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Revisiting the Seismicity in the Eagle Ford Shale:
The Overlooked Role of Wastewater Disposal
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The seismicity in the Eagle Ford play has increased dramatically over the last decade. Past
studies identified hydraulic fracturing (HF) as the only driving force in this area. We con-
clude that although HF is the dominant causal factor, wastewater disposal (SWD) was also
a triggering mechanism in certain zones. Notably, in the center of the shale, there is a
small area where both causal factors overlap. Furthermore, a cluster of earthquakes
on the Mexican side of the national border is almost certainly triggered by SWD within
Texas. To our knowledge, this is the first such documented case globally. Next, our analysis
investigated the causal factors of the 2011 M w 4.8 Fashing earthquake and of two recent
M w 3.9 events, while also confirming that HF was the key driving force behind the 2018
M w 4.0 rupture. We employed new earthquake catalogs, established physics-based prin-
ciples, and a robust hypothesis testing framework.

Introduction
The Eagle Ford (EF) shale play in south-central Texas has been
an extensive oil and gas production area since the 1950s and
has seen extensive HF activities since around 2008 (Frohlich
and Brunt, 2013). The shale was essentially considered seismi-
cally dormant before the introduction of oil and gas production
(Daviset al., 1985, 1989). In 1973 and 1974, before the instal-
lation of a seismic network, shaking was felt in Fashing, Texas,
Atascosa County, with four events between magnitude (M) 3
and 3.4 (Daviset al., 1985). Between 1982 and 1984, six more
events of similar size occurred nearby (Daviset al., 1989), with
the largest beingmbLg 3.9.Penningtonet al.(1986)argued that
these events are caused by fluid extraction. Four more notable
earthquakes were recorded between 1991 and 1997 (Frohlich
et al., 2012, 2016), with the largest one in 1993 near Fashing
beingmbLg 4.3. Fluid extraction was again the reported causal
factor (Daviset al., 1995). The first recorded event on the west
side of the play was in 2005 (mbLg 3.5). Since enhanced oil and
gas production through hydraulic fracturing (HF) was intro-
duced in the region around 2008, the felt seismicity rates have
greatly increased, reaching 2018 levels 33 times greater than
the background level (Fasolaet al., 2019). Fashing hosted

yet another notable event (Mw 3.9) in 2008. The largest magni-
tude (Mw 4.8) occurred again in Fashing in 2011 and is believed
to be induced by fluid extraction (Frohlich and Brunt, 2013).
Notably, in May 2018, anMw 4.0 earthquake occurred less than
3.5 km away from two active well laterals (Fasolaet al., 2019); it
occurred� 10 km away from the 2011Mw 4.8 epicenter (Fig.1a).
We should highlight that the shale is just south of San Antonio
city, and thus controlling the size of the induced events is very
important.

The geologic setting and the stratigraphy of the region are
summarized inMcKeighanet al.(2022); faulting is dominated
by normal faults (Li et al., 2021). The shale hosts numerous HF
wells, with many wastewater disposal (SWD) wells also present
(Fig.1a), to manage the coproduced fluids during oil and gas
extraction. The SWD interval is shallow, above the HF strata.
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Figure 1. (a) Map of the investigated area showing nondeclustered seismicity
(M � 2; red dots), wells (blue: wastewater disposal [SWD]; yellow: hydraulic
fracturing [HF]), county and country borders, the boundary of the shale play
(dashed) and select county names. The SWD wells are sized based on their
total volume. The black diamonds indicate the 2011Mw 4.8 and 2018
Mw 4.0 epicenters. Data between 2000 and September 2022. SWD wells

outside the Eagle Ford (EF) shale are incomplete. The inset map shows the
investigation zone (thick black line), the EF shale (shaded red), and state
lines (thin black lines). (b) Time history of monthly HF and SWD volumes,
and declustered seismicity rates for the investigated area (Fig.1a). The
earthquake catalog is incomplete before 2017, whereas the HF data are
incomplete before 2012 and after September 2022.
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Seismicity is scattered throughout the play and is also present
across the border with Mexico to the southwest. Figure1a
demonstrates that the link in space between SWD, HF, and
earthquake occurrence is not straightforward. In several
counties, the seismicity is collocated with SWD or HF wells,
but in some counties, intense oil and gas activities have caused
little to no detectable seismicity. The monthly aggregate HF
rates across the play peaked in 2012 and have been decreasing
ever since, with a temporary upward trend between 2016 and
2019 (Fig.1b). The SWD rates had been steadily increasing
between 2000 and 2014, and have since been flat downward.
The seismicity rates peaked around 2019, with a secondary
spike in 2022 (Fig.1b).

