometers)
temperature gradients (Figure 4.31), Upshur County is
consistent in thermal gradient with a small heat flux of
about 1.76 t0 1.82 °F per 100 feet (32 to 33 °C per kilometer).
Of interestinthisfigure are the deep saltintrusions having
littletonodirectimpactonthethermalpictureatthe 11,480
feet (3.5 kilometers) or even deeper at 18,040 feet (5.5
kilometers) (Batir & Richards, 2020 unpublished report).
The average temperature at 14,760 feet (4.5 kilometers)is
160 °C (320 °F), although the deepest BHT measurement
is 4.1 kilometer. Upshur County is an example of a county
with lower heat flow, yet temperatures are able to sustain
geothermal development, especially with the ability to
mix geothermal resources with other renewable energy
sources, such as solar and biomass.

Figure 4.31. Map of 3.5 kilometers Corrected Well Temperatures and Gradients for Upshur County. The
average temperature at this depth is 136 + 7 °C. BHT measurements in this depth are between 115 °C to 170
°C, although the highest grid value is 144 °C because of averaging within the cell. 274 wells penetrate the
3.25 to 3.75 kilometer depth range. Source: Adapted after Batir and Richards (2020).
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The stratigraphic column of Upshur County follows the
same general formations shown in Figure 4.26. Using
the correlation between the Pittman and Rowan (2012)
mineralogy for these formations, the well averaged
thermal conductivity varies between 2.38 and 2.42 watts
per meter Kelvin. The base of the sediment thickness is
determined to be between 13,740 to 13,900 feet (4.19 to
4.24 kilometers).

The northern counties of East Texas are currently mapped
similarly to Upshur County resources and not expected
to change compared to the temperature-at-depth maps
from 2011 (Blackwell, et al., 2011b) (Figures 4.5 through
4.7).

X. Permian Basin (West Texas):

The Permian Basin of West Texas and south to east
New Mexico (Figure 4.32) is the most important onshore
sedimentary basin in the United States in terms of energy
resources production. The basin has been producing
hydrocarbons from multiple formations for over a
century, resulting in one of the most extensive datasets
for subsurface characterization and energy exploration,
including geothermal energy. With changes in the energy
business trends over the years, the Permian Basin
has always been a top choice of onshore operators for
resource exploration and development due to discovery
thinking, new technologies, and favorable rock properties
in the subsurface. The thickness of the sedimentary
strata in the basin is more than 26,000 feet (7,925
meters), containing multiple reservoirs of varying sizes
for geothermal resource development.

Figure 4.32. Location of the Permian Basin and sub-basins in west Texas and southeastern New Mexico,
United States. Source: Dutton, et al., 2004.
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The Permian Basin started from an ancient broad,
shallow, gently dipping depression known as the Tobosa
Basin. The Tobosa Basin records clastic and carbonate
sediments from the Cambrian through Mississippian.
The Tobosa Basin went through tectonic evolution due
to the collision of the North American Craton with South
America from Early Pennsylvanian through Early Permian,
which resulted in the development of the deep Delaware
Basin and Midland Basin, separated by the shallow Central
Basin Platform (Figure 4.33). Vast deposits of clastics
deposited in the deep basins and carbonates deposited
on the shelves resulted in a mixed carbonate-siliciclastic
pattern (Figure 4.33). Figure 4.34 shows the stratigraphy
of the formations in the Permian Basin. Polyphase fault
systems developed in the Permian Basin, which also
involved reactivation of basement-rooted faults. Major
faulting, folding, subsidence, tilting, and uplift of the
basin reshaped the basin geometry and deposition of
sediment.

Figure 4.33. The east to west cross section of the
Permian Basin and current trends of operation,
including conventional, unconventional reservoirs,
saltwater disposal, produced water, and enhanced
oil recovery Source: Adapted after Scanlon, et
al., 2017. Permission received from the American
Chemical Society. Further permissions related to
the material excerpted should be directed to the
American Chemical Society.

The Greater Permian Basin's Delaware and Val Verde
basins are deep and have a relatively high geothermal
gradient. Keay, et al. (2021) generated a basin-wide
temperature model and opined that depths deeper than
10,000 feet (3,048 meters) in both Delaware and Midland
basins mostly correspond to temperatures over 100 °C,
which is suitable for low-enthalpy geothermal systems
(Figure 4.35). Figure 4.36 shows a generalized geothermal
gradient from a well across multiple formations in the
Delaware Basin. Heat flow data in the Permian Basin are
sparse. Blackwell, et al. (2011) reported average heat flow
in Crockett County 57 milliwatts per meter squared with
a standard deviation of 13 milliwatts per meter squared.

