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Abstract The rate of felt earthquakes in Kansas increased dramatically in 2014, where most seismicity :
Gareth Funning

initially occurred in southern Kansas, and was attributed to large-volume wastewater disposal (WD) near the

Handling Editor:
Oklahoma-Kansas border. Interestingly, 9 of 10 magnitude 4+ earthquakes from 2019-2022 occurred in north- ’ Ye‘h Jo; Tan
ern and central Kansas, where the nature of seismicity has not been explored. We investigated seismicity Copy & Layout Editor:
near the recent M4+ earthquakes using waveform cross-correlation and carefully assembled injection and ex- Théa Ragon

traction volumes, well stimulations, and pressure measurements. Waveform cross-correlation reveals earth-
quakes occur via swarms with low b-values implying a stress state that is closer to failure. Relative volumes
and temporal trends indicate seismicity was primarily induced by WD into the Arbuckle. However, the large
coefficient of variation of interevent times suggests primarily far-field pressure influences. In particular, Jewell
County seismicity provides strong evidence of far-field forcing as it occurs >50 km from any WD wells and ~100
km from large volume WD wells, one of the largest distances of WD-induced seismicity documented. The het-
erogenous locations of seismicity relative to WD wells is likely controlled by preexisting unknown structures
and prestresses. These results imply a large spatial influence from proposed large volume carbon sequestra-
tion in the Arbuckle and similar formations.
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1 Introduction IT wells. Class I wells, regulated by the Kansas Depart-

ment of Health and Environment (KDHE), dispose of

The largest known induced earthquakes have been
linked to wastewater disposal (WD) in Oklahoma where
copious amounts of fluids have been injected into the
Cambrian-Ordovician Arbuckle Group (hereinafter the
Arbuckle). Large earthquakes include the 2016 My 5.8
Pawnee (Yeck et al., 2017) and 2011 My 5.7 Prague (Ker-
anen et al., 2013) earthquakes. The potential for these
larger magnitude events to cause damage underscores
the need to understand the causes of injection induced
seismicity. The generally accepted model for injection
induced seismicity is that one to a few wells injecting
at high rates locally increases pore fluid pressures re-
ducing the effective normal stress on pre-existing, criti-
cally stressed faults in the crystalline basement facilitat-
ing seismicity (Ellsworth, 2013). There are clear cases of
far-field triggering, up to 40 km, as well (Keranen et al.,
2014; Yeck et al., 2016; Haddad and Eichhubl, 2022) indi-
cating that faults which become seismically active have
various thresholds for how much pore pressure change
is required for the fault to reach criticality.

The issue of induced seismicity spread to southern
Kansas where, as in Oklahoma, large amounts of fluids
have been injected into the subsurface over the last few
decades. Fluids are injected through Class I and Class

*Corresponding author: sfasola@uoregon.edu

hazardous and nonhazardous industrial and municipal
fluids. All but one of the 50 Class I wells in Kansas are in-
jecting into the Arbuckle. Class Il wells, regulated by the
Kansas Corporation Commission (KCC), consist of salt-
water disposal (SWD) and enhanced oil recovery (EOR)
wells. SWD wells permanently dispose of formation
brines coproduced during oil and gas production while
EOR wells inject fluids (typically recycled water from
production and/or CO;) to mobilize oil and/or gas into
production wells. The majority of SWD wells inject into
the Arbuckle which typically overlies the Precambrian
crystalline basement (Franseen et al., 2004) while EOR
wells are mainly targeting shallower intervals. On the
Central Kansas Uplift (CKU), the uppermost Arbuckle
hasalso been a primary producing reservoir up until the
development of unconventional drilling (i.e., hydraulic
fracturing [HF]) of the Mississippi Lime Play in south-
ern Kansas (Franseen et al., 2004). Due to the renewed
interest in the water-rich Mississippi Lime Play in 2011,
production and subsequently disposal rose in Kansas.

Historically, Kansas is generally a seismically quiet
state, with an average of three M>2 earthquakes per
year and one M>3 earthquake every two years, most
of which occurred on the CKU and near the Nemaha
Ridge-Humboldt fault system (Supplemental Figure
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(a) Map of 2000-2022 KGS and ComCat earthquakes (black crosses; M=4 colored pink if before 2019 and red if after

2019). Faults (brown; Mohammadi et al., 2022) and counties (black) are outlined. Red boxes mark the four focus regions in
this study corresponding to Figures 2-5. Major geologic structures are abbreviated as CKU, Central Kansas Uplift; NR-HFZ,
Nemaha Ridge-Humboldt Fault Zone. Inset shows cumulative number of M=3.5 earthquakes for north (thick line) and south
(thin line) of 37.75°. (b) Map of total injected volume (2000-2022) from Arbuckle WD wells computed in 0.1°x0.1° bins. Harper
[H] and Sumner [S] counties are labeled. Blue triangles represent locations of WD wells from all intervals in Nebraska as

volumes were not available.

Sla). However, the number of M>3 earthquakes dra-
matically increased in 2014, such that the average grew
to 42 times the background rate, the second highest
seismicity rate increase in the central United States at
that time (Rubinstein et al., 2018). The increase in seis-
micity was primarily observed in south-central Kansas
with 83% of southern seismicity in Harper and Sumner
counties near the Oklahoma border. Several studies at-
tributed this rise of seismicity to the concurrent rise in
WD where seismicity was primarily driven by the rate
of pressure increases induced from wells injecting into
the Arbuckle in southern Kansas and northern Okla-
homa (Langenbruch et al., 2018; Peterie et al., 2018; Ru-
binstein et al., 2018; Schoenball and Ellsworth, 2017a).
Zhai et al. (2020) found that injection in Oklahoma am-
plified the total Coulomb stress change (1.5x) and seis-
micity rate (3x) in south-central Kansas. Most of the
earthquakes occurred in the crystalline basement at a

mean depth of 6.5 km, suggesting increased pore fluid
pressures within the Arbuckle increased the potential
for slip on hydraulically connected basement faults (Ru-
binstein et al., 2018; Schoenball and Ellsworth, 2017a).
The largest recorded earthquake in Kansas was the
injection-induced 2014 My 4.9 Milan earthquake in
Sumner County, whose felt reports included cracked
plaster, items thrown from shelves, and structural dam-
age to some buildings constructed of unreinforced ma-
sonry (Choy et al., 2016; Hearn et al., 2018).