Thus far, the elevated seismicity levels after 2014 have been
linked only with HF operations (Fasolaet al., 2019; McKeighan
et al., 2022; Fasola and Brudzinski, 2023; supplemental
material), using simplified well-to-earthquake space–time win-
dows. The limitations of this approach have been highlighted
in Grigoratoset al. (2022). The three aforementioned studies
also ignored sampling issues related to the varying magnitude
of completeness. They were also prone to coincidental associ-
ations given how ubiquitous HF operations are in the region
(Fig.1a). Despite this, none of the three studies actively con-
sidered alternative causal factors (e.g. SWD or fluid extraction).

In this study, we apply for the first time an established prob-
abilistic framework (Grigoratoset al., 2020a,b, 2022) to exam-
ine the extent to which both SWD and HF have contributed to
the unprecedented seismicity levels observed in the EF Shale
over the last 10 yr. Our approach first hindcasts the seismicity
rates after a given time on a spatial grid using either SWD or
HF injection data as input, and then compares those rates
against the null hypothesis of solely tectonic loading. In the
end, each block is assigned ap-value, indicating the statistical
confidence of its association with each oil and gas activity. Our
analysis employed both declustered and nondeclustered com-
pilations of regional earthquake catalogs and established phys-
ics-based principles.

Materials and Methods
Hypotheses testing for causal factors of induced
seismicity
Following Grigoratoset al. (2020b, 2022), we hindcasted the
observed seismicity with a set of competing statistical models
to derive likelihood ratios that are then converted top-values
via reshuffling tests (McClureet al., 2017). First, injection and
seismicity data are aggregated into spatial blocks of 5–10 km at

fixed time intervals, every month for SWD and daily for HF.
Only blocks with nonzero volume for the corresponding oper-
ation and with at least three earthquakes above the magnitude of
completeness (Mc) are considered“active.” Two block-specific
hypotheses are constructed: (1) a null hypothesis model that
assumes no relationship between injection and seismicity (total
likelihoodL0), and (2) an alternative model that does assume a
relationship between injection and seismicity (total likelihood
L1). More implementation details regarding the likelihood func-
tions and how they are converted intop-values are inGrigoratos
et al.(2022).

The lower thep-value, the better the correlation between the
seismicity and the oil and gas activity in question. Very lowp-
values, that is, below 0.05, a signal that the examined human
activity is a key triggering factor of the seismicity in that block.
P-values between 0.05 and 0.10 might flag blocks for which a
subset of the clusters is induced. Blocks with lowp-values in
both the SWD and HF maps are likely affected by both oil and
gas activities, with more sophisticated statistical analysis
needed to properly quantify the exact ratio.P-values between
0.10 and 0.20 are somewhat inconclusive, whereasp-values
above 0.20, and especially above 0.50, indicate that very little
to no seismicity was triggered by the analyzed activity.

Here, we examined two external causal factors, namely HF
and SWD. We ran thep-value analysis two times, assuming a
single alternative causal factor at a time, each compared against
the null hypothesis that assumes all earthquakes are of tectonic
origin. Implementation details are provided inGrigoratoset al.
(2022)andGrigoratos and Wiemer (2023). This robust protocol
has been previously successfully applied in Oklahoma (Grigoratos
et al., 2020b) and West Texas (Grigoratoset al., 2022).

Earthquake recurrence model
To hindcast the spatiotemporal changes in the seismicity rates,
we need a physics-based earthquake recurrence model that takes
into account the external driving forces, that is, the oil and gas
activities. We employed the framework ofGrigoratoset al.
(2020a, 2022), who expanded the seismogenic index (� ) model
(Shapiroet al., 2010; Shapiro, 2015) to large-scale HF operations
and SWD activities. The governing equations behind our earth-
quake recurrence model (equations S1–S3), as well as details on
how the time lags were modeled, are available in the supplemen-
tal material.

