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Abstract Induced seismicity has expanded into south‐central Kansas, an area with rare damaging
natural earthquakes, leading to the second‐highest seismicity rate in the central United States after
Oklahoma. Here we assess the mechanical effects of large‐scale injection in the combined area of western
Oklahoma and southern Kansas during 2010–2018 and its link to the observed seismicity using
physics‐based hydromechanical and seismicity rate models. Suchmodels link injection operations to seismic
hazards and allow solving for the spatially variable distribution of background seismic productivity that
yields an acceptable match between the observed and modeled seismicity. We show that injection in
Oklahoma amplifies the total Coulomb stress change and seismicity rate by 1.5‐fold and threefold,
respectively, in south‐central Kansas. This cross‐border interaction modulates the annual earthquake
probability in Kansas. We conclude that the issue of induced seismicity is not a local problem due to the
far‐reaching effects of fluid diffusion.

1. Introduction

A large body of evidence suggests that the sharp increase in the number of earthquakes in the eastern and
central United States over the past decade is linked to the large volume of deep waste fluid disposal
(Ellsworth, 2013; Rubinstein & Mahani, 2015). States experiencing the issue of induced seismicity include
Oklahoma (Keranen et al., 2014), Texas (Frohlich, 2012), Colorado (Ake et al., 2005; Block et al., 2014;
Yeck et al., 2014; Yeck et al., 2016), Arkansas (Horton, 2012), Ohio (Kim, 2013), New Mexico (Rubinstein
et al., 2014), and California (Goebel et al., 2016). This issue has extended to Kansas, an area with a low risk
of damaging natural earthquakes with a historical average of one M3.0+ earthquake every 1 to 2years
(Peterie et al., 2018; Rubinstein et al., 2018). The rapid increase of seismicity since 2014 in south‐central
Kansas correlates with the regional growth of fluid injection into the Cambrian‐Ordovician Arbuckle
Group (Peterie et al., 2018). This seismic activity makes Kansas the state with the second‐highest seismicity
rate in the central United States. TheMilanMw4.9 earthquake in 2014 highlights the elevated seismic hazard
in Kansas due to fluid injection (Choy et al., 2016; Hearn et al., 2018).

The underlying mechanism of injection‐induced seismicity is well known. Fluid injected into the disposal
formation diffuses in the medium and increases the pore pressure and creates poroelastic stresses, reducing
frictional strength on faults and bringing them closer to failure (Healy et al., 1968; Raleigh et al., 1976).
Although direct observation of subsurface pressure change is limited, this mechanism is supported by
numerical simulations (Fan et al., 2016; Keranen et al., 2014; Shirzaei et al., 2016). Monitoring of
Arbuckle formation pressure provides strong evidence linking the fluid injection and induced seismicity
within the U.S. midcontinent through pore pressure changes (Ansari et al., 2019; Barbour et al., 2019;
Kroll et al., 2017; Peterie et al., 2018). However, the relationship between fluid injection and pore pressure
evolution is complex in time and space (Zhai et al., 2019; Zhai & Shirzaei, 2018). The spatiotemporal evolu-
tion of pore pressure and poroelastic stresses depends on several factors including the location, depth, and
volume of injection wells as well as hydrogeological properties of the permeable reservoir (Zhai et al.,
2019; Zhai & Shirzaei, 2018), which can be estimated using seismic and geodetic observations (Shirzaei
et al., 2019).

Peterie et al. (2018) investigated bottom‐hole pressure data in southern Kansas and showed that starting in
2011, formation pressures begin to increase suddenly despite the near‐steady rate of injection. They also

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH LETTER
10.1029/2019GL085705

Key Points:
• Unified hydromechanical model to

reproduce and forecast induced
seismicity for western Oklahoma
and southern Kansas

• The state of stress and seismicity rate
in Kansas are modulated by
injection in Oklahoma

• The probability of large earthquakes
in Kansas is exacerbated by the
hydromechanical interaction with
fluid injection in Oklahoma

Supporting Information:
• Supporting Information S1

Correspondence to:
G. Zhai,
gzhai@seismo.berkeley.edu

Citation:
Zhai, G., Shirzaei, M., & Manga, M.
(2020). Elevated seismic hazard in
Kansas due to high‐volume injections
in Oklahoma. Geophysical Research
Letters, 47, e2019GL085705. https://doi.
org/10.1029/2019GL085705