In response to the elevated seismic hazard in south-
central Kansas, the state government of Kansas formed
a task force composed of the KCC, KDHE, and Kansas
Geological Survey (KGS) which developed and imple-
mented a seismic action plan that included increased
seismic monitoring and a staged reduction of wastewa-
ter injection for south-central Kansas (Buchanan et al.,
2023). The rate of seismicity soon dropped in south-
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central Kansas following implementation of regulations
in 2015 and 2016 but by mid-2017 earthquakes had mi-
grated north into Sedgwick and Reno (city of Hutchin-
son) counties as much as 90 km from initial swarm lo-
cations (Peterie et al., 2018). Peterie et al. (2018) con-
cluded that the Hutchinson swarm was influenced by
fluid diffusion from high-volume injection wells near
the Kansas-Oklahoma border nearly 90 km away, much
farther than what has been previously observed in cases
of far-field pore pressure diffusion (~40 km; Keranen
et al., 2014; Yeck et al., 2016; Haddad and Eichhubl,
2022).

While two-thirds of Kansas seismicity since 2014 has
been in south-central Kansas and attributed to WD into
the Arbuckle, this study seeks to investigate the causes
of the less studied seismicity in northern and central
Kansas (Figure 1). There have been ten M>4 earth-
quakes in Kansas from 2019-2022, including two M 4.8
events. Interestingly, nine of those ten occurred north
of the well-documented seismicity in Harper and Sum-
ner counties, and besides the work done by Peterie et al.
(2018) on the Hutchinson earthquakes, there has been
a lack of investigation into the causes of northern and
central Kansas seismicity. Therefore, this study investi-
gates potential causes of increased seismicity in north-
ern and central Kansas by integrating multiple datasets
and performing template matching to enhance earth-
quake detections. We focus on regions with M>4 earth-
quakes: Hutchinson, Salina, northern region of the
CKU, and Jewell County (Figure 1). Furthermore, the Ar-
buckle has been proposed as a target for geologic stor-
age of CO, (Schwab et al., 2017), highlighting the impor-
tance for understanding the nature of seismicity in the
state.

Enhancing detection of seismicity has been an effec-
tive strategy for discerning the causes of anomalous
increased seismicity rates potentially associated with
fluid injection (e.g., Schultz et al., 2020). More detailed
temporal patterns of seismicity provide additional in-
formation to the spatial and temporal correlation of
operational activities and seismicity which has been
the primary criteria for determining whether seismicity
was human induced (Davis and Frohlich, 1993). It has
been particularly helpful to identify whether the seis-
micity has swarm-like characteristics (Skoumal et al.,
2015): the largest event is not at the beginning, multi-
ple events near the maximum magnitude, lack of Omori
decay. Increased fluid pressure is commonly cited as
the cause of earthquake swarms in natural settings (e.g.,
Vidale and Shearer, 2006). Thus, this study will use
swarm-like characteristics along with the spatial and
temporal associations of seismicity with operational ac-
tivities and subsurface pressures to interpret the recent
increases in Kansas seismicity

2 Methods

To enhance the detection of seismicity in the re-
gions surrounding the M>4 earthquakes, we pursued
waveform cross-correlation (“template matching”) us-
ing earthquakes from the KGS and Advanced National
Seismic System (ANSS) comprehensive catalog (Com-

3

Cat) as templates. We utilized the cross-correlation de-
tector in the ObsPy Python package (Beyreuther et al.,
2010) to scan continuous three-component waveform
data from a single station (see Supplemental Material
for further details). Matched events were confirmed
with manual inspection (Supplemental Figure S2). Mag-
nitudes of the matched events were estimated as in
Schaff and Richards (2014). The nearest long-standing
stations used for template matching were 1) N4 R32B
from 2014-2022 for Hutchinson templates, 2) US KSU1
from 2010-2022 for Salina templates, 3) US CBKS from
2010-2022 for CKU and Jewell templates (Supplemental
Figure S1b). Stations GS KS28 and KS JLK were also used
for template matching in Hutchinson from August 2019
to December 2022 and Jewell County region from July
2017 to July 2022, respectively, as these newer stations
were closer to seismicity. Template matched events
from all four regions are available in the Supplemental
Material (Dataset S1). The magnitude of completeness
(M) was determined using the maximum curvature al-
gorithm (Wiemer, 2000).

B-values are notoriously unstable and difficult to cal-
culate, especially over long time scales with variable
Mc. Thus, we calculated b-values with van der Elst
(2021)’s new method which does not require the estima-
tion of Mc: the b-positive method (Supplemental Figure
S3). The b-positive method is based on magnitude dif-
ferences between consecutive earthquakes, instead of
relying on earthquake magnitudes as in the traditional
Gutenberg-Richter b-value estimation of Bender (1983).
The b-positive (b*) method is as follows:

bt = 1/[1r110(M;Wg - M) (1)

min

where M, is the average magnitude difference and
M/, ;, is the minimum magnitude difference. We cal-
culated the b-positive value for earthquakes within the
four regions, the December 2021 Salina swarm, and the
May-December 2019 CKU swarm.

The temporal pattern of seismicity was evaluated in
each of the four study regions by calculating the coeffi-
cient of variation (CoV) of the time between earthquakes
(e.g., Kagan and Jackson, 1991). The CoV has been de-
fined as the ratio of the standard deviation of interevent
times to the average interevent time of the earthquakes
(Kagan and Jackson, 1991). We performed this calcula-
tion on geographical bins of approximately 1 degree in
size with at least 100 events using the catalog resulting
from template matching (Skoumal et al., 2019). If earth-
quakes are randomly distributed in time, we would ex-
pect CoV = 1, while CoV < 1 represents periodic seismic-
ity and CoV > 1 indicates temporal clustering (Kagan and
Jackson, 1991; Cochran et al., 2018).