We acknowledge that SWD in one block will affect the pore
pressure and stress field in a neighboring block. HF volumes,
on the other hand, are injected into much less permeable
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formations and thus this effect is extremely localized relative to
the size of our square cells (blocks). The latter is 5 km for HF
and 10 km for SWD (Grigoratoset al., 2022). Thus, we distrib-
uted the SWD volumes of each well in space and time following
theTheis (1935)equation for transient, radial flow in nonleaky
vertically confined aquifers of infinite areal extent (equation
S4). The only parameter needed to compute the distribution
factors is the large-scale diffusivityD. We performed our com-
putations for three different values ofD, equal to 0.3, 1.0, and
2:0 m2=s, and commented on the sensitivity of the results.
More implementation details are provided inGrigoratos
et al. (2020a)and the supplemental material

HF radar. FollowingGrigoratoset al.(2022), we used the HF
radar (HFR) as an initial screening tool for HF within each
region of interest. This metric is employed only as a consis-
tency check to confirm or question results stemming from
the p-value analyses. To create HFR, first, we plotted a 5 km
base grid with the percentage of (declustered) earthquakes
aboveMc that occurred during an HF stimulation and within
5 km from it (EQ%

HF� . This distance threshold is meant to cover
the epicentral uncertainty of the earthquakes and the horizon-
tal extension of the HF wells (toe-to-heel extension). Given the
uncertainty in the end dates of the HF stimulations coming
from the IHS Markit database, we allowed for a 3-day buffer
after the assigned end date for the temporal window. Then, we
adjusted EQ%HF to account for the maximum total duration of
stimulations within a block over the investigated study period,
to account for the observed asymmetry in the intensity of HF
activities across blocks.

Data
We utilized a recent unified earthquake catalog for the Central
and Eastern United States with magnitudes above 1 over the
period of January 2000 to February 2023, merging multiple dif-
ferent sources (Grigoratos and Wiemer, 2023; Grigoratoset al.,
2023; supplemental material). The EF area had a varyingMc,
both in time and space. The regional value was around 2.5 in
2017 and around 2 after 2018 (supplemental material). We
opted for a value of 2 because our methodology can tolerate
slight underestimations (Grigoratoset al., 2022).

The earthquake recurrence models we use in this study can
only model mainshocks (Grigoratoset al., 2020a). Thus, we
removed foreshocks and aftershocks using the declustering
algorithm of Aden-Antoniow et al. (2022), which utilizes
the nearest-neighbor clustering algorithm ofZaliapin et al.

(2008). This algorithm is robust for small samples and stable
with Mc, yet sensitive to thed and w parameters that are
defined by the user (we opted for 1.5 and 0.5, respectively,
based on sensitivity tests). We post-processed the clusters to
always keep the largest event in each one as the mainshock
(instead of the earliest one).

Our sourcing and processing of the HF and SWD data (see
Data and Resources) followed the work byGrigoratoset al.
(2022)and is described in the supplemental material. Our analy-
ses required monthly SWD rates, daily HF rates, stimulation
dates, and the coordinates of each well. The gridded spatial dis-
tribution of cumulative HF and SWD volumes is mapped in
Figures S1 and S6, respectively. The median depth of an HF
and SWD well is around 3100 and 1300 m, respectively. The
median duration of an HF stimulation was 14 days, and the
median daily volume of an HF well was 22,000 bbls (Fig. S2a).

Results
HF
According to our HFR values for the region after 2017 (Fig.
S3), the majority of blocks have high values (above 0.25), in
agreement with the literature. Our well-to-earthquake associ-
ation criteria flag 55% of the declustered earthquakes as linked
with only 5% of the HF stimulations. Direct numerical com-
parisons with the studies from the literature are challenging
because we used tighter spatiotemporal windows, a declustered
catalog, and accounted for theMc.

Figure2a shows the statisticalp-values for HF (pHF) within
the 5 km blocks; the calibration period was between 2017 and
September 2022. In particular, 66% of“active” blocks have
pHF � 0:05, and 77% of“active” blocks havepHF � 0:10.
Furthermore, 47% of earthquakes after 2017 occurred within
a block withpHF � 0:05. Lack of declustering or adoption of
the constant time lagtc

lag had negligible effects on the results,
highlighting the stability of our methodology (Fig. S4a,b). The
p-values are highly correlated with the HFR values (Fig. S3),
as expected (Grigoratoset al., 2022).

