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Far-field pressurization likely caused one of the largest
injection induced earthquakes by reactivating a large
preexisting basement fault structure
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J. L. Rubinstein®, and P. S. Earle’

us. Geological Survey, National Earthquake Information Center, Golden, Colorado, USA, 2Department of Geophysics,
Stanford University, Stanford, California, USA, 3Global Seismological Services, Golden, Colorado, USA, 4Department of Earth
and Atmospheric Sciences, Saint Louis University, Saint Louis, Missouri, USA, Sus. Geological Survey Earthquake Science
Center, Menlo Park, California, USA

Abstract The M,,5.1 Fairview, Oklahoma, earthquake on 13 February 2016 and its associated seismicity
produced the largest moment release in the central and eastern United States since the 2011 M,, 5.7
Prague, Oklahoma, earthquake sequence and is one of the largest earthquakes potentially linked to
wastewater injection. This energetic sequence has produced five earthquakes with M,, 4.4 or larger. Aimost all
of these earthquakes occur in Precambrian basement on a partially unmapped 14 km long fault. Regional
injection into the Arbuckle Group increased approximately sevenfold in the 36 months prior to the start of the
sequence (January 2015). We suggest far-field pressurization from clustered, high-rate wells greater than
12 km from this sequence induced these earthquakes. As compared to the Fairview sequence, seismicity is
diffuse near high-rate wells, where pressure changes are expected to be largest. This points to the critical role
that preexisting faults play in the occurrence of large induced earthquakes.

1. Introduction

Since the early 2000s, the rate of earthquakes in the central United States (CUS) has dramatically increased
and has been documented to be largely anthropogenic [Ellsworth, 2013; Weingarten et al., 2015]. Many recent
CUS earthquake sequences have been linked to wastewater disposal [e.g., Keranen et al., 2013; Kim, 2013;
Rubinstein et al., 2014; Yeck et al., 2016], while a limited number of sequences have been linked to hydraulic
fracturing operations [e.g., Holland, 2013a; Friberg et al., 2014; Skoumal et al., 2015]. In Oklahoma, the link
between wastewater injection and seismicity is well documented [Keranen et al., 2014; Walsh and Zoback,
2015] and includes many notable sequences [see McNamara et al., 2015a]. For example, the 2011 Prague
M,, 5.7 earthquake, one of the largest historical earthquakes in Oklahoma, resulted in structural damage
and injuries and was linked to wastewater disposal [Ellsworth, 2013; Keranen et al., 2013; Sumy et al.,, 2014;
McNamara et al., 2015a]. The October 2014 Cushing sequence, which included two M,,>4 earthquakes,
had high correlation between daily wastewater injection volumes and daily seismicity and occurred beneath
the largest oil storage facility in the United States [McNamara et al., 2015b]. The hazard imposed by these
induced earthquakes can change rapidly [Petersen et al., 2016]; therefore, it is critical to rapidly and accurately
document potentially induced sequences.

On 13 February 2016, a M, 5.1 earthquake ruptured near Fairview, Oklahoma, southwest of a series of high-
rate (>300,000 barrels (bbls)/month) wastewater disposal wells (Figure 1). This was the largest earthquake in
the central and eastern United States since the 2011 M,, 5.7 Prague Oklahoma earthquake and is one of the
largest earthquakes in the Oklahoma historical record. Other moderate (M 5-6) Oklahoma earthquakes include
the 2016 M, 5.8 Pawnee earthquake and potentially the estimated M 4.8-M 5.7 1952 El Reno and the estimated
M4.9-5.7 1882 Fort Gibson earthquakes [Frohlich and Davis, 2002; Holland et al., 2013b; Petersen et al., 2014;
Hough and Page, 2015].