Our investigation into the nature of seismicity incor-
porated data from Class I, Class II, HF, and production
wells (see Data and Resources). Data for Class I wells in-
cluded monthly and annual injection volumes (Dataset
S2) and formation pressures (Dataset S3), which were
approximated through Horner analysis during required
annual pressure falloff tests (Ansari et al., 2019). Fol-
lowing the approach in Ansari et al. (2019), we used lo-
cally weighted regression to fit a smoothing curve to
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Figure 2 Hutchinson seismicity and WD. (a) Map of earthquakes (crosses, red if M=4) and average monthly Arbuckle WD
volume from 2015 to 2022 computed in 0.05°%0.05° bins. Focal mechanisms are for those earthquakes with USGS fault plane
solutions. Blue inverted triangle marks location of Class | well KS-01-155-004 (RN4). Green square denotes seismic station GS
KS28 (Supplemental Figure S1b shows N4 R32B, 77 km away). The city of Hutchinson (dot) and counties (gray) are labeled.
(b) Magnitude-time plot for template earthquakes (black) and matched events (gray). Bars at top of plot denote timing of
stations used for template matching. (c) Monthly rate of M=2 earthquakes ([EQ], black) and WD volume for Class | well KS-01-
155-008 (RN8) (blue). (d) Annual rate of M=2 earthquakes, annual rate of WD wells within 10 km (solid blue) and 40 km (dotted
blue) of seismicity, and annual change in pressure ([P], red) at RN4.

the pressure data for each Class I well to remove ran-
dom fluctuations and obtain trends in the data (Supple-
mental Figure S4). We used the pressure trend to cal-
culate the annual change in pressure (Figures 2d and
3e) as several studies have found that pressure rate is
the dominant control on seismicity rate (Langenbruch
etal., 2018; Ansari et al., 2019; Ansari and Bidgoli, 2021).
Data for Class II wells included monthly and annual in-
jection volumes for both SWD and EOR wells. However,
there were inconsistencies in the reported injection in-
tervals for Class II wells. Due to the sheer number of
EOR wells and the less likelihood of EOR wells generat-
ing seismicity, an extensive effort was put forth to clean
up only the SWD injection database and identify those
injecting into or below the Arbuckle. For simplicity,
from here on out we use the term ‘Arbuckle’ in a general
sense to refer to all units from the Arbuckle down the
Precambrian basement. See Supplemental Material for
details on the quality control conducted and the cleaned
dataset of Arbuckle SWD wells (Dataset S4). Data for
HF wells included the location and start and end time
of HF stimulation while data for production wells in-
cluded monthly volumes of oil and gas produced. Pro-
duction volumes are reported by lease, instead of indi-

vidual wells. Therefore, we were not able to isolate Ar-
buckle wells for analysis, thus, wells from all intervals
were included.

3 Characteristics of Seismicity

3.1 Hutchinson, Kansas

The city of Hutchinson in Reno County is a region where
up until late 2016 there had been no recorded earth-
quakes (Figure 2, Supplemental Figure S1a), yet seismic-
ity greatly increased in 2017 and there were three M>4
earthquakes within six months of each other in 2019-
2020. Earthquakes occurred in a ~5x5 km area, and
those with focal mechanisms indicated strike-slip fault-
ing where nodal planes paralleled regional faults (Fig-
ure 2a).

Template matching back to February 2014 detected an
additional 1,577 earthquakes (~13-fold increase), with
the first detected earthquake in early 2016, eight months
prior to the first template earthquake (Figure 2b). Max-
imum earthquake magnitudes were on average My 3
up until August 2019 when a My, 4.6 and My, 4.4 earth-
quake occurred two days apart. Five months later, a M,
4.8 earthquake occurred on 19 January 2020. The 2020
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Figure 3 Salina seismicity and WD. (a) and (b) are in the same format as Figure 2a, b. Yellow box outlines December 2021
swarm in (c). Black boxes outline regions for which we estimated the CoV. Blue inverted triangle marks location of Class |
well KS-01-113-006 (MP6). US KSU1 was outside of the map boundary (60-120 km from template earthquakes; Supplemental
Figure S1b). (c) Magnitude-time plot for the December 2021 swarm which resulted in three M=4 earthquakes. (d) Monthly
rate of M=2 earthquakes (black) and WD volume for the 2 wells within 6.5 km of the 2021 swarm (blue). (e) Annual rate of M>2
earthquakes (black), annual rate of WD wells within 10 km (solid blue) and 65 km (dotted blue) of the 2021 swarm, and annual
change in pressure (red) at MP6. Note the broken scale for WD volume.

M|, 4.8 earthquake was the third largest recorded earth-
quake in Kansas. Fortunately, with the installation of GS
KS28, two days following the second M>4 earthquake,
template matching was able to better capture the after-
shock sequences of the M>4 earthquakes (Supplemen-
tal Figure S5). This was especially valuable for the 2020
M| 4.8 sequence as the next largest magnitude was a M,
2.2 and the minimum magnitude of the template catalog
was a 2.0, making the aftershock sequence non-evident
in the previously existing event catalog and highlight-
ing the immense value of nearby seismic stations. Be-
cause GS KS28 was not installed until two days following
the second M>4 earthquake, we were not able to assess
temporal patterns of seismicity directly prior to these
M2>4 earthquakes. However, N4 R32B detected no earth-
quakes in the month prior. In 2021 and 2022, the an-
nual number of M>2 earthquakes had decreased such
that values were lower than what was observed in the

years prior to the M>4 earthquakes.

3.2 Salina, Kansas

The city of Salina in Saline County is another region
where historically there have been no recorded earth-
quakes, except for a small cluster in January 2010.
(Figure 3, Supplemental Figure Sla). More recently,
there were three M>4 events within three weeks of each
other in December 2021. Compared to the seismicity in
Hutchinson, earthquakes were more spread out across
Saline and neighboring counties, occurring in multiple
clusters that roughly formed a north-northeast trend
(Figure 3a). Those with focal mechanisms mostly indi-
cated strike-slip faulting similar to those in Hutchinson.