Figure 4.34. Cambrian-Carboniferous stratigraphy
of the Permian Basin, deemed feasible for deep
geothermal resources. Sources: Adapted after

Ruppel, 2019; Ogg, et al., 2016; Kerans and Kempter,

2002; Kerans, et al., 2014; Hurd, et al., 2016; Nestell,

etal., 2019.
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Figure 4.35. Map view of the Permian Basin
temperature model at a depth of 10,000 feet
(3,048 meters) subsea. Warm colors indicate high
temperatures. An approximate scale bar along with
an inset map of the Permian Basin in West Texas
and New Mexico is shown. Source: Adapted after
Keay, et al., 2021

Deep formations in the Permian Basin are overpressured
(Wallace, et al., 1978; Rittenhouse, et al., 2016; Lou, et al.,
1994). Overpressure may be one of the critical success
factors for producing hot brine from the subsurface for
geothermal energy production. In the Delaware Basin,
especially in the eastern margin of the basin, the third
Bone Spring, Wolfcamp, Barnett, and Woodford shale
formations are overpressured, with pore pressure often
exceeding 0.7 pounds per square inch per feet, which is
generally considered as the start of "hard overpressure.”
This overpressure might have been generated due to a
combination of multiple factors in this basin, including
disequilibrium compaction, clay diagenesis, hydrocarbon
generation, and tectonism. The temperature gradient
across the overpressure zone in the eastern Delaware
Basin is 25.1 °C per kilometer, compared to the basin’s
average geothermal gradient of 21 °C per kilometer
(Wallace, et al., 1978). Temperatures at the top and
bottom of the overpressure system are about 80 °C and
115 °C, respectively (Figure 4.36). Below the Woodford,
formations have mostly normal pore pressure gradients,
however, local variations can exist. Wallace, et al. (1978)
stated that the Permian, Mississippian, Devonian, and
Ordovician sequences are overpressured in the Delaware
Basin.

Figure 4.36. Geothermal gradient and temperature
profile as a function of depth from a well covering
the entire sedimentary stratain the Delaware
Basin. Source: Adapted from Deighton, 2015.

A. Potential Geothermal Reservoirs and Reservoir
Properties

Based on the available data, the Cambrian-Carboniferous
strata in the Permian Basin is considered feasible for
deep geothermal resource development. We remove
the potential of tight mudrocks, such as Wolfcamp and
Bone Spring, from current conventional geothermal
consideration since they have very low porosity of
about four to eight percent, ultra-low permeability, and
other operational constraints, which will be discussed
later. Nonetheless these might be attractive targets
for Advanced Geothermal Systems, like Closed Loop
Systems. The Wolfcamp Formation has high temperature
as well as high overpressure in some places, which could
be utilized for unconventional geothermal concepts
like Engineered and Advanced Geothermal Systems. In
addition, the Wolfcamp shale produces voluminous water.
These waters could be injected into the deeper reservoirs
with favorable reservoir quality, from which hot water
could be flowed back to produce geothermal energy. This
will be explored later in this Chapter.
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1. Ellenburger

The Ordovician-aged Ellenburger is the deepest and
laterally most extensive carbonate formation with proven
reservoir quality in the Permian Basin. The temperature in
the Ellenburger can vary from 99 to 170 °C (210 to 337 °F)
(Wallace, et al., 1978; Erdlac, 2006; Kosters, et al., 1990).
A significant drop in sea level at the end of Ellenburger
deposition resulted in subaerial exposure and widespread
karstification and reservoir development (Kerans, 1990).
The pore network of the Ellenburger is affected due to
dolomitization, karsting, and tectonic fracturing. The
upper and lower sections of the Ellenburger have high
reservoir quality due to fracture density, breccia, and
vugs, compared to the middle section, which is cemented
(Sanchez, et al., 2019). In Ellenburger carbonates, matrix
porosity is less than 5 percent, consisting of common
matrix pore types such as interparticle, moldic, inter-
crystalline, or micropores. In general, porosity in the
Ellenburger ranges between 2 percent and 20 percent
and permeability between 0.1 and 100 millidarcy (Loucks
& Kerans, 2019). Although matrix porosity may be low,
fractures increase permeability significantly, up to 2,250
millidarcy or more.

2. Simpson Group

Overlying the Ellenburger, the Simpson Group clastic
reservoirs are composed of highly mature quartz
sandstones having primary interparticle porosity
(Schutter, et al., 1992). The Simpson Group is thick in the
Delaware Basin, and it is locally porous and permeable.
The presence of carbonate cement is one of the factors
occluding pores and reducing permeability. Average
porosity in the Simpson Group varies from 7 percent to 16
percent in different fields (Tyler, 1991), and permeability
ranges between 45 and 164 millidarcy (Galloway, et al.,
1983; Wojcik, 1990).

3. Fusselman Formation

The Ordovician-Silurian-aged Fusselman Formation
consists of shallow water carbonate platform deposits.
It has undergone a variable degree of diagenesis due to
episodic sea-level fall. Karst features are also found in
this formation. Some of the major Fusselman reservoirs
are typically fault-bounded on the Central Basin Platform,
and adjacent to part of the Midland Basin (Ruppel, 2019).
In general, porosity in this formation varies from 3

percent to 12 percent, whereas permeability is generally
between 0.001 and 10 millidarcy (Ruppel, et al., 2019;
Kosters, et al., 1990). Apart from the karst, vugs, and
fractures, permeability is very low in these reservoirs.
The temperature across this formation is generally above
93 °C (200 °F)(Kosters, et al., 1990).