The Fairview main shock was felt throughout the CUS, with weak shaking reported at distant urban centers
including Dallas, Texas, and Kansas City, Missouri, and maximum reported U.S. Geological Survey (USGS) ‘Did
You Feel It" intensities of VII (very strong shaking) in the epicentral region (see acknowledgments and data).
This sequence included five M,, 4 or greater earthquakes prior to the M,, 5.1 main shock and represents a major
component of the total moment release in Oklahoma and Kansas since the increased rate of anthropogenic
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Figure 1. (a) Overview of the Fairview region. Class Il injection wells in the region (latitude: 36.326, 36.849; longitude:
—99.053, —98.349) are shown as blue squares, sized according to maximum injection rate in 2015. Gray circles denote
earthquake epicenters in the region from 1 January 2013 to 1 May 2016, with orange circles denoting the Fairview
sequence relocated in this study. NEIC reported single-event locations shown. Event relocations are shown in Figure 2.
Black arrows show schematic of the pore-pressure diffusion from high-rate wells. Red lines are known faults [Holland, 2015].
(b) Cumulative monthly injection rate of 79 wells operating in the Fairview sequence region (shown in Figure 1a) shown in
blue. For the same region, monthly count of earthquakes M3 or greater in USGS COMCAT catalog is shown in black.

earthquakes (Figure S1 in the supporting information). Three M,, 4 and greater earthquakes (M,, 4.4, M,, 4.7,
and M,, 4.4) occurred within a 4 h period on 7 January 2016, with a summed moment equivalent to that of a
M,, 4.9 earthquake.

2. Methods
2.1. Calibrated Multiple Earthquake Relocations

We use the hypocentroidal-decomposition (HD) multiple-event relocation algorithm [Jordan and Sverdrup,
1981] to improve upon USGS National Earthquake Information Center (NEIC) single-event relocations. The
HD method minimizes bias in event locations, using data to constrain both absolute and relative locations
and their associated hypocentral uncertainties. The HD method has been used extensively by NEIC to cre-
ate calibrated earthquake catalogs in a variety of tectonic settings [Hayes et al., 2013, 2014; Barnhart et al.,
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2014; McNamara et al., 2014, 2015a]. HD separates the multiple-event relocation into two independent
inversions; one locating earthquakes in a cluster relative to their hypocentroid and one locating the hypo-
centroid in an absolute sense. In order to estimate calibrated locations, we locate the hypocentroid using
only near-source observations (within 0.8°) thereby reducing bias introduced by unmodeled velocity struc-
ture and removing any issues introduced through inaccurate phase labeling near the Pg/Pn crossover. Our
velocity model was a modification of a model created to relocate events in the Prague, Oklahoma, earth-
quake sequence [McNamara et al., 2015a] and is primarily based on the western U.S. (WUS) velocity model
[Herrmann et al., 2011] (Table S1). We use arrival-time observations at distances up to 3 degrees to solve
for cluster vectors (defining locations and origin times relative to the hypocentroid), as relative locations
computed from differential times are less sensitive to bias introduced by velocity models [Wolfe, 2002].

Using the HD method with P- and S-wave arrival times we obtain high-precision epicentral locations for 575
earthquakes in the sequence, with precise hypocenter estimates for 367 aftershocks detected after the local
deployment of seismic stations. Prior to the local deployment directly following the February 13,2016, event,
there were no seismic stations closer than 25 km from the M,,, 5.1 epicenter making it difficult to compute accu-
rate earthquake source depths from arrival-time data alone. For 10 significant earthquakes, prior to the local
deployment, independent source depths were determined from regional moment tensors analysis.
Hypocenter-free depths were also estimated for these events by tying them to the HD relocation cluster of
events during the local deployment. Constraining depth for large events is especially important, as depth is
a key factor in understanding generated ground motions and stress-drop variations of induced earthquakes.

2.2. Regional Moment Tensor Solutions

We were able to compute regional moment tensor (RMT) solutions for 27 earthquakes using the procedure
outlined by Herrmann et al. [2011] (see acknowledgments and data). RMT analysis provides an estimate of the
strike, dip, and rake of the nodal planes, seismic moment, and depth of the best-fitting solution. RMT proces-
sing was primarily done in the pass band of 16-50 s but modified slightly to shorter periods for smaller events
(typically 10-33 s). We use the WUS velocity model [Herrmann et al., 2011], which predicts well Pg, Pn, Sg, and
Sn traveltime and observed surface-wave group velocities in the pass band of interest.