When we combine our well-to-earthquake associations with
pHF, 38% of declustered earthquakes above M 2 are both linked
to HF and occurred within a block withpHF � 0:05. These
earthquakes are almost certainly induced by HF. As far as
the HF wells are concerned, only 3% of stimulations are both
linked to seismicity via the HFR windows (5 km, 3 days) and
occurred within a block withpHF � 0:05. On the other hand,
87% of stimulations are not linked to seismicity and occurred
within a block withpHF � 0:05. Finally, 83% of blocks have a
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Figure 2. (a) Statisticalp-values for HF between 2017 and September
2022, with all declustered earthquakes above M 2 overlapped. Only
“ active” blocks are color-coded. The black diamond indicates the 2018
Mw 4.0 earthquake. The thick black lines depict the international border,
the gray lines denote the county borders, and the dashed line denotes the

EF shale play. (b) Two-week moving average of daily HF injection and
declustered seismicity rates. The calibration period for the regression was
from 2017 to September 2018 (gray background). Only aggregated data
from blocks with pHF � 0:05 and at least three declustered earthquakes
are included.
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fitted time lag of three days or less (Fig. S2b, S5a) and 93% of
the seismogenic stimulations triggered at least one declustered
earthquake above the completeness threshold before the stimu-
lation was over. Thus, we caution against using time lags larger
than a few days as thresholds in well-to-earthquake association
windows. Finally, the median� value among blocks withpHF �
0:05 wasŠ3.4 (Fig. S5b).

Next, we conducted the same analysis over a much shorter
time interval, using data between 2017 and September 2018
(Fig. S4c). The results indicate that our method could have pro-
vided early warning before the seismicity expanded throughout
the oil and gas field, despite limited earthquake data available
at the time. All the likely induced clusters flagged in Figure S5c
were later also flagged in Figure2a.

We also investigated whether, on a block-by-block basis,
either the injection rate or the total injected volume is corre-
lated with thep-value, the maximum magnitude (provided that
pHF � 0:05) or the seismicity rate (provided thatpHF � 0:05).
Surprisingly, the only statistically significant relationship
we found was between the total volume and the maximum
magnitude (Fig. S5c). This relationship lost significance when
we did not filter for blocks with lowpHF, indirectly validating
the claimed causal inference of ourp-values (Fig. S5d).
Furthermore, the maximum magnitude was not correlated
with the p-value or with� (provided thatpHF � 0:05).

Our generalized earthquake recurrence model, which is an
input to thep-value calculations, hindcasts the observed seismic-
ity rates. The hindcasting performance within the EF blocks with
pHF � 0:05 was satisfactory (Fig.2b). The simulated earthquake
rates even implied the higher realMc in 2017 (when the network
was still sparse), by overestimating the observed seismicity rates
during that year. This model can be used to forecast future seis-
micity rates, given injection scenarios.

SWD
The injected and distributed SWD volumes, following pore
pressure diffusion principles (Theis, 1935), are shown in
Figure S6ab. Despite the fact that significant disposal volumes
are overlapping in space with most of the earthquake activity
(Figure S6a), SWD has received little to no attention when it
comes to the EF seismicity burst.

Figure3a shows the statisticalp-values for SWD (pSWD)
within the 10 km blocks, for the calibration period between
2017 and 2021, for M� 2 and the large-scale diffusivity value
D set to 1:0 m2=s. In particular, 9% of blocks havepSWD � 0:05,
and 17% of blocks havepSWD � 0:10. Furthermore, 20% of

earthquakes occurred within a block withpSWD � 0:05 and
28% within a block withpSWD � 0:10. Lack of declustering
(Fig. S7) did not affect the results, whereas the adoption of
a different D value affected only some blocks around the
2018Mw 4.0 mainshock (Fig. S8ab). The hindcasting perfor-
mance of our model in the three blocks withpSWD � 0:05 is
showcased in Figure S9.