Received 4 OCT 2019
Accepted 25 FEB 2020
Accepted article online 29 FEB 2020

ZHAI ET AL. 1 of 11

https://orcid.org/0000-0003-0827-2089
https://orcid.org/0000-0003-0086-3722
https://orcid.org/0000-0003-3286-4682
https://doi.org/10.1029/2019GL085705
https://doi.org/10.1029/2019GL085705
http://dx.doi.org/10.1029/2019GL085705
http://dx.doi.org/10.1029/2019GL085705
http://dx.doi.org/10.1029/2019GL085705
mailto:gzhai@seismo.berkeley.edu
https://doi.org/10.1029/2019GL085705
https://doi.org/10.1029/2019GL085705
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL085705&domain=pdf&date_stamp=2020-03-10


noticed a northward propagation of seismicity. These observations suggest that the pressure rise may not be
solely due to local injection and may be influenced by fluid migration from the distant, high‐volume injec-
tion wells located near the Oklahoma‐Kansas border region, nearly 90 km away (Peterie et al., 2018). Kansas
thus provides an opportunity for studying the impact of distant fluid injection on regional induced
seismicity.

Previous studies have focused on the pore pressure and poroelastic stress perturbations within 40 km of
injection wells, resolving the first‐order correlation between pore pressure and stress changes and the occur-
rence of isolated earthquake swarms or sequences (Goebel et al., 2017; Keranen et al., 2014). However, a
quantitative study of the impact of distant injections on the local induced seismic hazard is needed. Here,
we compile the injection, seismicity, and hydrogeological data for the combined area of western
Oklahoma and southern Kansas during 2010–2018. We apply a physics‐based induced seismicity forecasting
framework to construct a unified hydromechanical model to simulate the seismicity rate within the study
area caused by fluid injection. Using this model, we evaluate the impact of the far‐field injections in western
Oklahoma on seismic hazard in south‐central Kansas.

2. Data Sets
2.1. Fluid Injection

We compile reported wastewater injection data for 668 Class II injection wells within western Oklahoma
and southern Kansas, distributed by the Oklahoma Corporation Commission and the Kansas Corporation
Commission. A large amount of saltwater, coproduced from oil and gas production, was injected into the
Cambrian‐Ordovician Arbuckle formation during 2010–2018 with a total volume of 5.87 × 108 m3.
Figure 1a shows the Arbuckle well locations, with 325 and 343 wells within Oklahoma and Kansas, respec-
tively. The injection rate shows substantial spatiotemporal variability (Figures 1a and 1b). Note that most
high‐volume injection wells are within Oklahoma rather than Kansas (Figure 1a). The total injection
volume in Oklahoma is ~2.8 times that in Kansas for the period of 2010–2018, while that value is ~3.3 for
2014–2016, during which seismicity peaks in Kansas (Figure 1b). The injection rate starts to increase in
2012 and peaks in early 2015. It then decreases to a level determined by the injection reduction plan in
response to increased seismicity in both Oklahoma and Kansas. The coincidence of injection and seismicity
increase suggests a causal link (Peterie et al., 2018).

We note that the injection volume is reported monthly in Oklahoma, while that in Kansas before 2015 is
accessible online as yearly. To construct a unified hydrogeological model due to fluid injection within the
combined region, as a first‐order approximation, we calculate the average monthly injection rate from the
yearly reported values in Kansas during 2010–2014.

2.2. Seismicity

The seismicity catalogs are obtained from the Kansas Geological Survey (KGS) and Oklahoma Geological
Survey (OGS) from 2010 to 2018. Both Kansas Geological Survey and Oklahoma Geological Survey catalogs
have the same magnitude of completeness of ~M2.0 (Supporting Information Figure S2). Despite the fact
that different earthquake catalogs may use different magnitude scales, the empirical scaling indicates that
such differences are small (Al‐Ismail et al., 2019).