2.3. Stress Modeling

We compute the Coulomb failure stress change (ACFS) of the February M,, 5.1 earthquake in an effort to bet-
ter understand the primary rupture zone of the event in the context of its aftershocks. In order to estimate the
ACFS imposed from this event, we convert the regional moment tensor solution to uniform slip on a rectan-
gular finite fault, following Herman et al.[2016]. The fault dimensions are inferred from empirical relationships
between earthquake size and fault dimensions for subsurface strike-slip faults [Wells and Coppersmith, 1994].
Given the modeled moment of the earthquake and a circular crack model [Eshelby, 1957], a stress drop of
~0.4 MPa is implicitly assumed in the ACFS modeling. Under the assumption that the event occurred in an
elastic and isotropic half space, we are able to calculate the change in the stress field from the event following
the analytical expressions of Okada [1992]. We calculate the ACFS for a right lateral target fault matching the
average primary fault plane inferred from RMT solutions at a depth of 7.5 km, near to the average of the depth
of precise aftershock hypocenters. We compute the percentage gain of positively stressed aftershocks with
respect to a control set of foreshock earthquakes [e.g., Hayes et al., 2013] to test whether aftershocks occur
more frequently in regions of positive ACFS as compared to historical seismicity of the sequence. To compare
the rupture area delineated by aftershocks to the predicted rupture areas as a function of stress drop, we
assume the circular crack model of Eshelby [1957].

3. Seismic Characteristics of the Fairview Sequence

Precise earthquake relocations in the Fairview sequence delineate a fault striking approximately 40°
northeast (Figure 2a and Table S2), which is consistent with right-lateral strike-slip faulting as observed in
the RMT solutions (Figure 2a). Given the regional ENE maximum horizontal stress in the region, a strike-slip
fault of this orientation was previously considered either optimally oriented [Holland, 2013b] or “moderately”
optimally oriented to slip [Darold and Holland, 2015]. The Fairview sequence seismicity overlaps approxi-
mately 3km of a previously cataloged northeast-trending fault [Holland, 2015] (Figures 1a and 2a) and
extends northeast an additional 11 km beyond the mapped extent of this fault. Extending the length of
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Figure 2. (a) Relocated earthquakes in the Fairview sequence (April 2013 to 1 May 2016) are shown in map view as circles, including earthquakes prior to the 13
February M,, 5.1 event (gray) and those after (orange). Locally deployed USGS stations [ASL/USGS, 1980] are shown as red triangles. Regional moment tensor
solutions are shown for events greater and equal to M,,, 4.4, connected by a solid black line to the relocated earthquake location. Locations of cross sections shown in
Figures 2b and 2c are marked as dotted lines. Mapped Oklahoma faults are shown in red [Holland, 2015]. Off map other regional moment tensors shown. (b, c¢) Cross
sections of relocated aftershocks of the 13 February M, 5.1 earthquake with good depth controls. Profile locations are shown in Figure 2a. Dotted black line shows
approximate depth to basement. (Figure 2b) A cross-sectional profile perpendicular to strike of the inferred fault that shows the dip of fault. The average dip of
RMT solutions is shown as a dashed line. The profile view of the RMT for the 13 February M 5.1 is shown. (Figure 2¢c) A cross-sectional profile along strike of the inferred
fault. The empirically estimated rupture area of the fault is shown as gray shaded region [Wells and Coppersmith, 1994]. Circular crack sizes given assumed stress drops
are shown as black-dashed lines [Eshelby, 1957].
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the known fault trace has direct implications on the hazard imposed by this sequence, because, while event
nucleation of induced earthquakes may be controlled by injection, maximum magnitudes may have tectonic
controls [van der Elst et al., 2016]. The ramification of extending the understood length of a near optimally
oriented fault is to increase the potential hazard imposed by the sequence.