Notably, in the center of the shale, near Fashing, there is a
small area where both SWD and HF overlap as causal factors
(Figs.2a, 3a, Fig. S10ab), despite acting at different depth inter-
vals. Although the link to certain HF operations is clear (see the
HF section), SWD is also a plausible acting force. When
Frohlich and Brunt (2013)investigated clusters in the central
blocks withpSWD � 0:05, they identified two M 1.8 events in
2011 and one M� 3.5 event in 1991 that appear highly corre-
lated with nearby increases in SWD rates. The same area
hosted anMw 3.9 event in 2008. The triggering mechanism
of the latter event has not been identified.

We should highlight that SWD appears to be the sole causal
factor behind the seismicity on the border with Mexico in the
west end of the shale. This finding is very robust and does not
depend on theD value (Fig.3a, Fig. S8ab), the declustering
(Fig. S7), theMc, or the investigation period. Furthermore,
even on a qualitative basis, the seismicity rate jump in 2020
coincides perfectly with a step change in the SWD rates, with
two SWD wells being just a few kilometers away from the main
cluster (Fig.3bc). Even during the later decay, a drop in the
disposal rates led quickly to lower seismicity rates. To our
knowledge, this is the first reported case of cross-international
border earthquake triggering due to oil and gas activities.

We also investigated whether, on a block-by-block basis, the
disposal rate or the total diffused disposal volume correlates
with the p-value, the maximum magnitude or the seismicity
rate (aboveMc). We found no statistically significant relation-
ship, neither when looking at all blocks, nor when looking at
only the few ones with lowpSWD.

Investigating the 2018 Mw 4.0 earthquake: due to
SWD or HF?
The 2018 Mw 4.0 sequence occurred in a block with
pSWD � 0:05 forD equal to 0.3 or 1:0 m2=s (Fig.3a, Fig. S8a),
but not for D equal to 2:0 m2=s (Fig. S8b). Therefore, its asso-
ciation with SWD depends somewhat on the adopted value for
the large-scale diffusivity, which is very hard to constrain. That
said, it did occur close to a 1991 M� 3.5 event that has been
linked to SWD byFrohlich and Brunt (2013). The same authors
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Figure 3. (a) Statisticalp-values for SWD between 2017 and 2021, forD
equal to 1:0 m2=s, with all declustered earthquakes above M 2 over-
lapped. Only active blocks are color-coded. The black diamond indicates
the 2018 Mw 4.0 earthquake. The thick black lines depict the
international border, the gray lines denote the county borders, and the
dashed line denotes the EF shale play. See Figure S8 forD equal to 0.3 or

2:0 m2=s. (b) Map of the cross-border zone showing nondeclustered
seismicity (M� 2; red dots), wells (blue: SWD; yellow: HF), and county and
country borders. The SWD wells are sized based on their total volume.
Data between 2000 and September 2022. (c) Monthly HF and SWD
volumes, as well as nondeclustered seismicity rates, within the cross-
border zone (Fig.3b).
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found no correlation between the seismicity there and fluid
extraction. Overall, SWD seems a reasonably likely driving force
behind the 2018Mw 4.0 sequence. That said, the association
with HF is more straightforward. The sequence is linked to
HF at very high confidence levels (pHF � 0:05) for any paramet-
rization (Fig.2, Fig. S4). Furthermore, the mainshock was very
close, in both space and time, to HF stimulations (Fig. S11a,b).
Notably this sequence had an extremely short duration (Fig.
S11b;Fasolaet al., 2019, their Fig. 3a), favoring HF as a driving
force over SWD or fluid extraction. That is because the latter
two mechanisms tend to cause more gradual and less localized
changes to the seismicity rate. To sum up, we believe there is
strong evidence supporting the notion that the 2018Mw 4.0
event was induced by nearby HF operations (Fasolaet al.,
2019), with SWD being a plausible yet less likely causal
factor.

Preliminary investigation of two Mw 3.9
earthquakes in 2023
In September 2023, after our analysis was concluded, anMw 3.9
event (29.1° N, 97.9° W) occurred slightly northeast of the 2018
Mw 4.0 event, in a block withpHF � 0:05 (Fig.2a) and high-HFR
values (Fig. S3). However, this area is also linked to very low
pSWD values (Fig.3a, Fig. S8). Further research is required to
determine the exact triggering mechanism of this event.