Template matching only generated a 3-fold increase
in earthquakes (additional 719 events), likely due to the
distance of US KSU1 from seismicity (60-120 km). Tem-
plate matching confirmed a lack of seismic activity be-
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Figure 4 CKU seismicity and WD. (a) and (b) are in the same format as Figure 2a, b. Yellow box outlines 2019 swarm in
(c). Black boxes outline regions for which we estimated the CoV. US CBKS was outside of the map boundary (18-90 km from
template earthquakes; Supplemental Figure S1b). (c) Magnitude-time plot for the 2019 swarm which resulted in a MW 4.8
earthquake. (d) Monthly rates of injected volume for Arbuckle WD wells within 0.1° of the map boundary (blue) and M=2
earthquakes (black). (e) Same as in (d) except annual rates are plotted.

tween the January 2010 cluster and the start of increased
seismicity in November 2014 (Figure 3b). While the av-
erage monthly rate of M>2 earthquakes increased to 3
for November 2014 to October 2021, that rate increased
by a factor of 6 in November 2021 and a factor of 40 in
December 2021. From April 2022 onward, the monthly
rate of M>2 earthquakes had returned to an average of
3. The maximum magnitudes of events had been in-
creasing, culminating in the three M>4 earthquakes (M
4.2, 4.2 and 4.0) in December 2021 (Figure 3b). The De-
cember 2021 cluster behaved more like a swarm than
a mainshock-aftershock sequence with multiple events
near the maximum magnitude and a lack of Omori de-
cay (Figure 3c).

3.3 Central Kansas Uplift

Historically, the northern region of the CKU was the
most seismically active of the regions analyzed in this
study (Supplemental Figure Sla). It is notable that a
potentially induced earthquake swarm may have oc-
curred in 1989 near the town of Palco in Rooks County.
The 1989 swarm, which included a M 3.8 and M 4.0,
occurred directly below a WD well (Armbruster et al.,
1989). There have been two M>4 earthquakes since the
1989 M 4.0 earthquake, a My, 4.1 in August 2018 and
My 4.8 in June 2019. The 2019 My 4.8 earthquake was

6

the second largest recorded earthquake in Kansas and
just 10 km from the 1989 M 4.0 potentially WD-induced
earthquake. Recent earthquakes generally followed a
north-west trend paralleling one of the faults of the CKU
with a few pockets of closely clustered earthquakes (Fig-
ure 4a). Earthquakes with fault plane solutions indi-
cated predominantly strike-slip faulting.

Template matching increased the number of earth-
quakes by a factor of 6 (additional 1,723 events) and
filled in the gap of seismicity from 2011 to 2016 (Fig-
ure 4b). The annual rate of M>2 earthquakes greatly in-
creased from an average of 2 per year from 2000 to 2015
to an average of 55 per year from 2016 to 2022. The June
2019 My 4.8 earthquake occurred during an increase
in seismic activity that started about a month prior and
lasted about seven months, behaving more like a swarm
than a mainshock-aftershock sequence (Figure 4c).

3.4 North-central Kansas: Jewell County

Jewell County and the surrounding area in north-
central Kansas, similar to the Hutchinson and Salina
regions, typically had little to no earthquakes prior to
2015 (1 earthquake in 2013) and has seen more than
one M>4 earthquake within the last 5 years, a My, 4.1
in May 2021 and M, 4.0 in July 2022 (Figure 5). We do
note that this region is just to the west of a mapped
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Figure 5 Jewell seismicity and WD. (a) Map of earthquakes (crosses colored by time, star if M=4). Focal mechanisms are
for earthquakes with USGS fault plane solutions. Green square denotes seismic station KS JLK, 2-45 km from template earth-
quakes (Supplemental Figure S1b shows US CBKS; 119-190 km). Black boxes 1-7 outline regions of seismicity in Supplemen-
tal Figure S6 and regions for which we estimated the CoV. (b) Magnitude-time plot for template earthquakes (colored) and
matched events (gray). Bars at top of plot denote timing of stations used for template matching. (c) Monthly rate of M=2
earthquakes (black) and WD volume for Arbuckle wells within 50 km of Region 1 (blue). (d) Same as in (c) but showing the
annual rate with the addition of WD volume for Arbuckle wells within 85 km of Region 1 (dotted blue). Note the broken scale

for WD volume.

fault that has seen prior seismic activity (Supplemen-
tal Figure Sla, Steeples et al., 1990). Fault plane so-
lutions were different from the predominantly strike-
slip faulting focal mechanisms observed in Hutchinson,
Salina, and the CKU. Focal mechanisms instead indi-
cated northwest-southeast normal faulting, parallel to
the regional northwest-southeast trending faults.

Template matching increased the number of earth-
quakes by a factor of 6 with an additional 1,876 events
(Figure 5b). There was a small mainshock-aftershock
sequence in January 2013 followed by a lull in seismic
activity until late of 2015 when the number of events be-
gan increasing.

Spatially, seismicity appeared to cluster into seven
main regions (Figure 5a). Regions 1 and 2 have been
more active throughout time with several bursts of seis-
micity beginning in late 2015 and 2018, respectively
(Supplemental Figure S6). On the other hand, Regions
4 and 5 each had one period of increased seismicity.
These elevated periods of seismicity lasted about eight
months and were the only times these regions had M>3
events. The eight-month period of increased seismicity
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consisted of several bursts of swarm-like seismicity last-
ing a couple days to a week (Supplemental Figure S6).
Region 6 contained one of the M>4 earthquakes, a M,
4.1 in May 2021, whose burst of seismicity lasted two
days. The other M>4 earthquake, My, 4.0 in July 2022,
occurred near the Nebraska border and had no trailing
seismicity. The only nearby earthquake was a M, 2.8 a
week prior. There does not appear to be any spatial mi-
gration between the seven regions, although we do note
that Region 1, which is closest to injection wells, has the
earliest detected seismicity (Figure 5a and Supplemen-
tal Figure S6).