4. Thirtyone Formation

The Devonian-aged Thirtyone Formation is another
potential geothermal reservoir in the Permian Basin.
These rocks include deepwater cherts, shallow water
carbonates, and siliceous ramp limestones (Ruppel, et
al., 2019). Each of these facies has significantly different
reservoir characteristics that need to be considered
while developing geothermal resources. Both carbonates
and chert deposits of the Thirtyone Formation have
undergone significant alteration since deposition. Chert
facies have undergone both early and late episodes of
diagenesis that have played important roles in reservoir
development. Complete alteration to chert and quartz
is likely to result in porosity loss, whereas slower rates
favored retention of matrix microporosity. Carbonate
dissolution is apparent near the top of the Thirtyone
section and along major fault zones. Porosity in the
Thirtyone Formation varies from less than 2 percent to
25 percent, with permeability ranging between 10 and 20
millidarcy (Ruppel, et al., 2019). It is highly heterogeneous
due to a varying degree of diagenesis and fracturing.
Several faults and fault splays intersect these reservairs,
some of which might also act as flow barriers.

Apart from the above deep formations, the Atoka, Strawn,
and Cisco formations are potential geothermal targets.
These formations are overpressured, especially in the
eastern portion of the Delaware Basin. Similar to other
carbonate formations, these rocks have undergone
diagenesis, which has enhanced their reservoir quality in
places.

A recent high level well screening by TGS, a global
geophysical services company, showed that there
are a few 100 wells and nearby areas that are ripe for
repurposing for geothermal development in the Permian
Basin (Keay, et al, 2021). They mainly used two criteria
for screening: depth about 10,000 feet subsea (about
3,048 meters), implying higher temperature and flow rate
(greater than 2,000 barrels per day). These wells contain
injectors, shut-ins, and wells near the end of hydrocarbon
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production life (based on decline curve analysis). Many of
thesewellsare towardsthe easternmarginof the Delaware
Basin and western margin of the Midland Basin. However,
further analysis is needed, as some of the stratigraphic
horizons, for example, the Wolfcamp, analyzed by Keay,
et al. (2021), are not suitable for conventional geothermal
development due to its ultra-low permeability.

The potential for induced seismicity is another major
factor, especially in the southwest of the Delaware Basin
and towards the western margin of the Midland Basin,
for example, Martin County. This area has experienced
several instances of elevated seismicity. The injection
of voluminous amounts of water for geothermal
development can increase the pore pressure and reduce
effective stress, and thereby cause existing critically-
stressed faults to slip.

Formation water salinity is another uncertainty in
these tight formations. Formation water salinity varies
significantly in many deep formations in the Permian
Basin, including Bone Spring and Wolfcamp formations.
Their salinity varies from about 15,000 to 175,000 parts
per million due to water mixing from different sources,
including connate water, smectite-to-illite transition, and
fluid migration from evaporitic sequences along faults
and fractures (Nicot, et al., 2020). Salinity close to 15,000
parts per million is an indication of brackish water. This
salinity may become an environmental concern, butisalso
achemical engineering factor in developing a geothermal
plant. Another potential issue in developing geothermalin
the shale formations may be the lack of interest among
operators to change focus and convert some of their main
revenue producing reservoirs and wells to geothermal.
Most of the revenue for shale operators in the Permian
Basin comes from the Bone Spring, Wolfcamp, and
Spraberry plays.

Many recent wells in the Permian Basin target tight
formations, including Spraberry, Bone Spring, and
Wolfcamp, and some shallower formations, with
minimal targeting of deep formations. However,
existing deep wells that are either shut-in or near the
end of hydrocarbon production life can be converted to
geothermal energy production. Water produced from
the hydrocarbon producing Bone Spring, Spraberry, and
Wolfcamp can be injected back into the deep reservoir
for heat production. This reuse would increase the
asset life and provide a transparent and predictable

glide path to the energy transition. However, a thorough
analysis is needed to determine whether this is possible
economically and at scale, and what other resources can
be combined for geothermal resources in the oilfield to
work economically. A few oil and gas wells here and there
in the basin converted to low temperature geothermal
wells will neither help reduce carbon emissions, nor
provide required electricity to the power grid cheaply. Co-
production options (discussed elsewhere in this Report)
might provide a multi-revenue stream option that is more
economically viable and scalable.

B. Stress Direction and Seismicity in the Permian
Basin

Several recent studies have found a strong correlation
between saltwater disposal, hydraulic fracturing, and
increased seismicity in the Permian Basin (Frohlich, 2012;
Lomax & Savvaidis, 2019; Skoumal & Trugman, 2021;
Savvaidis, et al., 2019). Some of these earthquakes have
a magnitude over 3.0 (Figure 4.37). Due to decades of
fluid injection and withdrawal, the state of stress in the
basin has evolved. Snee and Zoback (2018) studied the
state of stress in the Permian Basin. In the Midland Basin
and Central Basin Platform, the direction of the SHmax
is approximately east to west, whereas, in the Delaware
Basin, SHmax orientation changes progressively from
being nearly north to south in the north, to east southeast
to west northwest in the south, including the western Val
Verde Basin (Snee & Zoback, 2018). Critically stressed
faults that are parallel to the SHmax may be prone to slip
due to fluid injection.

The current faulting regime in the Midland Basin varies
from normal to strike-slip, whereas in the Delaware Basin,
itis primarily normal faults. This trend has implications on
potential geothermal resource development strategies
in the basin depending on the engineering approach.
Because water injection will increase the vertical stress
in this area, which is already in the normal fault regime,
the concernis that the injection may enhance the chance
of fault slip. Based on recent studies, some earthquakes
in the Permian Basin occur at a greater depth close to the
Ellenburger, rather than the shallow Delaware Mountain
Group, whichisthe primarysaltwaterinjectionzone. Water
injection into deep reservoirs such as Ellenburger, which
contains high fracture density and vugs, may transmit
fluid down to the basement and facilitate pressure
build up and fault slip, resulting in induced seismicity.
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Therefore, future geothermal sites in the Permian Basin  monitored, and Next Generation concepts like Closed
will need to be appropriately planned, instrumented and  Loop Systems should be considered.