The recorded seismicity contains both injection‐induced earthquakes as well as their aftershocks. To focus
on earthquakes linked directly to injection operations, we use the algorithm of Reasenberg (1985) for earth-
quake catalog declustering to remove dependent earthquakes (Figure S1). Due to the spatial proximity of
Kansas and Oklahoma, the parameters associated with the declustering algorithm are chosen following
the previous study of induced seismicity in Oklahoma (Zhai et al., 2019). The declustering procedure reduces
the total earthquake counts and seismic moment in Kansas and Oklahoma by ~63% and 40%, respectively,
but the earthquake magnitude of completeness remains unchanged and is ~ M2.0 (Figures S2). Thus, we
only use declustered M2.0+ earthquakes for further analysis. In Kansas, most induced earthquakes occur
within the south‐central region (Peterie et al., 2018). Figure 1c shows the distribution of declustered seismi-
city in this region with a focus on Sumner and Harper counties. Noteworthy, during the study period is the
2014 Mw4.9 Milan earthquake.
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3. Hydromechanical and Seismicity Rate Models

To establish the link between injection operations and seismicity, we use a physics‐based induced earth-
quake forecasting framework, which has been used to investigate induced seismicity in Texas and
Oklahoma and to evaluate the time‐dependent seismic hazards due to fluid injection (Zhai et al., 2019;
Zhai & Shirzaei, 2018). In this approach, the process of fluid diffusion in a poroelastic medium is linked
to the mechanism of earthquake nucleation on a prestressed fault.

3.1. Hydromechanical Model

Based on the regional hydrogeological setting within the combined area of western Oklahoma and southern
Kansas, we set up a poroelastic Earth model with four significant layers, including a shallow aquifer, shale,

Figure 1. (a) Spatial distribution of Class II injection wells (blue squares) scaled with average monthly injection volume. Black triangles indicate the two Class I
well locations that monitor bottom‐hole pressure. Black rectangle indicates the area of south‐central Kansas. Red rectangle in the inset shows the combined
area of western Oklahoma and southern Kansas. (b) Time series of monthly M2+ earthquake number (black: original catalog from Oklahoma and Kansas
Geological Survey; and blue: declustered catalog) in south‐central Kansas and monthly injection volume for southern Kansas wells, western Oklahoma wells, and
their addition. Kansas injection time series prior to 2015 is downsampled and reported as annual averages. (c) Spatial distribution of declustered M2+
earthquakes in south‐central Kansas. Blue star shows the 2014 Milan Mw4.9 earthquake. Inset shows semiannual number of declustered M2+ earthquakes within
south‐central Kansas. (d) Distribution of pore pressure change scaled with friction coefficient (Table S2) during 2010–2018. (e) Coulomb stress change due to
poroelastic stresses during 2010–2018. (f) Total Coulomb stress change due to both pore pressure change and poroelastic stress change. The detailed spatial and
temporal evolution of pore pressure and poroelastic stress is shown in Figures S5 and S6.
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the Arbuckle formation, and a granite basement (Text S1 and Figure S3). Each layer is characterized by five
hydrogeological parameters shown in Table S1. The associated parameter values are constrained based on
rock properties (Perilla‐Castillo, 2017; Wang, 2000), seismic velocity (Chen, 2016; Christensen, 1996), and
seismicity migration (Peterie et al., 2018). The relative distance between injection depth and the basement
interface is a crucial factor controlling induced seismicity (Hincks et al., 2018) and is calculated using
Arbuckle well log, depth, and isopach information (Campbell & Weber, 2006; Franseen et al., 2004;
Franseen & Byrnes, 2012). The unified, curved Arbuckle‐basement interface within Oklahoma and
Kansas is approximated using a polynomial function (Figure S4). The relative distance between injection
well‐bottom depth and basement interface is used to determine the injection depth within the layered por-
oelastic model (Figure S3). We use the numerical solution provided byWang and Kümpel (2003) to simulate
the spatial and temporal evolution of poroelastic stresses and pore pressure due to fluid injected into the iso-
tropic, layered poroelastic half‐space. Since we use a linear poroelastic model, we can superimpose the solu-
tions from all injection wells. Considering that the basement faults penetrate into the overlying permeable
Arbuckle formation (Kolawole et al., 2019) and host fast fluid flow (Chang & Yoon, 2018; Hearn et al.,
2018; Scibek et al., 2016), we estimate the changes of pore pressure and poroelastic stresses due to fluid injec-
tion at the Arbuckle‐basement boundary. More information is provided in Text S1.

