
ENVIRONMENTAL GEOSCIENCES

Analysis of wastewater
injection and prospect regions
for induced seismicity in
the Texas panhandle, United
States
Juan P. Acevedo, Casee R. Lemons, Michael H. Young,
Guin McDaid, and Bridget R. Scanlon

ABSTRACT

Subsurface injection of wastewater, coproduced with oil and gas,
has been linked to an increasing number of earthquakes throughout
the southern midcontinent of the United States. This study aims to
compare subsurface injection of produced water to the increased
number of earthquakes in the panhandle region of Texas. For this
study, saltwater disposal and enhanced oil recovery through under-
ground injection control wells were analyzed from 1983 to 2018.
During this period, 64 earthquakes of magnitude ‡2.5 were
recorded. Average earthquake rates increased from 1.21 earth-
quakes per year (1983–2007) to 3.50 earthquakes per year
(2008–2018). A total of 2.26 billion bbl of wastewater was injected
into 34 geologic stratigraphic formations through 1926 active
underground injection control wells in the study area. Disposal
zones were concentrated in a few geographic regions and geologic
formations. Approximately 1.96 billion bbl (87% of total) of waste-
water was injected into seven geologic formations, including the
igneous Precambrian basement; another 27 formations each
received less than 100 million bbl. Results indicate that 61% of
earthquakes have minimal or stronger evidence of being induced by
a combination of underground injection control and oil and gas
practices. Additionally, this research identified regions where future
earthquakes could be induced by current underground injection
control and oil and gas operations. Understanding how and where
underground injection control and oil and gas operations are
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affecting seismicity rates in Texas can allow researchers, regulators,
and operators to propose strategies to reduce or mitigate induced
seismicity.

INTRODUCTION

Earthquakes have occurred in the state of Texas throughout its his-
tory, with historical earthquake data in the Texas panhandle
recorded as early as 1907 (Davis, 1985; Frohlich and Davis, 2002).
However, seismic activity has increased since around 2008, particu-
larly in areas where oil and gas (O&G) production is underway in the
Permian Basin, Barnett Shale play, Eagle Ford play, the East Texas
Basin, and the Texas panhandle (Ellsworth, 2013; Keranen et al.,
2013, 2014; Rubinstein and Mahani, 2015; Frohlich et al., 2016a;
Kroll et al., 2017; Hincks et al., 2018; Hosseini et al., 2018; Kim and
Lu, 2018; Rathje et al., 2018; Shapiro, 2018; Walter et al., 2018;
Lemons et al., 2019; Pollyea et al., 2019; Quinones et al., 2019;
Scanlon et al., 2019). Although they do occur naturally in Texas,
many recent earthquakes are posited to be associated with O&G
operations, whether by production of O&G or water, injection of
water for hydraulic fracturing, fluid injection for pressure mainte-
nance, saltwater disposal (SWD), or enhanced oil recovery (EOR),
also known as “secondary recovery.” These earthquakes are com-
monly referred to as induced earthquakes or induced seismicity (Ells-
worth, 2013; Frohlich et al., 2016a; Doglioni, 2017; Hincks et al.,
2018; Walter et al., 2018; DeShon et al., 2019; Hennings et al.,
2019; Lemons et al., 2019). Earthquakes in Texas have been studied
comprehensively to understand whether, where, and when man-
made practices from O&G operations could have caused them (cf.,
Frohlich and Davis, 2002; Frohlich et al., 2016a; Walter et al.,
2018). Frohlich and Davis (2002) provided a historical understand-
ing of Texas earthquakes and indicated that no earthquakes were
recorded before 1907 in the Texas panhandle. The occurrence of
earthquakes in this region coincided with the discovery of petroleum,
which has led to speculation that earthquakes in this region were
induced (Frohlich and Davis, 2002). However, Frohlich and Davis
(2002) was published before hydraulic fracturing became a wide-
spread practice (around 2008). As earthquakes continued to rise
throughout Texas, geoscientists intensified studies on the relation-
ship of these earthquakes and the increased O&G activity. Frohlich
et al. (2016a) reported on an approach that categorized earthquakes
as “naturally occurring,” “possibly induced,” “probably induced,” or
“almost certainly induced” by O&G operations, using a qualitative
score. Though relatively simple to apply, one drawback of the
approach, noted by Everley (2016), was the lack of subsurface pres-
sure or potential fluid movement in the assessment. Frohlich et al.
(2016b) noted the paucity of subsurface pressure data in general,
and the local nature of it, but agreed that modifying the categories
was appropriate (from “naturally occurring” to “no evidence,” from
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“possibly induced” to “minimal evidence,” from
“probably induced” to “stronger evidence,” and from
“almost certainly induced” to “strongest evidence”).
Walter et al. (2018) used the same methodology to
characterize the nature of earthquakes in the Texas and
Oklahoma panhandle area up to 2016. Their study
demonstrated how the increase in seismic activity in the
panhandle coincided with an increase in overall O&G
activity, including energy production and wastewater
injection operations.

This study will combine a comprehensive geologic
study and an analysis of fluid injection practices in the
Texas panhandle and identify the target formations
receiving wastewater injectate following the same
methodology of Frohlich et al. (2016a) andWalter et al.
(2018). This approach will include earthquakes of
magnitude (M) ‡2.5 that occurred during the years up
to 2018. Finally, this study will identify the regions
where conditions for induced seismicity exist in the
study area.