Figure 4.37. The location of interpreted faults and earthquake locations and magnitude in the Permian
Basin, focusing on the Delaware Basin. The earthquake locations are analyzed by TexNet, UT Austin.
Sources: Adapted after Horne, et al., 2021.
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1. Detailed Review of Crockett County

Crockett County has many oil and gas wells, with the
county’'s southern portion containing more well sites
with temperature data available within the NGDS than
in the north. It was studied in 2020 as part of the Texas
Geothermal Entrepreneurship Organization Project
to review a county that included the University of
Texas Lands property as a prospect for geothermal
development. Crockett County also was chosen for a
detailed review because of its location within the Permian
Basin, providing a large number of new well BHT data in
the last 20 years (Batir & Richards, 2020; 2021).

The updates for Crockett County from the 2011 maps
(Blackwell, et al., 2011b) to the 2020 maps (Batir &
Richards, 2020; 2021) included an increase of locations
from 65 in 2011 to 3,487 sites in 2020. As some of the
well sites included more than one temperature-at-depth,
there were a total of 3,503 temperatures used (Batir &
Richards, 2020; 2021). Most of the new data are from the
BEG-NGDS Borehole Observation file. The rest of the data
are from the 2014 SMU BHT Heat Flow data file (Figure
4.38). The wells are drilled primarily between 6,560 feet
and 9,840 feet (two and three kilometers), yet the deepest
wells are at approximately 15,740 feet (4.8 kilometers),
and they approximately average 170 °C (338 °F).

Within the BEG Borehole Observation file is a category of
SMU Regional Heat Flow data. The data are not included
in the SMU 2014 NGDS dataset, and Bureau does not have
records as to their origination. One possible source is the
work of Erdlac (2006) on the Permian Basin, since this
dataset is primarily from wells in the early 2000s, and
his report shows plots with large numbers of wells for
Crockett County. There is a trend of high gradients with
temperatures at 1.9 miles (3 kilometers) greater than 284
°F (140 °C), that were reviewed through the Texas Railroad
Commission online data portal. Not all sites included a
well log. Those that did were the same or very similar to
the dataset temperature at depth. Only a few were not
accurate. The increase in BHT values for the newest well
logs brings up the potential that those wells drilled most
recently are drilled more quickly and, therefore, will have
different drilling impacts on the recorded temperature
than those from the last century. For this work, a
consistent SMU-Harrison Correction (Blackwell, et al.,
1990; Richards & Blackwell, 2021) was applied to all well
sites, but further research on drilling

Figure 4.38. Temperature-depth data for Crockett
County highlights the immense amount of new
data in the NGDS uploaded from the Bureau. The
Bureau data (gray circle) also trend warmer than
the older SMU BHT data (blue plus). Source: Future
of Geothermal Energy in Texas, 2023.

impacts of modern wellbores and surrounding formations
will most likely change how raw BHT values are corrected
for an in-situ setting.

Using the Crockett County BHT data, thermal conductivity
values related to those used in the 2011 Blackwell, et
al. maps, and two new detailed stratigraphic columns
completed as part of the 2020 Batir and Richards study
(Batir & Richards, 2020; 2021), an updated heat flow
map was produced (Figure 4.39). Comparing the 2020
Batir and Richards map with the 2011 Blackwell, et al.
map shows the increased detail possible with additional
data. As mentioned above, there is a group of data that
are higher gradients than previously known. These data
result in the mapped heat flow increasing from a high
of 65 to 70 milliwatts per meter squared in 2011 to 80 to
90 milliwatts per meter squared in 2020. The location of
University Lands, which are State lands that generate
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Figure 4.39. The comparison of SMU heat flow maps for Crockett County. (A) the results of detailed
geology mapping using 3487 sites by Batir and Richards (2020), and (B) the SMU 2011 subset of U.S. heat
flow map by Blackwell, et al. (2011a) with only 65 sites. Sources: Batir and Richards, 2020 and Blackwell, et
al., 2071a.

Figure 4.40. The SMU 2020 Crockett County Temperatures-at-Depth Map for 3.5 kilometers. The
temperatures range from a low of less than 100 °C (212 °F) in the far northwest corner to over 150 °C (302 °F)
in the southeast corner. Source: Batir and Richards, 2020.

revenue for the Permanent University Fund in Texas, are
depicted as boxesinthe easternand central portion of the
county, which includes higher heat flow values that may
lead to developable geothermal resources. Geothermal
development potential on University Lands is considered
in further depth in Chapter 13, State Stakeholders
Implications and Opportunities of this Report.Figures
4.40, 4.41, and 4.42 are the temperatures-at-depth maps
for Crockett County at depths of 11,480 feet, 16,400
feet, and 32,800 feet (3.5 kilometers, 5.0 kilometers,
and 10 kilometers) that use the latest heat flow values

as the foundation for the deeper depth temperatures.
The highest temperatures at the respective depths
are in the southern and eastern portions of the county.
Temperatures do not reach 150 °C (302 °F) on University
Lands until 3.4 miles (5.5 kilometers) depth, although
there are areas at 125 to 150 °C (257 to 302 °F) at 11,480
feet (3.5 kilometers) depth.
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Figure 4.41. The SMU 2020 Crockett County Temperatures-at-Depth Map for five kilometers depth. This
map includes the data sites used in the mapping of the temperatures. At this depth, the temperatures
range from less than 125 °C (257 °F) in the northwest quadrant to over 200 °C (392 °F) in the southern
portion of the map. The University Lands resource temperatures at this depth are approximately 150 °C
(302 °F). Source: Batir and Richards, 2020.