4 Summary of Seismicity Findings

A comparison of the seismicity findings from the four
different regions can be found in Table 1. The primary
similarities are in the number of larger earthquakes and
the onset of increased seismicity. There is also general
agreement in the strike-slip focal mechanisms, with the
exception of normal-faulting in Jewell County indicat-
ing a potential change in stress field in the northern-
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Hutchinson Salina CKU Jewell
# Earthquakes: M=4, M=3 3,18 3,28 2,31 2,48
First Detected Seismicity Mar 2016 Jan 2010 Before 2010 Nov 2011
Time of Increased Nov 2016 Jan 2016 Nov 2014 Nov 2015
Seismicity
Focal Mechanism Strike-slip Strike-Slip Strike-Slip Normal
Factor Increase via
Template Matching 6.4x 2.1x 4.2x 3.4x
Distance to Nearest R32B: 75-80 CBKS: 119-190
Seismic Station (km) KS28: 2-6 KSUL: 60-120 CBKS:18-90 JLK: 2-45
Magnitude of
Completeness (M) 0.05 1.55 1.35 1.05
b+ value 0.69 0.78 0.72 0.52
Interevent CoV 3.8 3.7 4.8 5.6
# Wells near M=4: =50K, <10km:3,3,2 <10km: 1,0, 0 <10km: 17,7,0 <10km: 0,0, 0
2100K, 2300K (bbl/m) <40 km: 28, 18,5 <40km: 11,7,3 <40 km: 80, 29, 1 <40 km: 0, 0, 0*

Table1l Summary of Seismicity Findings for Each Region. *high-rate wells 80-140 km away

most part of the state. The factor increase from tem-
plate matching is modest with all regions less than a fac-
tor of 10. This is likely due to the relatively large distance
to the closest seismic station (and most stations having
relatively high noise level), with the lowest factor and
highest M¢ occurring in Salina when the nearest record-
ings were entirely in excess of 60 km. In the case of a
station within a few kilometers of all of the seismicity
(Hutchinson), the factor was highest and the resulting
M was lowest.

There were also some similarities in the frequency-
magnitude distributions, with the b-positive values (0.52
to 0.78; Table 1, Supplemental Figure S3) all lower
than what is typically observed for natural earthquakes
(~1.0, e.g., Burridge and Knopoff, 1967). Although
there is considerable debate, b-values are traditionally
thought to reflect the stress state (Scholz, 1968), and that
the low b-values observed in these study regions imply a
stress state that is closer to failure (Riviere et al., 2018).
One possibility is that the fluid pressures due to WD are
driving the fault closer to failure, as some studies have
attributed changes in b-values with changes in pressure
gradient where the lowest b-values (<1) were often ob-
served during the largest injection rates (Lei et al., 2008;
Bachmann et al., 2012; Mousavi et al., 2017).

The CoV values reported in Table 1 were determined
by taking the average of all of the CoV values calcu-
lated in each of the geographic bins for each of the
four regions. The values ranged from 3.8 to 5.6 indica-
tive of relatively high temporal clustering of events (Ka-
gan and Jackson, 1991). These CoV values are within
the range of observed CoV of seismicity induced by WD
in Kansas, Oklahoma, and Texas (~1-8, e.g., Schoen-
ball and Ellsworth, 2017b; Cochran et al., 2018; Skoumal
et al., 2019, 2020). There is general consensus that low
CoV (~1) is consistent with a steady driving force that
prevents earthquake clustering, which could be caused
by consistent pore-pressure changes from WD (Cochran
etal., 2018; Skoumal et al., 2020). Higher CoV values (>2)
would be due to a fault system that is very sensitive to
small changes in stress or rapid changes in stress, which

could be a sign of a critically stressed fault or HF, respec-
tively (Skoumal et al., 2019, 2020). Since HF is not spa-
tially or temporally associated with the seismicity here
(Section 5.1), it implies the larger CoV values are a result
of seismicity being induced on critically stressed faults.
Cochran et al. (2018) argued that earthquakes further
from high-rate injections wells in southern Kansas had
smaller pressure perturbations such that earthquake-
earthquake interactions can result in more temporal
clustering and higher (>2) CoV values. This is consis-
tent with the Delaware Basin of western Texas where
the far-field seismicity has some of the highest CoV val-
ues (Skoumal et al., 2020). We note that Jewell County,
which has the seismicity furthest from high-rate WD,
has the highest CoV in our study (Table 1), with strongly
clustered seismicity similar to the far-field seismicity of
western Texas (Supplemental Figure S7).

5 Relationship Between Seismicity
and Industrial Activities

5.1 Lack of Correlation with Extraction, En-
hanced Recovery, and Hydraulic Fractur-

ing

It is unlikely that oil and gas production played a sig-
nificant role in driving the increase in seismicity in the
four study regions. Even in the CKU region which had
the largest amount of oil extracted, the total was nearly
an order of magnitude less than what was being in-
jected into the Arbuckle in the region (c.f., Figure 1b
and 6a). Therefore, it was unlikely that injection into
the Arbuckle on the CKU was balanced by hydrocarbon
production as suggested by Ansari and Bidgoli (2021).
In Hutchinson and Salina, oil production was even less
significant. The regions of gas production did not coin-
cide spatially with seismicity (Figure 6b), with the most
prolific region of gas production in south-west Kansas,
far from the seismicity analyzed in this study. Further-
more, most of the induced seismicity has focal mech-
anisms that are primarily strike-slip while extraction
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typically induces dip-slip earthquakes (Segall, 1989; Mc-
Garr et al., 2002).

HF was ruled out as a driving factor of seismicity in
the four study regions due to the lack of spatial and tem-
poral overlap with seismicity. There were a few HF wells
in the CKU (6 wells) and Salina (1 well) regions, but the
vast majority of HF wells were located in south-west and
south-central Kansas far from our focus regions (Fig-
ure 6¢). In the Salina and CKU regions, there was no
seismicity within 10 km of active HF wells. Since HF-
induced seismicity typically occurs in close proximity
to the HF well (e.g., Schultz et al., 2020), HF is not sus-
pected to be a driving factor for Kansas seismicity.

While there was some spatial overlap between EOR
operations and seismicity (Figure 6d), total EOR injec-
tion volumes from all intervals were only 40% of the
total WD volumes injected into the Arbuckle and EOR
wells typically targeted shallower intervals. Further-
more, EOR has a lower likelihood of generating pres-
sure changes large enough to induce seismicity as a sig-
nificant fraction of the volumes injected for EOR are re-
moved during production which aims to keep the fluid
pressure in the reservoir at or below its original level
(Rubinstein and Mahani, 2015). However, the relation-
ship between EOR and seismicity is under-studied even
though EOR has been proposed to have caused large
magnitude seismicity in the Cogdell, TX oil field (Gan
and Frohlich, 2013).