Regulation of SWD Practices in Texas

Public concern over increased seismic activity led the
Texas Legislature in 2015 to task the Bureau of Eco-
nomic Geology at The University of Texas at Austin to
lead a multi-institutional investigation to better under-
stand the causes of earthquakes in Texas, help locate
and determine the origins of these earthquakes, and
propose methods to potentially reduce human-induced
earthquakes in the future (State of Texas, 2016a; Rathje
et al., 2018). Previous studies hypothesized that SWD
and EOR injection practices from O&G operations are
two factors contributing to this recent increase in earth-
quake activity (Davis, 1985; Davis and Pennington,
1989; Davis and Frohlich, 1993; Frohlich and Davis,
2002; Keranen et al., 2013, 2014; Weingarten et al.,
2015; Frohlich et al., 2016a; Doglioni, 2017; Hincks
et al., 2018; Walter et al., 2018; Hennings et al., 2019;
Savvaidis et al., 2019).

Wastewater injection has been regulated for many
decades. In 1974, the US Congress passed the Safe
Drinking Water Act, established the Underground
Injection Control (UIC) Program and granted authority
to the US Environmental Protection Agency (EPA)
(State of Texas, 1981; Environmental Protection
Agency, 2016). The EPA separates injection wells into
six different classes depending on the type of fluids
being injected. For O&G operations, the UIC program

categorized wastewater injection wells as class II, which
includes SWD and EOR wells (State of Texas, 1981;
Environmental Protection Agency, 2016). In 1982, the
EPA granted primacy to the Railroad Commission of
Texas (RRC) to regulate class II UIC wells in Texas.
Afterward, the RRC required all O&G operators to
report monthly averaged injection volumes from class II
UIC wells, once per year, beginning January 1, 1983
(State of Texas, 1981). The RRC regulates three of the
eight different types of class II UIC wells for injection or
disposal of wastewater (Texas Water Development
Board, 2014), including

� Type 1: SWD wells into which wastewater is
injected into a formation not productive of O&G

� Type 2: SWD wells into which wastewater is
injected into a formerly producing O&G
formation

� Type 3: EOR wells into which wastewater is
injected into conventional reservoirs with the
intention of producing oil through water flooding
(State of Texas, 1981)

In our analysis, we categorized all class II (types
1–3) wastewater injection wells as UIC wells. The RRC
separates Texas into districts depending on the geogra-
phy and geology to distribute its jurisdiction across the
state. The Texas panhandle falls under RRC O&G Dis-
trict 10. Through the application process for UIC wells,
conditions are imposed by the RRC for the permitted
well, including the depth intervals into which operators
are allowed to inject wastewater, injection rate in bar-
rels/day (bbl/day, where 1 bbl = 159 L), and maximum
wellhead injection pressure limit in psi. The RRC can
also impose a unique set of conditions for a particular
operator, such as injectivity tests, tracer tests, or com-
plete stratigraphic documentation (State of Texas,
1981). However, formation name(s) may or may not be
included in the permit; therefore, a comprehensive
structural/stratigraphic study is included later herein to
interpret the formation(s) of injection. In the Texas
panhandle, we identified a total of 1926 UIC wells that
were active from 1983–2018.

Saltwater coproduced with O&G is commonly
termed “produced water.” Subsurface injection of
wastewater is the primary means of water manage-
ment. Alternatively, the EOR or “secondary recovery”
process also injects fluids into the subsurface, known
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as waterflooding for pressure maintenance of the reser-
voir, with or without the addition of chemical poly-
mers to enhance oil production in depleted conven-
tional reservoirs (Lake et al., 1992; Higley and
Gaswirth, 2014; Clemente, 2015; Frohlich et al.,
2016a; Rathje et al., 2018; Walter et al., 2018; Hen-
nings et al., 2019; Lemons et al., 2019). Technological
advances in hydraulic fracturing and horizontal drilling
techniques, beginning around 2008, have significantly
increased the production of O&G and produced water
from unconventional reservoirs, thus increasing the
volumes needed for disposal (Tilford and Stewart,
2011; Rubinstein and Mahani, 2015; Doglioni, 2017;
Shapiro, 2018; Fasola et al., 2019; Lemons et al.,
2019; Scanlon et al., 2019).

Study Objective

The objective of this study is to answer the following
questions: What is the distribution of wastewater injec-
tion through UICwells in the Texas panhandle between
1983 and 2018? And is there a relationship between
these injection practices or other O&G activities and
earthquakes with M ‡ 2.5 during this time period? In
this work, we will account for geologic units and struc-
tural subregions, into which wastewater injection occurs
for SWD and EOR. We will address the permitted
injection intervals and well depths relative to the igne-
ous basement and briefly address O&G operations
alongside UIC practices in the area. We hypothesize
that a relative link exists between current UIC and
O&G operations in the study area and the increasing
number of earthquakes.

This research will help address the proposed
hypotheses through a series of established and novel
research methods. First, a generalized geological study
will help interpret the stratigraphic units in the panhan-
dle area. Once identified, the study will highlight the
geologic formations that have been targeted for UIC
operations and compare injection rates to earthquakes.
This research will also identify the UIC wells in close
proximity to the Precambrian basement and potential
prospect areas for induced seismicity. Additionally, a
categorization of previous earthquakes will help identify
earthquakes considered to have occurred naturally or
that were induced by O&G activities, such as produc-
tion or injection. The research uses the most recent pro-
duction and injection data, proximity to basement, and
fault locations to identify regions where an induced
earthquake event could occur in the future.

METHODS

To address the proposed question and test our hypothe-
ses, this study was subdivided into three main
components:

� Generalized geologic setting of the study region
� The UIC well and volumetric analysis
� Characterization of earthquakes with M ‡ 2.5

that occurred between 1983 and 2018

The flowchart (Figure 1) displays how the three
main components of this research were addressed, their
relationship to one another, and the overall workflow.