Earthquakes clearly delineate an approximately 70° southeast-dipping fault structure, consistent with the
RMT modeled dip of the inferred nodal plane of the 13 February M,,5.1 earthquake (Figures 2a and 2b).
Earthquake source depths show that most of the seismicity occurs in the basement at depth of 6-9 km
below mean sea level, roughly 3.5-6.5km below the Arbuckle-Precambrian interface (~2.5 km) [Campbell
and Weber, 2006]. The relocated depth of the 13 February M,, 5.1 is 9.1+ 1.0 km, placing the largest event
in the sequence at the base of the seismicity (Figures 2b and 2c). This observation is in accordance with
the idea that larger earthquakes nucleate at greater depth [Das and Scholz, 1983], possibly due to an increase
in shear resistance and strain energy with depth [Sibson, 1982]. Once an event nucleates in a region of
relatively high shear resistance, it is able to rupture the shallower, lower shear-resistant updip portions of
the fault [Lapusta et al., 2000].

Relocated hypocenters are in good agreement with RMT solutions. Our preferred rupture plane for the RMT
solution for the 13 February M,, 5.1 earthquakes has a strike of 48° and a dip of 70°. The average preferred
strike and dip of our RMT solutions is 46° and 79°, respectively. While the slight variation in the inferred strike
of the causative fault between the hypocenter observations (40°) and RMT solutions (46°) may be partially a
result of bias from unmodeled seismic velocity structure, the inferred strike and dip in the RMT solutions is
more consistent with an optimally oriented fault structure [Holland, 2013b; Darrold and Holland, 2015].

While seismicity is occurring on an approximately 14 km long fault segment in the crystalline basement, the
majority of aftershock seismicity occurs on a 6 km long portion of the fault, primarily southwest of the M,, 5.1
epicenter. Northeast of the main shock, there is a decrease in seismicity for approximately 4 km to the north-
east of the M5.1 earthquake (Figure 2c). After this aseismic zone, there is a slight increase in > M2.5 seismicity
on the northeasternmost portion of the active fault structure (Figures 2a and 2c). The aseismic zone seen in
Figure 2c may represent the primary rupture area of the 13 February M,, 5.1 events, as aftershocks are com-
monly observed surrounding major slip patches [e.g., Beroza and Zoback, 1993]. The spatial distribution of
seismicity suggests that the M,, 5.1 earthquake ruptured to the northeast, with seismicity to the southwest
and northeast of this rupture patch being a response to stress loading near the ends of the rupture plane.
A rupture area of 14.8km? (3.9 km x 4.1 km) is predicted for a strike-slip earthquake of this size [Wells and
Coppersmith, 1994], which is consistent with the observed aseismic region (Figure 2c).

Modeling ACFS from the M,, 5.1 Fairview event in relation to aftershock locations is consistent with rupture
occurring within this aseismic zone (Figure 3). Due to the stress change imposed by the rupture of the
M,, 5.1, it is expected that aftershock locations should correspond with positive ACFS. Modeling Coulomb
stress change for relatively small earthquakes is often reliant on RMT solutions, as finite fault models are
difficult to constrain. Without a finite fault model, it is common to assume that a hypocenter location is the
center of the fault rupture zone [e.g., Herman et al., 2016]. If we center the rupture zone of the Fairview main
shock around its relocated hypocenter, we observe a 20% gain in positively Coulomb stressed aftershocks as
compared to prior seismicity, with many aftershocks occurring in regions of negative ACFS (Figure S2). If we
instead assume aftershocks delineate the rupture zone, we observe a 20% decrease of positively stressed
aftershocks (Figure S2). Our preferred model is that the aseismic region of aftershocks northeast of the 13
February 2016, M,, 5.1 earthquake represents the rupture zone, and that its relocated hypocenter marks
rupture initiation on the downdip, southwestern edge of the rupture zone. This rupture scenario results in
a 32% gain of positively Coulomb stressed aftershocks (Figures 3 and S2) and therefore is the best fit of these
three scenarios.