One month later, in October 2023, anotherMw 3.9 event
occurred this time in Dewitt County (29.0° N, 97.6° W), on
the separated cluster east of the 2018Mw 4.0 epicenter. This
cluster is linked to two blocks withpHF � 0:05 (Fig.2a) and
is associated with high-HFR values (Fig. S3). It also does not
appear correlated with SWD (Fig.3a, Fig. S8). Thus, it is quite
likely that this recent event of significant magnitude is induced
by HF. More timely data can be used to confirm this hypothesis.

Revisiting the 2011 Mw 4.8 earthquake
TheMw 4.8 event in October 2011 near Fashing (Fig.1a) hap-
pened in the most seismogenic part of the shale, for which
many widely felt events have occurred in the past (see the
Introduction). The triggering mechanism behind the 2011
event was investigated byFrohlich and Brunt (2013). They
concluded that (p. 62)“it is plausible that extraction of oil
and water induced/triggered the earthquake.” Their reasoning
is summarized subsequently:

• they considered it implausible that SWD from a distance of
20 km (nearest“high-volume” well) could trigger the event

and implicitly assumed that“low-volume” SWD wells
cannot trigger seismicity;

• past earthquakes (e.g., 1973–1984, 1993) in close vicinity to
the 2011 mainshock have been linked to fluid extraction; and

• fluid extraction rates before the event were in an uptrend and
reached a 30 yr high just before the event.

The 2011 epicenter was indeed within a few kilometers from
three low-rate disposal wells that were active at the time (Table
S1, Fig. S12a). However, our results (using data after 2017) con-
firm that SWD has not been a driving force behind the observed
seismicity there (Fig.3a, Figs. S7, S12c). On the contrary, the
block in question does havepHF � 0:05 when using again data
after 2017. Notably,Frohlich and Brunt (2013)did not consider
HF in their analyses. That said, theMw 4.8 event did not occur
within 10 km of an active HF stimulation (Fig. S12b). We should
caveat that by noting the questionable completeness of the HF
data before 2012. To sum up, the most likely causal factor
remains fluid extraction (Frohlich and Brunt, 2013).

Conclusions
Our investigation concludes that although HF is the dominant
causal factor in the EF shale, disposal of large amounts of
wastewater, coproduced during oil and gas extraction, has also
contributed to the triggering of a nontrivial portion of the
earthquake clusters. Notably, in the center of the shale, there
is a small area where both causal factors overlap, despite acting
at different depth intervals. Crucially, in blocks for which the
seismicity is driven by HF activities, the cumulative HF volume
is positively correlated with the maximum recorded magnitude.
Therefore, we recommend limits on the cumulative regional vol-
ume also for HF, as a potential mitigation measure to control the
seismic hazard.

In agreement with previous studies, we determined that HF
was most likely the driving force behind the 2018Mw 4.0 event.
Furthermore, preliminary analysis of two recentMw 3.9 events
indicated that at least one of them is likely induced by HF.
Next, we critically assessed whether SWD or HF could have
played a role in the triggering of the 2011Mw 4.8 earthquake,
and concluded that fluid extraction remains the most likely causal
factor. Moving on to the west side of the shale play, one of the
novel findings of our study is that a cluster of earthquakes along
the Mexican side of the national border is almost certainly trig-
gered by SWD within Texas. To our knowledge, this is the first
documented case of cross international border induced seismicity,
globally.
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We should note that only a very small percentage of stim-
ulations is responsible for the large percentage of seismicity
linked to HF, as observed in other basins. Furthermore, time
lags of three days or less were perfectly adequate to explain the
vast majority of triggering linked to HF. Thus, we caution
against using larger time lags in broad well-to-earthquake asso-
ciation filters. We also demonstrated that our framework could
have provided early warning about the triggering mechanisms
before the seismicity expanded throughout the oil and gas field,
enabling potential mitigation measures to reduce the seismic
hazard. Finally, future precise seismic depths can be used to
further validate our findings.