Figure 1. Flowchart illustrating the methodology used throughout the study. M = magnitude; O&G = oil and gas; UIC = underground
injection control.
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B

Figure 2. Top map (A) shows seven structural subregions. Dashed lines depict basement-rooted faults with undetermined geometry
taken from Ewing (1990). Black dots represent 1926 underground injection control (UIC) wells. Respective well count for each structural
subregion seen in Table 1. Bottom map (B) shows the different structural subregions of the Texas panhandle. Blue regions denote Precam-
brian uplift structures and gray regions denote deep sedimentary basins. O&G = oil and gas; RRC = Railroad Commission of Texas.
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Geologic Interpretation of Study Region

The Texas panhandle has eight distinct geologic subre-
gions, differentiated into three Precambrian uplift struc-
tures that separate five deep sedimentary structures. The
uplift structures are the Amarillo-Wichita uplift, the
Cimarron arch–Keyes dome, and the Bravo dome. The
deep sedimentary basins are the Anadarko Basin, the
Dalhart Basin, the Hollis–Hardeman Basin, the Palo
Duro Basin, and the Whittenburg trough (Figure 2A, B).
The uplift structures of the igneous basement are charac-
terized by tectonic movement during the Late Pennsyl-
vanian that span across the study area in a northwest-
southeast trend, separating the major sedimentary basins
(Nicholson, 1960; Dutton et al., 1982; Lindberg et al.,
1983; Tilford and Stewart, 2011; Higley and Gaswirth,
2014). These basins overlie the crystalline basement
uncomformably and record deposition beginning in the
late Cambrian–Early Ordovician with higher sediment
deposition rates occurring in the Late Pennsylvanian–
early Permian (Dutton et al., 1982; Lindberg et al.,
1983; Hartig et al., 2011; Kroll et al., 2017).

We compiled a generalized stratigraphic correlation
chart for the Texas panhandle (Figure 3) and subdivided
it by their respective structural subregions. Formation
names were selected using nomenclature from opera-
tors, regulators, and literature (Nicholson, 1960; Dut-
ton et al., 1982; Lindberg et al., 1983; Ruppel, 1985;
Ruppel and Garret,1989; Hartig et al., 2011; Tilford
and Stewart, 2011; Higley and Gaswirth, 2014; Kroll
et al., 2017). Structural-stratigraphic grids of geologic
formations present in the study region were generated
to identify the formations targeted for fluid injection.
These grids were generated using a ranked combination
of formation tops picked by Bureau of Economic Geol-
ogy researchers or subject matter experts (e.g., Ambrose
et al., 2011), commercial vendors using calibrated well
logs, and individual operators who submitted informa-
tion to the RRC, in this order:

� Researcher or subject matter expert
� Commercial vendor using calibrated well logs
� Operators who submitted information to the

RRC

UIC Well and Volumetric Analysis

We followed the methods reported by Lemons et al.
(2019) for data collection and interpretation. The data

sets for UIC wells were available through regulatory
sites, such as the RRC, as well as through commercial
data providers (IHS Markit and B3 Insight). The data
were downloaded by filtering through various RRC
databases such as the “H10 Annual Disposal/Injection
Well Monitoring Disposal Query” and the “Injection/
Disposal Permit Query” and by searching for wells
located in RRC District 10. Commercial data sets were
downloaded using the IHS Markit “production
allocated” query and filtered for only injection data,
whereas data from B3 Insight were collected by
highlighting the RRC District 10 on their platform map
and downloading all available data for UIC wells. This
search result was filtered further to provide only data
used in the study. Data sets downloaded represent pro-
duction workbooks that provide the most reliable infor-
mation regarding injection wells, reported on a per-well
basis. From the production workbook data set, we
extracted data for individual UIC wells, including loca-
tion, lease number, API identification number, volumes
injected on monthly and yearly bases, and cumulative
injection volumes. A secondary data set was also
required for the architecture and completions summary
of all wells and included usage (SWD or EOR opera-
tions) and permitted depths of injection. We then com-
bined both data sets into a single relational data set that
contained necessary information regarding UIC wells
(both EOR and SWD wells) in the study area. Table 1
shows the distribution of injection wells with respect to
each structural subregion.

After the wells of interest were identified, data sets
were imported into an integrated geologic software
(IHS Petra) used for most of the analyses in this pro-
ject. The Petra-specific files contained data regarding
wellbore architecture and production data, if applica-
ble, and were matched to injection volumes from
RRC. A second set of data imports contained wellhead
pressure to fully analyze injection operations in the
study area. From the B3 Insight data set, we gathered
flowing wellhead injection pressures for each well,
allowing us to see key trends in injection rates and to
document pressure and/or injection changes through-
out the well’s history, allowing us to apply a visual
quality control of injected volumes. Specifically, if an
increase or decrease in wellhead pressure was observed,
we expected to see an increase or decrease in injected
volume.

In addition to visual quality control, compiled data
were quality controlled using statistical measures. Out-
liers were identified for wells when injection rates fell
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Figure 3. Generalized stratigraphic correlation chart of the geological formations in the Texas panhandle within each structural region.
Distinction from Precambrian uplift structures and deep sedimentary basins corresponds to colors in Figure 2A.
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above or below three standard deviations of the mean
value during the lifetime of each well. These outliers
were replaced with the mean value of wastewater vol-
ume injected into each respective well. This step
avoided overestimating or underestimating the true
volume injected and accounted for possible errors
made by operators when submitting data to the RRC
(e.g., illegible handwriting) or when the commercial
vendors transfer data onto their system (e.g., input of
1,000,000 bbl of water injection in one month when
injection volume for the well previously averaged
100,000 bbl per month). By enacting this statistical
quality control, we were able to isolate and remove
spurious spikes (highs and lows) from the monthly
injection data sets and improve the quality of the volu-
metric data used throughout this study. Additionally,
an isopach of injection intervals was then determined
from permitted tops and bottoms for each permitted
UIC well. We assumed that all injection wells were
screened throughout the entirety of the permitted
injection interval.