3.2. Earthquake Nucleation Model

We employ a rate‐and‐state earthquake nucleation model to simulate the evolution of seismicity rate along
faults in response to Coulomb stress changes (Dieterich, 1994; Heimisson & Segall, 2018; Segall & Lu, 2015).
This model calculates the expected number of earthquakes relative to the background rate as a function of
time due to stress perturbations on a given fault:

dR
dt

¼ R
ta

_τ
_τ0
−R

� �
; (1)

where R is the seismicity rate relative to the background rate; _τ0 is the background stressing rate; ta ¼ Aσ
_τ0

is

the characteristic relaxation time; A is a constitutive parameter in the rate‐and‐state‐dependent friction law
(Dieterich, 1994);σ is the background effective normal stress; and _τ is the Coulomb stressing rate time series.
In addition, we include a critical time tcrit to account for the Arbuckle pressure deficit prior to the observed
seismicity increase following Zhai et al. (2019).

The Coulomb stressing rate is computed using the stress and fluid pressure from the poroelastic model,
which are spatially and temporally variable (see section 3.1). To calculate the normal and shear components
of the stress tensor on faults, we use a receiver fault geometry consistent with that of the 2014 Mw4.9 Milan
earthquake, which is also compatible with the regional tectonic stress field and mapped fault distribution
(Schoenball & Ellsworth, 2017). The background stressing rate _τ0 is based on the geodetic study of strain
within the Northern American Plate (Calais et al., 2006). The value of Aσ is set following that proposed
by Segall and Lu (2015). The model parameters are provided in Table S2.

3.3. Earthquake Magnitude‐Time Simulation

Combining the seismicity rate model and Gutenburg‐Richter law, we simulate an earthquake
magnitude‐time distribution over a particular area and then compare it with observations. The earthquake
count per unit area, per unit time, t, per unit magnitude, M, at a specific location x is given by

R x; t;Mð Þ ¼ ln 10ð Þk xð Þb10− bMR x; tð Þ; (2)

where a and b are two parameters associated with the Gutenberg‐Richter frequency‐magnitude distribution

and k(x) is the background seismicity rate defined as 10a
S × t, where S is area. Here, a is location dependent, and

we assume spatially constant b value, which is set to 0.93, supported by declustered seismic catalog of the
study area (Figure S2). The total number of earthquakes per unit time per unit magnitude is given by inte-
grating over area, S:

R t;Mð Þ ¼ ∫SR x; t;Mð Þdx: (3)

Next, we simulate the magnitude‐time distribution governed by the function R(t,M). To this end, we discre-
tize the interval, t, intoNt bins of lengthΔt. We also define the minimum andmaximummagnitudes ofMmin
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andMmax to mimic a probability distribution. We setMmin to 0 and Mmax to 10 and for each period [ti ti+1],
we calculate the total number of earthquakes:

N tið Þ ¼ ∫
Mmax

Mmin
∫
tiþ1

ti
R t;Mð ÞdtdM: (4)

We next define a cumulative probability distribution as a function of earthquake magnitude:

P M; tið Þ ¼ 1−
∫
Mmax

M ∫
tiþ1

ti
R t;Mð ÞdtdM

∫
Mmax

Mmin
∫
tiþ1

ti
R t;Mð ÞdtdM

: (5)

We randomly sample this distribution over each interval [ti ti+1] for N(ti) earthquakes and iterate over the
entire observation period to determine the magnitude‐time distribution.