Figure 4.42. The SMU 2020 Crockett County Temperatures-at-Depth Map for ten kilometer depth. This
map includes the data sites used in the mapping of the temperatures. At this depth, the temperatures
range from less than 200 °C (392 °F) in the northwest quadrant to over 300 °C (572 °F) in the southern
portion of the map. The University Lands resource temperatures at this depth are approximately 250 °C
(482 °F). Source: Batir and Richards, 2020.
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Crockett County is considered part of the Permian Basin
and“cold”interms of geothermalresources. The Heat Flow
Map of Texas (Figure 4.4) at the beginning of this Chapter
shows this area as blues and greens. The geothermal
resources in Crockett County have not changed since the
1990 Geothermal Map of North America (Blackwell, et al.,
1990) was produced; instead, our data and knowledge of
the geology has grown, allowing for more detailed and
accurate mapping of the geothermal resources below
Texas.

1. Detailed Review of Webb County

Webb County is dense with oil and gas wells, and much
of the related data are in the NGDS. It was studied in
2020 as part of the Texas Geothermal Entrepreneurship
Organization Project to improve one county in three
regions as an example of changes where many additional
BHT sites are newly available (Batir & Richards, 2020;
2021). Webb County is part of the heat flow transition zone
from the lower heat flow in Permian Basin to the north,
and the higher heat flow in South Texas and the Gulf Coast
regions to the south and east. From the previous mapping
by Blackwell, et al. (2011a,b), the southern portion of this
county, along with Zapata and Starr Counties to the south,
had higher temperatures at depth than the surrounding
area. These counties are also along the U.S. and Mexico
border, therefore, geothermal resources are interesting
because developers may qualify for unique funding
opportunities.

The updates for Webb County from the 2011 maps to
the 2020 maps included an increase for well sites from
387 in 2011 to 1,708 sites in 2020. As some of the well
sites included more than one temperature-at-depth,
there were a total of 2,087 temperatures used (Batir &
Richards, 2020; 2021). The results of the update showed a
consistent pattern with the previous mapping efforts that
included the addition of more refined sub-county details
and an increase overall in temperatures deeper than 2.2
miles (3.5 kilometers).

Besides the additional temperature data, the 2020
studies(Batir & Richards, 2020; 2021) increased the detail
for the geology via stratigraphic columns by dividing the
county into four different lithology sections that roughly
follow the Cretaceous continental shelf edge and the

related sediment influx that defined local depositional
environments. The rocks in Webb county are older to
the north, with younger sediments to the southeast.
Complicating the geology are the growth faults in
the deeper structures of the southern portion of the
county that thrust the sedimentary formations higher in
successionacross the county. This change in stratigraphy
was also enhanced by a change in thermal conductivity,
from a simple model used in 2011 (Blackwell, et al., 1990;
Blackwell & Richards, 2004)to assignthermal conductivity
values based on related geology from McKenna and Sharp
(1998), and a study of the same formations, though the
location of this study was Louisiana (Pitman & Rowan,
2012).

The increased volume of temperature data and improved
thermal conductivity values make a noticeable change
in the resulting heat flow map when compared between
the 2020 and 2011 maps (Figure 4.43). The previous heat
flow averaged between 60 and 70 milliwatts per meter
squared, and the 2020 calculated heat increases to a
low of 70 milliwatts per meter squared and a high of 100
milliwatts per meter squared. These changes also impact
the temperatures-at-depth, with more data measured
at 2.2 miles (3.5 kilometers) and the improved geological
relevancy of the deeper calculated temperatures at 4
miles to 6.2 miles (6.5 kilometers and 10 kilometers)
(Figures 4.44 through 4.46)(Batir & Richards, 2020; 2021).

The new temperatures-at-depth are generally coldest to
the northwest and hottest in the southeastern portion
of the county. The 6.2 miles (10 kilometers) map shown
in Figure 4.46 includes the well site locations for all the
maps, highlighting the data density in the oil and gas
fields with few-to-no points in the northwest portion of
the county. Although the temperatures are also coldest in
this few-to-no data area, geology trends do not indicate
a reason for higher temperatures if more well-site data
were available. At 2.2 miles (3.5 kilometers) depth, the
temperatures are between 125 °C and 175 °C (257 °F and
347 °F). At 4 miles (8.5 kilometers) is where the source
of the values change from measured BHT values to
calculated between 200 °C and 300 °C (392 °F and 572 °F).
By 6.2 miles(ten kilometers), the calculated temperatures
are expected to be at least 300 °C to over 375 °C (572 °F to
over 707 °F).
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Figure 4.43. Webb County heat flow comparison between the Batir and Richards (2020) detailed study
and the Blackwell, et al. (2011) generalized mapping as part of a national map. (A) SMU 2020 assessment.
(B) SMU 2011 subset of U.S. heat flow map. The dashed lines divide the county into four sub-county
stratigraphic columns used for the 2020 thermal conductivity determinations. Source: Adapted from Batir
and Richards, 2020.