Depth-to-Basement Calculation and Assigning
Injectate Volumes to Geologic Formations

We calculated the distance from the bottom of the per-
mitted injection interval to the top of the igneous Pre-
cambrian basement, also known as depth-to-basement
calculation, which was considered to be a key contribu-
tor to inducing seismicity (Hincks et al., 2018; Scanlon
et al., 2019). Depth-to-basement was calculated by
importing all relevant UIC wells into a geographic infor-
mation system (ArcGIS v.10.3.1) and layering the data
onto the Tectonic Map of Texas (Ewing, 1990). Data
available from Ewing (1990) included shapefiles of all

basement-rooted faults, as well as contour intervals of
the Precambrian basement throughout Texas. From
these contour intervals, a structural grid was generated
using the grid-flexing tools in ArcGIS. We then overlaid
all wells in their respective locations above the Precam-
brian basement and calculated the distance from the
bottom of the injection interval to the top of the Pre-
cambrian basement. We assigned injectate volumes into
each geologic formation by checking well perforation
intervals with permitted injection intervals for each well
in the RRC database. Each formation that received
wastewater injectate from UIC wells was color-coded
following a heat scale (Lemons et al., 2019) that repre-
sents the cumulative volume ranging from blue (lowest
volume) to red (highest volume). Cumulative localized
injection volumes were aggregated into 10 · 10 mi
block grids (259 km2 [100 mi2] area). Disposal wells
were spatially assigned to the block grids using geo-
graphic mapping software.

Earthquake Analysis

We focused on earthquakes that occurred from 1983
through 2018 with local M ‡ 2.5. Earthquake data
were obtained from open-source databases, such as the
US Geological Survey map (https://earthquake.usgs.
gov/earthquakes/map/), Incorporated Research Institu-
tions for Seismology (IRIS) Earthquake Browser
(http://ds.iris.edu/ieb/), and TexNet Earthquake Cata-
log (https://www.beg.utexas.edu/texnet/catalog). Data
included earthquake event identification, magnitude,
location, depth, and uncertainty range. For our area of
interest and during the study time period, our event
threshold of M = 2.5 was at or above the magnitude of
completeness of M = 2.0 using the data set fromWalter
et al. (2018) and based on the methodology of Mignan
and Woessner (2012) (Figure 11 in the Appendix).
Between 2002 and 2018, a total of 26 seismometer sta-
tions have been either temporarily or permanently
deployed in the study area. The densest seismometer
coverage in the study region occurred between 2009
and 2011, when 19 seismometer stations were
deployed as part of IRIS’USArray Transportable Array.
More recently, newly installed stations supporting Tex-
Net have covered O&G areas of interest in Texas,
including the Permian Basin, where the magnitude of
completeness measure has decreased to M = 1.3
(Lomax and Savvaidis, 2019). However, even with
TexNet, seismometer coverage in the Texas panhandle
is still not extensive, causing higher uncertainty in

Table 1. Active Well Count and Respective Percentage for
Each Geologic Structural Subregion

Structural Subregion Well Count (%)

Amarillo-Wichita uplift 394 (24.7)
Anadarko Basin 544 (33.7)
Bravo dome 4 (0.3)
Cimarron Arch-Keyes dome 653 (40.4)
Dalhart Basin 11 (0.7)
Hollis–Hardeman Basin 3 (0.2)
Palo Duro Basin 0 (0)
Whittenburg trough 7 (0.4)
Total 1926 (100)
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hypocentral locations, especially in the early parts of
the database, when seismometer coverage in or around
the panhandle was even more sparse.

Earthquake Classification

A total of 64 earthquakes M ‡ 2.5 were recorded in the
Texas panhandle from 1983 to 2018. From these earth-
quakes, 29 earthquakes were recorded before 2007
(1.21 earthquakes per year) and 35 earthquakes were
recorded after 2007 (3.50 earthquakes per year). Dur-
ing the time of densest seismometer coverage
(2009–2011) only six earthquakes M ‡ 2.5 were
reported, indicating that increasing number of seismom-
eter coverage did not correlate to the increasing number
of earthquakes measured. Many of the earthquakes in
Texas, including those with hypocenters located in
O&GDistrict 10, were naturally occurring earthquakes.
However, Walter et al. (2018) reported that the recent
(2008–2016) increase in earthquakes in the area was
caused by a combination of O&G production, wastewa-
ter injection from UIC wells, and their respective prox-
imity to known faults. For all 64 earthquakes, we identi-
fied all UIC and production wells within 5 km of the
epicenter, as well as the shortest distance from the epi-
center to a known fault.

We followed the methodology of Frohlich et al.
(2016a) and Walter et al. (2018) to determine possible
origins for the 64 earthquakes in the Texas panhandle,
and classified earthquakes into four categories by
applying a subjective-based test that allows us to inter-
pret whether an earthquake may have been induced
by O&G operations. The naming convention for these
earthquakes was taken from Frohlich et al. (2016b):
no evidence, minimal evidence, stronger evidence, or
strongest evidence. The Frohlich et al. (2016a, b) and
Walter et al. (2018) test is based on five questions and
includes a scoring system that ranges between 0.0 and
5.0. Each question has three possible answers: “no or
no information” is scored with a 0.0; “yes, perhaps,
possible doubt” is scored with 0.5; and “yes, certainly”
is scored with 1.0. The five questions are the
following:

1. Do earthquakes in this location begin occurring
only after the commencement of petroleum pro-
duction or fluid injection operations?