4. Results
4.1. Hydromechanical Modeling and Seismicity Rate

We use the records of saltwater injection volume at 668 wells within western Oklahoma and southern
Kansas as input to the poroelastic model. We simulate the spatial and temporal evolution of pore pressure
and poroelastic stresses for the period 2010–2018. The obtained pore pressure and poroelastic stress models
are then used to calculate the time series of changes in the Coulomb failure stress. Next, we apply the rate‐
and‐state‐dependent earthquake nucleation model (equation (1)) to estimate the time‐dependent seismicity
rate changes. The model parameters are listed in Tables S1 and S2. Figures 1d–1f show the cumulative
changes in pore pressure, poroelastic stresses, and Coulomb failure stress within the combined area of wes-
tern Oklahoma and southern Kansas during 2010–2018. The snapshots of annual changes are shown in
Figure S5. They show an increasing rate that peaks in 2017, followed by a decaying trend (Figure S6). The
contribution of pore pressure change dominates the change of Coulomb failure stress. Also, two Class I wells
in the study area (Figure 1a) measure the well‐bottom pore pressure (Ansari et al., 2019), which can be used
to validate the simulated pore pressure changes. We find a reasonable agreement at well KS‐01‐077‐002
(Figure S7a). However, at well KS‐01‐173‐002 (Figure S7b), the magnitude of simulated pore pressure change
is about eight times smaller than that observed. These observations are further discussed in section 5.1. The
computed seismicity rate, informed by the Coulomb stressing rate (equation (1)), peaks in mid‐2015
(Figures S5 and S6), consistent with the temporal pattern of injection volume (Figure 1b). The seismicity rate
snapshots show outward propagation with a decreasing amplitude following large injection rate reduction at
high‐volume wells.

4.2. Calibration of k Value

As seen in Figure 2a, there is a correlation between the location of observed seismicity and that predicted
from the seismicity rate model. However, there are zones with a predicted seismicity rate increase but no
observed seismicity. To simulate an earthquake catalog, our model requires an estimate of background seis-
micity rate and predicted seismicity rate change. For the study area, we can assume that the background
stressing rate is uniform (Levandowski et al., 2018). Therefore, we suggest that the apparent discrepancy
between the simulated relative seismicity rate and observed seismicity is due to spatially variable back-
ground seismicity. We can use this discrepancy to estimate the spatially variable k value across the study
region, mapped on to the grid used for hydromechanical modeling (section 3.1). We consider the area within
a 10‐km radius from the center point of each grid cell and compare the number of observed and simulated
earthquakes. We assume an unknown k for each circular zone and integrate the right side of equation (2)
over its area and the entire observation period of 2010–2018 for magnitudes larger than M2.0, namely, the
magnitude completeness of seismic catalog (see Figure S2). This operation ensures that the simulated rela-
tive earthquake rate times the unknown k equals the number of observed earthquakes and thus the k value
can be estimated for that zone. Figure 2b shows the spatial distribution of the log‐transformed k value, which
can be used to simulate the earthquake magnitude‐time distribution.
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4.3. Earthquake Magnitude‐Time Distribution

The Gutenberg‐Richter law that characterizes background seismicity before fluid injection and the relative
seismicity rate change obtained from hydromechanical simulations allow us to simulate the earthquake
magnitude‐time distribution. In addition to induced earthquake frequency, our method (see section 3.3)
can reproduce the time dependence of earthquake magnitude, which is the starting point for time‐varying
induced earthquake hazard assessment. Figures 2c and 2e show the observed earthquake‐time distribution
and that simulated using the distributed k values and relative seismicity rate. The temporal evolution of
seismicity in terms of earthquake magnitude and frequency is reproduced (Figures 2c–2f), and the total
number of earthquakes is similar. A peak in 2015 characterizes both observed and simulated
magnitude‐time distributions.

Figure 2. (a) Spatial distribution of observed declustered M2+ earthquakes and temporally average simulated relative seismicity rate for western Oklahoma and
southern Kansas. (b) k‐value distribution obtained by comparing the observed and simulated seismicity rate for western Oklahoma and southern Kansas.
(c, e) The observed (panel c) and simulated (panel e) earthquake magnitude‐time distributions for the combined area. (d, f) The observed (panel d) and simulated
(panel f) earthquake histogram and earthquake count probability density for the combined area. The black curves are probability densities of earthquake number
calculated from the earthquake histograms.
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5. Discussion

To assess future seismic hazard, we need to understand the sensitivity of our results to model parameters,
evaluate the role of distant injection, and compute the expected magnitude of induced earthquakes.
Seismic hazard is a forecast of seismic ground shaking intensity at a specified site during an interval of time,
which is linked to earthquake probability and ground motion equations (Baker, 2015). Thus, earthquake
probability can be a first‐order manifestation of seismic hazard, whose conversion to the ground motion
probability is straightforward (Baker, 2015).