Despite the lack of correlation between seismicity
and production, HF, and EOR, regions of increased seis-
micity occurred in close proximity to regions of high
WD injected volumes into the Arbuckle, with the curi-
ous exception of Jewell County. Next, we dive deeper
into the relationship between WD in the Arbuckle and
seismicity in the four study regions.

5.2 Hutchinson, Kansas

Of the regions of focus in this study, Hutchinson is the
only region which has been previously correlated to WD
(Peterie et al., 2018; Ansari et al., 2019; Peterie et al.,
2020). Peterie et al. (2020) concluded that Hutchinson
seismicity appeared to be a result of combined pres-
sure changes from both local and distant WD. There
are three high-rate WD wells in Hutchinson (108,000 to
788,000 barrels per month [bbl/m]) that locally elevated
pressures. Class I well RN8, 1 km from Hutchinson
seismicity, had variable injection rates with occasional
spikes of high-rate injection for several days often ex-
ceeding 20,000 bbl/d separated by months with no in-
jection (Figure 2c; Peterie et al., 2020). Class I wells RN9
and RN11, 10 km from Hutchinson seismicity, began
injecting at consistently high-rates in 2008 averaging
24,000 bbl/d (Peterie et al., 2020). Since 2016, when seis-
micity was first detected in Hutchinson, increased rates
of seismicity appeared to follow periods of high-rate in-
jection at RN8 (Figure 2c; Peterie et al., 2020). About
3 weeks after shut-in at RNS8, the seismicity rate once
again increased, and this time included two M>4 earth-
quakes. The largest earthquake in Hutchinson and the
second largest in Kansas, M4.8, occurred five months
following shut-in at RN8. Other studies have observed
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the largest event to occur following shutdown (Healy
et al., 1968; Segall and Lu, 2015).

We looked at cumulative volume injected with respect
to distance from Class I wells in Hutchinson which had
pressure data. Pressure gradient did not correlate with
annual volume of local wells but did when considering
wells up to 40 km away (Figure 2d). However, the onset
of seismicity correlated better with maximum pressure
than max pressure gradient (Supplemental Figure S4a).
Several studies have found that pressure rate is the dom-
inant control on seismicity rate (Langenbruch et al.,
2018; Ansari et al., 2019; Ansari and Bidgoli, 2021). Seis-
micity was first detected two years following the largest
pressure increase (Figure 2d). If we assume most of the
earthquakes in Hutchinson are occurring in the base-
ment as in south-central Kansas, the delay between the
onset of seismicity and large pressure increase may be
due to the permeability contrasts between the Arbuckle
and the basement. The permeability contrast would
delay the onset of pressure propagation to hypocentral
depths which takes years to exceed a critical pressure to
induce fault failure (Schoenball et al., 2018).

While results from this study agree with Peterie et al.
(2020) that local and distal injection is necessary to ex-
plain pressure changes in Hutchinson, we did not find it
necessary to include WD wells out to 90 km. We found
that by including wells out to 40 km we started to see
pressure rate increases coincide with increases in injec-
tion volume (Figure 2d).

5.3 Salina, Kansas

There were no large-rate WD wells within 10 km of
the December 2021 swarm. However, there were two
wells 0.5 km from each other and about 6.5 km from
the December 2021 swarm where when combined there
were three several month-long periods of injection ex-
ceeding 70,000 bbl/m (Figure 3d). Similar to what was
observed in Hutchinson, peaks in seismicity followed
peaks in monthly injection volumes of nearby wells by
4-6 months (Figure 3d). We note that wells near the De-
cember 2021 swarm were about 30 km from the fur-
thest cluster of Salina earthquakes to the north. The
three clusters did not overlap with regions of WD sug-
gesting regional wells may have had a larger influence
on generating seismicity in those areas. With regards
to the December 2021 swarm having nearly an order of
magnitude more M2 earthquakes than the other Salina
swarms, we suspect this may be due to variable fault
conditions.

Unfortunately, the closest Class I well to the Decem-
ber 2021 swarm was about 43 km to the south in McPher-
son County. Therefore, we utilized the pressure data
from that well as a rough estimation of Arbuckle forma-
tion pressure near Salina (Supplemental Figure S4b). As
observed in Hutchinson, pressure gradient did not cor-
relate with annual volume of local wells but did when
considering wells further away, albeit at a further dis-
tance (65 km, Figure 3e). The onset of increased seis-
micity in Salina correlated better with maximum pres-
sure than max pressure gradient, another similarity to
Hutchinson (Supplemental Figure S4b).
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Figure 6 Maps of other industrial operations in Kansas from 2000 to 2022. Red boxes mark the four focus regions in this
study corresponding to Figures 2-5. (a) Total amount of oil produced from all intervals computed in bins that are 0.1°x0.1°. (b)
Total amount of gas produced (shown in barrels of oil equivalent [BOE]) from all intervals computed in bins that are 0.1°x0.1°.
(c) HF wells (circles) colored by time of stimulation. (d) Total volume from EOR wells targeting all intervals computed in bins
that are 0.1°x0.1°. Note oil and EOR wells are colored at the same scale as WD injection in Figure 1b.

5.4 Central Kansas Uplift

A majority of CKU seismicity (82%) occurred within 10
km of large-volume WD wells (=50,000 bbl/m). This
region had a higher spatial density of large-volume
WD wells compared to the other regions we analyzed.
The 2019 Mw 4.8 earthquake was within 10 km of 7
wells injecting over an average monthly rate of 100,000
bbl/m. Given the larger spatial spread of seismicity in
this region it was difficult to define local and regional
wells. Therefore, when calculating total monthly and
annual volumes we considered all wells within 0.1° of
the bounds of Figure 4. There was no clear correlation
between monthly seismicity and monthly injection vol-
ume (Figure 4d). This could be due to the larger area
over which wells are injecting on the CKU. The annual
injection rate gradually increased from 2005 to 2014, re-
mained elevated in 2015 and then dropped from 2016 to
2017 (Figure 4e). From 2018 to 2022 injection rate was
on a small upward trend except for a sharp decrease
in 2020. Maximums in annual earthquakes in 2016 and
2019 lagged two years and occurred during maximums
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in annual injection rates, respectively.