2. Are epicenters spatially correlated with produc-
tion or injection operations?

3. Is information concerning hypocentral depth
available, and does this information suggest the
earthquake occurred at or near production or
injection depths?

4. Is the earthquake near a mapped fault, or is it
one of a linear group of epicenters delineating a
fault?

5. Is there a credible published paper linking
the earthquake to production or injection
operations?

The scoring criteria for each question was taken
directly fromWalter et al. (2018):

1. During the year of the earthquake event, if the
cumulative sum of injection or production of flu-
ids exceeded 100,000 bbl or 100,000 thousand
cubic feet (MCF) of gas, the score was 1.0. Oth-
erwise, the score was 0.0.

2. Determine the sum of the annual volumes from
3 yr prior to the earthquake event. If oil or gas
production exceeded 300,000 bbl or MCF,
assign a score of 0.5. Add another 0.5 to the
score if UIC injection exceeded 300,000 bbl.
If injection or production into or from any
one particular well exceeded 1,000,000 bbl or
MCF, assign a score of 1.0. Otherwise, the
score is 0.0.

3. Is information available concerning focal depths
of earthquakes at this location, and does this
suggest some depths are shallow, probably occur-
ring at or near production or injection depths?
If so, assign a score of 1.0. Otherwise, the score
is 0.0.

4. If the earthquake occurred at a distance of 5 km
or less to a known fault, assign a score of 0.5. For
this criterion, the main source of fault data is the
Tectonic Map of Texas (Ewing 1990), which is
the best publicly available source of faults in the
Texas panhandle, although it is outdated and
does not include fault geometries.

5. Assign a score of 0.5 to those earthquakes with
1.0 for questions 1 or 2. Otherwise assign a score
of 0.0 because of the lack of published informa-
tion available regarding induced seismicity in the
Texas panhandle.

Table 2 lists the possible ranges of scores.
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Prospect Regions for Induced Seismicity

The algorithm proposed by Frohlich et al. (2016a, b) is
only used to classify earthquakes after the earthquakes
have occurred. We therefore take this method one step
further and try to identify those regions that could be
more sensitive to induced seismicity, and possible
causes if an event were to occur. This will allow future
researchers to better identify geographical regions
where an earthquake is more likely to be induced, and
possibly inform regulators of this likelihood.

For this proposed technique, we summed produc-
tion volumes and injection volumes into single respec-
tive values, converting gas production from MCF into
BOE where 6 MCF equals 1 BOE (volumes for pro-
duced oil, produced water, and wastewater injectate are
already expressed in barrels). We chose 2016–2018 as
our time period because 2018 was the most up-to-date
data available. We then subsetted injection and produc-
tion volumes into a 2018-only data set. The two data
sets of injection and production (2016–2018) and
(2018 only) follow the overall approach and criteria
reported by Frohlich et al. (2016 a, b), except they used
injection and production data sets for 3 yr prior to the
earthquake occurring and the year that the earthquake
occurred. Data sets were imported into ArcGIS
(v.10.3.1) where four kernel density plots of the pro-
duced and injected volumes were generated at a radius
of 9.08 km (5.64 mi), which matches the regulatory
requirements set by the RRC (State of Texas, 2016b).
This allows us to visualize injection and production hot-
spots within a 259 km2 (100 mi2) area (Silverman,
1986; Hincks et al., 2018).

We also applied a 5-km buffer around every known
fault trace and identified operating injection and pro-
duction wells within it. This buffer size follows Frohlich
et al. (2016a). Finally, we included depth-to-basement
for all injection wells active during these time periods.
This proposed approach classifies the area of interest
according to its sensitivity to a potential earthquake

event induced by O&G and/or UIC operations. For this
method, the calculation criteria were as follows:

1. Normalize all cumulative injection volumes for
the year 2018 on a scale from 1 to 10. If cumula-
tive sum of injection is equal to or exceeds
500,000 bbl, assign the highest score of 10.

2. Normalize all cumulative production volumes
for the year 2018 on a scale from 1 to 10. If
cumulative sum of production is equal to or
exceeds 500,000 BOE, assign the highest score
of 10.

3. Normalize all cumulative injection volumes for
the years 2016–2018 on a scale from 1 to 10. If
cumulative sum of injection is equal to or
exceeds 1,000,000 bbl, assign the highest score
of 10.

4. Normalize all cumulative production volumes
for the years 2016–2018 on a scale from 1 to 10.
If cumulative sum of production is equal to or
exceeds 1,500,000 BOE, assign the highest score
of 10.

5. Apply a 5-km buffer around all known faults in
the Texas panhandle and assign the buffer a value
of 5 if the fault geometry is undetermined.

6. Normalize depth-to-basement values for all
injection wells for the year 2018 on a scale from
1 to 5. If wells are injecting wastewater at or into
the basement, assign the highest score of 5.

7. Normalize depth-to-basement values for all
injection wells for the years 2016–2018 on a
scale from 1 to 5. If wells are injecting wastewa-
ter at or into the basement, assign the highest
score of 5.

We summed up the regional scores for these criteria
and recovered an output of values from 0 to 55, at
which point we applied the classification algorithm
(Table 3).