Given this rupture scenario, we can evaluate the spatial-temporal evolution of the Fairview sequence. A single
M 2.4 earthquake was reported in the Oklahoma Geological Survey earthquake catalog in 2005 (see acknowl-
edgments and data). The sequence primarily began in mid-2013 with limited seismicity through most of 2015.
Thefirst M, 4 earthquake occurred in November 2015, marking an increase in seismicity along the fault. In early
2016, seismicity began to occur partially in the region we interpret as the rupture zone of the M,,, 5.1 earthquake
(Figures 2 and S3). This suggests that foreshocks to the M,, 5.1 event were partially delineating the future rup-
ture location of the earthquake. We compare the inferred rupture area of the M,, 5.1 to the circular crack size
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Figure 3. Coulomb failure stress change (ACFS) models from the rupture of the 13 February M,, 5.1 earthquake for our
preferred rupture scenarios shown. Fault geometry and magnitude estimated from regional moment tensor solution.
Fault size estimated using the relationships of Wells and Coppersmith [1994]. Aftershocks are shown as gray circles. Mapped
faults shown as black lines [Holland, 2015].

predicted given the estimated moment release from the RMT for a range of stress drops (Figure 3b). A stress
drop range of 0.5-1.0 MPa fit our observations.

3.1. Potential Anthropogenic Sources of Sequence

3.1.1. Wastewater Injection

Class Il wastewater disposal in the Fairview region (defined in Figure 1) began as early as the mid-1990s
(Figure 1), though it is possible that disposal occurred earlier, as records prior to the mid-1990s are incom-
plete. In the early years of reported injection, fewer than 10 wells operated in the ~3600km? region.
Through the end of 2005, the combined monthly injection rate of all disposal wells in the region was low,
staying below 81,000 barrels per month. From the beginning of 2012 through the beginning of 2015, injec-
tion increased sevenfold, rising from approximately 2.2 x10° bbl/month to 15.3 x10° bbl/month (Figure 1b).
Injection expanded to 58 wells in the Fairview region (defined in Figure 1) in 2015 with nearly 90% of all injec-
tion occurring at 26 high-rate wells (Figure 1a). Five of these high-rate wells had monthly rates of injection
exceeding 1x10° barrels per month in 2015 (Figure 1a).

While the five closest injection wells, operating between 8 and 12 km from the main shock epicenter, all had
average rates less than 35,000 bbl/month in 2015, the temporal onset of regional high-rate injection corre-
lates well with the onset of seismicity in the Fairview sequence. Most wastewater injection wells in the region
operate in the deepest sedimentary stratigraphic unit, the Arbuckle Group [Morgan and Murray, 2015]. High-
rate injectors typically operate at very low injection pressures in the Arbuckle, mostly between 0 and 2 MPa
when accounting for wellbore friction, indicating high-reservoir permeability and the potential to transmit
fluid pressure over great distances [Oklahoma Corporation Commission Imaging Web Application, 2016]. In
addition, the Arbuckle Group is likely hydraulically connected to the Precambrian basement through perme-
able fractures and faults as has been shown in other regions of Oklahoma with similar stratigraphy [Keranen
et al,, 2014]. Assuming reservoir hydraulic diffusivities in the range between 1 and 10 m?/s, the sevenfold
increasein the region’s injection rates by mid-2014 could produce fluid pressure changes 12+ km away by mid-
dle to late 2015. This range is typical of hydraulic diffusivities worldwide and within Oklahoma in regions of
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induced seismicity [Talwani et al., 2007; Keranen et al., 2014]. The timing of the ramp up in the Fairview region'’s
injection rates, and reasonable temporal delay under the observed spatial distance, suggests that wastewater
injection may have triggered the Fairview sequence, including the M,, 5.1 13 February 2016 Fairview main
shock. This spatiotemporal correlation is strong evidence for injection as the anthropogenic source of these
earthquakes when combined with one of the known causal mechanisms of induced seismicity: the reduction
of effective stresses on preexisting faults [Ellsworth, 2013]. Hydromechanical modeling may be used to further
evaluate effective stress changes in the Fairview region.