Even though WD wells in the CKU region have in-
jected nearly twice the amount of fluids into the Ar-
buckle from 2000 to 2022 as wells in a similar sized
area of Harper and Sumner counties (3,598 million vs
1,732 million bbls), the Harper-Sumner region saw six
times the amount of M>2 earthquakes during this time
compared to the CKU region (Supplemental Figure S8).
While this difference could be explained by a variety of
factors such as differences in fault conditions or pre-
existing stresses, we suspect the time over which injec-
tion occurred could have had an important role as the
Harper-Sumner region experienced a much larger in-
crease in injection rate compared to the relatively grad-
ual increase the CKU experienced.

5.5 North-central Kansas: Jewell County

The nature of the seismicity in Jewell County and the
surrounding regions is intriguing as the number of M>2
earthquakes has greatly increased since late 2016. The
increased seismicity is unlikely due to natural causes,
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although there was no industrial activity such as WD,
production, EOR, or HF, within 40 km (Figure 1b, Fig-
ure 6). Nor was there injection nearby across the bor-
der in Nebraska (Figure 1b). Seismicity was ~80-140
km from high-rate injection on the CKU. However, there
were three disposal wells ~45 km from Region 1, the
closest cluster to the CKU, and ~90 km from the furthest
earthquake. While individually these wells had a low
average monthly injection rate of 4,900 to 26,000 bbl/m,
the total annual volume of wells within 50 km from Re-
gion 1 showed that annual volumes had increased two-
fold in 2013, the same year as the first earthquake clus-
ter of earthquakes in Region 6 (Figure 5d). The largest
earthquake rate increase coincided with a five-fold in-
crease in annual volume in 2017, relative to 2012. While
maximums in annual volumes overlapped with peaks in
seismicity, this was not as clearly seen on the monthly
scale (Figure 5c¢). Total monthly volumes from the three
closest WD wells were quite small compared to other ar-
eas in Kansas and may not be large enough to generate
the pressure increases necessary for inducing seismic-
ity in this region. Therefore, we included wells within
85 km of Region 1 to include the high-rate wells on the
CKU. The first large spike in seismicity followed a max-
imum in injection rate by three years and subsequent
spikes in seismicity overlapped with relative injection
rate maximums (Figure 5d).

The more continuous seismic activity of Regions 1
and 2, those closest to CKU injection, could suggest that
these regions are more fluid driven than regions that are
further away and exhibit more sporadic seismic activ-
ity (Supplemental Figure S6). Verdecchia et al. (2021)
came to a similar conclusion for the 2014 M 4.6 Harper
and 2014 M 4.9 Milan sequences where the Harper se-
quence displayed more continuous behavior and oc-
curred closer to several large injection wells while the
Milan sequence was characterized by more episodic ac-
tivity and occurred more than 50 km from a major dis-
posal well. Verdecchia et al. (2021) suggested fluid dif-
fusion has a larger influence on controlling seismicity
clusters closer to large injection wells whereas earth-
quake interactions may play a bigger role in the evolu-
tion of sequences at greater distances. Additional sup-
port for CKU injection influencing seismicity over 50 km
away is that the onset of increased seismicity in Jewell
County appears to be delayed 1-2 years from the onset of
increased seismicity on the CKU supporting the notion
of a pressure front migration out from CKU high-rate
injection zone.

We believe the seismicity in this region is a prime ex-
ample of the importance of large distal wells and the
potential for far-field pressure diffusion. The minimum
distance between CKU injection and Jewell County (~45
km Region 1) is similar to the distance between north-
ern Harper County and northern Oklahoma where the
densest region of high-rate wells is. Similarly long dis-
tances of injection-related triggering of seismicity have
been proposed in Oklahoma and Texas (Goebel et al.,
2017; Skoumal et al., 2020). A global compilation of in-
jection induced seismicity suggested that steady injec-
tion above basement into sedimentary layers resulted
in a larger spatial footprint of seismicity owing to more
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efficient pressure and stress transmission (Goebel and
Brodsky, 2018). CKU injection occurs into the Arbuckle,
which has very high permeabilities and diffusivities
(Dempsey and Riffault, 2019; Zhai et al., 2019). There-
fore, we propose that the Jewell County seismicity is
caused by efficient transmission of fluid pressures from
the dense region of high-rate wells in CKU to highly sen-
sitive, critically stressed faults in Jewell County.

6 Implications and Sources of Uncer-
tainty

Results from this study are also important for recon-
sidering the seismic hazard in Kansas. Induced earth-
quakes are not included in the traditional National Seis-
mic Hazard Model as they are thought of as tempo-
rary features of seismicity, and a short-term (1 year)
model forecast that includes induced seismicity has not
been issued since 2018 (Petersen et al., 2023). Since in-
duced seismicity has been occurring in several areas of
Kansas for nearly a decade, it is important to consider
the hazard of the increased seismicity rates. Although
much of the seismicity has occurred in rural areas, clus-
ters of seismicity are not far from the larger popula-
tion centers of Wichita, Hutchinson, and Salina. Magni-
tudes approaching 5.0 pose considerable hazard to local
communities, so a regulatory strategy should be con-
sidered going forward (Schultz et al., 2021; Buchanan
et al., 2023). We have used an observational approach
to demonstrate far-field fluid pressure diffusion is pri-
marily responsible for influencing seismicity in north-
ern and central Kansas. We recommend future studies
seek to develop statewide fluid pressure models to eval-
uate the relative contributions of local and distal WD
and explore whether seismicity forecasts can be devel-
oped to relate the fluid pressure changes with seismicity
rates over time (e.g., Langenbruch et al., 2018; Dempsey
and Riffault, 2019; Zhai et al., 2019). In order to inform
the regulatory framework, it will be important to assess
which configurations of WD wells have a larger influ-
ence: a single local high rate well, multiple local mod-
erate rate wells but large cumulative volume wells, mul-
tiple regional high rate or large volume wells, or some
combination of these scenarios.

Given the limited number of seismic stations in
northern and central Kansas, our study indicates more
local seismic stations are needed to better locate seis-
micity and better characterize the faults hosting these
earthquakes. Depths of cataloged earthquakes in north-
ern and central Kansas are not well constrained due
to the sparse station coverage, so we do not know
whether earthquakes occurred in the crystalline base-
ment below the Arbuckle similar to those in south-
ern Kansas (Rubinstein et al., 2018; Schoenball and
Ellsworth, 2017a), or in the shallower sedimentary lay-
ers (Currie et al., 2018; Koztowska et al., 2018; Skoumal
et al., 2020).