RESULTS

UIC Wells and Injected Wastewater Analysis

The injection interval isopach (Figure 4) shows that,
although many of the UIC wells are not injecting into
the same geologic units, they have similar permitted
intervals for wastewater injection. The range of

Table 2. Scoring Criteria Proposed by Frohlich et al. (2016a,
b) to Categorize Earthquakes

Earthquake Score Category

0–1 No evidence
1.5–2.0 Minimal evidence
2.5–3.5 Stronger evidence
4.0–5.0 Strongest evidence
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injection intervals, permitted by the RRC, is between 0
and 150 m (0�500 ft) for 88% of all wells; between
150 and 600 m (�500�2000 ft) for 10% of the wells,
and exceeds 600 m (�2000 ft) for the remaining 2% of
the UIC wells. Wells with the thinnest injection interval
(between 0 and 150 m) are all geographically located
inside the boundaries of the uplift structures in the pan-
handle: the Amarillo-Wichita uplift and the Cimarron
arch–Keyes dome. Only 2% of wells are injecting into
units with intervals greater than 600 m, and all are
located in the deep sedimentary basins, Anadarko
Basin and Dalhart Basin. These wells are potentially
injecting fluids into several geologic units; thus, pressure
increase caused by injection into each geologic

formation may not be elevated. However, the larger
injection interval can also reveal unknown or unmapped
faults in these geologic structures if an earthquake
occurs in an area where the fault maps are not com-
plete. If, for example, faults exist in formations with
higher permeability, and act as no-flow hydrological
boundaries, then wastewater reaching this no-flow
boundary could increase fluid pressure along the fault
plane, potentially reactivating the fault and inducing an
earthquake (Kim and Hosseini, 2017; Hincks et al.,
2018). In contrast with deep sedimentary basins else-
where, a lower number of geologic units are present in
the Precambrian uplifts of the Texas panhandle, and
with less distance from surface to the top of the base-
ment available for disposal. The smaller injection inter-
val above the Precambrian uplifts could translate to a
higher pressure increase in formations receiving waste-
water, depending on the injection pressure, and propa-
gate to the igneous basement.

Currently, 95% of the wells injecting wastewater
into the igneous basement are completed in the
Amarillo-Wichita uplift, whereas the remaining 5% of
the wells are completed in the Cimarron arch-Keyes
dome, also part of the Precambrian uplift structure
(Figure 5). Wastewater is being injected into the Pre-
cambrian uplift structures at intervals 0–150 m. The
combination of a small interval range and injection into
the Precambrian basement are conditions found else-
where to correlate to induced earthquakes (Hincks et al.,
2018). Additionally, we found that 98% of wells that
inject wastewater 2000 m (�6500 ft) above the base-
ment are located in deep sedimentary basins; these wells
have larger intervals for injection permitted by the
RRC.We observe two key trends:

1. UIC wells with smaller injection intervals and
well completion depths near to or at the base-
ment are found in the Precambrian uplift struc-
tures such as the Amarillo-Wichita uplift and
Cimarron arch–Keyes dome.

2. UIC wells with larger injection intervals and well
completion depths farther from the basement
are found in the deep sedimentary basins such as
the Anadarko and Dalhart Basins.

From 1983 to 2018, a total of 2.26 · 109 bbl
(billion barrels) of fluid were injected into the 1926
UIC wells used in this study. Seven particular forma-
tions targeted for UIC wastewater injection, colored

Table 3. Scoring Criteria Proposed to Categorize Prospect
Regions Where a Potentially Induced Earthquake Event Could
Occur

Regional Score Category

0–10 No evidence
10–25 Minimal evidence
25–45 Stronger evidence
45–55 Strongest evidence

Figure 4. Map of injection interval isopach permitted by the
Railroad Commission of Texas, plus injection wells (black dots)
active between 1983 and 2018. Gray isopach corresponds to 0–
150 m (0�450 ft) permitted intervals with colors increasing every
150 m (450 ft) onward. Dashed lines depict basement-rooted
faults with undetermined geometry taken from Ewing (1990).
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in red (Figure 6), all received more than 100 · 106

bbl (million barrels) of cumulative wastewater injec-
tate during our study period. The seven formations
with the highest volume of injection through UIC
wells are the Brown Dolomite, Council Grove, Moore
County, Wolfcamp, Morrow, Granite Wash, and crys-
talline basement, and all are found in only three
geological subregions: the Amarillo-Wichita uplift,
the Cimarron arch–Keyes dome, and the Anadarko
Basin (Figure 6). We calculated more than 1.97 bil-
lion bbl (87% of total) injected into these seven geo-
logic units. The remaining formations each received
less than 10 million bbl of wastewater. Results
highlight that UIC practices in the study area are
highly localized into certain geologic formations and
subregions.

Total cumulative volume was calculated for each
10 · 10 mi grid block and then color-coded according
to quantity (Figure 7). Earthquakes with M ‡ 2.5 were
included in this figure to show how volumetric disposal
rates and earthquakes varied through time and space, as
others have shown (Ellsworth, 2013; Hincks et al.,
2018; Rathje et al., 2018; Shapiro, 2018; Walter et al.,
2018; Lemons et al., 2019; Scanlon et al., 2019; Teng
and Baker, 2019). A total of 45% of the recorded
earthquakes occurred in grid blocks with wastewater
injection. Of these earthquakes, the smallest recorded
earthquake (M = 2.5) occurred in 1990, and the
largest recorded earthquake event (M = 4.3) occurred in
2014. Cumulative volumes of 8 million bbl and 17 mil-
lion bbl were injected into the grid blocks that
contain the smallest and largest magnitude earthquakes,

Figure 5. Basement elevation in study area generated from Ewing (1990). Colored dots indicate wastewater injection into the Precam-
brian basement. Dashed lines depict basement-rooted faults with undetermined geometry taken from Ewing (1990). mbsl = meters below
sea level; O&G = oil and gas; pЄ = Precambrian; RRC = Railroad Commission of Texas; UIC = underground injection control.
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respectively. Furthermore, 67% of the blocks received
less than 10 million bbl of wastewater injectate. In
many cases, wastewater was injected into wells com-
pleted in different formations within each grid block.
Also, because some geological units extend laterally
across the entire study region, one geologic unit can
be targeted through multiple wells in separate grid
blocks. This trend is visible in grid blocks where total
cumulative injection exceeds 100 million bbl. Given
the variability of injection depths, a high volume of
wastewater injected per well in the red grid blocks
therefore identifies those geographical areas targeted
by UIC operators.