Data and Resources
Sources of wastewater disposal (SWD) data were the B3 database
(https://www.b3insight.com/, last accessed December 2022).
Sources of hydraulic fracturing (HF) data were the FracFocus
Chemical Disclosure Registry (last accessed February 2023)
and the IHS Markit databases (last accessed March 2023). The
following earthquake catalogs are available online: TexNet
(https://www.beg.utexas.edu/texnet-cisr/texnet/earthquake-catalog,
last accessed October 2024), the Advanced National Seismic
System (ANSS) ComCat (https://earthquake.usgs.gov/
earthquakes/search/, last accessed February 2023). The code
used for the declustering is based on scripts that can be found
athttps://zenodo.org/record/5838353. The Python code for the
duplicate removal process can be found athttps://github.com/
klunk386/CatalogueTool-Lite/tree/master/OQCatk (last
accessed March 2023). All the figures were made using the
MATLAB software package (http://www.mathworks.com, last
accessed March 2023). The analyses presented in this article
greatly benefited from the high-performance computing
resources available at the Swiss Seismological Service of ETH
Zurich. The supplemental material regarding the input data
and results are available as csv files athttps://zenodo.org/
records/8327414(add“.zip” extension to downloaded file; last
accessed March 2023). They include earthquake catalogs
(declustered and nondeclustered), gridded monthly SWD data,
and resulting griddedp-values. Additional files can be pro-
vided upon reasonable request.

Declaration of Competing Interests
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this article.

Acknowledgments
This material is based upon work supported by the U.S.
Geological Survey (USGS) under Grant Number G22AP00243
(FY2022) of the call G22AS00006. The Texas Seismological
Network and Seismology Research (TexNet) and the State of
Texas provided financial support under the University of
Texas at Austin Award Number 201503664. The authors are
grateful to Caroline Breton (BEG) for compiling the IHS Markit
data. The authors thank Editor-in-Chief Keith D. Koper and one
anonymous reviewer for constructive comments that improved
the quality of the article. The views and conclusions contained in
this document are those of the authors and should not be inter-
preted as representing the opinions or policies of the USGS.
Mention of trade names or commercial products does not
constitute their endorsement by the USGS.

References
Aden-Antoniów, F., W. B. Frank, and L. Seydoux (2022). An adapt-

able random forest model for the declustering of earthquake cata-
logs,J. Geophys. Res.127, no. 2, doi:10.1029/2021JB023254.

Davis, S. D., P. Nyffenegger, and C. Frohlich (1995). The 9 April
1993 earthquake in south-central Texas: Was it induced by
fluid withdrawal? Bull. Seismol. Soc. Am.doi: 10.1785/
BSSA0850061888.

Davis, S. D., W. D. Pennington, and S. M. Carlson (1985). Historical seis-
micity of the State of Texas—A summary: Gulf Coast Association of
Geological Societies Transactions, Vol.35, 49–54.

Davis, S. D., W. D. Pennington, and S. M. Carlson (1989).A
Compendium of Earthquake Activity in Texas, Vol. 89, Bureau of
Economic Geology, University of Texas at Austin, Austin, Texas.

Fasola, S. L., and M. R. Brudzinski (2023). Machine learning reveals
additional hydraulic fracture induced seismicity in the Eagle Ford
Shale,J. Geophys. Res.doi: 10.1029/2022JB025436.

Fasola, S. L., M. R. Brudzinski, R. J. Skoumal, T. Langenkamp, B. S.
Currie, and K. J. Smart (2019). Hydraulic fracture injection strategy
influences the probability of earthquakes in the Eagle Ford Shale
Play of South Texas,Geophys. Res. Lett.46, no. 22, 12,958–12,967,
doi: 10.1029/2019GL085167.

Frohlich, C., and M. Brunt (2013). Two-year survey of earthquakes
and injection/production wells in the Eagle Ford Shale, Texas,
prior to the Mw 4.8 20 October 2011 earthquake,Earth Planet.
Sci. Lett.379, 56–63, doi:10.1016/j.epsl.2013.07.025.

Frohlich, C., H. DeShon, B. Stump, C. Hayward, M. Hornbach, and J.
I. Walter (2016). A historical review of induced earthquakes in
Texas,Seismol. Res. Lett.87, no. 4, 1022–1038.