Under the assumption that Fairview seismicity was tied to these distant injectors, the Oklahoma Corporation
Commission (OCC) took action to reduce injection rates. Following the 7 January sequence of three M,, > 4
earthquakes, OCC implemented a reduction in injection rates on average by 18% for 27 wells in the
Fairview Region (see acknowledgments and data). The wells affected by this reduction primarily were located
15 km or greater away from the Fairview sequence to the northeast. The OCC based this order in part on the
suggestion that the January seismicity may have occurred in response to a spike in Arbuckle injection
following power restoration after an outage caused by an ice storm during the week of 4 January 2016
(see acknowledgments and data).

Given that the distance between most injection wells and earthquakes ranged from 8 to 30 km, and given
that there was a delay of only a few days between earthquakes and the power restoration, we compute
the required hydraulic diffusivities to affect fluid pressures in the area of the Fairview earthquakes.
Calculated diffusivities between 250 and 3500 m*/s would be required for the power outage-related spike
in injection to have significantly influenced the earthquake region. This calculated range of diffusivities is
~1-3 orders of magnitude greater than the largest diffusivities observed in the majority of previous case stu-
dies of induced seismicity referenced above [Talwani et al., 2007]. Hence, we conclude that changes in opera-
tional parameters during and after the power outage are unlikely to be responsible for the earthquake
sequence. This also leads us to conclude that sporadic daily variation in well operations did not have a pro-
minent effect on seismicity rates in the sequence. Instead, the longer-term monthly to annual operation of
these wells is the key factor in increasing pore pressures at depth.

3.1.2. Hydraulic Fracturing

We examined spatial-temporal data on hydraulic fracturing operations in the Fairview region to assess any
potential correlation. Hydraulic fracturing stimulation typically involves injection over several hours up to
several days and is significantly smaller in total injected volume than typical wastewater injection
[Rubinstein and Mahani, 2015; Lee et al., 2016]. Case studies of hydraulic fracturing induced-seismicity show
earthquakes typically occur within 1-2 km in plan view and either during stimulation period or up to hours
to days after the stimulation [Holland, 2013a; Friberg et al., 2014; Skoumal et al., 2015].

From 1 January 2015 to 1 May 2016, nearly 200 hydraulic fracturing stimulations were carried out in the
Fairview region (Figure S4). No stimulation occurred within 8 km of the Fairview main shock epicenter at
any time in the year prior to rupture (Figure S4a). In the 2 months leading up to rupture, no stimulations
occurred within 17 km of the main shock epicenter, and the closest operation on the day of rupture was
26 km away (Figure S4b). Based on close spatial and temporal relationships observed in other sequences
linked to hydraulic fracturing, we conclude there is no evidence of a correlation between hydraulic fracture
stimulation and the Fairview sequence.

3.1.3. Production

Hundreds of gas production wells are located in the Fairview region (Figure S5), primarily producing from the
Oswego and Mississippi Lime formations (informal names [Murray, 2015]) that are stratigraphically shallower
than the Arbuckle injection interval. While production wells appear spatially correlated with Fairview seismicity,
there are a few distinguishing features that make it unlikely that gas production significantly contributed to the
induced sequence. First, gas production peaked in December 2008 and has since declined, currently at its low-
est levels since 1998 (Figure S5). Second, the relatively shallow gas extraction would likely require a poroelastic
mechanism to induce earthquakes, as a reduction in fluid pressure would increase effective stresses on faults
[Segall, 1989]. Production-related poroelastic stress changes depend on their relative location to faults and fault
orientations. However, production-related stress changes would be less likely to trigger the strike-slip faults of
the Fairview sequence as the mechanism dominantly effects stress changes on normal and reverse faults
[Chang and Segall, 2016]. Finally, the lack of seismicity in the 8years between peak gas production and
Fairview seismicity is far too long to suggest a production-related mechanism. The timescale of the
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production-related poroelastic mechanism would be much shorter than the observed 8 year delay between
peak gas production and Fairview seismicity. Data on oil production in the region were not available at the
individual well level for recent years; however, the same mechanistic discussion above applies to oil produc-
tion. Based on our observations, production in the region is an unlikely trigger for the Fairview sequence.