Annual wastewater injection (Figure 8) shows the
up-and-down production cycles of the O&G industry.
Visible data gaps in the injection data set are observed

throughout the 1980s, when data were not available
in the RRC database. Beginning in the 1990s and
thereafter, a continuous set of reported UIC volumes
has been available for the area. Results show that
52% of all produced wastewater was injected into the
Anadarko Basin, and the lowest volume (0.2%) into
the Hollis–Hardeman Basin. As seen in Figure 8, as
injection rates increased around 2008, an increase in
earthquakes began to occur. A relative relationship
can be drawn with the peaks of injection seen with
the number of recorded earthquakes (Figure 8).
The maximum number of earthquakes occurred in
December 2000, where six earthquakes were recorded
in Potter County, which lies within the Amarillo-
Wichita uplift. During that year, neither total permits
nor volumes produced by O&G operators in that

Figure 7. Geographic distribution of cumulative wastewater injection volumes in 259 km2 (100 mi2) block grids, following the same
color scale as Figure 6, between 1983 and 2018. Green circles represent earthquakes (EQ) with magnitude ‡ 2.5 that occurred during this
time period; symbol size is relative to magnitude. Dashed lines depict basement-rooted faults with undetermined geometry taken from
Ewing (1990). MMbbls = million barrels; O&G = oil and gas; RRC = Railroad Commission of Texas.
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county increased significantly (Texas Drilling, 2018).
However, these O&G operations were actively pro-
ducing hydrocarbons in close proximity to faults, and
the six earthquakes that occurred in this region were
considered to show stronger evidence of being induced
because of the O&G production, not wastewater
injection practices. Following this increase in seismic-
ity rates, wastewater injection peaked in the same
county and into the Amarillo-Wichita uplift geologic
subregion. From these results, we demonstrate that
induced earthquakes can occur from a combination of
different O&G production practices, not just injection
practices.

In January 2012, earthquake activity was located in
the Amarillo-Wichita uplift and Bravo dome, where sig-
nificant UIC operations were occurring. Elevated earth-
quake activity in April 2013 was located in the Ana-
darko Basin (two of three earthquakes) and Bravo dome
(one of three earthquakes); most SWD occurred in the
Anadarko Basin. From this analysis, we cannot directly
connect peak UIC operations with elevated seismic
activity occurring in the Anadarko Basin or Bravo dome
subregions, but we cannot rule it out either, meaning
that UIC practices may not be solely responsible for
these earthquake occurrences, but could have been a
contributing factor alongside O&G practices.

Figure 8. Injection volume subdivided by structural subregions from 1983–2018. Subregion color corresponds to map color in
Figure 2A. Volumes into Bravo dome and Hollis–Hardeman Basin are too low to appear in the graph. The black stacked bars repre-
sent the earthquake count (secondary axis) for each month for earthquakes with magnitude (M) ‡ 2.5. Maximum seismometer
coverage (19 stations total) occurred from 2009–2011 where a total of six earthquakes M ‡ 2.5 (out of the 64 total) occurred in
the study area. ANSS = Advanced National Seismic System; IRIS = Incorporated Research Institutions for Seismology; MMbbls =
million barrels; USGS = US Geological Survey.
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Earthquake Classification and Prospect
Regions for Induced Seismicity

For the earthquakes following the Frohlich et al.
(2016b) and Walter et al. (2018) classification scheme,
Figure 9 shows where the 64 earthquakes M ‡ 2.5 were
located across the study area, as well as the location of
the seismometers. Of these earthquakes, 26 earth-
quakes (39%) are considered to have no evidence for
induced seismicity. For the other earthquakes, we iden-
tified 19 earthquakes with minimal evidence (30%),
and 20 earthquakes with stronger evidence (31%) of
being induced, meaning that a link is possible or proba-
ble between O&G operations, including wastewater
injection, and the increased observed seismicity rates.

No earthquakes in the panhandle received a score
higher than 3.5, which is categorized as showing stron-
gest evidence for being induced by O&G operations.
This categorization scheme implies the potential mix
of UIC, O&G operations, and other geological pro-
cesses could be contributing to the increased rates of
earthquakes.

The prospect regions for induced seismicity map
(Figure 10) highlights the areas with their respective
scores relative to the potential for future earthquakes.
This map demonstrates that, if an earthquake were to
occur in the highlighted regions, it would be classified
as either minimal evidence (24% of area) for induced
seismicity (yellow regions), stronger evidence (8% of
area) for induced seismicity (red regions), or strongest

Figure 9. Map of earthquakes (colored circles) and their respective classification following the methods of Frohlich et al. (2016a, b).
Black dots represent all underground injection control (UIC) wells present in study area and dashed lines depict basement-rooted faults
with undetermined geometry taken from Ewing (1990). Active seismometer stations including their active years depicted as colored trian-
gles. ANSS = Advanced National Seismic System; IRIS = Incorporated Research Institutions for Seismology; O&G = oil and gas; RRC = Rail-
road Commission of Texas; TA = USArray transportable array; USGS = US Geological Survey.
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evidence (1% of area) for induced seismicity (maroon
regions). The remaining areas of the map (67%) with
no color would be regions where earthquakes are
mostly likely to be tectonic in nature. The colored
areas in Figure 10 also show regions with a high con-
centration of either production or injection operations.
For example, maroon- and red-colored regions corre-
spond to where a high concentration of injection and/
or production is occurring, regardless of whether these
regions are near faults. Areas with these high-volume
operations produced more than 1.5 million BOE and
injected more than 1.5 million bbl during the years
2016–2018. Moreover, proximity to known faults,
wastewater injection into UIC wells at or near the
Precambrian basement, and elevated injection and
production volumes are within the maroon-colored
area.