Figure 4.44. Webb County temperatures at 3.5 kilometers depth based on oil and gas well data and the
lithology sections used for detailed thermal conductivity values. Source: Adapted from Batir and Richards,
2020.
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Figure 4.45. Webb County temperatures at 6.5 kilometers depth based on oil and gas well data and the
lithology sections used for detailed thermal conductivity values. Source: Adapted from Batir and Richards,
2020.

Figure 4.46. Webb County temperatures at ten kilometers depth based on oil and gas well sites that are
typically less than 4.0 kilometers in depth (shown here as Borehole Observations) and the lithology sections
used for detailed thermal conductivity values. Source: Adapted from Batir and Richards, 2020.
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Webb County, and its related region of South Texas,
have some of the highest potentials for geothermal
resources based on the current oil and gas data. The
deep sedimentary formations allow for an average of 7.4
kilometers of sediments in this region, with the deepest
sediments to the southeastern portion of the county. As
shown by the increase in data volume between the 2011
and 2020 maps, with each assessment and improved data
resolution, the geothermal resources are better defined
with more variability and reliability, yet with trends
expected to be similar to those of the oil and gas fields.

Xl. Anadarko Basin (North Texas)

The Anadarko Basin is primarily located in Oklahoma and
extends to the northern Texas Panhandle (Figure 4.47).
The Anadarko Basin is considered one of the deepest
foreland Paleozoic basins in the North American craton.
The basin is bound by different structural highs, including
the Amarillo-Wichita uplift (south), Nemaha uplift (east),
and Cimarron Arch (west) (Johnson, 1989). Most of the
published studies cover the Oklahoma portion of the
basin. There are very few studies in Anadarko of North
Texas (Kosters, et al., 1990). The present day Anadarko
Basin started from its predecessor, the Oklahoma Basin.
The OklahomaBasin started asabroad embayment, which
received a thick sequence of carbonates interbedded
with shale and sandstone (Johnson, et al., 1988). The
Oklahoma Basin underwent an orogenic episode during
the Pennsylvanian period. The Oklahoma Basin was
fragmented into multiple uplifts and major basins during
this time, including the Anadarko Basin. The basin
subsided throughout the Pennsylvanian-Permian period
and continued to receive voluminous sediment. The late
epeirogenic history of the basin is characterized by the
Permian carbonates, red beds, and evaporites.

Based on the limited data, the heat flow decreases to the
southeast of the basin in Oklahoma (Carter, et al., 1998;
Gallardo & Blackwell, 1999; Frone, 2014). The western
and northern portions of the basin have higher heat
flow (between 54 and 62 milliwatts per meter squared)
than the southern portion of the basin (between 39 and
47 milliwatts per meter squared) in Oklahoma. Figure
4.48 shows a temperature profile along with the depth
in a deep well. Similar to the other basins in Texas, some
areas in the Anadarko Basin are overpressured, especially
southwest Oklahoma (Lee & Deming, 2002) and some

areas are underpressured. The pressure variation in the
basin is related to two distinct geologic events, rapid
burial and uplift/erosion. Based on the U.S. Geological
Survey report (Nelson & Gianoutsos, 2011), a portion of
North Texas Anadarko Basin (away from the Oklahoma
border) is underpressured, however, a few places, such
as Collingsworth and Wheeler Counties close to the
Oklahoma border, might be overpressured. This border
region is where the Anadarko Basin is deepest. There
is not enough published pressure data in this specific
area to draw meaningful conclusions for the North Texas
Anadarko Basin. More formation-by-formation study is
needed in the Anadarko Basin in north Texas.

Figure 4.47. The location of the Anadarko Basin,
along with prominent structural features. Source:
Johnson et al., 1989; Gallardo and Blackwell, 1999.

Used with permission of Geological Society of
America from Sedimentary cover, North American
Craton, U.S, Sloss, L., D-2, 1988; permission
conveyed through Copyright Clearance Center, Inc.
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Figure 4.48: Calculated temperature-depth and
gradient-depth model for a representative deep-
basin well, along with the formations (Lone Star 1
Bertha Rogers well, Washita County, Oklahoma).
Large dots are bottom-hole temperatures at well
total depth. Source: Gallardo and Blackwell, 1999.

The Cambro-Ordovician Arbuckle Group is the deepest
reservoir in the basin. The Arbuckle and its equivalents
are allcomposed of very thick carbonate successions that
are often dolomitized. The Arbuckle Group is fractured
and contains vugs, similar to Ellenburger in the Permian
Basin. Based on a study by NRG Associates (1986),
porosity in the Arbuckle varies with depth, for example,
12.5 percent, 7 percent, and 6.2 percent at depths of
6,000 feet (1,829 meters), 7,664 feet (2,336 meters),
and 18,240 feet (5,560 meters), respectively, which is
indicative of an increasing degree of cementation. Based
on the published data, horizontal matrix permeability
varies from less than 0.16 millidarcy to 309 millidarcy,
whereas vertical matrix permeability varies from less
than 0.16 millidarcy to 197 millidarcy (Morgan & Murray,
2015). The presence of fractures enhances permeability
greatly. Figure 4.49 shows the geothermal gradient in the
Arbuckle is about 22 °C per kilometer, and extrapolated
temperature is about 250 °C (482 °F) at about 11,000 feet
(3,353 meters)in one borehole location.