We also note that the Arbuckle has been proposed as
a target for carbon sequestration in Kansas (Holubnyak
etal., 2017; Schwab et al., 2017), thus this study has large
implications for operators in Kansas or in other states as
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they decide where and which interval to inject CO,. The
strong evidence in our study of far-field forcing from
distances >50 km and likely from upwards of 100 km
from large volume WD wells implies a large spatial in-
fluence from the proposed large volume carbon seques-
tration in the Arbuckle. Moreover, the heterogenous
locations of where seismicity has occurred relative to
WD wells indicates the locations of induced seismicity
is likely controlled by preexisting unknown structures
and prestresses that would be difficult to know in ad-
vance of large volume injection. So as operators decide
where to inject, they need to not just consider nearby
disposal activity, but should take into account regional
WD activity. With the large volumes expected for car-
bon sequestration to be economic, it further highlights
the need for and importance of increased seismic mon-
itoring. Investing in increased monitoring in advance
would also enable better investigations into the current
seismicity that could confirm or refute aseismic regions
in Kansas where large WD volumes have already been
injected into the Arbuckle.

7 Conclusions

In northern and central Kansas there was about a 2-3-
year delay of the onset of the large increase of M>3.5
earthquakes compared to southern Kansas (Figure 1a).
While two-thirds of Kansas seismicity occurred near the
Kansas-Oklahoma border and southern Kansas seismic-
ity rates had been decreasing since 2018, northern and
central Kansas had seen a rapid rise of M>3.5 earth-
quakes since 2019. For nearly three decades, there had
been no M>4.0 earthquakes recorded in northern and
central Kansas. However, from 2019 to 2022, there had
been ten M>4.0 earthquakes in northern and central
Kansas, including two M 4.8 events. Southern Kansas
had only one M>4.0 earthquake in this time. Seis-
mic activity in Hutchinson and Salina has decreased in
2022 but has remained elevated in the CKU and Jewell
County.

For the Hutchinson, Salina, and CKU regions, we
suggest the long history of injection into the Arbuckle
raised fluid pressures on nearby faults until the effec-
tive stress was reduced enough such that the critically
stressed faults required only small increases in fluid
pressure from local disposal wells to induce seismicity
(Ansari and Bidgoli, 2021). Due to the spatial density of
high-rate wells in the CKU region, we suspect local wells
may have more of an influence on generating seismic-
ity compared to Hutchinson and Salina regions where
more distal wells are believed to influence seismicity.
As for the perplexing case in Jewell County, we propose
that the seismicity is caused by efficient transmission
of fluid pressures from the dense region of high-rate
wells in the CKU to highly sensitive, critically stressed
faults in Jewell County. Our study agrees with several
prior studies showing that perturbations of the stress
field due to fluid injection can have a far-reaching im-
pact on seismicity (Keranen et al., 2014; Goebel et al.,
2017; Ansari et al., 2019; Zhai et al., 2020; Ansari and Bid-
goli, 2021; Haddad and Eichhubl, 2022).

The degree to which local and/or distant fluid pres-
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sure changes are primarily responsible for seismicity
may differ by region depending on historical injection
in the region and the number and spacing of large vol-
ume WD wells. We recommend hydromechanical mod-
eling studies would be able to give more insight into
the relative contributions of local and regional wells to
Kansas seismicity.
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Data and code availability

Earthquakes in Kansas from January 2000 through
December 2022 were obtained from the KGS (https:
//www.kgs.ku.edu/Geophysics/Earthquakes/data.html;

last accessed March 2023) and the ANSS Compre-
hensive  Catalog (https://earthquake.usgs.gov/data;
last accessed July 2023). Seismic waveform data
from the GS (Albuquerque Seismological Laboratory
(ASL)/USGS, 1980), N4 (Albuquerque Seismologi-
cal Laboratory/USGS, 2013), and US (Albuquerque
Seismological Laboratory (ASL)/USGS, 1990) net-
works were obtained from the Incorporated Research
Institutions for Seismology (now EarthScope Consor-
tium) Data Management Center Web Services (IRIS
DMC) (http://service.iris.edu/fdsnws/dataselect/1/).
Waveform data for KS JLK was accessed upon re-
quest from the KGS. Kansas Class II (SWD and EOR)
well data was downloaded from the KGS (https:
//www.kgs.ku.edu/Magellan/Qualified/class2_db.html;

last accessed June 2023). Oklahoma Class II SWD well
data from 2005-2017 was obtained from Skoumal et al.
(2018) and data from 2018-2022 was downloaded from
the OCC (https://oklahoma.gov/occ/divisions/oil-gas/
oil-gas-data.html; last accessed June 2023). Nebraska
Class IT SWD well locations were downloaded from the
Nebraska Oil and Gas Conservation Commission (http:
//www.nogcc.ne.gov/Publications/NebraskaWellData.zip;
last accessed February 2024). Kansas Class I well data
was obtained from multiple sources. Annual volumes
for 2000-2009 and annual formation pressures for 2000-
2017 were provided in Ansari et al. (2019); monthly vol-
umes for 2010-2018 and annual formation pressure for
2018-2021 were available upon request from the KDHE;
monthly volumes for 2019-2022 were downloaded from
the KGS (http://maps.kgs.ku.edu/kgs_web/injection/
classl_permits.cfm; last accessed June 2023). Kansas
oil and gas production data were obtained from the
KGS (http://www.kgs.ku.edu/Magellan/Field/lease.html;
last accessed July 2023). Hydraulic fracture well data
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were retrieved from FracFocus (http://fracfocus.org/;
last accessed April 2022).

The Supplemental Material provides further details
on the methods and well data used in this study as well
as additional figures supporting the main text. The Sup-
plemental Material includes the template matched cat-
alog (Dataset S1), compiled Class I injection (Dataset S2)
and pressure (Dataset S3) data, and manually corrected
Class IT Arbuckle SWD injection data (Dataset S4).
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