DISCUSSION

From the results obtained through this project, we
showed that 2.26 billion bbl of wastewater were
injected into deep geologic formations from seven dis-
tinct structural subregions. Injection was highly local-
ized both geographically and geologically in the Texas
panhandle. We showed that 95% (2.15 billion bbl) of
total wastewater injection was concentrated into three
of the seven subregions: the Anadarko Basin (52%; 1.18
billion bbl), Cimarron arch–Keyes dome (27%; 0.61 bil-
lion bbl or 610 million bbl), and the Amarillo-Wichita
uplift (17%; 0.38 billion bbl or 380 million bbl).
Within these three subregions, UIC operators injected
87% of total volume (1.96 billion bbl) into seven spe-
cific geologic formations: the Brown Dolomite (31%;
697 million bbl); Wolfcamp (14%; 319 million bbl);

Figure 10. Map showing prospect regions following the proposed modification of the Frohlich et al. (2016a, b) methods. Dashed lines
depict basement-rooted faults with undetermined geometry taken from Ewing (1990). O&G = oil and gas; RRC = Railroad Commission of
Texas.
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Granite Wash (14%; 312 million bbl); Moore County
(9%; 210 million bbl); Council Grove (8%; 193 mil-
lion bbl); Morrow (6%; 129 million bbl); and crystal-
line basement (5%; 103 million bbl). All other injec-
tion volumes can be found in Figure 12 in the
Appendix. Additionally, UIC operators focused most
of their injection practices on the Anadarko Basin.
This deep sedimentary basin is a high producer of
O&G, therefore making it a major target for UIC
operations. We reported that 52% (1.18 billion bbl)
of the total volume disposed was injected into the
Anadarko Basin, despite having only 33% of the UIC
wells in the study area. The combination of high
wastewater injection volumes and high production
volumes points to the northern Anadarko Basin as a
potential prospect region for future induced earth-
quakes. Additionally, in the southeast part of the
Anadarko Basin (Wheeler County), we identified
three prospect regions where all or most of the high-
risk factors were present. The same criterion was
observed in the northeast part of the Amarillo-
Wichita uplift (Gray County), a region classified as
showing “strongest evidence” of a potential earthquake
event.

The RRC issues different permits for operators,
allowing them to inject wastewater into specific depths.
The injection intervals allowed by the RRC can range
from 0 m to exceeding 600 m (0�2000 ft). Permitted
depths for injection may be close to or extend into the
igneous basement. These O&G and UIC operations
could potentially explain the increase in earthquake
rates observed inDistrict 10. Following the classification
scheme, we noted that 61% of recorded earthquakes
during the monitoring period displayed minimal or
stronger evidence of being induced by O&G and UIC
operations, versus 39% of earthquakes that likely
occurred tectonically or with no evidence of being
induced. Most of the tectonically derived earthquakes
occurred near the western border of District 10, or in
the Palo Duro Basin in the southern part of the panhan-
dle. This region has been of low interest from O&G
operators because of its lack of economically viable
resources. On the contrary, the earthquakes considered
to have minimal or stronger evidence are either in the
basement uplift regions, such as the Amarillo-Wichita
uplift, or near high-volume O&G production or UIC
activities, such as the Whittenburg trough or the Ana-
darko Basin.

We conclude that a relative link exists between
O&G and UIC operations and induced seismicity in the
Texas panhandle. However, we note that induced seis-
micity is a complex mechanism and multiple factors
can contribute to it. Regions where an induced event
are most likely to occur are those with a combination of
high production and injection volumes as well as prox-
imity to known faults. Additionally, the depth-to-base-
ment of injection wells was identified as correlated to
induced seismic activity.

Since the end of our study period and between
2019 and 2020, a total of 12 earthquakes have occurred
in the study area. The epicenter of 5 of the 12 earth-
quakes was located in zones identified as having
minimal-stronger evidence for induced seismicity.
However, the magnitude of all five induced earth-
quakes was M < 2.5, with the largest event quantified
at M = 2.1.

These data can be used to assist researchers and
regulators understand and address induced seismicity
in the Texas panhandle. From this, the RRC can deter-
mine whether to reduce permitted injection volumes
and redefine injection depths, as was done by Okla-
homa regulators (Langenbruch and Zoback, 2016;
Niyibizi et al., 2019). If injection can be more evenly
distributed across geographical regions and geologic
formations, then induced seismicity could potentially
be managed.

APPENDIX: SUPPLEMENTARY FIGURES

Figure 11. Magnitude of completeness calculation, using Wal-
ter et al. (2018) seismic data set, and method of Mignan and
Woessner (2012). Magnitude of completeness is M1.98 – 0.45.
Cum. FMD = cumulative frequency magnitude distribution.
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Figure 12. Heat-mapped stratigraphic disposal targets within each structural subregion. A total of 2.26 billion bbl of wastewater were
injected into these formations. Rightmost column values are expressed in million barrels (MMbbls). Cumulative volumetric color scale is
the same as used in Figures 6 and 7. Formations with no injection are not included here.
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