Overlyingthe Arbuckle Group, the Mid-Ordovician Simpson
Group is also a potential geothermal reservoir composed
of limestones, sandstones, and shales. The porosity of
this group ranges between 10 to 18 percent over a depth
of 3,500 feet (1,067 meters) to 11,000 feet (3,353 meters)
(Ball, et al., 1991). Permeabilities vary between 15 and 300
millidarcy with an average of 120 millidarcy over the same
depth range (Harrison & Routh, 1981). The Simpson Group
has a temperature of about 200 °C (392 °F) at about 9,600
ft (2,926 meters)(Figure 4.49). The overlying Viola Group

is generally a tight carbonate section, however, locally
dolomitized sections have good reservoir quality (Adler,
et al., 1971). Other potential reservoirs include the Hunton,
Meramec, and Morrow Groups, where temperatures are
high enough to produce productively hot brine.

The Granite Wash is another potential geothermal
reservoir straddling the Oklahoma and Texas border on
the northern flank of the Amarillo-Wichita uplift, and
occurs beneath Hemphill, Roberts, and Wheeler Counties
in Texas. The Granite Wash is primarily composed of
arkosic sandstones and conglomerates with low porosity
(1 to 16 percent, average 8 percent) and permeability
generally less than 0.1 millidarcy (Mitchell, 2014; Wei & Xu,
2016). However, there are prospective sections consisting
of chert (Morrowan Granite Wash) and carbonate (Atokan
Granite Wash). This reservoir is both structurally and
stratigraphically complex due to its position near
the Amarillo-Wichita uplift area. Since 2008, several
horizontal oil and gas wells have been drilled in the deep
Granite Wash play (9,000 to 15,000 feet or 2,743 to 4,572
meters), which has enabled a better understanding of the
Granite Wash. The Stiles Ranch field in Wheeler County
of North Texas is an example). The deep wells offer an
opportunity to attain high temperatures and are also
targets for repurposing depleted wells into geothermal
wells. However, because of the lack of published studies,
there is a need for detailed research on the subsurface in
North Texas focused on geothermal energy potential.

Induced seismicity is a concern in the Anadarko Basin.
There are some major faults along northwest to southeast
in north Texas. The present day principal maximum
horizontal stress direction is also along northwest to
southeast (Lund Snee & Zoback, 2020). Therefore, water
injection into deep reservoirs close to faults may result
in fault slip and earthquakes. However, this should not be
a significant concern for Advanced Geothermal Systems,
like Closed Loop Geothermal Systems.

XIl. Other Settings

A. The Llano Uplift

The Llano Uplift is a unique geologic province in Texas,
depicted in the Central Texas Uplift in Figure 4.1. It
is an area of approximately 62 by 37 miles (100 by 60
kilometers) of igneous and metamorphic rocks at the
surface. The only other region like it is in far West Texas.
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The uplift is a window into a rather complex mixture of
ancient rocks that were part of the core of a mountain
chain of Precambrian age, which is greater than one
billion years old (Mosher, et al., 2008). It consists primarily
of igneous and metamorphic basement rocks that have
been uplifted relative to their surroundings due to several
periods of tectonic activity starting in the Precambrian
(Ewing, 2018). For the purposes here, the main point of
the geology is that it consists of “hard” rocks instead of
the general “soft” rock (sedimentary) geology of most
of the rest of Texas. The “hard” rocks make deep drilling
slower, more difficult, and therefore more expensive in
this setting. The nature of these rocks and their history
also means there is no petroleum in the uplift region. In
turn, this results in a complete lack of wells in the region,
other than shallow water wells. The well data map of
Texas (Figure 4.3) is the empty region west of Austin and
the Hill Country.

The lack of data does not prevent building a reasonable
picture of the thermal state of the crust. The regions
around the uplift, characterized by much better
temperature data, are relatively stable and have constant
crustal heat flow in the 35 to 45 milliwatts per square
meter range. Given the lack of geologically recent
activity in the Llano uplift, it is reasonable to expect to
find a similar 35 to 45 milliwatts per square meter heat
flow throughout the uplift. The uplift rocks are very
low permeability, thus, there is no thermal disturbance
due to fluid movement in the crust. Finally, reasonable
thermal conductivity measurements are available for
the rock types in the region. Combining the data allows
for a reasonable determination of the temperature at
depth model, as shown in Figures 4.5 through 4.7 at the
beginning of this Chapter.

From the heat flow and temperature at depth maps,
it is evident that the uplift is one of the cooler regions
of Texas, as shown in Figures 4.4 through 4.7. Even at
6.2 miles (10 kilometers) depth, the temperatures are
between the 150 and 175 °C (302 and 347 °F) range. While
these temperatures might be a reasonable target for
certain geothermal technologies, they are less attractive
compared to other areas of Texas. The depths and hard
rock in the Llano Uplift will result in more expensive
drilling, and the region will benefit from the development
of cheaper methods to drill hard rock.