Frohlich, C., J. Glidewell, and M. Brunt (2012). Location and felt
reports for the 25 April 2010 mbLg 3.9 earthquake near Alice,
Texas: Was it induced by petroleum production?Bull. Seismol.
Soc. Am.102, no. 2, 457–466, doi:10.1785/0120110179.

Grigoratos, I., V. Poggi, L. Danciu, and R. Monteiro (2023).
Homogenizing instrumental earthquake catalogs—A case study

https://www.seismosoc.org/publications/the-seismic-record/• DOI: 10.1785/0320250010 The Seismic Record 153

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/5/2/145/7172330/tsr-2025010.1.pdf
by ETH Zürich user
on 20 May 2025



around the Dead Sea Transform fault zone,Seismicadoi: 10.26443/
seismica.v2i2.402.

Grigoratos, I., E. Rathje, P. Bazzurro, and A. Savvaidis. (2020a).
Earthquakes induced by wastewater injection, Part I: Model devel-
opment and hindcasting,Bull. Seismol. Soc. Am.110,no. 5, 2466–
2482, doi:10.1785/0120200078.

Grigoratos, I., E. Rathje, P. Bazzurro, and A. Savvaidis (2020b).
Earthquakes induced by wastewater injection, Part II: Statistical
evaluation of causal factors and seismicity rate forecasting,
Bull. Seismol. Soc. Am.110, no. 5, 2483–2497, doi:10.1785/
0120200079.

Grigoratos, I., A. Savvaidis, and E. Rathje (2022). Distinguishing the
causal factors of induced seismicity in the Delaware Basin:
Hydraulic fracturing or wastewater disposal?Seismol. Res. Lett.
93, no. 5, 2640–2658, doi:10.1785/0220210320.

Grigoratos, I., and S. Wiemer (2023). Probabilistic identification of
seismicity triggered by oil and gas activities and its effects on seis-
mic hazard,Final Technical Report for the USGS Earthquake
Hazards Program Grant #G22AP00243.

Li, P., G.-C. D. Huang, A. Savvaidis, F. Kavoura, and R. W. Porritt
(2021). Characteristics of seismicity in the Eagle Ford Shale
Play, southern Texas, constrained by earthquake relocation and
centroid moment tensor inversion,Seismol. Res. Lett.doi:
10.1785/0220210005.

McClure, M., R. Gibson, K. K. Chiu, and R. Ranganath (2017).
Identifying potentially induced seismicity and assessing statistical

significance in Oklahoma and California,J. Geophys. Res.122,
no. 3, 2153–2172.

McKeighan, C., P. Hennings, E. A. Horne, K. Smye, and A. Morris
(2022). Understanding anthropogenic fault rupture in the Eagle
Ford Region, South-Central Texas,Bull. Seismol. Soc. Am.112,
2870–2889, doi:10.1785/0120220074.

Pennington, W. D., S. D. Davis, S. M. Carlson, J. DuPree, and T. E.
Ewing (1986). The evolution of seismic barriers and asperities
caused by the depressuring of fault planes in oil and gas fields
of south Texas,Bull. Seismol. Soc. Am.76, no. 4, 939–948.

Shapiro, S. A. (2015).Fluid-Induced Seismicity, Cambridge University
Press, Cambridge, United Kingdom, doi:10.1017/CBO978113905
1132.

Shapiro, S. A., C. Dinske, C. Langenbruch, and F. Wenzel (2010).
Seismogenic index and magnitude probability of earthquakes
induced during reservoir fluid stimulations,The Leading Edge
29, no. 3, 304–309.

Theis, C. V. (1935). The relation between the lowering of the piezo-
metric surface and the rate and duration of discharge of a well
using ground-water storage,Eos Trans. AGU16, no. 2, 519–524.

Zaliapin, I., A. Gabrielov, V. Keilis-Borok, and H. Wong (2008).
Clustering analysis of seismicity and aftershock identification,
Phys. Rev. Lett.101,no. 1, doi:10.1103/PhysRevLett.101.018501.

Manuscript received 10 February 2025

Published online 17 April 2025

https://www.seismosoc.org/publications/the-seismic-record/• DOI: 10.1785/0320250010 The Seismic Record 154

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/5/2/145/7172330/tsr-2025010.1.pdf
by ETH Zürich user
on 20 May 2025