5.1. Model Uncertainties

Although our model successfully reproduces the time series of pore pressure change during 2010–2018 at
Class I well KS‐01‐077‐002 (Figure S7a), the simulated pore pressure change at Class I well KS‐01‐173‐002
is eight times smaller than that observed (Figure S7b). This underestimate can be due to several factors.
In addition to monitoring well‐bottom pressure, Class I wells also inject fluid into the Arbuckle formation,
which can locally increase pore pressure. This effect is more significant at KS‐01‐173‐002 because the injec-
tion volume at KS‐01‐173‐002 is one order of magnitude larger than that at KS‐01‐077‐002 (Ansari et al.,
2019). However, the depths of Class I wells are not available, which prevent us from including Class I well
injection in the hydromechanical simulation. Also, the simulated pore pressure change from our model is at
the Arbuckle‐basement interface, while Class I well‐bottom pressure record can have shallower depths. The
different simulation and observation depths can result in a significant difference in pore pressure because
pore pressure decays exponentially in space (Segall & Lu, 2015). To assess this effect, we implemented simu-
lations using the published injection volumes at KS‐01‐173‐002 during 2010–2016 (Ansari et al., 2019),
assuming a range of well depths. Figure S8 shows that the well‐bottom pressure is larger than that at the
Arbuckle‐basement interface if the well depth is shallower. However, the observed well‐bottom pressure
falls within the range of simulated well‐bottom pressure (Figures S7 and S8), suggesting that the observed
well‐bottom pressure is largely due to Class I well injection at KS‐01‐173‐002.

Besides heterogeneous background seismic productivity, the other possibilities to explain the apparent dis-
crepancy between simulated and observed seismicity rate include heterogeneous background tectonic stress
and diffusivity. However, the regional stress map indicates that tectonic stress is relatively uniform within
our study area (Levandowski et al., 2018). While diffusivity is likely not uniform (Ansari et al., 2019; Zhai
et al., 2019), it has only a second‐order effect because injection wells are located within the zone with no
observed seismicity (Figures 1a and S1), and the bottom of injection wells is close to the
Arbuckle‐basement interface (Figure S4).

The triggering mechanisms for injection‐induced seismicity include pore pressure diffusion, poroelastic
stresses, and static Coulomb stress transfer. In this work, we only focus on pore pressure and poroelastic
stresses and decluster the earthquake catalog to eliminate earthquake sequences. Other studies suggest that
earthquakes can be caused in part by previous induced events or aseismic slip through static Coulomb stress
transfer (Bhattacharya & Viesca, 2019; Brown & Ge, 2018; Qin et al., 2018) in addition to the direct effect of
fluid injection. More effort is needed to incorporate the static Coulomb stress transfer into seismicity
rate forecasting.

5.2. The Effect of Cross‐Border Injection

Many induced earthquakes occur near injection wells, and the seismicity is preceded by high‐volume
fluid injection over months to years. However, some studies also show that earthquakes occur beyond
zones of high‐volume injection, suggesting mechanical interaction between distant injection operations
and seismicity. Keranen et al. (2014) show that pore pressure changes caused by high‐volume injections
near Oklahoma City can propagate ~35 km to explain the 2011 Jones earthquake swarm. The Fairview
earthquake sequence may have been triggered by clustered fluid injection 40 km away near the
Oklahoma‐Kansas border; however, instead of pore pressure propagation, poroelastic stresses were pro-
posed to be the driver of the seismicity (Goebel et al., 2017). Regardless of the mechanisms, these obser-
vations indicate that the stress field perturbation due to fluid injection can reach as far as 40 km. The
present study provides another example of the far‐reaching impact of fluid injection in south‐central
Kansas that possibly acts over distances of up to 90 km (Peterie et al., 2018). Although geospatial analysis
of fluid injection and seismicity in Oklahoma implies that this far‐reaching triggering is possible, the
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importance of geological complexities are not considered (Pollyea et al., 2018). The northward
propagation of seismicity in Kansas indicates that fluid diffusion from the south is the main driver
(Peterie et al., 2018). Our unified hydromechanical model allows us to examine the far‐reaching effect
of injection in Western Oklahoma on the stress field (Figures 3a–3c) and the associated seismicity rate
(Figures 3d–3f) in south‐central Kansas. The western Oklahoma wells can affect spatial patterns of
Coulomb stress change and seismicity rate distribution with the highest effect in the southern part of
south‐central Kansas that diminishes northward (Figures 3c and 3f). Including western Oklahoma
wells, in addition to southern Kansas wells, increases Coulomb stressing rate by a factor of 1.5 in
south‐central Kansas, which advances the seismicity increases by 1–2 years and amplifies seismicity
rate by approximately threefold (Figure 3g).