B. El Paso - The Edge of the Basin & Range

The far west of Texas, around EIl Paso, is on the edge of
the Basin and Range province. This is a region of ongoing
crustal extension. This crustal extension results in a
thinner crust. Since the temperature boundary conditions
on the top and bottom of the crust are unchanged, the
thermal gradient must increase. The temperature maps
for Texas (Figures 4.5 through 4.7) show that the highest
temperatures in Texas underlie this region and may
exceed 350 °C (662 °F)at 6.2 miles (ten kilometers) depth.

Besides the high background temperatures due to thin
crust, the Basin and Range province is characterized by
deep extensional faulting. This faulting, in many parts
of the Basin and Range, creates permeable pathways.
Water heated by deep circulation into the crust along
those pathways can rapidly flow to the surface, creating
exploitable Conventional Hydrothermal Systems. While
there are no producing geothermal systems in this region,
there have been exploration projects on Fort Bliss, a large
military base that stretches from Texas into New Mexico,
with the latest announced in 2020 (Richter, 2020).

Historically, the region has not been of interest to the
oil industry, and is thus sparsely drilled (Figure 4.3), but
there have been some geothermal exploration programs
because of the known high heat flow in the area. Most of
the drilling and data is relatively shallow and is indicative
mainly of shallow fluid flow; there have been deep
wells of around 3,280 feet (one kilometer) that reached
temperatures of 93 °C (200 °F)(Lear, et al., 2016). Taking
an average surface temperature of 18 °C (64 °F) results
in a gradient of 75 °C per kilometer (4.1 °F per 100 feet).
While this measurement is possibly elevated due to fluid
convection, it still indicates significant temperatures in
the shallow to intermediate subsurface.

As high as any in Texas, these temperatures clearly
make this region a high priority for further geothermal
exploration and development. However, the current
data is relatively sparse. Texas' other “hot” regions, the
Gulf Coast and East Texas, have rich data sets that
quantitatively delineate the resource at the region to
county scale. The relative lack of data in Texas' Basin and
Range region means that the apparent high temperatures
are not well constrained. In other western states, the
Basin and Range is the site of most U.S. hydrothermal
geothermal systems(by number, not generation capacity),
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but there are no known hydrothermal systems in the Texas
zone. It is estimated that there are three to five times as
many undiscovered Blind Hydrothermal Systems (“BHS")
in the western United States (BHS are Conventional
Hydrothermal Systems with no surface manifestations).
By extension, there may be multiple BHS to be discovered
in the Texas Basin and Range region.

Thus, the Basin and Range region of Texas appears
to have significant geothermal potential both for the
development of Conventional and Next Generation
Geothermal Systems. A more precise and certain thermal
picture of the area is needed. A program of intermediate-
depth drilling across the region is called for to define the
thermal picture of the region. Confidence in the regional
temperature landscape would, in turn, spur site-specific
exploration and investment in geothermal projects.

C. Central Texas/Edwards Plateau

The Central Texas Hill Country was aregion of Cretaceous
age limestones when much of Texas was covered
by shallow seas. The region is bounded on the south
and east by the Balcones Fault Zone, which forms the
boundary with the coastal plains, and extends west to the
Llano Uplift, surrounding it. West of the Llano Uplift, the
limestones continue as the Edwards Plateau. These areas
have experienced limited petroleum exploration except
in the far west of the region, where it grades into the
Permian Basin. Like the Llano Uplift, a reasonable picture
of the thermal condition of the subsurface of Central
Texas and the Edwards Plateau is possible but is not well
constrained.

As shown in Figures 4.5 through 4.7, this region is
relatively cool. Unlike the Llano Uplift, however, the rocks,
limestones, are considered “soft” rocks. Thus, while the
temperaturesare notany hotter thaninthe adjacent Llano
area, the cost of reaching the same depths is much less.
This makes the region an easier geothermal exploration
target than the Llano Uplift. Also, like the basin and
Range, data is relatively sparse and would benefit from a
systematic data collection program.

XIll. Conclusion

Texas has an immense resource at hand in the form of
accessible heat for geothermal energy production -
thousands of times our current energy usage in Texas.
Texas also has a wide variety of geologic/geophysical
settings, thus there is no “one size fits all” approach to
understanding and assessing the geothermal potential
of Texas. This variation and complexity in the geologic
and geophysical setting will require thoughtful research
and planning as entities seek to develop geothermal
resources in the State.

This Chapter provides a solid starting point for project
planning and understanding the general conditions in
an area or region. Site specific analysis is still needed
to reduce risk and better understand this natural and
reoccuring exploitable resource in Texas. The Lone Star
State is unique to possess substantial information about
the subsurface, although more of this data needs to be
analyzed with a view toward geothermal development.
Where there has not been oil and gas development (see
Figure 4.3), our knowledge of the subsurface is weak.
Thesesparselydrilledareasinclude mostof the population
centers outside of the Gulf Coast. Of significant note,
where we have taken deeper dives at the county scale
in this Report, we find that the subsurface heat resource
is better than previously estimated in the most recent
mapping of the Texas heat resource, last conducted
in 2011. This is due to more refined approaches, a large
increase in well drilling and available data since 2011, and a
comprehensive update of county level mapping in Texas.

Going forward, government, industry, and academic
cooperation and coordination is needed to fill in the gaps
in our knowledge of the Texan subsurface, and provide
a foundation for accelerating geothermal development.
Texas has everything needed to help launch the future
of geothermal, including the resource, and can lead the
world in the Geothermal Anywhere movement.
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