4. Discussion

It is notable that the Fairview earthquake sequence occurred 12-20 km from high-rate disposal wells, sug-
gesting that the long-term operation of the wells and subsequent far-field pressurization led to effective
stress changes necessary to induce these earthquakes. In addition, seismicity directly surrounding high-rate
wells to the northeast (Figure 1) is diffuse as compared to the Fairview sequence, hosting no earthquakes of
comparable size to the M,, 5.1 Fairview event, even though optimally oriented faults are mapped in the
region directly surrounding these wells [Darold and Holland, 2015] (Figure 1a). Assuming a simple, homoge-
neous permeability structure in the region, it is expected that the maximum pore-pressure perturbation from
the high-rate wells would be in their immediate vicinity. We therefore do not observe a correlation between
absolute pore-pressure change and large magnitude-induced seismicity. Instead, the fact that the Fairview
sequence occurs distant from the wells emphasizes the critical role preexisting geologic structures play in
the scale of induced earthquake sequences. The faults near the high-rate wells may be too small to host large
events or may be poorly oriented given the state of stress in the crust. Heterogeneous permeability structure
can also add to the spatial variability observed in induced earthquake locations [e.g., Hornbach et al., 2016;
King et al., 2016]. Because faults are often mapped in sedimentary rocks, do not contain dip information,
and many fault characteristics are unknown, it is difficult to determine which distinct traits led to the
energetic Fairview seismicity.

The Fairview M,, 5.1 and many of the larger earthquakes in the sequence nucleated near the base of the seis-
mogenic zone (Figure 2c). This observation is similar to that of other large earthquakes in the region. For
example, the largest recorded earthquake in Kansas, the induced Milan M4.9 2014 earthquake, also nucleated
near the base of the earthquake sequence [Choy et al., 2016]. Earthquake relocations of the induced 2011
Prague, OK, earthquake show that large events locate deeper in the earthquake sequence, though the depth
of the M,,, 5.7 was poorly constrained from arrival-time observations [see McNamara et al., 2015a, supporting
information]. The potential role event-depth plays in nucleating larger-induced earthquakes warrant
further investigation.

5. Conclusions

The 13 February M 5.1 Fairview earthquake is the largest earthquake induced by wastewater injection in
Oklahoma since the 2011 M,, 5.6 Prague event and one of the largest earthquake sequences induced by
wastewater disposal to date. We find the following:

1. Earthquakes primarily occur in the basement, at depths of 6-9 km, roughly 3.5-6.5 km below the Arbuckle
Group in which wastewater injection is occurring throughout the region.

2. Earthquakes occur on a 14km long segment, partially on a previously unmapped fault segment. The
majority of seismicity occurs on a 6 km portion of the fault on its southwestern end. Hypocenter and
RMT data show the fault strikes and dips between approximately 40°-48° and 70°-80°, respectively.

3. Aftershocks delineate an aseismic region that may represent the major rupture zone of the M,, 5.1 earth-
quake. This inferred main shock rupture zone predicts increases and decreases in Coulomb failure stresses
that agree with observed aftershock locations.

4. Clustered, high-rate injection 12+ km northeast of the sequence is the most likely anthropogenic source
thatinduced these earthquakes. This conclusion is based on the spatiotemporal correlation between injec-
tion and earthquakes combined with the well-known causal mechanism of effective stress change on
faults. The Fairview sequence acts as a case example of the far-reaching impact of wastewater injection.

The fact that seismicity is diffuse near the high-rate wells, and the Fairview sequence occurs at a relatively
large distance from the wells, points to the critical role preexisting, though possibly unknown, fault
structures play in inducing large events. The rapid deployment of seismic stations allowed for the precise
relocation of earthquakes. High-quality data sets such as these are crucial when trying to constrain the
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