Figure 3. (a) Cumulative Coulomb failure stress during 2010–2018 in south‐central Kansas due to both western Oklahoma and southern Kansas wells. (b) Same as
panel a but only considering Kansas wells. (c) The difference between that shown in panels a and b. (d, e) The distribution of average simulated seismicity
rate in logarithmic scale during 2010–2018 corresponding with stress change shown in panels a and b, respectively. (f) The difference of R between panels d and e.
(g) Time series of average Coulomb failure stressing rate and seismicity rate within south‐central Kansas with and without western Oklahoma wells. The
stressing rate prior to 2015 is downsampled to an annual average. (h) Annual earthquake magnitude exceedance probability in south‐central Kansas with (solid
lines) and without (dashed lines) western Oklahoma wells. Note that the 2015 and 2016 solid curves overlap.
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5.3. Probabilistic Seismic Hazard

A crucial component of probabilistic seismic hazard analysis is an estimate of the spatiotemporal distribu-
tion of seismicity (Cornell, 1968). Generally, the seismicity distribution is modeled through smoothing the
recorded earthquakes to obtain a grid of Gutenberg‐Richter sources. Applying probabilistic seismic hazard
analysis to estimate future seismic hazard due to anthropogenic processes, such as injection‐induced earth-
quakes (Petersen et al., 2016; Petersen et al., 2017; Petersen et al., 2018), is challenging because injection
operations and thus subsequent seismicity show substantial spatial and temporal variations, which cannot
be captured robustly using conventional methods of spatial smoothing and temporal extrapolation.

Our method considers the physical processes of fluid diffusion and rate‐and‐state earthquake nucleation to
simulate relative seismicity rate, which is scaled with background seismicity rate to obtain absolute seismi-
city rate. Due to limited seismic activity before 2012, estimating the k‐value distribution, which characterizes
the background seismicity rate distribution, is not possible. However, fluid injection operations can relate
background seismicity to observations through physical models, allowing us to estimate background seismi-
city indirectly. Assuming that the background tectonic loading, and thus the background seismicity rate, is
steady, then we can reasonably use the mapped k value to forecast expected future earthquake probability
due to stress evolution under specifically designed injection scenarios. For combined western Oklahoma
and southern Kansas, the injection data are collected through December 2017. Therefore, we focus on the
retrospective investigation of earthquake probability until the end of 2017. We estimate earthquake magni-
tude exceedance probability (P≥M) considering the Poisson process:

P≥M ¼ 1− exp N≥Mð Þ; (6)

where N≥M is the estimated number of earthquakes with magnitude larger than or equal to M through the
integration of equation (2). The value of exceedance probability depends on time and space scales
considered. Here, we show the annual earthquake exceedance probability over the area of south‐central
Kansas (Figure 3h). The annual exceedance probability is time dependent, and the annual probability for
exceeding M4 increases from 7% in 2013 to 70% in 2015 and 2016, followed by a decrease to 63% in 2017.
Also, we calculated the exceedance probability by ignoring Oklahoma injection, which results in a consistent
probability decrease for each year with a maximum reduction of 36 % in 2015 for exceeding M4.

6. Conclusions

We construct a unified hydromechanical and induced seismicity rate model in the combined area of western
Oklahoma and southern Kansas. This physics‐based model, combined with seismic observations, can be
used to map background earthquake productivity. It also allows us to examine and quantify the
long‐distance mechanical interactions between injection practices and induced seismicity. We demonstrate
that injection in Oklahoma can change the spatiotemporal patterns and amplitudes of Coulomb failure
stress and seismicity rate in Kansas. Ignoring these interactions results in systematic underestimates of
annual earthquake magnitude exceedance probability in Kansas. These results highlight that the
far‐reaching effect due to fluid diffusion is crucial in understanding induced earthquake nucleation and
assessing the associated seismic hazard. Since fluid pressure and stress changes do not respect state or county
borders, regulation and management should be coordinated across agencies to mitigate induced seismicity.
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